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Abstract

We present the first CMS measurement of the branching fraction of the decay
B% — ptp~ and the most recent upper limit of the decay B® — u*u~. Data
correspond to the full LHC 2011 and 2012 integrated luminosity for proton-
proton collisions at /s = 7 and 8 TeV, respectively. From an unbinned maximum
likelihood fit to the dimuon invariant mass distribution we extract the branching
fraction B(BY — ptp~) = (3.0559) x 107°, where the uncertainty includes
both statistical and systematic effects. The excess of BY — pu*u~ events with
respect to background has a significance of 4.3 standard deviations. For the
decay B® — putpu~ no significant signal is measured, and an upper limit of
B(BY — ptp™) < 1.1 x 1072 at the 95% confidence level is determined. Both
results are in agreement with the expectations from the standard model and the

recent measurements of the LHCD collaboration.
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Introduction

The standard model (SM) of particle physics, fully developed in the late '70s, is
the most successful theory in explaining the electromagnetic, weak and strong
interactions between elementary particles. However, the SM is not considered
the final word on High Energy Physics (HEP). Among the others, in fact, it does
not explain the origin of the dark matter nor of the dark energy, and it does not
include the theory of gravitation. Thus, the SM is considered a sub-set of a more
general theory. Many different Beyond Standard Model (BSM) constructions
exist, but currently they have no empirical confirmations.

The quest of many experimental particle physicists today is to find effects
which cannot be predicted by the SM, and which can help to distinguish between
the different New Physics (NP) models.

The BY — putp~ and B — putu~ rare decays are among the most promising
investigation channels for the search of new physics. These decays proceed
through SM penguin and box diagrams and are helicity suppressed; the SM
predicts very small Branching Fractions (BFs): 3.2 x 1079 for the B? — ptpu~
decay and 1.1 x 1071° for the B® — T~ decay. These tiny values and their
small theoretical relative uncertainties (less than 10%) make these decays very
sensitive to many NP scenarios.

Since the ’80s, many collaborations, starting from the Argus experiment,
reported upper limits on any of these two rare decays. After about thirty years
of searches and upper limits, the measurements of the B? — p* =~ decay have
been published independently by the Large Hadron Collider beauty (LHCb) and
the Compact Muon Solenoid (CMS) collaborations.

In this thesis we present the first successful reconstruction of the rare decay
BY% — ptp~, the measurement of its BF, and the most recent upper limit for
the BF of the B® — putpu~ decay, at CMS. The analysis was performed on a
25 fb~! sample of data collected by the CMS experiment at the Large Hadron
Collider (LHC) during 2011 and 2012, using a trigger based on the selection
of two reconstructed muons with a dimuon invariant mass compatible with the

B?S) masses.
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xviii INTRODUCTION

The main challenge of this analysis is the presence of similar backgrounds
in large quantities, for instance, two muons coming from two uncorrelated B
decays, whose yield is more than five orders of magnitude larger than the signal
yield. Notable important background sources are also represented by two and
three-body B decays, like B — K+7~ and B? — K~ u*v,, which form shaped
distributions close to the signal invariant mass values.

Given the expected CMS sensitivity, results are extracted with two different
methods. A binned counting experiment is performed to set an upper limit on
the B® — putpu~ decay, with the CLg technique. In this way a direct comparison
with previous published results is possible. An unbinned maximum likelihood fit
is performed on the invariant mass yield to extract the B? signal. To measure the
significance of the signal, a test statistic against a background-only hypothesis is
performed with a likelihood ratio test.

The branching fractions are evaluated relatively to a normalization channel:
B* — J/YK* — ptp~ K*. In this way, the analysis is completely independent
on the uncertainties on the acquired integrated luminosity and on the bb produc-
tion cross-section. Furthermore, measuring a branching fraction ratio using a
decay channel with a signature similar to the signal decay has the advantage
that many systematic errors cancel to first order.

Multivariate methods are used to separate the signal events from the different
background contributions which could mimic the B? and B° topologies. We use
Monte Carlo (MC) simulations to determine the acceptance and the efficiency
for the signal events. Data-driven techniques are used to validate the MC
simulations. Furthermore, the MC simulation of the signal is validated in data
using the decay B? — J/y¢ — utu " KTK~.

This thesis is organized as follows.

The theoretical framework is discussed in Chapter 1, where the SM theory is
outlined.

Motivations for the B(B{,) — u*p~) measurements are further described in
Chapter 2, where their SM expectations are examined. NP models, which predict
different values of these BFs, are discussed. A brief overview of the experimental
status on their measurements is also given. This analysis uses MC simulations
to describe the proton-proton (pp) scatterings and the interaction of particles
with the sub-detectors. Production mechanisms of the B?S) mesons at the LHC
and the MC generators are discussed at the end of the same Chapter.

Chapter 3 describes the experimental apparatus used to perform the mea-
surements. The LHC accelerator and the data-acquisition conditions are briefly
illustrated. A large part of this Chapter is dedicated to the CMS detector,
and especially to the inner tracker and muon stations sub-detectors, which are

used to reconstruct the two muons coming from the B?s) decays. Track and



Xix

vertex algorithms are also detailed. The CMS trigger framework and the data
processing are outlined at the end of this Chapter.

Chapter 4 is devoted to the detailed description of the measurements. The
first part is dedicated to the overview on the procedure used to extract the
BF measurements, including the description of the background sources and of
the control and normalization samples. Second part describes the multivariate
methods and the fitting techniques used to extract the B?S) yields. Interpretations
of the results and prospects for future measurements are shown and discussed at
the end of the Chapter.

The measurement of the BY — y*u~ BF and the upper limit on the B® —
uT ™ BF have been published in Physical Review Letters [1] and presented for
the first time at the EPS-HEP 2013 conference, together with the combination
of these measurements with the LHCb results [2].

Throughout this thesis, natural units with ¢ =1 and & = 1, where c is the
speed of light and / is the Planck constant, are used. For convenience, the
acronyms used in this thesis are defined at the end of this text, as well as at the

point of first use or when needed.
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Chapter 1

The standard model

The current best understanding of nature at the high energy regime is summarized
in the standard model (SM). Its description of particles and interactions has been
analyzed and confirmed on a wide range of energies in numerous experiments.
But there are still important open questions, therefore the role of experimentalists
is to test the SM in all conceivable ways, seeking to discover whether and where
something more lies beyond it.

This chapter describes important features of the SM, relevant for the B?S) —
ut ™ BFs, as well as an overview on NP models, which might give contributions

to these two decays.

1.1 Overview

Particle physics studies the fundamental constituents of the matter (the ele-
mentary particles) and how they interact, through the force fields. There are
four known forces, propagated by boson carriers: the strong, electromagnetic,
weak and gravitational fields. Elementary matter is made by fermions which
are divided into quark and leptons. The former interacts also through strong
interactions, while the latter does not.

As of today there is no quantum theory of gravitation that can be experi-
mentally verified. The gravitational effects are too small on single particles to
be measured by detectors: for instance, the gravitational attraction between an
electron and a proton is 40 orders of magnitude smaller than their electromag-
netic interaction, thus gravity is not included in the SM. The electromagnetism
is mediated by zero-mass spin-1 bosons (photons). Only electrically charged
particles can interact with photons. The weak interaction is propagated by
massive spin-1 bosons (Z and W¥). Every known particle but photons interacts

weakly. Finally, quarks interact also strongly, through the gluon field, to form
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Table 1.1: The four fundamental forces.

Interaction Carriers Range [m]
Gravitational Gravitons! 00
Weak Z and W bosons 1018
Electromagnetic Photons 00
Strong Gluons 10~15

Table 1.2: The three generations of leptons and quarks.

Generation Leptons Quarks
I Ve e U d

II Vy W@ c S

III Ve T t b

Electric charge 0 -1 2/3 -1/3

the hadronic bound states, like protons and pions. The strong charge is called
color and it has three components, commonly named red, green and blue; spin-1
gluons carry one color and one anti-color, and interact each other.

Leptons do not interact with the strong field. Since hadrons are colorless,
only two combinations of quarks can exist: mesons, that are bosons formed
by a quark-antiquark pair (¢1G2) and baryons, that are fermions formed by
three quarks (g1g2q3). Recently discovered resonances not belonging to the
standard spectra of the ¢ and b quarks can be interpreted as bound states of
four quarks (or quark molecules) [3]. Pentaquarks, hypothetical bound states
made by ¢1¢2¢394G5, do not have experimental evidence [4].

A summary of the force carriers is in Table 1.1. Table 1.2 shows the three
observed generations of matter, which are distinguished by the masses of their
constituent particles.

The SM theory describes the interactions between these fundamental particles.
The foundation of the SM can be set with the development of the Quantum
Electro-Dynamics (QED) theory, in the ’40s [5]. Gauge invariance and symmetry
motivations lie at the basis of the QED. In the ’50, Yang and Mills [6] proposed
a non-Abelian gauge theory for the weak interactions, while Higgs [7], Brout
and Englert [8], and Guralnik, Hagen and Kibble [9] suggested a model so that
vector bosons could acquire mass in a gauge invariant way. Combining these two
models, Glashow [10], Salam [11] and Weinberg [12] built a unified theory of the
electro-weak interactions, in 1967. The resulting predicted Z and W# massive
gauge bosons were discovered at CERN by the UA1 [13, 14] and UA2 [15, 16]

experiments. In 1964 Gell-Mann and Zweig introduced quarks (u, d and s), as

1Not yet discovered.
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a mathematical model, to explain mass and proprieties of hadrons [17]. The
fourth quark (c) was predicted in 1970 by the Glashow-Iliopoulos-Maiani (GIM)
mechanism [18], noting the absence of Flavor Changing Neutral Current (FCNC)
interactions. Four years later, the direct experimental observation of the .J/v
(c¢) meson was made during the “November Revolution” [19, 20] (1974). In 1973
the Quantum Chromo-Dynamics (QCD) theory was formulated [21]. Quarks are
real particles, carrying a color charge, and gluons are massless quanta of the
strong-interaction field. Still in 1973, Politzer [22], and Gross and Wilczek [23]
discovered that the color theory of the strong interaction has a special property,
the asymptotic freedom, for which, at high transferred momenta, quarks behave
like free particles. The observation of the third generation of matter started in
1976 by Perl [24], with the discovery of the 7 lepton. Experiments at Fermilab
discovered the bottom quark [25] in 1977 and the top quark [26, 27] in 1995.

The SM was built by joint efforts of theoreticians and experimentalists, as it
was driven by new theoretical ideas and by new experimental discoveries. Its
latest confirmations are the discoveries of the 7 neutrino [28] and of a Higgs-like
boson [29, 30].

Despite these important successes, the SM is believed not to be the last
word on high energy physics. Reasons are both experimental observations and
theoretical problems. The SM contains no particles with the right properties to
form the dark matter that pervades the cosmos and it does not explain all the
matter-antimatter asymmetry we observe in the universe. Furthermore, it does
not explain the origin of the mass values of the elementary particles. The SM
contains 26 free parameters [31], many believe they are too many for a “theory
of everything”. Finally, general relativity is not included in the model. For
these reasons the SM is believed to be only a low-energy spontaneously-broken
theory of a more symmetric model. There exist many BSM models extending
it, including SUperSYmmetry (SUSY) models, technicolor or string theory, all
predicting new-physics phenomena. Up to today, no BSM predictions have been
observed.

The BY — utpu~ branching fraction is one of the most promising channels
for the search of new physics. The reasons will be clarified further in this and in

the next chapters.

1.2 The SM Lagrangian

The SM is a quantum field theory with gauge symmetry group SU(3)®SU(2)r ®
U(1)y, spontaneously broken to SU(3) ® U(1)g. SU(3) is the group that
generates the strong interaction; its conserved quantum number is the color
(divided in the three kinds). Y and @ are the weak hypercharge and the electric
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charge generators.
Given a particle 1, the left-handed leptons and quarks

_ 19
)

(G (G (1.1)

form SU(2)r, doublets:

(,0).0.6.0.0, o

while the corresponding right-handed fields

VR = 0 (1.3)

transform as singlets under SU(2)r. The third component of the weak hyper-
charge I3 and the electric charge @ are related by the Gell-Mann—Nishijima
formula [32, 33]:

Q:g+%y (1.4)

The SM Lagrangian is composed of parts describing the free fields and of

possible interactions between them, and it is commonly divided in two parts:

Lsm = Lqoep + Lgcp (1.5)

where Lqrp holds the QED interactions and its gauge bosons, and Lqcp holds

the gluon fields and their interactions.

1.2.1 The EW sector

The SU(2)y, group is associated to three generators T,, corresponding to three
supplementary gauge bosons W (with a = 1,2,3). The boson associated to the
U(1)y symmetry, whose generator is Y, is usually denoted as B,,. The QED
Lagrangian is the sum of kinematic and Electro-Weak (EW) interaction parts.

In general the left and right-handed terms can be written as

Lew = QL (Z"}/‘MDM) QL +ugr (i’y"DM) tr + CZR (i’y“Dﬂ) dgr

1 1
— Wi, W — 2B, B (1.6)
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Figure 1.1: Form of the Higgs field potential.

where @, ur and dg are, respectively, one generic left-handed doublet and two

right-handed singlets (of up-type and down-type). D,, is the covariant derivative:
g/
Dy = 8 +igT Wy +i5Y B, (1.7)
The tensor fields W}, are defined as
Wi, = 0w, — 0, Wy (1.8)

and similarly for B, .

EW gauge bosons acquire mass through the Higgs mechanism, whose La-

grangian can be written as
Liggs = DudD* 6" + 12976 — A (¢10)? (1.9)

The Higgs field is a spin-0 complex doublet of the weak isospin SU(2) symmetry.
If X and p? are both positive, the ground state is degenerate, with each ground
state related to the other by a SU(2) gauge transformation (Fig. 1.1). We can

break the symmetry choosing a specific ground state such as:

1 [(¢1+id2 1 0
p=—= [0 712) = (1.10)
V2 \ 3 +igy V2 \v/V2
This allows to use a perturbation theory from this ground state.

After symmetry breaking, the boson fields W and B), do not correspond

anymore to physical fields. Instead, they are linearly combined to form the
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physical electromagnetic and weak fields:

A, = cos 0, By, + sin 0, W) (1.11)
Z, = —sinb, B, + cos GwW5’ (1.12)
Wl w?2
+_ Tp M
Wit = (1.13)

V2
with 6, the Weinberg angle:

9

VT

g and ¢’ are the coupling constants of SU(2)r, and U(1)y respectively. e =

cos B, = ~ 0.877 (1.14)

gsin @, is the positron electric charge.

The corresponding Higgs field acquires mass and the arising quadratic terms

of W, and B,, give masses to the weak bosons:

MH = VvV 2)\h (115)

My = # (1.16)
2 12 M,
My = VI 9T Mw (1.17)
2 cos 0y,
where
v = |u|/V A & 246 GeV (1.18)

is the Higgs vacuum expectation value.

The SU(2) 1, coupling constant ¢’ is related to the Fermi constant Gp:

G 2
ZE_ 9 116639 x 10~° GeV 2 (1.19)

V2 8Mj,

where My ~ 80.5 GeV is the mass of the W= boson.

The fermion EW couplings are divided in charged and neutral current inter-

actions: Liy = Loc + Lnc where
_ 9 et -1
ECC— Tﬁ(JHW H+JMW H) (120)

Lnc = eJZmA“ +

/

g
2 cos 0y,

Jz" (1.21)
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(a) Higgs boson couplings. (b) Spin-parity hypotheses.

Figure 1.2: New boson couplings, expressed as function of particle masses (a), and
test statistic comparing the signal J¥ hypotheses 01 and 2%, (gg) (graviton-like) in the
best fit to the data (b). The observed value is indicated by the arrow [34].

The currents are:

JF = (ad)y_a+ (Pe€)v_a (1.22)

T =" Qs fuf (1.23)
7

To = fru(vr —aps)f (1.24)
7

where the sum runs over each fermion f. The shown currents are valid for each
generation. Notation (ad')y_ 4 stands for @y, (1 —~5)d" and so on. The vector
and axial couplings vy and ay follow from the Glashow-Weinberg-Salam EW
theory:

vf = If —2Qsin4, (1.25)
ap =14 (1.26)

The Higgs mass p is a free parameter of the SM, that has to be measured
experimentally. On 4 July 2012 the CMS and ATLAS collaborations announced
that they independently made the same discovery of a boson of mass around
125 GeV, with about 5o significance [29, 30]. Subsequent analyses with the
full 2012 data confirmed the observation of this new boson and allowed for
more precise studies of its properties such as couplings, spin and parity [34-36]

(Fig. 1.2). As of today, all results are fully compatible with a SM Higgs boson.
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1.2.1.1 The CKM matrix

The quark bottom parts of the vectors in Eq. (1.2) are eigenstates of the weak
interaction, but they are not mass eigenstates. The relation between the two
states goes through the Cabibbo-Kobayashi-Maskawa (CKM) unitary matrix [37,
38]:

d’ d Vud Vus Vub d
sSl=Voxm | s| =|Vea Ves Va s (1.27)
b b Via Vis Vi b

where the primed quarks are the mass eigenstates and the others are the flavor
eigenstates. For convention, the Vokwu is applied to down-type quarks only (d, s
and b).

In the quark mass eigenstate basis, the CKM matrix appears in the SM

charged-current interaction Lagrangian

9 _
L= —— U; 1-— % ,LdWM + h.c. 1.28
MZ (1 = 78) (Veran)ijds (1.28)

where the quark fields are u; = (u,¢,t) and d; = (d, s,b), ¢ is the weak coupling
constant and W* is the charged vector boson field. The CKM matrix elements
are the only flavor-non-diagonal couplings and CP-violating couplings (together

with the neutrino mass matrix) present in the SM.

There are many parameterizations of the unitary CKM matrix in literature.
In general, the CKM matrix can be parametrized using three rotation angles
and one phase. Introducing the notations ¢;; = cos;; and s;; = sin 0;;, where
the two indexes i and j are generation labels (¢,j = 1,2,3) and 6;; € [0,7/2],

the standard parametrization follows:

—is
C12€13 $12C13 s13e7"
_ s is
VokM = | —s12c23 — c12523513€"°  c12c23 — S12523513€" 523C13 (1.29)
s i
512523 — €12€23513€" —8923C12 — S12C23513€"°  C23C13

where § € (—m, 7] represents all the CP violation in flavor-changing processes in
the SM. The CKM matrix unitarity imposes

Zvijvfl'; = Ok, Z ViiVii; = bik (1.30)

J

The six vanishing combinations can be visualized as triangles (“unitarity tri-
angles”) in the complex plane. One of the most useful triangles comes from
Eq. (1.31):

VuaViy + VeaVay, + ViV, = 0 (1.31)
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divided by VeqV3. Eq. (1.31) can be rewritten as

Rie ™ + Rye ™ =1 (1.32)
with
thvt}k; VudV*b

Ri= |t R, =|—2ubl 1.33
t ’vcdvzz VeV (133)

Vch’Z> ( VudV*b>
= ar — ! s = ar —_ U 134
B g( ViVt y g Vel (1.34)

R,, R, 8 and v are the non-trivial sides and angles of the normalized unitary

triangle. The unitary triangle is determined by one complex number:
p+ i = Rye™ (1.35)
Thus, by the coordinates in the complex plane:

(0,0),(1,0), (p,7) (1.36)

Several experimental constraints can be conveniently represented on this
plane and used to determine this unitary triangle (Fig. 1.3). The latest estimates
for the magnitudes of the nine CKM matrix elements, evaluated with a best fit

of several measurements, are given in Eq. (1.37) [4]:

0.97427 4 0.00015  0.22534 + 0.00065  0.00351 10 50015
Vekm = [ 0.22520 +0.00065 0.97344 4 0.00016  0.04127+5-9002 (1.37)

0.0086710:90029 0.040470:950L 0.99914615-090024

The CKM matrix presents a hierarchy: s13 < s23 < s12 < 1. Therefore, it
is convenient to do an expansion in a power series of A\ & |V,| &~ 0.23. Using

the Wolfenstein [40] parameters A, A, p and 7, which are defined by

sin 923

A= sinﬁlg, A= ) (138)
S11 912
sin 013 cos § sin @13 sin
_ _ Sinfisino 1.
sin @12 sin @3’ = S 019 sin O93° (1.39)
up to O(\*), the CKM matrix is
1—22/2 A AN3(p — i)
Vokm = -2 1—\%/2 AN? + O\ (1.40)

AN(1—p—in) —AN? 1
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Figure 1.3: Unitarity triangle constraints. The excluded areas are at 95% Confidence
Level (CL) [39].

The CKM matrix is unitary to all orders in A\. At the lowest order in A, p and 7

coincide with p and 7.

1.2.2 The QCD sector

The dynamics of the quarks and gluons are controlled by the QCD Lagrangian.
The gauge group is SU(3), which has eight generators, called gluons, that each
carries two color charges. This is an important difference with respect to the
electromagnetic interaction: while photons cannot interact between themselves,

since they are chargeless, gluons can self-interact.

Similarly to Eq. (1.6), the gauge-invariant QCD Lagrangian can be written
in this form:

1
GG (1.41)

where 1 is the quark field and g, is the strong coupling constant. D, is the

Lqocp = ip(y* Dy — m)p —

following covariant derivative:

Dy = 9, +igshaGS (1.42)
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(a) Tree contribution. (b) Loop contribution.

Figure 1.4: Example of leading order (a) and next-to-leading order (b) contributions
in a electron-electron interaction: the right diagram contains an ultraviolet divergent
loop.

and G, is the gluon field strength tensor:
G, = 0,GL — 0,G + gf*"GhGs, (1.43)

GY, is the gluon field, A* are the SU(3) generators and fe¢ are the structure
constants of SU(3).

1.2.2.1 Asymptotic freedom

In the Feynman perturbative expansion of the Lagrangian, ultraviolet divergent

loops can appear (Fig.1.4).

They can be eliminated through the renormalization of the fields and the
parameters of the Lagrangian [41]. Given an energy scale u, all parameters can
be expressed as a function of p times some renormalization constants. These
new renormalized expressions can be then put into the Lagrangian, canceling
out the divergences.

The renormalization group equations give the dependence of the renormalized
parameters on the renormalization scale pu. For example, the strong coupling

as = g2/(4r), at the two-loops level, obeys to [41]:

dag(u) a(p) a3 (p)
dlnp = 2o 20 (47)2 (1.44)

which can be solved, giving the running of the coupling constant:

2
K
A 8 Inln Aon

= - 3
In 4 B2 In £
foln 525 Mo

as (1) (1.45)




12 CHAPTER 1. THE STANDARD MODEL
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Figure 1.5: Measurements of o, as a function of the energy scale @), measured in
different ways [43]. In the legend, the degree of QCD perturbation theory used in each
extraction of ay is indicated within the brackets.

where

1IN —2f 34 10 NZ -1

="N?-_-Nf-2 =
Bo 3 , B 3 3 f—=2Crf, Cpr 5N

(1.46)

N is the number of colors and f is the number of flavors; Aqcp ~ 200 MeV is
the QCD scale [42]. We can yet qualitatively study the behavior of the strong
interaction looking at short (high u) and long (low p) distances (Fig 1.5):

o when pu/Aqep — 00, as(p) vanishes. This shows the QCD asymptotic
freedom effect: in high-energy reactions, quarks and gluons interact very

weakly and a perturbative expansion can be performed;

e when the distance between two quarks is high (for low values of u), the
coupling constant takes very high values and the theory cannot be expanded
perturbatively. The strong interaction amplitude at that point becomes so
large that quarks cannot escape as isolated particles. This phenomenon is

called “confinement”.

1.2.3 Supersimmetry

The observation of the Higgs boson (Sec. 1.2.1) is a remarkable result of both

theoreticians and experimentalists. It was the last SM particle to be discovered
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b
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H---- -=- H------- Lmmm =
(a) Fermion loop. (b) Scalar loop.

Figure 1.6: One-loop quantum corrections to the Higgs squared mass m%, due to a
Dirac fermion f (a) and a scalar S (b).

and it is a confirmation of the goodness of the model, as there are still no

experimental evidences of BSM physics, at least as of today.

The discovery of the Higgs boson is not, however, the end of the story. An
upper limit of the validity of the SM is given, for sure, by the Planck scale
Mp = 1/V/87G = 2.4 x 10'® GeV, where G is the Newton gravitational constant.
At the Planck scale, quantum gravity effects are relevant, but they are not
included in the SM.

The experimentally explored energy range reaches the TeV scale, depending
on the event final state. It seems unrealistic that there exists no new physics in

15 orders of magnitude in energy [44].

This big energy leap leads also to the “hierarchy problem” of the Higgs boson.
The Higgs mass receives quantum corrections from the virtual effects of every
particle that can couple, directly or indirectly, to the Higgs field. For example,
in a Lagrangian with a new fermion term —\yH ff, the Feynman diagram in

Fig. 1.6a gives the following contribution:

As?

o Ay + ... (1.47)

2 _
AmH—*

where Ayy is an ultraviolet cutoff, that can be interpreted as the energy scale of
the new physics. If Ayy is of order Mp, then, this correction is more than 30 order

of magnitude larger then the value of the squared Higgs mass m?; ~ (125 GeV)?.

If, instead of a fermion, there exists a massive complex scalar particle S,
with mass mg, which couples with the Higgs boson with —\g|H|[?|S|?, then the
correction is (Fig. 1.6b):

As

Am?2, = T6.2 (A%y — 2mE In(Ayy/ms) +...) (1.48)
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Therefore, m?, is sensitive to the masses of all particles to which H couples.

To keep low the Higgs mass, then, it is required an extreme “fine tuning” among
the different terms (at level of about 10732), raising a problem of “naturalness”
known as the “hierarchy problem”.

Comparing Eq. (1.47) with Eq. (1.48), we can see that the fermion and boson
terms raise opposite-sign contributions to the Higgs mass. It is possible to have
a systematic cancellation of these contributions to Am?, if we introduce a new
symmetry. This symmetry between fermions and bosons is called SUperSYmme-
try (SUSY). The SUSY operator @ is an anticommuting spinor which transforms

a fermion into a boson and vice versa:

Q |Boson) = |Fermion) (1.49)
Q |Fermion) = |Boson) (1.50)

In SUSY, for each SM particle, exists a supersimmetric partner with opposite-
statistics behavior. SUSY models predict the existence of a plethora of new
particles, one new particle for each elementary SM particle, forming “supermulti-
plets”, in which the two particles differ by 1/2 of angular moment.

Since superpartners remain unobserved experimentally, their masses must
be at a higher scale than those of SM particles, therefore, SUSY is a broken
symietry.

Supersymmetry predicts the existence of weakly interacting massive particles
that can be candidates for dark matter and offers, in the context of the Grand
Unified Theories (GUTs), the convergence of the electroweak and strong coupling
constants at high energies. Therefore, searches for SUSY are an experimental
priority for particle physics.

Searches for SUSY proceed through the search of supersymmetric partners
(direct search) or measuring its effects on observables of known particles, like
in the branching fractions (indirect search). Up to today, at the end of the
LHC run I, there are no direct evidences for SUSY effects and stringent limits
on SUSY parameters are set by the CMS and ATLAS collaborations [45, 46].
Some exclusion limits for SUSY predicted superparticles are shown in Fig. 1.7
and Fig. 1.8. The shown parameters come for the Minimal Supersymmetric
Standard Model (MSSM) flavor of SUSY, in which the soft SUSY-breaking
mass parameters are assumed to be universal at a very high energy scale where
theories unify. mq is the universal mass for scalars, m; s, is the universal gaugino
and higgsino mass and Ay is the trilinear soft breaking parameter at the GUT
scale [44].

Even with such strong negative search results, these direct limits do not allow

to exclude SUSY or to point to specific directions. Given the large number of
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Figure 1.7: Exclusion limits at 95% CL for 8 TeV analyses in the (mo,m1/2) plane
for the mSUGRA /CMSSM. Part of the model plane accommodates a lightest neutral
scalar Higgs boson mass of 125 GeV [46].

parameters involved, there is no reason that SUSY should manifest itself in its
simplest configuration. The SUSY phase space is large and some configurations
could simply be experimentally more challenging. Thus, even the present strong
exclusion limits allow to possible low energy supersymmetry.

On the other hand, indirect searches could provide complementary informa-
tion that, together with the direct search results, could point to specific and
testable scenarios. The complementarity between direct and indirect explorations
is fundamental today for the searches of new physics. For instance, the discov-
ery of the Higgs boson has provided very important information on the SUSY
predictions.

In the recent years the focus of the B-physics experiments moved from the
measurement and the evaluation of the CKM parameters, toward the indirect
searches for new physics. The BY — y*u~ BF is an ideal candidate. As it will
be shown in Chapter 2, thanks to its tiny value and the clean precision of its
SM prediction, it is very sensible to the presence of new possible particles via

loop effects.
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Chapter 2

The B?S> — uTp~ decays

This Chapter examines the theoretical motivations for the search of the de-
cays B?S) — uTu~, as well as the SM branching fraction expectations. Main
predictions of BSM theories are briefly discussed.

An accurate simulation of the B production in the LHC environment is
fundamental to trust the MC simulations used by this analysis. The B?S) meson
generation and simulation at the LHC is the topic of the last part of this Chapter.

Within this Chapter, the focus will be on the BY — pu*u~ decay. The SM
BY — ptu~ decay behavior is similar, and differences will be stressed when

needed.

2.1 B meson proprieties

The BY meson is a neutral bs bound ground state, with zero spin and negative
parity. Together with its anti-particle (B?), they form a two-component system,
with a light and a heavy mass eigenstates. This means that the created flavor
eigenstate meson oscillates between BY and BY before decaying. Some noticeable
B? meson parameters are summarized in Table 2.1.

The BY decay modes are dominated by those of the b quark, b — ¢cW*~ (see
Table 2.2); this is an example of “spectator decay”. The virtual W*~ boson
can then decay into a pair of leptons (semileptonic decay) or of hadronizing
quarks. The lifetime is quite long (¢ = 449 nm), since the b-quark decay is
highly suppressed by the CKM matrix elements (see Eq. (1.37)).

In the rest of this section the evaluation of the branching fraction B(B? —
™) within the SM will be discussed. Any deviation from the SM value implies

contributions from new physics.

17
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Table 2.1: Main observables of the BJ-BY system [4].

Observable Value Unit
Mass 5366.77 £ 0.24 MeV
Mean life (1.466 £ 0.031) x 10712 s
Width difference (0.100 4 0.013) x 10~'2 s

BY — BS Mass difference (116.4 4+ 0.5) x 10710 MeV

Table 2.2: Noticeable decay modes of the BY meson [4].

Decay mode Branching fraction B

D; X (9.34+2.5) x 107!
X, l=eu (9.5 +£2.7) x 1072
I/ (1.097933) x 107

2.2 Operator product expansion of the Hamilto-
nian

Hadron weak decays, like in B — 7=, are mediated by the weak interactions
of their quark constituents [41]. The initial states are bound by strong interactions
whose typical scale energy is about 1 GeV. In the Operator Product Expansion
(OPE) method, these decays are evaluated through an effective low energy theory
in which the momentum transfer k through the weak boson vectors is very
smaller than their mass. Therefore, terms of order O(k?*/ME,) can be neglected
and the product of charged current operators can be expanded into a series of
local long-distance operators (@), multiplied by effective short-distance coupling
constants, called the Wilson coefficients C'.

In the OPE formalism the effects of a short-range exchange force mediated
by a heavy boson correspond to a point interaction, as it was in the old Fermi
theory of the weak interactions.

The quark strong interactions at short distances can be evaluated in pertur-
bative series, thanks to the QCD asymptotic freedom effect (Sec. 1.2.2.1). The
Wilson coefficients for QCD and weak interactions are functions of the strong
coupling «, the weak boson mass My, and the renormalization scale p. They
can be determined requiring that the amplitude in the full theory is reproduced
by the corresponding amplitude in this effective theory, at the same order in «.

Therefore, the Hamiltonian operator, describing the weak decay amplitude,

can be formally written as:

(Hett) = ?/gVCKM<QT(#)>6(#) (2.1)
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where Voxwm contains the relative CKM matrix elements of the interaction under

study.

2.2.1 Renormalization group

The Wilson coefficients contain terms of order [41]:

2 N\
C; x (Z‘W 1n]‘ﬁgV> (2.2)
where y = O(mp). At such low energy scales (= 1GeV), with respect to
the weak scale My, the logarithm term of Eq. (2.2) becomes large, therefore
the convergence of the series is slow. The use of the Renormalization Group
(RG), that is the group of transformations between different choices of the
renormalization scale u, allows to change the argument of the power series
expansion. The RG equations describe how the renormalized quantities evolve
as a function of y, allowing to sum up all the terms (o, In(My /u))", with
n=0,...,00, of the perturbation theory.

The sub-leading term extends the summation to all terms as (s In(Mw /11))™,
that represent an O(ay) correction to the leading term. Since we are interested
in the short-distance QCD terms, «; is small and this series converges quickly.

In summary, the procedure to evaluate the weak decay amplitudes of hadrons

in a low energy effective theory, Eq. (2.1), can be divided in three steps [41]:

1. perturbation theory: calculation of the Wilson coefficients C/(uyy) at order
a, at pw &~ My, so that contributions of the form In(uw /My ) are not

large and the standard perturbative series can be done;

2. RG improvement of the perturbation theory: evaluation of the coefficient
evolution to the low energy scale u, with the RG equations: C_”(u) =
U (s, pow ) C (pw ), where U(p, i) is the p-evolution operator;

3. calculation of the hadronic matrix elements (Q(u)) normalized at the

appropriated low energy scale p.

2.3 Effective Hamiltonian for BY — "y~

For the BY — u*p~ decay, the leading order Feynman diagrams are shown in
Fig. 2.1. Within the SM, this decay goes through a Flavor Changing Neutral
Current (FCNC) process determined by Z-penguin and box diagrams. There are
no contributions from the photon propagator due to vector current conservation:

a lepton-anti-lepton pair with zero angular momentum has charge conjugation
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Figure 2.1: Leading Order (LO) diagrams for the BY — p™u~ decay. The box
diagram (c) is suppressed by a factor m‘%v/mf with respect to the Z-penguin diagrams

(a) and (b).

quantum number C' = 1, while the photon has C' = —1. Therefore this decay
presents a hard quadratic GIM suppression [18] in small internal quark masses,
instead of logarithmic only.

The effective Hamiltonian can be written in this general form [41]:

e T _
Heg = \/GF\/iliQ (A F(z0) + AeF(xe) + MeF (1)) (b8)y—a(p)v—_a
27 sin” 0,

(2.3)
where z; = m?/M7, and \; = V;;Vis. The functions F(z;) describe the de-
pendence on the internal up-type quark masses m;, and include also all QCD
corrections. They are increasing functions of the quark masses, a property that
is particularly important for the top quark contribution. Imposing the unitarity
of the CKM matrix, the dependence of the Hamiltonian on the internal quarks

comes in the form

Z AiF(x;) = Ae(F(ze) — Fxy)) + M (F(x) — F(xy)) (2.4)

1=u,c,t

Due to the GIM mechanism, F'(z;) behaves quadratically in quark masses. Thus,
since < 1, then F(z) ~ zInz and the u quark contribution in Eq. (2.3) can
be neglected.

Passing to the charm sector, F(z.)/F(x;) ~ O(1073) < 1. This contribution
has to be considered together with the CKM factors involved. The result is the
relative importance of the c-quark versus the t-quark. Looking at the Wolfenstein
parametrization Eq. (1.40), we can see that the CKM factors A\, and A; have
the same order of magnitude (they are both proportional to A\?), thus also the
charm contribution is negligible.

The top and charm sectors show the same structure, the only difference
coming from the quark masses. Therefore, this decay is completely determined

by the top sector and allows to study the high energy scales of the SM: especially
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the top quark mass m; and the CKM coupling Vjs.

A theoretically clean prediction for this process can be obtained since long
distance contributions are negligible and the low energy hadronic matrix elements
are those of quark currents between hadron states, which can be obtained from

other non rare semileptonic decays.

The SM process contains only the operator

Qi) = (bs)v—a(pp)v-a (2.5)
and the Hamiltonian is
Hor = —CF O ey ) (bs)yali)ya+he (26)
eff = \/527“1112 0. thVits t V-A\LR)V—A .C. .

where Y is the loop function consisting of Z-penguin and box diagram contribu-
tions (Fig. 2.1), and also QCD and leading electroweak corrections in the large
my limit:

Y (@) = Yo(a) + T2Vi() (2.7)

Without such corrections, Y (z) reduces to the LO Inami-Lim function Yp(x) [47]:
Tz |4—=z 3z

Yo(x):§ 1—x+ e Inx (2.8)

The Next to Leading Log (NLL) contributions can be expressed as [48]:

_43@ + 1622 + 42° 4z — 1022 — 2% — 2*

Y; = — 1
1) 3(1— )2 1-2) ne
2x — 142? + 23 — 2 5 x4+ 23

— 2.9

20— 2) In x+(1—x)2L2(1 x) (2.9)
9Yo(x)
+ 8z o Inz,
where z,, = p?/ME, (n= O(m;)) and
? Int

Ly(1—2) = / ——dt (2.10)

Figure 2.2 shows the dependence of the evaluated branching fraction on the
renormalization scale of the top sector p, in the range 100 GeV < p; < 300 GeV,
for a top mass m; = 170 GeV. An important aspect is that the branching fraction
including a5 corrections is less sensitive to the renormalization scale uncertainties

than the leading order.
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Figure 2.2: Dependence of the BY — p ™ branching fraction on the renormalization
scale p; with (solid curve) or without (dashed curve) O(as) corrections [41].

2.4 B?s) — u"p~ SM branching fraction

The corresponding BY — p+p~ branching fraction is given by [48]:

0 0 + - 0 G2F « ? 2 .2 m;% 24,2
B B — =7(B))—~|—5— ) F 14— |V3Vi|'Y
SM( s mop ) ( s) (1 o 29w> BoM,MpBo m20| thVt \ (xt)

(2.11)
where 7(B?) is the B? mean life and Fp, is the B? decay constant. Some

noteworthy elements of Eq. (2.11) are the following:

2 2
Sr ($) |ViVis|® : contains the gauge and CKM constants;

T 47 sin? 0,

Ff-j,o : comes from the hadronic matrix element:
(01by*55| B2 (p)) = —iFpop™ (2.12)

Fpo is among the simplest quantities for lattice QCD, thus a high-precision

calculation is possible;

m? : is a consequence of the chiral suppression;

2
o
Y?2(x;) : is the short-distance function (the Wilson coefficient).

Eq. (2.11) shows the FCNC-related suppression times a chiral factor m, /M,

bringing an additional 1076 factor. The chiral suppression and the purely leptonic

nature of this process yields to an extremely rare but also very clean decay. Thus,
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Table 2.3: Main relative uncertainties of Eq. (2.13).

Parameter Value Unit Relative error Ref.
TRo 1.503 + 0.010 ps 0.7% [51]

Vi Vis | (4.05 £ 0.08) x 10~2 4% [39, 52]
Fpo 225+ 3 MeV 1.3% [53]
M, 173.44+1.0 GeV 0.6% [54]

this decay channel is one of the best available probes of new physics at the LHC

reach.

Putting the latest values in Eq. (2.11), the branching fraction results [49, 50]:
By (B — ptp™) = (3.25£0.17) x 1077 (2.13)

with a relative uncertainty of about 5%. Eq. (2.13) can be decomposed to get a
deeper insight of the principal contributing parts. A phenomenological expression
of the BF is:

2

T Vi Vis
B3y (BY = pp) =325 x 1079 x ( L > x ‘ th 2

1.503 ps 4.05 x 1072
F 2 3.07
w (=28 ) (A (2.14)
225 MeV 173.4 GeV

The relative uncertainties on the measured quantities are shown in Table 2.3.

The same procedure can be applied to the rare decay B® — u+pu~, switching
all variables involving the strange quark with those of the down quark. The

result of the calculation is

By (B — ptp™) = (1.07£0.10) x 10710 (2.15)

An important quantity is also the branching fraction ratio

By (B = ptu”)
By (B — ptp~)

(2.16)

that is a crucial test of the SM and a possible handle to distinguish between

different new physics models (as will be shown in Sec. 2.5.4).
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2.4.1 Flavor-averaged time-integrated branching fraction

What is measured by the LHC experiments is the flavor-averaged time-integrated
BF:

BB o =3 [ B > pTE) S plar e

where T'(B%(#') — f) is the decay distribution as a function of the proper time
t/, at initial time. To evaluate it, given the total decay widths of the two mass
eigenstates, Fg’L, one can take their semi-difference times the lifetime (the most

recent values are from [51]):

rt_r#
Yo = Tho = = 0.062 % 0.009 (2.18)
For ¢ > 7po, the SM correction factor x4} (t,ys) for the B3y (B — ptpu™)

branching fraction can be shown to behave like [49, 55]:

fa >759 1
I{SM(ta ys) 1— s (219)
increasing the experimentally expected SM BF to:
Bsm (BY — ptp™) = (3.46 £0.18) x 1077 (2.20)

2.5 B?s) rare decays and new physics

Given that the B?s) — utpu~ decays are highly suppressed in the SM, and
have also relatively small theoretical uncertainties, they are potentially sensitive
probes for physics beyond the SM. These purely leptonic decays depend on a
small number of operators, so they are accessible to model-independent studies
of new physics. While, in the SM, all six Bg — £~ decays (with ¢ = d, s and
{ = e, u,T) are related to each other in a simple way, this is not necessarily true
in NP models.

The SM B? — utpu~ effective Hamiltonian of Eq. (2.6), that contains only
the operator of Eq. (2.5), may be extended to include new operators O;, predicted
by NP models [56]:

H=C0 O ey, N (GO + CLOY) + hue (2.21)

V2 7sin® 6, ;

where C; is the Wilson coeflicient for the operator O; and the prime operators

are chirality-flipped with respect to the non-primed operators, and they are
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Figure 2.3: MSSM LO diagrams for the BY — up~ decay.

highly-suppressed in the SM.

In the general MSSM, the first contributing diagrams are those shown in
Fig. 2.3, where the decays can go through a profusion of SUSY different particles:
HY h% A® and G° are the neutral Higgs and would-be Goldstone bosons; 7, is
the sneutrino, that is the supersymmetric partner of the SM neutrino; d denotes
the down-type superpartners of the quarks (squarks); x° are the neutralinos,
that are the mass eigenstates of the neutral Higgs and electroweak superpartners;

and, finally, g is the spin-1/2 superpartner of the gluon, the gluino [57, 58].

2.5.1 Additional Higgs bosons

The SM effective Hamiltonian of Eq. (2.6) is helicity suppressed by the factor
mye/M BY- This makes these BFs sensible to NP models with an extended Higgs
sector [59].

Higgs bosons couple to fermions with Yukawa couplings y;. In the SM, y
and yg, which are proportional to m;, /My and to mg/My, respectively, are so
small that the Higgs penguin diagrams are negligible.

NP models with two or more Higgs multiplets generally contain tree-level
FCNC couplings of neutral Higgs bosons. In one type of these models (the type-II
model), one Higgs doublet, H,,, couples only to up-type fermions and the other
one, Hy, couples only to down-type fermions [60]. The parameter controlling the
size of the down-type Yukawa coupling is tan § = v, /vg4, the ratio of the vacuum
expectation values acquired by H, and Hy. The Yukawa coupling y¢ of Hy to
the fermion f satisfies yssin 3 = mytan /v, with v = \/v2 +v3 = 246 GeV
(see also Eq. 1.18).

The dominant contributions can be expressed in terms of tan 3 and the
charged Higgs boson mass M+ [61]:

] 2

my 9, In7r ) Mg,
m tan Bm with r = M2 (222)
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where Cg and Cp are the Wilson coefficients of the scalar and pseudoscalar

operators

Qs = mpbrqrll (2.23)
Qp = mbERqLZ’}%f (224)

respectively.

The branching fraction can be enhanced for very large values of tan 8/Mp+,
but it could also be reduced: for example, for tan § = 60 and My+ = 500 GeV,
the BY — ¢*¢~ BFs would be reduced by 50%.

2.5.2 MFV-MSSM and other models

The generic MSSM contains many new sources of flavor violation in addition to
the Yukawa couplings, that could easily exceed those of the CKM mechanism.
Because of the very good CKM description of flavor changing transitions one may
add to the MSSM the hypothesis of Minimal Flavour Violation (MFV) [62]. In
the MEV-MSSM model, the only sources of flavor violation are still the Yukawa
couplings, as in the SM.

The MSSM has two Higgs doublets which, at the one-loop level, couple to all
fermions.

In MFV-MSSM, the Wilson coefficients Cs and Cp differ from Eq. (2.22)
because they involve the third power of tan 8 and they depend on the neutral
mass Mo = My, instead of the charged Higgs boson mass. In this case the

branching fractions scale as [63]:

B(By = €707 )gyey X % (2.25)
A0

The tan® 3 factor makes these branching fractions very sensible to SUSY contri-

butions.

Other variants of the MSSM incorporate the parameter constraints from
GUTs. The BY — ptpu~ BF is interesting in GUTs based on the symmetry
group SO(10) because, in these theories, the top and bottom Yukawa couplings
yp and y; unify at a high scale, implying that tan § is of order 50. Thus, any
experimental information, such as in the B(B? — pu*pu™), on the deviation of

y»/ Yy, would probe the Higgs sectors of GUT theories.

2.5.3 The B(B? — p"u™) constraints on SUSY phase space

Flavor observables play an important role nowadays on the allowed SUSY phase

space. In fact, the B — p*u~ BF measurement contribution to the SUSY
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Figure 2.4: Flavor constraints in the CMSSM, in the (m /2, mo) parameter plane
with Ag = —2my, for tan 8 = 30 (a) and tan 8 = 50 (b). The black lines delimit the
ATLAS SUSY direct search limits with 20.3fb™! of data and the white lines show
where the Higgs mass can reach a value of 122 GeV [64].

search can be as strong as the current direct searches, depending on the supposed
model.

As examples of constraints, Fig. 2.4 shows the allowed values of the parame-
ters (my/2,mo) in the Constrained Minimal Supersymmetric Standard Model
(CMSSM), due to direct and indirect searches. At large tan 8 the B-physics
constraints, especially from the current B — p* = BF measurement, in yellow,

are stronger than the direct searches.

2.5.4 New physics correlations

An important and promising aspect of the B — p*p~ BF is that, in NP models,
its possible deviation from the SM is correlated to other observables that can be
measured with a good precision in modern experiments.

For instance, in the CMSSM model, the observation of the Higgs-like boson
shrinks the allowed B(BY — pu*p~) range. Fig. 2.5 shows the permitted BY —
pupu~ BF as a function of tan 8 and mg (gray points). The constraint of a light
Higgs boson h with mass in [123,129] GeV (green points) does not allow to have
B(BY — p* ™) lower than the SM prediction.

Correlations are relevant also within the flavor sector. As an example, the

ratio of the two B rare decays:

2

B(B® = ptp~) _ 7(B°) mpo Fjo ‘th (2.26)

B(B) = ptu~) — 7(Bs)mpy Fio | Vie

is of particular interest because the theoretical errors cancel to a large extent.
These correlations can play an important role in distinguishing different

models of NP with similar LHC signatures, and in probing the flavor structure
of NP theories [66].
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Figure 2.5: B(B? — pTu™) as a function of mo (a) and tanB (b). Solid lines
correspond to the central value of the B(BY — " pu™) measurement, and dashed lines
to the 20 experimental deviations from [65]. The green points are those in agreement
with the Higgs mass constraint [64].

To obtain correlations between the predictions for various observables, as-
sumptions have to be made on a NP theory, like using the flavor symmetry. In
the MFV, flavor violation is allowed only through the CKM matrix (Sec. 1.2.1.1).

Thus, all Wilson coefficients are flavor independent:
Cchs = = o3 (2.27)

Allowed BY — ptp~ and B® — ptu~ BFs for different NP models are shown
in Fig. 2.6. The orange MFV line is obtained with the flavor independence of
Eq. (2.27). The AKM and RVV2 models predict values which are close to the
ones of MFV; the AC model predicts a higher B(BY — pu* ™) than the MFV.
The fourth-generation model (SM4) predicts a possible enhancement of only
one of the two rare decays. In a MFV model with left-handed currents only
(LL), there is no correlation. Other models, like the RSc [67] and LHT [68] ones,
predict effects below today and near-future experimental sensitivities.

Other correlations can also be obtained. For example, models with partially
composite quarks (like composite Higgs models or models with a warped extra
dimension) predict interesting correlations (as they may be experimentally
measurable with precision in a near future) also between the BY — y*u~ and
the B® — putp~ K*0 BFs [75] (Fig. 2.7).

Therefore, the correlations between flavor observables are a powerful tool to
distinguish between various NP models and to select the ones that are consistent
with data.

To conclude, the B — p*p~ decay is considered a “golden channel” for
NP models, as it has a low theoretical error (Sec. 2.4) and it is accessible to

experiments with a relatively simple signature. Thus, precise experimental
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Figure 2.7: Correlations between branching fractions in B? and B° decays (a) and
in B and B* (in the high ¢° region) decays (b), in the anarchic triplet model
(yellow/light gray), in the anarchic bidoublet model (red/medium gray) and in the
bidoublet model with U(2)? left-handed compositeness (blue/dark gray). The shaded
regions indicate experimental 1o ranges as of 2012. The black cross shows the SM

predictions with theory uncertainties [75].
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Table 2.4: Latest upper limits on the B?s) — T~ branching fractions, for each
collaboration.

Collaboration B(B? — ptu™) B(B® — ptu™) Ref.
ARGUS (1987) 5.0 x 107> (90% CL) [77]
UA1 (1991) 8.3 x 1076 (90% CL) [78]
CLEO (2000) 6.1 x 1077 (90% CL) [79]
Belle (2003) 1.6 x 107 (90% CL)  [80]
BABAR (2008) 5.2 x 1078 (90% CL)  [76]

ATLAS (2012) 2.2 x 10~® (95% CL) [81]
CMS (2012) 7.7%x 1072 (95% CL) 1.8 x 1072 (95% CL) [82]
LHCb (2012) 4.5 %1079 (95% CL) 1.1 x 1072 (95% CL) [83]
CDF (2013) 3.1 x 1078 (95% CL) 4.6 x 1079 (95% CL)  [84]
DO (2013) 1.5 x 1078 (95% CL) [85]

measurements of B(B?S) — uTp™) are very important and promising for BSM

theories.

2.6 Status of experimental results

Many modern HEP detectors have published results on the search for B — it~
or BY — ptp~ decays. Over the past 30 years, significant progress in sensitivity
has been made, with exclusion limits on the branching fractions improving by
five orders of magnitude. The main reason of the improvement is the collected
statistics, that, especially for the B factories, has been too low for approaching
the SM predictions.

For instance, at BABAR the latest published results [76] use an integrated
luminosity of 347fb~!, that corresponds to 3.8 x 10® B°-B° pairs, produced
from the Y(4S) decay. Considering the SM expectation from Eq. (2.15), the full
statistics, without even taking into account the efficiency, contains less than 0.1
expected B® — ptu~ decays.

The hadron colliders like the Tevatron and the LHC, due to the higher energy
involved, produce many BY mesons, and of course also B? mesons. This, together
with their relatively high instantaneous luminosities, make possible to approach
the SM expectations.

Table 2.4 shows the latest results on the upper limits for each collaboration.

In 2012 the CDF collaboration, using a neural network analysis, observed
an excess of BY candidates, with the data sample collected at the Tevatron,
at /s = 1.96 TeV. Their measurement with the full data sample of 10fb~1 is
B(B? — ptp~) = (1.3%52) x 1078, with a significance of 2.3 0 [84].

The most recent results from the LHCb collaboration were obtained with the
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Figure 2.8: Summary of the reported upper limits and measurements on the branching
fractions B?s) — pTu” as a function of time [87], for each experiment.

two years of LHC data-taking: a total integrated luminosity of 3fb~! [86]. A
boosted decision tree analysis in eight independent bins reports a time-integrated
measured BF of B(B? — ptp~) = (2.977°1) x 1079 with a significance of 4 ¢,
and a B — pT i~ upper limit of B(B® — utu~) < 7.4 x 1071° at 95% CL.

The CMS collaboration, at the same time as the latest results from the
LHCb collaboration, reported their results with the total acquired integrated
luminosity of 2011 and 2012 runs (about 25fb~1!) [1]. The B® — u*pu~ upper
limit is set to B(B® — ptp~) < 1.1 x 107°. The BY — p*p~ BF is measured
to be B(BY — putpu~) = (3.0759) x 1072, The excess has a significance of 4.3 0.

An illustrative summary of the upper limits and measurements on these two
branching fractions is shown in Fig. 2.8.

The way in which the B® — % u~ branching fraction has been measured by
the CMS collaboration is the topic of this thesis.

2.7 Production of B?s) mesons at the LHC

Free quarks cannot be observed: a quark never exists on its own for a time longer
than ~ 1/Aqcp: up, down, strange, charm, and bottom quarks all hadronize,
becoming part of a meson or baryon. The top quark, due to the high value of
its mass, decays before it has time to hadronize. The hadronization is caused
by the color confinement of QCD: color charged particles cannot be observed
singularly. This couples the hadronization of a parton to the flavor content
and momentum of the other parton, providing an explicit dependence on the
production environment. When two quarks become separated, at some point it

is more energetically favorable for a new quark-antiquark pair to spontaneously
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appear, than to extend the starting pair further. As a result of this, when
quarks are produced in particle accelerators, instead of the individual quarks
in detectors, jets of many color-neutral particles (mesons and baryons) appear,
clustered together.

The hadronization occurs at a significantly longer time scale than the pro-
duction process. Based on this factorization, one can subdivide the hadron
formation process in two distinct phases, the perturbative one, when the quarks

are produced, and the nonperturbative one, when these quarks hadronize.

2.7.1 The factorization hypothesis

Due to the QCD asymptotic freedom the interaction between quarks and gluons
becomes arbitrarily weak at short distances. Thus, at large transferred momenta,
hadrons can be seen as collections of almost non-interacting partons: a scattering
between two hadrons is actually a scattering between two free partons within the
hadrons and a perturbative method can be used to describe their interaction.
If a parton carries the momentum fraction z; of a hadron ¢ with momentum

P;, the virtuality Q2 of a parton-parton interaction is defined as
Q? =5 =mx1295 (2.28)

where s = (P, + P,)? is the square of the center-of-mass energy of the total
system?!.

In a hadron-collider, as at the LHC, the center-of-mass of the parton interac-
tion is unknown and it may be normally boosted with respect to the laboratory
frame. For this reason it is useful to describe the process with variables that are

invariant under longitudinal boosts:

e the transverse momentum of the partons pr in the center-of-mass frame of

the collision;

e the rapidity
1. E+p,
y=—In tp
2 E - Y2

(2.29)

where F is the energy and p. is the momentum along the longitudinal,
colliding axis, which reflects the momentum imbalance of the partons. At
relativistic energies its value is close to the spatial coordinate 7, called
pseudorapidity:

1. p+p.
n=-In—>= 2.30
2 P — Dz ( )

1Here we assume that the parton mass values are negligible.
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where p is the total momentum. In scattering collisions, particle production

is roughly constant as a function of 7.

The short-distance part covers the hard process, calculable in perturbative
QCD (pQCD), while the long-distance part includes collinear and soft divergences
which are not accessible to perturbative calculations.

The factorization theorem [88] states that the cross-section for a hard scat-

tering between two hadrons with momenta P; and P, can be put in this form:

o(P, Py) = Z/ dzy daof! (21, Q%) f7 (22, Q%)64; (v1Pr, w2 Py, Q%) (2.31)
iJ

where &; ; is the scattering cross-section for partons i and j, evaluable by pQCD.
f7(x,@Q?) is the Parton Distribution Function (PDF) for parton i in hadron j,
that describes the probability density to find the parton with a certain momentum
fraction = of P;, at virtuality Q2. PDFs, due to their non-perturbative nature,
cannot be obtained by pQCD, but can instead be measured from lattice QCD
calculations and experimental data (Fig. 2.9).

The factorization theorem implies that the probability of extracting the
parton can be treated independently from the parton undergoing an interaction.
This assumption was successfully verified at the deep inelastic lepton-hadron

scattering experiments [90, 91].
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Figure 2.10: LO diagrams for b-quark production.

2.7.2 b-quark production mechanisms

Many mechanisms can contribute to the b-production, at a given energy scale Q2.
For QCD processes, the starting LO diagrams are the O (ag) quark-antiquark

annihilation and gluon-gluon fusion interactions shown in Fig. 2.10:

7 — QQ, g9 — QQ. (2.32)

If also Next to Leading Order (NLO) diagrams are considered, the bb generation

mechanism usually may be divided in three categories [92] (see Fig. 2.11):

1. Pair Creation (PC), which includes bb production through ¢q annihilation
and gluon fusion, and higher-order correction to these processes. The
LO diagrams of Fig. 2.10 belong to this category. The higher orders do
not change the production cross-sections, but they modify the kinematics
(Fig. 2.11a). In fact, at LO, the b and b quarks have to emerge back to
back, to conserve the momentum, instead, at NLO a net recoil can be

taken by one or more further partons;

2. Flavor Excitation (FE) production, where a bb couple from the quark
sea inside the proton is excited into the final state and only one b-quark
undergoes a hard QCD interaction (Fig. 2.11b);

3. Gluon Splitting (GS), where the bb is generated from a gluon splitting,
in the initial or final state, and the heavy flavors do not enter the hard

process (Fig. 2.11c).

Thus, these three mechanisms above are distinguished by having 2, 1 or 0,
respectively, heavy flavors in the final state of the hard scattering. b quarks can
be produced in decays of heavier resonances, such as Z — bb, H — bb, T — bb
and ¢t — bW*. Their contribution is, however, negligible with respect to the
QCD production in a pp or pp collider.
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Figure 2.11: Examples of diagrams after the LO: pair creation with gluon emission (a),
flavor excitation (b), gluon splitting (c) and events classified as gluon splitting but of
flavor-excitation nature (d) [92].
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Figure 2.12: Bottom cross-sections for pp collisions as a function of y/s. The
contributions from pair creation, flavor excitation and gluon splitting are shown
separately.

In Fig. 2.12 the predicted b-quark cross-section for pp collisions is shown
as a function of /s. For small energies, the production is dominated by the
pair-creation mechanism, followed by a significant fraction of flavor excitation,
and the gluon splitting contribution is negligible, due to the fact that the flavor
excitation mechanism requires not strong kinematics. As we increase the energy,
flavor excitation overtakes the pair production and the gluon splitting mechanism
starts to approach the other two. This behavior is understood noticing that any
partonic process only contains one 2 — 2 scattering; instead, due to the higher
gluon virtuality, the number of branchings in the associated initial and final
state showers increases with energy. The three generation mechanisms also make
slightly different kinematical distributions for the signal b-quark (Fig. 2.13).

At the LHC an interesting feature is that the colliding particles are two
protons, so the total valence quark-antiquark content differs from zero. This

leads to an asymmetric production of B and B mesons (Fig. 2.14).

2.7.3 Hadronization

The partonic state, that is going to hadronize, consists of the outgoing partons
from the hard scattering and of the beam remnant partons. Since the value of
the coupling «; rises strongly at large distances (Fig. 1.5), the fragmentation
process cannot be calculated in pQCD and phenomenological models have to be

applied.
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Figure 2.15: Sketches of a hadronization of a parton shower from final state radiation.
Grey lines denote the color strings.

The Lund string fragmentation is a typical model for studying the non-
perturbative hadronization [93], implemented in many popular Monte Carlo
simulation softwares (like PYTHIA [94] and UcLA [95]). In this model the gluon
color field is modeled as a narrow tube (or string) of color field between the quark-
antiquark pair. These confinement strings correspond to a Lorentz-invariant
description of a linear potential V (r) = kr, with string tension k£ &~ 1 GeV /fm.
Each string has a color charge at one end and its anticolor at the other, made of
quarks; the double color charge of the gluon corresponds to the string (Fig. 2.15).
This approach may be used for all strings above a cut-off mass of a few GeV.

The hadronization of a parton is presumed to be universal, not depending on
the environment of the production. The function describing the hadronization
is called the fragmentation function Dz}»’ (2, %), that represents the probability
that the parton ¢ fragments into a hadron A carrying a fraction z of the parton
momentum. If the fragmentation functions are combined with the cross-sections
for the inclusive production of each parton type in the given physical process,

predictions can be made for the momentum spectra of final state hadrons.

2.7.4 Monte Carlo generation

This analysis uses MC simulation samples to determine the signal and normaliza-
tion efficiencies, to estimate rare background contributions and to parametrize
the invariant mass shapes of signals and backgrounds.

In the presence of a hard process, characterized by particles, or clusters of

particles, with a large transverse momentum with respect to the beam direction,
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the final state of hadron-hadron interactions can be described as the superposition

of several contributions:

1. products of the partonic hard scattering with the highest pr, including

initial and final state radiation;
2. hadrons produced in additional multiple parton interactions;

3. beam-beam remnants resulting from the hadronization of the partonic

constituents that did not participate in other scatterings.

The last two contributions form the underlying event.

The event generation starts from minimum-bias processes, that are needed for
a faithful description of the physical environment. This environment is especially
required to study the isolation variables (see also Sec. 4.3.2.1), which are among
the most important ones to separate the signal from the background.

The generation of each sample is done through the PyTHIA6 MC simulator [96]
and the Z2* tune [97], which uses the CTEQ6L parton distribution functions [98].
Tunes differ in the treatment of parton radiation and hadronization, and in
the choice of underlying event parameters including those regulating parton
showers, color reconnections, and cutoff values for the multiple parton interaction
mechanism. Values of these parameters were chosen to provide a reasonable
description of existing LHC pp differential data measured in minimum-bias and
hard QCD processes.

The unstable particles are then decayed via the EVTGEN simulation [99].

The PyTHIA simulation generates a couple of b-quarks. This bb couple tends
to behave differently, depending on the type of generation mechanism. A pair
coming from a PC mechanism tends to be back-to-back in the azimuthal angle
¢, and have a balance in the transverse momentum. Instead, a FE pair will be
flat in A¢ and asymmetric in pp. Finally, GS b-quarks tend to be close to each
other, resulting in peaking at small values of A¢.

For these reasons, MC generators must take into account all these production
mechanisms, in the right proportions, when generating B mesons, and a possible

systematic uncertainty has to be evaluated.
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Chapter 3

The Large Hadron Collider
and the CMS apparatus

The measurements described in this thesis are based on a data sample collected
by the CMS detector during 2011 and 2012 at the LHC. This Chapter provides
a general description of the experimental apparatus, both collider and detector,
focusing on the more relevant elements for this analysis: the tracker and muon

sub-detectors, the tracking algorithms and the data acquisition.

3.1 The Large Hadron Collider

The LHC is a two-ring, superconducting accelerator and collider installed at
the Conseil Européenne pour la Recherche Nucléaire (CERN) site in the 27 km
long tunnel, that once was containing the Large Electron-Positron Collider
(LEP) [100]. Its main purposes are the discovery of the Higgs boson and the
search for new physics.

The LHC at design can generate pp scattering events with a center-of-mass
energy of 14 TeV. Furthermore, it can accelerate and collide heavy ions, for
studies regarding dense matter and quark-gluon plasma.

Seven experiments are currently installed around the ring. Two of them, A
Toroidal LHC ApparatuS (ATLAS) [101] and CMS [102], are general purposes
detectors especially designed for the Higgs boson and high energy, rare new
physics searches. The LHCb experiment [103] aims specifically for b-physics
and the TOTal Elastic and diffractive cross section Measurement (TOTEM)
experiment [104] for the measurement of the proton elastic scattering at small
angles. The A Large Ton Collider Experiment (ALICE) experiment [105] has been
especially designed to study heavy ions (Pb-Pb) collisions. The Large Hadron

41
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Figure 3.1: Cross-section of an LHC dipole magnet with cold mass and vacuum
chamber.

Collider forward (LHCY) [106] aims to study the production of particles in the
forward region. Finally, the goal of the Antihydrogen Laser PHysics Apparatus
(ALPHA) [107] is the matter-antimatter analysis, through the production of

antihydrogen atoms.

3.1.1 The LHC layout

The LHC uses twin bore magnets, formed by two sets of coils and beam channels,
inside the same mechanical structure and cryostat (see Fig. 3.1 for the dipole
section).

The LHC is made of eight arcs, each containing 154 dipole bending magnets,
and eight 528 m long insertions, consisting of a long straight section plus two
transition regions (Fig. 3.2). A sector is the region between two insertion points.
ATLAS and CMS are located at diametrically opposite straight sections: point 1
and point 5, respectively. Point 2 and point 8 contain ALICE and LHCb
experiments, respectively, and also the injection systems for the two beams. Two
collimation systems reside at Point 3 and 7 while point 4 contains two Radio
Frequency (RF) systems. Finally, Point 6 contains the beam dump insertion
where the two beams are extracted from the machine.

Protons that will collide are extracted from a hydrogen source, and then
tunneled into many different accelerators, before entering the LHC (see Fig. 3.6
at the end of this section). The first one is the LINear particle ACcelerator
(LINAC)-2, generating 50 MeV protons, which are then injected into the Proton
Synchrotron Booster (PSB). There, protons are accelerated to 1.4 GeV and then
fed into the Proton Synchrotron (PS), where they reach the energy of 26 GeV.
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Figure 3.2: Sketch of the eight sectors of the LHC. The four main experiments are
highlighted in bold.

Finally, the Super Proton Synchrotron (SPS) is used to further increase their
energy up to 450 GeV, before the injection enters into the LHC ring.

The 1232 superconducting dipoles in the LHC work at the nominal magnetic
field of 8.33 T; 392 focusing quadrupole magnets complete the steering of the
beams. The induced RF electrical field runs at 400 MHz and provides an
accelerating field of 5 MV /m. To achieve this huge value of the magnetic field, the
structure operates in superfluid helium at 1.9 K. The large thermal conductivity
and low viscosity of He allow for the dissipation of the generated heat.

The main LHC design parameters are summarized in Table 3.1.

3.1.2 The LHC luminosity

For each physics process, the event rate neyent is given by the product of its
production cross-section oeyent, at that particular energy (Fig. 3.3), and of the

luminosity £, that depends only on the beam parameters:

Nevent = Egevent (31>

In case of equal beam parameters and Gaussian shapes, the luminosity can be

expressed as:
2
o Nb nb.frev’)’r

L=t (3.2)

where IV}, is the number of particles per bunch, ny is the number of bunches

per beam, f.o, is the revolution frequency, -, is the relativistic gamma factor,
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Table 3.1: Main parameters of the LHC, at design and for /s = 14 TeV.

Parameters Value Unit
Proton energy 7 TeV
Relativistic gamma 7461

Number of particles per bunch 1.15 x 10!

Number of bunches 2808

Transverse normalized emittance €, 3.75 pm rad
Circulating beam current 362 A
Stored energy per beam 362 MJ
RMS bunch length 7.55 cm
RMS beam size at point 5 16.7 pm
[ function at point 5 0.55 m
Peak luminosity at point 5 1.0x 103  cm™2s7!
Inelastic cross-section 60 mb
Total cross-section 100 mb
Events per bunch crossing 19

Luminosity lifetime 14.9 h
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Figure 3.3: SM cross-sections as a function of collider energy [108].
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€, is the normalized transverse emittance, 5* is the betatron function at the
Interaction Point (IP) and F' is the geometric luminosity reduction factor for

the crossing angle:

20*

F=1/4/1+ (9602)2 (3.3)

where 6. is the full crossing angle at the IP, o, is the Root Mean Square (RMS)
bunch length and ¢* is the transverse RMS beam size at the IP. The betatron

function SB(s) and the emittance €, are correlated [109] by:

y(s) = [ B(s) 5= cos(ve(s) + ) (3.4)
By
where y(s) is the = or y transverse coordinate along the arc length s, v is the
number of betatron oscillations in one revolution, ¢(s) is a phase function and §
is determined from initial conditions; v is the Lorentz relativistic factor.

The design peak luminosity of the LHC is 10**em~=2s~!, obtained at the
beginning of each run. The main cause for the decay of the luminosity are beam
collisions. Furthermore, Touschek scattering [110] and particle losses due to
emittance blow-up contribute to the decay constant. The design net luminosity

lifetime is 15 hours.

3.1.3 Operating conditions in the 2011 and 2012 data-
taking periods

During the 2011 data-taking period the center-of-mass energy for pp runs was
7TeV. The instantaneous luminosity of the LHC was raised from low luminosities
up to £ =2 x 1033 ecm™25s7!, thanks to the increasing of the number of bunches
and to the optimization of 5*.

An important feature of the LHC collisions is the number of primary vertices
per bunch crossing: the so-called pileup. Given that the time spacing between
each bunch crossing was 25ns, from Eq. 3.1 results that the mean pileup was
(Npy) = 8, with an RMS equal to 5.6cm. The pileup is a challenge for the
detectors because of the multiplicities of the produced tracks coming from
uncorrelated processes, and care must be taken in the physics analyses to treat
this effect.

For the 2012 data-taking period, the center-of-mass energy for pp runs was
raised to 8 TeV. Thanks to the LHC excellent performance, the instantaneous
luminosity could reach 8 x 1033 ecm™2s~! during the second part of the year.
The mean 2012 pileup was (Npy) = 21 (Fig. 3.4).

Figure 3.5 shows the 2010, 2011 and 2012 integrated luminosities delivered
to CMS. The overall CMS recording efficiency was higher than 90%.
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Figure 3.4: CMS average pileup distribution for pp collisions in 2012.
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3.2 The Compact Muon Solenoid

In this section the main features of the Compact Muon Solenoid (CMS) [111]
are described; in particular, the tracker and muon sub-systems, which are the
main sub-detectors utilized by this analysis.

CMS is designed to study the proton-proton and nucleon-nucleon scattering
physics at the energies and luminosities of the LHC. CMS is situated at Point 5
of the LHC ring, about 100 m underground near Cessy in France, between the
Jura mountains and Lake Geneva. It has a cylinder geometry, with two “endcaps”
closing the “barrel”. CMS is 21.6 m long, it has a diameter of 14.6 m, for a total
weight of 12 500t.

The main features of CMS that allow to meet the requirements of the LHC

physics programme are the following:

e good muon identification and transverse momentum (pr) resolution. CMS
can reconstruct muons over a wide range, from pr &= 1 GeV in the forward
region, up to pr ~ 1TeV. This is achieved by the inner tracker and the

muon station systems;

e good charged-particle pr resolution and reconstruction efficiency in the
tracker. Pixel detectors very close to the IP are required to distinguish
different Primary Vertices (PVs) in a high luminosity environment and to

distinguish the Secondary Vertices (SVs) present in b and 7 jet events;

e good electromagnetic energy resolution and good electron and photon

coverage. This is performed by the electromagnetic calorimeter;

e good missing transverse energy resolution. A hadron calorimeter system
with a large geometric coverage and fine segmentation is required, extending

the coverage down to |n| = 5.

Going from the beam collision point outward, the main sub-detectors are the
inner silicon tracker, the electromagnetic calorimeter, the hadronic calorimeter
and the muon stations (see Fig. 3.7).

One of the most important requests for the concept of CMS is the magnetic
field bending power for charged particles. At the heart of CMS is the supercon-
ducting solenoid, 13 m long, 6 m large, capable of generating a homogeneous 4 T
magnetic field along the beam direction. The silicon inner tracker and the two
calorimeters are all within the solenoid. The muon stations are placed outside
the solenoid, in the return yoke, which also contains overall 1.5 m of iron along
the radial axis; the bending power for a muon reaching the muon stations is
12T m.
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Figure 3.7: Perspective view of the CMS detector, showing the main sub-detectors.

At the center-of-mass energy of /s = 14 TeV, the total pp cross-section is
roughly 100 mb (see also Fig. 3.3 in the previous section). With the LHC design
luminosity, this implies a rate of 10° inelastic events/s. This huge amount of
data is a challenge for the storage and the computing. Discerning the interesting
events for physics searches from all produced events is of capital importance.
CMS makes use of hardware triggers installed into the sub-detectors for reducing
the event rate down to 10° Hz. After that, the events must pass software trigger
selections, that reduce further the event rate down to few hundreds per second.
Finally, the accepted events can be recorded, processed and stored in sites around
the world, ready for physics analyses.

All components of CMS will be described in the following sections, focusing

mainly on those used by this analysis.

3.2.1 CMS coordinate system

CMS uses a right-handed coordinate system centered at the nominal IP:
e the y-axis points vertically upward, orthogonal to the LHC plane;
e the z-axis points radially inward toward the center of the LHC;

e the z-axis points along the beam direction toward the Jura mountains.



50 CHAPTER 3. THE LHC AND THE CMS APPARATUS

Table 3.2: Main parameters of the 4 T superconducting solenoid.

Parameter Value Unit
Magnetic length 12.5 m
Operating temperature 4.5 K
Cold bore diameter 6.3 m
Central magnetic induction 4 T
Total Ampere-turns 41.7 MA turns
Nominal current 19.14 kA
Inductance 14.2 H
Stored energy 2.6 GJ
Radial thickness of cold mass 312 mm
Radiation thickness of cold mass 3.9 X
Weight of cold mass 220 t
Total mass of iron in return yoke 10000 t

The radial distance from the IP is defined as r = \/22 + y2. The azimuthal angle
¢ is measured from the z-axis in the xy plane. The polar angle 6 starts from

the z-axis, and the pseudorapidity variable is related to 6 as n = —Intan(8/2).

3.2.2 The superconducting magnet

The trajectories of the charged tracks can be measured thanks to the large
CMS magnetic field produced by the superconducting coil. The charged particle
transverse momentum pr is measured in the zy plane. Since the transverse
momentum resolution Apr of charged particle tracks depends on the magnetic

field and the solenoid radius as

Apr pr

where B is the magnetic field intensity and L is the path length, CMS design
aimed to maximize both quantities. The 6 m diameter solenoid is designed to
produce a magnetic field of 4 T within it. However, for longevity reasons, it was
decided to be set at 3.8 T for the LHC 2011 and 2012 runs.

Outside the magnet, the magnetic flux returns through a 10000t iron yoke,
divided in 11 large components, in which the magnetic field intensity is about
2T.

The 64 mm X 22 mm magnet winding is composed of four layers made of
stabilized reinforced NbTi conductor. For physics reasons, the radial extent of
the coil had to be kept small: the structural thickness is only 170 mm.

The main parameters of the CMS magnet are summarized in Table 3.2.

The CMS solenoid is very different from other detector magnets when looking
at the stored energy and its ratio to the cold mass: 11.6kJ/kg (see Fig. 3.8).
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This high ratio can cause relatively large mechanical deformations (0.15%) when
energized. To limit the mechanical stress, CMS uses an innovative design of
self-supporting conductor, that includes the structural material. In this way, the
130 MPa magnetic hoop stress is shared between the layers and the cylindrical
mandrel, rather than by the mandrel only as it was in previous thin detector
solenoids.

The operating temperature is 4.5 K. The cooling is made by the helium refrig-
eration plant, which has a cooling capacity of 800 W at operating temperature.
The cool-down of the solenoid from room temperature to 4.5 K takes around
24 days. The current-sharing temperature 7}, defined as the maximum tempera-
ture for which the current can flow without dissipation in the superconducting
part, is T, = 6.44 K; thus the temperature margin is 1.94 K.

The iron yoke is made by five wheels in the barrel and three disks in each
endcap. Their weights range from 400t up to 1920t for the central wheel, that
includes the coil and its cryostat. All the elements are aligned with an accuracy

of 2mm.

3.2.3 The inner tracking system

The innermost sub-detector of CMS is the silicon tracker. Its aim is the accurate,
robust and efficient tracking of the charged particles produced by the collisions.
Of fundamental importance is the precise measurement of secondary vertices
coming from long-lived hadrons and 7-leptons. At the LHC design, each bunch-
crossing produces about one thousand particles crossing the tracker every 25 ns.
This large number of tracks, coming from different primary vertices, needs a fast,

high-granularity and radiation-resistant detector. For all these reasons and to
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Figure 3.10: Pixel (a) and strip (b) tracker material budget as a function of 7.

keep high redundancy and low occupancy, CMS uses a full silicon technology for
its inner tracking system. The CMS silicon tracker is capable of high efficiency
reconstruction for tracks with pr > 1GeV and |n| < 2.5.

In the barrel, from r = 4.4 cm to 10.2 cm, the tracker consists of three layers
of pixel detectors. Farther, in a lower occupancy region, ten layers of silicon
strips complete the silicon tracker at a distance of 1.1 m. Each tracker endcap
consists of three pixel disks and twelve disks of silicon strips. Overall, there
are 1440 pixel modules and 15148 strip modules, forming around 200m? of
active silicon area, making the CMS tracker the largest silicon tracker ever built.
Figure 3.9 shows the arrangement of all the tracker layers and Fig. 3.10 shows
the pixel and strip material budget crossed by the particles.
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Figure 3.11: Pixel detector layers in the zr plane.

3.2.3.1 The pixel detector

The pixel layers are the closest ones to the beam spot. The pixel detector
contributes to the measurement of the impact parameter, that is important for
good secondary vertex reconstruction.

The arrangement of the pixel modules is shown in Fig. 3.11. There are three
pixel layers in the barrel, at r = 4.4cm, 7.3 cm and 10.2 cm, forming the Pixel
Barrel (BPix) sub-detector and two disks forming the Pixel Forward (FPix)
detector, at z = +34.5cm and £46.5cm. In this way each particle crosses three
layers for almost all the acceptance region, |n| < 2.5.

The size of each pixel is 100 pm x 150 pm such to have about the same
resolution in the r¢ and z directions. Overall, the BPix contains 48 million
pixels and the FPix 18 million. Thanks to these dimensions, at a typical charged
particle flux of 108 em~2s™!, the occupancy of each pixel is only about 0.01%.

The position resolution is improved thanks to charge sharing, that helps to
separate signal and noise hits and also to disentangle large hit clusters from
overlapping tracks. In the presence of a magnetic field, due to the Lorentz drift,
the charge of the collected signals is spread over more than one pixel and the
interpolation of the analog pulse permits a spatial resolution of about 15-20 pm
for the BPix. To improve the Lorentz drift also in the endcaps and to have a
similar resolution, the FPix forward modules are tilted of 20° in a turbine-like
configuration. The pixel sub-detector has a zero-suppressed read-out scheme

with analog pulse height read-out.

3.2.3.2 Silicon strip tracker

Beyond the pixel detector, the particle flux is lower and silicon micro-strip
detectors can be utilized.
The micro-strip sensors are of single sided p-on-n type. They are disposed

on a total of ten layers in the barrel and twelve disks per endcap, as yet shown
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Table 3.3: Pitch and thickness for each different silicon strip.

Strip tracker sub-detector Pitch (pm) Thickness (nm)

TIB 80-120 320
TOB 122-183 500
TID 100-141 320
TEC 97-184 320-500
2

PR R TS TR T PO
0 025 05 075 1 125 15 175 2 225 25

n

Figure 3.12: Number of points in the strip tracker versus |n|. Open squares show the
number of stereo layers, filled circles show the total number [112].

in Fig. 3.9. The Tracker Inner Barrel (TIB) and Tracker Inner Disk (TID) are
placed close to the pixel detector, and reach a radius of 55cm. They contain
four barrel layers and three disks for each endcap. The single-point resolution
for TIB and TID is around 23-35 pm.

Outside, there is the Tracker Outer Barrel (TOB), containing six layers with
a higher thick than the TIB. The point resolution for the TOB varies from
35 to H3 pm.

At the z ends of the TOB (z = £118cm) there are the nine disks of each
Tracker EndCap (TEC), that extend up to |z| = 282cm and r = 113.5 cm. Each
disk carries up to seven rings of silicon strip detectors.

Table 3.3 shows the main geometrical parameters of the silicon strips per
each sub-detector.

Furthermore, many modules of the silicon strip detector contain a second
module, back to back mounted to the first, with a stereo angle of 100 mrad.
In this way it is possible to measure the z coordinate in the barrel and the r
coordinate in the endcaps.

Thus, a particle in the tracker acceptance region crosses at least nine modules,
ensuring high efficiency and good resolution (see Fig. 3.12).

The tracker average module hit efficiencies are shown in Fig. 3.13 for each

layer and disk. The left plot (Fig. 3.13a) shows a flat 97% pixel efficiency except
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Figure 3.13: Tracker average module hit efficiencies for the pixel (a) and the strip
(b) tracker, for each layer and disk [112].

for the first two layers, due to read-out losses. The right plot (Fig. 3.13b) shows
the same for the strip tracker. Few modules are known to be inefficient and
removing them from the read-out allows the average hit efficiency to be almost
100% (red points).

3.2.4 The electromagnetic calorimeter

The main aim of the CMS Electromagnetic CALorimeter (ECAL) is photon and
electron detection and the measurement of their positions and energies. ECAL
is a homogeneous and hermetic calorimeter made by lead tungstate crystals
(PbWOy, density p = 8.28g/cm?). It is formed by 61200 crystals in the barrel
and 7324 crystals in each endcap. The choice for the lead tungstate is driven by:

1. fast response: the 80% of the light is emitted in only 25 ns;

2. granularity: it has short radiation lenght (X; = 0.89cm) and Moliére

radius (2.2 cm), allowing best resolutions for jet positions and separations;
3. resistance to radiations, up to 10 Mrad.

The emitted light has a maximum for 420-430 nm (green-blue) and the refraction
index for light around this peak is n = 2.29. On the other hand, PbWOQO, releases
only about 30 photons/MeV and this implies the need to use intrinsic gain
photodiodes, able to work in high magnetic fields. Thus, in association with the
crystals, silicon avalanche photodiodes in the barrel, and vacuum phototriodes
in the endcaps, are used.

A sketch of the CMS electromagnetic calorimeter is shown in Fig. 3.14.

The Barrel calorimeter (EB) is divided in 36 supermodules, each spanning

20° in ¢, until |n| < 1.479, at z = 2.68 cm. Each barrel crystal has a truncated
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Figure 3.14: Sketch of ECAL.

pyramid shape, whose smallest base is large 22mm x 22mm and it is 1.29m
distant from the beam direction; the other base is large 26 mm x 26 mm. The
height is 230 mm, corresponding to 25.8 Xj.

The Endcap calorimeters (EEs) are 3144 mm far from the origin. Each EE
is formed by 5 x 5 crystals, grouped in mechanical units, called supercrystals.
The two halves of each EE, called “dees”, range in |n| € [1.479,3.0]. The
endcap crystals have the front base equal to 28.6 mm x 28.6 mm, the rear base
30mm x 30 mm and they are 220 mm deep, corresponding to 24.7 X.

In front of each EE is placed a “preshower” detector, for the detection and
localization of photon conversions with high pseudorapidity. It is made by two
silicon strip layers, 1.9 mm high, separated by two lead disks, 2 Xy and 3 X deep.
The two preshowers can detect in the pseudorapidity range |n| € [1.653,2.6].

The calorimeter energy resolution AFE can be parametrized as

o\?2 S \? N2
—) == = C? 3.6
3 - (%) +(2) @9
where S, N and C are the stochastic, noise and constant terms, respectively.

The stochastic term is mainly due to:

1. fluctuations in the lateral shower containment, event per event; the expected

contribution is about 1.5% when summing 5 x 5 supercrystals;

2. a 2.1% photostatistics contribution, given by ,/NL, where Np. is the
pe

number of primary photoelectrons per unit of energy and F' takes into

account the fluctuations in the gain process. This factor is about 2-2.5,

depending on the region;
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Figure 3.15: ECAL energy resolution as a function of energy. The parametrization
of eq. 3.7 is used for a best fit.

3. (where present) fluctuations in the deposited energy in the preshower
absorber, with value roughly 5%/ VE.

The principal contributions to the noise term are

1. electronic and digitization noises from the instrumentation, leakage currents

from neutron irradiation, and the output of the pre-amplifiers;

2. pileup noise, measured taking into account also the remnant energy from

previous bunch crossings.
Finally, the constant term comes from
1. non-uniformity of the longitudinal light collection;
2. energy leakage from the rear of the crystal;
3. intercalibration uncertainty.

Test beam results indicate that by measuring energy in a 3 x 3 crystal lattice,
a typical resolution of the CMS ECAL (Fig. 3.15) is

(%)2 - (O\;?Y + (022)2 +(0.0030)° (3.7)

where F' is expressed in GeV.
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Figure 3.16: CMS sub-detectors in the zn plane.

3.2.5 The hadronic calorimeter

The Hadronic CALorimeter (HCAL) is located beyond ECAL and lies almost
entirely inside the magnet. It is designed to have a high geometrical acceptance
and to measure precisely the hadronic jet energies and the event transverse
missing energy, needed for the detection of non-interacting particles like the
neutrinos, or predicted supersymmetric particles like neutralinos.

HCAL is divided in four parts: Hadron Barrel (HB), Hadron Outer (HO),
Hadron Endcaps (HE), and Hadron Forward (HF). A longitudinal view of HCAL
is drawn in Fig. 3.16.

The HCAL active part is made by layers of Kuraray SCSN81 active plastic
scintillator, chosen for its time stability and relatively high radiation resistance.
In the first fifteen layers the scintillator thickness is 3.7 mm, while in the last
one (HO) is 9mm, to detect late developing showers at the back of HB.

Light is collected by 0.94 mm large green wavelength-shifting fibers and it is
brought to a hybrid photodiode, with a gain of about 2000.

The layers are separated by brass (70% copper and 30% zinc) absorbers or,
for structural reasons, by stainless steel. Brass is chosen for its low Xy (1.49 cm),
that maximizes the radiation lengths, it is easy to manipulate and it is not
ferromagnetic.

A special place is taken by the HF detector, starting at 11.2m from the IP
and with 1650 mm of absorber.

Overall, there are 41 detector towers, that are scintillator piles, segmented in
pseudorapidity.

At high pseudorapidities (3.0 < || < 5.0) the particle flux is very higher
than on the rest of the CMS acceptance region. On average the HF absorbs
760 GeV per pp interaction, compared to 100 GeV for the rest. After ten years of
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operation, the HF will absorb about 10 MGy of radiations. The HF is designed
to be stable even inside this hostile environment. Quartz fibers (fused-silica core
and polymer hard-cladding) are the chosen active medium, while the absorber is
made of 5 mm thick steel plates. The HF detects charged shower particles above
their Cherenkov thresholds, through the generated Cherenkov light.

3.2.6 The muon system

Muon tracking is one of the most important features of CMS. This system per-
forms three functions on muon particles: identification, momentum measurement
and triggering. This sub-detector is placed outside of the hadron calorimeter
and extends up to about 750 cm from the beam direction.

Three different gas detectors are used (see Fig. 3.17). On the barrel, at low
pseudorapidities (|n| < 1.2), Drift Tubes (DTs) are used. Four muon stations
are separated by iron layers, that form the return yoke of the solenoid magnetic
field and that serve also as hadron absorbers.

FEach station contains eight chambers, divided in two groups of four, to
measure the r¢ plane coordinates, and, only in the first three stations, four
chambers which can measure the z direction. To have no blind spots in the
detection, each drift cell is shifted by half-cell width with respect to the drift
cell in the other layer.

In the endcaps (1.4 < |n| < 2.4), in a higher particle flux environment,
Cathode Strip Chambers (CSCs) have been chosen, for their high time response,
segmentation and radiation resistance. Each endcap contains four layers of CSC
stations, with every chamber placed perpendicular to the beam direction, thus,
measuring the coordinates on the r¢ plane.

CMS utilizes also a third muon sub-detector, both in the barrel and in the
endcaps (up to |n| < 1.6), made of Resistive Plate Chambers (RPCs). They
offer an independent and complementary way for the muon detection. RPCs
have a lower spatial resolution than DTs or CSCs, but they have a better timing
resolution, allowing to identify the correct bunch crossing. The barrel contains
six RPC layers: two for the first two stations each, and one in the third and
fourth station. In the endcaps, RPCs are contained in the first three stations,
to trigger and to improve time and pp resolution. Figure 3.17 shows the three
different muon sub-detectors in the rz plane.

The cylinder is longitudinally cut in five wheels. In the endcaps, CSCs and
RPCs are mounted in four stations, placed on disks, perpendicular to the beam
axis. Every disk is divided in two concentric rings, except the first one, divided
in three. The interaction lengths are shown in Fig. 3.18 as a function of the

pseudorapidity.
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Figure 3.20: A DT chamber in position inside the iron yoke, in the r¢ plane. One can
see the two super layers with wires along the beam direction and the other perpendicular
to it. In between is a honeycomb plate with supports attached to the iron yoke. Not
shown are the RPCs, which are attached to the DT chambers via support plates glued
to the bottom or top faces, depending on chamber type.

3.2.6.1 The drift tubes

The four concentric cylinders of the muon barrel are divided in twelve sectors.
The first three cylinders contain twelve muon stations, while the fourth one
contains fourteen of them. The DTs (see Fig.3.19 for a sketch) are placed at 4.0,
4.9, 5.9, and 7.0 m from the beam direction. Every chamber contains twelve
DTs, divided in three groups of four layers, called super layers (Fig. 3.20). The
transverse dimension of every cell is 21 mm, corresponding to a drift time of
about 380ns. This drift time makes the occupancy of each cell negligible. On
the other hand, the cell dimensions are large enough to limit the number of the
active electronic channels. The plates at the top and bottom of each cell are at

ground potential. The voltages applied to the electrodes are +3.6kV for wires,
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Figure 3.21: (a) Layout of one CSC, consisting of seven trapezoidal panels. (b) The
avalanche induced charge is interpolated to obtain a more precise position of the
avalanche along the wire direction.

+1.8kV for strips, and —1.2kV for cathodes. Near the wire the field increases
by several orders of magnitude and electron multiplication occurs. About 10°

electrons arrive at the wire and are read out.

The gas is a mixture of argon (85%) and CO3 (15%). The chamber global

resolution in r¢ is 100 pm.

3.2.6.2 The cathode strip chambers

In the muon endcap region there are 468 CSCs. Every CSC has a trapezoidal
shape and it is composed by six gas detector layers. Each particle crosses at least
two CSCs along the ¢ direction (except for those in ME1/3, Fig. 3.17 shows also
the muon station terminology). Except for ME2/1, ME3/1 and ME4/1, which
contain 18 muon chambers, the rest has 36 chambers each.

CSCs are multiwire proportional chambers, composed by six anode wire planes
interleaved by seven cathode panels (Fig. 3.21). Wires are placed azimuthally and
define the track r coordinate. The ¢ coordinate in extracted interpolating the
charges induced on the strips, that have a constant A¢ width. The overall CSC
sensitive region is about 5000 m?, the gas volume is more than 50 m?® and the
number of the wires is around 2 million. The ME1/1 spatial resolution is about

100 pm; for the others, it is 200 pm. The angular resolution is A¢ ~ 10 mrad.

In the intermediate region (0.9 < || < 1.2) muons are detected both by DTs
and CSCs.
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Figure 3.22: Sketch of an RPC sub-detector.

3.2.6.3 The resistive plate chambers

RPCs are gaseous parallel plate detectors with a very good tile resolution: an
RPC can tag the time much more faster than the interval between two LHCs
bunch crossings. For this reason a dedicated muon trigger, based on RPCs, is
very important in the presence of a high background rate, that can go up to
1kHz/cm?.

Six RPC layers are placed in the barrel, for a total of 480 chambers. The
redundancy of the first layers allows the trigger algorithms to operate with at
least four layers, also for low energy muons, that can stop after the first iron
layers. An RPC module consists of two bakelite gaps, 2 mm high, operating in
avalanche mode. The read-out electronic is placed in the middle (Fig. 3.22). The
induced signal is given by the sum of the signals of the two gaps. The gas is a
mixture of CoHoFy (96.2%), iC4Hyp (3.5%), and SFg (0.3%).

3.2.7 Track and vertex reconstruction

The trajectory of a charged particle in a constant homogeneous magnetic field
is a helix, which can be described by five parameters, depending on the charge,
momentum and the chosen pivot.

If the coordinate system in set such that the magnetic field points along the

z axis (as it is in CMS), the helix can be parametrized as

x = xo + d, cos go + % (cos ¢o — cos (¢o + )
. [0 2P .
Yy =1yo+dysingy + - (sin ¢o — sin (¢o + @) (3.8)
z=2zy+d, — %tan/\-qﬁ
where d,, ¢o, &, d, and tan A are the five helix parameters. The position vector

x0 = (%0, %0, 20) is an arbitrary reference point on which d,, ¢y and d. depend.
The constant « is defined such that @ = 1/B with B the magnetic field. Given
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(a) Negative Track

Figure 3.23: Helical track parametrization [113] for a negative (a) and a positive (b)
particle. For an explanation of the parameters, see Sec. 3.2.7.

that the reference point xg is arbitrary, it can be taken as the hit point, called
pivot. The angle ¢ measures the deflection with respect to this point. The ratio
a/k = p is the radius of the helix, while the parameter x = Q/pr with @Q being
the charge. See Fig. 3.23 for a picture of all referenced parameters.

In the following section, track and vertex reconstructions in CMS are de-

scribed.

3.2.7.1 Tracker track reconstruction

Trajectory reconstruction has to take into account magnetic field inhomogeneities,
energy losses and multiple scattering through the detector material budget. In
CMS the track reconstruction algorithms begin taking the nucleon-nucleon
interaction region (the beamspot) as an estimate of the primary interaction point
in the transverse plane [114]. The RMS on the fitted beamspot coordinates can
be measured and correspond to Az,y = 0.05 mm and Az = 2 cm.

After the beamspot reconstruction, track (and also vertex) reconstruction
starts using the pixel hits. CMS standard track reconstruction is the Com-
binatorial Track Finder (CTF). Starting from the reconstructed hits, track

reconstruction can be decomposed in four steps [115, 116]:
1. seed generation;

2. pattern recognition, or trajectory building;

e

ambiguity resolution;

4. final track fit.
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3.2.7.1.1 Seed generation Since for the determination of the transverse
momentum at least three points are needed, the starting point is a “track seed”,
that can be either a triplet of hits, or only two hits plus a vertex constraint. All
hits must belong to different detector layers. There are allowed ranges for the
reciprocal hit positions, that are determined by the momentum direction, the
transverse momentum and the primary vertex constraint.

The seeding from pixel triplets has some differences with respect to the
seeding from pairs: the number of seeds is much smaller and the purity of
the seeds is higher, but their efficiency is significantly lower, due to the pixel
geometrical and readout inefficiencies. For these reasons the standard track
reconstruction uses seeds from hit pairs and seeding from triplets is used in

special cases, such as reconstruction of events from heavy-ion collisions.

3.2.7.1.2 Pattern recognition The pattern recognition is based on a com-
binatorial Kalman filter method. This is an iterative algorithm, that takes
into account the information of the successive detection layers and updates the
track parameters at each step. In this way, with every new added hit, the track
parameters gain in precision.

Given the initial seed, the trajectory is extrapolated to the next compatible
layer. The compatibility criterion is given by the charged particle equation of
motion, corrected by energy losses and multiple scattering. For each compatible
hit in the new layer, a new trajectory candidate is built. Also, another trajectory
is built, with no measured hit (as known as “invalid hit”), to take into account the
possibility that the particle did not leave a hit on that layer, due to inefficiencies.
Once a new trajectory is created, new hits are added and the errors updated,
until the tracker boundaries are reached. This procedure is iterated for each

layer.

3.2.7.1.3 Ambiguity resolution Patter recognition may create a lot of
different trajectories per each seed, and, furthermore, a given track may be
reconstructed from different seeds. To avoid double counting the tracks, these
ambiguities must be removed. The ambiguity is defined as the fraction of hits

shared between two trajectories:

hits
Nsharcd
min (N{“ts, N%uts)

fshared = (39)

where NBIt . is the number of shared hits and N is the total number of hits
of the i*" track. The seed is then propagated to search for other compatible hits.
If fiharea > 0.5, the track with the least number of hits or with the highest x? is

removed.
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3.2.7.1.4 Final track fit At the final stage, the trajectory is rebuilt again
with all the associated hits. The trajectory is firstly refitted with a Kalman filter.
Then, a second filter is initialized with the result of the first one, and it is run
backwards, towards the beam line. This smoothing procedure provides optimal

estimates of the trajectory parameters at each measured point.

At the end of a CTF iteration, poor reconstructed or fake tracks are removed.
Many of the fake tracks can be removed by choosing only tracks that have a
good fit x? and are compatible with the beamline or the primary vertices of the
event. This selection can be refined further by varying the cuts for the track pr,
7, and the number of layers with hits. Short tracks with few hits are far more
likely to be fakes, so a tighter selection is applied. In contrast, tracks with hits
on every layer are unlikely to be fakes and a much looser selection can be used.
Tracks are selected on the normalized x?, the transverse (d;,) and longitudinal
(d,) impact parameters and their significances, the number of tracker layers with
or without a hit on the track. Tracks failing the loosest selection are rejected,
while those that pass the tightest selection are labeled highPurity [117]. The
impact parameter resolutions can be parametrized as

oa,, =V a*>+ (b/pr)? (3.10)

Ty

oq, = cosh(n) - o, (3.11)

For highPurity tracks, a = 30 pm and b = 10 pm GeV.

Every time a CTF iteration ends, the used tracker hits are removed to avoid
track duplication and a new iteration begins. The first iterations use only the
pixel seeds to reconstruct prompt tracks, then the algorithm looks for pixel and
strip layers as seeds, to reconstruct displaced tracks (that may come from b
decays, for example). Finally, strip-only seeds are used for tracks reconstructed

in inefficient pixel regions.

Selection cuts are optimized on simulated data samples, considering processes
of vary multiplicity, leading to the following formulas used for the selection on

the above parameters:

X2/d'0'f < QpMNlayers

|da:'u| < (alnlayers h. 0d
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|dZ| < (ainayers A 04

z

™ ™

)
)
dzy/0d,, < (@3NMayers)

<( )

d./da. (3.12)

Q4Nayers

where d4,, and dq, are the transverse and longitudinal impact parameter uncer-
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Figure 3.24: Track reconstruction efficiency for muons (a) and pions (b) of transverse
momenta of 1 GeV, 10 GeV and 100 GeV, as a function of n [118].

tainties, respectively, and njayers is the number of tracker layers with a hit on
the track. The parameters «; and S are configurable and different values are

used for each tracking iteration.

3.2.7.1.5 Track performances The track reconstruction efficiencies for
MC single muons and pions of different pr are shown in Fig. 3.24. Plots show
the efficiency of correctly reconstructed tracks produced inside the beam pipe.
This efficiency includes the algorithm, acceptance and hit efficiencies. Tracks
are reconstructed using seeds in the pixel detector and are required to have a
minimum of eight hits, with a hit missing in at most one layer, and pr > 0.8 GeV.
The lower efficiency for pions is due to the fact that hadrons interact with the
tracker material.

The track resolutions for the different helix parameters are shown in Fig. 3.25
as a function of ||, for different transverse momenta. They are measured from
the o parameter of a Gaussian probability density function (pdf) fitted to the
residuals:

Tres = Treco — Lgen (313)

where Teco is the reconstructed quantity and xgen is the generated quantity, for
each parameter x. The dy and zy resolutions at low pr are degraded by the
multiple scattering. At high momenta the resolution is dominated by the hit
resolution of the first pixel hit. At high transverse momentum the resolution is
about 1-2%, up to |n| < 1.6, then the reduced lever arm worsens the resolution.
Figure 3.25 shows also the pr mean residual. The small bias for |n| > 1.5 is

caused by inhomogeneities of the magnetic field at large radius.
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Figure 3.25: Resolutions of the five track parameters for single muons with transverse
momenta of 1 GeV, 10 GeV and 100 GeV, versus |n| [116]. From top to bottom and left
to right: (a) transverse, (b) longitudinal impact parameter, (c) ¢, (d) cot 8, and (e)
transverse momentum. Plot (f) shows the mean residual for the transverse momentum.
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3.2.7.2 Muon tracks

In CMS, muon tracks can be reconstructed by the inner tracker and by the muon
system [119]. There are two different reconstruction algorithms: “Tracker Muon”
and “Global Muon” algorithms.

The Tracker Muon reconstruction uses an “inside-out” approach. All tracker
tracks with pr > 0.5GeV and p > 2.5 GeV can be reconstructible muon can-
didates. Every track is extrapolated to the muon system, taking into account
magnetic field, energy losses and Coulomb multiple scattering. The track must
match one muon segment, that is a track stub, formed by DT or CSC hits.
The matching is valid if the distance between the extrapolated track and the
muon segment is less than 3 cm, or if it is less than four times the combined
uncertainties. If this happens, the tracker track becomes a Tracker Muon.

On the other hand, the Global Muon reconstruction uses an “outside-in”
approach [120]. Starting from a standalone reconstructed muon, the muon
trajectory is extrapolated from the innermost muon station to the outer tracker
surface, taking into account the muon energy loss in the material and the effect
of multiple scattering. Silicon layers compatible with the muon trajectory are
then determined, and a region of interest within them is defined in which to
perform regional track reconstruction. The determination of the region of interest
is based on the track parameters and their corresponding uncertainties of the
extrapolated muon trajectory, obtained with the assumption that the muon
originates from the interaction point. If the matching is valid, the combined
track is a Global Muon. The global track is determined by a Kalman filter
technique, adding together the hits from the two originating tracks.

The pr resolutions for the different muon objects are shown in Fig. 3.26.
At values of pr below 200 GeV, the momentum resolution for a muon track is
driven by measurements in the silicon tracker. As a particle momentum increases
and the curvature of its corresponding track decreases, however, momentum
resolution in the tracker becomes limited by position measurement resolution.
One can then benefit from the large lever arm and the 3.8 T magnetic field in
the region between the tracker and the muon system by including hits in the
muon chambers.

Tracker muon reconstruction is more efficient than the global muon one,
especially for p < 5GeV, because it requests only one single muon segment.
Global muon reconstruction requires instead at least two muon stations, thus it
has a smaller muon misidentification and, consequently, a higher purity.

Usually, about 99% of muons produced in pp collisions and crossing the muon

acceptance are reconstructed either as Global and Tracker muons.

Different selections can be applied to the muon tracks, balancing between
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Figure 3.26: Transverse momentum resolution for the three different CMS muon
objects, for the barrel (a) and the endcap (a) regions.

efficiency and purity. For this thesis, since the muon misidentification has a
non-negligible impact, a high purity selection is chosen: the so-called “tight
muon” selection. A tight muon is a muon identified both as tracker and global
muon. Furthermore, to suppress hadronic punch-through and muons from decays
in flight, the x2/d.o.f of the global fit must be less than ten and the track is
required to have at least one muon chamber hit, one pixel hit and six tracker
layers. Finally, the track must contain muon segments in at least two muon
stations. With these selections, also cosmic muons are reduced at the cost of a
slightly lower prompt muon efficiency.

To further reduce the rate of fake muons (kaons, pions, protons), an additional
identification algorithm based on a Multivariate Analysis (MVA) is used in this

analysis (details will be shown in Sec. 4.3.1).

3.2.7.2.1 Tight muon efficiency with the tag-and-probe method The
muon identification and reconstruction efficiencies can be evaluated using a Tag
& Probe (TNP) technique [121, 122].

The TNP method relies on muons coming from known resonances decaying
into two muons (called dimuons). Strong selections are applied on one of these
two muons (the “tag muon”) to strengthen the purity. Very looser selections are
applied on the other muon (the “probe muon”). After this preliminary setup, it is

possible to apply the interesting selections on the probe muon. The efficiency will
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Figure 3.27: TNP tight muon identification and reconstruction efficiencies in data
(black points) and MC simulations (red squares), for the barrel (a) and endcap (b)
regions. Z-boson events are used for muons with pr > 20 GeV, otherwise J/i-meson
events are used. The difference on the turn-on curve, where the data points are
systematically higher than in simulation, is due to a small difference in the widths of
the track-to-segment pulls.

be given by the number of passing probe muons over all probe muons. Typical
dimuon resonances are the J/¢ and T mesons, and the Z boson. Dimuons are
selected through a cut on their invariant mass. Usually there are background
events under the dimuon peak, hence, a background subtraction is performed
through a fit on the invariant mass shape.

Results on the tight muon selection are shown in Fig. 3.27, for two different
|n| regions. The efficiency plateau is reached at about pr > 10 GeV. The MC

simulation reproduces quite well the efficiency shape.

3.2.7.2.2 Muon identification for non-muon particles Particles other
than muons may be wrongly identified as muons. The main sources of muon

misidentification are:

e hadron punch-through, in which hadron shower remnants penetrate through

the calorimeters and reach the muon system;
e hadron decay-in-flight, as in 7+ — ptw,;
e random matching between an hadron tracker track and the muon stub.

Is is possible to measure these contributions with resonances decaying in kaons,
pions and protons, such as K2 — nt7~, A — pr—, and ¢ - KTK~. With
such samples, it is easy to measure the muon misidentification as the fraction of

tracks identified as reconstructed muons. Figure 3.28 shows the results on tight
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Figure 3.28: Tight muon misidentification for pions (a), kaons (b), protons (c), in
data (black lines) and MC simulation (red shaded boxes). Uncertainties are statistical
only [119].

muons for pions, kaons and protons. All the misidentification probabilities are
well below 1%, reaching even 0.1%, showing the good performance of CMS in
the muon identification and in the shielding of the muon system from hadron

particles.

3.2.7.3 Primary vertex reconstruction

The aim of the PV reconstruction is the precise determination of the collision
points in nucleon-nucleon interactions. For each bunch crossing there can be
more than one inelastic collision, and so that many primary vertices. In 2012 the
mean number of PVs was 21 (Fig. 3.4), with a tail of the distribution reaching
40, thus an excellent performing PV reconstruction algorithm is essential.

The vertex reconstruction is divided in two steps: vertex finding and vertex
fitting. The first step uses only the z coordinate of the tracks: as shown in
Sec. 3.2.7.1, the beamspot = and y widths are negligible with respect to the z
width. The second step performs three-dimensional vertex fits with the full track
information, to find the best estimates of the primary vertex coordinates.

The vertex fitter algorithm is an adaptive vertex fitter [123]. The method
is formulated as an iterative re-weighted Kalman filter. The Kalman filter is a
least squares estimator, which minimizes the sum L(v) of the squared distances

of all tracks from the vertex position:

P15 = argmin L(v) (3.14)
v
where 91 is the position of the PV. Differentiating Eq. (3.14) we obtain an
equation for © which, approximated at the first order, can be solved globally or
iteratively.

The least square estimator is not robust, since it is sensitive to mismeasured
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Figure 3.29: Sketch of the adaptive vertex fitter. The event contains four tracks: one
incompatible with the other three and two highly collimated, ovelapping tracks.

track errors. For this reason, the vertex fitter algorithm uses an adaptive vertex
fitter, an iterative procedure in which a weight w; is associated to every track
(down-weighting outliers). The weight can be interpreted as the probability that
the track 7 belongs to a vertex at position v (see Fig. 3.29 for a sketch of the
algorithm).

The clustering algorithm is a deterministic annealing clustering [124]. Given
a probability p;i for each track ¢ and vertex k, it finds the most likely distribution

of assignments (principle of maximum entropy):

2y _ (= — z1)?
0P = pi (3.15)
ik

2
0;

where z; and z; are the z coordinates of the track and the vertex, respectively.
The (x?) is gradually decreased, through a “temperature” parameter, keeping
the maximum probability state. The algorithm stops when this temperature

reaches its minimum.

The PV resolution depends strongly on the number of tracks used in fitting
the vertex and their pr. A data-driven method (split-method) can be used to
measure the resolution [125]. Tt consists in randomly dividing the tracks used
in the vertex into two different sets. These two sets are fitted independently
to make two different vertices. The distributions of the difference in the fitted
vertex positions are fit with a single Gaussian pdf to extract the resolution.

Results are in Fig. 3.30 and show good agreement with the simulation. The z
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Figure 3.30: Primary vertex resolution along the x axis (a) and along the z axis (b),
as a function of the number of tracks used in the fitted vertex [125].

and y resolutions are consistent; when using more than 30 tracks, the transverse

resolution is about 20 pm and the longitudinal resolution is close to 25 pm.

3.2.7.4 Secondary vertex reconstruction

SV reconstruction is done with a kinematic vertex fitting [126]. The mathematical
approach used is the least mean squared minimization with Lagrange multipliers.
The full decay tree is reconstructed by fitting all tracks and vertices in the
current decay applying physics parameter constraints. The constraints depend
on the process (the hypothesis) under study. To give an example, for the decay
BY — J/y¢ — uTu~ KTK~ (see Fig. 3.31), the constraint set can be:

e the four final state tracks;
e the two-muon invariant mass must correspond to the J/i meson mass;
e the two-kaon invariant mass must correspond to the ¢ meson mass;

e The momentum vector of the BY meson should point towards the primary

vertex.

The total x? of the fit can then be used as a selection criterion. Typical

resolutions are around 30 pm for two-particle decays.

3.2.8 Trigger

The LHC provides billion of events per second. This huge amount of data is too
large for being be recorded and processed. Therefore an efficient trigger system

is needed to select only the most interesting events.
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Figure 3.31: Sketch of the decay chain reconstruction for the BY — J/¢¢ —
uTp” KTK™ decay in the kinematic vertex fitting.

In CMS the trigger system is basically divided into two steps. The first
step is made at hardware level, integrated in the calorimeter and in the muon
sub-detectors (Level 1 Trigger (L.1)). The second step is software (High Level

Trigger (HLT)), executed in a processor farm close to the detector.

3.2.8.1 The Level 1 trigger

The L1 trigger consists of custom-design, easily programmable electronics. The
purpose of this step is to reduce the data bandwidth from 40 MHz down to
100kHz. Only the calorimeters and the muon sub-systems participate in the
L1 trigger decisions, because the tracker bandwidth is too large to enable event
decisions in time. The L1 trigger has local, regional and global components
(Fig. 3.32). The local trigger primitive generators, that are the seeds for the
L1 trigger algorithms, are calorimeter energy deposits and muon chambers hit
patterns. These trigger primitives are collected by the regional triggers, using
pattern logic. The regional triggers sort electron and muon trigger objects, in
limited regions of space, ranking them as a function of energy, momentum, and
quality. Finally, the global calorimeter and muon triggers collect all these sorted
objects and choose the highest ranked ones to be sent to the global trigger. It is
the global trigger that has to take the final decision on rejecting or sending the
event to the HLT.

The allowed L1 trigger delay between the bunch crossing and the decision is

3.2 ps. During this time the information is conserved in the electronics buffer of
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Figure 3.32: Architecture of the L1 trigger.

the sub-detector front-end.

All L1 triggers that acquire data in a given LHC run are grouped together
in a so-called L1 trigger menu. As the LHC luminosity was being increased,
different L1 trigger menus had to be selected, because the total rate must be
maintained in a safe regime below the 1kHz bandwidth.

There are two main ways to keep the rate low when the luminosity increases:
using more tight selections or using a prescale. For the first case, one can request
more trigger objects: for example, instead of asking for one single L1 energy
deposit in ECAL, one can request two different L.1 deposits; or one can raise
the energy threshold, moving from 5 GeV to 20 GeV the minimum jet energy.
Another possibility is to prescale the trigger, that is a way that allows to skip
triggerable events if the trigger has fired before. For example, if a 10 GeV muon
trigger has a prescale of 20, it actually fires only one time every twenty events
that contain a muon with ppr > 10 GeV. This allows to keep triggers with low
thresholds, to the detriment of the acquired integrated luminosity that, for the
aforementioned trigger, would be 1/20 of the total luminosity.

Generally, the 2011 and 2012 trigger menus contain about one hundred of
different L1 triggers. Some of those can overlap, for example a 36 GeV-jet trigger
does not add bandwidth if also a 16 GeV-jet trigger is implemented®. The total
bandwidth is roughly shared between single and double-muon triggers, single
and double-jet triggers, and single and double-energy deposit triggers.

This analysis uses two low pp muons, so it uses the double-muon trigger with
the lowest allowed pr threshold that is present in each menu. Due to the L1

Lif the 16 GeV-jet trigger is not prescaled, otherwise some skipped events from this looser
trigger coud be collected by the tightest one.
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Figure 3.33: L1 double-muon trigger rate as a function of time for a given LHC run.
This given trigger does not require a minimum pz, but the maximum pseudorapidity
is set to |n| < 2.2.

bandwidth limitation, the permitted rate for double-muon triggers is few kHz,
since other kinds of triggers are required for other analyses. This means that for
the lowest py double-muon triggers, the minimum muon p; was between 0 GeV
and 3 GeV and the maximum muon || between 2.4 and 2.2, depending on the
LHC luminosity, that was increasing during the two years.

Figure 3.33 shows the rate of a L1 double-muon trigger used by the B? —
wT ™ analysis, as a function of time, for a given run. The maximum rate is
about 7.1kHz, measured at the beginning of the run, then, it exponentially
decays below 2.5 kHz after 11 hours of data-taking.

3.2.8.2 The High Level Trigger

The final allowed event recording rate is few hundred of events per second and it
is selected by the HLT software algorithms that are executed in the processor
farm. The information from all the sub-detectors has to be stored in buffers
since the time to analyze one event can take up to few seconds (for events with
high pileup).

The HLT system is formed by few hundred different software algorithms,
running on every reconstructed event. Each of these algorithms, called HLT
paths, is divided into different steps, that are producers or filters. Producers
make objects relevant to the given HLT path (for example, one can produce
electron objects from the ECAL and the tracker). Filters take decisions on these
produced objects (in the same example, it can pass events in which there are
at least two electrons with pr > 20GeV). An HLT path gives a final positive

response if the event passes its last step. When one of the filters gives a negative
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Figure 3.34: Data collected by early July, 2011, superposition of various dimuon
trigger paths.

response, the HLT path rejects the event and the subsequent filters and producers
of that path are not executed. In this way it is possible to save time and CPU
power.

As the instantaneous luminosity increases, the L1 and HLT paths have to
tight their selections due to the bandwidth limitation. Figure 3.34 shows the
dimuon invariant mass spectrum, as selected by all the different HLT paths,
collected with the first 1.1fb~! 2011 data. It is possible to distinguish many
different mass windows selected by different HLT paths.

The first sub-detectors that are used by the HLT methods are the calorimeters
and the muon system. The tracker information is added after. For example,
muon HLT paths first produce HLT standalone-muon tracks (Sec. 3.2.7.2); if the
event passes the standalone-muon filters, the tracker hit information is added to
form a global muon track. Then, other filters and producers can be added to
better select the event topology of interest.

Since at this stage the processing time is an important aspect, the HLT paths
can use just a part of the detector information. For example, muon tracks may
be reconstructed not with all the hits but with only the first n hits, or when
sufficient precision is achieved. Track resolution can be worse, but much time is
saved.

Events are collected in different Primary Datasets (PDs), depending on
whichever trigger sets they triggered. For example, all events triggered by paths
chosen by B-physics analyses (like this one) belong to the same PD, called

in jargon MuOnia. Every PD has a maximum data acquisition rate which is



3.2. THE COMPACT MUON SOLENOID 79

decided by the CMS Physics Management, weighing and gauging the impact of
the trigger efficiency for each different physics group.

3.2.9 Event reconstruction and processing

An event that passes at least one HLT path can, then, be saved and reconstructed.
RAW data (RAW), storing the information from all the CMS sub-detectors,
are saved in the so-called Tier-0 (T0) at CERN. The TO does not allow for
analysis accesses and the RAW data contain a too low-level information to be
used by analyses. There, the RAW data are processed to form RECOnstructed
data (RECO), containing high level objects ready for the physics analyses.

The TO also redistributes the PDs to the seven Tier-1 (T1) sites around the
world. The T1 sites store data and reprocess them whenever it is needed, for
example when new calibration constants are ready.

T1 sites also send RECO data (and Analysis Object Dataset data (AOD), a
sub-set of RECO data) to the different Tier-2 (T2) sites, which users can access
to run their analyses.

CMS data are saved in the ROOT format [127]. The CMS specific C++ classes
form the CMS SoftWare (CMSSW) architecture [128].

MC simulation events contain also:

e the event GENeration data (GEN) from particle guns or softwares like
PyTHIA [94], MADGRAPH [129] and EVTGEN [99];

o the simulation (made by GEANT-4 [130, 131]) of the passage of particles
through the detector material, and the response of the sub-detectors
(SIMulated hits data (SIM));

o the simulation of the electronics digitization (DIGItization data (DIGI)).

Table 3.4 clarifies the main different data types present in CMS, together
with their typical size.



80 CHAPTER 3. THE LHC AND THE CMS APPARATUS
Table 3.4: CMSSW main data formats and size per event.
File format Content Event size (MB)
DAQ-RAW  Front-end and L1 data 1-1.5
RAW Raw CMS sub-detectors data 1.5
RECO Reconstructed physics object 0.25
(muons, vertices, clusters, etc.)
AOD RECO subset for specific physics analysis 0.05
GEN MC simulation -
of a given physics process
SIM Simulation of energy deposits (simhits) -
DIGI Digitization of the simhits 1.5




Chapter 4

Observation of Bg — utpu
decays and upper limit on

BY — utu~ decays

In this Chapter we describe the analysis performed for the observation of BY —
put ™ decays and for the upper limit measurement of the B — p*p~ decays.
The analysis general criteria are outlined in the first sections. Then, the selections
used to discriminate true signal candidate events from the different backgrounds
events are described in detail, as well as all the background sources. Next, the
two methods, the CLg technique and the unbinned maximum likelihood fit, used
to extract the candidate yields, are discussed. Results and interpretations of
their implications are reported consequently. Finally, the combination with the
LHCb measurements, as well as comments on the B(B?S) — ptp~) outlook, are

exposed at the end of this Chapter.

4.1 Overview

This analysis searches simultaneously the decays B — uTu~ and B® — utpu~.

Signal events are extracted in two ways:

1. with a counting experiment in a signal window in the dimuon invariant

mass distribution centered on the B?S) meson 1mass;

2. with an unbinned maximum likelihood fit to the dimuon invariant mass

distribution.

To avoid any possible bias due to incorrect discrimination of signal against

background events, all the analysis selections are studied and chosen without

81
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using events in a dimuon invariant mass region close to that of the B?s) mesons
(“blind analysis”). Only after that all selections are fixed, the invariant mass
window is revealed (“unblinded”), and the actual number of events measured.
This analysis uses a relative normalization (B¥ — J/YK* — ptu=K*) to
avoid the uncertainties of the bb production cross-section and of the luminos-
ity measurements. Furthermore, many systematic errors cancel at first order

normalizing the signal to a similar decay channel measured in data.

The B? — p* = measured branching fraction, then, is:

0
_ NZ: e u _
BUBS — i) = % x o B BB > JJUK) x B — )
’ (4.1)

obs
where N, _ is the number of reconstructed signal and normalization candidates.

The total efficiency ¢; is factorized into four separate components, that are
the acceptance A;, the analysis selection €,n, 4, the muon reconstruction and

identification €reco,i, and the trigger request €grig,i:
€ = Az X €ana,i X €reco,i X €trig,i (42)

The factor A; combines the geometric acceptance and the tracking efficiency:
Ai = Nacc,i/Ngen,i, where Ngep ; is the total number of generated decays, pro-
duced with MC simulations requesting no filters, and Nycc; is the numbers of
events requiring minimal selections on all involved tracks, to be in the detector
volume. In Eq. (4.2) the ordering is significant, as each efficiency is evaluated on
top of the factor on its left.

The determination of the signal efficiency is done through MC simulation
samples. It is paramount to validate the MC simulations in data, thus the
analysis uses a Control Sample (CS): BY — J /1, where the J/t) meson decays
into two muons and the ¢ meson decays into two kaons, allowing to compare BY

meson observables directly in data and in MC simulations.

In Eq. (4.1) the factor f,/fs is the ratio of probabilities for a b quark to
hadronize into a B* or a BY meson. Assuming f, to be equal to fq, we can use
the fs/fa LHCb measurement, that reports, for 2 < n < 5 [132],

% = 0.256 + 0.020 (4.3)

d
B(B* — J/¢YK*) and B(J/¢ — ptp~) are the branching fractions for the
B* — J/¢YK* and J/v — ptp~ decays, respectively.

The B — ptp~ branching fraction formula is similar to Eq. (4.1), but
without the f,/fs ratio.
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The chosen Normalization Sample (NS) has a high cross-section, that allows
for a high statistic sample. An other interesting normalization decay, for the
BY — ptu~ case, could be BY — J/1¢, such that the f;/f, ratio would not
be needed, but its branching fraction is still not well measured (its relative
uncertainty is about 25%) [4]:

B(B? — J/1¢) = (1.0975:38) x 1073 (4.4)

Instead, for the chosen normalization channel, the overall branching fraction

relative uncertainty is around 3.4%:

B(B* = J/¢YK*) = (1.016 & 0.033) x 1073 (4.5)
B(J/yp — ptu™) = (5.93 £0.06) x 1072 (4.6)

The background level is very different in the forward region of the detector,
compared to the barrel region. Furthermore, the mass resolution in the CMS
tracker depends strongly on the pseudorapidity of the reconstructed particles (see
Sec. 3.2.7.1.5). Therefore, this analysis is performed into two distinct categories:
if both muons fulfill || < 1.4, then the B?S) candidate belongs to the “barrel

category”; otherwise it belongs to the “endcap category”.

4.1.1 Sources of background events

This analysis searches for two reconstructed tracks, identified as muons and
with opposite charge. The two tracks must come from a common vertex, well
displaced (few millimeters) from the pp primary vertex. Furthermore, the dimuon
invariant mass must be compatible with that of the B(OS) meson.

The reconstructed tracks are identified as muons by the three CMS muon
sub-detectors (see Sec. 3.2.6). Thus, background events can be composed by
“true” muons, generated by the different physics processes, or “fake” muons (such
as kaons, pions and protons), misidentified wrongly as reconstructed muons.
Mainly, the misidentification may be due to a punch-through of the particle
inside the muon stations or due to a hadron decay-in-flight.

From the analysis point of view, the main background sources can be grouped

into three categories:

1. combinatorial background formed by muons coming from b or ¢ weak
decays: ¢ — Xpuv; in this category are present also events where a true

muon is combined with a hadron, misidentified as a muon,;

2. rare B%, B, B? and A) semileptonic decays (like B — K~ u*v,), in

which a hadron is misidentified as a muon. Since the neutrino is not
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reconstructed, this category forms a continuous background in the invariant
mass, that starts at the mass of the decayed hadron and goes down to

lower values;

3. rare dihadronic B®, B, B? and AY decays (like B — K+ K~), which

form a broad peak in the B° invariant mass region.

A further background component is the possible cross-feed between the BY —
ptp~ and the B® — ptu~ decays, in which a BY event could be identified as a
BY event due to the detector resolution, or vice versa.

The first background source is without structure in the dimuon mass dis-
tribution. No MC simulation is used to study this combinatorial background:
the number of generated events would be too consuming both in terms of CPU
time and disk storage, to have a several times larger dataset than the 25fb~"! of
collected data. To overcome this difficulty, the dimuon invariant mass side-bands
are used (defined in Sec. 4.3.2).

The second and third sources present shapes in the dimuon mass distribution
that can help to separate them from the signal events (see Sec. 4.9.2). MC
simulations are used to study the impact of these rare backgrounds on the
B?S) — utp~ BFs.

Without any strong selection, the first category contains by far the largest
fraction of background events, as it is roughly one hundred thousand times bigger
than the SM signal expectations.

Regarding the rare decays, despite the very low CMS misidentification prob-
ability (see Sec. 4.3.1) and their small BFs, they have a non-negligible effect (see
Sec. 4.7).

4.2 Primary dataset and triggers

In CMS, collected data must pass a scrutiny that certifies the quality of each
run and of each single luminosity section; only those fractions that pass this
certification can be used by analyses. There are two types of certification,
one which checks the performances of the inner tracker and the muon stations
(called “muon certification”); one that includes also the performance of the two
calorimeters (called “golden certification”). Since this analysis uses reconstructed
tracks and muons, but no information from calorimeters, the first kind of
certification is used.

The total integrated luminosity, corresponding to the muon certification, is
equal to (5.0 £0.1)fb~! for the 2011 7TeV run and (20.0 £ 0.5)fb~! for the
2012 8 TeV run [133]. These absolute values of the integrated luminosity are,
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however, not used anywhere in this analysis, since all inherent variables are
normalized through the NS channel.

The total L1 and HLT rate bandwidths are shared between different analysis
groups. A careful study is made before and during the data acquisition, to
optimize the full rate to each physics group needing.

All L1 triggers involved in the B?S) — utp~ analysis require the presence
of two high quality muons objects in the event. During the 2011 data taking,
muons were requested to have [n|"! < 2.4. During the 2012, due to the increasing
luminosity, to keep the rates under control while retaining the best quality events,
the maximum pseudorapidity was decreased to |n|*! < 2.2 and the minimum
transverse momentum was increased to p! > 3 GeV.

Two different sets of HLT trigger paths are used by this analysis: one acquires
events in the signal invariant mass region, the other collects normalization
and control events. Both trigger paths save the events in the MuOnia PD
(Sec. 3.2.8.2).

MuOnia is the PD principally used by the B-physics group in CMS. Mainly,
it collects events that request dimuon candidates with an invariant mass between
the J/¢ and the T masses, gauging between the needs of the various analyses
and the maximum allowed rate, which was around 30 Hz for the B-physics during
2011 and 2012.

The HLT trigger selection for both signal and normalization channels is based
on two opposite-charge L3 muons, the highest quality of HLT identified and
reconstructed muons.

In CMS, the B-physics analyses usually rely on HLT paths that apply cuts
on the transverse momentum and on the pseudorapidity of muons and dimuons.
With increasing instantaneous luminosity (during the two years, the luminosity
raised from about 5 x 1032 to about 8 x 1033 cm™2s71), the threshold of the
muon pr was consequently raised and additional requirements on the dimuon
mass and momentum and on SV observables, were implemented.

An important element to consider is the presence of the pileup, especially
in the 2012 run (Sec. 3.1.3). Two uncorrelated muons coming from different
primary vertices could be coupled to form a displaced dimuon. On every B-
physics dimuon trigger a selection based on the distance of the closest approach
between the two muon tracks is applied: the minimum 3D distance d.? between
the two muon tracks must satisfy d3 < 0.5cm. For muons coming from the
same vertex, this distance is of the same order of the tracker L3 vertex resolution
(tens of microns).

To avoid overfilling the rate band with unproductive events, some loose
selections related to the secondary vertex are utilized. For this reason, an

excellent tracker resolution is imperative to keep rate and background under
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Table 4.1: Kinematic selections at HLT level for the signal channel, for each different
used trigger.

HLT path min p%i“ min p%‘?,w max |n\ﬁ3 min p%‘?u "
[GeV] [GeV] [GeV]
Barrel 2011 4.0 4.0 1.5 3.9
Endcap 2011 4.0 4.0 2.4 5.9
Barrel 2012 3.0 4.0 1.8 4.9
Endcap 2012 4.0 4.0 2.2 6.9

control.

Next sections are dedicated to the descriptions of the two HLT path sets
used by this analysis. Despite the different instantaneous luminosities, signal
and normalization triggers changed not much during each year, thus only the

strictest versions of each HLT path are described.

4.2.1 HLT paths for the signal sample

In a search for rare decays, the signal trigger efficiency must be the highest

possible.

Since in the barrel the resolution is better and the background level is lower
than in the endcaps, two different trigger paths are used, with different |n| ranges:
the one with the strictest muon 7 range can apply the lowest pp requirements.
The pseudorapidity request, |n| < 1.8, is chosen to be wider than the analysis
barrel category cut (see last paragraph of Sec. 4.1), to take into account the

slightly worse trigger resolution.

All signal paths request the dimuon invariant mass to be around the B?s)
meson masses: m,, € [4.8,6.0] GeV. Additional kinematic requests are shown in
Table 4.1. Finally, a very loose cut is requested on the dimuon vertex minimum
probability: p > 0.05%. This quantity is the SV fit p-value evaluated from the
x? of the vertex, given the two degrees of freedom, corresponding to the two
muon tracks used by the vertex builder (Sec. 3.2.7.4).

The total allowed rate for the B? triggers during the two years of data taking
was about 5 Hz. Figure 4.1 shows a typical rate trend for the central B trigger
used during a 2012 run. The maximum rate, measured at the beginning of the
run, is about 3.3 Hz, and it decreases to about 1.3 Hz at the end of the data

acquisition.
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Figure 4.1: HLT double muon trigger rate as a function of time for a given LHC
run. For this given trigger, the minimum pr requests are 4 and 5GeV for the two
muons, respectively, and 4.9 GeV for the dimuon candidate. Furthermore, the dimuon
candidate must have an invariant mass between 4.8 and 6 GeV and the two muons
must have || < 1.8.

4.2.2 HLT path for the normalization and control samples

Both normalization and control channels rely on the reconstruction of J/v
mesons at the HLT level. The high CMS performances on muon reconstruction
allow for a very clean and high purity J/¢ meson signal-over-background ratio
(see, for example, Fig. 3.34 and Fig. 4.2).

The J/1) meson has by far the highest cross-section with respect to the other
resonances involved in the B-physics analyses. To not saturate the B-physics
HLT rate, much stricter selections than for the B?S) signals are requested, which
involve kinematical and SV selections.

The HLT path used by this analysis selects on well-displaced .J/1¢ mesons

coming from B-meson decays. The requirements are:

e two L3 muons with p%jo’” > 4 GeV and |n| ﬁ?’ < 2.2. The high-rapidity region
[n|? > 2.2 is removed by the L1 requests;

e dimuon vertex fit minimum probability greater than 15%;

e dimuon invariant mass centered around the J/v meson, in [2.9, 3.3] GeV,

and dimuon transverse momentum p%?’w > 6.9 GeV;

e transverse life-time significance LL} > 3, where LL} is the ratio of the
transverse distance between the dimuon vertex and the PV, over its uncer-

tainty;
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Figure 4.2: Opposite-sign dimuon invariant mass distribution around the J/ meson
peak, in the |n| < 1.2 range, fitted with a Crystal Ball [134] plus an exponential pdf [135].

e cosine of the transverse pointing angle o, higher than 0.9. The transverse
pointing angle is the angle between the dimuon momentum and the vector
from the PV to the dimuon vertex, in the transverse plane. For a perfectly
aligned tracker, this angle must approach zero, compatibly with the tracker

resolution.

The total rate for this displaced J/v trigger was one of the highest allowed
(around 8 Hz), as J/v¢ mesons coming from B decays are used also by many

other B-physics analyses.

4.3 Off-line signal selection

Variables used to discriminate between signal and background events are related
to the single muon reconstruction, the primary vertex, the B candidate and its
secondary vertex.

After loose preselections, the most discriminating variables are sent as in-
puts to MVA methods, that separate as much as possible signal events from
background events.

In this section all such variables are described.

4.3.1 Single muon selection

The inner track of the muon candidate is required to be of highPurity quality (see
Sec. 3.2.7.1.4). The muon momentum is taken from the inner track measurement

since at these energies the muon sub-detectors do not improve the tracker
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resolution (Fig. 3.26). Furthermore, the two muons in the final state are requested
to correspond to the HLT L3 muons used for triggering the event. In this way
we have a complete correspondence between the trigger and the off-line analysis
objects.

Muon identification is an important aspect in this analysis, especially for the
B® — ptp~ search, as it will be clearer later. Therefore, it is crucial to have
the lowest possible “fake muon misidentification” and, at the same time, keep a
high muon efficiency. The different behavior of muon, pion, and kaon tracks is
studied on data and on MC simulations. Many phenomena can occur such that
a non-muon particle is identified as a muon track: for example, protons have
a non-null probability to traverse the detector matter and to reach the muon
sub-detectors. An other possibility is that a kaon decays into a muon before
reaching the muon stations. They all contribute to the muon misidentification.

As a first step, each muon track undergoes the tight muon selection, as
described in Sec. 3.2.7.2. This is a standard selection for low py muons, widely
used by many CMS physics analyses. These selections are especially optimized
to suppress muons coming from cosmic rays and from decays-in-flight or punch-

through of pions and kaons.

4.3.1.1 MVA muon identification

The tight muon identification selects a high quality and clean sample of well
reconstructed muons. However, the misidentification rate, that is, the probability
to identify a muon track given a non-muon particle, is a particularly important
aspect of this analysis. The peaking rare background (Sec. 4.1.1) sits on the same
invariant mass region of the B® meson and it is composed by decays that have
not negligible branching fractions (Sec. 4.7). Thus, a wrong misidentification
value could lead to falsely enhance the BY yield. For this reason, care must
be taken, and a special treatment is performed to further reduce the muon
misidentification expected rate.

After the tight muon selection, an MVA analysis is performed to further
discriminate muon tracks from “fake” tracks. This analysis uses a Boosted
Decision Tree (BDT) method to separate true muons from fake muons [136].

A decision tree is a binary tree structured classifier (see also Fig. 4.3). Binary
decisions are taken on one single variable repeatedly at a time until a stop
criterion is reached. Each split uses the variable that at each step (or node) gives
the best separation between signal and background when being cut on. The
same variable may be used at several nodes, while others might not be used at
all. This produces a ranking of the variables: the more used a variable is, the

higher rank it gets.
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Figure 4.3: Sketch view of a decision tree. Starting from the top, a sequence of
left-right splits using the discriminating variables “xi” is applied to the data. The leaf
nodes at the bottom end of the tree are labeled “S” for signal and “B” for background
depending on the majority of events that end up in the respective nodes.

The overall phase space is split in this way into many regions that are
eventually classified as signal or background, depending on the majority of
training events that end up in the final leaf node.

To enhance the classifier performance a boosting technique can be used,
sequentially applying the BDT algorithm to reweighed (boosted) versions of the
training data and then taking a weighed majority vote, thus produced.

The boosting of a decision tree extends the tree to several trees which form
the so-called “forest”. The trees are derived from the same training ensemble by
reweighing events, and are combined into a single classifier which is given by the
average of the individual decision trees.

The boosting technique stabilizes the response of the decision trees with
respect to fluctuations in the training sample and it is able to considerably
enhance the performance with respect to a single tree.

Many single muon variables can be used as handles in the discrimination.

They can can be divided into the following classes:
1. basic kinematics distributions;

2. inner track fit informations;

w

. global track fit informations;

4. muon chamber informations;
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5. calorimeter informations and isolation.

Variables for the first class include the muon transverse momentum, pseudo-
rapidity, azimuthal angle, charge, and impact parameters. For kaons and pions
the 7 distributions have spikes at the intersection between the CMS barrel and
endcaps, and the impact parameters have larger tails than for real muons.

Inner-track studied variables are the number of tracker layers with mea-
surement, the number of valid tracker and pixel hits, the number of degrees
of freedom of the inner track fit. On the average, tracks of fake muons show
a lower number of valid hits than those of real muons. In addition to these,
two more variables related to the quality of the inner track fit can be taken
into account: the reduced x? of the fit and the “kink” discriminator: at each
tracker layer, the extrapolated states from the two halves of the tracker tracks
are compared to get a x2, the highest value of the x? across all layers is used as
the discriminator. This variable is useful for distinguishing decays in flight of
particles (as in K™ — p*w,) inside the track: the two daughter particles each
receive a kink due to the decay and change their directions with respect to the
mother particle. Fake muons have higher tails in the kink and 2 distributions,
and come from those particles that have undergone a decay inside the tracker
volume.

For what concerns the global track fit, the most discriminating variables are
mainly related to the matching between its inner (tracker) and outer (standalone)
parts. One useful variable is the global track tail probability —In P, where P
is the probability of the global track fit, which depends on the x? and on the
number of degrees of freedom of the global track. Other two global variables are
defined in the following way. One starts with the inner and outer tracks of the
muon, and propagates the first one outwards and the second one inwards to a
common plane. The momenta and positions of the intersections of each track
with the plane are compared, and their compatibility is assessed by computing a
x? of the match. These variables are particularly sensitive to tracks with kinks in
the volume outside the tracker (for example due to in-flight-decays or to material
interaction) and can also discriminate against global tracks made from a wrong
inner-outer match.

A powerful variable in the muon system is that related to the matching
between the global muon track and the segments reconstructed locally in the
muon stations (“segment compatibility”). More specifically, for each muon track
the algorithm

e checks how many CSC and DT stations were supposed to be crossed;

e measures the distance between hits in the muon detector and the muon

track;
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e controls if in each layer the muon track passes close to a boundary;

e depending on the number of crossed stations, weights more the outer

stations, as this more likely corresponds to the muon hypothesis.

Based on these informations a single weight variable is built with range [0, 1],
such that 0 corresponds to the non-muon hypothesis and 1 corresponds to the
muon hypothesis.

Variables related to calorimeter information do not show a strong discrim-
inating power between real and fake muons. Moreover, given that the golden
certification is not used, they are not employed.

The MVA study starts from collected reconstructed tight muons. For the
signal input, a MC sample of muons coming from B? dimuon decays are used.
For the background input, a MC sample of kaons, identified as tight muons,
coming from hadronic B decays, are used.

The BDT method of the ROOT TMVA package [136] is used. Since statistics
is limited (especially for fake muons, as the starting misidentification ratio is
around the permill level), only the most powerful variables are used, as given by

the BDT ranking output (see Fig. 4.4 for the most discriminating used variables).

Results of the BDT training are analyzed looking at the kaon rejection versus
the muon efficiency. The improvement over the tight muon identification is such
that it is possible to reduce the kaon misidentification by half, merely loosing a
10% efficiency on the true muon identification, as shown in Fig. 4.5. Therefore,
given that the rare peaking background is made by two misidentified hadrons, it
is possible to reduce this source by a factor 4 around the B® mass, loosing only

1/5 of B® mesons, improving the final sensibility of the analysis.

4.3.1.2 Validation of the muon identification

Track and muon efficiencies are validated in data through a TNP technique (see
Sec. 3.2.7.2.1), using the J/¢ — p™p~ decay.

It is possible to measure the muon misidentification in data using primary
datasets collected without muon triggers, to obtain an unbiased sample of muon
candidates (see also Sec. 3.2.7.2.2). For kaons and pions, the following decay
chain is used:

D*t — Dt - Kntr™® (4.7)

Two opposite-charge hadron tracks are combined to form a D° candidate. The D°
candidate is then combined with a low momentum track (as this slow pion receives
a low energy kink) to form the D** candidate. Additional requirements on the

displaced vertex are applied to discriminate the signal against the combinatorial
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Figure 4.4: Muon (black) and kaon (red) distributions of some of the most discriminant
variables used by the muon identification MVA.



94 CHAPTER 4. OBSERVATION OF B? — utu~ DECAYS

]
/

o
©

Kaon rejection

°
]

o
o

o
&

\

I
S

O|||||||||||||||||||||||||||||||

o
w

/

01 02 03 04 05 06 07 08 09 1
Muon efficiency

o
N

Figure 4.5: Kaon rejection versus muon efficiency for the muon MVA study.

Table 4.2: Muon misidentification probability ranges for pions, kaons and protons.

Hadron Misidentification

(107?)
s 0.5-1.3
K 0.8-2.2
P 0.4-1.5

background. The pion and kaon identification is done by requiring that the
charge of the two pions is the same.

Examples of the D** — DY mass difference distributions are shown in Fig. 4.6.
The peaks in the mass difference distributions are fitted with a double Gaussian
pdf on top of a Fermi pdf that parametrizes the background.

In addition to the D** method, other channels are used to validate the
MVA results, with the kaon and pion rates obtained from the normalization and
control channels, form the decay K, — 77~ and from the MC simulations.
These results are shown in Fig. 4.7, where the pion and kaon misidentification
rates are plotted versus the average pion or kaon transverse momentum in each
sample.

For protons, A° — pn~ decays are used.

In general, the misidentification values show agreement between the MC
predictions and data. Therefore the misidentification predicted by the MC
simulations is used and the high available statistics makes it possible to use pr
and 71 dependent measurements. The probabilities for pions, kaons and protons

are shown in Table 4.2. The systematic uncertainty on the hadron fake rates is
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Figure 4.6: Mass difference distributions between the D** and D° mesons, obtained
from datasets collected with non-muon triggers. The left-upper plot shows all selected
events. The left-middle plot shows events where a pion is misidentified as a muon, while
the right-middle plot is the same but for kaons. Here the tight muon identification is
applied. The lower plots show the same but using the MVA muon identification on the
top of the tight muon. Finally the right-upper plot is for pure events where neither the
pion nor the kaon is misidentified. The blue line shows the full pdf, the dashed blue
line shows the signal contribution, made by the sum of the two Gaussian pdfs, in red
and green dashed lines. The fine-dashed blue line represents the background part.
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Figure 4.7: Muon misidentification rates for the tight muon identification (a) and
for the MVA identification (b), determined from different data (black) and MC (red)
samples, for kaons (circles) and pions (squares), plotted versus the average transverse
momentum, for particles with pr > 4GeV. In addition to the D** data also kaon
results from the normalization and control channels are included.
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Table 4.3: Invariant mass region definitions for the signal channel.

Definition Invariant mass range (GeV)
overall mass window [4.9,5.9]

B — ptp~ signal window [5.2,5.3]

BY — utu~ signal window [5.3,5.45)

blind window [5.2,5.45]
side-band windows [4.9,5.2] U [5.45,5.9]

taken from the spread between the various results obtained with these different
methods. The relative uncertainties on the misidentification rates are estimated
to be at 50%.

4.3.2 Discriminating variables for B?S)—signal decay modes

Once two muon tracks with opposite charge are found in an event, and their
invariant mass is within the overall window, they form the “B candidate” (see
Fig. 4.8 for the kinematic distributions of the candidate).

The signal acceptance, evaluated with a MC simulation produced with no

generator filters, requests the signal candidate to be in the detector volume:

e both generated muons coming from the B decay must be within the

geometric acceptance: |n| < 2.5 and pr > 3.5 GeV;

e both muons must have a reconstructed highPurity track with || < 2.4 and
pr > 3.5GeV.

The invariant mass region under study is divided into four separate sub-ranges,
defined in Table 4.3.

The SV is determined with the kinematic vertex fitter (Sec. 3.2.7.4), applying
a geometric constraint. The vertex fit reduced x? is one of the input variables
for the candidate MVA.

Given the secondary vertex and its momentum, a matching PV is chosen on
the distance of the closest approach along the z axis. To avoid any geometrical
bias due to displaced tracks, all tracks forming the B candidate are removed from
the chosen PV and this is “refitted”, that is, it is reconstructed with the remaining
tracks (this is valid also for the NS and CS samples that have three or four tracks,
respectively). The PV average track weight (w) = Ngof + 2/(2Nk), where
Ny.o.f is the total number of PV degrees of freedom and N,  is the total number
of tracks belonging to that PV, is used as a loose cut on the PV reconstruction,
as it is higher for well reconstructed PVs.

The main background is made by the combination of two uncorrelated muons

(Fig. 4.9), that can come from two different b or ¢ decays. The inner tracker
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(a) A signal decay. (b) A combinatorial decay.

Figure 4.9: Sketch of signal (a) and combinatorial background (b) events.

Figure 4.10: Visual sketch of a displaced decay: the impact parameter d3p, the decay
length ¢3p and the pointing angle asp variables are shown. The two muon tracks (u)
are combined to form the dimuon momentum P,,.

resolution is fundamental to discriminate these fake dimuons from real signals.
Their SV is badly reconstructed, their trajectories do not fit well with coming
from the same spatial point, as they should if coming from a real decay, and the
dimuon reconstructed track does not fit with coming from an existing PV.

All these elements are investigated with the SV variables described in this
section.

An other feature is that since many of these muons can come from decay
chains, other charged particles are present around them (mainly pions and kaons),
and this can be checked looking for other close-by tracks. The so-called “isolation”
variables (Sec. 4.3.2.1) explore this effect.

The candidate three-dimensional impact parameter with respect to the PV
dsp and its significance dsp /o (d3p) are used in the event selection. The same is
true for the significance of the 3D flight length, (¢3p/0 (¢3p)). Other important
variables for displaced vertices are the pointing angle asp, that is the angle in
three dimensions between the B-candidate momentum and the vector from the
PV to the SV, and the distance of closest approach between the two muon tracks
doe*. A sketch of the variables related to the SV is shown in Fig. 4.10.

Fig. 4.11 shows the above-mentioned variables for the 2012 barrel category
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for the signal MC simulation (in blue) and the data side-bands (in red). It is
possible to appreciate how different these distributions look like for signal and
background events, thanks to the good CMS tracker resolution.

4.3.2.1 Isolation

Many different isolation variables are used to separate the signal, which is an
isolated candidate, from background events containing tracks coming from jets.

The first isolation variable I is associated to the PV:

pr(B)
pT(B) + Ztrka

I= (4.8)
where pp(B) is the candidate transverse momentum. The sum is extended to all
other tracks in a cone with AR = 0.7, pr > 0.9 GeV and that are not associated
to any PV, but have the distance of the closest approach to the SV d., such
that d., < 500pm, or that are associated to the same PV as the candidate.
This last request is made to avoid a pileup dependence of the variable, as, in
this way, it does not count tracks coming from other PVs. The AR and the
minimum pr constants have been chosen to maximize the separation power
of this variable. Fig. 4.12a shows the distribution for I. For B candidates
without any other charged tracks above the pr cut-off, the isolation is equal to
I = 1. The pronounced dip in the distribution, just below I = 1, arises from the
minimum transverse momentum requirement that implies a maximum value of
I, depending on the py of the B candidate.

In addition to this isolation, two other candidate variables check for track
activity around the SV:

e the minimum distance of the closest approach d2, of tracks (either associ-
ated to no PV or to the same PV as the candidate) to the SV;

e The number of close tracks Ny, with d., < 300 pm and pr > 0.5 GeV.

To have further handles on the isolation of the BY — u*pu~ decay, also the
activity around each single muon track is computed. The muon isolation I, is
defined as:

[Pl
I, = — — (4.9)
g |pu| + Ztrk |ptrk|

where the sum includes all tracks in a cone with radius AR < 0.5, with pr >
0.5 GeV, that are not part of the B? candidate and either associated to the same
primary vertex as the B? candidate or are not associated to any primary vertex
but have a distance of closest approach less than 1 mm to the muon trajectory.

The parameters for the single muon isolation have been optimized to achieve

maximal separation between signal and background while being independent of
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Figure 4.11: Normalized B-candidate distributions of relevant variables for signal
MC events (in blue) and data side-bands (in red).
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the level of pileup.
All these distributions are shown in Fig. 4.12.

4.4 Normalization channel event selection

The chosen NS channel is the decay B* — J/¢K*. In principle, various channels

could be used, each with advantages and disadvantages:

e the decay BT — J/¢ K7 offers the minimal number of additional tracks
next to the dimuon. The disadvantage is that the ratio of B* and BY
hadronization is known only to 8%. The B* — J/1K* and the J/¢ —
™ BFs carry an additional 3.4% (from Eq. (4.5) and Eq. (4.6));

e the decay BY — J/1¢ has a branching fraction relative uncertainty of
32%. Furthermore, since this channel has two hadronic tracks, the tracking
uncertainty, which will be discussed in Sec. 4.8.2.1, is twice larger than in
the channel B* — J/yK*;

e the decay B? — KK~ would be a very interesting normalization channel
but there is no displaced hadronic trigger and no kaon identification in
CMS. Hence, it cannot be used.

For these reasons the chosen normalization channel in CMS is the decay B —
J/YK*.
For the NS acceptance, the requests are the same as for the signal (Sec. 4.3.2),

but with further requirements on the kaon track:
e the generated kaon track must fulfill pp > 0.4 GeV and 7 < 2.5;

e the reconstructed highPurity kaon track must have pr > 0.5 GeV and
n < 24.

Only events that pass the triggers on displaced J/¢ mesons, as described
in Sec. 4.2.2, are selected. Thus, the off-line reconstruction of B* — J/¢K*
candidates starts from two muons with opposite charge, coming from a SV. Each
other track in the event is coupled to the muon pair, to form B* candidates, and
the kaon mass hypothesis is assigned to this track. The two muon tracks and the
kaon track must be of highPurity quality and be within the acceptance of the
inner tracker (pr > 0.5GeV and |n| < 2.4 for the 2011 data or |n| < 2.1 for the
2012 data). The distance of closest approach between all pairs among the three
tracks is required to be less than 1 mm. The dimuon invariant mass M, must
be compatible with that of a J/¢ meson, taking into account the CMS track
resolution: M, € [3.0,3.2] GeV. All three tracks are used in the vertex fitting.
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Figure 4.12: Normalized isolation distributions for signal MC events (in blue) and
data side-bands (in red).
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Table 4.4: Invariant mass region definitions for the normalization channel.

Definition Invariant mass range (GeV)
overall mass window [4.90, 5.90]

low side-band [5.05,5.15]

signal window [5.2,5.35]

high side-band [5.4,5.5]

Table 4.4 defines the side-bands and signal regions for the normalization
channel. These mass regions are adopted for the side-band subtraction used in
the comparison of B* — J/1 K™ decays in data and MC simulation.

In Fig. 4.13 the invariant mass distributions of the normalization channel are
shown for the barrel and endcap categories, for the two years of data taking.

The BT yield is parametrized with a double Gaussian pdf in the barrel
category and a single Gaussian pdf in the endcap category. Since all tracks close
to the same vertex of the .J/1 candidate are used to construct the B* candidate,
the background has a combinatorial part, consisting of fake candidates where
the muon pair is associated to one uncorrelated track. This component has a
non resonant shape and an exponential pdf is chosen.

The decays BT — J/vyn*, which enter the mass window with a wrong mass
assignment, are modeled with a Landau function, where the width and peak
position are fixed to the expectation from the MC simulation. The B+ — .J/7r®
normalization is constrained relatively to the B* — J/¢K¥ yield.

The background presents also a step around 5.15 GeV which is due to partially
reconstructed decays, like, for example, B® — J/9K** — ptu~ K-+, where
the T is not reconstructed. To parametrize it, simulated B® — J/¢(utp=)X
events are produced, which are then reconstructed in the same way as the
B* — J/yK%* events. The invariant mass plots after applying all selection
criteria are shown in Fig. 4.14 for the barrel and endcap regions. These yields
are fitted with an error function whose parameters are used in an additional
background pdf in the final fit.

A possible cause of systematic effect is the SV reconstruction. In the SV
algorithm it is possible to constraint the dimuon invariant mass to be consistent
with the .J /1 mass. With this approach, the B* mass resolution is much narrower
and better displaced from the edge of the partially reconstructed B° decays
(Fig. 4.15). Since the peak of the correctly reconstructed B* candidates is better
separated from the partially reconstructed B mesons, the fit can be limited to a
narrower range excluding the region of partially reconstructed B mesons. A 5%
systematic uncertainty is assigned checking the difference in the number of B*

estimated with and without the J/v constraint. This uncertainty is added to
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Figure 4.13: BT — J/’L/)Ki invariant mass distributions for the four categories. The
red line shows the total pdf. The red dashed line indicates the pdf used to describe the
combinatorial background and the contribution from partially reconstructed B decays.
The blue dotted line indicates the component from B¥ — J/1/J7ri.
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Figure 4.15: Invariant mass distribution for B* & J/l/JKi candidates where the
invariant mass of the two muons is constrained to the J/v¢ world average mass. The
legend for the superimposed pdf is the same as in Fig. 4.13.
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the BT — J/¢K* statistical uncertainty coming from the fit results, which will
be discussed in Sec. 4.10, to form the total NS uncertainty.

4.5 Control sample event selection

It is fundamental to check that the signal MC simulation well reproduces the
BY meson distributions in data. For this purpose, B — J/v¢ — utu " KTK~
decays are used as a validation of the MC simulations and as a way to estimate
the systematic uncertainty of the analysis efficiency for BY — T u~, based on
the level of agreement between data and MC simulation. The validation of the
MC simulation is especially important for the isolation variables.

The decay BY — J/1¢ has four final state particles, thus lowering on average
the muon transverse momenta compared to the signal decay. Since the muon
pr requirements stay at the same numerical values for the signal decay and the
normalization and control channels, the pr distribution of the B? candidates is
expected to be harder.

The CS acceptance requests one more kaon track fulfilling the same acceptance
requirements of Sec. 4.4.

The trigger paths are the same as for the normalization sample (Sec. 4.2.2),
since they are based on displaced J/v¢ mesons. All four involved tracks must
fulfill the same selections described in Sec. 4.4 for the NS selection: highPurity
tracks with pr > 0.5 GeV and |n| < 2.4 for the 2011 data or |n| < 2.1 for the
2012 data. The two opposite-sign muons are combined to form a J/¢ candidate,
while the other two opposite-sign tracks are assumed to be kaons, that must have
an invariant mass Mg € [0.995,1.045] GeV, to form the ¢ meson candidate.
To further suppress background events, the two kaons must have AR < 0.25 in
the n¢ plane.

Figure 4.16 shows the invariant mass distributions of the control sample in
the barrel and endcap channels. As for the NS, a double Gaussian pdf is used
for the signal in the barrel category and a single Gaussian pdf in the endcap
category. The background is modeled by an exponential pdf, plus a Gaussian
component for the B® — J/¢K*% decays, where the shape is taken from a fit to
the B — J/¢K*°® MC simulation and the normalization is let floating in the
final fit.

Table 4.5 defines the side-bands and signal regions for the CS channel.
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Figure 4.16: B — J/v¢ invariant mass distributions for 2011 (top) and 2012
(bottom) in the barrel (left) and the endcap channel (right). The black line shows the
full pdf. The red dashed line indicates the function used to describe the combinatorial
background and the contribution from partially reconstructed B decays. The blue
dotted line indicates the component from B® — J/¢K*°.

Table 4.5: Invariant mass region definitions for the control channel.

Definition

Invariant mass range (GeV)

overall mass window
low side-band

signal window
high side-band

[4.90, 5.90]

[5.10, 5.20]

[5.27,5.47]
[5.5,5.6]
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4.6 BY-signal selection with multivariate analysis

The signal variables described in Sec. 4.3.2 are used as inputs to a BDT discrim-
inator (see also Sec. 4.3.1.1 for a brief description of the BDT technique). In
this way it is possible to obtain the best separation, enhancing the significance

of the signals.

4.6.1 Preselection

Before the BDT analysis, a loose preselection is required to remove outliers in
the BDT input distributions, that could bias the BDT algorithm and lead to
too coarse selection criteria within a specific decision tree. Furthermore, the
preselection may have an influence on the MVA performance, so it is optimized
to obtain the best separation. In Table 4.6 the applied preselection requirements

are summarized.

4.6.2 Event sample splitting

Given the huge amount of collected background data, it is not possible to use a
comparable statistics from a MC simulation to train the background sample of
the BDT. Thus, the data dimuon mass side-band events are used (see Table 4.3
for the definition of the side-bands).

It is absolutely imperative to avoid any possible bias. To avoid a possible
systematic effect when using background events from data, they are splitted into
three distinct subsets, and three different BDT are used:

e subset-0: analyzed by BDT-0, trained on subset-1 events, tested on subset-2

events

e subset-1: analyzed by BDT-1, trained on subset-2 events, tested on subset-0

events

e subset-2: analyzed by BDT-2, trained on subset-0 events, tested on subset-1

events

The division of the event sample into different types is based on the event number,

that is checked to yield to an unbiased splitting.

4.6.3 BDT results

The BDT pdf distributions for the BY — u*pu~ signal and the side-band back-
ground are shown in Fig. 4.17. The response distributions for training and

control samples are compared with a Kolmogorov-Smirnov test against a possible
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Table 4.6: Preselection for the BDT training.

Variable minimum maximum unit
pr.B 5.00 9999.00 GeV
DT 14 4.00 999.00 GeV
DT,y 4.00 999.00 GeV
£3p - 200 cm
l3p /o (U3p) 0.00 200.00
Uiy /0o (Uyy) 3.00 -
x?/d.of. - 20.00
4, - 1.00 cm
ly)o (Ly) - 5.00
d3p - 0.10 cm
d3p/o (83p) - 5.00
d2, - 0.10 cm
Q3D - 1.00
I 0.00 -
Ntrk - 21.00
dgx - 0.25 cm

overtraining, that could be caused by too small training sub-samples. All tests

are passed with high probability.

A table of the background rejection versus the signal efficiency, for each
working point, is shown by colored lines in Fig. 4.18 for the three sub-sets. After
the BDT training and testing steps, the BDT results from these three sub-sets

are merged to obtain a combined efficiency selection, shown by black points.

This analysis is optimized for the observation of the B? — u*u~ decay, so
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Figure 4.17: MVA over-training control plot for the type-0 2012 data categories. On
top the Kolmogorov-Smirnov test results are shown.
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Figure 4.18: Receiver Operating Characteristic (ROC) curves for the 2012 data
categories. The solid cross shows the analysis working point.

the figure of merit for the BDT working point is the maximum significance:

foom. = 5 (4.10)

VS+B
where S is the the number of signal events and B is the number of background
events. In Eq. (4.10), the expected signal is based on the MC simulation
luminosity, while the expected background is determined interpolating form the
side-bands. Still in Fig. 4.18, the operating point of the analysis, where the
expected significance is maximized, is indicated by the solid cross.

To check against possible further biasing, a similar study is performed on a
data background sample, statistically completely independent from the dimuon
sample: B candidates where one or both muon candidates fail the MVA muon
identification (Anti-Muon Sample (AMS)) have overall characteristics that are
very similar to the real dimuon sample. This resemblance of the AMS is also
true for the normalization and control samples and is due to the fact that even
though the AMS muon candidates fail the very strict muon identification, most

of them are nevertheless muons (having passed the default tight muon selection).

Results are shown in Fig. 4.19. The difference on the maximum between the
dimuon sample optimization (solid markers) and the optimization on the AMS
(histogram) is negligible.

In Fig. 4.20 the BDT distributions for the 2012 run are overlayed for NS and
CS in data and MC simulations. The MC simulation samples follow smoothly

the distributions in data. The final selection is applied on these two samples and
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Figure 4.19: Significance versus the BDT selection in 2012 data. The solid markers
show the result on the dimuon sample, while the histograms provide the result on
the AMS. The red line indicates a fit with a polynomial of second degree around the
maximum of the dimuon sample. The AMS is smaller than the dimuon sample and
does not contain signal events in the endcap category for a BDT output higher than
0.6.

the difference in the efficiencies between data and MC is taken as systematic
uncertainty on the BDT (Table 4.8 in Sec. 4.8.4 shows the numerical values of
the BDT systematic uncertainties).

4.6.4 BDT pileup studies

The number of primary vertices Npy is a function of the luminosity and of the
total cross-section (see Sec. 3.1.3) and some variables used by this analysis could
in principle depend on the pileup.

In Fig. 4.21 some of the used variables are shown, for the 2012 signal MC
barrel category, after the preselections of Sec. 4.6.1 and with a BDT selection
b > 0. Low-pileup events are defined as Npy < 6 and high-pileup events are
those with Npy > 15. For each variable, the two distributions are compared
with a binned Kolmogorov-Smirnov test. There is no visible discrepancy for any
variable. The same conclusions are reached using the normalization and control
MC samples, which agree well with the side-band-subtracted data distributions.

Since there is no visible pileup dependence among the input variables, also
the BDT selection does not depend on it (Fig. 4.21f). This is corroborated by
the study of the side-band data events: in Fig. 4.22 the mean and the RMS of
the data side-band BDT distributions are shown versus the the number of PVs.
For the signal-like region, the same study is done after requiring a high BDT
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normalization and control samples in the barrel and endcap categories.
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Figure 4.21: Overlay of 2012 signal MC barrel distributions in low (black histograms)
and high (blue histograms) pileup events. The BDT output (f) is shown after the final
BDT cut.
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output. Additionally, the BDT efficiency on the side-band data does not present
any pileup effect. Therefore, the conclusion is that this analysis does not depend

on the pileup.

4.6.5 BDT mass dependence studies

An unbiased analysis requires that the BDT output does not depend on the
dimuon invariant mass. This is verified in data checking whether there is a
difference between the BDT distributions for the low and the high side-bands
(Fig. 4.23). The BDT efficiency is very similar in the two sidebands.
Furthermore, special MC simulation samples generating BY — u*pu~ events,
with the BY mass shifted to lower and higher values, are used to control the BDT
response for the signal. No mass dependence is found, therefore it is possible
to conclude that the BDT analysis does not present a pileup dependence, nor a

mass bias.
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Figure 4.22: Profile histograms showing, for side-band data, the mean of the BDT
output b in the barrel (a) and endcap (b) categories, and their RMSs, as a function of
the number of primary vertices. The lines indicate fits with a constant and a straight
line and the fit parameters are provided in the plot. No requirement on b is applied.
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Figure 4.23: BDT efficiencies in data side-bands as a function of BDT output bmin
in the barrel (a) and endcap (b) for the low (blue line) and high (red line) dimuon
mass side-bands.

4.7 Background determination

The combinatorial background arises from two reconstructed muons (real or
misidentified hadrons), originating from separate particle decays. It is possible
to estimate the combinatorial contribution under the signal peaks from the
high side-band, where no resonant decays are expected. The uncertainty in the
interpolation is estimated by comparing the interpolated value with the measured
candidate yield in the sample failing the muon identification requirements (the
AMS sample). In the Unbinned Maximum Likelihood (UML) fit, this background
is parametrized with a linear function (as will be shown in Sec. 4.9.2).

The total contributions of the rare backgrounds are normalized to the recon-

structed BT yield in data using the following formula:

B(X) fx ex . .p=

N(X) = B(BE — J/YK*) x B(J/p) — ptp~) fu epe O

(4.11)

where X is the given rare decay, fx is the corresponding hadronization probability
and ey is the analysis acceptance and efficiency. The resulting event yields N(X)
are weighted with the corresponding muon misidentification rate for kaons, pions
and protons, or the muon identification efficiency, and trigger efficiency.

Table 4.7 shows the BF of the rare background decays studied in this analysis.
Figure. 4.24 and Fig. 4.25 show the expected distributions of rare backgrounds
in the barrel and endcap categories.

The systematic uncertainties on amount of rare (peaking and non-peaking)
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Invariant mass distributions of rare peaking backgrounds for each
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Table 4.7: Rare branching fractions (B) included in the analysis.

Decay B Reference
BY - KtK~ (2.54 £0.38) x 1075 [51]
BY — K+r~ (5.00 £ 1.10) x 1076 [51]
BY — atn (7.30 £ 1.40) x 1077 [51]
BY - KTK~ (1.30 & 1.00) x 1077 [51]
BY — K*tr~ (1.95 £ 0.06) x 10~° [51]
BY — ntn~ (5.1140.22) x 1076 [51]
AY — pr— (3.50 £ 1.00) x 10~ 4]
A — pK~ (5.50 £ 1.40) x 10~ [4]
BY > K~ p*vy,  (142+0.07) x 107* [51]
B — = uty, (1.42 £0.07) x 1074 [51]
A) — pu~ i, (6.50 & 6.50) x 10~* [137]
B = ptp~n*t  (2.30£0.60) x 1078 [138]
BY - utp~K*  (4.80+0.40) x 1077 4]
B — ptu=n0 (1.20 £+ 0.60) x 1078 4]
BY - utp~K®  (3.80+0.80) x 1077 [4]
BY — utp~y (1.34 £ 0.27) x 10719 [139)]
BY — ptuy (1.89 +0.38) x 1078 [139]

backgrounds arise from the uncertainty on the muon misidentication probability
(Sec. 4.3.1) and from the branching fractions. A 50% relative uncertainty is
assigned on the pion, kaon, and proton fake rates. The fake rate uncertainties
of the different hadrons are treated as uncorrelated while for the same hadrons
correlations are included.

The knowledge about branching fractions varies considerably: some of them
are known at the few percent level, some other have not been measured, but the
theory allows an informed guess, while for others (AY — pu~,, in particular)
not even the model-based expectations agree and the resulting uncertainties are
basically 100%.

4.8 Further systematic studies and cross-checks

Many possible sources of systematic or biasing effects are checked and estimated

to corroborate the final results of this analysis.

4.8.1 Yield ratio for different run ranges

Various conditions can affect the data taking during the runs, like the LHC
luminosity and the trigger selections. As this analysis relies on a normalization
channel, these effects are mitigated. It is, nevertheless, important to check the

data acquisition as two different triggers are used for the signal and the NS and
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Figure 4.26: Ratios of signal trigger yields divided by B¥ — J/¢y K™ yields (a), and
ratio of signal trigger yields divided by B? — J/vé yields (b), for different runs. A
constant line is fit and a x? test result is superimposed in each plot.

CS samples. In order to check this, data are split into six periods of roughly
equal luminosity.

The signal trigger yield divided by the normalization and control sample
yields are shown in Fig. 4.26, where a 0-order polynomial fit included. As the fit
x? test is low and the average has a low error, these ratios can be assumed as

constant.

4.8.2 Acceptance and efficiency systematics

The uncertainty on the acceptance and efficiency of the signal has contributions
from the detector response (track reconstruction, muon identification, trigger
efficiency) and from the uncertainty on the production mechanisms that influence
the phase space distributions of the muons, and thus the overall geometrical
acceptance. To first order these effects cancel out as the signal is normalized to

the NS sample. The residual effects are studied in this section.

4.8.2.1 Track reconstruction, muon identification and trigger effi-

ciency uncertainties

The analysis relies on MC simulation for the evaluation of the efficiencies. The
single muon identification and trigger efficiencies can be determined with the
TNP method directly on data with a J/¢ sample. To determine a possible
systematic effect in the MC samples, the efficiency ratio ep+ /epo is determined
with the TNP approach in data and in MC simulation. The difference between
the two samples is taken as systematic error on the simulation of the detector
identification and trigger efficiencies. Results confirm the good behavior of the

MC simulation, as the efficiency ratio difference for the muon identification is
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Figure 4.27: Comparison of the isolation distribution divided into the three different
QCD bb production processes.

below 2%, while the trigger ratios are at most 3% apart.

The tracking efficiency uncertainty affects the signal track reconstruction
and isolation efficiencies, and it is evaluated for isolated muons and hadrons
in [122], using MC simulation, the TNP method and the decay ratio D° —
K-ntr= 7t /D% — K—r*. Following the cited paper, the total uncertainty on
hadron tracking efficiency is estimated to be 4%, dominated by the statistical

uncertainty of the method.

4.8.2.2 Production mechanisms

The three main QCD bb production mechanisms (PC, FE and GS) present
different distributions in pr and A¢ (see also Sec. 2.7.4). It is important to
validate the MC simulation, as the geometrical acceptance and isolation variables
depend on them (Fig. 4.27).

Measurements of the bb pair angular correlations have been done in CMS, for
instance in [140], where data exhibit a sizable fraction of the bb pairs produced at
small opening angles. Furthermore, it is shown that difference of the cross-section
ratios for the regions AR < 0.8 and AR > 2.4 increases to 60% in data with
respect to PYTHIA simulation.

An estimation on the impact of the different production mechanisms is
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performed studying the acceptance as a function of the PyTHIA bb production 7
range, for each of the three production mechanisms. The maximum variation of
the acceptance ratio between signal and normalization is taken for an estimation
of the systematic uncertainty, 3.5% for the barrel, and 5.0% for the endcap
categories.

To investigate whether the data indicate any significant discrepancy of the
MC simulation production process mixture, variables that could have sensitivity
to the mixture can be studied: gluon splitting events might have more activity
around the reconstructed B candidate and less activity outside a cone around
the B candidate; instead, gluon-gluon fusion events should have a larger activity
back-to-back in the transverse plane.

This is measured by summing over track transverse momenta and by searching
for other muons from semileptonic B-decays. In particular the studied “activity”

observables are:
e the radius between the B candidate and a third muon, AR (C, ,uos);

e the transverse momentum of a third muon, pgsu;

e the relative outside isolation I(’)eé = Fos/pr, where Fog is the sum of the

scalar transverse momentum of all tracks with py > 0.9 GeV outside a cone
of R = 1.0 around the B candidate, where the tracks must be associated
either to the B candidate PV or not associated to any PV.

Their distributions on data and on MC simulations are shown in Fig. 4.28 for
the normalization and control samples. It is possible also to try to measure the
single contributions of the three production mechanisms, fitting data using the
sum of the production pdfs, as taken from the MC simulations, and extracting
their relative contributions. A reasonable agreement between data and MC
simulations is found in all these cases, thus there are no strong reasons to

question the production process mixture in the MC simulation.

4.8.2.3 Mass scale and resolution uncertainties

The imperfect knowledge of the mass scale determines a bias that can be estimated
comparing dimuon resonances in data and MC simulation. The B?S) candidates
are in an invariant mass region between the charmonia and bottomia mesons, so
it is natural to control a possible systematic effect in the mass scale looking at
the J/1, ¥(2S) as well as the T(nS) (n = 1,2,3) mesons.

Figure 4.29a shows the shifts on the peak positions and the linearly interpo-
lated peak shift for the B?S) meson, At the B?S) mass scale, the observed mass

shift in data is less than 8 MeV in the barrel category and less than 12 MeV in
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Figure 4.28: Activity distributions in data and MC simulations for the normalization
(top) and control (bottom) samples. For their definition, see Sec. 4.8.2.2.

2011 2012
=10 ¢B +B "B
s | BY(S) $Y(S) 1Y(1S)
=) e OwAS) bPAS) | PAS) £0.07F T J .
Ef. 3 F .
S ¢ 1 [ ]
< o 0.06F .
[ ‘' o 8 8 8 ° [ ]
S T R - : ]
F I - ] 0 B B ] : * 0.05j !
-10;; H o 9 g [ ]
|- o o I 7
r o s [ ]
r 0.04- -
-15F 5 ? L ]
r ° [ ]
£ o [ i
2ol? o [ ]
20;% i 0.03[ 3
250 [ ]
: Liuil L] 002K 4 6 8 1;o
gabeeed o bl b b Lo L
%5 05 0 115 2 121.5 M(GeV)

(a) Mass shifts.

(b) Barrel resolution.

Figure 4.29: Shifts on the peak positions versus n (a). The empty points show
the measured shifts on the J/v and Y(15) mesons, while the full circles show the
interpolated (blue or red) or simulated (green) shifts at the B?S) mass value. Mass
resolution in data (triangle) and MC simulations (circle) for different dimuon invariant
masses, in the barrel category (b).
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Table 4.8: Summary of the relative systematic uncertainties. All uncertainties are
provided as percentages. For rows where two numbers are give the first one corresponds
to the 2011 dataset and the second to 2012. When the two errors are assumed to be
the same, only one number is given.

Category Barrel  Endcap
(%) (%)
fs/ fu: production ratio of u and s quarks 8.0 8.0
acceptance: production processes 3.5 5.0
mass scale and resolution 5.0 5.0
efficiency (signal): data/MC simulation 95-33 79-23
efficiency (normalization): data/MC simulation 0.5-2.3 0.5-1.1
efficiency (normalization): kaon track efficiency 4.0 4.0
efficiency trigger 3.0 3.0
efficiency muon identification 2.0 2.0
normalization: fit on the pdf 5.0 5.0

the endcap category. In the MC simulation the mass shift is less than 2 MeV in
the barrel category and less than 5MeV in the endcap one.

The mass resolution depends strongly on the track pseudorapidity, due to
several factors like the amount of material traversed by the track, the pixel
detector hit resolution, the number and location of the pixels, the lever arm.
The resolution in the MC simulations is studied against data for the charmonia
and bottomia resonances and also on the NS and CS samples. MC simulations

reproduce all these features reasonably well (Fig. 4.29b).

4.8.3 Production ratio f;/f,

The hadronization ratio f;/f, is used as measured by the LHCb collabora-
tion [132], where a small pr dependence is found. To test for possible pseudora-
pidity or transverse momentum dependence in the CMS acceptance, a differential
measurement of the ratio B* — J/%K* over BY — J/v¢ is performed in pr
and 7 bins. In each bin, the yields of normalization and control sample events
are fit and corrected by the bin efficiencies. From the normalization and control
sample branching fractions, a value for fs/f, is computed for each bin. Results
are found to be consistent with flat across the py bins for both barrel and endcap

categories, and a conservative systematic uncertainty of 5% is assigned.

4.8.4 Summary of systematic uncertainties

In Table 4.8 the systematic uncertainties of the analysis are summarized.
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4.9 Statistical models

As this is a "blind" analysis, the signal box is uncovered only after freezing all
selections. The following section describes the statistical models used to extract

the final results on the "unblinded" data.

4.9.1 Binned analysis

In the binned analysis the invariant mass range [4.9,5.9] GeV (see also Table 4.3)
is divided into the BY — u*pu~ signal window [5.3,5.45] GeV, the B® — putpu~
signal window [5.2,5.3] GeV and the background region, consisting of the com-

plement of the above.

The number of entries in each region is considered a random variable satisfying
Poissonian statistics: let us call, for the barrel category, NZ the number of
candidates in the BY signal window, N, dB the number of candidates in the B
signal window, and N2 the number of candidates in the background window.
Analogously, variables NZ, N¥ NF are defined for the events in the endcap
category. For simplicity, all considerations below are written for the barrel

category, although they are also equally valid for the endcap one.

The background observable is modeled as
NP ~ Pois(v? + mere) (4.12)

where the expected number of combinatorial background events v enters the
model as a nuisance parameter and is determined from the side-bands; v2 ., _ is

the expected number of rare (peaking and semileptonic) background events.

The ratio of combinatorial background in the signal windows with respect
to the side-band window is given by the scale factors 72 and TdB. In total, the
Poissonian for the signal windows are of the following form

NP ~Pois(rPvf + vl e + PRusv? + PEpavy) (4.13)

NdB NPOiS(Tc?VbB + Vfrare + P(gMSVSB + Pd]ilu’dl/dB) (414)

The following additional notation is used for ¢,j € {s,d}: Pi? is the probability
for a reconstructed B? — pp decay to be in the BY signal window; y; is the
signal strength of BY — pu, that is the ratio of true branching fraction to SM

branching fraction.

The expected number of reconstructed decays v;, assuming the SM hypothesis
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BSM(BPS) — utu™), is

Bswm(B{,y = ntu) fs eBo |\ p
B(B* — J/yK*) x B(J/ = ptp~) fueps

v; = (4.15)
where all variables are the same as for Eq. (4.1).

The model, thus, consists of six Poissonian observables (NF, NB, NF NB,
NF, NB).

The constraints for the combinatorial background and cross-feed is given by
the Poissonians. All other constraints of the nuisance parameters are implemented

as bifurcated Gaussians. The total likelihood function for each year is given by

L(NSB,ZJ?:? sy fhdy V) = H Pois(Ny) | x (H BifurGauss(Vk)> (4.16)
ke{s,d,b} k
(e{B,E}
where v stands for all nuisance parameters entering the model.
The total likelihood function combining the 2011 and 2012 measurements is

simply given by the product of twice the function above:

Leomb = Lao11 L2012 (4.17)

4.9.1.1 TUpper limit

The upper limit is computed using the CLg method [141]. When computing the
upper limit for the B — u*u~ decay, the branching fraction of B® — putpu~
is assumed unknown and enters the computation as a nuisance parameter as
well. When computing the upper limit for the B — ptu~ decay, it is the
BY — uTu~ decay that is treated as an additional nuisance parameter.

To test whether a fixed signal strength ps is in the confidence interval, the

ratio of profiled likelihoods test statistic is used:

L(Nf’f,; s, 0 (11s))
L(NZ5:0,0(0))

qul = 5 (4 18)

where the double hat means the conditional maximum likelihood estimate for a
given fixed parameter of interest. When evaluating CLy,, the signal strength is
set to zero.

Toys are generated randomizing all nuisance parameters according to their
constraint function (Frequentist-Bayesian Hybrid approach). For each toy ex-
periment, the observed value in the side-band is kept fix at the actual observed

value.
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Table 4.9: Predicted number of SM signal events N5 | and expected number of

ignal

signal and background events N\, for the four categories. The event numbers refer

to the B® and B? signal regions, respectively.

Category NSZP NP

signal

B° Barrel 0.274+0.03 1.3+0.8
B? Barrel 297+044 3.6+0.6

2011 po Endcap 0.11+£0.01 1.5£0.6
BY Endcap 1.284+0.19  2.6+0.5
B Barrel  1.00+0.10 7.9+3.0
9012 BY Barrel 1146 £1.72 17.9+2.8

B? Endcap  0.30£0.03 2.24+0.8
BY Endcap  3.56 £0.53 5.1+£0.7

In Table 4.9 the expected yields are shown for all categories. The expected
upper limits for the BY — y*u~ BF are:

59117 x107° SM (4.19)
1.810% x 107 Background only (4.20)

Instead, the expected upper limits for BY — putpu~ are:

6.3137 x 10710 SM (4.21)
54138 % 10710 Background only (4.22)

4.9.2 Unbinned maximum likelihood fit analysis

There are four contributions to the total mass yield: the two signals yields,
BY — ptp~ and BY — ptp~, the combinatorial background and the rare
background, subdivided into the semileptonic and the peaking contributions.

The shape parameters of every contribution, but the combinatorial one,
are fixed to MC simulation events. The number of events of each non-rare
contribution is let floating, to be fitted to the unblinded event yield, while
the rare contribution yields are constrained, as nuisance parameters, to the
expectations.

Thus, the mass likelihood of each independent category is:
L= NBSFBS + NBOFBO + Ncomecomb + Npeakaeak + NsemiFsemi (423)

where NN; is the number of events and F; is the pdf, for each contribution 4.
A Per-Event Error (PEE) pdf is implemented: the width parameters of the

BY and B° mesons are not constant, but rather they are taken from each event,
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Figure 4.30: Examples of reduced mass error distributions for the barrel (a) and
endcap (b) categories. The pdf (blue line) is plotted over the BY distribution (black
points).

from the candidate mass error o(n). To avoid any dependence between o(n) and
the mass of the candidate, since the detector resolution has a linear dependence
with respect to the dimuon invariant mass, we divide the mass error by the event
mass value, obtaining a “reduced” mass error: o,.(n) = o(n)/m.

The total pdf for each signal is a single Crystal Ball pdf [134], multiplied by
the probability distribution of its reduced mass resolution M# [142]:

Fpo = CB(mlugo, ko x o(n), apo,npo) x Mo (or (1) (4.24)
for the BY meson, and similarly for the B® meson:
Fpo = CB(m|upo, kpo x a(n),apo,npo) x ME,(,.(1)) (4.25)

The parameter k; is a global scale factor that takes into account a possible
improper error estimate. The reduced mass error distribution is fitted with a
kernel estimation pdf [143] that is a superposition of Gaussian kernels, one for
each data point (see Fig. 4.30 for examples of reduced mass error distributions).
Figure 4.31 shows examples of the fitted invariant mass distribution for the B?
and B° mesons.
For the combinatorial background a polynomial with one free parameter is
used:
Fromy = P(1)(m|C) x ME (0,(n)) (4.26)

The parameter C'is let floating in the final fit. This functional form is validated

on independent data samples. The side-bands in the near-low BDT region,
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Figure 4.31: Examples of invariant mass distributions for the B (a) and B° (b)
signals. The pdf (purple line) is plotted over the B? and B° distributions (black points).

which are not used by the fit, and the AMS sample, that contains tight dimuon
candidates, that are very similar to the signal candidates, confirm the form of

this background.

The peaking background is fitted with the sum of a Gaussian and a Crystal
Ball pdfs sharing the same mean. The addition of the Gaussian pdf is due
to the fact that the peaking background is made by different contributions
(B - KTK—, B - ntn—, B - K*t7~, ...), whose peaks have different
values because of the different meson masses and also because of the wrong muon

mass assignment to the charged tracks.

The semileptonic background has a decreasing shape, that is parametrized

with the Gaussian kernels method.

Therefore, the rare background pdfs are

Fpeak = (preakG(mLupeaka O—geak) + (1 - f;iak)CB(m‘/u‘peak7 Jgegkv Qpeak; npeak))

x Myt (or(n)) (4.27)
Fiemi = Gg(m) x Mslgmi(o'r(n)) (4.28)
where flf';ak is the fraction of the Gaussian contribution to the peaking back-

ground.

The rare background distributions and the pdfs are shown in Fig. 4.32. The
numbers Npeak and Ngemi of peaking and semileptonic events are constrained to
the normalization decay B* — J/9 K™ (see Sec. 4.9.2.2).
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Figure 4.32: Examples of invariant mass distributions for the peaking (a) and
semileptonic (b) backgrounds. Black points are from MC simulations. For the peaking
background the total pdf (red line) is shown, together with the Crystal Ball (purple
line) and the Gaussian (yellow line) contributions. For the semileptonic background
the total pdf (yellow line) is shown.

4.9.2.1 The mass likelihood

There are four statistically independent categories (the two |n| regions for the
two data-taking years), therefore, the mass pdf is the product of four likelihoods
of Eq. (4.23) type:

3
Liot = | [ Li (4.29)
=0

The signal yields Npo ; are linear functions of the branching fraction B (B? —
prp~): Npo; = Kpo; x B(BY = ptp~), where the constant Kpgo ; is

_ S\ o [ B !
KBg,i = (NBi,i)X (fu) X (GB;{:’Z») X (B(Bi N J/wK:t) X B(J/w — M+u))
(4.30)

The same is true for the B? signal, but without the fs/f, ratio:

N 630’1‘ 1
wims = )< (24 ) (g sy xpm = ) (490

Thus, Eq. 4.23, for each category 4, can be put into the following form:

Li =B(B! = p" 1" )Kpo i Fpo,; + B(B” = p* 1~ )Kpo Fpo,;
+ Ncomb,z'Fcomb,i + Nsemi,iF‘semi,i + Npeak,ineak,i (432)
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Table 4.10: Categorized BDT boundaries for each category.

Category Boundaries
barrel 2011 0.1,0.31,1
endcap 2011 0.1,0.26,1

barrel 2012 0.1,0.23,0.33,0.44, 1
endcap 2012 0.1,0.22,0.33,0.45,1

4.9.2.2 Constraints

The constants K ;, shown in the previous section, are products of parameters
P, (one for each parenthesis) that have total uncertainties o;. We add these
systematic errors as Gaussian nuisance parameters to the likelihood. The
Gaussian parameters are constant: the mean F; is equal to the estimator and
the sigma parameter is set to its uncertainty. Thus for each parameter P, of
Eq. (4.30) and Eq. (4.31):

P ~ G(P|Py,,01) (4.33)

Eq. (4.33) is valid also for the estimations of the rare background yields: Npeax
is constraint with a Gaussian and Npeak is constrained with a Log-Normal pdf.

The total mass likelihood becomes:

3
Liot = H L Lonst (4.34)
=0

4.9.2.3 The categorized BDT method

To take full information from the BDT analysis, the invariant mass distributions
are sub-divided in bins of the BDT distribution (obtaining the so-called “catego-
rized BDT” method). Eq. (4.34) is still valid, but the number of terms grows
as a function of the number of BDT bins. The binning, illustrated in Fig. 4.33,
is chosen to have the same event yield in each bin. Taking into account the
different integrated luminosities between the two years of data-taking, twelve
bins are obtained (Table 4.10). The region below the BDT discriminator b < 0.1
is completely dominated by the combinatorial background.

The final pdf is studied with MC toy experiments, and shows no significant

bias on the yield evaluations.

4.9.2.4 Significance calculation

For the BY significance, the null and the alternative hypotheses are the following:

e Null Hypothesis £y: B(B? — utu=) =0.
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Figure 4.33: Illustation of the BDT categories in 2011 and 2012 with data events
with 4.9 < m < 5.9 GeV and signal MC events, normalized to the data.
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Figure 4.34: MC significance distributions expressed in Gaussian sigmas, evaluated
with a likelihood ratio test, for the BY hypothesis, for the 1D-BDT method (a) and
the categorized BDT method (b).

e Alternative Hypothesis £1: B(B? — putpu™) is let floating.

The same is true also for the B significance evaluation, replacing B(B? — utu™)
with B(B® — utp™).

The significance is evaluated through the use of the Wilks’ theorem [144],
that states that the logarithm of the likelihood ratio £1/Lg is asymptotically

distributed as a x? distribution with N degrees of freedom:

ComZ o X% (N) (4.35)
Loy
Using MC toy experiments it is possible to evaluate the SM expected dis-
tributions of the significance (Fig. 4.34). The BY median of the significance
distribution, taking into account all systematic effects, is 4.7 standard deviations
(o) for the 1D-BDT method and 4.8 ¢ for the categorized BDT method. Given
that the expected significance is higher, the chosen method for the measurement
of B(BY — uTpu™) is the categorized BDT method.
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Table 4.11: Final efficiencies for the signal and normalization channels. The B® —
't efficiencies are very close to the BY — u* ™ efficiencies and are, therefore, not

shown.

Efficiency  Barrel 2011  Endcap 2011  Barrel 2012  Endcap 2012
BY = ptpu
A 0.034 £0.001 0.024 £0.001 0.033 £0.001 0.024 £ 0.001
€ana 0.229 £0.007 0.170 £0.005 0.196 £0.006 0.103 £ 0.003
€reco 0.47 +0.02 0.66 + 0.05 0.57 +0.02 0.65 + 0.05
Etrig 0.83 +0.03 0.73 £ 0.04 0.63 + 0.02 0.61 +£0.04
€[1072] 0.30 + 0.04 0.20 4+ 0.02 0.23 +0.03 0.09 +0.01
B* — J/yK*
A 0.010 £0.001  0.005£0.001 0.011+£0.001 0.006 £ 0.001
€ana 0.25+0.01 0.19 +0.01 0.23+0.01 0.13+0.01
€reco 0.50 + 0.02 0.60 + 0.05 0.60 + 0.02 0.56 + 0.05
Etrig 0.77 £ 0.02 0.60 & 0.04 0.55 + 0.02 0.49 +0.03
€[1072] 0.098 £0.008 0.036 £0.004 0.082+£0.007 0.021 £ 0.003

4.10 Results

After the final choice of all selections, the analysis is “unblinded”: the blind
window (Table 4.3) is open and the results on the searches for the B? and B°
mesons can be extracted.

Table 4.11 shows the final efficiencies ¢; for each category.

In Fig. 4.35 the unblinded dimuon invariant mass distribution in the barrel
and endcap categories are shown. In Fig. 4.36 the same final events are shown in a
2D plot of BDT output versus invariant mass. The expected MC distributions for
the B? — p ™ candidates are superimposed to the data distributions. These
invariant mass distributions are given to the binned analysis (Sec. 4.10.1) and to
the unbinned likelihood fit (Sec. 4.10.2) to extract the final B(B — pu*pu~) and
B(B? — pt ™) results, respectively.

The expected and observed yields in the two blind windows are shown,
together with the NS yields, in Table 4.12. The observed numbers of candidates
in each category are within one or two standard deviations close to the expected

values.
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Figure 4.35: Dimuon invariant mass distributions.

Table 4.12: Expected and observed number of signal and background events in the
B° and B? mass windows, in the four 1D-BDT categories. Last row shows the fitted
NS yield, N%bf, together with its total uncertainty.

exp obs exp obs obs
Category Npgo N3 NBg NB2 NP

Barrel 2011 1.3+0.8 3 3.6£0.6 4 (71.2 +£4.1) x 103
Endcap 2011 1.5+0.6 1 2.6+0.5 4 (21.44+1.1) x 103
Barrel 2012 7.9+3.0 11 17.9+2.8 16 (309 £ 16) x 10?
Endcap 2012 2.24+0.8 3 5.1+£0.7 4 (69.3 £ 3.5) x 103
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Figure 4.36: Analysis BDT output versus the invariant mass distributions. The
horizontal black line corresponds to the 1D-BDT selection. The red and blue lines
delimit the B and BY blind windows, respectively. On top, the numbers of observed
events in these ranges are shown. The colored histograms show the distributions for
the BY — ptp~ signal MC.
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4.10.1 Results with the binned analysis

These results are evaluated using the binned CLg method, that gives the following

upper limits:

BB — utp™) <4.9x107° at 95% CL (4.36)
BB — ptp™)<1.1x107° at 95% CL (4.37)

The p-value of the BY — uTu~ signal, assuming unknown B° — ptpu~
signal strength, is 2.2 x 1073, corresponding to 2.9¢. Instead, the p-value of
the B® — ptp~ signal assuming unknown B? — utpu~ signal is 2.8 x 1072,
corresponding to 1.9¢.

The p-value of neither BY — y+u~ nor B — putu~ signal is
(s = 0,000 =0)=3.0x10"% =450 (4.38)

and the p-value for both to be consistent to the SM hypothesis is
plus =1 pa=1)=43x10"' =020 (4.39)

If the observed excess is assumed from a signal, the branching fractions can

be measured to be

BB — ptp™) = (26713) x 107° (4.40)
BB — ptp™) = (4.9731) x 10710 (4.41)

where the errors are related to the standard 1o uncertainty.
The corresponding confidence level plots are shown in Fig. 4.37 for B(B? —
utp™), and Fig. 4.38 for B(BY — p*p~). Finally, the two-sided interval

confidence levels are shown in Fig. 4.39.
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4.10.2 Results with the UML fit

The UML simultaneous fit technique is performed on the unblinded data for
both methods. Results of the fitting are shown in Fig. 4.40, for the 1D-BDT
method, and in Fig. 4.41 for the categorized BDT (Sec. 4.9.2.3) method.

For the categorized BDT fit the measured signal branching fractions are:

B(BY = ptpu™) = (3.0759) x 107° (4.42)
B(B® = pTum) = (3.5734) x 10710 (4.43)

and the significances for the alternative hypotheses described in Sec. 4.9.2.4 are:

sign(B(B? — ptu™)) =430 (4.44)
sign(B(B® — ptu™)) =2.00 (4.45)

The significance, given no B(B? — u*p~) nor B(BY — ptp~) decays, is:
sign(B(BY — ptp )NB(BY = ptu™)) =470 (4.46)

The profile likelihoods, from which the significances of the alternative hypothesis
are extracted, are shown in Fig. 4.42 for both branching fractions.

The statistical uncertainty can be estimated redoing the fit after fixing all
nuisance parameters to their post-fit expected values. The systematic total
uncertainty is obtained by subtracting in quadrature the statistical uncertainty

from the total uncertainty:
B(BY — ptpm) = (3.010:3(stat.) )G (syst.)) x 1077 (4.47)

The BY — p*p~ BF uncertainty is statistically dominated.

For the 1D-BDT method, the BY — u*u~ BF significance is sign(B(B? —
ptp~)) = 4.80 and the double null hypothesis significance is sign(B(B? —
pru)NB(B® — ptp~)) =540.

As illustration, Fig. 4.43 shows all data from the different categories, combined
together. For these plots, the individual categories are weighed with w =
S/(S+ B), where S is the signal yield and B is the background yield, determined
at the BY peak position of each category. The overall normalization is set
such that the fitted BY signal corresponds to the total yield of the individual

contributions.
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Figure 4.40: 1D fit result on the dimuon invariant mass distribution for 2011 (top)
and 2012 (bottom) in the barrel (left) and the endcap channel (right).
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Figure 4.41: Categorized BDT fit result. The top row shows the 2011 samples, divided in two barrel and two endcap categories. The middle row
displays the four 2012 barrel categories and the bottom row the four 2012 endcap categories.
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the significance at which the background-only hypothesis is rejected is also shown.
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4.10.3 Interpretations of the results

With the LHC run 1 data it has been finally possible to measure the BY — u*pu~
decay after decades of experimental efforts. This striking result has been obtained
thanks to the large amount of events produced by the LHC in just two years of
excellent run operations. The high performances of the CMS detector, especially
the silicon tracker and muon stations, allowed for a very high muon reconstruction
efficiency and high geometrical coverage. This is especially true for the low pp
muons that are used in this analysis. The strong fake muon rejection and the
high separation between signals and background sources have been achieved
thanks to the BDT techniques applied on the muon and candidate variables.
This sample of almost pure muons allowed the maximum likelihood fit to extract

a clear signal with a remarkable significance.

The B? — p*p~ BF measurement is fully compatible with the SM expec-
tation. A lower than expected significance is obtained (4.3 o instead of 4.8 0,
Sec. 4.9.2.4), since the measured BF is slightly lower than the SM value, but
within uncertainty. The B — p*u~ BF measurement is three times the SM
expectations, but with a not compelling significance of 2¢. The B — ptp~
upper limit evaluated with the CLg method is set to B(B® — pTpu~) < 1.1x107°
at 95% CL, ten times higher than the SM expectation value.

An other interesting way to check the results is to parametrize the BY and B
yields with a signal strength parametrization normalized to the SM expectations,
instead of using B(B? — p*u~) and B(B® — ™) as free parameters in the
likelihood, as described in Sec. 4.9.2.1. Let us define an overall signal strength
parameter y, applicable both to BY — u*p~ and B® — p*p~, and a parameter
Ags that decouples the BF of the two mesons:

B(B—ptp”)
- 448
Bsm (B — M+/f) (1.48)
B(B° B (B
Ais = G V) (4.49)

BSM (BO — ,qu;L BSM BO — ;L+ )

The UML fit with these two parameters represents a compatibility test of the
results against the SM expectations on the single BFs and also on their ratio.
The simultaneous fit of these two parameters gives the following results, with
the BDT categorized method:

p= 0847031 (4.50)
Ads = 3.9757 (4.51)

If we fix the signal ratio between the two states to be as in the SM prediction,
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Figure 4.44: Categorized BDT method: scan of the ratio of the joint likelihood for
w and Ags. As insets, the likelihood ratio scan for each of the parameters when the
other is profiled together with other nuisance parameters; the significance at which
the hypothesis wherein the parameter is zero is rejected is also shown. The 5.10
significance for the parameter u is due to the assumed alternative hypothesis that
considers the B? — ™ and BY — put ™ yields as one unique signal parameter.

(Ags = 1), the fitted signal strength is
p= 101153 (4.52)

Instead, setting the signal strength to the SM one (u = 1), the BF ratio parameter
)\ds is
Ads = 3.1729 (4.53)

The 1D and 2D likelihood ratio scans are shown in Fig. 4.44. The 5.1¢
significance for the parameter u is due to the assumed alternative hypothesis
that considers the B — uTu~ and B® — uTpu~ yields as one unique signal
parameter. With this parameterization it is still evident that the B — putpu~
BF is SM fully compatible. Furthermore, it is clear that the B® — ut ™ signal,
even if it is about three times higher than the SM expectation, does not have

statistical significance to claim a substantial deviation from the SM predictions.
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4.10.4 CMS-LHCb combination

After the publication of the shown CMS results, a new measurement of f;/fq
was published by the LHCD collaboration [145]:

% = 0.259 £ 0.015 (4.54)

d
which changes very slightly the B(BY — utpu™) result of Eq. (4.42), that uses
fs/fa=0.256 £ 0.020 from Eq. (4.3).
The LHCb collaboration reports the measurement of the BY — u*pu~ decay,
with a 4 ¢ significance, and the B® — p*p~ decay, with a 2o significance [86]:

Therefore, a combination of the measurements can be implemented.

A preliminary study has been published using only the reported final results.
The combination is performed using ensembles of simplified pseudo-experiments,
where the distributions are modeled with variable-width Gaussian functions [2].
The main correlation between the two analyses is given by f/ fq, as it is used
by both experiments to extract the B® — y*u~ BF normalized to the B¥ —
J/¢YK* decay!'. Other correlations, like the B¥ — J/v%K* BF and the rare
peaking and semileptonic assumed branching fractions, are negligible.

Assigning a 100% correlation to fs/fq, the combined results are:

BB — utp™)=(2940.7) x107° (4.57)
B(B® — ptp) = (3.671%) x 1071 (4.58)

They are shown, together with the SM expectations, also in Fig. 4.45.

The significance of the BY signal reaches more than 5o, while the B° signifi-
cance still remains below 3 0. Thus, the empirical observation of the BY — utpu~
decay can be claimed.

While results shown in this section are performed with an approximated
method, an exact combination will be published when the analysis teams finish

to combine the two complete likelihood functions.

4.10.5 Impact on new physics

The BY — utu~ BF empirical measurement has a strong impact on high energy

physics. The accuracy of the achieved measurement sets stringent boundaries to

1The LHCb analysis uses also the BY — K+ 7~ decay as a normalization channel.
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Figure 4.45: Comparison of the latest CMS and LHCD results, the combined value,
and the SM prediction (vertical line) for the time-integrated branching fraction B(BY —
wtp™) (a) and for B(B® — pTu™) (b). The width of the vertical band represents the
uncertainty in the SM prediction. The error bars represent the combined statistical
and systematic uncertainties.
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Figure 4.46: Correlation between the branching fractions, as shown in Fig. 2.6, but
with the excluded area (in gray) due to the CMS measurement of B(BY — p ™) and
the upper limit on B(B® — p* ™), by the author.

the NP models which now have to confront with a precise measurement of this
important decay.

The first consequence is that since the BY — y+ = BF is compatible with the
SM and it has a small uncertainty, the phase space of possible BSM contributing
parameters to this BF is notably reduced. An exhaustive review on the impact
on NP models is not practical here as many new papers are being published; a
non comprehensive list of the most recent publications using the combined CMS-
LHCD results is [146-148]. Thus, here we will say a few general considerations.

Figure 4.46 show the same B°-BY correlation plot of Fig. 2.6, but with the
forbidden region due to the CMS result shaded in gray. None of the shown NP

models are ruled out because everyone allows for results close to the SM, but the
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Figure 4.47: B(B® — u* ™) versus B(BY — ™) with NP contributions coming
from a heavy neutral boson. The SM prediction is represented by the light gray area
with black dot and the MFV prediction by the blue line. The dark gray rectangle shows
the combined CMS-LHCDb experimental results. The cyan rectangle shows the allowed
region for a Z scenario (a), while the red regions are due to a Z’ contribution (b) [149].

large enhancing effects, predicted by many of them, are not allowed anymore,
especially for the BY — uTu~ decay. For the B® — putpu~ decay, there is still
space of large enhancements with respect the SM prediction.

Even if the two rare decay results are compatible with the SM, there is some
tension for the B® — p+ .~ BF, that could be explained within NP scenarios. For
instance, in addition to the SUSY models already discussed, new contributions
could come from a new neutral heavy gauge boson Z’, with purely left-handed
complex couplings and real coupling to muons, or from the SM Z boson with

left-handed complex couplings (Fig. 4.47).

In any case, the B(B? — p* ™) experimental value does not present a large

significance, for any of the two collaboration measurements.

Improvements on the CMS measurement can occur from a better understand-
ing of the rare backgrounds, and especially of the hadronic two-body B decays,
which populate the invariant mass region around the B° mass value. In this
aspect, better estimations of the expected rare backgrounds can come from a
better evaluation of the muon misidentification, that now has assigned a 50%
relative uncertainty, and from better measurements of the BFs of these hadronic
B decays. In fact, for some of them, the relative uncertainty can go up to 100%
(Table 4.7).

However, the B — p*p~ BF measurement is dominated by statistical
uncertainty as it is for the B? — ™~ BF measurement, therefore, more data
is needed. Next upgrades on the LHC collider and on the CMS sub-detectors

point to this aim, as described in the next section.
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4.10.6 Future prospects

The LHC run 1 ended on December 2012. After about two years of technical stop
(the Long Shutdown 1 (LS1)), the center-of-mass collision energy will increase
to 14 TeV. During this Run 2 period (2015-2017), it is expected that the LHC
will deliver an integrated luminosity of the order of 100fb~! to the CMS and
ATLAS detectors. During Run 3 (2019-2021) the instantaneous luminosity of
the machine will increase to 2 x 103* ecm~2s7!, adding additional 300 fb—!.

The CMS detector, on the same time, thanks to the upgrades due to the
new technologies, will have an improved muon trigger capability and, starting
from 2017, an improved pixel detector [150]. The muon system will increase the
momentum resolution and have the capability to cope with the increased pileup
conditions. The pixel detector will improve the resolution in the vertexing by
roughly 50%.

Starting from 2023, the LHC will undergo a major luminosity upgrade (HL-
LHC): the luminosity for CMS will reach 5 x 103* cm~2s™!, with the goal to
deliver a total integrated luminosity of 3ab™!, still at the same center-of-mass
energy of 14 TeV.

The CMS experiment is expected to get improvements to the muons system
and a new inner tracker, with higher granularity, to cope with a mean expected
pileup of up to 140 interactions per bunch crossing. In particular, the new
inner tracker system will have L1 tracking capabilities, in order to reconstruct
efficiently all tracks with py > 2 GeV. The muon system will also have improved
coverage in the forward direction and extended trigger capabilities.

The outer tracker material budget will diminish by roughly a factor of 2 in
the central region (|| < 1) and about a factor of 3 in the intermediate region
around 1.2 < |n| < 1.5. This, combined with a smaller silicon sensors pitch, will
improve the momentum resolution by about a factor of 1.5 in the barrel region
(Jn] < 1.4) and 1.2 elsewhere. This will help separate the B° signal from the left
tail of the BY signal, which now becomes a background to the B’ measurement.

It is possible to do some rough estimations of the improvements on the
B(BY — ptp~) and B(BY — ptp~) measurements after each new LHC run,
rescaling the collected luminosity, and taking into account the increased center-
of-mass energy, 14 TeV, which should increase the bb cross-section by about 75%
as compared to the 8 TeV center-of-mass cross-section [151].

For simplicity, the effects of any possible improvements on the analysis
strategy (for instance better selections and fits, as well as the usage of additional
normalization channels) are not considered, and the current trigger efficiency is
supposed to be maintained equal to the one used in this analysis.

The most sensible aspect is the pileup. The increased pileup will impact the
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Table 4.13: Expected uncertainties in the BF measurements for BY — p*u~ and
B° — pTu~ at different integrated luminosity values £. We also report the 1o range
of significance for B® — p .~ and, finally, the relative uncertainty on the B° to B?
branching fraction ratio.

L") 0B/B(BY) OB/B(B%) BOsign. s8]

100 15% 66% 0.5-24 0 1%
300 12% 45% 1.3-33 ¢ 47%
3000 12% 18% 9.4-76 o 21%

isolation variables, due to a non negligible chance of another vertex being close to
the B-meson production one. Also, the resulting larger number of tracks could
potentially affect pattern recognition, requiring tightening of reconstruction
criteria. Moreover, the typical resolution in the track longitudinal impact
parameter in the endcaps (0.5 to 1 mm) is expected to be comparable to the
average pileup vertex separation. The significance for B® — = may not be
limited by the signal yield, but by the separation between BY and B signal
distributions. For this reason, only the barrel part of the detector will be used
for the HL-LHC analysis.

On the other hand, the systematic uncertainty from fs/ f, could reasonably be
reduced to the level of 5%, and also the systematics due to the rare backgrounds
could go down, thanks to a better determination of the misidentification rate
and a better measurement of the B — hh' decays.

Table 4.13 shows the expected results, assuming the SM BFs.

With the increased data sample sizes it will be possible to reduce both
systematic and statistical uncertainties leading to high precision measurements
of B® — utu~ and BY — putpu~, which would allow more stringent tests of the
SM.
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Chapter 5

Conclusions

The standard model (SM) gives a very accurate prediction for the Branching
Fraction (BF) of the BY — p ™ decay and makes its measurement very sensitive
to new physics. Any possible small deviation from the SM prediction allows
to observe new contributions coming from New Physics (NP), thanks to the
small SM theoretical uncertainty. On the other hand, the same very small SM
expectation value of the BF and the huge background expected at the LHC are
major challenges for the observation and the extraction of the BF measurement
for this decay.

In this thesis we presented the first measurement of the BY — u*p~ BF and
also the most recent upper limit of the B® — ppu~ BF, performed with the CMS
experiment at the CERN LHC. The 25fb~! sample of collected data corresponds
to the total 2011 and 2012 LHC runs for pp collisions at the center-of-mass
energies of /s = 7TeV and 8 TeV, respectively.

Signal selections and efficiencies are evaluated with Monte Carlo (MC) sim-
ulations, validated with many data-driven-methods. The B? — J/¢¢ decay
is used to validate the BY MC simulation. The B* — J/¢K* decay is used
as the normalization channel, to avoid a dependence on the uncertainties of
the bb production cross section and luminosity measurements and to cancel out
to first order many systematic uncertainties related to the analysis efficiencies.
Systematic effects due to the analysis and detector efficiencies are evaluated on
data to be below 10%.

Different background sources can mimic the signal topology. Events in which
two uncorrelated muons come from two different B decays represent the largest
background, combinatorial in nature, five orders of magnitude larger than the
SM expected signal yield. A Boosted Decision Tree (BDT) method is used to
separate the B?S) candidates from this combinatorial background. Variables

related to the displaced secondary vertex topology and to the isolation of the
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muon and dimuon candidates are used to train the classifier.

Rare two and three-body B decays, like Ag — pK~ and B = m puty,, can
be wrongly selected as signals due to misidentified muons. A BDT multivariate
technique is used to optimize the muon identification against kaons, pions and
protons, coming from these B decays, forming the rare peaking and semileptonic
backgrounds. We obtained a further 50% misidentification rejection at the cost
of 10% of muon efficiency, on top of the standard CMS tight muon selection.

The B° upper limit is extracted with a counting experiment with the CLg
method in the B invariant mass window.

The BY — p*p~ BF is measured with a simultaneous unbinned maximum
likelihood fit on twelve independent data categories. This method allowed a
4.3 o discovery of this decay.

The final B? — p*p~ and B — ptpu~ BF measurements and upper limits

are:

B(BY — p*p~) = (3.0559) x 1077
B(BY = utp™) < 1.1 x 1072 at 95% CL

The B? — u*u~ branching fraction is fully compatible with the SM predictions.
Its relative uncertainty, about 30%, is the most precise up-to-date and it is at
the same level of the LHCb results, showing the ability of CMS to perform high
precision measurements in B-physics with muons.

Since the BY — p*p~ BF measurement does not present deviations from the
SM expectation, it sets stringent limits on new physics parameters. For instance,
this result gives important constraints on the supersymmetry phase space, as
relevant as those coming from the direct searches.

New physics effects on the B? — p*p~ BF, if any, are small. Precise
measurements of the BFs for BY — pu*pu~, B — utpu~ and of their ratio, have
become essential to distinguish possible deviations of these decays from the SM
expectations.

The CMS and LHCDb measurements are statistically limited, therefore new
data will improve the experimental precision for both decays, for both experi-
ments. In this prospect, the next few years look encouraging as the CMS detector
will have the possibility to collect hundred of inverse femtobarn of integrated
luminosity. The main challenge will be the pileup. Better measurements can be
obtained if the detectors will be able to live with an average of up to 140 primary
vertices per bunch crossing. Under this aspect, the expected CMS upgrades,
especially those for the inner tracker sub-detector, seem promising.

Given these results, the B — utu~ and B® — utu~ BF high precision

measurements can be considered critical for the indirect searches of new physics
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in the next future.
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