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Abstract

The pseudoscalar B, meson, the ground state of the bc system, is the lightest
particle containing two heavy quarks of different flavors, and thus represents
a unique laboratory to study heavy-quark dynamics. The investigation of B,
meson properties is of special interest compared to the flavor symmetric heavy
quarkonium (bb, &c) states, and provides a new testing ground for predictions
in the context of effective models inspired by quantum chromodynamics.

Each of the two constituents quarks can decay via the weak interaction. In
particular, the b — ¢ transition, which accounts for about 20% of the decay rate,
offers an easily accessible experimental signature, having a high probability of
producing a J /1 meson. Consequently, the first B. observation was made in
the semileptonic channel BC+ — J /YLt v (€ = e,u) by the CDF Collaboration.

The physics of the B, meson has entered a new era with the advent of
the CERN Large Hadron Collider (LHC). Thanks to the unprecedented energy
and instantaneous luminosity provided by the LHC, the available B, statistics
is much higher than in previous experiments. The features of the Compact
Muon Solenoid (CMS) experiment allow to pursue a wide range of measure-
ments concerning the physics of the beauty-quark. In addition to indirect
searches for New Physics through studies of rare decays, such as B, = u"u~
and B® — K%u*u~, the investigation of the B, meson properties represents an
important topic in the physics program of the experiment. Moreover, accurate
measurements of its production cross section and decay modes are crucial to
achieve a precise background estimation in the searches for rare decays.

In this thesis I present the analyses of the multi-body BY — J/yn*n*n~
and the two-body B — J/+m* channels, along with a measurement of the ra-
tio of their branching fractions Ry = B(BY — J/yn*n*n™)/B(Bf — J/yn*),
with the CMS detector at the LHC. The CMS experiment, due to the excellent
muon identification system and tracking detectors, is indeed particularly suited
to the study of final states containing J /1) mesons, where J /1 — u*tu~. The
ratio Rp_ is measured to be 2.55+0.80(stat.) & 0.33(syst.)f8:8‘1‘('536). This mea-
surement is independent of the poorly known B, production cross section.

The B — J/+n* mode is also compared to the BY — J/9K™ decay,
which has a similar vertex topology. The ratio of their production cross section
times branching fractions R/, = (0(B]) x B(B} — J/¢n*))/(c(B*)xB(B* —
J/K™)) is measured to be [0.48 & 0.05(stat.) + 0.03(syst.) % 0.05(7p,)]%. In
the kinematic region investigated, the B transverse momentum is greater than
15 GeV and the rapidity region is |y| < 1.6, complementary to that accessible
in the LHCb experiment. This measurement contributes to a more complete



understanding of B, production in pp collisions.

The analysis was performed on a 5.1 fb~! sample of pp data, collected by
the CMS experiment at 4/s = 7 TeV, using a trigger based on the selection of
two muons from a J/v decay. The reduction of the copious combinatorial
background is achieved by exploiting both kinematic and topological selec-
tions on the B, candidate. The reconstruction efficiency has been accurately
parametrized and measured on dedicated Monte Carlo samples, which well
simulate the data-taking conditions. Various sources of systematic uncertain-
ties have been evaluated and are described in details in the text.

This thesis is organized as follows.
A short review of the Standard Model is outlined in Chapter 1.

Motivations for B. meson studies are described in Chapter 2, where B, prop-
erties are examined, along with the status of theoretical predictions and the
current experimental scenario.

Chapter 3 is devoted to the illustration of the experimental apparatus used
to perform the measurement. The LHC accelerator and the CMS detector are
described, focusing the attention on the CMS inner tracker and muon stations,
which are used to reconstruct the final state particles of the B, decays.

The detailed description of the measurements of Rg_and R, is discussed in
Chapter 4. The first part of the Chapter is dedicated to an overview of the proce-
dure used to extract the B} — J/yn*n*n~, Bf — J/+pn* and B — J /K"
signals. The measurements of Rg_and R/, are then described in the second
part of the Chapter, along with the efficiency parametrization and the evalua-
tion of systematic uncertainties. Finally, results are compared with the available
theoretical predictions and with measurements from other experiments.



Sommario

Il mesone pseudoscalare B, stato fondamentale del sistema (bc), & la parti-
cella pit leggera formata da due quark pesanti di diverso sapore, e rappresenta
percio un laboratorio ideale per lo studio della dinamica dei decadimenti degli
Heavy Flavor.

Lo studio delle proprieta del mesone B, € di particolare interesse se para-
gonato agli stati bb e c, che non portano sapore, e offre un nuovo terreno
per verificare le predizioni dei modelli effettivi ispirati dalla cromodinamica
quantistica.

Ciascuno dei due quark costituenti la B. puo decadere attraverso I'interazione
debole. In particolare, la transizione b — c, che copre circa il 20% del rate di
decadimento, ha un’alta probabilita di produrre un mesone J/vy nello stato
finale, che costituisce una segnatura sperimentale facilmente identificabile. In-
fatti, la prima osservazione del mesone B, ¢ stata effettuata nel canale di decadi-
mento semileptonico Bj — J /YLt v (€ = e, u) dalla Collaborazione CDE.

Lo studio sperimentale del mesone B, € entrato in una nuova fase con I'avven-
to del Large Hadron Collider (LHC) al CERN. Grazie alle alte energie e lumi-
nosita istantanee mai raggiunte prima, la statistica di eventi di B. disponibile e
molto pit alta che negli esperimenti precedenti. Le caratteristiche dell’esperi-
mento CMS (Compact Muon Solenoid) consentono di perseguire un ampio pro-
gramma di misure nell’ambito della fisica del quark beauty. Accanto a ricerche
indirette di nuova fisica attraverso lo studio di decadimenti rari, come B, —
utu~ e B — K%u*u™, lo studio del mesone B, rappresenta un settore impor-
tante nel programma di fisica dell’esperimento. Inoltre, poiche la B, rappresenta
un potenziale background proprio nei decadimenti rari, una misura della sua
sezione d’urto e la caratterizzazione dei suoi stati finali sono cruciali per poter
ottenere un’accurata stima dei fondi.

In questa tesi presento l'analisi dei canali di decadimento B — J /4t n*n~
e BC+ — J/4t, e una misura del rapporto delle loro Branching Fraction, Rp, =
BB = J/yn*ntnT)/B(Bf —J/ym*). La misura & stata ottenuta presso
I'esperimento CMS a LHC. L'esperimento CMS, infatti, € particolarmente adatto
allo studio degli stati finali contenenti mesoni J /v, dove J /¢ — utu~, grazie
alle eccellenti prestazioni dei sistemi di rivelazione di muoni e di tracciamento.
La misura del rapporto Rp_ ¢ 2.55 + 0.80(stat.) & O.33(syst.)i8:8;'(TBc). Questo
rapporto é indipendente dalla sezione durto della B, la cui misura non € ancora
disponibile.

Il canale Bf — J/vyn* & anche confrontato con il decadimento B¥ —
J/YK™, che ha le stesse caratteristiche topologiche. 1l rapporto delle sezioni



d’urto moltiplicato per le rispettive Branching Fractions € misurato essere [0.48=+
0.05 (stat.) & 0.03 (syst.) £ 0.05(7p_)]%. Nello spazio cinematico esplorato, il
momento traverso del mesone B & maggiore di 15 GeV e la regione di rapidita
e |y| < 1.6, complementare a quella accessibile all’esperimento LHCb. Questa
misura contribuisce a una comprensione piti completa della produzione di B}
in collisioni protone-protone.

L’analisi e stata condotta sui dati raccolti da CMS a 4/s = 7 TeV, che corrispon-
dono a una luminosita integrata di 5.1 fb~!. 1 trigger utilizzato per la selezione
degli eventi si basa sull'identificazione dei due muoni provenienti dal decadi-
mento del mesone J/v). Uabbondante fondo combinatorio é stato ridotto sfrut-
tando selezioni topologiche e cinematiche. Lefficienza di ricostruzione € stata
accuratamente parametrizzata e misurata su appositi campioni Monte Carlo,
che ben riproducono le condizioni della presa dati. Sono state valutate diverse
fonti di incertezza sistematica, descritte accuratamente nel testo.
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Chapter 1

Introduction

The Standard Model of particle physics represents the current best understanding
of elementary particles and their interactions. Its predictions have been tested suc-
cessfully to a high level level of accuracy in a variety of experiments and over a
wide range of energies. However;, the SM does not explain the complete picture
and many fundamental questions are still open. This Chapter provides a general
overview of the SM concepts and of theoretical tools useful for this thesis.

1.1 The Standard Model

The Standard Model of particle physics (SM) [@, 2, 3] is a theory which de-
scribes the elementary particles and their interactions. More precisely, the SM
addresses strong, electromagnetic and weak interactions. The gravitational
force is not included in the theory, and is expected to have a negligible impact
on fundamental particle processes at accessible energies.

The SM is a renormalizable field theory based on a local symmetry that
generalise the structure of Quantum Electrodynamics (QED) to a larger set of
conserved currents and charges (eight strong charges and four electro-weak
charges). It is based on the gauge group SU(3). ® SU(2); ® U(1)y, where the
SU(3) gauge group is the symmetry group of strong interactions, and SU(2); ®
U(1)y is the unified gauge group of weak and electromagnetic interactions.

QED describes the interaction between two electrically charged particles
with the exchange of photons, emitted by one electron and reabsorbed by the
second. In a similar way, the SM matter fields are half-integer spin particles
(fermions): the quarks, which have color and electroweak charge, and leptons,
which only have electroweak charge. All the fermions have a corresponding

11



12 Chapter 1. Introduction

anti-particle with the same mass and opposite electric charge.
Three fermion generations are distinguished, as shown in Tab. I1: Each

Generation Quarks Leptons

I u d e v,
II c S woovy
11 t b 1 v,

Table 1.1: The three generations of quarks and leptons.

family contains a weakly charged doublet of quarks, in three color replicas, and
a colorless weakly charged doublet with a neutrino (v) and a charged lepton.

Forces are mediated by spin 1 bosons: the photon (y), the weak interaction
gauge bosons WT, W™~ and Z° and the eight gluons g that mediate the strong
interactions. The photon and the gluons are massless, as a consequence of
the exact conservation of the corresponding symmetry generators, the electric
charge and the eight color charges. The weak bosons W, W~ and Z° have
large masses (my, ~ 80.4 GeV, m; = 91.2 GeV), because the corresponding
symmetries are broken.

In the SM the spontaneous breaking of the electroweak gauge symmetry
is induced by the Higgs mechanism [4, 5, 6], which predicts the presence in
the physical spectrum of one spin 0 particle, the Higgs boson. The Higgs fields
interact with the fermionic sector through “Yukawa terms”. Fermions acquire
a mass proportional to the vacuum expectation value of the Higgs field and
the strength of the coupling. Particles that do not interact with the Higgs field
(photon and gluons) remain massless.

Fermion couplings to the Higgs field not only determine their masses; they
induce a misalignment of quark mass eigenstates with respect to the eigenstates
of the weak charges, thereby allowing all fermions of heavy families to decay to
lighter ones. These couplings provide the only mechanism within the SM that
can account for the observed violation of CE that is, invariance of the laws of
nature under mirror reflection (parity P) and the interchange of particles with
their anti-particles (charge conjugation C).

The SM Lagrangian is commonly divided in two parts:

Lsy = Loep + Locp (1.1

where Lqgp holds the QED interactions and its gauge bosons, and Lqp holds
the gluon fields and their interactions.
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1.1.1 The EW sector

The EW sector is based on the gauge group SU(2); ® U(1)y. The SU(2); group
is associated to three generators T,, corresponding to three gauge bosons W'
(witha =1, 2, 3). The generator of the U(1)y symmetry is Y, and the associated
boson is B*.

The left-handed fermion fields of the i,;, fermion family transform as dou-
blets under SU(2), while right-handed fields are SU(2) singlets.
A complex scalar Higgs doublet,

¢E((§)o ),

is added to the model in order to explain mass generation through the sponta-
neous symmetry breaking mechanism. The Higgs potential is

2
V($) =) + (919 1.2)

For negative values of u?, the vacuum expectation value of ¢ is different
from zero (v = u/vA & 246 GeV), breaking part of the electroweak gauge
symmetry.

After the symmetry breaking, linear combinations of the boson fields W/’
and B* form the physical electromagnetic and weak fields:

u = cos6,B, +sin9WW5, (1.3)
Z, = —sin6,B,+ cosGWWS, (1.4)
wlxw?
£ _ u u
wr o= & (1.5)

where 0, is the Weinberg angle 6,, = tan"'(g’/g) and g’ and g are the coupling
constants of SU(2); and U(1)y respectively.
The weak boson masses are given by:

1
My =vVv2A MW=M MZ=EV\/g2+g’2=

2

=0

(1.6)

The physical mass of the Higgs boson is therefore a parameter of the theory,
and has to be determined experimentally. In 2012 both the ATLAS and CMS
experiments at the LHC reported the observation of a new boson with a mass

cos 6,
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near 125 GeV [[Z, B]. In the following two years, the production and decay rates
and the spin-parity quantum numbers of the new boson have been extensively
studied. Results show that the properties of the particle observed are compatible
with those expected for a SM Higgs boson (Fig.I ).

CMS Preliminary 19.7 i (8 TeV) + 5.1 ib™ (7 TeV) CMS (preliminary) 19.7 b (8 TeV) + 5.1 1b” (7 TeV)
¥"_ F N ‘(2 :\ LA L L BN B B \"\".‘ L \:
ol + Observed ¢ SM Higgs S 0070 it E
i iRl £ 2,1, (dec)
S g 006p —CMSdata 1
. [) L
T e 8 o0.0s5F E
S [
L < - 2 r
L Hbb a 0.04; |
0 F
[ 0.03 -
L 0ok E
r 00 F
L 0.01F E
ol , . Eo.. Mo ]
0 05 1 15 %0 20 40 60
\ -2 x In(LJP /Ly

Figure 1.1: The 68% CL contours for individual channels (colored swaths) and for the
overall combination (thick curve) for the (K, ,K;) parameters, which describe the Higgs
boson couplings to vector and fermion, respectively. The cross indicates the global best-
fit values. The dashed contour bounds the 95% CL confidence region for the combina-
tion. The yellow diamond represents the SM expectation [9]. The right plot show the
distributions of a test statistic for the hypotheses J* = 1* or 0% [I0]. The red arrow
indicates the observed value.

The fermion EW couplings are divided in charged and neutral current inter-
actions, depending on the mediator boson:

g/

L = W+ g WM, 1.7)

cc 2/2 H w

/
g 0
L = eJmAt+ —=2—J 71, 1.8
Ne u 2cos 6, * (1.8)
where the currents J! are:
JJ = (ady_a+(¥eedy_a, (1.9)
Jm = > Qifruf, (1.10)
f

J, = Zm(vf —asys)f, (1.11)
f
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the sum run over each fermion f and (id")y_4 = @iy, (1—ys)d’. y; are the Dirac
matrices, vy and a; are the vector and axial couplings, respectively.

1.1.2 The CKM matrix

In the SM, the masses and mixings of quarks originate from the Yukawa inter-
actions with the Higgs condensate.
The quark mixing, by convention, is restricted to the down quarks:

d’ d
S/ = V S B (1.12)
b’ b

L L

where the primed quarks are the mass eigenstates and the others are the fla-
vor eigenstates. V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [T, I2],
which contains one free imaginary phase, being the source of the CP violation,
and three free real angles.

The CKM matrix is usually written as

Vud Vus Vub
Vcd Vcs Vc b (1 1 3)
th Vts th

so that the entries are labeled by the quark flavors. The probability of the tran-
sition from a quark i to a quark j is therefore proportional to |Vl~j|2. The CKM
elements are fundamental parameters of the SM that need to be accurately de-
termined from experiments.

A convenient parametrization of the CKM matrix is the Wolfenstein approx-
imation [T3]:

— 342 A AR(p—in)
Veky = - 1—5A% AN (1.14)
AV (1—p—in) —AA? 1

The unitarity of the CKM matrix imposes six equations that can be interpreted
as unitarity triangles in the complex plane. Measuring the parameters of the
unitarity triangle serves two purposes: first, to determine some fundamental
parameters of the Standard Model, and secondly, to test whether the CKM mech-
anism of flavor and CP violation is indeed correct, or whether there are hints of
deviations from the Standard Model.

There is a plethora of ways in which the sides and angles of the unitarity
triangle have been constrained [[14] and the most recent experimental results
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are represented on the o7 plane in Fig.I2. Until now no significant deviations
from the CKM mechanism have been established.
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Figure 1.2: Unitarity triangle constraints in the (o, 1) plane [15].

1.1.3 The QCD sector

The dynamics of the quarks and gluons are controlled by the QCD Lagrangian.

QCD is described by the SU(3). symmetry group, which has eight massless

spin-one gauge bosons, the gluons, carrying color charge and self-interacting.
The QCD Lagrangian is:

Locp = —%FSVF" 14> q(ir" D, —my)q, (1.15)
{q}
where {q} = u,d,s,c,b,t, D, is the covariant derivative D, = 6, — iTaAi and
Fﬁv = 6, A — 5nuAZ +gf abCAZACv. fab¢ are the structure constants of SU(3)
and T¢ form a basis of the fundamental representation of the SU(3) algebra.
Being a non-Abelian gauge theory, the physical spectrum consists of color
singlet states only. The simplest of these states are mesons, formed by a quark-
antiquark pair (qg), and baryons, formed by three quarks (q;g,g3). Recently
discovered resonances [16, 7] not belonging to the standard spectra of the
c and b quarks can be interpreted as bound states of four quarks (or quark
molecules).
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Another important property of QCD is the asymptotic freedom, which means
that quarks and gluons have very weak interactions at short distances and high
energy scale. This follows from the behavior of the QCD effective coupling con-
stant a,(q) as function of the momentum transfer q (see Fig.[3). At high ¢
(short distances), a,(q) vanishes: quarks and gluons interact very weakly and
a perturbative expansion in @, can be performed. On the other hand, at values
of g comparable to the QCD scale Agcp (high distances), the strong interac-
tion amplitude becomes so large that quarks cannot behave as free particles
(“confinement”) and perturbation theory is no longer suitable.

Sept. 2013
o v Tdecays (N°LO)
s(Q) Lattice QCD (NNLO)
a DIS jets (NLO)
03} o Heavy Quarkonia (NLO)
o ' jets & shapes (res. NNLO)
® Z pole fit (N3LO)
v pp—> jets (NLO)
02+
]
0.1+
= QCD 0g(M,) = 0.1185 % 0.0006

10 Q [GeV] 100 1000

Figure 1.3: Summary of measurements of a, as a function of the energy scale Q from
[08]. The legend indicates the kind of measurement and the degree of QCD perturba-
tion theory used in the extraction of a.

Quarks are conventionally divided into light (my < Agep ~ 200 MeV) and
heavy (my > Aqcp), as summarized in Table 2.

u my, =2.3MeV
Light quarks d my = 4.8 MeV

s m; =95 MeV

c m, =1.275GeV
Heavy quarks b m, =4.2-4.6 GeV

t m,=173.2 GeV

Table 1.2: Masses of the six quarks, as evaluated in [[I8], where details on their ex-
traction are reported.
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Strong interactions of hadrons containing heavy quarks are easier to un-
derstand than those of hadrons containing only light quarks. For heavy quarks
the effective coupling constant a;(m,) is small, implying that on length scales
comparable to 1/m,, the strong interactions are perturbative and much like the
electromagnetic interactions, therefore easier to handle.

1.2 Theoretical tools for B physics

Weak decays of hadrons containing heavy quarks are employed for tests of the
Standard Model and measurements of its parameters. In particular, they offer
the most direct way to determine the weak mixing angles, to test the unitarity
of the CKM matrix, and to explore the physics of CP violation. Possibly, hints of
New Physics beyond the Standard Model will be provided.

The structure of weak interactions in the Standard Model has been already
formulated in Eq.ICH, where J J can be also written in an explicit form as:

€L d;
JJ = (ﬁue: i)mu: i}'r)'}’,u, ur + (ﬂLJ EL: EL)YHVCKM SL (1-16)
TL by

At low energies, the charged-current interaction gives rise to local four-
fermion couplings of the form

Lepy = —=2V2GpJ ™I, (1.17)

where Gy is the Fermi constant.

According to the structure of the charged-current interaction, weak decays
of hadrons can be divided into three classes: leptonic decays, in which the
quarks of the decaying hadron annihilate each other and only leptons appear in
the final state; semi-leptonic decays, in which both leptons and hadrons appear
in the final state; and non-leptonic decays, in which the final state consists of
hadrons only.

However, the simplicity of the weak interactions is overshadowed by the
complexity of the strong interactions responsible for the binding of quarks inside
hadrons through gluon exchange. Thus, weak decays also serve as a probe of
the least understood strong-interaction phenomenology: the confinement of
quarks and gluons inside hadrons. Fig.[4 shows a picture of a non-leptonic
decay, where the effects of the strong interaction are also depicted.

Therefore, in order to fully understand weak meson decays the interplay
between weak and strong interactions has to be addressed.
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L A
| AR X |

Figure 1.4: Representation of a non-leptonic B meson decay, showing also the gluon
exchanges between the quarks.

\ SH

A

The formal framework to achieve this is provided by the operator product
expansion (OPE) [19]. The main feature of the OPE is that it allows to separate
long distance physics, which incorporates the physics of hadronic states, from
short distance phenomena, responsible for the flavor structure, and to face them
independently.

Consider the amplitude M for the weak B meson decay process into some
final state f. Using the OPE formalism, the amplitude can be represented as

m2
M:_%VCKMZCj(H)(floj(.U')lB>|:1+O(M_§/)] (1.18)
where p is the factorization scale. Physics from distances shorter than 1/u
(masses > u) is contained in the Wilson coefficients C;, and physics from dis-
tances longer than u is accounted for by the hadronic matrix elements (f |O; |B)
of the local operators O;.
The renormalization scale u separating the two regimes is typically chosen
to be of the order of a few GeV for B meson decays. The physical amplitude M
cannot depend on u. The u dependence of the Wilson coefficients has to cancel
the u dependence present in O;. This cancellation of u dependence generally
involves several terms in the expansion.
The short distance part in Eq.ICT8 (the Wilson coefficients C;) can be an-
alyzed systematically using well established field theoretical methods. Due to
the asymptotic freedom property of QCD, the strong interaction effects at short-
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distances are calculable in perturbation theory in the strong coupling a,(u). In
fact a,(u) is small enough in the full range of relevant short distance scales to
serve as expansion parameter.

However, large logarithms In(My,/u) multiply a,(u) in the calculation of
the C;’s, spoiling the validity of the usual perturbation series. It is therefore
necessary to perform a renormalization group analysis which allows an efficient
summation of logarithmic terms to all orders in perturbation theory.

In this way the usual perturbation theory is replaced by the renormaliza-
tion group improved perturbation theory in which the leading order (LO) cor-
responds to summing the leading logarithmic terms ~ (o, In(My,/u))". Then
at next-to-leading order (NLO), all terms of the form ~ a,(a,In(My,/u))" are
summed in addition, and so on.

The long-distance part in Eq..T8 (the set of operators O;) deals with low
energy strong interactions and therefore poses a very difficult problem. In fact,
at long distances, of order 1/Aqcp, quarks and gluons hadronize and QCD be-
comes nonperturbative. Many approaches have been used to address the calcu-
lation of the long-distance part.

So far Lattice Gauge Theory [4] constitutes the only known entirely nonper-
turbative regularisation scheme. It relies on stochastic methods, which simulate
gauge theories on a lattice, and allows to predict properties of interacting QCD
matter. Such simulations have provided convincing evidence and the accuracy
of the results has been improving with the more powerful computers and ad-
vanced numerical techniques. However, present computing power is still lim-
ited and only achieves solving, with a satisfactory precision, relatively simple
problems.

Other approaches, like 1/N expansion, QCD and hadronic sum rules or chi-
ral perturbation theory, have been used to obtain qualitative insight of relevant
hadronic matrix elements. An alternative approach takes advantage of the ex-
istence of a hierarchy of scales by substituting QCD with simpler but equivalent
Effective Field Theories (EFTs), whose idea is briefly exposed in the next Sec-
tion.

Despite the numerous efforts, the problem of long-distance interactions is
not yet solved satisfactorily.

1.2.1 Effective Field Theories

An EFT is a quantum field theory that contains the relevant degrees of freedom
to describe phenomena in certain limited range of energies and momenta, and
contains an intrinsic energy scale A that sets the limit of its applicability.
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Typically, one integrates out the higher energy scales so that the Lagrangian
of the EFT can be organized as a series of operators over powers of these scales.
Each operator has a matching coefficient in front, which encodes the remaining
information on the higher energy scales.

In general, an EFT is non-renormalizable, but it can be made finite to any
finite order in 1/A by renormalizing the coefficients in front of the operators in
the Lagrangian until that order.

The prototype of EFT for heavy quarks is the Heavy Quark Effective The-
ory (HQET) [20], which is the EFT of QCD suitable to describe systems with
one heavy quark. These systems are characterized by two energy scales, m,
and Aqcp, and the theory is developed as a systematic expansion in powers of
Aqcp/m.

Bound states of two heavy quarks (heavy quarkonia) are a rather unique
laboratory. They are characterized by the existence of a hierarchy of energy
scales, which can be exploited to construct nonrelativistic effective field theories
(NR EFT). As nonrelativistic systems, quarkonia involve three energy scales: the
scale of the mass m (hard scale), the scale of the momentum transfer p ~ mgv
(soft scale) and the scale of the kinetic energy of the two heavy quarks in the
centre-of-mass frame E ~ p?2/ mg ~ va2 (ultrasoft scale). Heavy quarkonia
includes ¢c (charmonia), bb (bottomonia) and the open flavor bc states.

The Nonrelativistic QCD effective theory (NRQCD) [, P2] exploits the hi-
erarchy my > mqv. By integrating out modes of energy and momentum m,
from QCD Green functions, NRQCD enables the factorization of nonperturba-
tive contributions into the expectation values or matrix elements of few oper-
ator. These contributions can then be evaluated on the lattice, extracted from
the data or calculated in QCD vacuum models.
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Chapter 2

The B. meson

This Chapter presents the theoretical and experimental status of the physics of
the B, meson. After a general overview, B, production and decay properties are
discussed. A short Section about the simulation software follows. The current ex-
perimental scenario is examined in the last part of the Chapter.

The B, meson, the ground state of the bc system, is the lightest meson con-
sisting of two heavy quarks of different flavors.

Being a double heavy-quark-antiquark bound state, the bc state is similar
to the charmonium (¢c) and bottomonium (bb) systems. In fact, the B. meson
bound-state dynamics can be treated in the non-relativistic expansion by QCD-
inspired effective models worked out for the charmonium and bottomonium
states. The bc system is indeed the ideal laboratory to test the self-consistency
of these models, whose parameters have been fixed from the fit to charmonia
and bottomonia data.

However, since it carries flavor, the B, meson has some specific production
and decay peculiarities. First, the production mechanism for the bc system is
different from that for the éc and bb systems, because it requires the production
of two heavy quark-antiquark pairs. The bc production cross section is lower
than that for hidden-flavour quarkonia, because the leading-order diagrams are
of higher order in the coupling constants and the phase-space is suppressed
owing to the presence of the additional heavy quarks.

Also, being an open flavor state, the B. meson decays via the weak interac-
tion. Thus, differently from the other heavy quarkonia, the B, meson is a long-
living particle; on the other hand, its lifetime is shorter than that of the other B
mesons, since both the constituent quarks compete in the decay. Therefore, the
study of B, decays is of particular interest to improve the understanding of QCD

23
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dynamics and the measurement of the parameters of the weak Lagrangian. An
accurate measurement of the B, lifetime can also provide information on the
masses of charm and beauty quarks.

2.1 The (bc) mass spectrum

The bc states have a rich spectroscopy of orbital and angular-momentum excita-
tions. Sixteen narrow states are expected below the threshold of the decay into
a (B D) pair. Having no strong or electromagnetic annihilation decay channel,
the excited bc levels cascade down into the ground pseudoscalar state by radi-
ating photons and pion pairs. This results in a total width of bc excited states
that is two orders of magnitude less than the total width of the charmonium and
bottomonium excited levels, for which the annihilation channels are essentials
[23].

The spectrum and properties of the bc family are predicted by non-relativistic
potential models [24, P5], perturbative QCD [26], and lattice calculations [27,
78, 79]. Fig. 1 shows the predicted mass spectrum of the bc system, account-
ing for the spin-dependent splittings. Before the advent of the LHC, only the
ground state of the bc system had been observed.

7.5
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Figure 2.1: Predicted bc mass spectrum [30].
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2.2 B, production

The B, production mechanisms are completely different from those for hidden-
flavor quarkonia. In fact, the electromagnetic and hadronic production of B,
mesons requires the joint production of the two additional heavy quarks (c and
b). This explains the low value of the B, production cross section in comparison
with the production cross section of particles from the ¢ and Y families. On
the other hand, the absence of B. decay channels into light hadrons because of
the strong interactions implies that all higher-mass bound bc states below the
(B D) threshold decay through hadronic and electromagnetic transitions into
the lowest state with a probability close to unity.

Thus, the B. production can be thought as a process composed of three
steps: a bb and a ¢c pair are first created by parton collision. Second, a b and
a ¢ quark bind to form the B, meson in its ground state or in one of its excited
states. Finally, the excited states cascade down to the ground state. Therefore
the total production cross section for B, is the sum of the direct production cross
sections for B. and its excited states.

The description of the direct production of the B, meson is based on the
factorization of hard parton production of heavy quarks (bb,cc) and soft cou-
pling of (bc) bound state. In the first stage, the hard subprocess can be reliably
calculated in the framework of QCD perturbation theory, while in the second
stage the quark binding in the heavy quarkonium can be described in the non-
relativistic potential model approach.

The differential cross section for producing the bc state B. in a hadron col-
lision can be written as [B1]:

dolhshg — B +X]1=) J doxydox, " (xy, Wf (e, LS (i — B +X)],

2.1
where f; are the parton distribution functions (PDF) of the incoming hadrons
h, and hg, the sum is over the partons i and j in the initial state hadrons and
is the renormalization/factorization scale. The cross section d&(ij — B, + X)
for the direct production of bc by the collision of partons i and j is the sum of
products of short-distance cross sections and long-distance matrix elements:

d6lij — B, +X]= Y d&lij — (be), +X)](0" (n)), 2.2)

where the sum is over 4-fermion operators that create and annihilate the bc.
The nonperturbative matrix element (O (n)) encodes the probability for a (bc),
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to evolve into the B, state and scales as a definite power of the relative velocity
v of the charm quark. For S-wave states, the leading color-octet matrix element
is suppressed by v* relative to the leading color-singlet matrix element. For P-
wave states, the leading color-singlet matrix element and the leading color-octet
matrix element are both suppressed by v? relative to the leading color-singlet
matrix element for S-waves.

The short-distance cross section d&[ij — (bc), +X)] for creating the bc in

the color and angular-momentum state n can be calculated as a perturbative
expansion in a, at scales of order m, or larger.
The lowest order mechanisms for creating the (bc) are the order-aj processes
qq, gg —(bc) + bé. At the LHC, the dominant contribution comes from the
gluon-gluon process, which is described by 36 Feynman diagrams. The typi-
cal Feynman diagrams are plotted in Fig. Z-2. This process can create the bc
in either a color-singlet or color-octet state. The cross section for color-octet
bc is expected to be about a factor of 8 larger than for color-singlet bc (from
counting the color states), which can partially compensate for suppression fac-
tors embedded in the matrix element. In contrast to the case for the production
of hidden-flavor quarkonia, there is no dynamical enhancement of the short-
distance coefficients of the color-octet bc at low or at high py. Color-octet
production processes should therefore be less important for bc mesons than for
quarkonium, and all existing calculation for the cross sections of bc mesons
have been carried out within the color-singlet model.

Two approaches have been used to compute d&[ij — (bc),+X)]: the com-
plete order-aj approach and the fragmentation approach [B2, 33, 34, B5]. In
the former, the parton cross-section is computed at leading order in a,. Instead,
the fragmentation approach is based on the fact that, for asymptotically large
pr > mg_, the parton cross-section can be further factorized into a cross-section
for producing bb and a fragmentation function Dj_,p (2, u) that gives the prob-
ability for the b to fragment into a B. carrying a fraction z of the b momentum:

dé[ij—>BC+X]~szd6[ij—> b+ b1Dyp (3, 1). (2.3)

This approach has the advantage of simple expressions for the b produc-
tion cross-section and the fragmentation function Dj_,p, of Eq.23. However, in
Ref.[B5, B6] it is proved that the fragmentation cross-section becomes an accu-
rate approximation to the complete order-a, cross-section only at very large py
values. Therefore this approach is no longer considered in the following.
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Figure 2.2: Feynman diagrams for the B, production in gluon-gluon fusion.
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2.2.1 Uncertainties on B, hadronic production

The inputs required to calculate the complete order-af cross-sections are the
masses my, m., and mp_, the decay constant Fy , the PDFs, the QCD coupling
constant a;, and the factorization scale .

The masses m;, and m, are known with uncertainties of about 2.4% and
8%, respectively. In the NRQCD factorization approach, mp_and mp. are set
= m, + my in the short-distance coefficients (the binding energy is taken into
account in contributions from operators of higher order in v).

The effect of the uncertainties on the quark masses on the estimate of the
B. production cross section is evaluated by calculating the cross section with
the allowed values of m. and m,;, while fixing all the other parameters. The
predictions for the direct B, production cross-section at the Tevatron and the
LHC are summarized in Table 21 (222) for several values of m, (mj) and for
typical values for the other parameters [31]. Due to the strong dependence on
the collision energy, the hadronic production cross-section for B. mesons at the
LHC is larger than at the Tevatron by a factor of about 16. The cross section
decreases by 10-20% for m,, steps of 0.2 GeV and m, steps of 0.1 GeV,

Tevatron (4/s = 2 TeV) LHC (/s = 14 TeV)
m, (GeV) 1.3 1.4 1.5 1.6 1.7 1.8 1.3 1.4 1.5 1.6 1.7 1.8
o[B.] (nb) | 4.84 3.87 3.12 256 212 1.76 |75.6 61.0 49.8 41.4 34.7 289

Table 2.1: The total cross-section for hadronic B, production at the Tevatron and LHC
for various values of m, [B1] and fixed b quark mass (m;, = 4.9 GeV). The gluon dis-
tribution function is CTEQ5L, the running of a, is leading order, u? = §/4, and Fg =
480 MeV.

Tevatron (/s = 2 TeV) LHC (4/s = 14 TeV)
my (GeV) 4.5 4.7 4.9 5.1 53 4.5 4.7 4.9 5.1 53
o[B.] (nb) | 410 3.55 3.12 2.70 238 | 63.4 56.2 49.8 44.1 39.6

Table 2.2: The total cross-section for hadronic B, production at the Tevatron and LHC
for various values of m;, [B1] and fixed ¢ quark mass (m, = 1.5 GeV). The gluon distri-
bution function is CTEQSL, the running of a, is leading order, u? = §/4, and F B, = 480
MeV.

An experimental measurement of the decay constant F_is not available,
therefore values obtained from potential models [24, 37, B8] or from lattice
gauge theory [B9] are used. The uncertainty on the factor F g is about 6%.
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The largest uncertainties in the theoretical predictions arise from the fac-
tor af(,u). There is a large ambiguity in the choice of the scale u, since the
short-distance process involves several scales, including m., my, and py. The
sensitivity to the choice of u could be decreased by carrying out a complete
calculation of the production cross-section at next-to-leading order in ay, but
this is, at present, prohibitively difficult. Fig. shows the differential cross-
sections for B, production as a function of the B, transverse momentum and
rapidity at the Tevatron and the LHC, using four different prescriptions for the
scale u [ZT]. At central rapidity, the variations among the four choices of scale
is about a factor of three at the Tevatron and a factor of two at the LHC.

The total uncertainty from combining all of the uncertainties in the direct
cross-section for B, production is less than an order of magnitude.

TEVATRON

© ) w0 70 ~ - : - :
p,(GeV) y

Figure 2.3: The differential cross-sections for B, direct production as a function of its
transverse momentum and rapidity at the Tevatron (/s = 2 TeV) and at the LHC (4/s
= 14 TeV) for four choices of the scale: u® = §/4 (solid line), u* = p2 + méc (dotted
line), u* = § (dashed line), and u* = p2, + m} (dash-dot line). The gluon distribution
is CTEQSL, the running of a; is leading order, Fz = 480 MeV, m. = 1.5 GeV, and m,;, =
4.9 GeV [B1].

2.2.2 Inclusive cross-section

So far I have discussed predictions for the direct production of the B.. What
can be measured experimentally is the inclusive cross-section, including the
feeddown from all of the higher states of the bc system. The excited states
below the (B D) threshold (an additional S-wave multiplet, one or two P-wave
multiplets, and a D-wave multiplet) all cascade down to the ground state B..
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Since the B.* decays into the B, with a probability of almost 100%, and its direct
production cross section is ~ 2.4 larger than that of the ground state [31], the
feeddown from directly-produced B.* s increases the cross-section for the B, by
about a factor of 3.4. Applying the complete order-aj calculation for B. and
B.* cross-sections to the 2S multiplet, the contribution of their feeddown can
be evaluated. The inclusive cross-section for B, production, including the effect
of feeddown from the direct production of all of the S-wave B, states, is larger
than the cross-section for direct B, production by a factor of about 5.4 [47].
Quantitative predictions for the contribution to the inclusive B, production
cross-section from the feeddown from P-wave states are not available so far.

In summary, the order-a, colour-singlet production cross-section for S-wave
bc mesons can be used to predict the B, production cross-section, including
feeddown from excited S-wave states. The uncertainty in the normalization
of that prediction is less than an order of magnitude. A measurement of the
inclusive cross-section for B. production much larger than the prediction could
indicate that there is a large contribution from the feeddown from P-wave or
higher-orbital-angular-momentum states. It could also indicate that the colour-
octet contributions to the direct production of the B, and the B.* are important.

2.3 B. decays and lifetime

As mentioned before, the B. meson is a particular state, because both quarks
compete in the decay. In fact, three classes of transitions can be identified:

1. the decay of the b-quark with the spectator ¢ quark
2. the decay of the c-quark with the spectator b quark

3. the annihilation of b with c, which results in B} — [ v;(c§,us), where
l=e,u,rt.

Inthe b — &cs decays one separates also the Pauli Interference (PI) with the
¢ quark from the initial state. The corresponding quarks diagrams are shown in
Fig.2Z4. The total decay width is therefore the sum over the partial widths:

I'B.—>X)=T(b—>X)+T(c —»X)+TI(ann.)+ ' (PI). (2.4

The dominant contribution to the B. lifetime is expected to be given by the
c-quark decays (~70%), while the b-quark decays and the weak annihilation
are expected to add about 20% and 10%, respectively, and the Pauli interference
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Figure 2.4: Quark diagrams for the B, meson decays: (&) the c-spectator decay; (H)
the b-spectator decay; (o) the annihilation.

term gives a valuable contribution in the b — ¢c5 decays at the level of -1.5%
(already included in the b-quark decay fraction) [&0].

In order to evaluate the contribution to the B, decay width from the first two
classes, the operator product expansion (OPE) approach for the quark currents
of weak decays [41], 42] can be applied. In this method, one first estimates
the a,-corrections to the free quark decays and uses quark-hadron duality [43]
for the final states. Then the matrix element for the transition operator in the
bound meson state is considered, taking into account the effects caused by the
motion and virtuality of decaying quark inside the meson because of the inter-
action with the spectator. In this way the b — ¢c§ decay mode turns out to
be suppressed almost completely due to the Pauli interference with the c-quark
from the initial state. The c-quark decays with a spectator b are also suppressed
compared to the decay of a free c-quark, because of the large binding energy
of the initial state. Possible effects of interference between the leading-order
weak amplitudes and the penguin corrections in B, decays were considered in
the framework of OPE in Ref. [44], and these corrections were estimated to be
about 4%.

The annihilation width is the sum of the widths from the annihilation of the
be state into quarks and leptons. When studying the annihilation into quarks,
one must take into account the hard-gluon corrections to the effective four-
quark interaction of weak currents, which give an enhancement factor a; =
1.22 £ 0.04. The nonperturbative effects of QCD can be absorbed into the
leptonic decay constant fp ~ 400 MeV. This estimate of the contribution from
annihilation into quarks does not depend on a hadronization model, since a
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large energy release, of the order of the meson mass, takes place.

Because of helicity suppression, the decay width is proportional to the square
of the masses of leptons or quarks in the final state, so that the contributions
from light leptons and quarks can be neglected. Thus, the only important anni-
hilation channels are bc — t+v. and bc — ¢s.

To calculate inclusive widths in the potential model approach, it is necessary
to sum up the widths of exclusive decay modes. For semileptonic decays of the
b quark (b — ¢l*v)), the hadronic final state is almost completely saturated by
the lightest bound states in the cc system, i.e. the 1S states n, and J/2. For
semileptonic decays of the ¢ quark (c — sl v,), the only bs states that can enter
the accessible energy gap are B; and B;.

The results of the calculation of the B, total width in the inclusive OPE and
exclusive potential model approaches give values that are consistent with each
other, if one takes into account the most significant uncertainty, which is related
to the choice of the quark masses (especially of the charm quark). The predicted
B. lifetime is
T PPM = 0,55 £0.15 ps. (2.5)

C

The OPE estimates of inclusive decay rates agree with semi-inclusive calcu-
lations in the sum rules of QCD and NRQCD [45, 46], where the saturation of
hadronic final states by the ground levels in the ¢c and bs systems is assumed,
as well as the factorization that allows to relate the semileptonic and hadronic
decay modes. Predictions from the three approaches are summarized in Table
3.

In contrast to OPE, where the heavy quark masses are the major source of
uncertainty, masses are fixed in the SR approach. The accuracy of SR calcula-
tions for the total width of the B, is indeed determined by the choice of the scale
u for the hadronic weak Lagrangian in the decays of ¢ quarks. The dependence
on the choice of the u scale is shown in Fig. 5, where u is varied between
m./2 and m,. The dark shaded region corresponds to the scales preferred by
the data on the charmed meson lifetimes.

2.3.1 Semileptonic and leptonic modes

The semileptonic decay rates are estimated in Ref.[46] using the sum rule ap-
proach and taking into account large Coulomb-like corrections for the heavy
quarkonium in the initial state. The widths and branching fractions calculated
using QCD sum rules are summarized in Table ZZ4.

In practice, the most useful semileptonic decay modes are those with a J/v
in the final state, which is easily detected in experiments via its leptonic decays.
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B. decay mode OPE, % PM, % SR, %

b—clty, 39+10 | 3.7+09 | 29+0.3
b — cud 162+4.1 | 16.7+4.2 | 13.1+1.3
Sb—¢ 250+6.2 | 25.0+£6.2 | 19.6+1.9
c—slty 85+21 | 10.1+25 | 9.0+0.9
¢ — sud 47.3+11.8 | 45.4+11.4 | 54.0 5.4
dic—os 64.3+16.1 | 65.6 £16.4 | 72.0 £ 7.2
Bf - tty, 29+£0.7 | 20£05 | 1.8+0.2
Bl —c§ 72+18 | 72+18 | 6.6+0.7

Table 2.3: The branching ratios of the B. decay modes calculated in the framework
of inclusive OPE approach, by summing up the exclusive modes in the potential model
and according to the semi-inclusive estimates in the sum rules of QCD and NRQCD

[&7].

T[Bc], ps
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Figure 2.5: The B_ lifetime calculated in QCD SR versus the scale u. Wide shaded re-
gion: uncertainty of the semi-inclusive estimates [46]; violet shaded region: preferable
choice as given by charmed mesons lifetimes. Dots: values in the OPE approach from
Ref. [41] (left point) and Ref. [@2] (right point). Narrow shaded region: result of [&0]
obtained by summing up the exclusive channels with a variation of the hadronic scale
in the decays of the b in the range 1< u, <5 GeV. Arrow: preferable prescription of u
= 0.85 GeV as discussed in [46].
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The calculations for the B, exclusive semileptonic decay rates into 1S charmo-
nium states obtained from QCD sum rules agree with the estimates from po-
tential models, which, additionally, consider the contributions of decays to the
excited 2S and 1P states. The direct decay rate into P-wave charmonium states
turns out to be about 20% of the direct decay rate into the 1S states. The ra-
diative decay of the y. states increases the total semileptonic decay rate of B,
to J/a by about 5%.

Mode I (10 % GeV) | BR, %
Betv, 5.8 4.0
Bietv, 7.2 5.0
neetv, 1.1 0.75
T v, 0.33 0.22
J/pet, 2.8 2.1
T/t 0.7 0.51

Table 2.4: Widths and branching fractions for the semileptonic decay modes of the Bc
meson calculated using QCD sum rules. The accuracy is about 10%. For branching
ratios, Tp_is set to 0.46 ps.

Leptonic decays marginally contribute to the to the B, full width. Never-
theless, their analysis is of particular interest, both from the phenomenological
and the theoretical point of view.

From the phenomenological side, B, annihilation modes are governed by
V,p; therefore they are Cabibbo-enhanced with respect to the analogous B,, de-
cays, and represent new channels to access this matrix element.

From the theoretical viewpoint, the purely leptonic (B, — [v) and the radia-
tive leptonic (B, — lvy) transitions are interesting since, in the nonrelativistic
limit of the quark dynamics, their rates can be expressed in terms of the decay
constant fg , providing alternative possibilities to measure it [48, 49].

The dominant leptonic B. decay is the B. — 7v, mode. However, it has a
low experimental efficiency of detection because of hadronic background in the
T decays and missing energy.

In the radiative modes, muon and electron channels are enhanced [A8]. In
fact, the additional photon removes the helicity suppression for the leptonic
decay of a pseudoscalar particle, leading to an an increase of the muonic decay
rate by a factor of two.
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2.3.2 Nonleptonic modes

The nonleptonic weak decays are described in the SM by a single W boson
exchange diagram at tree level. The hadronic decay widths can be obtained
assuming the factorization of the weak transition between the quarkonia and
the hadronization of products of the virtual W** boson decay.

The effective four-fermion Hamiltonian describing the nonleptonic decays
g1 — 2,3 has the form

q1—q2(q3) __ ﬁ q291 q291
‘%'oeff - ﬁ{Vqul[cl(“)ﬁl + co(u) o, ] 2.6)
+ Vouq, [ (O + () 0,°" T + hc.}

where Gy is the Fermi coupling constant and V, , are the CKM matrix elements.
The effective weak Hamiltonian consists of products of local four-quark opera-
tors 0, , renormalized at the scale u, and scale-dependent Wilson coefficients
¢1,2(u), which incorporate the short-distance effects arising from the renormal-
ization of ¢ ; from u = my, to u = O(m;). Without strong-interaction effects,
one would have ¢; = 1 and ¢, = 0. However, gluon exchange modifies this re-
sult renormalizing the original weak vertices and thus inducing new types of
interactions (such as the operators 0,).

The formula above can be rearranged [50] to

Clﬁl +C202=a101 +620~’2=a2ﬁ’2+010~1, (2.7)

with 1 1
ar(p) = cr(p) + -ca(w), as(p) = co(u) + -ar(m), (2.8)

C C

where N, is the number of colors and 012 are nonfactorizable color-octet current
operators.

With this description, three classes of decays can be identified. The first class
comprises color-favored tree diagrams and contains those decays in which only
a charged meson is directly produced from a color-singlet current (Fig.2_6a);
its amplitude is proportional to a;. The second class is caused by a color-
suppressed tree diagram and contains those decays in which only a neutral
meson can be generated directly from a color-singlet current (Fig.2_6H); its am-
plitude is proportional to a,. The third class of transitions consists of those
decays in which both a; and a, amplitudes interfere (Fig.2-6d).

For processes of class I with b-quark decays, estimates from SR and potential
model approaches are in good agreement. In contrast, the sum rule predictions
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Figure 2.6: Quark diagrams for nonleptonic decays of the first (a), second (B) and
third class (o), as defined in the text.

are significantly enhanced in comparison with the values calculated in poten-
tial models for transitions with color permutation, i.e., for class II processes.
Finally, for class III transitions, where the interference is significantly involved,
sum rule estimates for the squares of a; and a, are in agreement with the poten-
tial models. However, the authors of Ref. [30] found that the sign determination
could be different between the two approaches. In particular, due to the nega-
tive value of a, with respect to a,, they estimates that half of decays should be
enhanced in comparison with the case of Pauli interference switched off, while
the other half is suppressed, and they propose a list of the most sensitive decay
modes where to test the Pauli interference.

For the widths of nonleptonic c-quark decays the sum rule estimates are
typically greater than those of potential models and are consistent with the
inclusive ones.

The measurement of branching fractions for the semileptonic and nonlep-
tonic modes and their ratios can help examining the various theoretical ap-
proaches.
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2.3.2.1 B, decays into J /v + pions

In this Section we consider decays of the B. meson into pions and vector char-
monium J/p, that is B, — J /v + nn, where n = 1, 2, 3, 4. These are the B,
decays studied in this thesis.

These processes can be represented with the diagram in Fig. 277, where the
b-quark decays weakly with the emission of a W boson, which subsequently
decays into n pions (indicated as R in the figure).

B. () O /v

c

Figure 2.7: Typical diagram for B, — J /1 + nm decays.

According to QCD factorization, the amplitude of these processes splits into
two independent parts. The first factor describes the decay B, — J /Y W* and
its amplitude is calculated using B. meson form factor parametrizations. The
second part concerns the fragmentation of the virtual W boson.

A detailed calculation of the branching fractions of B, — J /4 + n7 decays
is presented in Ref. [51]. In particular, the authors exploit the analogy with
lepton decays (T — v, + n7m) to use existing experimental data to describe the
W fragmentation.

Furthermore, they compute the branching fractions using different approaches
to derive the form factors. The first approach is based on the fact that the quark
velocity in the B, system is small, and nonrelativistic wave functions can be
used to describe the heavy quarkonium (quark model approach, QM). The sec-
ond approach is based on the high speed of the final state J /) in the B, rest
frame, which allows to expand the process amplitude in the powers of the small
parameters My, /Mg_ (light cone approach, LC). An alternative approach ob-
tain the form factors from QCD sum rules (SR approach). Predictions with the
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different approaches are reported in Table ZZ3.

Note that neutral pions in the final state are considered in the count of the
number of pions, so that, e.g, 37 stands for the sum of ™ n%7° and n*n 7"
decay modes.

T 27 3n 47
LC 0.13 035 0.52 0.26
OM 0.17 0.44 0.64 0.33
SR 0.17 0.48 0.77 0.40

Table 2.5: Branching fractions (in %) for B, — J /vy + nm decays for different sets of
B, meson form factors [51].

Predictions for the branching fractions of B, decays with J /v plus pions
in the final states are also available in Ref. [52], where the authors study the
three-pion decay Bf — J/yn*n*n~ assuming the dominant contribution of
the intermediate axial-vector meson a;(1260) and vector meson p(770) in the
ntn nt and nt 7 invariant mass distributions, respectively (see Fig. P28 for
quark diagrams of the W decays). Their predictions for the branching fractions
and their ratios are summarized in Table 27A.

T 3 Ratio
LC 0.096 0.180 1.88
OM 0.111 0.207 1.87
SR 0.122 0.266 2.17

Table 2.6: Branching fractions (in %) for B, — J/v + nm decays for dif-
ferent sets of B, meson form factors and the predicted value of the ratio
BB —»J/yntntn)/B(B} —J/yn*) [52].
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Figure 2.8: Typical diagrams for W* — nm decays through the resonant states p°(770)
(B) and a;(1260) (o).
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2.4 The BCVEGPY generator

A dedicated event generator for the B. meson, BCVEGPY [53][54], is used to en-
hance the simulation efficiency of B, events, and overcome the low production
rate due to the small B, production cross section.

The B. production rate, requiring both a bb and a c couple, is in fact
~ 1073 compared to the single bb production. Thus, in PyTHIA simulation
program[55], only one B, meson is produced out of 10° pp interactions.

The BCVEGPY package emulates the hadronic production of Bj mesons through
the process gg — B, + b + ¢, and is based on a complete calculation approach
(full pQCD complete calculation at the lowest order aj). Contributions from
the quark pair annihilation production mechanism are neglected because they
are highly suppressed in pp collision environment.

The BCVEGPY package is integrated in the CMS software and interfaced
with PYTHIA (version 6.424, Z2 tune [56]), which hadronizes the whole event.
Tunes differ in the treatment of parton radiation and hadronization, and in the
choice of underlying event parameters including those regulating parton show-
ers, 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.

Unstable particle decays are simulated with EVTGEN [57] and the detector
response with GEANT4 [68].

2.5 Experimental scenario

Before the advent of the LHC, experimental measurements were limited to
semileptonic channels and the fully reconstructed decays B — J/+n*. The
former has the advantage of a larger branching fraction and statistics (the the-
oretical prediction is B(BY — J/Yn™) ~ 0.13%, B(B] — J/pu*v,) ~ 1.9%,
see below for the recent measurement from the LHCb experiment [[73]), but it
is not kinematically close, while the latter provides a precise determination of
the mass, but a lower rate.

The first observation of the B, meson was made by the CDF Collaboration
in 1998 in the semileptonic decay B} — J /yl* v, (I = e, ) [59, BO].
The production cross times branching fraction for this decay relative to that for
B* — J /4pK" was measured to be 0.132i8:8§% (stat)+ 0.031 (syst)*3:932 (lifetime)
for B and B mesons with transverse momenta py > 6 GeV and rapidities |y| <
1. This result is shown in Fig.ZZ9.
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Figure 2.9: Measurement from the CDF experiment of the cross section times branch-
ing fraction ratio (point) with 1-standard-deviation contour plotted at the measured
value of the BC lifetime. The shaded region represents two different theoretical pre-
dictions and their uncertainties. For further details, see Ref.[RY].

Both the CDF and the DO experiments measured the mass of the B, exploit-
ing the fully reconstructed B: — J /4t channel, obtaining 6275.6+2.9(stat)+
2.5(syst) [61] and 6300 + 14(stat) £ 5(syst) MeV [b62], respectively.

The B, lifetime was measured through the semileptonic decays B, — J /4e™ v,
[63] and B, — J /¢u* v, [64] by the two collaborations, respectively.
Only recently, the CDF Collaboration published a measurement of the B, life-
time in the kinematically closed channel B} — J /1™ [65]. The measured B,
lifetime is 7(B.) = 0.452 % 0.048(stat) + 0.027(syst) ps.

The advent of the LHC has opened a new era for the experimental investi-
gation of the B, meson. The LHCb experiment is driving the field, enriching the
scenario of the observed decay modes.

Using Run I data, the LHCb Collaboration reported the observation of many
new B. decay channels with a J /) in the final state: BY — J/+n*n*n~ [66],
BY — J/yK* [67], Bf = J/y3n*2n” [68], Bf — J/YK*K n* [69], B} —
J/¢D} and B} — J /4D " [I70].

They also published the observation of the decay B — ¥(2S)n* [[Z1], and the
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first observation of a baryonic B} decay, namely BY — ppn* [72]. For each
decay channel, the relative branching fraction is measured, generally resulting
in good agreement with the available predictions.

Also, a measurement of the ratio of the branching fractions into hadronic
and semileptonic decays R = B(B; — J /¢7")/B(B] — J/vyu* v,) has been re-
leased [[Z3]. The result, as shown in Fig. ZI10, is in the lower band of theoretical
predictions.
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Figure 2.10: LHCb measurement of the ratio of hadronic and semileptonic decay
branching fractions of the B, meson (R) (horizontal solid line) and its £10 uncertainty
band (dashed lines) compared to predictions (diamonds). For more details about the
theoretical predictions, see Ref.[[Z3].

Finally, the decay B} — Bn* was also observed [[74]: this is the first ob-
servation of a B, decay with the b-quark as a spectator.

The subject of this thesis is the measurement of the relative branching frac-
tion of the decays B} — J/yn*n*n~ and B] — J/1n" in the CMS experi-
ment.

The most precise measurement of the B. mass from LHCb was obtained in
the Bf — J/yD; decay mode, and is

6276.28 + 1.44 (stat) = 0.36 (syst) MeV. (2.9)

A measurement of the B lifetime in the semileptonic decay B} — J /u* v, X
has been recently provided. The LHCb measurement is [[Z5]:

Tp, = 509 + 8 (stat) + 12 (syst) fs. (2.10)
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This result is the most accurate measurement of Tg_so far and is higher than
the previous measurements from the Tevatron experiments.

Finally, production properties of the B} meson are measured in 7 TeV [76]
data in the kinematic region where p;(B,) > 4 GeV and pseudorapidity is 2.5 <
1 < 4.5. The ratio R, of the production cross-section times branching fraction
between the B} — J /¢y 7™ and the B¥ — J /4K decays is measured to be

R./, = (0.68 £0.10 (stat) + 0.03 (syst) + 0.05 (lifetime))%. (2.11)

This thesis provides a measurement of R/, in the kinematic region pr > 15
GeV and |y| < 1.6 performed with the CMS experiment at the LHC.

The ATLAS experiment has recently provided the first observation of an ex-
cited B, state, B.(2S), using the full statistics of Run I data [[ZZ]. The mass of the
observed state is found to be 6842 + 4 (stat) = 5 (syst) MeV and the significance
of the observation is 5.2c0. Fig.2ZI1 shows the distribution of the mass differ-
ence Q = m(B ) —m(BF)—2m(n™) obtained from the ATLAS experiment in
2011 and 2012 data. The B.(2S) signal peak is evident above the continuum
background.
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Figure 2.11: Distribution of Q = m(BXnm) — m(B¥) — 2m(n*) from the ATLAS exper-
iment for the opposite-charge pion combination (points with error bars) and for the

same (wrong)-charge pion combinations (shaded histogram) in 7 TeV (a) and 8 TeV
(B) data [77].
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Chapter 3

The CMS experiment at the LHC

The measurements described in this thesis are based on a data sample collected
by the CMS detector during the 2011 LHC Run. 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 and muon algorithms and the online selection.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [[Z8] is a circular superconducting accelerator
and collider, operating at the CERN site in Geneva, Switzerland.

The LHC accelerator is installed in the existing 27 km underground tunnel
previously used for the Large Electron Positron collider (LEP) [Z9]. It is de-
signed to provide proton-proton collisions at a center of mass energy of 14 TeV
and instantaneous luminosity of 10%* cm™2s™!, thus representing the next ma-
jor step in the high-energy frontier beyond the Fermilab Tevatron, which has
provided proton-antiproton collisions at a center-of-mass energy of 1.96 TeV.

The two proton beams, circulating in opposite directions, collide at four
locations, where dedicated experiments are positioned. The two experiments
ATLAS [B0] and CMS [81] are general-purpose detectors designed to operate
at high instantaneous luminosity. The LHCb experiment [82] is designed to
operate at lower luminosities and optimized to measure the properties of B-
hadrons. The ALICE experiment [83] has been especially built to explore the
properties of heavy-ion collisions. Finally, the TOTEM experiment [84] operates
at the same interaction point as the CMS experiment and is designed to study
the physics of elastic scattering at small angles.

The LHC accelerator chain and locations of the four experiments are shown

45
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in Fig. BTl. Protons are first accelerated to 50 MeV using the linear accelera-
tor Linac2. They are then injected into the Proton Synchrotron Booster which
accelerates them to 1.4 GeV. and sends them to the Proton Synchrotron (PS),
which accelerates the beams to 25 GeV. Protons are then fed to the Super Proton
Synchrotron (SPS), which increases the energy to 450 GeV and finally transfers
the two beams to the LHC.
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Figure 3.1: The CERN accelerator complex.

The rate of events for any process at the LHC is given by:
N=o%, 3.1

where o is the cross section of the process and . is the instantaneous luminos-
ity. The latter depends only on the beam parameters and is defined as

2
_ Nb npfreer F

4me, B (3.2)

The definitions of the beam parameters and their design values for collisions at
the highest luminosity are reported in Table BI.

The accelerator produced the first proton-proton collisions in November
2009. After few pilot runs, operations started in March 2010 at a reduced
center-of-mass energy of 7 TeV, delivering to the ATLAS and CMS experiments
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Parameter | Meaning Value

Ny Number of protons per bunch 1.15 x 101!
n, Number of proton bunches per beam 2808

frev Frequency of revolution 11.245 kHz
Yr Relativistic gamma factor 7461

€n Normalized transverse beam emittance | 3.75 um
p* Beta function at the interaction point 55 cm

F Geometric luminosity reduction factor | 0.836

Table 3.1: LHC beam parameters and their design values for the two general purpose
detectors [B5].

about 44 pb! by end of 2010 and 6 fb~! by end of 2011 (Fig.8&Zd). During
the 2011 data-taking period the instantaneous luminosity of the LHC was raised
from low luminosities up to ¥ = 3.6 x 1033 cm™2 s™! (Fig.B2H), thanks to the
increased number of bunches and 3* optimization. Figure shows the total
integrated luminosity delivered by LHC and recorded by CMS during stable-
beams in 2011 data-taking. The overall CMS recording efficiency was higher
than 90%.

During the 2012 data-taking, the LHC operated at a centre-of-mass energy
of 8 TeV and delivered about 23 fb™! of integrated luminosity to the CMS and
ATLAS experiments. In this period the LHC instantaneous luminosity reached
7.7x10% ecm™2 s, Since LHC operated at an increased bunch spacing of 50
ns, with a consequent decrease of the maximum number of bunches per beam
to 1374, this luminosity, greater than half the design luminosity, was achieved
by operating at larger bunch intensity (N, = 1.7 x 10'!) and lower normalized
emittance (e, = 2.5 yum) than the original design.

The high LHC luminosity allows to reach sensitivity to rare processes, but,
on the other hand, the event rate is so high that several interactions overlap
in the same bunch crossing. The pileup of multiple interactions of the same
bunch crossing and the overlap in the detector of signals from different bunch
crossings, due to the limited speed of detector response and read-out (out-of-
time pileup), pose significant challenges to the trigger, event reconstruction and
analysis.
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3.2 The CMS experiment

The Compact Muon Solenoid (CMS) experiment [81] is a general-purpose de-
tector situated at the LHC Point 5 near the village of Cessy, France. The detector
has a cylindrical geometry, with a length of 21.6 m, a diameter of 14.6 m and
a total weight of 12500 tons. The CMS detector consists in several concentric
subdetectors: the silicon tracker, the electromagnetic calorimeter, the hadron
calorimeter, and the muon system. The detector is sketched in Fig. B4.

Superconducting Solenoid
Silicon Tracker

Very-forward Pixel Detector

Calorimeter

— Preshower

T
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Hadronic | v 7
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Electromagnetic \ (AN
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\;/ Detectors

Compact Muon Solenoid

Figure 3.4: Schematic view of the CMS detector.

The core of the CMS apparatus is a 13 m long superconducting solenoid
with 5.9 m inner diameter, providing a uniform magnetic field of 3.8 T (see
Fig.BH). It generates a large bending power which allows to precisely measure
the transverse momentum of charged particles. The CMS magnet solenoid oper-
ates at a temperature of 4 K, ensured by a sophisticated helium cooling system.
The return field is large enough to saturate 1.5 m of iron, where muon stations
are integrated, while the inner tracker and the calorimetry are accommodated
inside the bore of the magnet coil.

The detector is subdivided into a cylindrical barrel part and endcap disks
on each side of the interaction point. Forward calorimeters complement the
coverage provided by the barrel and endcap detectors.
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Figure 3.5: Map of the |B| field (left) and field lines (right) predicted for a longitudinal
section of the CMS detector by a magnetic field model at a central magnetic flux density
of 3.8 T [BA]. Each field line represents a magnetic flux increment of 6 Wb.

CMS uses a cylindrical coordinate system (r, ¢, n) with the z-axis along the
beam line, r being the distance from the z-axis, ¢ the azimuthal coordinate
with respect to the x-axis, which points towards the center of LHC, and 7 the
pseudorapidity defined as 1 = —Intan 6 /2, with 6 being the polar angle.

In the following a brief description of the main features of the CMS detector
is reported, a more detailed description can be found elsewhere [BT].

3.3 The tracker

The inner tracking system of CMS is designed to provide a precise and efficient
measurement of the trajectories of charged particles emerging from the LHC
collisions, as well as a precise reconstruction of the decay positions of particles
with long lifetimes such as bottom quarks and taus.

The CMS Tracker [87] consists of two main detectors: a silicon pixel de-
tector, located close to the beam pipe and covering the region from 4 to 15 cm
in radius, and 49 cm on either side of the collision point along the LHC beam
axis, and a silicon strip detector, covering the outer region from 25 to 110 cm in
radius, and within 280 cm on either side of the collision point along the beam
axis.

The pixel detector, which is designed to provide the determination of three
high precision three-dimensional points on track trajectories, has 66 million
active elements covering a total area of ~ 1 m? . The silicon strip detector has
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9.3 million active elements instrumenting a surface area of 198 m?. The layout
of the CMS tracker is shown in Figure BA.
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Figure 3.6: Schematic r-z view of the CMS tracker.

3.3.1 Pixel detector

The pixel detector is situated close to the interaction point. It consists of three
concentric cylindrical barrel layers with two endcap disks on each side of them
(see Fig.B7). The barrel layers are located at average radii of 4.3 cm, 7.3 cm and
10.2 cm, and have an active length of 53 cm. The two end disks, extending from
4.8 to 14.4 cm in radius, are placed on each side at |z| = 35.5 cm and 48.5 cm.
The system provides efficient three-hit coverage in the region of pseudorapidity
|n| < 2.2 and efficient two-hit coverage in the region |n| < 2.5.

In order to achieve the optimal vertex position resolution, a design with
an almost square pixel shape of 100x150 um? in both the (r,¢) and the z
coordinates has been adopted.

The barrel comprises 768 pixel modules which are oriented with the smaller
pitch in the azimuthal direction. The large Lorentz drift of the collected elec-
trons due to the 3.8 T magnetic field enhances the azimuthal charge sharing
improving the r — ¢ resolution.

The endcap disks, that comprise 672 pixel modules, with 7 different mod-
ules in each blade, are assembled in a turbine-like geometry with blades rotated
by 20° to benefit from the Lorentz effect.
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Figure 3.7: Layout of the CMS pixel detector.

3.3.2 Strip tracker

The strip tracker surrounds the pixel detector. It is composed of almost 15400
modules each of which carries either one thin (320 um) or two thick (500 um)
single sided p-on-n type silicon micro-strip sensors. The thin sensors are used
closest to the beam pipe to minimize the amount of material there. The tracker
has four subsystems: the Tracker Inner Barrel (TIB), Inner Disks (TID), Outer
Barrel (TOB) and End Caps (TEC).

The TIB and TID extend in radius to 55 cm and consist of four cylindrical
barrel layers, supplemented by three disks at each end. The TIB/TID delivers up
to four r—¢ measurements on a trajectory using 320 um thick silicon microstrip
sensors, which have their strips oriented parallel to the beam axis in the barrel
and oriented radially in the disks. The two inner TIB layers support modules
with a strip pitch of 80 um, whereas the outer two host modules with a strip
pitch of 120 um. In the TID, the mean pitch varies between 100 and 141 ym.

The TOB surrounds the TIB and the TID. It consists of six cylindrical layers
that are centered on the z-axis and extend 1.18 m from the interaction point
in both directions along the z-axis. The TOB uses 500 um sensors with strip
pitches of 183 u in the first four layers and 122 um in the last pair of layers.

The TEC encloses the rest of the tracker. It consists of nine disks on each
side of the TOB that extend into the region 124 cm < |z| < 280 cm. The sensors
in the four inner rings are of the thinner, 320 um variety, while the ones in the
three outer rings are 500 um thick; the average radial strip pitch varies from
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97 to 184 um.

The inner two layers of the TIB and TOB, the inner two rings of the TID
and TEC, and the fifth ring of the TEC include a second microstrip detector
module that is mounted back-to-back at a stereo angle of 100 mrad and enables
a measurement of the orthogonal coordinate. Assuming fully efficient planes
and not counting hits in stereo modules, there are from 8 to 14 high precision
measurements of track impact points for |n| < 2.4.

3.4 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) [88] is a homogeneous and hermetic
calorimeter comprising 61200 lead tungstate (PbWO,) scintillating crystals mounted
in the barrel (EB), closed at each end by endcaps (EE) each containing 7324
crystals. In order to enhance photon identification capabilities, a preshower de-
tector (ES) based on lead absorbers equipped with silicon strip sensors is placed

in front of the endcap crystals. The ECAL layout is depicted in Fig. B8.

Crystalsina Preshower
supermodule

Supercrystals

End-cap crystals

Figure 3.8: ECAL layout, showing the barrel supermodules, the two endcaps and the
preshower detectors.

The high-density (8.28g/ cm?), short radiation length (X, = 0.89 cm), and
small Moliere radius (Ry; = 2.2 cm) of PbWO, allowed the construction of a
compact calorimeter inside the solenoid with fine granularity. The relatively
low light yield (30y/MeV) requires use of photodetectors with intrinsic gain
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that can operate in a magnetic field. Silicon avalanche photodiodes are used as
photodetectors in the barrel and vacuum phototriodes in the endcaps.

The barrel section has an inner radius of 129 cm and is structured as 36 “su-
permodules”, each covering half the barrel length, and provide 360-fold granu-
larity in ¢ and 85-fold granularity in each 7 direction up to |n| = 1.479. Each
supermodule is composed of four modules, formed by submodules with five
pairs of crystals. The EB crystals have a truncated pyramidal shape and are
mounted in a quasi-projective geometry (the axes are tilted at 3° with respect
to the line from the nominal vertex position), to minimize inter-crystal gaps
aligned to particle trajectories. They are 23 cm long and have a front face cross
sections of around 2.2 cmx2.2 cm.

The endcaps are located at a distance of 314 cm from the vertex and extend
the coverage to 1.479 < |n| < 3.0. The 22 cm long crystals, with front face
cross sections of 2.86 cmx2.86 cm, are arranged in an x — y grid to form an
approximately circular shape.

The ES contains two active planes of silicon strip sensors and associated me-
chanics, cooling and front-end electronics. It covers the region 1.65 < |n| < 2.6.
The sensors have an active area of 61 mmx61 mm, divided into 32 strips. The
planes closer to the interaction point have their strips aligned vertically while
the farther plane strips are horizontal, to provide accurate position measure-
ment and fine granularity in both coordinates.

3.5 Hadron calorimeter

The primary purpose of the Hadron Calorimeter (HCAL) [B9] is the measure-
ment of hadronic energy from collisions in CMS. In addition to the energy mea-
surement, the HCAL is also able to perform a precise time measurement for
each energy deposit, valuable for excluding calorimeter noise and energy de-
posits from beam halo and cosmic ray muon.

The HCAL consists of a set of sampling calorimeters (Fig.Bd). The barrel
and endcap calorimeters (HB and HE) are composed by alternated layers of
brass as absorber and plastic scintillator as active material. The scintillation
light is converted by wavelength-shifting fibers embedded in the scintillator and
channeled to hybrid photodiode detectors via clear fibers. The HB part consists
of 32 towers covering the pseudorapidity region |n| < 1.4, resulting in 2304
towers with a segmentation An x A¢ = 0.087 x 0.087. Each hadron endcap is
made by 2304 towers covering the pseudorapidity region 1.3 < |n| < 3.0.

The outer calorimeter (HO) utilizes the CMS magnet coil /cryostat and the
steel of the magnet return yoke as its absorber, and uses the same active material
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and read-out system as HB and HE. It is divided into 5 sections along 7, each
of which covers 2.5 m in z.

The forward calorimeter (HF) is based on Cherenkov light production in
quartz fibers and covers the region 3.0 < |n| < 5.0. The front face is located at
11.2 m from the interaction point and the absorber depth is 1.65 m.

Ring 2 Ring 1 Ring 0
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
HeAb RO S RoN T T

16

HCAL -HB

BEAM LINE

70 m
11.15m

Figure 3.9: HCAL layout, showing the four sub-detectors and the locations of the Front
End Electronics (FEE) for HB and HE.

3.6 The Muon system

Muon detection and reconstruction is a powerful tool for the discovery of new
physics and for precision measurements of standard model processes. These re-
quire the robust detection of muons over the full acceptance of the CMS detector
and over the very high background rate at the LHC.

The CMS muon system [90] has three primary functions: muon triggering,
identification, and momentum measurement. Excellent muon momentum res-
olution and trigger capability are enabled by the high-field solenoidal magnet
and its flux-return yoke, which also serves as a hadron absorber to facilitate the
identification of muons.

The CMS detector uses 3 types of gas-ionization particle detectors arranged
in a cylindrical barrel section and 2 planar endcap regions (Fig.Z10). The
choice of the detector technologies has been driven by the very large surface to
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be covered and by the different radiation environments. Drift tube (DT) cham-
bers and cathode strip chambers (CSC) detect muons in the regions |n| <1.2
and 0.9 < |n| < 2.4, respectively and are complemented by a system of resistive
plate chambers (RPC) covering the range |n| < 1.6.
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Figure 3.10: An r-z cross section of a quadrant of the CMS detector. The locations of
the various muon stations and the steel disks (dark grey areas) are shown. The 4 DT
(light orange) stations are labeled MB (muon barrel) and the CSC (green) are labeled
ME (muon endcap). RPC (blue) are in both the barrel and the endcaps, where they are
labeled RB and RE, respectively.

The barrel muon detector consists of 4 stations forming concentric cylinders
around the beam line. The 3 inner cylinders have 60 DT chambers each and
the outer cylinder has 70. The smallest unit of the DT detector is a drift cell 42
x 13mm in area by 2-3 m in depth; four rows of drift cells staggered by half
a cell form a superlayer. The final geometrical arrangement is 2 superlayers
along the beam and one perpendicular to it, spaced by a honeycomb structure
to provide support and higher angular coverage. Each station is designed to
give a muon vector in space, with a ¢ precision better than 100 um in position
and approximately 1 mrad in direction.

The Endcap Muon system consists of 468 CSC arranged in groups. A CSC
unit is made of 6 sets of multiwire gas chambers planes with cathode strips
glued to the walls, aligned along the radial direction and perpendicular to the
wires. The innermost CSC detector lies inside the solenoid, so the wires have
to be rotated at a Lorentz angle of 29° to compensate for the Lorentz drift. A
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muon in the range 1.2 < |n| < 2.4 crosses 3 or 4 CSCs. The spatial resolution
provided by each chamber is typically about 200 um and the angular resolution
in ¢ is of order 10 mrad.

In addition to these tracking detectors, the CMS muon system includes a
complementary, dedicated triggering detector system with excellent time res-
olution (~ 1 ns). The RPCs are double-gap chambers operated in avalanche
mode to ensure reliable operation at high rates. They are located both in the
barrel and the endcaps: in the barrel there are 4 stations, while in the endcap
there are 3.

3.7 Track and vertex reconstruction

The trajectory of a charged particle in the quasi-uniform magnetic field of the
tracker is a helix, and therefore it is described by five parameters.

Track reconstruction algorithms rely on a good estimate of the proton-proton
interaction region, referred to as the beamspot. After the beamspot reconstruc-
tion (see Sec. B-Z2), track reconstruction starts using the pixel hits. CMS stan-
dard track reconstruction uses an adaptation of the combinatorial Kalman filter
[91, 2] named Combinatorial Track Finder (CTF). Multiple iterations of the
CTF track reconstruction sequence (iterative tracking) are performed: the idea
is to first search for those tracks that are easiest to find (large pr, produced
near the beamspot), remove the hits associated with these tracks and perform
the following step in a cleaner environment, looking for more difficult classes of
tracks. The final set of tracks is merged to form the collection of reconstructed
tracks.

Each iteration proceeds in four steps:

SEED GENERATION The seeds define the initial estimate of the trajectory param-
eters and their corresponding uncertainty. Seeds are constructed in the
inner part of the tracker and track candidates are built outwards. Seed
generation requires information on the beamspot and primary vertices
position, which is produced before starting the track reconstruction by a
very fast algorithm using only hits from the pixel detector. Track seeds are
then searched for: they can be be either a triplet of hits, or two hits plus
a vertex constraint and must be found within a tracking region defined
by limits on the acceptable track parameters, including minimum pr, and
maximum transverse and longitudinal distances of closest approach to the
assumed production point of the particle.

TRACK FINDING This step is an iterative algorithm based on the Kalman filter
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method. Starting from a coarse estimate of the track parameters provided
by the trajectory seed, track candidates are built by adding hits from suc-
cessive detector layers and updating the track parameters at each step.
All track candidates found at each layer are propagated to the next com-
patible layers. 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 and the procedure is repeated until a termination condition is sat-
isfied. Since the track of a single charged particle can be reconstructed
more than once (starting from different seeds or when a given seed de-
velops into more candidates), a trajectory cleaner is applied after all the
track candidates in a given iteration have been found.

TRACK FITTING The trajectory is refitted using a Kalman filter starting from

the innermost hit and proceeding outwards. After a smoothing stage, a
second filter, initialized with the results of the first one, is run backwards
towards the beam line. The optimal track parameters are then obtained
from the weighted average of these two filters. After filtering and smooth-
ing, spurious hits, incorrectly associated to the track, are searched and
removed, and the track is again filtered and smoothed.

TRACK SELECTION Quality requirements are applied to the reconstructed track

candidates in order to discard fake tracks (tracks not associated to any
charged particle). The selection is based on different variables, such as
number of layers that have hits, fit y2/ndof and distance from the pri-
mary interaction vertex. Track selection criteria have different values for
each iteration and are defined as loose, tight and high purity, providing
progressively more stringent requirements, which reduce the fake rate but
also the efficiency.

Results for tracking efficiency are shown in Fig.BI1l. The efficiency is mea-

sured on simulated particles generated within |n| < 2.5, with a production point
< 3 cm and < 30 cm from the centre of the beamspot for r and |z|, respectively.

3.7.1 Primary vertex reconstruction

The goal of primary-vertex reconstruction is to measure the position and the
associated uncertainty of all pp interaction vertices in each event (both “signal”
and vertices from pileup collisions). This is performed in three steps: track
selection, track clustering and vertex fitting.
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Figure 3.11: Top row: track reconstruction efficiencies for pions passing the high-
purity quality requirements. Results are shown as a function of i (left), for p; =1, 10,
and 100 GeV and as a function of p; (center), for the barrel, transition, and endcap
regions, which are defined by the 7 intervals of 0-0.9, 0.9-1.4 and 1.4-2.5, respectively.
Bottom row: fake rate for single, isolated pions passing the high purity cuts, as a func-
tion of p; and 7 [93].

The first step consists in choosing tracks consistent with being produced in
the primary interaction region. This is accomplished by imposing requirements
on the transverse impact parameter significance, number of hits in the pixel and
strip detectors, and quality of the track fit.

The selected tracks are then grouped into clusters on the basis of their z-
coordinates at their point of closest approach to the centre of the beam spot.
The clustering is performed using a deterministic annealing (DA) algorithm, de-
scribed in Ref. [94].

Candidates vertices identified via the DA clustering are finally fitted to find
the best estimation of the vertex parameters. The fit is performed using an
adaptive vertex fitter [95], which assign each track a weight based on the com-
patibility of the track with the vertex.
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The efficiency of reconstructing a primary vertex and the resolution of the
reconstructed primary-vertex position depends strongly on the number of tracks
used to fit the vertex and their py, as shown in Fig. BTA. The resolution in x
and z for primary vertices reconstructed using at least 50 tracks are less than 20
and 25 pm, respectively, for minimum-bias events. It significantly improves (up
to 10 and 12 um) for jet-enriched events, where the average track py is higher.
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Figure 3.12: Plots in the first row show the x and z resolution as a function of the
number of tracks at the fitted vertex, for two kinds of events with different average
track p; values [93]. The tracks in jet-enriched events have significantly higher mean
pr than minimum bias data, resulting in a better vertex resolution.

On the second row: primary-vertex reconstruction efficiency as a function of the num-
ber of tracks in a cluster, measured in minimum-bias data and in MC simulation.

3.7.2 Beamspot reconstruction

The beamspot is defined as a 3D profile of the luminous region where the LHC
beams collide in the CMS detector. In contrast to the primary vertex recon-
struction, that is performed for each collision, the beamspot parameters are
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measured from an average over many events (precisely, it is determined every
luminosity section, corresponding to a period of 23 seconds).

The position of the centre of the beamspot is determined through the com-
bination of two methods: the first, used to measure the z coordinate and the
RMS widths of the luminous region, consists in a fit to the 3D distribution of
primary vertex positions; the second [96], used to determine the transverse co-
ordinates, only needs track information and exploits the correlation between
dy and ¢ that appears when the beamspot is displaced relative to its expected
position.

The beamspot position is used to estimate the position of the interaction
point prior to the reconstruction of the primary vertex and to provide an addi-
tional constraint in the reconstruction of all the event primary vertices.

3.7.3 Secondary vertex reconstruction

In this thesis, the secondary vertex reconstruction is performed using a kine-
matic fitting [97], which allows to apply user-defined constraints on the track
and vertex parameters. This can be useful to improve the experimental resolu-
tion of the measurements.

The mathematical approach of the kinematic fitting is based on Least Mean
Square minimization with Lagrange multipliers, which allows to formulate the
problem in a form that has a unique solution. The fitting algorithm comprises
multiple iterations, which take each time the result of the previous step as the
starting point and are repeated until a maximum number of iterations or the
residuals of the constraint equations are below a certain value.

The application of constraints in the fit procedure allows to improve the
resolution on both the reconstructed mass (more than 50% improvement) and
vertex transverse and longitudinal coordinates.

3.8 Muon reconstruction and identification

In the standard CMS reconstruction for pp collisions, muon tracks are first re-
constructed independently in the inner tracker (tracker track) and in the muon
system (standalone-muon track). Based on these objects, two reconstruction
approaches are used:

GLOBAL MUON RECONSTRUCTION (OUTSIDE-IN) For each standalone-muon track,
a matching tracker track is found by comparing parameters of the two
tracks propagated onto a common surface. A global-muon track is fit
combining hits from the tracker track and standalone-muon track, using
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the Kalman-filter technique. At large transverse momenta, pr > 200GeV,
the global-muon fit can improve the momentum resolution compared to
the tracker-only fit.

TRACKER MUON RECONSTRUCTION (INSIDE-OUT) In this approach, all tracker
tracks with py > 0.5 GeV and total momentum p > 2.5 GeV are consid-
ered as possible muon candidates and are extrapolated to the muon sys-
tem taking into account the magnetic field, the average expected energy
losses, and multiple Coulomb scattering in the detector material. If at
least one muon segment (i.e., a short track stub made of DT or CSC hits)
matches the extrapolated track, the corresponding tracker track quali-
fies as a Tracker Muon. Minimal requirements for performing track-to-
segment matching are described in [98].

Tracker Muon reconstruction is more efficient than the Global Muon recon-
struction at low momenta, p < 5 GeV, because it requires only a single muon
segment in the muon system, whereas Global Muon reconstruction is designed
to have high efficiency for muons penetrating through more than one muon sta-
tion and typically requires segments in at least two muon stations. Owing to the
high efficiency of the tracker-track reconstruction and the very high efficiency
of reconstructing segments in the muon system, about 99% of muons produced
in pp collisions within the geometrical acceptance of the muon system and hav-
ing sufficiently high momentum are reconstructed either as a Global Muon or
a Tracker Muon, and very often as both. Candidates found both by the Global
and the Tracker Muon approaches sharing the same tracker track are merged
into a single candidate. Muons reconstructed only as standalone-muon tracks
have worse momentum resolution and higher admixture of cosmic-ray muons
than the Global and Tracker Muons.

These basic reconstructions can be further refined for specific purposes:
physics analyses can indeed accommodate the desired balance between iden-
tification efficiency and purity by applying a selection based on various muon
identification variables.

A set of requisites suited to B-physics analyses has been studied and opti-
mized (Soft Muon selection) for low pr muons (pr < 10 GeV).

This selection requires the candidate to be a Tracker Muon, with the addi-
tional request that a muon segment is matched in both x and y coordinates
with the extrapolated tracker track. Segments that form a better match with a
different tracker track are not considered.

The combined muon reconstruction and identification efficiency of the Soft
Muon selection has been measured for prompt produced muons in Ref. [99]
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using a “tag and probe” technique. The results are shown in Fig. B13 for data
collected in 2010 and simulation; J /v — u*u~ events are used to measure the
efficiency for p;y < 20 GeV, while Z — u*u~ decays are used for p; > 20 GeV.
The plateau of the efficiency is reached at p; ~ 4GeV in the endcaps and ~
6 GeV in the barrel. The efficiency measured from J /v — u*u~ (Z —» u*tu™)
data events is ~ 98.4% (99.2%) in the barrel and 98.0% (99.9%) in the endcap.
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Figure 3.13: Tag-and-probe results [99] for combined muon reconstruction and iden-
tification efficiency in data compared to simulation. Given that a tracker track exists,
the plots show the efficiency as a function of muon p; in the barrel and overlap regions
and in the endcaps (first row). The measurement is made using J /¢ — utu~ events
for p; < 20 GeV and Z — u*u~ events for p; > 20 GeV. The plot on the second row
shows the efficiency as a function of muon pseudorapidity as measured from Z — u*u~
events.

Further identification variables have been studied to suppress muons from
decay in flight and guarantee a good p; measurement. In particular, require-
ments on the number of hits in the tracker (>10), of which at least 2 in the
pixel detector, and cuts on the transverse (longitudinal) impact parameter with
respect to the primary vertex, d,, < 3 cm (d, < 30 cm) have been adopted.
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Finally, the y2?/ndof of the tracker-track fit is a good discriminant to suppress
muons from decays in flight, and is required to be less than 1.8.

3.9 Trigger

At design luminosity, the LHC will collide proton bunches every 25 ns, with
each collision resulting in an average of 20 proton-proton interactions. The
total amount of data from these interactions is several orders of magnitude
larger than what can be written to permanent storage. As a consequence, the
selection of the interesting interactions must be performed online.

The CMS trigger system [I00] is designed in two steps: the Level 1 (L1)
trigger, which is built on custom electronics, and the High Level Trigger (HLT),
which relies on commercial processors.

The L1 trigger performs a fast, coarse-grained analysis of the detector in-
formation and reduces the bunch crossing rate to around 100 kHz. The HLT
then performs a slower, but more precise analysis and further reduces the rate
to about 300 Hz.

3.9.1 L1 Trigger

The L1 trigger hardware is located partly on the detector and partly in the un-
derground control room 90 m away. It stores the data from multiple bunch
crossings in pipelines and takes at most 3.2 us to decide whether the data from
a particular bunch crossing should be sent to the HLT. It uses information from
the calorimeters and the muon system, which provide trigger primitives in the
form of local energy deposits and track segments or hits, respectively.

The L1 trigger system is organized into three subsystems: the calorimeter,
the muon and the global L1 trigger.

The muon trigger is further divided in subsystems representing the three
muon detectors, the DT trigger in the barrel, the CSC trigger in the endcap and
the RPC trigger in both barrel and endcap. The Global Muon Trigger (GMT)
combines information for DT, CSC and RPC by converting muon tracks into the
same coordinates and correlating CSC and DT tracks with RPC tracks. It also
connects muon tracks with an 1 — ¢ grid of quiet calorimeter to determine
if these muons are isolated. Finally, muons are sorted based on their quality,
correlation and p; and the first four muons are sent to the L1 global trigger.

The calorimeter trigger is based on trigger towers each of which takes input
from a grid of ECAL crystals and HCAL channels. A trigger primitive is generated
for each trigger tower in the ECAL and HCAL, up to |n| = 3.0. HF provides
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trigger primitives from the forward region, covering the range 3.0 < |n| < 5.0,
which are used for jet and energy sum triggers only. The pattern of energy
deposited in the towers is used by the Regional Calorimeter Trigger to identify
electron, photon and jet candidates, and the tower energies are summed to
obtain the candidate transverse energy (Er). Candidate electrons, photons, taus
and jets are sent to the Global Calorimeter Trigger (GCT), which sorts them and
forwards the top four of each type to the Global Trigger.

Information from GMT and GCT is finally collected and combined by the
Global Trigger, which makes the final L1 trigger decision. A diagram of the L1
trigger system is shown in Fig. BT4.
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Figure 3.14: Architecture of the L1 trigger.

3.9.2 High Level Trigger

The HLT code performs the reconstruction and selection of physics objects using
the full event data with fine granularity and matching information from differ-
ent subdetectors. However, in order to meet the timing requirements for the
online selection, the event reconstruction performed by the HLT is faster and
less accurate than the offline one.

The HLT reconstruction starts from those candidates identified by the L1
trigger and is arranged in a chain of virtual trigger levels: the Level 2 uses
calorimeter and muon detector information, the Level 2.5 additionally uses the
tracker pixel information, and the Level 3 accesses the full event information.
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The HLT decision is based on many independent algorithms called paths.
Each trigger path is a sequence of software modules which do reconstruction
and require the presence of one or more physics object passing specific kine-
matic thresholds.

A “prescale” factor can be applied to trigger paths with very low thresholds,
in order to collect data samples for measuring and monitoring the efficiency of
higher threshold paths.

In the 2011 Run, there were more than 100 different paths with differ-
ent thresholds for various physics objects. As the instantaneous luminosity in-
creased, both L1 and HLT selections evolved in order to keep the rate within
the allowed bandwidth.

The analysis presented in this thesis relies on dimuon paths, exploiting the
presence of a J /4 meson decaying into two muons in the final state.

The muon reconstruction at HLT proceeds in two steps. The first is the Level
2 (L2) muon reconstruction, which build tracks in the muon chambers starting
from L1 candidates and building the trajectory from inside out. The second
step is the Level 3 (L3) reconstruction, which consists in extending the muon
trajectories to include the full tracker information starting from the L2 track.
After each step, filters on the track quality,  and p; of the muon are applied in
order to reduce the rate. Eventually, isolation criteria are also requested using
calorimeter and tracker information. Fig. B9 is a schematic view of muon
reconstruction.

As mentioned before, most of B-physics analyses rely on dimuon triggers.
Many dimuon trigger paths have been implemented in the 2011 data-taking,
each one covering a specific dimuon mass range and with specific requirements
on the dimuon pr, dimuon vertex probability and, eventually, displacement of
the dimuon vertex with respect to the beamspot. Fig. BTA shows the dimuon
mass distribution collected with the various dimuon triggers during the first 1.1
fb~! of 2011 data.



3.9. Trigger

Key:

Muon

Electron

Charged Hadron (e.g. Pion)

= = = = Neutral Hadron (e.g. Neutron)

Transverse slice
thiough CMS.

67

om

m m

Electromagnetic
Calorimeter

Hadron
Calorimeter

T
m am 5m M m

Iron return yoke interspersed
with Muan chambess

L1

L1 pass through}

L2 pass through]

Figure 3.15: Schematic view of muon reconstruction at trigger level.

Events per 10 MeV
B
(=]

ool vl vd vl v vl cd vl o

2011 Run,L=1.1fb?
CMS \s=7TeV

trigger paths
JIp mv
moy
Bs — W'Y
Y Yy
M low p_double muon
high p_double muon

z

10 - 10°
dimuon mass [GeV]

Figure 3.16: Dimuon mass distribution collected with various dimuon triggers during
the first period of 2011 Run. The coloured paths correspond to dimuon triggers with
low py thresholds but narrow mass windows; the light gray distribution represents
events collected with a high p; dimuon trigger, which allows to enlarge the dimuon
mass window to the whole spectrum. The dark gray band is a low p; dimuon trigger
available in the first 220 pb~! only.



68

Chapter 3. The CMS experiment at the LHC



Chapter 4

Measurement of Rg_and R/,

In this Chapter I describe the analysis performed for the measurement of the ratios

_ BBf = J/yntant)

B = BB} — J/ynt)

and
_ o(Bf)xB(Bf = J/yn")

T o(BY) x B(B* — J/YK*)

The analysis general criteria are outlined in the first sections of the Chapter. The
event selection and signal extraction are then described in details. The measure-
ments of Ry, and Rp_and the evaluation of their systematic uncertainties are
reported in the following sections. Finally, some comments and comparison with
results from other experiments are exposed.

4.1 Overview

This analysis exploits the two B, hadronic decay channels BCJr — J/ynt and

Bf — J/yn*n*n~ (charge conjugation is implied throughout this Chapter).
Signal events are identified using the J /1) meson decay into two oppositely

charged muons (B(J /¢ — utu~) = 5.93+0.06 %), to which one charged track,

assumed to be a pion, is paired to form a BY — J/+m* candidate.

Bf — J/¢pn*n*n~ candidates are analogously formed by combining a J /)

candidate with three tracks, assuming that they are pions and requiring their

total charge to be +1.

The same analysis strategy as for the B — J /4y nt* channel (except for the mass
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hypothesis assigned to the track) is adopted to reconstruct the B* — J/YK™*
decay, which is used as reference channel in the cross section measurement.

The event selection criteria have been first optimized on the B — J /ypn*n*n™
channel, which is affected by high combinatorial background; the kinematic re-
gion defined by the optimal selection cuts (pr(B.) > 15 GeV and |y(B.) | < 1.6)
is then propagated to the three-body decay B} — J /v and, consequently, to
the high-statistics decay Bt — J /YK *.

Signal yields are extracted through unbinned maximum likelihoods fit to
the resulting invariant mass distributions.

The ratio of the event yields is then converted into a measurement of the
branching fractions Rp_ or cross sections times branching fractions R./,. Data
are weighted event-by-event with the corresponding reconstruction efficiency as
evaluated from the MonteCarlo (MC) simulation. Indeed, an accurate study of
the selection efficiency and its dependence on the event kinematics is performed
for each of the three decay modes considered in the analysis. The efficiency is
modeled as a function of the meson transverse momentum for the three-body
decays, while a more complicate set of variables (invariant mass combinations
of the particles in the final state) is exploited for the parametrization of the
reconstruction efficiency for the B. five-body decay. Furthermore, the increasing
instantaneous luminosity of the LHC during the data-taking has led to trigger
menu evolving throughout the year. The different online requirements have
been taken into account in the evaluation of the efficiency.

The efficiency-corrected data are fit with an unbinned maximum likelihood
estimator, and the measurements of Rg_and R/, are obtained.

A careful evaluation of systematic uncertainties is carried out by consider-
ing contributions from the experimental methods employed in the analysis, the
limited accuracy of the simulation and object reconstruction. Other sources of
systematic uncertainties (integrated luminosity, trigger efficiency, muon recon-
struction efficiency, J /¢ — u*u~ branching fraction) are not considered, since
they cancel out in the ratio.
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4.2 Dataset and triggers

This analysis is based on data collected by the CMS experiment at 7 TeV dur-
ing the 2011 data-taking. During this data acquisition period, LHC delivered a
maximum instantaneous luminosity (L) of 5 x 1033 em™2s™!, with an average
of 7.5 inelastic pp collisions per bunch crossing at the CMS interaction region.

The events are required to fulfill a good-run selection for muons, that is, data
of good quality from the central tracker and the muon system. No additional
requirement on the calorimeters status during the data taking is applied. The
sample corresponds to an integrated luminosity (L;,,) of 5.1 fb™1.

4.2.1 MonteCarlo samples

High statistics MonteCarlo samples are used to optimize the selection cuts and
measure the reconstruction efficiency.

Simulated events containing a B. meson have been generated using the
dedicated B, meson generator as explained in Sec. Z4. The B, decay modes
Bf — J/yn*, Bf —» J/Yyn*n*n” and B] — J/ya;(a; = p(770)7™) have
been simulated.

In order to optimize the sample production, acceptance cuts have been ap-
plied at generator level: a minimum py cut, pr(B,) > 9 GeV, and the rapidity
interval |y(B,)| < 2.5 have been required.

A simulated B¥ — J /K" sample is used to measure the reconstruction
efficiency of the B meson. Acceptance cuts at generator level are not applied
for the production of this sample.

The transverse momentum and rapidity distributions of the generated parti-
cles are shown in Fig &1 and Fig.&2 for the B} and the B* mesons, respectively.

4.2.1.1 Pileup distribution in the simulation

The simulated samples are generated with a distribution for the number of
pileup interactions which is meant to cover the conditions expected for the
whole 2011 Run.

The 2011 data-taking can be divided into three main instantaneous-luminosity
periods (see Tab. BT, with an average number of reconstructed primary ver-
tices of 5.4, 6.3 and 9.6 respectively. In order to accurately describe the actual
data-taking conditions in each of the three luminosity phases, the MC sample
is divided in three subsamples and the simulated primary vertex distribution is
reweighted accordingly to the primary vertex distribution of data in the three
periods.
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Figure 4.1: Transverse momentum (left) and rapidity (right) distributions of the B}
meson at generator level.
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Figure 4.2: Transverse momentum (left) and rapidity (right) distribution of the B*
meson at generator level.

The reweighting procedure is based on the actual number of pileup vertices
per event (not the number of reconstructed primary vertices), allowing for a
more careful emulation of the experimental environment. In fact, despite the
primary vertex reconstruction with the Deterministic Annealing strategy (see
Sec.BZZ1) is efficient and well-behaved up to relatively high levels of pileup, the
final distribution for the number of reconstructed primary vertices is sensitive
to the details of the primary vertex reconstruction and to differences in the
underlying event in data versus simulation. Furthermore, the distribution for
the number of reconstructed vertices can be biased by the offline event selection
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criteria and even by the trigger.

In order to factorize these effects, instead of reweighting the Monte Carlo
by the number of reconstructed Primary Vertices, the number of pileup inter-
actions from the simulation truth is considered. The target pileup distribution
for data is derived using the per-bunch-crossing-per-luminosity-section instan-
taneous luminosity together with the total pp inelastic cross-section to generate
an expected pileup distribution, correctly weighted by the per-bunch-crossing-
per-luminosity section integrated luminosity over the entire data-taking period.

The data and B} — J /2" MC reconstructed primary vertex distributions
are compared in Fig. before and after the pileup reweighting procedure is
applied to the simulation. The data and reweighted MC distributions are in
good agreement.

The same reweighting strategy is applied on the Bf — J/vn*n* 7~ and
B* — J /K™ simulated samples, and similar results are achieved.

4.2.2 Online selection

All L1 triggers involved in this analysis require the presence of two high quality
muon objects in the event. L1 muons are requested to have |n;;| < 2.4, and no
cut on the muon transverse momentum is applied.

The HLT selection is based on two opposite-charge L3 muons, having a
dimuon invariant mass within the J /1 mass window (2.9 - 3.3 GeV). A ver-
tex fit is performed to the two muon tracks to identify their crossing point. A
minimum probability for the dimuon vertex (0.5%) and a minimum J /4 trans-
verse momentum (6.9 GeV) are required. In order to reject prompt produced
J /4, the dimuon vertex is required to be displaced from the beamspot; the dis-
tance between the dimuon vertex and the beamspot (L; /w), evaluated in the
transverse plane, is required to be greater than three times its corresponding
uncertainty (o Ly, w)' In addition, the cosine of the angle a between L; S and
the J /4 transverse momentum is required to be greater than 0.9. A selection
based on the distance of closest approach (DCA) between the two muon tracks
is also applied to reduce the pileup effects.

With the increase in the instantaneous luminosity of the LHC, tighter thresh-
olds were applied to the muon momentum, pseudorapidity and dimuon vertex
probability, in order to maintain an acceptable trigger rate. The evolving trig-
ger requirements are summarized in Tab.E2. The tighter selections will imply
a lower efficiency for the B} and B* reconstruction, as shown later. The inte-
grated luminosity collected by each trigger path is reported in Tab.reftab:lumi.
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Figure 4.3: Number of reconstructed primary vertices in data and MC (B} — J/+m*
sample) with and without pileup reweighting, for the three instantaneous-luminosity
periods of Run I data-taking.

L(em2s) | Ly, (pb D) HLT Path

1(1.4) -10% 980 HLT Dimuon7_Jpsi_Displaced
2-10% 924 HLT DoubleMu3p5_ Jpsi_Displaced

3(5)-10% 3139 HLT DoubleMu4 Jpsi_Displaced

Table 4.1: Scheme of the three instantaneous luminosity periods of Run I, correspond-
ing integrated luminosity and displaced J /4 trigger path.
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HLT Path L1 seed pr (GeV) | [n#| | vtx CL
HLT Dimuon7_Jpsi_Displaced L1_DoubleMu0 0 2.4 | 0.5%
HLT DoubleMu3p5_Jpsi_Displaced L1_DoubleMu0O 3.5 22 | 10%
HLT DoubleMu4 Jpsi_Displaced L1 DoubleMuO HighQ 4 22 | 15%

Table 4.2: Selection requirements, implemented at HLT level, that changed in value
during the 2011 data-taking.

4.3 Offline event selection

In the offline reconstruction the analysis is driven by the J /1) meson identifica-
tion via its decay into two opposite-charge muons.

The muon selection has been studied specifically for B-physics analyses (see
also Sec.B.8). The two muons are required to have a track matched with at least
one muon segment, and, in order to suppress muons from decays in flight, their
transverse (longitudinal) impact parameter with respect to the primary vertex
must be less than 3 cm (30 cm). For the same reason, and to guarantee a good
pr measurement, the muon tracks must leave at least 11 hits in the tracker,
with at least 2 from the pixel detector. Finally, the hadronic punch-through is
suppressed by requiring a track fit y2 per degree of freedom less than 1.8.

The J /1) candidates formed by the two muons have to match the trigger cri-
teria, and the muons themselves are required to be consistent with those which

fired the trigger in a AR = 1/(An)? + (A¢)? cone of 0.5.

The behavior of the trigger turn-on curves of the main variables (pJT/ w,
Lyyloy, 1> COSa and dimuon vertex probability) is studied in data and MC
to verify that data are well reproduced by the simulation.

The study is performed for the two trigger paths HLT Dimuon?7 Jpsi_displaced
and HLT DoubleMu4 Jpsi_displaced. The HLT DoubleMu3p5_ Jpsi_displaced
path is, indeed, very similar to the last one. The prescaled inclusive J /1 trigger
HLT DimuonO_Jpsi is used to select an unbiased sample of J /v mesons. This

trigger path requires two muons with dimuon invariant mass in the J /1) mass

J/$

window and a minimum vertex probability (0.5%); it is used to study the p%' ",

Lyy/oy, " and cosa requirements.

One variable is studied at a time. The requirements on the other two vari-
ables are applied in the offline reconstruction in order to disentangle the ef-
fects of the different selection cuts. Let’s define Npimuon7 Npoubiemus) as the
number of reconstructed J/1’s firing both the HLT Dimuon?7 Jpsi_displaced
(HLT DoubleMu4 Jpsi_displaced) and the HLT DimuonO Jpsi paths, and
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Npimuono as the number of reconstructed J /v)’s selected by the HLT DimuonO_Jpsi
trigger and satisfying the offline requirements on those variables not under
study.

The idea is to study the behavior of the ratio Np;muon7/Npimuono @s @ function
of the variable under investigation, and compare data and MC turn-on curves.
If the simulation well reproduces the data, the turn-on curves should reach the
plateau at the same cut value.

The data and MC turn-on curves corresponding to p;/ d)’ Lyploy, " and
cosa are shown in Fig.&4. These plots show that:

° pJT/ Y. the ratio Npimuon7/Npimuono reaches the plateau at 7.1 GeV, both
in data and MC. The ratio Npy,pienrua/Npimuono iS already flat at 7 GeV
due to the requirement on the single muon transverse momentum (pr
> 4 GeV). The requirement pi/ ¥ > 7.1 GeV is introduced in the offline
analysis to ensure a uniform behavior of the trigger for data and MC.

o Lyy/op, P the turn-on curves are flat where L; /07, oy 20 Therefore
the requirement L/, /07, = is applied in the offline selection.

e cosa: no significant discrepancy is found between the data and MC turn-
on curves. The online requirement cosa > 0.9 is thus repeated in the
offline selection.

In order to study the turn-on curve of the dimuon vertex probability, the un-
biased J /v sample is selected with the HLT DimuonO_Jpsi_NoVertexing trig-
ger path, which does not require any minimum dimuon vertex confidence level.
Since this path is only available in the last part of the data sample, the study
is performed only for the HLT DoubleMu4 Jpsi_displaced trigger. The ratio
Npoubtemua! Npimuono Novex €Volved as a function of the dimuon vertex proba-
bility is shown in Fig.&S: data and MC turn-on curves have a similar behavior,
thus the offline requirement is set to reproduce the online selection.

After the selection procedure described so far, only one J/4 per event is
reconstructed in 99.99% of cases, while in the remaining 0.01% of events two
J /1 candidates are found. In the latter case, both J/4’s are retained for the
following analysis steps.

The B} — J/+pm* (B" — J/¢K™) candidates are formed by combining a
J /1 candidate with one track, assuming that it is a pion (kaon). The track
must not be identified as a muon. The B} — J /¢y n* 1~ candidates are anal-
ogously formed by combining a J /v candidate with three tracks, assuming that
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Figure 4.4: Number of reconstructed J/’s firing the HLT Dimuon7 Jpsi_displaced
(left) or HLT DoubleMu4 Jpsi_displaced (right) trigger normalized to the number of
J/4’s collected by the inclusive trigger, as a function of an offline cut on p;/ Y (first
row), Ly, /o Ly (second row) and cosa (third row).
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Figure 4.5: Number of reconstructed J /v firing the HLT DoubleMu4 Jpsi_displaced
trigger normalized to the J /1) collected by the inclusive trigger, as a function of an
offline cut on the dimuon vertex probability.

they are pions and requiring their total charge to be +1. The pion (kaon) can-
didates must have a track fit y2 less than three times the number of degrees of
freedom; > 6 tracker hits; > 2 pixel hits; |n| < 2.4; and pyr > 0.9 GeV.

The three-dimensional impact parameter (IP) significance between each
pion and the J /1 vertex is set < 6 to reduce combinatorial background and
effect of pileup, and limit the vertexing computing time. The value IP(7, J /1)
< 60p is inferred from the signal MC simulation (see Fig.&f).

The AR between the J /1 and the pion track is required to be < 2.5; this
value is obtained from the B} — J /47" simulation (shown in the left plot of
Fig. 7). For the B} — J/¢pn"n*n~ mode, a AR cut is applied on each of the
three pions in the event. In particular, AR < 1 is required for the highest py
track (referred to as 7;), while AR < 1.6 is required for the other two pions
(15 and m3). The corresponding MC distributions are shown in the right plot
of Fig. B72.

The decay vertex is reconstructed using a kinematic vertex fit (see Sec.373),
which constrains the invariant mass of the two muons to the J /1) nominal mass.
The three (five) track vertex fit confidence level is required to be greater than
0.001. After the vertex fit, the track parameters are re-estimated at the fitted
vertex, effectively using this vertex as a constraint.

In case of multiple B (B*) candidates, the one with highest py is retained.
Additional topological selections are required to improve the signal-to-background
ratio, and are optimized separately for the BY — J/yn*n*n~ and B —
J/pmt signals, as described in the following Sections.
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simulation.



80 Chapter 4. Measurement of Rg_and R,

4.3.1 Bl —»J/yn"n"n" signal

The selection cuts are optimized maximizing the S/+4/(S + B) figure of merit,
where S is the signal yield obtained from a Gaussian fit to the MC reconstructed
events, rescaled to the data integrated luminosity, and B is the amount of back-
ground extrapolated from the J/yn*ntn~ invariant mass sidebands in the
data. The two sideband regions are defined as being between 50, ) and
80 m(p,) of the world-average B. mass [T0T], where o,y is the resolution of
the signal as determined in simulation.

The optimization procedure evaluates S/+/(S + B) over a N-dimensional
grid, where N is the number of the variables on which the selection is optimized.
The selection cuts scanned for the optimization are: py(B.); y(B,); five-track
vertex probability; cos6), where cos = L-pg_/(|L||pg,|), evaluated with respect
to the beamspot, in the xy plane; pr(m,), pr(7,) and pr(m3), where 7;, 7,
and 14 are sorted from the highest to the lowest pr; AR(J /vy, 7t,) where 7, is
the vector sum of the three-pion quadrimomenta.

The procedure selects the following cut set:

pT(Bc) > 15 GeV,

ly(Bo)l < 1.6,

five-track vertex probability > 20%,

cosO > 0.99,

pr(my) > 2.5 GeV, pr(my) > 1.7 GeV, pr(m3) > 0.9 Ge\,

AR(J /4, mg) < 0.5.

A check has been performed scanning one selection cut at a time and search-
ing for the maximum of S/4/(S + B). The selection cut under optimization is
varied from the loosest to the tightest value considered in the full optimiza-
tion procedure, while all other cuts are applied with their optimized value. The
single-cut value corresponding to the maximum of S/+/(S + B) identified with
this strategy coincides with the value suggested by the grid scan. The corre-
sponding plots are collected in App.H&.

The J /4t n* n~ invariant-mass distribution after all the selection cuts are
applied is shown in Fig.BER. A fit is performed with an unbinned maximum
likelihood estimator. The signal is parametrized as a Gaussian distribution and
the background as a second-order Chebychev polynomial. The signal yield is 92
+ 27 events and fitted mass and resolution values are 6.266 + 0.006 GeV and
0.021 £ 0.006 GeV, respectively, where the uncertainties are statistical only.
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Figure 4.8: J/¢yn*n*n~ invariant mass distribution. The result of the fit is super-
imposed: the solid line represent the signal-plus-background fit (Gaussian distribution
for the signal and second-order Chebychev polynomial for the background) and the
dashed one is the background-only component.

4.3.1.1 Background studies

The main contribution to background events comes from the association of a
displaced J /vy meson with three random tracks. This background has a smooth
trend in the invariant mass distribution.

Peaking background events from B meson decays should be negligible in the
considered invariant mass range. Since the B, meson mass is ~ 1 GeV higher
than that of the other B mesons, it is in fact unlikely to have contributions due
to misidentified or partially reconstructed B decays in the B, signal region.

However, a non-smooth behavior of the background or peaking structures
can arise in this region due to other misidentified or partially reconstructed
B. decays. Possible contamination from different B. decay modes is therefore
investigated.

A search for B — J/yK*K~n" events is performed by assigning the kaon
mass to two opposite-charge tracks. No hints of Bj mesons decaying into this
final state is observed in data with the applied selection cuts.

A possible effect due to an undetected n° from the decay
Bf — J/yntntn n° is also investigated on a dedicated MC sample. The
partially reconstructed J /4t 7t n~ mass spectrum from the simulation is fit
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with an ARGUS function [T02] convolved with a Gaussian distribution describ-
ing the detector resolution. The resulting parametrization is added to a linear
polynomial function to describe the background in the fit to the J /Y n nt ™
mass spectrum in data (Fig. &9). Since no significant variation in the B} —
J/yprtatn signal yield is found with this background model and, most impor-
tantly, the relative amount of B} — J /¢ ¥~ n® is unknown, the parametriza-
tion of the background with a second order Chebychev polynomial is chosen.

Events/ 0.015 GeV

0 PRI B SR U SRR LY
6

T TR RS
6.1 6.2 63 64 65 6.6
JAPTE TUTE mass (GeV)

Figure 4.9: Alternative fit to the J/4pn*nt 7~ invariant mass distribution. The dif-
ferent components are represented (dashed lines): the signal is parametrized with a
Gaussian distribution (green) and the combinatorial background with a linear polyno-
mial (blue). An Argus function convolved with a Gaussian distribution for the detector
resolution is used to model partially reconstructed B — J /1 ntntnn® decays (vio-
let).
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4.3.2 B —J/yn" signal

The same figure of merit S/+4/(S + B) is maximized in the selection of the B} —

J/pnt channel. S/+/(S + B) is evaluated on a N-dimensional grid in the same
kinematic phase space as defined for the BY — J/+pm*n*n~ decay (i.e. py(B.) >
15 GeV and |y(B.)| < 1.6). The procedure points at the following cut set:

three-track vertex probability > 6%,

cos6 > 0.9,

pr(m) > 2.7 GeV,

AR(J /2, 7) < 1.

One selection cut is then scanned at a time searching for the maximum of
S/4/(S + B) to check the optimization procedure. As explained in the previous
Section, the selection cut under optimization is varied from the loosest to the
tightest value considered in the full optimization procedure, while all other cuts
are applied with their optimal value. Plots collected in App. B show that the
single-cut value corresponding to the maximum of S/+/(S + B) as identified
with this strategy coincides with the value suggested by the grid scan.

The B — J/¢yni" signal is shown in Fig. BT0. The J/+n* invariant-mass
distribution is fit through an unbinned maximum likelihood estimator. The sig-
nal is parametrized with a Gaussian distribution and the background as a second
order Chebychev polynomial. The B signal yield is 176 + 19 and fitted mass is
6.267 £ 0.003 GeV (statistical uncertainty only). The fitted resolution value is
0.025+0.003 GeV.

4.3.2.1 Background studies

Contamination from other BCJr decay modes is investigated. A possible reflection
of the Cabibbo-suppressed B — J/yK* mode in the J/4yn* mass spectrum
is modeled on a simulated sample of B: — J /4K events with a Crystal Ball
distribution [T0O3]. Its contribution in data is constrained using the value of the
relative branching fraction to B: — J/yrt [67].

Furthermore, the effect due to a possible undetected 7° from BC+ - J/yYyr
decay is modeled from a dedicated MC sample. The partially reconstructed
J /1y mass spectrum obtained from the simulated events is fit with an ARGUS
function convolved with a Gaussian function describing the detector resolution.
The resulting parametrization, added to a linear polynomial function, is used
to describe the background in the fit to the J /47" mass spectrum in data.

+7'C0
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Figure 4.10: J /v " invariant mass distribution. The result of the fit is superimposed;
the lines represent the signal-plus-background fit (solid) and the background-only com-
ponent (dashed).

Fig. B11 shows the result of the fit to the J /1yt invariant mass distribution
with the background parametrization discussed above. No significant variation
of the B} — J /147 signal yield is found, nor the fit %2 improves. Thus, the
second-order Chebychev polynomial is chosen to describe the background con-
tribution.

4.3.3 B* — J/yK" signal

The Bt — J /K™ signal is obtained with the same selection cuts as for the
BY — J/2 " decay mode and is shown in Fig. ET2. The J /K™ invariant
mass distribution is fit with a sum of two Gaussian distributions with a common
mean for the signal and a second-order Chebychev polynomial for the back-
ground. Additional contributions from partially reconstructed B® and B* de-
cays are parametrized with functions determined from inclusive BY — J /X
and B® — J/2pX MC samples. In particular, the J /K™ invariant mass distri-
bution from the simulated samples B* and B® samples, shown in Fig. =13, is
fit with a double-Gaussian distribution for the Bt — J /1K™ signal, and two
additional Gaussian distributions, one on the left side and one on the right side
of the signal, accounting for the partially reconstructed B® and Bt — J/yn*
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Figure 4.11: Fit to the J /vy " invariant mass distribution (solid line). The different
components are represented (dashed lines): the signal is parametrized with a Gaus-
sian distribution (green) and the background with a first-order polynomial (blue). The
contribution from B — J/yK* decays is modeled with a Crystal Ball function (or-
ange) and the partially reconstructed B — J /) ntn® decays with an Argus function
convolved with a Gaussian for the detector resolution (violet).

contributions respectively.
The BT — J /1K™ signal yield in data returned by the fit is 90419 + 352,
and fitted mass value is 5.2785 £ 0.0001 GeV.
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Figure 4.12: J /K™ invariant mass distribution with linear (left) and semi-logarithmic
(right) scale. The result of the fit is superimposed with a solid blue line. The signal
is parametrized with two gaussian, shown with the dashed green and violet lines in
the right plot. The dashed black and yellow curves represent the Bt — J/vy 7" and
BO contributions, respectively, while the dashed blue line represents the second order
Chebychev polynomial.
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Figure 4.13: J /4K invariant mass distribution obtained from simulated samples of
BT — J /X and B® — J /X with linear (left) and semi-logarithmic (right) scale. A
fit is superimposed: the dashed green and violet lines represents the double Gaussian
distribution used to parametrize the B* — J /1K " signal; the dashed black and yellow
curves represent the B¥ — J /1" and B° contributions, respectively.
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4.3.4 Data-simulation comparison

The distributions of the relevant variables are compared in data and MC. The
comparison is performed for the BY — J/+pn* and B* — J /1K™ signals, where
the available number of signal events in data is higher.

In Fig. BT4 the distributions of the B. transverse momentum and rapid-
ity and the pion py are shown for the BY — J/yn* signal. Background sub-
tracted data distributions (error bars) are compared to those from the simula-
tion (azure). Background distributions are derived from two sideband regions
defined as being between 50, ) and 70 (g ) of the measured B} mass, where
O m(B,) 18 the resolution of the signal as determined from the fit to data.

A Kolmogorov test [[104] is performed to evaluate the compatibility of the
distributions. The returned values for the probability are 0.98, 0.88 and 0.97
for pr(B.), y(B.), and pr () respectively.
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Figure 4.14: Background subtracted data distributions (black) of p;(B.), y(B.) and

pion p; are compared to MC (azure) for the BY — J/yn* channel. The hashed region
represents the MC statistical error.
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Fig. BEE15 shows the comparison between data and MC distributions for the
B™ signal. As done before, the background distributions are derived from two
sideband regions defined as being between 50,5+ and 70 ,(5+) of the mea-
sured B™ mass, where 0,5+ is the resolution of the signal as determined from
the fit to data.
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Figure 4.15: Background subtracted data distributions (black) of py(B*), y(B*) and
kaon p; are compared to MC (azure). The hashed region represents the MC statistical
€error.
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4.4 Measurement of Ry

The ratio Rp_is defined as

B(Bf »J/yntntnT) v,
Be™ BB —J/Ynmt) Y

) 4.1

4

where Y3, and Yp_ are the signal yields extracted from the efficiency-corrected
invariant mass distributions for the B} — J/yn*n*n~ and B} — J/y 7" chan-
nels, respectively, in the kinematic region p(B,) >15 GeV and |y(B.)| < 1.6.

4.4.1 Efficiency measurement for B — J /vy n*

The B} — J/4n"n* 7~ decay can involve intermediate resonant states; indeed,
the n* 7~ n* and n* " invariant mass projections from data show evidence for
the presence of a; (1260) and p (770) in the decay (Fig. E18).

The quantitative determination of the resonant contributions and their in-
terferences in the decay requires a sophisticated amplitude analysis which is
not feasible with the available amount of data. However, the reconstruction ef-
ficiency for the five-body decay could be affected by the decay dynamics, since
different dynamics could favor, or disfavor, different regions of the phase space.
It is then necessary to study the efficiency as a function of a complete set of vari-
ables for the five-body final state to gauge possible variations across the entire
phase space.

A five-body decay of a spinless particle can be described in its center-of-
mass frame by 20 variables, i.e. the 5 four-vectors of the final state. They are
constrained by the 4 conservation (energy and momentum) equations and by
the 5 particle masses in the final state. In addition, the initial state is isotropic
(the B. meson is a pseudoscalar) and the final state, in its rest frame, does not
depend on the 3 angles describing the relative orientation.

In the end, the decay can be described by eight independent mass combina-
tions of the type m?; (i # j), where m?, is the squared invariant mass of the pair
of particles i and j in the final state. In the present case, the J /1) constraint on
the dimuon invariant mass reduces the number of independent ml.zj to seven.

The following seven mass combinations have been chosen: m?(u*n");,,,
2 ot by — 2 A+ 20—+ 20—t
m(n T Dpigh, MW7), mA(nTnT), m (U n )ow, MU T )pign and
m?(u~n"); the “low” and “high” subscripts refer to the lower and higher in-
variant mass combination where a 7% is involved.
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Figure 4.16: Background-subtracted invariant mass projection for ntn~nt (left),
(7" )1ow (center) and (777 )yqp (right). Since two same-sign pions are present
in the final state, we indicate with (n*n™),,, the n* 7~ pair with the lower invariant
mass and with (7t 7)), gh the higher invariant mass combination.

The efficiency is parametrized as a linear function of these seven mass com-
binations:

€=|po+p1-Xx+py-y+p3s-z+pswtps-r+pg-t+p;-v (4.2)

where x = m(u* ), y = M2 1 g, 5 = mA(un0), w=m3(n* ),
r=m?(u  )pn, t = m*(UW T yign, v = m*(u”n7) and p; are free param-
eters to be determined via an unbinned maximum likelihood fit to the gener-
ated events in the seven-dimensional space using a binomial probability density
function. The absolute value is required to prevent the function from assuming
negative values.
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The fit is performed on a non resonant BY — J/yn*n*n~ MC sample,
which allows to access all the phase-space configurations. Generated events in
the kinematic region py(B.) > 15 GeV and |y(B.)| < 1.6 are considered. Re-
constructed events have to fulfill all the analysis requirements and lie in the
invariant mass range within 30, ) from the B. mass, where 0,z ) is the res-
olution of the signal as determined from the fit to simulation.

Different efficiency models have been tested by adding a few second order
terms in the polynomial function, but no improvement in the fit y 2 is found. The
fit with a more complex function does not converge due to the limited number
of simulated events.

The projections of the expected number of reconstructed events on the seven
invariant-mass combinations are shown in Fig. B2 for simulated events se-
lected by the HLT Dimuon7 Jpsi_Displaced trigger path (for events selected by
the other two trigger paths, see App.0). The number of reconstructed events is
denoted with error bars, while the predicted number of events is represented
with the continuous line.

Fig. BEI8 shows the expected number of reconstructed events for the three
HLT paths used in the analysis (the number of predicted events per trigger path
is not scaled by the corresponding integrated luminosity). As expected, the
HLT DoubleMu3p5 Jpsi_displaced and HLT DoubleMu4 Jpsi_displaced paths
collect fewer events than the looser trigger path HLT Dimuon?7_Jpsi_displaced.
Precisely, the overall efficiency is reduced by ~ 16 and 32%, respectively.

The overall B — J/+n*n"n~ selection efficiency, evaluated as the total
number of reconstructed events divided by the total number of generated events
in the considered kinematic region, and averaged over the three trigger paths
according to the corresponding integrated luminosity in data, is (6.13 £+ 0.10)-
1073.
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Figure 4.17: Number of simulated reconstructed events projected on the 7 two-body
mass combinations used to describe the BY — J /vpm*n* 7~ decay. The black dots rep-
resent the number of reconstructed events; the blue line is the expected number of
reconstructed events as resulting from the 7-dimensional fit; the hashed region rep-
resents the statistical uncertainty on the fit function. Events are selected with the
HLT Dimuon7 Jpsi Displaced trigger.
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Figure 4.18: Projection on the 7 two-body mass combinations of the expected number
of reconstructed events as resulting from the 7-dimensional fit, for each of the three
HLT paths used in the analysis. The number of predicted events per trigger path is not
scaled by the corresponding integrated luminosity.



94 Chapter 4. Measurement of Rg_and R,

4.4.2 Efficiency measurement for B — J/yn™"

The B — J/vyn* reconstruction efficiency is measured as a function of the
B transverse momentum on the simulated B] — J/vyn* samples in 24 p;-
bins. The bin size is determined by the number of reconstructed events per bin
available in the MC sample. The efficiency ¢ in the ith bin is evaluated as ¢; =
N/eco /NiGEN , where N/*®° is the number of reconstructed events in the given
bin, obtained from a Gaussian fit to the invariant mass distribution of simulated
events passing the full selection procedure. NV is the number of generated
B events in the same p; bin and within the rapidity region |y(B,)| < 1.6.

The efficiency behavior as a function of p;(B,) is shown in Fig. ET9. As ex-
pected, the efficiency is lower when events are selected by the
HLT DoubleMu3p5_Jpsi_displaced and  HLT DoubleMu4 Jpsi_displaced
paths, due to tighter requirements on muon transverse momentum and dimuon
vertex probability. In particular, the overall efficiency is reduced by 14 and 29%,
respectively, with respect to that achieved using the loosest trigger path. The
overall B — J/2)m™ selection efficiency, integrated over pr and averaged over
the three trigger paths according to the corresponding collected integrated lu-
minosity in data, is (1.43 + 0.02)- 1072.
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Figure 4.19: B} — J/y " reconstruction efficiency as a function of its transverse
momentum. The three set of points refer to the reconstruction efficiency for events
selected by the three HLT paths used in the analysis.
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4.4.3 Measurement of Y3, and Yj

Bf - J/yn*ntn~ and B} — J/vyn* data events are weighted by the corre-
sponding efficiency, as measured on the simulation and explained in Sec. &4l
and EZ2. The corresponding data efficiency-corrected invariant mass distribu-
tions are shown in Fig.B20.

The efficiency corrected yields Y3, and Yp_are obtained by fitting the distri-
butions of Fig. 20 through an unbinned maximum likelihood estimator. The
fit function consists in a Gaussian distribution for the signal and a second-
order Chebychev polynomial for the background for both the investigated decay
modes. The measurements of Y3, and Yp_are Y3, = 16066 £+ 4715 and Yz =
6302 + 680, respectively.

The measured ratio is

Ry, = 2.55+0.80, (4.3)

where the error is statistical only.
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Figure 4.20: Fit to efficiency-corrected invariant mass distribution for B} —
J/prtatnT (left) and Bf — J/+pn* (right).

4.4.4 Systematic uncertainties

In this Section the main sources of systematic uncertainties are presented. Con-
tributions from the investigated sources are summarized in Table B3. Tables &4
and B3 list individual systematics contributions to Y3, and Yy , respectively.
All contributions, except for the uncertainty on the B, lifetime which is
quoted separately in the result, are added in quadrature, since the hypothesis of
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independence is assumed to be reasonable, given the nature of the systematic
uncertainties involved and the way they are investigated.

Other possible sources of systematic uncertainty have been studied and
turned out to introduce negligible contributions. They are discussed in the last
part of this Section.

Systematic source Percentage | Abs. value
Fit function 9.4 0.24
MC sample size 4.1 0.10
Efficiency fit function 1.0 0.03
Efficiency binning 1.9 0.05
Tracking efficiency 7.8 0.20
Total uncertainty 13.1 0.33
Lifetime iy oot

Table 4.3: Systematic uncertainties on the measurement of Ry .

Systematic source Percentage
Fit function 8.1
MC sample size 3.9
Efficiency fit function 1.0
Tracking efficiency 7.8

Table 4.4: Systematic uncertainties on Ys,.

Systematic source | Percentage
Fit function 4.8
MC sample size 1.1
Efficiency binning 1.9

Table 4.5: Systematic uncertainties on Yg .
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4.4.4.1 Fit function

Uncertainties from the different signal and background fit functions and fit
ranges are evaluated through a “fit variant” approach, which is discussed in
App. O. The J/yYn*n*n~ and J /" efficiency corrected invariant-mass dis-
tributions are fit in different mass ranges and with different models. The values
of Y3, and Yy obtained with the different fits are summarized in Tab. B8 and
B, respectively. The corresponding plots are collected in App. D1 and D1 All
fit parameters are free to float, except for the widths of the two gaussians and
their relative amount, which are fixed to MC values, in fit (g) to the J /¢ "
efficiency-corrected invariant mass.

The systematic uncertainties on Y3, and Yp_are 8.1% and 4.8%, respectively.
Adding the two contributions in quadrature, the resulting total systematic un-
certainty on Rg_ is 9.4%.

Signal PDF Bkg PDF Range (GeV) Y5
Gaussian | 1°' ord. Chebychev pol. 6.13-6.4 15471 £+ 4690
Gaussian | 2" ord. Chebychev pol. 6.10 - 6.4 16890 + 6673
Gaussian | 2"¢ ord. Chebychev pol. | 6.1-6.505 | 17853 + 5951
Gaussian | 2" ord. Chebychev pol. 5.8-6.7 14745 £ 4115
Gaussian | 3" ord. Chebychev pol. 6-6.6 17947 £ 5422
Gaussian | 3" ord. Chebychev pol. 5.8-6.7 15973 £+ 4357

-~ 0O AN T o

Table 4.6: Alternative signal and background models used to fit the J/yntntn~
efficiency-corrected invariant mass distribution. The value of Y3, resulting from each
fit is shown in the last column of the table.

4.4.4.2 Finite size of the MC sample

As described in Sec. B4 and B-Z2, the efficiency correction is entirely derived
from the simulation. Therefore, the number of events in the simulation directly
affects the accuracy of the efficiency determination. This uncertainty is propa-
gated to the efficiency corrected yields Y3, and Y5 using pseudo-experiments.
The following procedure is adopted:

1. N pseudo-efficiency distributions are generated;

2. the analysis is run N-times, each time data are weighted with the toy
efficiency and Y3, and Yy are computed,;
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Signal PDF Bkg PDF Range (GeV) Y,
a Gaussian 1°t ord. Chebychev pol. 5.8-6.7 5773 £ 607
b Gaussian 1% ord. Chebychev pol. | 6.05-6.55 | 6272 + 658
c Gaussian 24 ord. Chebychev pol. | 6.05-6.55 | 6419 + 742
d Gaussian 2™ ord. Chebychev pol. 5.6-6.7 6361 £ 640
e Gaussian 37 ord. Chebychev pol. 5.8-6.7 6328 + 673
f Gaussian Exponential 5.8-6.7 6209 + 623
g | Double Gaussian | 2" ord. Chebychev pol. 5.8-6.7 6790 £ 652

Table 4.7: Alternative signal and background models used to fit the J /4yt efficiency-
corrected invariant mass distribution. The value of Y_resulting from the fit is shown
in the last column of the table.

3. the resulting Y3, and Yp_distributions (Fig. B&21) are fit with a Gaussian,
whose width is the systematic uncertainty associated to the finite size of
the MC sample.

Two different strategies are followed for the efficiency distribution gener-
ation (first step), since the efficiency for BY — J/1pnn* 7~ reconstruction is
modeled through an analytical function, while that for B} — J/yn" is mea-
sured in transverse momentum bins. In particular, in the Bf — J/yn*n*n~
case, 2000 curves of the form as in Eq. B2 are generated by varying the parame-
ter values as sampled from a multivariate Gaussian probability density function
constructed from the fit covariance matrix. On the other hand, toy B} — J /4™
efficiencies are generated by randomly varying the efficiency value in each p;
bin within its statistical uncertainty.

The resulting systematic uncertainties on Y3, and Y are 3.9% and 1.1%,
respectively.

4.4.4.3 Efficiency fit function

The B — J/+pm*n*n~ efficiency has been modeled with a seven-dimensional
polynomial function as described in Eq. E22. In order to check if the choice of the
model introduces a systematic effect in the Y3, evaluation, data are weighted
according to the binned efficiency distribution obtained from the simulation.
The efficiency is measured in six 4-GeV bins for each of the seven invariant-
mass combinations and for each of the three trigger paths separately.
Efficiency corrected data are fit and Y5, is measured to be 15945 + 4680.
The resulting ratio Rp_is 2.53 + 0.79. The difference between this result and
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Figure 4.21: Distributions of the efficiency corrected yields Y, (left) and Y (right)
returned by the fit to N pseudo-experiments.

the central value quoted in the analysis is assumed as systematic uncertainty
(1%).

4.4.4.4 Efficiency binning

In order to estimate the possible bias due to the choice of the p; binning for
the Bf — J/vyn* efficiency description, three different bin choices are tested
(binning definitions are summarized in Table B8). The efficiency, as evaluated
with the different binning choices, is shown in Fig. E22.

Data are corrected with the alternative efficiency model and Y_is extracted
from a fit to efficiency-corrected data. A maximum deviation from the central
Yp_ value of 1.9% is found and is taken as systematic uncertainty.

4.4.4.5 Tracking efficiency

The measurement of Rp_exploits final states with different pion track multiplic-
ity. A systematic uncertainty due to the different pion tracking efficiency in data
and simulation is therefore considered.

The relative efficiency of pion track reconstruction in data and simulation in
CMS is measured in Ref. [I05] studying the D® decays into four or two charged
particles.

In particular, the relative decay rate R between the D® — K~ n 7~ n™ and
D° — K~n* modes is measured on 0.47 nb™! of data collected in 2010. The
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Bin | Binning1l Binning2 Binning3

1 15-15.6 15-15.3 15-15.8
2 15.6-16.2 | 15.3-15.6 | 15.8-16.6
3 16.2-16.8 | 15.6-159 | 16.6-17.4
4 16.8-17.4 | 15.9-16.2 | 17.4-18.2
5 17.4 - 18 16.2-16.5 | 18.2-19
6 18 -18.6 16.5-16.8 | 19-19.8
7 18.6-19.2 | 16.8-17.2 | 19.8-20.6
8 19.2-19.8 | 17.2-17.5 | 20.6-21.4
9 19.8-20.5 | 17.5-17.8 | 21.4-225
10 | 20.5-21.5 |17.8-184 | 22.5-23.5
11 | 21.5-22.5 | 18.4-19 23.5-24.5
12 [ 225-23.5 | 19-19.8 24.5 - 26
13 | 23.5-24.5 | 19.8-20.6 | 26-27.5
14 | 24.5- 26 20.6-21.4 | 27.5-29
15 | 26-27.5 21.4-222 | 29-32

16 | 27.5-29.5 | 22.2-23 32-36

17 | 29.5-32 23-24 36 - 44

18 [ 32-36 24 - 25.5 44 - 100
19 | 36-45 25.5-26.5

20 | 45-100 26.5 - 28.5

21 28.5-31

22 31-34

23 34 -42

24 42 -100

Yp | 6186 £ 668 | 6267 £ 677 | 6225 £ 672

Table 4.8: Three alternative binning definitions for B} — J /4 n* efficiency evaluation

and the resulting Yy .
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Figure 4.22: B} — J /41" reconstruction efficiency as a function of p;(B.). Three
alternative binning definitions (blue, azure and green points) are compared with the
default option (orange).

measurement of R is compared to the world-average ratio of branching frac-
tions R(PDG) to extract the relative tracking efficiency for pions in data and
simulation through the relation:

e(data) R
e(MC) JR(PDG) “4-4)

The ratio of efficiencies is measured to be e(data)/e(MC) = 1.007+£0.034+
0.01440.012, where the first uncertainty is statistical, the second is systematic,
and the third is due to the error on R(PDG). The resulting total uncertainty on
pion tracking efficiency, obtained by adding all the uncertainties in quadrature,
is 3.9%.

The measurement of Rp_presented in this thesis involves final states with
one or three pion tracks. The uncertainty on one pion track cancels out in the ra-
tio of the branching fractions. The uncertainty on the reconstruction efficiency
for the two remaining pion tracks is accounted for with a 2x3.9% error.
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4.4.4.6 B. Lifetime uncertainty

The B} — J/yn*n*n~ and B} — J/¢ " reconstruction efficiencies have a
dependence on the B, lifetime. The MC samples have been generated with the
B. lifetime quoted in the PDG [T01], which has an uncertainty of about ~7%.
Recently, the LHCD Collaboration published a new, more precise B, lifetime mea-
surement [[Z5], which is significantly higher than the previous world average.

To determine the systematic uncertainty associated with the uncertainty in
the B, lifetime, the efficiencies are evaluated while changing the B, lifetime in
the simulation to cover the range from the world average minus its one standard
deviation uncertainty, to the new LHCb measurement. The left plot of Fig. BE223
shows the distribution of the simulated B, proper decay time in the simulation.
The efficiency as evaluated with different simulated values for 75_is shown in
the right plot of Fig. and in Fig. for the Bf — J/vyn* and B} —
J/yrntatn~ decay modes, respectively.

The resulting variation in the Rp_ratio is asymmetric and is quoted sepa-
rately in the result and is +1.6%, -0.4%.

T B A AR
F ——1PDG E [ ]
47 ——TPDG - 1o, N E i

10 —— TLHCb E 0.16¢ ]

10°F = 0.12] .

10 3 S35 1
E E i ]
. 1 : -1 PDG ]

102— = 4+ TPDG- 1o, N
F 1 ~*-TLHCb 1
&3 ! ! ! ! E I I I ]
0 01 02 03 04 05 06 0"20""30 40 50 60 70 80 90 100

t(ps) p,(B,) GeV

Figure 4.23: Left plot: Distribution of the simulated B} proper decay time (t) at gen-
erator level (black histogram). The azure and green histograms show the distribution
of t when 75 is changed to the PDG value minus its one standard deviation or to the
value from LHCb measurement, respectively.

Right plot: B — J /147" reconstruction efficiency with the two alternative values of
the B, lifetime.
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Figure 4.24: Projections on the two-body mass combinations of the reconstruction
efficiency resulting from the seven-dimensional fit to the simulation when the MC B,
lifetime value is changed from the PDG value (black) to the PDG value minus one
standard deviation (azure) and to the LHCb measurement (green).
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4.4.4.7 Split samples

Possible systematic uncertainties introduced by different pileup conditions and
analysis selections are investigated by dividing the data and evaluating the sta-
tistical consistency [T01] of the measurement of Rg_in the independent sam-
ples.

Data and simulated samples are split according to the number of primary
vertices per event and main analysis variables, and the measurement of Rp_ is
performed in each sub-sample. The split of the samples is designed in order to
have comparable statistics in the two independent regions.

Results for the measurement of Ry in each sample are summarized in Table
B9. The statistical consistency is verified and the possible systematic uncer-
tainty is obtained following the procedure described in App.E. The resulting
systematic contributions are found to be insignificant.

These studies have been carried out fixing the signal width parameter in the
fit to data to that inferred from the simulation in order to have more accurate
fit results. It has also been verified that, by leaving all the parameters free when
possible, no systematic uncertainty was present.

Variable Split Y3 Vg, Rp, PR Tsys
+ + +
Pileup Ny <7 7820 £ 2380 | 2127 £325 | 3.68 £1.25 1.43 0
Ny =7 7892 + 2806 | 4043 + 501 | 1.95 + 0.73
<0. + + .36 £ 0.
(B ly] < 0.6 12286 + 3754 | 5212695 236079 | (. | o

06<|y|<1.6 17781 £ 6046 | 6431 £ 789 | 2.76 £ 1.00
15<pyr <28 10491 £ 3854 | 6229 £ 673 | 1.68 £ 0.64

pr > 28 1413 + 338 440 + 91 3.21 £1.02

5< Lj/w/oLJ/w <12 | 9696 +4458 | 5897 £670 | 1.64 + 0.80
Lj/w/aLm. > 12 20448 £ 3916 | 7768 £ 1254 | 2.63 £ 0.66

pr(Bc) 161 0

Lyylo,, 091 | 0O

Table 4.9: Results of the measurement of Ry in each data sub-sample, as defined
in the second column. The statistical consistency of the measurements (y? with N-1
degrees of freedom) and the resulting systematic uncertainty are reported in the last
two columns of the table.
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4.4.4.8 Candidate selection

When multiple B, candidates are found in a single collision event, the candidate
with the highest p is selected. Since the number of candidates depends on the
final state multiplicity, the average number of candidates per event is higher
in the B} — J/yn*n*n~ channel with respect to the B} — J/1n™ one. In
fact, the average number of candidates per event in the whole invariant mass
spectrum is 2.7 for the three-body decay modes and ~ 5 for the five-body B,
decay.

Choosing one candidate per event allows to significantly reduce the combi-
natorial background, especially in the B} — J /" n"n~ mode. In the three-
body decays, indeed, the amount of signal and background does not signifi-
cantly change when retaining all the candidates of the event.

In order to evaluate a possible systematic uncertainty introduced by selec-
tion of the highest-p; candidate (arbitration), the B} — J/yn* n*n~ analysis
is performed keeping all the B candidates. The efficiency of this arbitration is
measured on the simulation to be €,,, = 0.91¢,,, where ¢, and ¢,, are the
overall reconstruction efficiencies when the arbitration strategy is adopted or
all the B, candidates are kept, respectively.

From the fit to the J /4yt n* n~ invariant mass distribution resulting from
the analysis of the full data sample retaining all the candidates in each event,
the Bf — J/yn*n*n~ signal yield is 117 + 47.

Since the arbitrated sample Y is fully contained in the non-arbitrated sample
X, one can write X =Y + Z, where Y and Z are disjoint samples. It is expected
that, if there are no systematic effects:

Ne Ny Ny s
& & &
where Ny is the yield obtained from the fit to the mass spectrum from sample
K and gy is the efficiency for sample K.
From Eq.BE5, we obtain that:
Ny L =Ny +N, (4.6)
€x €z

In order to measure possible systematic effects, the relation in Eq.E.8 can
be checked through a simultaneous fit to the invariant mass spectra from the
samples Y and Z, having reweighted the signal yield N, with the ratio of the
efficiencies for samples Y and Z.

To this extent, a simultaneous fit to the mass spectra from the samples Y and Z
is performed with the following model:
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f1 =Ny - Gauss(mg, 0, ) + By - Pol(cy,¢;) 4.7)

for the fit to sample Y, and

€
fo= i *Ny - Gauss(mg,, 0, )+ Bz - Pol(cy, c5) (4.8)

for the fit to sample Z. ey and ¢, are the efficiencies as evaluated for the samples
Y and Z. The backgrounds functions Pol(c;, c,) and Pol(cy, ¢,) are two indepen-
dent second-order Chebychev polynomials. All the parameters are free to float
and the efficiency ratio has a gaussian constraint with mean and error provided
by the simulation.

The resulting value is Ny = 91.8 £ 26 (Fig.E23), to be compared with the
quoted yield equal to 92 £ 27. Since the difference between these values is
~ 2-1073, we conclude that the possible systematics associated to the arbitration
strategy is negligible.
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Figure 4.25: Results of the simultaneous fit to the disjoint samples Y (left) and Z
(right), as desribed in the text.
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4.4.5 Result

The resulting ratio of the B} hadronic branching fractions, including all uncer-
tainties, is

Rp, = 2.55+0.80 (stat) +0.33 (syst) 337 (3), (4.9)

where the systematic uncertainty due to the experimental uncertainty on the B,
lifetime 7p_is quoted separately.

This result is consistent with the theoretical predictions discussed in Section
237277, which expect values ranging from 1.5 to 2.3, depending on the chosen
set of B. meson form factors.

The measurement in Eq.E9 is in good agreement with the measurement of
Rp_ from the LHCb experiment [b6]:

Rp_ = 2.41+0.30 (stat) £ 0.33 (syst), (4.10)

which uses a phenomenological model by Berezhnoy, Likhoded and Luchin-
sky (BLL model) [106, 51] to simulate B — J/yn*n*n~ decays and mea-
sure the corresponding reconstruction efficiency. In this model the W** decays
via the exchange of virtual a;(1260) and p°(770) resonances and axial-vector
form-factors are implemented for the B} — J/¢W** transition. The model-
dependence of the efficiency has to be taken into account with an additional
systematic uncertainty (~ 9%), evaluated using alternative phase-space mod-
els to simulate the five-body decay.

On the contrary, the result presented in this thesis provides a measurement
of Rp_independent of the decay-model assumed in the simulation of the B —
J/pntntn channel.
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4.5 Measurement of R/,

The ratio R., of the production cross sections times branching fractions is ob-
tained from the relation

_o(B)xB(Bf »J/yn") Vg
/v G(BT)x B(B* — J/YKt) Yy

(4.11)

where Yz and Yy are the signal yields obtained from the efficiency corrected
mass distributions for the B — J/+n* and B® — J /K™ channels, respec-
tively. The ratio R /, is measured in the kinematic region py > 15 GeV and
ly| < 1.6.

The measurement of B — J /2pm™ efficiency and efficiency-corrected yield
Y3, has already been described in Sec. B4. The following Sections describe in
details the treatment of the B¥ — J /4 K* channel.

4.5.1 Efficiency measurement for B* — J /K"

The Bt — J/4yK™* reconstruction efficiency is measured as a function of the
B transverse momentum on the corresponding MC simulation, as done in the
Bj — J /¢ r" channel. The efficiency is computed in 19 py-bins, whose widths
are determined by the available size of the two body B™ — J /¢Y)K™ MC sample.
The number of bins is lower than that of the B} — J /47" decay, due to the
smaller statistics of the B* simulation.

The efficiency ¢ in the ith bin is evaluated as g; = N/ “° /Nl.GEN where N/
is the number of reconstructed events in the given bin and N l.GEN is the number
of generated B* events in the same p; bin and within the considered rapidity
region |y(B1)| < 1.6.

The efficiency behavior as a function of p;(B*) is shown in Fig. &26. The
three set of points correspond to the reconstruction efficiency measured with
the three trigger paths used in the analysis.

The reconstruction efficiency is lower when events are selected by the
HLT DoubleMu3p5_Jpsi_displaced and HLT DoubleMu4_Jpsi_displaced paths,
due to their tighter requirements on muon transverse momentum and dimuon
vertex probability. The overall efficiency loss with respect to the loosest trigger
path is 18 and 32%, respectively.

The overall B selection efficiency, integrated over p; and averaged over the
three trigger paths according to the corresponding collected integrated lumi-
nosity in data, is (3.86 £ 0.08)- 1072,



4.5. Measurement of R, /, 109

(007 - T
&L ]
0.22
L o i
L o
L oA
047 brei ] |
[ ? ]
i ;% i 1
L 1 l*ll - 4
'Y
0.11 £
[ i& Ji i
L ] i
L - —=e— HLT_Dimuon7_Jpsi_displaced B
0 067 1 —— HLT_DoubleMu3p5_Jpsi_displaced |
. T ]
—¥— HLT_DoubleMu4_Jpsi_displaced |
oy R R T A W B N

20 30 40 50 60 70 80 90 100
p,(B") Gev

Figure 4.26: B* — J /vy K" reconstruction efficiency as a function of the B* trans-
verse momentum. The three set of points correspond to the reconstruction efficiency
measured with the three trigger paths used in the analysis.

4.5.2 Measurement of Y

Data are then corrected event-by-event according to the Bt meson transverse
momentum and the efficiency determined from the simulation. The J/yYK™*
efficiency-corrected invariant mass distribution is shown in Fig. E2Z7. The value
of Yy is extracted through an unbinned maximum likelihood fit to the efficiency-
corrected mass distribution of Fig. B27, and is Yz = 1320256 £ 5140.

The fit function consists in the sum of two Gaussian distributions with a
common mean for the signal and a second order Chebychev polynomial for the
background. Contributions from partially reconstructed B® and B* decays are
modeled by two additional Gaussian distributions, as explained in Sec.BE=373.

The uncertainty on Yy due to the statistical uncertainty on the efficiency is
accounted for in the systematic uncertainty (see Sec.E2.37).

The resulting ratio R, is

R./, = (0.48+0.05)- 1072, (4.12)

where the error is statistical only.
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Figure 4.27: Efficiency corrected J /4 K" invariant mass distributions in linear (left)
and semi-log (right) scale.

4.5.3 Systematic uncertainties

This Section describes the main contributions to the systematic uncertainty on
the measurement of R, /,,.

The same sources of systematic uncertainties considered in Section BE-Z4
are evaluated and their contributions are summarized in Table ET0.
Table BT lists individual contributions to Yj; systematic uncertainties on Yg_
have already been described in Sec. E44 and summarized in Tab. E5.

All contributions, except for the uncertainty on the B, lifetime which is
quoted separately in the result, are added in quadrature, and yield a total sys-
tematic uncertainty of 6.5% in the ratio.

Systematic source | Percentage | Abs. value (1072)
Fit function 5.3 0.03
MC sample 2.1 0.01
Efficiency binning 3.1 0.01
Total uncertainty 6.5 0.03
B. lifetime 10.4 0.05

Table 4.10: Systematic uncertainties on the measurement of R, /,,.
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Systematic source | Percentage
Fit function 2.2
MC sample size 1.8
Efficiency binning 2.4

Table 4.11: Systematic uncertainties on Y3.

4.,5.3.1 Fit function

Uncertainties from the signal and background fit functions are evaluated through
a “fit variant” approach, as done in Sec. EZZTl.

The efficiency corrected J /)K" invariant mass distribution is fit with differ-
ent models for the signal and combinatorial background. Partially reconstructed
B™ decays have also been described with alternative functions, while the back-
ground due to B® decays is always fit with a Gaussian distribution. The fit range
is varied to include or exclude such reflections. Details are collected in Table
and corresponding plots can be found in App. Dl

The resulting systematic uncertainty on Yy is 2.2%. Adding in quadrature
the uncertainties on Y (4.5%) and Yj, the resulting systematic uncertainty on
R,y is 5.3%.

Signal PDF Bkg PDF BT — J /4wt pdf | Range (GeV) Y5
Crystal Ball | 2"? ord. Ch. pol Crystal Ball 5.15-5.5 1252794 + 7601
Crystal Ball | 2" ord. Ch. pol Landau 5.15-5.5 1307042 + 5384
Crystal Ball | 2"¢ ord. Ch. pol Gaussian 5.15-5.5 1257149 £ 5230
Double Gauss. | 2" ord. Ch. pol Crystal Ball 5.15-5.5 1328524 + 5738
Double Gauss. | 2" ord. Ch. pol Landau 5.15-5.5 1319095 + 4880
Double Gauss. | 3" ord. Ch. pol Gaussian 5.15-5.5 1295249 + 8819
Double Gauss. | 2" ord. Ch. pol Gaussian 5.05-5.6 1311804 + 4654
Double Gauss. | 2" ord. Ch. pol Gaussian 5.18-5.4 1324893 + 5217

Table 4.12: Alternative signal and background models used to fit the J /¢)K* efficiency-
corrected invariant mass distribution. The value of Yy resulting from the corresponding
fit is reported in the last column of the table.
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4.5.3.2 Finite size of the MC sample

As described in Sec. 5.1, the BY — J /4K ™ reconstruction efficiency is entirely
derived from the simulation. Therefore, the number of events in the simulation
affects the accuracy of the efficiency determination.

Pseudo-experiments are used to propagate the statistical uncertainty of the
MC sample on the efficiency corrected yield Yz. The procedure, that was al-
ready described in Sec. 2242, starts from generating 1000 toy efficiency dis-
tributions by randomly varying the efficiency value in each p; bin within its
statistical error. Data are then weighted with the generated pseudo-efficiencies
and Yy is extracted through a fit to the efficiency-corrected invariant mass dis-
tributions. The resulting Yy distribution is finally fit with a gaussian (Fig. EZ28),
whose width is taken as systematic uncertainty (1.8%).

The total systematic uncertainty on R, due to the finite size of the MC
sample is obtained by adding in quadrature the uncertainty on Yz and Yj_(as
evaluated in Sec. BZ-Z2-2). This result in an uncertainty of 2.1%.
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Figure 4.28: Distribution of the efficiency corrected yield Y; obtained by the fit to
pseudo-experiments.

4.5.3.3 Efficiency binning

In order to estimate a possible bias due to the choice of the p; binning for the
BT — J /1K™ efficiency description, three different bin choices have been tested
(binning definitions are summarized in Table EET3) to measure the efficiency,
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as shown in Fig.B229.

Data have been corrected with the alternative efficiency models and Yy is
extracted through a fit to the efficiency-corrected data. A maximum deviation
from the central value of Y3 of 2.4% is found.

Combining this uncertainty with that on Yp_, as measured in Sec. E4.4.4,
the total systematic uncertainty on R, results to be 3.1%.
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Figure 4.29: B* — J/yK* reconstruction efficiency as a function of py(B*). Three
alternative binning definitions (blue, azure and green points) are compared with the
default option (orange points).

4.5.3.4 B, lifetime uncertainty

As already discussed in Sec. 246, the B} — J /vpn* reconstruction efficiency
depends on the B, lifetime. The systematic uncertainty on R, from the B life-
time uncertainty is estimated by varying the B, lifetime in the simulation from
the world average value minus its one standard deviation uncertainty, to the
new LHCb measurement [[75]. The effect on the B} — J/v ™ reconstruction
efficiency was shown in Fig. E2Z3. The resulting variation in the R/, ratio is
10.4%.

Since the B lifetime is known with a much better accuracy, the propaga-
tion of its uncertainty to the R/, ratio systematic uncertainty is neglected. The
uncertainty from the B, lifetime is quoted separately in the final result.



114

Chapter 4. Measurement of Rg_and R,

Bin | Binningl Binning2 Binning3

1 15-15.6 15-15.8 15-15.3

2 15.6-16.3 15.8-16.4 15.3 -15.7
3 16.3 - 16.8 16.4-17.3 15.7-16.1
4 16.8-17.5 17.3-18 16.1-16.5
5 17.5-18 18 - 18.7 16.5-17
6 18 -18.8 18.7-19.4 17 -17.5

7 18.8-19.6 19,4 - 20.1 17.5-18
8 19.6 - 20.5 20.1-20.8 18 -18.5
9 20.5-21.5 20.8 - 22.6 18.5-19
10 | 21.5-225 22.6 - 23.4 19-19.5
11 | 22.5-24 23.4-24.2 19.5-20
12 | 24-26.5 24.2 - 25 20-21

13 | 26.5-29 25-26.5 21-21.8
14 | 29-32 26.5-28 21.8-225
15 | 32-35 28 -31 22.5-23.3
16 | 35-39 31-34 23.3-24.1
17 | 39-46 34 -40 24.1-25
18 | 46 -100 40 - 55 25-27

19 55-100 27 - 28.5
20 28.5-31
21 31-34

22 34 -39

23 39-43

24 43 - 50

25 50 - 100
Yp | 1288844 + 5017 | 1292228 + 5031 | 1344265 + 5233

Table 4.13: Three alternative binning definitions for the BY — J /4K efficiency eval-

uation and the resulting Y.
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4.5.3.5 Split samples

Possible systematic uncertainties introduced by different trigger and pileup con-
ditions and analysis selections have been investigated by dividing the data and
evaluating the statistical consistency [101] of the measurement of R./, in the
independent samples.

Data and simulated samples are split according to the trigger path, number
of primary vertices per event and main analysis variables, and the measurement
of R./, is performed in each sub-sample. The split of the samples is designed to
have a comparable statistics in each independent region.

The definition of the samples and corresponding measurements of R/, are
summarized in Table B-T4; the statistical consistency of the measurements in the
sub-samples is also reported. The resulting systematic contributions, evaluated
following the procedure described in App. B, are found to be insignificant.

Variable Split Yy, Yy Ry A0 | 2 | oy
Dimuon? 1366 + 238 | 282874 + 2284 | 0.48 +0.08
Trigger DoubleMu3p5 1100 + 314 | 246800 2088 | 0.45+0.13 | 0-25| O
DoubleMu4 4088 + 632 | 791146 + 4134 | 0.52 % 0.08
+ + .50 £ 0.
Pileup Ny <7 21274325 | 424253 %1277 |0.50+0.08 | | o
Nyey =7 4043 + 501 | 751218 + 3685 | 0.54 + 0.07
< < £ + 45 £ 0.
Liglon,, 5<Lyjy/01, <10 | 5487 %776 | 1223514+ 10375 | 045+0.06 | . | o
Lyy/o,, >10 | 6166+ 894 | 1159447 £ 5075 | 0.53 % 0.08

Table 4.14: Results of the measurement of R, in different data samples. The statistical
consistency of the measurements (y2 with N-1 degrees of freedom) and the resulting
systematic uncertainty are reported in the last two columns.

4.5.3.6 Fragmentation function

Uncertainties in the production of B hadrons from the fragmentation of a b-
quark can affect the efficiency estimate.

A possible systematic uncertainty is computed as the difference between
the default result and that obtained with an alternative hadronization model
available in the PYTHIA simulation, the Peterson [[[07] functions.

A BT — J/4K* sample is generated with the Peterson fragmentation func-
tion and is used to compute the B¥ — J /9 K™ reconstruction efficiency. Fig. 230
shows the Bt — J /K™ reconstruction efficiency as a function of p;(B™) for
the standard simulation (black dots) and for the alternative simulation via the
Peterson function (blue dots).
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Data are corrected with the “new” efficiency and the efficiency-corrected
invariant mass distribution is shown in Fig. B231. The difference in the mea-
surement of Yz when using the Peterson function in the MC sample generation
is tiny, about 0.2%. Indeed, the p;(B*) > 15 GeV cut applied in the analy-
sis selects a kinematic region where the two production models do not reveal
important differences; the effect on the results of this analysis is negligible.

Since the B, momentum distribution is already embedded in the LHE file
produced by the BCVEGPY package, it is not possible to generate a B:r sample
with a different B momentum spectrum using PYTHIA hadronizer. On the other
hand, it is verified that the impact of the different fragmentation function on the
B momentum spectrum above 15 GeV is very small. Therefore, we assume that
the effect on Rp_ of using a different fragmentation function for the B, meson
simulation is negligible.
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Figure 4.30: B* — J /4y K" reconstruction efficiency versus p;(B*) for the standard
MC (black dots) and for the alternative simulation via the Peterson function (green
dots). Their ratio is shown in the bottom panel.
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J /4K reconstruction efficiency is measured on a simulated sample generated via the
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4.5.4 Result
The resulting ratio R, ,,, including all uncertainties, is
R/, =[0.48 +£0.05 (stat) = 0.03 (syst) = 0.05 (7 )]%. (4.13)

This measurement describe the ratio of the cross sections times branching
fractions for B} — J/+n* and B* — J/4K* when meson have p; > 15 GeV
and live in the central rapidity region |y| < 1.6. A similar measurement from
LHCD in the kinematic region p; > 4 GeV, 2.5 < 1 < 4.5 gives [[76]:

[0.68 & 0.10 (stat) £ 0.03 (syst) £ 0.05 (75 )]%. (4.14)

The two measurements, performed in different kinematic regions, are ex-
pected to vary because of the softer p; distribution of the B, with respect to
that of the B*. This implies a lower value of the R, ratio at higher py. The
measurements are consistent with this expectation.

Measurements of the production cross section times branching fraction for
BY — J /31" v relative to that for B¥ — J/9pK™ are also available from the
CDF experiment [59] in the kinematic region pr > 4 GeV and |y| < 1. With the
present B, (pr,y) coverage, these experimental results can give guidance to im-
prove the theoretical calculations, which are still affected by large uncertainties,
and constrain the various B, production models.
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Chapter 5

Conclusions

The B, meson offers a unique insight into the dynamics of the heavy quarks and
measurements of its properties provide a new testing ground for predictions in
the context of effective models inspired by quantum chromodynamics.

The physics of the B, meson has entered a new era with the advent of the
CERN LHC. Thanks to the unprecedented energy and instantaneous luminosity
provided by the LHC, the available B, statistics is much higher than in previous
experiments, allowing for a precise investigation of its properties. The CMS
experiment is particularly suited to study the production and decay features of
B. mesons through the decay modes with a J /1) meson in the final state.

In this thesis we presented the measurement of the relative branching frac-
tions of the two hadronic decays B} — J/yn"n*n™ and BY — J/+pn" per-
formed with the CMS experiment. The measurement has been carried out on
the data sample collected by CMS in 2011 at 7 TeV, which corresponds to 5.1
fb 1.

The signal selection has been optimized using the simulated signal and the
real background from data. Efficiencies have been evaluated on the MC simula-
tion taking into account the event kinematic. The efficiency-corrected data are
fit with an unbinned maximum likelihood estimator. Systematic effects due to
analysis strategy and detector efficiency are measured to be ~ 13%.

The measurement of the ratio Rp_is

Rp, = 2.55+0.80 (stat) £ 0.33 (syst) tg:g‘l‘ (75,); (5.1)

which is in good agreement with theoretical expectations and the result [66]
from the LHCb experiment.
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A measurement of the ratio R, of the cross sections times branching frac-
tions for BY — J/2pm* and B* — J /K™ is also presented for B, and B* mesons
with pr > 15 GeV and in the central rapidity region |y| < 1.6.

The measurement is affected by a systematic uncertainty of ~ 6% due to
analysis procedure and object reconstruction. A further systematic effect (~
10%) is introduced by the experimental uncertainty on the B, lifetime.

The measurement

R/, =[0.48 £0.05 (stat) +0.03 (syst) £ 0.05 (75 )]%, (5.2)

is complementary to the results provided by the LHCb [[Z6] and CDF [59] ex-
periments in different kinematic regions and decay modes.

The results presented in this thesis enrich the current B, experimental sce-
nario, and have opened the way for further studies of B. properties in the CMS
experiment.



Appendix

A Selection cuts optimization procedure

In this Section the plots related to the selection cut optimization procedure ex-
plained in Sec. B3 and are collected.

In particular, Fig. A1 shows the trend of the figure of merit S/+/S + B for the
Bf — J/yn*n*n” signal as a function of the selection cut value. As explained
in Chapter Sec.&E31l, S is the signal yield obtained from a Gaussian fit to the
MC reconstructed events, properly rescaled to the data integrated luminosity,
and B is the amount of background extrapolated from J /v n*n* 7~ invariant
mass sidebands in the data.

Similarly, Fig. shows the behavior of the S/+/'S + B figure of merit for
the Bf — J/vyn* decay mode.
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Figure A.1: Trend of the S/+/(S + B) figure of merit as a function of the selection cut
value, namely pr(B.), y(B.), pr(m,), pr(n,) and pr(n3), AR(J /¢, 7)) and cosO, for
the B — J/yn*n*n~ decay mode
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mode.
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B MonteCarlo truth matching

The measurement of the reconstruction efficiency on the simulation relies on the
capability of associating the reconstructed events to the corresponding gener-
ated events. This procedure (truth-matching) is usually performed requiring the
reconstructed and generated tracks to be within a cone AR = 1/(AN)2 + (A¢)2,
where An and A¢ are the differences between the reconstructed candidate
pseudorapidity and azimuthal angles from the true values. The optimal cone
sizes AR for matching pion and muon candidates to signal simulation events are
chosen in such a way that the total number of true signal events in the signal
region failing the matching is equal to the total number of signal events outside
of the signal region passing the matching.

However, the application of this requirement introduces a bias in the effi-
ciency evaluation, because it discards events in which muons undergo final state
radiation (FSR). Indeed, the muon momentum decreases when the radiation is
emitted, and, consequently, the trajectory is modified, shifting the reconstructed
muon track outside the cone of the original track. This effect causes an under-
estimation in the efficiency evaluation of about 2-3%, depending on the decay
channel.

In order to avoid this bias, the AR truth-matching procedure is not applied
in the analysis. On the other hand, in order to discard those reconstructed
candidates that are not associated to the generated ones, but formed by the
random association of a J /4 plus one (or three) track, we exploit the a priori
flat trend in the invariant-mass distribution of background events.

The number of reconstructed true signal events is in fact extracted through
a fit to the invariant mass distribution of the reconstructed B, (B*) candidates,
performed with a function formed by a Gaussian distribution and a flat polyno-
mial function. This procedure allows to subtract the yield of background events
from the total number of reconstructed events.

A different strategy is applied for the B} — J/yn*n* 1~ mode, since the
efficiency is evaluated by an unbinned maximum likelihood fit (see Sec.E=Z1) to
generated events. In this case, the alternative to the truth-matching procedure
is:

1. evaluate the total number of reconstructed signal events (N,) through a
fit to the reconstructed J /Yt n*n~ invariant-mass distribution with a
function composed by the sum of Gaussian distribution and flat polyno-
mial function;

2. define the signal mass range as = 40 from the mean of the Gaussian
distribution, where o is the signal resolution obtained from the fit;
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3. extrapolate the number of background events within the signal mass range
(Np);

4. in the unbinned fit to generated events described in Sec.EEZ]l, retain a
reconstructed event if its invariant mass is in the signal region and the
value of a variable r randomly generated between 0 and 1 is greater than
the percentage of background events in the signal region (r > Ny /N;).



126 Appendix .

C B —»J/yn"n"n~ efficiency function

In this Section the results of the fit to the simulated B — J/+pn* n*n~ events
to obtain the efficiency function (Eq. E2) parameters are collected. In particu-
lar, they are shown in the form of projections of the expected number of recon-
structed events on the seven invariant-mass combinations. Results of the fit to
events selected by the HLT Dimuon?7 Jpsi_Displaced trigger path have already
been shown in Sec. B4

Here we report the results of the fit to events selected by the
HLT DoubleMu3p5 Jpsi_displaced (Fig. C23) and HLT DoubleMu4 Jpsi_displaced
trigger paths (Fig. C4), respectively.
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D Fit variant systematics

The method to evaluate the systematic uncertainty from different signal and
background fit functions relies on the “fit variant” approach. Fitting conditions
are varied, within reasonable limits, and only fits with sufficiently good fit qual-
ity and y? are retained. Results from different fits are considered to be equally
valid, and the statistical errors on the measurements correlated. Since each fit
is a priori as likely, it is given equal weight and the estimate of the systematic
error is simply the standard deviation of the set of variants. The systematic error
is then evaluated as

D, X~ N2
Ogs =\ " @)

N-1 ’

where x; are the individual measurements and X is their mean.

D.1 Fit results

We summarize here the results for the different fits to the efficiency-corrected
invariant mass distributions of B} — J/yn*n*n~, Bf — J/¢yn" and B* —
J /K" respectively.

Fits to the J /Y™t~ efficiency-corrected invariant mass

Plots of the different fits to the J /4yt ¥ n~ efficiency-corrected invariant mass
distribution are shown in Fig. 3. The signal and background parametrization
used in each fit are summarized in Table [

Signal PDF Bkg PDF Range (GeV)
Gaussian | 1°' ord. Chebychev pol. 6.13-6.4
Gaussian | 2" ord. Chebychev pol. 6.10 - 6.4
Gaussian | 2" ord. Chebychev pol. | 6.1 - 6.505
Gaussian | 2" ord. Chebychev pol. 5.8-6.7
Gaussian | 3" ord. Chebychev pol. 6-6.6
Gaussian | 3" ord. Chebychev pol. 5.8-6.7

-~ 0 AN T o

Table .1: Alternative signal and background models used to fit the J/yn*ntn~
efficiency-corrected invariant mass distribution. The corresponding plots are shown
in Fig. DS.
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Fits to the J /vy " efficiency-corrected invariant mass

Plots of the different fits to the J /1y nt* efficiency-corrected invariant mass dis-
tribution are shown in Fig. DA. The definition of the signal and background
model used in each fit is summarized in Table 2.

Signal PDF Bkg PDF Range (GeV)
a Gaussian 1%t ord. Chebychev pol. 5.8-6.7
b Gaussian 1°¢ ord. Chebychev pol. | 6.05 - 6.55
c Gaussian 24 ord. Chebychev pol. | 6.05 - 6.55
d Gaussian 274 ord. Chebychev pol. 5.6-6.7
e Gaussian 3™ ord. Chebychev pol. 5.8-6.7
f Gaussian Exponential 5.8-6.7
g | Double Gaussian | 2" ord. Chebychev pol. 5.8-6.7

Table .2: Alternative signal and background models used to fit the J /vy 7t* efficiency-
corrected invariant mass distribution. The corresponding plots are shown in Fig. D8.

Fits to the J /Y K™ efficiency-corrected invariant mass

Plots of the different fits to the J /1K™ efficiency-corrected invariant mass dis-
tribution are shown in Fig. 2. The signal and background parametrization of
each fit is reported Table (3. The B® — J /X component is always parametrized
with a Gaussian distribution.

Signal PDF Bkg PDF B* — J/¢ynt pdf | Range (GeV)
a| CrystalBall | 2" ord. Ch. pol Crystal Ball 5.15-5.5
b | Crystal Ball | 2" ord. Ch. pol Landau 5.15-5.5
c | CrystalBall | 2" ord. Ch. pol Gaussian 5.15-5.5
d | Double Gauss. | 2" ord. Ch. pol Crystal Ball 5.15-5.5
e | Double Gauss. | 2™ ord. Ch. pol Landau 5.15-5.5
f | Double Gauss. | 3" ord. Ch. pol Gaussian 5.15-5.5
g | Double Gauss. | 2™ ord. Ch. pol Gaussian 5.05-5.6
h | Double Gauss. | 2" ord. Ch. pol Gaussian 5.18-5.4

Table .3: Alternative signal and background models used to fit the J /)K" efficiency-
corrected invariant mass distribution. The corresponding plots are shown in Fig. [D2.
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E Split sample method

The split sample method is adopted asses a possible systematic uncertainty in-
troduced by a residual difference between data and Monte Carlo, due to a pos-
sible mismatch in the reproduction of the main kinematic variables and exper-
imental conditions of the spectrometer during data collection. This technique,
modeled after the S-factor method [[I(0T], aims to separate true systematic vari-
ations from statistical fluctuations.

The data set is split in N independent samples and x; individual measure-
ments are performed with the associated errors o; (i = 1,...N). If the N in-
dependent measurements are statistically consistent, there is no evidence for a
split sample systematic uncertainty. To test the statistical consistency a y2 with
N-1 degrees of freedom is calculated through the form

2 N (= %)
L
=y L= 2
=20 (2)
i=1 i

where x and & are the weighted average and associated statistical error

N 2

- x;/0¢ 1

X = ZIN;IZI and o= T (.3)
21:1 1/Gi Zi:l 1/0'12

If ¥2/(N —1) < 1, then the measurements are statistically consistent with
each other. However, if y2/(N — 1) > 1, it is likely that the split sample true
errors are underestimated due to a systematic effect not taken into account. If
each subsample statistical error o; is scaled by a factor S

4|2
S = -1 4

it is guaranteed that y2/(N —1) = 1 and also & scales by the same factor to
become a scaled variance &.

The split sample variance o, is defined as the difference between the
statistical variance of the entire dataset and the scaled variance, if the scaled
variance exceeds the statistical variance, that is

— 52 g2 : =
Usplit =yVOo Ostat it 6> Ostats (5)

Osplic =0 if 6<0q-
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F BT cross section

In order to check the analysis procedure and the possible biases in the measure-
ment of the reconstruction efficiency on the simulation, the B cross section is
calculated and compared to the CMS published results in Ref.[[[08], where the
reconstruction efficiency is measured with a data-driven technique.
The differential cross section for B* production as a function of p; is defined
as
do(pp —»B*X) _ N (P7)
dpy e(pP)BLAPY’

(.6)

where ng; g(p]%) is the signal yield in the given p bin, e(p’%) is the reconstruction
efficiency in the given bin, Ap? is the bin size in py. B is the total branching
fraction, given by the product of the individual branching fractions B(B* —
J/YKT)=(1.014£0.034) x 102 and B(J /¢ — pu"u~) = (5.93+0.06) x 1072
[T0T]. L is the integrated luminosity of the data sample.

The reference analysis provides the cross section measurement in five p;
bins starting from p;(B*) > 5 GeV, and considers the rapidity region |y| < 2.4.

We compare the results for two p; bins common in the two analyses [17, 24]
and [24,30] GeV in Table [4. Note that the considered rapidity range is different
in the two analysis. Cross section values from this work increase of ~10% when
enlarging the rapidity region to be the same as in [[[08]. Results are therefore
compatible within the statistical error.

p- (GeV) This work Ref.[[T08]
17-24 0.15 ub/GeV | 0.181 £ 0.015 £ 0.012 ub/GeV
24-30 0.042 ub/GeV | 0.042 £+ 0.007 £+ 0.004 ub/GeV

Table .4: Measured differential cross section do/d p’; from this analysis and previous
CMS result in Ref.[T0O8]. Note that the considered rapidity range is different in the two
analysis. Results from this work increase of ~10% when enlarging the rapidity region
to |y| <2.4.
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