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Abstract

Abstract

Quantum Chromodynamics (QCD), one of the most fundamental components of the S-
tandard Model theory of Particle Physics, is dedicated to describe the strong interactions
among quarks and gluons. For the B meson production cross-sections in hadron-hadron
collisions, perturbative QCD (pQCD) calculations are available at next-to-leading order
(NLO) and with the fixed-order plus next-to-leading logarithms (FONLL) approxima-
tions. Measuring B meson production cross-sections at the Large Hadron Collider (LHC)
1s of great importance to test the pQCD calculations.

The LHCb detector is a single-arm forward spectrometer. It collects the physical
information of the products in proton-proton collisions at the LHC. The differential and
total production cross-sections of B mesons (including B*, B® and B°) in proton-proton
collisions at /s = 7 TeV are studied using 35 pb~! of data in 2010 and 370 pb~! of data
in 2011 collected by the LHCb detector, and reported in this dissertation. The total cross-

sections are measured to be

o(B*,0 < pr <40GeV/c,2.0 <y <4.5) = 41.4+ 1.4 (stat.) + 3.2 (syst.) ub(2010),
o(B*,0 < pr <40GeV/c,2.0 <y <4.5) = 41.6+0.3(stat.) + 2.7 (syst.) ub(2011),
o(B%,2 < pr <40GeV/c,2.0 <y <4.5) = 32.3 +0.4(stat.) + 2.4 (syst.) ub (2011),
o(B%,0 < pr <40GeV/c,2.0 <y <4.5) = 7.9 +0.2(stat.) + 2.5 (syst.) pb (2011).

The numbers in the brackets indicate the year during which the data sample was collected.
These results are in good agreement with FONLL theoretical predictions.

The B meson, composed of two different heavy flavor quarks b and c, has not been
well studied experimentally up to now. Using data collected by the LHCb detector in
2011, the production ratio is measured to be

o (B)xB(B; = Jlyn*) _
o(BY)XB(Bt - JWK™")

0.72 + 0.10 (stat.) = 0.08 (syst.)%,

where o is the production cross-section in the range 4 < pr < 100GeV/c and 2.5 < 5 <
4.5 and B is the branching ratio. This result may shed light on the production mechanism

of doubly flavored hadrons.

Key words: flavor physics; heavy quark production; B meson production
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Chapter 1  Introduction

Chapter 1 Introduction

In the Standard Model, physical matter is composed of tiny elementary particles, e.g.
quarks, leptons and mediators propagating the interactions between them. The B me-
son is a particle made up of a bottom quark/anti-quark b/b together with another anti-
quark/quark g/q (¢ = u,d,c,s). The B mesons in the ground state and their quark con-
tents are summarized in Table 1.1. In this dissertation, we use B°, B*, Bg and B} to

present both these B mesons and their anti-particles B’, B~, Eg and B; for simplicity.

Table 1.1  The B mesons in the ground state and their quark contents.

B meson Quark content anti-B meson Quark content
B° db B° db
B* ub B~ 71
BY sb B° sb
B cb B ch

c C

B mesons are heavy and unstable. They do not exist in the daily low energy condi-
tion. Their properties are studied at the particle physics experiment where the B mesons
can be produced from the collisions of particles accelerated to a very high speed by the
accelerator. The Large Hadron Collider (LHC)!! is the largest hadron collider with the
highest colliding energy all over the world. Its research, development and construction
started from 1994 and it succeeded to get the first proton-proton (pp) collision event on
November 28, 2009. And then, in 2010 and 2011, it ran in stable pp beam conditions at
the center-of-mass energy /s = 7 TeV. The LHCb detector!?), located in the LHC'!! is a
forward single arm spectrometer dedicated to search for possible New Physics evidence
in heavy flavor physics. At /s = 7TeV, the bb cross-section is estimated approximately
to be 260 pb. With the nominal luminosity of about 2 X 1032cm=2s71, 2 x 10! bb events
would be expected in one year of the LHCb data taking, about 90% of which containing
B mesons.

The production cross-sections of the B mesons at pp collisions can be predicted
by the perturbative quantum chromodynamics (pQCD). The calculations are available at

next-to-leading order (NLO)!! and with the fixed-order plus next-to-leading logarithms

1
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Chapter 1  Introduction

(FONLL)*>! approximations. In the NLO and FONLL calculations, the theoretical pre-
dictions have large uncertainties due to the choice of the renormalization and factorization
scales and the b-quark mass!®. Accurate measurements will shed light on the validity of
the different production models.

Several recent measurements of the B meson and bb production cross-sections in

hadron collisions are summarized in Table 1.2. These results are consistent with pQCD

Table 1.2 Recent measurements of the B meson and bb production cross-sections in hadron collisions.

Variable Decay mode Region Result

o(B*) at CDF!! B* - JWK* pr > 6GeV/cand |y < 1 2.78 £ 0.24 ub
o(BY)atCMS®  B* — JwK* pr > 5GeV/c and |y| < 2.4 28.1+2.4+2.0+3.17ub
o(B%) atCMS®!  BY — Jiy K? pr > 5GeV/c and |y| < 2.2 332+25+3.5ub
o(BY) at CMS"1"  BY — Ju ¢ 8 < pr<50GeV/cand|y| <2.4 6.9 +0.6+0.6nb

o(bb) at LHCb!"'  p — DOXpv 284 +20 + 49 ub

o(bb) at LHCb!"?!  Jjy from B decays 288 + 4 + 48 ub

* 1In fact Br(B® — Jjy ¢)o(BY).

T Uncertainty from the luminosity measurement.

predictions within experimental and theoretical uncertainties.

This dissertation presents measurements of the B meson production cross-sections
in pp collisions at a center-of-mass energy of /s = 7TeV using data collected by the
LHCD detector in 2010 and the first half of 2011, for a total luminosity of 34.6 + 1.2 pb™!
for 2010 and 369.8 + 12.9 pb_1 for 2011. In this dissertation, we use 2011 to present the
first half of 2011 for simplicity. In Chapter 2, the theoretical background of B meson
production cross-section calculation is given. The LHC machine, the LHCb detector and
computing strategy are described in Chapter 3.

Measurements of the total production cross-section and the differential cross-
sections as a function of pr, o%’ in the rapidity range 2.0 < y < 4.5 using 34.6+1.2 pb™'of
data collected in 2010, are given in Chapter 4. pr is the transverse momentum of the B
meson and y is the rapidity, defined as y = % In[(E + pL)/(E — ppL)], where E is the parti-
cle energy and py is the particle momentum along the beam direction.

Due to the different analysis strategies, the B mesons are grouped into two categories

2



Chapter 1  Introduction

in the analysis with 2011 data:
- The B mesons including B*, B® and B(s) with a production rate at O'(B)/O'(bE) ~
o107,
- The B} meson with a production rate at o(B)/ a(bb) ~ O(107%).

Measurements of both the total production cross-sections and the differential cross-
sections as a function of pr and y, %, for B*and B° and as a function of pr, O%'T, for B
in the rapidity range 2.0 < y < 4.5 using 370 + 13 pb~! of data collected in 2011 at LHCb
with /s = 7 TeV, are given in Chapter 5.

Measurement of the ratio

o (B )x B(Bf — Jyr*)

‘T e (BYX BB - JWKY)’

for pr(Bf,B*) > 4GeV/c and 2.5 < n(B/, B*) < 4.5, where 7 is the pseudo-rapidity
(n= %ln [(pl + pL)/(pl — pL)], with p the particle momentum), is given in Chapter 6.

Finally, Chapter 7 presents a summary of this dissertation.

N
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Chapter 2  Theoretical overview

Chapter 2  Theoretical overview

This chapter describes the theoretical background for B meson production in Particle
Physics. Particle Physics is one of the most fundamental and frontier branches of modern
Physics. It touches the deepest structure of matter and handles the highest energy phe-
nomena. The ideas and technologies of Particle Physics can help the society and improve
the way we live, e.g. the particle accelerator technology, developed for Particle Physics
experiment, is widely used in the diagnosis and treatment of lots of diseases. The World
Wide Web was firstly invented in order to provide help for Particle Physicists to com-
municate in an international collaboration, and then spread all over the world. Further
and more precise explorations in Particle Physics will deepen our understanding of the
universe and benefit human beings even more.

Up to now, the Standard Model (SM) of Particle Physics is the most successful
and effective theory to model almost everything in the physical university in modern
elementary particle physics. We start with the elementary principles of this model!'3! in
Section 2.1. And then, the Quantum Chromodynamics (QCD), a component of Standard
Model, is introduced in Section 2.2 to describe the properties and activities of quarks
and gluons, of which the B meson is made. In the following Section 2.3, an approach of
perturbative QCD (pQCD) to calculate the B meson production cross-section is given. In
Section 2.4, the specific approach for B} production cross-section calculation is provided.

The simulation of B meson productions at the LHC is described in Section 2.5.

2.1 Standard Model

The Standard Model is a relativistic quantum field theory (QFT)!4! of the elementary
particles and their electromagnetic, weak and strong interactions. It is based on the lo-
cal gauge symmetry group SU(3) ® SU(2) ® U(1) with spontaneous symmetry breaking
(SSB)[13:15,16],

In the Standard Model, physical matter is composed of spin—% fermions and the inter-
actions between the fermions, which are propagated by spin-1 gauge bosons® . There are

twenty-four species of fermions, including quarks/anti-quarks and leptons/anti-leptons,

(@ Fermions and bosons are particles which obey the Fermi-Dirac!'”) and Bose-Einstein statistics, respectively.

4



Chapter 2  Theoretical overview

arranged in three generations:

u d e v,

c s movy

t b T v
N—— ———

Quarks Leptons
Anti—quarks Anti—leptons
—_— —_——

u d et v,

- + =

c S uovy

r b ™ v,

Quarks have an electrical charge of %e (—e is the electron charge) for u, c, t and —%e
for d, s, b. Leptons have an electrical charge of —e for e™, u~, 7 and O for neutrinos
Ve, Vu, V7. Each quark and lepton has an anti-particle, which has the same nature but
opposite electrical charge. Free quarks can not exist in the nature. Instead, a quark and

an anti-quark form a meson and three quarks form a baryon.

In the SM, the interactions between fermions are carried by spin-1 bosons. These
bosons can be divided into three categories: the eight gluons g of the strong interaction,
the three vector bosons, W* and Z°, of weak interaction and the photon vy of the electro-

magnetic interaction.

The Quantum Chromodynamics (QCD) describes the strong interactions among
quarks and gluons. Theoretical calculation of B meson production cross-section could be

established by several different approaches as detailed in the QCD section, Section 2.2.

The electromagnetic and weak interactions are uniformed by the electroweak (EW)

(18] " The group theory!"! in-

model based on the SU(2) ® U(1) gauge symmetry group
dicates the three gauge bosons Wi i=1,23, and B, corresponding to the SU(2) and
U(1) factors. The combinations of W;’z correspond to the weak bosons W=*, while the
combinations of Wg and B, correspond to the weak boson 7" and the electromagnetic

boson 7.

In the weak interaction, the Parity, Charge and the Charge-Parity (CP) symmetries
are broken!!°2!1. Thus the weak force interacts differently between left and right handed

particles, i.e. the left handed fermion fields transform as doublets and the right handed as
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singlets. The left handed doublets can be described as

Vi u;
Y, = and ,
I d
tJL /L

where i run from 1 to 3 indexing the generations of fermions. The d; indicate the quark
> flavor mixing, with d; = ’; Vi;d; where V;; are the Cabibbo-Kobayashi-Maskawa (CK-
M) 22l mixing matrix elements. The right-handed neutrino does not exist in the Standard
+ Model.
The electroweak force can interact between all kinds of fermions, thus fermions
s and bosons except for gluons can be classified under their SU(2) ® U(1) transformation
properties. The transformation properties of particles under SU(2) gauge transformation
s are described by the weak isospin /, while those under U(1) gauge transformation by the
weak hyper-charge Y. The (I, Y) species of different particles, including a Higgs boson
10 which is described below, under SU(2) ® U(1) transformation are listed in Table 2.1.

Table 2.1  The (I, Y) of different particles under SU(2) ® U(1) transformation!'3!. The fermion
symbols stand for three generations of fermions.

Types ‘ Leptons ‘ Quarks Gauge bosons ‘ Higgs

|
Particles ‘ VL eL eR ‘ up dr. UR dr ‘ Wiz 04 ‘ ¢

&Y [ G-D 0| &hH ©0hH ©0-H a0 0| dn

There are several differences between the electromagnetic and weak forces, as sum-

marized in Table 2.2. The different natures of the electromagnetic and weak forces in-

Table 2.2  Differences between the weak and electromagnetic forces

Electromagnetic force Weak force
Long distance Short distance
Strong Weak

Charge conservation Charge non conservation

CP conservation CP non-conservation

dicate that the SU(2) ® U(1) symmetry is broken. Besides, the gauge symmetry group
14+ SUB) ® SU(2) ® U(1) theory is a massless theory, which can not tell why fermions and

6



Chapter 2  Theoretical overview

W/Z bosons have masses. To explain the symmetry breaking and origin of mass, the
Higgs mechanism (%! is introduced.

The Lagrangian of the Higgs field is described as
L= (D,®)"(D,®) - V(D) (2-2)

where the first term is the kinematic component with the covariant derivative D,, and the
second term is the Higgs potential with ® as the Higgs field doublet.

The SU(2) ® U(1) symmetry requires that, in the perturbative expansion of V(®),
® and @ should appear together, while the theoretical renormalizability requires that the
power of the Higgs field can not exceed 4 orders. Thus, the Higgs potential V(®) can be

described as
V(D) = —12DT D + (DT D)? (2-3)

with two free parameters A and . If 4> > 0 and 2 > 0 is required, the minimum of
the potential V(®) is negative at ®'® = g—z This means that the physical vacuum corre-
sponds to non-zero Higgs field, or in other words, the Higgs field has non-zero vacuum

expectation. If the potential V(®) is described as

1 +1i
V(@) = —— ¢1 + i (2-4)
V2 ¢35+ iy
with ¢1, @2, ¢3 and ¢, real, all the field quantities ®s satisfying
T Lo 0 o0 o K
O'P = §(¢1 +¢ + 3+ P) = R (2-5)

which follow the SU(2) ® U(1) symmetry, lead to the lowest potential but only one of
the ®s corresponds to the physical vacuum. This is called the spontaneous symmetry
breaking.

The Higgs field could be written in the unitary gauge as

il
O =— (2-6)
H+v

where H is the real Higgs field and v = £ is the vacuum expectation value. Using

Va
this field to calculate the covariant derivative component of the Higgs Lagrangian in E-
quation 2-2, one can extract the non-zero Higgs mass and the weak boson W/Z masses
proportional to the vacuum expectation from the quadratic term coefficients. After sym-

metry breaking, there is still an U(1) symmetry left, corresponding to the electromagnetic

7
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Chapter 2  Theoretical overview

interaction, and the propagator of the remaining symmetry is the massless photon. The

Higgs boson hasn’t been discovered experimentally up to now, which is one of the most

important problems in the Standard Model as discussed in the following.

Exactly as the name “Standard Model”, physicists want this model to cover ev-

erything in the physical universe. However, there are still several problems left, exper-

imentally or philosophically. These problems draw extensive concern from the physics

community and are listed below:

1.

2.2

The Higgs boson hasn’t been found experimentally. By now, some evidences
have been reported by two experiments ATLAS > and CMS!?! at LHC. However,
physicists from both experiments need more time and data to confirm the existence
of Higgs boson or discard it.

Gravity is not included in the SM, although it exists everywhere and has been stud-
ied for a long time. Great efforts on the grand unification of the SM forces (strong

and electroweak) and gravity have been made but nobody succeed.

. Hierarchy or "unnaturalness” problems, which addresses the problem of the desert

between the EW scale and the Plank scale.
Neutrino mass: Non-zero neutrino masses are not accommodated within the Stan-
dard Model but found experimentally 2. This also corresponds to the existence of

right-handed neutrinos.

. Dark matter and dark energy!?’!, not included in the SM, are necessary to explain

the discrepancies between the mass of astronomical objects determined from their

gravitational effects, and the mass calculated from their luminous components.

. Matter and anti-matter asymmetry is much large in the observable universe than

what can be allocated by the CP violation in the SM.

. The large quantity of free parameters, 18 in addition to the physical constants ¢ and

h, make the SM unnatural to be a fundamental theory. Many theorists believe that
the SM is a low energy effective theory, part of a more fundamental one, which will

connect all the parameters together.

Quantum Chromodynamics

Quantum Chromodynamics (QCD), the gauge field theory that describes the

strong interactions of colored quarks and gluons, is the SU(3) component of the
SU3) ® SU(2) ® U(1) Standard Model of Particle Physics/?®). The color of quark and

8



Chapter 2  Theoretical overview

gluon is the charge of strong interaction indexed by three nominal labels, called “red”,
“green” and “blue”, which have no relations to optical colors.
The Lagrangian of QCD is given by

_ 1
ag: b v

L= § Wiy 0ubap — 85V 1A, — MyBapWl) — ZF;?VFA“ . (2-7)

q

In the first sum, the first term corresponds to the interactions between quarks, the second
to the interactions between a gluon and a quark and the third to the mass component. The
last component of the Lagrangian describes the gluon field interactions.

The y* are the Dirac y matrices which satisfy the anti-commutation relations. The
l,/_/fl and 1//2 are quark-field spinors for a quark with flavor ¢ (flavor is the index of different
quarks, i.e. ¢ = d,u, s, c, b, t.) and mass m,, and a, b are the color indices.

The g, (or a; = f—;z'r) is the QCD coupling constant, which is one of the fundamen-
tal parameters of QCD. It has special “running” properties: the value of g; depends on
the square of exchanged momentum between particles of a specific process, Q. If one

neglects all but the lowest order, the relation is

4872
8= \/(33 —2N;)In Q2/AY (2-8)

where A is a integration constant, which corresponds to the scale where the

perturbatively-defined coupling would diverge. Ny = 6 is the number of quark flavors.
More details are discussed below.

The AE represent the gluon fields, with C running from 1 to Né -1 = 8. As men-
tioned in Section 2.1, these eight gluon fields correspond to the adjoint representation of
the SU(3) color group!'>!. The tgb, eight 3 X 3 matrices, are the generators of SU(3) color
group defined by the commutation relations:

1-8
[, B = if B =i Z exBi© (2-9)
A#B#C

where the fé*B are the structure constants of the SU(3) group.

Finally, the field tensor F ﬁv is constructed from the gluon field A€,

Fi = 3,A% - 9,A% — g, fx ABAC. (2-10)

The complex QCD Lagrangian leads to several problems in the perturbative calculation of

physical observable, as discussed below. From the Lagrangian, Feynman rules of QCD
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Chapter 2  Theoretical overview

Figure 2.1 QCD Feynman rules for gluons (curly lines) and fermions (solid lines)?*.

can be calculated, shown in Figure 2.1. QCD has seven fundamental parameters: the
coupling constant g and the quark masses m,, as discussed below.

In Quantum Field Theory, when calculating the Green function using the pertur-
bative Feynman rules, the divergence problem arises from loop diagram momentum in-
tegral. The renormalization approach?%?! is introduced to the QFT to subtract the ul-
traviolet divergence in high energy. The physical constants, such as electron charge,
mass or coupling constants, would be redefined in terms of quantities measured at a spe-
cific kinematic renormalization point, which has a characteristic energy, to absorb the
divergence®?!. The characteristic energy is called the renormalization scale ur. The
renormalization approach must be developed in a specific subtraction scheme. The most
commonly used one is the modified minimal subtraction (M_S) scheme 33!, In this scheme,
the dimensional regularization approach is introduced to reduce the time-space dimension
and calculate the momentum integral in the reduced dimension. The integral under the
reduced 4 — € dimensions instead of 4 has a pole when € — 1, corresponding to the diver-
gence component, and can be absorbed in the renormalization procedure. The infrared
(low energy) divergence mainly from gluon emission is subtracted by a factorization ap-
proach as discussed in Section 2.3.1.

In the framework of perturbative QCD (pQCD), the strong interaction coupling con-
stant ; is "running” as a function of the renormalization scale ugr, and satisfies the fol-
lowing renormalization group equation (RGE)?®!

qu da;,

= Blay) = —(boa* + b1’ + byat +--+) (2-11)

where by, b and b, are the 1-loop, 2-loop and 3-loop beta-function coefficients respec-
tively. When neglecting all but the by = (33 — 2n,)/(127) term and taking ug close to the
scale of the momentum transfer O, one can get the Equation 2-8. The minus sign of the
coefficients in Equation 2-11 is the origin of asymptotic freedom. The strong coupling

a, decreases as the ug increases, which means that quarks can be considered as “free”

10
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particles in high energy collisions with large momentum transfer.

Quark masses are fundamental parameters of QCD both theoretically and experi-
mentally; however, the definition of the quark mass is a complex question. Free quarks
have never been observed, which leads to a property called color confinement. A single
quark with color does not exist on its own but has to hadronize with other quarks into
a color singlet state (meson or baryon) except for the top quark. The top quark lifetime
is so short that it decays before it has time to form a resonance state. A perturbatively
defined prescription of the quark mass is the pole mass m, (341 which corresponds to the
value for which the propagator diverges. However, when relating it to observable quanti-
ties, it suffers from substantial non-perturbative ambiguities*!. An alternative could be
the MS mass, mq(,ul%), which depends on the renormalization scale ur. In general, heavy
quarks (c, b, f) masses are described either as the pole mass or as the MS mass with the
scale equal to its mass; light quark masses are described in the MS scheme at the scale
ug ~2GeVI28l,

2.3 B meson production cross-section calculation in perturbative QCD

B meson is the particle made of one bottom quark 5/b and another quark G/q. bb quarks
were predicted theoretically in 1973-19751203¢! and found with the Y (bb) resonance
state at the Fermilab E288 experiment in 197737). The b quark has an electric charge
of —%e, 1JP) = O({r)<D and a bottom number equal to -1. Its mass in the MS scheme
is 4.19%018 GeV/c? 18], The b quark has the same nature except for the opposite electric
charge and bottom number.

In the Quantum Field Theory calculation, perturbation theory is a powerful tool to
get the approximate solutions of complex equations which are hard to solve analytically.
In Section 2.2, perturbative expansions have already been introduced to deal with the run-
ning property of the coupling constant ;. In this section, the perturbative QCD (pQCD)
approach to calculate the B meson production cross-section is given. We start with the
parton model, which describes the hadron structure in a framework consistent with the
perturbation theory. In the following Section 2.3.2, general perturbative formulae for bb

production cross-section calculation are introduced in the picture of the parton model

@ [1is the isospin, J the angular momentum and P the parity.
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Chapter 2  Theoretical overview

and the calculation at the lowest order is described. In Section 2.3.3 and 2.3.4, higher
order corrections are discussed. The Section 2.3.5 gives a description of fragmentation
and hadronization which are processes describing how the bb quarks evolve to form B
mesons. Section 2.3.6 summarizes the theoretical uncertainty of these calculations and

provides the results of cross-section calculations.

2.3.1 Parton model and deep inelastic scattering

Parton model was developed to explain the deep inelastic scattering (DIS): e+ p — e+ X
process at first®8!. In the parton model, when the momentum transfer is extremely high
(Q > mpyroon) (so-called “deep” scattering), the partons (including quarks and gluons) of
the proton can be treated as point-like free particles, in other words, the interactions be-
tween electron and different partons are uncorrelated elastic scatterings. The differential
cross-section of DIS processes is determined by the proton structure function, which is
independent of the momentum transfer, and of the kinematic variables.

The structure functions are given by the non-perturbative parton distribution func-
tions (PDFs), which are the momentum distributions of partons in proton. Including

higher orders, the structure functions can be expanded into a serie in powers as(uf{) 28],

R A fI%(n) 2 2 2y (X 2 (A_z)

where ur is the factorization scale which is described below. The expansion coeflicients
Cl(.”) can be calculated according to Feynman diagrams. The functions fi(z, /1%) are the
PDFs of the i" parton in the proton. The momentum of the quark when interacting can be
different from that when “departing” from the proton as a free parton, because of the soft
gluon emission. The integration variable z is defined as the ratio of these two momenta.
Both the coefficients C E") and the PDFs depend on the ratio z.

Considering the soft gluon emission process, which may lead to infrared divergence
in perturbative expansion coefficients of the structure function, one can treat the process
as a modification of the PDF instead of the perturbative interaction between electron
and parton, so that the divergence can be absorbed into PDFs. This procedure, called
factorization, is most commonly developed in the modified minimal subtraction (MS)
scheme. It introduces an arbitrary factorization scale ur to separate the two categories:
processes with momentum transfer Q > up are included in the expansion coefficients;

processes with Q < ug are absorbed into the PDFs. The coupling constant «;, the short
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distance cross-section 6 and the PDFs all depend on the choice of subtraction scheme.
The change of scheme only varies the weights of the divergence corrections among these
three variables and has no impact upon the observable quantities.

Parton distribution functions are non-perturbative and not easy to calculate, but have
to be mainly determined from experiments. If the same factorization scheme, MS scheme,
is used in both DIS and pp collision, the PDFs from DIS can be used in the prediction
of pp collision!®!. The relation between PDFs and the factorization scale ur is described
by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equation!“**#?. Using this
equation, one can extract PDFs for the perturbative calculation of bb production cross-

section.

2.3.2 Perturbative expansion of bb production cross-section

The bb production in hadronic collisions can be described in the parton model, which is

described in Section 2.3.1, as shown in Figure 2.2

‘e
_Q'\
Figure 2.2 Typical diagram for bb production *3!,

The standard perturbative QCD formula for the inclusive production of a heavy
quark g with momentum p and energy E of a colliding process
Hy(Py) + Hp(P2) = q(p) + X

where P and P, are the momenta of the colliding hadrons H, and Hp, describes the

cross-section as

Edc Ed*Gj(x1 Py, x2Py, p, jiR., UF)
-3 [ dndn = 1A, ) P o) (2-14)
bJ

dp? dp3

where i and j run for the partons in the colliding hadrons. &; corresponds to the short
distance cross-section for the production of bb pair from the interacting partons, and can

be calculated as a perturbation serie in a,(u?). x; and x, are the momentum fractions of
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the partons, i.e. p; = x Py and p, = x;P5. fA(xy, 1) and ff(xz,,ul%) are the i”* and ;"
parton distribution functions?!.
By integrating the Equation 2-14 over the momentum p, the total production cross-

section o~ of a bb pair is written as
o(§) = Z fdxldszi(xl,ﬂ]zr)Fj(xz»lllzr)a'ij(MXZS,IJZR,IJIZ:) (2-15)
LJ

where § is the square of the center-of-mass energy of the colliding hadrons Ha and Hpg.
The short distance cross-sections 7;; can be written as
20,2
A @y (ug)
G5, Mo 18) = = i s ) (2-16)
where s is the square of the partonic center of mass energy and m the mass of the parton.
The variable p = 4m?/s represents the energy dependance of the cross-section. pQCD

gives an approach for calculating 6; as a power serie expansion in a,(u?). The expansion

of the f;;(p) function (431 js written as

2
Filo- i) = £ 0) + dma U o) + ) (o) log(E5) + 0@, 2-17)

The n'™ order short distance cross-section coefficients f,-(j")(p) and fi(f )(p) should be calcu-
lated for different contributing parton subprocess diagrams.

At the leading order (LO), bb pairs will be produced by the flavor creation (FC)
mechanism. In this mechanism, two incoming gluons or quarks annihilate to produce
outgoing heavy quarks. Examples of Feynman diagrams of FC are shown in Figure 2.3.

The lowest order fl.(f)(p) corresponding to these diagrams can be calculated analytically *!

(a) (b) (c)

Figure 2.3 Feynman diagrams for LO bb production.

as shown in Figure 2.5 in Section 2.3.3.
In the high energy limit, called Balitsky-Fadin-Kuraev-Lipatov (BFKL) limit4443],

where the center-of-mass energy is much larger than the scale of the specific process,

14
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which is just the bb production case at LHC, each power of @ higher than the leading
order can be accompanied with a power of log (,’;—22). The leading logarithmic (LL) terms
and next-to-leading logarithmic (NLL) terms, which invalidate the convergence, are cal-

culated by a resummation approach. 4

Next leading order (NLO) corrections of short distance cross-sections are described
in the Section 2.3.3, and the resummation approaches are introduced as the fixed order

plus next to leading order logarithms (FONLL) method in the Section 2.3.4 .

2.3.3 Next to leading order calculation 8

The parton processes which contribute in the next to leading order o> are:

g+Gg—b+b at a2, a3

g+g—b+b atad? o
g+g—ob+b+g at a
g+g—ob+b+g at a3
q+g—>b+5+q at a3

Gg+g—b+b+q atal.
Besides the diagrams in Section 2.3 with the addition of a self coupling loop or gluon 1o
emission, two production mechanisms of gluon splitting (GS) and flavor excitation (FEX)
have to be taken into account. In GS an outgoing oft-shell gluon from a gg — gg process 12

splits into a bb pair. In case of FEX at least one of the b-quarks is scattered by e.g. a

gluon. Examples of Feynman diagrams of GS and FEX are shown in Figure 2.4.

b

g g

Figure 2.4 Feynman diagrams for NLO bb production by left: gluon splitting and right: flavor

excitation.
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In the calculations of these diagrams, ultraviolet and infrared divergences can be sub-
tracted using the renormalization and factorization approaches, respectively, as discussed
in the above sections. Since the scheme change effects on the observable quantities are
corrections at high order and thus negligible, a decoupling scheme*®! similar to the MS
scheme is used to deal with the divergences from heavy-flavor loops. In this decoupling
scheme, differently from the MS scheme, the flavors are not treated equally. When the
energies of the loops are much lower than the heavy quark mass, the heavy quark is ne-
glected and the flavor number N; becomes Ny = Ny — 1 instead. An approach in order to

translate the result from the Nj; scheme to the N; scheme is discussed in Ref. [,

The short distance cross-section coeflicients fl.(jl) as mentioned in Equation 2-17 for
the g — g and ¢ — g subprocesses have been calculated**! and are illustrated in Figure 2.5.

The Figure 2.5 (right) shows that the gg diagram leads to a logarithm divergence in the

0.15 | oo T T N | | h ki I I IR B | ]
Solid: £
0.10 - _— T T
I Dashes: ffllq) s
/ -3, ¢£(0)
, Solid: fgg
0.05 7] Dashes: félg) ]
0.00 ————
I . PR | N P | PRTPTY PR BT | PENTPPTH BT | |
1 5 10 50 100 100 10! 10° 103 10¢ 10°
1/p=§8/4m? 1/p=§8/4m?

Figure 2.5 The short distance cross-section coefficients fl.(JQ)(solid red) and fl.(j])(dashed blue) for
the left: ¢ — g and right: g — g subprocesses from Ref.[*3],

high energy region at the NLO. As discussed in Section 2.3.2, the divergences are origi-
nated from the logarithmic terms in the high energy limit. An approach is introduced to
estimate the first LL terms (a?(a log %)2) by choosing the ugr and ug scale at the order of
pr- This approach gives a reasonable estimate in the low pr range and fails at very large
pr. The FONLL process with a resummation approach to cover the large pr range are

described in the next section.
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2.3.4 Fixed order plus next to leading order logs

The NLO calculation in Section 2.3.3 is reasonable when the heavy-quark mass is the only
relevant mass scale of the specific process, and it fails when the transverse momentum
of the heavy quark is much larger than its mass. In that case, the order of neither the
heavy quark mass nor the transverse momentum can be chosen as the renormalization
and factorization scales, since the large logarithms in terms of af(as log %)" (LL) and
ozﬁ (aglog %T)” (NLL) break the convergence.

Since the scale is fixed to the heavy quark mass in the LO and NLO calculations,
these two components are called fixed order (FO) calculations. A resummation approach
is introduced in Ref.*”1 which transforms the fragmentation functions to fold and resum
the LL and NLL terms in the short distance cross-section. This approach considers medi-
ate processes like ij — k — b, where the k — b processes are described by the fragmen-
tation functions. i, j, k indicate quarks with all the flavors by neglecting the heavy quark
mass. It is not reasonable in the low pr range because all the contributions suppressed by
pﬂT are neglected. In other words, it is a “massless” approach.

The combination of the fixed order together with the LL and NLL resummed calcu-

lations of the hadron production cross-section is written!*! as

do

— = A(m)a® + B(m)a’
dp?r

+ af Z ai(aglog E)i + afz Z bi(aglog ﬁ)i X G(m, pr)
i=2 m i=1 m

+O(ah),

where coefficients A(m) and B(m) are extracted from the LO and NLO calculations dis-
cussed in previous section. The coefficients a; and b; depend on the colliding center-
of-mass energy S, pr and scales u. The function G(m, pr) has to approach unity when
pﬂT — 0 and to suppress the logarithm terms in the low pt range. It can be determined
from the order of pﬂT at which the massless resummation approach is a good approxima-
tion of the massive calculation.

The FONLL approach makes use of the existing calculations from the FO approach

and the resummation (RS) approach. The final result!*! is described as
FONLL = FO + (RS — FOMO) x G(m, pr) (2-19)
where FOMO, the “massless limit” component, corresponds to the FO terms in the RS
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Chapter 2  Theoretical overview

calculation which should be subtracted to avoid double counting. A matching procedure

is introduced to match the RS and the FOMO calculations .

2.3.5 Fragmentation

b and b quarks can not exist as free particles due to the quark confinement. The process
where a b/b quark forms a bound state (B/B hadron) with another quark g/q is called
hadronization. The hadronization process happens much later than the bb quark pair
creation and doesn’t affect the inclusive bb production cross-section. The creation of
quark pairs and their hadronizations are called fragmentation, which can be described by

the following formula in the parton model,

dohag gz , do ,
dPT - fP_T ?f(znufrag)d_pT(:ufrag) (2'20)
beam
where Pr is the transverse momentum of the produced hadron, 5% is the differential

production cross-section and pr is equal to %. The fragmentation scale py,g, like the
factorization scale, is introduced to absorb the final state soft gluon radiations into the
fragmentation function. The fragmentation functions f(z, ufrag) can be described in sev-
eral different forms. The Peterson fragmentation function,

1

1 € \2
2(1-1- 72

f@)= (2-21)

where € corresponds to the ratio of the light quark mass with respect to the heavy quark
mass, is commonly used ¥ for heavy flavor production.

Experimental inputs are required to improve the accuracy of fragmentation
functions. And then the functions can be used to give theoretical predictions for more
experiments. The hadronization fractions for B hadrons!?®!, which are the branching
fractions of b — B, are listed in Table 2.3. These fractions need feedback from the LHC
experiments. The B meson production cross-section measurements in this dissertation

can be extended to extract hadronization fraction results.

2.3.6 Theoretical uncertainties and differential cross-section distributions

From Equation 2-14 and the discussions above, the theoretical uncertainties on the B me-
son production cross-section calculation arise from the renormalization and factorization
scales, the b quark mass and the parton distribution functions, theoretically. In the FON-

LL calculation, the largest uncertainty comes from the renormalization and factorization
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Table 2.3 Summary of hadronization fractions for B hadrons %8,

B hadron Hadronization fraction
B’ 40.1 + 1.3%
B* 40.1 £ 1.3%
B° 11.3+1.3%
b baryon 85+2.2%
Others Negligible

treatments of the high order effects, as shown in Figure 2.6. It is estimated by varying
the renormalization and factorization scales by a factor of two both above and below the
central values. As discussed in Section 2.2, the quark masses are not yet determined accu-
rately theoretically and are not easy to measure experimentally. The mass uncertainty is
estimated by varying the mass by 0.25 GeV/c?. The uncertainty on PDFs are determined
together with the PDFs experimentally.

~ T T T T T T T T T T T
o L _
; 10 E —b mass 3
(] C —scale N
9 i — pdf 7
g L i
Q L 4
S
o 1f
Q C
o) L
U - -
1 . . . . ]
10 0 5

10
P, (GeV/c)

Figure 2.6 Theoretical uncertainties on FONLL calculation from three sources . The red line
corresponds to the upper and lower limits by varying the renormalization and factorization scales,

the blue to the b quark mass and the black to the PDF uncertainties.

A comparison of NLO and FONLL calculations from Ref.**! is shown in Figure 2.7.
The uncertainty bands of FONLL are much narrower than those of the NLO calculations.
The overall distribution of FONLL calculation is steeper than the NLO ones, because the

resummation approach takes multiple radiation into account.
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A
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Figure 2.7 The comparison of NLO and FONLL calculations of differential cross-sections for b
production at /s = 14TeV*3!, The dashed and dotted lines correspond to the NLO calculation in
MS and extended MS schemes, respectively. The solid line corresponds to the FONLL calculation
as a combination of FO and resummed and matched terms. The bands are uncertainties from the

renormalization and factorization scales described in the text.

2.4 B/ production cross-section

The extra heavy ¢ quark makes the B} production different from the other B mesons.
Theoretical approaches have also been developed in the picture of parton model. Similar
as the FONLL approach discussed in Section 2.3.4, the B} production is also predicted
at LO using a fixed-order approach and an resummation approach by resumming the
mediate fragmentation function®*>!1. The effect of the later one has been studied and
found to be not dominant at the energy level of LHC!2!,

In the calculation of fixed order component, due to the heavy quark c, the leading
order of B} production is O(a?)P3!. Tt is assumed that only the light flavors (u, d, s) are
active and their PDFs contribute to the cross-section. The contributions of the heavy
flavors are studied by resumming the collinear logarithms in the initial state and found
to be very small'®>>I, The contributions from the resummation approached of the initial

and final states are negeligeble, and the LO calculation can be found in Ref. 567,

2.5 Simulation of B meson production

The production of B meson is simulated by Pytuia®®!, a general Particle Physics particle

generator software package. The b-hadron production in PyTHia emerges from leading
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order 2 — 2 QCD processes: q¢ — g8, q¢ — q8, 8¢ — qq and gg — gg. Signal B
meson samples are generated using the following procedure: once a b quark is found in
a primary event, the same primary event is repeatedly hadronized until the B meson is
obtained.

With the QCD processes listed above, the only possibility to obtain a B} meson in
PyTHiA is that a cc pair is created from vacuum or from the proton structure function.
This process has a very small probability (O(10~*)) and the generation of B! events with
PytHiA is extremely inefficient and does not describe fully the dynamics of B} produc-
tion. A dedicated generator is used to generate B} events: BCVEGPY P!l which is
implemented as a PyTHia external user process. This generator provides explicit matrix
elements for the production of B and of the excited states B:®* through the dominant
hard process gg — B_bc. The computations are realized at the leading order in the per-
turbative QCD framework. The fragmentation of the events is done by PyTtHia using the

same configuration as other B mesons.
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Chapter 3 The LHCb Experiment

The LHCb experiment is dedicated to heavy flavor physics at the LHC. Its primary goal
is to look for indirect evidence of New Physics in CP violation and rare decays of bottom
and charm hadrons. In this chapter, we introduce some general aspects of the LHC and the
LHCb most relevant to the studies in this dissertation. We start with a brief introduction
of the LHC, where the LHCDb detector is located, and its performance in Section 3.1.
The instrumentations and operations of LHCb, as well as its performance during the data
taking in 2010 and 2011, are described in Section 3.2. The LHCb computing strategy and

corresponding software packages are outlined in Section 3.3.

3.1 The Large Hadron Collider

The revolution on physics in 20-century, represented by Relativity and Quantum Theory,
originated from the study of physical phenomena in high velocity (energy) and tiny spatial
scale, respectively. Particle Physics, based on these two theories, is dedicated to probe
the deep structure of matter by studying heavy particles and high energy phenomena. The

well-known Einstein mass-energy equation 6%/

E = mc? (3-1)

asks physicists to produce energy as high as possible in order to create heavy parti-
cles, which cannot exist in the daily low energy world. Meanwhile, the de Broglie

relations [63-:64]

A=— (3-2)
p

where 7 is the reduced Planck’s constant, tells physicists that higher momentum p leads to
smaller wave length A, which means better spatial accuracy. These motivations encourage
physicists’ consistent pursuance of high energy so that Particle Physics is also called
High Energy Physics. Great efforts have been made to produce high energy, and several
methods, i.e. cosmic rays and accelerators, have been used to study the heavy particles
and high energy interactions. Up to now, the most effective instruments are the particle

accelerators and colliders.
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The LHC is a two-ring-superconducting-hadron accelerator and collider built in the
26.7 km LEP underground tunnel!!!, which makes it the largest machine ever built in the -
human history. The LHC tunnel has two beam pipes, in which the proton or ion beams
are accelerated close to the speed of light. There are eight arcs and eight straight sections, 4
tagged as Point 1 to 8, in the tunnel. At four of the straight sections, the two beams collide
and four large detectors are installed. ATLAS and CMS, newly built, are located at point
1 and point 5, respectively. ALICE and LHCb, located at point 2 and 8, respectively,
inherit the LEP engineering structure. Two transfer tunnels near Points 2 and 8 link the s
LHC to the CERN accelerator complex which injects beams with an energy of 450 GeV.
The schematic layout of the LHC is illustrated in Figure 3.1.

Low B (pp)
High Luminosity

RF
& Future Expt.

(B physics)

Figure 3.1 The schematic layout of the LHC!!l.,

One of the most important feature of the LHC, the center-of-mass energy (/s) of
the pp collisions, is designed to be 14 TeV. In 2010 and 2011, the LHC was operated at 1
v/s = 7TeV, which already made the LHC the highest energy particle accelerator in the
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world. In 2012, the +/s is 8 TeV.
Another important feature of the LHC performance is the luminosity. The visible

number of interactions per second generated in the pp collisions is given by
Nyisible = L0 visible (3-3)

where o yisiple 1S the visible cross-section and £ is the machine instantaneous luminosity.
The latter depends only on the beam parameters and can be written as

_ NZ”bfrev)’r P (3-4)
4re, P+
where N,, is the number of particle per bunch, n;, the number of bunch per beam, f., the
revolution frequency, v, the relativistic gamma factor, €, the normalized transverse beam
emittance, B* the beta function at the collision point and F the geometry luminosity
reduction factor due to the beam crossing angle!!!. The LHC is built to reach a peak pp
instantaneous luminosity of 10**cm=2s~! at ATLAS and CMS, and a peak luminosity of
10*?cm~2s~! at LHCb. The peak luminosities at the LHC in 2010 and 2011 are measured

1

and shown in Figure 3.2. In 2010, the peak luminosity, 103%>cm=2s~!, nearly reached the
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Figure 3.2 Peak luminosity in left: 2010 and right: 2011!9! for the four LHC experiments. The
gaps in the running period correspond to the technical stop of the LHC.

design value at LHCb, 2 x 10*2cm™2s~!. However, this peak was achieved with beam
conditions with a higher average number of visible pp interactions per bunch crossing
(1) and much lower number of bunches per beam 7, than the LHCb design. u as well

as another parameter called “pileup”, which is the average number of pp interactions in
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visible events and is equal to 1_"7, are generally used as indicators for the luminosity.
In 2011, the instantaneous luminosity for LHCb was lower than that for ATLAS and
CMS. This was done by displacing one beam with respect to the other. The number of
bunches per beam achieved half of the design and the peak luminosity for LHCb was

3.5 x 10*2cm™2s7!, 1.75 times the design.

During the LHC running period, the machine instantaneous luminosity is not con-
stant but has a decay lifetime mainly due to the beam loss from collisions. The luminosity
lifetime depends on the initial beam intensity, initial luminosity, total cross-section and
number of interacting points. Considering some other machine effects, a typical net lu-
minosity lifetime 71 is equal to 14.9 hours!!!. The whole LHC running time is therefore
divided into short periods labeled as “Fill”.

The integrated luminosities, the integral of the instantaneous luminosity over time,
at the LHC in 2010 and 2011 running are measured and are shown in Figure 3.3. LHCb

2010111/05 08.34 LHC 2011 RUN (3.5 TeV/beam)
LHC 2010 RUN (3.5 TeV/beam) e e

PRELIMINARY (£10% scale)

iy
o

-

-
o

-
o

delivered integrated luminosity (pb")

Delivered integrated luminosity (fb™")

10 ATLAS £ —o— ATLAS 5.626 b’
107513 —a- CMS5714fb7 [

-4 -{={- ALICE* u
10 g —o— LHCb 1.217 fb~!

i CMS / TOTEM 10} o —o— ALICE 4.877 pb™' [
10 “y+ LHCb T PRELIMINARY

100 150 200 250 300 Mar Apr May Jun Jul Aug Sep Oct
Month in 2011
+ ALICE : low pile-up limited since 01.07.2010 day of year 2010 (generated 2011-12-01 19:35 including fill 2267)

Figure 3.3 Integrated luminosity in the left: 2010 and right: 2011 running periods®>.

collected 37 pb~! of data in 2010 and 1.1 fb™" in 2011, respectively. In this dissertation,
the luminosity collected up to August 2011 is used, corresponding to 0.37 fb~!.

3.2 The LHCb detector

The LHCb detector is a single-arm forward spectrometer dedicated to b physics as de-
scribed in Ref.[266671 In this section, we introduce some general aspects of the LHCb

detector most relevant to the studies in this dissertation.
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Chapter 3  The LHCb Experiment

With a bb production cross-section of about 500 pb at the designed center-of-mass
energy of 14 TeV, the LHC will be the largest B meson source all over the world. The
pp collide in the LHCb detector at a luminosity of 2 x 10*2cm~2s~!, lower than ATLAS
and CMS. At this luminosity and energy of 14 TeV, 10'2 of bb pairs are expected to be
produced in one year of data taking. The lower luminosity has several advantages:

- The number of interactions per bunch crossing is limited, i.e. the number for LHCb
is always less than 5 while for ATLAS/CMS it may be up to 20. Events with higher
number of pp interactions are much harder to analyse due to the complexity due to
the high multiplicity of the products in the pp collision.

- The occupancy in the detector remains low, hence trigger requirements can be
loosen to cover larger phase space.

- The radiation damage on the detector can be reduced.

In 2010 and 2011, the bb cross-section at the energy of 7 TeV was measured to be
284 +20 +49 pb!'' and 288 + 4 + 48 ub!'2l. Measurements of bb cross sections are also
given as an extrapolation of the B meson cross-sections in Chapter 4 and Chapter 5.

The detector layout and overview are outlined in Section 3.2.1. In the following
sections, the sub detectors are described and their performances are shown and discussed.
Principles and concepts for several experimental methods, e.g. track reconstruction and
particle identification are introduced together with the relative sub detectors. The trigger

system using the information from these sub detectors are described in Section 3.2.5.

3.2.1 Detector layout and overview

The LHCb detector layout is demonstrated in Figure 3.4. The z axis goes along the beam
and its positive direction corresponds to the anti-clockwise direction of the beam. The y
axis goes up and the coordinate system is right-handed.

The LHCb detector has a unique geometrical acceptance with a forward angular
coverage from approximately 10 to 300 (horizontally) and 250 (vertically) mrad. This
detector geometry is set up to account for the fact that the b and b hadrons are produced
dominantly in the same forward or backward region so that a large fraction of B hadrons
are distributed in the LHCb geometrical acceptance, as shown in Figure 3.5.

The descriptions of the sub detectors together with their performances are organized
in the following sequence:

- The dipole magnet is described in Section 3.2.2.
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BoAL HEAL
; SPD/PS M3
RICH2 M1 M2

Figure 3.4 The LHCb detector layout!?!.

Figure 3.5 The angular distribution of the b and b hadrons calculated by the PyThia 6 genera-
tor?],
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- The tracking system composed of the vertex locator (VELO) around the collision
point, a trigger tracker (TT) and three tracking stations (T1-T3), located in front
of the magnet and behind, respectively, is described in Section 3.2.3. The track
category at LHCD is also discussed in that section.

- The particle identification system consists of three sub-systems: RICH, calorime-
ter and MUON as described in Section 3.2.4. The two ring imaging Cherenkov
(RICH) detectors are dedicated to hadron identification. The calorimeter system,
composed of a scintillator pad detector and preshower (SPD/PS), an electromag-
netic calorimeter (ECAL) and a hadronic calorimeter (HCAL), contributes to the
trigger and measurements for electrons and photons. The MUON system and the
muon identification method by this system are described in the last part of Sec-
tion 3.2.4.

After the sections of detector apparatuses, an introduction of the LHCb trigger sys-

tem is given in Section 3.2.5.

3.2.2 Magnet

A warm dipole magnet, detailed in Ref.!®8], is used in the LHCb detector to measure the
momentum of charged particles. The magnet is designed with an integrated magnetic
field ( f Bdl) of 4 Tm. The polarity of the magnet can be inverted to study the left-right
asymmetry of the detector. A magnetic shielding technique!®! is used to restrict the
field level inside the RICH detectors. The magnetic field is therefore measured in three
regions separately: the tracking volume inside the magnet, the region of VELO and TT,
and the magnetic shielding region in RICH1 and RICH2. The relative precision of the
field measurement in the tracking volume is about 4 x 10™*. The comparisons of the
measured field component, By, and approximative calculation by finite element method
for both polarities (up and down) are shown in Figure 3.6. Good agreement between the

measurement and calculation is observed.

3.2.3 Tracking system

The tracking detectors together with the magnet compose the LHCb tracking system,
responsible for the track reconstruction of charged particles and the measurement of their
momentum. Excellent momentum resolution is very important for example to measure

the mass of B mesons, e.g. a mass resolution of 10 MeV/c? for B — D x" requires a
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Figure 3.6 Comparisons of the measured (dots) and calculated (line) field component, B,, for

both polarities?.

momentum resolution of ‘%p ~ 0.4%"%1. The LHCb tracking detectors consist of the VELO
around the interaction point and four tracking stations (T stations including TT and T1-
T3) installed close to the magnet. The VELO and TT are made of silicon microstrip
detectors. The detector structure of T1-T3 consists of two components: the inner tracker
(IT) close to the beam pipe is made of silicon microstrip detectors and the outer tracker

(OT) in the outside region is made of straw-tube detectors.

The VELO provides precise tracking measurements close to the pp collision point
to reconstruct and identify the primary vertex (PV), corresponding to the collision point,
and secondary vertex, usually corresponding to the decays of hadrons with b or ¢ quarks.
The VELO is made of a serie of silicon microstrip modules arranged along the beam pipe
as shown in Figure 3.7. One VELO module is composed of two sensors for R and ¢
coordinates, by which the full spacial coordinate of hits can be determined. Two modules
form a module pair, which can move alone the x axis to avoid radiation damage during the
LHC injection. The four R sensors located upstream of the VELO form the pile-up veto

system to distinguish bunch crossings with single and multiple visible pp interactions.

Relying on the tracking measurements by the VELO, the primary and secondary
vertices are determined at a better accuracy, which provides more precise measurements
of physical quantities used in the studies of this dissertation, e.g. the lifetime and im-
pact parameter x> of B meson. The performance of the VELO in 2011 data taking is

demonstrated in Figure 3.8 and 3.9.
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Figure 3.7 Top: Cross section of the VELO silicon sensors in the (x, z) plane. Botfom: The front

face of the module pair in left: closed and right: open positions!?.
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Figure 3.8 PV spacial resolution of events with exactly 1PV as a function of track multiplic-
ity 70!

righ plots correspond to z resolution. Comparisons with MC simulation using the reconstruction

. The red line and points in the left plot correspond to x resolution and the black in the

method (purple) and truth (green) are superimposed.
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Figure 3.9 Comparison of impact parameter in the x direction (IPx) resolutions as a function of

1/ pr between measured and simulated 7!,

Two types of detectors: silicon microstrip for TT and IT and straw tube for OT are
used in the tracking stations. The design of IT and TT are organized together in a project

named “Silicon tracker”.

The research and development of the silicon tracker mainly take these considerations
into account: spatial resolution, hit occupancy, signal shaping time, single-hit efficiency,
radiation damage, material budget and readout channel number. Silicon microstrip sen-
sors with a strip pitch of ~ 200pum, satisfying the momentum resolution requirements
dominated by multiple scattering, are piled up to construct the TT and IT stations. Each
of these stations has four layers with an x —u — v — x arrangement: the first and last layers
x are vertical, while the second u and third v are rotated by a angle of —5° and 5°, respec-
tively. The third TT detection layer is shown in Figure 3.10. Two half modules are joined
together to cover the full LHCb acceptance and to arrange the front-end electronics and
other detector units outside of the acceptance.

Each IT station consists of four individual detector boxes and each box contains four
layers. The detection layer, composed of seven modules, surrounds the beam pipe as il-
lustrated in Figure 3.11. Neighboring modules are staggered to avoid possible acceptance
gaps and improve the alignment.

The LHCb outer tracker is a drift-time detector composed of arrays of straw tube
modules as shown in Figure 3.12. The design of the straw-tube module is driven by the
requirements of rigidity, material budget, electrical shielding and radiation hardness. The

module is composed of two staggered layers of 64 drift tubes with inner diameters of 4.9
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Figure 3.10 Layout of the third TT detection layer. Different readout sectors are indicated by

different shadings!?.
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Figure 3.11 Cross section in x-y plane of the detection layer in the second IT station!?].

Figure 3.12 Left: Arrangement of straw tube modules in layers and stations. Right: Cross

section of a straw tube module ?].
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min.

168 long and 96 short modules, with about 55 000 tube channels, compose the three

OT stations. Each station has four layers arranged in the x — u — v — x geometry in the

same way as the IT. The detector boundary corresponds to the acceptance of 300 mrad

horizontally and 250 mrad vertically. The performances of the OT in 2011 data taking %!

are s
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hown in Figure 3.13. The spatial resolution basically achieves the design objective
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Figure 3.13 Comparisons of single hit resolution between data (blue) and MC simulation(red).

Left:

hit time resolution and Right: hit distance resolution 2!,

and good agreements are observed between data and MC simulation.

The hits from the VELO, TT, IT and OT detectors are combined to reconstruct

charged particle tracks. From the tracking detectors (trackers) used in the reconstruction

algorithm, the tracks are classified into the following types:

Thes

scale

Long tracks pass through and have hits in all the trackers from VELO to the T
stations. They have the best precision thus are used as the most important track
type in most analysis;
Upstream tracks go through VELO and TT. They are usually softer tracks that are
swept out by the magnet;
Downstream tracks travel only through TT and T stations. The most possible
sources of this type are the decay products of K(s) and A decaying outside the VELO;
VELO tracks transverse only the VELO due to the large polar angle or backward
flight direction;
T tracks are reconstructed by hits only in the T stations. They are always produced
by secondary interaction.

e track types are demonstrated in Figure 3.14.

The performance of the LHCb tracking system can be described by the bias of the

a for momentum calibration in the mass measurement!’?!, as shown in Figure 3.15.
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Figure 3.14 A schematic diagram of the track types: Long, Upstream, Downstream, VELO and

T tracks. For reference the main B-field component (B,) is plotted above as a function of the z

coordinate?!,

The momentum scale « is defined in such a way that: when multiplying all the daughter
particle momenta by 1 — @, the measured mass is equal to the world average one. The
JiW — utu decay is considered as the reference so that @ = 0 is expected. Great mass

measurement precision is achieved, as detailed in Ref. (73]

3.2.4 Particle identification

The LHCD particle identification (PID) system consists of RICH, calorimeter and MUON
systems. Optimal identification of charged particles, including e, u, m, K and p, is
achieved by the combination of PID information from the RICH, calorimeters and MUON
system. ECAL provides the identification for the neutral particles: y and n°.

Charged m — K separation is a fundamental requirement for B physics analysis.
All kinds of B meson hadronic decays highly depend on the m — K separation, e.g.
B - JW KUK - nK) and Bg — JWéd(@ — KK). The RICH is a Cherenkov
detector developed for m — K separation based on Cherenkov radiation!’*, which is the

light emitted by a charged particle passing through dielectric medium at a speed higher
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Figure 3.15 Momentum scale bias a extracted from the reconstructed mass of various two-
body decays!”3. The black error bars and the yellow shaded areas represent the statistical and
systematic uncertainty. The red lines correspond to the assigned systematic uncertainty in the

mass measurement.

than the light speed in the medium as shown in Figure 3.16. The emission angle depends
on the velocity of the charged particle as well as the refractive index of different radiators
as demonstrated in Figure 3.17.
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Figure 3.16 Schematic diagram
of Cherenkov radiation. Figure 3.17 Cherenkov angle versus particle momentum
for different radiators %),

Since each kind of radiator covers a specific particle momentum range, and the mo-
mentum spectrum is harder at large polar angles and softer at small polar angles, two
detectors, RICHI and RICH?2, are installed upstream and downstream the magnet, re-
spectively, to cover different momentum regions. RICH1 cover the 1 to 60 GeV/c region

with C4F;( radiators, while RICH2 the 15 to beyond 100 GeV/c region with CF, radiators.
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In both RICH detectors, combinations of spherical and flat mirrors are used to focus and
reflect the Cherenkov light to Hybrid Photon Detectors (HPDs) for the photon reception.
The layouts of both RICH detectors are illustrated in Figure 3.18. From Figure 3.16 and
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/\ - \ 1 | — A

VELO g T ™Track

exit window L1 [ ! \ Spherical mirror
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Figure 3.18 Cross sections for left: RICH1 in y-z plane and right: RICH2 in x-z plane!?!.

Figure 3.18 (left), one can see that the emitted photons form a cone, which leads to a ring

image on the HPD output. A typical LHCb event in RICHI is displayed in Figure 3.19.
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Figure 3.19 Event display of a typical LHCb simulated event in RICH1 2.

The hadron identification is mainly based on a log-likelihood approach which match-

es the pattern of the hit rings in RICH HPD to the one under a given particle type hypoth-
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esis!’], e.g. pion, kaon or proton. The output of this approach is a logarithmic likelihood
value for each type of charged particle hypotheses LL,, LLg or LL,. The difference of
two likelihoods, e.g. ALLg, = LLg —LL, gives the separation between the kaon and pion
hypotheses. The charged © — K separation performances in LHCb 2011 data taking are
shown in Figure 3.23. A kaon identification efficiency (e(K — K)) of more than 90% and
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Figure 3.20 Charged 7 — K separation performances in LHCb 2011 data taking for left: magnet
down and right: magnet up!’®!. The red points correspond to the kaon-id efficiency while the
black to the pion-kaon mis-id rate. The solid points correspond to the efficiencies for DLLg, > 5

cut while the hollow points for DLLg, > 0.

a pion misidentification efficiency (e(mr — K)) of less than 10% are achieved in a large
momentum range.

Several functions are carried out by the LHCb calorimeter system:

- Transverse energy of candidates, measured very fast by calorimeter 4 ps after the
pp collision, is employed by the hardware trigger discussed in Section 3.2.5.

- Identification of electrons, photons and hadrons. The most demanding identifica-
tion is that of electrons.

- Measurements of energies and positions of electrons, photons and hadrons. Good
energy resolution can be achieved by the high detector cell density and detector z
thickness.

The silicon pad detector (SPD) is installed as the first component of the calorimeter
system to reduce the yield of neutral pion background in the trigger stage. After SPD,
the preshower (PS) detector provides a rejection of background with high charged pion
multiplicity. The shashlik calorimeter technology!”’! is used in the design and construc-
tion of ECAL on account of modest energy resolution, fast time response and acceptable

radiation resistance. A ECAL module, from one of the 66 layers in total, is made of 4
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mm thick scintillator and 2 mm thick lead for shower excitation. The HCAL is a sam-
pling detector composed of iron absorbers and scintillating tiles for detection. Several
cell segmentation patterns are employed in the ECAL and HCAL as illustrated in Fig-

ure 3.21, since the hit density varies over different region on the calorimeter surface. In

Outer section : Outer section :

121.2 mm cells 262.6 mm cells

2688 ch 1 608 channels
Middle section :

60.6 mm cells

1792 channels

Figure 3.21 Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One

quarter of the detector in the x —y plane is shown. The black blocks correspond to the beam pipe.

each calorimeter the scintillation light is transmitted by wavelength-shifting fibres to a
Photo-Multiplier.

The muon system provides realtime information for the hardware muon trigger and
muon identification for the software trigger and offline analysis. The muon system con-
sists of five stations M1-M5 along the beam direction. These stations are mostly com-
posed of multi-wire proportional chambers (MWPCs). M1 is located in front of the
calorimeters to give a pr measurement in the LO trigger, as discussed in Section 3.2.5.
In the most inner region of M1, the particle flux rate is extremely high. The triple gas
electron multiplier (GEM) chambers are used in order to keep a good gain without sig-
nificant ageing in 10 years of LHCb running. M2-MS5 are placed after the HCAL with 80
cm thick iron absorbers interleaved to reduce soft muons. The schematic diagram of the
muon system is illustrated in Figure 3.22.

The muons are identified by extrapolating tracks with momentum larger than
3 GeV/c into the muon system. In each muon station, an algorithm is applied to search
hits in fields of interests (FOI) around the extrapolated point of the track. A track is iden-
tified as a muon candidate, which is labeled as “isMuon”, only if enough stations have
hits found in their FOIs. The requirements of station with hits are listed in Table 3.1.
Another variable, the difference of log-likelihood between the muon and pion hypotheses
DLL,,, can improve the muon identification. It is constructed from the comparison of

track slopes in the tracking and muon system, and from the average hit-track distance of
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Figure 3.22 Cross section of the muon system in y — z plane.

Table 3.1  The station requirements for “isMuon” identification.

Momentum range Muon station requirements

3GeV/c < p<6GeV/c M2+M3
6GeV/c < p < 10GeV/c M2+M3+(M4 or M5)
p > 10GeV/c M2+M3+M4+M5

hits related to the track in the FOI. The muon system performances in LHCb 2011 data
taking are illustrated in Figure 3.23.

3.2.5 Trigger

During the LHC running, pp beams keep colliding and the collision events are recorded
and sampled by the detector at a high frequency of 40 MHz. This lead to a high data
production rate. Nevertheless, the speed of data acquisition is limited by the detector
electronics and data bandwidth of the storage farms. Trigger system is introduced to
reduce the data rate by selecting events of physical interests and removing background
events.

The LHCb trigger system!”®! consists of two levels: Level-0 (LO) and High Level
Trigger (HLT) as shown in Figure 3.24. The first level (L0), implemented in hardware,

is designed to reduce the LHC bunch crossing frequency of 40 MHz to a maximum of
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Figure 3.23 Muon system performances in LHCb 2011 data taking for /eft: muon identification

efficiency and right: proton-muon mis-identification rate!’!,

The black points correspond to
efficiency of “isMuon” cut, and the red points to efficiency of “isMuon” plus a looser DLL,, cut.

The blue circles correspond to efficiency of “isMuon” plus a tighter DLL,,, cut.
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Figure 3.24 Scheme of the LHCb trigger!?.
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1 MHz, at which rate the complete detector response is read out. Since the particles pro-
duced by B hadron decays often have large transverse momentum and energy due to the
large mass of B hadrons, the LO trigger reconstructs the highest Et hadron, electron and
photon clusters in the calorimeters and two highest pr muons in the muon chambers. An
additional requirement is the number of pp interactions in the bunch crossing estimated
by the pile-up system as described in Section 3.2.3. Events passing the LO requirements

are read out and sent to an event filter farm (EFF) for further selection in HLT.

The High Level Trigger (HLT) consists of a C++ application with two components:
HLT1 and HLT2. The HLT application can use the entire information of a event. Howev-
er, considering the high L0 rate and computing limitation, only part of the information is
used. Since HLT is implemented in software level, it is more adapt than LO to be adjusted

according to the development of event reconstruction and selection.

The first stage of the software trigger (HLT1), performs a partial event reconstruction
to confirm or discard the LO trigger decision. This event reconstruction mainly uses
information from the VELO and T-stations. And then, HLT1 applies cuts on simple
signatures of the candidates, e.g. pr or impact parameter. The event rate is reduced to
about 30 kHz by HLT1, which is a reasonable level for the full pattern recognition at
HLT?2 stage.

The second stage of the software trigger (HLT?2) performs a full event reconstruction
to further discriminate signal events from the background. Selection cuts on momentum,
invariant mass and impact parameter are applied to form composite particles, e.g. Jiy, K?
or ¢, which are used in the selections to avoid duplication of final state particles. Both
inclusive and exclusive selections are used in this stage. The inclusive selections are less
dependent on the on-line tracking ability than the exclusive ones which suffer from the
partial B decay reconstruction. Meanwhile, the exclusive selections can produce a smaller
event rate thus can be relaxed. Combining the inclusive and exclusive triggers by logical
OR, the event rate is further reduced to about 2 kHz, at which the data is recorded in the

storage farms.

Global event cuts (GEC) were introduced in the trigger stage to cope with the high
pile-up running conditions encountered during the running period of the LHC while only
a part of the Event Filter Farm was installed. To limit the rate at which the detector is
read out, a cut on the Scintillating Pad Detector (SPD) hit multiplicity at LO is applied.
To avoid that a few events with a high occupancy in the Vertex Locator (VELO), Outer
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Tracker (OT), and Inner tracker (IT) dominate the HLT CPU time, a set of global event

cuts is applied on the hits/tracks multiplicities as listed in Table 3.2. These requirements

Table 3.2  Global event cuts in the trigger stage.

Trigger level GEC

LO SPD hit multiplicity

HLT1 VELO cluster multiplicity
IT cluster multiplicity
OT cluster multiplicity

HLT2 VELO track multiplicity

are set for each sub-detector that is used by the pattern recognition algorithms.

4 The events passing both the L.O and HLT triggers are stored in the storage farms for
online monitoring, e.g. the mass distribution of J/y candidates passing the muon trigger

in the online monitoring is shown in Figure 3.25. To trace the trigger conditions during

LHCb Online + X2/ ndf 67.62/45
Vs =7 TeV Constant 1185 +17.9
Mean 3092 +0.2
Sigma 14.1+0.2

J/g=—pu

IIIIIIIlI_I*_-T-III|III|III]III|III]III|I

11 I 11 1 | 111 | 11 1 I 11 1 I 11 1 I 11 1 I 111 | 11 1 I
0 3020 3040 3060 3080 3100 3120 3140 3160 3180

M(L*r) (MeV)

Figure 3.25 Mass distribution of Jiy candidates passing the trigger requirements in the online

monitoring system!”!].

the off-line analysis, a trigger configuration key (TCK) is assigned to each combination

s of trigger algorithms.
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3.3 The LHCb computing

This section describes the computing processes for both real and simulated event data.
The software packages used in this analysis are introduced together with the correspond-
ing sub-processes.

The schematic of LHCb dataflow is shown in Figure 3.26. The RAW data are pro-

RAW MC data RAW data

Reconstruction

sDST

Preselection &
Re-reconstruction

DST(with RAW) microDST(no RAW)

Figure 3.26  Schematic of LHCb dataflow.

duced by the Event Filter Farm using the electric signals recorded by the detector. The
RAW MC data are produced by Monte Carlo (MC) simulation as described below. Trig-
gered event informations are stored in the RAW data in the form of detector electronic
output. The collider and detector are not running all the time and the running conditions
may change, therefore, the RAW data are divided by the running periods and labeled by
“run number”.

The RAW data are reconstructed using the BRuNEL package!®” to form physical
quantities including hits, clusters and tracks. Positions, momentum, energy and particle
identification informations are stored in the output data file, named as Data Summary
Tape (DST). The DST of this reconstruction stage only store necessary information for
the next preselection step and is named as “sDST”.

A preselection algorithm is carried out on the sDST to select events of physical in-
terests. These selected events are re-reconstructed using information from both sDST
and RAW data. This re-reconstruction approach mainly focuses on trigger information.

Then these events are written on disk within several DST (with RAW information) or
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microDST (without RAW information for saving storage spaces) files, each per type of
analysis, e.g. one for muons, one for hadrons efc.. An indicator line will be assigned
to the candidates selected by each specific preselection algorithm, e.g. B — JiW K™ or
B® — Jy K*° candidates, as a shortcut to the actual DST record. This approach is called
“Stripping” and these indicator lines are called “Stripping Lines”. The stripping is done
through the DaVinct package detailed in the end of this section. After the reconstruction
and stripping approaches, long-lived final state particles, e.g. 7%, K*, u* and vy etc., and
the candidates for b or ¢ hadrons are reconstructed and stored in the DST file. The recon-
struction and stripping approaches can be tuned according to the alignment and analysis
requirements. The DST files are labeled by the reconstruction version and stripping ver-
sion, e.g. “Reco08Stripping12b” for 2010 data and “Recol0Stripping13b” for 2011 data.
Using the reconstructed and stripped data files, the individual user analysis can be per-

formed.

Three LHCb software packages, Gauss'®!!, BooLe!®?! and Moore!®3!, contribute to
the LHCb Monte Carlo simulation. The Gauss simulation software is used to simulate
the pp collision, generate particles and describe the behaviors of particles in the detector.
Its particle generator is based on Pytnia 6.4 generator®® with parameters configured
for LHCb®*. The EvrGen package!™®! is used in Gauss to describe the decays of the
particles generated by Pytnia. QED radiative corrections are modeled using Protos!3%.

The Geant4 [®7 package is introduced to trace the decay products through the detector.

The digitization simulation package BooLE applies the detector response to hits pre-
viously generated in the sensitive detectors by the GEanT4 based simulation. The output
of BooLE is digitized electronic signal similar to the real data from the detector. The
Moore simulation package is used to simulate the trigger effect in pass-through mode.

As described above, the simulated sample is also reconstructed and stripped by BRUNEL.

The real and simulated data samples after the reconstruction and stripping are stored
on the computer grid, which is a distributed computer system that involve a large num-
ber of data files, and is based at CERN and distributed at several European countries.
Individual user analysis can be made by applying further selection algorithms on the re-
constructed and/or stripped events to build specific candidates, and then combining the
information of the candidates to find out the physical quantities of interests, e.g. pro-
duction cross-section or lifetime. Several software packages are involved in the analysis

approaches:
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- Drac!®8! and Ganga®! are distributed processing system packages making use of
the distributed computer grid to arrange the data file input & output and organize
the distributed program execution.

- DaVina1® s the core physics analysis software based on C++. Besides strip-
ping, one can use DAVINcI to combine the final state particles, reconstructed and/or
stripped by BRUNEL, to construct candidates of physical interests, e.g. B mesons.
All kinds of analysis algorithms are embed in DaVinct to meet different analysis
needs, e.g. trigger information extraction and primary vertex refitting.

- Roor!®! is an object-oriented program and library based on C++ and developed by
CERN. Histogramming, graphing, data fitting and statistics tools are provided by
the Root package.
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Chapter 4  Measurement of B* production cross-section with
2010 data

Measurements of the total production cross-section and the differential cross-section for
B* as a function of py are given in this chapter. The total production cross-section is
calculated by integrating the differential cross-section over pr. The differential cross-

section is equal to

do _ N+ (p1) 4-1)
dpr  Line X €o(p1) X B(B* = JWy K*) X B — p*u~) x Apr’

where Np+(pr) is the number of selected signal B* — J/y K* candidates in a given pr
bin, L, is the integrated luminosity, €. (pr) is the total efficiency of B* — JW/ K* in-
cluding acceptance, reconstruction, selection and trigger effects, B(B* — Jiy K™) is the
branching fraction for the B* — J/y K* decay, B(Jjy — u*u~) is the branching fraction
for the Jiy — u*u~ decay and Apr is the pr bin width. The determinations of all these
parameters are described in this chapter.

We start with the data samples and corresponding triggers in Section 4.1. The event
selection requirements are outlined in Section 4.2. The determinations of the parameters
quoted in Equation 4-1 are presented in Section 4.2 and the systematic uncertainties on
these parameters are discussed in Section 4.4. At last, Section 4.5 presents the results and

some discussions.

4.1 Samples and trigger

This section introduces the data samples for the signal yield extraction and MC simulation
samples for efficiency estimation. As discussed in Section 3.2.5, the triggers used to
collect the data samples are discussed afterwards.

This analysis uses 34.6+1.2 pb~! of pp collision data taken at the LHC at a center-of-
mass energy of 7 TeV between October and November 2010. The range of run numbers,
which is described in Section 3.3, is from 79571 to 81685 in this data sample. For the data
included in this analysis, all detector components were fully operational and in a stable
condition. The reconstruction and stripping version is “Reco08Stripping12b”. The data

were collected using 12 different trigger configuration keys (TCKs) detailed in Table 4.3.
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The MC simulation samples were generated at a center-of-mass energy of +/s =
7 TeV, with a mean number of interactions per non-empty bunch crossing v = 2.5 (in-
cluding diffractive and elastic processes), a horizontal crossing angle between the two
beams of 0.170 mrad and 5* = 3.5 m. The samples were generated, simulated and recon-
structed with the following software versions:

- Gauss v39rl

- BooLk v21r9

- Moore v10r1 and v10r2

- BrRuUNEL v37r8p5
These samples are labeled as "MC10” in the LHCb computing strategy. The trigger with
TCK 0x002e002a, which covered most of the data yield, was simulated with the MoorE
package.

The total B* production cross-section in the MC simulation is equal to 406 pub with
these settings, in the full polar angle range. The cross-section in the analysis range,
definedas 2 <y < 4.5, is equal to 79.4 ub. Figure 4.1 shows the simulated B* differential

cross-section as a function of pr in the 2 <y < 4.5 range.
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Figure 4.1 Differential production cross-section for B* as a function of the transverse momentum
in the LHCb simulation.

The basic concepts of trigger system are described in Section 3.2.5. This analysis is
based on two L0 lines: the single muon line, which requires one muon candidate with a pyt
larger than 1.4 GeV/c, and the di-muon line, which requires two muons with pr larger than
0.56 GeV/c and 0.48 GeV/c, respectively. For the data used for this analysis, the maximum
visible interaction rate is 3 MHz and the LO output rate 200 kHz. The LO trigger outputs
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provide the input candidates for the HLT1 lines: the first one (HItISingleMuonNolP)
confirms the muon candidate found by the LO single muon, and applies a harder cut
on the muon p at 1.8 GeV/c; the second line (HltI DiMuonNoIPLODi) confirms the di-
muon candidates found by the LO di-muon line and requires their combined mass to be
greater than 2.5 GeV/c?; the third line (HIt1DiMuonNoIP2L0) confirms two independent
LO candidates found by the LO muon system and requires their combined mass to be
greater than 2.5GeV/c?. At the HLT2 stage, events which have two muon candidates
with an invariant mass in a +120 MeV/c? mass window around the nominal J/i mass?®!

are selected. The trigger lines used in the analysis are summarized in Table 4.1.

Table 4.1 Summary of the trigger lines used for this analysis.

Trigger line Main requirements

LOSingleMuon pr > 1.4GeV/c

LODiMuon pr1 > 0.56 GeV/c, prr > 048 GeV/c
HiIt1SingleMuonNolP LOSingleMuon and pt > 1.8 GeV/c
HIt1DiMuonNoIPLODi LODiMuon and M,,, > 2.5 GeV/c?
HIitIDiMuonNoIP2L0 LOSingleMuon and M, > 2.5 GeV/c?

HI2DiMuonUnbiasedJPsi M, € [My, — 120 MeV/c*; My, + 120 MeV/c?]

It should be noted that only trigger lines with no impact parameter information
(“NolIP”) are used in this analysis. The impact parameter (IP) is defined as the perpen-
dicular distance between the primary vertex and the particle track. The primary vertex
(PV) is the vertex reconstructed by the reconstruction algorithm as the pp collision point.
Since the IP requirements bias the lifetime distributions of the candidates and there is a
lifetime cut applied in Section 4.2, no IP cuts are used in the trigger, as well as in the
analysis selection.

Since the event filter farm was not fully installed in 2010, in order to reduce the event
rate to an acceptable level, trigger line HitlSingleMuonNolP was pre-scaled by a factor
of five during the 2010 data taking with some of the TCKs used (indicated as Group 2 in
Table 4.3).

As discussed in Section 3.2.5, GEC requirements are set for each sub-detector that
is used by the pattern recognition algorithms in the 2010 data, as illustrated in Table 4.2.

Generally, the cut values are chosen to loose a minimal amount of luminosity while effec-
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Table 4.2  Summary of global event cuts in 2010 data-taking.

Trigger level GEC Maximum number of hits/clusters
LO SPD hit multiplicity <900

HLT1 VELO cluster multiplicity < 3000

HLT1 IT cluster multiplicity < 3000

HLT1 OT cluster multiplicity < 10000

HLT2 VELO track multiplicity < 350

tively rejecting busy events. The only global event cut that rejects a significant fraction
of the luminosity is the requirement on the VELO cluster multiplicity, detailed in Sec-
tion 4.3.2. A more detailed discussion of the trigger configuration and performance for
the 2010 run can be found in Ref. 2!,

4.2 Event selection

As described in Section 3.3, particle candidates, B*, are formed by the final state particles
reconstructed by the recognition algorithm. The set of reconstructed B* candidates is a
combination of both signal and background candidates. Event selection cuts are applied
on the candidates to reduce background candidates and keep as many as possible signal
candidates at the same time. To reduce the trivial background candidates and save the
data processing time, a set of stripping cuts is applied to the reconstructed candidates.
Consequently the event selection cuts are applied on the “stripped” candidates to further
reduce background.

A set of stripping selection cuts, labeled as a “B2JpsiHDetached” line in the L-
HCb stripping version “Stripping12b”, is used in this analysis. This stripping line selects
events based on the B* lifetime to distinguish the long-lived B* candidates (7 > 0.15ps)
from a lot of combinatorial background candidates formed by particles satisfying all the
other cut requirements by coincidence, due to the large particle production rate near the
collision point. The selection cuts used in the stripping process are listed in Table 4.4.

B* — Jiy K" candidates are further selected using the selection requirements de-
scribed below. J/y candidates are formed from pairs of opposite sign long tracks that
must have pr larger than 700 MeV/c, have a good quality of the track fit (y?>/ndf < 4)

and be identified as muons, requiring that the track has enough hits in the muon detector
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Table 4.3 List of TCKs in 2010 data.

TCK L SPD LOSingleMuon LODiMuon HLTISingleMuon
(pb™)  Mult.  pr PrI pr2 Prescale  pr
Group 1
0x001D0030 0.16
0x001E0030 2.04
0x0024002A 1.21
0x0024002€ 106 900 > 1.4GeV/c > 0.56 GeV/c > 0.48 GeV/c 1 > 1.8GeV/c
0x002A002A 4.12
0x002A002C 0.43
0x002E002A 8.65
0x002E002C 9.30
Total 26.97
Group 2
0x001F0029 3.02
Ox00TF0031 010 900 > 1.4GeV/c > 0.56 GeV/c > 0.48 GeV/c 0.2 > 1.8GeV/c
0x0025002C 1.82
0x002B002A 1.69
Total 7.63
Total all TCKs 34.60
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and that the difference in the logarithms of combined likelihoods computed for the muon
and pion hypotheses (ALL,,) of the two muon tracks is larger than 0. The two muons
are required to originate from a common vertex and only candidates with a y?/ndf of the
vertex fit smaller than 9 are kept. The mass of the reconstructed J/i is required to be in

the range 3.04 — 3.14 GeV/c?.

JIy candidates are combined with a charged track in the rest of the event, with pt
above 0.5GeV/c and a y?/ndf of the track fit smaller than 4. Since the yield of Bt —
Jy K* is large, the contamination from B™ — J/y ™ is relatively small, to simplify the
analysis, no particle identification requirement is imposed on the bachelor kaon. A vertex
fit is performed that constrains the three daughter particles to originate from a common
point and the mass of the muon pair to match the nominal J// mass. It is required that
x?/ndf < 9 for this fit. A single charged track can be reconstructed as two different
tracks, named ““clone” tracks, by the reconstruction software. Clone tracks are eliminated
using the clone identification algorithm based on the Kullback-Liebler distance described

in Ref.[93-93],

Only B candidates of which the J/ candidates satisfy that the LO, HLT1 and HLT2
triggers are triggered on signal (TOS), as described in Section 4.3.2, are kept. The proper
time distributions of signal and background candidates are shown in Figure 4.2. As one
can see, there are many more background candidates in the short lifetime region. The B
candidates are selected with a proper time larger than 0.3 ps. Finally, the fiducial selection
cuty € [2.0,4.5] is applied.

Figure 4.3 shows the distribution of u, as defined in Section 3.1, for the selected
signal events (background subtracted). The u of the pp interactions is at a reasonably
low level and the PV reconstruction is not affected much by u. No selection cut except
nPV> 0 required by the lifetime determination is assigned for the PV reconstruction.
The final selection criteria are listed in Table 4.4. Figure 4.4 shows the invariant mass

distribution of the B* — J/y K* candidates obtained with the selections described above.

After the event selection, a background subtraction procedure on the distributions
of selection variables can be done using ;(Weights by the ;Plot technique detailed in Sec-
tion 4.3. The background subtracted distributions correspond to the distributions of signal
candidates. The comparisons of distributions of selection variables between background
subtracted data and MC simulation are illustrated in Appendix A.1. Good agreements

are observed in these comparisons, however, there are some discrepancies which are dis-
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Figure 4.2 Proper time distributions of signal
B* candidates (black dots with error bars) and
of background candidates (green crosses with
error bars) in real data, in logarithmic scale.

Figure 4.3 Distribution of the average num-
ber of visible interactions, y for the selected
signal (background subtracted) events.
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Figure 4.4 Invariant mass distribution of B* — J/y K" candidates obtained with the analysis
selection. The fit results with the function described in Section 4.3.1 are superimposed. The solid
blue line is the total fit function, the dashed red line shows the signal contribution, the dashed green
line is the combinatorial background and the black dashed line is the feed-down from Cabibbo
suppressed decays.
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Table 4.4 B* — Jiy K" stripping and final selection criteria.

Quantity Stripping Final selection
u

track Long track with muon -

detector hits (IsMuon)

ALL,; >0 -

pr - > 700 MeV/c

track fit quality y?/ndf <5 <4
I

Mass window

3017 < M, < 3177 GeV/c?

3040 < M, < 3140 GeV/c?

vertex fit y?/ndf <16 <9
LO Trigger On Signal - LOSingleMuon or LODiMuon
HLT1 Trigger On Signal - HIt1SingleMuonNoIPLO
or Hlt1DiMuonNoIPLODi
or Hlt1DiMuonNoIP2L0
HLT2 Trigger On Signal - HIt2DiMuonUnbiasedJPsi
K+
track Long track -
pr > 500MeV/c -
track fit quality y?/ndf <5 <4
B+
vertex fit y>/ndf <10 <9
T > 0.15ps > 0.3ps
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cussed as systematic uncertainties in Section 4.4.

4.3 Cross-section determination

The production cross-section is determined by Equation 4-1. The number of reconstruct-
ed signal B* candidates is obtained from a fit to the candidates invariant mass distribution,
in bins of pr. The total efficiency €, is the product of the geometrical acceptance €y,
the detection, reconstruction and selection efficiencies combined in the efficiency term

€ec and the trigger efficiency €,
€ot = €acc X €rec X Eiri- (4-2)

Monte Carlo (MC) samples of generator level and fully simulated signal B* — Jiy K"

events are used to estimate the €,.. and €. in bins of pt and y. A trigger unbiased data

sample of inclusive J/i is used to determine the trigger efficiencies from data directly.
The rapidity distributions of background subtracted data and MC are shown in Fig-

ure 4.5. In order to reduce the dependance of the results on the exact y spectrum inside

600
500
400

300

Events / (0.0875)

200

100

5
y(B)

Figure 4.5 The rapidity distributions of background subtracted data (black points with error bars)
and MC (blue line).

the pr bins in the MC simulation, the following method is applied. Mass distributions
are fitted with a maximum likelihood fit in bins of pr. Then the rapidity distribution of
signal candidates in these pr bins is obtained using a (Plot technique!®®!. The number of
signal events in bins of pr and y, N+(pT,y), is then divided by the efficiencies to obtain

the efficiency-corrected number of B* signal in the pr bin,

Ng+(pr) _ Z[ Np+(p1,y) ]’ (4-3)

€ot(PT) - €0t (PT> Ybin)

Ybin
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where ypi, is one rapidity bin, o (pr, Ybin) the total efficiency for this rapidity bin. The
underlying assumption of this method is that the mass distribution shape does not depend

on the B" rapidity inside each pt bin.

4.3.1 Signal yield determination

The number of signal candidates is obtained from an extended unbinned maximum like-
lihood fit to the invariant mass distributions of the selected B* candidates, in the interval
My k+ € [5.15;5.55] GeV/c?. The candidates entering the mass distributions can be di-
vided into three components that are reflected in the choice of the fit function.
The first component is the signal, which is described by a Crystal Ball function®”-8!
to take the final state radiation (FSR) of the u* and K* into account. The Crystal Ball

function is defined as

n\' —ig?
() < it My
Fcg (x; M, 0, a,n) = (IHFI ~ ol - x:rM) 7 (4-4)
exp (—% (x ;_M )2) otherwise.

where M 1is the fitted mass and o the mass resolution. The @ and n parameters define
the tail shape of the function. These two parameters are correlated with the signal mass
resolution 0. The relations between these parameters and the resolution are obtained
from fits to the mass distributions of a Gaussian smeared generator level MC simulation
event sample. n is fixed to 1, and the « is parameterized as a second order polynomial

function of the signal resolution o, as demonstrated in Figure 4.6.

n=1 X2/ ndf 3.336/9
2.9r Prob 0.9495 4
po 2.247 +0.01304
p1 0.04146 + 0.002524
2.8F p2 -0.0007404 + 0.0001119 ]

2.4 > -
5 10 15 20
o, (B%) [MeV/c?
Figure 4.6 Parameterization of the Crystal Ball function parameter « as a function of mass res-
olution of B*.
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The second component is the combinatorial background which is described by an

exponential function
Fbackground(X; p) = e 4-5)

The last component is the feed-down background from other h-hadron decay modes.
Decay modes with similar topology as the reconstructed one may be reconstructed in the
signal mass window. The decay channel considered in this analysis as potential feed-
down background is the Cabibbo suppressed decay B* — Jjyn*, while the feed-down
from other decay channels, like B® — J/wK*? and B — J/y¢ are mostly outside the fit
region, as discussed in Appendix A.4.

The invariant mass distribution of fully simulated B* — Jj/n™, reconstructed by
taking the pion as a kaon with the same selection cuts as described in Section 6.2, is
shown in Figure 4.7. It has a peak at a value approximatively 50 MeV/c? higher than the
nominal B* mass, and presents a long tail extending to higher mass values. The shape
of this feed-down background is then parameterized with a function which is the sum of
two Crystal Ball functions as

Fcabivbo (s M, AMy, 071, @1, 1, AMy, 073, a2, 12) = “4-6)

BFc(x; M + AM,, 01, a1,n1) + (1 = B)Fcp(x; M + AM>, 072, a2, n3),

where 8 and (1 — B) are the fractions of Crystal Ball functions AM; and AM, are the
offsets of the central values of the Crystal Ball functions with respect to the mass values
M extracted from the fit to the mass distribution of B* — J/y K™ signal in MC simulation.
These parameters are obtained from a fit to the mass distribution in Figure 4.7 using all
candidates instead of dividing them into pt bins. The result of the fit is superimposed in
Figure 4.7 and the fit parameters are detailed in Table 4.5. These parameters are fixed in
the final fits of the mass distributions in pt bins. The ratio of the number of B* — Jjyn*

candidates to that of the signal is fixed to B(B* — Jjyn*)/B(B* — Jy K*) from Ref. 281,

The total fit function is therefore

Fmass (X; M9 g,p, Nsignala Nbackground) —1Vgignal Fsignal(x; M, O-)+

Nbackeround Foackground (X5 p)+ 4-7)
BB — Jyrt)
B(B* — JWK)

Nsignat Fcabibbo (X; M),
and has in total five free parameters:
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Figure 4.7 Invariant mass distribution of B* — J/iy K* candidates obtained on simulated B* —
Jiynt sample. The fit results as described in the text are superimposed. The solid blue line

represents the total fit function Fcapibbo, While the dashed green and red lines are the individual
contributions of two Crystal Ball functions.

Table 4.5 B* — Jjy K™ Parameters used to fit the shape of the Cabibbo suppressed background.

Parameter B* — JyK*

B 0.178 +£0.016
AM, 47.9 + 0.7 MeV/c?
o1 20.9 + 0.7 MeV/c?
ai 1.90 +0.07

ni 0.84 + 0.08

AM, 42.2 + 0.3 MeV/c?
o 10.6 + 0.3 MeV/c?
ar -0.238 £ 0.015

n 16.7 +4.9
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- M and o are the central value and the resolution of the signal;
- p is the background constant parameter;
- Niignal and Npackeround are the numbers of signal and combinatorial background com-
ponents.
The result of the fit on the total mass distribution is shown in Figure 4.4. The total number
of signal events is equal to 9 007 + 141 and the resolution of the Gaussian signal function
is o = 10.0 + 0.2 MeV/c?. The two uncertainties are statistical only.

The reconstructed candidates are divided into pr bins of variable sizes. To obtain

enough entries in these pr bins, the variable bin size is determined in this way:
- The B* candidates in the data sample are binned by every 500 MeV/c at first.
- Some of these bins with small statistics are combined to obtain enough entries, i.e.
larger than 250.
Figure 4.8 shows the invariant mass distribution together with the fit result in one of the py
bins (5 < pr < 5.5) used for the cross-section determination in the range 2 < y < 4.5,
Individual plot in each pr bin is demonstrated in Appendix A.2.

For the first pr bin (0 < pr < 500MeV/c), the background level is too high to
determine the signal resolution by mass fit directly. Figure 4.9 shows the variation of the
mass resolution as a function of pr. The resolution of the Crystal Ball function is thus
fixed to a value extrapolated from the fit results of the other pr bins, o = 8.2 MeV/c?.

A ;Plot approach is applied in each pt bin to separate signal and background using

—~ L B A T I R
& N ]
o C .
S 250 —— LHCb data ]
() : — Total ]
= S (Y I e Signal ]
S 200f Background -
g Y | I B*- JIyrt ]
12 150 -
c - \s =7 TeV ]
q>-’ C .
W 100 5.0<p_<5.5GeV/c
50F -
: + ERE:
0'. e e e 1
5200 525 5300 5350 5400 5450

M(J/PK*) (MeV/c?)

Figure 4.8 Invariant mass distribution of the selected B* — J/iy Kt candidates for one bin
(5.0 < pr < 5.5 GeV/c)P?!. The result of the fit to the model described in the text is superimposed.
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B* mass resolution

1
5000 10000
P, (MeV/c)

Figure 4.9 Fitted resolution of the B* mass distribution as a function of the B* transverse mo-
mentum. The first point is not used in the fit.

the mass fit result, and a (Weight, (P,(M;) is assigned to every candidate, both signal
and background. M; is the invariant mass of the i" candidate indicating that the weight
is determined from mass. In each bin, the signal event yield is equal to the sum of the

sWeights

Np(pr.y) = D Pu(M;, pr). (4-8)

i€(PT>Ybin)

and the statistical uncertainty is equal to the sum of the square ;Weights

op(pry) = | D, PiM; pr). (4-9)
I€(PT.Ybin)
Tables 4.6 and 4.7 give the number of estimated signal event yields and the statistical

uncertainties in different (pr, y) bins for the samples with both TCK groups, respectively.

4.3.2 Efficiency calculation

The first efficiency term is the generator-level acceptance, defined as

o = B*with2 <y < 4‘1.5 and all tracks in LHCb‘ (4-10)
Bt with2 <y <4.5

It is estimated with Monte Carlo samples generated without any cut at the generator level.

In Equation (4-10), “all tracks in LHCb” means that the polar angles 6 of the momentum

direction of the two u and of the K* are all required to be 6 € [10;400] mrad before

the magnet. The acceptance efficiency as a function of py in different y bins is given in

Table 4.8 and shown in Figure 4.10.
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Table 4.6  Number of signal candidates for the non-prescaled group of TCK (group 1).

pr(GeV/ic) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45 Total

(0.0,0.5] -0.8+1.3 7.1+6.8 15.6 £+ 11.0  19.2 +10.1 35+£5.0 447 + 17.2
(0.5,1.0] 4.6 £3.6 500137 725+194 533+158 -0.1+6.8 180.4 + 29.5
(1.0, 1.5] 99+48 81.7+162 755+20.5 69.8+17.1 37+78 240.5 +32.5
(1.5,2.0] 16.6 £ 6.4 909 +194 864+248 78.0x189 23.0+9.7 294.9 + 38.5
(2.0,2.5] 229+75 125.5+22.2 1582 +27.0 1322+21.2 452+11.0 483.9+43.0
(2.5,3.0] 177 £ 6.5 139.6 £20.5 190.2+242 702+16.6 27.0+8.7 4447 £ 37.4
(3.0,3.5] 273+7.6 1356 £19.5 177.0+224 87.6+15.38 13.8 7.1 4414 +35.2
(3.5,4.0] 352 +8.7 147.5 +£20.0 2029 +233 101.3+16.0 28.1+83 515.1 +36.6
(4.0,4.5] 29.6 + 8.8 158.5+19.8 1951 +£22.0 1382=+16.7 305+7.9 551.8 +36.0
(4.5,5.0] 59.5+99 132.6 £+ 163 1933+ 18.8 1245+14.6 248+63 534.7 +31.2
(5.0,5.5] 299 +73 1725 £169 1600 +16.5 84.0+11.7 20.7+5.6 467.0 +27.9
(5.5,6.0] 404 + 8.5 141.6 +15.7 153.1+162 914+120 17.0+53 4435+ 274
(6.0,6.5] 404 + 8.1 126.0 + 14.0 1299+ 14.0 89.6+11.3 193+54 405.2 £24.8
(6.5,7.0] 42.0+7.7 1170+ 13.0 1184 +129 61.8+93 93+3.6 348.5 +£22.2
(7.0,7.5] 432 +7.6 1128 +12.3 827+104 37.0+73 53+29 280.9 + 19.5
(7.5,8.0] 408 +73 1006 =114 101.7+11.5 37.7+x7.1 9.8 +3.6 290.8 + 19.5
(8.0, 8.5] 179 +5.0 86.2+102 91.5+106 469=x75 42+23 246.7 + 17.4
(8.5,9.0] 36.7 £ 6.6 674 +9.1 60.1 + 8.7 34.0+6.2 22+2.0 200.4 + 15.7
(9.0,9.5] 24052 84.2+9.8 68.6 + 8.8 29.8+59 94+34 216.1 +15.7
(9.5,10.0] 258+53 359 +£6.8 36.0 £ 6.8 24954 7.6 +£2.9 130.2 + 12.6
(10.0,10.5] 142 +42 60.2 + 8.2 48.6 +74 18.1 +4.6 57+25 146.8 + 13.0
(10.5,11.0] 25854 369 +£ 6.5 38.8+6.6 14.6 +4.2 39+2.1 1199 + 11.7
(11.0,12.0] 42.7+£6.8 67.7 + 8.6 50.7 £7.7 36.3+6.1 4.6+2.6 202.0 £ 15.0
(12.0,13.0] 254 +54 552+7.7 364 +64 21.7+49 9.0+32 147.7 £ 12.8
(13.0,14.5] 30.6+5.9 71.8+£9.0 46.0 + 6.8 18.8 £4.6 30+ 1.7 170.1 £ 13.6
(14.5,16.5] 474 +7.1 47173 332+6.0 202 +4.7 3.1+1.7 151.0 £ 12.8
(16.5,21.5] 49874 422 +6.7 36.7+ 64 10.1 £3.6 25+1.5 1412 +12.5
(21.5,40.0] 41.6+6.5 34059 16.6 £ 4.1 45+23 1.0+ 1.0 97.8 +£10.0
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Table 4.7 Number of signal candidates for the prescaled group of TCK (group 2).

pr(GeV/ic) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45 Total
(0.0,0.5] 14+15 58+3.0 79 +4.7 1.5+3.6 -0.5+1.0 16.1 £6.9
(0.5,1.0] 0.0+£0.0 6.5+4.1 59+6.6 4.7 +£5.7 -1.1+27 15.9 + 10.0
(1.0, 1.5] 0.0+0.0 121 +54 17.5 £ 8.1 12.7+6.9 1.0+29 433+ 12.2
(1.5,2.0] 1.9+23 11.5+5.6 11.6 + 8.0 173+ 7.8 48+38 472 + 133
(2.0,2.5] 35+2.6 17.6 £ 6.9 189 + 8.6 22.1 +84 1.4+3.1 63.6 = 14.5
(2.5,3.0] 06=1.1 12.8 £ 6.1 324+94 214+70 8.0+4.0 75.2 +13.9
(3.0,3.5] 03+1.5 79+54 32.1+£8.5 13.2+59 1.7+£22 552 +119
(3.5,4.0] 27 +25 248 +7.3 224 +7.6 21.8+6.9 45+32 76.1 £ 13.3
(4.0,4.5] 1.0+2.1 20.5+6.9 269 +7.6 10.1 £53 20+23 60.6 + 12.0
(4.5,5.0] 6.4 +33 11.7+£52 279 +17.1 10.7 £ 4.6 1.0+1.8 57.6 = 10.6
(5.0,5.5] 19+22 23.2+6.2 19.8 £ 6.0 11.1 4.4 03+1.3 56.3 +10.0
(5.5,6.0] 85+3.6 6.0+42 23.0+6.1 3.7+28 2119 433 + 8.9
(6.0,6.5] 6.0+238 13.3+49 204 +5.8 112+39 25+19 53.3+9.2
(6.5,7.0] 24+2.0 142 +4.7 16.7+4.9 9.3 +3.9 1.8+ 1.6 44.4 + 8.2
(7.0,7.5] 62+28 112+ 4.0 13.5+43 6.5+27 31+£2.0 405+73
(7.5,8.0] 23+£2.0 15.1+4.6 17.8 £4.7 5427 0.8+1.2 415+75
(8.0,8.5] 3.6+2.0 9.0+3.3 9.0+34 92+33 -0.0+0.2 30.8 £ 6.1
(8.5,9.0] 2.1+1.6 13.3+39 13.7+£4.0 37+2.1 21+14 349 +6.3
(9.0,9.5] 33+£2.0 5128 11.5+3.8 1.6+1.5 14+13 23.0=+55
(9.5,10.0] 42+2.1 9.0+33 79+£29 27+1.8 0.0+ 0.0 23.7+£52
(10.0,10.5] 52=+23 19+1.6 104 +3.3 21+15 2.1+1.5 21.6 +4.8
(10.5,11.01 3.1x1.9 89+32 4.8+27 22+20 0.0+0.0 19.0 £ 5.0
(11.0,12.0] 49+22 9.6 +3.2 10.7+£3.5 37+2.1 14+1.1 304 £5.7
(12.0,13.0] 3.0+1.7 12.0 £ 3.5 6.0+2.6 4724 38+19 29.6 £5.6
(13.0,14.5] 10.8+3.5 99 +34 85+3.1 34+20 1.0+1.1 33.6 £6.2
(14.5,16.51 79+29 55+25 48+22 2424 0.0+0.0 20.6 £5.0
(16.5,21.5] 103 +3.3 14.1+3.8 7.0+27 33+1.8 0.0+0.0 34.6 £ 6.0
(21.5,40.0] 54=+24 64+29 58+24 0.0+0.0 0.0+0.0 17.6 +4.5
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Table 4.8 Acceptance efficiency (€, in %) in bins of B* pr and y.

pr(GeV/ie) 20<y<25 25<y<3.0 30<y<35 35<y<40 40<y<45

(0.0,0.5] 421+ 1.1 759+1.0 88.3 £ 0.8 84.8+1.0 67.8 1.3
(0.5,1.0] 39.8 £ 0.7 76.3 £ 0.6 88.5+0.5 84.7 £ 0.6 67.0 0.9
(1.0,1.5] 419+ 0.6 76.7 £ 0.5 89.1+£04 849 +£0.6 67.7+£0.8
(1.5,2.0] 41.5+£0.6 77.6 £0.5 89.6 £+ 0.4 86.0 £ 0.5 67.7+0.8
(2.0,2.5] 44.6 £ 0.5 79.7 £0.5 90.0 £ 04 86.8 £ 0.5 70.4 £ 0.8
(2.5,3.0] 452 + 0.6 80.7 £ 0.5 90.6 + 0.4 87.7+0.5 733+ 0.8
(3.0,3.5] 48.1 £ 0.6 82305 915+ 04 88.2+0.5 74.0 £ 0.9
(3.5,4.0] 50.0+0.6 82.6 £0.5 922+ 04 89.0£0.5 75.0 £ 0.9
(4.0,4.5] 529 +0.6 852+ 0.5 923 +04 90.1 £0.5 77.5+0.9
(4.5,5.0] 549+ 0.6 86.3 £0.5 93.0+ 0.4 91.3+0.5 772 +£0.9
(5.0,5.5] 58.5+0.6 87.2+0.5 94.0 £ 0.4 92.1+0.5 79.7+1.0
(5.5,6.0] 60.5 £ 0.7 88.3+£0.5 93.8 +0.4 92.8 £0.5 81.5+1.0
(6.0,6.5] 62.5 0.7 89.4 +0.5 95.4+04 92.6 £ 0.6 823+ 1.1
(6.5,7.0] 64.8 £ 0.7 90.6 £ 0.5 952+ 04 93.3+0.6 83.7+1.2
(7.0,7.5] 66.4 + 0.8 91.1+0.5 96.3 + 0.4 94.8 £ 0.6 84.1+1.3
(7.5,8.0] 713+ 0.8 923 +0.5 96.1 + 0.4 95.1 £0.6 849+14
(8.0, 8.5] 70.2£0.9 93.3+£0.5 96.0 £ 0.5 96.7 £ 0.6 86.6 + 1.4
(8.5,9.0] 725+ 1.0 92.9 + 0.6 96.1 £ 0.5 95.4 +£0.7 885+ 1.5
(9.0,9.5] 752+ 1.0 93.4 + 0.6 974+ 0.5 96.3 £ 0.7 86.2+1.8
(9.5,10.0] 75.6=x1.1 94.5 £ 0.6 973 0.5 96.9 + 0.7 903 + 1.8

(10.0,10.5] 76.6 = 1.1 95.2 £ 0.6 97.1 £ 0.6 955+1.0 91.0£ 19
(10.5,11.0] 80.2+1.2 94.0 £ 0.8 97.7 £ 0.6 95.7+1.0 952+ 1.7
(11.0,12.0] 78.6 £0.9 95.3 £ 0.6 979+ 04 97.6 £ 0.6 940+ 14
(12.0,13.0] 85.5=+0.9 96.1 £ 0.6 97.9+0.5 98.1 £ 0.7 948 £ 1.6
(13.0,14.5] 85.0+0.9 96.2 + 0.6 98.5+04 98.0 £ 0.6 96.7+ 1.3
(14.5,16.5] 864 +1.0 97.2 £ 0.6 99.0 £ 0.4 99.1 £0.5 945 +2.0
(16.5,21.5] 914 +0.8 98.7+0.4 99.0 £ 0.4 99.0 £ 0.6 96.7+ 1.9
(21.5,40.0] 955+0.8 99.6 £ 0.3 100.0 £ 0.0 100.0+£ 0.0  100.0 £0.0
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Figure 4.10 Acceptance efficiency as a function of pr in bins of y.

The second term of the efficiency €., combines the B™ meson detection, reconstruc-

tion and selection efficiencies. It is defined as

B* detected, reconstructed and selected @-11)
€ec = . -
"¢ B+ with 2 <y < 4.5, and all tracks in LHCb

The reconstruction efficiency as a function of pr in the different y bins is given in Table 4.9
and shown in Figure 4.11. The effect of tracking efficiency correction as discussed below
is included in this efficiency. The reconstruction efficiencies computed from the Monte
Carlo simulation also include the efficiency to match a reconstructed B* to a true gener-
ated B* — Jy K*. This term should not be included when correcting the data for the
reconstruction efficiency. However, given that the matching efficiency is measured to be

very large (~ 99.9%), this effect is negligible.

The decomposition of the selection cut efficiency is shown in Table 4.10. Each cut
efficiency is defined with respect to all the selections imposed before it.

Using a tag-and-probe method!®-101]

, the tracking efficiencies are extracted from
JWW — ptu decay from inclusive J/y data samples. The schematic diagram of the tag-

and-probe method is shown in Figure 4.12 and includes the following steps:

- Use a muon track of type “Long track” and a muon track reconstructed using in-
formation from the VELO and calorimeter but not from the tracking stations (TT
and T1-T3), called “VELO-CALO” track, to form a Ji/ candidate. Fit the mass
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Table 4.9  Reconstruction efficiency (ggec, in %) in bins of B* pr and y. The effect of tracking
efficiency correction is included.

pr(GeV/c) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(0.0,0.5] 11.0+04 264 +0.5 33.0+0.5 284 +0.5 14.1£0.5
(0.5, 1.0] 123 +0.3 26.1+0.3 33.0+0.3 293+0.3 145 +0.3
(1.0,1.5] 11.8+0.2 26.5+0.3 33.7+0.3 29.5+0.3 151 +0.3
(1.5,2.0] 125+ 0.2 26.0+0.2 345+03 309 +0.3 158 +£0.3
(2.0,2.5] 119 +0.2 26.6 £0.2 35.6+£0.3 309+0.3 156 +£0.3
(2.5,3.0] 128 £0.2 269 +£0.2 357+0.3 314 +0.3 162 +£0.3
(3.0,3.5] 127+ 0.2 27.8+£0.2 351+03 33.2+0.3 159+0.3
(3.5,4.0] 13.1+0.2 28.6 £0.2 37.0+0.3 33.2+0.3 16.6 £0.3
(4.0,4.5] 12.8 £ 0.2 28.3+0.2 372+ 03 323+0.3 16.6 £ 0.4
4.5,5.0] 13.8 £0.2 28.8+0.3 38.6 0.3 33.8+0.3 170 £ 04
(5.0,5.5] 132+ 0.2 30.0+£0.3 36.7+0.3 33.0+04 16.8 £ 0.4
(5.5,6.0] 139+ 0.2 304 +£0.3 38.0+0.3 33.8+04 159+ 04
(6.0,6.5] 144 +0.3 31.3+£0.3 387+04 344 +04 177 £0.5
(6.5,7.0] 148 +0.3 322+03 393+04 36.2 +0.5 1877 +£0.5
(7.0,7.5] 153+ 0.3 320+£04 394+04 37.8+£0.5 193 £ 0.6
(7.5,8.0] 152+ 0.3 342+04 38.8 04 349 +0.5 21.1+0.7
(8.0,8.5] 16.5+0.3 355+04 409 +0.5 39.8+£0.6 209 +£0.7
(8.5,9.0] 179 £ 04 35.1+0.5 439+ 0.6 40.1 £0.7 189 £ 0.7
(9.0,9.5] 174 + 0.4 37.6 £0.5 432+ 0.6 412+ 0.8 213 +09
(9.5,10.0] 202+0.5 38405 46.0 + 0.7 40.2 £ 0.8 245+1.1

(10.0,10.5] 20.6 £0.5 38.0£0.6 46.0 £ 0.7 43.8+£09 249 +1.2
(105,11.0] 21.5+0.5 43.1£0.7 50.9 £ 0.8 36.8 £ 0.9 28014
(11.0,12.0] 21.7+04 42.0+0.5 46.4 + 0.6 443 + 0.8 277+ 1.1
(12.0,13.0] 22.6 £0.5 43.4 + 0.6 442 +0.7 426+ 0.9 269+13
(13.0,14.5] 262+0.5 47.7 £ 0.6 48.7 £ 0.7 413 +£09 293+13
(14.5,16.5] 29.0+0.5 51.7+£0.7 48.1 £0.8 432+ 1.1 33.0+1.7
(16.5,21.5] 33.0+0.5 529 +£0.6 512 +0.8 48.8 + 1.1 429 + 2.1
(21.5,40.0] 36.5+0.7 46.0+0.9 59.0+1.3 544+19 37.6 £3.7
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Figure 4.11

reconstruction efficiency [,

Reconstruction efficiency as a function of pr in bins of y. The effect of tracking

.0,25]
5,3.0]
.0,3.5]
5, 4.0]
.0,4.5]

efficiency correction in Section 4.3.2 is included.

40

P (MeV/c)

Table 4.10  Efficiency of each selection cut

Selection Efficiency
All charged tracks reconstructed (53.28 £ 0.04)%
x?/ndf of muons < 4 (99.04 = 0.01)%

¥ /ndf of kaon < 4

pr(u) > 700 MeV/c
IsMuon

ALLx(11) > 0

J/ vertex y?/ndf< 9

M,,, € [3040, 3140] MeV/c?
pr(K) > 0.5GeV/c

B vertex y?/ndf< 9

7(B) > 0.3 ps

B Mass window

Clone rejection

(98.71 £0.01)%
(89.07 £ 0.03)%
(81.56 £ 0.04)%
(96.20 £ 0.02)%
(97.70 £ 0.02)%
(93.75 £ 0.03)%
(97.83 £0.02)%
(98.89 £ 0.01)%
(81.78 £ 0.05)%
(99.28 £ 0.01)%
(98.33 £0.02)%

Total

(25.75 £ 0.03)%
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T station CALO

Long Track

Long Track ?

-

VELO-CALO track

Figure 4.12 The schematic of tag-and-probe method 1],

distribution of these candidates and get the event yield of Jiy “Tag” signal, Nru.

- Use a muon track of type “Long track” and a muon track with both Long and
“VELO-CALQ” track types, to form a J/y candidate. Fit the mass distribution of
these candidates and get the event yield of J// “Probe” signal, Np;ope-

- The tracking efficiency is therefore equal to %
ag

Differences of the tracking efficiency between data and MC simulation are found to
be not negligible. The discrepancy is highly correlated with the momentum and pseudo
rapidity of the track and has to be treated separately in bins. The ratio of tracking effi-
ciency from data with respect to that from MC, as a function of momentum p and pseudo

rapidity 7 of the track!%%!, are shown in Figure 4.13.

Using the efficiency ratio between data and MC, the following steps are taken to
correct the tracking efficiency from the MC simulation sample!!%]. The first thing is to
weight the MC sample according to the best track multiplicity, since there are significant
variations in the measured efficiency with respect to this parameter, as shown in Fig-
ure 4.14, and since the distributions of best track multiplicity are typically different in the
data and MC simulation, which can be observed in Figure 4.15. The best track contains
all the track types described in Section 3.2.3 and is selected by two clone elimination
algorithms in the reconstruction software!'®!, The best track multiplicity distribution in
MC simulation sample is weighted to the background subtracted data distribution. The
best track multiplicity distributions before and after the weight procedure are shown in

Figure 4.15.

After the best track multiplicity weighting procedure, the efficiency ratios in Fig-
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Figure 4.14 The tracking efficiency for left: all track average and right: long track as a function
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— Before weight

— After weight

40000

30000

20000

10000

800 1000
BestTracks

Figure 4.15 The best track multiplicity distributions before (black) and after (red) the weight
procedure.

ure 4.13 are used to weight the MC simulation sample to correct the reconstruction ef-
ficiency. The variations of reconstruction efficiency from the correction in two rapidity

bins are shown in Figure 4.16. The tracking efliciency ratios are extracted with limited
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Figure 4.16 The variation of reconstruction efficiency from the tracking efficiency correction
with left: 2.0 < y < 2.5 and right: 3.0 < y < 3.5. The red and blue lines correspond to the
efficiencies before and after correction, respectively.

real and simulated data samples thus their statistical fluctuations have to be taken into ac-
count. The uncertainties from the tracking efficiency correction approach are propagated
by a MC procedure with these steps:

- For each track p and 7 bin, a efficiency ratio is generated by a Gaussian function

with the central value and uncertainty from Figure 4.13. A different ratio table is
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then extracted.

- The MC simulation B* candidates are weighted according to p and 5 of their decay
products, u and K, by the ratios in the new table.

- The weighted candidates are binned by their pr and the yield of candidates in B*
pr bins are accumulated.

By repeating these 1000 times, a distribution of weighted yield of MC candidates
is extracted in each B* py bin. A Gaussian fit to this distribution gives a central value
Nyeighted and a sigma o yeighied- The relative uncertainty can be calculated by %ﬁ:ij Since
the tracking efficiency ratios in different B* pr bins could be the same, the uncertainties
in different B* pr bins are correlated. The total uncertainty in the entire pr range is
determined independently of that in each bin by summing up the yields of all the bins
in the step 3. The uncertainties propagated from the statistical uncertainties of tracking
efficiency ratios in bins of B* pt are shown in Table 4.11. And in total, the uncertainty

Table 4.11  Relative tracking efficiency uncertainties from the statistical uncertainty of tracking
efficiency ratio in bins of B* pr.

pr (GeV/c) Relative uncertainty (%) pr (GeV/c) Relative uncertainty (%)

0.0-0.5 33 7.0-175 3.0
0.5-1.0 3.3 7.5-8.0 29
1.0-1.5 32 8.0-8.5 2.9
1.5-20 33 85-9.0 2.8
20-25 3.2 9.0-95 2.8
25-30 3.3 9.5-10.0 2.8
30-35 32 10.0 - 10.5 2.8
35-40 3.1 10.5-11.0 2.8
4.0-45 32 11.0-12.0 2.7
45-5.0 3.2 12.0-13.0 2.7
50-55 33 13.0-14.5 2.7
55-60 3.2 145-16.5 2.7
6.0-6.5 32 16.5-21.5 2.7
6.5-170 3.0 21.5-40.0 3.0

from the statistical uncertainty of tracking efficiency ratio is determined to be 2.9%.

The LO x HLT1 x HLT?2 trigger efficiency € is defined as

€ui =

B* selected and with J/y TOS of LO x HLT1 x HLT2

4-12
Bt selected ( )
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Chapter 4 Measurement of B* production cross-section with 2010 data

Trigger efficiencies are determined directly from data, using an inclusive J/iy sample

selected with the same requirement on J/i/ candidates as listed in Table 4.4.

At first, the trigger efficiencies are computed as a function of the J/y transverse mo-
mentum (pr < 15 GeV/c) and rapidity (2 < y < 4.5) using events triggered independently
of the J/y signal (or TIS, Trigger Independent of Signal). The trigger efficiency is then
the fraction of events with a Ji/ passing the LO, HLT1 and HLT?2 requirements (i.e. that
are Triggered On Signal (TOS) of LO x HLT1 x HLT2) in the sample of events triggered
independently,

_ Nrosams _ Nros & TIs 41
€ri — = (4-13)
Nrtis Nigsemis T Ntos&Tis

where TOS means not TOS. The numbers N are extracted from a fit to the distribution
of Jy invariant mass in the corresponding (TOS&TIS or TOS&TIS) sample. The signal
component of the fit function is a Crystal Ball function with tail shape parameterized
as a function of signal mass resolution. The background component is described by an
exponential function. Since the triggers used in this analysis are very efficient, the TOS
efficiencies for these triggers are high. Thus, there are so few candidates in some pt bins
for TOS&TIS samples that the mass fit performs badly. To solve this problem, the mass
and its resolution of the fit function for TOS&TIS and TOS&TIS distributions are fixed
to those from the fit to the mass distributions in the entire TIS samples.

The TOS trigger uses the same requirements as the one listed in Table 4.4. If the TIS
trigger uses the same requirements as the TOS, the TIS yield will be very small and not
enough to make a mass fit to extract the signal yield. A different TIS trigger requirements

are used as listed in Table. 4.12.

Table 4.12  Trigger lines for Jiy TIS trigger in TISTOS method.

Trigger level Trigger Lines

LO TIS LOMuon or LODiMuon or LOHadron

HLT1 TIS HIt1SingleMuonNoIPLO or HIt1DiMuonNoIPLO or HIt1DiMuonNoIP2L.0O
or Hlt1TrackAIILO or Hlt1TrackMuon or Hlt1SingleHadron

HLT2 TIS Hit2Global

The TIS candidates with “Hadron” and “Track” trigger lines are independent of the

JIy signal and are used together with muon and di-muon TIS candidates to extract enough
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events for the mass fit. The “HIt2Global” line combines all the HLT?2 selections to give a

joint determination.

The trigger efficiencies are computed separately for the two TCK groups used in the

analysis. The trigger efficiencies as a function of the J/iy transverse momentum, in bins

of Jiy rapidity are shown in Tables 4.13 and 4.14.

Table 4.13  Trigger efficiency (€&ui, in %) in bins of J/iy pt and y, for the TCKs of Group 1 (not

prescaled).

pr(GeV/e) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45
(0, 1.0] 35+09 156+1.2 259+1.5 31.8+ 1.6 293+1.6
(1.0,2.0] 150+ 1.5 41.8+1.3 48.8+1.3 476+ 1.4 443 +1.6
(2.0,3.0] 38.0+2.1 58.7+1.5 59.8+1.3 56.0+1.5 53.5+19
(3.0,4.0] 48.5+2.6 654+14 714 1.3 63.2+14 522 +23
(4.0,5.0] 65.5+22 749+ 14 770+ 1.4 69.8 £ 1.7 59.3+£3.8
(5.0,6.0] 709 +2.4 83.4+1.5 813+ 1.6 76.7+ 1.4 66.6 +2.8
(6.0,7.0] 84.1 +1.6 84.0x 1.5 83.6 + 1.8 77.0+£2.3 62.9+3.9
(7.0, 8.0] 86.3 + 3.1 86.7£2.0 853+1.8 774 +£2.6 69.9 £ 18.5
(8.0,9.0] 85.6+2.5 84.7+2.8 86.2+1.9 79.7 £3.6 64.0 £ 8.2
(9.0,11.0] 88.7+1.9 86.8 +2.4 87.8+2.3 82.5+25 64.1 +6.5
(11.0,15.0] 86.1 £3.6 87.2+29 84.0 £3.1 834 +52 53.5+7.8

Table 4.14  Trigger efficiency (&, in %) in bins of Jiy pt and y, for the TCKs of Group 2

(prescaled).

pr(GeV/ie) 20<y<25 25<y<3.0 30<y<35 35<y<40 40<y<45
(0,1.0] 2.0+0.5 92+1.8 23.1+£25 245 +2.7 26.3 +3.7
(1.0,2.0] 74+1.5 19.0+1.7 302+19 303 +2.1 28.6 £2.6
(2.0,3.0] 7.6+1.7 242 + 1.6 322+ 1.7 29.8 +2.0 325+3.0
(3.0,4.0] 175+23 30.8+1.9 371+ 1.9 359+24 346 +3.9
(4.0,5.0] 244 +£2.8 39.6 +2.2 433 +2.1 36.7£2.5 31.0+4.38
(5.0,6.0] 323+32 473 +2.7 493 +2.7 38.8+3.0 326 +4.5
(6.0,7.0] 41.3+3.9 47.0+3.2 52.8+3.5 41.6 +3.8 28.0+6.2
(7.0, 8.0] 52.0+44 53.6 + 3.6 45.0+4.1 439+43 21.9+59
(8.0,9.0] 47.6 +5.8 58.1 +£4.6 583+5.6 484+7.0 2094 +114
(9.0,11.0] 55.0+49 46.9 +4.0 50.0 4.3 429+54 19.8 £ 12.1
(11.0,15.0] 53.6+5.5 60.6 +5.3 509 +4.5 58.1+7.1 46.2 +20.0
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The B* candidates are then weighted by the inverse of the trigger efficiency, accord-
ing to the TCK applied when recording it and to the pt and y of the J/i candidate. For the
very few candidates with a J/i outside the range used to determine the trigger efficiency
(pt > 15GeV/c, y < 2 ory > 4.5), the efficiency of the nearest bin is used. The number
of these candidates is small and the bias is negligible.

Since candidates in different B* bins may have J/y candidates in the same bin, the
Jiy trigger efficiencies in different B* bins are correlated. The statistical uncertainty
of trigger efficiency is estimated by the MC method similar to the one for tracking as
described in Section 4.3.2. The results in pr bins are shown in Table 4.15. And in total,

Table 4.15  The relative statistical uncertainty (in %) of trigger efficiency in B* pt bins propa-
gated from the efficiency in J/y pr and y bins by the MC method.

pr (GeV/c) relative trigger uncertainty pr (GeV/c) relative trigger uncertainty

(0.0,0.5] 10.1 (7.0,7.5] 1.1
(0.5,1.0] 55 (7.5,8.0] 0.7
(1.0,1.5] 2.1 (8.0,8.5] 0.7
(1.5,2.0] 4.8 (8.5,9.0] 1.0
(2.0,2.5] 33 (9.0,9.5] 1.5
(2.5,3.0] 1.6 (9.5,10.0] 1.1
(3.0,3.5] 1.1 (10.0, 10.5] 2.3
(3.5,4.0] 35 (10.5,11.0] 1.8
(4.0,4.5] 1.1 (11.0,12.0] 1.0
(4.5,5.0] 4.6 (12.0, 13.0] 1.3
(5.0,5.5] 1.6 (13.0, 14.5] 1.9
(5.5,6.0] 1.6 (14.5,16.5] 2.5
(6.0,6.5] 0.8 (16.5,21.5] 1.5
(6.5,7.0] 1.0 (21.5,40.0] 2.0

the relative statistical uncertainty due to trigger efficiency is estimated to be 2.0%. The
trigger efficiency in bins of B* pr is calculated as the ratio of the signal yield in Table 4.6
and 4.7 to the yield weighted by the efficiency in Table 4.13 and 4.14. The results for the
two TCK groups are listed in Table 4.16 and 4.17. The uncertainty is statistical and is
calculated using the relative uncertainty in Table 4.15.

The second component of the trigger efficiency, which is not included in the efficien-
cy discussed above, is the efficiency of the Global Event Cuts (GEC) applied at various
stages of the trigger, as described in Section 3.2.5. Figure 4.17 shows the background

72



Chapter 4 Measurement of B* production cross-section with 2010 data

Table 4.16  Trigger efficiency in bins of B* pr for the non-prescaled group of TCK (group 1).

pr (GeV/c) Trigger efficiency (%) pr (GeV/c) Trigger efficiency (%)

(0.0,0.5] 21.9+2.2 (7.0,7.5] 72.8 £ 0.8
(0.5,1.0] 343+19 (7.5,8.0] 74.1 £ 0.5
(1.0, 1.5] 446+ 0.9 (8.0,8.5] 76.0 £ 0.5
(1.5,2.0] 49.0+£23 (8.5,9.0] 77.5+£0.8
(2.0,2.5] 418+ 14 (9.0,9.5] 784 + 1.1
(2.5,3.0] 48.0 £ 0.8 (9.5,10.0] 783+ 0.9
(3.0,3.5] 522 +0.6 (10.0, 10.5] 79.8 £ 2.6
(3.5,4.0] 514+ 1.8 (10.5,11.0] 80.8+1.4
(4.0,4.5] 59.6 £ 0.7 (11.0,12.0] 81.2+0.8
(4.5,5.0] 60.7 +£ 2.8 (12.0,13.0] 80.3+1.1
(5.0,5.5] 64.0+ 1.0 (13.0,14.5] 833+1.6
(5.5,6.0] 65.8 £ 1.0 (14.5,16.5] 84.5+22
(6.0,6.5] 68.3 £ 0.5 (16.5,21.5] 85.1+13
(6.5,7.0] 70.4 £ 0.7 (21.5,40.0] 86.2+1.7

Table 4.17  Trigger efficiency in bins of B* pr for the prescaled group of TCK (group 2).

pr (GeV/c) Trigger efficiency (%) pr (GeV/c) Trigger efficiency (%)

(0.0,0.5] 284 +29 (7.0,7.5] 342+ 04
(0.5,1.0] 384 +2.1 (7.5,8.0] 39.6 £0.3
(1.0,1.5] 283+ 0.6 (8.0,8.5] 413 +0.3
(1.5,2.0] 205+ 1.0 (8.5,9.0] 440+ 0.5
(2.0,2.5] 26.2+0.9 (9.0,9.5] 455 + 0.7
(2.5,3.0] 293 +0.5 (9.5,10.0] 432+ 0.5
(3.0,3.5] 327+04 (10.0,10.5] 428+ 14
(3.5,4.0] 295+ 1.0 (10.5,11.0] 47.1+£0.8
(4.0,4.5] 31.0+0.3 (11.0,12.0] 474 + 0.5
(4.5,5.0] 253+1.2 (12.0,13.0] 442 + 0.6
(5.0,5.5] 32.7+0.5 (13.0,14.5] 463+ 0.9
(5.5,6.0] 33.7+0.5 (14.5,16.5] 50.6+1.3
(6.0,6.5] 37.6 £0.3 (16.5,21.5] 52.7+0.8
(6.5,7.0] 335+0.3 (21.5,40.0] 541 +1.1
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subtracted distributions of the quantities on which GEC are applied, for B* candidates,

> together with the same distributions seen in the MC simulation.
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Figure 4.17 Distributions of GEC variables in data and MC simulation. On all plots, the black
dots with error bars represent the background subtracted data distributions and the red histograms
the MC distributions. The blue dashed lines show the cut values, as summarized in Table 4.2.

Due to the large amount of particles produced in the pp collision, the simulation

4+ can not describe the complicated collision process and detector response perfectly. The
comparisons in Figure 4.17 show so large differences between data and MC simulation,

s that one can not trust the GEC efliciency extracted from simulation but have to estimate

it from real data. Meanwhile, in all of the five GECs, only the cut of the VELO cluster
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multiplicity (VCM) rejects a significant fraction of signal events and only the VCM cut
efficiency has to be considered.

The efficiency of the VCM cut is determined using the following method: from the
minimum bias data sample® , the VCM distribution of minimum bias events with number
of Primary Vertex (nPV) equal to 1, Prlnb, is extracted as shown in Figure 4.18. From the
B* data sample, the VCM distribution of nPV=1 events P}9+ is extracted by a background
subtraction as shown in Figure 4.18. Both distributions are not biased by the VCM cut.
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Figure 4.18 The VELO cluster multiplicity distributions of events with nPV=1 in /eft: minibias

samples, Prlnb, and right: B* samples, P119+.

The VCM shape of B* data with nPV=i, P%M can be estimated by overlaying the

P! on the shape of B* data with nPV=1, PL,, for i — 1 times. The P%. and Pj, from
this overlaying method are illustrated in Figure 4.19. The corresponding distributions of
the background subtracted data are superimposed as a comparison. Good agreements are
observed between the distributions from these two methods, and the overlaying method
therefore provides a good estimation of the VCM shape. By the overlaying method, the
VCM cut efficiency of events with nPV=1-10 are estimated as are listed in Table 4.18.

The VELO cluster multiplicity distributions of events with nPV=1 to 10 are weight-
ed by the nPV fractions according to the background subtracted nPV distribution in the
B* data sample, and then summed up to get the estimation of total distribution. The to-
tal distribution and comparison with the background subtracted distribution directly from
data sample, together with a data fit result with a Gamma function as described in Sec-
tion 4.4.2, are shown in Figure 4.20.

The VCM cut efficiency from data sample using the overlaying method is equal to

92.6 +£0.3%. This efficiency is assumed to be independent of the B* pr and y. The trigger

@® Sample collected by trigger with very loose requirements and minimally biased.
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Figure 4.19 The comparison of VCM distributions with left: nPV=2 right: nPV=3 between
background subtracted data (red) and the results from the overlaying method (blue).

Table 4.18 The VCM cut efficiencies of events with nPV=1-10 by the overlaying method.

nPV Efficiency Uncertainty

1 0.999 0.001

2 0.976 0.003

3 0.871 0.007

4 0.659 0.009

5 0.400 0.010

6 0.192 0.008

7 0.071 0.005

8 0.021 0.003

9 0.005 0.001

10 0.001 0.001
EXE 3 ymme,
%3005— + 2 foa —
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3 L L
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Figure 4.20 The VELO cluster multiplicity distributions from data and the overlaying method.
The black points are the distributions of background subtracted data, the red points are the distri-
butions from the overlaying method, while the blue line is the fit result to the data distribution with
a Gamma function as described in Section 4.4.2.
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efficiency is then the product of the J/y TOS efficiency by the efficiency of the VCM cut.

4.3.3 Luminosity determination

The luminosity is measured using Van der Meer scans and a beam-gas imaging
method '), The knowledge of the absolute luminosity scale is used to calibrate the
number of tracks in the vertex detector, which is found to be stable throughout the data-
taking period and can therefore be used to monitor the instantaneous luminosity of the
entire data sample. The integrated luminosity of the data sample used in this analysis is

determined to be 34.6 pb~'.

4.3.4 Uncertainty determination

The uncertainty of a measurement is composed of statistical and systematic components.
The statistical uncertainty on the signal yield from the finite size of the data sample is de-
termined by the fit and ;Plot procedures in Section 4.3.1. As described in Section 4.3.2,
the statistical uncertainties on the acceptance and reconstruction efficiencies are deter-
mined according to the signal yields in MC simulation samples. The uncertainty on the
trigger efficiency is determined using the inclusive J/i real data sample by

2
(1 - e)*c(Ntosetis)® + €0 Nigsers

2
(Ntos&Tis + Nigsatis)

o(e)’ = (4-14)

where € is the trigger efficiency, Ntosgtis the yield of TOS candidates in the TIS sam-
ples, N7gses the yield of not TOS candidates in the TIS samples, as discussed in Sec-

tion 4.3.211%1 Various systematic effects are discussed in the following Section 4.4.

4.4 Systematic uncertainty study

From Equation 4-1 and the discussions in Section 4.3, this measurement is affected by
the systematic uncertainty on the determination of signal yields, efficiencies, branching

fractions and luminosity.

4.41 Uncertainty from the determination of signal yields

We use a Crystal Ball function to describe the final state radiative tail of the signal peak in
the mass fit. To estimate the systematic uncertainty, we merge a MC background sample

whose shape is extracted from the data fit, and a MC signal sample. A fit to the mass
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distribution used in this analysis is performed. The difference (3.0%) between the true
> event number and the signal number from the fit is observed. The fitted signal yield is
corrected by 3.0%, and an uncertainty of 1.5% is assigned as systematic uncertainty.
4 Considering the possible residue of the partially reconstructed physical background
from another B meson decay in the mass region [5150,5200] MeV/c?, we change the fit
s range to check the possible uncertainty. We also use two other regions to check the effects
of changing the sideband range in the ;Plot technique. The differences on the final results

are shown in Table 4.19. The effects are negligible.

Table 4.19  Effects on the final results by changing the fit range.

Fitrange  Differences on the final result

[5170,5530] 0.3%
[5130,5550] 0.4%
[5200, 5550] 0.5%

After all the selection cuts, there are collision events with more than one candidates

o selected. The correlation between the mass of the first candidate versus that of the second

candidate for events with exactly two candidates is shown in Figure 4.21. There are

16

14

5200 5300 5400 5500
Mass of candidate 1

Figure 4.21 Correlation between the B* mass of the first candidate versus that of the second

candidate in events with exactly two candidates.

12 less than fifty double-candidate events having two candidates with similar B* mass. The

effects are less than 1% and negligible. We also make another test to keep only one
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candidate by the lowest B* vertex y?/ndf in each event. The signal yield from mass fit
changes 0.8% percent.

Repeating the B* mass fit without considering the Cabibbo suppressed background
affects the number of signal B* — Jiy K* events by 0.6%. The systematic uncertainty
associated to the determination of Cabibbo suppressed background is therefore neglected.

In this analysis, the pt bin size is determined in this way:

- The B* candidates in the data sample are binned in bins of 500 MeV/c.
- Some of these bins are combined to obtain enough entries.
The bin size 500 MeV/c are changed to other value in order to estimate the effects,

as shown in Table 4.20. 2% is assigned as systematic uncertainty.

Table 4.20  Effects of changing bin sizes. ) o
Table 4.21  Effects of changing bin limits.

Bin size (MeV/c) Difference(%)

Bin size (MeV/c) Difference(%)

400 1.7

500 0.1
800 0.6

1500 -0.2
1000 -1.9

When combining the pr bins, the low limit of entries in each bin is set to 1000 to
ensure there are enough statistics. Different limits are used to get different binning to
estimate the uncertainty. The effects of changing limits are shown in Table 4.21. The

effect is negligible.

4.4.2 Uncertainty from the determination of efficiencies

In addition to the statistical uncertainty of the trigger efficiency obtained with the method
described in Section 4.3.2, another source of uncertainty associated to the trigger is the
ability of the so-called TISTOS method to reproduce the trigger efficiency accurately. The
bias of this method can be estimated by comparing in Monte Carlo simulated inclusive
JIy samples, the efficiency obtained with the TISTOS method described in Section 4.3.2,
with the true trigger efficiency. Since the pre-scale in trigger doesn’t affect the TISTOS
method, this comparison is done with the not pre-scale TCK MC sample.

In the HLT efficiency simulation, the HLT global lines don’t take into account the
effects of the random trigger so that the HLT global efficiency in MC is 100%. In the ex-
traction of MC TISTOS efficiency, “Physics” trigger lines are used instead of the “Global”

line. The Physics line is defined as a combination of several HLT determinations. In the
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calculation of MC true efficiency, the GEC cut efficiency is excluded as well as in the
TISTOS method. The relative systematic uncertainties associated to the trigger, in bins
of Jiy pr and y are listed in Table 4.22.

Table 4.22  Relative systematic uncertainties (EHSTOE;“C—W in %) associated to the trigger
efficiency, in bins of Ji/ pr and y.

pr(GeV/e) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(0.0,2.0] -2.8 1.8 6.5 10.4 6.6
(2.0,3.0] -4.3 0.8 0.8 3.8 6.4
(3.0,4.0] -0.1 24 1.1 1.3 3.6
(4.0,5.0] 54 1.7 34 35 23
(5.0,6.0] 5.1 0.2 4.7 -0.1 0.2
(6.0,7.0] 2.7 1.5 2.0 0.2 -4.1
(7.0, 8.0] -1.4 4.5 0.1 -3.0 -2.8
(8.0,9.0] 0.2 0.6 3.1 4.6 -0.1
(9.0,11.0] 0.5 3.7 1.1 4.9 -0.5
(11.0,15.0] 14 -1.5 -0.0 2.2 -7.9

To reduce statistical fluctuations, we merge bins with small statistics. The selected
MC B* candidates are weighted by the inverse of these efficiencies as done for data
in Section 4.3.2. Considering the correlation amongst bins, the same MC method as
that for the statistical uncertainty described above in Section 4.3.2 is used to estimate
the systematic uncertainty due to the trigger efficiency. Table 4.23 shows the relative
systematic uncertainties associated to the trigger, in bins of B* pr. In total, by combining
all bins, 0.7% is assigned as trigger efficiency systematic uncertainty.

The uncertainty on tracking efficiency includes two components: the first one is
the differences in track reconstruction efficiency between data and simulation, estimated
with a tag and probe method using Jiy — u*u~ events as described in Section 4.3.2;
the second is due to the 2% uncertainty on the hadronic interaction length of the detector
used in the simulation!%7),

The bin dependent uncertainty propagated from the statistical uncertainty of the ef-
ficiency ratio is discussed in Section 4.3.2. The tracking efficiency correction does not
cover all the differences between data and MC, i.e. the differences from MC reweighting
in other parameters (e.g. ¢, pr, VELO cluster multiplicity). To account the systematic un-

certainty from these, an additional 0.7% systematic uncertainty per track (2.1% in total) is
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Table 4.23  Relative systematic uncertainties (in %) associated to the trigger efficiency, in bins
of BT pr.

pr (GeV/c) Systematic uncertainty pr (GeV/c) Systematic uncertainty

(0.0,0.5] 6.0 (7.0,7.5] 0.8
(0.5,1.0] 2.1 (7.5,8.0] 0.7
(1.0,1.5] 1.3 (8.0,8.5] 0.7
(1.5,2.0] 1.3 (8.5,9.0] 0.8
(2.0,2.5] 1.2 (9.0,9.5] 0.5
(2.5,3.0] 1.0 (9.5,10.0] 0.6
(3.0,3.5] 0.9 (10.0, 10.5] 0.5
(3.5,4.0] 0.8 (10.5,11.0] 0.6
(4.0,4.5] 1.0 (11.0,12.0] 0.6
(4.5,5.0] 0.8 (12.0,13.0] 0.6
(5.0,5.5] 0.7 (13.0,14.5] 0.5
(5.5,6.0] 0.7 (14.5,16.5] 0.6
(6.0,6.5] 0.7 (16.5,21.5] 0.6
(6.5,7.0] 0.7 (21.5,40.0] 0.7

assigned. Besides, the hadronic interactions already give a significant contribution to the
systematic uncertainty. The material in the MC simulation in front of RICH2 amounts to
about 20% of hadronic interaction length. Assuming an uncertainty on the material bud-
get of 10% gives an uncertainty per long hadron track of 2.0%. This uncertainty can be
reduced if the material budget is measured to a better precision. The relative systematic

uncertainty due to the tracking efficiency is then calculated by

O track = \/oftat +(0.7% x 3)* + 2%)>. (4-15)

The relative systematic uncertainties due to tracking are listed in Table 4.24. The overall

systematic uncertainty of tracking efficiency is assigned to be 4.1%.

Figure 4.22 shows the comparison of track y?/ndf distribution in data and MC simu-
lation for u* and K*. There are some differences between data and MC, which contribute
to the systematic uncertainty. The uncertainty on the efficiency of a y?/ndf < 5 cut is
already included in the tracking efficiency correction and tracking uncertainty. We need
to estimate the uncertainty from the y?/ndf < 4 cut on the candidates selected by the
X2 /ndf < 5 cut. For muon tracks, the difference associated to cut requirement on the

)(2/ ndf of the track fit has been estimated to be 0.3%. For kaon tracks, the difference has
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Table 4.24  Relative systematic uncertainties (in %) including both bin dependent and indepen-
dent part associated to the tracking efficiency, in bins of B* pr.

pr (GeV/c) Systematic uncertainty (%) pr (GeV/c) Systematic uncertainty (%)

0.0-0.5 4.4 7.0-175 4.1
05-1.0 4.4 7.5-8.0 4.1
1.0-1.5 4.3 8.0-8.5 4.1
1.5-2.0 4.4 85-9.0 4.0
20-25 4.3 9.0-95 4.0
25-3.0 4.4 9.5-10.0 4.0
30-35 4.4 10.0-10.5 4.0
3.5-4.0 4.3 10.5-11.0 4.0
4.0-45 4.3 11.0-12.0 3.9
45-5.0 4.3 12.0-13.0 39
5.0-55 4.4 13.0-14.5 4.0
55-6.0 4.3 14.5-16.5 39
6.0-6.5 4.3 16.5-21.5 4.0
6.5-7.0 4.2 21.5-40.0 4.2

been estimated to be 0.1%. The effects are negligible.

10°E

10°E

Events /(0.125)
Events /(0.125)

10E

4 5 3 4 5
X2 (W X2 (K)

track

Figure 4.22 Comparison of track y?/ndf distributions in real data and MC simulation for left: u
and right:K. The data distributions are background subtracted.

Removing the clone rejection cut, the pseudo-efficiency of this cut is (98.4 + 2.2)%,
to be compared with (98.33 + 0.02)% in MC simulation as shown in Table 4.10, no
systematic uncertainty is assigned due to the clone rejection.

Figure 4.23 shows the comparison of vertex fit y*/ndf distribution in background
subtracted data and MC for J/ and B*. Obvious differences can be observed between

these distributions in data and MC simulation samples. Since the stripping selection cuts
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have introduced a cut on the vertex fit quality using B* reconstructed from the inclusive
J/y data, the vertex y?/ndf cuts of B* and J)i are relaxed from < 9 to < 50 at the same
time, the fitted number of signal changed from (4291 + 84) to (4456 + 115). This ends
with a conditional efficiency e(y?/ndf < 9y?/ndf < 50) = (96.3 + 0.3)%, while it is
(97.26 + 0.02) in MC. 1% is assigned as systematic uncertainty.

10°E

Events /(0.25)
Events /(0.25)

10

8 10 8 10
X2, Indf(3/p) X2, Indf(B)

Figure 4.23 Comparison of vertex y?/ndf distributions in data and MC simulation for left: Jjy
and right: B*. The data distributions are background subtracted.

As shown in Table 4.10, the efficiency of the J/¢ mass window cut (3.04,3.14]
GeV/c? is only (93.74 + 0.03)%, this inefficiency is mostly due to the final states radiation.
A study is performed at the generator level using the B* — J/iy K* MC simulation sample,
the true quantities of Jiy — u*u~ are smeared with the typical mass resolution of J/,
10 MeV/c*. When considering the final states radiation, i.e. using the invariant mass of
u - and smearing it with the resolution, the mass distributions in the full mass region,
and in the J/y signal mass window are shown in Figure 4.24, one can easily get an
efficiency of (93.53 + 0.02)%. Changing the mass resolution to 15 MeV/c? ends with
(93.30 £ 0.02)%, i.e. even the mass resolution of the data is worse by 50% than the MC
simulation, the efficiency is only changed by 0.23%. Also, since the momentum scale
may be different, say, by -5 MeV/c? in data, this is equivalent to change the mass window
to (3.045,3.145] GeV/c?, there is no visible effect with the current statistics. One can
conclude that the differences of the mass resolution and momentum scale between data
and MC have very small impact on the efficiency of the J// mass window cut, so such
effect will be neglected. As a further check that the inefficiency is mostly due to the final
states radiation, the true J/iy mass (with photons integrated) is smeared instead of the
i mass, by 15 MeV/c?, the efficiency of the mass window cut (3.04, 3.14] GeV/c? is
(99.7952 + 0.0045)%.
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Figure 4.24 J/y mass distribution with final states radiation enabled for left: full mass range
and right: Jiy mass window, extracted from MC generator level simulation sample.

Systematic uncertainty associated with the GEC is estimated by comparing the GEC
efficiency extracted by the overlaying method and true efficiency in MC10 simulation
sample. The procedure described in Section 4.3.2 is repeated to extract the GEC effi-
ciency. The total distribution of VCM using the overlaying method in MC sample and a
comparison with VCM distribution directly extracted from the MC sample are shown in

Figure 4.25. The VCM efficiency from MC using the overlaying method is 94.85+0.05%.

%) A L L

55000]

o

O
4000

—o— all fold

—e— all origin
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2000 4000 6000 8000
VeloClusters multiplicity
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Figure 4.25 The MC VCM distribution from direct MC (blue) and the overlaying method (red).

Comparing with the efficiency directly from MC sample which is equal to 95.20 +0.05%,
the difference of the two efficiencies is 0.4%. It is assigned as systematic uncertainty due
to the GEC efficiency.

To check the validity of the GEC efficiency estimation, the distribution of VCM is
fitted with a Gamma function!!®®! and the number of events above the VCM threshold
(3000) is estimated from the integral of the fit function between 3000 and +co. Fig-
ure 4.26 (left) shows the result of the fit on the background subtracted data distribution
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and Figure 4.26 (right) shows the result of the fit on the MC distribution for events on
which GEC are not applied. From the Gamma function, the VCM cut efficiency for data

8 250_ T T 86000 T T T T
e °r H 3
2 2F * = 55000F -
§ : H' * §4000— e
@ 150 + + E m
C ] ] 3000F 3
100~ + ﬂ -
2000 =
50_—
F ¢ 1000F 3
C i " " " 1 " " " " 1 " " " " G 1 1 1
0 1000 2000 3000 0 1000 2000 3000 4000 5000
VeloClusters VeloClusters

Figure 4.26 Gamma function fit to left: the background subtracted distribution of VCM in real
data and right: the signal distribution in MC simulation.

is equal to 92.3 + 0.4%, while the efficiency for the MC sample is equal to 95.0 + 0.3%.
These results are in good agreement with those from overlying method.

The uncertainty on the muon identification efficiency is extracted by a “tag and
probe” method, as described in Ref.!'?). A value equal to 2.5% is taken as systematic
uncertainty associated with the efficiency of the u identification used in the J/i/ selection.

We smear the pr distribution in the generator level sample and check the variation
of acceptance efficiency. The effects are listed in Appendix B.3. The effects are found to

be negligible.

4.4.3 Uncertainty from the determination of branching fractions

The values of B(Bt — JiyK*) = (1.013 £ 0.034) x 1072 and B(JWy — u*u~) =593 +
0.06% used for the measurement are extracted from the Particle Data Group review 2%,

The correlations between the two branching ratios are estimated from the most pre-
cise measurement of B(B* — JiyK*) = (1.061 + 0.015 + 0.048) x 107> made by the
BaBar Collaboration!!%!, Using this branching ratio and B(Jjy — u*u~) = 5.88 +0.1%
for the BABAR measurement, the uncertainty on the product of the two branching frac-
tions directly is 4.6%. The systematic uncertainty Ag,,xg,, on the product of the two
branching fractions extracted from the uncertainty propagation formula

A2 Ag,.x8y, Ag,, X Bp By ,

e = )?
B(B JW K) Bf/w B%/l/,

&5
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is 4.2%. Combining this systematic uncertainty with the statistical part 1.4%, The total
uncertainty on the product of the two branching fractions from BaBar measurement is
4.4%. The product of the two branching fractions from PDG is 3.5%. Since the PDG
average is dominated by BaBar measurement, the uncertainty on the product of the two

branching fractions from PDG is scaled to be equal to 3.5% X % =3.3%

4.4.4 Uncertainty from the determination of luminosity

As discussed in Section 4.3.3, the absolute luminosity scale is measured with a 3.5%

uncertainty %!, dominated by the beam current uncertainty.

4.4.5 Other systematic check

The analysis procedures are repeated to check the effect of magnet polarity and

kaon charge asymmetry. The results are shown in Table. 4.25. The results are nominal

Table 4.25  Effects of magnet polarity and charge asymmetry.

Magnet polarity Kaon charge Results (ub)

Up K* 199+ 1.0
Up K 179 £ 0.9
Down K* 183+ 1.0
Down K- 189 +1.0

cross-sections and only used to make comparison. The uncertainties only contain statistic
uncertainties. No obvious difference between two magnet polarities or kaon charges are

found.

The B* candidates are binned in rapidity using (Weight which depends on the mass
of B*. The efficiency dependence on the mass of B* candidate is checked. The average
inverse efficiency < % > distribution as a function of B* mass and the results of a linear
fit to the distribution are illustrated in Figure 4.27. The distribution of average inverse
efficiency in the sideband region is flat, thus there is no obvious efficiency dependence on
the B™ mass. In the signal region, since the signal has harder pr spectrum, hence larger

efficiency, the values should be lower than sidebands.
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Figure 4.27 The < % > distribution as a function of B* mass. The results of a linear fit, with the

constant pg and the slope py, are superimposed.

4.4.6 Systematic uncertainty summary

The systematic uncertainties that affect the cross-section measurement are summarized -

in Table 4.26.

Table 4.26 Summary of systematic uncertainties.

Quantity Systematic uncertainty (%)
Trigger efficiency from 0.5 to0 6.0
Muon identification 2.5

Vertex y?/ndf cut 1.0

Branching ratio 33

Signal fit model 1.5

Bin size 2.0
Luminosity 3.5

Tracking efficiency from 3.9 to 4.4
Clone rejection <0.1

GEC 0.4

J/y mass window 0.2

Cabibbo suppressed background 0.6

Cross-feed 0.5

Fit range 0.5

Multi candidates 0.8

Track y?/ndf cut(the part from < 5 to < 4) 0.4

Total(Bin independent) 6.8
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4.5 Results and discussion

2 The differential cross-section in bins of pr is given in Table 4.27, for 2 < y < 4.5. In this

table, the first uncertainty is statistical and the second is systematic.

Table 4.27 Differential cross-section in bins of pr.

pr(GeVie)  do/dpr (ub/(GeV/c))  pr(GeV/e)  do/dpr (ub/(GeV/c))

0.0-0.5 1.37 £ 0.68 + 0.13 7.0-17.5 242 +£0.20+0.18
0.5-1.0 3.12+0.82 £0.24 7.5-8.0 2.09+£0.16 £ 0.15
1.0-1.5 3.90 +£0.57 £0.29 8.0-8.5 144 £0.11 £ 0.11
1.5-2.0 5.67+1.05+043 85-9.0 1.33 £0.11 £ 0.10
20-25 8.44 £ 1.00 £ 0.64 9.0-95 1.22 £0.10 + 0.09
25-30 6.33 £ 0.66 + 0.48 9.5-10.0 0.83 £ 0.08 + 0.06
3.0-35 5.04 £0.45 £ 0.38 10.0 - 10.5 0.80 = 0.08 + 0.06
35-40 6.99 + 0.68 + 0.52 10.5-11.0 0.65 £ 0.07 + 0.05
4.0-45 548 £+ 047 £ 0.41 11.0-12.0 0.54 £0.04 £ 0.04
45-5.0 6.54 £ 0.79 £ 0.49 12.0-13.0 0.41 +£0.04 +0.03
50-55 4.42 £0.44 +0.33 13.0 - 14.5 0.28 £0.02 + 0.02
55-60 4.16 + 0.37 + 0.31 14.5-16.5 0.17 £ 0.02 £ 0.01
6.0-6.5 340 +£0.24 £ 0.25 16.5-21.5 0.062 + 0.005 + 0.005
6.5-70 2.82+022+0.21 21.5-40.0 0.011 + 0.001 £ 0.001

The integrated cross-section of B* production over the fiducial region is equal to
o(B",2 <y<4.5)=41.4 + 1.4(stat.) + 3.2 (syst.) ub. (4-16)

Figure 4.28 shows the measured differential cross-section and the cross-section in
the LHCb simulation. As also observed in other measurements of the bb cross-section
at LHCb, the cross-section in the LHCb simulation is a factor 2 higher than the one in
data!121. However, the pt shapes are in good agreement.

The cross-section measurement obtained in this analysis is compared with a FONLL
prediction*>*! in Figure 4.29. The uncertainty of the FONLL computation includes the
uncertainty of b-quark mass, renormalization/factorization scales, and the PDF uncertain-
ty. Two different hadronisation fractions f;_, 5 are assumed to fix the overall scale, one of
which is 40.1 = 1.3%!28] and the other is 33.7 + 2.2% as discussed in Section 4.5. Good
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Figure 4.28 Differential production cross-section for B* as a function of the transverse momen-
tum, in the LHCb simulation (blue) and in data (black).

agreement is observed between data and the FONLL prediction. Comparisons in other
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Figure 4.29 Differential production cross-section as a function of the B* transverse momen-
tum[®!. The black dots with error bars are the LHCb measured values presented in this disserta-
tion, the red dashed lines are the upper and lower uncertainty limits of the FONLL computation.
The uncertainty of the FONLL computation includes the uncertainty of b-quark mass, renormal-
ization/factorization scales, and the PDF uncertainty. The hadronisation fractions for left: f;_, 5+
of 40.1 + 1.3%"281 and for right: f;_, . of 33.7 + 2.2% extracted in Section 4.5 are assumed to fix
the overall scale.

two wider pr ranges are demonstrated in Figure 4.30. The hadronisation fraction f;_, g+
used is 40.1 + 1.3%!?8]. Except for the last pr bin, 21.5 < pr < 40 GeV/c, all the data
points are located inside the theoretical uncertainty limits. Since the signal yield in the
last pr bin, 21.5 < pr < 40 GeV/c, is very limited, it is difficult to determine the position

of the data point. The discrepancy can be clarified with more statistics in 2011 data.
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Figure 4.30 Differential production cross-section as a function of the B* transverse momen-
tum. The black dots with error bars are the LHCb measured values presented in this disserta-
tion, the red dashed lines are the upper and lower uncertainty limits of the FONLL computation.
The uncertainty of the FONLL computation includes the uncertainty of b-quark mass, renor-
malization/factorization scales, and the PDF uncertainty. The hadronisation fractions f;_,z+ of
40.1 + 1.3%"?® are assumed to fix the overall scale. The left plot shows the comparison in pr
range [0, 21.5] GeV/c, while the right in pt range [0,40] GeV/c

The result quoted in Equation 4-16 is extrapolated to 4 polar angle range by

0’4710_(B+,y € [2’ 45])
2x fl_)—>B+

where the a4, = 5.14 is the ratio of the number of B* in the full rapidity range to that

o(pp — bbX) = , 4-17)

in the 2.0 < y < 4.5 region from FONLL computation and the f;_,z- = 40.1% is the

hadronisation fraction. The result is
o(pp — bbX) =266 +9 £20 +9 + 12 ub, (4-18)

where the first uncertainty is statistical, the second is systematic from original o-(B")
measurement, the third is systematic from the uncertainty on f;_ 5~ and the fourth is
systematic from the uncertainty on a4,. The uncertainty due to the extrapolation to 4r
is estimated by comparing the result of the FONLL calculation (5.14) to the PyTnia and
EvTGen estimate (5.39). The extrapolated result is in good agreement with other two
LHCb measurements: 255 + 4 + 43ub!2! and 272 + 19 + 47ub 1],

The b hadronization fractions have been measured recently by the LHCb collabora-
tion1%1 ag

f5l fa = 0267530,

I (0.404 + 0.017 + 0.027 + 0.105) (4-19)

fu + fd
X [1—=(0.031 £ 0.004 + 0.003) x pr(GeV/c)].
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By this result, a estimation for hadronization fraction for B* can be given. The
average pr of A, in the region pr € (0, 14) GeV/c and 7 € (2, 5) is estimated by PyTHia to
be 4.2 GeV/c. Assuming f, = f; and ignoring the B, and other b hadrons, i.e. constraining
Ju+ fa+ fs+ fa, = 1, one can obtain f, = 0.337 £ 0.022. f, is changed by only 1% if
varying the average pr of Aj, by 20%. Then the extrapolated result using @4, from PyTHiA

1s,
o(pp — bbX) =332+ 12 +24 +22 + 16ub, (4-20)

where the first uncertainty is statistical, the second is systematic from original o (B*)
measurement, the third is systematic from the uncertainty on f;_ 5. and the fourth is
systematic from the uncertainty on @4,. This is to be compared with the two LHCb
measurements extrapolated with Pytaia: 288 +4 +48 ub!"?! and 284 +20+49 ub!'!!. And
as discussed in Ref.!'!], the latter would go up by 19% if using the b production fractions
from TEVATRON, i.e. to 338 + 24 + 58 ub, and even higher if using the b hadronization
fractions measured by LHCb® . The extrapolation results are summarized in Table 4.28.
Table 4.28 The extrapolation results with b hadronization fractions from PDG and LHCb, and
extrapolation factor from FONLL and Pythia. The first uncertainty is statistical, the second is

systematic from original o-(B*) measurement, the third is from the uncertainty on f;_,z+ and the
fourth is from the uncertainty on a4y.

PDG b hadronization fraction LHCDb b hadronization fraction

FONLL « 266+9 £20 £9 =12 ub 316 £ 11 £23 +21 £ 14 ub
PyTHIA 278+ 10 £20 £9 =13 ub 332 +12 £24 £22 £ 16 ub

@® Compared to TEVATRON fractions on HFAG!!!!, the £, is almost the same, while the f; is smaller and fj, is

larger.
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Chapter 5 Measurements of B meson production cross-sections with 2011 data

Chapter 5 Measurements of B meson production
cross-sections with 2011 data

Measurements of the total and differential production cross-sections for B, B and Bg
using data collected by the LHCb detector in 2011 are given in this chapter. The total
production cross-section is calculated by integrating the differential cross-section. The

differential cross-sections are obtained from these formulas

d’o(B*) Np(pr.y)
dprdy  Lin€o(pr, BB = JW KH)BUN — pru-)AprAy’
d*o(B”) Np(pr.y)
dprdy  Lin€o(pr. )BBY = Jy KBy — wu )B(K* — Kt )AprAy’
do(BY) _ Np(pr) (5-1)
dpr Lin€o(pr)B(BY = Iy $)BUN — - )B(¢ — K*K-)Apr

Np(pr) is the number of reconstructed signal in a given pr bin, while Ng(pr, y) the num-
ber in a given (pr,y) bin. Ly is the integrated luminosity. €q(pt) and €q(p,y) are the
total efficiencies, including acceptance, reconstruction, selection and trigger effects. B
are the branching fractions. Apt and Ay are the pr and y bin width. The determinations
of all these quantities are discussed in this chapter.

We start with the data samples and corresponding triggers in Section 5.1. The event
selection requirements are outlined in Section 5.2. The determinations of the quantities
quoted in Equation 5-1 are presented in Section 5.3 and the systematic uncertainties on
these parameters are discussed in Section 5.4. At last, Section 5.5 presents the results and

some discussions.

5.1 Samples and trigger

These analyses use 370 + 13 pb~! of pp collision data taken at the LHC at a center-of-
mass energy of 7 TeV between March and July 2011. The data were collected using 11
different TCKs, with different settings than the ones used in 2010. During these periods
all sub-detectors were functional and operating in a stable condition.

The MC simulation samples used in this analysis were generated using the same
configurations “MC10” as described in Section 4.1, taking the different trigger conditions

into account.
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The trigger settings used in 2011 are summarized in Table 5.1. The LO trigger in this
analysis still uses only information from the muon system. At this stage either a single
muon candidate with py larger than 1.48 GeV/c or pair of candidates with the product
of their pr larger than 1.68( GeV/c)? is required. The HLT1 trigger confirms the single-
muon or dimuon candidates from LO and requires their combined mass to be greater
than 2.7 GeV/c2, momentum higher than 6 GeV/c and transverse momentum higher than
0.5GeV/c. The HLT2 trigger selects events containing two oppositely charged muon

candidates with an invariant mass in the mass range 2.977 — 3.217 GeV/c>.

Table 5.1  Summary of the trigger lines used for this analysis.

Trigger line Main cuts
LOMuon Spd(Mult)< 600 && pr(w) > 1.48 GeV/c
LODiMuon Spd(Mult)< 900 && pr(u;) X pr(uz) > 1.68( GeV/c)?

HitIDiMuonHighMass LOMuon or LODiMuon
pr(u) > 0.5GeV/c and p(u) > 6 GeV/c
M, > 2.7GeV/c?

HI2DiMuonJPsi My, € [Myy, — 120 MeV/c*; My, + 120 MeV/c?],

Some global event cuts were relaxed in 2011 data-taking to suit the higher multi-
plicities caused by the higher luminosity than 2010, e.g. the cut on the VELO cluster
multiplicity (VCM) and the OT cluster multiplicity in 2010 had been too tight, thus they
were relaxed in 2011. During the start of 2011 data-taking, the cut on VCM was over
adjusted while the cut on OT cluster multiplicity was adjusted insufficiently. After May
3, the OT cluster multiplicity cut was relaxed and the VCM cut was tighten. The global

event cuts used in 2011 data-taking are summarized in Table 5.2.

5.2 Event selection

The selection cuts on the J/iy candidates are the same as described in Section 4.2, for all
three channels. The stripping and final selection cuts on all the J// candidates are listed
in Table 5.3.

The B® — Jiy K™ and B® — J/iy ¢ decay channels have one more final state particle
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Table 5.2 Summary of global event cuts (GEC) in 2011 data taking.

Trigger level GEC

Cut value

LO SPD hit multiplicity

<900

VELO cluster multiplicity

HLT1 IT cluster multiplicity

OT cluster multiplicity

< 10000 before adjustment
< 6000 after adjustment

< 3000

< 10000 before adjustment

< 15000 after adjustment

HLT2 VELO track multiplicity

< 350

Table 5.3 The stripping and selection cuts on the J// candidates.

Decay mode Variable Stripping cut

Selection cut

u track Long and isMuon

W — e ppr -
u track y?/ndof -
HAInL, >0

Clone distance -

Mass window 3017 < M, < 3177 GeV/c?

vertex fit y?/ndf <16

> 700 MeV/c
<4

<0

<9

95
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than the B* — J/y K* channel, thus the combinatorial background levels of these two
channels after stripping selections are much higher, as shown in Appendix A.3. In gen-
eral, the combinatorial background candidates are composed of particles with lower pr,
and have worse vertex fit quality than signal candidates, due to the random combination
by coincidence. Transverse momentum and vertex fit quality cuts on K*° are applied to
reduce these backgrounds. Another important handle to suppress the background uses
the combined hadron identification variable DLL, defined in Section 3.2.4.

The J/ candidates are combined with a K*, K** and ¢ to form a B*, B® and B?
meson, respectively. A vertex fit is performed that constrains the daughter J// and to
originate from a common point and the mass of the muon pair to match the nominal J/y
mass. It is required that the y?/ndf of this fit is less than nine. To further reduce the
combinatorial background due to particles produced in the primary pp interaction only
candidates with a proper time larger than 0.3 ps are used. Finally, the fiducial requirement
used in the analysis 2.0 <y < 4.5 is applied.

The stripping and final selection cuts on K*, K** and ¢ as well as their mother B

mesons are listed in Table 5.4, 5.5 and 5.6. The selection cuts on BY — JiyK*

Table 5.4 The stripping and selection cuts of B* candidates.

Decay mode Variable Stripping cut Selection cut
K* track y?/ndof <5 <4

K* pr - > 500 MeV/c

Clone distance - <0

M(B") [5100,5550]MeV/c*>  [5150,5550]MeV/c?
Bt - JyK* vertex y?/ndof <10 <9

life time > 0.15ps > 0.3ps

candidates are the same as the 2010 analysis, so that it is easier to compare. A transverse

momentum cut on the B® candidates is applied to reduce the background with low pr.

5.3 Cross-section determination

The differential cross-sections are determined by Equation 5-1. The numbers of recon-

structed signal B* and B candidates are obtained from fits to their invariant mass distri-
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Table 5.5 The stripping and selection cuts of B” candidates.

Decay mode Variable Stripping cut Selection cut
K — K*n~ K, r track y*/ndof <5 <4
K, 7 clone distance - <0
K Aln Lg, > =2 >0
K* pr > 500 MeV/c > 1GeV/c
M(K*n) [826,966] MeV/c? [826,966] MeV/c?
K™ vertex y?/ndof < 16 -
M(B%) [5100, 5550] MeV/c? [5150, 5400]MeV/c?
B — Jjy K vertex y?/ndof <10 <9
life time > 0.15ps > 0.3ps
B pr - >2GeV/c

Table 5.6 The stripping and final selection cuts of BY candidates.

Decay mode Variable Stripping cut Selection cut
¢ - K"K~ K track y?/ndof <5 <4
K clone distance - <0
K Aln Lg, > -2 >0
¢ pr > 500 MeV/c > 1GeV/c
M(KK) [980, 1050] MeV/c? [1008, 1032] MeV/c?
¢ vertex y?/ndof <16 -
M(BY) [5100,5550]MeV/c*>  [5150,5550]MeV/c?
B — Jiy ¢ vertex y?/ndof <10 <9
life time > 0.15ps > 0.3ps
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butions. Since there are enough candidates in 2011 data, the fits for B* and B° are made
in bins of py and y. For B the fit is still made in pr bins and the ;Plot technique in Chap-
ter 4 is used. The determinations of efficiency and luminosity follow similar methods as

2010 B* analysis.

5.3.1 Signal yield determination

Considering that the efficiencies depend on the y distribution, we estimate the signal yield
in bins of pr and y. The signal yield is extracted by a fit to the B meson mass distribution,
and is corrected for the background which can’t be separated from the signal by the mass

fit.

In each pr and y bin, we perform an extended unbinned maximum likelihood fit to
the invariant mass distribution of the reconstructed B candidates in the interval 5.15 <
Mg < 5.55GeV/c? for B* and 5.15 < Mg < 5.40 GeV/c? for B°. For Bg, since the event
yield is not large enough to make a fit in bins of pr and y, we perform the fit to the
invariant mass distribution in each pr bin in the interval 5.15 < Mg < 5.55 GeV/c? and
use ;Weights to extract the event yield in bins of pr and y.

Two components are included in the fit procedure: the signal and background. Be-
sides the FSR tails on the left side of the mass peak, tail shapes are also found on the right
side, which are caused by the FSR and J/iy mass constrain method in the reconstruction.
The signal component of each decay channel is described by a Cruijff function, which is
a modified Gaussian function with various resolutions and tail shapes on both sides. The

Cruijff function is defined as

e
e o'leflJr“lefl(*"M) x < M
V270 et
FCrijt (X; M, O\eft, Qteft, Orights a’right) - | L ew?
e ZU'rzigm+aright(fo)2 x> M,

\/ZTO' right
(5-2)

where M is the fitted mass, oy and g the left and right resolutions of the mass peak,
respectively. These two resolutions are set to be the same value . The e and aign
parameters define the tail shape of the function, which are correlated with the signal mass
resolution 0. The relations between a and the resolution are obtained from fits to the
mass distribution of a Gaussian smeared generator level MC simulation event sample.

The parameterizations of @ as a function of mass resolution are shown in Figure 5.1, 5.2

98



Chapter 5 Measurements of B meson production cross-sections with 2011 data

and 5.3.
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Figure 5.1 Parameterizations of Cruijff parameter left: acfi, right: @igh for B as a function of

mass resolution.
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Figure 5.2 Parameterizations of Cruijff parameter left: ief, right: aign for B as a function of

mass resolution.
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Figure 5.3 Parameterizations of Cruijff parameter left: ief, right: aign for Bg as a function of

mass resolution.

The background component of the fit function may include two different sources: the
combinatorial and the partial reconstructed backgrounds. The combinatorial background
for each channel is described by an exponential function as described in Section 4.3.1.
For B*, a double Crystal Ball function is used to describe the effects of the Cabibbo-
suppressed decay B* — JA/n" in the same way as in the 2010 analysis. The total fit
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function for B* is then defined by changing the Gaussian signal Fgna(x; M, o) to the
Cruijff signal F;gna(x; M, 07, Qiefr, righe) in Equation 4-7. The total fit function for B and
Bis

Fmass (X; M, T, Qleft, Aright, P> Nsignala Nbackground) (5 3)

={Vsignal F Cruijff (x; M, 0, ey, a’right) + M background F background(xQ p)
The total invariant mass distributions of the inclusive B* — Jiy K+, B® — Jiy K*°
and B? — J/i ¢ candidates are demonstrated in Figure 5.4, 5.5 and 5.6. The total numbers
of signal events are 124 031+541, 40 154+318 and 7 075+96, where the error is statistical

only.
I —
70 ofas= 8771+ 0.046 MeV/c]
LHCb Mg = 5277.492 + 0.045 MeV/g?
60 Lrsz_;gz‘éf’a‘a Corp = -0.00115797 + 0.00000
" Mgy = 833611 1012
50 Ny = 124031+ 541

Events/ ( 10 MeV/c?)
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Figure 5.4 Invariant mass distribution of the selected B* — Jjy K* candidates. The results of

the fit with the model described in the text are superimposed.

To extract the signal yield, the mass fits are made in bins of pt and y for B* — Jiy K*
and B® — Jjy K*°, and in bins of py for B® — J/ ¢. The binning for B* — Jjy K™ is the
same as the 2010 analysis. The binnings for B® — Jj K*° and B — J/iy ¢ are determined
using the same method as the 2010 analysis, as described in Section 4.3.1.

Besides combinatorial background, final state particles can be combined to form a
mass peak in the signal region by some physical reasons, and this kind of background
can not be excluded by the mass fit. The S-wave decay background is considered in this
analysis. For B’, it comes from the direct B — Jiy K*n~ channel decay, which have
the same four final state particles and peak the mass in the B region. The S-wave decay
can be distinguished by the background subtracted K** mass distribution, since the S-

wave background K*° candidates should not have mass peak. The background subtracted
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Figure 5.5 Invariant mass distribution of the selected B — J/y K** candidates. The results of

the fit with the model described in the text are superimposed.
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Figure 5.6 Invariant mass distribution of the selected B® — J/is ¢ candidates. The results of the

fit with the model described in the text are superimposed.
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mass distributions of K** are shown in Figure 5.7. The fit function is composed of two
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1000
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Figure 5.7 The background subtracted mass distributions of Kz and fit result. The signal func-

tion is a Gaussian® Breit-Weigner function, and the background function is exponential.

components:

- The signal function can not be described by a Gaussian function, since the width
of K** is much larger than the Gaussian resolution from detector effects. A convo-
lution of a Gaussian and a Breit-Weigner function is used. The width of the K*° is
fixed to the value from Ref.[?8!;

- The flat component corresponding to the S-wave contribution is described by an
exponential function.

The ratio of S-wave background yield with respect to the B® — Jjy K* signal yield is
determined from the fit result to be equal to 7.6% and used to correct the signal yield. The
background subtracted mass distribution of ¢ candidates in B — Jjiy ¢ decay is shown
in Figure 5.7. The ratio of the S-wave background yield with respect to the BY — J/y ¢
signal yield is determined from the fit result to be equal to 2.5% and used to correct the

signal yield.

5.3.2 Efficiency calculation

Simulated signal events are used to estimate the €, in bins of pr and y, and a trigger
unbiased inclusive J/y sample is used to determine the trigger efficiencies from data
directly. The reconstruction efficiency for B® — Jjy K*® and BY — Jjy ¢ is determined
with a different strategy than the 2010 B* analysis, since the PID information from RICH

is used in the event selection. The total reconstruction efficiency €. is defined as

€rec = Erec&noPID X EPID (5 '4)
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Figure 5.8 The background subtracted mass distributions of KK candidates in 2011 sample.
The signal function is a Gaussian® Breit-Weigner function, and the background function is expo-
nential.
where €..&nopip consists of the efficiency for detection, reconstruction and selection with-
out PID cuts, and epyp is the PID efficiency. €ecgnopip 1s determined from MC10 simula-
tion sample and epyp is determined from real data.

In the estimation of €..&nopp, the tracking efficiency corrections are also included.
The ratios of tracking efficiency from 2011 data with respect to that from MC are mea-
sured!!%?! to be different from 2010 due to different detector alignments and calibrations.
The 2011 tracking efficiency ratio table is shown in Figure 5.9. The same approach as

LHCb
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=

—1.1

1.08

1.06
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1.072 15019

4o
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Figure 5.9 The ratio of tracking efficiency from 2011 data with respect to MC simulation 10?1,

described in Section 4.3.2 is used to correct the MC sample and estimate the statistical un-

certainty due to the correction. The corrected reconstruction efficiency €ec&nopip together
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with the acceptance efficiency for B*, B’ and B? are listed in Appendix B.2.

The combined difference between logarithmic likelyhood for K — particle hypothe-
ses, DLLk,, is used in the event selection to separate the kaon candidates from the pion
background for the B — Jiy K*® and BY — Jjy ¢ decay channels. The distributions
of DLLg, in data and MC simulation are found to be very different as demonstrated in

Figure 5.10. The PID efficiency couldn’t be extracted from MC simulation directly, but

|

|

|

|

PR T T PR

0 20 40 60 80
ALL,,

Figure 5.10 The background subtracted distribution of the kaon DLLg, in real data (black) and
the signal distribution in MC simulation (red).

is calculated using a PID calibration method!''?!.

The PID calibration method is based on a large set of calibration samples, in which
the PID efficiency and misidentification (misID) rate for kaon are determined in the real
data from the so-called “golden mode” decay channel, D* — nD°. This decay channel
can be reconstructed without using the information from RICH detectors. The calibra-
tion samples are used to calibrate the DLLg, distribution of the signal modes and to
extract the PID efficiency. The DLLg, distributions of the kaon in the calibration sam-
ples correspond to the real response of RICH to kaons with the same kinematics. The
DLLg, distribution of a kaon is correlated with the kaon kinematic variables. Global
event multiplicity variables affect the hit multiplicity in the detector thus also affect the

RICH detector output.

The kaon momentum and pseudo rapidity as the kinematic variables, together with

the best track multiplicity as the global event variable, are chosen to bin the signal and
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calibration samples. Assuming that the DLLg, distribution only depends on these vari-
ables and the binning is properly set up, the DLLg, distribution in the calibration sample
can be treated as the real distribution for a specific kinematic bin. The momentum and
pseudo rapidity distributions in the calibration samples are weighted to the background
subtracted distributions in the signal samples. And then the DLLg, distribution of the
weighted calibration samples will describe the real distribution of the signal samples.
The PID variable DLLg, distributions before and after the weight are demonstrated in

Figure 5.11. The calibration samples are reconstructed for two magnet polarities sep-

)

w
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o
o
(=)

n ) |_'H(I:b ) @ Unweighted 7S] v L'H(':b T ® Unweighted
S osoo0f- Preliminary F O welited Zos000f  Preliminary & o weighted
@ {5 =7 TeV Data ob @ {5 =7 TeV Data ¢
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Comb. DLL(K - m) Comb. DLL(K - m)

Figure 5.11 The PID variable DLLg, distributions for kaon in BY - Jiw K *0 channel in the data
samples with magnet left: up and right: down polarity. The black and red points are the DLLg,
distributions of the unweighted and weighted calibration samples, respectively.

arately. The PID efficiencies can be determined for each DLLg, cut value as shown in
Figure 5.12. The PID efficiencies for both magnetic polarities and both channels are listed
in Table 5.7.

Table 5.7 Kaon ID efficiencies (in %) for both magnetic polarities and both decay channels in
2011 analysis. The uncertainty is statistical.

Magnet up Magnet down
B — JWK*® 9596+ 0.04 95.92+0.03
B — Jiy ¢ 95.97+£0.04 9592 +0.05

Since the trigger lines only depend on the J/i/, the trigger efficiency is extracted
from data using an inclusive J/y sample using TISTOS method. The TOS trigger uses
the same requirements as the one presented in Table 5.1. The TIS trigger requirements
are different and listed in Table 5.8. The Physics lines, described in Section 4.4.2 are used

to keep as many candidates as possible. The original TOS efficiency of HLT muon line
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Figure 5.12 The PID efficiencies for each DLLk, cut value on the kaon of B’ — JW K *0 in the
data samples with magnet top: up and bottom down polarity.

is extremely low; for this reason the information from muon stations is excluded for the

TOS determination. The trigger efficiency weight procedure and uncertainty propagation

Table 5.8  Trigger lines for JAiy TIS in 2011 analysis.

Trigger level Trigger Lines

LO TIS LOMuon TIS or LODiMuon TIS

HLT1 TIS HIt1Phys TIS

LO&HLT1 TIS (LOMuon TIS or LODiMuon TIS) and Hlt1Phys TIS
HLT2 TIS HIt2Phys TIS

are the same as in the 2010 analysis. The trigger efficiency of each B meson is listed in
Appendix B.2.

The distributions of global event cut variables in real and simulated data are shown
in Figure 5.13. As described in Section 5.1, the OT cluster multiplicity cut was 10000
at first and then was changed to 15000. The efficiency of OT cluster multiplicity cut
for the data sample with 10000 cut is extracted from the data sample with 15000 cut to
be 97.90 + 0.05%. The VELO cluster multiplicity cut was 10000 at first and then was
changed to 6 000. However, from Figure 5.13, it is clear that the effect is negligible.
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5.3.3 Integrated luminosity

The integrated luminosity was measured using the same methods as discussed in Sec-

tion 4.3.3. The two integrated luminosity of the data samples with magnet up polarity

from the two LHCDb luminosity strategies: online (Van der meer) and offline (Beam-gas)

differ by 20% due to the underestimation of “parasitic luminosity” entering the beam-gas

correction!!13:114]

correction"*! to be 370 + 13 pb~".

. The integrated luminosity is corrected according to the Stripping 17
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Figure 5.13 Distributions of GEC variables . On all plots, the black dots with error bars represent
the background subtracted data distributions and the red histograms the MC distributions. The blue

dashed lines show the cut values.
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5.4 Systematic uncertainties

From Equation 5-1 and the discussions in the previous section, the production measure-
ments are affected by the systematic uncertainties on the determination of signal yields,
the efficiencies, the branching fractions and the luminosity.

The uncertainty on the determination of the signal yield mainly arises from the treat-
ment of final state radiation in the signal fit. This is estimated by comparing the fitted and
true signal yields in the MC simulation. The systematic uncertainties due to the FSR esti-
mation are listed in Table 5.9. For B*, we use the shape from MC simulation to estimate
the Cabibbo-suppressed background effect. As discussed in Section 4.4.1, it is negligi-
ble. Different ranges are used to test the stability of the mass fit. For B*, as discussed
Section 4.4.1, it is negligible. The same procedure is repeated on B® and B? samples and
the results are listed in Table 5.9. The ratios of non-resonant background are compared
with other LHCb measurements!!'61171 and the differences are assigned as systematic

uncertainties, as summarized in Table 5.9.

Table 5.9 The systematic uncertainties due to the signal fit model and the mass fit range.

Channel Signal model (%) Mass fit range (%) Non-resonant background (%)
Bt - JyK* 1.3 0.1 -

B’ = Jjy K0 0.4 1.0 1.6

B — Jiy¢ 0.2 0.4 0.5

The uncertainties on the efficiencies mainly arise from trigger, tracking, particle
identification and vertex fit quality cut. Some other possible sources of systematic uncer-
tainty are checked and most of them are found to be negligible.

The uncertainty on the trigger efficiency is estimated from the differences between
the MC true efficiency and the efficiency measured using the TISTOS method with an
inclusive Jiy MC simulation sample. The systematic uncertainties are summarized in
Table 5.10.

The uncertainty on the tracking efficiency is estimated in the same way as in the
2010 analysis with the 2011 efficiency ratio tables. The systematic uncertainties due to
tracking efficiency, including all the three componets, are summarized in Table 5.11.

The angular distributions of the decay products of B® — Jiy K*® and B — Jjy¢

channels are measured by CDF!!!81191 and LHCb!'?°1. Different angular distributions

108



Chapter 5 Measurements of B meson production cross-sections with 2011 data

Table 5.10 The systematic uncertainties due to the trigger efficiency.

Channel Systematic uncertainties (%)
Total In bins of pr In bins of pr and y
Bt - JWyK* 0.2 0.2-0.7 0.2-2.7
B = Jy K0 0.2 0.2-0.7 0.2-3.9
B — Jiy¢ 0.2 0.2-0.7 0.2-3.2

Table 5.11 The systematic uncertainties due to the tracking efficiency.

Channel Systematic uncertainties (%)
Total In bins of pr In bins of prand y
B* — JWy K* 2.9 2.9-3.1 2.9-3.3
B — Jjy K 4.9 4.9-5.0 4.9-5.1
B — Jjy ¢ 4.9 4.9-5.0 49-5.1

may lead to various pt and y spectra, and therefore change the efficiency. To estimate
the effects of the uncertainties on these measurements, the procedures for acceptance
efficiency estimation are repeated by varying the angular parameters in the generator lev-
el simulation by +o0, which is the uncertainty of the angular measurement. The fully
simulated MC10 samples are weighted to vary the angular distributions. Using the new
generater level simulation and weighted full simulation sample, the efficiencies are recal-
culated in bins of B pt and y.

For the systematic uncertainties in bins of B pr, and total systematic uncertainties,
to account for the phase space distribution of the B mesons, the cross-section results
are recalculated using the varied efficiencies. The differences between the varied results
and the original ones are assigned as the systematic uncertainties and are summarized in

Table 5.12.

Table 5.12  Systematic uncertainties (in %) due to angular distribution uncertainties.

Channel in bins of pr and y in bins of pr total
B’ = Jiy K0 0.1-6.2 0.0-0.3 0.1
BY = Jly ¢ - 0.1-1.3 0.1

The systematic uncertainty due to muon identification efficiency is estimated to be
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no larger than 2%!'?. Hadron identification information based on the RICH is used for B’

> and BY decay to select kaon candidates. The systematic uncertainty on the PID efficiency

is estimated using MC simulation samples by the same approach as used in Section 5.3.2.

+ The originanl and weighted DLLg, distributions in the MC calibration sample and the

MC true distribution in the MC signal sample are illustrated in Figure 5.14. The PID

:{_')\ 7000 L'H(I:b ) ' ® Unweighted ,Lf? 7000~ |_'Hcl:b ) ! .‘. ® Unweighted
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Figure 5.14 DLLk, distributions for the kaon from left: B — Jjy K** and right: B® — Jjy ¢ in
MC simulation samples. The black and red points are the DLLg, distributions of the unweighted

and weighted calibration samples, respectively.

efficiencies of the MC simulation sample for different DLLg, cut value can be calculated

and are shown in Figure 5.15. The differences between the efficiencies calculated from the

0.98
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0.92

0.9
0.88
0.86 _'

Kaon ID Efficiency

ALL, cut

Figure 5.15 The PID efficiencies for each DLLg, cut value on the kaon of B — J/y K*° in the

MC simulation samples with magnet up polarity.

weighted DLLg, distribution in the MC calibration sample, and the MC true distribution
are assigned as the systematic uncertainties, as shown in Figure 5.16. The systematic
uncertainties due to hadron identification are found to be 0.5% for B — Jiy K*° and
0.8% for B® — Jiyr ¢.

The GEC efficiency is extracted from data as discussed in Section 5.3.2. The

background subtracted distributions of OT cluster multiplicity for samples with
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Figure 5.16 The PID efliciency systematic uncertainty for each DLLg, cut value on the kaon of
B® — J/y K** in the MC simulation samples.

Norciusters <10000 and Norcrusters <15 000 cuts are shown in Figure 5.17. The differ-
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Figure 5.17 The background subtracted OT cluster multiplicity distributions for samples with
Nortclusters < 10000 (black histogram) and Norcusters < 15 000 (red points) cuts.

ence between these two distributions is small and the systematic uncertainty due to this
efficiency is negligible.

The systematic effects of the clone cut are estimated by removing the clone cut and
repeating the mass fit in the real data sample. The differences between the efficiencies
from data and MC are assigned as systematic uncertainties. The systematic uncertainties
due to clone cut are listed in Table 5.13.

The uncertainties on vertex y?/ndf cut efficiency of B® and Jj due to the difference
between real data and MC simulation are checked using the same method as described
in Section 4.4.2. Since the decay topology of BY is similar to B, the same uncertainty is
assigned to BY. For B*, the uncertainty from 2010 analysis is used. The results are sum-
marized in Table 5.13. The uncertainties due to the choice of binning are checked using
the same method as described in Section 4.4.2, and the results are listed in Table 5.14. The

uncertainties are found to be negligible. For the 2010 data, these uncertainties could arise
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Table 5.13  The systematic uncertainties due to the clone cut and vertex y?/ndf cut efficiencies.

Channel Clone cut(%) Vertex y?/ndf cut
B* - JWK* 0.32 1.0
B® — Jjy K0 0.96 0.9
B — Ji¢ 1.46 0.9

Table 5.14 The differences due to the change of binning.

Change bin width(%) Change bin entry(%)

Channel

400 800 -50 +50
B* —» JiyK* 0.02 -0.02 < 0.01 < 0.01
B = Jy K0 0.30 -0.29 0.03 0.03
B(S) - Jh ¢ 0.06 < 0.01 < 0.01 < 0.01

from the large statistical uncertainties. Since the same MC10 sample is used to extract
2 the efficiency, the systematic uncertainties on J// mass window cut, Inter-bin cross-feed
and Track y?/ndof cut are neglected as discussed in Section 4.4.
4 The systematic uncertainties due to the branching ratio are listed in Table 5.15. The
correlation between the branching ratios of B and J/ decay is estimated using the same
s approach in Section 4.4.3. The most precise measurement of BB - JyK*) = (1.309+
0.026 + 0.077) x 107> made by the BaBar Collaboration!'%! is used. Since the B(BY —
s JW ) has such a large uncertainty, the correlation is neglected. In the final result, the

uncertainty from BY branching ratio is given separately.

Table 5.15 The systematic uncertainties due to the branching ratio.

Branching ratio Systematic uncertainty
Channel
I — ptu K*(¢) decay B decay (1073) corT. Uncorr.
B* — JWK* - 1.013 £ 0.034 3.3% 3.5%
B — Jjy K*° 5.93 +0.06% 66.7% 1.33 £ 0.06 4.6% 4.6%
B — Ji¢ 489 +0.5% 1.3+£04 - 30.8%
10 As discussed in Section 4.4.4, 3.5% is assigned as the systematic uncertainty on the

luminosity determination!%!, The systematic uncertainties that affect the cross-section

12 measurements are summarized in Table 5.16.
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Table 5.16 Summary of systematic uncertainties.

Systematic uncertainty (%)

Quantity

B* B > JwK® B
Signal fit model 1.3 0.4 0.2
Fit range 0.5 1.0 0.4
Non-resonant background - 1.6 0.5
Bin size <0.1 0.3 <0.1
Trigger efficiency 0.2t0 2.7 0.2t0 3.9 0.2t0 0.7
Tracking efficiency 29t03.3 49t05.1 491t05.0
Clone rejection 0.3 1.0 1.5
Vertex y?/ndf cut 1.0 0.9 0.9
Muon identification 2.5 2.5 2.5
Kaon identification - 0.5 0.8
Angular distribution - 0.1-6.2 0.1-1.3
Branching ratio 33 4.6 30.8
Luminosity 3.5 35 3.5
Total(Bin independent) 5.8 6.9 31.2

5.5 Results and discussions

The differential cross-sections of B* and B in bins of pr and y are shown in Figure 5.18

and listed in Appendix B.4. The differential cross-section of BY in bins of p is shown in
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Figure 5.18 Differential production cross-sections for left: B* and right: B® as a function of the

transverse momentum pr and rapidity y.

Figure 5.20 and listed in Appendix B.4.
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The integrated cross-sections of B*, B® and B production over the fiducial region

are calculated to be

41.6 = 0.3 (stat.) + 2.7 (syst.) ub,
32.3 £ 0.4 (stat.) + 2.4 (syst.) pub,
7.9 £ 0.2 (stat.) £ 2.5 (syst.) ub,

o(B*,0 < pr <40GeV/c,2.0 <y <4.5)
o(B’,2 < pr < 40GeV/e,2.0 < y < 4.5)
a(B%,0 < pr < 40GeV/c,2.0 <y < 4.5)

The cross-section results obtained from this analysis are compared with the FON-
LL predictions!*>*! in Figure 5.19 and 5.20. The hadronisation fractions f;_ . of
40.1 +1.3% ,f;_,po of 40.1 £ 1.3% and fj_, g of 11.3 + 1.3% %! are assumed to fix the
overall scale of FONLL. Another fraction for B? extracted from LHCb measurement!!!0!
is also used as a comparison. The uncertainty of the FONLL computation includes the
uncertainty on the b-quark mass, renormalization/factorization scales, and the uncertainty
on the CTEQ6.6!!'?!! PDF. Good agreements are observed between the experimental and

theoretical distributions.

~ —— ~ —
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Figure 5.19 Differential production cross-sections for left: B* and right: B® as a function of the
transverse momentum. The black dots with error bars are the measurements presented in this anal-
ysis, the red dashed lines are the upper and lower uncertainty limits of the FONLL computation 4],
The hadronisation fractions f;_, g+ 0of 40.1 +1.3% and f;_,go 0of 40.1 +1.3% (28] are assumed to fix
the overall scale. The uncertainty of the FONLL computation includes the uncertainty of b-quark
mass, renormalization/factorization scales, and the CTEQ6.6 PDF uncertainty.

To clarify the discrepancy between the experimental measurement and theory pre-
diction of B* production cross-section in the last pt bin in Section 4.5, the B* candidates
with high pr in 2011 data sample are divided into more bins and the results are demon-

strated in Figure 5.21. Good agreement in the high pr region is observed.

The integrated cross-sections in Equation 5-5 are extrapolated to 4m polar angle
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Figure 5.20 Differential production cross-section as a function of the BY transverse momentum.
The black dots with error bars are the measurements presented in this analysis, the red dashed
lines are the upper and lower uncertainty limits of the FONLL computation . 8(B? — Jjy¢) =
0.13 + 0.04% is used to calculate the The hadronisation fractions f;_, g of left: 11.3 + 1.39%1281
and right: 9.0 + 0.9%1%1 are assumed to fix the overall scale. The uncertainty of the FONLL
computation includes the uncertainty of b-quark mass, renormalization/factorization scales, and
the CTEQG6.6 PDF uncertainty.
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Figure 5.21 Differential production cross-section for B as a function of the transverse momen-
tum. The black dots with error bars are the measurements and the red dashed lines are the upper
and lower uncertainty limits of the FONLL computation %],
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range
@4;0(B*,2.0 <y <4)5)
2 X f[)—)B*

where the ay, is the ratio of the number of B* in the full rapidity range to that in the

o(pp — bbX) =

; (5-6)

2.0 <y < 4.5 region from the FONLL computation and the f;_, 5+ of 40.1 £ 1.3%, f;_,po
of 40.1 £ 1.3% and f;_,p of 11.3 + 1.3%!281 are the hadronisation fractions. The results

are

Bt : o(pp — bbX) = 267 + 2 (stat.) + 23 (syst.) ub,
B’ : o(pp — bbX) = 260 + 4 (stat.) + 26 (syst.) ub,
BY : o(pp — bbX) = 180 + 5 (stat.) + 61 (syst.) ub

N

The uncertainties due to the extrapolation to 4r are estimated by comparing the results
of the FONLL calculation to the Pyruia and EvrGen estimate. The extrapolated results
for B* and B® are in good agreement with two other LHCb measurements of the the b
production cross-section: 255 + 4 + 43ub!'?! and 272 + 19 + 47ub!" and the result in
Chapter 4. The result for B indicates that its hadronization fraction at LHC may differ
from the one in Ref.!?8]. This discrepancy can be clarified by a further measurement on

the fraction.
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Chapter 6  Measurement of B! production cross-section ratio
with 2011 data

The measurement of the B production cross-section ratio at a center-of-mass energy of
Vs = 7TeV with the LHCb detector is given in this chapter. The nature of the B/ is
unique because it is the lightest state composed of a heavy quark and a heavy anti-quark
of different flavors: b and c¢. The study of its production can then be used to constrain
the QCD calculations®3!. The first observation of the B} was reported by the CDF col-
laboration!!?2l, But it is only recently that the B} has been observed with a significant
number of candidates, in pp collisions at the TEVATRON 231241 " \vhere reconstructed
B! in the decay mode B} — J/yn* were used to measure the mass. The only B} decay
mode observed so far apart from the mode B} — J/iy ™, is the semi-leptonic decay mode
BF — Jhy v X15-1271 which is used to measure the B lifetime.

Experimentally, the only available measurements of B} production are indirect mea-

surements of the production cross-section relative to B* production cross-section. The

CDF collaboration measured the ratio

o (B)B(B: — Jfputv,)

Reju = : 6-1
M o (BHB (B - JWKY) ©-D
in pp collisions at the TEVATRON 281291 The measured values are

Reju = 0.295 + 0.040(stat.) " 003e (syst.)  0.036(pr) (6-2)
for pr(B) > 4 GeV/c, and

Reju = 0.227 + 0.040(stat.) 0033 (syst.) + 0.014(pr) (6-3)

for pr(B) > 6 GeV/c.

Since no B} absolute branching fraction has been measured yet, the strategy of this
analysis is to perform a measurement of the production cross-section times the branching
fraction of a B} decay mode. The chosen mode is B} — J/iyn* which is the one expected
to have the highest signal over background ratio. The B} production is measured relative-
ly to the B* production. The chosen B* decay mode is B* — Jiy K*, which has a well
measured branching fraction and for which the main selection systematic uncertainties

will cancel in the ratio of production cross-sections. The production ratio is determined
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_ o (BY) x B(B: — Jjynt)
M7 o (BY)x B(B* — JWK*) (¢

for pr (B, B*) > 4GeV/c and 2.5 < n(B}, BY) < 4.5. o is the production cross-section
and B is the branching fraction.

We start with the data samples and corresponding triggers in Section 6.1. The event
selection requirements are outlined in Section 6.2. The determinations of the parameters
quoted in Equation 6-4 are presented in Section 6.3 and their systematic uncertainties are

discussed in Section 6.4. At last, Section 6.5 presents the result and some discussions.

6.1 The samples and triggers

This analysis uses 370 + 13 pb~! of pp collision data as same as described in Section 5.1.
The MC simulation samples with the same configuration “MC10” and TCK 0x00730035,
as described in Section 4.1, are also used in this analysis. As described in Section 2.5,
the BCVEGPY 30!l generator is implemented as a PyTr1a external user process to gen-
erate B} quickly. The parton density function used is the CTEQ6LL PDF!'*"! and the
BCVEGPY generator is configured to use the leading order running @ and a character-
istic energy scale Q° = pj + M} . The B mass is taken equal to Mp, = 6276 MeV/c?
and the masses of the b and ¢ quarks to M; = 4950 MeV/c? and M, = 1326 MeV/c?,
respectively. Meanwhile, the generator for B* production is described in Section 4.1.

In the MC simulation, the total cross-sections with this setup are, in the full polar
angle range, 203 ub for the B* production and 269 nb for the B/ production. The cross-
sections in the pseudo rapidity range 2 < n < 5 and with pr > 4 GeV/c are 45.7 ub for
the B and 75 nb for the BY. The B} and B* differential cross-sections as a function of
the B meson py are shown in Figure 6.1.

This analysis is based on three LO lines:

- the single muon, which requires one muon candidate with a pr larger than
1.4 GeV/c;
- the di-muon, which requires two muon candidates with the product of their pr
larger than 1.68( GeV/ )%
- the hadron, which requires one hadron candidate with a transverse energy larger
than 3.5 GeV/c2.
They provide the input candidates for these three HLT1 lines:
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Figure 6.1 Differential production cross-section for B} (black triangles) and B* (blue squares,
scaled by a factor 1000) as a function of the B transverse momentum in MC simulation.

- Hlt1DiMuonHighMass confirms the muon candidate found by the LO single muon,
applies a harder cut on the muon pt at 1.8 GeV/c and requires their combined mass
to be greater than 2.7 GeV/c?;

- HItlTrackAlILO trigger LO-passed events with a well measured track, e.g. with pr
larger than 1.7 GeV/c, track IP ¥ /ndof > 2 etc.;

- HltlTrackMuonDecision confirms the muon or di-muon candidates, and requires

the muon to be “isMuon” as defined in Table 3.1.
At the HLT? level, three lines are used:

- HIt2DiMuonJPsi selects events which have two muon candidates with an invariant
mass in a 120 MeV/c? mass window around the nominal J/ mass!?!;

- Hi2TopoMu2BodyBBDT;

- Hlt2TopoMu3BodyBBDT.

The topological trigger lines!!3!!, specially introduced for typical B decays, are used to
reduce the background retention rate and save data processing time. These lines look for
2,3 track combinations in a wide mass window with loose combinatorial cuts, e.g. on IP

or vertex fit quality, and apply tighter cuts on the tracks, e.g. pr, track y?/ndof and IP.

The GEC:s in this analysis are the same as described in Section 5.1.

119

14

16



20

22

24

26

28

Chapter 6 Measurement of B production cross-section ratio with 2011 data

6.2 Event selection

Bl — Jjyn" and B — JW K" are selected with as similar requirements as possible
between the two hadron types. J/iy candidates are formed from pairs of opposite sign
particles that have pt larger than 900 MeV/c, have a good quality of the track fit (y?/ndf <
4) and be identified as muons, requiring that the track has hits in the muon detector and
that the ALL,,s of the two muon tracks are larger than 0. The two muons are required
to originate from a common vertex and only candidates with a y?/ndf of the vertex fit
smaller than 9 are kept. To reduce the prompt J/ (J/y produced directly from the primary
vertex) contribution, the impact parameter fit x> of Jjy is required to be larger than 4.
The invariant mass of the Ji candidates is required to be between 3 040 MeV/c? and
3140 MeV/c?.

The selected J/y candidates are combined with a charged pion for the B or a
charged kaon for the B*, with p above 1.5 GeV/c and a y?/ndf of the track fit smaller
than 4. A vertex fit is performed that constrains the three daughter particles to originate
from a common point and the mass of the muon pair to match the nominal J// mass.
The quality of this fit is required to have a y*/ndf smaller than 9. or clone tracks, by the
reconstruction software. Clones are eliminated using the clone identification algorithm
based on the Kullback-Liebler distance described in Ref.!*>. The impact parameter fit
x* of 7" is required to be larger than 25 to get rid of the combination of J/ and prompt

pion produced directly from the primary vertex.

The B candidates are selected with pr larger than 4 GeV/c, a proper time larger than
0.25ps and 2.5 < n < 4.5. The fiducial region is chosen to be sufficiently far away from
the detector acceptance ranges, in order to have a reasonably large efficiency over the
acceptance. The impact parameter fit xy? of B} is required to be smaller than 25 since
the B is produced from the primary vertex. The final selection criteria are listed in
Table 4.4. Figure 6.2 shows the invariant mass distributions of the B} — Jiyn™ (left) and
B* — JW K* (right) candidates obtained with the selection described above. Fit results

with the shapes described in Section 6.3 are superimposed.
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HLT1 Trigger On Signal
HLT?2 Trigger On Signal

Table 6.1 B! — Jiyn* and B* — J/y K" selection criteria.
Quantity Requirement
Track Long track with muon detector hits (IsMuon)
ALL,, >0
pr > 0.9GeV/c
Track fit quality y?/ndf <4
I
Mass window 3.04 < M, < 3.14GeV/c?
Vertex fit y2/ndf <9
X > 4 (only for B})
LO Trigger On Signal LOSingleMuon or LODiMuon

HIt1DiMuonHighMass
HIt2DiMuonJPsi

Bachelor hadron (7* for B} and K* for BY)

X

.

Pseudo-rapidity

LO Trigger On Signal
HLT1 Trigger On Signal
HLT?2 Trigger On Signal

Pt > 1.5GeV/c

Track fit quality x?/ndf <4

X5 > 25 (only for B})
B/ or B*

P >4 GeV/c

Vertex fit y2/ndf <9

< 5 (only for BY)

> 0.25ps

25<n<45

LOHadron

HIt1TrackAIILO or HIt1 TrackMuon

HIt2TopoMu2BodyBBDT or HitMu2Topo3BodyBBDT
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Figure 6.2 Invariant mass distributions of Bf — Jjyn* candidates (left) and B* — JWK*
candidates (right) obtained with the analysis selection. Fit results with the shapes described in
Section 6.3 are superimposed. The solid blue line is the total fit function described in the tex-
t, the dashed red line shows the signal contribution, the green dashed line is the combinatorial
background and the red solid line represents the feed-down from Cabbibo suppressed decays.

6.3 Cross-section ratio determination

The production cross-section ratio measured in the analysis is

_ o(B)XB(B: — J[yn")
‘T (B x B(B* — JJYK™)
_NBI Iy ot
& N(B* = JWK")

(6-5)

where N (B — Jiyn*) and N (B* — Jjy K*) are the numbers of reconstructed Bf —

JWWr™ and BY — Jjy K*signals, and €, and €, are the total efficiencies of B — Jiyn*
and B* — Jiy K™, respectively, including the geometrical acceptance, and the efficien-
cies of the reconstruction, selection and trigger. The numbers of reconstructed signal
candidates are obtained from a fit to invariant mass distribution of the B candidates. The

efficiencies are determined from MC10 simulation sample.

6.3.1 Signal yield determination

The number of signal events are obtained from an extended unbinned maximum likeli-
hood fit to the invariant mass distributions of the reconstructed B and B™, in the interval
My € [6.15;6.55]GeV/c? for BY and Mk € [5.15;5.55]1GeV/c? for B*. The se-
lected events entering the mass distributions can be divided into three components that
are reflected in the choice of the fit function. The first component is the signal, which
is described by a Cruijff function as described in Section 5.3.1. The Cruijff shapes are

parameterized by the same approach in Section 5.3.1, and the parametrization results are
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demonstrated in Figure 6.3 for B} and Figure 6.4 for B*.

0.1 T
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Figure 6.3 Parameterizations of Cruijff parameter for B} as a function of mass resolution: Left:

Qeft, Right: @pign.
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Figure 6.4 Parameterizations of Cruijff parameter for B* as a function of mass resolution: Left:

Qe Right: @ign.

The second component of the fit function is the combinatorial background which is
described by the same exponential function used in Section 4.3.1. The last component
of the fit function describes feed-down background from the Cabibbo suppressed decay
mode B* — Jfyn*. The shape of the Cabibbo suppressed feed-down B — Jiy K™ is
not included in the fit function, since the B/ yield is extremely low. The shape for B* is
parameterized with a function which is the sum of two Crystal Ball functions as described
in Section 4.3.1. And the ratio of the number of B* — Jiyn* candidates to that of the
signal is fixed to B(B* — Jiyn)/B(B* — Jiy K*) from Ref.?8). The total fit function is

therefore

Finass (X; M, o, )2 Nsignal’ Nbackground) =1 Vsignal FCruijIT(x; M, 0-)

+ Nbackground Fbackground(X; P) (6_6)
B(B* — Jyrt)

(ForB™ ) + BB = I K

NSignal Fcapivbo(x; M),
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and has in total five free parameters. The result of the fit is shown in Figure 6.2. The
fitted number of signal events is 184 + 20 for B} and 58 337 + 258 for B*. The mass of
B is blinded in the fit.

6.3.2 Efficiency calculation

Samples of fully simulated signal B — Jjiyn* and B* — JW/ K* events are used to
estimate the total efficiencies €, and €,. The total efficiencies include the geometrical
acceptances e, the detection, reconstruction and selection efficiencies combined in an

: c,+ . . : c,+
efficiency term €. and the trigger efficiencies €

o+ et c,+ c,+
€ot = €acc X €rec X etri . (6—7)

The first efficiency term is the generator-level acceptance, defined as

eq  BZor BT with 2.5 <n <45, pr > 4GeV/c and all tracks in LHCb
Cace = Bt or B* with 2.5 < 17 < 4.5 and pr > 4 GeV/c

(6-8)

It is estimated with MC samples generated without any cut at generator level.
The second term of the efficiency €. combines the detection, reconstruction and

selection efficiencies. It is defined as

ot B! or B* detected, reconstructed and selected
e = .
¢ B or B* with 2.5 < n < 4.5, pr > 4 GeV/c and all tracks in LHCb

(6-9)

Table 6.2 shows the break-down of the efficiencies of the successive selection require-
ments. The selection requirement 7 > 0.3 ps is the one showing the highest differ-
ence between the B and the B* selection efficiencies. This is explained by the fact
that the two mesons have different lifetimes: 7(B}) = 0.453 + 0.041ps and 7(B*) =
1.638 + 0.011 ps'?8!.

The third term is the LOXHLT IxHLT?2 trigger efficiency e’ ’i+. It is defined as

e+ _ By or B" selected and with J/ TOS of LOXHLTIxHLT2 (6-10)
‘i = B or B* selected

The total efficiencies calculated from the MC simulation in bins of pt of 1 are shown in

Figure 6.5.

6.3.3 Weighted signal yields

The efficiencies presented in Section 6.3.2 are obtained from the LHCb MC simulation

where the B} and B* transverse momentum and pseudo-rapidity distributions are fixed
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Selection

Bl — Jjynt

C

Bt - JJyK*

All charged tracks reconstructed

(58.27 £ 0.05)%

(59.00 £ 0.05)%

x*/ndf of charged tracks <4
pr(w) > 900 MeV/c

ALLr() > 0

J/y vertex x?/ndf<9
M,,, € [3040, 3140] MeV/c?
pr(m,K) > 1.5GeV/c

B vertex y?/ndf<9
B Mass window
7(B) > 0.25 ps
Xip(J/Y) > 4
Xio(m) > 25
)(IZP(BC) <25
LOxHIt1 TOS
HIt2 TOS

(99.25 + 0.01)%
(78.96 + 0.05)%
(83.87 + 0.06)%
(96.10 + 0.03)%
(93.91 + 0.04)%
(77.93 + 0.07)%
(98.58 + 0.02)%
(98.82 + 0.02)%
(56.78 + 0.10)%
(93.95 + 0.06)%
(75.29 + 0.12)%
(98.11 + 0.04)%
(89.17 + 0.10)%
(96.78 + 0.06)%

(99.24 + 0.01)%
(76.13 + 0.06)%
(83.94 + 0.06)%
(95.80 + 0.04)%
(93.86 + 0.04)%
(70.65 + 0.09)%
(98.61 + 0.03)%
(99.42 + 0.02)%
(85.47 + 0.08)%

(89.88 + 0.07)%
(97.15 £ 0.04)%

(17.75 + 0.05)%

(33.76 £ 0.07)%

Table 6.2 Break-down of the selection efficiencies for B — Jiyn" and B* — Jiy K.

€sel/rec

from the generator settings in BCVEGPY 1. However, the B; spectra are subject to very
large theoretical uncertainties and can vary a lot depending on the generator settings.

In order to deal with this problem, since there is not enough statistics to measure the
B; spectra, each signal event is weighted by (e (pr,77))”!, with a weight which is the
inverse of the efficiency, as a function of py and 7. The data signal pr and 7 distributions
for the B} and the B* are obtained subtracting the background contributions using the
sPlot technique®®, where the signal and background functions are the ones described in
Section 6.3.1. Figure 6.6 shows the resulting pr and n distributions used for the signal
efficiency corrected yield computations, together with the distributions extracted in the
MC10 simulation.

The weighted signal yields are found to be equal to

N (B - Jyr*)

C
€iot

= 2719 + 373 (6-11)

and

N(B* = JWwK*)

+
€iot

= 379578 £ 2316. (6-12)
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Figure 6.5 MC based total efficiency as a function of pr in bins of 5 for top, left: B} and top,
right: B* in the pr range 4 < pr < 100GeV/c. Zoomed-in plots in the pt range 4 < pr <
10 GeV/c are given for bottom, left: B} and bottom, right: B*.

The uncertainties are statistical only. These lead to a ratio of

_ o(BY)X B(B: = Jjyrt) ]
R = B X BB K (0.72 £ 0.10)%. (6-13)

6.4 Systematic studies

As discussed in Section 6.3.1, the tail parameters of the signal line shapes are parame-
terized as a function of the signal mass resolution. Using such parametrization, it is also
studied by MC simulation to check how well the fitted number of signals agree with the
generated one, as shown in Figure 6.7. The difference between the fitted number of sig-
nals and the generated ones is about 1.5% for B — Jiyn* and 0.5% for B* — JWW K*.
A systematic uncertainty of 1.5% is assigned.

Repeating the B* mass fit without considering the Cabbibo suppressed background
affects the number of signal B* — J/iy K™ events by less than 1%. The systematic un-
certainty associated to the determination of Cabbibo suppressed background is therefore

neglected.
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Figure 6.7 The difference between the fitted number of signals and the generated ones for left:
BY — Jyn" and right: B* — JWWK*.
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The main systematic uncertainty comes from the knowledge of the B} lifetime. The
B lifetime is measured with a very small uncertainty!''!!: 7(B*) = 1.641 + 0.008 ps and
the value used in the simulation software is equal to 7(B*)yc = 1.638 ps. No uncertainty
will be assigned to errors due to the value of the B* lifetime. On the other hand, the B}
lifetime is measured with much less accuracy H11:122:125:1271; (p*+) = (0.461+0.036 ps, and
the value used in the simulation is 7(B; )mc = 0.45 ps. The effect from the B} lifetime un-
certainty has been evaluated by changing it with +o~. The B/ signal in the MC simulation
sample has been reweighted accordingly to get the effects on the efficiencies, as shown

in Table 6.3. Changing the B lifetime by +o (—o") would change the relative efficiency

Table 6.3  Effects of varying the B} lifetime on the efficiencies of B} — Jiyn*

Efficiency -0 Central +o
€sel/rec (16.69 = 0.05)% (17.75 + 0.05)% (19.09 £ 0.05)%
€rg/sel (86.12 £ 0.11)% (86.30+ 0.11)% (86.48 + 0.10)%

ecl(= %) by -7.3% (+6.5%), The variation 7.3% is assigned as systematic uncertainty.

Quantities used for the B — Jiyn* and B* — J/y K* selections are compared
between the background subtracted distributions of the real data and those of the MC
simulation. The comparisons are shown in Figure 6.8. No major deviation from sim-
ulation is observed. The vertex y? selection on the B vertex is assumed to have equal
efficiencies between B} and B* and thus no uncertainty is assigned. The muon PID relat-
ed quantities show no large difference between data and simulation, and its uncertainty
is negligible. The y? vertex selection on the Jjy vertex and the y?/ndf requirement on
the muon tracks have been studied for the Jj production cross-section measurement!?!,
Differences between the data and simulation have been observed. However, they should
affect both B} — Jiyn*™ and B* — J/y K™ in the same way, no systematic uncertainty is
assigned.

Discrepancy of MC and data distributions of impact parameter y? is found as shown
in Figure 6.9 (left). This discrepancy comes from the misalignments of VELO, and a
smearing approach is introduced to smear the transverse position of the points near the
beam pipe!'*? and reduce the discrepancy. The distributions after smearing is shown in
Figure 6.9 (right). The smearing approach affects the B} — Jjyn* and B* — JW K™ at

the same time. The production ratio is changed by only 0.2% after the IP smearing and
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this effect is neglected.

Global event variable multiplicities are assumed to be equal between B, events and
B* events, therefore global event cuts are assumed to have the same efficiency on B* —
JiWw K* and Bf — Jjyn* events, and their effect cancels in the ratio. No uncertainty is
assigned to GEC.

The effect of the trigger requirement is estimated by repeating the analysis approach
using a set of lifetime unbiased triggers. The lifetime unbiased triggers are listed in

Table 6.4. The invariant mass distributions of the candidates obtained with the life time

Table 6.4 The lifetime unbiased trigger lines used for the estimation of systematic uncertainty
due to trigger efficiency.

Trigger line Main cuts
LOMuon Spd(Mult)< 600 && pr(u) > 1.48 GeV/c
LODiMuon Spd(Mult)< 900 && pr(u;) X pr(uz) > 1.68( GeV/c)?

HIt1DiMuonHighMass LOMuon or LODiMuon
pr(u) > 0.5GeV/c and p(u) > 6 GeV/c
M, > 2.7GeV/c?

HI2DiMuonJPsi My, € [Myy, — 120 MeV/c*; My, + 120 MeV/c?],

unbiased TOS trigger requirements together with the fit results are shown in Figure 6.10.
The difference on the ratio caused by changing trigger set is found to be 8.0% and is
assigned as the systematic uncertainty due to trigger efficiency.

In order to estimate the effect from the differences of the tracking efficiencies be-
tween data and MC simulation, the track reconstruction efficiency table in bins of pt
and n of charged tracks, as used in Section 5.3.2, is employed. Weighting this efficiency
table to the simulated B — Jiyn* and B* — Jiy K™ MC samples affects the ratio of
reconstruction efficiency between the two modes by 0.2%. An additional 2% systematic
uncertainty is assigned due to hadronic interaction length of the detector in the MC sim-
ulation. This number is used as systematic uncertainty related to the tracking efficiency.

The determination of the ratio is repeated using different efficiency pt bin sizes, and
the effects of changing bin sizes are listed in Table 6.5. The effects due to bin size are
negligible and no systematic uncertainty is assigned.

The systematic uncertainties that affect the cross-section ratio R/, are summarized
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Figure 6.10 Invariant mass distributions of B} — Jiyn* candidates (left) and B* — JW K*
candidates (right) obtained with the TOS of (di-)muon trigger requirements. The results of fits to
the models described in the text are superimposed. On the mass distributions, the solid blue line
is the total fit function, the dashed red line shows the signal contribution, the green dashed line
is the combinatorial background and the red solid line is the feed-down from Cabbibo suppressed
decays.

Table 6.5 Ratios measured using different efficiency pr bin sizes.

Bin size (MeV/c¢) B yield B* yield Ratio (%) Difference (%)

1000 2698 377435 0.715 0.7
250 2665 377115 0.707 0.5

in Table 6.6.

6.5 Result and discussions

The ratio of B} to B* production is measured to be

o(BY) X B(Bf — Jjynt)
o(B*) x B(B* — JWWK*)
0.72 £ 0.10 (stat.) = 0.08 (syst.)%.

Reju(4 < pr <100GeV/c,2.5 <n < 4.5)

This result may shed light on the production mechanism of doubly flavored hadrons.
The precision of this measurement is dominated by the limited statistics and can

be improved with more data in 2012. Any absolute measurement of the B} production

cross-section will be very difficult until an absolute branching fraction of a B} decay is

established, or would rely on theoretical computations of these branching fractions.
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Table 6.6 Summary of systematic uncertainties.

Quantity Systematic uncertainty (%)
Fit model 1.5

B lifetime 7.3
Selection negligible
GEC negligible
Cabibbo suppressed background negligible
Trigger 8.0
Tracking negligible
Nuclear interaction 2.0

Bin size 0.7

Total 11.0
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Chapter 7  Summary

The first measurements of B* production cross-section in the forward region at /s = 7
TeV have been presented in this dissertation. The production cross-sections are measured
individually using two data samples collected by the LHCb detector: 34.6 + 1.2pb™!
of data taken in 2010 and 370 + 13pb™! in 2011. The B* mesons are reconstructed
exclusively in the B* — Jiy K* mode, with Jiy — p*u~. The differential production
cross-sections are measured as a function of the B* transverse momentum in the fiducial
region 0 < pr < 40 GeV/c and with rapidity 2.0 <y < 4.5. The total cross-sections are

measured to be

o(B*,0 < pr <40GeV/c,2.0 <y <4.5) =41.4 + 1.4 (stat.) = 3.2 (syst.) pub

using the 2010 data and

o(B",0 < pyr <40GeV/c,2.0 <y < 4.5) =41.6 + 0.3 (stat.) + 2.7 (syst.) ub

using the 2011 data. These two results are in good agreement.

The first measurements of BY and BY production cross-sections in the forward region
at 4/s = 7 TeV have been reported in this dissertation. The production cross-sections are
measured using 370 + 13pb~! of data taken by the LHCb detector in 2011. The B°
mesons are reconstructed exclusively in the B — Jjy K** mode, with Jiy — p*u~ and
K* — K*zn~, while the B® mesons in the B® — J/y¢ mode, with Jiy — u*u~ and
¢ — K*K~. The differential production cross-section for B’ is measured as a function of
the transverse momentum and rapidity in the fiducial region 2 < pr < 40 GeV/c and with
rapidity 2.0 < y < 4.5, while for B? is measured as a function of the transverse momentum
in the fiducial region O < pt < 40 GeV/c and with rapidity 2.0 < y < 4.5. The differential

cross-sections are given in this dissertation. The total cross-sections are measured to be

o(B%,2 < pr <40GeV/c,2.0 <y < 4.5)

32.3 £ 0.4 (stat.) = 2.4 (syst.) ub,

O'(Bg, 0 < pr <40GeV/c,2.0 <y <4.5) 7.9 £ 0.2 (stat.) + 2.5 (syst.) ub.

Comparisons of the measured differential production cross-sections with the FON-

LL theoretical predictions using CTEQ6.6 PDF are given and good agreements for B*
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and B° are observed. In 2011 B* analysis, the larger statistics improve the capacity of
this measurement in the high pr region and give excellent agreement between the mea-
surement and theory. The large systematic uncertainty from the B(B? — Jjy¢) limits
the precision of the B? cross-section. A better measurement of B(BY — J/i ¢) will help
to clarify the possible discrepancy between the measurement and theoretical prediction-
s. A measurement of the A; production cross-section could be a good continuation of
these measurements. We can combine the absolute cross-section results to measure the b
hadronization fractions.

The first measurement of the B production ratio in the forward region at /s = 7
TeV has been given in this dissertation. Since no absolute B} branching fraction has
been determined, the branching fractions of B — Jiyn* and B* — JWy K™, through
which modes the B and B* mesons are reconstructed, respectively, are involved in the
ratio measurement. The ratio of the B} with respect to B* production cross-sections is
measured to be

o(BY) x B(Bf — Jyr*)

o(BY) X B(BT — JWK")
= 0.72 £ 0.10(stat.) = 0.08 (syst.)%

Rc/u =

in the fiducial region 4 < pr < 100 GeV/c and with pseudo rapidity 2.5 < n < 4.5. This
result can help to get further theoretical progress in understanding the production mech-
anisms of heavy quark bound states. The precision of this measurement is dominated
by the low statistics and can be improved using more data collected in 2012. A precise

measurement of the B} lifetime will also be an important step forward.
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Appendix A Appendicular plots

Appendix A Appendicular plots

A.1 Comparisons of selection variable distributions between data and
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Figure A.1 The comparisons of distributions of left top: pr(JiY), right top: pt(B), left bottom:
PID,(u), right bottom: y(B) between background subtracted data and MC. The black points are
the distributions of background subtracted data, while the red lines are the distributions of MC.

A.2 Mass fit results in bins

The mass distributions and corresponding fit results of B* as described in Sec-

tion 4.3.1 are demonstrated in Figure A.3.
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Figure A.2 The comparison of distributions of left fop: )(%tx [ndf(J/\Y), tight top: X%tx/nd f(B),
left middle: )(tzrack(,u), right middle: thrack(K)’ left bottom: pr(w), right bottom: pr(K) between
background subtracted data and MC. The black points are the distributions of background sub-
tracted data, while the red lines are the distributions of MC.
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147



Appendix A Appendicular plots
—~ T T T T T T T T T T T T T T T ™ ~ T T T T T T T T T T T T T
L 350 LI—:Cb I I I J 400 :Srl_éCb
N F Prelimi 7 N E iminary
3 300k fpiolald 20<p < 25GeV/c 1 3 3OF e-rwom 25<p <30GeV/c
= E i = 300F
o 250F 4 9 F
S SRS
3 i g
g 150F 1 Tasof ¥
= o +$ = o
W 100f 3 Yook
50F- ; 50F-
0:' R Ay BRI S 0:. R PUIT S SSUUUTUUPUUSFEN BEN P
5200 5300 5400 5500 5200 5300 5400 5500
M(JPK*) (MeV/cd) MIPKH (MeV/S)
(e) (f)
—~ "|""|""|""|'-€:"u_:ct;"'l""l""|":
L asof D 1 L350 paim 3
% 300 Zfzd;-ll’z\l/n:;{‘ 3.0<p,<35Gevic _E % 3005_ Zr:el;Tr:\lln;rl)g 3.5 <p < 4.0Gev/c _é
= 1 =7F 3
S 250 41 S 250F 3
< 200 3 < 200F 3
2] ] §2] E ]
$ 150 4 5 150F+ 3
4] S E
@ 100 W 100F :
50 3 50E 3
0 1 1 1 1 0:..|...-‘..if1,..1....|..:
5200 5300 5400 5500 5200 5300 5400 5500
M(JPK*) (MeV/cd) M(JPKH (MeV/A)
(8) (h)
L 300F praimi 3 < 300F Prelimi
> F Preliminary 40<p < 45Gev/c 13 f Preliminary 45<p <5.0Gev/c
S 250F 1 = 250F
o F i o E
' 200f 4 = 200F
2 1500 1 2isofb
& f 1 & ¢
o 1008 3 i 100
50F 4 sof t
O :. Ly I;' PP TP RN R T U T S S .: O E 1 L 1 1
5200 5300 5400 5500 5200 5300 5400 5500
M(JPK*) (MeV/c®) M(JPK™H) (MeV/S)
(1) 0)
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Figure A.3 Mass distribution fits for B* in bins of pt in 2010 data (to be continued).
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A.3 Mass distributions of K** and ¢

Figure A.4.
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Figure A.4 Invariant mass distributions of the selected left: K*° and right: ¢ candidates.

« A.4 Partial reconstructed background

The possible partial reconstructed background is studied with inclusive J/¢ MC sample,

and BY — J/yK*™, BY — J/y¢ decays in real data sample.

Figure A.5 shows the mass distribution of J/y¥K candidates selected using the selec-

tion as in this analysis from the inclusive J/yy MC sample. One can see that the partial

backgrounds remaining in the mass window [5150, 5550] MeV/c? are small.
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Figure A.5 Mass distribution of J/yK candidates from the inclusive J/y MC sample.

10

This is validated further using the high yield channels, like Bg — J/WK* and B —

J/y¢ in data. Figure A.6 shows the J/¥K mass distribution from the decay B?z — J/WK*
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in data while the 7 is missing. Figure A.7 shows the J/y¥K mass distribution from the
decay Bg — J/yK*® in data while the K is missing, but the 7 is mis-identified as K.

Figure A.8 shows the mass distribution of J/¥K candidates from the B® — J/y¢ decay

in data while one of the kaons is missing. 4
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Figure A.7 Mass distribution of J/¥K can-
didates from the B) — J/yK*® decay in da-
ta while the K is missing, but the 7 is mis-
identified as K.

Figure A.6 Mass distribution of J/yK candi-
dates from Bg — J/wK*® while the 7 is miss-
ing.
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Figure A.8 Mass distribution of J/yK candidates from the BY — J/y¢ decay in data while one
of the kaons is missing.

153



Appendix B

Appendicular tables

. B.1

Appendix B

Signal yield tables

Appendicular tables

+ The signal yields in bins of pr and y for B — Jiy K* and Bt — Jiy K" in 2011 data

samples are listed in Table B.2 and B.1. The signal yields in bins of pr and y for BY —

s JWW¢in 2011 data samples are extracted from (Weight and listed in Table B.3.

Table B.1  Number of signal candidates for the B® — Jj K** in 2011 data.
pr(GeVie) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45 Total
(2.0,2.5] 81.5+14.3 567.1 +47.1 948.0+71.4 6863 +73.6 198.6+357 2481.5+119.2
(2.5,3.0] 66.8 + 13.3 5672 +505 927.7+644 680.0+57.8 1984 +304 2440.0+ 105.5
(3.0,3.5] 78.8 £17.9 6779 +439 10234 +£584 831.0+543 2238 +31.7 2834.9+98.1
(3.5,4.0] 72.9 £ 12.5 703.3 +£45.1 9514 +56.1 7519472 1945+27.8 2674.1 +91.3
(4.0,4.5] 92.8 +13.1 690.3+£39.2 10254 +£50.2 705.6+425 211.3+219 27255 +80.7
(45,501 88.6+166 677.5+364 1039.1 £45.8 7458 +40.6 158.1+20.7 2709.1 +76.0
(5.0,5.5] 117.8 £ 13.0 6509 £34.0 9494 +409 778.6+38.7 196.1 £21.9 26929 +70.5
(5.5,6.0] 103.7 146 5964 +£31.6 8552 +376 559.8+322 162.0+18.3 2277.1 +£63.2
(6.0,6.5] 106.9 + 129 551.8 +28.7 778.8 +35.1 5345+29.6 107.3+16.0 2079.4+57.9
(6.5,7.0] 1124 +129 587.2+294 717.7+328 4166+262 117.6+143 1951.5+£54.8
(7.0,7.5] 1044 +12.6 563.8+27.5 742.6+317 4275+239 1329+129 1971.3+£51.6
(7.5,8.0] 1055+119 4699 £24.7 5551272 327.6+21.0 959+11.6 1554.0 £ 454
(8.0,9.0]  2259+17.1 8245+32.1 1016.1+357 647.7+28.6 1742+153 2888.5+ 60.4
(9.0,10.0] 215.8 £ 156 684.0+29.0 701.4+290 402.8+227 110.7+11.8 2114.7+50.8
(10.0,11.5] 303.6+ 184 809.4+302 822.1+30.8 476.4+245 120.6+124 2532.1+544
(11.5,14.0] 327.4+19.3 863.1 £30.8 7552 +293 406.8+214 1177120 24702528
(14.0,19.5] 4313 +21.5 7421285 561.3+£250 313.0+18.5 79.8+9.7 2127.5 +48.3
(19.5,40.0] 240.0+159 3102+182 2002+149 745+95 12.6 = 3.7 837.5+30.2

B.2 Efficiency tables
8 The €, for B¥ — Jiy K™ is the same as the 2010 analysis as listed in Table 4.8. The

€ec fOor BY — Jiy K* after tracking efficiency correction are listed in Table B.5. The €,
10 and €ecgnopip for B® — Jiy K*° and BY — Jjy ¢ are listed in Table B.4, B.6, B.7 and B.8,

respectively.
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Table B.2  Number of signal candidates for the B* — J/y K* in 2011 data.

pr(GeV/ic) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45 Total

(0.0,0.5] 28.5+09.1 261.8 +36.3 453.1 £76.5 3141 +£71.7  629+29.8 11204 £ 1152
(0.5,1.0] 1493+ 163 7524 +£577 11655+97.3 904.6 +87.5 306.6 +452 32784 + 1509
(1.0,1.5] 1859+ 17.6 1140.7 £63.4 17763 +100.0 1549.2 +92.1 471.0+582 5123.1+161.8
(1.5,2.0] 235.0+20.4 16909 +72.8 2385.0+£102.3 1840.8 £89.1 628.1 +56.3 6779.9 +165.2
(2.0,2.5] 287.1 £21.9 1884.7+£73.9 2806.4 +102.0 2134.8+87.3 666.2+50.2 7779.2+162.7
(2.5,3.0] 383.6 £25.5 2049.1 £73.6 29456 £+97.6 22984 +849 731.2+48.8 84079 + 158.7
(3.0,3.5] 4109 £26.0 22499 +73.1 3209.5+94.6 2246.7+74.8 700.2+439 88173 +150.0
(3.5,4.0] 394.6 +24.9 22456+ 683 29864 +85.1 22272+72.2 645.6+39.6 8499.4 +139.0
(4.0,4.5] 388.8 £25.5 2219.1+£66.3 2938.7+77.9 21329+ 66.6 6554 +385 83349 +130.5
(4.5,5.0] 4655 +27.0 2104.6+61.0 25484 +694 1782.6+57.8 506.7+324 7407.8+1169
(5.0,5.5] 4342 +257 1865.0 +£553 23944 +64.8 1698.7 +53.3 464.6 +30.3 6857.0 + 108.0
(5.5,6.0] 417.7+£24.8 1810.1 £53.1 2193.0+59.2 1417.6 +483 4232 +274 6261.7 +100.1
(6.0,6.5] 437.7+245 16552 +48.4 18343 +52.2 12914 +442 3973 +£25.1 56159 +90.8
(6.5,7.0] 385.7+22.5 1498.6+44.6 16147+47.8 1081.1 +39.0 3134 +21.4 4893.6 +82.2
(7.0,7.5] 4162 £22.8 1332.6 £41.4 1346.0+42.6 886.2+34.2 2633+ 18.8 42444 +74.7
(7.5,8.0] 407.7+£22.0 11714 +37.7 12248 +39.3 7893 +31.7 2238+17.0 3817.0+69.0
(8.0, 8.5] 353.6 £20.5 11109 +£36.2 10323 +354 703.5+294 168.1 +14.8 3368.5 +63.8
(8.5,9.0] 351.4+20.3 1013.1 £34.1 965.7 +33.4 5582 +259 1699 + 144 30583 +59.8
(9.0,9.5] 294.1 +18.3 8553 +30.9 842.8 +31.1 S511.1 +246 173.7+14.1 2677.0+55.3
(9.5,10.0] 283.5=+179 776.1 £29.1 761.2+29.4 4249 +224 1434 +129 2389.1 £52.0
(10.0,10.5] 2529 +16.7 648.8+26.8 617.0+26.5 4157 +£21.6  95.1+10.7 2029.5 +47.7
(10.5,11.0] 238.8 +16.0 583.7+252 5533+248 3187+ 19.0 91.7+10.2 1786.1 + 44.4
(11.0,12.0] 4423 +21.7 966.0 +32.2  835.6 +30.5 4748 £23.2 1395+ 12.6  2858.2 +56.0
(12.0,13.0] 3339188 730.8+27.8 626.3+259 362.5+20.1 1024 +10.6 21559 +48.1
(13.0,14.5] 456.6 +22.1 863.2+30.1 638.0+26.2 350.8 £19.5 1123 +11.0 24209 +50.8
(14.5,16.5] 3859199 7082+269 506.1+23.3 2834 +174 71.7+£90 19552 £45.2
(16.5,21.5] 548.5+23.7 8343 +295 568.2+243 2819+ 174 73.7+8.7 2306.6 +49.0
(21.5,40.0] 407.1 £20.3 4329=+213 262.8+16.6 85.1+9.6 164 +4.5 1204.3 + 354
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Table B.3  Number of signal candidates for the B — Jj ¢ in 2011 data.
pr(GeV/c) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45 Total
(0.0,0.5] -0.0 £ 0.6 94 +5.7 146 +7.0 19.2 + 6.8 29+32 46.1 £11.8
(0.5,1.0] 82+35 42.6 +9.0 774 + 11.7 40.8 £9.2 28+34 171.8 + 18.1
(1.0, 1.5] 6.1 £32 63.2+104 1275+ 142 69.7 +10.9 8.6 £4.8 275.1 £21.5
(1.5,2.0] 10.2 +4.0 77.8 +11.6 140.2 £ 153 108.1 = 13.1 28.0+6.7 364.3 +24.5
(2.0,2.5] 123+ 3.9 71.8 £ 10.8 1485+ 144 1144 +124 15.0=x4.7 361.9 +22.7
(2.5,3.0] 12.7 + 4.1 97.1+114 1579+ 147 104.6+11.8 21.9+55 3942 +23.1
(3.0,3.5] 8.5+34 1105+ 11.8 1629+ 142 1065+ 114 204 +5.1 408.9 +22.6
(3.5,4.0] 20.6 +4.8 1226 £ 122 151.1 135 106.6+11.2 21.0+5.0 421.7+22.4
(4.0,4.5] 17.8 +4.6 103.6 £ 11.3 189.7+ 147 1351 +123 199+5.0 466.2 +23.2
(4.5,5.0] 8.8+34 1164+ 114 1345+125 973 +104 11.6 +3.7 368.5 +20.5
(5.0,5.5] 129 +3.9 1128 £ 11.3 1344 +122 829+9.7 164 + 4.1 359.4 + 20.1
(5.5,6.0] 14.1 +4.0 100.1 £ 104 1163 +11.3 96.4 +10.1 21.7+4.7 348.6 + 19.4
(6.0,6.5] 17.6 + 4.4 89.0+9.9 1454 +125 71.2+89 19.6 +4.4 3429 +19.3
(6.5,7.0] 199 +4.7 100.0 £ 10.4 106.1 +10.7 72.6 +8.7 189 +£4.5 317.6 + 18.4
(7.0,7.5] 12.1 £3.7 83.3+95 107.5+£10.7 562 +7.7 21.6 +4.7 280.8 +17.3
(7.5,8.0] 229+49 72.0 + 8.8 79.1 £9.1 52674 12.6 £3.6 2393 +15.9
(8.0, 8.5] 15.1 +4.0 76.8 +8.9 763 +9.0 499+73 13.6 +3.7 231.7 £ 15.6
(8.5,9.0] 272 +53 553+7.7 89.3+9.7 459 +6.9 37+£20 2215+ 152
(9.0,10.0] 29.5+£55 1326 £11.7 1305+11.5 63.7+8.1 148 +3.9 371.0 £ 19.6
(10.0,11.0] 31.5+5.7 93.4+9.8 86.1 9.4 493 +72 8.6+29 269.0 + 16.7
(11.0,12.5] 36.5+6.2 103.3 +£103 713 +8.5 30.6 £5.8 48+25 246.5 + 16.0
(12.5,14.5] 335+6.0 86.7 £ 9.5 70.0 + 8.4 37.4+6.2 7.2+2.7 234.8 £ 15.6
(14.5,18.5] 58.1+7.7 774 +9.0 67.8 + 8.4 192 +45 74 +2.8 230.1 £ 154
(18.5,40.0] 423 +6.6 509+ 73 322+58 13.5+3.7 27+ 1.7 141.5 £ 12.1
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Table B.4  Acceptance efficiencies (in %) for B — J/y K** in bins of pt and y.

pr(GeV/ie) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(2.0,2.5] 42.6+0.9 76.3 + 0.8 88.2+0.7 833+1.0 61.9+15
(2.5,3.0] 455+09 79.3 £ 0.8 88.5+0.7 84.0+1.0 63.5+15
(3.0,3.5] 45.7+09 79.5 £0.8 89.4 £ 0.7 85.1+0.9 66.2 + 1.5
(3.5,4.0] 495+ 09 829 +£0.8 90.2 £ 0.7 843+ 1.0 70.0 £ 1.5
(4.0,4.5] 523+1.0 83.2+0.8 89.6 £ 0.7 88.9+09 68.9+1.6
(4.5,5.0] 557+1.0 84.0+£0.8 91.5+0.7 88.6+0.9 72.1 £ 1.7
(5.0,5.5] 57.5+1.0 86.4 £ 0.8 93.8 0.6 90.1 £0.9 75.6 £ 1.7
(5.5,6.0] 56.8 £ 1.1 845+09 924 +0.8 90.8 £ 1.0 782+ 1.8
(6.0,6.5] 61.3+12 88.6 £ 0.8 94.4 +0.7 919+1.0 809+ 1.8
(6.5,7.0] 62.7+1.2 88.4+0.9 94.1 +0.8 914 +1.1 782 +£2.1
(7.0,7.5] 663+ 1.3 89.5+0.9 95.3+0.8 933 +1.1 83.7+2.0
(7.5,8.0] 67.1+14 90.9+1.0 96.3 +£0.7 945+ 1.1 82425
(8.0,9.0] 69.7 £ 1.1 90.5 +£0.8 95.5+0.6 93.9+09 882+ 1.7
(9.0,10.0] 736+12 94.5 +£0.7 96.5 £ 0.7 96.0 £ 0.9 905+ 1.8
(10.0,11.5] 745+1.2 947 +0.7 97.3+0.6 955+1.0 89.4+2.0
(11.5,14.0] 825=+1.1 96.0 £ 0.6 97.9+0.6 98.2 £ 0.7 935+19
(14.0,19.5] 864 +1.1 97.6 £0.6 99.6 £ 0.3 99.1 £ 0.6 95.9+2.0
(19.5,40.0] 92.8+1.3 98.5+£0.7 99.3 £ 0.7 985+15 100.0 + 0.0

The €, for BY — JiwK* and B — Jiy K** in bins of pr and y are listed in Ta-
ble B.10 and B.9. The ¢, for B(s) — J/U ¢ in bins of pr are listed in Table B.11.

The total MC efficiency €,cc X €ec X €i for B — Jiyn* and B* — Jiy K* are listed
in Table B.13 and B.12, respectively.

B.3 Inter-bin cross-feed effects

The acceptance efficiency variations (in %) of smearing the generator level pr distribution

in bins of pr and y are listed in Table B.14.

B.4 Differential cross-sections tables for B mesons in 2011 data

The differential cross-section of Bg in bins of pr is given in Table B.15, in which the
first uncertainty is statistical and the second is systematic. The differential cross-sections

of B* and B® in bins of pr and y are given in Table B.16 and B.17, in which the first
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Table B.5 Reconstruction efficiencies (in %) for B* — J/iy K* in bins of pr and y. The effects
of tracking efficiency corrections are included.

pr(GeVie) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(0.0,0.5] 11.8 £0.4 254 +0.5 30.7+0.5 2577 +0.5 12.6 £+ 0.4
(0.5,1.0] 13.0+£0.3 252 +03 30.5+0.3 264 +0.3 129 +0.3
(1.0,1.5] 123+ 0.2 25.7+0.2 31.1+0.3 26.6 £0.3 13.5+0.3
(1.5,2.0] 13.1+0.2 253+0.2 31.9+0.3 27.6£0.3 14.1+0.3
(2.0,2.5] 124 £ 0.2 256 £0.2 329+03 276 £0.3 13.9+£0.3
(2.5,3.0] 13.2+£0.2 26.0 0.2 32.8+0.3 282+0.3 144 +0.3
(3.0,3.5] 13.0+£0.2 26.6 £0.2 322+03 29.7+0.3 142 +£0.3
(3.5,4.0] 13.3+0.2 27.4+02 33.9+0.3 29.6 £0.3 14.8 + 0.3
(4.0,4.5] 129 £0.2 27.1+£0.2 339+03 28.7+0.3 147 +0.3
(4.5,5.0] 13.7+£0.2 275+0.2 35103 30.1 +£0.3 152 +04
(5.0,5.5] 13.1+0.2 28.6 £0.3 332+03 295+04 149+ 04
(5.5,6.0] 13.7+0.2 28.9+0.3 343 +0.3 30.1+04 142+ 0.4
(6.0,6.5] 142 +0.3 29.6 £0.3 350+ 04 30.8 +0.4 157+04
(6.5,7.0] 144 +£0.3 30.3+0.3 354+04 324 +0.5 16.6 £ 0.5
(7.0,7.5] 149 +£0.3 30.0+0.3 35.6 £ 04 33.8+0.5 17.1 £ 0.6
(7.5,8.0] 14.7+0.3 320+ 04 349+ 04 31.1+0.5 18.7+ 0.6
(8.0,8.5] 159+0.3 33.0+04 36.8 £0.5 354 +0.6 18.6 £ 0.7
(8.5,9.0] 173 £ 04 324+04 39.2+0.5 35.6 £ 0.7 16.9 = 0.7
(9.0,9.5] 16.6 £ 0.4 349 +0.5 38.7+0.6 36.6 £ 0.7 19.2 +£0.9
(9.5,10.0] 193+ 04 352+0.5 41.1+£0.7 36.1 £0.8 21.5+1.0
(10.0,10.5] 199 +0.5 34.8+£0.6 40.8 £ 0.7 39.0+09 221 +1.1
(10.5,11.0] 20.6 £0.5 39.4+0.6 44.7 £ 0.8 32.6 0.9 247+13
(11.0,12.0] 20.7+04 38.0+0.5 412+ 0.6 39.3+0.8 247+1.0
(12.0,13.0] 21.3+0.5 39.2+0.6 39.1+£0.7 38.0+0.9 241+12
(13.0,14.5] 245+0.5 42.6 £ 0.6 427 £ 0.7 36.8 £0.8 258+1.3
(14.5,16.5] 26.8 £0.5 45.7 £ 0.7 422 +£0.8 379+ 1.0 29.0+ 1.6
(16.5,21.5] 30.0+0.5 45.8 + 0.6 445 + 0.8 425+ 1.1 37.3+£2.0
(21.5,40.0] 319+0.7 38.9+0.8 50.0+1.3 472+1.9 304 +£35
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Table B.6  Acceptance efficiencies (in %) for B — JJy ¢ in bins of pr and y.

pr(GeV/ie) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(0.0,0.5] 51.0+ 1.5 784+ 1.2 874 +1.1 83.8+13 64.7 £ 1.7
(0.5,1.0] 51.7+0.9 79.1 £ 0.8 88.1 £0.6 83.0+£0.8 633+ 1.1
(1.0,1.5] 52.6 £0.7 80.1 £ 0.6 87.7+0.6 83.0+ 0.7 63.2+ 1.1
(1.5,2.0] 53.0+0.7 81.3+0.6 88.6 £ 0.5 83.8 £0.7 63.4 + 1.1
(2.0,2.5] 542+ 0.7 81.6 £ 0.6 89.2+£0.5 84.5+£0.7 64.7+ 1.1
(2.5,3.0] 55.1+0.7 82.6 £0.6 89.8 £0.5 85.7+0.7 679 £ 1.1
(3.0,3.5] 56.7 £ 0.7 83.1 £0.6 90.5+0.5 853 0.7 69.4 + 1.1
(3.5,4.0] 58.1+0.7 83.9+£0.6 90.8 £ 0.5 88.0 £ 0.7 729 + 1.1
(4.0,4.5] 61.1 £ 0.7 855+£0.6 915+0.5 87.6 £0.7 723 +1.2
(4.5,5.0] 61.9 0.7 87.9+0.5 91.6 £ 0.5 88.1 £ 0.7 740+ 1.2
(5.0,5.5] 64.2 + 0.8 87.6 £0.6 91.2+0.5 88.1£0.7 751+ 1.3
(5.5,6.0] 66.7 + 0.8 88.9 £0.6 932 +0.5 89.9 £ 0.8 763+ 1.3
(6.0,6.5] 67.8 £0.8 89.8 £0.6 93.1+0.6 90.8 £ 0.8 797+ 1.4
(6.5,7.0] 70.7+ 0.9 90.4+0.6 93.6 £ 0.6 922 +0.8 799+ 1.5
(7.0,7.5] 74.6 £ 0.9 90.9 +£ 0.6 94.7 £ 0.6 922 +09 80.8 £ 1.7
(7.5,8.0] 741+ 1.0 93.2+0.6 95.5+0.6 93.1+09 809 £ 1.8
(8.0,8.5] 77.6+£1.0 94.0 £ 0.6 96.3 £ 0.6 94.2+09 86.8 £ 1.8
(8.5,9.0] 752+1.1 91.3+0.8 96.7 £ 0.6 927+ 1.1 85.1+2.0
(9.0,10.0] 78.8+0.8 93.6 £ 0.6 96.8 £ 0.5 949 + 0.7 89.1+14
(10.0,11.0] 80.0+0.9 945+ 0.6 98.6 £ 0.4 96.1 £ 0.8 912+ 1.6
(11.0,12.5] 832+09 96.4 +£0.5 98.7+ 04 98.0+£0.6 90.2 £ 1.7
(12.5,14.5] 87.6 £0.9 96.9 +£0.5 98.8 £ 0.4 98.5+0.6 96.1+14
(14.5,18.5] 914 +£0.8 97.5+0.5 99.0+ 0.4 99.4+04 959+ 1.8
(18.5,40.0] 93.7+0.8 99.2 £ 0.4 100.0 + 0.0 100.0 £ 0.0  96.0+2.8
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Table B.7  Reconstruction efficiencies (in %) for B — Jiy K*° in bins of pt and y. The effects
of tracking efficiency corrections are included while the PID efficiencies are not included.

pr(GeVie) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(2.0,2.5] 32+0.1 92+0.1 12.8 £ 0.1 11.7 £ 0.1 54+0.1
(2.5,3.0] 30+0.1 8.9+ 0.1 13.3 £ 0.1 12.0 £ 0.1 5.8+0.1
(3.0,3.5] 32+0.1 10.1 £ 0.1 13.1+0.1 11.8+ 0.1 59+0.1
(3.5,4.0] 33+0.1 9.8 +£0.1 13.8 £ 0.1 12.6 £ 0.1 6.0 +£0.1
(4.0,4.5] 34+0.1 10.1 £ 0.1 14.4 £ 0.1 13.1 £0.1 59+0.1
(4.5,5.0] 35+0.1 10.4 + 0.1 15.7 £ 0.1 13.4 +£ 0.1 6.8 +0.2
(5.0,5.5] 39+0.1 11.4+£0.1 15.5+0.1 141+ 0.2 6.2 +0.1
(5.5,6.0] 42 +0.1 12.0 £ 0.1 170 £ 0.2 142 +£0.2 6.5+0.2
(6.0,6.5] 4.6 £0.1 12.4 £ 0.1 17.8 £0.2 147 +£0.2 6.7+0.2
(6.5,7.0] 4.8 £0.1 13.0 £ 0.1 17.0 £ 0.2 15.6 £0.2 7.0+£0.2
(7.0,7.5] 5.1+0.1 142 +0.2 18.8 £0.2 157+ 0.2 7.1+£0.2
(7.5,8.0] 53+0.1 149 +£0.2 18.6 £ 0.2 17.1 £0.2 9.5+03
(8.0,9.0] 6.0 £0.1 16.6 = 0.1 204 £0.2 19.1 £0.2 85+0.2
(9.0,10.0] 6.6+0.1 16.8 £ 0.2 21.8+£0.2 19.7+£0.3 9.0+0.2
(10.0,11.5] 83 +0.1 18.7+0.2 224 +0.2 23.7+0.3 114+ 0.3

(11.5,14.0] 10.6+0.1 214 +£0.2 24.0+0.2 21.7+03 13.1 £ 04
(14.0,19.5] 13.1+£0.2 23.6 £0.2 26.2+0.3 26.1 £04 14.1£0.5
(19.5,40.0] 17.0+0.3 254 +04 28.5+0.5 21.3+0.7 207+14

uncertainty is statistical and the second systematic.
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Table B.8  Reconstruction efficiencies (in %) for BY — J/ ¢ in bins of pr and y. The effects of
tracking efficiency corrections are included while the PID efficiencies are not included.

pr(GeV/e) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(0.0,0.5] 39+03 122+ 04 16.0 £ 0.4 127+ 0.4 52+£03
(0.5,1.0] 33+0.1 117+ 0.2 16.2 +£0.3 13.7+ 0.3 58+0.2
(1.0, 1.5] 3.7+0.1 119 +£0.2 16.0 £ 0.2 13.7+£0.2 57+0.2
(1.5,2.0] 35+0.1 114 £0.2 15.6 £0.2 14.1 £0.2 55+0.2
(2.0,2.5] 3.8+0.1 11.1+£0.2 15.1+£0.2 13.0+0.2 6.1 £0.2
(2.5,3.0] 36+0.1 11.3+0.2 159+0.2 134+ 0.2 6.5+0.2
(3.0,3.5] 39+0.1 11.6 £ 0.2 159 +£0.2 145+£0.2 6.2+0.2
(3.5,4.0] 4.0+0.1 122 £0.2 16.2 £ 0.2 140 £0.2 6.2+0.2
(4.0,4.5] 4.0+0.1 122 £ 0.2 172 £ 0.2 14.7+£0.3 64 +0.2
(4.5,5.0] 49 +£0.1 12.8 £ 0.2 17.0 £ 0.2 151+ 0.3 6.8 +0.3
(5.0,5.5] 4.8 +£0.1 13.5+0.2 17.6 £ 0.2 155+0.3 7.8+ 0.3
(5.5,6.0] 5.0x£0.1 144 £0.2 19.1 £0.3 16.5+0.3 7.7+0.3
(6.0,6.5] 53+02 14.8 £0.2 19.2+£0.3 17.0+£0.3 8.0+0.3
(6.5,7.0] 6.0+0.2 155+0.3 20.0+0.3 165+ 0.4 73+04
(7.0,7.5] 6.4+0.2 16.0 £ 0.3 204 +04 19.0+ 0.4 9.8+0.5
(7.5,8.0] 6.8 +0.2 17.7+0.3 21.3+04 19.2 +£0.5 9.8 +0.5
(8.0,8.5] 6.6 +0.2 18.6 £ 0.3 23.7+04 20.6 £ 0.5 89+0.5
(8.5,9.0] 73+0.3 19.4 £ 0.4 21.6 £04 224 +0.6 114 £ 0.6
(9.0,10.0] 82+0.2 19.8 +0.3 229+04 20.8+04 10.8 £ 0.5
(10.0,11.0] 9.2+0.2 20.8+04 242+04 245 +0.6 11.0+ 0.6

(11.0,12.5] 10.7+0.3 229+04 258 +0.5 223+0.5 13.2 +£0.7
(12.5,14.5] 123 +0.3 24.0+04 275+0.5 248 £ 0.7 13.5+ 0.8
(14.5,18.5] 14.0+0.3 255+04 323 +£0.6 28.3+0.8 182 +1.2
(18.5,40.0] 174+04 28.0 0.6 28.3+0.8 281 +1.2 148 +1.7
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Table B.9  Trigger efficiencies (in %) for B® — J/y K*° in bins of pr and y.

pr(GeV/e) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(2.0,2.5] 30.8 £ 0.1 459+ 0.2 575+0.3 64.0 £ 0.3 69.2 +0.3
(2.5,3.0] 33.2+0.1 472+0.2 60.1 £0.3 64.8 £0.3 69.8 £ 0.3
(3.0,3.5] 342 +0.1 50.1+0.2 60.3 £ 0.2 65.8 £ 0.2 69.4 +0.2
(3.5,4.0] 37.1 £0.1 50.2 £0.1 61.7+£0.2 67.0 £ 0.2 71.1£0.2
(4.0,4.5] 375 £0.1 519+ 0.1 62.8 £ 0.2 67.7+0.2 709 +0.2
(4.5,5.0] 39.1+0.1 55.7+0.1 64.8 £ 0.2 69.7 £ 0.2 71.4+0.2
(5.0,5.5] 40.1+0.1 552 +£0.1 66.4 +0.2 70.5+£0.2 739 +£0.2
(5.5,6.0] 41.8 £0.1 579 £0.1 67.0 £ 0.2 722 +£0.2 74.4 £0.2
(6.0,6.5] 459 + 0.1 60.3 = 0.1 69.1 + 0.1 729+ 0.2 759+0.2
(6.5,7.0] 455+0.1 62.2 +0.1 70.1+0.2 742+ 0.2 772+0.2
(7.0,7.5] 50.2 £0.1 62.9 £ 0.1 719 £ 0.1 75.1 £0.1 77.7+£0.2
(7.5,8.0] 52.6 £0.1 64.9 = 0.1 72.1 £0.1 76.1 £0.2 77.3+£0.2
(8.0,9.0] 522 +0.1 66.0 = 0.1 74.1 £ 0.1 77.0+0.2 783+ 0.2
(9.0,10.0] 56.2+0.1 68.8 £ 0.1 75.5+0.2 78.1+0.2 79.0+ 0.2
(10.0,11.5] 59.8 +0.1 71.2 £0.1 76.5+£0.2 789 +£0.2 80.3+0.2
(11.5,14.0] 63.3+0.1 73.4 £0.2 779 £0.2 79.8 £0.2 81.5+0.2
(14.0,19.5] 664 £0.3 75.6 £ 0.3 783+ 0.3 79.7+0.3 80.3+0.3
(19.5,40.0] 68.0+0.5 76.8 + 0.6 78.1 £ 0.6 78.7+ 0.6 739+ 0.5
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Table B.10  Trigger efficiencies (in %) for B* — Ji K™ in bins of pt and y.

pr(GeVie) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45

(0.0,0.5] 28.3+0.2 504 +£0.3 60.4 + 0.4 62.9 + 04 68.4 0.4
(0.5,1.0] 33.0£0.1 498 £0.2 60.6 + 0.3 63.5+0.3 68.6 £ 0.3
(1.0,1.5] 33.8+0.1 50.0+0.2 60.4 £ 0.2 65.0+0.2 69.0 £ 0.2
(1.5,2.0] 35.1 £0.1 49.6 £ 0.2 60.3 +£0.2 64.9 £ 0.2 69.3 +£0.2
(2.0,2.5] 35.8+£0.1 50.5+£0.2 61.1 0.2 65.8 £ 0.2 70.2 £0.2
(2.5,3.0] 39.1 £0.1 525+02 62.0 £ 0.2 67.4+0.2 70.0 £ 0.2
(3.0,3.5] 39.1+0.1 53.6 £ 0.1 62.7+£0.2 68.2 0.2 70.8 £ 0.2
(3.5,4.0] 422 £0.1 54.6 £0.1 64.3 +£0.2 69.3 +£0.2 72.1£0.2
(4.0,4.5] 433 +£0.1 56.9 £ 0.1 65.7 £ 0.1 70.7 £0.2 73.0+£0.2
(4.5,5.0] 45.1 £ 0.1 58.4 +0.1 67.5 0.1 71.5+0.2 73.7+0.2
(5.0,5.5] 464+ 0.1 60.4 + 0.1 68.6 £ 0.1 724+ 0.2 753 +0.2
(5.5,6.0] 483 +0.1 61.3+0.1 69.9 £ 0.1 73.8 £0.1 75.7 £ 0.1
(6.0,6.5] 509 £0.1 63.0 = 0.1 71.0 £ 0.1 74.7 £ 0.1 763 +0.1
(6.5,7.0] 52.0+£0.1 64.5 £ 0.1 71.9 £ 0.1 75.4+£0.2 77.0+0.2
(7.0,7.5] 53.9+0.1 66.0 = 0.1 729+ 0.1 76.1+0.2 775+0.2
(7.5,8.0] 55.0+0.1 67.0 £0.1 732 £0.1 769 £0.2 78.4 £0.2
(8.0,8.5] 572 +£0.1 68.6 = 0.1 74.3 £0.1 77.5+£0.1 783 +£0.2
(8.5,9.0] 56.8 £ 0.1 69.7 = 0.1 75.0+£0.2 77.6 £0.2 787+ 0.2
(9.0,9.5] 58.0+0.1 703+ 0.1 75.7+0.1 784+ 0.1 79.1+0.1
(9.5,10.0] 59.5+0.1 70.8 £ 0.1 76.4 £ 0.1 78.8 £0.2 80.2+0.2
(10.0,10.5] 61.1 £0.1 71.5£0.1 76.5+0.2 789 +£0.2 799 +£0.2
(10.5,11.0] 62.1 £0.1 72.5+0.2 772 +0.2 793 +£0.2 80.4+£0.2
(11.0,12.0] 623 +£0.2 729+ 0.2 772+0.2 795+0.2 81.0+0.2
(12.0,13.0] 63.8+0.2 73.5+£0.2 77.6 £0.2 79.8 £0.2 81.5+0.2
(13.0,14.5] 649 +£0.2 743 £0.2 78.0£0.2 79.8 £0.2 81.4+0.2
(14.5,16.5] 66.0 £0.3 752 +0.3 783+ 0.3 79.6 £ 0.3 80.8 £0.3
(16.5,21.5] 67.4+0.3 762+ 0.4 783+ 0.4 793+ 04 76.7+0.4
(21.5,40.0] 68.6 +0.5 77.1 £0.6 78.1 £0.6 789 £ 0.6 74.5 + 0.6
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Table B.11  Trigger efficiency for B — Jjy ¢ in bins of pr.

pr (GeV/c) Trigger efficiency (%) pr (GeV/c) Trigger efficiency (%)

(0.0,0.5] 61.2+0.3 (6.0,6.5] 65.3 0.1
(0.5,1.0] 55.0+0.3 (6.5,7.0] 66.5 £ 0.1
(1.0, 1.5] 56.2 +£0.2 (7.0,7.5] 67.3 0.1
(1.5,2.0] 55.8+£0.2 (7.5,8.0] 67.9 £0.1
(2.0,2.5] 559+0.3 (8.0,8.5] 69.1 £ 0.1
(2.5,3.0] 55.1+0.3 (8.5,9.0] 70.1 £ 0.2
(3.0,3.5] 559+0.2 (9.0,10.0] 71.8 £0.1
(3.5,4.0] 57.7+0.2 (10.0, 11.0] 71.8 £ 0.1
(4.0,4.5] 60.4 + 0.1 (11.0,12.5] 73.0+ 0.2
(4.5,5.0] 60.4 £ 0.2 (12.5,14.5] 742 £0.2
(5.0,5.5] 61.9 0.1 (14.5,18.5] 739 +£0.2
(5.5,6.0] 63.5+0.2 (18.5,40.0] 74.1+£0.3

Table B.12  Total efficiencies (in %) for B* — J/iy K™ in bins of pr and y in the B/ production
ratio measurement.

pr(GeV/ie) 25<y<30 30<y<35 35<y<40 40<y<45

(4.0,4.5] 2.8+0.1 94 +0.1 12.8 £0.2 10.7 £ 0.2
(4.5,5.0] 4.2 +£0.1 113+ 0.2 13.8 £0.2 11.8 £0.2
(5.0,5.5] 5.6 £0.1 126 £ 0.2 14.1+£0.2 11.3+0.3
(5.5,6.0] 73 +0.1 147 +£0.2 16.0 £ 0.3 10.8 £0.3
(6.0,6.5] 9.0+£0.2 16.8 £ 0.2 16.8 £ 0.3 12.1+£0.3

(6.5,7.0] 11.0+£ 0.2 18.1+0.3 18.6 £ 0.3 13.3+04
(7.0,7.5] 127 £0.2 199 +£0.3 197 £ 04 150+ 04
(7.5,8.0] 149 +£0.3 20.8 +£0.3 20.6 £ 04 13.6 £ 0.5
(8.0,8.5] 164 £ 0.3 2277+04 22.7+0.5 159 £ 0.6
(8.5,9.0] 183 +0.3 246 £04 23.9+0.5 15.1 £ 0.6
(9.0,9.5] 197+ 0.4 26.7+0.5 255+0.6 155 +£0.7
(9.5,10.0] 214+04 275+ 0.6 272 +£0.7 16.9 +£ 0.8
(10.0,11.0] 23.1+0.3 30.1+0.5 26.6 £ 0.5 21.0+0.7
(11.0,12.0] 256+04 30.2+0.5 29.9 £ 0.7 223 +09
(12.0,13.5] 289+04 31.0+ 0.5 27.7+0.6 21.5+£09
(13.5,16.5] 33.0+0.5 342 +£0.5 31.6 £ 0.7 234+1.0
(16.5,100.0] 349+0.5 36.9 £ 0.6 36.6 £ 0.9 285+ 1.5
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Table B.13  Total efficiencies (in %) for Bf — Jiyn" in bins of pr and y in the B/ production
ratio measurement.

pr(GeV/ie) 25<y<30 30<y<35 35<y<40 40<y<45

(4.0,4.5] 1.1+0.0 5.1+0.1 7.1+0.1 5.6 £0.1
(4.5,5.0] 1.6 £ 0.1 59+0.1 74 +0.1 6.0+0.2
(5.0,5.5] 22+0.1 6.9 +£0.1 7.7+£0.2 57+02
(5.5,6.0] 30+£0.1 7.6 £0.1 85+02 6.0+0.2
(6.0,6.5] 3.7+0.1 8.1+£0.2 84 +£0.2 5.6 +£0.2
(6.5,7.0] 4.8 +0.1 9.1+£0.2 92+0.2 5602
(7.0,7.5] 55+0.1 10.0 £ 0.2 92+02 54+£03
(7.5,8.5] 6.5+0.1 103 £ 0.2 9.7+0.2 6.3+0.2
(8.5,9.5] 8.1+£0.2 122 £0.2 11.5+£03 7.0+0.3

(9.5,11.0] 102 £0.2 13.3+£0.2 125 +0.3 79+04
(11.0,14.5] 13.0+0.2 16.7 £ 0.3 147+ 0.3 86+04
(14.5,100.0] 18.8+0.3 19.6 £ 0.4 16.2 £ 0.5 11.5+09
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Table B.14  Acceptance efficiency variation (in %) of smearing the generator level pr distribu-
tion in bins of pr and y.

pr(GeV/e) 20<y<25 25<y<30 30<y<35 35<y<40 40<y<45
(0.0,0.5] 0.31 -0.29 0.00 0.99 1.22
(0.5,1.0] -0.60 -0.59 -0.03 -0.41 -0.63
(1.0, 1.5] 0.13 0.47 0.75 0.29 -0.03
(1.5,2.0] 0.21 0.07 -0.52 -0.43 0.00
(2.0,2.5] 0.29 0.53 -0.62 0.28 0.27
(2.5,3.0] -0.60 -0.53 0.37 0.20 0.40
(3.0,3.5] 0.27 -0.10 -0.09 -0.18 -0.19
(3.5,4.0] -0.32 -0.02 0.38 -0.33 -0.30
(4.0,4.5] 0.26 0.45 -0.23 0.12 0.73
(4.5,5.0] 0.36 -0.21 0.07 -0.42 -1.33
(5.0,5.5] -0.11 0.14 -0.10 -0.04 0.82
(5.5,6.0] -0.32 -0.47 -0.09 1.33 -0.67
(6.0,6.5] 0.41 0.08 0.10 -1.12 0.00
(6.5,7.0] -0.39 -0.15 0.64 0.18 0.30
(7.0,8.0] 0.08 0.08 -0.20 -0.15 -0.33
(8.0,9.5] -0.10 0.26 -0.08 -0.04 0.29
(9.5,12.0] 0.03 -0.42 0.06 0.49 0.00
(12.0,30.0] 0.05 0.16 -0.03 -0.06 0.16
(30.0,40.0] 0.68 0.00 0.00 0.00 0.00
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Table B.15 Differential cross-section (:—;}’T [ ub/(GeV/c)]) of Bg in bins of pr for y € [2,4.5].
The uncertainties in the cross-sections are statistical and systematic, respectively.

pr (GeV/c) do/dpr (ub) pr (GeV/c) do/dpr (ub)

0.0-0.5 0.11 £0.04 +0.05  6.0-6.5 0.68 + 0.05 + 0.21
0.5-1.0 0.63+0.12+020 65-7.0 0.61 +0.05 + 0.19
1.0-1.5 078 +0.10+024  7.0-75 0.46 + 0.04 + 0.14
1.5-2.0 1.18£0.13+037  7.5-8.0 0.41 +0.04 +0.13
20-2.5 1.17+0.11 +037  8.0-8.5 0.35+0.03 +0.11
2.5-3.0 127 +0.12+040  85-9.0 0.35+0.03 +0.11
3.0-35 1.16 £0.10+ 036  9.0-10.0 0.24 +0.02 + 0.08
3.5-4.0 1.28 +0.11 + 0.40 100-11.0  0.17 £0.01 = 0.05
40-45 1.17 + 0.09 + 0.37 11.0 - 12.5 0.096 + 0.007 + 0.030
45-5.0 0.83 + 0.06 + 0.26 12.5-14.5 0.061 + 0.005 + 0.019
50-55 0.81 + 0.06 + 0.25 145-18.5 0.029 + 0.002 + 0.009
55-6.0 0.74 + 0.06 + 0.23 18.5-40.0  0.0030 = 0.0003 + 0.0009
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pr (GeV/c) 20<y<25 25<y<30 30<y<35 35<y<4.0 40<y<45
0.0-0.5 0.37£0.12 £ 0.03 0.49 +0.07 £ 0.03 0.50 £ 0.09 + 0.03 0.42+0.10 £ 0.03 0.20 £ 0.09 + 0.02
05-1.0 1.59+£0.18 £0.12 143 +£0.11 +£0.09 1.30 £0.11 £ 0.09 1.16 £ 0.11 £ 0.08 0.94 +0.14 £ 0.07
1.0-15 1.95+0.19+0.13 2.11+0.12+0.14 1.93+0.11 £0.13 1.92+0.12+0.13 1.36 £0.17 £ 0.10
1.5-2.0 224 +0.20 £ 0.15 3.17+0.14 £ 0.21 252+0.11 +0.17 2.18+0.11 £0.15 1.74 £ 0.16 £ 0.12
20-25 2.65+0.21 +0.18 334+0.13+0.22 283 +0.11 +0.19 246 +£0.10 £ 0.17 1.77 £0.14 £ 0.12
25-3.0 3.00+0.21 +£0.20 339+0.13+0.22 292 +0.10+0.19 2.52+0.10+0.17 1.80+0.13 £ 0.12
3.0-35 3.07 £0.20 £ 0.20 3.48+0.12+0.23 3.17+0.10 £ 0.21 229 +0.08 +0.15 1.72+0.11 £ 0.12
35-4.0 2.57+0.17 +£0.17 331+0.11+0.22 271 £0.08 +0.18 222 +0.08 +0.15 1.47 £0.10 £ 0.10
40-45 240+0.16 +£0.16 3.08 £0.10 £ 0.20 2.60 +0.07 +£0.17 2.12+0.07 £0.14 1.44 £0.09 £ 0.10
45-50 2.50+0.15+0.17 277 +0.08 +£0.18 2.11 +£0.06 +0.14 1.66 £ 0.06 £ 0.11 1.07 £ 0.07 £ 0.07
50-55 223 +0.14 +0.15 2.25+0.07 £0.15 2.04 +0.06 +0.13 1.58 £0.05 £ 0.10 0.95 +0.07 £ 0.06
55-6.0 1.90£0.12+0.13 2.11+0.07 £0.14 1.78 £ 0.05 £ 0.12 1.25+0.05 £ 0.08 0.88 +0.06 + 0.06
6.0-6.5 1.77 £0.10 £ 0.12 1.81 £0.06 £ 0.12 1.41 £0.04 £ 0.09 1.11 £0.04 £ 0.07 0.73 £ 0.05 £ 0.05
6.5-7.0 1.45+0.09 £ 0.10 1.54 £0.05 £ 0.10 1.21 £ 0.04 £ 0.08 0.87 +0.03 + 0.06 0.54 +0.04 £ 0.04
7.0-75 1.42 +0.08 + 0.09 1.35+0.04 £ 0.09 0.98 + 0.03 + 0.06 0.66 + 0.03 + 0.04 0.43 +£0.03 +£0.03
7.5-8.0 1.29 £ 0.07 £ 0.08 1.08 £ 0.04 + 0.07 0.91 +0.03 +0.06 0.63 +0.03 £ 0.04 0.33 +£0.03 £0.02
8.0-8.5 1.01 £ 0.06 + 0.07 0.96 + 0.03 + 0.06 0.72 +£0.03 £ 0.05 0.48 +£0.02 +£0.03 0.24 +£0.02 £ 0.02
85-9.0 0.90 + 0.06 + 0.06 0.88 +0.03 +0.06 0.62 +0.02 + 0.04 0.39 +0.02 £ 0.03 0.26 +£0.02 £ 0.02
9.0-95 0.74 £ 0.05 £ 0.05 0.68 +0.03 +0.04 0.54 +0.02 + 0.04 0.34 +0.02 £ 0.02 0.24 +£0.02 £ 0.02
9.5-10.0 0.59 +0.04 £ 0.04 0.60 +0.02 + 0.04 0.45+0.02 +£0.03 0.28 +0.02 + 0.02 0.17 £0.02 £ 0.01
10.0 - 10.5 0.49 +0.03 £ 0.03 0.50 +0.02 + 0.03 0.37 +£0.02 £ 0.02 0.26 +0.01 +0.02 0.11 +£0.01 £0.01
10.5-11.0 0.43 +£0.03 +£0.03 0.40 +0.02 + 0.03 0.30 £ 0.01 +£0.02 0.23 +0.02 £ 0.02 0.09 +0.01 £ 0.01
11.0-12.0 0.40 +£0.02 £ 0.03 0.33 £0.01 +£0.02 0.245 +£0.010 £ 0.016 0.142 + 0.008 + 0.009 0.068 + 0.007 + 0.005
12.0-13.0 0.26 +0.02 £ 0.02 0.240 + 0.010 £ 0.016 0.192 +0.009 + 0.013 0.111 +0.007 + 0.007 0.050 + 0.006 + 0.003
13.0-14.5 0.21 +£0.01 £ 0.01 0.172 £ 0.007 = 0.011 0.118 + 0.005 + 0.008 0.074 + 0.004 + 0.005 0.034 + 0.004 + 0.002
145-16.5 0.115 £ 0.006 + 0.008 0.097 + 0.004 + 0.006 0.070 + 0.004 + 0.005 0.043 + 0.003 + 0.003 0.015 + 0.002 + 0.001
16.5-21.5 0.054 + 0.003 + 0.004 0.044 + 0.002 + 0.003 0.030 + 0.001 + 0.002 0.015 £ 0.001 + 0.001 0.0049 + 0.0006 + 0.0004
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21.5-40.0 0.0096 + 0.0005 + 0.0006 0.0071 + 0.0004 + 0.0005 0.0033 + 0.0002 + 0.0002 0.00113 + 0.00014 + 0.00008 0.00036 + 0.00011 + 0.00003

d’o

Table B.16 Differential cross-section A+.S+z

[ ub/(GeV/c)]) of B* in bins of pt and y. The first uncertainty is statistical and the second systematic.
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