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Abstract

This thesis describes a measurement of the time dependent decay rate asym-
metry in BY — J/¢Kg decays with the 2010 LHCb data sample. The found
value for S is 0.88170 331 which is compatible with the current world average.
A Monte Carlo study has been performed to investigate the lifetime resolution
model. Furthermore two Goodness-of-Fit tests applied to the analysis gave a
statistical significance of p = 0.477 and p = 0.812.
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CHAPTER

Introduction

Particle physics tries to answer the question what our world is fundamentally made
of. In the current view everything around us is a big ocean of tiny particles which are
interconnected through four fundamental forces, namely gravity, electromagnetism
and the weak and strong nuclear forces.

All matter is made out of 17 different elementary particles: 6 leptons, 6 quarks,
and 5 bosons!. They are schematically shown in figure 4 together with their inter-
actions. The model which describes the interactions that these particles undergo is
called the Standard Model. It is a local Lagrangian field theory that describes the
electromagnetic, weak and strong nuclear interactions [14].

Because gravity is not incorporated we know that the Standard Model is not
a complete picture. But since its finalization in the mid 1970s it has withstood
considerable experimental testing and accurately predicted the existence and prop-
erties of new particles that were not yet observed. Among others, it predicted the Z
and W boson particles, which were first observed at the UA1 and UA2 experiments
at CERN in 1983.

One of the big puzzles in particles physics is the question why there is such
a big asymmetry in matter and anti-matter. The whole visible universe seems
to be dominated by matter. To generate the current matter abundance, one of
the requirements is that the combined symmetry of charge conjugation and space
inversion, called CP, must be violated.

The LHCb experiment is one of the four main experiments situated at the Large
Hadron Collider at CERN, which is depicted in figure 1.2. Its main purpose is to
study this before mentioned CP-violation and weak interactions in the B-meson
system, and to measure the branching ratios of rare B-decays.

!Technically there are 51 different particles when counting antiparticles and color charge.
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Figure 1.1: Quarks carry electric charge, weak isospin, and color charge. Because
of this they interact respectively through the electromagnetic, the weak nuclear
force, and the strong nuclear force. The leptons don’t carry any color charge.
Furthermore the three neutrinos do not carry electric charge either, so their motion
is directly influenced only by the weak nuclear force, which makes them difficult to
detect. The W and Z bosons are the force carriers for the weak interaction, photons
for the electromagnetic, and gluons for the strong interaction. The Higgs boson
plays a unique role in the Standard Model, by explaining why the other elementary
particles, except the photon and gluon, are massive. The illustrious Higgs boson
has not been observed yet, at least at the moment of writing.

One of the decays that LHCb measures is B® — J/¢Kg. This channel is often
named the gold-plated mode for the measurement of time-dependent CP violation
in the B? system. It has a relatively large branching fraction and readily accessible
final states with small backgrounds and is theoretically clean. My analysis on CP
violation will be done by investigating these decays.

1.1 Outline of thesis

The starting point of this analysis, chapter 2, will give a brief overview of the
formalism to describe CP violation in B® — .J/1Kg decays in the Standard Model.
In chapter 3 a short outline of the LHCb detector measured these decays is
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Figure 1.2: The Large Hadron Collider is the world’s largest and highest-energy
particle accelerator. The LHC lies in a tunnel 27 kilometers in circumference, as
deep as 175 metres beneath the Franco-Swiss border near Geneva, Switzerland.
This synchrotron is designed to collide opposing particle beams of either protons at
an energy of 7 TeV

given. Also the used reconstruction and simulation software is described.

To extract the relevant physical parameters from the data collected with the
LHCDb detector, a maximum likelihood fit is performed. A detailed description of
the used model, a probability density function, is given in chapter 4.

In this thesis an emphasis is given on the time resolution of the detector. A
method was used to extract the resolution from the data. This method was validated
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by applying this method to simulated events to estimate systematic uncertainties.
This can be found in chapter 5.

To check the consistency of the fit, studies of the pull and error distributions
have been done in chapter 6.

In chapter 7 a complete fit to the 2010 LHCb data has been performed. The
found value of the CP violating parameter turned out to be in agreement with the
current world average.

In the last chapter, two unbinned Goodness-of-Fit tests have been performed.
The found statistical significances of p = 0.477 and p = 0.812 suggest that applied
model does indeed correctly describe the data.



CHAPTER
B meson analysis

One of the most fundamental principles in physics is the connection between con-
servation laws and symmetries of nature. In particle physics certain discrete sym-
metries are found to be broken in physical interactions. The relevant discrete sym-
metries are:

e (' : charge conjugation changes the sign of all additive quantum numbers.
With specific reference to the decay of a sub-atomic particle, charge conjuga-
tion consists of swapping every particle in the decay for its antiparticle.

e P : the parity operation is the same as space inversion. It is the operation of
reversing the direction of all three space coordinates.

e T : the time reversal operator reverses the direction of motion by reflection
in the time axis.

The combined CP-symmetry was proposed as the true symmetry between matter
and antimatter after the discovery of parity violation in the weak interaction. In
that scenario a process in which all particles are replaced by their antiparticles
would be the same as the mirror image of the original process. However, this
symmetry turned out to be violated as well and can be seen in the measurements
of B = J/¢yKg.

Although each of these three discrete symmetries is broken in weak interactions,
the combined symmetry CPT is an exact symmetry in any local Lagrangian field
theory.
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2.1 The CKM matrix

The charged weak interaction is the only process in the standard model that does
not conserve flavour. It can transform one type of quark into another one. Further-
more, there is mixing between the quark families. This is caused by the interaction
eigenstates being different from the flavour eigenstates. The weak force couples to

the pairs
U c t
() () = ()

with d’, s’ and ¥’ linear combinations of mass eigenstates d, s and b.

d/ Vud Vus Vub
Sl =(Vea Ves V| |5
v Via Vis Vw b

The matrix above that holds the coupling for the nine quark transitions is called
the Cabibbo-Kobayashi-Maskawa matrix. From the unitarity of the CKM matrix,
it follows that it contains four free parameters: three real and one complex phase.

A popular representation is the Wolfenstein parametrization, in which the mag-
nitude of the couplings is readily seen. The parameter A ~ 0.23 and A, p,n are of
order unity.

1— IA2 A AX3(p —in)
VorMm = -2 — A2 AN? + 0\
ANS(1—p—in) —AN? 1

Another instructive way is to make use of the angles:

ViaVy, Vaud Ve, VisVi
_ — _Jud ub | ang B, = _ s Tth |
b = arg [ VadV % , Y = arg VeV and S arg ViVt

Any phase added to a specific quark cancels out, which make these definitions
convention independent. Using the Wolfenstein phase convention the CKM can be

written as
|Vaal \7 ’Vub‘e_m
Vexkm = —|Veal Ves| [Veb| +O(XN)
Viale™ | Vis|etPs V|

Later on in this chapter it is shown that the angle S is responsible for CP violation
in B — J/yKs.
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Figure 2.1: One of the flavour changing currents in the weak interaction, and its
CP mirror image. The transition from a bottom quark to an up quark yields the
factor Vy; in computation of the Feynman diagram. For the CP conjugate process,
the factor is V;.

<

2.2 Mixing
The neutral B mesons are produced at the LHC in the flavour eigenstates
B® = (b,d), and BO = (b,d)
The B° can turn into its antiparticle EO, and vice versa,
B% «» B0

through a second-order weak interaction, as seen in figure 2.2. As a result, the

— 7k r — - 7 ® e
b Vq b ‘/q b d b Vq b ‘/q b

d Vaa Via b d Vad Vad b
Figure 2.2: The dominant Feynman diagrams contributing to the mixing B® <+ BO.

The diagram with the top quark are the main contributors because of its high mass.

particles we observe in the laboratory are not B® and BY, but rather some linear
combination of the two,

U(t) = a(t)|B%) + b(t)|B°).
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The time evolution of this BY system is described by an effective Hamiltonian,

.0

The matrix H can be written as the sum of two Hermitian matrices M and T,

7
H=M - -T.
2

CPT invariance implies -
(B°|H|B°) = (B°|H|BY),

which gives the extra constraints mi; = mag and I'y; = T'oa.

M:[”;f mm] and r:[E F”}.
mijs m Iy, T

The off-diagonal terms mq2 and I'12 couple the two quantum states of our system.
The term mjo describes BY «» BY via virtual states, from which the box diagram
in figure 2.2 is the dominant contributor. The term I'1o describes the transition via
real states, e.g. B — 7107% — B0, which turns out to be negligible.

Notice that H itself is not Hermitian. The non Hermitian part describes the
leaking out and into the subspace spanned by B and BY.

d, o O|T2  out ov
— b|?) = = v+ v — ol (H - BV = 0Ty
gl + 107 = =5 = 5 T+ W =i )

Calculating the eigenvalues of H gives

Agp=m— T+ \/(mlz - §F12)(m12 - §F12)

If we define the real part of the root term above Am/2 and the imaginary part
AT'/4, the eigenvalues can be nicely written as

Am i AT

So Am and AT are the mass and lifetime difference between the two interaction
eigenstates in the weak interaction. Writing the corresponding eigenstates as

|BL.u) = p|B%) £ ¢|B°)

we find p and ¢ by solving

p| p
H qu} = ALH [iq} ’
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g miy —ily/2
P mig — il'12/2

In the case that \%] # 1 we would have what is called CP violation in mixing, which
has been observed in the neutral kaon system. It is a result of the mass eigenstates
being different from the CP eigenstates. Doing some algebra, one can find that

'q'_it/l—rsingzﬁ—ﬁ—r2 _ T2

— T r=
1+rsing +r2’ mio

which gives

, ¢ =arg(l'2) — arg (m12)

p
From theoretical calculations it is known that r < 1, see [6]. The Taylor expansion
is given by

1
‘q‘ =1- §rsin¢+0(r2) ~ 1.

So CP violation in mixing is expected to be small in the B? system. Furthermore
the measured lifetime difference is very small [7],

% — —0.008 = 0.037,

and it will be set to zero to simplify the equations. Now that we found the eigenstates
and eigenvectors, we know the time evolution of our system.

‘BH(t» — |BH>e—i(m+%Am)tef%Ft
|BL(t)> _ ‘BL>e—i(m—%Am)tef%Ft

2.3 Decay rate asymmetry

Because the neutral B mesons are produced in their flavour eigenstates, the time
evolution has to be written in terms of them. For a particle created as a B° at
t=0,
BY(0) = o | Br)e o 4 | Byy)e
2p 2p

1
2p
_ %\BO> (e—i)\Lt + e—z‘,\Ht> n %|ﬁ> (e—i)\Lt _ e—z‘)\Ht)

1 — . — )
= 5, (PIB") +aB%) et 4 o (p]B%) — gl BY) ) e

— cimtekt {\BO> cos (Amt/2) +i°![B%) sin (Amt/ 2>}
p
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The amplitude for a decay to a state f, at time ¢ is given by

Apoyp(t) = (FIT|B(1))

= Mg gt{ (f|T)B°) cos (Amt/2) + i~ (f|T|BO>sm(Amt/2)}
{ABo_ﬁcos Amt/2)+quBo_>fsin(Amt/2)}

= e~imte=3 *Apo_, s {cos (Amt/2) 4+ iXsin (Amt/2)}

In the last step we introduced the convenient parameter

_9q ABO—>f

p ABO—>f

We find the time dependent decay rate by squaring the above expression

Tpoyt = [Apoy—sl’
= el }ABo_”c‘Q |cos (Amt/2) + iXsin (Amt/2)[?
=l }ABo_”c‘z {cos? (Amt/2) + |A|*sin® (Amt/2) + i(X — X*) sin (Amt)}
It
= % }ABoﬁf‘Q {1+ A2+ (1= |A]*) cos (Amt) — 23\ sin (Amt) }
It

= -1+ IAP) [Apos | {1 + C cos (Amt) — S'sin (Amt)}

In the last step we introduced two other convenient parameters,

1— A2 3
= A and S = 23() .
14 A2 14 |A]2
Doing the same calculation for the B yields
B9(6) = 5o Bu)e Pt = o By)e e
2q 2q

1 — N\ 1 N
— Qiq <p|BO> 4 q‘BO>) e ALt 2q (p’B0> o q]BO)) e iAgt
— B0 ( —iApt —zAmﬁ) RBO ( —idpt —z)\Ht>

2\ ) (e +e + 2q| ) (e e

— it 3t {\BO> cos (Amt/2) + iB|BO> sin (Amt/Q)} :
q
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The time dependent amplitude to the same state f as before is given by
Aﬁ(t)_”c = <f|T’ﬁ(t)>
= e imte— 3t {(f]T\BO) cos (Amt/2) + ig(f]T\BO> sin (Amt/Q)}
= e*imte*gtEABo_)f {Acos (Amt/2) + isin (Amt/2)} .
q

By again squaring the amplitude we find the decay rate,

2
T = €0 |=] [Ago|*|Acos (Amt/2) + isin (Amt/2)

BY(t)—f

p
q

2
= TE] [ApoL [ (1M1 cos? (Amt/2) + sin® (Amt/2) +i(X* — ) sin (Amt/2))
q

6Ft'p
2 |q
6”'1?
2 |q

2
‘ABO—>f‘2 (14 |A[* = (1 = |A]%) cos Amt + 23\ sin Amg)
2

(1+ A% ‘ABo_Uc}z (1 — Ccos Amt + Ssin Amt) .

If we take into account that |p| =~ |g|, the time dependent decay rate asymmetry is
given by:

F@(t)—) - Loy

Acp(t) =

Ugaoy T o) —r
= Ssin (Amt) — C cos (Amt).

So the problem of finding CP violation in the decay modes of the BY system is now
reduced to determining the characteristic variable .
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24 B'— J/YKg

A well known case is the asymmetry in the decay B° — J/1Kg where the BY can
either directly decay to J/1Kg or oscillate to BOand then decay to J/1Kg. This
interference between the mixed and unmixed decay amplitudes causes a CP violating
asymmetry, the measurement of which was the first observation of CP violation in
the B meson system.

B :
d d a a

Figure 2.3: The dominant Feynman diagrams for BY — J/¢%K° and B~ / wfo.

The produced kaons oscillate between K0 <> K°. The weak eigenstates are K and
Kg, in analogy with By and By.

The B — J/¢Kg mode is often named the gold-plated mode. It has a relatively
large branching fraction and readily accessible final states with small backgrounds
and is theoretically clean.

c
c
u,c,t
b
ﬁ S
d —— a

Figure 2.4: The dominant Penguin diagrams.

If we take the Penguin diagrams of figure 2.4 into consideration, the total am-
plitude is given by

A

B sporcs = Vo VT + VVisPs + VaViPe + ViV P,

where T" and P; stands for the three and Penguin amplitudes. Using the unitarity



24. BY = J/YKg 15

condition of the CKM matrix, this can be written as

Ao

O(\?) o)

So the Penguin diagrams with a different weak phase than the tree diagrams are sup-
pressed. This implies that there is no direct CP violation in decay, e.g. |Ago_,f| =
|A%5_, f" It simplifies the decay rate asymmetry even further by making [A\| = 1
and consequently C' = 0.

Acp(t) = Ssin (Amt).

So this leaves us with determining the characteristic parameter A. According to [7]
it is given:

5= gAﬁ—u/w(S _ <q> Ago, /4R (p)
P AR g/pK P/ go \ Ao jpro ) \q/ ko
The factor —1 accounts for the the final state J/1¢Kg being CP-odd and the addi-

tional (%) for the mixing of the kaons. From the box diagram of the B° mixing we
can see that mi2 o< V3 V;qV3Vig and thus

(9.5

P/ VeV
Doing the same thing for the K° mixing gives

<P> _ VesVey

q) Ko Vv;gvvcd

By inspecting the Feynman diagrams of figure 2.3, we see that the ratio of the decay

amplitudes is given by
(AB()HJ/z/JK()) VeV

Apogpro | ViVes
Multiplying everything gives

_ VaVidVaVe _ 2B
VitVidV ebVed

with 3 the angle defined in section 2.1. This gives
S =3(N\) = —{cos (26) — isin (26)} = sin (23).

The standard model value of S = O.830f8:8§§, according to a global analysis of
measurements [15] which excludes its direct measurement.
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In order to measure this asymmetry, two important ingredients are needed.
Namely the resolution of the decay-time and the original flavour of the B meson.
The uncertainties of these quantities will introduce a dilution on our signal, which
will be discussed in section 3.1 and 5.2. It is given by

Ac():ligerved (t) = Dfiavour * Dresolution * Sin (2,8) sin (Amt)

=(1-2w)- e~ 2Am?ol gin (28) sin (Amt),

with w the mistag prediction and o; the width of the time resolution.

So in order to measure sin (2() correctly, these two contributions need to be
taken into consideration. In this thesis special attention is given to the dilution
from the time resolution, although its effect is actually small in B® — J/¢Kg .
In the Bs-system, where the mixing frequency Am is much larger, it will play an
important role.

In figure 2.5 this asymmetry in a 2010 Monte Carlo data-sample is shown.

a 03
[&]
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o
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t(ps)
Figure 2.5: The time dependent CP asymmetry in B® — J/¢Kg from a MC10
sample with 72041 signal events. The dashed red curve is the p.d.f. overlaid to the
data points. The blue bland corresponds to the one standard deviation statistical
error. The observed amplitude is much smaller than S. This is caused by the
dilution from incorrect tagging and the finite time resolution.
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LHCDb detector and data set

The B%’s are produced at the interaction point of the proton collision, the primary
vertex. A small fraction of these B mesons decay to J/¢K®. These daughter
particles themselves also decay. The branching modes that are of interest are J/¢ —
pwrp~ and Ky — wtw~. It are the tracks of these pions and muons that are
actually measured in the LHCb detector and from them the B°, K, and J/1 are
reconstructed, see figure 3.3.

Figure 3.1: An artist impression of the topology of J/¢Kg. The typical decay

— P

lengths are given by | = vt = vy7 = 7.

The LHCb detector, which is shown in figure 3.2, is a forward spectrometer. It
has a polar angle coverage with respect to the beam line of approximately 15 to
300 mrad in the horizontal bending plane, and 15 to 250 mrad in the vertical non

17
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bending plane. It has the following features:

VELO

The vertex locator is built around the proton interaction region. It is used to mea-
sure the particle trajectories close to the interaction point in order to precisely
separate primary and secondary vertices.

RICH-1

The ring imaging Cherenkov detector is located directly after the vertex detector.
It is used for particle identification of low-momentum tracks by measuring their
velocity.

Main Tracker
The Main tracker consists of three parts.

e The Tracker Turicensis, a silicon strip detector located before the LHCb dipole
magnet.

e The Outer Tracker. A straw-tube based detector located after the dipole
magnet covering the outer part of the detector

e The Inner Tracker, silicon strip based detector located after the dipole magnet
covering the inner part of the detector acceptance

RICH-2
Following the tracking system is RICH-2. It allows the identification of the particle
type of high-momentum tracks.

ECAL

The electromagnetic and hadronic calorimeters provide measurement of the energy
of electrons, photons, and hadrons. These measurements are used at trigger level
to identify the particles with high transverse momentum.

Muon System
The muon system is used to identify and trigger on muons in the events.

Further details of the LHCb detector can be found in [2]. The used data sample
from 2010 has an integrated luminosity of £ = 37pb~!, an estimate of the yield N
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of B — J/i(utp~)Ks(ntn) is given by
NBO 1/t =) Ko () = £ X 2 X 05 X fi po
X BRBo_>J/¢Ko X xBRKoﬁKSBRJW_mW_ X BRg, sntr
=37 pb—1-2-280ub-0.4-9%00-%-6%-70%
=0.16 M.

The overall efficiency of detecting these particles is around 1 %, so we expect the
number of signal events to be of the order 1000.

AN
pcaL HOAL Ma MS
SPD/PS M3
RICH2 M M2

|

Figure 3.2: The LHCD detector and its components.

By cutting on measurement variables, the background is reduced to make the
size of the data-sample manageable. These cuts are listed in table 3.1 and 3.2.

3.1 Flavour tagging

Flavour tagging determines whether the selected neutral B meson was born with
a b or ab quark. It is an essential part of the analysis. Without it one could
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Figure 3.3: The invariant mass distribution of the reconstructed J/¢ and K, can-

didate.

variable

cut value

x? of both p tracks

X2 of the J/1 vertex
window around .J/1) mass
DLL of both

<5

<16

<80 MeV
>0

Table 3.1: Stripping cuts to select the J/¢. DLL is the difference in the log likeli-

hoods of the particle being muon or a pion.

variable cut value
pr of the K >1 GeV
Decay length significance of the K > 5

Momentum of both reconstructed 7’s >2 GeV

IP significance of the downstream 7 with respect to the PV >4

IP significance of the long 7 with respect to the PV >9

x? of the K, vertex <20
mass window around K formed with downstream = <64 MeV
mass window around K, formed with long m <35 MeV

Table 3.2: Stripping cuts to select the K. A long 7’s track starts at VELO. A

downstream 7’s track originates from the TT and

thus less accurate.
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not distinguish between their decay rates and thus not observe any CP asymmetry
altogether.

The observed CP asymmetry is diluted by the fraction of events that is wrongly
tagged w.

I I 0
BO ob B9 obs
AlcP,obs (t) e

I'5o,0s T 1'Boobs

(1= w)l'gr+wlpo —wl'gs — (1 —w)l'po
- (I —w)gs 4+ wlpo +wl'zs + (1 — w)lpo
= (1—2w)Acp

There are two strategies to determine the flavour of the B meson: opposite-side
and same-side tagging.

In same-side tagging the flavour of the signal B meson is measured directly.
When a B°(bd) is created in a pp collision an d becomes available in the fragmenta-
tion process. In case the d hadronises into a 7+ (du), the positive charge of the pion
reveals the flavour of the BY meson. This method suffer from the high abundance
of pions in the detector, and is not used for this analysis.

In opposite-tagging the flavour of the other B meson is measured to determine
the flavour of the signal B meson. This can be done by measuring the charge of the
lepton in semileptonic decays, the charge of the kaon in b — ¢ — s transitions or
the charge of the inclusive secondary vertex reconstructed from b decay products.
This method suffers from the problem that opposite meson also oscillates, and the
wrong initial flavour can be determined.

To calibrate the mistag probabilities the BT — J/¥ K™ control channel is used.
Because the charge of B meson reveals its flavour, the measured and calculated
mistag prediction can be compared to extract a correction function. More informa-
tion on the flavour tagging can be found in [3].

3.2 Reconstruction software.

The analysis in this thesis is done with two types of data, simulated data based
on Monte Carlo techniques and real data measured in the LHCb detector. Both
these samples are treated equivalently. The same reconstruction program used to
reconstruct particles in real data will be used for the MC data.

The LHCD software makes use of the C++ framework of Gaudi [9]. Within this
framework there are several applications that take care of the different tasks such
as event generation, detector simulation, and reconstruction.

Generation of particles.
The collision of the protons is simulated by the the external program Pythia [10].
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As output it gives the four-momentum of the created particles. For the handling of
the physics of B decays another external program called EvtGen [11] is used. Both
programs are steered by the Gaudi application known as Gauss.

Interaction with the detector.

The next part of the simulation deals with the generated particles passing through
the LHCD detector. This step is done by Geant4 toolkit [12], from which an event
display can be seen in figure 3.4. It takes care of the interaction with the matter of
the detector, the bending of charged particles in the magnetic field, and the decay
of the remaining particles.

Figure 3.4: Geant event display showing the trajectories of the charged particles in
the tracking system of LHCb.

Digitization of the data.

The next step is simulating the signal response of the sensors in the detector. This
part of the simulation is done by the program Boole [13]. This response depends
on physical processes like the production of electrons in a drift tube, or the specific
behavior of the electronics. After this step there isn’t a difference between the real
raw data and the Monte Carlo simulated one.
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Track reconstruction.

The last part is the track reconstruction. The hits from different sub-detectors are
combined to find the trajectories of charged (meta-) stable particles namely pions,
kaons, protons, muons, and electrons. Because there are a large amount of tracks
in a typical event, statistical methods are used to obtain the best estimates for the
track parameters. These are then used in the physics analysis to locate the primary
and secondary vertices, and to calculate the invariant mass of particle combinations.






CHAPTER

Description of the used model

Statistical methods are needed in order to extract meaningful information from
experimental data. A useful and often employed tool is a maximum likelihood
fit. In this case a probability density function (pdf) is fitted to a distribution of
observables which it is suppose to describe.

Given a sample space that holds the possible values that x can have, the prob-
ability to observe a value within the interval [a, b] is given by the pdf P is

b
Pr(a<z<b) = /P(z:)da:.

The objective is to model the distribution of a set of observables {Z;} in terms of a
number of parameters &. These parameters can originate from the standard model,
like sin(23), or they can describe detector effects like the mass resolution o,.

4.1 Extended likelihood fit

A pdf has a probability density for each data-point &; and parameter values &,
Pi(zi; d).

The likelihood function gives a measure of the likelihood of the data-points by taking
the product of these values,

N
L=[]Pi;a)

In a maximum likelihood fit, the values of the parameters @ are chosen to obtain
the highest value for £ and thus best describing the data-set given a certain P.
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Because it is generally easier in algorithms to add than to multiply, In £ is often
used.

N
InL=In) Pi(d;d)

Often in data analysis one wants to determine the amount of signal and background
in a data sample through a fit. The easiest approach is to define the composite pdf
P made from a signal component S and a background component B5:

P(x) = fS(x) + (1 = f)B(z)

Here f is the signal fraction, so P is automatically normalized to one.
Often one is interested in the number of signal and background events, not the
fraction. In that case it is easier to construct the pdf as

P(x) = psS(z) + upB(x).

Now we use ug and pp, the expected number of signal and background events. By
treating the number of observed events N as an observable, its error is automatically
propagated. This is done by adding a Poisson term.

*(#sﬂtB)( N N
e fts + pip) [ 13 1B
L= S(x;)) + ———B(x;
Nt 1:[ ps + pB (i) ps + pB (i)
ef(:U'S‘H‘«B) N

- N [T (sS(@i) + psBa:)]

(2
Giving rise to the log likelihood function

N
InL=—ps—pp—Im N+ [usS(w:) + ppBa:)]

7

The term In N! is irrelevant because it will not change by varying the values of the
parameters.

4.2 Parametrization
Our BY candidate is characterized by five observables,
Z={m,t, o, d,w},

namely a mass m, a lifetime ¢, a lifetime error oy, a discrete initial flavour d and a
mistag prediction w.
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The probability density function which has to predict the distribution of these
observables, consists of four parts. It has a part for tagged and untagged events,
which each a signal and background component.

Mass
The measured mass for signal events is modeled as a Gaussian with mean my, and
width oy,

—(m—mm)2

Mig(m; M, om) x e 29%

The mass distribution for the background events is modeled as an exponential func-
tion with slope oy,

amm

Mg (m; o) o< e

Lifetime
The lifetime of a BY is reconstructed as
ml
t=—
p
with m the mass of the meson, p its momentum and [/ the distance between the
primary and secondary vertex. The model that describes the distribution of these
measured lifetimes ¢ is made out of three components.
First the actual distribution of the lifetimes is needed. For this the decay rates

from section 1 are taken, with the lifetime 7 = % and initial flavour d = 1 for a

BY and d = —1 for a B". Furthermore the conditional observable w is introduced,
which is the per event mistag probability.

Tsig tagged (t, d; T, Am|w) o e V7 {1 — d[1 — 2w]S sin (Amt) 4 d[1 — 2w]C cos (Amt)} .

A large component of the data-set consist of untagged events that have no informa-
tion whether our meson is more likely to be born as a B° or as a B°. In this case
d=0and w= % and the signal component of the pdf reduces to

Eig,untagged (t; T) o8 eit/T-
Second there is a part that needs to account for the background in the measured
signal. Most of the background contribution is coming from prompt events. These
are random combinations of reconstructed particles originating from the primary

vertex. Often a B? candidate was actually a J/1 and a Kg that were created at the
proton interaction point who happen to have the invariant mass of a B°. Because
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there is no secondary vertex in this case ¢t = [ = 0. This contribution is modeled as
delta function 6(¢).

A substantial fraction of the background events come from long-lived decays.
Since the tracks from J/1 are recreated from muons, semi-leptonic B and D decays
contribute to the ’long-lived’ background, and so do incompletely reconstructed

BY — J /v decays.

Toke (t; Tty Ty fnts 1) 0 (1= foul — f)3(2) + frpe /™m0 4 fre=t/m

Third, a resolution model is needed. It accounts for the difference of the actual
lifetime (which can be signal or background) and the reconstructed value. It is
being modeled as a triple Gaussian, which uses a predicted error on the lifetime oy
as a conditional observable.

3

R(titm, 51,52, f1, falow) =D fiG(t tm, s - 00),
i=1
with the fractions adding up to 1,
3
> gt
i=1

The resolution model is convolved with the true proper time distribution to obtain
the observed proper time distribution, which will be discussed further next section.

Total pdf
Assuming that the mass and lifetime pdfs factorize, the two total pdfs that will be
simultaneously fitted can be written as

Ptagged(f; 0_2) = Nsig7tMsig7;ig,tagged QR+ kag,thkg’]T)kg ®R
Puntagged (f’ O_Z) = Nsig,uMsig/];ig,untagged ® R+ kag,uMbkg%kg ®R

with the the five observables
Z={m,t,d, o, w}
and the twenty one parameters
a= {mm7 Oms Qm, T, Am, w, S, C, Tty T, frls tm, 01, 02, 03, f1, fo, Nsig,ta kag,t> Nsig,ua kag,u}-

Of these parameters, the actual physics parameters are abstracted are m,,,, 7,5 and C.
The mixing frequency Am is put constant at 0.507ps™ 1 because it can be measured
better in other decays.



CHAPTER

Calibration of the resolution
model

The measured decay time ¢ differs from the true time ', due to the finite experi-
mental resolution of the detector. The distribution of these errors is described by
the so-called resolution model and denoted by

R(t—t).

It is assumed that ¢’ and ¢ — ¢’ are independent, e.g. knowing the lifetime does not
change the probability for a certain error and vice versa. Their corresponding pdf’s
then factorize,

PHt—t)=TF) Rt -1).

Because the experimenter has no direct access to t/, this variable has to be integrated
out. Leaving the pdf P that solely depends on the observed time t.

P(t) = /T(t’) “R(t—t")dt’

= (T @ R)(t).

So the lifetime pdf turns out to be a convolution of the true lifetime distribution
7T (t) and the resolution model R(t). The finite resolution leads to a dilution on the
measured asymmetry. So consequently, accurate knowledge of R(t) is required.
The effect of the resolution model on the signal part of the pdf can be seen in
figure 5.2. As can be seen, the region where the resolution model can be extracted
from data lies around zero lifetimes. This region however is totally dominated by

29




CHAPTER 5. CALIBRATION OF THE RESOLUTION MODEL

30
Fw -
S 0.03— / — Tsig
— / "'Tsig® R<t)
0.025— |!
0.02— |
0.015—
00— !
0.005— !
OT.,."...|...1...1...1...1...1...1...1.
0 0.2 0.4 0.6 08 1 1.2 1.4 1.6
t(ps)

Figure 5.1: The effect of the resolution model on Tgig (%)

prompt events. So the model is effectively being calibrated on these prompt events.
The shape of the prompt peak actually reveals the resolution function,

Te(t) @ R(t) = /(5(t’) CR(t—t)dt' = R(t).

A Monte Carlo study, reported in section 5.3, will shed light on the question if the
resolution model is indeed comparable for the prompt and signal component.

5.1 Parametrization
A Gaussian measurement uncertainty on each lifetime ¢ is modeled by
Pit)=T(t) @ G(t,pu, o).

The width o stands for the experimental resolution and the mean yu for the average

bias.
The uncertainties in the vertex reconstruction and the momentum measurement
give an error in the lifetime that differs from event to event. In first order it is given

oo (w5) () = () (3

by
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Through assigning an experimental error o; to every measured value ¢, the statistical
power of the model can be improved by

Pt)=T(t)@G(t, p,s - or).

Events with the same ¢ but a smaller o, will carry more information, because it will
contribute more the total likelihood value.

The parameter s serves as a scale factor. If the error estimate o is correct on
average, a fit on data will return s = 1.

1000

800

600

400

200

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
o, (ps)

Figure 5.2: The distribution of the per event error oy in the 2010 LHCb data.

oFT 11
—

)

It turns out that to correctly describe the resolution model for B® — J/vKg,
three Gaussians are needed

3
R(t) = Z fzg(t7 tm7 Siat)a
i=1

The parameters of the resolution model are strongly correlated, e.g. a wider Gaus-
sian can be accomplished a higher f, or s,. To compare the fitted values, the overall
scale factor of the two smallest Gaussians are taken,

2 2
Score(f1, f2,51,52) = W

Which can be written in easier notation as

1732 4 12142

Score(f) = 71 + 7o
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The standard deviation of S¢ore, which will denote the error, is given by

4
O5core OScore
Serr = Z |: 0z, al‘j :|‘/Zj

t,j=1

with V;; the covariance matrix of the parameters f1, f2, s1 and so.

5.2 Dilution

The convolution theorem states that Fourier Transform (FT) of the convolution of
two functions equals the products of the FT of these functions. So

FT{T ® R}(v) = V2r FT{T}(v) x FT{R}(v)

The Fourier transform of the resolution model is given by

3
1 —5(8:0 1%
FT{R}(v) = EE ' fie Lsior)2?
=1

So the dilution to the amplitude of oscillation of frequency Am, which is .S in our
analysis, is given by

5.3 Monte Carlo study.

To verify that the resolution function extracted from the prompt background is
applicable to signal events, we compare the resolution on simulated data. The MC
samples used is of type MC10.

For the signal component a B — J/¢Kg sample is taken that underwent the
same selection criteria as on the real data.

For the prompt component an inclusive J/¢ sample is used, with additional
requirements on the reconstructed J/1’s and Kg’s. We want them to be correctly
identified, they should not originate from a B° and their vertici originate from the
same point.

In figure 5.3 the samples are compared by their error ¢ — ¢’ and pull p =
As can be seen the resolution models are in good correspondence with each other.

In figure 5.4 the predicted lifetime error o; dependency on the width of the time
resolution is shown. The assumption of a linear relation is quite reasonable. The
points that seem to deviate a bit have very low statistics and have a high lifetime
error to begin with.

t—t
P
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Figure 5.3: Comparison of the resolution of prompt MC (6074 events) and signal
MC (79090 events). The distributions have been scaled by their integrals to compare
their shapes. The two plots on the right show the width of the resolution model
and the pull as a function of their true time ¢'.

Furthermore, other various variables have been investigated!, three of which are
seen in figure 5.5. Although the distribution of these variables differ for the prompt
and signal component, their dependence on the width of the resolution is the same.

1

see appendix B for more
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Figure 5.4: Resolution dependency of o, for prompt MC (6074 events) and signal
MC (79090 events).
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To get a qualitative comparison, the root mean squared is calculated for the pull
distribution of signal and prompt MC of figure 5.3 on the interval —4 < p < 4. This
corresponds with 98.8 % of the signal events and 99.0% of the background events.
The found values are

Score7sjg = 12575 :I: 00040
Score,bkg = 1.2178 £0.014

Using the width of the core, the dilution is roughly given by

i (Scorc'at,avg)QATn2

_ _1 . . 2
Dres,MC ~e 3 2(1.258 0.035-0.507) =1.00

=e
So the time resolution is good enough that it doesn’t play a role in determining the
CP violation parameters in B — J/¢Kg .

In other channels the resolution is of importance. In the analysis of By — J/9¢
which has a similar resolution model, the dilution is estimated to be 0.68. This is
caused by the higher mixing frequency 17.8 ps~! of the B, system. Here the time
resolution limits the accuracy at which the oscillation can be measured.
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Validation of the fit.

As a test of the consistency of the fit, studies of the pull and error distributions
have been done. To do this toy samples have been generated with the the central
values of the parameters extracted from the fit to the full data sample, which are
reported in chapter 7.

The pull of S and C are compatible with a standard normal distribution®, as
can be seen figure 6.1 and 6.3.

3
o

u= 0.044 + 0.044
o = 0.990+ 0.035

N
o

-—

sof W= 0.0250.047
r o= 1.037+0.037

Events/(0.2)
Events /(0.2)

30: 30

20F 20|

10f 10

=& 0'—é—. L L —e&

2 -2 0 2
Pull of S Pull of C
E R TININ T L : ) 3.4
é é & ) é
Figure 6.1: The pull distribution of S and C' are compatible with a standard normal
distribution.

-2 0

!The other parameters can be found in appendix B
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The distribution of the errors can be seen in figure 6.1 and 6.3. The found values
for the errors on S and C' in the data (reported in chapter 7) are a bit on the low
end of the spectrum. They are within one standard deviation, so it is reasonable to
regard this a lucky statistical fluctuation.
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Figure 6.2: The error distribution of S and C. The vertical line indicates value of
the fit to real data, reported in section 7.
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Figure 6.3: The pull and error distribution of .S, but this time with C' fixed.

Note that the spread in the error is large. This is due the small number of



tagged events which are consequently subjected to large fluctuations.
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CHAPTER

Fit to 2010 data

The complete fit, described in section 2, was run on the 2010 data. It was done
both done with and without C fixed to zero. The

The fit results for the physics parameters are summarized in table 7.1.

Figure 7.1, 7.2 and 7.3 show the data and pdf projections on the reconstructed
mass and proper time. By using a logarithmic scale, the distribution over the entire
lifetime range is revealed. The prompt component of the data is displayed by using
a linear scale over the range t € [—0.2;0.2].

As can be seen, the data seems to be well described by our model. In section 8,
we will quantify this observation with the use of Goodness-of-Fit tests.
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Parameter  Unit Floating C Fixed C
+0.340
G et s pr0
~12Y_0.368 064 _p.301
Mm MeV 5278.11 +0.34 5278.11 £0.34
Mg MeV 8.77+0.28 8.77+0.28
T ps 1.516 4 0.056 1.517 + 0.056
Mgl 1/MeV  —0.0006256 + 0.000089 —0.0006256 £ 0.000089
T ps 1.01 £0.20 1.01 £0.19
Tl ps 0.220 + 0.034 0.220 £ 0.032
fi 0.0071 + 0.0027 0.0071 4+ 0.0026
fml 0.0369 % 0.0031 0.0369 £+ 0.0031
tm ps —0.000981 + 0.00028 —0.000981 + 0.00028
s1 0.732 £ 0.030 0.732 £ 0.029
52 1.621 £ 0.046 1.621 £+ 0.045
83 6.38 £ 0.56 6.38 = 0.55
fa 0.532 £ 0.034 0.532 £ 0.032
f3 0.0162 £+ 0.0032 0.0162 £+ 0.0031
Nkt 2907 £ 54 2907 £ 54
Nokg,u 21610 £ 148 21611 4+ 148
Nsig t 198 £+ 16 198 £ 16
Nsigu 761 + 32 761 + 32

Table 7.1: Fit results
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Figure 7.3: The distribution of measured B masses.
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7.1 Systematic errors

In this section we investigate what qualitative effect the resolution model has on
the other fitted parameters. A second fit is done with the width of the resolution
model for the signal component scaled by the ratio found in the MC study o =
1.3512/1.275.

3
Reig(t) = Y [iG(t, tm, - 04dlt)
i=1
As can be seen in table 7.2 this has no measurable effect. So therefore we can safely
conclude that using the same resolution model for signal and background events is
justified.

Parameter  Unit Value

S —0.880 + 0.32
Mm MeV 5278.11 £ 0.34
Mg MeV 8.77+0.29

T ps 762 + 32

Mgl 1/MeV  —0.0006256 + 0.000089
Tl Ps 1.01 £0.20
Tml ps 0.220 £ 0.035
fu 0.0071 £ 0.0028
Sl 0.0368 + 0.0031
tm ps —0.000994 + 0.00029
s1 0.731 £0.026
89 1.619 + 0.037
53 6.36 4+ 0.52

fo 0.533 £ 0.028
f3 0.0163 £ 0.0029
Nykeg ¢ 2908 + 54
Nikg,u 21610 £ 148
Nsig ¢ 197+ 15
Nsig,u 762 + 32

Table 7.2: Fit result of using the scaled Ryg.

The third Gaussian of the resolution is there to justify the more unlikely events
in the data. As an alternative, a so-called ’garbage collector’ could be used. This
is a small constant component in the lifetime distribution, as can be seen in figure
7.4.
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Events / ( 0.366667 ps )

Figure 7.4: Using a garbage collector in the lifetime pdf

The fit results of table 7.3 shows that this renders the third Gaussian obsolete,
without changing the values of the other fitted parameters. The physical argument
for such a function can be debated however.

Parameter Unit Value

tm ps  —0.001122 £ 0.00037
s1 0.705 4+ 0.052
S92 1.55 +£0.12

S3 5410

fo 0.561 4+ 0.057
f3 0.024 +0.019

Table 7.3: Fit results using a a garbage collector. The other fitted parameters did
not change from table 7.1.

Other systematic uncertainties have studied in detail in [1]. The total systematic
uncertainty on S is calculated to be 0.054. The correct initial flavour identification
of the neutral B meson gives the highest systematic error. It leads to additional
uncertainty on S of about 10 %. This uncertainty is dominated by the statistics in
the flavour tagging calibration channel.



CHAPTER

Goodness-of-Fit

In this analysis we want to determine the level of agreement between the fitted pdf
P and the 2010 LHCb data it should describe.

The plots of the previous section gave us an visual indication. In this section
we investigate two quantitative Goodness-of-Fit methods.

In both cases a test statistic T" quantifies the agreement, where a larger value
means a bigger disagreement. By generating data-sets with P and running the
goodness-of-fit on them, the distribution of the test statistic g(7") is determined.

From this distribution we find the probability p of obtaining a test statistic at
least as extreme as the one that was actually observed,

o0

p—/g(T’)dTC

T

assuming that P describes the data. We reject P when p is less than a certain
significance level «, which in literature is often chosen to be 0.05 or 0.01.

In both methods we need to define distance in a multivariate space. The option
used is normalized Euclidean distance,

D
PR Y
i 7 Wy ’

v=1

with w, the appropriate normalization for the given dimension. The mass and time
are the only two continuous unconditional observables, so we are dealing with the
two dimensional case. The normalizations are chosen to be of the order of their
respective resolution widths, w,, = 10 MeV and w; = 0.05 ps.
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8.1 Distance to Nearest Neighbor

In a region where P is larger, the events will be closer together on average. This
can be used to test the goodness of our fit. The uniformity U; for the it! event in
the data consisting of n events is defined as

In Uz' = —n/P(f) dZ.
A;

The area of integration A; is the circle given by
Ai: |.’z"—.f;‘ < Ty,
with r; the distance from the i*" event to its nearest neighbor.
If we assume that the circle is sufficiently small so that P is approximately
constant in it, we can avoid having to do the integral. Then

InU; ~ —nmr? - P(z}),

In case P is the parent of the data, the distribution of U is approximately
uniform.! In figure 8.1 the uniformity distribution is shown.

400 400
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300 300
250 250
200 200
1505— 150
1005— 100
505— 50
N Ak N TR T e Y T A

U U

Figure 8.1: The uniformity distribution from the 2010 LHCb data is show in the
plot on the left. On the right the distribution from a generated toy.

1See Appendix A



8.1. DISTANCE TO NEAREST NEIGHBOR 49

The test statistic T is chosen to be
n

T=> (U] -i/n)?
i

where {U/} is the ordered set of uniformity.
The distance to nearest neighbor method applied to the data gave a p = 0.812,
which suggests that P is correctly parametrized.
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Figure 8.2: With the distance to nearest neighbor method the test statistic T =
0.325. The number of toys that had worse agreement with this test are 812 out of
a 1000, giving p = 0.812.
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8.2 Local-Density Method

The local density of data-points in the data can be compared to the number pre-
dicted by P as a goodness of fit test.

The expected number of data-points e; in a circle of radius R centered at a
data-point with coordinates (r;, ¢;) is given by

2 R

e =n f(r,¢)rdrde
/]
~TNR*f(r;, ¢:),

if we again assume that the region is small enough to consider P constant.

In the scatter plot of figure 8.3 we see that the discrepancy between the observed
and expected number of events becomes bigger for higher values of e. This is to
be expected because in regions where P is higher it also fluctuates more. The
assumption that P is constant is thus less accurate.

One way to damp this effect is to take e constant and vary the size of the circle
accordingly. Then in a region where the P changes more rapidly a smaller area is
taken. From the plot e = 40 seems to be reasonable, the smaller it is chosen the
bigger the bias on the observed events.

The test statistic is chosen to be the average normalized error,

1 < Jo; — e
T=— L

An unlikely event can blow up the area and make a very big contribution to the
test statistic. By taking an upper limit on R;, we choose to be more sensitive for
overall discrepancy than local ones, see figure 8.4.

The local density method applied to the data gave a p = 0.477, which again
suggests that P is correctly parametrized.
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Figure 8.3: A scatter plot of the observed versus the expected events. The radius
of the circle for the local density method was taken to be R = 0.003+v/tmaxmax
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Figure 8.4: Local density method with e = 40. In the left graph we see the observed
versus the data-points. The middle graph is the distribution of the observed events.
The graph on the right is the distribution of the radius of the circle, which had a
set upper limit of R = 5.
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Figure 8.5: With the local density method the test statistic 7' = 0.298. The number
of generated toys that had worse agreement with this test are 477 out of a 1000,
giving p = 0.477.



CHAPTER

Conclusion & Outlook

The fit on the 2010 LHCb data found an time dependent asymmetry amplitude of

0.334
S =0.8817 501

This is compatible with the current world average of S = 0.673 £ 0.023 [5], but not
yet competitive. Another fit has been performed with floating C. The fitted values
of the C'P parameters then turn out to be

0.394
S =0.72010 505

0.340
C =0.27977537.

The value of C' is compatible with the Standard Model prediction, which is zero.
Furthermore it agrees with the latest results of the BaBar and Belle experiments,
see [3] and [7]. It is pleasing to see, not to mention crucial for the collaboration,
that analysis is in a mature state at LHCb and that it is in agreement with other
experiments.

An important aim of the research presented in this thesis was to show that the
resolution function obtained from the background events is representative for signal
events. The Monte Carlo study did reveal this. What also was shown, is that
resolution function is not really of importance in this particular analysis. However
in similar decay modes of the By, a good time resolution is needed, because of the
higher mixing frequency. Here it needs to be justified that the resolution model is
calibrated on prompt events, which we now can.

Finally, the Goodness-of-Fits tested indicated that the used model indeed de-
scribes the data. It would be worthwhile to perform studies similar to this on other
analysis. The distance to nearest neighbor method requires very little processing
time and gives a quick visual diagnostic tool. The local density method is excellent
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in giving an quantifiable level of agreement between between the model and the
data.

It is expected that at the end of 2012 the integrated luminosity will be around
2 fbarn—!. This entails roughly 54 times more data in comparison to this analysis,
and it reduces the statistical error on S to about 0.04. Also the incorporaton of
biased lifetime events, will increase the data volume of about 20%. Furthermore
the uncertainty of the flavour tagging, which dominates the systematic uncertainty
on S, will then be greatly reduced.



APPENDIX

Uniformity of U

The probability that an event lies within distance R from event ¢ is given by

P(Z)dz.

|Z—Z;|<R
The probability that none of the other n — 1 events lie closer is
n—1
Pr[R™ > B = | 1— / P(7)di

|Z—&;|<R

The function
y(R) = / P(#)dz
|Z—Z;|<R

is monotonically non-decreasing with R. Thus we can write
Pr[R™ > R] = Prly(R™) = y(R)] = (1 —y)"
making the two substitutions In U; = —ny(R"™) and Inz = —ny(R) yields
1 n—1
PriU; < 2] = <1 + lnz> .
n

The pdf for U is thus given by

nz

d n—1 1 n=2
U(z) dZPr[U < 7] (1 + - lnz)
fore™ <z <1.
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Pull Distributions
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Figure B.1: The pull distributions of the fitted parameters.
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Figure B.2: The pull distributions of the fitted parameters.



60 APPENDIX B. PULL DISTRIBUTIONS

Figure B.3: The error distributions of the fitted parameters.
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Figure C.1: The resolution dependence of several parameters
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