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Abstract

This thesis describe the CMS potential to observe the gold plated, CP vio-
lating decay By — JWKs — ptp~ntn~ @ p'* and decay modes similar to
that, involving J#) and 3 muons in the final state. The results are obtained
with PYTHIA Monte-Carlo (release 5.7) with both gluon splitting and gluon
fusion bb production processes simulated explicitly. The thesis are organised
in chapters. At first the introduction to the CMS detector is given. Then,
experimental aspects of CP violation are highlighted. In the main Chapter 3,
expected number of events, signal to background ratio for CP violating chan-
nels as well as for some control channels are presented. The opportunity to
measure dilution factor is investigated. Finally, the errors on both time inte-
grated and time dependent asymmetries are presented for By — JiKg @ p'®9
and B; — Jip¢p®p!®9 channels. In the appendices, the CP violation phenomena
is presented in the framework of electroweak Standard Model and the compar-
ison of PYTHIA predictions with available data from CMS-like experiments is
given.
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Introduction

For the last few decades the human understanding of the world on sub-particle
level has grown up significantly. The electromagnetic and weak interactions
were unified, the weak and strong interaction mediators — the Intermediate
Vector Bosons (IVB) — Z° W+* and gluons were discovered, the number of
light neutrino types has been measured to be three. The recent discovery of
the top quark has closed the last but one! vacant on the quark-lepton list.
The observed phenomena are explained within a theory known as the Stan-
dard Model. The Standard Model consists of the electroweak theory (Glashow,
Salam and Weinberg [1]-[3]) and the Quantum Chromodynamics — QCD [4]-]6]
and has been developed by many physicists from all over the world. Although
the Standard Model describes precisely all known (perturbative) elementary
particle phenomena, our understanding of the world is still far from being
complete.

Presently, the most intriguing problem is the existence of predicted, so
called Higgs particle(s) [7]-[9] (one in the original version, or several of them
in extensions of the Standard Model), which has never been observed. The
Higgs sector is a remnant of the Spontaneous Symmetry Breaking — the same
mechanism which leads to the origin of masses. Recently the theoreticians
were intensively developing a family of extensions to the Standard Model; par-
ticularly promising due to their intrinsic consistency, compactness and natu-
ral accommodation of Higgses are two Higgs doublets models and within this
class, the supersymmetric (SUSY) extensions, in particular the Minimal Stan-
dard Supersymmetric Model (MSSM). The search for the Higgs particle(s) and
other postulated particles in theoretically allowed mass regions requires high
luminosity and high energy accelerator able to penetrate wide range of masses
at high energies. It is the main motivation to build the Large Hadron Collider
(LHC).

Beside the explanation of the electroweak symmetry breaking another excit-
ing phenomenon in the field of today’s elementary particle physics is the origin
of CP violation. The CP symmetry consist of two discrete symmetries com-
bined together: parity (spatial reflection) P, and charge conjugation (particle
— antiparticle exchange) C. Initially, it was believed that P and C symmetries
are conserved separately since people would like to have the microscopic world

1Up to now, the conviction of the existence of another elementary particle — lepton v, is
still based on the indirect evidence only.
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left-right and matter-antimatter symmetric. However, in 1956 Lee and Yang
analysing the ”© — 7 puzzle” suggested [10] that the parity conservation is bro-
ken in weak interactions. Later, the experiment of Wu and collaborators [11]
had shown that the weak interactions do not respect parity (nor charge con-
jugation) — only right-handed antineutrinos are emitted in nuclear (-decay.
After that, it was strongly believed that the combined product of C and P is a
good symmetry (reflection left and right and at the same time matter and anti-
matter; left-handed neutrinos in the matter world corresponds to right-handed
ones in the world made of antimatter).

In 1964 Christenson, Cronin, Fitch and Turlay [12] unexpectedly observed
the two pionic decay mode of long-lived neutral kaons among dominant three
pionic decays. If the CP is conserved, the long-lived kaon should coincide with
the CP odd eigenstate, that should never go to the two pion (CP even) state.
The first explanation was given by the Wolfenstein in 1964 [13] with a help of
introduced extra superweak interaction. After more than thirty years there is
no other unquestionable evidence for CP violation but the above mentioned
tiny one in the K°— K° system (in AS = 2 transitions, observed with a help of
nonleptonic pionic K7, — 2 [12],[14, 15] and semileptonic K; — 7£IFv [16, 17]
decays), and the origin of CP violation is still not completely clear. Several pro-
cesses that could induce or contribute to the phenomena was investigated [18],
but up to now even the original Wolfenstein explanation is not excluded by
the experiment. On the other hand it should be noticed that the consequences
of observed tiny CP violation may extend to cosmology (explanation of the
asymmetry between matter and antimatter [19]).

In the Standard Model the CP violation may be induced both by strong
and electroweak part of the theory. In the first case however, the theoretically
allowed terms that violate CP [20],[21] contribute to the electric dipole of the
neutron, for which a strong experimental upper bound exists. Since the reason
of the suppression is not known, this so called strong CP problem [22] may
lead to the new physics. The clear and convincing mechanism of generation of
CP violation in the electroweak sector of the Standard Model was proposed in
1973 by Kobayashi and Maskawa [23], who extended the phenomena of flavour
mixing (Cabibbo [24]) up to three generations of quarks. In the electroweak
Standard Model, the CP violation is governed by a single phase of the 3 x 3
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix. The dependence on only
one (although unknown) parameter makes the model predictable. Particularly
it, predicts the CP violation not only in K°— K° AS = 2 transitions (observed),
in AS =1 decays (including non-conclusive €’'/e measurements [25],[26]), but
also large effects in the decays of B mesons.

The B-physics is regarded as a possible way to clarify the mechanisms of
the CP violation in the nearest future. Unluckily, the clear signatures of CP
violation are expected in relatively rare decays, and a special experimental
effort is required to ensure the statistical significance. The first possibility
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In this thesis, the possibility to measure the CP violation in neutral B meson
system in the framework of the Compact Muon Solenoid (CMS) detector at
LHC is discussed. Particularly the ”gold plated” CP violating channel

Bd — J/wKS &P Mtag — 3,U, 7T+7T7

as well as the
By — JWo @ p'9 — 3u KTK~

channel (where a tiny CP violation is expected) are analysed. Moreover the
following control channels are investigated

By — JWK* @ p'9 — 3u K*r¥,

B* = JWK* @ p'* — 3u K*.

Expected number of events, signal to background ratio for CP violating chan-
nels as well as for control channels are presented. The opportunity to measure
dilution factor is investigated. Finally, the errors on both, time integrated
and time dependent asymmetries are given for By — JWKs and By — Jip¢
channels.

The PYTHIA Monte-Carlo generator [28] was intensively used to simulate
necessary events that were later processed using the CMS detector parametri-
sations. The branching fractions implemented in the simulation are based on
the Review of Particle Physics [29].
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Introduction

The thesis is organised in chapters. After this Introduction, in Chapter 1
the overview of the LHC, its physics potential followed with a short descrip-
tion of the CMS detector is given. The detector features of the primary
importance to the performed task are brought into prominence. Chapter 2
contains the short introduction to measurement of CP violation from the ex-
perimental point of view and the most important aspects of measurement.
Chapter 3 — the main one — contains description of the simulation and the
results. Apart of that, four Appendices are enclosed. In Appendix A the con-
struction of the electroweak Standard Model Lagrangian leading to the CP
violation phenomena is presented. In Appendix B some of the properties of
CKM matrix are shown. In Appendix C the phenomenological review of CP
violation in the sector of B-mesons is given. Finally, in Appendix D the com-
parison of PYTHIA predictions with the data from the UA1, DO and CDF
experiments is shown.

The author of this thesis is a member of the CMS collaboration involved
in the project of the RPC based muon trigger, responsible particularly for the
RPC simulation software, calculation and parametrisation of trigger efficien-
cies. Simultaneously, the author takes a part in the works of CMS B-physics
group, giving leading contribution to the PYTHIA based simulation package
developed for the purposes of the CMS B-physics group. The author own work
contributing to this thesis are the provided trigger parametrisation functions
as well as the simulation study described in Chapter 3.



Chapter 1

The CMS detector at LHC

1.1 The Large Hadron Collider

1.1.1 Motivations and Physics Goals

The Large Hadron Collider (LHC) is designed [30]-[34] and approved [35] ac-
celerator at European Laboratory for Particle Physics - CERN!. The main
motivation for building the LHC is to penetrate a totally unexplored energy
region up to TeV range (on the parton level). This is exactly the most at-
tractive regime for Higgs searchers. It is well known that even in the minimal
Standard Model the mass of Higgs particle is not calculable. However, since
the perturbative theory breaks down for my > 1 TeV/c? it cannot be too
heavy.

The LHC has been designed to be as much universal as possible. There
are three modes of operation foreseen. The main, and initial one is to collide
protons (p-p option). Also, the heavy ion (up to Pb-Pb) collisions are fore-
seen. Finally, possibility to collide proton beam with the electron one from the
LEP accelerator (so called LHC®LEP option) is kept open. The main physics
searches in p-p colliding mode might be summarised [36]-[38] as follows:

e Explanation of electroweak symmetry breaking.

— The minimal Standard Model Higgs scenario.
The search for the minimal Standard Model Higgs is one of the
primary motivations, goals and design constraints for LHC experi-
ments. Depending on the mass, there are several decay modes that
should be investigated:

xH—>WW —lvjj  (600GeV/c? < myg < 1000GeV/c?

)
xH— ZZ — 21721 (2mz < mpg < 800GeV/c?)
*H — Z7Z* — 20121~ (130GeV/c? < my < 2my)
* H — ~y (80GeV/c? < my < 150GeV/c?)

1The abbreviation CERN stands for Conseil Europeen pour la Recherche Nucleaire —
a French name of the initial establishment body
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— The supersymmetric scenario.

In all supersymmetric extensions to the Standard Model at least two
Higgs doublets are necessary to induce masses to upper and lower
fermions. In the case of the Minimal Supersymmetric Standard
Model (for reviews and references see, for example [39]-[42]), five
Higgs particles are present: light neutral scalar h°, heavy neutral
scalar H?, pseudoscalar A° and charged H*. Depending on the
masses of Higgs particles several decay modes might result in the
discovery. One can mention [43]:

* h, H — 7y

x*H — Z7Z% h — Z7Z*

*xh H A— 71

*xt— H*, H* — 10,

*xh,H A — pp

— Alternative Symmetry Breaking (without Higgses) scenarios.

The Spontaneous Symmetry Breaking may be effectively generated
by Strongly Interacting Symmetry Breaking Sector. This assumes
absence of any physical state belonging to Symmetry Breaking Sec-
tor other than the longitudinal Weak Bosons. Weak longitudinal
polarised Intermediate Vector Bosons (states with helicity zero) are
absent in the symmetric limit where their mass vanishes. Thus, they
are directly related to the Symmetry Breaking mechanism. Study
of their properties might be attractive way to attack the Symme-
try Breaking problem. Several approaches are made. The BESS
model [44] postulates a triplet of new vector resonances (V°, V)
having large couplings to longitudinal W’s and Z’s. In the DHT
model [45, 46] several scenarios are possible and the symmetry break-
ing dynamics may be studied through scattering of longitudinal com-
ponent of weak bosons.

It is quite possible that a Higgs particle(s) might be discovered at LEP200
before LHC will be turned on. However, the investigation of its properties
requires high statistics, available only at LHC. Thus, the LHC would
explore Higgs nature, ascribing it to SM, MSSM or others, and possibly
explaining the origins of the Spontaneous Symmetry Breaking.

Supersymmetry.

The search for Supersymmetry particles (other than Higgses) is an excit-
ing point of LHC physics. Besides of the extension to the Higgs sector
the Supersymmetry introduces a set of new particles (sparticles): gaug-
inos — spin 1/2 superpartner of SM bosons, squarks and sleptons — spin
0 superpartners of elementary fermions and higgsinos — spin 1/2 super-
partners of Higgses. One of the assumptions of MSSM of a great impor-
tance for the experimental physics [37, 47] is a conservation of R-parity
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(sparticles have R=—1 whereas particles R=1). Thus the sparticles can
only be produced in pairs, each sparticle may decay only to odd number
of lighter one(s), the lightest is absolutely stable. Gluinos and squarks
are the most promising candidates to be discovered at LHC. Depending
on the masses of sparticles and MSSM parameters several decay modes
might be studied [38, 43]. In all cases the final states are of the form:
Jets (+Leptons) + E™#. Due to conserved R-parity no sparticles mass
peaks can be observed in the searches. Instead, the evidence for SUSY
particles might be based on analysis of event topology and obtained
Jets/Leptons/E™* spectra. A good understanding of background in-
cluding shape and magnitude is crucial for these searches.

e The Heavy Quark Physics.

The LHC exploration of top quark physics will concentrate on its iden-
tification, precise mass measurement, and measurement of decay modes.
The relatively high cross section for bb pair production makes LHC a huge
b-factory. This offers an opportunity to study the CP violation in the
beauty quark sector, that had not been observed up to now. Earlier ob-
servation of CP violation by experiments under preparation? is foreseen.
LHC would have possibility to study CP violation with better accuracy.
Besides of CP violation phenomena, a measurement of quark-antiquark
mixing in B, and B, systems is possible.

e Neutrino Physics.

The v, is the only particle in the list of elementary fermions that has been
never observed directly’. The LHC gives potential opportunity [49] to
observe the v, — 7 transition in v, N — 7.X reaction both in beam-dump
and beam-beam mode.

e Precise measurements and tests of known processes.

There are several important quantities, of great interest which are fore-
seen to be measured. One could mention total and elastic cross sections.
The high accuracy measurement of strong coupling constant is foreseen.
LHC gives a possibility to test QCD over 10 orders of magnitude with
jets, and 8 to 9 orders with direct photons. Furthermore, high p, W, Z
production, a background to other interesting processes, would be an in-
teresting test of QCD. It is foreseen to test triple-gauge couplings WW
and WW Z, since they have not been tested with satisfactory precision.
Possible deviations from the Standard Model will be investigated.

HERA-B at HERA in DESY, Belle at KEKB in KEK, BaBar at PEP-II in SLAC, CDF
and DO at Tevatron in FNAL

3The evidence for existence of v, comes from several sources [48]. It is convincing but
indirect.
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e New Heavy Vector Bosons.

Various extensions of the Standard Model predict the existence of new
Gauge Bosons. Their discovery at high energy and high luminosity col-
lider seems to be possible for masses up to about 5 TeV/c? [50]. One
should mention the most attractive channels: W' — v, Z' — [*]~, and
for relatively light W': W' — ZW.

e Exotica.

Several exotic solutions of symmetry breaking puzzle are already men-
tioned. One should add a study of Baryon and Lepton number violation,
instantons, compositness effects, quark and lepton excited states and
more [51]. Hopefully, the reality will be more exotic and unexpected
than predictions.

The mentioned goals requires universal, high precision detectors, able to
operate at maximal achievable energies and luminosities. It has been decided
to build two general purpose experiments: ATLAS [52] with toroidal magnet
and CMS [53] with the solenoidal one. Additionally, heavy ion experiment —
ALICE [54] and LHCB [55]- dedicated for B-physics are foreseen.

1.1.2 The machine

The Large Hadron collider is designed to collide protons with the energy up
to /s = 14 TeV with the desired luminosity of 103 cm2?s! (see Table 1.1
[34] for parameter specification). The p-p collisions is an initial option for
accelerator operation. After that the accelerator would be operated in heavy
ion mode colliding ions as heavy as lead with an energy /s = 1148 TeV
(2.76 TeV /nucleon) and luminosity of 10?7 cm™2s7.

The LHC accelerator will be build and operated on basis of existing CERN
infrastructure. The LHC will be located in the LEP tunnel of 27 km circum-
ference. Thus, before LHC will be installed, the LEP ring should be removed.
The space for eventual LEP reinstallation will be left above the LHC ring.
Such an option would provide e-p collisions if the physics case justify it. The
desired high energy for a given circumference (limited by the size of LEP tun-
nel) requires high magnetic field. The designed dipole magnet will be cooled
down to 1.9 K by the superfluid helium, to achieve magnetic field of 8.4 Tesla.
Furthermore, cost considerations and space limitation dictate two-in-one de-
sign, where two beam channels are incorporated into a single iron yoke and
cryostat.

The LHC will be injected by the existing CERN accelerator chain
(Figure 1.1), namely 50 MeV linac, 1 GeV Booster, the 26 GeV Proton Syn-
chrotron and finally the 450 GeV Super Proton Synchrotron.

In the Figure 1.2 a schematic view of the LHC ring is shown, with marked
places foreseen for the experimental areas and for machine operation. Four
beam-beam crossing points are designed: Point 1 (the Point number reflects
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feature value
Energy 7.0 TeV
Luminosity 103 cm 2571
Bunch spacing 25 ns
R.m.s bunch length 7.5 cm
Beam radius 16 pm
Particles per bunch 1-10
Beam lifetime 22 h
Luminosity lifetime 10 h

Full crossing angle 200 prad
Injection Energy 450 GeV
Circumference 26.659 km
Beta function at interaction points | 0.5 m
Dipole Field 84T
Circulating current/beam 0.54 A
Energy loss per turn 6.7 keV

Table 1.1: The main parameters for LHC operation in p-p mode

the Octant number in Figure 1.2 in which the Point is located) — reserved for
ATLAS, Point 5 where CMS will be placed, Point 2 (ALICE) and Point 8
(B-physics). Other possible interaction points do not have bunch crossings.
The beams are injected in Points 2 and 8, beam cleaning is performed in
Points 3 and 7. In Point 6 the beam abort system will be located, while
Point 4 remains vacant.

It is clear that the full desired luminosity cannot be obtained at once.
It is expected that LHC will start the operation with initial luminosity of
a few x 10*? cm~2s~! that will be soon increased to ~ 103 cm™2s7!, while
the full luminosity of 10** cm=2s~! will be achieved within a a couple of years.
The low luminosity mode of LHC operation (103 cm~2s7!) is optimal for the
B-physics study, because the production of bb pairs is large enough while the
combinatorial background is low (small pile-up of events).
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1.2 The Compact Muon Solenoid - a detector
overview

The* CMS (Compact Muon Solenoid) detector is a proposed [56, 57, 53, 43]
and approved [58] general purpose detector at LHC. It is designed to make dis-
coveries at highest luminosities of LHC. As the name suggests, design concepts
were optimised for good muon identification and measurement, since muons
are one of the most important signatures of hard processes at hadron colliders.
To enlarge a discovery potential, a special emphasis have been put on a pre-
cise measurement of electrons and photons. A strong solenoidal field has been
chosen, giving the compactness to the overall design. The CMS general design
principles may be summarised as follows [43]:

1. a very good and redundant muon system,

2. the best possible electromagnetic calorimeter consistent with 1),
3. a high quality central tracking to achieve 1) and 2),

4. a financially affordable detector.

In the Figure 1.3 a perspective view of the CMS detector is presented. One
can see the Inner Tracker covering the beam pipe at the interaction region.
The Inner Tracker is surrounded with an electromagnetic calorimeter (ECAL)
marked in green and a hadronic calorimeter (HCAL) in blue. These mentioned
subdetectors are positioned in a 4 Tesla magnetic field generated by a CMS
superconducting solenoidal coil. The magnetic field is closed with an iron
Return Yoke (yellow) splitted into a few layers by the four Muon Stations
(in red). The pseudorapidity coverage of the detector is about |n| < 2.4 for
Muon Stations, |n| < 2.6 for Tracker and |n| < 3.0 for ECAL and HCAL. The
energy hermeticity of the detector is completed with Very Forward Hadronic
Calorimeters (VCAL, in violet) supplementing pseudorapidity coverage up to
In| < 5.0. Generally, parts of the detector situated parallel to proton beams are
called barrel (or the central) part of the detector, whereas endcaps (or forward
part of the detector) have subdetectors positioned perpendicularly to the beam
pipe.

An overall CMS weight is 12500 ton, whereas a length 21.6 meters (exclud-
ing VCALs) and a diameter 15 meters. The transverse and longitudinal cuts
of the CMS detector are shown in the Figures 1.4 and 1.5 respectively.

4The CMS detector is still in planing phase. Thus its geometry details and performance
parameters are still changing. This section describes the detector at the stage of detector
Technical Proposal [43] submitted to LHCC committee in the end of 1994, supplemented with
the available documentation from the CMS Resources Review Boards, CMS collaboration
meetings and various CMS notes. One should note that some of the alternative solutions
kept open at the moment are to be fixed in the series of incoming Technical Design Reports
expected in 1997-1998.



FORWARD MUON CHAMBERS TRACKER [ crRYsTAL ECAL [ HeAL |
CALORIMETER e

]
o 1§ T —
e —————

) ! =
"l-.!:l!-- .E S . *I‘-I_ :
/ | f=mm

1

LL

I
Il

|

minmr——

—

Total Weight . 12,500t.

Overall Diameter: 15.00m
Overall Length : 21.60m
Magnetic Field : 4Tesla

Figure 1.3: The perspective view of the CMS detector. Its main constituents are marked.

8T

OH'T 7& 1039939p SIND 9Y L



1.2 The Compact Muon Solenoid - a detector overview

19

MB/Z/4/7

YB/Zial?

2z |
YB/Zi3/a

MB/Z/3/4

YB/Zi2/a

MB/Z/2/4

<=

| 3!
S| & [
EE HE
S| =

o \\ /
T

oV LZ/iaA
0 g

OL/ZiZ/iah

OLE/Z/dN

OL/E’ZiaA

: [ |

0 ul 1

744
LEZidA
LibiZran

Towards
+ Center of LHC

Z=-2,-1,0,1,2 according to the Barrel wheel concerned

nN=1131 n=1044 n=.957  n=4870

n=1218 | N

Figure 1.4: The transverse view of the CMS detector.

3
g

N=1305 . RN

MB /

N YB/1/2 \

n=1479 .

MB/ 1/2
nN=1566 .
=168 - y MB / 2/1 MB / 1/1 MB / 0/1
n=1740 - | NS < AR =———
n=1g27 N
nN=1914 _
n=2001 -
n=2.088 _

n=2262 _

10880 m
9.770m
8515m
8.260m
6.700m —r
6.500m
5.700m

Figure 1.5: The longitudinal view of the CMS detector.




20

The CMS detector at LHC

1.2.1 The magnet

The magnet system is the major
part of the detector. The CMS collab-
oration has chosen solenoidal type of
magnetic field (Figure 1.6) with strong,
4 Tesla, field inside a long supercon-
ducting coil. The uniform, cylindrical
magnetic field facilitate track recon-
struction, while the coil length - 13 m
ensures efficient bending of charged
particles tracks up to pseudorapidity
of 2.4 making any additional forward Figure 1.6: Lines of a magnetic field in the
toroids unnecessary. Simultaneously CMS detector. The magnetic field has a

. g ? strength of 4 Tesla inside a coil and 1.8 Tesla
the large inner radius (2.95 m) of the |, Return Yoke.
superconducting coil is sufficient to
lodge the Inner Tracker and the calorimeters. The magnetic field is closed
with iron Return Yoke where the field has a strength of 1.8 T (saturated iron).
The Return Yoke is designed as 12-sided structure equipped with muon sta-
tions (see Figure 1.4). Its shape is a compromise between flat planes of muon
station, technical requirements and intended cylindrical symmetry of magnetic
field. The bending power of the CMS magnet varies from 17 Tm in the barrel
to 6 Tm at |n|=2.5.

1.2.2 The Central Tracking System

A precise momentum measuring system, gaining in good invariant mass res-
olution is very important feature of hadron collider detectors, due to large
combinatorial background. The measurement of isolated particles and parti-
cles in jets is necessary for many physics task. Additionally, a secondary vertex
identification capability (microvertex device) is recommended for the b-physics.
All these features should be provided by a good tracking system.

The design goal of the CMS collaboration is to reconstruct high p; tracks
with an efficiency better than 90% for particles in jets, and better than 95% for
isolated tracks, providing both excellent momentum resolution (Ap;/p; ~ 0.1py,
pt in TeV /¢ for high p; charged leptons) and the impact parameter resolution
(20 pm in the transverse plane and 100 pm in the z coordinate for high p; par-
ticles). The desired performance requires excellent precision for track measure-
ment. Since small cell size is favourite, the large number of read-out channels
is implied.

The track measurement in CMS is based on the Central (Inner) Tracker,
although the muon detectors located outside a coil provide a few additional
measurement points for muon tracks. The schematic layout of the Central
Tracker (version 3) is shown in Figure 1.7.

The high magnetic field makes possible usage of only a few high accuracy
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Figure 1.7: A schematic view of CMS Tracker (version 3 of the geometry). The
beam pipe is surrounded with silicon pixel detector having role of microvertex
detector, followed by silicon microstrips and finally with MSGC. The desired
coverage of the overall Tracker is up to pseudorapidity 2.6

measured points per track for momentum assignment. On the other hand a
large number of hit planes enables unique track definition. The dedicated sim-
ulation defines the optimal number of measurement points to be 10-12 in each
direction. It is preferred to situate the high precision detector near the inter-
action region because multiple scattering does not influence the measurement.
Moreover, the high resolution near the interaction point provides a precise in-
formation for reconstruction of decay points of charm and beauty particles. At
higher radii, the multiple scattering justify the usage of less accurate detectors.
Following this consideration, optimising the cost and performance, the Central
Tracker is composed of three types of subdetectors.

The Silicon Pixel detector is the <— 1Pixel
part of the Tracker closest to the {26 ¢ 125pm *)
beam pipe. It consist of square ® '4— Electron cloud
shfaped silicon p.1xels arranged.m cyhn— - Particle impact
drical surfaces in barrel and in disks
in endcaps. The size of the pixel is r
about 125pum x 125um but its space 5 5

resolution is enhanced by analogue
signal interpolation to approximately
15 pm both in r- ¢ and z coordinates.
The method is based on weighting of signal measured in more than one cell due
to substantial charge spreading (Figure 1.8). The initial number of surfaces is

Figure 1.8: A schematic picture illustrating
the charge sharing in the barrel pixel units.
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two for the ”low luminosity mode” (located at radii 4.25 cm and 7.2 ¢cm) but
the mechanical structure allows the installation of the outer ”high luminosity
mode” layer [59] (at 11 cm) possibly replacing the inner one. This allow us
to obtain high precision measurement points in barrel close to the vertex. In
the endcaps, there are two layers optimised for the geometrical acceptance and
space resolution, supplementing the rapidity coverage of Pixel subdetector up
to |n| < 2.45. The total number of channels is huge (~ 5 - 107) forcing the
sparsified readout (with zero suppression).

The main profit from the Silicon Pixel subdetector is a good primary and
secondary vertex resolution. Furthermore, the pixels provide substantial im-
provement in z coordinate resolution. The main difficulty is that the Silicon
Pixel detector situated very close to the interaction vertex will be exposed to
the serious radiation dose. Their radiation hardness is still under study but it
is expected that the radiation damage may force us to remove (or replace) this
subdetector after several years of LHC operation.

The Silicon Pixels are followed TEST
with the Silicon Microstrip subdetec- SNalESpE e
tor formed of long and narrow strips
of silicon. It is intended to operate
at highest LHC luminosities resolv-
ing different interaction vertices. It is
by itself a powerful device for finding
vertices in the plane transverse to the

beam pipe. Two detector types are /
foreseen: single sided strips and dou-

. . Wafer DOUBLE
ble sided (stereo) strips (small cross- SIDED T
. DOUBLE METAL STEREQ
ing angle ~ 100 mrad). The mo- READOUT ot

tivation to use stereo strips is their
improved z-coordinate resolution in
comparison to the single sided ones.
The strips are arranged in the four
cylinders (version 3) in the barrel (r~20-50 cm) and in eleven disks in endcaps.
Barrel and endcap parts meets at |n| ~1.8. The narrow rectangular shaped
strips in the barrel are 12.5 ¢cm long, whereas in the forward part strips have
wedge (projective) shape of varying length. The readout pitch is 100 pum for
single sided strips while the double sided units have an axial pitch of 66 ym
and the stereo pitch of 200 um. The achievable resolution of the Microstrip
subdetector is comparable with that of pixels in the r - ¢ coordinate and better
than 1 mm in z coordinate (stereo detectors). The total number of channels
in silicon microstrip detectors is about 3.6 - 108.

Figure 1.9: A schematic view of Silicon Mi-
crostrip testing unit. Several readout tech-
niques were investigated.

The outermost part of the Tracker is instrumented with the Microstrip Gas
Chambers (MSGC). They form a set of seven cylindrical layers in the barrel
part, and ten disks in the forward part. The MSGC subdetector extends the



1.2 The Compact Muon Solenoid - a detector overview

inner tracker radius to approximately Drift plane
120 ¢cm and |z| to about 290 cm. The T

MSGC chamber consist of the glass Cathode (70 um)
substrate and the drift plane cover- 15-3mm

ing 1.5-3 mm gas gap (Figure 1.10). Anode (9 pm)
The glass substrate supports rectan- 200 um
gular anode (9 pm width) and cath- «———>» r{

ode (70 pm width) strips. The strips
length depends on the location with a | :
typical value of 12.5 cm. The readout /’

pitch is 200 pum for single sided layers 300 um glass substrate

(an_d it is doubled fo.r stereo reado.ut) * Figure 1.10: The schematic layout of MSGCs
This allows to obtain the resolutions (1995 version)

40 pym in 7 - ¢ and about 2 mm in 2
coordinate. The total number of channels in gas microstrip detectors is about
7.7 106,

It should be stressed that overall resolution depend on intrinsic resolutions
described above and the alignment precision. The final alignment will be per-
formed using real tracks, and the alignment error is expect to be smaller than
15 pm. Combining with the intrinsic resolution, the effective resolution is ex-
pected to be 20 pym in the transverse plane for silicon detectors, and about
60 pm for MSGCs. The z-coordinate alignment precision should be of order of
30 pm for barrel pixels.

The described layout of Microstrip detector and MSGC corresponds to the
version 3 [60] of its geometry. Since the prize of the silicon is still decreasing
the most modern (still under discussion) version extends the silicon part up to
six layers in the barrel (leading to the total area of 150 m? of the silicon).

The next three subsections describes tracker performance parameters that
are essential for b-physics.

1.2.2.a Track reconstruction

The track reconstruction at LHC, where the number of produced particles in
single pp collision exceeds a hundred, and the average number of hits in a
tracker from one bunch crossing exceeds 10°, is an enormously difficult task.
Several algorithms have been developed and applied [61, 62] to reduce com-
binatorial patterns. The algorithms were tested in the realistic GEANT de-
scription of the CMS detector using the QCD events generated with PYTHIA
Monte-Carlo. In order to reproduce initial LHC conditions, both noise and
event pile-up was taken into account making simulation reliable. The results
shown in [43] prove that design goals are well satisfied since the track finding
efficiency extends 94-98% for isolated tracks, and 93-98% for tracks in high
p: jets, keeping the number of produced ghosts at the percent level.
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The momentum resolution was estimated with the GEANE package taking
into account realistic detector accuracy (statistical and systematical effects).
The results are shown in Figure 1.11. The momentum resolution is shown
for selected values of pseudorapidity as a function of transverse momentum
of incoming particle. The primary vertex constraint is excluded from the fit.
The obtained resolution degrades with increasing n due to decreasing bend-
ing power. The parametrised results are intensively used in the simulation
described in next chapters.

NO VERTEX POINT

IN TRANSVERSE PLANE
103}

B =225
e n=1.3

Momentum Resclution Ap/p
E;I

Impact Parameter Resolution [um]

Figure 1.11: Momentum resolution Figure 1.12: Impact parameter reso-
obtained with a detailed detector sim- lution in transverse plane. The resolu-
ulation. Three curves corresponds to  tion dependence on p; is strong while
different pseudorapidity regions. No onn weaker. The typical value related
vertex constraint is used. to B-physics is 100 pym.

1.2.2.b Vertex reconstruction

The physics performance of the impact parameter resolution as well as primary
and secondary vertex resolution is limited by the pixel microvertex detector
and is dominated by the size of pixels and their distance from the beam. The
vertex measurements are of primary importance to B-physics, tagging of b-jets,
modes involving 7’s but also may resolve individual pp interactions in a single
bunch crossing reducing the combinatorial background. The b-tagging played
an essential role in the recent discovery of top. The impact parameter resolution
was intensively studied with reliable GEANT description of the detector. Some
of the obtained results are presented in Figure 1.12, where the dependence of
impact parameter resolution in transverse plane is plotted as a function of
transverse momentum of incoming particle.
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1.2.2.c Efficiency of Kg reconstruction

A Kg is a very special particle because its decay time (7x, ~ 0.89 - 107 1%)
convoluted with a typical LHC kinematics may lead to decay path varying
from millimetres up to meters. Since a K is produced in CP violating decay
(Bé — JW Kg, efforts were made [63] to develop the reconstruction techniques.
The task is addressed to the whole tracker and requires the proper identification
of pions from Kg — wt7~ decay. The decay length allow us to eliminate a
bulk of combinatorial background by setting the lower bound. On the other
hand, some of Kg’s cannot be identified and measured since their decay point
is too far from the vertex causing the number of hits along the pionic tracks to
be too small to reconstruct them.

In the analysis presented be-
low it was assumed that the
K decay vertex should be sep-
arated by more than 2 cm in
the transverse plane from the in-
teraction point. The minimal
number of hit planes necessary
for efficient track reconstruction
was estimated to be six per pion
track. The spiralling pions were
rejected by setting the p; cut
to 700 MeV/c. Nevertheless, in
many cases pion track measure-
ment is based only on MSGC’s
response, and the momentum
resolution is much worse than
in the case of high p; parti-
cles produced at the interaction 0 T ——

0.40 0.45 0.50 0.55 0.60
vertex. This effect is ampli-
fied when the relatively soft pion Figure 1.13: Kg invariant mass spectrum on the
tracks cross MSGOCs in direc- {op of the combinatorial background
tion non-perpendicular to cham-
ber surfaces, which causes the serious degradation of momentum resolution [64].
Taking into account the above limitations, inclusive decays of b-hadrons were
generated, and the Tracker response was simulated. The distributions of
77~ invariant mass is shown in Figure 1.13. The resolution of Kg mass
is 0 ~ 8.6 MeV/c? with signal to background ratio of 2:1. The background
shown comes from combination of charged tracks belonging to the same event
assuming they are pions. The design K reconstruction efficiency was 35%,
and, as was shown recently, it is achievable [65] in CMS.

Arbitrary units

Invariant mass in GeV/c?
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1.2.3 Calorimetry

The calorimetry system of CMS consist of three types of calorimeters: electro-
magnetic (ECAL), hadronic (HCAL) and very forward calorimeter (VCAL).
The benchmark for the electromagnetic calorimeter performance is the dipho-
ton mass resolution to optimise the search of Higgs particle in the possible
H — vv channel. Since the low mass Higgs is narrow the observed signal
depends on the experimental mass resolution. Both excellent energy and an-
gular resolution may play a key role in the discovery. The CMS collaboration
has chosen the homogeneous type of ECAL made of lead tungstate crystals
(PbWO0,). The lead tungstate is very high density material, leading to a short
radiation length (X;=9 mm) and a small Moliere radius (2 cm). Thus, the
compact size of ECAL may be kept. Also, the short scintillation decay time
(10 ns) matched well to the LHC bunch crossing interval. One of disadvantages
of PbW0y is the low (but still useful) light-yield that should be overcome using
Si avalanche photodiodes. The length of the crystals is 25.8 X (and 1.1 nuclear
interaction length \) and the lateral granularity An x A¢ ~ 0.014 x 0.014 (at
n=0) i.e. & 2 cm x 2 cm giving about 11 m? of total volume (~ 10° rectangular
crystals). The achievable energy resolution of CMS ECAL in the central part
of the detector may be parametrised as follows:

where energy E is in GeV and the sums are quadratic. With increasing pseudo-
rapidity the stochastic term degenerates to approximately 5% while the noise
term up to 250 MeV. To improve the vy mass resolution the preshower detec-
tor is added in the front of ECAL. It consist of the thin (= 3.X,) plane of lead
followed with a layer of silicon strips. Another layer of silicon is positioned in
the crystal matrix. The aim of the silicon is to measure photon shower po-
sition at two depth. The predicted angular resolution o4/F = 50 mrad/ VE
(energy in GeV) enables keeping the overall mass resolution of low mass Higgs
below 1 GeV.

The electromagnetic calorimeter is surrounded by a hadronic one, sampling
calorimeter made out of copper absorber interlaced with plastic scintillators.
The lateral granularity is An x A¢ = 0.087 x 0.087 (multiple of ECAL) cov-
ering the pseudorapidity interval |n| < 3.0 with the absorption length of 5\ at
n = 0 to 10.5 X in endcaps (ECAL not included). Since, especially in barrel
the hadronic calorimeter is too thin for efficient measurement of large showers,
a kind of ”tail catcher”is added to ensure adequate absorption depth (1-3 ad-
ditional layers of scintillators with an iron of return yoke having a role of an
absorber).

The extension of HCAL is the very forward calorimeter positioned at
|z| ~11 m with a depth of 3 m, in a very high radiation and a very high
rate environment. Its main aim is to extend the hermecity of CMS detector up
to |n| < 5.0. The VCAL is a sampling calorimeter (10)) based on the copper
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absorber matrix interlaced with quartz fibres (sensitive to Cerenkov light) as
the active medium (a high purity quartz is one of the most radiation hard
substances known).

The expected resolution of hadronic calorimeter is o /E = 65%/vVE @ 5%
in barrel, and degenerates with pseudorapidity to op/E = 100%/vVE & 5% in
VCAL, allowing efficient study of QCD jets, t-quark physics and also processes
leading to missing transverse energy.

1.2.4 Muon system

There are several top priority physics processes leading to one or more muons
in the final state. Due to the muon long penetration length, its identification
is relatively easy, providing a way to observe very rare phenomena, even in
the heavy bulk of background at highest luminosities. The muon system takes
care of muon measurements. It should provide a robust muon trigger, muon
identification, momentum measurement, and finally, a possibility of matching
of the reconstructed muon track with hits in the Inner Tracker.

The CMS muon system consist of four muon stations located inside the
Return Yoke (Figures 1.3-1.5). The yoke serves not only as an mechanical
support but also as an efficient absorbent improving muon identification. The
returned magnetic flux is a source of additional bending power, improving the
momentum resolution.

Muon stations are instrumented with muon detectors. Several different
techniques were considered to obtain desired precision and optimise cost—
performance ratio. In the barrel, where the magnetic field in muon station
is tiny, rates and occupancies are relatively low, the Drift Tubes (DT) are
chosen. In the forward, the choice was Cathode Strip Chambers (CSC), be-
cause of non negligible magnetic field in muon stations combined with expected
significant occupancies and rates. Both types of the detectors are expected to
provide good position measurement, trigger capability and unambiguous bunch
crossing identification. Nevertheless, a dedicated trigger detector, based on Re-
sistive Plate Chambers (RPC) is foreseen to make a muon trigger system more
flexible and robust.

Drift Tube is a wire chamber. A
single drift cell (Figure 1.14) of a
transverse size 4 cm X 1.1 cm has
varying length, typically 2-4 m. The
readout is taken from 50 pm diam-
eter anode wires stretched out along Figure 1.14: The lines of electric field inside
the tube. The chamber is operated j single cell of Drift Tube.
with the Ar-COy mixture giving the
maximal drift time a few hundred nanoseconds, and the position accuracy of
~ 150 pm from one tube.
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The drift tubes in a 1 f
single muon stations are
organised into layers and
superlayers. Each muon
station (marked MB in
Figure 1.5) contains 12
layers of D'T's grouped into !
3 superlayers (4 layers of [\ -7 . .
DTs each) The inner and -
the outer superlayer con- N oA

sist of DTs with wires Figure 1.15: Cross section of the muon station in the bar-
parallel to the beam mea- rel. The beam direction is perpendicular to the picture. DT
Suring bending in based chamber is mounted on iron Return Yoke support and
r — ¢ coordinate, whereas consist of (from bottom to top of the picture): a superlayer
the middle has wires per- of DTs with wires parallel to the beam, a superlayer with
pendicular to the beam wires perpgndlcular to the beam, a honeycomb plate giving
. .~ required stiffness and the outer, again parallel superlayer. At
measuring the z coordi- iy, top and bottom space is foreseen for the RPCs
nate.

s i

On top of the precise muon track measurement, the DTs provide infor-
mation required by the first level trigger. A dedicated meantimer technique
has been developed for bunch crossing identification and fast track parameters
measurement. The meantimer circuit is suitable to measure the bending an-
gle with accuracy better than 60 mrad (per superlayer) and a position with
1.25 mm resolution. The position - bending angle track parameters provided
by the meantimer in the inner superlayer is combined with information from
the outer one (the combined angular resolution increase up to about 10 mrad).
The track candidates from the whole chamber are sorted and the two tracks
closest to the radial direction are forwarded to trigger track finder.

In the endcaps, four muon station STESALIT FRAME
ME1-MEA4 (see Figure 1.5) form disks
located at |z| = 5.7 — 10.5 m, cov-
ering pseudorapidity 0.9 < [n| < 2.4.
Stations are instrumented with Cath-
ode Strip Chambers — variation of
multiwire proportional chamber with
two readout electrodes — strips and ‘
wires, positioned in perpendicular di- HONEYCOMB PANEL
rections to make possible measure- Figure 1.16: Cross-section through six-layers
ment of both coordinates. The cham- standard CSC. The strips are positioned radi-

. . 11 ing the azimuthal 1 h
ber is operated with Ar-CO,-CF,. ally (measuring .t e azimuthal angle), ‘whereas
wires — perpendicular to beam and strips mea-

with a maximal drift time about gyre the polar angle. The dimensions are given
40 — 50 ns. The single station is in mm.

equipped with a six layers of wires

and strips interlaced with honeycomb support. The desired position resolution
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is 75 pm and 150 pm in station ME1 and ME2-ME4 respectively; it was well
achieved in the tests with the 5 mm strip width. The chamber is operational
in a strong magnetic field up to ~4 T, and in the high charged particle rate
up to 1.5 kHz/cm?. For the purpose of triggering a fast readout of the cham-
ber based on the comparator technique enables the effective measurement of
position with the half strip precision. The information from the whole station
is collected, and, if at least four hits match the locally predefined pattern, the
track candidate is formed. Additionally, the bunch crossing identification is
performed on the basis of wire information.

The third type of muon detector ; = ig‘r:uh‘:zoaﬁng
are Resistive Plate Chambers (RPC) ™ s eatout s
— optimised for purpose of trigger- = >

ing. Chambers are placed in muon
stations accompanying DT or CSC
covering the [r)| < 2.1 region (initial, Figure 1.17: Cross-section of the double gas
staged version; the placed is kept for g, RPC.

eventual extensions up to || = 2.4).

Each RPC plane is instrumented with strips (about 5/16° width each) po-
sitioned parallel to the beam in barrel and radially in endcaps. The space
resolution is not crucial and it is limited by the strip size. The required time
resolution of order of a few nanoseconds was obtained in the tests.

1.2.4.a Muon trigger

The information delivered by Drift ‘

Tubes and Cathode Strip Chambers to
trigger processors should be very simi-
lar since in the intermediate part of the
detector the necessary information must
be collected from both types of cham-
bers. In the current design, at first the
DT and CSC electronics processes the in-
formation locally (in one muon station).
Both DT based local processor (mean-
timer technique) and CSC local pattern
comparator predefine a local track seg-
ment. Then the output from all stations
is handled by the Track Finder. Using
the measured r¢ and local bending an-

extrapolaion /7 . MS 4
threshold 7 /" track segment

\ e,/b /

Figure 1.18: Illustration of DT and CSC
track finding algorithm.

gle several station to station (1 — 2, 2 — 3,4 — 3,1 — 3, 2 — 4 and
1 — 4) extrapolations are needed to reconstruct a trajectory and finally assign
a transverse momentum.
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The RPC based trigger PACT
(PAttern Comparator Trigger) oper-
ates on four (logical) trigger planes. o1
A muon, bent in the solenoidal mag- T®
netic field of the detector, crosses
RPCs, lighting strips on its way. The
correlation of transverse momentum Figure 1.19: The principles of operation of
with the lighted strip configuration RPC based PACT trigger processor
(pattern) enables triggering. PACT
consist of groups of internal comparators, and if at least three hits of a pat-
tern coincide with the predefined ones a p; value is assigned. Typically, one
RPC plane is positioned in one muon station, however in the barrel in the first
two muon stations additional planes are added to enable low p; (< 6 GeV/c)
triggering based on the same trigger logic.
For the maximal flexibility the muon trigger does not apply any cut itself but
sends information with roughly estimated momenta of muon candidates and the
bunch crossing identification to the global 1st level trigger. Then information
is combined with an input from calorimeters and decision to keep or reject
an event is taken. Such a solution enables easy tuning of cuts and operand
modes for the purposes of physics priorities. The main trigger modes of the
muon trigger alone are single muon trigger and dimuon trigger (although many
reconstructed muons per event may be sent to global trigger). In the single
muon mode one expects the trigger rate to be a few kHz with a 15-20 GeV/c
threshold at desired luminosity, but the required safety margin due to the rate
uncertainties implies the need for tunable cuts in the 50-100 GeV/c range. On
the other hand, for the multimuon triggers the lowest possible cut should not
be limited by the trigger logic and performance but by the muon ability to
penetrate at least four muon stations. This sets the lower limit to &~ 4 GeV/c
in barrel decreasing to &~ 2 GeV /c in the most forward direction. The b-physics
programme at initial low luminosities benefits very much (Figure 1.20) from
this option.

1.2.5 Global Trigger and Data Acquisition

Running at the design LHC luminosity one should expect the average inter-
action rate of 1 GHz. On the other hand, the maximum rate that could be
archived for the off-line analysis does not exceed 100 Hz. Thus the reduction
factor of 107 is required. The reduction will be performed in two steps (see
Figure 1.21).

Initially, the front end (FE) electronic generates an input for the first level
detector triggers (L1T), collected in the global first level trigger (GTS). Since
no dead time is allowed, every bunch crossing has to be processed. Furthermore,
the overall first level trigger processing time should stay within the length of
tracker pipeline i.e. 128 bunch crossings (3.2 us). The maximal output rate
is limited be the second level trigger input rate of 100 kHz. Since a large
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Figure 1.20: Single and double muon rates in initial low luminosity mode. The
ellipses indicate approximate safety margins of operation.
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Figure 1.21: A scheme of CMS trigger and data acquisition.

safety margin should be kept, the 1st level trigger output rate (calorimeters
and muons) is designed not to exceed 30 kHz.

At the second step, the event is analysed by an online processor farm. The
event data reading from the front-end electronic is performed with the Event
Builder governing the readout crates (RC). The information from the whole
detector is then directed by the Event Builder switch through a Switch-Farm
Interface (SFI) to a processor (CPU). Events for further analysis are collected
and archived by Computing Services (e.g. disks and tape drivers). The second
level trigger is managed by Event Manager (EVM) and several control units.
The overall reduction factor of 2nd level trigger is ~ 103. Convoluting the
output rate with the event size (= 1MB) one should expect several TB (10'?
Bytes) archived data per day.






Chapter 2

Review of the CP violation from
the experimental point of view

2.1 CP violating asymmetries

The!'2 B-physics offers an unique way to study a CP violation in many B-decay
channels. Particularly, the CP violation may be observed in different decays
widths of produced B and B° to the same final CP eigenstate fcp

[(B°(t) = fep) e T (1 = Im(rep) - sinzt/7)

[(B(t) = fop) o< €77 (1 + Im(rep) - sinat/7), (2.1)

where B°/B° is BY/BY or BY/B?, x is x4 or z, respectively (B-meson mix-
ing parameter), and rcp is defined in equation (C.42) in terms of Cabibbo-
Kabayashi-Maskawa matrix elements. The CP violation is manifested by
Im(rcp) # 0. The most frequently used method is to look at the asymme-

tries in number of decays
time dependent a(t)

_ N(B(t) = for) = N(B'(t) = for) _ |
WO s-rsor = N(BIE) = for) + NBIE) = fop) TUeP) S ft/ ;
2.2

time integrated A

N(B® = fep) = N(B® = fcp) T

N(B® = fep) + N(BY = fep)  1+4° Im(ror) (23)

Apspop =

!Dedicated theoretical discussion of the CP violation phenomena is given in the Ap-
pendix C, where the notation used in this chapter is also defined.

2This chapter is written on the basis of CMS technical note [66] written by the author of
this thesis.
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In both methods B/ B° refers to the flavour of initially produced B, and the
assumption is that mesons of opposite flavours are produced in equal amounts.
In the time dependent studies one measures the number of decays as a function
of the time of the decay. Thus the precise reconstruction of the decay vertex is
crucial. In principle this is not necessary in the time integrated studies, where
only the total number of decays is counted. The price paid for that is the extra
7= factor (successor of the integration of equations (2.1) over time), which
dilutes asymmetry — thus it is called dilution factor due to integration (Dipy).

2.2 Unequal B — B production

Since LHC is pp collider one may expect an asymmetry in B vs. B production
(B denotes bg whereas B: bg). Protons do not contain valence antiquarks,
thus Bg can be produced in two ways: bdseq, bdyq Whereas Bg can be produced
only in one way: bd,.,. Thus we expect more B} than BY. Similar arguments
suggest higher numbers of Bt than B~ and A, than A,. Because more b than b
quarks are absorbed in B, 4 one expects an overproduction of By (bs) compared
with B, (bs). Since formulae (2.2) and (2.3) are derived under the asumption of
equal B — B production, in case of non negligable production asymmetry some
corrections are needed. To correct the asymmetry (2.3) one may calculate (the
correction to (2.2) goes in the same manner):

N(B— f) -~ N(B—f) Ngl'p— Nzl

N(B — f)+ N(B — f) B NBFB + Nglp

2 (Np+ N+ N — 2 (Ng+ N+ Np— Ng)T';
L(Ng+Np+Ng—Np)Tp+L(Ng+ Ng+ N — N[z
(N + Np)(Ts — T) + (N5 — Ng)(T +T'p)

(Ng+ Ng)Ts+Tg) + (Ng— Ng)(Ts — ')

Aproa + ABsfor
1+ AprodABsfop

A =

Ng)Tp
Np)
(
(

prod + AB—)fcp (24)

where Np,Nj,T'p,T'z (for simplicity) stands for N(B°), N(B°),
[ dtT(B(t) — f), [y° diD(B(t) — f) respectively, and:

N(B°) — N(B°)
N(B%) + N(B°)

Aprod = — the production asymmetry

The Ap_, ., is the intrinsic asymmetry caused by CP violation (given by the
formula (2.3)). The theoretical hints [67] and Monte-Carlo investigations [68]
show that differences at the production level are minor (of order 1%) in the p;
and 7 range of interest in CMS, however this should be checked by the experi-
mental measurement. The simulation study in the framework of CMS [69, 70]
shows that the asymmetry at the production level can be controlled at reason-
able level. It is neglected in this thesis.
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2.3 Dilution due to tagging

The final CP eigenstate fcp does not allow us to guess the flavour of the initial
B species, since both B and B may decay to it. Fortunately, since b quarks in
strong interactions are produced in pairs, one may try to observe the flavour
of an associated b-hadron (the discussion below is given for the time integrated
asymmetry A, the correspondence for a(t) is straightforward).

N(B = fop) = N(B = fep) _ N(fop,b) — N(fep,b)

N(B — fep)+ N(B = fep)  N(fep,b) + N(fcp,b) (2:5)

AB—>fCP =

One way to do that, is to look for associated (tagging) u (generally lepton)

supposedly coming from weak decays of this b-hadron (b — p7;b — u™).
Finally, the asymmetry one can try to look at is

N(for ®p~) = N(for @ p7)

AfCP®N = N(fCP D ﬂ'_) i N(fCP & N+)’ (2.6)

where the ®u emphasise that the associated muon accompanies the investi-
gated decay. If the charge of the detected muon could always make known
the flavour of the associated beauty quark the measurable asymmetry Ay ,q,
would be equal to the asymmetry one wants to measure Ap_,f,,. However,
there are several sources of mistaggings (false ascribing of the flavour of ini-
tially produced b based only on the charge of detected associated muon). It is
useful to denote w - fraction of wrong tags, r = 1 — w - fraction of right tags:

number of ”wrong” assignments of flavour of produced B/Bdecaying latter to f

W= number of all assignments of flavour of produced B/Bdecaying latter tof
_ N(Bofeu) _ N(Boféu)
— N(B=feuT) — NB-=fout)

(2.7)

__ number of ”right” assignments of flavour of produced B/Bdecaying latter tof

ro= number of all assignments of flavour of produced B/Bdecaying latter tof
_ NBofeu ) _ N(B-fouh)
T N(B=feur) T N(B—feut)

Thus

N(fep ) = NB-fops) r+NB—= fou) w
N(fept) = NB-fop*) r+NB- fout) w,  (28)

and the asymmetry Ay, ,q, could be expressed as:

A _ N(B—)fCP)-T+N(E—)fcp)-w—N(§—)fcp) ’I”—N(B—)fcp)-’w
fep®p  — N(B—)fCP)'T+N(B_)fCPi'w+N(B—)fCP) r+N(B—fcp)w
)
)

[N(B—fop)—N(B—fcp)|-r—[N(B—fcp .—N(B%fcp)]'w
[N(B—fcp)+N(B— fop)|r+[N(B—fop)+N(B—fop)|w (2.9)

r—w  N(B=fcp)-N(B—fcp)
r+w  N(B—fcp)+N(B—fcp)

Dtag ) AB—)fcp
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The measurable asymmetry is just proportional to the genuine asymmetry
Ap_s,p- The proportional factor Dy, is:

(number of "right” tags) — (number of ”wrong” tags)

Do =
tag (number of all tags)
_ T_w:1—2w, (2.10)
r+w

Since 0 < w < 1 the Dy,, factor is always smaller than one. It dilutes
the asymmetry and thus is called the dilution factor due to tagging. There are
several sources of mistaggings, contributing to the dilution factor:

e mixing; because of the mixing an (associated) neutral B meson may
change its flavour before the decay (ex. B — BY — p~ instead of usual
transition BY — u'); the fraction of wrong tags due to mixing is nothing
else but xp measured experimentally (see C.7)

Wiz = deXd+stXs+(1 —de _fBS) -0=xB

e cascade decays; this source occurs when beauty — charm — pu transition
takes place. The charge of the muon from b — ¢ — y is opposite to that
of b — i,

e additional b, ¢ production and K,n decays. In this study muons from
such sources are treated as an irreducible noise. One should expected
that the fraction of right and wrong tags from these sources are equal %

One may notice that, in a good approximation the D,,, may be factorized
into two main sources dilution due to cascade decays (D.qs) and dilution due
to mizing (Dpiz)

Diog = Degs - Dy (2.11)

The described dilution factor arises as a consequence of tagging initially pro-
duced B-meson using the charge of detected muon (or more generally lepton).
This is not the only possible method. Another one is to reconstruct the flavour
of associated b-quark using the jet tagging. Also, one may separate the sample
of B® — fop where B® comes from decay of other charged, excited B-meson.
The reconstruction of the charge of the initial B would also tag the flavour of
B? (this is known as the self tagging method).

2.4 Influence of background

It is clear, that the unavoidable presence of background (anything faking
B — fcp @ 1) influences the above formulae. Assuming that backgrounds

3Note that —1 < Dyaq < 1 but in realistic case one would expect 0 < w < 1/2 and thus
0 < Dygqg < 1.
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gives equal contamination to positively and negatively charged tags, the numer-
ators of equation (2.6) are unaffected, whereas the denominators are increased
by a factor (Nsignar + Noackground)/Nsignai- Thus the measurable asymmetries
become

Ntot(fCP o) ,U_) _ Ntot(fCP fast /«1'+)

Ameas =
Ntot(fCP P ,Uf) + Ntot(fCP st ,U/+)
= - Dbgd . Dtag . Dint . Im(T‘CP) (212)
a(t) _ Nfep()® p ) — N*(fer(t) © pt)

Ntot(fcp(t) ® u—) + Ntot(fcp(t) sy ,U'+)
= — Dbgd . Dtag . Im(Tcp) - sin ($ . t/T) (213)

In the above equations, the N*' stands for total number of events (i.e. with
background included). The influence of background is reflected by the Dilution
factor due to background Dygg

Nsignai
Dyoq = S1gna 2.14
g Nsignal + Nbackg'round ( )

2.5 Need for control channels

It is clear that the dilution factor due to tagging cannot be determined, basing
only on the information obtained from investigated B — fcp @ p channel
itself. Furthermore, it is necessary to measure independently possible B/B
production asymmetry and possible instrumental asymmetries for the tagging
muon. These are the main purposes to study [66, 69] so called control channels
with similar (to investigated CP violating channel) final state particles and
decay kinematic.

2.6 The investigated channels

The easiest way to confirm CP violation in B-sector at LHC is to measure the
time integrated asymmetry in the “gold plated” B; — JipKg channel using
the muonic tag. This motivated the author to study also the channels similar
kinematically to the gold plated one, i.e. By — JUK* ® u, B* — JUK* @ 1
and B; — JW¢ @ p from which some information related to CP-violation may
be obtained.

The Ji) particle can be relatively easily detected by looking for its pu decay
channel. Furthermore, another muon is required as a tag. These leads to easy
to detect and trigger u*p~pt (+hadrons) signature (see Table 2.1). In the
B — Jip X @ p channels with 3 muons in the final state the multi-muon trigger
is favoured. In the particular situation where the luminosity is low (10%*_1-)
the dimuon trigger reduce the rate to acceptable level (see section 1.2.5). One
triggering muon is expected to come from the Ji whereas the other may be
the second muon from Ji) decay or the tagging (associated) one.
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2.6.1 The B; — JiWKg @ u channel

To measure the CP violation in By — JWKgs channels one may measure the
(time integrated or time dependent) asymmetries between number of decays
BY and BY to JyKs CP eigenstate with a help of muonic tag. The theoretical
formulae lead to (see Appendix C.2.2.a for more details)

Im(rep) = sin 24 (2.15)

(the above relation takes into account the fact that JwKg is the CP odd state).
Hence the CP-violating asymmetries are

A, ks = — Tdﬁ sin 23 a(t)By—»pwrs = —sin2B-sinxzqt/7 (2.16)
d
To recognise the Kg one can look at its 77~ decays. Thus the full signature
of an event is ptyu~ prrta~

2.6.2 The B* - JWK*@® p and By — JWYK* ® p channels

B* — JWK* @ u and By — JiWK* & p channels are good candidates for the
control channel to By — JiWKs @ p (and possibly to B; — Jip¢ @ p). Both
channels have similar kinematics and reasonable branching ratios. Thus one
may expect the satisfactory accuracy without uncontrolled biasing.

In the B* — JWy K= decay the charge of a kaon tags the flavour of initially
produced b-quark. Thus one knows what is the expected charge of the asso-
ciated muon. Comparing it with that of measured muon, one may calculate
the fraction of wrong tags and thus a dilution factor due to tagging Dy,,. It is
necessary to check for the correlation (that should be of course measured in an
independent way) between production of B* and By (one may easily imagine
that produced BY is more frequently accompanied with B~ than B whereas
BT with BY than B™) since such a correlation may have an influence on the
measured factor. This possible correlation is neglected in this thesis. Since K+
is long lived, the final signature of the event is u*pu~ p* K*.

On the other hand, the B; — JWK* channel is free of correlation uncer-
tainties. Here K*° tags By at the time of its decay, whereas K*° corresponds
to BY. Again, one can extract the dilution factor due to tagging comparing
the species of K* with the charge of the associated muon. Since the flavour
of K* tags By at decay time one has to take into account the probability g
(given by (C.23)) that produced By changes the flavour before the decay. The
fraction of wrong K* @ p pairs is related to wy,, with the following relation

NEK®put) NE )

= = = 1— 1— 2.1
N(K9 @ px) ~ N(EO @ pt) Wiag Xa) + ( Wtag)Xd (2.17)

Is is necessary to distinguish between produced K*° and K*°. One can achieve
that looking for the K* decays to charged K7 (K** - K™n—; K** - K—7).
Thus the signature of the event is utpu~p*K*r¥.
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Although CMS will have no particle identification, the K*°/K* distinction
may be based on the calculation of two invariant masses for considered hadrons:
m(hh;) vs. m(hfhy), where hg (h,;) means assuming hadron to be a kaon
(pion). Only events with unambiguous identification are kept.

2.6.3 The B; — Jip¢ ® p channel

At a first glance B; — Jip¢ looks exactly like By — JiKs (one down quark in
B, is replaced with the strange one in B;). However, this is not the case for
the asymmetries. In the first order of the approximate Wolfenstein parameter-
isations of CKM matrix the asymmetry in the By — Jip¢ vanishes. The more
careful calculations shows (Appendix C.2.2.b) that Standard Model predicts
small but non vanishing asymmetry there

Im(rcp) = 2X°n ~ 0.03 (2.18)

where \,7n are parameters in Wolfenstein parameterisation of CKM matrix.
One can rewrite the above equations in terms of v angle of the unitary triangle

2070 = 20%4/p2 + 12 -siny (2.19)

The time dependent and time integrated asymmetries appear to be

ms
1+ a2

Ap, e = — 2N = 0(107°%)  a(t) e = —2X7n-sinzt/T (2.20)
As it is shown later, the predicted time integrated asymmetry is well below
the CMS sensitivity (for z5 ~ 10). Thus this channel may be used as a control
channel to By — JiKg monitoring possible fake instrumental asymmetries.
More accurate results may be achieved in the time dependent analysis. Excel-
lent secondary vertex resolution is crucial in this case. It should be emphasised
that this channels is also very interesting because any large asymmetry mea-
sured there would mean effects beyond the Standard Model.

Since ¢ decays to KTK~, the observed signature of such an event is -
prp ptKYK-.

channel signature

By — JWKs®p | p-ptpnta
By — JWK* @ p | pmptpt K+ nF
B —» WK=& p | pmptp*K*

B = Jppop | pptptKTK-

Table 2.1: The signatures of the investigated channels






Chapter 3

The simulation

3.1 Description of the simulation

The simulation was performed with Monte-Carlo generator PYTHIA
(release 5.7) [28] interfaced with JETSET (release 7.4) [28] under the control
of steering package [71] developed for purposes of the CMS b-physics group!.
It consist of three separate steps:

3.1.1 Generation of bb sample

The bb events were generated at the desired LHC centre of mass energy
Vs =14 TeV. The CTEQ2L|[72] structure functions and SLAC (Peterson) [73]
fragmentation function with €, = 0.005 were chosen. An efforts was made to
generate all main bb production processes explicitly. To achieve that (non
elastic, non diffractive) minimum bias events were generated (with PYTHIA
steering variable MSEL=1). This PYTHIA minimum bias option includes the

process  (number) | cross-section [mb]
aiq; — ¢iq;  (11) 1.5 ]
%G — @dr  (12) 0(107?) -
%3 — 99  (13) 0(107?) W=
a9 — @iy (28) 166 ( &
99 = qkqr  (53) 0.9 g
g9 — gg (68) 36.2
Elastic scattering 22.2
Single diffractive 14.3
Double diffractive 9.8

Table 3.1: Processes contributing to the total pp cross-section of 101.5 mb.
The Semi-hard QCD part (used in simulation, o ~ 55.2 mb) is separated from
the elastic and diffractive scattering which do not contribute to bb production.
The PYTHIA internal process number is shown for generated processes.

!Description of earlier version of the simulation, leading however to similar results may
be found in [66].
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following processes giving important contribution to bb pairs production

® g9 — ¢;g, 99 — gg with g — bb (gluon splitting)

e ¢;q; — bb, gg — bb (fusion)

It should be emphasised that to keep unbiased sample no kinematic cuts at the
parton generation level were used. To obtain the most flexible sample (keeping
in mind minimisation of the computing time and disk space consumption) the
event generation is stopped at the level of generated partons. The information
on produced flavours is already accessible at that step. If the inspection for
presence of bb pairs succeeds, the whole event is saved on disk. The described
procedure allows us to keep only interesting b-events, picked up from the bulk
of simulated minimum bias collisions. Since the event is saved before the
hadronisation going on, one may have hope too use the generated b-events
several times ensuring minimal biasing of the results.

Approximately 111,000,000 pp collisions were generated at CERN
(13,000,000), in Pisa (23,000,000) and in Warsaw (75,000,000). At this step,
~ 863, 000 bb events were found (thus PYTHIA predictions for bb cross sections
is oy & 420ub).

3.1.2 Decay into investigated channel

The next step was to read generated bb events and to decay them into wanted
channel. Two classes of dedicated jobs were developed. The first one simulating
given exclusive channel, i.e. By — JUKs®u, By — JWK*®u, B = W K*dp
and Bs; — JW¢ @ p separately. In the second class inclusive B — JUyX & p
decays were performed. The first class was intended to give accurate number of
events, dilution factor and some inputs to time dependent study. The second
one was to calculate signal to background ratio. In both classes the pres-
ence of the additional muon accompanying the investigated decay was required
(marked with ©u).

At first, generated events were loaded, hadronisation was performed and
b-hadrons were decayed to quasi stable ones (ex. B* — B7y). The example
spectra of p; of B; mesons are shown in the Figure 3.1 with marked contribution
from the processes listed in table 3.1. As one may observe the gluon splitting
part in respect to gluon fusion contribute with a ratio of roughly 2:1.

Then, in each generated event one b-hadron was picked up. In the case of
exclusive channel simulation, if the flavour of B matched the one in investigated
channel the picked meson was forced to decay into the signal channel. On the
other hand in inclusive job, one B was randomly picked up in each event and
decayed according to provided decay table (see Tab. 3.2). The table contains
only allowed B —[charmonium]X channels and approximately reproduces the
PDG [29] branching rations collected from Y (4S) experiments (see table 3.3).

In the exclusive (dedicated for specific process) channel simulation, prod-
ucts of initial B decay were further forced to decay to the final preferred ob-
servable state, i.e.:
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By Br.Ratio | B* Br.Ratio
JWK® | 0.04808 | JwK* | 0.06410
JWK* | 0.10256 | Jhpsu | 0.44744
Jpsd | 0.36090 | Japdu | 0.02692
Jrbdd | 0.02692 | ¢'su | 0.21314
Y'sd | 021314 || ¥'du | 0.01122
Y'dd | 0.01122 || xe5u | 0.22532
Xe15d | 0.22532 | xadu | 0.01186
Xerdd | 0.01186

Table 3.2: The example decay table for By, B — JwX inclusive decays.
The quoted numbers are defined with respect to Br(B — JiX)[direct] +
Br(B — ¢'X) + Br(B — xeX)[direct] = 1.56 - 1072 to reproduce the PDG
value Br(B — JiWX) = (1.14 £ 0.06)%. Similar tables are implemented for
other b-hadrons. For the J) all the 2 body decays are listed explicitly, whereas
> 3 body decays are described in terms of quarks. For x.;,?’ there are no
additional conditions for number of particles in the final state.

e By— JUKs = Ks > nta, Jip — ptpu~
e By = JUK* = K* — K*nF, Wb — ptp~
o B = K= = Jip = ptp-

e By = o= ¢— K"K, Jip = p*pu~

Since it is clear that for very soft tracks, track finding efficiency deterio-
rates, the appearing stable hadrons were required to pass kinematic cuts?
pi(hadron) > 0.5 GeV/c and |n| < 2.4, otherwise the event was skipped. In
the corresponding step of inclusive simulation there was no constraint on prod-
ucts if B chain decays (except of Jiy) and the event was not skipped if the
products did not pass the above kinematic cut. In both inclusive and exclusive
classes Ji was forced to decay into a u*u~ state. For each p its acceptance
was checked and only events with both muons passing acceptance criteria were
kept. For the acceptance, the standard CMS ACCMRPC [74] routine was used,
which returned the acceptance probability that muon would be observed in at
least two muon stations (it is assumed that it is equivalent to its identifica-
tion). Additionally for each of two muons probability to give a trigger (lowest
possible cut) was check using the standard CMS EFFMRPC [74] routine®. If
none of them gave the trigger, event was skipped.

At this step, an event record consisted of one B decayed in the investigated
channel (or inclusively into JwX) down to stable particles, other short-living

2In this thesis it is assumed that hadrons with p; above 0.5 GeV /c are well reconstructed.
The usually taken safety threshold is 0.7 GeV /c. It is also assumed that the region of efficient
tracking is limited to |n| < 2.4.

3Both ACCMRPC and EFFMRPC were primarily developed for the RPC trigger study,
however for low p; cuts are representative for the whole muon trigger system.
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mode PDG Br. Ratio | simulated BR
Ji)p anything (1.14 +0.06)%

Jip anything [direct] | (8.0 +0.8) x 1073 8.4 x 1073
Y' anything (35+£05)x10%| 35x10°3
(
(

X1 anything 4.240.7) x 1073

Xe1 anything [direct] | (3.7 £0.7) x 1072 | 3.7x 1073
Xe2 anything <38x1073
n. anything <9x1073

Table 3.3: The charmonium decay modes of B;/B¥ listed in [29], and the
ones used in the simulation. In the simulation the B — Ji anything
[direct] branching ratio was tuned to obtained the overall B — Ji) any-
thing branching ratio of 1.14% (with BR(¢/ — Ji anything)=57% and
BR(xe1 — Ji) anything)=27.3%).

(exited) b-hadrons decayed to the quasi-stable ones, while the rest of the par-
ticles was still undecayed.

The next step was to decay not yet decayed particles looking for an asso-
ciated muon. The standard PYTHIA decay table was used. To do that in the
inclusive simulation the PYTHIA table of valid decay modes for b-hadrons was
changed twice per event — initially only entries to Table 3.2 were selected, later
(in order to get associated muon) the default PYTHIA modes were restored.

Unfortunately, the probability to find an associated muon passing all the
selection criteria is small. Hence for each event this step was repeated 1000
times for exclusive jobs or 100 times in case of inclusive jobs. In most of events
at least one associated muon was found (see Figure 3.2), while the computer
time consumption was only increased by a small factor*, since most of its time
was used to read the event and perform initial fragmentation.

If more than one muon was found in one of the repeated decays, the hardest
was chosen. Its acceptance and trigger capability were checked, similarly to
muons from Ji) decay. As it was mentioned (sections 1.2.5 and 2.6) in the low
luminosity LHC mode the dimuon trigger is sufficient to reduce rate to the
acceptable level. Thus, although in the investigated channels there are three
muons in the final state, only two of them are required to give a trigger. The
third one is expected to be accepted only.

There was, however, additional requirement for an associated muon. It
originated from the idea of minimising the influence of possible fake asymme-
tries introduced by the detector. For each n and p;, the ISYMRPC [74] (see
Figure 3.3) routine decided if the muon may introduce fake asymmetries or
not (in other words it was checked if the direction of motion of the muon and
its p; was in the range, where acceptance and trigger probability were equal
for positively and negatively charged muons). The use of ISYMRPC function

4The relative CPU times to generate 1:10:100:1000 decays of the same event in order to
find associated muon were 1 :1.03 : 1.37 : 4.6
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eliminates the need of additional cuts. If ISYMRPC (applied to associated
muon only) accepts the event it means that the associated muon of opposite
charge would be accepted too. The number of associated muons passing the
above fake asymmetry cut, acceptance criteria and (together with muons from
Jb) dimuon trigger requirements, was the weight of the event.

In the typical LHC event, even at luminosity of 1033cm~2s~! there are sev-
eral pp collisions in one bunch crossing. Hence, in the background dedicated
simulation, to reproduce initial conditions at the LHC, hadrons from addition-
ally generated minimum bias events (without any b-quarks) joined the event
record. The number of minimum bias events was calculated from the Poisson
distribution with a mean of ny;, pias = 1.4.

After this step, an event record (passed to analysing program) was com-
posed of B decaying to one of the investigated states (or inclusively), the
products of its chain decay (including muons from Ji) decay) and a list of
associated muons found in 1000 (100) decays. Additionally, in the inclusive
jobs the list of all charged, stable hadrons in |n| < 2.4 and with p; > 0.5 was
superimposed (from the bb event itself and additional minimum bias events).
This list was made when first associated muon passed all applied cuts and was
used to form the combinatorial background in background analysing job.

Since the collected statistic appeared not to be sufficient for the background
analysis (inclusive decays) all the generated events were processed 20 times
(introducing a negligible bias).

3.1.3 Analysis

The next step was to simulate CMS reconstruction sensitivities. In order to
do that, momenta of all charged particles were smeared with the TSMEARP
routine [75], developed to parameterise momentum measurement of particles
from the primary vertex or nearby. With the smeared momenta, the invariant
masses were calculated. They were required to be within the predefined window
around the true masses of reconstructed particles.

The allowed mass regions are given in Table 3.4. They were obtained study-
ing the mass resolution in signal channels (see Figures 3.4-3.7) and cover ap-
proximately 95% of signal events. The exception are the mass windows around
resonances (K*, ¢) where more narrow mass bounds were used (75% and 90%
respectively). Moreover, the TSMEARP do not work correctly for reconstruc-
tion of pions from a K decay, since a Kg may decay far from the primary
vertex. In this case the mass window was taken from the dedicated simulation
described in section 1.2.2.c. Moreover, calculating the B masses, the mass con-
straints on the intermediate particles were taken into account (see caption of
Figure 3.4).

On top of that, the following assumed reconstruction efficiencies were su-
perimposed
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particle (channel)

allowed mass
window [MeV/c¢?]

Jiy (all channels)

¢ (Bs — Jhbo)

K* (By — JUK™)
Kg (Bs — JUKs)

By (Bq — JWKsg, K¥)
B* (Bi — J/?/}Ki)
B, (Bs = Jy9)

+ 35
+ 8
£ 50
+ 17.2
+ 26
+ 30
+ 23

Table 3.4: The allowed mass bounds for reconstructed particles.

e reconstruction efficiency for each muon: e(u) = 0.95,

e reconstruction efficiency for charged hadrons (other than forming Kj):

e(h%) = 0.9,

e reconstruction efficiency of K (including decay probability in sensitive
volume), €(Kg) = 0.35; pions from Kg — 77~ should independently

pass hadron kinematic cuts,

e reconstruction efficiency for fake (combinatorial) Kg: e(hth™) = 0.035,
(rejection factor of 10 with respect to real Ky).

The final normalisation took into account assumed bb production cross-section
500ub (a standard value recommended by LHC Committee for LHC experi-
ments) and branching ratios of forced decays (Tab. 3.5)

channel Branching Ratio
By — JWKs 3.75-10*

By — JWK* 1.6-1073

B* — JWK* 1-1073

By — Jipo 1-1073

B — (J, ', xc1)[direct] X | 0.0156

Table 3.5: Branching ratios used for the normalisation of exclusive jobs (upper
part of the table) and inclusive ones (lower part of the table).
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pp - ByX
[P(B){&l) = 553GeVIic

(B)C168) = 5.49 Gevic
N/N,, = 0.54
M(B)(53) = 558 Gevic
N/N,, = 0.31
M(B)(28) = 558 Gevic
N/N, = 0.14

arbitrary units

0 2 46 8101214161820 2224

p, (B) [GeVic]

Figure 3.1: The obtained spectra of
By mesons. The contribution from three
most important processes (numbers in
parentheses correspond to that given in
Table 3.1) are shown. The ratio of b pro-
duction due to gluon splitting (proc. 68
and 28) and gluon fusion (proc. 53) are
roughly 2:1

number of events

1 10 10° 10°

number of u"®%/event

Figure 3.2: The obtained number of as-
sociated muons per one event. There were
1000 chances

Figure 3.3: The region in the 7, p; space where acceptance and probability of

the trigger are equal for ™ and u~.

Neode | 1 interval || Neoge | 1 interval
0 0. - 0.09 10 1.30 - 1.40
1 0.09 - 0.28 11 1.40 - 1.50
2 0.28 - 0.47 12 1.50 - 1.60
3 0.47 - 0.63 13 1.60 - 1.75
4 0.63 - 0.78 14 1.75 - 1.87
5 0.78 - 0.92 15 1.87-1.99
6 0.92 - 1.04 16 1.99 - 2.10
7 1.04-1.14 17 2.10 - 2.20
8 1.14 - 1.22 18 2.20 - 2.30
9 1.22 - 1.30 19 2.30 - 2.40

bin | p¢ interval (GeV)
3 1.5-2.0

4 20-25

5 2.5-3.0

6 3.0-3.5

7 3.5-4.0

8 4. - 5.

9 5. - 00
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invariant massesin B, - JY K, - p'p e

Constant 0.1458E+05 Constant 0.1168E+05
Mean 0.4976 Mean 3.098
0.4671E-02 Sgma 0.1657E-01

arbitrary units

048 0.49 05 051 305 3075 31 3125 315
m(Tt 1) N (THTY)
Constant 0.1386E+05 Constant 0.2452E+05
Mean 5.281 Mean 5.279
Sgma 0.2265E-01 0.1269E-01

5.2 5.25 53 , 53 52 5.25 5.3 5.35
m(L Y TT ) m(J/P K

Figure 3.4: The invariant mass distributions in the By — JWKg — pTp~nrn™
channel. In left-top plot, the invariant mass of 777~ pair is shown. Since the
smearing routine assumes that the track originates from the vertex or nearby the
mass distribution is narrower than the one obtained in detailed simulation (sec-
tion 1.2.2.c). In the right-top plot, the invariant mass of muons from Ji) decays is
shown. In the bottom histograms the final stable products are combined to By mass
without (left-bottom histogram) or with (right-bottom histogram) mass constraints
on the intermediate particles. The Gaussian fit to the centre of histograms is su-
perimposed on each histogram. Using the mass constraints, instead of calculation
of final-body (4-body in this case) invariant mass, the intermediate-body (2-body)
invariant mass is calculated, with standard, tabular mass values of intermediate par-
ticles and momentum calculated on basis of final products ( momentum of J is
a sum of muonic momenta, momentum of Kg is a sum of pionic momenta), i.e.
m2Bd = (EKS + EJ/1/))2 - (ﬁ7r+ +ﬁ7r* +ﬁu+ +ﬁu*)2 with E%{S = m%(S + (ﬁ7r+ +ﬁ7r*)21
By =y + (e + 5 )
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invariant massesin B, - JY K™ - p'y K"

arbitrary units

1 15 2 52 5.25 53 5.35
m(K) vs m(TiK) m(J/PKTY) vs m(I/Y1iK)

Constant 0.2103E+05

Mean 5.279

Sgma 0.1213E-01

5.2 5.25 53 5.35
m(J/PK™)

Figure 3.5: The invariant mass distributions in the By — JyK* — pTp K7+
channel. In left-top plot the invariant mass of K*7F pair is shown for the right
K—7 identification (narrow peak) and for the wrong K- identification (wide
distribution). In the right-top plot he invariant mass of B, is shown for right
(peaked distribution) and wrong (flat distribution) K- identification. At the
bottom plot the By mass distribution is shown for events with unambiguous K*
identification. The (negligible) contribution from the wrong K—m identification
is marked. The Ji) mass constraint is used for B, mass calculation.
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invariant massesin B* - JY K* - p'u K

Constant 0.4030E+05
Mean 5.279

0.1423E-01

arbitrary units

5.2 5.25 53 5.35
m(J/PK™)

Figure 3.6: The invariant mass distributions in the B* — JWK* — pytp-K*
channel. The Ji) mass constraint is used for B* mass calculation.

invariant massesin B, — Jy @ - p'u K'K

Constant 0.1700E+05 Constant 0.1304E+05
Mean 1.020 Mean 5.370
Sgma 0.2860E-02 Sgma 0.1036E-01

arbitrary units

1 1.02 1.04+ 53 5.35 5.4 .
m(K K MWK K

Figure 3.7: The invariant mass distributions in the B, — Jip¢ — pu"pu KK~
channel. On the left plot, the invariant mass of K™K~ pair is shown. The
Breit-Wigner shape dominates over the Gaussian smearing. On the right plot,
the B; mass distribution is shown. The Jt) mass constraint is used.
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3.2 The results in the time integrated study

It should be stressed, that the number of signal events in thesis refers to the
number of reconstructed decays in a given mode (for example
B —» JWKs — ptp 7t7) with an ASSOCIATED MUON coming from
ANY SOURCE. It is not required to have any b ancestor. Such a treatment
is in accordance with introduced formulae — the mistaggings are described by
the dilution factor.

Although several cuts have already been introduced (since they are detector
induced), the final number of events may still be a function of several variables
(or additionally introduced cuts). The cuts should be chosen to get a minimal
expected error on the CP violating asymmetries. For example, it is clear that,
the dilution factor goes to one with the increasing p; of an associated muon
(fraction of mistaggings becomes smaller). At the same time the number of
events becomes smaller. On the other hand, the harder final hadrons the less
important the combinatorial background (thus Dy,q is closer to one) but again
it is reflected in the signal statistic. Thus one have to look for the compromise.

The number of events after preselections, cuts and normalisation procedure

(described in Section 3.1.3) was investigated as a function of pf** on hadrons

and pf"* on an associated muon to allow us to perform some (simplified) cut
optimisation. One should notice that the probability of charged particle track
reconstruction drops down significantly for tracks with p, below 0.8 GeV/c.
Additionally the requirement for an associated muon to pass the ”acceptance
symmetry” cut (as defined by ISYMRPC function) rejects associated muons
with p; below approximately 2-3 GeV/c in the forward region, and p; below
4-5 GeV/c in the barrel (see Figure 3.3 and reference [74]).

The expected numbers of events were calculated for one LHC year in the
low (initial) luminosity mode (107 seconds at 10**¢m™2s™!, which corresponds
to 10 pb™!). The numbers quoted below are number of events after normali-
sation, taking into account proper efficiencies, etc. Thus they are numbers of
events that may be observed in the CMS experiment.

3.2.1 Expected number of signal events in the simulated
channels

To investigate number of events in each of the channels, the exclusive class of

jobs were used.
(—)

In the Figure 3.8, the expected number of events in BY— JiWKgs — ptpu~mrn™

with an associated muon found is shown in a table-like plot as a function of
cut on p; of an associated muon (horizontal axis) and p; of softer of pions from
K decay (vertical axis). The statistical error of the simulation is shown in
Figure 3.16. In the Figure 3.9, the number of events is presented as a function
of pf on the associated muon. The fixed pf** = 0.75 GeV for both pions
was applied. The signal is split according to sources of additional (associated)



52

The simulation

muon. Muons come not only from a b — pu transitions (red histogram) but one
can find substantial contributions from b — ¢ — p decays (blue histogram) and
additionally produced ¢ — p transitions (greens histogram). Furthermore, not
negligible contribution is expected from muons coming from source not men-
tioned above (yellow histogram), namely mostly K7 decays. One can see that
histograms become flat for low pf** on the associated muon. This is because
the ISYMRPC function was applied.

(—)

To analyse the Bl— JWK* followed with K** — K*n~ (K** — K—77) it
is necessary to identify the flavour of K* since it tags the flavour of initially
produced® By (BS — JWK*® while BY — JiyK*%). Unfortunately, CMS does
not have particle identification. Thus the distinction can be made only on
basis of the invariant mass calculation (see Figure 3.5). Assuming two hadrons
of opposite charge h™ and h~ were found, one may calculate two invariant
masses - assuming A" is KT, h~ is K~ and vice versa. Both masses should
be compared with the true value of K* mass. If only one of them lay within
the predefined K* mass bound one may guess that the right combination was
found. Such a combination is called unambiguous.

(—)

The expected number of events in By— JWK* — p"u~ K*7F decay with
an associated muon is shown in the Figures 3.10 (errors in Figure 3.16) and
3.11 in a way similar to the B; — JWKg channel. The quoted number of
events corresponds to unambiguous K* identification

In the same manner expected number of events in B* — JyK* — ptu~ K=
and By — JW¢ — putpu~ KTK~ — both with an associated muon reconstructed
are presented on Figures 3.12, 3.13 and 3.14, 3.15 respectively. The statistical
errors of the simulation are shown in Figure 3.16.

3.2.2 The expected levels of background

It seems that the main source of background to investigated channels are events
composed of real Jiy’s combined with accidental muons and some hadrons to
fulfill the signature of an event (Table 2.1). There are several sources of Ji)’s

e Weak decays of b-hadrons. Since a b-quark usually decays to a c-quark
and the c-quark may come from a decay of virtual W, one may expect
significant fraction of J&) that occurs in decays of b-hadrons. One should
also note the possibility of a transition: b-hadrons — ¢' — Jip,

e Direct production of c¢ bound states. Note that all of them may subse-
quently decay to Jip,

e Production of c¢ quarks that occasionally (small phase space) may form
(collapse to) Jhp.

5Since the produced By may mix before the decay this tagging is not perfect — it is diluted.
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In the present simulation only the first item was taken into account. The
contribution from other sources of real Ji) is strongly suppressed by the re-
quired accompanied associated muon. Moreover in other real (and fake) sources
the J) is produced in the primary interaction point whereas Ji from B-meson
decays are separated by the B decay path.

Inclusive b-hadron decays were simulated with its charmonium decay modes
as in Table 3.2 (thus signal and background were simulated together). The final
state particles were classified according to the signatures from Table 2.1, and
appropriate invariant masses were calculated.

In the Figures 3.17-3.21, the expected number of events in the
By — JWWKs — ptp~mtn™ plus an associated muon p is shown in a pres-
ence of background. The numbers are presented as a function of cuts on the p,
of associated muon and the p; of a softer hadron. In the upper table-like plot
of the Figure 3.17 the number of true background events (i.e. signal events ap-
pearing in inclusive analysis are excluded) is shown. In the bottom table-like
plot the statistical precision of the above result is given. Next, in the Fig-
ure 3.18 signal to background ratio is shown. It is clearly seen that the level of

background decreases substantially with increasing pf** on hadrons, while the

dependence on the pf* of the associated muon is weaker. As an example for
pi*(hadrons) =0.75 GeV /c the signal to background ratio varies in the range
5.0+6.4 for pf* (') 2.0+7.0 GeV /c but for fixed p§*(u'®9) = 5 GeV/c the sig-
nal to background ratio changes between ~ 2 up to ~ 10 in the p§**(hadrons)
range 0.5 + 1.25 GeV/c. The number of signal events used to calculate signal
to background ratio is taken directly from dedicated signal simulation (Fig-
ure 3.8). Nevertheless, as an cross-check one may obtained number of signal
events from background-dedicated (inclusive) study, what is shown in Fig-
ure 3.19 with an statistical error about twice larger than in the dedicated
signal study (the number of signal events in the inclusive decays is small).

Since only the background with real Ji)’s was investigated, the By — Jiy K
channel might have been faked by a real Ji plus a real Kg, or the real Ji
plus a fake Kg. In the first case the Kg may be any real Kg coming from any
source — for example from By — JWKgm° as well as any Kg coming from the
superimposed minimum bias events. In the second case, the Kg is faked by
any two hadrons of opposite charge (they are assumed to be pions) passing the
K mass bounds. These two hadrons may even come from decays of two K
(the first pion is taken from one K cuts and the second pion from another
one). It is assumed that the reconstruction efficiency of real Kg is 35%. It
is clear that in the case of two hadrons which fake a K, this reconstruction
efficiency is smaller, since they do not have the same production vertex or they
may come from the primary vertex. The value of 3.5% was taken in this case.
This is presented in Figure 3.20, where the background events of Figure 3.17
are split to real Kg (upper plot) and fake K (lower plot).

The typical shape of invariant mass distribution for the reconstructed decay
By — JWKs®u with fixed pf*(u'*9) = 3.0 GeV/c and several cuts on hadronic
transverse momenta is shown in the Figure 3.21. A clear mass peak is well
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visible over combinatorial background even for softer investigated hadronic
cut.

In the same way as in By — JYKs — ptp~ntn™ @ p channel,
the level of background was analysed in By — JUK* — ptu K*nF & p,
B* - JWK* =y p"K*®pu and B, — JWwd — utp  KYK— @ pchannels.
The reconstructed number of background events with the statistical errors is
shown in Figures 3.22, 3.25 and 3.28 respectively; the signal to background
ratio in Figures 3.23, 3.26 and 3.29. Finally, the typical shapes of invariant
mass distributions for the mentioned processes are shown in Figures 3.24, 3.27
and 3.30.

3.2.3 Dilution factor due to tagging

As described in Chapter 2, the dilution due to tagging reflects the possibility
of wrong flavour identification of initially produced B-meson which decays to
the reconstructed CP eigenstate. Specifying the value of the dilution factor
due to tagging is equivalent to quoting the fractions of wrong tags (number
of wrong tags divided by the number of all reconstructed tags), since they are
related by (see formula 2.10) D,y = 1 — 2w, where w strands for probability
of mistagging (wrong tag).

As explained in Section 2.3 the fraction of wrong tags cannot be measured
using the products of CP eigenstate in the investigated CP violating process.
Instead, it should be predicted by looking at the processes of similar type and
kinematics (control channels) with the same (or similar) sources of mistaggings.
Nevertheless, the simulation offers the possibility to cross-check how well the
fraction of wrong tags measured in control channels matches the original one.
This is because in the simulation the flavour of initially produced B-meson is
known in contrast to real data.

Since the mixing of associated B-mesons influences the wrong tags, it is
necessary to quote the values of mixing parameters. In the presented simulation
the values chosen were®: z; = 0.7 and z, = 10.

The fraction of wrong tags in the investigated channels is calculated in the
exclusive (signal dedicated) simulations. The muon is classified as a wrong tag
if its charge differs from the one expected on the basis of the flavour (at the
production time) of B decaying later to the investigated state. The results of
the simulation are presented in the table-like plots of the Figure 3.31 (statistical
error given in Figure 3.32). The typical value for the channel By — JiKgs &
for p¢t(u'9) = 5 GeV and p{*(pions) = 0.75 GeV is approximately 0.25 giving
the dilution factor Dy, ~ 0.5. It is clear that in the case of By— JWKs®pu
and By — Ji¢ @ p channels the numbers presented are not measurable exper-

6The PDG reports [29] z4 = 0.73 £ 0.05 and z5 > 9.5 (95% C.L.). The newer results [76]
suggests slightly lower central value of x4 and stronger bounds to z; (> 14 95% C.L.).

One should note however, that even with ;s = 10 the mixing of B, is maximal, because

— % _ 1100 1
Xs = 23222 = 2701 ™ 2

~
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imentally. On the other hand in B* — JWK=* & u the charge of kaon tags the
charge of initially produced B*. The situation is more complicated in the case
of By — JWK* & u. Here, the unique K* identification tags the flavour of By
at the time of decay, which may differ from the flavour of initially produced By
due to oscillations. As explained in section 2.6.2 this ambiguity is reflected by
the (known) extra dilution factor increasing the measurable fraction of wrong
tags.

The comparison between fractions of wrong tags in the Figure 3.32 cannot
be done directly, since the decay kinematic slightly differs from channel to
channel. It is shown in the Figure 3.33, where the distribution of transverse
momentum of B-meson decaying in the investigated channel is shown. In all the
channels the same cuts (pf**(hadrons) = 0.75 GeV/c and p§*(u'*9)=3 GeV/c)
were applied. Only reconstructed events are shown in histograms.

To make the fractions of wrong tags comparable one has to unify the un-
derlying distribution of (p;(B)). One solution is to tune the pf“* cuts on
hadrons. This procedure is shown in Figure 3.34. In the left column the
mean transverse momentum of B decaying to reconstructed state is shown as
a function of cut on final hadrons. The horizontal line in left column is at
(p4(B)) ~ 21.6 GeV /c which is the mean p;(B) at p¢“*(hadrons) = 0.75 GeV /c
in the By — JWKgs @ p channel (Figure 3.33). The vertical line suggest
the hadronic cuts p{*(hadrons) = 0.75 GeV/c, 2.5 GeV/c and 1.5 GeV/c
in the channels By — JWK* ® pu, B — JYK* ® u and B, — Jipo &
respectively to reproduce the conditions of By — JWKg & p with the cut
s (hadrons) = 0.75 GeV/c.

The same result may be obtained in slightly different way. The kinematic
of the primary decay (not to final observable hadrons but just the decay of
B-meson) should be very similar because Kg, K*, K* and ¢ are light comparing
to Jw. Hence one may expect that distributions of p; of B-meson in various
decay channels should be more similar using the p; of primary hadron rather
than the cut on final hadrons. This expected behaviour is shown in the middle
column of the Figure 3.34. In the right column of Figure 3.34 the distribution
of mean of the p; of the primary hadron is shown as a function of p; cut on final
hadrons. Specifying the pf*(hadrons) = 0.75 GeV/c in the By — JWKs @ i
channel one uses the sample with the mean p, of K approximately 7.85 GeV/c.
Forcing the same mean p; of primary hadron in other channels implies the same
(listed above) cuts in other channels (see vertical and horizontal lines in the
right column of the Figure 3.34).

A closer look at the fraction of wrong tags may be taken by looking at
Figures 3.35-3.38, where the wrong tags are split into sources.The contributions
from separated classes of tags are similar in the investigated channels. In the
Figure 3.39, the probability of right and wrong tag in the given tag source is
investigated. Here, the number of wrong tags is divided just by a number of
right tags in the same class (not by the total number of tags as previously).
Thus value of one means that the probability of having a good tag and a wrong
one are equal.
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The final result of this analysis is the comparison of the dilution factors
taken as a function of pf¥ (') for the hadronic cuts fixed by the requirement
of the B-meson distribution with the same mean. It is shown in the Figure 3.40
where the +10 corridors of the dilution factor are shown for the investigated
channels. The agreement is satisfactionary. Thus the dilution factor in the
channels where the fraction of wrong tags is unmeasurable (By — JUYKs @
and B; — JWo @ p) may be provided by the measurement in the control
channels.

3.2.4 The predicted error on intrinsic asymmetries

The expected number of events, level of background and a probability of ob-
serving a wrong tag allow us to calculate (with formula 2.12) the intrinsic (raw)
asymmetry by measuring a number of positively and negatively charged tracks.
It is possible to quote the expected error. A (simplified) calculation of an error
leads to [68]

1
Dint ) Dtag ) Dbgd Y/ Ntot

To calculate an error on intrinsic asymmetry in By — JWKg @ p, where
the intrinsic asymmetry is Im(rcp) = sin 23, the value of x4 = 0.7 was used
(to calculate D;,;). Ny is a sum of signal and background events i.e. sum
of tables in Figures 3.8 and 3.17. Dyyq was calculated by dividing number of
signal events in the table in Figure 3.8 by Nyy. Dyeq is calculated on the basis
of the most upper table in the Figure 3.31. The result is shown as a table-like
plot in Figure 3.41. The minimal error on sin 28 is 0(sin 23),:;, = 0.054 for
low pfut(pte9) and p§*(pions). One should note that the minimum is rather
flat and there is a relatively wide area where the error on sin 23 is below 0.06.

To calculate an error on intrinsic asymmetry in By — JW¢ & u, where the
intrinsic asymmetry is expected to be small (few-1072), the value of z, = 10
was used. Ny, is taken from tables in Figures 3.14 and 3.28, D4 is a product
of division table in Figure 3.14 by N;y. Dy, is based on fraction of wrong
tags from the most lower table in Figure 3.31. The overall result is shown as
a table-like plot in Figure 3.42. The minimal error is §(Imrgp) ~ 0.23, much
above the value predicted by the Standard Model. Thus the By — Jwo & p
channel in the time integrated study cannot be used to measure sin .

The similar number of events, dilution factor due to tagging and small
fraction of background makes the By — JWKgs® p and By, — Jip¢® p channels
looking very similar. The large difference of the precision of measurement of
intrinsic asymmetry (roughly factor of five) originates from the difference of
Dy in equation (3.1) which is ~ 0.47 for By — JWKs & u and ~ 0.1 in the
case of By — Jipd @ p. The larger the mixing is the less sensitive is the time
integrated study. Increasing the x; up to 20 would reflect in the minimal error
as big as approximately 0.5.

5(11’117"0]3) = (31)
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Figure 3.8: The expected number of fully reconstructed events in By — JyKs
channel followed by Jip — ptp~ and K¢ — 77—, with an associated muon
found. The number of events is presented as a function of the cut on p; of an
associated muon and the cut on p; of the softer pion.
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Figure 3.10: The expected number of fully reconstructed events in By — JWK*
channel followed by Jt — p*p~ and K* — K*nF, with an associated muon
found. The number of events is presented as a function of the cut on p; of an
associated muon and the cut on p; of the softer hadron.
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Figure 3.12: The expected number of fully reconstructed events in B* — Ji K=
channel followed by JW — p*p~, with an associated muon found. The number
of events is presented as a function of the cut on p, of an associated muon and
the cut on p; of the observed kaon.
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Figure 3.13: The expected number of reconstructed events in B* — JyK*dpu
channel as a function of p§* on associated muon for fixed pf* on observed kaon.
The various sources of an associated muons are shown.
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Figure 3.14: The expected number of fully reconstructed events in By — Ji¢
channel followed by Jt — p*p~ and ¢ — KK~ with an associated muon
found. The number of events is presented as a function of the cut on p; of an

associated muon and the cut on p; of the softer hadron.
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Figure 3.15: The expected number of reconstructed events in By — Jiy¢ & p
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Figure 3.16: The statistical error of the simulation for the investigated signal
channels, expressed in number of events. To be compared with Fig. 3.8, 3.10,
3.12 and 3.14.
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Figure 3.17: The background contributing to By — JiWKgs®p channel obtained
in the inclusive simulation. In the upper table-like plot the expected number
of background events is shown, whereas the lower plot presents the statistical
error of the simulation.
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Figure 3.18: Signal to background ratio its statistical error in the

B; — JWKgs @ p channel.
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Figure 3.19: The signal events appearing in B; — JWKgs @ p analysis of the
inclusive simulation.
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Figure 3.20: The contributions to background for B; — JWKg & p channel.
In the upper table-like plot background events with real Kg are shown. The
reconstruction efficiency was assumed to be 35%. In the lower plot contribu-
tion from hadrons faking the Kg is shown. The reconstruction efficiency was
assumed to be ten times lower than in previous case.
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Figure 3.21: The typical views of the invariant mass distribution in the
By — JWKgs @ p channel.



3.2 The results in the time integrated study

65

Jy K O U - background study

Number of background events

=) 225 T T T T T T T T T T T
S 3190 . 2968 2657 . 2375 2141 . 1930 1726 . 1571 1441 . 1341 1241 . 1171 1122
2 A —
8 3227 o 1504 1426
= 175 e —
| 5051 | 2249 2093
B 15 e M -
g 8441 3624 3350
P S T e R e AR —
o] 16961 6536 6032
© S |
< | 48927 15734 14067
= : : : : : :
3 0,75 e —
on 584868 546372“78200 417414i365343 308181 izszosw 216518“80094 151312“27752 108172i 92867 80260 ‘ 69421 60671
05 L L L L L L L

2 3 4 5 6 7 8 9 10

ents)
_—

Statistical error [ev

N
N
N O

T et T I T e

=
&

=
N
3]

[N
]

1861 1800 | 1680 1462 1323 | 1220 1105 | 1009

4205 4045 | 3732 3438 | 3194 2866 | 2600 2324 | 2086 1885 | 1710 1557 | 1424
L

peut(hadrons) [Gev/c]
o
I

o
3

peu(®) [Gevid]

Figure 3.22: The background contributing to By — JWK* @ channel obtained
in the inclusive simulation. In the upper table-like plot the expected number
of background events is shown, whereas the lower plot presents the statistical
error of the simulation.
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Figure 3.23: Signal to background ratio and its statistical error in the
B; — JWK* @ p channel.
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Figure 3.24: The typical views of the invariant mass distribution in the
By — JWK* @ p channel.
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Figure 3.25: The background contributing to B* — JWYK=* & p channel ob-
tained in the inclusive simulation. In the upper table-like plot the expected
number of background events is shown, whereas the lower plot presents the
statistical error of the simulation.
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Figure 3.26: Signal to background ratio and its statistical error in the
B* - JWYK=* @ u channel.
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Figure 3.27: The typical views of the invariant mass distribution in the
B* — JWK* @ p channel.
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Figure 3.28: The background contributing to B; — Jip¢ & p channel obtained
in the inclusive simulation. In the upper table-like plot the expected number
of background events is shown, whereas the lower plot presents the statistical
error of the simulation.
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Figure 3.29: Signal to background ratio and its statistical error in the
Bs; — Ji¢ @ p channel.
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Figure 3.30: The typical views of the invariant mass distribution in the
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Figure 3.31: The expected fraction of wrong tags in investigated channels as a
function of cuts on p, of an associated muon and p; of observed hadron(s).
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Figure 3.32: Statistical error on fraction of wrong tags corresponding to tables
in Figure 3.31.
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Figure 3.33: The spectra of B-mesons contribution to reconstructed events
in the investigated channels. Numbers in parentheses signify the generation
processes given in Table 3.1. To be compared with Figure 3.1.
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Figure 3.34: The comparison of event kinematics in investigated channels. In the left
column the mean transverse momentum (p;(B)) of reconstructed B-meson is shown
as a function of the cut on transverse momentum of final hadrons p§“!(hadrons). In
the middle column the (p;(B)) is shown as a function of transverse momentum of
the hadron in primary decay of B-meson (the one accompanying the Ji)). In the
right column the mean p; of primary hadron is shown as a function of p§“!(hadrons).
The horizontal and vertical lines fix the cut in By — JWK*, B* — JiyK* and
Bs — Jip¢ corresponding to that used in By — JipKg channel.
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Figure 3.35: The expected fraction of wrong tags as a function of p; cut on the
associated muon in By — JiWKg @ p channel. The contributions from several
sources are marked with different colours.
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Figure 3.36: The expected fraction of wrong tags as a function of p; cut on the
associated muon in B; — JWK* & p channel. The contributions from several
sources are marked with different colours.
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Figure 3.37: The expected fraction of wrong tags as a function of p; cut on the
associated muon in B* — JiK* @ p channel. The contributions from several
sources are marked with different colours.
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Figure 3.38: The expected fraction of wrong tags as a function of p; cut on the
associated muon in By, — Ji¢ @ p channel. The contributions from several
sources are marked with different colours.
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Figure 3.40: The comparison of dilution factors in the investigated channels.
The different cuts on final hadrons (p§*‘(hadrons)=0.75,0.75,2.5,1.5 GeV/c in
the channels By — JWKs ® pu, By — JYK* & p, B* — JWYK* @ p and
Bs — JW¢ & u respectively) were used in order to minimise the difference in
event kinematic. The bounds of +1¢ corridor around the central value in each
channel are marked with two lines of the same colour.
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Figure 3.41: The expected error on an intrinsic asymmetry in By — JiKgs @ p
channel as a function of p; cut on the associated muon and on final hadrons.
The minimum is 0(sin23) = 0.054 at the lowest possible cuts, but there is a
wide area with an error below 0.06.

J/Y ¢ O p channe
Error onintrinsic asymmetry 10°

1312225 L L O A B B B B ‘ T T
= 285 i 285 283284 289 294 308 | 319 340 | 360 383 | 407
:> 2 S S S SRS SO SR ]
q) h h
(D 263 1 263 262 1 264 269 i 276 290 : 301 320 339 363 : 386
I £ T s T —
245 1 245 245 248 253260 275286 305 324 348 372
~~
S T e S R S —
5 2351235 236 0239 245 253 268 279 299 319 343 : 368
Sp 125 [ -
231 0231 232 1236 2431251 267 1230 302 323 350 379
o T N SS S HL ]
239 1 239 239 244 252260 2771292 316 340 368 : 400
0.75 [ -
348 1 348 348 1 354 364 0 375 398 1 418 455 490 530 574
05 L Lo T T T N T T I YT EON N N N BN
2 3 4 5 6 7

(™) [Gevic]

Figure 3.42: The expected error on an intrinsic asymmetry in By — Jipd @ p
channel as a function of p; cuts on associated muons and final hadrons. The
minimal error is §(asymmetry) ~ 0.23, much above the value predicted by the
Standard Model.
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3.3 Time dependent analysis

To determine sensitivities to CP violating parameters in the time dependent
study of channels By — JyKgs @ p and By — Jip¢ @ p some information ob-
tained from time integrated study was used, i.e. the number of signal events,
the level of background and the probability of observing a wrong tag. The num-
ber of simulated events for the time dependent analysis was equal to number
of events expected to observe (i.e. the weight of an event was one).

(—)

For each signal event the flavour of B? and its decay vertex were generated
with a help of formula (2.1). Similarly, for each background event its decay
vertex were generated. For background events, the sign of an associated muon
was taken with equal probability for both charges, whereas for signal events the
charge of the muon was generated according to known probability of having
right or wrong tag. Then the asymmetries (formula 2.13) were calculated.

In the case of By — JWKg the values of mixing parameters was fixed to
xq = 0.7 whereas in the case of By — Ji¢ channels two values were examined
z, = 10 and 20.

3.3.1 The predicted error on intrinsic asymmetries -
perfect secondary vertex resolution

3.3.1.a The B; — JWKgs & u channel

In the investigation of By — JiKgs @ p the number of used signal events was
Niig = 9500 (corresponding to 10*pb™! — one year of data taking at the initial
LHC luminosity), the dilution due to background Djzq = 0.86 (corresponding
to signal to background ratio Ns;;/Npga = 6.4) and the dilution factor due to
tagging Dyqq = 0.44. Moreover, the x4 = 0.7, and, since the reconstruction of
secondary vertex was initially assumed to be perfect, the ogec. vix. = 0. The
intrinsic CP violation asymmetry was set to sin 23 = 0.6.

In the Figure 3.43 the generated asymmetry is presented in terms of
BY — fop and BY — fcp with an associated muon found. The charge of
the muon is not important at that step. The distribution of time of the B
decay is shown for BY and BY separately in the upper-left plot. The dis-
tributions are not exponential (due to CP violating terms), but for the sum
the exponential behaviour still holds (upper-right plot). In the lower plot the
time dependent asymmetry is shown. This is the asymmetry between num-
ber of B — JYKs and BY — JWKg decays and it corresponds to formula
a(t) = —sin2f - sin (z44). The fit with a function (amplitude) - sin (z4%) is
performed with one free parameter — amplitude. The parameter z, is treated
as known. The result of the fit reproduces the initial asymmetry with an error
d(sin28) = 0.015. Although the error corresponds to expected statistic this
asymmetry cannot be observed, because the flavour of initial B-meson is not
known in real data.
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In more realistic case the generated asymmetry is presented in terms of
number of muons of opposite sign (Figure 3.44). At that step no background
is included. In the lower plot reconstructed asymmetry is presented. This
is the asymmetry between the number of negatively and positively charged

(—)
muons accompanying BY— JiKs decay and the asymmetry corresponds to
a(t) = Dyqg - —sin 203 - sin (z4%). The fit to (amplitude) - sin (z4%) is performed
and its error corresponds to d(sin 243) = 0.040.

In the realistic case the generated asymmetry is presented in terms of num-
ber of muons of opposite sign (Figure 3.45). At that step the background is
already included. At the lower plot reconstructed asymmetry is presented.
This is the asymmetry between number of negatively and positively charged

muons accompanying (B§—> JWKg decay and the asymmetry corresponds to
a(t) = Dyag - Dpgq - —sin2f - sin (z4%). The fit to (amplitude) - sin (zq4%) is
performed, and its error corresponds to d(sin23) = 0.043. With the approxi-
mation of perfect reconstruction of the secondary vertex this is the error one
should expect in real experiment.

3.3.1.b The B, — Jiy¢ & p channel

In the investigation of By — Ji¢ @ p the number of signal events used was
Niig = 28000 (corresponding to 2-10*pb™! — two years of taking data at initial
LHC luminosity), the Dygq = 0.77 (corresponding to signal to background ratio
Nsig/Noga = 3.3). For the dilution factor the value of Dy,, = 0.42 was used. The
above parameters roughly corresponds to pf“!(hadrons) = 1 GeV /c. Moreover,
rs = 20 was assumed, and, since the reconstruction of secondary vertex was
assumed to be perfect, the ogec. vix. = 0. The intrinsic CP violation asymmetry
was set to 0.03.

Similarly to Figures 3.43-3.45, the Figures 3.46-3.48 are provided for
Bs — Ji¢ @ pp channel. The errors on the reconstructed asymmetry are
d(asymmetry) = 0.009,0.022,0.025 for the asymmetries (respectively):
BY — fop vs. BY — fop (plus p'9); p= vs. pt (with By — Jip¢) with-
out and with a background superimposed. Thus, after two years of running
one cannot measure the CP violation predicted by Standard Model with good
enough accuracy (note that precision of the secondary vertex reconstruction is
still not taken into account).

3.3.2 The influence of secondary vertex resolution

To get some feeling about the influence of secondary vertex reconstruction, in
the PYTHIA based, exclusive simulation (B; — JiKs) the decay vertex of
B, was smeared with ogec. vix. = 100 pm (a very rough approximation of the
CMS vertex detector resolution in transverse plane). The smearing was done
in one dimension only. The result is shown in Figure 3.49. The 100 microns
smearing of secondary vertex reflects as the o & 0.1 in the proper time distribu-
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tion t/7. Applying that resolution to the simulation performed above one may
observed (see Figures 3.50 and 3.51, to be compared with 3.45 and 3.48) the
moving of reconstructed central value of asymmetry from sin28 = 0.630 to
sin23 = 0.621 for By — JWKs & p and asymmetry = 0.035 to 0.025 in
Bs — Jipo @ p. Although this shift is inside the errors it is somehow significant
since Figures 3.45 and 3.50 as well as 3.48 and 3.51 are not independent —
the decay points used there are the same, thus the shift is really induced by
the introduced smearing.

To further check the influence of secondary vertex resolution, more ad-
vanced study has been done. In the plot on Figure 3.52 the reconstructed
asymmetry is presented as a function of generated one, for a huge sample of
events (corresponding to one year of taking data at full LHC luminosity)
for By — JWKs @ p channel. The values of dilution factors due to tagging
and due to background were chosen as in section 3.3.1.a. The full and empty
circles represent the cases of resolution oy vtx, = 100 pm, and the perfect
one respectively. In the By — JWKg @ p channel the influence of not perfect
resolution is minor.

This is not the case for By — Jip¢ & p channel where the rapid oscilla-
tions may be well followed with perfect microvertex device only. The values
of ;=10 and 20 were examined with the samples corresponding to two and
five years of taking data at full LHC luminosity respectively. The values of
dilution factors due to tagging and due to background were chosen as in sec-
tion 3.3.1.b. The full circles in Figure 3.53 are significantly below the empty
ones in both cases. Thus the measured asymmetry should be corrected for sec-
ondary vertex resolution, multiplying the measured value roughly by a factor
1.5 (a factor of 6) for z;, = 10 (x5 = 20). Thus also the error on the asym-
metry (for [ Ldt = 10*pb™') increases from §(asymmetry) = 0.025 to about
d(asymmetry) = 0.037 or up to §(asymmetry) = 0.15 for two examined values
of z,.
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Figure 3.43: The time dependent study in By — JiWKs @ p channel. The
histograms are presented in terms of initially produced BY or Bg decaying to
fop. The assumed value of the asymmetry was sin 23 = 0.6. In the upper-left
plot the distribution of the time of B decay is presented for two kinds of B
separately, while in the upper-right plot their exponential sum is shown. In the
lower plot the asymmetry between number of B} and BY decaying to JWKs
state with an accompanying muon is shown. In such a case the asymmetry
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Figure 3.44: The time dependent study in By — JiWKs @ p channel. The
histograms are presented in terms of charges of associated muons. The as-
sumed value of the intrinsic asymmetry was sin 23 = 0.6. The background was
neglected at that step, and the perfect reconstruction of the secondary vertex
was assumed. In the upper-left plot the distribution of the time of B decay
is presented for muons of different charges separately, while in the upper-right
plot their exponential sum is shown. In the lower plot the asymmetry between
number of 4~ and u accompanying the B; — Jiy K decay is shown. In such a
case the asymmetry may be reconstructed with a precision of §(sin 23) = 0.040.
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Figure 3.45: The time dependent study in By — JiWKs @ p channel. The
histograms are presented in terms of charges of associated muons. The assumed
value of the intrinsic asymmetry was sin 23 = 0.6. The background at the level
of 16% of the signal was taken into account. The perfect reconstruction of the
secondary vertex was assumed. In the upper-left plot the distribution of the
time of B decay is presented for muons of different charges separately, while
in the upper-right plot their exponential sum is shown. In the lower plot the
asymmetry between number of x~ and pu* accompanying the By — JYKs
decay is shown. In such a case the asymmetry may be reconstructed with a
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Figure 3.46: The time dependent study in By, — Ji¢ & p channel. The
histograms are presented in terms of initially produced B? or B? decaying to
fop. The asymmetry of a value 0.03 was generated. In the upper-left plot the
distribution of the time of B decay is presented for two kinds of B separately,
while in the upper-right plot their exponential sum is shown. In the lower
plot the asymmetry between number of B? and B? decaying to Ji¢ state
with an accompanying muon is shown. In such a case the asymmetry may be
reconstructed with a precision of §(asymmetry) = 0.009.
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Figure 3.47: The time dependent study in By, — Ji¢ & p channel. The
histograms are presented in terms of charges of associated muons. The intrinsic
asymmetry of a value of 0.03 was generated. The background was neglected at
that step, and the perfect reconstruction of the secondary vertex was assumed.
In the upper-left plot the distribution of the time of B decay is presented
for muons of different charges separately, while in the upper-right plot their
exponential sum is shown. In the lower plot the asymmetry between number
of 4~ and pt accompanying the By — Jip¢ decay is shown. In such a case the
asymmetry may be reconstructed with a precision of §(asymmetry) = 0.022.
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Figure 3.48: The time dependent study in B, — Ji¢ & p channel. The
histograms are presented in terms of charges of associated muons. The intrinsic
asymmetry of a value of 0.03 was generated. The background at the level of
30% of the signal was taken into account. The perfect reconstruction of the
secondary vertex was assumed. In the upper-left plot the distribution of the
time of B decay is presented for muons of different charges separately, while
in the upper-right plot their exponential sum is shown. In the lower plot the
asymmetry between number of y~ and put accompanying the By — Ji¢ decay
is shown. In such a case the asymmetry may be reconstructed with a precision
of 6(asymmetry) = 0.025.
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Figure 3.50: The time dependent study in By — JiWKs @ p channel. The
histograms are presented in terms of charges of associated muons. The as-
sumed value of the intrinsic asymmetry was sin 23 = 0.6. The background at
the level of 16% of the signal was taken into account. The secondary vertex
resolution of 100um is faked by a ¢/7 smearing with o(¢/7) = 0.1. In the
upper-left plot the distribution of the time of B decay is presented for muons
of different charges separately, while in the upper-right plot their exponential
sum is shown. In the lower plot the asymmetry between number of y~ and p*
accompanying the By — JiyKg decay is shown. In such a case the asymmetry
may be reconstructed with a precision of §(sin 23) = 0.043 and the non-perfect
secondary vertex reconstruction reflects in the minor shift of central value of
the reconstructed asymmetry.
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Figure 3.51: The time dependent study in By, — Ji¢ & p channel. The
histograms are presented in terms of charges of associated muons. The intrinsic
asymmetry of a value of 0.03 was generated. The background at the level of
30% of the signal was taken into account. The secondary vertex resolution of
100pm is faked by a t/7 smearing with o(¢/7) = 0.1. In the upper-left plot the
distribution of the time of B decay is presented for muons of different charges
separately, while in the upper-right plot their exponential sum is shown. In
the lower plot the asymmetry between number of 1~ and ' accompanying the
Bs — Jib¢ decay is shown. In such a case the asymmetry may be reconstructed
with a precision of d(asymmetry) = 0.025. One should note that the non-
perfect secondary vertex reconstruction reflects in the shift of central value of
the reconstructed asymmetry.
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Figure 3.52: The influence of secondary vertex reconstruction for a value of
reconstructed asymmetry in By — JWKg @ p channel. The secondary vertex
resolution of 100 um is faked by a t/7 smearing with o(¢/7) = 0.1 The recon-
structed asymmetry in a case of perfect secondary vertex resolution is given
by an empty circles, whereas the case of gy vix. = 100 pum is marked with
full circles. A large sample of events corresponding to one year at full LHC
luminosity was used. The displacement of the full point from the centre of the
empty circle is a measure of the effect of the secondary vertex smearing. The
errors for full and empty circles are equal.
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Figure 3.53: The influence of secondary vertex reconstruction for a value of
reconstructed asymmetry in By — Ji¢ & u channel for the two investigated
values of z; = 10 and 20. The secondary vertex resolution of 100 pum is faked
by a t/7 smearing with o(¢/7) = 0.1 The reconstructed asymmetry in a case
of perfect secondary vertex resolution is given by an empty circles, whereas
the case of ggec. vix. = 100 pm is marked with full circles. A large sample of
events corresponding to several years of LHC running at maximal luminosity
was used.






Summary and perspective
outlook

The goal of this thesis was to present the simulation study of the CMS potential
to measure the CP violation in B-meson decays in the modes similar to the gold
plated By — JipKs® u'*9 channel followed with easy to trigger and reconstruct
JW — ptp~ decay mode. The time integrated studies were performed using
the package developed for the purposes of CMS B-physics group with the
underlying PYTHIA event generator. The detector response was faked with
the parameterisation functions, most of them obtained with the detailed CMS
simulation with CMSIM package interfaced with the GEANT package. The
simplified kinematic cut optimisation was investigated, calculating the errors
on CP violation asymmetries as a function of minimal transverse momentum of
hadrons and associated (tagging) muon. The output from detailed simulation
was used in the stand alone computer program derivate for the time dependent
study. The results of the studies may be summarised as follows:

e The obtained minimal error on the intrinsic asymmetry
d(Imrgp) = 6(sin2p3) in the time integrated study of the channel
By — JWKs ® p— ptp~ntn~ @ pis 0.054 for low p; cuts on associated
muon and final pions, e.g. p§*t(u!29) = 2 GeV/c, pf*t(rt) = 0.75 GeV /c.
One should note that the minimum is rather flat and the area of
d(sin2p3) < 0.6 is approximately bounded with pf(u!e9) = 4 GeV/c
and p*(7%) = 1 GeV/c. The calculation of the error assumes exact
knowledge of the dilution factors due to integration, tagging and back-
ground and takes into account statistical fluctuations of the number of
events. The expected number of events at the above ”working point”
is about 11000 (for the integrated luminosity [ Ld¢t = 10*pb~') about
9500 of them signal (Dy,q ~ 0.86). The obtained fraction of wrong tags
Wi ~ 0.28 (mixing included) corresponds to the Dy,y ~ 0.44.

e The expected minimal error on the intrinsic asymmetry 6(Imrcp) in the
time integrated study of the By — Jip¢ & pu — pu*p~ KT K~ @ p channel
is 0.23. This value was obtained for the lowest p; cuts on associated muon
pi (') = 2 GeV/c and the pf**(K*) = 1 GeV/c. This large (compared
to By — JiWKs @ p) error reflects the large value of x; (x; = 10 was used
in the simulation). It is much above the value predicted in the framework
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of the Standard Model. The expected number of events for the kinematic
cuts coincidencing with the minimal error is about 18000 total (14000
true signal events). The obtained fraction of wrong tags is wi,, ~ 0.29
(mixing included) corresponding to the Dy,, & 0.42

e Within the statistical errors of the simulation the fraction of wrong tags
(thus the dilution factor due to tagging) in the investigated B decay to
CP eigenstate (By — JUKg @ pu, Bs — Ji¢ @ u) can be provided by the
control channels (By — JWK*®u, B* — JWK*®u) using simple cut on
the transverse momentum of final hadrons, which is intended to uniform
the conditions of initial B decay. As an example, to reproduce the fraction
of wrong tags at "working point” in By — JYKs — ptpu ntn” @ pu
(peet(n*)=0.75 GeV/c) one should use pf**(K=*, 7%)=0.75, 2.5 GeV/c in
the By — JUK* — ptp~K*rFT @ pand B — JWK* — ptp K@ p
channels respectively.

e The simplified study of the time dependent method of measurement
of sin2f in By — JWKs shows that the error on intrinsic asymmetry
could be cut down to d(sin2/) ~ 0.043 for the integrated luminosity of
J L-dt=10* pb~'. This result was obtained faking the resolution of sec-
ondary vertex Ogecyix. = 100 um with o(¢/7)=0.1. The simulation shows,
that the difference between perfect and smeared position of secondary
vertex is minor in this channel.

e The simplified study of the time dependent method in the B, — Ji¢
shows that the error on the intrinsic asymmetry Im(rgp) is
§(Imrep) = 0.025 for [L-dt = 2-10* pb™!, i.e. of the order of the
value predicted by the Standard Model. This, however, assumes perfect
knowledge of secondary vertex. In more realistic case, for two examined
values of z; = 10 (zs; = 20) it was obtained that the achievable error
increases up to approximately 0.037 (0.15) reflecting the faked CMS res-
olution of the secondary vertex ogecytx. = 100 pm.

It should be stressed that investigated B — JWX @ p' decays are only
a part of CMS B-physics program [43, 77]. Concerning the measurement of
sin23 with By — JiWKs an efforts are taken to allow for the dilepton trigger
and lepton tag, i.e. combining muons with electrons [78]. The self-tagging

(—)

mode (B*** —BY %) is very promising [79], but the underlying branching
ratios are still very inexact. The CP violation in CMS is also to be measured
(sin2«r) in the By — 77w~ channel [79], using the high p; lepton as a trigger
and a tag. Although the main issue of B-physics is to observe and measure
the CP violation, other topics would not be given up. One should mention the
search for rare decays (like By — p*p™) [70], measurement of x4 [80, 81, 82] —
or essential for some SUSY /Higgs scenarios [83] — tagging of b-jets [84].

The CMS is a member of B-physics worldwide community, and the ten in-
coming years will be years of fruitful competition in a field of exploration of CP
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violation phenomena. Several experiments with different beam configurations
are involved. There are experiments at the e”e™ asymmetric Y (4S5) factories,
namely BaBar at PEP II collider (9 GeV against 3.1 GeV) at SLAC, and Belle
at KEKB at KEK (8 GeV against 3.5 GeV). There are general purpose de-
tectors at hadron machines — CDF and DO at TEVATRON (pp collider with
V8 = 1.8 TeV) in Fermilab and ATLAS and CMS at LHC in CERN. There
are also dedicated B-experiments at general purpose colliders - HERA-B (fix
target experiment) at 820 GeV proton beam of HERA ep collider in DESY,
BTeV at TEVATRON (forward collider mode) and LHC-B at LHC (forward
collider mode).

Some of the mentioned experiments are under construction. Data tak-
ing [85] would be initialised by HERA-B in 1998, soon followed (1999) by
BaBar, BELLE and experiments at Fermilab. Theses experiments are ex-
pected to observe CP violation, by measuring sin 23 and sin 2« at significant
confidence level. The more precision measurement would come with LHC ex-
periments when LHC will be turned on. The LHC-B will be able to measure
of CKM unitarity triangle (measuring direct CP violation with By — DK* and
Bs; — DyK decays).

Experiment dsin 243 0 sin 2«
(Bd — J/’QZ)K5) (Bd — 7T+7T_)
HERA-B 0.13 0.14
BaBar 0.10 0.20
BELLE 0.08 0.15
CDF/D0 0.10 0.10
ATLAS 0.018! 0.05
CMS 0.054,/0.0432 0.06
LHC-B 0.023 0.04

Table 0.1: Error on sin 2 and sin 2« for various future experiments. The upper
part of table groups experiments that are expected to provide first evidences
of CP violation in B-meson system (statistical errors are given for one year at
their design luminosities). In the lower part of the table the sensitivities for
LHC experiments are shown. Statistical errors are given for one year of data
taking at luminosities 10**cm=2s~! for ATLAS and CMS and 1.5-1032cm=2s~!
in case of LHC-B.

LThis number corresponds to ATLAS electron and muon combined mode, increasing
statistics approximately by a factor of four compared to analysis presented in this thesis.

2This thesis. Using decay mode with 3 muons in the final state only. Two cited values
corresponds to time integrated and time dependent study respectively. For ATLAS 3 muonic
mode, the error of the time integrated method is 0.036.






Appendix A

Standard Model and the CP
violation

The! Standard Model is a Lagrangian field theory with underlying local gauge
symmetry SU(3)c ® SU(2), ® U(1)y. It is intended to describe strong, weak
and electromagnetic interactions of fundamental fermions — quarks and lep-
tons. The SU(3)c group (where C stands for colour) is responsible for a
strong (QCD) sector of the Standard Model, with 8 massless gluons (spin-1
bosons) as the strong force mediators. The SU(2);, ® U(1)y part describes
unified weak and electromagnetic (called together electroweak) part of the the-
ory. There are 3 intermediate boson fields associated with weak isospin SU(2)
symmetry group and a single one corresponding to weak hypercharge group
U(l)y. The SU(2), ® U(1)y symmetric Standard Model is a massless the-
ory. There is no way to introduce mass terms for quarks and leptons and for
intermediate bosons, since the mass terms of usual form violate the underly-
ing gauge symmetry, and - in case of intermediate bosons - make the theory
non-renormalizable.

The masses for intermediate bosons of electroweak part are introduced by
the so called Spontaneous Symmetry Breaking (SSB). The symmetry is bro-
ken by the non-symmetric vacuum. The electroweak group is reduced to its
electromagnetic subgroup [86]:

SU3)e ® SU(2), @ U(1)y Z2 SU3)e ® U(1)grn

The Spontaneous Symmetry Breaking, apart from the mass generation for
(3 out of 4) electroweak, intermediate bosons introduces at least one massive
scalar particle — so called Higgs particle.

Thus, there are three types of objects in The Standard Model:

e fundamental spin 1/2 fermions (quark and leptons),

1The part of this Appendix devoted to introduction of the Standard Model Lagrangian
is based on the reviews [86]-[88]. The sections dedicated to CP conjugation are based
on [89]-[90].
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e force mediators — spin 1 bosons,
e the Higgs particle(s).

The fermion-Higgs couplings allow us to incorporate fermion masses in pos-
sible quark mixing phenomena in a compact and clear way. Finally, the quark
mixing via Cabibbo-Kobayashi-Maskawa matrix is a source of potential CP
violation in the electroweak Standard Model framework.

A.1 The SU(2);®U(1)y symmetric electroweak
Lagrangian

The Electroweak Standard Model is based on (or is invariant under) the local
SU (2) gauge symmetry of weak isospin combined with the local U(1) symmetry
of weak hypercharge. There are four gauge (vector) bosons induced by the
assumed symmetry: W, (i=1...3) and B,,.

There is a clear experimental evidence that there are different rules for
interactions of left-handed and right-handed fermion components. Thus in the
Electroweak Model fermions are decomposed to left- and right-handed fields.
The left-handed fermions are grouped in pairs which transform as doublets
under weak SU(2);, group (that is what index L stands for), whereas right-
handed components are singlets. One can distinguish the following fermion
fields in the Standard Model Lagrangian (the formulae define the notation
which will be used in this Appendix):

vy = {Ve, vy, V7 } < Y ) _

leptons K — - ,
P l={e,u,1} )R . f '
\IJZL: ( fl > ’ \IﬂR:fRafll%
q = {U, Ca t} q ! L
quarks ¢ = {d, s,b} — ( q )La 4r;qr
The left and right fermions are created by the action of left and right

projection operators on initial fermion field f, i.e.:

1 1

L= 5(1—75) f fr= 5(1‘*‘75) f (A1)
S——— S——
left projection right projection

The number of fermion generations in the basic version of The Standard
Model is three, since it seems that it is the choice of Nature. This number may
be however easily extended in the theory if necessary. One may also notice
that there are no right-handed neutrinos in The Standard Model, since - up
to now - there is no experimental evidence for their existence. This is also a
matter of choice that can be easily extended if necessary (leading to massive
neutrinos and possible lepton mixing).
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Another object that appears in the Standard Model Lagrangian is a Higgs
field. In the SU(2)L ® U(1)y invariant theory, the Higgs field appears as a
doublet (under weak isospin group) denoted with a symbol ¢:

(T _ N A L
o=(%)=p(0li) (42)
where ¢; (i =1...4) are four real scalar fields.

The SU(2),®U (1)y invariant Electroweak Lagrangian may be symbolically
decomposed into 6 terms, each of them depending on a different set of fields [87]:

L=LY,W,B)+LW)+L(B)+LW,B,¢p)—V(¢d)+ L(¥,¢) (A3)

These terms will be discussed in more details in sections A.1.2 — A.1.4.

A.1.1 The underlying gauge symmetry

The central principle of the gauge theories is that the Lagrangian remains
invariant under some local (space-time dependent) transformations.
The U(1)y symmetry operator acts on the fermion field ¥ as follows:

v U =00 =Y, (A.4)
where a(z) is arbitrary, space-time dependent (i.e. local) real function, ¥ — the
hypercharge operator. The fermion fields are the eigenstates of the hypercharge
operator with eigenvalue yy (Y = yy V)

The action of SU(2);, group on fermion field is more complex. For the left
components of fermion fields:

v S@L \I/IL =U, ( ff/ ) = ei &) T ( ffl ) ) (A5)
L L

whereas the right components remain untouched by the SU(2), action. The
d(x) is an arbitrary vector of real functions. 7' = {T3,T»,T3} is a set of 3
group generators. In usually used (Pauli matrix) representation 7; = %. Thus

the upper components of \IIJL have the T3 eigenvalue tfo, = % while their lower
partners have t; = —1. The sum of T3 and Y forms the charge operator
Q=T+Y

A.1.2 The L(¥,W,B) term

The purely kinetic Lagrangian for free fermions has a form

Lo= ) i¥y"9,¥ (A.6)

fermions
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that is not invariant under combined U; - U, gauge operation. A way for
obtaining an invariant formula is to replace the ordinary derivative with the
covariant one:

8, — D, =0, +igTW, +1ig'Y B, (A.7)

(the rules for transformation of B and W are given in next section), where g
and ¢’ are coupling constants for W, and B, gauge bosons respectively. Then
the (A.6) expands to:

LY, W,B) = > iWyD,W
fermions
= Y W [z'a“ - ¢TW, - gVB,| ¥
fermions
+ Y W0, — gV B, (A.8)
fermions

These terms describe a motion of the fundamental fermions as well as their
interactions with gauge fields B, W. The fermion-boson couplings appears as
a consequence of gauge invariance.

A.1.2.a The Charged Currents

The B and W fields representing intermediate bosons in (A.3) are not those
observed experimentally. Instead, the W+ W, Z% and + (with corresponding
field A,) are well known intermediate bosons. In the Standard Model they are
described as the mixture of W and B. Out of 3 W; bosons, W; and W, are
used to form a charged combinations W' and W~, whereas the third, neutral
W3 is mixed with the neutral B to form Z° and ~. Their interactions with
fermions are characterised with so called Charged Currents (CC) and Neutral
Currents (NC) pieces of the Lagrangian. From (A.8) one can extract terms
which contain W; and W,

Loo = — Z ‘T’%Q’YN(TIWJ"‘T?W@\I’%

fermions
- _ Q‘j © 0 W —ZW2 J
= —Z T+W++TW)x111
= - Z /s fﬂ W;f’i + LW f) (A.9)

- f (TtcWit + JtLw)
W:F'LW

5= are charged weak boson fields, Joc = S =) f

— the charged current (in terms of weak eigenstates). The TF = ( 8 (1) )

where Wlf‘ =
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00
10
Due to them, the upper components of SU(2) fermion doublet are coupled to
the lower ones (and vice versa) with a help of intermediate bosons W+, W~.
At this stage the Loc expressed in terms of gauge eigenstates is diagonal in
generations (i.e. family conserving).

and T~ = (

) matrices are weak isospin rising and lowering operators.

A.1.2.b The Neutral Currents

The Wﬁ’ and B, in L(V, W, B) are orthogonal mixtures of experimentally ob-
served Z, and A, fields, connected through the relation:

w3 cosfy  sinfy Z
B} = p
( B, ) ( —sinfy cos Oy ) ( A, ) (A.10)
Pieces of the Lagrangian (A.8) which contain W? and B may be rewritten as:
Lye = — Y WA (gT°W) +4¢'VB,) ¥
fermions

Z N2 wV9'y; B, \If]
fermions
= = > fOrer (e8WE+gyB) fOL e (A1)

fermions

with ¢8 = £ for members of SU(2), doublet and t3 = 0 for fg, f5. Substitut-
ing A, and Z, in (A.11) on gets:

Lye = Z 1O Ry rA, (t?gsin9W+ng'cosﬁw) f(')JL,R

fermions v
eg;

Z O R’yZ tgcos@w gy]sm0W)f 2R (A.12)

fermions

In order to recognise the QED Lagrangian, one has to fix g and ¢’ couplings in
terms of e (e stands for the positron electric charge) and 6y,. Thus imposing
relation e = gsinfy = ¢’ cos Oy with correspondence ¢; = t? + y; one gets:

Lyc = —eAu Z le)jfy“qu(,)j (A13)
fermions
Zy Y O 8, —2gpsin’ Oy — £3, 0 | fO
2 cos 9 fermlons ~ e 7 N
9 9
9
= —eAuJpy - mzﬂg = L3¢" + Lic (A.14)

The neutral currents in the above equation describe fermion-fermion transitions
with a help of intermediate bosons. The fermion flavours (hence the fermion
family) remains unchanged — Neutral Currents are flavour conserving.
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A.1.3 The L(W) and L£(B) terms

In order to supplement the created fermion - boson couplings one has to add
the kinetic terms for boson fields. The invariance of Lagrangian (A.3) implies
the certain form of transformation of B and W fields. One can check that the
transformations of a form:

B, — B[IL =B, e’

-y — —y 1 —y

W, = Wi =W, - -8,d—axW, (A.15)
g

guarantee the SU(2);, ® U(1)y invariance of Lagrangian (A.3).
With the help of the above transformations, SU(2);, ® U(1)y invariant
kinetic part of the Lagrangian may be written as:

LB) = —L F,Pm

LW) = —=G.G", (A.16)

with

F, = 0,B,—-0,B,

Guw = OW, —0,W, —gW, x W,

The L£(B) is the standard QED Lagrangian for a moving boson field, whereas
the L(WW) apart of purely kinetic term, involves self interaction of bosons (boson
- boson couplings). The last feature is a consequence of non-Abelian properties
of the SU(2) group.

A.1.4 Terms involving Higgs field:

The introduced Higgs doublet offers a possibility to construct more terms with
suitable transformation properties. One can write down invariant Higgs field
potential of the form:

V(¢) = 1?¢'¢ + h(¢'9)” (A.17)

and the corresponding invariant kinetic like term
LW, B, ¢) = (Du9)'(D"¢) (A.18)

(the higher order terms in potential are forbidden by renormalization require-
ments). The use of a covariant derivative of a form (A.7), which ensures correct
transformation properties of a Higgs doublet, introduces Higgs-Intermediate
Boson couplings that are responsible for Intermediate Bosons mass generation
(see the next subsection).
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Apart from that, the fermion — Higgs coupling are admitted by Yukawa
type Lagrangian

L(¥,9) = Z c;'k \I]J'L ¢ fer + Cik ‘I’jL ¢ fur + h.c. (A.19)
quarks
+ Z Cin Ui ¢ fig +cik Yz 8¢ fir + hec.
leptons

The ¢° = ioy¢* in the above equation is a ¢ hypercharge couple (i.e. its
1

hypercharge eigenvalue is ysc = —;, whereas y, = —|—%) All the terms in
equation (A.19) correspond to Higgs-fermion-fermion vertices, and the charge
and isospin conservation forbids terms like Uy ¢ f4 as well as the quark-
Higgs-lepton pieces.

It has to be emphasised that for the (not yet complete) description of the
observed phenomena it is sufficient to keep only £(¥, W, B) and L(W) + L(B)
pieces of the electroweak Lagrangian. The introduction of Higgs field with
a plenty of additional parameters and couplings is superfluous, since it does
not lead to improvement of description of observed phenomena. The situation

changes if Spontaneous Symmetry Breaking is considered.

A.2 The Spontaneous Symmetry Breaking

The fully symmetric Lagrangian described above guarantees the renormaliz-
ability of the theory, but does not allow us to introduce masses for fermions
or for intermediate bosons. The solution is to disturb the symmetry in such a
way as to get non-symmetric results from symmetric theory. This disturbation
is effected by the specific choice of the parameters in the manifestly invariant
term of Higgs field potential (A.17).

Generally, the parameter h should be greater than zero, otherwise the po-
tential has no minimum and the theory has no ground state. Concerning the 1
- if it is positive the ground state is ¢ = 0 and the theory remains symmetric,
in other case (that seems to be made real by Nature) the p? is negative, leading
to an infinite degenerate set of non trivial minima (ground states). Indeed, for
h > 0 and p? < 0 the condition for the minimum of the potential (A.17) with
Higgs field given by (A.2) is:

L5 2 2 2 —p’

§(¢1 + @5 + ¢35+ ¢4) = R (A-QO)
It is a choice of Nature which one of the infinite number of equivalent minima
is realised. This choice is called Spontaneous Symmetry Breaking (SSB). Since
in Quantum Field Theory the ground state represents the vacuum one can
say that the SSB appears if one has the symmetric Lagrangian but the non
symmetric vacuum. It is convenient to choose a ground state ¢" at

¢V=%<2), v:@ (A.21)
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After the ground state is fixed? the theory is shifted to chosen minimum (or,
in other words the theory is expanded around it). Hence the ¢ of (A.2) may
be parameterised as follows

1 =
¢ — ¢V + ¢I — ﬁeZT.G(w) ( -+ (;[(3;) ) , (A22)

where ©(z) and H(z) denotes four real scalar fields. Writing down the poten-
tial (A.17) one gets (neglecting constant terms)

V(H) = —u*H? + hvH® + %H‘*, (A.23)

in which one can associated a mass my = y/—2pu? with the scalar field H(z),

whereas the remaining ©(z) fields are massless (Goldstone bosons). The ex-
plicit choice of appropriate gauging may gauge them away, which shows that
they are not physical (as they disappear from theory). Finally the Spontaneous
Symmetry Breaking appears as the global replacement of four scalar fields ¢
with a single scalar field H(x). The replacement has a form:

¢ — ( v+9f(x) ) (A.24)

A.2.1 The masses of Intermediate Bosons

The masses of Intermediate Bosons are generated from SU(2), ® U(1)y invari-
ant kinetic term (D#¢)'(D,®) by the replacement (A.24):

(D*¢)' (Do) = ...+ (gT - W + g'Y B)—= ( 0 )

Thus, among others, the mass terms of intermediate boson appear. The SSB
generates masses for W+, W~ and Z° intermediate vector bosons, whereas the
photon remains massless, as it should be (in fact this constraints A.10).

A.2.2 Mass generation for fermions

The mass term of fermions of the usual form m; f f expressed in terms or left
and right fermion fields mix both types of components: ff = frfr + frfr.
Since left-handed fermions are combined in doublets while right are singlets

2Note, that the choice of a particular ground state is irrelevant since different solutions
may be transformed into each other through the choice of specific gauging.
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under SU(2) transformations the usual fermion mass term would violate the
underlying symmetry. Thus within the fully symmetric SU(2), ® U(1)y La-
grangian (i.e. before SSB is involved in the construction) the masses of fermions
do not appear.

The situation changes when one considers Yukawa type fermion-Higgs in-
teractions of the form (A.19). The left fermions are coupled with the right ones
with a help of a Higgs doublet. The Spontaneous Symmetry Breaking in some
of Yukawa terms replaces Higgs scalar with a vacuum expectation parameter
v, generating mass-like terms, coupling left and right components of fermion
fields, namely

Ckk‘I’kL¢fkR+
ckkVerdC frrt+  ssm 0 ) /
—_— ... U v +
oS! de’C‘I’TkL"‘ i Vit ( V2 i
ik fer(09) Wit <
crk kL ‘65 frr+

CkkfllcR( 0 7 )‘I’kL+
CkkfkR( % 0 )‘I’kL

= ... C\k/kz} (Fepfin+ [erfie) + C\k/kf (frerfer + ferfur)
= ...— ( kkfkfk + mkkfkfk) (A26)

As one can see, mass-like terms appear®. Since cjk,c;-k for j # k in equa-
tion (A.19) are arbitrary complex numbers, additional terms involving fields be-
longing to different generation appear. The full Yukawa piece of the
SU(2), ® U(1)y Lagrangian after SSB becomes

H £ el 1 opt
EY = _(1 + ;) { Z ijmjkfkR + ijmjkfkR —+ hC+

quarks

Z Fiemifer + f_]'-Lm;-kf,QR + h.c.}

leptons

+
—
I}
o
o~
N—
=
E)
<
et

—~
SN
W]
S
N—
h
)

NTETE O om0 8
+ +
—~ ~
o =]
= v
Sl S
- N—r
= =
g B
S S
~ —-

ST o ow Q T+tO &
+

3Note that (A.26) is correct if one redefine fields fj, and fg to make c,c’ real.
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H _ _
= —(1+—) { Z fmefR+FRmT7.‘fL} ; (A.27)
v fermions
U d e
with F={U,D,Ly={| ¢ |.| s |,| » |}
t b T

The m are 3x3 unitary mass matrices* of arbitrary complex numbers. The
mass matrices may be diagonalized with a help of binormal transformation:

m1 . .
M]: = . mo . = V]: me \/.17:]L (A28)

ms3

Furthermore, the proper choice of phases of quark fields leads to real and
positive M. Substituting my = VEMzV/ in (A.27) the Yukawa piece of
the Standard Model Lagrangian becomes:

Ly = 1+ Vi MUVIU)  + @V, )Mu(Valls)  +
(D,VoH)Mp(VLDR) + (DrVLHMp(VpDL) +
(LLVOML(VLLR)  + (LrRVEHM (VL) )

- _(1+§){ > f'PMﬂ-’P} (A.29)

fermions

It turns out that the fermion weak (gauge) eigenstates F involved in the
charged currents diagonal in generations (as in equation A.9) differ from phys-
ical (mass) eigenstates F© (FF = Ff + FF), where:

‘Ff = V]:fLa
FE = ViFg. (A.30)
It is convenient to choose:
Ve
VP = Vf = V[;VL = VL' vy
Vr

L

(this assignment is correct since neutrinos are massless). Thus physical fermion
fields are now denoted as:

P dP P P

u e V!
FP={Uu",pDP,cl vy ={ & |,| ¥ |.| uP vl |} (A31)
P bP P P

T

4Since right-handed neutrinos does not exist in the simple version of the Standard Model
discussed here, there is no appropriate coupling, no mass matrix for neutrinos and finally
neutrinos are massless.
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A.3 The fermionic piece of electroweak Lagrangian
in terms of physical fermion fields
As has been shown the fermion fields introduced initially are not the observed

(physical) ones. Thus one should express the successors of (A.8) in terms of
fields given by (A.31). Before doing that, it is useful to note that:

FPFP = FF (A.32)
Therefore the pieces that involve fields of the same flavour like in £y¢ should

look as they were untouched. This is not true for the Charge Current part,
which mixes f with f’. Starting from (A.9), in terms of F, one gets:

—Lcc = % {L_{L’y“W:DL-i-
Dpy"W, U +
VMWL, +
L:Lfy“WN_VL}

phys_fields %{(dfvu)ww;(v}gpfw
(DY Vo)V W, (ViUF) +
VIV W, (VL) +
(LEV ey W, (VIV}
— % {UE~ Wi VexmDE +
DYV iy W, U +
1% VW LY+
cr W, %4 }
(A.33)

The specific choice of the physical massless neutrino states allow us to keep the
lepton sector unchanged (lower components of doublets couple with the upper
ones). The situation differs for the quark sector. The coupling is mediated by
the Cabibbo-Kobayashi-Maskawa matrix

Vexm = ViV, (A.34)

enabling mixing between the generations (i.e. L¢c is no longer family conserv-
ing).

To summarise construction of the Standard Model Lagrangian, leading to
the Cabibbo-Kobayashi-Maskawa matrix, let us write down all the pieces of
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the Lagrangian which contain fermion fields. Dropping the index P one gets

Lr =Y Fioy*F (kinetic term)
- F(Mg#)F (mass terms)
— o H Y FMsF (fermion — Higgs couplings)
—eA, Y qp FyMF (electromagnetic current)

gcosgw Z.3 s M9l — gAY F (weak neutral current)

_ 92 { Z/_l’y“ 1— 5)VCKMD W+
+ DV (1 - )L{ Wﬁ
+ V_v“(l —VILW
+ LyH(1 =)V W } (weak charge current)
(A.35)

A.4 The CP operation

The charge conjugation C, spatial reflection - parity P and time reversal T are
special discrete symmetries. Their combination (CPT symmetry) is respected
by quantum field theory and it is frequently emphasised that any theory vio-
lating invariance under the CPT product would neglect cherished properties of
quantum field theory. For many years it was believed that Nature respects C,
P and T symmetries separately (and it is a true for strong and electromagnetic
interactions). The realization that C and P are not conserved in weak decays
was a milestone in formulation of weak theories. A few years later it was shown
that even the product of C and P (CP conjugation symmetry) is violated.

A.4.1 The parity operator P for fermion fields

The parity operation or spatial reflection consist in replacement of the spatial
coordinates with the inverted ones: ¥ = —7 without changing the time depen-
dence. The form of the parity operator P for fermions may be guessed from
transformation of Dirac equation for a free particle:

(iv*0, —m) U(t,z) =0 (A.36)

The Dirac equation in the frame with inverted spatial coordinates (improper
Lorentz transformation) reexpressed in coordinates of initial frame takes a
form:

(iv°00 — 17*0p — m) W'(t,—z) =0 (A.37)
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One may show that since 7°v%y% = —~* the U'(t, —x) = 7°U(¢, z) satisfy it.
Thus one may guess that under the parity operation Dirac spinors transforms:

P @P 0
U(t,z) >V (t,z) = U(t,—x A.38
(t,z) (t,z)= v ¥(t —z) (A.38)
P
It should be stressed that the transformation is defined up to an arbitrary

phase.

A.4.2 The charge conjugation operator C for fermion
fields

The charge conjugation in relativistic quantum mechanic changes the particle
to its antiparticle reversing its baryon or lepton number, charge and magnetic
momentum. The form of charge conjugation operator C for fermions may be
guessed from properties of Dirac equation for electron (charge -e) interacting
with photon:

(iv*0, + ey Ay —m)¥(z) =0 (A.39)

The positron satisfies similar equation but with opposite charge:
(iv"0, — ey* A, — m) ¥¢(z) =0 (A.40)

To transform equation (A.40) to (A.39) one should change the relative sing of
iy*0, and ey*A,. This may be done by taking the complex conjugate of equa-
tion (A.40). Using the relation (y#)* = v2y#4? it turns out that —iy?(¥°(x))*
satisfy the usual Dirac equation. With that one may guess (note that once
again the correspondence is defined with arbitrary phase) that charge coupling
acts on ¥(z) as follows:

U(z) S 0(x) = @ O (z) (A.41)

A.4.3 The combined CP symmetry and its violation

To understand the attractive pos- P
sibility to keep combined CP sym-
metry respected if C and P are sep- p T '/\‘

arately broken it is useful to anal-

yse a ”pedagogical” picture [91] (see C<
Fig. A.1) with left and right neutri- b
nos. Ty > < ..... iy
Since neutrinos are massless solutions o

of Dirac equation, they are eigenvec-

tors of helicity. The neutrinos have

spin opposite to direction of momen- Figure A.1: C,P and CP transformation on

tum J, = —1 or in other words they neutrinos.
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have negative helicity. It may be shown that this corresponds to the fact that
they are left-handed. For their antiparticles - antineutrinos situation is oppo-
site: the helicity is positive and they are right-handed. The parity operation P
changes the sign of axes, thus the momentum is reversed while the spin is not.
Hence the left-handed neutrino transformed under the parity operation with
changed helicity and handness appears as right-handed neutrino that is absent
in the base version of the Standard Model (and seems to be absent in Nature).
In other case C operator changes particle to its antiparticle, momentum and
spin is untouched. Thus the charge conjugate of the left-handed neutrino is
non-existent left-handed antineutrino. The situation changes with combined
C and P together. CP changes both direction of momentum and particle to
antiparticle thus right-handed antineutrino appears, that is perfectly allowed.
The combined CP conservation might be respected by weak interactions. But
it is not. As it will be shown the symmetry is violated in the quark sector for
charge current transitions in electroweak Lagrangian.

The combined CP conjugate operation acts on fermion field as follows
((A.38) and (A.41); T -means transposed):

U(t,z) B iy (¢, —2) (t,z) B —iv"(t, —z)y? (A.42)
The CP is conserved (or it is exact symmetry) if the action [ d*z £ is invariant
under combined CP conjugation. To check that it is useful to calculate the CP
operation on constituent components of the electroweak Lagrangian (A.35).
Let us calculate CP transformation of scalar, vector and axialvector coupled
with a vector field X,

—iUTy? iy

\171\112 C—)P = f‘l”{‘i’g = (‘jQ\Ijl)T
= ‘112\111

- cP —iWT 2 A1 (X )P 2O (A.43)
TrX, T, -1 “ 2

17" Ap¥2 { _ _\I,QW(X#)CP\I,1
_ —ipTA2 M(X )C'P,.y5 Z,YZ,YO\I]*
U 8 X 5\1, C_>P Z_ 17 1

VA = _\I’2%ﬂ’5(Xu)CP\I'1

With that it turns out that mass term is invariant under the combined CP
operation. One should note that the minus —U? ¥l = U, disappear due to
changing the order of two fermion fields. To check for the invariance of terms
that involve the interaction with the (axial) vector field X, it is necessary to
provide appropriate transformation criteria. One may find [90]:

1 CP Tl
W o0 =W } w= % _wF
w: = wee

(A.44)
w3 & _yysu cp
B” cp B A2, — —AH, —ZH
% —
o
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Assigning X, = A, Z, electromagnetic neutral currents as well as weak
neutral current pieces are invariant under CP transformation. Superimpos-
ing H % H it is also clear that the fermion-Higgs coupling term respect the
symmetry. Situation differs for charge current terms, where one may obtain:

Ui W (1 = 7°)(Verm) jk Dr D; (Verem) ki v (W )#(1 — 77 Uy
+ Di(Vigem)in "W, (1= %) Uy cp |+ U (VEm)ki7u(WH)A(1 = 7°) Dy,
+ VW1 = +°)L; + Ly (W1 =)V
+ Ly W (1 =27)Y; + Viru(WHE(1 = 7°)L;

(A.45)
The above equation shows that leptonic sector is invariant under combined CP
operation, while the quark one requires the following constraint for Vexm:
(Vekm)je = (VIJKM)kj' In other words, CP is conserved only if Vexm can
be made real:

(CP conserved)
(CP violated)

(Vexkm = Vekw) (A.46)

<~
< (Vekm # Vekm) (A.47)






Appendix B

The
Cabibbo-Kobayashi-Maskawa

matrix

B.1 CKM phases, invariants and parametrisa-
tions

Neglecting the strong CP violation problem the Cabibbo-Kobayashi-Maskawa
matrix Vogas is the only source of CP violation in the Standard Model. In the
previous section it was shown that CP violation takes place if Vo s is not real.
Thus one may want to count the number of parameters in CKM matrix. The
arbitrary N x N complex matrix depends on 2N? real parameters (modulus
or "angles” and ”phases”) The only theoretical constraint on CKM matrix is
unitarity. The unitarity bounds sets N? constraints reducing the number of real
parameters to N? i.e. N(N — 1)/2 angles (number of independent rotations)
and N(N+1)/2 arbitrary phases. Some of the phases may be however absorbed
in the (re)definition of quark fields:

eiau ezﬁd
U— el U D — etPs D (B.1)
6iat ezﬂb

Under the above rephasing the CKM matrix elements changes as follows:

(VCKM)kl — ei(ak_ﬂl) (VCKM)kl (B?)

Since from N u-type quarks and N d-type quarks one may compose 2N — 1
independent combinations the number of independent phases in CKM matrix

occurs to be: (N 1)(N—2)
Nphases = 9 (B3)

For the two family standard model npnases = 0 and there is no room for the CP
violation. This motivated Kobayashi and Maskawa to introduce a third quark
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doublet. Indeed, for N = 3 one obtains three rotating angles and nphases = 1.
The single phase makes the model very predictable. In the three family case
the CKM quark mixing matrix takes the explicit form (the u,c,t and d, s,
indexes corresponds to quarks coupled by the element):

Vud Vus Vub
Verkmr = Vea Ves Vo (B.4)
Vie Vis Vi

A large number of parametrisations may be composed [90]. In the standard
one [92] (advocated by the Particle Data Group [29]):

C12C13 512€C13 s13e 01
Verm = | —S12C23 — €12593513€™1  c19Co3 — S12803513€013 $23C13
$12823 — C12C235136%  —C12893 — S12C23513€™1  Cozi3
(B.5)

with s;; = sin 6,5, ¢;; = cos 0;;, where 0;; are three angles while d;3 is a single
phase. The above parametrisation, although strict does not well express the
magnitudes of the CKM matrix elements. As one can observe the ranges of
absolute values of CKM elements decrease going out of diagonal [29]:

0.9745:-0.9757  0.219+0.224  0.002--0.005 ~1 ~XA ~ )
WVeru| = 0.218+0.224  0.9736-0.9750  0.036+-0.046 = ~AoRl ~ N
0.004+0.014  0.03420.046  0.9989-0.9993 ~A AN =

(B.6)

This feature was used by Wolfenstein when he proposed to write the expansion
of VCKM in terms of A (sin HCabibbo):

- X X NA(p—in)
Vorwm = - 1—1x2 N2A + O\ (B.7)
MNAL—p—1in) —NA 1

In this parametrisation the CP violation arises from 7 in imaginary part of
Vuw and Viy. The Wolfenstein parametrisation although not strict is extremely
useful and its accuracy is sufficient in most cases’.

Although plurality of different forms of CKM matrix due to rephasing exist
one may calculate a set of rephasing invariants [94]-[96]. Of the special interests

More accurate, Wolfenstein-like parametrisation (the unitarity is kept up to A®) may be
written as follows [93]:

1— 322 — 2! A X A(p —in)
Vexm=| —A[L+ 14X (2p — 1) +iA2\7] 1— X2 — 1442 + )N N A
NA(1 - p—in) —AN1+ EX2(2p— 1) +iX%p]  1-— %AQE\“ /
B.8
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are the nine quartet forms:

Aia = Verm)is Verm)ry Verm)j, Verm)is (B.9)
i,j: k= u,c, ta «, /Ba Y= d; S, b (CYCHC OI'deI‘)

The invariant A, is obtained by crossing out the row ¢ and the column «

in the CKM matrix, taking the 2 x 2 submatrix with the complex conjugate

of diagonal or skew diagonal. Then the elements of the submatrix should be

multiplied all together. The A;, both the imaginary and the real part are

invariant (i.e. numerical values holds) under the rephasing and reparametrisa-

tions. Moreover all the imaginary part of A;, are (up to a sign) the same [94].
JCP = ‘ImAla| = ‘Im(VUdVYCS u*s cti)| == ‘Im(‘/cs‘/;ﬂ) c;%:)'

2 .
= 2‘012812013813023523 s1n 513\

Ay (B.10)

Since the Wolfenstein parametrisation is the approximate one, some care must
be taken while calculating Jop. One may use the O(A\%) parametrisation, how-
ever the correct result may be obtained from the simplified O()\*) version taking
for example |Im(V, ViV V)|

All the observed phenomena involving CKM matrix elements may be de-
scribed in terms on invariants. Particularly the CP violation involving observ-
ables appear to be a function of Jgp.

B.2 The unitary triangle

Since the unitarity is deeply rooted in the CKM matrix it is interesting to test
it. The unitary condition VIV = VV1 = 13,5 requires the following twelve
relations to be hold:

1= [Vid|* + [Veal* + [Vial* 1= [Vaal* + [Vas [ + [Vis|*  (B.11)
1= [Visl? + [Ves? + Vi 1= [Veal® + [Ves/* + Ve (B.12)
L=Vl +Val* + [Vil* 1= [Via|* + [Vis|* + |Vio|? (B.13)
(B.14)

= Uikdvus + VZZ{%S + tti‘/;fs (B15)

0 = VigVua+ ViVea + ViVia (B.16)

= VJqus + ‘/c);;‘/cs + Vtzvts (B.18)

0 = ViVua + VapVea + VipVia (B.19)
= ViV + VeaVes + ViaVes (B.20)
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The first three relations (B.11)-(B.13) express the fact that the sum of relative
couplings must be one. The rest six (B.15)-(B.20) relations are grouped in
pairs of complex coupled ones. Each of the equations (B.15)-(B.20) may be
expressed as a triangle at the complex plane. However in (B.15)-(B.18) the
imaginary part of the relations is small compared with the real ones and one
of the elements of the sum is much smaller than other two. This makes the
triangle ”flat”. This is not the case of equations (B.19)-(B.20) where all the
three elements of the sum are of the same order. Thus, the graphical illustration
of the relation (B.19) (although the choice of (B.20) is equally good) is called
unitarity triangle’. It should be mentioned that all the unitarity triangles
(including the "flat” ones) have the same area equal to $Jcp [98].

Figure B.2: The rescaled unitarity
triangle in Wolfenstein parametri-
sation.

Figure B.1: The unitarity trian-
gle.

In the Figure B.1 the unitarity triangle is shown in arbitrary parametrisa-
tion. Any rephasing of quark fields may change the orientation of the triangle
but not its shape nor area. Thus the values of its inner angles are meaning-
ful. From that Figure B.1 one may express them in the the following general
(invariant) form:

a = arg <—“23“2;b) = —arg(—Ag) (B.21)
Vcdv}‘,)

= arg | ———2 | = —arg(—Ays B.22

9 = ang (9 ) = —arg(-Au) (B.22)

7= arg (V) - _arg(—,,) (B.23)
VeaVay

Using explicit form for the quantities that are manifestly real in Wolfenstein
O(\*) parametrisation one may rewrite equation (B.19) in a form corresponding
to "rescaled” unitarity triangle (Figure B.2), with a base real and equal to one:

Vv Vid
v — =1 B.24
AN3 + AN3 ( )

2Idea introduced by J.D. Bjorken in 1987
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Using the Wolfenstein parametrisation one may express the angles of unitarity
triangle with CKM elements:

N

sina = (B.25)
V= )2+ e+
-1 2
cosa = plo— 1)+ (B.26)
VA= p)2+ 02/ +
. n
sinf = B.27
(1 =p)?+n (20
1—
cos B = P (B.28)
(L =p)?+n7
siny = S/ (B.29)
Vo7’
cosy = P (B.30)

/p2 + 772
With a help of the above formula, or using directly (B.22)-(B.23) the V;; and

Vup in the Wolfenstein parametrisation are related to 4 and 7 respectively.
Thus Wolfenstein parametrisation may be written in the following form:

1102 A |Vloe®
Ve = O S (B.31)
|V;5d| e )24 1

B.2.1 Experimental bounds to unitarity triangle

Although the direct measurement of angles of the unitarity triangle do not
exists yet, several experimental bounds may be set for the allocation of (p,n)
vertex of the triangle, namely [99]-[101] (see Figure B.3):

e the |ex| = (2.28040.013) x 103 [29] parameter describing the mixing in-
duced CP violation in neutral kaon system fixes the ”hyperbola corridor”,
since |ex| is related to p and 5 with the formula |ex| = Anp(B+C(1—p)),
where A, B, C are known parameters (although some of their components
are hardly calculable),

e the measurement of |V,;,/V,| ratio defines the position of the (p, n) vertex
between two circles around (0,0). The measured value
[Vin/Ves| = 0.080 + 20% [102]-[103] is based on the analysis of leptonic
spectra above b — cly; kinematical endpoint. The recent measurement
of exclusive By — (m, p)ly, decays gives some discrimination between
various models used in the analysis.

e the mass difference between heavy and light B; mass eigenstates
AMy; = E[(1 — p)> + n*] (where E is calculable constant)
designate the distance of (p,n) vertex from point (1,0). The value
AM,y = 0.464+0.018 ps~! [76] combines the results on mixing parameter
Xa With the lifetime 75, .
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1.0 T T T T T T T T Ed T

1 B
1
1 1 lll 1 11 1 1 ﬁ
-0.6 —-04 —-0.2 0.0 0.2 0.4 0.6 1.0

) p
Figure B.3: The constraint on the unitarity triangle from |ex| (dotted curve)
|Vaun/Ves| (solid circles) and By mixing (dashed circles). Figure taken from [104].

With the above experimental inputs, taking into account both experimental
errors and theoretical uncertainties the preferred position of the vertex is [101]:

(p,m) = (0.05,0.36) (B.32)

while the allowed region corresponding to 95% confidence level is shown in
Figure B.4. Apart of measured values, additional constraint (Fig. B.5) may
be set to unitarity triangle using the lower limit of AM, > 9.2 ps~! [76].
Although AM, o |V;iVy|? is not related to unitarity triangle, calculating the
AM,/AM, ratio one gains in cancellation of some uncertain variables. With
that observation, the following ranges for angles of unitarity triangle may be
set [101]:

—0.90 < sin2a < 1.0, (B.33)
0.40 < sin28 < 0.94, (B.34)
0.34 < sin?y < 1.0 (B.35)

fg =200 + 40 MeV, By =10, EK:D,75tO.TD
s
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Figure B.5: Additional constraints to uni-
tarity triangle arising from the z; bound.
The solid, dashed and dotted curves re-
spects the freedom within the choice of
hadronic matrix elements. Figure taken
from [100].

Figure B.4: The shape of the unitar-
ity triangle preferred by experimen-
tal data. The solid curve mark the
95%C.L. allowed position of the (p,7)
vertex. Figure taken from [100].



Appendix C

CP violation in beauty meson
decays

There! are three different ways to generate observable CP violation effects in
beauty meson decays. All of them are caused by the interference between
two or more various amplitudes contributing to the same process. One can
distinguish [107]:

e Direct CP violation.
Occurs when CP violation comes from the interference of at least two
diagrams with different weak and strong phases.

e Indirect CP violation.
Occurs when CP violation comes from unequal mixing rates between B°
and B°.

e CP violation due interplay between mixing and decay.
Occurs when CP violation comes from the interference of mixed and
unmixed decay paths of initially produced neutral B meson.

The first mechanism may rise irrespectively of the charge of the B meson,
whereas the last two involve mixing, and thus may happen only in neutral B
meson systems.

C.1 Direct CP violation

The CPT symmetry implies that the total widths I" of the particle B (not
necessary being a B meson) and its antiparticle B are equal. Let us define f;
— final state to which particle B may decay, and B, f; — their CP-conjugate
states. The CPT theorem requires [111, 112]:

YIrB-f;)=> T(B—f) (C.1)

all © all ¢

My understanding of the CP violation in beauty sector is based on a large set of articles
and reviews. The most useful for me were [105]-[110].
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The requirements for the partial decay widths are much weaker. The possible
inequality of partial widths arises from the CP violation. In the case of two
diagrams contributing to the same transition B into f; the amplitude can be
written as:

A= A(B = f;) = g1 M€ + gy Mpet 2, (C.2)

where: g;’s are relevant phases of weak couplings, «; — strong interaction phases
and M; — real numbers. For the antiparticles the weak phases changes to the
complex conjugate but strong phases remain unchanged. Thus:

A=AB = f;) = gi My + g3 Mye" 2, (C.3)
and the difference of partial decay widths is:

AT =T(B — f;) = T'(B — f;) & Im(g}go) sin (o — ap). (CA4)

The absence of CP violation implies equality of the ¢g; and g, phases, and van-
ishing difference of partial decay widths. Hence, the CP violation arises from
interference of at least two amplitudes with different weak and strong phases.
There are several ways to fulfil these conditions [113]-[116]. As an example
one may show interference between the spectator diagram and the single-loop
(penguin) diagram (Fig. C.1). Theoretical problems due to treatment of strong
phases makes the extraction of CKM phases difficult, although in some cases
possible [117].

Vo Vi W_ Vi,
IS

el }KW

U _

Figure C.1: (a) inner spectator diagram contributing to B~ — p 'K~
(b) example of penguin diagram contributing to B~ — p°K~

C.2 CP violation arising from mixing in neu-
tral B meson system

(=) (=)
The mixing of neutral B mesons (BY, BY) is known since 1987 [118, 119]. It

can be described by x4, xs parameters — time integrated probabilities that a
produced B? (or B%) decays as a B (BY), e.g. for an inclusive semileptonic
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Figure C.2: BY — BY mixing diagrams.

decays:
['(BY — I X (viaBY x>
. (Bi— I X(viaBY) g ©5)
['(BY — 12Y) 2+ 2722
_ T(B? = i"X(viaB?)) 2?2
Xo = TTD(BY S 1Y) 2+ 222

where z4, ; are mixing parameters for By, B; mesons respectively. The mea-
sured values are?? [29]:

0.156 + 0.024
0.73 £ 0.05 Ts

xs > 049 (95% C.L.)
> 9.5 (95% C.L.)

Xd =
g =

(C.6)

Since at high energies it is difficult to separate B; and B, the experiments
[124]-[129] measure [29] an average mixing:
= 0.126 £+ 0.008

XB = [B,Xd T [B.Xs (C.7)

The recommended [130] values for the production fractions fg,, fB,, fe*, fa,
at high energies are:

fs, = (37.84+2.2)%

fpr = (37.8+22)% (C.8)
fo, = (1137 15)%

fr, = (132+£4.1)%

The B — B mixing in the Standard Model arises from AB = 2 box diagrams
[131] (Fig. C.2), similarly to that in K — K system.

?Experiments [120]-[122] measure
from r to x.

rq = xa/(1 — x4)- The quoted values are converted

3The , values is derived from Ampg, [123]; It cannot exceed 0.50.
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Let us denote: )
[T (1)) = a(t)|B%) +b(t)|B°)

The quantum mechanic evolution of the |¥(t)) is governed by a Schrédinger
equation ¢%|W¥) = H|V), that in the B rest frame can be written as:

wli)=n(0)=0e)(5) e

where M and T are two by two Hermitian matrices* (M = M+, T =I'"), with
its diagonal elements equal (M;; = Mo, I';; = I'yy) due to CPT conservation.
One can introduce By, and By eigenstates of the mass matrix ( after a calcula-
tion of mass difference in (C.19) one may identify L-lighter, H-heavier) such
as:

Il

|BL) =p-|B% +q-|B%,
|Bu) =p-|B% —q-|B°,

with p, ¢ — complex numbers. Diagonalization of the mass matrix leads to the
following relation on the ¢/p ratio® [132]

q_ w (C.11)
p My — 5T

and the time evolution of B® — B system is:

(C.10)

(¥(®) = c(t)|Br)+d(t)|Br) (C.12)
= e’“‘thC(O)|BL)+.67Z“th(0)|BH) . , _
(e_Z“LtC(O) + e—zthd(O)) p|BO> + (e—ZuLtC(O) _ e—Zthd(O)) q|BO>

with pp g = mp g — 57,1 — eigenvalues of mass matrix:

1 1
Mp,H = (M11 - §P11) + (M12 - §P12) : a (C-13)
p
The Standard Model calculations of box diagrams lead to (let us decide to use
the convention CP|BY) = |BY)) [110],[133]-[136]:

GQBBmeBnB m?

My = TR A €S (€19
GQB 2

[ = %‘W-mi-fi (C.15)

with G — Fermi constant, Bg — “bag” parameter occurring while calculating
box diagrams, fg — B meson decay constant, mpg — mass of B meson, my -

4Hamiltonian operator (called mass matrix) is not Hermitian itself because of decays.
5The sign of q/p ratio is chosen to obtain mass difference of correct sign mg — myp > 0;
a care of keeping arbitrary sing is taken in [110].
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W+ mass, my, my — t,b quark mass, S(.) — slowly varying function of order 1
and:

ft ‘/;b tc\g, (C.16)

IT12]
[ M|

2
where a = d, s for By, Bs; mesons respectively. Since ~ m” < 1 expres-

sion (C.13) implies:
q MTQ 6: _ ‘/t;;véa

o[22 0t - Tth e —2idy C.17
b M, &t V;th;Z ( )

The ¢, is a phase, its index M emphasised that the mixing is necessary to
its occurance. Calculating the difference of eigenvalues of mass matrix one
obtains:

Ay=9g —7 ~ —2|T'|

Hence |Av| < [Am|. This is at variance with the analogous result in the
K° — K° system, where Am/Avy =~ —0.5. A consequence of above is the
similarity of lifetimes [110]:

Ay Ay Am Ay [ 0(107?) for By — B system
v T Am v Am T T\ <0(20%) for BY — BY system

(C.19)

where v = (v + v#)/2 & 71 = Y, T = x4,%s defined above is the mixing
parameter introduced in (C.5). Again, the above result is different from the
values in Kg — K, system where vg > ~r.

A special case of (C.12) is the evolution of initially pure state of defined
flavour. It is described by the formulae

B a(t)) = f1(1)|B%) + %f(t)\B")

|BS (1)) = pff(t)|B°> + f1(t)|BY, (C.20)

where | Bp,,4(t)) stands for |¥(t)) such that |¥(0)) = |B®), similarly for | B, ,4(t)).
With a help of derived preperties for one can find f,, f_

fo=e " cos —Agt = mimtg=}t gog 2T
+ Apt Amt
fo=e " tgin 5 = e "™e 3t sin 5 (C.21)

From equation (C.20) one can see that |f,(t)|* is a probability that an initially
produced B® (B°) decays as a B° (B°). In addition, in case of equal contami-
nation (|¢/p| = 1) of B® and B® in By, By states, the |f_(¢)|? function gives a

probability that an initial B® (B°) decays as a B® (B°).

(B[ Hett| Bproa(t)) |* = |+ (1)
[{B°[Hett| Bproa(t)) |* = |- (1) (C.22)
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and (see equation (C.5)):

N(Bgmd — B%) N(Bgmd — BY)
X N(B,,q — B%) + N(B},,, — B°) B N(By,,, — B%) + N(B),,, — B°)
Jo dt|f-@))
Jodt(|[f+ (@) +1f-()]%)
72
T 24222 (©23)

A comment should be made on the ¢/p. Its phase is not CKM matrix in-
variant — thus physicaly meaningless. The rephasing of |B°), |B%) would lead
to changes of the phase of ¢/p (see for example [106, 110, 137]). Neverthe-
less with fixed convention CP |B®) = +|B°) if CP is conserved one obtaines
g/p = 1. In that case one may assign CP eigenvalues to By, By

CP|B.) = +|BL) and CP|By)= —|Buy). (C.24)

Althought ¢/p is convention dependent its module |¢/p| is not. Another mean-
ingful quantity may be obtained convoluting g/p with decay amplitudes (see C.2.2).

C.2.1 Indirect CP violation

Consider [107] B® (B°) decay to the state that specifies its flavour. An example
could be the following inclusive decay (X denotes anything):

B > ItyX  (B® = I pX). (C.25)

Here the charge of the lepton tags the quark contents of the beauty meson
(because BY (B°) does not decay to [~#X (I*1,X)). The B — B mixing offers
the possibility that produced B° (B°) will decay as B (B°). Thus the decay
amplitude of initially produced B (B°) to specified lepton state is:

<l+le|Heff‘ prod(t)> (0.8 f+(t)a
<l+le|%eff‘ p'rod(t)> I_)f— (t)a
(1 X [Hen| B, (0) ox £7-(0), (€20
<l VlX|Heff‘ p'rod(t)> X f+(t)
One can try to determine experimentally the following ratio:
. _ fooo dt T'( Bgmd( ) — l+VlX) — fooo dt T'( Bgmd(t) = I pX)
St JiZdtT(BS, (t) = v X) + [° dtT(BY,o4(t) — I-11X)
_ N(Bgmd =ty X) - N(Bgmd — 77 X) (C.27)
~ N(BY., = 1tuX) + N(BS, . = I X) '

Hisrs

p|2 q12’
512+ 15
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with ¥ given by (C.11). As already mentioned || is convention independent
and physmally meaningful. Since B® (B°) mesons are always accompanied by a
b(b) quark (as the bb pairs are produced by strong interactions), one can use the
semileptonic decay of associated beauty quark: b (b) — I~ 7; (ITv;) + anything
as a tag for the presence of B® (B). Therefore, a double lepton signature may
be used to determinate ag;, (C.27):

NIy = N(717)

GLEN@ET) + NI (C.28)
(—)

The non-vanishing asymmetry (C.27) mark CP violation in B decays. It man-

ifests itself as an unequal contamination of B and B in eigenstates By, By

of the weak Hamiltonian. This kind of CP violation is called indirect because

one cannot observe this effect in absence of mixing.

Unfortunately in B meson system agy, is very small and vanishes within ap-
proximations made in C.2. More detailed calculations shows that the Standard
Model predicts agz, ~ 10~* [107] which is far below the experimental precision
asr, < 0.18 [138]

C.2.2 CP violation arising from the interplay between
mixing and decay

CP violation due to mixing allows us to measure asymmetries similar to that
in equation (C.27). The asymmetries described in this section do not vanish
even if 1| =1, and they arise from the interference between two decay paths
to a given final state f. CP violation due to mixing is more precisely called
[109] CP violation due to interference between the mixed and unmixed decay
paths:

B> f and B> B> f

Similarly to the indirect CP violation, the mixing is required. Moreover it
is necessary that both B® and B decay to the same final state f (note the
difference with indirect CP violation).

Let us consider the state f to which both pure B® and B® may decay. Let
us define:

[f) = CPIf) (C.29)

The decay amplitudes of initially produced B°, B to the state f, f is

et B oa()) = £+ ()4 [Hert| BY) + L1 (8)(F e B,
<f|Heﬂ| prod(t)> f—l—(t)<f|Heff|B0> %f (t)<f|/Heff|§0>7 (C 30)
(f[Hett| Byprog(t)) = Bf-(8)(f[Hex| B®) + f+(t)(f|Her|B°), '
(f[Hetr|Bproa(t)) = Bf-(£){f[Her| B®) + f1(t)(f|Hea| B®)
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Denoting
Ar = A(B° = f) = (f|Her|B°), Ar = A(B° = [) = (f|Her| B°),
Ar = A(B° = f) = (f|Her| B), A; = A(B® = f) = (f|Heu| B°)
(C.31)
and 1 4
_9. % F=P 77
r= p A, T = . ./‘_lf’ (C.32)

the time-dependent rates transition probabilities (under conditions of equation
(C.20)) for BY (B°) to decay into f (f) are:

T(Bpa(t) = f) = |Ase [c052¥ + |r\25in2Amt —Imrsin Amt|,
(C.33)

F(Bﬁmd(t) — f) = |Af’e™ [cos2¥ + |f|25in2Amt — Im7rsin Amt|,
_ (C.34)

T'(Bpoa(t) = f) = |Afe™ COSQA;nt + % 2sin2Amt - Im% sin Amt| ,
: (C:35)

L(Bproa(t) = f) = | Ag[?e cos? 25+ % ZSin2Amt — Imsin Am |,

(C.36)
(—)

In the bulk of possible B® decay products one can separate a class of CP
eigenstates. Such decays are often called gold plated channels because for f
being a CP eigenstate (fcp), relations (C.33)—(C.36) simplify significantly.

Consider CP eigenstate fcp such that both B° and B° may decay to it.
Let the CP parity of fcp be ny (ny = £1).

CP|fer) = ny|fep) (C.37)

In that special case four decay amplitudes and widths shown above reduce to
two only. Moreover 7 is in straightforward relation to r

(C.38)

As _
. P F—s 1/rcp

To determine the relation between decay amplitudes Ay, and A, one
(—)

may observe [139] that Hamiltonian which gouverns B’— fcp transitions may

be factorized with H = Vh+V*h!, where h (h') are operators that annihilates

B® (B%) and creates fcp, V and V* are relevant CKM matrix couplings. Since
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CP violation occurs due to theses couplings while CP transforms & into A and
vice versa (these may be observed in eq. (A.45)), the decay amplitudes satisfy

Afor = (for|HIB%) =) Valfor, alh|B°) (C.39)
= ZMaei‘z’Daei‘SSa
Ajer = (forIH|B°) =) Vi(fcp,alhl|B) (C.40)

= ) _Vilfor,al(CP)I (CP) B (CP)T (CP)|B*)=) _ Ving{fcp,alh|B°)

«

where the index o denotes a given partial decay amplitude; M, are real factors
(magnitudes of amplitudes); d, is strong phase; ¢, — weak phase due to decay.
One could notice that if only one weak phase contribute to the (full) amplitude
(¢p, = ép) the weak phase could be factorized® and:

‘AfCP =7 e 'op = 7 e—2i%D
‘AfCP d e'*p d
VieVid

nf‘/;}‘;‘/id

(C.41)

where the indexes r.k,l specify the flavours of the quarks involved in the un-
derlying weak interaction.
Equations (C.41) and (C.17) allow us to calculate r¢p

: Vie VoV
2i (Pm+Pp) _ nf#“z* . V’I:V}; (042)
o rb

rop =T1yfe

Finally, the decay width for the initially produced B® (B°) to the same CP
eigenstate fop is given by

U(Bpoa(t) = fep) = |As,l’e [l —Imrepsin Amt],  (C.43)
L(Bya(t) = fep) = |As[’e " [l +ImrepsinAmi].  (C.44)

The rcp is invariant of CKM rephasing — it may be reexpressed in terms of
CKM invariants A;, defined in Appendix B. Thus, if there is no CP violation,
CKM matrix is real (in some particular representation) ¢, and ¢p vanish and
rcp = £1. Thus in any parametrisation rcp would be £1 with vanishing
imaginary part. If it is not the case — CP is broken. Let us also notice that non
vanishing Imrcp disturbs the rule of exponential decays (exponential decay

60ften, if there are two weak phases contributing to the amplitude, one can still extract
CKM phases with the isospin analysis [140]-[142].
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holds if one do not distinguish the flavour of initial B). Thus one may want to
look at the time dependent asymmetry:

at) = N( prod(t) — fop) — N( p'rod(t) — fop)
N(Bp,4(t) = fop) + N(Bp,o4(t) = fer)

_ N(B)(Bp,4(t) = fep) = N(B°)T(Bp,uq(t) — fopr)

~ N(BOI(BY,4(t) = for) + N(BO)L(BY,4(t) = fecr)

= —Imrepsin Amt, (C.45)

or time integrated one:

A

N(Bgrod_)fCP)_N(Bgrod_)fcp)
N(BO d_>fCP)+N(BO 4 — fop)

— fo prod( ) - fCP dt - fo )F(Bgrod(t) — fCP)dt
fo N(BO)F(B](J)rod( ) — fCP dt + fo )F(Bgrod(t) - fCP)dt

_ Am/y oz

= —1 " (Am/’y)2(—1m7'cp) = 71 T 12 (—Im’l”cp), (C46)

The above equation express asymmetry in number of decays of initially
produced B° (B°) to the same final state fcp. One should notice that equations
holds under the assumption that B° and B° are produced in equal amounts.

The factor z/(1 + z?) (z = z4,%,) is smaller than one and its dilutes the
asymmetry hence it is called the dilution factor due to integration (D;,;) (note
its absence in (C.45)).

The number of neutral B® decay channels is large but one may distinguish
four classes:

By decays with b — ccs transitions

Events belonging to this class are very promising because of relatively
big b — ¢ primary decay probability and small value of ;. They may
be easy to detect if one looks for ¢ quarks combining to Ji). The most

important channel is B)— JiyKs allowing us to measure the § angle of
unitarity triangle. This channel is discussed in Section C.2.2.a

B, decays with b — uud transitions.

Events belonging to this class generally have smaller branching ratio of
primary decay because of b — u quark transitions. However the primary
decay may lead to easily detectable stable state. This compensates some-

what a small primary decay probability. An example of a channel in this
(—)
class is B)— mt7~, sensitive to the a angle

B, decays with b — utd transitions.
Decays in this class are sensitive to the v angle but are very difficult to
measure experimentally because of large value of z;, and small b — u
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(—)
transition probability. One possible decay mode is B’— pKg with decay
products witch are difficult to identify, moreover the clean interpretation

is disqualified by large contributions of penguin diagrams.

e B, decays with b — c€s transitions.
In B? — B? system the calculation of Imrep with b — ¢ transitions gives
zero in first order of Wolfenstein parameterisation of the CKM matrix.

(—)
The standard example of process belonging to this class is B%— Jie
(—)
(Section C.2.2.b) which is very similar kinematically to BY— JiyKs.
Measuring vanishing (or small) asymmetry in this channel could be a

test of consistency of The Standard Model.

C.2.2.a The B; — JiyKs channel

Main diagrams contributing to the BY(BY) — JiWKs decay are shown in Fig-
ure C.3. Weak couplings are proportional to V;; V., for By decays, and to Ve,V
in case of BY. The ¢/p parameter in the BJ — BY system is (C.17):

q VigVia
e , C.47
(p) d V;tbv;z ( )

thus the CP violating parameter rcp becomes:

VisVia VeV
AT V;:; VeV

(®) 5 % Vo c
B; \<} " Bs W\V<} "
K “ K
} ’ d a- "

(—)
Figure C.3: BY— JWKs decay diagrams.

(C.48)

The calculation in the Wolfenstein parameterisation leads to:
ViVl VaVe] g [LAN( = p—in) | (1-X2/2) AN
VaViy VeVl — 1- AN —p+in) (1-A2/2)- AN
n(l—p) :
= —2————— = —5in20. C.49
(1 =p)2+n ’ (4
The Ji) is a vector particle with quantum numbers J”¢ = 17", with even CP
parity. The Ky is a pseudo-scalar with J¥ = 0~. Since BY (BY) is a pseudo-
scalar with spin zero the JWKg from By decays has orbital momentum L=1.
Neglecting CP-impurities of Kg one has:

CP [ JWKs) = npxs | JPKs) = — [JKs) (CP odd state). ~ (C.50)
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Finally the relations (C.45) and (C.46) could be written as:

t — F(Bg p'rod( ) — J/wKS) B F(B((i) prod(t) — J/wKS)
a( )Bd—>J/'¢Ks = F(BO ()—>=]/1/)K5)+F(BO (t) —>J/¢K5)

d prod d prod
= — sin2fsinAmt (C.51)
A _ N(B((i) prod - <]/ng) - N(Bg prod — ‘]/wKS)
Bamrlts N(B((i) prod — J/¢KS) + N(B((i) prod - <]/¢K5)
L .
= — m Sin Qﬂ (052)

C.2.2.b The B; — Ji¢ channel

The main diagrams contributing to the B%(B%) — Ji¢ are shown in Fig-
ure C.4. The weak couplings appearing in the AB = +1 transitions are char-
acterised by ViVi, (VpVy:) for the decays of B? (B?) The ¢/p parameter in

Bg — Bg is (C.17):
q Viy Vis
1) = C.53
(p) s VeV (C.53)

thus the CP violating parameter r¢p becomes:

ViVis VaVe
— TV Vs

@) 3 Va Vi c
B ‘< } S BO W\< } J
S S V S
(] _ ¢

(—)
Figure C.4: B%— Jip¢ decay diagrams.

(C.54)

The calculation in the first order Wolfenstein parameterisation involves only
real elements of CKM matrix. In this approximation asymmetry vanishes.
More careful calculations (let us use the higher order Wolfenstein parametri-
sation (B.8)) leads to (phases are involved in Vj,):

n [V;gv;s _ V;V;b} N [—AA2(1 +1X2(2p— 1) +iA%p)
VieVis VesVa —AN(1+5X(2p — 1) — i)
~ 20 ~ 202/ p? + n2siny (C.55)

Since ¢ is a vector particle with quantum numbers same as Ji the Ji¢
may form states with angular momentum L = 0,1,2. Thus both CP even
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(L = 0,2) and CP odd (L = 1) amplitudes may contribute to the investi-
gated asymmetries, diluting the effect. Nevertheless, with the help of angular
distributions analysis one may separate (statistically) the longitudinally (CP
even) and transverse polarised (parallel — CP even; perpendicular — CP odd)
amplitudes [143]. The separation of these three components would reduce the
dilution effect.

The angular analysis of the investigated decay was performed recently by
CDF and the fraction of longitudinally polarisation events was measured [144]:

r
?L = 0.56 +0.21 302 (C.56)

The measurements of polarisation in By — JiK* suggests even larger con-
tamination of CP even amplitude. With the assumption that

CP|Jpo)y = +|Jipp) (CP even dominance) (C.57)

the time dependent and time integrated asymmetry become:

(t) _ P(Bg prod(t) — J/¢¢) — P(Bg p’rod(t) — J/¢¢)
W B = (B (1) Jipé) + D (B roall) = D)

s prod
= —2\psin Amt (C.58)
AB e = N(Bg prod - J/¢¢) - N(Bi.g prod - J/¢¢)
) N(B.g prod - J/¢¢) + N(Bg prod - J/¢¢)

Zs
= i 2\%n (C.59)

S







Appendix D

The credibility of simulation

The! reliability of the PYTHIA event generator predictions have deep conse-
quences for the required detector performance. Therefore the efforts were taken
to check whether PYTHIA predictions agree with the existing data taken at
hadron machines. Especially, the muon and b-quark spectra were compared
with experimental results from UA1, CDF and DO0. For this comparison, the
5.7 version of PYTHIA was used with the CTEQ2L (PYTHIA default) struc-

ture functions.

10

5 Inclusive b-quark IN° <15 Vs =630GeV
T T T

— T
2 = UAL data

g 104L Total

-C; E __ Min. bias
I& 10 3 L . W,z i
B F .. Drell-Yan

I Tl I I I
10 0 10 20 30 40 50 60

Py [GeV]

Figure D.1: Cross section for the
integrated inclusive b-quark produc-
tion in |n°| < 1.5 at the SPS en-
ergy of /s = 630 GeV. At the top
of PYTHIA predictions the UA1 data
are shown. Figure taken from [145].

Inclusive b-quark |n°/<1.0 Vs=1.8TeV
T T

= 10° T T T

= e CDF data
’>3 10 4§ o DO data |
.CT! E Total

I& 103 L __ Min. bias |
5 E W,z

.. Drell-yan |

0 10 20 30 40 50 60
py" [GeV]

Figure D.2: Cross section for the in-
tegrated inclusive b-quark production
in |n°| < 1.0 at the Tevatron energy of
/s = 1.8 TeV. At the top of PYTHIA
predictions CDF and DO data are
shown. Figure taken from [145].

IThis Appendix refers to the work done by M.Cwiok and G.Wrochna, described with

more detail in [145].
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The credibility of simulation

Several samples of minimum bias events were simulated with varying kine-
matical cuts at 1/s=630 and 1800 GeV. At the top of that the rare processes
were superimposed. The samples were normalise to the cross sections cal-
culated internally in PYTHIA. The results for b-quark spectra are shown in
Figures D.1-D.2. The PYTHIA follows UA1 points with satisfactory preci-
sion, D0 data are well reproduced whereas the CDF cross section at low p;’s
surpasses the PYTHIA one. The results for muonic spectra are shown in Fig-
ures D.3-D.4. In order to obtain better agreement with experimental data the
muonic spectra were smeared to fake the detector resolution. Generally, both
the DO and UA1 data match well with PYTHIA 5.7.

IS

Inclusive i |n* < 1.5 Vs =630 GeV
T

= 10
g E = UAl data
af
;: 10°F Total 3
[} E
3 2f __ Promptp ]
3 10 7 (b,c,DY,T.p@n)
i=A £ W,z
o0 f - W, ]
2 :
3 1 E +y 3
af S
10 3 L' E
2f +
10 F I E
¥
Ll L PRI
2
10 10
p} [GeV]

Figure D.3: The differential cross sec-
tion for the inclusive muon production
pp — pX in |n| < 1.5 at the SPS energy
Vs = 630 GeV . The PYTHIA predictions
are compared with UA1 data. The n/K
contribution is not included. Figure taken
from [145].

=
o
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=
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Figure D.4: The differential cross sec-
tion for the inclusive muon production
pp — pX in |n| < 1.5 at the Tevatron
energy /s = 1.8 TeV . The PYTHIA
predictions are compared with the D0
data. Figure taken from [145].
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