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Abstract

LHCDb is a precision heavy-flavour experiment at the Large Hadron Collider
and in 2011 collected just over 1 fb~! of data at a centre-of-mass energy of
/s = 7 TeV. The Ring Imaging Cherenkov (RICH) detectors allow LHCb to
identify charged hadrons by measuring their velocity. The system uses Hybrid
Photon Detectors to detect rings of single photons emitted by particles travelling
through the RICH radiators. The performance-monitoring of these photon
detectors whilst data-taking is presented and discussed. LHCb aims to perform
precise measurements of Charge-Parity violation in B and D mesons. The final
state of B® — J/¥(— ptpu")K*(— K'7r7) is an admixture of parity-odd and
parity-even final states, which are either longitudinally or transversely polarized.
These contributions can be separated by performing an angular analysis. The
polarization amplitudes and phases of the final state are measured. No difference
is observed between the B? and B flavour eigenstates which indicates that
Charge-Parity symmetry has been conserved. The ambiguity in the measurement
of the strong phase has been resolved by studying the P-wave and S-wave
interference in the K/m mass system. The deviation from zero or 7 in the
measurement of the strong phases indicates that final state interactions have
occurred. In addition, the prediction that the polarization amplitudes should be
similar to those of B — J/1¢ is confirmed.



Declaration

Except where otherwise stated, the research undertaken in this thesis was the
unaided work of the author. Where the work was done in collaboration with

others, a significant contribution was made by the author.

A.Sparkes
July 2012

ii



Acknowledgements

Firstly, I would like to thank my supervisor, Steve Playfer for his constant support
and guidance throughout my PhD. Due to his extremely helpful comments and
meticulous proof-reading during the writing stage, I can say I am proud of this thesis.
My second supervisor Stephan Eisenhardt introduced me to the RICH detectors, and
gave me invaluable support for the work I did with them. A special thanks is required
for Stephan for talking me out of giving up in my first year- this thesis would not exist
if it weren’t for that pep-talk! Franz Muheim and Peter Clarke deserve a huge thanks
for always having time for a physics question, and for constant support.

I would like to acknowledge the LHCb RICH group for their support, particularly
Thierry Gys, who helped me understand the inner workings of a photo detector. Thanks
to Ross Young who bequeathed to me his code and spent hours and many emails
tutoring me in it. Alexander Bien’s collaboration has greatly benefited the analysis
presented here. I would like to thank Greig Cowan who put up with my stupid questions
long after he was required to and never complained. Conor Fitzpatrick who could always
be relied on for help, no matter how busy he was. Rob Currie who has contributed
considerably to my analysis, through the growing genius that is RapidFit. Ben Wynne
who helped me through my first C++ troubles and listened and sympathised with my
working-woes.

Thanks the ”Omniladder” crew and hangers on for giving me sanity in and outside
JCMB. Also the "LTAers” of CERN, where I spent some of the best times of my life.
The ”Physics Girlies” who I have missed hugely but are always on the end of the
phone/facebook. Thanks to Vicky who is always there for me, despite living on the
other side of the world. Particular thanks goes to Katherine, who I was able to share
this final year with and who kept me sane and smiling. I am also very grateful to
Sophie, who gave me a godson during my PhD, who I can spend more time with now.
Nick deserves a truly massive thank you, for listening, for knowing what to say and for
putting up with me through my most stressed times. Finally, I am eternally grateful
to my parents who have both given me unfailing support in my career and every other

aspect of my life, and my sister Cat who is my mirror, witness and partner in crime.

il



Contents

Abstract

Declaration

Acknowledgements

Contents

List of figures

List of tables

1

Theoretical Introduction

1.1 Motivation . . . . . . . L e
1.2 The Standard Model . . . . . . . . .. .. .. ...
1.3 Charge-Parity violation . . . . . . .. ... ... .
1.4 CP violation in Beauty sector . . . . . . . ... ... .. oL

The LHCb Detector

2.1 The Large Hadron Collider . . . . . .. .. .. ... .. .. .......
2.2 The LHCb Experiment . . . . . . . . .. .. .. ... .. ... ....
2.3 Particle Tracking . . . . . . . .. .
2.3.1 The Vertex Locator . . . . ... ... ... ... ... ... ...
2.3.2 The Magnet . . . . . . .. .
2.3.3 The Tracking Stations . . . . . . .. ... ... ... .......
2.4 Particle Identification . . . . . . . .. ...
2.4.1 The Calorimeters . . . . . . . . . . . . .. ... ...
2.4.2 The Muon Detector . . . . ... ... ... ... .........
2.5 The Trigger System . . . . . . . .. .
2.5.1 Level-O Trigger . . . . . . .. . . .
2.5.2  High Level Trigger . . . . . . . . .. .. . . . .. ...
2.6 The LHCDb Software . . . . .. . .. . .. .. ... ... .. . ......
2.7 RapidFit . . . . . . o

v

ii

iii

iv

vi

xii

W = =



CONTENTS

3 Particle Identification using the RICH system 60
3.1 The Ring Imaging Cherenkov (RICH) Detectors . . .. ... ... ... 60
3.1.1 Cherenkov Radiation . . . . . .. ... ... ... ......... 60

3.1.2 RICH detectors . . . . . . . . . . . . 61

3.1.3 Cherenkov ring reconstruction . . . .. ... ... ... ... .. 64

3.1.4 Calibration of the RICH detectors . . . .. .. .. ... ..... 65

3.1.5 RICH performance . . . . . . .. .. .. .. ... .. .. ..... 67

3.2 Hybrid Photon Detectors . . . . . . . ... ... L. 69
3.3 HPD testing. . . . . . . . . .. . 71
3.3.1 Ion Feedback of the HPDs . . . . . . . . .. ... ... ... ... 72

3.3.2 Monitoring of Ion Feedback . . . . . ... ... ... ....... 73

3.3.3 Increased IFB gradient . . . . . . .. ... ... ... ... .. 75

334 LongIFBlaserruns . . . .. .. .. .. .. ... ......... 78

3.4 Conclusions . . . . . . . . e e e 85

4 Angular Analysis of B® — J/v(utp= )K*O(K+n™) 86
4.1 Introduction . . . . . . . . . L 86
4.2 Description of B — J/pK*C . ... 86
4.3 Motivation . . . ... 91
4.3.1 History of the motivation for B® — J/YK** . . . ... ... .. 92

4.3.2  Current Motivation for B® — J/yK** . . . .. ... ... ..., 97

4.3.3 Conclusion . . .. .. . L 103

5 Methods for B? — J/¢yK* Analysis 104
5.1 Data Samples and Event Selection . . . .. ... ... ... ....... 104
5.2 Background Studies . . . . ... ... 107
5.3 Maximum Likelihood Fit. . . . . . . . ... ... ... ... ....... 117
5.3.1 Time and angular resolution . . . . ... ... . ... ... ... 119

5.3.2 Decay Time acceptance . . . . . ... ... ... . ........ 119

5.3.3 Angular acceptances . . . . . .. ... 120

5.3.4 Background Description . . . . . .. .. Lo 0oL 121

5.3.5 sWeighted Fit . . . . . .. ..o oo L 122

5.3.6 Validation of the fit methods . . . . .. ... ... ... .. ... 122

6 Results of Angular Analysis of B — J/9(utpu=)K* (Kt ™) 125
6.1 Data/MC Comparison . . . . . . . . ... 125
6.2 Systematic Uncertainties . . . . . . . . . . . .. ... L. 145
6.3 Results. . . . . . . 147
6.3.1 Without the S-wave component . . . . . ... ... ... ..... 147

6.3.2 Including the S-wave component . . . . . ... .. ... .. ... 148

6.4 Discussion of Results . . . . . .. .. ... 149
6.5 Resolving the ambiguity in the phase . . . . . . ... ... ... ... .. 155
6.6 Direct CP measurement . . . . . .. .. .. .. ... ... 158
6.7 Conclusion . . . . . . .. L 158

A HPD timelines 160



CONTENTS

B Long Laser IFB Runs
C HPD investigations

Bibliography

173
178

180

vi



List of Figures

1.1

1.2

1.3
1.4

1.5
1.6

1.7
1.8

1.9

1.10
1.11

1.12

2.1
2.2

2.3
2.4

2.5

Cosmic Microwave Background of the visible universe using WMAP
data. Credit: NASA / WMAP Science Team. . . . . .. ... ... ...
Feynman diagram representing the emission of a photon by an electron,
the direction of time is left to right. . . . . .. ... ... ... .....
Feynman diagram of a weak process where a neutron decays to a proton.
Feynman diagram showing neutrino scattering via neutral current weak
interaction. . . . . . .. L L
Isospin I3 vs strangeness, S charts. . . . . . .. .. ... ... ... ..
A red up-quark emits a RB gluon, which is absorbed by the blue down
quark. ...
Unitarity Triangle. . . . . . . .. .. o o
The constraints on the unitarity triangle from experiments so far
(2012) [19] The coloured bands correspond to constraints on p and 77 from
various measurements. «, § and 7 are the three angles of the unitarity
triangle shown in the centre. Amg and Amg are mass differences from
Bg 4 mixing, ex is a CP violating parameter from the kaon sector.
Fej;fnman box diagrams showing the mixing of neutral kaons. . . . . . .
Feynman box diagrams of B? — B’ mixing. . . . .. ... ...
To demonstrate direct CP violation with two amplitudes ¢ and b where
@ and b are the conjugate amplitudes. In (a) there is a relative weak
phase between a and b but no strong phase. CP symmetry is conserved.
In (b) there is both a relative weak phase and a relative strong phase §°,
this means the overall magnitude of the decays are different and there is
direct CP violation. . . . . . . . .. ...
If both B® and B9 both decay to the same final state X, mixing can
occur, as well as interference between mixing and decay. . . . . . . . ..

Diagram showing the SPS, LHC and the four largest detectors, ATLAS,
CMS, ALICE and LHCb. . . . . . . ... ... .. .. ... ...
Polar production angles for b and b mesons. . . . . . . .. ... .....
Schematic of the LHCb detector and its subdetectors. . . . .. .. ...
A cross-section of the VeLo silicon sensors in the (x,z) plane, while VeLo
is fully closed. Below, the front of the modules are shown in their open
and closed positions [31].. . . . . ... Lo Lo Lo

Geometry of the VeLo sensors. Only portions of the strips are shown [31].

vil

12
14

24

34
35



LIST OF FIGURES

2.6
2.7

2.8

2.9

2.10

2.11
2.12
2.13
2.14
2.15

2.16

2.17

2.18
2.19
2.20

2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28

2.29

3.1

3.2
3.3

Signal /Noise of a typical R and ¢ VeLo sensor as a function of its radius. 36
Hit Resolution as a function of strip pitch for 2 bins of the projected

angles for an R sensor using long tracks in 2010 data. . . . . .. .. .. 37
PV resolution in x direction comparing 2011 data and MC10, events with
onlyone PV. . . . . . 38
Impact parameter in X as a function of inverse transverse momentum
measured with 2011 data compared to MC10. . . . . . .. .. ... ... 38
One layer of the Tracker Turicensis. The beam line goes through the
centre. . . . ... 39
Four IT detector boxes around the beampipe. . . . . . . . .. ... ... 40
Arrangement of the Outer (blue) and Inner (purple) tracking stations. . 41
Hit Resolutions for IT (left) and OT (right) with 2011 data. . . . . . . . 42
Threshold scan for the OT. . . . .. ... ... .. ... ... .... 43
The layout of the SPD, PS, ECAL and HCAL detectors and examples
of photon, electron and hadron signatures. . . . . . . . .. ... ..... 44

Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL
(right). One quarter of the detector face, the area closest to the beam is
inblack. . . . .. 44
Individual scintillator pad with WLS fibre layout. There is a groove in
the cell in which the fibres are placed, exiting on the right side. The

LED housing is in the middle [31]. . . . ... ... ... ... .. ..., 45
Exploded view of scintillator and absorber layers of the HCAL. . . . . . 46
ECAL cluster occupancy before and after energy flow calibration. . . . . 47

The 777~ 70 invariant mass distribution reconstructed using the whole
LHCDb detector including the ECAL. The n and w resonances are clearly

visible. . . . e 48
Layout of the Muon Stations. . . . . . . .. ... ... ... ....... 49
Segmentation of each Muon Chamber. . . . . . . . .. ... ... .... 50
Exploded view of one muon chamber. . . . .. .. ... ... ... ... 50
Exploded view of a triple-GEM detector. . . . . . . . ... ... ... .. 51
Muon identification efficiency as a function of track momentum. . . . . . 52
Diagram of the different levels of the trigger. . . . . ... ... ... .. 53
Towers layout for the Muon system used for the trigger. . . . . . . . .. 55
The dimuon trigger efficiency as a function of transverse momentum for

the dimuon high mass and detached muon lines with 330pb~t. . . . . . 57
Efficiency as a function of transverse momentum for the HLT2 dimuon

detached J/¢ line. . . . . ... Lo 58

Huygens construction to illustrate coherence. The particle track goes
from A to C, with wavelets going from arbitrary points on the track. If
the particle travels this length in the same time that light travels from

A to B, the waves will be coherent. . . . . . .. .. .. ... ....... 61
Cherenkov cone emitted by a charged particle. 0 is the Cherenkov angle. 62
Schematic layout of RICH 1 and RICH 2. . . .. ... ... .. ..... 63

viii



LIST OF FIGURES

3.4

3.5
3.6

3.7
3.8

3.9

3.10
3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19
3.20

3.21

Acceptance of the RICH radiators. The momentum coverage for each
RICH radiator is plotted against the acceptance range for the decay
BY — D 7", Together they cover a large range in both parameters. . . 63
Photograph of the array of RICH 1 HPDs. . . . . . . ... ... ... .. 64
Identification and misidentification efficiencies for kaons and protons as
a function of momentum. The solid markers are for DLL> 0 and the
hollow markers are for DLL>5. . . . . . . ... ... ... ... ..... 65
Cherenkov angle resolution for the RICH detectors in 2011. . . . . . .. 67
HPD Hit Map from 21/08/2011. This is the screen the RICH shifters
see when monitoring their behaviour. RICH 1 occupancies are on the
left, and those for RICH 2 are on the right. A histogram of the number

of hits for both RICH detectors is shown at the bottom. . . . . . . . .. 68
Identification efficiency as a function of track multiplicity and multiple

primary vertices. . . . . . . ... Lo e e 69
Cherenkov angle as a function of Momentum. . . . . ... ... ..... 70

Delta Log Likelihood (DLL) distribution for K /7 separation from fully
simulated MC11a B? — J/¥K*® with truth matched events (red) and
reflection background (blue) which has been multiplied by 10 to make
it visible. There is a peak at zero which are events for which the
mass hypothesis was below the Cherenkov threshold, and the algorithm
therefore returns zero by default. Since the signal selection involves a

DLL cut at 0, these events are not included in the selection. . . . . . . . 70
Photograph of a single HPD, and a schematic diagram showing the
acceleration of the photoelectrons on to the pixel chip. . . . . .. .. .. 71
Map of hits in RICH 1 during a laser run in July 2010, all clusters, and
IFB hits. . . . . . . . 74

IFB timeline for HPD H714006. The y-axis is absolute date, and the
x-axis is the rate of Ion Feedback. The black line is a linear best-fit line. 75
IFB timeline for HPD H708015. This is an extreme case where the IFB
gradient increases from 2008 to 2009. The blue vertical line indicates
the end of 2008. The black line is a linear best fit line. . . . . . . .. .. 76
Showing IFB timelines of a high IFB group of HPDs, the upper plot
against absolute date, and the lower showing time elapsed since the HPD
was manufactured. . . . . ... L. L L 77
Showing timelines of a low IFB group of RICH 1 HPDs, the upper plot
against absolute date and the lower showing time elapsed since the HPD

was manufactured. . . . .. ... L 79
The logarithm of IFB measurements for two different runs in RICH 1 -
run 48902 and 61738. . . . . . ... L 80
Typical IFB measurements taken over a long laser run 73264. . . . . . . 81
Histogram showing the range of IFB in RICH1 HPDs over run 37219 on
24/11/2008 which lasted approximately 20 hours. . . . . . .. ... ... 81
The logarithm of the IFB gradient against the logarithm of the IFB
measurement in long run 48902. . . . . . .. ..o 82

1X



LIST OF FIGURES

3.22 Behaviour of the IFB rate and the average cluster rate over a long run
35170 for two different HPDs. . . . . . . .. .. ... ... ... ...

4.1 Feynman diagrams contributing to BY — J/K*0 . . . ... ... ...
4.2  Shows the angular distribution of BY — J/¢K*?. @ is the angle between
the pu* and the 2z axis in the J/4 rest frame. ¢ is the azimuthal angle of
p" in the same frame. 1) is the angle between the momentum of the K™
and the negative momentum of the J/¢ in the K* — K7~ rest frame.
4.3 Feynman diagram of the decay B°(bd) — D (ed)m~(du). This decay is
well described by naive factorization because the decay products are well
separated and do not interact with each other. . . . . . . ... .. ...
4.4 From [92] to demonstrate the phase changes across the K+ K~ invariant
mass. The dashed red curve, dotted green, and solid blue curves are for
00,05 and s — &g respectively. The same behaviour applies to the K
invariant mass. . . . . ... oL oLl e

5.1 Invariant mass distributions of J/¢K* and pp. The simultaneous fit
lines are shown. The blue dotted line is the signal (peaks in both
distributions), the pink dotted line is the J/1) background (peaks in the
J/1 but not the B mass distribution) and the red is the combinatorial
background (does not peak in either distribution). . . .. ... ... ..

5.2 BY invariant mass of each background category in MC. . . . . . .. ...

5.3 Transversity angle distribution of the signal and two types of peaking
background in accepted signal MC. . . . . . ... Lo Lo

5.4 BY Invariant mass distribution for B® — J/¢K** MC, inclusive B —
J/pX MC and the data selections (scaled to match data). . . . . . . ..

5.5 Invariant mass distributions in BT — J/¢K*t MC. . ... ... ... .

5.6 BY invariant mass for mis-identified B? — J/¢¢ events. The B° —
J/PK*Y selection was used to select events from BY — J/1¢ MClla. . .

5.7 Fit to data including a fit to the By — J/¢K* decay in the high mass
sideband. Note the logarithmic scale. Including this component in the
fit makes no difference to the fitted parameters. . . . . . . . .. ... ..

5.8 Normalised 1D projections of the angular acceptance histogram.

5.9 Pull distributions of the physics parameters (1000 toy experiments).

6.1 Transverse momentum and pseudorapidity of the B® meson in signal MC
and sWeighted data, along with the ratio of the two distributions.
6.2 Momentum and transverse momentum distributions for the J/1 particle

89

. 127

for signal MC and sWeighted data, with the ratio of the two distributions.128

6.3 Momenta and transverse momenta distributions for the u* particle for
signal MC and sWeighted data, with the ratio of the two distributions. .
6.4 Momenta and transverse momenta distributions for the =~ particle for
signal MC and sWeighted data, with the ratio of the two distributions. .
6.5 Momentum and transverse momentum distributions for the K* particle
for MC11a and data, with the ratio of the two distributions. The cut at
K'pr >2GeVisclear. . . . . .. ... o

129

130



LIST OF FIGURES

6.6 Momenta and transverse momenta distributions for the kaon for signal
MC and sWeighted data, with the ratio of the two distributions.

6.7 Momenta and transverse momenta distributions for the kaon and pion
particles for signal MC and sWeighted data, with the ratio of the two
distributions. . . . .. ..o

6.8 Momenta and transverse momenta distributions for the K* daughter
particles, where the data is sWeighted, and the signal MC has been
reweighted to match the data simultaneously in the B transverse
momentum, the pseudorapidity and the pion momentum distributions. .

6.9 Distributions of the transversity angles for signal MC and sWeighted
data with the ratio of the two distributions. . . . . . . .. ... .. ...

6.10 cosv distribution for signal MC and sWeighted data, where the MC
has been reweighted to match the data simultaneously in B? transverse
momentum, the pseudorapidity and the pion momentum distributions. .

6.11 Kaon (top) and pion (bottom) momentum spectra after adding S-wave
to the MC with the iterative method . . . . . . . ... .. ... ... ..

6.12 The pion and kaon momentum distributions of the nominal MC (blue)
and the distorted MC to test the iterative method . . .. ... ... ..

6.13 Nominal MC pion momentum distribution (black) compared to MC with
added S-wave as seen on data (red) for no cuts (left) and additional
geometrical and kinematic cuts (right) . . . . ... ... ... .. ...

6.14 Nominal MC pion momentum distribution (black) compared to MC with
P- and S-wave parameters as seen on data (red) for no cuts (left) and
additional geometrical and kinematic cuts (right) . . . . ... ... ...

6.15 Nominal MC pion momentum distribution (black) compared to MC with
P-wave parameters as seen on data (red) for no cuts (left) and additional
geometrical and kinematic cuts (right) . . . .. ... ... ... ... ..

6.16 Left: Nominal MC momentum distribution (black) compared to MC
with |A} |* increased to 0.27 and |A|? increased to 0.39 (red); Right:
Nominal MC momentum distribution (black) compared to phase space
MC (red) . . . . . .

6.17 cFit to data including the ghosts background which are included for a
systematic error. Note the logarithmic scale.. . . . . . . . .. ... ...

6.18 Invariant mass and proper time projection plots from fit to data. The
black dots show the data points, the black curve the total fit, the blue
curve the signal fit and the red curve the background fit. . . ... . ..

6.19 Projections of the transversity angles from fit to data. The black points
show the data points, the black curve the total fit, the blue curve
the signal fit (dotted blue CP-even contribution, dashed blue CP-odd
contribution, the red curve the background fit and the green curve the
S-wave contribution. . . . . . ...

6.20 A Log Likelihood scans of the physics parameters. . . . . ... ... ..

6.21 Binsof Kmmass. . . . . . . . ..

6.22 Variation of Fy and §, in the simultaneous fit in bins of K'w mass. Here
both statistical and systematic errors are plotted. . . . . . . . .. .. ..

. 132

X1



LIST OF FIGURES

Al

A2

B.1

B.2

Overlayed timelines for all groups of HPDs in RICH 1. RICH 1 Group 1
are those with the highest IFB measurement, and 10 are those with the
lowest . . . . . . e e 165
Overlayed timelines for all groups of HPDs in RICH 2. RICH 1 Group 1
are those with the highest IFB measurement, and 14 are those with the
lowest . . . . . e e e e 172

The logarithm of the IFB measurements for two different runs plotted
against eachother . . . . . . . .. . oL oo 175
Histograms of the range of the long laser runs . . . . . . . ... ... .. 177

xii



List of Tables

1.1

1.2

2.1

3.1

3.2

3.3

3.4

3.5

4.1

4.2
4.3
4.4

4.5

4.6

Fundamental forces of nature, their relative strengths, their range and
the particle they are mediated by. The graviton is hypothetical at the
current time. . . . . ... L L L
Standard Model Particles and Quantum Numbers. 1st Generation, 2nd
Generation and 3rd Generation. In the Standard Model, the neutrinos
are are predicted to be massless, but have been discovered to oscillate
between their flavours, implying they have some mass - hence the
superscript “SM”. . . ..

LO trigger efficiency measured using the TISTOS method. . . . . . . ..

Single photoelectron resolutions for the three RICH radiators. All
numbers are in mrad. . . ... .00 Lo
The run number of each Long laser run taken, the date of the run, and
the length of it. . . . . . . . . . . . . .
Gradient of the fit line when IFB is plotted against the IFB gradient for
each long laser runin RICH 1. . . . . . ... ... ... ... .....
Number of HPDs with a negative or positing IFB gradient during long

Showing how many HPD’s IFB is correlated or anti-correlated with the
average cluster rate over each long-run. . . . . ... ... ... ... ..

Explicit expressions of the polarization amplitude terms including the
phases. &g is set to zero, so is not included. . . . ... ... ... ....
Angular dependencies of the amplitudes. . . . . . . . ... ... ... ..
Summary table of past and present motivation for the angular analysis
of BO — J/pK*0 . .
Predicted values of the longitudinal polarization fraction as well as the
ratio R = B(B — J/YK*)/B(B — J/¢¥K), using various models of
Naive factorization. The CLEO experimental result is also shown.

Previous results for polarization amplitudes and phases. None include
the S-wave contribution, but do include it as a systematic uncertainty.
The measurements with a * have been calculated from results of the
other amplitudes, the errors have been propagated. . . . . . . . ... ..
Amplitude terms for B® — J/ypK** (K* — Kgr¥). d is set to zero by
CONVENtION. . . . . . o o oo e

94



LIST OF TABLES

4.7

4.8

5.1
5.2

5.3

5.4
5.5
5.6
5.7
5.8
5.9

6.1

6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9

6.10
6.11

Polarization amplitudes for B® — J/9K*" from Belle [79] for B® and

B’ decays separately. No evidence of direct CP violation is observed. . . 99
Measured triple product asymmetries for B — J/9K*° from Belle [79].

The first error is statistical and the second is systematic. . . . . . . . .. 100
B — J/yK*® cuts used for both stripping and final selections. . . . . . 107

Total number of events, total selection cut efficiency (€cyt ), signal fraction
at each stage of selection, as well as the signal efficiency (egg), and
background efficiency (epkg). Each efficiency is defined with respect to
the previous cut. The signal fraction is the overall number of signal
events compared to background events after each cut. T his is found from
a fit to the BY mass distribution each time. This is only shown for the
sample when the proper time cut and B mass window cut have already
been applied because of the large combinatorial background before these
cuts. For a more detailed efficiency study of the selection cuts included

in the previous analysis, see [102].. . . . . . ... ... L ... 108
Categorisation of events simultaneously fit in the B® and .J/+ invariant

mass distributions. . . . . ..o Lo 109
Description of each background category in the BKGCAT tool. . . . . . 111
Yield in each background category from B? — J/¢K*® MClla. . . . . . 113
Yield in each background category from inclusive B — J/¢¥X MClla. . 115
MC and data invariant mass fit parameters. . . . . . . . . ... ... .. 115

cFit and sFit results for truth matched B® — J/¥K*" signal MC data. . 123
Fit to data generated with the signal and background PDFs for both
cFit and sFit. For both the angular acceptance was flat. For the cFit
the data was generated with the angular background from the BY mass
sidebands in data. . . . . .. ... L Lo 123

Acceptance weights before and after pion momentum reweighting. The
uncertainty is statistical only. For a flat angular acceptance the numbers
would be: §17 527 ‘53 and €7 = 17 and for 547 557 Eﬁv 587 59 and 510 =0.. 137

Nominal acceptance weights and after each iteration . . . .. ... ... 139
Corresponding fit results for the iterative method . . . . . . . . .. . .. 140
Fit results for distorted MC after each iteration of acceptance correction 142
Systematic uncertainties as described in the text. . . . . . . .. ... .. 147
Results with no S-wave and comparison to BaBar and previous LHCb

results which used the 2010 data set only. . . . . . ... ... ... ... 147
Fit results with dataset from 2010 only (36 pb™1). . . ... ... .. .. 148

Final fit results with S-wave including statistical and systematic errors. 149
Correlation matrix for fit results in Table 6.8. The values in bold show
the larger correlations. Note the value of -0.47 between |A | |> and |Ag|?. 152
Values of the fitted detector and physics parameters (statistical error only)154
Results of BY — .J /1 K*® Angular analysis including S-wave (not quoted)
compared to recent BY — J/1¢ analysis by LHCb [25]. |4 |2 has been
calculated from the other amplitudes, with the errors propagated. . . . . 154

X1v



LIST OF TABLES

6.12 Results of simultaneous fit in four bins of K7 invariant mass. Only the
signal fraction and |Fs|?| and ds are varied for each bin. The parameters
that are varied are shown under the double horizonal lines and the result
for each bin is shown. The other solution involves the changes of all three
phases shown in Equation 4.16. Only statistical errors are shown. . . . . 156
6.13 Direct CP violation measurement (systematics using iterative method) . 158

XV



Chapter 1

Theoretical Introduction

1.1 Motivation

Approximately 107%s after the big bang, a quark-gluon plasma was formed in
which free quarks and gluons were travelling at relativistic speeds. Particle-
antiparticle pairs were continuously created and annihilated, causing photons to
travel uniformly across the universe. This provides us with a visible remnant of
the beginning of the universe called the Cosmic Microwave Background (CMB).
Satellite probes of the CMB shown in Figure 1.1 have led to the estimation that
the universe is 13.75+0.11 billion years old [1]. At some point after the CMB was
formed, one of the quantum numbers baryon number was violated, causing more
particles to exist than antiparticles. This unknown process named baryogenesis
means that the universe today is entirely made up of matter.

In 1967, Sakharov[?] explained that this lack of antimatter requires three
conditions: non-conservation of baryon number, the universe cooling with a lack
of thermal equilibrium, and a difference between matter and antimatter due to CP
(Charge-Parity) violation during baryogenesis. The Standard Model of particle
physics (SM) predicts some CP violation but at a level much too small to explain
the observed asymmetry. Models beyond the SM must play an important role in
explaining the lack of antimatter in the universe.

The presence of antimatter was first suggested by Dirac when he proposed
a solution of Relativistic Quantum Mechanics. The positron, the antiparticle
partner of the electron, was discovered experimentally by Anderson in 1933 [3]

and the antiproton was discovered in 1955 [1]. Feynman [5] and Stueckelberg [0]
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Figure 1.1: Cosmic Microwave Background of the visible universe using WMAP
data. Credit: NASA / WMAP Science Team.

suggested an interpretation of antimatter in which antiparticles could either be
seen as a duplicate set of particles with opposite additive quantum numbers, or as
the same particles but travelling with a reversed arrow of time. CPT symmetry -
a combination of Charge, Parity and Time reversal symmetry, is required in the
SM to be a valid symmetry. If this is held, and the universe is symmetric under
the reversal of time, it is required also to be matter-antimatter symmetric. This
is known not to be the case so T-symmetry (time reversal symmetry) must be
broken. More generally, CPT symmetry is required for any local Lorentz invariant
quantum field theory, and predicts that particles and antiparticles have the same
masses and lifetimes.

To understand more about these fundamental predictions, the basic model
of our universe as it stands today must be introduced. The rest of this chapter
will give an outline of our current understanding of the fundamental particles
and forces of the universe, as well as introducing the concept of CP violation
and how it is measured. Chapter 2 will give an outline of the LHCb detector
which is the basis for this work. Chapter 3 gives a detailed overview of the RICH
sub-detectors and the monitoring which has been carried out on them whilst
data-taking. Chapters 4, 5 and 6 present the analysis of B — J/¢K** and the
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search for CP violation in that channel.

1.2 The Standard Model

Particle physics deals with the most elementary constituents of matter. Inter-
actions are studied at increasingly smaller ranges, involving heavier particles
and therefore larger accelerators and detectors. With the results of such
experiments, it has been possible to classify particles and their interactions
into categories and identify a number of rules by which their behaviour can be
described. These rules have led to theories of the properties of the weakly and
electromagnetically interacting particles, Electroweak theory, as well as strongly
interacting particles, Quantum Chromodynamics (QCD). Grand Unified Theories
exist which combine the theories of the strongly interacting particles, the quarks
and the weakly interacting particles, the [leptons. These have not yet been
verified experimentally. However it has been possible to combine the weak and
electromagnetic interactions. It is assumed that the fourth force gravity will
eventually be incorporated into a Quantum Theory of Gravity.

Particles fall into several major categories. The gauge bosons mediate the
four fundamental forces shown in Table 1.1. Their relative strengths, ranges and
masses are also shown. Gravity is included but its mediator, the graviton is
only hypothetical at the current time. The leptons shown in Table 1.2 consist
of the charged electron, muon and tau, and the corresponding neutrinos v.,v,
and v, each of which has a antiparticle partner. They are fermions which means
they have spin /2. They do not interact strongly and appear to be identical
to one another in the weak and electromagnetic interactions. The only observed
differences among the charged leptons are in mass and properties related to mass.
It is possible that there are heavier pairs of leptons which have not yet been
discovered. For each of the three types of leptons (e, u, 7) there is a quantum
number called a lepton number assigned. L = +1 for leptons, and L = —1 for
antileptons. Total lepton number is separately conserved for each type of lepton
in all particle interactions and decays. Any decay that does not conserve lepton
number is forbidden (neutrino oscillations are a currently unexplained exception).
The lepton numbers are shown in the Table 1.2.

Mesons are strongly interacting composite (¢g) particles with integer spin,
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Interaction Mediator Relative | Range [m] | Mass [GeV] [7]
Strength
Strong gluon, g 1 o0 0
Electromagnetic | photon, ~ 1073 00 0
Weak W /70 10-16 10~18 W+ =80.399 + 0.023
7% =91.1876 & 0.0021
Gravitation graviton? g% | 1074 00 ?

Table 1.1: Fundamental forces of nature, their relative strengths, their range and
the particle they are mediated by. The graviton is hypothetical at the current
time.

Name Spin | Baryon Lepton | Charge | Mass [MeV] [7]
Number B | Number L Q
Leptons
e (electron) I —1 -1 0.511
.=
Ve (e neutrino) 0 05M
1 (muon) o -1 105.66
0| =t
v, (@ neutrino) 0 05M
7 (tau) L. —1 -1 1776.82
L=
v (7 neutrino) 0 05M
Quarks
u (up) +2/3 | 0.7-3.1
d (down) —1/3 | 41-5.7
1
¢ (charm) /2 1s 0 +2/3 | 1290159,
s (strange) —1/3 | 100739
t (top) +2/3 | (172.941.08) x 103
b (bottom) —1/3 | 41907230

Table 1.2: Standard Model Particles and Quantum Numbers. 1st Generation,
2nd Generation and 3rd Generation. In the Standard Model, the neutrinos are
are predicted to be massless, but have been discovered to oscillate between their
flavours, implying they have some mass - hence the superscript “SM”.
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an example being the pion. Baryons are also strongly interacting composite
(qqq) particles but have half-integer spins, the lightest ones being the proton and
neutron. Both meson and baryons fall under the class of hadrons, and there is
a large number of possible states. Quarks (see Table 1.2) are the fundamental
particles that make up hadrons, bound by the mediators of the strong force,
gluons. There are three generations of quarks, as there are for leptons. The up
and down quarks are the lightest and make up protons and neutrons. The charm
and strange are the second generation, and the top and bottom are the third,
and heaviest generation. Each quark is assigned an additive Baryon number of
13 and —1/3 for the antiquark. This means that all baryons (which consist of
three quarks) have a total baryon number of 1, and all mesons (which consist of
combinations of quark and antiquark pairs) have a total baryon number of 0. As
far as it is known, all decays and interactions conserve the total baryon number.
Although some New Physics models predict the violation of baryon number, this

has not yet been observed.

The electromagnetic and weak forces The electromagnetic (EM) force
is mediated by the exchange of photons. Heisenberg’s Uncertainty Principle
dictates the length of time that virtual photons can exist in relation to the
distance from the mass shell AEFAt ~ h. The EM force has an infinite range
as virtual photons can be very close to the mass shell which results in a very
long lifetime. Quantum Electrodynamics (QED) is the relativistic quantum field
theory of the electromagnetic force developed by Feynman [3], Schwinger [9] and
Tomonaga [10]. An example of an emission of a photon by an electron is shown in
Figure 1.2 with a Feynman diagram. This is the lowest order diagram to describe
the electromagnetic interaction, but there are many possible contributions. This
representation allows the calculation of the probabilities for decay processes by
applying a set of rules called the Feynman rules. The rules for QED diagrams

are:

e Each photon - charged particle vertex gives a factor of fermion charge Q,
and strength of the coupling at the vertex \/a = \/e? /4rwhe

e Each photon gives a propagator term of 1/¢?, where ¢ is the photon four-

momentum
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Figure 1.2: Feynman diagram representing the emission of a photon by an
electron, the direction of time is left to right.

e The matrix element M for calculating scattering and decay amplitudes is

proportional to the vertex and propagator terms

Feynman diagrams can also be used to describe weak processes involving
the mediation of W=* or Z° vector bosons. An example is shown in Figure 1.3
of a neutron decay to a proton mediated by a virtual W~ boson, which then
decays into an electron and an anti-neutrino. For charged currents involving the
W= boson, the Feynman rules are similar to those of QED, except the coupling
strength is given by the weak charge, \/aw, and the propagator term is 1/(¢* —
m?;). The existence of the weak bosons was proposed by S.Weinberg [11] and A.
Salam [12] in 1967 who combined the electromagnetic and weak forces into a single
theory. This theory postulated that at very high energies the electromagnetic
and weak forces become equivalent. At this point of unification, the so-called
electroweak force would be mediated by four massless particles of spin-1, a triplet
W (of charges +1, 0 and -1) and a singlet B (of no charge). At lower energies,
the symmetry between weak and electromagnetic forces is broken, the triplet and
singlet mix to give three heavy bosons, the W* and Z° and a fourth massless
particle, the photon.

The electroweak theory makes experimentally testable predictions. According
to the model the coupling constant for associated with the W-boson gy is related

to the strength parameter ay by:

gw sinby = Vdraw (1.1)
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Figure 1.3: Feynman diagram of a weak process where a neutron decays to a
proton.

where 6y is called the Weinberg angle and has been determined from many

different experiments to be [7]:

sin®6y = 0.23146 + 0.00012 (1.2)

In the low energy limit the charged current reactions are characterized by the

Fermi constant:

Gr 9iv
a8 Iw 1.3
V2 My )
By substituting in gy from Equation 1.1 we obtain:
2g7 4+/2
a2, = Y200 AV2mow (1.4)

GF N GF sin2 6W

Since G can be measured in muon decay, the mass of the W= can be determined:

my ~ 80 GeV (1.5)
In addition:
my =~ ~ 90 GeV (1.6)
cosOyy

The W* and Z° bosons decay via:
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W* — qg or I*y (1.7)
Z° = qg or I"l” (1.8)
(1.9)

where | = e, u, 7. Generally, the mass of the Z° is determined by the channels
Z° — efe, ptp~ and the channels Wt — etv,, utv, are used to determine

the mass of the W boson. They have been very precisely measured to be [7]:

W= = 80.399 £ 0.023 GeV (1.10)
7% = 91.1876 £ 0.0021 GeV (1.11)

The initial discovery of these bosons and the agreement with the predicted values
was a huge success for the electroweak theory and Carlo Rubbia, who led the
experimental team and Simon van der Meer, who developed the accelerator
technology which made the measurement possible, received the 1984 Nobel Prize.

The weak interactions that involve the W= boson are called charged-current
interactions. Another testable prediction of electroweak theory was to observe
neutral current interactions involving the exchange of the Z°. An example
is neutrino scattering which is shown in Figure 1.4. At CERN in the 1970s
beams of high-energy neutrinos became available and it was possible to observe
these neutrino scattering events using a heavy-liquid bubble chamber called

Gargamelle [13]. This gave the first confirmation of the electroweak model.

The Strong Force Before the strong force can be understood, first some
properties of quarks must be described. In addition to the lepton and baryon
quantum numbers, there are also numbers named after the quark flavours,
strangeness, charm, beauty and truth. Strangeness was required to explain the
observation that strange particles are produced in pairs in the strong interaction
of non-strange hadrons - they had to contain a new quark s and antiquark 5. This
also explained the fact that certain decays that would otherwise be expected to
occur in a strong interaction time of 10722 s, actually occur in a weak interaction

time of 1071%s. It was postulated that strangeness is conserved in strong and
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Figure 1.4: Feynman diagram showing neutrino scattering via neutral current
weak interaction.

EM processes, but can change by one unit in weak processes which resolves this
discrepancy. Then, for example the decay A° — p + 7~ is allowed, even though
it has a strangeness number of 1 in the initial state, and zero in the final state.
Similarly the other internal quantum numbers of charm, beauty and truth are all
assigned to hadrons containing the corresponding ¢, b and ¢ quarks, and are all
conserved in strong and EM interactions but not in weak interactions.

Hadrons are grouped into isospin multiplets, which have the same spin and
parity, and almost identical masses e.g. (p,n), (z*, 7% 77), (ATH AT A% A7)
etc. The isospin quantum number I3 is used as a way of labeling the members of
the multiplet:

[3 —_ (NU ; Nd)

where N, is the number of u quarks and Ny is the number of d quarks. I3 is

(1.12)

the third component of the vector [ in isospin space. For triplets I = 1, for
singlets I = 0, and for multiplets of four I = % I must be conserved in strong
interactions, but is violated in weak and EM interactions. I3 is conserved in EM
and strong interactions but not in weak interactions.

It was observed that the underlying structure of hadrons could be seen in
a diagram of I3 plotted against strangeness. This diagram for spin-0 mesons is
shown in Figure 1.5(a). I3 is on the x-axis and strangeness is on the y-axis. The
K° K% and their antiparticles lie at S = &1 and I3 = :i:% and the 7=, 7% and
7w lie at S =0 and I3 = —1,0 and 1 respectively. They form a hexagonal shape

which reveals that their quark composition is just a repeated simple structure
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of u, d and s which are the quarks they are composed of. A similar diagram
is shown for three quark couplings of baryons (see Figure 1.5(b)). From these
observations, it is deduced that the quarks must have fractional charge in order

to reproduce the known charges of the hadrons. Up quarks must have charge —i—%,

1

5 with the antiquarks having opposite

and down and strange quarks must have —
charges.

Another observation from Figure 1.5(b) is that quark configurations such as
sss, ddd or uuu exist. These baryons contain identical quarks, all with the same
quantum numbers, and in a state with a total spin of % which means they have
to each have spin % in the same configuration. This violates the Pauli Exclusion
principle that no two fermions may share a quantum state. This difficulty is
resolved by the introduction of a new quantum number called colour. Each quark
in the baryon state has different colour of red, green or blue and the antiquarks
have the corresponding anti-colours. Each hadron must be colourless - meaning
it contains one quark of each colour, or has colour-anticolour combinations. As
it stands only mesons and baryons have been confirmed to exist, but the search
for hadrons containing more quarks is ongoing. It is proposed that tetraquarks
(containing four quarks) or pentaquarks (containing five) may exist. The X(3872)
discovered at Belle in 2003 [11] has been proposed to be a tetraquark [15].

Gluons carry colour between quarks, and so each have colour-anticolour
properties. Figure 1.6 shows a gluon RB (with red-antiblue properties) being
exchanged by red and blue quarks. The red quark emits its redness into a gluon
and acquires blueness by also emitting anti-blueness. The blue quark absorbs the
RB gluon, canceling its blueness and acquiring a red colour. One would expect
nine possible gluons: RR, RB, RG, BR, BB, BG, GR, GB, GG but the three

colourless combinations are actually coupled as:

1 1 1

V2 V6 V3

Of these the first and second can transmit colour but the third cannot because it

(RR — GG) (RR + GG — 2BB) (RR+ GG + BB) (1.13)

is colour neutral so there are only eight gluons.
There are some interesting effects of the quark model. Quarks are bound
within hadrons, they have never been observed in a free state and it is postulated

that no amount of energy can free a quark. In addition, the results of deep

10
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Figure 1.6: A red up-quark emits a RB gluon, which is absorbed by the blue
down quark.

inelastic scattering experiments reveal that when the quarks are probed at very
short distances using electron or neutrino scattering, quarks seem to move almost
freely, as if they were not bound. These properties are called confinement and
asymptotic freedom, respectively. The theory used to explain this behaviour and
the colour field is Quantum Chromodynamics (QCD), analogous to QED for the
EM force.

In QED, the photons are the carriers of the EM field, exactly as the gluons
are the carriers of the strong colour field. However, photons themselves carry no
electric charge and are unaffected by electric fields. Gluons carry a net colour-
anticolour charge and interact directly with the quarks as well as self-interact. A
quark can emit a gluon and then interact with it and create additional gluons.
An electron emitting a virtual photon does not change its charge whereas a
quark emitting a virtual gluon must change its colour charge. The colour charge
of a quark is therefore spread out over a sphere of the order of the size of a
hadron. If another quark penetrates this sphere, the spread-out colour charge
would cause a considerably reduced quark-quark interaction. If we measure the
quark’s interactions over a small radius only a small fraction of its overall colour
charge is observed and it appears to be in an almost free state.

At larger separations between quarks, the interactions between the exchanged
gluons means the density of the colour field lines is high, compared to the field
lines between two electrons. The density of the field lines stays approximately
constant as the separation is increased. At large distances, the work done will

cause the creation of a quark-antiquark pair, and a hadron. At high energies

12
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such as the LHC, a chain reaction can occur, with many quark pairs and hadrons
being created which causes cone-shaped jets. The first observation of these jets

at Stanford Linear Collider in 1975 was a triumph for quark theory [10].

Mixing and the CKM Matrix The weak interactions of hadrons depends on
how the W bosons are absorbed or emitted by quarks. It is observed that the
lepton pairs (e™,v.), (¢, v,) and quark pairs (u,d) couple approximately with
coupling constant Gr. When this is extended to the heavier quarks (c, s) this is
observed to be not quite correct. For example, the decay K+ — p*v, is observed
in nature, and because the K contains u and 5 quarks there must be a weak
current between them. This contradicts the assumption that only coupling can
occur between v and d quarks and ¢ and s quarks. In 1963 Cabibbo introduced
the concept of quark mixing [17]. This idea is that the d and s quarks participate

in the weak interactions in the linear combinations:

d = dcosf, + ssinb, (1.14)
s = —dsinf, + scosf, (1.15)

where d’ and s’ are the weak eigenstates and d and s are the mass eigenstates of
the quarks. 6, is called the Cabibbo angle, and allows lepton-quark symmetry to
apply to u, d’ and ¢, s'.

When the third generation is included in quark mixing, and the linear

combination is written in matrix form, the interactions can be described as:

d/ Vud Vus ‘/;Lb d
S| =1 Vea Ves Va 5 (1.16)
v Via Vis Va

Where the 3 x 3 matrix is called the CKM Matrix (V), after Cabibbo,
Kobayashi and Maskawa [18] and must be unitary to ensure that d’, s’ and b’ are
complete and orthonormal states. The CKM matrix maps the mass eigenstates to
the weak eigenstates. Each matrix element relates to the probability of a flavour

changing process:
P(i — j) o< |Vi|? (1.17)

13
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(0,0) (1,0)

Figure 1.7: Unitarity Triangle.

These are all measurable although the smaller off-diagonal terms | V4| and |Vy|
are more difficult to determine. Nine unitarity relationships can be constructed
from this matrix, six of which sum to zero and can therefore be represented by
a triangle in the complex plane. The most interesting orthogonality condition is

between the first and third columns:

ViV + VeV + ViaVi = 0 (1.18)

The corresponding triangle is shown in Figure 1.7 where each term is the length
of a side divided by |V.4V;;|. To explain the coordinate system an alternative
parameterisation of the matrix is presented. When it was realised that the bottom
quark mostly decays to the charm quark ( |Vi| >> |Vip|) Wolfenstein noticed
that |V ~ |Vis|* and introduced a parameterization for the matrix, which is

only approximately unitary but contains useful experimental information.

1—2)2/2 A AX3(p — in)
V= Y 1— )22 AN? + O\ (1.19)
AN(1—p—in) —AN? 1

The four parameters A, A, p and 7 are all of order 1 (A ~ 0.23, A ~ 0.82,p ~
0.22,n ~ 0.34), so it is clear from the number of powers of A in each element
how large it is. From the Wolfenstein parameterisation it can be deduced that
as well as [Vy| ~ |Vis|?, also Vig << Vis and |Viy| << V. Tt is clear that the
CKM matrix has a hierarchical structure: up-type quarks preferably couple with
down-type quarks of the same family. They also couple to quarks of other families

although the couplings get smaller the more distant the family. The off-diagonal

14
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elements are of order A\ between generations 1 and 2, A\? between 2 and 3, and \3
between 1 and 3. An approximation to unitarity is achieved in a series expansion

in which the following parameters are used:

7= p(1— ) (1.20a)
7= (1 —¥p) (1.20b)
In addition to leading order:
X}‘%ﬁ = p+in, (1.21)
v~ 2
“‘f?‘fa = 1—p—in (1.23)

This is where the coordinates of the unitarity triangle in Figure 1.7 come from.

The angles in the triangle are defined by:

ViaVip
= — 1.24
° C””g< ViV, (1.24)
Vea Z)
=arg| — - 1.25
5 g( o (1.25)
Vudv*b)
=arg| — L 1.26
¥ g( VoV (1.26)
(1.27)

Each of the six triangles that represent the orthogonality relations for the
CKM matrix has a different shape but have the same area. The Unitarity triangle
shown in Figure 1.7 is one of the most interesting of the six because all three
sides are similar in length, which means the angles (relative phases) are large.
Many different B and D decays can contribute towards precise measurements of
the angles of the triangle. The current constraints on the unitarity triangle are
shown in Figure 1.8. This figure is a plot of the measurements of p and 7 defined

in equations 1.20a and 1.20b. The unitarity triangle is shown in the middle and

15
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Figure 1.8: The constraints on the unitarity triangle from experiments so far
(2012) [19] The coloured bands correspond to constraints on p and 7 from various
measurements. «,  and ~ are the three angles of the unitarity triangle shown
in the centre. Amg and Amy are mass differences from Bgd mixing, ex is a CP
violating parameter from the kaon sector.

the current constraints on its angles are shown by the coloured bands.

1.3 Charge-Parity violation

Charge conjugation relates to the existence of an antiparticle for every particle.
As already mentioned this was predicted in 1928 by Dirac in his relativistic
quantum theory. A charge (C) transformation corresponds to a reversal of charges
such as electric charge, baryon and lepton number, and flavour quantum numbers,
i.e. all additive quantum numbers. If C symmetry is conserved, antiparticles
behave in the exact same way as their corresponding particles. In the weak
interaction the charge conjugation of a left handed neutrino v, gives a left handed

antineutrino 7, and a right handed antineutrino gives a right handed neutrino:

16
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Clvr) — 71 (1.28)
C [7R) = vk (1.29)

Neither 7 or vg are observed in nature, so C-parity is maximally violated in
weak interactions.

Parity symmetry is also called space-inversion or left-right symmetry. It
involves the invariance of physics under a transformation of the sign of the
space coordinates. The three coordinate axes are inverted through the origin,
which changes the handedness of the system. It is often called mirror symmetry
because it may occur in two steps: a mirror reflection followed by a rotation
by an angle m around the axis perpendicular to the same plane. From angular
momentum conservation, physics must be invariant under a rotation, therefore
whether physics is invariant under reflection is the important question. The parity
transformation changes the sign of the position vector of a particle, and therefore

the velocity and momentum also change sign (these are called polar vectors).

Ply(r)) = ¢(=r) (1.30)

Angular momentum is invariant under P because both the position and mo-
mentum change sign (and is called an axial vector). Parity conservation is also

violated in the lepton sector:

P ’I/L> — VR (131)

Parity violation was first observed in the 8 decay of %°Co by C.S Wu [20].
Following this discovery that proved that Parity was not conserved in weak
interations it was soon suggested that the particle charges must also be inverted
when the parity transformation was implemented. So that the mirror image of a
particle would actually be an antiparticle, and this would restore the symmetry.
In 1957, Landau proposed that the combined symmetry operator CP was the

one that mattered [21]. Weak interactions are parity asymmetric, however after

17
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Figure 1.9: Feynman box diagrams showing the mixing of neutral kaons.

simultaneous C and P transformations, they remain identical. The neutrino

system is invariant under CP asymmetry:

CPlvy) — |VR) (1.33)
CP|7R) — |vi) (1.34)

The first observation of CP violation was in neutral kaon decays. These
are interesting because they oscillate between particle and antiparticle before
decaying. There are two neutral kaon states: K° and K’ which have strangeness
numbers S = +1 and S = —1 respectively. Oscillations would usually be
forbidden with a change in strangeness, but in weak interactions this is allowed.
They convert to each other via box diagrams (see Figure 1.9). Similar mixing
occurs in neutral B and D meson states.

There are two CP eigenstates for the neutral kaon:

KDY = %{|K°> + ‘F0>} (1.35)
|K9) = %{|KO> - ‘W>} (1.36)
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1.4. CP violation in Beauty sector

where

CP|IK}) = |K}) (1.37)
CPIKY) = —|K3) (1.38)

Assuming CP is conserved K should decay to states with CP = 1 (CP even)
and K9 should decay into states with CP = -1 (CP odd). This leads to the
prediction that the decays KY — ntn~, 77 and KY — ntr 7% #0770
are allowed by CP conservation, whereas K¢ — 777~ 7% #%%° and K —
atr=, 7970 are forbidden.

The two neutral kaons that are experimentally observed are called K2 and
K9 because they have such different lifetimes (0.89 x 107'°s and 0.53 x 107" s
respectively). It has been shown that the KY principally decays to two pions
whereas the K9 prefers to decay to three pions. This suggests that K2 = K? and
K? = KJ. However, experimentally it has been shown that the K? meson also
decays to two pions with a branching ratio ~ 1072 [22]. This is clear evidence of

CP-violation. Until 2001, the evidence for CP violation was confined to the kaon

system, however since then many more examples have been discovered.

1.4 CP violation in Beauty sector

Analogous to the K° — I’e mixing system, neutral B mesons also mix. These
occur through similar diagrams, shown in Figure 1.10. The B° meson contains
quarks db and has two CP eigenstates BY and BY, for light and heavy. They
have almost the same masses and lifetimes of approximately 1.5 x 107'%2s, and

are linear combinations of B and B% mesons:

[By) = p|B°) +q|B7) (1.39)

|Bu) =p|B°) — q‘@> (1.40)

the complex parameters p and ¢ are normalised:
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1.4. CP violation in Beauty sector

lal* + [p|* =1 (1.41)

The time evolution can be determined by a 2 x 2 effective Hamiltonian H which

can be written in terms of Hermitian matrices M and I as:

H=M - %r (1.42)

A pure flavour eigenstate will evolve with time such that:

|BO(t)) = g4 (1) | B®) + %g(t) )§> (1.43)
) = Uo-(0)]B) +9.(0)|F°) (1.44)

where
g+(t) = % <6_mHt_%FHt + e_mLt_%FLt> (1.45)

where I'y, I'r, my and my, are the widths and masses of the By and By, mesons.

This means:

—Iot

€
g (0P = &

with F(] = (FH —|—FL)/27 Al = PH - FL, AM = mg —my,.

The following time-dependent decay rates are obtained:

[cosh A;t + cos(AMt)] (1.46)
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1.4. CP violation in Beauty sector

A A
U0 = 1) = Akl OF + L] oo + 20 (}%A—;gw)g(t))_
(1.47)
F<B°<t>%7>=|zf|21% _!g-(t)l2+ g% |g+<t>|2+2§re(gf—;g+<t>gt<t>)_
(1.48)
—0 el ,  a Al ) qA RY
D) = £ =14 2| [lo-()F + ];A—; 194 (2)] +2%(};A—;g+<t>g_<t>)
¢

B - T) = A2 | g O + \?—f

where Ay and Zf are the amplitudes for the decay and its conjugate, AI' and
AM are the differences between the width and mass of the two states, and:

e—Fot

gr(t)g-(t) = 5 {sinh AQFt + isin(AMt)] (1.51)

These expressions give the probability that a state that is a B° or B att=0
decays to f or f at time t. If the decay is a CP eigenstate - i.e. the final
state of both B and BY is the same (such as the decays B — J/¢YK** where
K* — K279 or B — J/vy¢ ):

A A
127 _ P2y (1.52)
pAr qA f
so that equations (1.47 and 1.48) and (1.49 and 1.50) become equivalent except
for an interchange of |g_|* and |g, |*.

CP violation in neutral mesons can be observed in three ways:

1. Decay (direct CP violation) - if an amplitude for a decay Ay and its
conjugate process (A_f) have different magnitudes this violates CP. The total
amplitudes for a decay with contributions from two different processes can

be written as:
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1.4. CP violation in Beauty sector

Figure 1.10: Feynman box diagrams of B® — B mixing.

A(B = f) = ae™®" + be'®e™ (1.53)
AB = f) =ae ™" + b0 (1.54)

where a and b are two different amplitude. The weak phase is set to zero
for the first amplitude and ¢ for the second amplitude, because we are only
interested in the relative phase. 0 and ¢° are the strong phases. With no
CP violation there is a relative weak phase between the amplitudes, but no
strong phase which is depicted in Figure 1.11(a). If CP is violated there
is also a relative strong phase which causes the magnitudes of the different
amplitudes to differ, this is seen in Figure 1.11(b) where §, is the relative

strong phase (0, — d,).

[As/Ag| #1 (1.55)

. Mixing (indirect CP violation) - if the initial meson is neutral, it can
oscillate before decaying. The quantity % is the one related to mixing in

Equations 1.47 to 1.50. When CP is violated, the mass eigenstates are not
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1.4. CP violation in Beauty sector

(a) CP conserved (b) Direct CP violation

Figure 1.11: To demonstrate direct CP violation with two amplitudes a and b
where @ and b are the conjugate amplitudes. In (a) there is a relative weak phase
between a and b but no strong phase. CP symmetry is conserved. In (b) there is
both a relative weak phase and a relative strong phase 4%, this means the overall
magnitude of the decays are different and there is direct CP violation.

equal to the CP eigenstates and:

lq| # Ip (1.56)

3. Interference - if both B® and B° decay to the same final state, interference
can occur between states where mixing has occurred and those where it has
not. This is depicted in Figure 1.12. In terms of the time-dependent decay

rates, it manifests if the imaginary terms in Equations 1.47 to 1.50:

o (P Ay
S (q_A_f) #0 (1.57)
o~ ng
Q) (p_Af> #0 (1.58)

History of B meson measurements In order to study CP violation in B
mesons, B factories were constructed using ete™ colliders. They use the properties
of the T(4S) = bb bottomonium state, which has mass 10.58GeV and a width
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1.4. CP violation in Beauty sector

Decay

B° > X

Mixing Decay
§0

Figure 1.12: If both B® and B? both decay to the same final state X, mixing can
occur, as well as interference between mixing and decay.

of 20MeV. This means it is just heavy enough to decay to B™B~ and BB’
pairs. The BaBar (at SLAC) and Belle (at KEK) detectors were unique in being
able to measure the time between production and decay of the B mesons. Their
accelerators KEK-B and PEP-II collide electron and positron beams with different
energies. This ensures that the B mesons travel for a measurable distance before
decaying and time dependent analyses can be carried out. They have both carried
out many accurate measurements of the elements of the CKM matrix, confirming
that only three families of quarks exist and that the SM accurately describes the
electroweak interactions at the level of precision achieved. Many CP-violating
effects have been observed in various channels. The effects are much larger than
in the kaon system. LHCb has now joined the effort to search for CP-violating
effects beyond the SM, not only in BY mixing but also in B? and D° meson
mixing. The LHC collides protons onto protons which means there is a very large
bb cross-section and all types of b hadrons are produced (see Chapter 2 for more
details).

Potential ways in which CP violation can be measured include:

e Decay Selection Rules: A CP eigenstate decaying into an eigenstate with
a different CP eigenvalue is a violation of CP symmetry. This is detected
when a particle is observed to decay into two different states with opposite
CP eigenvalues. The neutral kaon system as explained in section 1.3 is an

example of this.

e Decay rate differences: differences in the decay energy distribution

(for decays into more than two particles), or differences in the angular
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1.4. CP violation in Beauty sector

distribution of the decay products between a particle and an antiparticle,
are an indication of CP violation. An example of this is the decay described
in Chapters 4, 5 and 6.

e Triple products: for decays with at least four particles in the final state,
T-odd triple products can be formed. Any non-zero value or any difference
between the magnitude of the triple products for particle and antiparticle
decays indicates CP violation. These are described in more detail in Section
4.3.

Status of CP violation measurements at LHCb The LHCb collaboration
has measured the first evidence of direct CP violation in charmless two-body
decays of BY mesons as well as the first measurement of direct CP violation in B°
decays at a hadron collider [23]. Using the 0.36 fb~! of data collected in 2010 the
direct CP violating asymmetries in B — K*7~ and B? — K~ 7" decays were

measured. The direct CP asymmetry in the BY or B? decay rate is defined as:

I(B%) — 7(3)) - P(B?S) = fis)

Acp = — — (1.59)
L(B% = fs)) + F(B(Os) — fs))
where f(s) denotes the charge conjugate of f(,). The results are as follows:
Acp(BY — K7) = —0.088 4 0.011 + 0.008 (1.60)
Acp(B? — K7) = 0.27 £ 0.08 & 0.02 (1.61)

where the first uncertainty is statistical, and the second is systematic. The first
result is the most precise measurement to date and in good agreement with the
world average. The significance of the measured deviation from zero exceeds 6o.
The significance for the second result is 3.30.

Using 0.69 fb~! of data collected in 2011, a measurement of direct and mixing-
induced CP violation in B® — 77~ and B? — K+ K~ decays [2] was performed.

These are given by:
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1.4. CP violation in Beauty sector

M2 =1
qor AP =1 1.62
VIR (162)
(1.63)
. 2Im)\f
Amie = 0 1.64
PP 60
where \f is given by:
qu
Ap=--1 1.65
I A (1.65)
The results are:
A% —0.1140.21 £ 0.03 (1.66)
A™® — (.56 +0.17 4 0.03 (1.67)
Adir —=0.0240.18 £ 0.04 (1.68)
AT = (0.17 4 0.18 4 0.05 (1.69)

The measurements of the w7 final state are compatible with those from previous
measurements and yield a 3.2¢ evidence of mixing-induced CP violation, whereas
those from the KK final state are measured for the first time.

LHCD has also carried out the world’s best measurement on the CP violating
phase ¢4 using the decays B? — J/v¢ and BY — J/y7mm [25]. The interference
between the mixing and decay amplitudes gives rise to a weak phase, which is

extracted by angular and time-dependent analysis. The result is:

s = (—0.001 £ 0.101 + 0.027) rad (1.70)

which is in good agreement with the SM prediction of (0.0363 £ 0.0017) rad [20].
An analysis of B — DK* and B* — Dr* was carried out where the D
meson is reconstructed in K*7T, KTK~, 777~ and #*KT . This uses 1.0fb™!
and measures several observables. CP violation in B — DK® is observed with a
significance of 5.8¢ [27].
LHCD has also observed evidence of CP violation in charm decays D — h*h~

where the final state particles are both pions or both kaons. The difference in CP
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1.4. CP violation in Beauty sector

asymmetry between these two decays is

AAcp = Acp(K~KT) = Agp(n'n™) (1.71)

and is measured to be
AAcp = (—0.824+0.21 £ 0.11)% (1.72)

This differs from the hypothesis of CP conservation by 3.5 standard deviations,
and could be evidence of physics beyond the SM [28].

Direct CP violation in B® — J/¥K*® : A measurement of direct CP
violation in B® — J/¥K*" is described in Chapters 4 through to 6.
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Chapter 2

The LHCDb Detector

2.1 The Large Hadron Collider

The 27km long circular tunnel housing the Large Hadron Collider (LHC) is
situated at CERN, 100 m underground on the borders of France and Switzerland.
It is designed to collide protons onto protons at a centre of mass energy of 14 TeV

at an unprecedented luminosity of 103*cm=2s~!. In 2011 the centre of mass

energy was kept at 7 TeV and the luminosity was of order 1032 cm=2s71,

Protons are obtained from hydrogen gas and are firstly accelerated to 50 MeV
with a linear accelerator called LINAC2. They are then passed to the Proton
Synchrotron Booster where the energy is increased to 1.4 GeV. Following this
they are injected into the Proton Synchrotron and accelerated to 25 GeV. The
Super Proton Synchrotron (SPS) accelerates them to 450 GeV and they are finally
injected into the LHC as bunches in two directions round the ring where they
are accelerated further in a ramp phase. There are 1,232 superconducting dipole
magnets with magnetic fields of up to 8.33 T which are used to bend and contain
the protons. These are 14.2 metres long which is as long as reasonably possible.
This minimises the amount of dead space between the magnets and maximises
their bending power. There are 392 quadrupole magnets used to focus and squeeze
the beams around the interaction regions.

Bunches are injected into the LHC in batches of trains. The nominal number
of particles in each bunch is 1.15 x 10!', and the number of bunches in the LHC
is designed to be 2808 per beam. In 2011 there have been up to 1381 bunches

per beam and this is expected to increase in 2012. The spacing between bunches
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2.1. The Large Hadron Collider

Figure 2.1: Diagram showing the SPS, LHC and the four largest detectors,
ATLAS, CMS, ALICE and LHCb.

puts a constraint on the number of bunches possible. For example for a spacing
of 75ns, a maximum of 936 bunches is possible. In 2011 the smallest spacing
was 50 ns which allows a maximum of 1440 bunches. After each train there is an
abort gap of 3 us which is necessary for safe beam dumps.

The four main detectors at the LHC: ATLAS, CMS, ALICE and LHCb,
are located at the four collision points. Each has had an extensive design,
construction, and commissioning lasting approximately 15 years. ATLAS and
CMS are general purpose detectors and ALICE is designed to analyse lead-ion
collisions that will take place at the LHC. Figure 2.1 shows the SPS, the LHC

ring and the detectors.

29



2.2. The LHCb Experiment

2.2 The LHCb Experiment

The LHCb detector was built for the main purpose of studying the decays of B
and D mesons. The LHC will have a bb production cross section of ~ 500 ub at
a centre of mass energy of 14 TeV. In 2011 running at a centre of mass energy
of 7 TeV means the bb production cross section was measured to be 284 ub [29].
At these high energies, proton-proton interactions have highly boosted virtual
gluons which interact to produce bb pairs at small angles, close to the beam pipe.
For this reason the LHCb detector has a dedicated forward angular coverage from
approximately 10 mrad to 300 mrad (see Figure 2.2).

At the collision point of LHCb the luminosity of the collisions can be
adjusted by displacing the beams from head on collisions while keeping the same
crossing angle. This allows the experiment to keep an approximately constant
instantaneous luminosity as it deteriorates over the run. This also means that the
average number of interactions per crossing (1) can be limited as LHCb cannot
cope with the interaction multiplicities that the ATLAS and CMS experiments
work with. Reducing the particle occupancy through the detector also keeps
radiation damage to a minimum. Since the LHC started colliding protons in
November 2009 until the end of 2011, the instantaneous luminosity was at an
average of 3.5 x 1032 cm?s™!, with a u (number of visible interactions per crossing)
of 1.5. At the end of 2011 LHCb had collected an integrated luminosity of
1.22fb~ 1,

Other B physics experiments, like BaBar at the Stanford Linear Accelerator
(SLAC), Belle at KEK and the Tevatron experiments have made accurate
measurements in heavy flavour physics. All of these results have so far been
consistent with the Standard Model (SM) predictions. As previously explained,
the CP violation predicted by the SM does not explain the antimatter-matter
asymmetry in the universe. LHCb has begun to make the most precise
measurements in heavy flavour physics and may find CP violation beyond the
SM prediction.

The LHCb detector, shown in Figure 2.3 has certain qualities that make
it optimal for measuring CP violating parameters and observing rare decays.
It provides precise vertexing and momentum resolution which are crucial for
measurements involving oscillating B mesons, and for obtaining a high mass

resolution. The identification of charged particles i.e. protons, kaons and pions,
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2.2. The LHCb Experiment

[30]

Figure 2.2: Polar production angles for b and b mesons.

RICH2 Muon Detectors
Magnet  Tracking Calorimeters
Stations
RICH1
Vertex
Locator

Figure 2.3: Schematic of the LHCb detector and its subdetectors.
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is also required for the reconstruction of many B meson channels. In addition,
the ability to detect photons, electrons and muons precisely is necessary for many
physics goals. The various subdetectors, and the trigger system, all contribute
towards these requirements and are explained in the following sections. The
majority of the subdetectors are designed to reduce the amount of material in
the acceptance range of the detector as much as possible. This maximizes the
detection efficiency of the particles from the collision, especially for electrons and
photons. In addition, multiple scattering of charged particles interferes with the
pattern recognition and reduces the momentum resolution, so this needs to be
kept to a minimum.

The LHCb coordinate system is a right-handed system with positive z running
along the beam-line away from the interaction point and positive y is in an
upward direction from z. The rapidity depends on the longitudinal momentum
along the direction of the path of the particle, and the energy of the particle..
Pseudorapidity n, is a variable used to approximate the rapidity if the mass and

momentum of the particle are not known. It is defined by:

n = — log tan(?/2) (2.1)

where 6 is the angle between the particle momentum and the beam axis.

2.3 Particle Tracking

The tracking system is made up of the Vertex Locator (Velo), and 4 tracking
stations: the Tracker Turicensis (TT) which is located upstream of the magnet
and T1, T2 and T3 which are downstream of the magnet. Charged particle tracks
are bent horizontally in the magnetic field and when these are reconstructed the
momentum of the particles can be measured - a necessary step towards particle

ID and more importantly towards reconstructing B and D mesons.

2.3.1 The Vertex Locator

B mesons have lifetimes of approximately 1.5 ps. In the LHC, this means they
travel about 1 cm before decaying at a displaced vertex. It is therefore important

to be able to separate the particles produced at the primary proton-proton vertex
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and the B decay vertex. The VeLo accurately measures positions of tracks close
to the interaction point so that production and decay vertices of bottom and
charm hadrons can be reconstructed. This is essential for making an accurate
measurement of the decay lifetimes of B and D mesons.

The VeLo is made up of 21 staggered silicon modules which surround the beam
axis and are positioned from z = —18 cm to+ 80 cm (see Figure 2.4). It is able to
detect particles with a pseudorapidity of 1.6 < 1 < 4.9 and those from primary
vertices with |z| < 10.6cm. The sensitive region of the VeLo starts at an inner
diameter of Smm from the beam axis, but is retracted by 30 mm during injection
to protect it from damage. The Velo is housed in its own vacuum vessel of thin
aluminium foil which protects the vacuum of the beam pipe from any outgassing
of the VeLo. The vacuum pressure in the VeLo box is carefully balanced with that
of the beam pipe. The sides of the vessel act as Radio Frequency (RF) shields,
so that the VeLo is protected from RF pickup from the beam. The inside of the
box is coated with polyamide-imide which is radiation resistant and electrically
isolates the aluminium from the rest of the VeLo.

VelLo stations consist of two modules, and each has two types of sensor: the ¢
sensor which measures the azimuthal position around the beam, and the R-sensor
which measures the radial distance from the beam axis. The sensors are 300 um
thick, approximately semicircular and are positioned on either side of the beam
axis. Each sensor has a radius of 42 mm, and they overlap when they are inserted
for physics running. To ensure that they cover the full azimuthal angle the right-
side module is placed 1.5 cm behind the left-side module on the z-axis. There is
a minimum requirement that tracks with a production angle from 15 mrad up to
390 mrad must pass through as least three stations. This explains the density of
the stations near the interaction point, and further away (see Figure 2.4). The
optimisation of the sensor positions did not include the single sensor between the
cluster near the interaction point and further away, this was added to reduce the
large gap in z. This improves the performance of the pattern recognition, which
is not optimal if there were two hits in neighboring sensors and one far away.
There are two modules which cover the backward direction and were used as a
veto for multiple interactions in 2011. This is called the pileup veto.

The R sensor has strips in concentric semi-circles with their centre at the

nominal beam position. Each strip is divided into four regions to reduce
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Figure 2.4: A cross-section of the VeLo silicon sensors in the (x,z) plane, while
VelLoo is fully closed. Below, the front of the modules are shown in their open and
closed positions [31].
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Figure 2.5: Geometry of the VeLo sensors. Only portions of the strips are
shown [31].

occupancy. The inner region has a pitch up to 38 ym, which increases outwards
to 101.6 um at the outer edge. The ¢ sensor would ideally have strips running
radially outwards from the beam position, but the occupancies of the strips would
be too high; therefore the sensor is divided into an inner and outer region at a
radius of 17.25mm. The pitch of the outer region starts at 39.3 um which is
roughly half of the pitch at the end of the inner region which is set to 78.3 um.
There is a skew used in the strips of the ¢ sensor to improve pattern recognition.
The inner strips have a ~ 20° angle to the radial whereas the outer strips have one
of ~ 10°. The modules are then placed so that adjacent ¢ sensors have opposite
skew (i.e. the angles are reversed for inner and outer regions). This means that
ghost hits can be distinguished from true hits. The strip and pitch layers can be
seen in Figure 2.5.

The VeLo is required to have a high signal to noise (S/N) ratio and before
installation this was found to be between 17 and 25. This is now measured using
clusters on tracks in data, and the noise is measured in non zero-suppressed data.

The S/N ratio is shown in Figure 2.6 for a typical R and ¢ sensor as a function of
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Figure 2.6: Signal/Noise of a typical R and ¢ VeLo sensor as a function of its
radius.

the radius. This confirms that the performance of these modules is in agreement
with the test studies and exceeds the design specification.

A high efficiency is also required of the VeLo. In 2011 the fraction of strips that
cannot be used to detect particles is less than 0.5 %. The cluster finding efficiency
is greater than 99 % [32]. The single hit resolution is found by comparing the
position of the VeLo clusters with the fitted intercept of the track which uses
the rest of the tracking system. In the range 4 — 28 um, the resolution depends
linearly on the strip pitch as well as the projected angle as can be seen in Figure
2.7. The projected angle is the angle perpendicular to the strip direction. The
best resolution is 4 ym for a 40 um strip pitch.

The Primary Vertex (PV) resolution is measured by dividing all tracks in
an event randomly into two groups and finding the difference between the
reconstructed PV position. The PV resolution using this method is shown in
Figure 2.8. A typical PV has 35-40 tracks. The Impact Parameter (IP) is the
distance of closest approach between a track and the reconstructed vertex. The
IP resolution as a function of the inverse transverse momentum is linear as shown
in Figure 2.9 with MC10 and data from 2011. The resolution degrades because
of multiple scattering and so depends on the amount of material in the detector,
the discrepancy between the data and simulation is thought to be because of

simplifications in the material simulations, or the modelling of multiple scattering.
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Figure 2.7: Hit Resolution as a function of strip pitch for 2 bins of the projected
angles for an R sensor using long tracks in 2010 data.

The difference is corrected in the Monte Carlo before it is used for analysis and

so no systematic uncertainty is assigned.

2.3.2 The Magnet

The LHCDb dipole magnet enables momentum measurements to take place by
bending the path of charged particles. It is comprised of two coils supported on
an iron yoke and is wedge-shaped to fit the LHCb angular acceptance. It is a
warm magnet so can be ramped easily and the field can be reversed periodically.
It provides a bending power of [Bdl = 4Tm for tracks that come from the

interaction point.

2.3.3 The Tracking Stations

The tracking system includes the Tracker Turicensis (TT) and the tracking
stations (T1-T3), which are positioned further downstream at equal distances
apart along the beam pipe. The Inner Tracker (IT) is classed as all of the inner
regions of the tracking stations. The IT and TT both use silicon microstrip
detectors and are combined in a common project called the Silicon Tracker (ST).

Straw tubes are used in the outer regions of the tracking stations which together
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Figure 2.8: PV resolution in x direction comparing 2011 data and MC10, events
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Figure 2.10: One layer of the Tracker Turicensis. The beam line goes through
the centre.

are called the Outer Tracker (OT). The IT has a finer granularity than the OT
because of the higher flux of particles nearer the beam pipe.

Each ST station has four detection layers, the first and last being vertical,
measuring the track position in x. The second and third layer are rotated by a
stereo angle of +5° and —5° which allows the y-coordinate to be measured. The
ST sensors are housed in light-tight boxes which are thermally and electrically
insulated. They are cooled to < 5°C to slow down radiation damage and the
associated increase in leakage currents. The sensors are also flushed with nitrogen
continuously to prevent condensation.

The TT is placed before the magnet which allows reconstruction of the tracks
from low-momentum particles which are swept out of the downstream acceptance.
It also provides transverse momentum measurements for tracks with a large IP
which is used for triggering. The four TT layers are made up of modules which
cover the entire LHCb acceptance height. Each module is made up of fourteen
silicon sensors, each 500 um thick carrying 512 readout strips with a pitch of
183 pum. The modules are staggered by about 1cm in z and overlap by a few
millimetres in x to cover the acceptance. Figure 2.10 shows one of the layers
without stereo angle.

Each of the three I'T stations consists of four detector boxes which are arranged
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Figure 2.11: Four IT detector boxes around the beampipe.

around the beam pipe as seen in Figure 2.11. Each box contains the four detection
layers which consist of seven detector modules which are staggered to leave no
gaps. The modules contain single silicon sensors in the upper and lower boxes,
and double sensors in the boxes either side of the beampipe. The one-sensor
modules are 320 pm thick and the two-sensor modules are 410 pm thick to ensure
high signal-to-noise ratios for each module type. Each sensor carries 384 readout
strips with a pitch of 198 yum.

The OT consists of gas-filled carbon-doped polyimide straw tubes (a heat
and chemical resistant plastic). The counting gas consists of Argon, C'Oy and
Oy in the ratio 70 : 28.5 : 1.5 which optimises the drift time [31]. There is a
negative high voltage on the outside surface of each tube and an anode sense
wire running along the centre which is at virtual ground. When charged particles
travel through they ionise the gas producing electrons which drift to this anode
wire. The electric field near the wire causes multiplication of the electrons which
amplifies the signal making a detectable pulse. The drift time of the electrons
reveals the position of the original particle. The IT and OT modular layout can
be seen in Figure 2.12.

In order to reconstruct high-multiplicity B decays, a very high single hit
efficiency for minimum ionising particles is required. Both TT and IT have a
single-hit detection efficiency > 99.8% provided the signal-to-noise ratio stays
above 10.

The track efficiency for any tracking subsystem is measured using a tag-and-

probe method. The system in question is excluded from the track reconstruction.
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i

Figure 2.12: Arrangement of the Outer (blue) and Inner (purple) tracking
stations.

In this study the decays K, — mm and J/¢¥ — pp are used for measuring the
efficiency of the ST. One of the daughters in the decay is reconstructed by the
complete tracking system, and the other is reconstructed using only the VeLo and
a cluster in the calorimeter- this is called the ‘probe’ particle. The efficiency of the
T-station is then calculated by checking the matching of the ‘probe’ track. The
overall hit efficiency for the IT in 2011 was 99.65% and 99.30% for the TT [33].
The hit resolution is dependent on the strip pitches and the projected angle of
the track. In the ST it is also affected by cross-talk which is the coupling of a strip
to its neighbours when it gets a hit. When the magnetic field is perpendicular to
the electric field in the sensor, the charge carriers will follow through the silicon
at an angle rather than following the electric field lines. This Lorentz effect biases
the reconstructed position of a cluster and this is taken into account for the hit
resolution. The single hit resolution is measured to be 58 um for the IT and
62 pm for the TT [34]. This is seen in Figure 2.13 and is in good agreement with
Monte Carlo expectations and does not affect the use of MC in any analyses.
The OT modules were designed to withstand a large irradiation dose during
operation. However in laboratory tests they showed a rapid gain-loss under
mild irradiation. This was due to the deposition of a small insulating layer of

a substance containing hydrocarbons onto the anode wire. In addition, there
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Figure 2.13: Hit Resolutions for IT (left) and OT (right) with 2011 data.

was some unexpected aging damage caused by contamination of the gas due to
the outgassing of a plastifier used in the construction of the detector. This was
extensively studied in the laboratory, and some preventative actions were taken
to reduce the effect. The modules were heated for 2 weeks at 40°C to outgas the
material, and oxygen was added to the counting gas.

A system for monitoring the aging of the modules in the detector cavern
was devised using sources of radiation to measure the detector response which
is carried out at every technical stop (about once a month). The gain is also
measured with regular threshold scans where the amplifier threshold is varied
and the hit efficiency is measured with tracks. A typical response from October

2011 is shown in Figure 2.14. In 2011 running no gain-loss was observed [35] [30].

2.4 Particle Identification

Particle identification in LHCDb is carried out in various ways. The calorimeter
detects particles with high transverse momentum, the muon chambers identify
muons, and the Ring Imaging Cherenkov (RICH) detectors identify heavier
charged particles. The calorimeters and the muon system are described here,
the RICH system is described in Chapter 3.

2.4.1 The Calorimeters

The main purpose of the calorimeter system is to determine the energy and

position of the particles traversing the detector. The material in the calorimeter
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Figure 2.14: Threshold scan for the OT.

system is layered with absorber and signal generator. The absorber produces a
cascade of interactions which initially multiply quickly, and are finally absorbed.
The signal generator consists of scintillating volumes where the light detected is
approximately proportional to the number of deposited particles. Calibration is
then used to calculate the deposited energy. The calorimeter system is essential
for flavour tagging because it identifies electrons. In addition, it is required for
accurately reconstructing 7% particles and prompt photons which are both needed
for the study of B-meson decays. Crucially it is used for triggering on events
containing electrons, photons, neutral pions or hadrons (see section 2.5).
LHCb’s calorimeter system consists of the Scintillator Pad Detector (SPD),
the Pre-Shower Detector (PS) as well as the Electromagnetic Calorimeter (ECAL)
and the Hadronic Calorimeter (HCAL). The layout of the detectors is shown in
Figure 2.15. All four detectors transmit scintillation light via wavelength-shifting
fibres to photo-multiplier tubes (PMTs). The SPD/PS cells are read out with
MAPMTs (Multi-anode PMTs) located outside the LHCb acceptance. These
are 64-channel PMTs with bi-alkali photocathodes and fast readout. The ECAL
and HCAL have individual MAPMTs located on the modules. The scintillator
consists of polystyrene tiles which are treated with wavelength shifting (WLS)
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Figure 2.15: The layout of the SPD, PS, ECAL and HCAL detectors and examples
of photon, electron and hadron signatures.
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Figure 2.16: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL
(right). One quarter of the detector face, the area closest to the beam is in black.

dopants in varying concentrations. The concentrations are chosen so that that
the scintillation light is almost saturated, and is tuned to match the absorption
spectrum of the WLS fibres.

All four detectors vary the segmentation of their cells according to the distance
from the beam pipe. The ECAL and the PS/SPD have an inner, middle and
outer region which are each divided into square cells of length 4, 6 and 12cm
respectively. The HCAL is divided into two sections only (inner and outer) with
larger cells due to the size of the hadronic showers. The segmentation of the
detectors is shows in Figure 2.16.

The purpose of the SPD and PS is to separate the electrons from a high

background of neutral and charged pions produced in the collisions. This is done
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Figure 2.17: Individual scintillator pad with WLS fibre layout. There is a groove
in the cell in which the fibres are placed, exiting on the right side. The LED
housing is in the middle [31].

by using a longitudinal segmentation. Both the PS and the SPD are single layers
of high granularity scintillator tiles separated by a lead sheet which is 2.5 radiation
lengths (Xj) thick. Together they have an active area of 7.6 x 6.2 m. Both planes
are divided into two halves so they can be removed for service work. An individual
scintillator pad with the WLS fibre layout is shown in Figure 2.17. The fibres
are coiled and placed into a groove in the cell, exiting at the side to transport
the scintillator light to the PMTs. The PMTs used (MaPMTs) have a bialkali
photocathode segmented into 64 pixels of 2 x 2mm?, and were extensively tested
for gain, crosstalk and behaviour under magnetic field before installation [31].

To obtain the highest energy resolution the showers from high energy photons
must be fully absorbed. For this reason the ECAL has a thickness of 25 radiation
lengths. It can therefore reconstruct the kinematical parameters of photons
and identify electrons and positrons. The trigger requirements on the HCAL
resolution do not depend on the containment of the hadron showers as much as
for the ECAL, so due to a limit on space, its thickness is only 5.6 interaction
lengths.

Both the ECAL and the HCAL have rectangular walls with a solid angle
coverage of 300 x 250 mrad excluding a central 30 mrad area in the centre for
the beam pipe. The ECAL uses the ‘shashlik’ design which consists of alternate
layers of lead and scintillator which are perpendicular to the beam direction.
The scintillators are read out by plastic WLS fibres which are threaded through
holes in the sandwich structure. The lead layers are 2mm thick and there is a
120 pm thick layer of TYVEK paper before the 4 mm thick scintillator tiles. In
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Figure 2.18: Exploded view of scintillator and absorber layers of the HCAL.

total there are 66 layers with a total thickness of 46 cm, wrapped with light-tight
black paper. The light from the tiles is absorbed, re-emitted and transported
by WLS fibres of 1.2 mm diameter through the module, and is read-out with the
phototubes.

The HCAL is made up of tiles, unusually layered parallel to the beam direction
as can be seen in Figure 2.18. This orientation has been shown to have a
good sampling homogeneity and allows a simplification of the readout fibre path
and their coupling with the scintillators. The tiles consist of alternate layers
of scintillator and 1 c¢m thick iron. In the longitudinal direction the tiles are
interspersed with steel absorbers corresponding to the hadron interaction length.
Two 6 mm thick steel plates are glued in two layers to several 4 mm thick spacers,
leaving gaps for the 3mm thick scintillator tiles. The steel plates are are again
wrapped in TYVEK paper. The light is again collected by WLS fibres running
along the detector towards the back where the PMTs are housed. The gain of
the phototubes of the ECAL and HCAL are set depending on their distance from
the beampipe to ensure a constant gain throughout.

The ECAL is calibrated with data using the energy flow method. This allows
the improvement of calibration between cells using a relatively small number of
events. The average transverse energy for a given cell is computed and compared
to its neighbours assuming a smooth energy flow. It involves smoothing the map
of transverse energy depositions at the surface of the detector. For each cell

a correction factor is calculated with respect to the average deposit over eight
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Figure 2.19: ECAL cluster occupancy before and after energy flow calibration.

neighbouring cells. This is normalised using the position of net invariant mass
peaks associated with the decays 7° — ~y and n — 7. Figure 2.19 shows the
cluster occupancy maps for the ECAL before and after energy flow calibration.
Improvement of the width of the 7° invariant mass peak was from 9.1% to 7.5%
and for the n peak width from 6.1% to 5.4%.

The ECAL is then finely calibrated using 7 — v decays. This uses a set
of invariant mass distributions for combinations of two photons constructed for
each detector cell. The shift of the position of the peak with respect to 135 MeV
(PDG mass [7]) is used to correct the energy scale of that cell. For the ECAL
calibration the PS is also used for reconstruction of neutral pions. This energy
calibration accuracy is now 2 — 2.5% [37].

A radioactive caesium source calibration system is installed in the HCAL. The
sources are moved across each scintillator tile and the PMT response is measured.
The anode current of each PMT is measured with a dedicated integrator board
approximately 500 times per second. The relation between the anode current and
the measured particle energy is known from calibration from test beam runs. The
method allows a calibration level of 2 — 3% and is done when there is a technical
stop.

The performance of the calorimeters is obtained from the offline analysis. For
electron ID pure electron samples come from photon conversion v — eTe™. For
pure hadron samples the decay D — K7 is used. On data a 4% mis-identification
rate at 90% efficiency is obtained. The « /7" separation is important for radiative
decay studies. The algorithm is based on cluster shape variables. The separation

efficiency is > 90% for each zone of the ECAL [38]. The 7*7~ 7 invariant mass
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Figure 2.20: The 777~ 7¥ invariant mass distribution reconstructed using the
whole LHCb detector including the ECAL. The n and w resonances are clearly
visible.

distribution reconstructed using the whole LHCb detector including the ECAL
is shown in Figure 2.20 where n and w are clearly visible.

It is very important that there is a high resolution and powerful shower
separation for background rejection and efficiency for B decays. Radiative B
meson decays particularly require the calorimeter system to have an excellent
photon energy resolution. CP violating decays which involve a 7° require the

calorimeters to have an excellent resolution on the mass and energy of the 7.

2.4.2 The Muon Detector

It is essential for many of the key physics analyses to be able to identify muons in
the final state. This includes the analysis described in Chapter 4 where the J/1)
decays to two muons. Muons are also used to tag the flavour of semi-leptonic B
decays. The rare decay modes B;/Bs — ptpu~ also require good resolution from
the muon detectors.

Muons are the most penetrating particles that can be detected by LHCb, so
the muon chambers are the final subdetectors. There are five stations (M1 - M5),
the first one being located before the calorimeter PS detector to improve the pr
measurements for the trigger. The remaining four lying behind the HCAL (see
Figure 2.21) are distanced 1.2 m from each other, and are interleaved with iron
block filters 80cm thick. The filters absorb hadrons, electrons and photons to

ensure that only muons reach the final muon station. Only muons that have a
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Figure 2.21: Layout of the Muon Stations.

minimum momentum of ~ 6 GeV traverse all of the five stations. Each station
has a detection efficiency of at least 95%. It is noted that in other subdetectors
the minimum momentum of a particle can be larger than 6 GeV.

The detectors provide position measurements of tracks with binary informa-
tion to the trigger. This is done by separating the chambers into logical pads.
The size of the muon stations scale with the distance from the interaction point
in order to cover the full acceptance of the detector. Since there is a larger
particle flux towards the beam pipe, the stations are divided into four concentric
rectangular regions (R1-R4), their size increasing according to the ratio 1 : 2: 4 : 8
as seen in Figure 2.22, where the segmentation of the logical pads is also shown.
This means that there is a similar channel occupancy over the four regions.

All of the muon stations use Multi Wire Proportional Chambers (MWPC)
except for the inner region of station M1 where the particle flux is too high. In
this region triple-GEM detectors are used instead because they have better aging
properties. For positive identification of a muon the trigger requires there to be
a signal in each of the five stations. This means that the chambers must have an
efficiency of > 99% within the 25ns gate between bunches. The required time
resolution is ensured by using a fast gas mixture and suitable charge-collection
geometry for the MWPC and GEM detectors.

The 1368 MWPCs in the muon system contain four gas gaps filled with a
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Figure 2.22: Segmentation of each Muon Chamber.

Figure 2.23: Exploded view of one muon chamber.

mixture of Argon, COy and C'F} in the ratio 40:55:5 [31]. This means a time
resolution of 5ns can be achieved in a 5mm gas gap with a wire plane of 2mm
spacing. The signals from two adjacent gas gaps are OR-ed and this gives an
efficiency > 90% in a 20 ns window and a gas gain of ~ 10°. The wire has a
diameter of 30 um and is made of gold-plated tungsten. In M2-M4 a chamber
is made up of four gas gaps stacked together, with two OR-ed together. The
M1 chambers only contain two gas gaps to minimize the material in front of the
ECAL. Figure 2.23 shows the layers of a chamber. The panels are a 9 mm thick
insulating plane between two conducting planes. The inner conducting planes
form the cathodes while the outer ones are an electrical shield. Bars are used in
between the layers to form the gas gaps. The general design is the same for all
chambers.

The Gas Electron Multiplier (GEM) detectors in the inner region of M1 have
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Figure 2.24: Exploded view of a triple-GEM detector.

to withstand a rate up to 500 kHz/cm? of charged particles [31]. The triple-
GEM chambers have an active area of 20 x 24cm? and contain three GEM
foils between anode and cathode planes. An exploded view of a triple-GEM
detector can be seen in Figure 2.24. Particles traversing through the drift gap
between the cathode and the first GEM foil produce ionisation electrons which
are then attracted by electric fields though all of the GEM foils and they multiply.
They then drift into the anode inducing a signal on the pads. A gas mixture of
Argon, CO, and C'Fy (45:15:40) [39], is used to give a time resolution better than
3ns. The size of the gaps between each foil have also been decided carefully to
improve the time resolution. Each muon chamber holds two triple-GEM detectors
superimposed which are logically OR~ed.

The overall efficiency for the muon detector is evaluated for each region
separately, applying fiducial volume cuts. For each station, the efficiency is
determined using muon tracks which are reconstructed using the other four
stations.

The PID performance of the muon system is determined using muons from
J/1 decays. These are reconstructed using purely kinematic selections such as
cuts on the momentum and transverse momentum, as well as the track goodness-
of-fit. Figure 2.25 shows the identification efficiency as a function of a momentum
of the track, when a loose muon ID requirement is applied to the muon from the
J/1. The efficiency on average is 0.97744+0.00013 where MC gives 0.9613+0.0004

so there is good agreement.
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Figure 2.25: Muon identification efficiency as a function of track momentum.

2.5 The Trigger System

2571 the crossing frequency of

For an instantaneous luminosity of 2 x 1032 cm™
visible interaction is approximately 10 MHz for LHCb. This needs to be reduced
to about 3kHz at which rate the events are written to storage for offline analysis.
Only about 15% of the total number of bb pairs produced will have at least one
B meson with all of its decay products within the detector acceptance. In order
to store as many interesting events as possible in an efficient way, the trigger is
divided into different levels. The Level-0 (L0) trigger is implemented in hardware,
and the High Level Trigger (HLT) is implemented in software, which makes it
very flexible. The L0 reduces the rate of visible interactions from ~ 10 MHz to
a rate of 1 MHz. The HLT then reduces this to ~ 3kHz. The trigger setup is
shown in Figure 2.26.

To determine the trigger efficiencies on data, the so-called TISTOS method is
used, described in detail in [10]. Events are categorised into two groups: trigger
independently of signal (TIS) where the event would also have been triggered
without the signal under study and trigger on signal (TOS) where the signal
under study is used to trigger the event. The total trigger efficiency e7#¢ for a

given channel is given by:
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Figure 2.26: Diagram of the different levels of the trigger.
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where €779 is the efficiency of the TIS trigger, NT*¢ is the total number of
triggered events and N779, NTOS NTIS&TOS are the number of TIS, number of
TOS and number of events where both triggers were fired, respectively.

In the analysis of B — J/¢K*® | described in Chapters 4, 5 and 6 the decay
channel BT — J/¢ K™ is used to find the trigger efficiency. A simultaneous fit
of two different samples is performed. One sample is exclusively TIS and one is
TIS&TOS. The fit is done in two dimensions - in the invariant mass of the B and
that of the J/¢. This yields three categories of candidates: signal, background
with a J/1, and combinatorial background.

2.5.1 Level-0 Trigger

The LO trigger uses information from the Muon detectors and the Calorimeters
to reduce the readout rate. B mesons regularly decay into particles with large
transverse momentum (F;) and energy(E;). Therefore, particles that meet the

following requirements are triggered on:

1. At least one cluster in the HCAL with E; > 2.5 GeV
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2. At least one cluster in the ECAL with E;, > 2.5 GeV

3. A muon candidate in the muon chambers with p, > 1.48 GeV/c or two

muons (dimuon trigger) with pj* 4+ pi* > 1.3 GeV/c [1]]

In addition to this, to avoid reconstruction of events with a large number of
tracks and primary vertices, events with a certain number of hits in the SPD
are rejected. In the 2011 run, the L0 global event cut was set to < 900 hits
for the dimuon trigger and < 600 hits for all other triggers [11]. The pile-up
system estimates the number of primary proton-proton interactions in each bunch
crossing. It is located upstream of the VeLo behind the interaction point and
uses the same silicon sensors as used in the VeLo. In the 2011 run, if multiple
interactions were detected the crossing was vetoed. The pile-up system, the
calorimeter trigger and the muon trigger are all connected to the Level-0 Decision
Unit (DU) which collects all the information for the final decision (see section
2.5.1).

For the L0 calorimeter trigger the HCAL and ECAL are divided into 2x 2 cells.
It is assumed that the section will contain most of the energy from the shower
of a single particle. The Er of all showers contained in the section is summed
up. Information from each calorimeter detector is used to identify clusters from
electrons, photons or hadrons.

The Muon System is divided into 192 towers pointing towards the interaction
point for the L0 trigger, as seen in Figure 2.27. A Processing Unit (PU) is
connected to a tower of logical pads across the five stations. At every bunch
crossing each PU runs 96 track finding algorithms in parallel, one for each pad
of M3 in the tower. For each hit in M3 a track passing through is extrapolated
to the other stations. Hits are looked for within a Field of Interest (Fol) of the
track. The size of the Fol depends on the station, the level of background and the
minimum-bias retention allowed. If a hit is found in each station this is flagged
as a muon track. The py of the track is determined from hits in M1 and M2.

For B® — J/yK*° | the L0 efficiencies are measured with the TISTOS method
described above, requiring TIS on the full trigger chain and TOS only at LO. The
efficiencies for Bt — J/¢¥ K™ of the global L0 as well as for the muon and dimuon
decision calculated with 330 pb~! is given in Table 2.1 [11].
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Figure 2.27: Towers layout for the Muon system used for the trigger.

| | Global | all muons | LO Muon | LO Dimuon |
| BT — J/YK* [ 9254£0.7% [ 91.6 £0.7% | 91.0 £0.7% | 63.3 £2.6% |

Table 2.1: LO trigger efficiency measured using the TISTOS method.
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2.5.2 High Level Trigger

HLT1 reconstructs Velo tracks for all events that pass the L0 trigger. The Vel.o
tracks are matched to hits in the muon station assuming that the minimum
momentum is 6 GeV. The tracks are fitted and a hard cut on the track x? of 25
is performed. Then L0 candidates are divided into independent lines depending
on the LO decision output. About 15% of events will have been selected by
multiple LO triggers and therefore will go through more than one HLT1 line. The
lines are called ‘alleys’ and include: p, u+ hadron, hadron, ECAL, and inclusive
and ezclusive selection alleys. The particles in the VeLo and Tracking stations
are reconstructed corresponding to the L0 objects (or in the case of v and 7°
candidates to confirm that no charged particle was present). This is called L0
confirmation and reduces the rate to ~ 50kHz. The most important trigger for
the B® — J/¢K*® described in Chapter 4, are the HLT1 Muon and Dimuon lines.

The logical OR of an LO Muon and an L0 Dimuon is taken for the HLT1
dimuon trigger. They are separated into high mass and detached muons, both
of which are used for B® — J/¢K* . A detached muon is separated from the
parent particle. The high mass have a dimuon vertex with an invariant mass at
or above the J/¢ mass. The detached dimuons can also have lower masses but
there is also a IP x? cut with respect to the best primary vertex. The efficiencies
as a function of transverse momentum for the HLT1 dimuon high mass, and the
HLT1 detached muon triggers are shown in Figure 2.28. The reduced efficiency
in the low pr region is due to an dependence of the muon identification efficiency
on the pr [11].

HLT2 selects composite particles using the full event information and
requirements such as the invariant mass or the lifetime of the particle. It is
designed to be as similar as possible to the offline selection. A set of tracks are
initially selected based on loose momentum and IP cuts, then composite particles
are formed such as K* — K*n~ or J/v — p*pu~, which are then used for all
selections to avoid duplication in reconstruction of final states. The inclusive and
exclusive selections reduce the rate to ~ 2kHz, and data is written to storage.
The inclusive triggers select partial decays (such as By — J/1.X). The exclusive
triggers look for specific decay channels.

The inclusive dimuon triggers have both prompt and detached sections. The

prompt ones uses the mass and muon ID to distinguish between signal and
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Figure 2.28: The dimuon trigger efficiency as a function of transverse momentum
for the dimuon high mass and detached muon lines with 330 pb~!.

background and includes the HLT2 dimuon J/¢ line which is used for the
BY — J/¢K*Y analysis. They have a mass window of 120 MeV around the
J /¢ mass, and requires a good track quality ( track y?/ndof < 5 and a vertex
x? < 25). The detached sections are based on the decay length significance of
the dimuon vertex and include the HLT2 dimuon detached .J/¢ line which is
relevant for B — J/¢K*® . Tt enhances the efficiency inside the J/t¢) mass
window, where the vertex separation requirement is reduced compared to the
other detached lines. The efficiency of this line as a function of py can be seen in
Figure 2.29 and the rate is 88.9 + 0.8% [1].

The triggers described have been used successfully in 2011 to collect the data
used in the BY — J/¢K*® analysis described in Chapter 3 and 4.

2.6 The LHCDb Software

Gaudi is the Object Oriented framework which provides a common infrastructure
and environment for the different software applications of LHCb. This includes
simulation, reconstruction, analysis, and the steps in between. Each step in
the analysis corresponds to a different application and the main ones are briefly

described here:
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Figure 2.29: Efficiency as a function of transverse momentum for the HLT2
dimuon detached J/v line.

e Gauss - for Monte Carlo Simulation. This includes the initial event

generation, and the interactions within the detector. Proton-proton

collisions are simulated with PYTHIA [12] and the decays of B mesons
are simulated with EvtGen [13]. The detector simulation uses GEANT
4 [44]

e Moore - all packages for the trigger are included here

e Boole - simulates detector responses and their digitization to produce data

in the same format as the electronics and data acquisition systems

e Brunel - performs subdetector and global reconstruction using pattern
recognition for MC and data. It can process the output from Boole and

from data

e DaVinci - analysis framework used for offline physics selection on both MC
and data which have been fully reconstructed. It also provides tools to

allow the evaluation of the performance of the code

2.7 RapidFit

RapidFit is a fitting program that has been used extensively for the B — J /¢ K*°
analysis. It was developed at Edinburgh University and uses probability density
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functions (PDFs) to perform a negative log-likelihood fit using Minuit [15] to
extract values of parameters of interest. It uses simple configuration files to
make it easy to generate events, carry out toy studies, produce pull plots, and fit
contributions of signal and background models to data in the form of ROOT [10]
nTuples or ASCII files. It also has the functionality to do sPlot [17] fits.
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Chapter 3

Particle Identification using the
RICH system

3.1 The Ring Imaging Cherenkov (RICH) De-

tectors

The RICH system measures the velocity of charged particles which emit
Cherenkov light as they travel through the radiators. Combining this information
with momentum information from the Tracking system (see Section 2.3), gives

the mass of the particle.

3.1.1 Cherenkov Radiation

As charged particles travel through a medium, the electric field distorts the atoms
so they become polarized, behaving like dipoles. If the velocity of the particle
is larger than the phase velocity of light in the medium, the waves from each
position of the particle can be in phase with one another so there will be a
resultant wavefront at a distant point, this is depicted in Figure 3.1. The particle
track goes from A to C, with wavelets going from arbitrary points on the track.
If the particle travels this length in the same time that the light travels from A
to B, the waves will be coherent. This radiation is only observed at a particular
angle 6, at which the waves combine to form a plane wave front BC, this is called
the Cherenkov angle.

If the velocity of the particle is S¢ where ¢ in the velocity of light in vacuum,

60



3.1. The Ring Imaging Cherenkov (RICH) Detectors

Be - At

Figure 3.1: Huygens construction to illustrate coherence. The particle track goes
from A to C, with wavelets going from arbitrary points on the track. If the
particle travels this length in the same time that light travels from A to B, the
waves will be coherent.

and n is the refractive index of the medium, in time At the particle will travel a
distance AC' = fc - At, and the light will travel a distance AB = At - (£). Thus

the ‘Cherenkov relation’ is obtained:

1
pn

Figure 3.1 is only for one plane, but there will be a symmetry about the axis

cost = (3.1)

of the particle, so the light originating from each point on the track is propagated
as a wavefront which becomes the surface of a cone as in Figure 3.2. The cones
of photons produced from a charged particle travelling through a medium can be
focused into rings. If the refractive index of the medium is known as well as the

Cherenkov angle, then the velocity of the particle can be deduced.

3.1.2 RICH detectors

The two RICH detectors in LHCb take advantage of the way Cherenkov light
is produced in cones to measure the velocity of charged particles. RICH 1
(see Figure 3.3(a)) is situated before the magnet in order to cover a large

angular acceptance. Its purpose is to enable particle identification over the

61



3.1. The Ring Imaging Cherenkov (RICH) Detectors

Charged Particle

Figure 3.2: Cherenkov cone emitted by a charged particle. € is the Cherenkov
angle.

momentum range 1 — 70 GeV/c? with a polar angle acceptance from £25 to
4300 mrad horizontally and £250 mrad vertically. It uses two radiators, C4Fq
covers the momentum range ~ 5 — 70 GeV/c?, and silica aerogel which covers
1 — 10GeV/c?. The saturated Cherenkov angle (for particles with 8 = 1) for
C4F10 is b3 mrad, and for the aerogel is 242 mrad. RICH 2 (see Figure 3.3(b)) is
situated after the magnet and tracking stations. It identifies higher momentum
particles from approximately 20GeV/c* up to beyond 100 GeV/c? using CF,
in the radiator, and has a reduced angular acceptance of £15 to +120mrad
horizontally and +100 mrad vertically. The saturated Cherenkov angle for C,Fyq
is 32mrad. The RICH detectors use radiators of a well known refractive index
through which the particles traverse and produce photons in cones. Figure
3.4 shows that the momentum and acceptance range covered by each radiator
compliment each other well.

The Cherenkov light produced when charged particles travel through the
radiators, is reflected and focused using flat and spherical mirrors which are tilted
so that the ring image is reflected onto arrays of photo-detectors (see Figure 3.5).
The radius of the ring becomes equivalent to the opening angle of the Cherenkov
cone because of the known geometry. The photo-detectors, called Hybrid Photon
Detectors (HPDs) are located outside of the LHCb acceptance in order to reduce
the amount of material that the particles have to traverse. They image and read-
out the position of the Cherenkov photons. There are 196 HPDs in RICH 1 and

62



3.1. The Ring Imaging Cherenkov (RICH) Detectors

Photon
Detectors

420 mrad. o

Magnetic A .
250 ™
Aerogel -1 i Spherical
dJ o |48 Mirror /i
) x] ~— Central tube
- || Beam pipe \
[ =5 \
- HF ™ | \ Spherical mirror
VELO / ™ Track \
exit window | i i
|| ~cCarbon Fiber ,rir"
Exit Window i Flat mirror
Il
Plane il
Mirror
g Quartz plane
Magnetic shielding

L
z (cm)
(b) RICH 2 Schematic layout

L
200

0
(a) RICH 1 Schematic layout

Figure 3.3: Schematic layout of RICH 1 and RICH 2.
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Figure 3.4: Acceptance of the RICH radiators. The momentum coverage for each
RICH radiator is plotted against the acceptance range for the decay B? — D m .

Together they cover a large range in both parameters.
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Figure 3.5: Photograph of the array of RICH 1 HPDs.

288 in RICH 2 covering a total area of 3.3 m?.

3.1.3 Cherenkov ring reconstruction

Pattern recognition algorithms are used to reconstruct the Cherenkov rings. A
ring on the HPD plane will be approximately elliptical, with a degree of distortion
that depends on the track position and direction. The reconstruction procedure
is based on a maximal likelihood approach.

A particle type hypothesis is assigned to each charged particle track found
in the tracking stations. Initially the hypothesis is for a pion, which is the
most common particle type. The corresponding expected number and Cherenkov
radii of the resulting photons are calculated and the likelihood is calculated.
The hypothesis is then changed and the likelihood is recalculated. This is done
iteratively for the whole detector plane and for each radiator. The change with
the largest increase in likelihood is kept.

To study the performance of the RICH system, the ratio of log-likelihood

between two particle hypotheses is determined:

L(K)
L(m)

This delta log-likelihood (DLL) can be used as a selection cut to improve the

AlnLy, = InL(K) —InL(m) =In

(3.2)

purity of the sample, which decreases the efficiency, or vice-versa.
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Figure 3.6: Identification and misidentification efficiencies for kaons and protons
as a function of momentum. The solid markers are for DLL> 0 and the hollow
markers are for DLL> 5.

To calculate the identification and mis-identification efficiencies, pure samples
of pion, kaons and protons are required. The decays K? — 77~ and A — pr—,
as well as the charm decay D** — D°(— K~ 7")n" can be selected with a high
purity using kinematic cuts only. These channels provide the information for the
identification efficiency plots shown in Figure 3.6. The two curves represent the
two different DLL cuts, DLL > 0 and DLL > 5. The first is used to measure the
cut efficiency, the second to select a high purity data sample. A drop in efficiency
for kaons at high momentum will improve during the reprocessing of the current

data when the updated alignment will have been fully implemented.

3.1.4 Calibration of the RICH detectors

There are four main contributions to the limit on the precision of the Cherenkov

angle 0.

e Emission point: the tilt of the spherical mirrors leads to a translation of the
photon image on the detector plane dependent on its emission point along
the particle track. This is not taken into account in the reconstruction, in
which photons are assumed to originate at the mid-point of a track through

a radiator.

e Chromatic Dispersion: The refractive index varies with wavelength, and

since Cherenkov photons are emitted with a wide distribution of wave-
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] \ Aerogel \ CyFiy \ CF, ‘
Emission 0.4 0.8 0.2
Chromatic 2.1 0.9 0.5

HPD 0.5 0.6 0.2
Track 0.4 0.4 0.4
Total 2.6 1.5 0.7

Table 3.1: Single photoelectron resolutions for the three RICH radiators. All
numbers are in mrad.

lengths, 6. is also spread.

e HPD pixel size: Each pixel covers a 2.5 x 2.5 mm? area on the HPD window.
It is especially limiting in RICH 1 (fewer HPDs and smaller acceptance

region for rings from CyFy).

e Tracking: Since 6, is calculated with information from the tracking, track

precision must be taken into account.

The resulting resolution for each contribution on simulated data are shown in
Table 3.1 [31]. The resolution is largest for the aerogel, dominated by the
chromatic dispersion and smallest for C'F}.

The detector simulation is used in the reconstruction process for tracks and
particles, therefore any discrepancy between the simulation and the detector will
introduce inaccuracies. This simulation must therefore be corrected (or ‘aligned’).
The aim is that any contribution to the resolution of the Cherenkov angle from
the simulation is small compared to the dominant sources listed above.

After the initial alignment of the mirrors and HPDs within the RICH detectors
following installation, the alignment is regularly improved and updated using
collision data. The flat and spherical mirrors are aligned using an iterative method
which minimises the distortion of the Cherenkov angle distribution. Alignment
parameters are automatically updated for every fill of the LHC. Cherenkov angle
resolutions of 1.59 mrad (CyFjp) and 0.66 mrad (C'Fy) have been achieved for the
two gas radiators (see Figure 3.7). This meets the expectation from the LHCb
detector Monte-Carlo of 1.53 mrad (CyFo) and 0.66 mrad (C'F}).

In the HPDs, photoelectron trajectories are affected by the residual stray
magnetic field of the LHCb dipole magnet. Magnetic Distortion Correction
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Figure 3.7: Cherenkov angle resolution for the RICH detectors in 2011.

Systems have been implemented in both RICH detectors. They project a known
pattern of light spots onto the HPDs. From the recorded responses with the two
polarities of the bending magnet and without magnetic field, magnetic distortion
maps are extracted and automatically fed into the detector database, so it can

be corrected for. For more details see [15].

3.1.5 RICH performance

The RICH detectors have been running successfully since collisions began in
November 2009.

planned, their excellent performance has enabled many interesting physics

Despite a larger instantaneous luminosity than originally

analyses to take place. Whilst the RICH detectors are running, the comprehensive
online monitoring system allows shifters to monitor their behaviour and the
environmental conditions. It enables problems to be identified and resolved
quickly. The data quality is constantly monitored during collisions. Figure 3.8
shows the main screen that RICH shifters see when collisions are taking place.
Hit maps of the RICH 1 and RICH 2 detector planes are seen during collisions,
showing accumulated hits for all channels. There are a few missing HPD images,
this is explained later.

LHCb was designed to run with a mean number of visible interactions per
bunch crossing () of 0.4. In 2011 it has been running with a typical p of 1.5 and

a maximum of 4. Multiple primary vertices lead to a reduction in PID efficiency.
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Figure 3.8: HPD Hit Map from 21/08/2011. This is the screen the RICH shifters
see when monitoring their behaviour. RICH 1 occupancies are on the left, and
those for RICH 2 are on the right. A histogram of the number of hits for both
RICH detectors is shown at the bottom.
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Figure 3.9: Identification efficiency as a function of track multiplicity and multiple
primary vertices.

Figure 3.9 shows the pion misidentification fraction against the kaon identification
efficiency as a function of track multiplicity as well as the number of reconstructed
primary vertices, as the requirement on the likelihood difference AlogL(K — ) is
varied. As expected some degradation in PID performance occurs with increased
interactions. However it is evident that the K /7 separation is robust up to the
highest multiplicities in 2011.

Plotting the Cherenkov angle against the momentum as in Figure 3.10,
illustrates the particle separation power of the combined RICH detectors. This is
essential for many LHCb physics analyses including the analysis B® — J /¢ K*°
(described in Chapters 4 - 6), for which the final state includes a pion and a kaon.
Figure 3.11 shows the DLL distribution for K /7 separation for fully simulated
B — J/¢YK*® data (MC1la) for the truth matched sample, and reflection
background (where the kaon has been misidentified as a pion or vice-versa).
Cutting on the DLL distribution at zero eliminates a large proportion of the

reflection background, whilst preserving the majority of the signal.

3.2 Hybrid Photon Detectors

Figure 3.12 shows a photograph of a single HPD, and a schematic diagram. They
are called ‘Hybrid” because they combine a silicon pixel sensor and readout chip
with a vacuum tube. Each HPD has a 7mm-thick quartz window coated with

an 520 multi-alkali photocathode on the inside which converts the incoming
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Figure 3.10: Cherenkov angle as a function of Momentum.
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Figure 3.11: Delta Log Likelihood (DLL) distribution for K /7 separation from
fully simulated MC1la B° — J/¢K*® with truth matched events (red) and
reflection background (blue) which has been multiplied by 10 to make it visible.
There is a peak at zero which are events for which the mass hypothesis was below
the Cherenkov threshold, and the algorithm therefore returns zero by default.
Since the signal selection involves a DLL cut at 0, these events are not included
in the selection.
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Figure 3.12: Photograph of a single HPD, and a schematic diagram showing the
acceleration of the photoelectrons on to the pixel chip.

Cherenkov photons to photoelectrons by the photoelectric effect. These are
accelerated through the vacuum tube by a high voltage bias of up to 18kV. The
cross-focusing electrostatic field projects the photoelectrons onto the pixel anode
at the base, with a demagnification factor of approximately 5. The anode consists
of a 300 um thick 32 x 256 pixel detector array. These pixels are called ‘ALICE’
pixels. The HPD can also be read-out in LHCb mode where eights pixels are
grouped together, effectively creating one square ‘LHCb’ pixel. The sensor chip
is bump-bonded to the binary readout chip, which can operate at 40 MHz. This is
glued and wire-bonded to a ceramic carrier and encapsulated in the vacuum tube.
When a photoelectron hits the sensor up to 5000 electron-hole pairs are released
in the silicon. The silicon sensor is reversely biased at 80V, over-depleting the
p-n junctions and allowing the charge collection within the 25ns between each
proton bunch crossing [19] [50] [51]. The external L0 trigger causes the signals to
be read out at 1 MHz from a total of 500,000 pixels.

3.3 HPD testing

The HPDs were chosen for LHCb for a number of reasons. They have a very
low noise, a good active-to-total area ratio, and good time resolution. Their
high spatial resolution and low noise allow the accurate pattern recognition of

Cherenkov rings. In order to check that each meets the specifications defined by
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the LHCD collaboration, they are shipped to Edinburgh and Glasgow Universities
after production at Photonis and tested before installation. In Edinburgh there
are two test stations, one for standard testing of the HPDs, and one for testing
their quantum efficiency (QE). The configuration, monitoring and data taking
are fully automated. The standard test programme quantifies every function
and property of an HPD: the parameters characterising the photocathode, the
electron optics, the state of the tube body and exterior, the characteristics of the
silicon sensor and the functionality of the readout chip [52].

The QE is defined as the probability that an incoming photon of a given
wavelength produces a photoelectron that is detected. This takes into account any
inefficiencies due to reflections at the air-quartz or quartz-cathode boundaries, as
well as the thickness, absorptive qualities and work function of the photocathode.
The QE is tested at Edinburgh by comparing ratios of current readings between
a calibrated photo-diode (PD) and the HPD from a stable light source:

Tupp(N)
Ipp(N)
where 7, is the QE and X is the wavelength. LHCD requires a QE of > 20.0% at
A = 270nm, and > 15.7% at 400nm. The HPDs were found to have an average

QE ~ 30% for 270 nm and ~ 25% for 400 nm [53] [54].

g () =n;"(\)

q

(3.3)

3.3.1 Ion Feedback of the HPDs

The HPD vacuum has been observed to degrade over time, through a process
called Ion Feedback (IFB). Residual gas molecules in the vacuum tubes get ionised
by the incoming photoelectrons and are accelerated onto the photocathode where
they generate secondary electrons. If the HPD vacuum is poor, these secondary
photoelectrons will further ionise gas molecules, resulting in a chain reaction.
Many photoelectrons hitting the photocathode over a prolonged period of time
can cause it to degrade and emit light which may interfere with the detection
of photons from Cherenkov rings. The HPDs must be replaced well before they
start to degrade and are therefore monitored closely. They can be repaired a
limited number of times, carried out by the manufacturers. The time an HPD
spends in the detector before it has to be replaced varies hugely, but an HPD

with a medium rate of IFB is likely to need replacing after one year.
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The rate of IFB can be measured accurately since it gives characteristic signal
clusters of five or more adjacent pixel hits, 200 — 300 ns after the primary signal
photoelectron has hit. The IFB rate is defined as the ratio of the number of
large clusters to all of the clusters detected. It is initially measured in the test
stations at Edinburgh, where a strobe-scan method has been developed. The
decay between light pulses from a light emitting diode (LED) and the readout
of the HPD is systematically varied while the rate of pixel clusters are recorded.
The ratio of the number of delayed (IFB) clusters to the initial signal gives the
IFB rate.

The rate of Ion Feedback is also monitored closely once the HPDs are installed
in the RICH detectors. There is a continuous-wave (CW) laser installed in the
LHCb cavern for this purpose. Studies have been carried out to ensure that data
from the strobe-scan method can be compared directly with data from the CW
laser [51]. The monitoring of the IFB using the CW laser is explained in more

detail in next section.

3.3.2 Monitoring of Ion Feedback

The CW laser is installed in the LHCb cavern behind the shielding walls, and
therefore does not need to be radiation hard. Optical fibres are used to transport
the light to illuminate the HPD planes. Figure 3.13(a) shows all of the hits from
a CW laser in run 75910 in July 2010. Figure 3.13(b) shows all of the hits classed
as IFB hits in this run (those with 5 adjacent pixel hits). From these hitmaps
it is clear that HPDs D010, D1.5 and U2.6 have a high IFB. In particular
D1.5 is showing signs of a degrading photocathode which is clear from the lower
occupancy in the centre of the image. All of the HPDs mentioned were replaced
soon after this run was taken.

An TFB CW laser run can only be taken when the LHC is not running.
Approximately once a month there will be a ‘technical stop’ in which test runs
and various other maintenance can be carried out. This opportunity is taken for
an IFB run, which can be analysed afterwards to extract the IFB rate at that
time for each HPD.

The first IFB measurement is taken as soon as an HPD reaches Edinburgh
to be tested, and is measured regularly over its lifetime. The IFB rate for each

measurement is plotted on a timeline. For the majority of HPDs, the IFB rate
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Figure 3.13: Map of hits in RICH 1 during a laser run in July 2010, all clusters,
and IFB hits.

of the HPDs increases approximately linearly over time (see for example Figure
3.14). Studies have shown that degradation of the photocathode begins when
the TFB rate reaches approximately 5% [53]. By fitting a straight line to the
timeline and extrapolating this to 5%, the date that the HPD is predicted to
start degrading can be estimated. This has been shown to be a accurate and
reliable prediction. Those HPDs soon to reach the 5% rate, are called ‘at-risk’.
The prediction enables the removal of at-risk HPDs from the RICH detectors
before they start to degrade.

The RICH 2 detector can easily be accessed for the replacement of HPDs.
This can be done within 2 days during any of the technical stops throughout the
year. However, RICH 1 is harder to access and needs approximately 2 weeks
for replacement of the HPDs. This can only be done at the yearly Christmas
shutdown of the LHC which is specifically used for repair and maintenance of
the detectors. The replacement plan is worked out according to the number of
HPDs available to replace current HPDs. These are usually HPDs that have been
repaired by being baked out at 300°C in vacuum, which removes most stray gas
molecules. This can only be done a maximum of three times, before the anode
may be damaged [53]. The replacement strategy gives priority to HPDs in the
high occupancy region of the RICH detectors (the centre of the HPD plane). If
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Figure 3.14: TFB timeline for HPD H714006. The y-axis is absolute date, and
the x-axis is the rate of Ion Feedback. The black line is a linear best-fit line.

there are not enough HPDs to replace all of the at-risk IFB HPDs in the RICH
detectors, anodes can be used to replace an HPD in the low occupancy area (the
outside of the RICH 2 HPD plane) without significant loss to the PID performance
of the RICH detectors. At the end of 2010, 18 HPDs were replaced in RICH 1
and 13 were replaced in RICH 2. At the end of 2011, 13 HPDs were replaced
in RICH 1 and 22 HPDs were replaced in RICH 2. In RICH 2 there have been
replacements of HPDs with anodes around the periphery due to there not being

enough replacement HPDs.

3.3.3 Increased IFB gradient

As already mentioned an accurate prediction can be made of when the HPDs
will begin to degrade, relying on the increase in IFB rate being linear. However
approximately 20% of the total number of HPDs installed in the RICH detectors,
when reviewed in May 2010, seemed to have experienced an increased IFB
gradient in 2009, compared to 2008. An extreme example of such behaviour
is shown in Figure 3.15. In order to study this behaviour, timelines for many
HPDs were overlaid using two different schemes. The first plotting the absolute
date and the second plotting the time elapsed since the HPD was manufactured.

Depending on the behaviour in each graph, two things could be deduced:
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Figure 3.15: IFB timeline for HPD H708015. This is an extreme case where the
IFB gradient increases from 2008 to 2009. The blue vertical line indicates the
end of 2008. The black line is a linear best fit line.

e If a common pattern was seen in the absolute time plots, it could be deduced
that the change in gradient was due to environmental effects within the

detector,

e If a common pattern was seen in the elapsed time plots, it could be deduced
that the absolute age of the HPD affects the IFB gradient.

Environmental stress in the LHCb pit is much worse than whilst the
HPDs were being stored in Edinburgh at room temperature in a nitrogen-filled
environment. In the LHCb cavern they are also in a nitrogen-filled environment
but they are close to other subdetectors whose electronics are warm whilst in
operation. Conversely, it has been shown that a high particle occupancy can
decrease the IFB rate.

The HPDs were divided into RICH 1 and RICH 2, then into groups of
approximately 20, each group having a certain range of IFB (measured in May
2010). These groups were then plotted together on the same graph. The timelines
were plotted up until the technical shutdown at the end of 2010- when some HPDs
were replaced. The 196 HPDs in RICH 1, HPDs were divided into 10 groups of
HPDs, each increasing in the most recent IFB measurement. RICH 2 has 14

groups of a similar number.
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Figure 3.16: Showing IFB timelines of a high IFB group of HPDs, the upper plot
against absolute date, and the lower showing time elapsed since the HPD was
manufactured.
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Figure 3.16 is typical of the timelines for High IFB HPDs. The upper plot,
against absolute date shows two different gradients for the IFB increase. The first
shows a steady increase until about the end of 2008, and the second has a relatively
larger gradient until the end of 2010. The lower plot shows the IFB rate against
the time elapsed since the first measurement was made. This is approximately
equal to the time the HPD was manufactured, since they were sent to Edinburgh
and measured for IFB soon after. The plots shows an approximately steady and
linear increase in IFB as the HPD ages.

Groups of lower IFB HPDs were also studied, and the corresponding plots
are shown in Figure 3.17 for one group. For this group, the increase in IFB is
much less, and any patterns are harder to see. For most HPDs, there is not an
obvious difference between the upper and lower plots. However there is still a
hint that the gradient has increased after 2008. The RICH 2 timelines show a
similar behaviour, for both high and low IFB HPDs. The rest of the timelines
for the other IFB groups, and the RICH 2 timelines can be seen in Appendix A.

The HPD timelines for both of the RICH detectors, suggest that the increase
in gradient that is seen in some HPDs, is more pronounced in higher IFB HPDs.
In addition, the increased gradient is seen in the absolute time plots rather than
the HPD age plots. This suggests that of the two scenarios hypothesised, the
first is more likely: that the increased gradient in some of the HPDs is due to

environmental or beam effects in the RICH detector.

3.3.4 Long IFB laser runs

Most IFB measurements are calculated using the first 3 million events from a
laser run. Some extra long IFB laser runs were carried out, to verify this method.
The dates and length of the runs studied are shown in Table 3.2. Several studies
have been done using these long runs to gain some insight into the behaviour of
the HPDs in the LHCb cavern.

e An initial study was carried out to check that the measurement of IFB
made with the first 3 million events in a run was similar between different
long laser runs. The logarithm of the IFB measurement for each HPD in
two different runs were plotted against each other. This was done for all

of the long runs. An example of these plots is shown in Figure 3.18 and it
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Figure 3.17: Showing timelines of a low IFB group of RICH 1 HPDs, the upper
plot against absolute date and the lower showing time elapsed since the HPD was

manufactured.

Run Number

| Date Taken | Approximate Length /hours |

35170
36569
37219
48902
61738

73264 (plus preceding runs) | 11/6/2010

14/10/2008
15/11/2008
24/11/2008
25,/4,/2009
15/11/2009

16
46
20
23
15
89

Table 3.2: The run number of each Long laser run taken, the date of the run,

and the length

of it.
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Figure 3.18: The logarithm of IFB measurements for two different runs in RICH
1 - run 48902 and 61738.

shows a high correlation, as expected. Plots for the other runs are shown
in Appendix B. This helps to verify the method for calculating the IFB

measurement.

e The IFB rate was then measured using separate slices of 3 million events
across the run. For the majority of HPDs, the variation observed in
measurements was small as expected. A typical timeline from run 73264
is shows in Figure 3.19. It was found however, that for some HPDs the
IFB rate seemed to vary more than expected across these long runs. This
variation is not conceivable for ‘real’ IFB change in such a limited amount
of time, so there must be another cause. Typical HPDs with low IFB may
increase in IFB by 0.5% per year. Over these long laser runs IFB appears
to change by as much as 0.6% for a few HPDs. Studies were done for
RICH 1 to see if a cause for this could be found. Figure 3.20 shows the
range (difference between maximum and minimum value) of IFB for HPDs
during run 37219. The majority of HPDs show a relatively small change in
IFB of less than 0.02%. This is a typical histogram for all of the long laser

runs taken (the rest of which can be seen in Appendix B).

e The IFB value across the long laser runs are plotted as a function of time and
fitted linearly as in Figure 3.19. The gradient of this fit provides a means
of quantifying the behaviour of the HPDs across the run. Despite many of

the HPDs not showing a linear behaviour, it may show some insight into
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Figure 3.19: Typical IFB measurements taken over a long laser run 73264.
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Figure 3.20: Histogram showing the range of IFB in RICH1 HPDs over run 37219
on 24/11/2008 which lasted approximately 20 hours.
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Figure 3.21: The logarithm of the IFB gradient against the logarithm of the IFB
measurement in long run 48902.

] Run \ Gradient ‘

35170 | 0.74
36569 | 0.68
37219 | 0.78
48902 | 0.71
61738 | 0.56
73264 | 0.53

Table 3.3: Gradient of the fit line when IFB is plotted against the IFB gradient
for each long laser run in RICH 1.

the cause. The logarithm of the gradient was plotted against the logarithm
of the IFB measurement from the same run, to see if the absolute value of
the IFB has an effect on the change of IFB over a run. Such a plot is shown
in Figure 3.21. There is a large variance but in general the high IFB HPDs
seem to have a larger gradient value. Table 3.3 shows the gradient of the
fit line for the same plot, for each long laser run separately. For example
for run 48902, the gradient of the line in plot 3.21 is 0.71, as shown in the
fourth column of Table 3.3. The values of the first four runs suggest there
is some correlation between the amount the IFB changes over a long run,
and the magnitude of the IFB itself. The final two runs do not show this

correlation.
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’ Run ‘ #HPDs with +ve gradient ‘ #HPDs with -ve gradient ‘

35170 91 103
36569 104 90
37219 129 65
48902 107 89
61738 97 97
73264 85 108

Table 3.4: Number of HPDs with a negative or positing IFB gradient during long
runs.

e Another interesting study was to look at whether HPDs have similar
behaviour in each long laser run. In each run the number of HPDs with
a positive/negative IFB gradient over the run was counted - see Table 3.4.
However when looking in detail at these numbers it is clear that individual
HPDs do not behave similarly in different long laser runs. For more details

on this study see Appendix C.

e To investigate further whether the beam occupancy affects the IFB
behaviour, the average cluster rate for each HPD was calculated and plotted.
This is taken as a measure of the amount of light falling on the HPDs.
Interestingly for some HPDs the IFB behaviour is directly correlated with
the average cluster rate. Figure 3.22 shows the IFB rate and the average
cluster rate over long run 35170 for two different HPDs. Figure 3.22(a)
shows an HPD whose IFB seems to be correlated with the average cluster
rate. Figure 3.22(b) shows an HPD that seems to have the opposite
behaviour, and is anti-correlated with the average cluster rate. Table 3.5
shows how many HPDs out of 196 in each long laser run are either correlated
or anti-correlated with the average cluster rate. On average approximately
30% of the HPDs are anti-correlated in each run, and only 6% are correlated.
The remaining 64% are uncorrelated. A study was done to see whether for
each long laser run, the same HPDs are correlated or anti-correlated with
average cluster rate. The details of this study are in Appendix C and again

suggest that HPDs do not seem to behave similarly between runs.

In conclusion, high IFB HPDs seem to be more likely to have a high gradient

over a long laser run. However, no other patterns have yet been found to
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Figure 3.22: Behaviour of the IFB rate and the average cluster rate over a long
run 35170 for two different HPDs.

’ Run ‘ #HPDs varying with CR ‘ #HPDs varying against CR ‘

35170 11 81
37219 9 45
36569 12 o1
48902 9 41
61738 19 o1
73264 20 54

Table 3.5: Showing how many HPD’s IFB is correlated or anti-correlated with
the average cluster rate over each long-run.
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explain the large change in measured IFB for some HPDs. HPDs do not seem to
behave consistently between runs with respect to negative or positive gradients, or
whether they are correlated with the occupancy level or not. Further work would
include more investigation into the different conditions in the RICH detectors
before and during the long laser runs, which may have an effect on the HPDs
behaviour. Tests in laboratory conditions could be done with the strobe-scan
method, whilst changing the environmental conditions to see if there was an

effect on the IFB measurement.

3.4 Conclusions

The RICH detectors perform the essential task of identifying charged particles
created from the proton-proton collisions of the LHC. Using radiators and arrays
of Hybrid Photon Detectors they reconstruct the rings of photons produced and
extract the velocity of the particles. They have been performing well in 2010 and
2011 with a good Cherenkov angle resolution and particle separation.

The monitoring of Ion Feedback using CW laser runs in the LHCb cavern
enables the precise prediction of the degradation of HPDs so that they can
be replaced when needed. Studies have been done to investigate the increased
gradient that was seen in some HPDs between 2008 and 2009 and it was found to
be due to the environment within the RICH detectors themselves. This highlights
the importance of constant close monitoring of the HPDs.

Studies were also done into the unphysical behaviour for some HPDs when
IFB measurements were taken over a long laser run. No obvious patterns were
found over different runs to suggest that the HPDs themselves always behave
in the same way. More investigation is needed to draw more conclusions from
this. However, the reliability of taking the first 3 million events in an IFB run to
predict the degradation of HPDs has been verified, and this method will continue

to be used.
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Chapter 4

Angular Analysis of
B — J/y(ptp ) K* (K1)

4.1 Introduction

An angular analysis of B® — J/¢K*® and its flavour conjugate is a sensitive
probe of New Physics (NP). The Standard Model predicts that the amplitudes
describing the decay are equal for the BY and B decays. Any deviation from
this would be evidence for direct CP violation. Any limits found on CP violation
would constrain extensions of the SM. In the following chapter the decay B° —
J/K*? is described and the motivation for carrying out an analysis. The data
sample and analysis methods are described in Chapter 5, and the results are

presented and discussed in Chapter 6.

4.2 Description of B' — J/yK*

B — J/¢K*® is an interesting channel because it involves three kinds of mesons,
one with a heavy quark and a light quark B°(db), one with two heavy quarks
J/¢(cc) and one with two light quarks K*(ds). B° — J/¢K* is a colour-
suppressed Cabibbo-favoured decay described primarily by the tree diagram
shown in Figure 4.1(a). There is an internal W emission from a b — ¢ transition,
which produces a ¢35 pair that associates with the ¢ and d quarks to form colour
singlets. There are also contributions from penguin amplitudes (see Figures 4.1(b)

and 4.1(c)) but these are highly suppressed.
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(c) Electroweak Penguin

Figure 4.1: Feynman diagrams contributing to B® — J/¢yK*° .
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4.2. Description of B® — J/¢K*°

As already detailed in Chapter 1 (section 1.4) if the full decay amplitude of
a decay is not equal to that of the conjugate, direct CP violation has occurred.
It is possible to measure these amplitudes for BY — J/¢K*° | but since the final
state is an admixture of parity-odd and parity-even amplitudes a more sensitive
probe of CP violation is to separate these out and measure them individually.

The amplitude for any pseudoscalar to vector-vector decay can be written [55]:

A - 7 A — —
A(B = ViVa) = Aoelierl — —”e*v? 67 — i—=eh % €, - P (4.1)

V2 V3t

where ey, and ey, are the unit polarization vectors of V; and V5 respectively and

p is the unit vector along the direction of motion of V5 in the rest frame of V.

The longitudinal unit polarization vector is €:F = €*, - p and the transverse unit
|72 v
polarization vector is € = €, — eiFp. Ap is for the case when both vectors
v v Vv

have longitudinal polarization with respect to the direction of motion, and A
and A, is when they are both transverse polarization, and are either parallel or
perpendicular to each other. A, is therefore odd under the parity transformation
because of the appearance of ea X 652 - P, whereas A and Ay are even. The
amplitudes Ay, A; and Aj have relative orbital angular momentum L = 0,1,2
respectively, resulting in a zero total angular momentum to match the initial
state.

The daughter K* (K*) meson decays to K7~ (K~77"), where this pair is an
orbital P-wave amplitude. However in the vicinity of the K* mass the K7 system
can have contributions from the S-wave amplitude. This can be non-resonant or
come from the tails of higher mass resonances. Only relative contributions of the
amplitudes are measured so that |Ag|> + |A)[*+ |AL|* + |As|* = 1. The phases of
the decay amplitudes are defined by: A; = |A;|e" where j =0, ||, L, S. Only the
relative phase differences can be measured, so the convention dy = 0 is adopted.

The angular distributions of the decay products are different for each
polarization amplitude, which means it is possible to separate them statistically.
The angular distributions are described by three transversity angles [56]: 6, ¥
and ¢, which are defined in Figure 4.2. 6 is the angle between u* and the z-axis
in the rest frame of the J/v meson. ¢ is the azimuthal angle of u* in the same
frame. 1) is the angle between the momentum vector of K daughter and the
negative momentum vector of the J/v in the K* rest frame.

For a pseudoscalar to vector-vector decay, if there is no CP violation in mixing,

88



4.2. Description of B® — J/¢K*°

Figure 4.2: Shows the angular distribution of B® — J/¢¥K*°. @ is the angle
between the pt and the z axis in the J/v rest frame. ¢ is the azimuthal angle of
p" in the same frame. 1) is the angle between the momentum of the Kt and the
negative momentum of the J/¢ in the K* — K+~ rest frame.

Ip/q| = 1, or in the decay, A = A (see equations 1.47 to 1.50), the time dependent

decay rates can be expressed as [57]:

d‘T[B — f]
dtds?
|9+ (O X {filAo® + fal Ay * + FslALP + FiS(AJAL) + fR(AGA)) + feS(A5AL)
+frlAs® + fsR(A]As) + fo(AT As) + fro(A5As)}
(4.2)

d‘T[B — f]
dtdS?
194 (1) X {f1lAo® + fal Ay)? + fs| AL — fiS(A[AL) + f5RAGA)) — feS(AGAL)
+f7lAsl® + fsR(AjAs) — fo(AT As) + fr0(A5As)}
(4.3)

d'T[B — f]
dtds?
g- (1) > { A1l Aol + fol 411> + f3| ALl + fiS(AJAL) + fR(AGAY) + f6S(AgAL)
+f7lAs]? + fsR(AjAs) + fo(AT As) + fr0(A5As)}
(4.4)
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d°T[B — f]
dQ)
g ()7 x {filAo* + fol AY|* + f3| AL — fiS(AJAL) + fsR(AGA)) — f6S(AGAL)
+frl As|? + fsR(A] As) — fo( A Ag) + fro(A5As)}
(4.5)

where ) = (cos ), cos @, ¢). The amplitudes are time-independent as can be seen

in Table 4.1. The angular dependent functions f; are given in Table 4.2. The

time dependent functions |g.(¢)|? are defined as:

g2 () = 621“015 [cosh (%) + cos(Amdt)} (4.6)

[y = 1/7po is the total decay width of the B® meson, I'y and 'y are the decay
widths of the heavy and light states. I'y = (I'y + I'p)/2, ATy = 'y — I'y,
Amg = my—myz. The decay width difference between the B and Bis negligible

so the expressions simplify to:

Amdt _
94+ (1)]* = cos® (—2 ) e Tat

Amygt
|lg—(t)]? = sin® (%) e~ Tat

BY — J/YK*® has a flavour specific final state and the analysis is performed

(4.7)

untagged. The production asymmetry for pp collisions at the LHC for B® —
J/K*? is expected to be negligible and has been measured to be approximately
1% [58], favouring the B° over the BP decay. It has been verified that this does
not have a significant effect on the measurement of the polarisation amplitudes. A
production asymmetry was introduced to a fully simulated Monte Carlo sample,
which included mixing, and the full analysis was performed on it. No significant
differences were seen for either a 10% or 1% production asymmetry. It is therefore
possible to take the sum of equations 4.2 to 4.5 to give the total time-dependent

angular distribution:
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d'T(B = J/YpK*(— K*rF)
dtd<)

= e " (Q)] A(0)* + f2(Q)]A(0)] + f5(2)|AL(0)]?
+/1(2)3(A[(0)AL(0)))

+f5(Q2)R (A (0) A (0)]

£ f6(C)R(A0(0)AL(0

+ (1A 0)] + fs(Q)R(As(0)* 4 (0

£ fo(2)I(A:(0)"A1(0)) + f1oR(As(0)"Ag(0)

(4.8)
)
)
)]

The signs of the terms containing f4, fg and fq change sign depending on whether

the case is for B® or B".

] Amplitude term \ Explicit expression ‘

[ Ao ()] | A40(0)[?
4] |4 (0)
AL |AL(0)[
[ As()7 | A5(0)[?
S(AjAL) |4 (0)[[AL(0)[sin(d1 — dy)
R(AZA)) | Ao (0)[| Ay (0)] cos(dy)
I(A5AL) | Ao(0)[[AL(0)[sin(d1)
R(AjAs) | 4)(0)[|As(0)] cos(d) — ds)
%(A* Ag) |A1(0)]|As(0)] sin(d, — dg)
R(A;As) | 40(0)[[As(0)] cos(ds)

Table 4.1: Explicit expressions of the polarization amplitude terms including the
phases. dy is set to zero, so is not included.

4.3 Motivation

This section will describe the motivations for an angular analysis of BY — J/¢K*,

including those in the past and how they have changed. A summary of these is

91



4.3. Motivation

\ fi(2 = cos ), cos b, ¢) ‘

55-2 cos?Y(1 — sin®d cos¢)

5= sin*Y(1 — sin®f sin’¢)

9 2 i
397 SIn“Y sin“6

—% sin1) sin26 sin¢
327?\/5 sin21) sin’0 sin2¢

327?\/5 sin 21 sin 26 cos ¢

5-2(1 — sin*y cos?f)
+5-1/6 sim) sin®f sin2¢
55-1/6 siny sin26 cos¢

-4+/3 cosyp(1 — sin?f cos?¢)

Nej co | O Y | W N =

—_
)

Table 4.2: Angular dependencies of the amplitudes.

Past motivation Factorization hypothesis
Ambiguity-free measurement of sin 2

Present motivation | Search for New Physics

Triple Product asymmetries
Control Channel for B? — J/v¢
Cross-check for BY — J/v¢¢

Table 4.3: Summary table of past and present motivation for the angular analysis
of B® — J/¢K*°

shown in Table 4.3.

4.3.1 History of the motivation for BY — J/¢K*

Factorization The angular analysis of B — J/¢K*® was first performed in
1994 at the CLEO II experiment at CESR [59] and at the ARGUS experiment
at DORIS II [60]. At this time the main motivation for this analysis was
a test of the factorization hypothesis in decays with an internal W emission.
Naive factorization assumes that two body hadronic decays of B mesons can be
expressed as the product of two hadronic currents. This was very successful for

the prediction of decays where the products of the W~ are well separated from
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d

w u

b - - c
— 4 —
d d

Figure 4.3: Feynman diagram of the decay B°(bd) — D*(cd)n~(du). This
decay is well described by naive factorization because the decay products are
well separated and do not interact with each other.

the other decay products [61]. An example of this is the B — D*r~ decay
shown in Figure 4.3. In this decay the 7" is formed from the quarks of the W
boson (the du quarks) and the DT meson is formed from the converted b quark
and the spectator d. For colour-suppressed decays, one of the mesons is formed
from the converted b quark and a quark from the W, and the other is formed
from the remaining quark from the W combined with the spectator quark. In this
case the decay products are not well separated, final state interactions can occur,
which would mean naive factorization would not describe the decay well [62].
This is the case for B — J/K*® as seen in Figure 4.1(a). If there are no
final-state interactions, the P-wave and S-wave phases are simply phase shifts in
K scattering at the appropriate invariant mass (taking the K scattering to be
inelastic in that range). The measured phases would be equal 0 or 7 [63] which
provides a test of the factorization hypothesis. It can also be tested through the
measurement of Branching Ratios which are affected by QCD corrections such
as R = B(B — J/YK*)/B(B — J/¢¥K), or through measuring the longitudinal
polarization fraction (|Ap|?) in decays to two vector mesons.

The first measurements done by CLEO and ARGUS for B® — J/¢yK*°
observed a value of 0.80 & 0.08 & 0.05 for |4]* (CLEO) [59]. In 1997 CLEO
updated this measurement, reducing it to 0.52 + 0.07 £ 0.04, becoming more

consistent with the naive factorization hypothesis. However, the branching ratio
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| Model \ | Aol|? R
Neubert et al (1991). [64] 0.35 1.61
Deandrea et al (1993). [65] 0.36 1.50
Aleksan et al (1995). [66] 0.45 2.15
CLEO [67] 0.52£0.07£0.04 | 1.45+0.20 £ 0.17

Table 4.4: Predicted values of the longitudinal polarization fraction as well as
the ratio R = B(B — J/YK*)/B(B — J/¢K), using various models of Naive

factorization. The CLEO experimental result is also shown.

R =B(B — J/YK*)/B(B — J/¢YK) calculated was inconsistent with the same
prediction models. Both of these observed values from CLEO are shown in Table
2

4.4 along with the prediction of three slightly different models for |Ay|* and

R!'. They all use form-factor models and include heavy meson to light meson
scaling. The model by Neubert et al appears to predict |Ag|* to be too small,
and R to be too large. Deandrea et al use experimental data as input to their
calculations and have a result closer to the experimental one. Aleksan et al
introduce further corrections and get a prediction closer to the experimental value
of the longitudinal polarisation, but which deviates from the value for R.

The CLEO measurement of the strong phases deviated slightly from 7 which
indicated that final state interactions were occurring to some extent. By 2002
CDF [68], BaBar [69] and Belle [70] had also done measurements of the angular
amplitudes and phases of the decay. The results confirmed the existence of final
state interactions, but |Ag|*> seemed to be again deviating further from naive
factorization predictions (0.597 £ 0.028 £ 0.024 [69]).

Papers began to emerge which incorporated QCD corrections into the
factorization hypothesis. These took into account non-factorizable terms which
are dependent on the polarization of the final state [71] [72]. The values predicted
using QCD factorization with one particular model [73], along with the most
recent experimental values are shown in Table 4.5. Other form factor models
have very similar values to this [74]. All of the experimental results shown are
consistent with one another, supporting their reliability. The predicted value for
| Ap|? is not dissimilar to the naive factorization values and is inconsistent with

the most precise measured value from BaBar of 0.556 & 0.009 £ 0.010. |A|? is

I'Note these are quoted for historical reasons and are not the most recent calculations
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close to the measured values but |A,|? is still inconsistent. The strong phases
are consistent with the predicted values, showing that the final state interactions
have been taken into account. It has been suggested that one of the charm
quarks in the final state could emit a gluon before forming the .J/¢ meson which
may fragment into a parton of the K meson. The gluon would be longitudinally
polarized and contribute to |Ag|?, improving the prediction [71].

There are new models for factorization available for example using perturba-
tive QCD which may improve predictions for this decay. Calculations have been
carried out for other channels such as B — K*7F but not yet for B® — J/K*.

Ambiguity free measurement of sin23 Another goal was to resolve the
ambiguity in the CP violating parameter sin 23 using the decay BY — J/¢(—
1)K (— Kgr°). Both the B® and B’ decay to the same final state which
makes it a CP eigenstate. As described in section 1.4 this means there could be
interference between mixing and decay. The time dependent angular distribution
is similar to that of B — J/YK*® (K* — K™n~). The S-wave component has
been neglected in analyses of this channel due to limited statistics, so only the

first six terms are relevant:

d'T'(B = J/YK*(— Kg1°))
dtd(cos 6)dpd(cos ) B

= e T AQ]A®) P + (A @) + f(Q)]AL®)
£ (S (A} (D) AL®))
+/5(Q)R(Ao (1) Ay (1))
£ f6(QR(Ao(t)AL(1))]

(4.9)

/‘\/‘\

The amplitude terms are given in Table 4.6. They are now time dependent due
to the interference between mixing and decay. Note the presence of cos2f in
the interference terms between the amplitudes of opposite parity. This can be
extracted via an angular analysis which has been carried out by BaBar [30] and
Belle [79]. The ambiguity in the measurement of sin 23 needed to be resolved to
check that the results were consistent with the SM. The interference between the
S-wave and P-wave amplitudes in the decay channel B — J/vK*® (— K*7™)

was also used by BaBar to resolve this ambiguity. This method is explained
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Amplitude term \ Time dependent expression

[A(t)? [Aol%e To [ £ sin(2B) sin(Amqt)]

ENOlK A [Pe T [1 & sin(25) sin(Amgt)]

AL [ALPe T [ sin(25) sin(Armgt)]

3(4jAL) +[A||[ALle T4 [sin(61 — &) cos(Amgt) — cos(61 — &) cos(23) sin(Amgt)]
R(AGA)) [Aol[ A} [cos(d) e T4 [T £ sin(25) sin(Amgt)]

S(AFAL) [ AG[[AL e Ta [sin(6, ) cos(Amat) — cos(d1 ) cos(2B) sin(Amgt)]

Table 4.6: Amplitude terms for B® — J/¢YK** (K* — Kgn°). 4y is set to zero
by convention.

further later in this Chapter. The measurements by BaBar and Belle of sin 20
are so far consistent with the SM-based fits of the CKM triangle (see the current
constraints in Figure 1.7).

Even though the understanding of the factorization could still be improved,
it is no longer a main motivation for the analysis of this decay channel, nor is
the resolution of the ambiguity in cos 2. The present motives for studying this

channel are detailed in the following sections.

4.3.2 Current Motivation for B — J/¢K*°

Searching for New Physics As already mentioned, in the SM B® — J/¢ K*°
is assumed to be dominated by a tree-level diagram and to have a negligible
contribution from electroweak and gluonic penguin decays (see Figure 4.1). The
penguin contributions can be calculated from Wilson coefficient functions and
non-pertubative hadronic matrix elements. When calculated with the former
a negligible contribution is found, however the latter is associated with large
uncertainties. From an analysis of B — J/¢7° decays, penguin uncertainties in
Bs — J/1¢ as large as O(10%) are not ruled out [81]. This would be similar for
BY — J/pK*0 .

New Physics (NP) could affect the decay amplitude at loop level. Examples
of such NP models include non-minimal supersymmetric models, and models
with Z-mediated flavour-changing neutral currents [32]. The observation of direct
CP-violation in B-meson decays is crucial in establishing the mechanism of CP

violation. Limits on this would constrain extensions to the SM [83]. Any large
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asymmetries observed between the B® and B decays would be evidence for NP.
The full amplitude of B® — J/¢K*® (B — f) would become [34]:

A(B = f) = ae™ ™" + bei®e™® (4.10)

where a and b are the two amplitudes and §%° are the respective strong phases.
The two amplitudes could be the tree and penguin amplitudes in the SM, or
could be the SM tree and a larger NP amplitude. The weak phase is set to be
zero for the first contribution, and ¢ for the second one, because only a relative
phase is measured. For the CP conjugate decay B — f the amplitude is given
by changing the sign of the weak phase ¢. The direct integral asymmetry is then
obtained by:

op_T(BoH-TEF)
DB f)+T(B ¥ (4.11)
2absin(6* — 6°) sin(¢)

T a4+ 0% + 2ab cos(0® — o) cos(o)

It is clear from this that an observable direct asymmetry requires not only a

non-zero weak phase difference between the two decay amplitudes, but also a
non-zero strong phase difference. Since the b quark is relatively heavy, the strong
phases are predicted to be quite small. If the different strong phases are close
to equal there will be no observable signal of direct asymmetry, even if NP is
present [25]. In order to observe NP effects it is possible to instead look at the

helicity amplitudes. Analogous to equation 4.10:

A(B = JJYK*) = aye®™ + bye'®e'®

_ - . - (4.12
A(B = J/YK') = aye + bre e’ )

where ay and by, are the two different amplitudes and o " are their strong phases.

The full amplitude becomes (not including the S-wave component):

A(B — J/@/)K*) = Aogo—i—AHgH +iA g,

_ oo (4.13)
AB = J/YK ) = Aggo + Ajg) — 1A L9,
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Parameter B B’

A|| 0.216 &= 0.017 0.244 4+ 0.018
Al 0.213 £0.017 0.178 £ 0.017
A 0.571 £0.015 0.578 £ 0.016
5” —2934+0.134 | —2.851 +£0.114
01 2.878 £ 0.088 2.993 £ 0.089

Table 4.7: Polarization amplitudes for B® — J/¢K** from Belle [79] for B and

B decays separately. No evidence of direct CP violation is observed.

where g, are the coefficients of the amplitudes. When no direct CP violation

occurs [80]:

[Aol* + AL + [A)* = [Aol* + [AL]* + [4)]” (4.14)

but CP violation may be detected in decay rates for individual transversity
amplitudes i.e. |Agx|> # |Ax]*(k = 0,]], L). Any significant deviation from this
would be a clear signal of NP [82] [37] [88].

Direct CP violation in B — J/1K*Y has been studied by Belle, by measuring
the polarization amplitudes between B® and B’ decays separately [79]. The
results are shown in Table 4.7 where it can be seen that no direct CP violation

was observed.

Triple Product asymmetries It has been pointed out [39] that as well as
the individual polarization amplitudes, the quantities (A A} — A LZS) and
(A LA|*‘ - A LZH) are also CP violating, and do not require non-zero phases.
These occur in triple product asymmetries [30].

The triple product correlation can be extracted from the measured decay
amplitudes. They take the form j- (0 x @) in the B? rest frame where 7 is the
momentum of the J/¢ or K* and ¥ (%) is the polarization vector of J /¢ (K*) [89].
They are odd under time reversal (T-odd) and their asymmetries are sensitive to

direct CP violation. The asymmetries are defined using the decay amplitudes as:
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AY 0.091 + 0.034 & 0.007
AP —0.098 + 0.032 = 0.003
Ay 0.047 £ 0.031 £ 0.007
AP —0.089 %+ 0.029 + 0.003
AL — AV 0.044 £ 0.046
1A® A 0.009 = 0.043

Table 4.8: Measured triple product asymmetries for B® — J/¢YK*® from
Belle [79]. The first error is statistical and the second is systematic.

o _ _ S(ALA)
TAR A AL
@ S(ALA4))
TAF AT AL

(4.15)

The corresponding asymmetries for B decays are defined as Z(Tl ) and Zg ).
The SM predicts no difference between B° and B mesons. Belle has measured the
triple product asymmetries for BY — J/¢K*? and the results are shown in Table
4.8. All measured asymmetries are small. No difference between the asymmetries
for B® and B mesons is observed, consistent with the absence of T-odd CP

violation.

S-wave contribution Most previous experiments have not measured the S-
wave fraction. BaBar however has done an analysis of B; — J/¢¥ K including the
S-wave amplitude, and measuring the K mass dependence of its phase difference
with respect to the P-wave. They show that including a K7 S-wave with a
significant S-P interference is required to describe the data. Integrated over the
range 0.8 < mp, < 1.0GeV/c? they find an S-wave fraction of (7.3 + 1.8%)
[80]. They also see a large variation of the S-wave phase in the K* mass region
and using this they resolve the ambiguity in the phase described in the following

section.

Resolving the ambiguity in the phase The phases J), 6, and J, only appear

in the differential decay rate as differences of each other. This can be seen in
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Figure 4.4: From [92] to demonstrate the phase changes across the K™K~
invariant mass. The dashed red curve, dotted green, and solid blue curves are for
00,05 and 0, — dg respectively. The same behaviour applies to the Km invariant
mass.

Table 4.1. This means that the differential decay rate is invariant under the

transformation:

(), 01, —=0s) «— (=0, ™ — 6.1, s) (4.16)

This ambiguity must be resolved. For both B® — J/YK*® and B? — J/¢¢ ,
according to Wigner’s causality principle [90], the phase of a resonant amplitude
increases with increasing invariant mass. The K7 P-wave phases increase rapidly
in the vicinity of the K* while the S-wave phase increases only gradually since it is
far from a resonance. The relative phase difference |dg|, is expected to fall rapidly
with increasing myg, in this region. This allows, through a simultaneous fit in
separate bins of K7 invariant mass, the resolution of the phase ambiguity for the
P-wave phases. This behaviour is the same for the ¢ invariant mass distribution
in BY — J/1¢ which is shown in Figure 4.4. This method has been used in
the LHCDb analysis for B? — J/v¢ [91], to resolve the ambiguity in physics
parameter AT’y and CP violating phase ¢,. For the B® — J/¢K*" analysis, it
also resolves the ambiguity in the phases, and is useful for a cross-check of the
BY — J/1¢¢ analysis.

Control channel for B? — J/i)¢  The decay B? — J/1¢ is of great interest

in the search for CP violation. It is sensitive to the CP violation weak phase
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¢s. This is predicted to be small in the SM, being governed by the mixing phase
®,; = —20, where (3, is one of the angles of one of the unitarity triangles from
the CKM matrix:

(—VisV33)
VesVip
where A = 0.2253 £ 0.0007 [7] and n ~ 0.3 are parameters in the Wolfenstein
parameterization of the CKM matrix. In the SM ¢, is predicted to be —0.036 +
0.002rad [93]. Any additional NP could add a large phase. B — J/1¢ is also

a pseudoscalar to vector-vector decay and has a final state with an admixture of

=\ (4.17)

Bs = arg

parity-odd and parity-even eigenstates. The measurement of ¢, is performed with
a similar angular analysis which also extracts the same polarization amplitudes
and strong phases as for the BY — J/1K*? angular analysis.

The measurement of ¢s has been performed by CDF [91], and DO [95] at
the Tevatron collider. More recently it has been measured at LHCb [90] with
0.37fb~! and with an update using 1fb™!, ¢, has been measured as (—0.001 +
0.101 4 0.027) rad, consistent with the SM prediction.

It is expected that the P-wave amplitudes and strong phases in B — J /¢
should be very similar (to within a few percent) to those in BY — J/¢K** [97].
The reason for this is the similarities between the two processes. They are both
dominated by the colour-suppressed tree diagram shown in Figure 4.1. They only
differ by the substitution of the s spectator quark for the d, and they have similar

branching ratios [7]:

B(B — J/¥K*) = (1.33 4 0.06) x 10~*

(4.18)
B(B? — J/y¢) = (1.3 £0.4) x 107

Electroweak and gluonic penguin amplitudes also contribute to both decays, these
can been seen in Figure 4.1. As already discussed it is assumed that these
contributions are very small, however this assumption needs to be tested. If
any deviation in the measured polarization amplitudes or their phases is seen, it
could be due to additional pollution by penguin contributions. This could create
problems for the measurement of ¢, in BY — J/1¢ , so it is important that this
is checked. It has been shown in other decays that the strong phases and the
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magnitudes of the amplitudes are approximately equal (to within a few percent)
for SU(3) related processes such as B® — J/YK*® and B? — J/1v¢ [97]. Results
from the Tevatron and the B factories do show the amplitudes and phases of
BY? — J/¢¢ and B® — J/YK* to be consistent within the errors. The results
of B — J/¢YK*® from LHCD presented in Chapter 6 will be compared with the
latest results from LHCD for B — J /1.

Cross-check for B? — J/i¢  The analysis of B? — J/¢¢ at LHCb uses
the fitting program RapidFit which was developed at Edinburgh University (see
section 2.7). The analysis described in Chapter 5 uses the same fitting program.
Since BY — J/vK*® has more backgrounds to include, a larger fraction of S-wave,
and has been well measured by the B-factories, it is a very useful cross-check for
the B? — J/1¢ analysis. Specifically it has been useful for noticing potential
software bugs that may also have affected the B? — J/1¢ analysis.

4.3.3 Conclusion

It has been shown that an angular analysis of B® — J/¢K** allows the
separation of the parity-odd and parity-even final states by measuring the
different polarization amplitudes. Previously, the motivation for this has been
a test of the factorization hypothesis, which led to an improvement in the
predictions for colour-suppressed decays. It also allowed the resolution of the
ambiguity in the measurement of the CP violating parameter sin 2 measured in
B — J/WwK*® (— Kg). Since the first analysis of this channel, it has been well
measured by previous experiments all of which are consistent in the polarization
amplitudes and phases. A test of New Physics is possible by a direct CP violation
measurement - comparing the amplitudes for the decay and its conjugate. The
CP-violating triple product correlations can also be measured and compared with
the SM prediction of zero. The S-wave contribution from the K7 resonance can
be measured which leads to the resolution of the ambiguity in the phase, for both
BY — J/YK* and B? — J/¢¢ , the latter also resolving the ambiguity in the
CP-violating phase ¢s. The following Chapter describes the angular analysis of
B® — J/¢K*® with the LHCD experiment.
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Chapter 5

Methods for B — J/yK*
Analysis

5.1 Data Samples and Event Selection

As described in Chapter 2, the data is selected in three stages. The Level-0
hardware trigger, the High Level Triggers HLT1 and HLT2, then the stripping
and offline selection. The data used in this analysis were collected using two lines
of the Level-0 (L0) hardware trigger: the single-muon line which requires one
muon candidate with a transverse momentum pr > 1.4 GeV, and the dimuon
line which requires two muon candidates with pr > 0.56 GeV and pr > 0.48 GeV
respectively. Next, the first stage HLT1 performs a partial event reconstruction
which confirms or discards the LO trigger decision. The HLT1 trigger used
(HLT1DiMuonHighMass) requires events to have either two well-identified muons
with an invariant mass above 2.7GeV, or at least one muon or one high pr
track with a large impact parameter to any primary vertex. HLT2, the second
stage performs a full event reconstruction and event selection. The trigger used
(HLT2DiMuonDetachedJpsi) passes only those events with a muon candidate pair
with invariant mass within 120 MeV of the nominal .J/¢ mass [7]. This trigger
line cuts on the decay length significance (DLS) of the J/¢) with respect to the
best Primary Vertex, i.e. the one which has the smallest impact parameter of the
J/Y (DLS > 30). This trigger line introduces a bias for short B meson decay
times but since the lifetime is not being specifically measured in this analysis it

does not affect the systematic errors (for more details see section 5.3.2). At both
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the HLT1 and HLT2 stage, we require the tracks from our signal B candidate
to have fired the trigger (TOS). For more details about the trigger used in this
analysis see Section 2.5.

Event selection is carried out after the events have been triggered on.
Selections reduce the number of events by discarding candidate decays which
fall outside of a given range in kinematic variable or PID information. Cuts
are chosen in variables where the signal and background distributions differ such
that they can be separated. This is done in two stages, the first being event
stripping. Similar decay channels have the same stripping line to save CPU time.
Reasonably loose event selection cuts are used in the stripping so that they can
be altered at a later date, but they have to be tight enough to limit the amount of
data that has to be stored. After events have been stripped they are then offline
selected with tighter cuts that can be easily altered.

The stripping and offline selections are summarised in Table 5.1. They are
chosen to increase the signal-to-background ratio, and are based on a “roadmap”
selection which was developed on Monte Carlo [98]. The selection used here is
the same as the “roadmap” selection and as the previous analysis in [75] except
for the K* pr cut, the pion DLL cut and the trigger decision. It has been checked
that these cuts are still appropriate for both data and MC.

One additional selection cut is made that is not in the table which is for
multiple B candidates. It has been shown that there are 1.3 multiple candidates
per event on average. If there are multiple B candidates per event only the
candidate with the smallest vertex x2,./npor is kept. It has been verified
that candidates removed are either duplicates of the selected candidates or are
consistent with combinatorial background.

All daughter tracks (u*, K* 7%) are required to have a track goodness-of-fit
X2 e/ MDOF (track x? per number of degrees of freedom) to be less than 5 in the
stripping and 4 in the final selection. This cut is effective at identifying tracks that
are reconstructed from a spurious set of hits in the detector (ghosts), since they
have a high x? ., /nDoF. Clone tracks occur because several different tracking
pattern algorithms are used for different types of tracks which can sometimes
overlap. Two tracks are considered clones of each other if they share certain
information. This is quantified using the Kullback-Leibler distance [99]. It

measures the difference in information content between the two tracks. If small,
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it indicates the tracks are likely to be clones. A cut on this quantity (which is
unitless) at 5000 removes most of the clone tracks. For further information on
the clone cut, see [100].

In order to select true J/1) particles a number of cuts are placed on the stripped
p* events. There is a PID delta log likelihood (DLL) cut on both of the muons
of less than zero. For a description of this cut see section 3.1.3. There is also a
minimum pr cut on both of the muons of greater than 500 MeV which removes
combinatorial background. A goodness-of-fit x2,,/nDoF is placed on the vertex
of the J/1 meson of less than 16. There is also a cut on the g u~ invariant mass
distribution around the Particle Data Group [7] value of the J/1 invariant mass
from 3030 to 3150 MeV.

Only events which survive the J/1 selection are used as input for selecting
K* — K*7F. This removes most of the background coming from prompt pions
and kaons that could fake a K* signal. There are then three DLL PID cuts
performed. The first two are for the kaon selection and separate them from pions
and protons (DLLy, > 0, DLLg, > —2) and the third is for the pion selection
and separates them from kaons (DL Lk, < 0). These PID cuts are very effective
at selecting pure samples of charged particles as was seen in Figure 3.6 in Chapter
3. There is also a cut placed on the pr of the K* meson of greater than 2000 MeV
which removes a large amount of combinatorial background. It is required that
the event also falls within a K7 mass range from 826 to 966 MeV, and that the
K* vertex has a x2,,/nDoF of < 16.

For selecting the overall decay chain B® — J/¥K*® a cut is placed on the
invariant mass window of the B meson around the Particle Data Group [7]
value. Only events falling in the range from 5150 to 5400 MeV are accepted.
A x2,./nDoF cut of less than 10 is also placed on the B vertex. A tool developed
by the BaBar collaboration called Decay Tree Fitter is used to calculate the decay
time and a cut is placed on x%;r/nDoF at less than 5 [101]. A goodness-of-fit
is carried out on the impact parameter of the B° meson and a cut is placed on
X2p/nDoF at less than 25. A lower x%,/nDoF is also placed on the next best
candidate. Finally a proper decay time cut > 0.3ps is placed to get rid of prompt
background.

After these cuts are applied there are a total of 77285 events in the sample.

The efficiencies for the proper time cut, the B mass window, the original selection
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’ Decay mode ‘ Cut parameter ‘ Stripping 17 Final selection
all tracks X2 e/ DDOF <5 <4
KL divergence (clone) | — > 5000
J/ — pp DLL,x >0 >0
min(pr(u*),pr(n”)) | - > 0.5 GeV
X2 /nDoF (J /1)) < 16 <16
IM(utp=)— M(J/P)| | <80 MeV € [3030, 3150] MeV
K*— Km DLLy,(K) > =2 >0
DLLky(K) = > =2
DLLgr () - <0
pr(K*0) > 1 GeV > 2 GeV
IM(K*rm~) — M(K*)| | € [826, 966] MeV € [826, 966] MeV
2. (K*)/nDoF <16 <16
By — J/YK* | M(By) € [5100, 5450] MeV | € [5150, 5400] MeV
2 (Bg)/nDoF <10 <10
Xbrr(B4pv) (Ba)/mDoF | - <5
%o (Bg4)/nDoF -~ <25
XIP,next(Bd) o > 50
t(Ba) > 0.2 ps > 0.3 ps

Table 5.1: BY — J/¢K*? cuts used for both stripping and final selections.

used in [75], as well as the cuts introduced for this analysis and the trigger
requirement are shown in Table 5.2. The cut on the K* pr shows a nice increase
in the S/B ratio, but cuts out a lot of events. However, this increases the stability
and reliability of the fit and reduces systematic errors. The Monte Carlo (MC)
simulation used in this analysis was called MC11a and was produced by a centrally
managed production team on LHCb. They use a simulation of the LHCb detector
and full reconstruction of the decays involved using Geant4 [11]. The MC is
very useful for detector acceptance and background studies, as well as verifying

analysis methods.

5.2 Background Studies

The main backgrounds that have to be considered are :

e Combinatorial background of random tracks
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Cut No. total | €cut Signal fraction | €gg | €pkg
events S+B (%) | (S/B) (%) (%) | (%)
Stripping Selection | 1619115 | - - - -
Proper time cut 950119 59 - - -

B mass window cut | 816998 86 19 - -

*Selection from [75] | 399626 49 36 93 | 34
K* pr 144014 36 69 69 |17
7w PID 101471 70 79 81 |48
Trigger biased 77285 76 79 76 | 76

Table 5.2: Total number of events, total selection cut efficiency (e..), signal
fraction at each stage of selection, as well as the signal efficiency (eg,), and
background efficiency (epks). Each efficiency is defined with respect to the
previous cut. The signal fraction is the overall number of signal events compared
to background events after each cut. T his is found from a fit to the B® mass
distribution each time. This is only shown for the sample when the proper time
cut and B mass window cut have already been applied because of the large
combinatorial background before these cuts. For a more detailed efficiency study
of the selection cuts included in the previous analysis, see [102].

e Backgrounds containing true J/1 from non-signal B — J/¢ X events (J/v¢
background)

e Background where the two reconstructed muons do not originate from a

J/v (non-J /v background)

To investigate the non-.J/1¢ background, a simultaneous unbinned maximum
likelihood fit was performed to both the B° and the J/v¢ invariant mass
distributions in data (see Figure 5.1) and sWeights were extracted [103], [17]. The
sWeight technique was developed to obtain background subtracted distributions
of variables which are uncorrelated with a certain discriminating variable. In
this case a double Gaussian was used to fit to the BY invariant mass with an
exponential for the background. A double Crystal Ball function (which is a
Gaussian distribution convoluted with a power-law tail) was used to fit to the J/v
invariant mass, with an exponential for the background. Using the sWeights the
events were categorised into four categories which are shown in Table 5.3. Those
that peak in the signal range in both distributions are classed as signal and have
the highest percentage of events. Those that do not peak in either are defined
as combinatorial background. Those that only peak in the J/1 distribution are
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| Category | Peaks in BY | Peaks in J/4 | % of events |
Signal Yes Yes 78.5+2.9%
Combinatorial Background | No No 5.6 +0.2%
J /1 Background No Yes 15.9 +2.9%
Non- J/v Background Yes No 0.0 +0.03%

Table 5.3: Categorisation of events simultaneously fit in the B® and J/4 invariant
mass distributions.

classed as the J/v¢ background, and those that do no peak in the J/v¢ mass but
do in the B® mass are classed as non-.J/1 background events. The combinatorial
and the J/v background are the only backgrounds that need to be taken into
account. The non-J /¢ background fraction is consistent with zero.

To study the backgrounds further an LHCb tool called BKGCAT [104] was
used to separate the events into different categories. The relevant categories are
listed in Table 5.4. MClla B° — J/¢K*" signal events were selected from a
sample of approximately 10 million candidates using the data selection described
in section 5.1. The number of truth matched signal events selected as well as the
number of events in each background category selected are listed in Table 5.5,
as well as the percentage of the total events selected. The reflection, partially
reconstructed, ghost and low mass are the backgrounds which peak in the B
invariant mass distribution. Their invariant mass distributions are shown in
Figures 5.2(a) to 5.2(h), along with the truth matched invariant mass.

The mass distribution of the reflection background is rather wide compared to
the signal and is only 0.04% of it. This is low due to the effective PID cuts placed
on the charged tracks and can be neglected in the fit. The partially reconstructed
physics background is only 0.03% of the signal so this can also be neglected. The
low mass background are those events where the J/1) meson emits at least one
photon which explains the radiative tail in Figure 5.2(d).

A significant proportion of this background exists in the dataset but the
distribution of the transversity angles shown in Figure 5.3(b) is very similar to
that of the signal (Figure 5.3(a)). A Kolmogorov-Smirnoff test [105] performed
between the signal and the low mass background normalized angular distributions

gives values of 0.459 for cos, 0.175 for cos@ and 0.349 for ¢, supporting the
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Figure 5.1: Invariant mass distributions of J/¢¥K* and ppu. The simultaneous fit
lines are shown. The blue dotted line is the signal (peaks in both distributions),
the pink dotted line is the J/¢ background (peaks in the .J/i¢ but not the B
mass distribution) and the red is the combinatorial background (does not peak
in either distribution).
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[ BKGCAT

Definition

0

Signal

20 Fully Reconstructed
Physics background

The decay topology is fully and correctly recon-
structed but the mother particle is incorrectly
identified e.g. By, — J/@¥K* is reconstructed.

30 Reflection

Caused by the misidentification of a final state
particle. Usually a pion is misidentified as a kaon

40 Partially Reconstructed
Physics background

A fragment of a decay occurring in the event is
incorrectly identified as a signal decay.

50 Low Mass Background

Special case of the partially reconstructed physics
background, where there is no misidentification
and the reconstructed particle is found to have a
mass systematically below the signal peak. This is
due to radiative emission. This could mean that
the sidebands do not well model the background
under the peak

60 Ghost One or more of the final state particles is found to
have no associated MC particle. Protected against
by kinematic cuts e.g. pr or IP.

70 From PV One or more of the final state particles come

from the Primary Vertex. These will have high
momenta

100 From Different PV

The final state particles come from more than one
primary vertex

110 bb

Does not fit into any previous category, but at least
one of the final state particles has a mother with
bottom content

Table 5.4: Description of each background category in the BKGCAT tool.
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Figure 5.2: BY invariant mass of each background category in MC.
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] BKGCAT \ Num events \ Percentage of total ‘

Total events 404624 -

0 Signal 366409 90.6
30 Reflection 162 0.04
40 Part Reco Phys Bkg | 116 0.03
50 Low Mass Bkg 16497 4.41
60 Ghost 14076 3.48
70 From PV 6076 1.50
100 From Different PV | 644 0.16
110 bb 626 0.16

Table 5.5: Yield in each background category from BY — J/¢K*® MCl11a.

case that these are similar'. The ghosts also contribute significantly to the
selected events and their angular distribution is shown in Figure 5.3(c). The cos )
distribution is significantly different to the signal, and the Kolmogorov-Smirnoff
test returns a value of zero. When the ghosts are included in the fit it makes
a small difference to the fit result. This difference is included as a systematic
error. The invariant mass distribution of the remaining backgrounds are shown
in Figures 5.2(f) to 5.2(h). The from PV, from different PV and bb backgrounds
are mostly flat in the BY mass signal region so these are treated as combinatorial
background in the fit.

The B® — J/¢K*® selection was also used to select events from a sample of
inclusive B — J/1¥X Monte Carlo events in order to study the J/¢ background.
A total of 1003 events were selected from approximately 20 million. The number
of events in each category is shown in Table 5.6. The invariant mass distribution
for the total selection of B® — J/¢YK*® MC, inclusive B — J/¥X MC and
the data is overlayed in Figure 5.4. Overall the distribution of the B — J/¢X
inclusive MC seems to describe the background in the sidebands of the data well.
Figure 5.4 also shows that the signal peak in data is slightly wider and shifted
to a lower mass than the Monte Carlo signal peak. The shift to lower mass is
a known issue with the alignment of the tracking stations in LHCb and will be
improved with re-alignment. It will not affect this analysis since only the angular

acceptance correction is dependent on the MC, detailed in Chapter 6. A mass

'In the Kolmogorov-Smirnoff test a value of 1 means the distributions are exactly the same,
and 0 means they are completely different
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Figure 5.3: Transversity angle distribution of the signal and two types of peaking

background in accepted signal MC.
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] BKGCAT \ Num events \ Percentage of total ‘

Total 1003 -

0 Signal 804 80.16
20 Fully Reco Phys Bkg | 2 0.20
30 Reflection 1 0.10
40 Part Reco Phys Bkg | 7 0.70
50 Low Mass Bkg 34 0.30
60 Ghost 36 3.59
70 From PV 93 9.27
100 From Different PV | 9 0.90
110 bb 17 1.69

Table 5.6: Yield in each background category from inclusive B — J/1X MClla.

] Parameter \ MC Fit \ Data Fit ‘
Fraction f7 , [ 0.866 £ 0.003 [ 0.750 = 0.020
o [MeV] | 6.75 £ 0.02 7.1140.09
oy [MeV] | 16.89 = 0.22 13.86 4 0.38
mean [MeV] | 5279.40 4 0.012 | 5281.18 #+ 0.037

Table 5.7: MC and data invariant mass fit parameters.

fit to the signal MC gives the parameters shown in Table 5.7. The first Gaussian
width is increased by 0.36 MeV and the mass peak has been shifted by 1.8 MeV.

Cross contamination from other decays has been considered, in particular
the two channels B* — J/YK*T(K** — K*7%) and BT — J/vK*"(K*T —
K,rT). Fully simulated MC1la was used to select B® — J/¢K*" candidates
from these channels. Out of 1M generated events for each channel, 44 events
were selected for BY — J/¢YK*T(K*™ — K*7%) and 80 events were selected for
Bt — J/YpK*T(K*t — KyrT). For both, the B invariant mass distribution does
not seem to peak in the signal region as can be seen in Figure 5.5, however there
are limited statistics. However, it can be concluded that both of these channels
will not affect the B® — J/¢ K*Y analysis significantly, so these backgrounds are
neglected.

In addition, the channel B — J/1)¢ may contaminate the B® — J/¢K*°
sample if a kaon is mis-identified as a pion. The B® — J/¢K*? selection was

used to select events from B? — J/¢¢ MClla. Out of approximately 5 million
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Figure 5.4: B° Invariant mass distribution for B® — J/¢K*® MC, inclusive
B — J/9X MC and the data selections (scaled to match data).
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Figure 5.6: B invariant mass for mis-identified BY — J/v¢¢ events. The B® —
J/p K*0 selection was used to select events from B? — J/1¢ MClla.

events, 850 events were selected and have the invariant mass distribution shown in
Figure 5.6. When scaled to the number of events selected in B? — J/¢¢ MC and
data with the B? — J/1¢ selection (which is very similar to the B® — J/¢ K*°
selection, see [25]), there is an equivalent of 83 events occurring in the B —
J/YK*® sample. This is 0.11% percent of the total number of events. When
this sample was included in the fit, fixing its angular distribution and Crystal
Ball shape to a fit performed on MC, it made no difference to the results for the
measured amplitudes.

It is also clear from the invariant mass distribution of the selected signal
candidates, that the B, — J/¢¥K* decay is visible in the high mass sideband.
This decay has been observed by both CDF [106] and LHCb [107]. When this is
included in the fit as an extra Gaussian background as can be seen in Figure 5.7

(note the logarithmic scale), there is no difference made to the fit results.

5.3 Maximum Likelihood Fit

An unbinned maximum likelihood fit is performed to the invariant mass mg, the
decay time ¢, and the three decay angles 2 = (cos, ¢, cos ). The mass factorizes

as a separate component to the time and angles:

d -, smslX)s(t ﬁ|)X> e(t, ) (5.1)

A\ & [ s(mp|Ns(t, SN e(t, D)dQdt
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Figure 5.7: Fit to data including a fit to the By — J/¥K* decay in the high mass
sideband. Note the logarithmic scale. Including this component in the fit makes
no difference to the fitted parameters.

Where A\ are the physics parameters, s is the unnormalized PDF, mp is the
invariant B® mass, t is the proper time, € the decay angles and the sum is over
all events. € is the decay angle and proper time acceptance which must be taken
into account. The methods for doing this are explained in the following sections.

The probability density function consists of signal and background compo-
nents which include detector resolution and acceptance effects. The signal PDF

for time and angles is given by:

-

10
(e, DelX) = D Aulte]X) £i(€e) (5.2)

i=1
where A4;(t.|X) are the amplitudes given in Table 4.1 and f;((3,.) are the angular
functions given in Table 4.2

The physics parameters determined in the fit are the decay width I'y of the
B, the polarization amplitudes |4;[?, |4, |* and |Ag|? and the strong phases ¢ ,
6, and dg. |Ao|? is determined by 1 —|A|* —|A,|* —|Ag|? so that the proportion
of each amplitude is measured only.

The signal mp distribution is modeled as the sum of two Gaussian functions
with a common mean. The mean and width of both Gaussians, and the fraction of

the second Gaussian are fit parameters. The mpg distribution of the background
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5.3. Maximum Likelihood Fit

is described by an exponential function with a slope determined by the fit. The
distribution of the signal decay time and angles is described by the differential
decay width equation 4.8. The decay time is not correlated with any of the other
observables, but it is used in the fit to help with signal-background separation.
The decay width T'y is found to be consistent with the world average [7], but only
statistical errors are quoted here. The systematic errors are being studied.

The fit is carried out by two separate fitting frameworks, one called RapidF'it
in Edinburgh (see section 2.7), and the other being the Heidelberg fitter. They

have been written separately, and are crucial for cross-checking the results.

5.3.1 Time and angular resolution

The finite proper time resolution of the detector is taken into account by
convolving the time dependent exponential terms in the differential decay rate
(see Equation (4.8)) with a Gaussian model of width 60 fs. This resolution has
been verified using prompt events from data. When the width of the Gaussian is
varied from 30fs to 100 fs in the fit, none of the physics parameters are affected.
The effect of the finite angular resolution of the transversity angle distributions
has been studied with fully simulated events with similar resolutions to those in
the data. The systematic bias for 1 million BY — J/1¢ events due to neglecting
the angular resolutions while fixing the strong phases is only significant for A, (0)
and equals (0.2340.07) x 1073 [102]. This is negligible compared to the statistical
errors with the current amount of data being used and is therefore ignored in the
fit model.

5.3.2 Decay Time acceptance

There are two distinct decay time acceptance effects. The first is a decrease
in reconstruction efficiency at large decay times. This effect is attributed to
poor reconstruction efficiency in the VELO detector. It is parametrised by the
efficiency function €(t) = 1 + St, with 3 = —0.0092 + 0.0008 ps—! determined
from MC. Secondly, there is a trigger acceptance at small decay time which is
caused by the use of the lifetime biasing trigger line. In previous analyses (e.g.
[25]) a one-dimensional acceptance histogram has been used to account for this.

Both of these effects and how the efficiency corrections have been obtained
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5.3. Maximum Likelihood Fit

are explained in more detail in [25]. The main effect of the time acceptance is
on I'y, the measurement of which is not the goal of this analysis. The decay
time acceptance is not expected to have an effect on the measurement of the
amplitudes. Indeed, when applying these corrections the amplitudes do not
change. It will be shown in Chapter 6 that in the correlation matrix of the
fit there is little correlation between the lifetime fit parameters, the polarisation

amplitudes and the signal fraction.

5.3.3 Angular acceptances

The LHCb detector geometry and explicit selection cuts introduce an angular
acceptance. Using Equation 5.2, the maximum likelihood in Equation 5.1 can be

written:

A; (Q)e(2
B S T fdea =
J J

To correct for the efficiency in the numerator a 3-dimensional efficiency
histogram is created from the ratio of the angular distributions of the accepted
MC signal events, which have been fully reconstructed, triggered and selected,
to the angular distribution of the original sample of signal MC events, which
were generated according to Equation 4.8 using the previously measured angular
amplitudes. In Figure 5.8 the 1D projections of the angular acceptance histogram
can be seen. Note that the efficiencies are normalised to 1.

For the denominator, ten normalization weights are used:

6 = / £(@)e(@)dsh (5.4)

Whether an event is accepted or rejected depends on other observables such as

momentum, impact parameter etc which we call z. So:

—

[€e(9,2)S(Q, 2| N)dz

() = i 5.5
(€2) SO (5.5)
which means that Equation 5.4 can be written:
1 generated f( = ) -
€‘ = ]—» e—» € Qeyze 56
7 Nyen Z S(Se|X) (e >0
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Figure 5.8: Normalised 1D projections of the angular acceptance histogram.

For each individual event the efficiency is a boolean because it is either accepted

or rejected so:

accepted

; Q IA (5.7)

This is just a sum of accepted events. For more details of this method see [105].

gen

As a cross check, the Heidelberg fitter uses the same 3-dimensional efficiency
histogram in the denominator and numerator, which is equivalent. The fact that
the angular acceptance is determined completely using simulated events means
that we must ensure that the angles and momenta distributions of the particles
in MC are representative of the data. Some discrepancies are observed so some
MC distributions are reweighted to calculate a systematic error. This is discussed
further in Chapter 6.

5.3.4 Background Description

The combinatorial background is modeled as a single component by analysing
the data in the sidebands of the BY mass distribution. The PDF describing
the background contribution is assumed to factorize into a mass dependent,

a time dependent and an angular dependent part. The mass distribution is

described by an exponential with parameter oL, which has a negative slope.
Two exponentials with lifetimes 7** and 73" and relative fraction f}} are used

to describe the proper time dlstrlbution of the long lived background events.
The background parameters are determined simultaneously with the physics

parameters. The background events are correlated in the transversity angles, so
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5.3. Maximum Likelihood Fit

a three-dimension histogram is filled with background events from the B° mass
sidebands to describe the background in the fit. The mass sidebands used are
[5150;5230] and [5325;5400] MeV. It should be noted that the sidebands include
the By — J/¢K* decay, but removing this has a negligible effect. The fit has

been carried out excluding this region and no difference is observed.

5.3.5 sWeighted Fit

In addition to the nominal fit, an sWeighted fit [103] [17] is carried out and used
as a cross check and for systematic error estimation. For this analysis the signal
weight is obtained using the B° invariant mass as the discriminating variable.
The correlation between the BY invariant mass and other variables such as the
invariant mass of the K™, the decay time, and the angular variables is negligible
for both the signal and background components in the data. To distinguish
between the regular fit and the sWeighted fit they will be called cFit (classic Fit)

and sFit respectively in the following.

5.3.6 Validation of the fit methods

A fit to fully simulated truth matched B® — J/¢K*® signal MC has been
performed for both the cFit and the sFit. The results and their deviation from the
generated values are shown in Table 5.8. These results show that in the absence
of backgrounds both the cFit and sFit are consistent with the generated values
for the amplitudes and phases.

Another way to validate the fit is through toy studies using the PDF to
generate datasets, which can then be fit to the same PDF. To quantify the fit
stability and have confidence in the statistical errors a thousand toy studies were
carried out using the signal PDF only, each toy containing the number of events
in the dataset. The pull plots are shown in Figure 5.9. They show that the
difference between the fitted and the generated values of the physics parameters
are close to zero with a RMS of close to one. To further validate the fit procedure
the signal and background PDFs were used to generate 700,000 events, with the
same signal-to-background ratio as in data, and the angular background from
the B mass sidebands in data. These were then fit using the same PDFs. The

generated values of the fit parameters and the fit results for the sFit and cFit are
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’ Parameter \ cFit Result \ pull from generated value ‘
AP 0.241 £ 0.0015 0.001
12 0.160 £ 0.0015 0.000
I 2.503 4+ 0.0083 0.001
01 -0.168 + 0.0067 0.002
’ Parameter \ sFit result \ pull from generated value ‘
AP 0.240 £ 0.0015 0.000
A2 0.160 £ 0.0015 0.000
I 2.506 + 0.0082 0.006
01 -0.167 £+ 0.0067 0.003

Table 5.8: cFit and sFit results for truth matched B® — J/1 K*° signal MC data.

’ Parameter \ Generated Value \ cFit Result \ sFit Result ‘

A)? 0.24 0.241 + 0.001 [ 0.242 + 0.001
A2 0.16 0.160 + 0.001 | 0.159 + 0.001
8| 3.00 2.99 + 0.009 | 2.99 + 0.008
5. 0.20 0.194 + 0.007 | 0.196 + 0.006
Az 0.05 0.049 + 0.001 | 0.050 + 0.001
O -2.00 -2.01 + 0.008 | -2.01 =+ 0.007

Table 5.9: Fit to data generated with the signal and background PDF's for both
cFit and sFit. For both the angular acceptance was flat. For the cFit the data
was generated with the angular background from the B° mass sidebands in data.

shown in Table 5.9. They are consistent with each other and consistent with the

generated values within the uncertainties.
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Figure 5.9: Pull distributions of the physics parameters (1000 toy experiments).
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Chapter 6

Results of Angular Analysis of
B — J/y(ptp ) K*(KTn™)

In this Chapter the differences in the data and MC samples are described which
leads onto the calculation of the systematic uncertainties for the results. The
nominal fit to the angular amplitudes with and without S-wave, the resolution of
the ambiguity in the phase, and the direct CP measurement are then presented

and discussed.

6.1 Data/MC Comparison

As mentioned in Chapter 5 Monte Carlo is relied on for the determination of the
acceptance. An extensive data/MC comparison has been carried out using the
accepted signal Monte Carlo sample described in Section 5.2. For all plots in
this section the MC categories are required to be classed as signal (the low mass
background category is classed as signal because it has similar invariant B° mass
and angular distributions - see Section 5.2) ! The data has been background
subtracted using sWeights from a fit to the B° invariant mass distribution.
The transverse momentum and pseudorapidity of the B? are known to differ
in the data compared to MC from analysis of other channels such as the J/1
polarization analysis. It is thought that the difference in the pseudorapidity
is due to the alignment of the tracking in the detector. They also differ here

!The ghosts background category is classed as background because the angular distribution
is not signal-like (see Section 5.2 for more details). It is taken into account in the systematics
for the final results, but excluded in this study.
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6.1. Data/MC Comparison

and are shown with the ratio of the two distributions in Figure 6.1. The B°
momentum has a discrepancy at low momenta < 80 GeV but becomes consistent
at larger values, although there are larger statistical errors. The B° transverse
momentum is inconsistent for the whole momentum range, but is approximately
consistent at > 20 GeV (where there are fewer events). The pseudorapidity is
shifted to larger values for data compared to MC. The B° transverse momentum
and pseudorapidity will be reweighted in two dimensions to match the data for
the calculation of the acceptance, and this will be taken into account in the
systematic uncertainties. The reweighting is done iteratively by taking the ratio
of the data and MC for each variable alternately. This reweighting does not
improve the discrepancies in the daughter momentum distributions, which are
described below.

There is a slight discrepancy in the momenta and transverse momenta
distributions for the J/¢ as seen in Figure 6.2. The discrepancy is again
larger at small momenta, but becomes close to one at approximately 40 GeV
in momentum and 3 GeV for transverse momentum. There is a similar pattern
for the momenta of the daughters of the J/¢ which are shown in Figures 6.3 and
6.4. When the momenta reaches around 20 GeV for both p* and = the data
and MC distributions become consistent. The py distributions for the u* are
approximately consistent even at low values. These small discrepancies are found
to be negligible for the acceptance correction.

In Figure 6.5 the momenta and transverse momenta of the K™ meson is shown.
There is a discrepancy at low momenta which again becomes consistent above
approximately 25 GeV. The transverse momentum distribution for the K* is
consistent. The daughters of the K* have large discrepancies between the data
and MC in the momenta and transverse momenta distributions, particularly for
the pion. Looking at the residual plots in 6.6 the difference in momenta for
the kaon becomes more consistent at approximately 15 GeV but the momentum
distribution for the pion (Figure 6.7) is inconsistent until about 70 GeV, although
here the number of events are low. In addition the difference in the kaon
transverse momentum is quite large at all values. The transverse momentum
of the pion has a different shape in MC compared to data, there appears to be
an additional shoulder below 1 GeV.

Reweighting the MC in the B° transverse momentum and pseudorapidity in
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Figure 6.1: Transverse momentum and pseudorapidity of the BY meson in signal
MC and sWeighted data, along with the ratio of the two distributions.
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Figure 6.2: Momentum and transverse momentum distributions for the J/1
particle for signal MC and sWeighted data, with the ratio of the two distributions.
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Figure 6.3: Momenta and transverse momenta distributions for the u™ particle
for signal MC and sWeighted data, with the ratio of the two distributions.
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Figure 6.4: Momenta and transverse momenta distributions for the p~ particle
for signal MC and sWeighted data, with the ratio of the two distributions.
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Figure 6.6: Momenta and transverse momenta distributions for the kaon for signal
MC and sWeighted data, with the ratio of the two distributions.
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two dimensions does not significantly improve the data/MC agreement in the
distributions shown for the K* daughter particles. Reweighting in the MC pion
momentum distribution which is that with the greatest deviation from data,
does significantly improve the discrepancy in the other K* daughter variables.
Figure 6.8 shows the kaon momentum and transverse momentum distributions
as well as the pion transverse momentum, when the MC has been reweighted
simultaneously in the B° transverse momentum, the pseudorapidity as well as in
the pion momentum distribution.

All three MC and data distributions for the transversity angles are shown in
Figure 6.9. A x? test was performed for comparing the two distributions for each
angle [109]. A p-value is calculated and the hypothesis is rejected if this value is
lower than some singificance level. For the cos distributions a x?/nDoF value
of 13.6 with a p-value compatible with zero is found. For the ¢ distributions a
X%/nDoF value of 2.7 with a p-value again consistent with zero is found. The
hypothesis that either of these distributions are consistent with one another is
therefore rejected. For the cos @ distribution the test returns a x?/nDoF value of
1.16 and a p-value of 0.27 indicating that these distributions are consistent with
each other for a significance level of 0.05.

The angle 1 shows the greatest deviation and is the one between the positive
direction of the K* meson in the K™ frame of reference, and the kaon. Is it
therefore correlated with low momentum pions. Reweighting the MC to the
pion momentum distribution in the data improves the agreement in the cos
distribution, but is still not ideal, as shown in Figure 6.10. A alternative solution
to this is explained in the following.

As mentioned in Section 5.3.3 the angular acceptance correction is calculated
using ten weights §; as defined in Equation 5.7, as well as an efficiency histogram.
In Table 6.1 the values of these weights are shown for the nominal MC, that which
has been reweighted in the B° py and 7, as well as that which has been reweighted
in BY pr,n and 7 momentum. The values are similar for the nominal and MC
weighted in B pr and . When the MC is reweighted in the pion momentum
as well, the difference is larger especially for f;y which affects the fit results
significantly, in particular for the S-wave contribution. The uncertainties shown
in Table 6.1 are due to the available statistics for Monte Carlo.

Investigations into the reason for the large discrepancy between data and MC
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Figure 6.8: Momenta and transverse momenta distributions for the K* daughter
particles, where the data is sWeighted, and the signal MC has been reweighted
to match the data simultaneously in the B° transverse momentum, the
pseudorapidity and the pion momentum distributions.
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welght efore rewelghtin T rewelgnt T ™ p rewelght
| weight | bef ighting | B'pr & 1 ight | B'pr &n & 7 p ight |

&
&
3
&
&5
$6
&
€8
)
§10

0.9002 = 0.0010
1.1387 + 0.0017
1.1443 4+ 0.0019
0.0010 £ 0.0018
-0.0119 £ 0.0011
-0.0004 £ 0.0011
1.0092 £ 0.0011
-0.0114 £ 0.0017
0.0007 £ 0.0015
-0.2753 £ 0.0029

0.8999 =+ 0.0010
1.1387 £ 0.0017
1.1439 £+ 0.0019
0.0012 £ 0.0018
-0.0114 £ 0.0011
-0.0004 £ 0.0011
1.0094 £ 0.0011
-0.0135 £ 0.0017
0.0010 £ 0.0015
-0.2723 £ 0.0029

0.8948 £ 0.0010
1.1469 + 0.0017
1.1515 £ 0.0019
0.0008 £ 0.0018
-0.0090 £ 0.0018
-0.0005 = 0.0011
1.0123 = 0.0011
-0.0162 £ 0.0017
0.0012 £ 0.0015
-0.4327 £ 0.0029

Table 6.1: Acceptance weights before and after pion momentum reweighting. The
uncertainty is statistical only. For a flat angular acceptance the numbers would

be: gl? 527 53 and 57 = 17 and for 547 557 §6a §8a gg and 510 =0.
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have been done in order to reduce the systematic uncertainty. The generated MC
does not include the S-wave component or the interference between the P-wave
and S-wave and it is thought that this may cause or partially cause the discrepancy
in cos ¢ and pion momentum. It is a complicated procedure to generate this data,
which would have to include interference terms, dependent on K7 mass. This
is not yet available. The S-wave component does not come from a K*(892)
resonance, it is thought to be from the tail of the K*(1430).

Adding an S-wave component into the MC would have an effect on the shape
of the cos® distribution, especially as it goes to 1. This has been shown by
generating toys with different fractions of S-wave. A method to reduce the
discrepancy in cos and pion momentum distributions is described here. It is
hoped that it provides a better solution than reweighting the MC directly in the
pion momentum.

The method is to effectively add S-wave to the nominal MC and then calculate
the acceptance iteratively. As a starting point the angular PDF is calculated on
an event-by-event basis for two different scenarios: first with no S-wave (with the
nominal MC values as input) and then with S-wave where the S-wave results from
the nominal fit to data are used as input. This is considered as the best estimate
of S-wave in the first instance. The ratio of the two scenarios is used to reweight
the MC in the three transversity angles. This reweighting yields an MC sample
which represents signal with both P and S-wave. However, when the acceptance
weights are calculated by dividing a histogram of fully simulated events by a
histogram of PDF generated events, then this reweighting has no effect. This
is because the weights included per event in the numerator of the calculation
are cancelled by the same change in the denominator of the calculation. It is
emphasised that this reweighting is done not to change the acceptance factors
but to reduce the discrepancy between data and MC by better inclusion of the
underlying physics in the MC.

This method, of course, assumes that the S-wave fraction determined from
data is correct (which a priori is not clear). Therefore an iterative method is

used. The procedure is the following:

1. The MC is reweighted in the three angles as described above with the S-

wave results from data as the best guess. The acceptance is not changed.

2. The remaining residual difference in the pion and kaon momentum is taken
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] weight \ Nominal \ [teration 1 \ [teration 2 \ [teration 3 \ [teration 4 ‘

& 0.9046 0.8951 0.8943 0.8942 0.8942
& 1.1447 1.1604 1.1607 0.1601 1.1596
&3 1.1505 1.1663 1.1666 0.1659 1.1655
&4 0.0004 0.0002 0.0001 0.0001 0.0001
&s -0.0107 -0.0106 -0.0105 -0.0104 -0.0104
&6 -0.0007 -0.0008 -0.0008 -0.0008 -0.0008
&r 1.0140 1.0202 1.0201 1.0197 1.0194
&s -0.0130 -0.0123 -0.0125 -0.0126 -0.0126
&9 0.0015 0.0016 0.0016 0.0016 0.0016
10 -0.2739 -0.2938 -0.3045 -0.3108 -0.3145

Table 6.2: Nominal acceptance weights and after each iteration

to reweight the MC events even further to bring the momentum spectra into
agreement. The acceptance factors calculated from these events will now be
different as this weighting only applies to the numerator of the acceptance
calculation. Note that the residual reweighting has to be performed in the
pion and kaon momentum as both spectra are correlated and introducing

S-wave to the MC has an effect on both variables.
3. This reweighted acceptance is used for a new fit to data.
4. The fit results are used as new input for 1.

5. The procedure is iterated until it converges.

In Table 6.2 the nominal acceptance weights and after each iteration are
shown. It is observed that &, &3 and &9 change significantly from the nominal
conditions to to the first iteration, whereas the following iterations change the
This shows that the method
described above converges quickly. The corresponding fit results can be seen
in Table 6.3.

simultaneously. The results after iteration 4 are taken as the true value for the

acceptance weights only by a small amount.

Note that the reweighting in p; and n of the B is performed

amplitutes and phases.

As expected the most significant change is observed for the S-wave parameters
from the nominal scenario to Iteration 1. The S-wave fraction is reduced to (3.7
+ 0.4)%. The pion momentum spectrum is improved after the final iteration

compared to nominal MC (see Figure 6.7). Figure 6.11 shows the pion and kaon
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’ \ Nominal \ Iteration 1 Iteration 2 Iteration 3 Iteration 4 ‘
|AH|2 0.226 &+ 0.004 | 0.221 4 0.004 | 0.220 £ 0.004 | 0.221 + 0.004 | 0.221 4 0.004
|AL? 0.202 + 0.004 | 0.198 4 0.004 | 0.198 £ 0.004 | 0.198 &+ 0.004 | 0.198 4+ 0.004

I (rad) | -2.98 + 0.03 -2.98 £+ 0.03 -2.99 + 0.03 -2.99 + 0.03 -2.99 + 0.03

01 (rad) 2.93 + 0.02 2.93 + 0.02 2.92 4+ 0.02 2.92 4+ 0.02 2.92 + 0.02
|As|? 0.044 + 0.004 | 0.039 4+ 0.004 | 0.038 £+ 0.004 | 0.037 + 0.004 | 0.037 4+ 0.004

ds(rad) 2.18 + 0.03 2.15 + 0.03 2.14 4+ 0.03 2.13 + 0.03 2.12 + 0.03

Table 6.3: Corresponding fit results for the iterative method

momentum distributions after the final iteration, after step 1 has been carried

out again. Effectively this shows the Monte Carlo with the amount of S-wave

the final iteration gives back. A residual difference can still be observed which is

attributed to detector effects. The kaon momentum distribution discrepancy is

slightly worsened compared to nominal MC, but after reweighting for the S-wave

fraction we believe the physics behind the MC is improved, so that this remaining

discrepancy is really due to residual geometry effects.
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wave to the MC with the iterative method
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Figure 6.12: The pion and kaon momentum distributions of the nominal MC
(blue) and the distorted MC to test the iterative method

To verify this approach two crosschecks have to be made:

e The first crosscheck is to use part of the MC sample, distort the pion
momentum distribution for low momenta (which also affects the kaon
momentum distribution due to correlations) and use this as if it were real
data for the iterative method described above. If this method is correct,
the S-wave fraction after the last iteration step should be compatible with

0 as the MC sample does not include S-wave.

e The second crosscheck is to reweight the pion momentum in the three angles
at generator level so that no cuts are applied. If the pion momentum is not
affected by the reweighting, then the S-wave cannot be the reason for the

observed discrepancy.

To perform the first crosscheck, the MC sample is artificially distorted by
weighting each event with w = 1 — 8 x 1, where § = 2 x 107 and 7, is the
momentum of the pion for that event. This distorts the MC as seen in Figure
6.12. Tt mimicks the behaviour of the data but to an intensified level. This MC
is treated as if it were data with an true S-wave fraction of zero. The iterative
method is used to find this true value.

An initial fit to this distorted MC with nominal acceptance, yields an S-wave
fraction of 3.3 + 0.1% as can be seen in the fit results in Table 6.4. After the
third interation this reduces to zero and the P-wave amplitudes are consistent
with the generated values. This shows that the method is effective at finding the

true S-wave fraction.
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’ Parameter \ Nominal \ Tteration 1 \ Tteration 2 \ Iteration 3

| Ay 0.246 £ 0.002 | 0.235 £+ 0.002 0.238 £ 0.002 0.23940.002
|AL|? 0.163 = 0.002 | 0.156 £ 0.002 0.159 £ 0.002 0.160=£0.002
d) (rad) -2.51 £ 0.01 -2.50 = 0.01 -2.50 £ 0.01 -2.51=£0.01
9, (rad) 3.31 £ 0.01 3.31 £ 0.01 3.31 £ 0.01 3.31 £0.01

Jds(rad) -0.225 £ 0.02 | -0.309 £ 0.04 -0.316 = 0.08 -0.331 £ 0.17

|Ag|? 0.033 = 0.001 | 0.0090 £ 0.0004 | 0.0025 4 0.0002 | 0.000524 0.00009

Table 6.4: Fit results for distorted MC after each iteration of acceptance
correction

For the second crosscheck, at generator level two MC11la samples have been
produced (signal MC and phase space MC). To do this Gauss v41rl was used. 1M
events have been processed neglecting the detector description (generation phase
only). The P-and S-wave parameters can effectively be changed by reweighting
the pion momentum distribution using the same method as described above
(event-by-event using the PDF). The following scenarios have been tested and

the pion momentum distributions plotted for each:

e Adding S-wave to the MC with the value from the nominal fit (see Figure
6.13).

Generating with S-wave and P-wave parameters from data (see Figure 6.14).

e The P-wave amplitudes set to the ones obtained on data (no S-wave) (see
6.15).

|A1|? increased from 0.16 to 0.27 and |Aj|* from 0.24 to 0.39 (see 6.16)

Taking a phase-space MC with By — J/¢ K7 which allows to describe the

S-wave component (without interference) (see 6.16).

Comparing the corresponding pion momentum distributions it can be seen
that adding S-wave to the MC does change the distribution significantly but it
is not sufficient to explain the difference we see between data and MC11a. Using
the P-wave parameters as well from data does not have a measurable effect. As
expected changing only the P-wave amplitudes to the ones obtained from data has
almost no effect and even modifying the P-wave amplitudes by a large amount has

only a small effect. The phase space MC has an effect to the opposite direction
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as needed to decrease the difference between data an MC. Note that the phase
space MC does not include interference effects.

To conclude, adding S-wave to the MC affects the pion momentum distribution
significantly but only explains the difference observed in the fully reconstructed
MC to a certain extent. A significant contribution therefore has to come from

detector effects.
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Figure 6.16: Left: Nominal MC momentum distribution (black) compared to MC
with |A|? increased to 0.27 and |A;]? increased to 0.39 (red); Right: Nominal
MC momentum distribution (black) compared to phase space MC (red)

In summary one can say that both missing S-wave in the MC and detector
effects can explain the difference in the pion momentum. If one only takes the
remaining residual difference between data and MC after the iterative method to
reweight the acceptance, then the systematics significantly decrease compared to

the previous method taking the full difference between data and MC into account.
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6.2. Systematic Uncertainties

6.2 Systematic Uncertainties

The systematic uncertainties are summarised in Table 6.5.

Angular acceptance: Data/MC difference As described in Section 6.1,
there are quite large discrepancies between data and MC in some of the kinematic
distributions of the final state particles, especially in the pion momentum, or
equivalently the decay angle cosvy. To account for systematic uncertainties,
acceptance corrections were determined using MC which had been reweighted
to include the S-wave component using an iterative method. The results from
the final iteration are taken as the final results. The remaining discrepancy is
then reweighted to calculate acceptance weights for the systematic uncertainty.
Table 6.5 shows the uncertainties resulting from the data/MC difference. These

are the dominating systematic errors.

Angular acceptance: Statistical error To check for systematic effects due
to the statistical uncertainties of the acceptance corrections, each bin of the
acceptance histogram was smeared independently with a Gaussian function whose
width corresponds to the statistical error of the bin. The difference to the nominal
physics parameters when the histogram is used in the fit is assigned as systematic

error.

Backgrounds from ghosts As described in Section 5.2, the ghosts background
in MC has a significantly different angular distribution compared to the signal.
In the MC the ghosts background distribution in the invariant B° mass can be
fit to with a double Gaussian function. To estimate the systematic error, the
parameters of this fit and the yield in MC (shown in Table 5.5 to be 3.48 %) are
fixed in the fit to data, and the angular distribution of these events is taken from
MC. This mass fit to data is shown in Figure 6.17, where a logarithmic scale is
used to show the contribution more clearly. The differences in the amplitudes
and phases in the nominal fit compared to the one including ghosts background

are used as a systematic error.

Combinatorial Background To account for systematic uncertainties due to

the combinatorial background description, the full difference between the cFit
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Figure 6.17: cFit to data including the ghosts background which are included for
a systematic error. Note the logarithmic scale.

and the sFit is taken as systematic error. These are different methods of
subtracting the combinatorial background and should be equivalent, which they

are approximately.

Mass model To estimate systematic uncertainties due to the B° mass model,
the PDF for the mass fit was changed from a double Gaussian to a single Gaussian.
The difference to the nominal fit is assigned as systematic error. This was
repeated separately with a Crystal Ball function, and the error is summed in

quadrature for the systematic error.

The total systematic error is the quadratic sum of the single systematic
uncertainties. In summary the precision of the results for 6,0, |As|* and J, are
limited by the systematic errors. The dominating error comes from the Data/MC

difference that is observed in the momentum distribution of the pion.
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6.3. Results

|AH|2 |AJ_|2 5” 5J_ |As|2 53

Data/MC 0.005 | 0.004 | 0.01 | 0.01 | 0.007 | 0.06
Statistical error acceptance | 0.001 | 0.001 | 0.01 | 0.01 | 0.001 | 0.01
Ghost background 0.001 | 0.001 | 0.00 | 0.00 | 0.002 | 0.01
Background treatment 0.002 | 0.001 | 0.00 | 0.01 | 0.001 | 0.00
Mass Model 0.001 | 0.001 | 0.00 | 0.00 | 0.003 | 0.00
Quadratic Sum 0.006 | 0.004 | 0.01 | 0.02 | 0.008 | 0.06

| Statistical Error [ 0.004 [ 0.004 | 0.03 | 0.02 [ 0.004 [ 0.03 |

Table 6.5: Systematic uncertainties as described in the text.

Parameters | BaBar[75] LHCb Previous [75] | LHCb preliminary
(2007) (2011) (2012)

‘A” |2 0.211 £ 0.010 £ 0.006 | 0.253 £ 0.020 £ 0.016 | 0.217 £ 0.004 £ 0.002

|AL)? 0.233 £0.010 £ 0.005 | 0.191 £ 0.019 £ 0.017 | 0.206 £ 0.004 £+ 0.004

g (rad) —2.93 £0.08 £0.04 —2.87+0.11 £ 0.10 —2.98 £0.03 £0.01

01 (rad) 2.91+£0.05+0.03 3.02+£0.09 £0.07 2.97+0.02£0.01

Table 6.6: Results with no S-wave and comparison to BaBar and previous LHCb
results which used the 2010 data set only.

6.3 Results

6.3.1 Without the S-wave component

As described in Chapter 4, results from previous experiments have not included
the S-wave component, but have included it as a systematic uncertainty. For
this reason the results with no S-wave component are initially presented for
comparison. In Table 6.6, the preliminary result of this analysis is shown
compared to the previous published LHCb results from 2011 which also excluded
the S-wave component. This analysis and the previous LHCb analysis use
independent data sets, the previous measurement using data from 2010 only.
The most recent BaBar result is also shown which is the most precise published
measurement to date. The statistical uncertainties are the first shown, and the
systematic are the second. Within the errors both LHCDb results are consistent.
The BaBar results are consistent with the results presented here.

These results are also consistent with the previous results in Table 4.5. It is

clear that both the statistical and systematic uncertainties are smaller than any
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6.3. Results

Parameters | Results
(reduced dataset)

Ayl 0.236 +0.014
|AL]? 0.177 4+ 0.019
5“ (rad) —2.82+£0.12

5. (rad) | 3.06+0.09

Table 6.7: Fit results with dataset from 2010 only (36 pb™1).

of the previous experiments. The results with no S-wave are statistically limited
except for |A |* which has the same statistical and systematic error.

As an additional study, the dataset was replaced with the one from the
previous LHCb result (36 pb™!) in order to compare the results. The selection
used was the same as for the previous analysis in [75] (the pion PID and the K%
pr cuts are not included and the B® mass range is reduced to a +45 MeV window).
The angular acceptance is calculated from the same Monte Carlo sample as for
the previous analysis, but due to a lack of information has not been reweighted
in the distributions of the daughter particles. This is not expected to have a
large effect. The peaking background from the previous analysis is not included
in the fit due to a lack of information about this. The number of signal events
in the dataset is 2656+42, consistent with the number in the previous analysis
(2631+66). The results with statistical errors only are shown in Table 6.7. The
central values are compatible with the results from the previous analysis, shown

in Table 6.6.

6.3.2 Including the S-wave component

The results of the maximum likelihood fit including the S-wave are summarised
in Table 6.8. The first uncertainty is the statistical and the second is systematic.
The convention for the phases corresponds to the resolution of the ambiguity
which is described later in this Chapter (section 6.5). The projection plots of
the invariant mass, the proper time and the transversity angles can be seen in
Figures 6.18 and 6.19. To show the stability of the errors A Log Likelihood scans
of the physics parameters are shown in Figure 6.20. There are clear minima for
each parameter. The correlation matrix of the fit in Table 6.9 shows that there

LL LL

is almost no correlation between the lifetime parameters f-- | 7% and 73 and
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6.4. Discussion of Results

] Parameter \ Central Value + stat. 4 syst. ‘

A2 0.221 & 0.004 £ 0.006

1AL |2 0.198 =+ 0.004 =+ 0.004
5 (rad) -2.99 £ 0.03 £ 0.01
5, (rad) 2.92 £ 0.02 £ 0.02

| Ag? 0.037 4 0.004 + 0.008
Js(rad) 2.12 + 0.03 £ 0.06

Table 6.8: Final fit results with S-wave including statistical and systematic errors.

the polarisation amplitudes or strong phases. A fit with and without the lifetime
acceptance correction shows as expected, no difference in the angular amplitudes
and phases.

A complete list of results for all other parameters floating in the fit can be
found in Table 6.10: mp, is the mass of the B, f7,, 0% and ¢, are the

m,1 m,2

fraction of the first Gaussian, the width of the first Gaussian and the width

LL

o 1s the exponential coefficient for the

of the second Gaussian, respectively; «
background description of the B mass; fs, denotes the signal fraction; the two
lifetimes and the fraction of the long lived background are described by 7L, 7+t
and TL% respectively. In this Table (which shows the statistical error only), the
fitted value of I' is also included. This value is consistent with the world average

value of 0.658 + 0.003ps™! [7].

6.4 Discussion of Results

It is clear that once the S-wave component is included the systematic errors
become dominant for the strong phases, and the S-wave parameters. This is
mainly due to the discrepancy between data and MC which has already been
described. When the S-wave component is included in the fit, the values for |A|?
and |A, |* and the strong phases are consistent with the results with no S-wave
included. These results are also consistent with those from CDF, DO and Belle.
|AL|? is not quite consistent with the BaBar result within the errors but the
other parameters remain consistent. However, including an S-wave component is
expected to change the value of | A |? which can be seen from the large correlation
coefficient between |A, |* and |Ag|? in Table 6.9.
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Figure 6.18: Invariant mass and proper time projection plots from fit to data.
The black dots show the data points, the black curve the total fit, the blue curve
the signal fit and the red curve the background fit.
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¢ [rad]

Figure 6.19: Projections of the transversity angles from fit to data. The black
points show the data points, the black curve the total fit, the blue curve the signal
fit (dotted blue CP-even contribution, dashed blue CP-odd contribution, the red
curve the background fit and the green curve the S-wave contribution.

151



6.4. Discussion of Results

2|V | pue | Ty| weemiaq L0 JO
ON[RA 9} 9JON "SUOIIR[OIIOD ISSIR S} MOUS P[O] UL SON[RA 9], "{°9 9[R], Ul S}NSSI 17 I0J XLIJRW UOIJR[ALIO)) 69 S[(R],

00T biss
G0°0 | 00T 77°
€0°0- | 000~ | 00T L
20°0- | 000~ | 96°0 | 00°T Tt
600 | 100 | G€°0 | S¥0- | 00°T i
00°0- | €00 | 00°0 | 00°0- | 00°0 | 00T T
1270 | €0°0 | 80°0- | €0°0- | €0°0 | T0°0- | 00T G
T1°0 | T0°0 | S0°0- | 0°0- | T0°0 | TO0- | 80 | 00T Toe0
¢r'0 | 100 | 90°0- | 20°0- | TO'0 | T0°0- | €6°0 | 16°0 | 00T e
10°0 | 00°0 | 00°0 | 00°0- | 000 | 00°0 | T0°0 | 00°0 | 000 | 00T %0
T0°0- | 00°0- | 00°0 | 00°0 | 0070~ | 00°0- | 00°0 | 000 | 00°0 | 9€°0 | 00T To
T0°0 | 00°0 | 000 | 00°0 | 00°0 | 00°0-| 00°0 | 000 | 000 | ST'0 | 99°0 | 00°T lo
$0°0- | 10°0~ | 00°0 | 00°0 | T0°0- | 000 | T0°0~ | T0°0- | 00°0- | T80 | €0 | I1T°0 | 00T Vv
200 | 00°0 | 00°0- | 00°0- | 00°0 | 000~ | 00°0 | 00°0 | 00°0- | ¥¥°0- | 600~ | 60°0 | LF'0~ | 00°T Vv
10°0- | 00°0- | 00°0 | 000 | 00°0~ | 00°0 | 00°0- | 00°0- | 00°0- | 00°0 | 80°0- | ¥T°0- | T0°0 | €9°0- | 00T v
L0°0 | T0°0 | 00 | 000 | €0°0 | 0000 | T00 | 00°0 | 00°0- | 00°0 | 000~ | 000 | T0°0- | T0°0 | 000-| 00T | JI

6 ul 14 T 1L P AL T T
7 .sm,\. 7 NAVO 7 + 7 + 7 11 7 msi msmb 7 m@mb 7 0 7 m% 7 .ﬁ% 7 __% 7 wa\

ijim_:u; Al 7 7

152



6.4. Discussion of Results

° Er T T T T LI o 3500F" 7 T T T L=

8 2000F LHCb - 8 F LHCb E
E Preliminan y E Preliminar y

£ 1800F E £ 3000 E

£ 1600f = N E

i E 3 = 2500F E

8’ 1400 5_ _E g E E

5 1200F E S 2000F 3

< = - < E 3

¥ 1000F E T 1500F E

800F -3 E 3

600F- E 1000F~ E

400F E E E

E E 500 =

200 - F E

b1 1 1 1.3 b1 1 1 1 .

0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

0.5 0.5
Aﬁ [unitless] Af[unitless]

8 E E 3 as00F 1 3
o - = =} F 3
2 160F E 2 E E
= E E = 3000F- E
g ek 3 g E E
3 120F E 3 2500F E
= E E 2 F E
o 100 E S 2000F 3
< E = < E E
7 80 : E " 1500F E
60F- E E E
P : E 1000F- 3
20fF 3 500 3

0 E 1 3 o E 1

0.05 0.1 4
AZ?[unitless] g, [rad]

3 1600F = 3 E

1600 - ' LHCb b
° E E 2 1000F=  Preliminary -
= 1400F E = F
2 E E < o ]
5 1200 E = 800 E
(=2 = o -

1000 3 3 1
STE E S oo -
< 800F 3 < o ]

600F E 400 7
400F E
E E 200 3
200F E
0! E L L 1 E 0! L 1 1 1 N

3
&, [rad]

Figure 6.20: A Log Likelihood scans of the physics parameters.

In Chapter 4.3 it was hypothesised that the polarization angles for B? — J/1¢
should be similar to those for this analysis. The most recent LHCb results are
shown in Table 6.11. Comparison with these results show that |A4;[?, §; and §, are
consistent, but | A |? is 2.8¢ away from the central value. This is not a significant
deviation but will be investigated further with more data.

It was also hypothesised that any deviation in strong phases from 7 or 0
is evidence for final state interactions (see Section 4.3.1). This was shown by
BaBar [30] and Belle [79] to be the case. The results here show that ¢ deviates
from 47 by 0.15 & 0.03rad for B® — J/¢K*® and —0.24 4+ 0.40rad for BY —
J/p¢. 6, differs by —0.22 4 0.03rad for B® — J/¢K*® and by 0.0 £ 0.3rad for
BY — J/1¢. The results for BY — J/¢K*" clearly demonstrate the presence of

final state interactions, whereas the B? — J/1¢ are inconclusive.
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6.4. Discussion of Results

’ parameter ‘ result ‘
r 0.650 & 0.003
m 0 5281.18 + 0.04
. 0.749 4 0.020
ol 7.11 £ 0.09
o, 13.80 + 0.37
fuig 0.791 £ 0.002
I 0.545 4 0.012
Tk 0.168 & 0.005
o 1.021 + 0.022
ok 0.0012 + 0.0001

Table 6.10: Values of the fitted detector and physics parameters (statistical error
only)

| Parameter | B — J/¢ K™ Result | B) — J/¢¢ Result [27] |

|Ay? 0.221 £ 0.004 £ 0.006 | 0.231 £ 0.012 £ 0.027*
|AL|? 0.198 £ 0.004 = 0.004 | 0.246 £+ 0.010 £ 0.013

| Aol? 0.581 £ 0.006 £ 0.007 | 0.523 £ 0.007 £ 0.024

) (rad) —2.99£0.03 £0.01 2.90 £0.36 £ 0.07

9, (rad) 2.92£0.02 £0.02 [2.82,3.47] £ 0.13

Table 6.11: Results of B® — J/¢K*® Angular analysis including S-wave (not
quoted) compared to recent B — .J/1¢ analysis by LHCb [25]. *|A;|* has been
calculated from the other amplitudes, with the errors propagated.
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Figure 6.21: Bins of K7 mass.

The S-wave fraction is measured to be 3.7 0.4 & 1.5% in a window of £70
MeV around the K* mass. This is consistent with the measurement presented
in the 2011 LHCb note which was 5.1 4+ 2.2 %. BaBar [78] measured an S-wave
fraction of 7.3 + 1.8 % in a K7 mass range of 200 MeV.

6.5 Resolving the ambiguity in the phase

In order to resolve the ambiguity in the phase, a simultaneous fit in bins of the
K invariant mass was carried out with the two different solutions of the phases.
The K7 mass was split up into four equal bins which can be seen in Figure 6.21.
New fitting parameters were defined, which are the same as in [91]. The P-wave
component is defined as usual to be A, = Ag+ A, +A), and the S-wave is defined

as a fraction Fi. The new fitting parameters are defined below:

2
Q_AJ_

"
1 — T 490
A7

R ) S ™ Ti9 a9
yE Az A

R} = (6.1)

These parameters have the advantage that R, and R are independent of the
K7~ mass, and only the S-wave parameters vary with it. In the simultaneous
fit F, and ¢, are allowed to vary for each bin as well as the signal fraction. The
fit results for one solution of 4, are shown in Table 6.12, the other solution is the

same but for the corresponding values of the phases. The two solutions for d,
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6.5. Resolving the ambiguity in the phase

are shown in Figure 6.22, the blue falling is the physical one, because the relative
phase should decrease over the K7 mass (see section 4.3). This means we take
the solution that d, is positive. The B? — J/1¢ analysis found the same solution

and this validates their result [01].

’ Parameter \ Result ‘
r 0.650 £ 0.003 ps~!
IRy |2 0.224 + 0.004
IR, |? 0.199 + 0.004
3| -2.99 + 0.03 rad
o1 2.92 4+ 0.02 rad
mg, 5281.18 + 0.04 MeV
Jom 0.766 + 0.018
Ot 7.18 + 0.08 MeV
O 14.3 + 0.4 MeV
fro 0.971 + 0.002
TLIL 0.166 + 0.005 ps
TLL2 1.01 £ 0.02 ps
aly, 0.0012 + 0.0001
|Fs*](1) 0.076 & 0.006
ds(1) 3.19 £+ 0.15 rad
fsig(1) 0.642 + 0.006
|F.*(2) 0.029 + 0.004
ds(2) 2.55 + 0.08 rad
fsig(2) 0.849 + 0.002
|Fo*(3) 0.039 + 0.006
ds(3) 1.73 £ 0.03 rad
Jsig(3) 0.846 + 0.003
|F|2(4) 0.096 + 0.014
ds(4) 1.32 + 0.03 rad
fsig(4) 0.659 + 0.005

Table 6.12: Results of simultaneous fit in four bins of K7 invariant mass. Only
the signal fraction and | Fs|?| and ds are varied for each bin. The parameters that
are varied are shown under the double horizonal lines and the result for each bin
is shown. The other solution involves the changes of all three phases shown in
Equation 4.16. Only statistical errors are shown.
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Figure 6.22: Variation of Fy and ¢ in the simultaneous fit in bins of K7 mass.
Here both statistical and systematic errors are plotted.
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6.6. Direct CP measurement

(a) BY 30838 signal events

(b) BO 30423 signal events

’ Parameter ‘ Fit result ‘ ’ Parameter ‘ Fit result ‘
A”2 0.222 + 0.005 £+ 0.007 AHQ 0.215 + 0.005 £ 0.007
A2 0.192 4+ 0.006 £ 0.005 A2 0.205 £ 0.006 £ 0.004
Ag? 0.038 4+ 0.006 £ 0.008 Ag? 0.040 + 0.006 £ 0.007
o) -2.98 £ 0.03 £+ 0.02 Wl -2.97 £ 0.03 £+ 0.01
0 2.93 £ 0.03 £ 0.01 01 2.94 + 0.03 £+ 0.02
0s 2.17 £0.04 £ 0.04 0s 2.12 £ 0.04 £+ 0.05
Table 6.13: Direct CP violation measurement (systematics using iterative

method)

6.6 Direct CP measurement

A direct CP measurement is also carried out by splitting the dataset into B°
and B° decays. Any significant deviation in the polarization amplitudes would
indicate some physics effects beyond the SM. The results are shown in Table
6.13. The systematic uncertainties are calculated in the same way as described
in section 6.2. The difference in the B and BO fit results are consistent for all
polarization amplitudes and strong phases. There is no evidence for direct CP
violation or New Physics effects in B® — J/¢K*? precise to approximately 5%.
Belle’s previous measurement for direct CP violation in this channel was precise

to approximately 11% (see Table 4.7).

6.7 Conclusion

The first full angular analysis of B — J/¢K*® which includes the S-wave
component has been performed with 1fb~! of data collected using LHCb in 2011.
The polarization amplitudes |A)|?, |AL|* and |A,|?, and the strong phases d)|, 61
and d, have been measured with the highest precision to date. The results are
systematically limited.

The results presented are consistent with previous results from the BaBar,
Belle, CDF and DO experiments.

interactions in B® — J/¢YK*® from the deviation from 7 in the measurement

Evidence has been found for final state

of the strong phases [$0]. This has been previously seen by the BaBar and Belle
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6.7. Conclusion

experiments.

The measurements of the polarisation amplitudes and strong phases have been
compared with the most recent results from LHCD of the decay B? — J/1¢. They
have been predicted to have similar values [97] and any deviation could be due to
penguin diagrams or New Physics effects. They have been found to be consistent
except for |A|? which shows a deviation of almost 3o. This is not significant
enough to make any firm conclusions and more data is required.

The ambiguity in the strong phases has been resolved with simultaneous fit
in bins of K7 mass, concluding that the physical solution is the one with the
positive d, value. This supports the similar analysis for B — J/1¢ which found
a positive physical value for Al'; [91].

Finally, a direct CP measurement has been made by performing the angular
analysis on the B® and B decays separately. It was found that the polarization
amplitudes and strong phases are consistent within a few percent providing

evidence for CP conservation and no New Physics effects.
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Appendix A

HPD timelines

The full analysis done on the timelines of RICH 1 and RICH 2 HPDs is presented
here. As mentioned in the full text, the HPDs were split into groups according
to their most recent HPD measurements (at the time). Their timelines were then
overlaid both according to absolute date and HPD age. The RICH 1 plots are
shown in Figure A.1 and those for RICH 2 are shown in Figure A.2. The increased
gradient is more visible in the absolute date plots, indicating that the cause is

environmental effects in the LHCb cavern.
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lan Feedback|%]

6—

5f—

4

H=

2

i~

I T SN B

M5 FN20E 010108 IR IMz0s FMz0
Datefddimmiyy)

i TR P TR I S N T T T N T Y ' 1
L] 200 404 GO0 &4 1000 1200 1400 1600 1800
Time elapsed ds sinoe first (days)

(a) RICH 1 Group 1

RICH 1 IFB Timelines

lon Feedback|%)

"]

25

o L o
205 EROFSTY

Date[deimmiyy)

PR T S T SN NN SR SR S S T S
Qi INZ0E M0 A0

[] 200 a0 600 B0 1000 1200 1400 1800 1600
Time elapsed ds since first {days)

(b) RICH 1 Group 2

161



RICH 1 IFB Timelines

lon Feedback]™)]
=

04

0z

ml L 1 di el 1 L 1 1 1 L 1 1 L L 1 1 L 1 1 L 1 L L
ChOTOE 31206 020707 OTOTOE  DITAE  SINZ0E  02OTOR  3WIZ0R  GZOTAD 32
Date[delimmiyy)

04

0z

1 1 P I 1
L] 200 4040 &0 B0d 1000 1200 1400
Time elapsed ds sinoe first (days)

(c¢) RICH 1 Group 3

RICH 1 IFB Timelines

1.2

lon Feedback|%)

0.4

0.z

a i e AR R B ! A R T
FN20E  02OTHT  01MMME  Q1NTHOE  3MMMDE  02NTHN2 3A202 Q2NTHO
Date|ddimmiyy}

0.4

0.z

o = M P P
[] 200 400 [T B0 1000 1200 1400
Time elapsed ds since first {days)

(d) RICH 1 Group 4

162



RICH 1 IFB Timelines
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Figure A.1: Overlayed timelines for all groups of HPDs in RICH 1.
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RICH 2 IFB Timelines
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Appendix B

Long Laser IFB Runs

As mentioned in the text the logarithm of the IFB measurement for each HPD
in two different runs were plotted against each other to verify that taking the

first three million events for the IFB measurement is valid. The plots are shown

below:

[ Plot of two different Long Laser Runs |

Log of Raw IFB measurement from 15/11/2008

o e e L e b b
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[ Plot of two different Long Laser Runs |

Log of Raw IFB measurement from 25/4/2009
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[ Plot of two different Long Laser Runs |
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Figure B.1: The logarithm of the [FB measurements for two different runs plotted
against eachother
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As mentioned in the main text the range of the IFB values measured over

long laser IFB runs were plotted as histograms shown here:

| Range of IFB for HPDs in Long Run |
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\ Range of IFB for HPDs in Long Run
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Figure B.2: Histograms of the range of the long laser runs
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Appendix C
HPD investigations

Out of 196 HPDs in RICH 1:

e There are only 11 HPDs that have a positive gradient for every long laser

run

e 72 HPDs that have a positive gradient for more than 4 of the long laser

runs
e Only 4 HPDs have negative gradients for every run

e 53 HPDs have negative gradients for more than 4 of the long laser runs
The HPDs were then split into 3 different groups:

e High IFB gradient (> 5)

e Medium IFB gradient (1 —5)

e Low IFB gradient (< 1)

The magnitude was taken so to include those with negative gradients.

Observations were:

e No HPDs had a high IFB gradient for all long laser runs
e 7 HPDs had a high IFB gradient for more than 4 of the runs
e 31 HPDs had a low IFB gradient for all 6 runs

e 85 HPDs had a low IFB gradient for more than 4 of the runs
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A study was done to see whether for each long laser run, the same HPDs are

correlated or anti-correlated with average cluster rate:
e 1 HPD is correlated with average cluster rate for all 6 runs
e 0 HPDs were correlated with average cluster rate for 5 runs

e 1 HPD was correlated with average cluster for 4 runs out of 6

e 0 HPDs anti-correlated with averate cluster rate for all 6 runs
e 5 HPDs anti-correlated with average cluster rate for 5 runs out of 6

e 28 HPDs anticorrelated with average cluster rate for 4 or more runs out of
6

This suggests that as for the previous study, the HPDs do not seem to behave

similarly between runs.
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