VRIJE
UNIVERSITEIT
° AMSTERDAM

VU Research Portal

Measurement of CP-violation in decays of strange beauty mesons
Lukashenko, Valeriia

2024

DOI (link to publisher)
10.5463/thesis.677

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Lukashenko, V. (2024). Measurement of CP-violation in decays of strange beauty mesons. [PhD-Thesis -
Research and graduation internal, Vrije Universiteit Amsterdam)]. https://doi.org/10.5463/thesis.677

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
« You may freely distribute the URL identifying the publication in the public portal

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 27. May. 2024


https://doi.org/10.5463/thesis.677
https://research.vu.nl/en/publications/322d8ca4-c65b-4431-ad24-e926266935d8
https://doi.org/10.5463/thesis.677

VRIJE UNIVERSITEIT

MEASUREMENT OF CP-VIOLATION IN DECAYS OF STRANGE BEAUTY

MESONS

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor of Philosophy aan
de Vrije Universiteit Amsterdam,
op gezag van de rector magnificus
prof.dr. J.J.G. Geurts,
in het openbaar te verdedigen
ten overstaan van de promotiecommissie
van de Faculteit der Bétawetenschappen
op dinsdag 28 mei 2024 om 13.45 uur
in een bijeenkomst van de universiteit,
De Boelelaan 1105

door
Valeriia Lukashenko

geboren te Kyiv, Oekraine



promotor:
copromotor:

promotiecommissie:

prof.dr. H.G. Raven
dr. W.D. Hulsbergen

prof.dr. A. Freise
prof.dr. M.P. Decowski
dr.dr.-habil Y. Amhis
dr. K.K. Vos

dr. L. Brenner

prof.dr. I.B. van Vulpen



Contents

(1__Introductionl 1
|2_CP-violation and BY — J/ip KT K~ decays| 3
2.1 Symmetriesof the SM| . . . . . . . .. .. ... ........ 3
2.2 _Weak interactions and CP-violation| . . . . . . . .. ... ... 5
2.3 BY-BY oscillations| . . . ... .................. 11

2.4 Decay to J/pp(1020)[ . . . . . . . ..o 16
[2.4.1  CP-asymmetry| . . . . ... ... ... ... ... . 20

[2.5  Looking for new phenomena with CP-violating phase ¢4 . . . 22
[2.6  Polarization-dependent CP-violation| . . . . . ... ... ... 22

[3 Detecting B — J/ip K™K~ decays with the LHCb detector| 23
|§.1 Requirements for the BY — J/) K™ K~ measurement| . . . . . 23

i 2018 . 28

[3.2.1 Tracking system: Vertex Locator| . . . . ... ... .. 29

[3.2.2  Tracking system: TTa-b and T1-3] . .. ... ... .. 31

[3.2.3 Magnet| . . .. ... oo 32

[3.2.4 Particle identification| . . . . ... ... ... ... .. 33

[3.2.5 Calorimeter system|. . . . . . .. ... ... .. .... 36

[3.2.6  Muon system| . . . . ... ..o 36

[3.2.7  'Irigger system in 2015-2018 . . . . . ... ... 36

3.3 Previous measurementsl . . . . . ... ... 37

4 Measurement of the CP-violating phase ¢ 41
4.1 Analysis strategy| . . . . . . ..o 41
4.2 BY— Ji K™K~ candidates selection| . . ... ........ 46
[4.2.1 Online trigger selection] . . ... ... ... ...... 47

[4.2.2  Offline stripping selection| . . . . . . . ... ... ... 48

[4.2.3  Post-stripping offline selection|. . . . . . . .. ... .. 49

[4.2.4  Misidentified backgrounds veto| . . . . . . .. ... .. 53




Contents

|4.3  Statistical background subtraction with sPloff . . . . . . . .. 55
4.3.1 Baseline mass model limitations| . . . ... ... ... 64

[4.3.2 Better than a fit in oy, bins?| . . . . . ... ... ... 68

[4.3.3  sPlot procedure limitations| . . . .. ... ... .... 68

4.4 Flavour tagging| . . . . . ... ... 0oL 70
[4.4.1 Calibration of mistag probability «|. . . . . . . . . .. 72

[4.4.2  Performance of flavour tagging algorithms| . . . . . . . 75

[4.5  Acceptance and resolution| . . . . .. ... 76
[4.5.1 Decay time resolution| . . . . ... ... ... ... .. 79

[4.5.2  Decay time bias|. . . . . ... ... ... 0. 93

[4.5.3  Reweighting for the acceptance] . . . . . . .. ... .. 96

[4.5.4  Decay time acceptance|. . . . . . . ... ... ... .. 98

[4.5.5 Angular acceptance|. . . . . .. ... ... ... .. .. 106

[4.6  Cross-checks and systematics| . . . . . .. ... ... ..... 111
[4.6.1 Cross-checkd . ... ... ... ... ... .. ..... 112

[4.6.2  Decay time resolution cross-checks| . . . . . . ... .. 112

[4.6.3  Decay time acceptance|. . . . . . . . .. ... ... .. 118

[4.6.4  Angular acceptance|. . . . . ... ..o 119

[4.6.5 Decay time angular fit| . . . . ... ... ... ... .. 119

[4.7  Systematic uncertainties| . . . . . . . ... oL 120
E8 Resultsl. . . . . . . . e 131
481 Baselineresultd . . . ... ... ... ... ....... 133

[4.8.2  Polarization dependence| . . . . . . ... ... 133

[4.8.3  Combination with other LHCb results and comparison |

| with previous measurements|{. . . . . . . . .. ... .. 136
[ Preparation for future data taking] 141
5.1 VELO front-end ASIC equalisation| . . . . . . ... ... ... 143
[5.2  Comparison of reconstructed objects at the different trigger |

| stages| . ... .. L L 153
6 The future of measuring CP-violating phase ¢, with B — |
J/ip K™K~ decays| 159

A Append 165
IA.1 Two dimensional mass fitl . . . . . . . . . . . ... ... ... 165
[A.1.1 Signal mass uncertainty shape| . . . .. ... ... .. 165

[A.1.2 Background mass uncertainty shape| . . . . . . .. .. 165

[A.1.3 Two-dimensional mass fit procedure| . . . .. .. . .. 169

ii



Contents

|A.2 Parameters used to generate the example decay time and

| angular dependent decay rate| . . . . . . ... ... L. 171
[A.2.1 Description of the toy angular acceptance| . . . . . . . 172

[A.3 Bias in maximum likelihood estimator from limited decay
| time rangel. . . . . . . . ..o 172
A4 rrelation matrix of th line result). . . ... ... ... 173
[A.5 Measured asymmetry|. . . . . ... ..o 173
|Bibliography| 176
[Public Summary| 189
|Acknowledgements| 202

iii



Contents

iv



Introduction

The Standard Model (SM) of elementary particles is a theory that describes
all known fundamental particles and three out of the four known interactions:
the electromagnetic, the strong, and the weak interaction [1]. Despite its
overwhelming success in explaining all the experimental results obtained so
far, it is not a complete theory: the gravitational force is not included; there
is no natural explanation for the size of the masses of particles; there are no
particles in the SM with properties matching the dark matter required to
explain astronomical observations [2] and finally, the SM can not explain
the abundance of matter in the Universe. This last question is the central
topic of this thesis.

The SM predicts approximately the same amount of matter and anti-
matter, but our everyday observation shows that almost everything around
us, including ourselves, predominantly consists of matter: electrons, protons,
and neutrons. In 1967, to explain this abundance of matter in the Universe,
Sakharov formulated a list of conditions, required for a matter-abundant
Universe generated with baryogenesis [3|:

1. baryon number violating processes;
2. interactions outside of the thermal equilibrium;
3. processes that violate C- and CP-symmetry[||

Baryon number is predicted to be violated non-perturbatively in the SM
by a chiral anomaly [4]. The second condition would require a first-order

LCP stands for the combination of parity transformation, which reverts the direction of
spatial coordinates, and charge conjugation, which flips the sign of the quantum charges
of particles.



Chapter 1. Introduction

electroweak phase transition, but more likely a continuous state crossover has
happened [5]. The weak interaction is left-chiral, which means that it violates
the charge conjugation symmetry because it only couples to the left-handed
particles and right-handed anti-particles. In the SM, CP-violation is present
in the weak interaction.

However, the amount of the CP-violation in the SM is by far too small
to explain the observed baryon asymmetry 7 [2],

n="0""0% 19710, (1.1)
Ny
where n;, is the number density of baryons; ng is the number density of anti-
baryons; n is the number density of the photons. Hence, extra sources of
CP-violation are necessary to explain the matter abundance in the Universe.
These sources have yet to be discovered.

Two approaches are used to look for new phenomena that possibly con-
tribute to CP-violation: searches at high energies and precision measurements
of the SM. Additional heavier particles can be produced by colliding more
luminous and more energetic beams. If these heavier particles decay within
the detector body it is possible to observe them, which constitutes the first
approach. The second approach is to measure known SM processes and
parameters extremely accurately. If a new particle or force contributes
to these processes, it will modify the observation with respect to the SM
prediction.

In this thesis, the path of precision measurement is taken. The CP-
violating phase ¢ is used as a probe for new CP-violating phenomena. The
SM predicts ¢ to be close to zero. If a relatively large ¢ is observed,
the difference could be attributed to unknown phenomena [6]. The CP-
violating phase ¢, is measured with BY — J/)$(1020) decays [7]. The
BY — J/p¢(1020) decay is dominated by transition amplitudes that are
reasonably well known in the SM, which makes this decay a “golden” mode
for the ¢5 measurement.

This thesis uses a data sample of B? — J/i$(1020) decays collected
between 2015 and 2018, known as Run 2, by LHCb (8], one of the four main
experiments at the LHC. Chapter [2| describes the BY — J/i $(1020) decays
theoretically. Chapter |3| describes the LHCb detector, which was used to
collect the data used in this thesis. The analysis of the collected data
sample is described in detail in Chapter |4 There the most recent LHCb
measurement of ¢, is presented. Chapter [5| describes the preparation for
future LHCb data-taking. Lastly, Chapter [6] discusses the future of the ¢
measurement.



CP-violation and BY — J/ K™K~
decays

The Standard Model describes visible matter particles and their known
interactions (excluding gravity) |1]. The matter part of the SM consists of
spin-1/2 fermions split into two groups: quarks and leptons, see Fig. Both
are organized into three groups, known as “generations”. Their interactions
are mediated by spin-1 particles called vector bosons

The strong interaction confines the quarks together into two- or three-
quark-bound states known as hadrons. It is mediated by eight massless
gluons, which couple to a quantum number called colour: red, green, or blue.
The electromagnetic interaction is mediated by photons, which couple to the
electric charge. The weak interaction is mediated by Z and W= bosons and
couples to the weak isospin. The last particle of the SM is the Higgs boson,
which is the only spin-0 (or scalar) boson in the SM. The Higgs field gives
masses to the Z and W* bosons and masses to the matter particles via the
Higgs mechanism.

2.1 Symmetries of the SM

The SM is a Lorentz-invariant theory and is symmetric under the SU(3) x
SU(2) x U(1) gauge groups, where SU(3) corresponds to the strong interac-
tion; SU(2) x U(1) corresponds to the electroweak interaction.

The Lorentz-invariance of the SM is linked to the discrete CPT -symmetry.
CPT-symmetry stands for the symmetry under three simultaneous discrete
transformations: charge conjugation C, parity P, and time 7. In the
quantum field theory, fermions are described by the Dirac spinors (%, ).
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Figure 2.1: The content of the Standard Model.

For a fermion (%, t), the charge transformation C is defined as,
2N C AT = . T -
D(E,1) = CPT(Z,1) = iy 9T (Z,1), (2.1)

where & are the spacial coordinates; t is the time coordinate; C is the charge
conjugation operator; 7V is the time-like Dirac gamma-matrix; v2 is the
space-like the Dirac gamma-matrix (one of three); Then the symmetry under
charge transformation is,

ICT (2,1)2 = (&, 1)), iff C is conserved, (2.2)

where (&, t) = ¢(Z, )7 is the Dirac adjoint spinor. The parity P trans-
formation is defined as,

V(1) 5> PU(=E,8) = 1 (~E.1), (23)
where P is the parity operator. The symmetry under parity P implies that,
|Py(—2Z,1)|? = [¢(Z,t)|? iff P is conserved. (2.4)
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The time reflection 7 is defined as,
(T, 1) D To* (&, —t) = iy Py (7, —t), (2.5)

where 7 is the time operator; Y*(Z,t) is the complex-conjugate of 1(Z,t);
~! and +3 are space-like the Dirac gamma-matrices. The symmetry under
time reflection 7T is,

|7A‘7/)*(fa —t)|2 = |(@,t)|? iff T is conserved. (2.6)

The CPTtheorem states that any local Lorentz-invariant quantum field
theory obeys CPTsymmetry, which makes SM CPT-invariant. However,
the SM is not invariant under the individual transformations, and the
Eq. do not hold. In particular, Wu et al. |[9] observed that the
parity symmetry is broken, which is because in the SM the weak interaction
only couples to the left-chiral particles and right-chiral anti-particles.

2.2 Weak interactions and CP-violation

In the SM the fermion states interacting weakly are not the same as the mass
eigenstates. As a result, when expressed in mass eigenstates, interactions
change the type of a quark, known as flavour. The quarks have six flavours:
up, down, charm, strange, top, and beauty. Figure shows an example of a
weak interaction vertex, where the incoming beauty (b) quark is transformed
into an outgoing up (u) quark. The strength of the flavour-changing transition
is described by a single coupling constant gy and an element of the unitary
complex Cabibbo-Kobayashi-Maskawa matrix, for example, V,, as in Fig.

Figure 2.2: On the left: a b — u weak transition, which is mediated by W~. On the
right: a @ — b weak transition, which is mediated by W*. The coupling strength
Vab is also shown. Diagrams are created with the TikZ-Feynman package [10].

The Cabbibo-Kobayashi-Maskawa matrix Vogy or the CKM matrix is a
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3 x 3 matrix |11}]12],

Vud Vus Vub
Vekm = [ Vea Vs Vo | (2.7)
Via Vis Vi

where Vj; is a matrix element for the ¢ — j quark transitions.
The unitarity condition imposes the following relation between the CKM
matrix elements,

> ViVik = Gik. (2.8)

The relations for ¢ # k can be represented in the form of triangles. Two of
them have approximately equal-sized terms, [13]:

VaaViy, + Vea Vi, + ViaVig, = 0, (2.9)

Ved Vi + Vis Vi + Vi Vi, = 0. (2.10)

Figure [2.3]shows the experimental status of the triangle from the first relation
on the (p,7n) plane [14], where the real parameters p and 77 are defined as,

— . Vud *b
p+in= ——2> 2.11
V;:bVCb ( )

This triangle is known as the Unitary Triangle with angles defined as:

ViaVi,
a=arg| — —— |, 2.12
s(—7ars) (2.12)
VeaV3,
f=arg( — — =), 2.13
( thvaj ) ( )
Vudvjb
=arg| — 5. ) 2.14
v=arg (- ) (2.14)
The second triangle from Eq. is shown in Fig. on the (psp, 7sp) plane,
where pg, + i1 = — “/}Eg";. It is characterized by the angle 35 defined as,
VisVi,
= - 2.15

A unitary complex matrix of size n x n has (n — 1)? free parameters,
which are divided into the in(n — 1) rotation angles and 3(n — 1)(n — 2)
complex phases. The size of the CKM matrix is defined by the number of

6
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Figure 2.3: The Unitarity triangle of Eq. From [14].

quark generations in the SM, which is three. Three angles and one complex
phase parameterize a unitary complex matrix of size 3 x 3. The presence of
a complex phase means that, in general, Vj; 7 Vi7, so that the left and right
amplitude in Fig. differ. This complex phase is known as the CP-violating
phase 6. Tt is the sourc of CP-violation in the quark sector of the SM [13].
The angles v, 8, and 5 of the Unitary triangle are all connected to this one
phase 6°7. Note that if there were fewer than three generations, the complex
phase would not be present, which means that to have CP-violation in the
SM, at least three generations of matter are needed.

Observing the CP-violation is a non-trivial task. The CP-violating phase
introduces the difference between the left and the right sides of Fig.
However, the probability of both transitions is the same, as it is the squared
magnitude of the amplitude. So, to reveal the CP-violating (weak) phase
in the experiment, it is not enough to compare two processes that differ
by the CP transformation, as in Fig. The first conditions to observe
CP-violation are:

!The lepton sector also has CP-violation, although not observed yet.
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Figure 2.4: A unitary triangle of Eq. m From [14].

1. There must be two amplitudes from the initial state to the final state
f in the processes; see Fig.

2. There should be both a CP-violating (weak) phase and a CP-conserving
phase in the amplitude. The first phase flips the sign under CP
operation, but the second one does not. Therefore, the sum of the two
phases will change when the CP transformation is applied.

Choosing the two amplitudes as A; and As with the weak CP-violating
phases ¢1, ¢2 and strong CP-conserving phases d1, 0o respectively,

A = |A]erer,
Ag = |Ay|e'®2ei2. (2.16)

The amplitude of the process A to which both amplitudes A; and A,
contribute is then,

Ap = |Ap]e!®1e 1| Aglei®2ei02, (2.17)
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| Aq|ei?1ei01

| Ay |ei‘l52 et92

Figure 2.5: A particle P decaying into the final state f via the two amplitudes Ay
and A,. The amplitudes are defined as A; = |A;|e’®1e? and Ay = |Ag|e’?2e2,
where ¢ 2 are the weak CP-violating phases and 4, 2 are the strong CP-conserving
phases.

Its transition rate 7 is proportional to the |A |2,

T o< |Ap|? = |A1]? + [A2]® + 2| A1 || A2| (cos(¢1 — ¢2) cos(61 — b2)
— Sin(¢1 — ¢2) sin(51 — (52)) (218)

The amplitude for the CP-conjugate process, labeled by A 7o is then given by
flf = |Ay|e 16! 4 | AgleT 12682 (2.19)
with transition rate proportional to,
|A71? = [A1]* + |A2f* 4 2| Ay||A2| (cos(¢1 — ¢2) cos(61 — d2)
+ sin(¢1 — ¢2) sin(d; — d2)). (2.20)
The |Af|?* and |flf\2 are the same up to the sign in front of the sin terms.

The sin term disappears in case either weak or strong phases are the same.
This leads to the last condition of observing CP-violation:

3. The weak and the strong phases of A; and As must be different:
¢1 # ¢2 and 01 # da.

If the above conditions are met, then the |Ay| # |Af\. This type of CP-
violation is known as the direct CP-violation or the CP-violation in decay [13].
The direct CP-violation results in the observable CP-asymmetry Acp, which
is defined as,

Aop= —2L —_Po] (2.21)
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where I'p_, ¢ is the decay rate of particle P to the final state f and I'j5_, 7is
the decay rate of the CP-conjugate process.

The first observation of CP-violation was done in the sixties in the kaon
system [15]. It took almost forty years more to observe CP-violation in
the B-meson systems, which was done by Babar and Belle [16], |[17] in the
B — J/p KV decays. Only recently LHCb discovered CP-violation in the
charm system [18].

The total amount of CP-violation present in the SM quark sector is
quantified by the Jarlskog invariant J, which is equal to twice the area of
the unitary triangle in Fig. The matter-antimatter asymmetry generated
from the quark sector of the SM is estimated to be [19],

epsm _ 2T (mf —m2)(mi —m3)(mZ —m3)(mj —mZ)(mj — m3)(m3 —m3)
- Agw
~ 10720, (2.22)

where m; is the top quark mass; m. is the charm quark mass; m,, is the up
quark mass; my, is the beauty quark mass; my is the strange quark mass and
my is the down quark mass; Agw = 160 GeV is the electroweak symmetry
breaking scale, which is the temperature at which the electroweak phase
transition happened. Interestingly, if quarks had degenerate masses or we
could not distinguish between the quarks generation, no matter—antimatter
asymmetry would be generated in the SM quark sector.

Cosmological observations show that the matter-antimatter asymmetry
of the Universe is O(10719), see Eq. which is ten orders more than can
be generated by the CP-violation in the quark sector of the SM. Such a huge
difference motivates the search for new CP-violating phenomena that could
explain the observed matter—antimatter asymmetry.

The term ”"beyond SM physics” is an umbrella term for the hypothetical
extensions of the SM that add new phenomena to the model. Those effects
can include extra CP-violating effects. From Eq. one can think of
possible extensions to the SM in the quarks sector to increase the amount of
CP-violation: either those that modify the amount of CP-violation seen in the
Jarlskog invariant J or new CP-violating interactions outside of the CKM
mechanism. To modify the amount of CP-violation in the Jarlskog invariant
an additional heavy generation is needed. The number of generations
is however strongly constrained by the number of light neutrino types
estimated from the Z-boson production measurements in et-e~ colliders.
The world average on the number of light neutrino types is 2.99634-0.0074 [20].
Assuming that each generation has two quarks and two leptons as in Fig.
- “full” generation, the observation of 3 neutrino types implies that there

10



2.3. BY%-BY oscillations

are only three generations of quarks in the SM. However, if the requirement
on the “full” generation is lifted, then there is a possibility of having a
single-fourth heavy quark with a mass above the top quark massE] or a heavy
neutrino with a mass above half of the Z-boson mass.

The new CP-violating interactions can also be found by precisely measur-
ing the CP-violating angles of the unitarity triangles and comparing them to
their SM predictions. If a discrepancy is observed, it will be a sign of the
new CP-violating phenomena, which will contribute to the solution of the
matter abundance puzzle.

This abundance can also be generated via the lepton sector. In analogy
to the CKM matrix in the quarks sector, in the lepton sector, there is a
Pontecorvo-Maki-Nagakawa-Sakata matrix or the PNMS matrix [21]. The
CP-violation has not been observed in the lepton sector yet, but to get the
observed matter—antimatter asymmetry, the lepton sector would require
a heavy neutral lepton, so that analogously to Eq. the mass splits
are substantial. For example, a hypothetical heavy right-handed Majorana
neutrino could explain the observed asymmetry [22].

The amount of CP-violation in the second triangle on Fig. is defined
by a single angle (s, see Fig. It is predicted to be relatively small
(almost zero) in the SM and it approximately equals —¢;/2, which is the
CP-violating phase generated in the interference between b — c¢s transitions
with neutral meson mixing and without neutral meson mixing. To define ¢;
exactly, first, neutral meson mixing has to be introduced.

2.3 BY-B? oscillations

The B? meson is a neutral meson comprised of anti-beauty and strange quarks.
Its antiparticle is BY, composed of anti-strange and beauty quarks. The B?
and BY are flavour basis eigenstates of BY meson and have a definite quark
composition, which defines the interactions of BY and BY. The B? meson has
two mass eigenstates: heavy By and light By, which have definite masses
and lifetimes. The mass eigenstates are eigenstates of a full Hamiltonian.
The CKM matrix is the result of the fact that the meson mass eigenstates
do not correspond to the states that are part of the doublets that take part
in the weak gauge interaction. The flavour eigenstate is not an eigenstate of
the full Hamiltonian, but it can be represented as a superposition of mass
eigenstates and vice versa. The BY meson is produced as a flavour eigenstate,

2A heavy quark with a mass above the top quark mass would be hard to fit within the
SM, as its mass is too heavy to be obtained by the SM Higgs mechanism.

11
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but its evolution is defined by By and By propagation. The presence of
distinctive mass and flavour eigenstates enables B%-BY oscillations, also
known as the B%-BY mixing. Figure shows two diagrams that describe
the BY-BY mixing, so-called “box” diagrams. The transition goes via the
exchange of one of three quarks: u, ¢ or t. In the limit of equal quark
masses, these amplitudes would destructively interfere and their sum would
be zero [23|. Hence it is the contribution of the ¢ quark, which is the outlier
in terms of mass, that dominates the process. Ignoring other contributions
except for t-quark, the amplitude of Fig. is proportional to the V;s and
i, CKM elements.

S b S +’\/\/.[\4//Vi/\/\4+ b
B BY BY uciy Auct BY
b 3 p —e— . <— 3

W+

Figure 2.6: The BY-BY mixing diagrams. Diagrams are created with the TikZ-
Feynman package [10].

The BY meson created at t = 0 evolves as a superposition of BY and
B (7],
|BJ()) = a(t)|BS) + b(t)| BY), (2.23)
where | BY(¢)) is time evolution of B%-meson; |BY), |BY) are flavour eigenstates
BY and BY; a(t) and b(t) describe time-evolution. The a(t) and b(t) are
defined by the Schrédinger equation for an “open” system, which does not
describe the decay,

M— % I'=mass-decay matrix

d fa(t)) _ M M (I T a(t)
() = [ )5 (8 ) G6)- e

mass matrix decay matrix

where M is a mass term and I is a decay width term. In the absence of
BS—ES mixing the off-diagonal terms Mo and I'1o are zero. Mis describes
the short-distance transitions that happen off-shell (via u, ¢, t quarks in
Fig. and I'15 describes the on-shell contributions via resonances, which
contain u, c¢ quarks in Fig. [24]. The imaginary 4 in front of the decay
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2.3. BY%-BY oscillations

matrix means that the probability of observing B? or B? is not conserved
and decreases with time [13]. Because the SM is CP7T invariant, the diagonal
terms of both matrices are equal, and My = My, while I'y; = I']y. The
eigenstates of M — %I‘ are the two mass eigenstates By and By, with defined
mass and lifetime. As a superposition of flavour eigenstates, By and By, are
defined as,

|Bu) = pl|BY) + a| BY) (2.25)
|BL) = plBS) — a| BY), (2.26)

where p and ¢ complex constants. The value of p and ¢ expressed in terms
of the Hamiltonian elements is,

My, — 4T
q_ 127212 (2.27)
P My — 5112

The time-evolution of By and By, is given by the solutions to Schrédinger
equation:

By (1)) = e~ Mt~ By (0)) (2.28)
|BL(t)) = e~ Met=Ft B (0)), (2.29)

where the My, g and I';, i are masses and decay widthsﬁ of By, and By. The
BY mass m B0, decay width I's are defined as,

My + M

mpy = % (2.30)
Ty +T

T, = % (2.31)

|~ 51073, therefore the decay width difference AT'y and

oscillation frequency Amg of BY to BY are approximated as |24,

The ratio ’ Mo

Mo 2)
I'2

M Mo 2
AFS:I‘L—I‘H:2|F12|cos(arg{—ﬁ1§])+(9(?122 ) (233)

Amg = My — My = 2|Mia| + O( (2.32)

where Mg, 19 are from Eq.

3Note that decay width T' is inversely proportional to the lifetime 7.
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Chapter 2. CP-violation and B?— Jjip K+ K~ decays

From Eq. and Eq. the time propagation of BY and B is,
q J—
|1BJ(1)) = g+(t)| BS) + ];g—(t)lB(;) (2.34)
J— p J—
|BL(t)) = 7 ()| B2) + g+ ()| BY), (2.35)

where ¢4 (t) and g_(t) are complex time-dependent functions,

g+(t) — %(e—iMHt—%FHt 4 e—iMLt—%FLt> (236)
g—(t) — %(e iMHt—%FHt _ e—iMLt—%FLt). (237)

The probability of observing the BY, given that at ¢ = 0 the BY was
produced is then,

2
o] q
[(BABJW) = lg-()? ) (2.38)
For a BY at t = 0, the probability of observing a B? at ¢ is,
2
5 p
[(B2IBY)]* = lg- () p (2.39)

The CP-violation in mixing appears when the rate of BY — B transitions
is different from BY — B transitions. This CP-violation is observed when

2 #1 13,
The magnitude of complex time-dependent functions g_(¢) and g4 (¢) is,

lg+ () = %e_rst(cosh(AFstﬂ) + cos(AmJ)). (2.40)

As mentioned before, the CP-violating phase ¢, is generated in interfer-
ence between the b — ccs transitions with neutral meson mixing and without
neutral meson mixing. To define ¢ we also have to consider BY decay. The
decay chosen to measure the CP-violating phase ¢ is BY — J/) ¢(1020) ,
see Fig. The first Feynman diagram in Fig. (a) is the tree-level direct
decay of B? to J/i ¢(1020). Its amplitude is proportional to the V; and V.
But as was discussed in Sec. B? can oscillate to BY. The BY can also
decay into J/i» ¢(1020), see Fig. (b) This amplitude is then proportional
to the Vg and V. Both amplitudes interfere and their interference terms
generate the ¢ phase. This type of observable CP-violation is known as
mizing-induced CP-violation.
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2.3. BY%-BY oscillations

c c
I/ b I/
b s
c c
BY By
s s
s
$(1020) (1020)
s s
(a) Direct tree decay (b) Tree decay with mixing
Cc
: I/
/// c
b : s
B $(1020)
s s

(¢) Direct penguin decay

Figure 2.7: The Feynman diagrams for the direct tree-level B — J/1) ¢(1020) decay,
tree-level BY — J/i $(1020) decay with mixing, and direct penguin-level B? —
J/p $(1020) decay are shown. Diagrams are created with [10].

The higher order processes, like the penguin amplitude shown in
Fig. (c), also contribute to the B? — J/ih$(1020) decay. However,
these contributions are suppressed by a factor of 0.005 [6], and the
BY — J/hp¢(1020) decay is dominated by the tree level amplitude. Never-
theless, the tiny interference between the direct tree decay in Fig. (a) and
direct penguin decay in Fig. (c) potentially generates direct CP-violation
in the decay.

The J/b in BY — J/p¢(1020) is reconstructed from the decay J/i —
ptu~, which has a high branching fraction [20] and a high experimental
reconstruction efficiency for muons [25]. The ¢(1020) is reconstructed from
the decay ¢(1020) — K™K~ which is the highest branching fraction decay
mode for a ¢(1020) |20].
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Chapter 2. CP-violation and B?— Jjip K+ K~ decays

2.4 Decay to J/i ¢(1020)

Two decay amplitudes A contribute to BY — J/$(1020) decay, where ¢
stands for ¢(1020) resonance:

Ao = ()b o BY)

= g4 (8)(J/ $|BY) + %g_ (£)(J/1 ¢ BY), (2.41)
Ay = (J¢|BY)
— gg_ ()T 3| BY) + g+ (8) (J /o §| BY). (2.42)

The CP-violation in BY — J/ ¢(1020) is described by a complex param-
eters Ar_ y 4, which is defined as,

A (2.43)

q
A== .
! pA;

The decay time-dependent decay rates are equal to [24],

dFBO J
— I = [ 9l B
=147 (lg+ @) + sPla-OF + 2R [Arg4 ()9 (#)] )
1 ATt ATt
— 2 —Fst S . s
= |Ay| 1—|—Cf6 [cosh( 5 )+Df81nh( 5 )
+ Crcos(Amgt) + Sy sin(AmSt)] (2.44)
dr

— I | 6| B

= |Af|2]§\2(|g<t>12 + A Plg+ (D + 2R [Asg (8)g-(1)7])

APl e ALt (ATt
= Ay ’q‘ 1+Cf€ [COSh( 5 )+Dfs1nh( 5 )
— Cycos(Amgt) — Sy sin(AmSt)] (2.45)
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2.4. Decay to J/p$(1020)

with coefficients Cy, Dy and S defined as,

1— [\

Cr=—"F"- 2.46
2R(Ay)

_ 2R 2.47
23(Ap)

S, = — 2.48

Cy quantifies the amount of direct CP-violation in the BY — J/i) $(1020) de-
cay; Sy quantifies the amount of mixing-induced CP-violation, which is
proportional to sin(¢,). If |Af| is one, then no direct CP-violation is present.
If ¢5 is zero, then no mixing-induces CP-violation is present.

If the final state is a CP-eigenstate, then

CPIf) = nslf) = 1F), (2.49)

where 7y is the CP-eigenvalue of state f. For a final CP-eigenstate, the
following relations hold:

Ap = Ay, (2.51)

The parameter Ay is then given by,

A7
q°f
Af=mnr= =nr|Ale

7/[/¢S

V t:.;) ! ts ! cb ! cz
= . 2.52
v ) e
Finally, the CP-violating phase ¢s is defined as [24],

‘/{1'; ‘/ts chb V;;
TV Vit Vi Vs

¢s = —arg(Ay) = —arg (77 ) =—T+ ¢y —2¢p,  (2.53)
where ¢,; is a weak mixing phase and ¢p is a weak decay phase in the
BY — J/p$(1020) transition. Assuming ny = 1 and ignoring penguin
contributions, ¢s ~ —20,, where (5, is defined in Eq.

The value of 7y depends on the orbital angular momentum L of the final
state,

ny = (=" (2.54)
To determine the value of L, consider the total angular momentum .J, which

is the sum of the orbital angular momentum and the internal angular mo-
mentum (spin). As the BY meson is a spinless particle, it has zero total
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Chapter 2. CP-violation and B?— Jjip K+ K~ decays

angular momentum. This has to be conserved in the decay. In the case of a
BY — Jh) $(1020) decay, the decay products are spin-one particles, and as a
result, the orbital angular momentum L has to balance out the spin orien-
tation of J/ip and ¢(1020). This gives rise to three possible configurations,
depending on the relative value of the orbital angular momentum, which are
known as polarization amplitudes. Figure shows all three polarization
amplitudes. The first one, Ag, has polarization vectors parallel to the J/i
and ¢(1020) momenta and has a zero relative orbital angular momentum.
The second one, A, has aligned polarization vectors perpendicular to the
J/p and ¢(1020) momenta and has a relative orbital momentum of two.
The last one, A, has perpendicular polarization vectors and has a relative
orbital momentum of one.

Ay A AL

Vo

I I I

$(1020) | ¢(1020) | $(1020)

Figure 2.8: Three polarization of final state amplitudes in B — J/1) ¢(1020). Black
arrows are momenta directions and green are polarization vectors.

These three polarization amplitudes have different CP-eigenvalues. Both
Ap and A are CP-even with ny = 1, while A, is CP-odd with 1y = —1. The
CP-even part then contributes to CP-violation of the decay with positive

18



2.4. Decay to J/p$(1020)

Af, see Eq. and CP-odd with negative A¢. This introduces a dilution
to the overall measured Ay. Therefore, to increase the statistical power of
the measurement, the three polarization amplitudes should be disentangled
from each other. Luckily, each polarization has a unique angular distribu-
tion, and by measuring the decay angles, the relative contributions of the
different polarization amplitudes can be determined. How many angles are
necessary to describe the BY — J/)$(1020) decay and disentangle the three
polarization amplitudes? As both J/i and ¢(1020) decay into two tracks,
BY — Jh) $(1020) is a four-body decay. Three angles are needed to describe
such a four-body decay. They are defined within the “helicity” basis and are
shown in Fig. The angle O is the angle between the direction of BY in

¢
pt
_____ DAL
\ J/ ‘\\
7

Figure 2.9: The three helicity angles of B — J/)$(1020) decay, where Jji) —
pmpt and ¢(1020) — K~ K.

the ¢(1020) center-of-mass frame and the K. The angle 6, is defined as the
angle between the direction of BY in the J/i) center-of-mass frame and the
pT. The angle ¢ is the angle between the J/i) and the ¢(1020) decay planes
in the BY center-of-mass frame. The decay time-dependent decay rate in
Eq. must include the angular dependence to disentangle the polarization
amplitudes. The three amplitudes and their interferences make up six real
terms, which contribute to the decay time- and angular-dependent decay
rate.

However, this is not the full story. The probability of a B? meson to decay
into J/1) and a kaon pair via the ¢(1020) resonance is (1.044-0.04) x 1073 [20].
However, the same final state can be reached either without an intermediate
resonance with probability (7.9 +0.7) x 10~ or via the spin-zero f,(980)
resonance with probability (1.24 4 0.15) x 107* [20]. The B? — Jhy KTK~
decay that went through the ¢(1020) resonance is known as P-wave. The
P-wave includes all three polarizations: Ag, A, and A;. Whereas the
non-resonant and decays via the spin-zero fy(980) are known as S-wave. In a
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Chapter 2. CP-violation and B?— Jjip K+ K~ decays

similar manner to the P-waves, the S-wave has a unique angular dependence.
It also interferes with the P-wave amplitudes, which adds four terms to
the decay time- and angular-dependent decay rate, including the S-wave
term itself. The inclusion of S-wave into the discussion means that more
generically BY — J/i K+ K~ decays are measured, rather than exclusively
BY — Jhb $(1020) decays.

Including the contributions from the polarization amplitudes, the decay
time- and angular-dependent decay rates can be expressed as [26],

d4FBO—>J/w K+tK- 10
5 = 2 Nefr(@)hy, polt 2.
dtdQ Z k()b po () (2.55)
d4r§0—>J
0 I K+ K~
dtdS) ZNkfk hye, 5o (1) (2.56)

where 2 = (cos(0k),cos(0,),d); Ny ([Nx] = E?) are defined in Tab.
f1(Q) are the angular distributions, defined in Tab. hy,po(t) and hy, go(t)

are decay rates for B)-mesons with initial B? and BY flavours respectively.
The decay rates hy, Bo( ) and hy, BO( ) are given by,

+ ¢ cos(Amgt) + dy sin(AmSt)) (2.57)
3 1 _p, . (AT ATt
Pome ) = 275 6° (ar cosh (=5) + bsinh (=)

— o cos(Am,t) - dg sin(Am,t) ). (2.58)

The ay, by, ¢, di factors can be found in Tab.

2.4.1 CP-asymmetry

Similar to Eq. the time-dependent CP-asymmetry Acp(t) is defined as,
dT(BY — Jhp¢)/dt — dT(B? — Jhp ¢)/dt

Acp(t) = — . 2.59
cr(?) dF(BO ~ J/¢¢) /dt + dT'(BY — Jjp¢)/dt (2:59)

From inserting Eq. [2.44] and Eq. [2.45], it follows, that,
App(t) = -Cy cos(Amst) — St sin(Amy) (2.60)

cosh(ALst/2) + Dy sinh(ALgt/2)

Ignoring the direct CP-asymmetry in BY — Jib¢(1020), C; ~ 0 and
Acp(t) = sin ¢g sin(Amst).
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Chapter 2. CP-violation and B?— Jjip K+ K~ decays

2.5 Looking for new phenomena with CP-violating
phase ¢,

The effective CP-violating phase ¢s, measured in the experiment, is,
s = —28, + ApSM + ¢, P (2.61)

where s describes the tree-level contribution, see Fig. (a); ApSM s
the penguin contributions to ¢s, see for example Fig. (c) $2M s the

possible contribution to ¢4 from beyond the SM processes.
The state-of-the-art SM model prediction of the tree-level contribution
is obtained from a global fit of the CKM parameters [14],

055 = —0.0368670909% rad, (2.62)

where uncertainties on both experimental and theoretical inputs are included.
The A¢,®™ within Standard Model is predicted to be [6],

ApM = 0.00370:9019 rad, (2.63)

from the combined analysis of B® — Jay7w?, B — Jap K° B — JhppP,
BY — Jhp K$ and B? — J/ip¢(1020). Due to its smallness, it is common
to ignore A¢°M contribution when discussing experimental results. As-
suming one can ignore A¢,SM, if a deviation from value is observed
experimentally, it must be attributed to the beyond the SM process.

2.6 Polarization-dependent CP-violation

The penguin contributions introduce polarization dependence in Eq.
such that both the magnitude and phase of Ay are polarization dependent
and (bsf = —20s + AqﬁSSM’f + qﬁsBSM. The only difference between the
polarization-independent decay rate in Eq. and polarization-dependent
decays rate is introduction of [Aol, |\], [AL],[As| and 050, dsll, s, b5, The
polarization-dependent CP-violation parameters are also measured in this
thesis. This indirectly probes the validity of the assumption that the penguin
contributions can be ignored.
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Detecting BY — J/i) KTK~ decays
with the LHCb detector

Measuring the CP-violating phase ¢ is the main objective of this thesis.
As mentioned in Sec. the best decay to access ¢, is B — JWp KTK ™,
where the J/i) is reconstructed from its decay to muons: J/ip — pup~.

The sample of BY— J/i KT K~ candidates for this thesis was collected
with the LHCDb detector between 2015 and 2018, a period denoted as Run 2.
The LHCb detector is one of the four main experiments at the Large Hadron
Collider, located at CERN. The Large Hadron Collider is a circular collider
with 27 km circumference, which collides protons and heavier ions |27]. The
data sample for this thesis was collected from p- p collisions at 13 TeV
center-of-mass energy. The amount of data collected is quantified by the
integrated (over time) luminosity. Luminosity is the ratio of the number of
measured interactions over a period of time to the scattering cross-section
of two beams. The total integrated luminosity presented in this thesis is
5.7fb 1.

In this section, first, the requirements for measuring ¢s with B —
J/p KT K~ decays are presented. Second, a comprehensive description of the
LHCD detector and its trigger system. Lastly, the previous measurements of
¢s are described.

3.1 Requirements for the Bg — JAp KT K~ mea-
surement

The BY and BY mesons are produced in the p-p collisions at LHC. The

number of collected B? mesons depends on the instantaneous luminosity, the
duration of data collection and the production cross-section. The luminosity
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Chapter 3. Detecting BY — J/ip K+ K~ decays with the LHCb detector

is defined by the beam characteristics of LHC [27]. The production cross-
section is energy-dependent [28]. The LHCb detector was designed to
measure about one to two p-p interactions simultaneously. The number of
visible p-p interactions, u, in Run 2 is 1.3 per one crossing of p bunches. An
increase in p leads to an increase in the occupancy of the detector. When
operating at a large occupancy, the LHCb data collection rate drops. To
avoid inefficiency in the detector performance, the value of u is tuned.

The momenta that B? mesons gain from the excess of energy above the
necessary energy to produce the B? meson, increases the distance that B?
mesons travel. The increased distance improves the experimental separation
between the interaction point of the protons, which is also the origin vertex
of BY, also known as primary verter, and the decay vertex of BY, also known
as secondary vertexr. This benefits decay time measurements, which require
a measurement of the distance between the primary and secondary vertices
of the BY meson.

Now consider what affects the sensitivity to ¢s phase. Naturally, the
detector should be able to measure the relevant observables: decay time, and
helicity angles, as discussed Chapter [2, Because the B — J/) KT K~ final
state contains both kaons and muons (from the J/i) decay), the detector
should be able to distinguish muons and kaons from other particles.

Most sensitivity for ¢ in Eq. comes from the coefficient which
multiplies the B%-BY oscillation sin(Amgt) term. The CP-violating phase
¢s enters this coefficient, and, therefore, it is necessary to resolve the rapid
BY-BY oscillations to measure ¢5. Because of the finite decay time resolution
of the detector, the reconstructed decay time of Bg is smeared, which dilutes
the observed amplitude. Assuming the decay time resolution is Gaussian,
the resulting dilution D is [29],

D = e"30°Ams® (3.1)

where ¢ is the width of the Gaussian decay time resolution. Aiming for the
effective loss in the size of the data sample to be less than two, the dilution
has to be above v/0.5. Using the current world average on the Am this
condition is satisfied if the decay time resolution o is at least as good as
47 ps. The measured decay time uncertainty is derived by propagating the
uncertainty on the decay length o, and the momentum uncertainty o, [25],

_ (B2 5 tpo\2 5 :
o = (pBo ) ol + (pBO) o, + correlation, (3.2)

!The current world average is Ams = 17.756 + 0.005ps ™" [20].
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where mpo is the BY mass; ppo is the BY momentum and ¢ po 1s the BY decay
time. The measured decay time uncertainty of the LHCb detector is defined
mainly by the decay length uncertainty for decay times up to a few B?
lifetimes [25]. The decay length L of BY is computed as the distance between
the primary and the decay vertices projected over the B momentum,

(fdecay - fi"PV) : ﬁBg

L= _
‘pBg‘

; (3-3)

where Fpy is the primary vertex position; Zqecay is the decay vertex position
and ﬁBg is the BY meson momentum. In practice, however, the decay
length is taken from the full decay chain fit. Equation is used for the
qualitative discussion on the decay length. The decay length uncertainty
is limited by the primary and decay vertices resolutions, where the decay
vertex resolution usually contributes the most to the decay time uncertainty.
The secondary vertex resolution depends on the multiple scattering in the
detector material; the detector hits spatial resolution and the opening angles
of outgoing particle trajectories. In Sec. it is shown that, on average,
the decay time uncertainty is 42 — 46 fs for BY — Ji KT K~ candidates
collected in 2015 - 2018.

Before being able to determine the properties of B — J/) KT K~ decays,
one must first recognize them and separate them from other background
processes coming from the p-p collisions. Every particle is identified with
two key properties: their mass and average lifetime. The BY meson average
lifetime is 7 = 1.521 4+ 0.005 ps [20]. This means that on average, a boosted
B? meson with 80 GeV/c momentum will travel for about 7 mm from the
p-p collision point before decaying. This travel path is used to separate
the final state particles produced in the BY decay from the particles that
originate directly from the collision point, called prompt particles. The
compatibility of the particle with the collision point is quantified with the
impact parameter IP. The impact parameter is defined as the distance of the
closest approach between the BY daughter tracks and the primary vertex.
A simplified two-dimensional IP is shown in Fig. It is used to separate
the BY mesons (and other relatively long-lived particles) from the prompt
particles. Hence, the resolution on IP should be as good as possible. In the
simplified case of the two-dimensional IP, see Fig. the covariance matrix
Vip, is derived as [25],

Vie, = Vo + VE  +2VEY =26, VY + (2 — 2pv)*Viue, — 2(2 — 2pv) Var,, (3.4)
where IP, is the (x, z) plane impact parameter; V' is the track parameters
covariance matrix; VPV is the primary vertex covariance matrix; t, is the
slope of the track; zpy is the primary vertex z-position and z is the z-position
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AL

primary vertex: (xpy,zpy)

z

Figure 3.1: The two-dimensional impact parameter in (z, z) plane, where z is aligned
with beam axis and x is perpendicular to it.

of the tracks first state. Consider an approximation of a two-body decay for
BY, that travels 7 mm at 0.1 radangle with respect to the beam axis. The
typical impact parameter in the lab frame for J/i that decays under angle
7/3 in the rest frame BY, is IP, ~ 0.8 mm. Assuming that one needs to
know the I P, with the 10% relative precision, the resolution on I P, should
be as good as 80 pm.

The B® — Jhp KT K~ decay is topologically almost identical to B? —
Jip K+ K~ which makes it hard to distinguish it from B? — Jap KTK~.
The average lifetime and mass of the B meson are close to the BY meson:
Tgo = 1.519+0.004 ps and mpgo = mpo — (87.42 £ 0.14) [20]. Good mass
resolution is needed to separate the BY and BY mass peaks. Defining as
“sufficient”, the separation required such that the mean of the mass peaks
is at least five times the mass resolution apart, which yields a maximum
resolution of 17 MeV/c2. As before, the derived mass uncertainty is used as
a proxy for the true mass resolution. Using a two-body decay approximation,
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the mass uncertainty o, of B mass is derived as [30],

om(BY) = \/(W)Q n (%)2 n ( 0516 )2m232 — M3~ M 1020)
D Do 1 —cost e 2mpo

(3.5)
where pJ/i) and o, g are the J/p momentum and uncertainty on the
momentum; p¢ and o, are the ¢(1020) momentum and uncertainty on the
momentum; 6,4 and og,,,  are the angle between J/p and ¢(1020) and
uncertainty on the angle; mpo = 5366.92 & 0.10 MeV/c? is the BY mass;
m gy = 3096.900 4 0.006 MeV/c? is the J/i mass and Mg(1020) = 1019.461 +
0.016 MeV/c? is the ¢(1020) mass [20]. Assuming that % ~ % = 7% and
angular resolution can be ignored, the necessary momentum uncertainty to
achieve o,, = 17 MeV/c? is % ~ 0.7%.

To measure ¢ it is necessary to know the initial flavour of B%-meson
produced in the p-p collision. Both BY — JAay K+* K~ and BY— Jhp KT K~
decay have the same final state J/i) K™K ~, which does not allow to identify
experimentally whether J/iy KT K~ came from B? or BY decaying and if
the said BY/BY are in the flavor state at the production (initial) or a
result of the oscillation. This creates an issue because the ¢s-sensitive
terms enter the time-dependent decay rates of B? and BY in Eq. with
opposite signs. Because the BY — J K™K~ and BY — Jip KTK~ are
not recognizable by their final state, their decay time distribution would
add and the most ¢s-sensitive terms would cancel out. Luckily, a set of
flavour tagging algorithms is developed in LHCb, which allows the separation
between two distributions [31H33]. These algorithms are described in detail
in the context of measuring ¢, with BY — J/i) KK~ decays in Sec.
Here, only the detector requirements are discussed. The flavour tagging
requires good particle identification and vertex reconstruction. The flavour
tagging algorithm performance is expected to degrade with an increase in
the number of primary vertices and multiplicity of charged particles [31].

To sum up, these are the requirements to measure ¢; with B? —
Jhp KT K~ decays:

1. The BY yield per unit of time must be sufficiently large to get a sample
of O(100) flavour tagged events;

2. The decay times and angles can be measured, and the final state
particles can be identified.

3. Tt is possible to resolve the rapid oscillations of B%-BY;

4. Tt is possible to distinguish initial BY and BY flavours;
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Chapter 3. Detecting BY — J/ip K+ K~ decays with the LHCb detector

3.2 LHCD detector in 2015-2018

The LHCDb detector is a forward-arm spectrometer located at the LHC
[8]. It was designed for forward-boosted b-quark physics and covers the
pseudorapidity range of 2 < 1 < 5. Despite being optimized for b-quark
physics, the modern LHCb physics program covers multiple topics, including
charm physics, spectroscopy, exotic particle searches, electroweak physics,
Higgs physics, and QCD with heavy-ion collisions . Figure shows a
schematic view of the LHCb detector.
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Figure 3.2: The schematic view of the LHCb detector. The collision point is at
z = 0. From left to right: the Vertex Locator (VELO, tracking system); the
first Ring-Imaging Cherenkov detector (RICH1, particle identification system); the
Tracker Turicensis station (TT, tracking system); the Magnet; Tracking stations
(T1-T3, tracking system); the second Ring-Imaging Cherenkov detector (RICH2,
particle identification system); the first Muon station (M1, muon system); the
Scintillating Pad detector and the pre-shower (SPD/PD, calorimeter system); the
electromagnetic calorimeter (ECAL, calorimeter system); the hadron calorimeter
(HCAL, calorimeter system); muon stations (M2-M5, muon system). Taken from .
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3.2. LHCDb detector in 2015-2018

3.2.1 Tracking system: Vertex Locator

The tracking system comprises three subdetectors: Vertex Locator, Tracker
Turicensis, and T—stationﬂ The tracking stations around the collision point
play a crucial role in the measurement of ¢, with BY — Jip K+ K~ decays
because they define the quality of the vertex reconstruction. The tracking
stations that surround the interaction points are called the Vertex Locator
or simply VELO; see Fig. [35].
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VETO interaction region
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\ /
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VELO fully closed VELO fully open
(stable beam)

Figure 3.3: The schematic view of the VELO detector. The 21 VELO stations are
divided into two modules, each containing r- and ¢- sensors. The VELO “open”
and “close” positions are also shown. Taken from [35].

The inner strips of the VELO modules are about 8.2 mm from the
beam axis, and the entire detector is about 1 m long. As a safety measure,
the VELO stations are moved out from the beam axis when the beam is
unstable and moved in only after the LHC accelerator declares the stable
beam operation conditions, see Fig. Therefore, the VELO stations are
split into two halves, left and right, to allow this movement. To protect
the VELO from the beam-induced electrical fields and protect the LHC
vacuum from the VELO outgassing, the VELO is enclosed in a so-called
RF-box - a thin aluminum box. Each station hosts two silicon-strip sensors,
r and ¢, named after the strip orientation. The r-sensor strips have a radial

2Note, that Muon stations are also tracking detectors. However, they are described
separately due to their importance for the hardware trigger and the muon particle identifi-
cation
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Figure 3.4: The schematic view of the VELO module, where the silicon strip - and
¢-sensors are shown. Taken from .

orientation, and ¢-sensor strips have an azimuth orientation; see Fig. [3.4
The Vertex Locator measures the first hits of the charged particle tra-
jectories, called tracks, which are used to reconstruct the primary vertex.
Figure shows spatial primary vertex resolution for the plane transverse
to the beam axis. The primary vertex resolution depends on the number of
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Figure 3.5: Resolution on z- and y-coordinates of reconstructed primary vertex
(PV) with respect to the number of tracks (V) coming out of the primary vertex.
(z,y) is a plane perpendicular to the beam axis. Taken from .

tracks in the primary vertex. The more tracks the primary vertex is recon-
structed with, the better the resolution on its position is. Because the primary
vertex is required to be reconstructed from at least five tracks, its resolution
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3.2. LHCDb detector in 2015-2018

is usually better than the secondary (decay) vertex of B — Jhy KTK~
decay, which only has four tracks originating from it. The primary vertex
resolution is about 70 pum along the beam axis (z-coordinate) and on average
13 wm in the transverse plane (x- and y-coordinate) for a representative
primary vertex with 25 outgoing tracks [25].

The impact parameter resolution heavily depends on the pr of the particle,
as shown in Fig. 3.6l For the particles with py > 1 GeV/c the resolution
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Figure 3.6: The IP, resolution versus the inverse of pr. Taken from [25].

on I P, becomes better than 35 pwm, reaching asymptotically 13 pm at the
very high-transverse momentum [25].

3.2.2 Tracking system: TTa-b and T1-3

The Tracker Turicensis, or TTa-b stations, are located before the magnet
[8,137], see Fig. ﬂ It comprises four silicon strip modules with 200 pwm
strip width. The main task of the TT-stations is reconstructing the tracks of
long-lived particles that decay at the end or outside of the VELO detector,
like K and A.

The T1-3 stations are located behind the magnet and reconstruct tracks
after they were curved in the magnet [37,38]. The area closest to the beam
is covered by 200 pm silicon strips the Inner tracker [37|. All other area is
covered by the gaseous detector - the Outer Tracker with 5 mm straws [38].
Figure shows schematics of both Inner and Outer trackers.
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Figure 3.7: Inner and outer trackers. Taken from [8] and .

3.2.3 Magnet

The LHCb dipole magnet is located between the TT-stations and T-stations
and has an integrated magnetic field of 47'm for tracks that transverse
detector from the vertex locator to calorimeter system . The tracks
are deflected when passing through the magnetic field. From the observed
curvature, the momentum is estimated. Figure|3.8/shows the main component
of the LHCb magnetic field. To reduce the systematic uncertainty on detector
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Figure 3.8: The y-component of the magnetic field strength B, along the z-axis.
Taken from .

left-right asymmetry and detector alignment the data at LHCD is collected
in two regimes by flipping the current in the magnet: “Magnet Up” or MU
when the magnetic field is aligned with the y-axis, and “Magnet Down” or
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3.2. LHCDb detector in 2015-2018

MD when the magnetic field points opposite the y-axis.

Figure [3.9| shows the relative momentum resolution achieved by the
LHCb tracking system. Depending on the momentum value, the relative
momentum resolution o,/p varies between 0.5 % and 1 %.
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Figure 3.9: Momentum resolution versus momentum. Obtained using J/p — p~ p*
decays collected at LHCb. Taken from [25].

3.2.4 Particle identification

The B?— J/ip K+ K~ candidates are reconstructed from four charged tracks:
two muons that make the J/i) candidate, and two kaons. The kaons and
muons are identified using information from the LHCb particle identification
subdetectors, calorimeter system, and muon stations. The identification of
kaons helps to separate B — J/i K+ K~ decays from the background decays,
especially those with pions in the final state. By convention, each charged
track is a-priori assumed to be a pion, the most abundant charged particle
produced in the p-p collisions at LHC. The likelihood for an alternative
particle hypothesis, like a kaon hypothesis L, combines likelihoods from
particle identification subdetectors Lrrcopr, calorimeter systems Loar, and
muon stations Ly pon:

Lx = Lpricu - Lcar - Luuon- (3.6)

The logarithm of total likelihood to be a kaon Lk is compared to the loga-
rithm likelihood (log-likelihood) of the pion hypothesis. The log-likelihood
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Chapter 3. Detecting BY — J/ip K+ K~ decays with the LHCb detector

difference of the kaon hypothesis with respect to the pion hypothesis is called
DLLg, and is used to identify kaons.

Another class of particle identification algorithms uses a neural-net
machine learning algorithm, which also combines information from the
particle identification detectors, calorimeters, and muon stations, but also
adds tracking system information. The particle identification neural-net
output for a particle under the hypothesis that is of type X is called ProbNN x.
In particular, ProbNNf is a neural-net particle discriminator for charged
kaons, and ProbNN,, is a neural-net particle discriminator for protons.

The muons from the J/ip decays are identified by the hits in the muon
stations M2-5. Because muons are minimally interacting particles, they
survive beyond the calorimeter, where the M2-5 muon stations are located.
Therefore, the presence of hits in the muon stations associated to a charged
track is a strong indication of a muon. This information is combined with
the calorimeter and particle identification subdetectors into the DLL,
hypothesis. Using additionally the tracking system information a neural-net
particle discriminator ProbNN,, is obtained.

Figure shows two Ring Image Cherenkov detectors, used for particle
identification. The first Ring Image Cherenkov detector, or RICH1, is located
after the VELO and before the TT station. It is used to identify charged
particles, mainly pions, kaons, and protons in the momentum range below
2 — 60 GeV/c. The second Ring Image Cherenkov detector or RICH2 is
located after the T-stations and identifies the charged particles in the higher
momentum range below 15—150 GeV/c. A charged particle emits Cherenkov
radiation (light) when it passes through a medium at a speed larger than
the speed of light in the same medium. Each of the RICH detectors is filled
with specific gas mixtures to create conditions for Cherenkov radiation for
particles in different momentum ranges. The emitted light is collected in both
detectors with mirror systems onto an array of photodetectors. Figure
shows the optical systems for both RICH 1 and RICH 2. From the collected
light, the opening angle of the Cherenkov light cone is reconstructed. The
opening angle depends on the velocity of the particle, which combined with
the momentum measurement from the track’s curvature gives an estimate
of the particle’s mass. The estimated mass is used to build a particle
identification hypothesis. Figure[3.11] shows the opening angle dependence
on momentum for different particle types.
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Figure 3.10: Schematics of two Ring Image Cherenkov detectors optical systems.
An elaborate system of mirrors is used to collect the emitted Cherenkov light on
the photon detectors for measurement. Taken from .
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Figure 3.11: The distribution of the momentum of the particle and the opening
angle of the Cherenkov light cone in RICH 1. Different particle types are shown.

Taken from .
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3.2.5 Calorimeter system

The primary purpose of the calorimeter system is energy measurement and
providing information for the hardware trigger [43]. It also provides the
input to the particle identification algorithms and is especially important
for photons, 7°, and electrons. The calorimeter system consists of four
parts: a pre-shower detector (PS), a scintillating pad detector (SPD), an
electromagnetic calorimeter (ECAL), and a hadron calorimeter (HCAL), see
Fig. Most particles, except for the minimum interacting muons, decay
or are stopped within the calorimeter system volume, leaving showers of
light behind. These showers are used to reconstruct particle’s energy F with
1% + %’ resolution in the electromagnetic calorimeter and 10% + 80V E%
resolution in the hadron calorimeter [44]. The electromagnetic calorimeter
comprises lead and scintillating plates arranged in an alternating order,
known as “shashlik” [45]. The hadron calorimeter is made of iron-scintillator
pads, which also make a “shashlik” structure [45]. The neutral particles
are identified by having a response in the calorimeter system without an
associated track. In contrast, charged particle showers have an associated
track that points toward the shower. The shower shape provides additional
information for particle identification. For example, the electron shower
would be observed in the scintillating pad detector, pre-shower, and ECAL.
The photon shower would only have energy deposited pre-shower and ECAL
[43].

3.2.6 Muon system

The muon system is made from the five muon stations M1-5. As was
mentioned before, the majority of muons in LHCb are minimally ionizing
particles, which means that they propagate through most of the detector
with minimal energy loss. The M2-5 stations are used for muon identification
and are located at the end of the detector; see Fig. The M1 station
is only used for the track slope estimation in the muon LO trigger and is
located in front of the calorimeter system [43]. The muon stations are multi-
wire proportional chamber tracking detectors [46]. The M2-5 stations have
additional iron plates installed to stop hadrons that escape the calorimeter
system.

3.2.7 Trigger system in 2015-2018

The raw data from one p-p collision collected within 25 ns period requires
~ 70 kB of storage and is referred to as an “event”. The available computing
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resources limit the output rate for long-term storage to approximately 10 kHz
rate. The p-p bunch crossing rate at LHC, however, is 30 MHz, which is
3 x 103 times larger than this. This puts a strong constraint on the number
of collision events that can be saved. The trigger system makes a decision
on whether an event is interesting enough to be preserved. In Run 2 the
trigger system consisted of three stages: the hardware trigger LO; the first
stage of the software trigger, denoted by high-level trigger HLT1; the second
stage of the software trigger, denoted by high-level trigger HLT2. Figure |3.12
shows the trigger system of LHCb in Run 2.

The hardware trigger LO uses a fixed reconstruction implemented with
FPGAs that use information from calorimeter and muon systems to make
a decision [43]. It reduces the overall rate from 30 MHz to 1 MHz. If an
event passes any of the LO triggers, the data from the individual detectors
is transmitted to the event builder which accumulates the data from all
subdetectors, and then passes the event to the first stage of the software
HIt1 trigger, which performs a partial reconstruction. The HLT1 reduces the
rate to about 150 kHz. Next, the events are collected in a disk buffer. A
subset of these events is used to perform calibration. The alignment and
calibration are then used in the second stage of the software trigger HLT2
to fully reconstruct the events. By default, all tracks, vertices, calorimeter
showers, etc., are reconstructed for each event, which is referred to as "full
event reconstruction”. However, if a specific decay is searched for, there
is an option to save a subset of reconstructed objects that correspond
to this decay [47]. To save disk space, for a subset of events only the
reconstructed objects related to this decay are saved, see “candidate” in
Fig. Additionally, some subset of data goes to the calibration samples.
If the candidate is reconstructed already in HLT2, the dataset can be directly
used for the data analysis. However, if collision events are saved fully, then
additional processing, known as “Stripping”, is needed offline to reconstruct
the candidates.

3.3 Previous measurements

The CP-violating phase ¢; was measured with BY — J/i) K* K~ decays by
LHCb with BY — J/ K+tK~ decays ( Jip — p~pt) in the mass region
of ¢$(1020) with datasets from Run 1 [48] and partial Run 2 [49]; in the
mass region above ¢(1020) resonance [50]; with B? — J/ K+ K~ decays,
where J/p — e~et [51); with BY — (Jip — p~pt)n~ 7t decays [52];
with BY — (¢(2S) — p~pT)KT K~ decays [53]; and with B — DI DS
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Figure 3.12: LHCb trigger system in 2015-2018 .

decays . CDF, DO, ATLAS and CMS also performed measurements with
BY— Jip KT K=, where J/p — p~pt: CDF [55], DO [56], ATLAS [57], [58],
and CMS , . They are all summarized in Fig. which also
shows the world average for ¢,.

For all measurements done so far, the precision is statistics-limited.
The world average value of ¢4 is 0.049 £+ 0.019 rad . More data is
needed to observe a non-zero value of ¢s and discover CP-violation in the
BY— Jhp KT K~ decays.

An initial LHCb measurement utilizing ~ 1.8 = 9 fb~! of Run 2 data was
published in 2019 . Since then, LHCb collected an additional ~ 3.8 fb™1,
doubling the sample size. This thesis uses the full Run 2 sample, which
corresponds to the total luminosity of 5.7 fb~!. The result presented in this
thesis has been first published in .

38



3.3. Previous measurements

o

|3 ap HFLAV
= DO & fb
'Bl_u, 0.13 68% CL contours
< (Alog £ =1.15)

0.11 CMS 116.1 fb~?
SM no penguins

CDF 9.6 fb~!
0.09

LHCb 4.9 fb~!
0.07

0.5 -0.3 0.1 0.1 0.3
¢<[rad]

Figure 3.13: The HFLAV group world average of ¢, and BY width split AT.
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Measurement of the CP-violating phase

S

4.1 Analysis strategy

This analysis aims to measure the CP-violating phase ¢ by measuring
the decay time dependent difference between the B? — Jiy K™K~ and
BY — Jhp KT K~ decay rates. The selection procedure and methodology
are optimized to enhance sensitivity to ¢s. Other parameters of BY mesons,
like the decay width Iy, the decay width difference ALy, and the B%-BY
oscillation frequency Amy, are also accessible with B — J/i K+ K~ decays.
They are measured simultaneously with ¢s.

As it is the difference between BY — Jip Kt K~ and BY— JW KTK~
decays that is sensitive to ¢, the measurement requires knowing the flavour-
specific time-dependent decay rates. This entails measuring the decay time
and distinguishing between initial BY and B? mesons. The initial flavour
(B? or BY) is determined using the flavour tagging tools of LHCb [31-33].

An additional complication arises because the BY — J/i) KT K~ is not a
specific CP-eigenstate decay but a combination of several. As mentioned in
Sec. because of total angular momentum conservation, different polariza-
tion amplitudes contribute to this final state. Due to the differences in the
CP-eigenvalues of these amplitudes, their contribution towards CP-asymmetry
and thus ¢, enter with different signs, see Eq. Consequentially, the
sensitivity to ¢s is reduced. The contributions from these polarization am-
plitudes must be statistically resolved, which can be done by measuring the
angular distributions. Therefore, the measured decay rate is determined
as a function of three helicity angles, 2. The helicity angles are defined in
Fig.

In addition, the BY — J/ K™K~ decay rate is distorted by imperfect

41



Chapter 4. Measurement of the CP-violating phase ¢

detector resolution and limited acceptance. The finite decay time resolution
leads to a damping factor in front of ¢s and, therefore, dilutes the observed
value. Acceptances distort distributions of the decay time and helicity angles
and can bias the values of the measured physics parameters. The detector
effects are accounted for in the model for the observed decay rate.

The maximum likelihood estimation method (MLE) is used to determine
¢s and other parameters of interest. MLE estimates the parameters of the
assumed model such that they maximize the likelihood of observing the
given data. The likelihood corresponding to a probability distribution P(x|6)
(model) for a given dataset 7 is,

n

£(6)7) = [ P(xilo) (4.1)

i=1
The maximum likelihood estimator 0 is then defined as,
0 = arg max £(0|Z) (4.2)

In practice, In £(6|Z) is used instead of L(0|Z), as it is a better match
to the floating point representation used by computers. Then the []i,;
in Eq. becomes )i ;, and as In is a monotonously rising function the
maximum for In £(0|Z) is the same as of L£(0|Z).

The variance V' of the maximum likelihood estimator is [64],

_[32 lnﬁ(9|f)‘ ]—1

062 0=01
In the limit of the infinite dataset the maximum likelihood estimator is
efficient, meaning that it has the lowest possible variance and is unbiased.

To construct the decay time and angular dependent PDF, the BY and BY
decay rates from Eq. are combined and normalized. The combination
is done with the help of the flavour tag qﬂ The flavour tag is not 100%
efficient and has an associated probability of being wrong, known as mistag
probability or 1. The non-zero mistag probability reduces sensitivity to
¢s and thus effectively reduces the collected sample size. The normalized
combination of the B? — Jip K+ K~ and B? — J/ KT K~ decay rates is
then,

V”:

; (4.3)

N 1
Qa0 - N > Ni[(L4a(—20)) - by po () + (1 = q(1 —2)) - by 5o (6)] f($2)
k=1

(4.4)

L +1 for tagged as B?, 0 for untagged and -1 for tagged as BY
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where ¢ = +1; 7 is the mistag probability and N is the normalization, which
is defined further in Eq.

Including the detector and reconstruction effects such as decay time
acceptance, angular acceptances, and decay time resolution, Eq. becomes,

d*N
71d0) NZNk (1+q(1=2n)) - by po(t)

+ (1= q(1=2n) - by go ()] - fi(Q) - £(t, Q) © R(t|or) (4.5)

where £(t,2) is the decay time and angular acceptance and R(t|o;) is the
decay time resolution, which depends on the estimated decay time uncertainty
o¢. The acceptance function e(¢,€2) tells how likely for a candidate with
decay time t and angles 2 to pass the selection criteria. The acceptance
function takes only two values: zero if the candidate is not accepted and one
if the candidate is accepted. The detailed introduction to the acceptances
can be found in [65].

Parameters of interest are estimated using Eq. which de-facto means
differentiating the log-likelihood of Eq. with respect to parameters of
interest to find its maximum. Efficiencies are independent of the parame-
ters of interest and, therefore, can be dropped from the numerator of the
log-likelihood when minimizing. However, they still contribute to the denom-
inator N, which contains the integral over decay time and angles. Assuming
that the decay time acceptance and the angular acceptance factorize,

e(t, Q) =e(t) - (), (4.6)

the denominator can be written as,

~ 10
Ah:/ﬁ}j%NﬁKl+ﬂl—%»J%w@)
+(1—q(1=2n)) - hy go(t)] - £(t) ® R(t|ow), (4.7)

where the angular weights wy, represent the angular acceptance £(€2) and
are defined as:

C%z/m&mmm (4.8)

As described in Sec. the BY— J/ip KT K~ decay can not only go via
the ¢(1020) resonance but also without resonance or via the spin-zero f,(980)
resonance [66). The former is known as the P-wave, and the latter (non-
resonant and f,(980) decays) is the S-wave. The (relative) contribution of
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the S-wave to the observed decay rate naturally depends on the KK~ pair
mass or, more precisely, the proximity to the ¢(1020) resonance. Therefore,
the Ag in Eq.[2.55]is measured in the bins of m(K* K ), denoted here mg k.
The P-wave amplitudes Ap;, where j € (0, ||, L) and S-wave amplitude A,
as functions of mg g are,

APJ(TTLKK) = Ajp(mKK), for ] S (0, ||,J_) (4.9)
As(mgk) = Aso(mkk), (4.10)

where p(mgk) is P-wave mass line shape and o(mgg) is S-wave mass
line shape. The interference between line shapes of P-wave and S-wave is
accounted for by a set of multiplicative constants Cgp, such that

N = CgpNy, for k € [S ||, S J_,SO]. (4.11)

The Cgp constants are computed in bins of mgg €
(990, 1008, 1016, 1020, 1024, 1032, 1050] MeV/c? as,

St p(mic i) - " (mck ) dmic i

\/fn:nf“ lp(mxr)Pdmk [0 |o(mrk)|2dmi

Clpe™5r = . (4.12)

where i is an 5" bin of mx ¢, such that mg g € [m;, m;11]; Osp is a phase that
is absorbed by the strong phase of S-wave ds. Table [4.1] shows the computed
Cgp constants. The corresponding interference terms (k € [s ||, s L, s0]) in

mik €, MeV/c? | [990,1008) [1008,1016) [1016,1020) [1020,1024) [1024,1032) [1032,1050]
Csp | 0.8458 0.8673 0.8127 0.8558 0.9359 0.9735

Table 4.1: The multiplicative constants in front of P-wave and S-wave interference,
called Cgp, in different bins of m(KTK™).

Eq. are multiplied by an effective coupling, depending on the observed
mgk of a candidate. The Cgp factors are described in detail in [67].
With all the above, Eq. [4.5] becomes,

‘N 1
dtdQ N ZNkr (L4 q(1 —2n)) - hy po(t)

+(1- Q(l =2n)) - by, go ()] - fr(€) - () - e(Q) ® R(tloy)  (4.13)
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where the normalisation N is defined as,

B 1 10
N = [a > Vi [(1-+ 0(1 = 20) - )
+(1—q(1—27m))- hk,Eg (t)] - e(t) ® R(t|ov) (4.14)

where wy, are weights that model angular acceptance, defined in Eq. The
parameters of interest are estimated by performing the maximum likelihood
fit of Eq. Inputs to the fit, like acceptance shapes or decay time
resolution shapes, are derived from the control samples.

The analysis steps can be summarised in the following workflow:

1. BY— Jhp KT K~ decays are selected from the proton-proton LHCb
data sample collected during the 2015 - 2018 data-taking years. The
selection is the same for all four years, and only a multivariate cut
is optimized for each year separately. The selection is described in

Sec. 4.2

2. After the selection is applied, some background contamination is still
expected. Therefore, the background subtraction is performed with the
sPlot method from [68] using the reconstructed mass of J/iy K™K~ as
a discriminating variable. In this method, each candidate gets a weight,
called sWeight, that represents a “signal-like” score. The sum of the
sWeights is equal to the estimated total number of BY — Jiy K+ K~
decays in the sample. The sWeights are then applied to the maximum
likelihood fit [69]. The method essentially corresponds to a statistically
optimal sideband subtraction. The method is described in more detail

in Sec. [4.3]

3. The initial flavour of B? and BY is estimated using the flavour tagging
tools developed by LHCD collaboration. Algorithms are trained on
specific training samples. Their output has to be calibrated to be
applicable to the selected B — J/p K™ K~ sample. This calibration
is described in Sec. £.4]

4. Detector effects modify the measured decay rates. Incorrectly account-
ing for the decay time and angular acceptances can result in biased
parameters of interest. The finite decay time resolution of the detector
directly dilutes the value of ¢s. In Sec. the detector effects are
described.

45



Chapter 4. Measurement of the CP-violating phase ¢

5. The final maximum likelihood fit is performed on the selected sWeighted
data. Systematic uncertainties on the parameters of interest are as-
signed to all the procedures of this analysis, as described in Sec.
The results are quoted in Sec.

This analysis was performed as a part of the extended research group
and is published under the name “Improved measurement of C'P viola-
tion parameters in B — J/¥ KK~ decays in the vicinity of the ¢(1020)
resonance”, |63]. The author of this thesis contributed to the statistical
background subtraction, decay time resolution, decay time angular maximum
likelihood fit, and corresponding systematical uncertainties. Other analysis
components, such as selection, acceptance studies, and flavour tagging, are
described for completeness. The decay time angular maximum likelihood fit
was cross-checked for consistency with independent implementations from
collaborators. The author reports results obtained with her version of the
likelihood fit in this thesis. The results are consistent, but not identical,
with those published in [63].

4.2 B?— Jip KtK~ candidates selection

The bunch crossing rate of the LHC beams is 40 MHz, which corresponds to
a 25 ns period. A set of reconstructed tracks, vertices, and clusters from a
25 ns period is called an event. On average, 1.3 p-p interactions are expected
in each p-p collision event in LHCb. A reconstructed p-p interaction point is
called a primary vertex. Each track in an event has a “best primary vertex”
associated with it. The best primary vertex is the primary vertex for which
the track has the lowest X%P, where X%P is defined as follows: the X%P of track
T is the difference between the x? of vertex V with track 7" removed and
the x? of vertex V with track T included. Reconstructed decays that match
the decay of interest on which the measurement is performed (signal) are
called signal candidates. Decays that do not originate from the decay of
interest but are selected as signal candidates are called background. Two
main types of backgrounds pollute the B — J/i) K+ K~ signal sample. The
first type, combinatorial background, consists of random track combinations.
The second type, peaking background, are background decays that peak in
the BY invariant mass spectrum but do not originate from B? — J/iy K™K~
decays. The BY — J/ K+ K~ candidate selection consists of four stages
applied sequentially:

1. Online trigger selection selects events that possibly contain signal
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4.2. BY— Jhp KT K~ candidates selection

candidates during the data taking. The online trigger selection is
based on event properties.

2. Offline stripping selection reconstructs B — J/y KT K~ candidates in
trigger-selected events. Only events with at least one BY — J/iy K+ K~
candidate are saved.

3. Post-stripping offline selection increases the purity of signal candidates
based on candidate properties.

4. Misidentified background veto removes peaking background candidates,
accidentally selected as signal candidates due to the wrongly assigned
particle identification.

4.2.1 Online trigger selection

For this analysis, events that passed any of the LO triggers (Sec.
are considered. At HLT1 (see Sec. [3.2.7), B? — Jiy K+ K~ candidates
are required to pass either the Hl1t1DiMuonHighMass, Hlt1TrackMuon or
Hlt1TwoTrackMVA line at the HLT1 stage. Hlt1DiMuonHighMass selects
two oppositely charged muon tracks with high transverse momentum, with
a small distance of closest approach and an invariant mass larger than
2900 MeV/c?. The distance of closest approach between two tracks (DOCA)
is the shortest distance between a point on the first track and a point on
the second track. Hlt1TrackMuon selects a displaced muon track with high
transverse momentum. H1t1TwoTrackMVA selects two displaced tracks with
high transverse momenta. Displaced tracks are selected by requiring high
XIQP with respect to all reconstructed primary vertices.

At HLT2, defined in Sec. only events containing candidates that
passed H1t2DiMuonDetachedJPsi line are used. H1t2DiMuonDetachedJPsi
requires two displaced muon tracks with high transverse momentum to have
a mass close to the nominal J/i) mass. This thesis uses the nominal J/i)
mass of 3096.9 MeV/c?, [70]. Displaced tracks are selected by high x%, and
significant decay length, where decay length is defined in Eq. Decay
length significance is decay length divided by its uncertainty.

Requirements on the transverse momenta of BY daughter tracks in-
troduce signal inefficiency as a function of the angles 2. Displacement
requirements on the B? daughter tracks introduce signal inefficiency for
the smaller values of the BY decay time. Data that passes through
the trigger requirements are divided into two subsamples based on the
amount of decay time inefficiency introduced. Candidates that passed
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H1t1TwoTrackMVA and H1t2DiMuonDetachedJPsi or Hlt1TrackMuon and
Hlt2DiMuonDetachedJPsi are affected the most and are labeled as the
“biased” category. Candidates that passed Hlt1DiMuonHighMass and
H1t2DiMuonDetachedJPsi do not have a displacement requirement at the
HLT1 stage but only at the HLT2 stage and fall into the “almost unbi-
ased” category. In the later text, they are called “unbiased”. In Tab.
the fraction of BY — J/ih K™K~ candidates in the “biased” and “unbiased”
trigger categories is shown.

“biased” “unbiased” total number of candidates
2015 | 21.91+£0.32 % 78.07+£0.73 % 25879
2016 | 16.81 £0.11 % 83.19+£0.30 % 171862
2017 | 16.54+£0.11 % 83.46+0.31 % 164140
2018 | 17.33+0.10 % 82.67+£0.28 % 188368

Table 4.2: Fractions of candidates in the “biased” and “unbiased” trigger categories
and the total number of selected candidates for all data taking years.

4.2.2 Offline stripping selection

BY— Jjip KT K~ candidates are built from the events that pass the trigger
selection. Two oppositely charged muon tracks are combined into the J/i)
candidates. Muon tracks are long tracks with several hits in the LHCb
MUON subsystem. Only those muon tracks with DLL,,; larger than zero and
transverse momentum bigger than 500 MeV/c are considered. The dimuon
invariant mass must not exceed 80 MeV/c difference from the J/i) nominal
mass. The J/i candidates two-track vertices must have x2, less than 16.
The J/ip candidates are then combined with two oppositely charged kaon
tracks. Kaon tracks are long tracks that have an associated RICH particle
identification input and a loose DLL . larger than zero. The two kaon tracks
are selected if the vertex they form has x2,, less than 25 and an invariant
mass in the range [980, 1060] MeV/c around the ¢(1020) resonance. In this
mass window, the K K~ pair originates from ¢(1020) and other resonances,
but for simplicity, the two kaons are collectively called ¢ candidates in the
following text. J/i candidates and ¢ candidates are combined into a BY
candidates, which are accepted if x2,,/ndof is less than 20, where ndof is 5,
and if the BY candidate invariant mass is in the [5150, 5550] MeV/c range.
To reduce the short-lived combinatorial background, the BY candidates are
required to have a reconstructed decay time of at least 0.2 ps. The above
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selection is known as the StrippingBetaSBs2JpsiPhiDetached line.

4.2.3 Post-stripping offline selection

The post-stripping offline selection can be split into two stages: single-variable
requirements and multi-variate requirements. Single-variable requirements
tighten the offline stripping selection. The invariant mass of B candi-
dates is recomputed with an additional constraint to improve its resolution.
Namely, the mass of the two muon tracks is forced to the nominal J/i) mass.
The allowed invariant mass range for BY candidates is then narrowed to
(5200, 5550] MeV/c? and for K™K~ combinations to [990,1050] MeV/c?.

In the vertex fit, the B? candidate is constrained to originate from the
primary vertex. The constraint is applied in the kinematics x? fit of BY —
J/ib KT K~ decay chain, which is done by the Decay Tree Fitter algorithm [71].
Adding this primary vertex constraint on BY kinematics improves the angular
resolution. Here and further, all B? kinematics is computed with primary
vertex constraint. The primary vertices are reconstructed prior to selecting
signal candidates. As a result, the candidate daughter tracks can mistakenly
be added to the primary vertex. If this happens, the primary vertex position
is biased towards the signal candidate. To remove the bias, tracks that are
part of the selected BY candidates are removed from the primary vertices,
and primary vertices are refitted. The above primary vertex unbiasing
procedure is always applied.

Adding the primary vertex constraint to the decay time computation
introduces an edge effect close to the 0.2 ps stripping cut-off. To avoid
it, the lower boundary is shifted to 0.3 ps. The upper boundary is set to
15 ps. Candidates with a lifetime above 15 ps are prone to reconstruction
errors, like wrong primary vertex association. Including them in the sample
can bias the final fit. As the BY decay time has to be well estimated,
only candidates with estimated decay time uncertainty, see Eq. below
0.15 ps are considered for the analysis. The final single-variable selection is
summarized in Tab.

Multi-variate classifiers are powerful tools for signal-background separa-
tion. They exploit the discriminating power of multiple variables at the same
time. A gradient-boosted decision tree (BDT) machine learning technique is
used to define a multivariate classifier. BDT algorithm selects the important
data features, making it a popular tool for data categorization problems. It
combines multiple boosted decision trees, each representing a set of data
classifiers. Two samples are used for the B? — J/) K+ K~ BDT training.
First, a sample of simulated B? — J/i $(1020) events is used as a signal
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Table 4.3: Final selection, single-variable cuts for BY — J/i) K™K~ candidates.

Variable Final selection
Jhp — ptu AL (u¥) >0
pr (uF) > 500 MeV/c
2
Xvtx < 16
m(utp~) € [3016.9, 3176.9] MeV/c?
KtK—=¢ 2,4 /nDoF (K%) <5
ALk (K?F) >0
pr (KTK™) > 500 MeV/c
X\zftx < 25
m(K+tK™) € (990, 1050] MeV/c?
B) = Jfpo Xotx <20
m(JAWKTK™) € [5200, 5550]MeV /c?
t € [0.3,15] ps
ot < 0.15 ps

proxy. As a proxy for combinatorial background, real data candidates are
selected from the upper J/i) K+ K~ invariant mass side band (€ [5450, 5550)
MeV/c?). This is done because the lower mass contains B® — Jay KT~
misidentified background, see Sec. This background can mimic the
signal behavior and, therefore, bias the BDT training, which is undesirable.
Based on the discriminating power, the following data features are chosen
for training: final state particles track X?rk /ndof, neural net-based particle
identification of final state particles ProbNNf and ProbNN,,, vertex x2, of
J/p and Bg, Bg X12p> the decay chain fitter X%T r and transverse momentum
of BY and ¢, see Fig. 4.1

The cut on the output of the BDT is chosen to maximize the signal
significance in the signal mass region m j, g+x- € (5320.,5420) MeV/c2.
Separate BDTs are trained for each year, except 2015. For 2015, the 2016
BDT is used.

The event generation and the detector description are imperfect in the
LHCb simulation. The imperfections are corrected in the simulation used
for the BDT training to get the optimal classifier. Corrections are derived
from a comparison between simulation and background subtracted real data
samples or calibration real data samples.

Neural net particle identification variables are corrected using the
PIDCalib package of the URANIA framework [72]. For muons, ProbNN,
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Figure 4.1: Boosted Decistion Trees input variables for 2018. From left to right: kaon tracks
quality (x2,, (K %)), muon track quality O3 (1F)); neural net-based particle identification
ProbNN for kaons and ProbNN, for muons; vertex quality of BY (x2,, (B?)) and JAp (X2, (J/));
BY x2.; quality of decay chain fitter x% . ,; transverse momentum of BY (pr(B?)) and KTK~
combination (pr(K+TK™)).
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Figure 4.2: 2018 BDT output. Taken from [67].

is resampled from particle identification distributions from Jip — ptp~
calibration samples. For kaons, it is not enough to correct only ProbNN g, as
in later section ProbNN, and ProbNN,, of kaon tracks are used for vetoing
peaking background and these particles. Particle identification variables
are correlated; therefore, the ProbNN g, ProbNN, and ProbNN,, correction
have to account for this correlation. However, the resampling procedure de-
scribed for muons assumes no correlation between the particle identification
responses. A different form of correction, called particle identification trans-
formation, is applied for kaons. In this method, ProbNNg, ProbNN,, and
ProbNN,, are simultaneously transformed so that the cumulative distribution
function for the particle identification observable in simulation matches the
cumulative distribution function in calibration data [73]. The calibration
sample used is D** — D°(— Kr)rT. The simulated sample, used for
the particle identification transformation, already includes a correlation
between variables. This correlation is preserved during the transformation.
Particle identification transformation is the most applicable technique for
multi-variable kaons particle identification correction. The method relies
on the parametrization of the particle identification distributions in the
simulated sample.

Kinematic distributions in the simulation are corrected using multi-variate
weights to match the background subtracted real data distributions.

52



4.2. BY— Jhp KT K~ candidates selection

4.2.4 Misidentified backgrounds veto

The DLL g observable compares the kaon hypothesis to the pion hypothesis.
Requiring DLLg,(K*) > 0, about 6% of the selected kaon tracks are
expected to originate from pions, see Figld.3]
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Figure 4.3: 7 to K misidentification rates for the DLLg, > 0 cut from (blue
boxes), momentum distribution of kaon tracks in B — J/) K™K~ samples before
offline selection (grey) and expected distribution of pion tracks misidentified as
kaons(blue).

When a misidentified track is given the correct particle identification
hypothesis, the Ji) hTh~ mass shows a /18 or BY mass peak, depend-
ing on whether one of the kaons is given a proton or a pion mass. If a
pion is misidentified as a kaon, B® — J/ K**(— K*7~) candidates, de-
noted as B — Ji) KTn~, can be falsely assigned the BY — Jhy KTK~
hypothesis. After offline single and multi-variate cut selections, about 3.4%
BY— Jip KT K~ candidates come from a A) — J/iypK~ decay and about
0.5% from B® — Jhp K*7~ decay. Figure shows the Ja) KTK™ in-
variant mass distributions of simulated A) — JAypK—, BY — Jhp Kt~
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and B?— J/ KT K~ candidates. The B’ — J/ip K*7~ distribution drops
down at 5200 MeV due to the cut in m(J/¢Y K +7r_)E|, which unfortunately
is applied in the stripping-level selection of the B® — J/i K+t7n~ sam-
ple. Both AY — JAypK~ and BY — J/pKTn~ can be found under the
BY— Jhp KT K~ signal peak and thus, should be removed with care.

106 Trrtr[rrrr[rrvrr1r[rrrr1rrrr1r[1rrrr v rrr7t
. LHCDb Simulation 2015-2018 BO s JIyK*K-
10 . . 0 -
This Thesis Ap=J1upK
B — J/yK* -

10

Candidates/3.5[MeV/c?]

5200 5250 5300 5350 5400 5450 5500 5550
m(J/PK*+K-)[MeV/c?]

Figure 4.4: J/ip K™K~ invariant mass from AY — J/ppK~—, B'— Jip KTr~ and
BY— Jhp K™K~ simulated samples.

In both cases, vetoing the mass ranges around /12 or BY peaks in the cor-
rect mass spectra and applying tighter particle identification requirements re-
moves the majority of the misidentified A) — JiypK~ and BY— Jhp KTn~
decays. A candidate is excluded if one of the kaon tracks has ProbNN, > 0.7
or ProbNNg < 0.35 and |m(JRp K+tn~) — m(B°%)| < 15MeV/c? (BY —
Jp KTn~ veto); or if one of the kaon tracks has ProbNN, > 0.7 or
ProbNNg < 0.35 and |m(JappK ™) — m(AD)| < 15 MeV/c? (A) — JhbpK ~
veto). The nominal masses of BY and A are taken from .

The vetoes remove about 74% of all Ag background candidates and
76% of BY background candidates. The number of remaining background
candidates in the tight signal region m(J/p K+ K~) € (5347,5387) MeV/c?
is estimated by extrapolating the number of background candidates in the
B? mass sidebandsﬂ The background yields are estimated with the mass

2The cut is m(J/ K 7™) € (5150, 5450) MeV.
Sidebands: m(JRpKTK™) € [5387,5550) MeV/c* for B — JWK'™n~ and
m(Jhp KTK™) € [5200,5347) V [5387,5550) MeV/c? for A — JhppK ™~
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fit of m(JppK™) for AY (or m(Jsp K+tr~) for B?) in two categories: one
that passed the PID part of veto, but failed the mass criteria in the veto,
Npippass and one that failed the PID part, Nprpfqi. The number of the
remaining candidates is then,

N — NPrppasses + NPIDfail7 (4.15)

€sig

where €44 is the ratio of background candidates in the BY signal mass
range and sidebands estimated with simulated background samples; ¢ is the
ratio between Nprppass and Nprprqir- It is estimated with integrals of the
m(JppK ™) (m(Jap KTn~)) shapes over the full mass range and the vetoed
background mass window.

The number of estimated surviving /12 candidates in the signal region is
shown in Tab. The remaining /18 background is statistically subtracted

\ N o Ngo

2015 | 269.2 + 38.0 8.7+£5.8

2016 | 1488.3 £89.0 174.7 +102.6
2017 | 1330.2£79.1 250.2+65.9
2018 | 1652.1 £84.8 119.6 =82.1

Table 4.4: The number of surviving A9 and B° candidates in the B? signal mass
region after the AY veto is applied. The statistical and systematics (from mass fit
model) uncertainty added in quadrature are shown.

by injecting simulated /12 events with negative weights, computed to match
the resonant structure from the pentaquark analysis [75]. The absolute sum
of weights equals the number of estimated remaining Ag candidates.

The remaining B — J/ KT 7~ candidates, see Tab. make up only
0.100 £ 0.004% of the total selected signal candidates and are neglected in
further analysis.

4.3 Statistical background subtraction with sPlot

As seen from Fig. a predominately combinatorial background remains
in the sample after the peaking background is vetoed. To subtract the
remaining background from the sample, the sPlot method is used, [68]. It
removes surviving peaking background and combinatorial background by
giving a positive weight to the events that are more signal-like and negative
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Figure 4.5: Jip K+ K~ invariant mass, after offline selection and peaking background
vetoes are applied.

to those that are more background-like. The sPlot method disentangles
signal and background components in the observable of interest x using a
discriminating variable y, assuming that signal and background distributions
of y are known [68]. An extended likelihood fit is performed to the sample y
to obtain the yields nj for each component k and the corresponding yields
covariance matrix Vjy. In this fit, the shapes of the signal and background
components are fixed, and only the yields are varied. A sWeight W for
component j is then assigned for a candidate i based on the value of the
signal and background probability distribution functions at the discriminating

variable y; as,
Wi = 21 Vi J1 (i)
T k= e fe(wi)
where 7 is candidate’s index; y; is candidate’s value of y; fi(y) is the PDF

of k" component; n is the total number of components. For each candidate,
the sum of the sWeights for all components is 1,

(4.16)

> Wii=1. (4.17)
k=1

The sWeights for component k are normalized such that,
n
i=1
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where 7 is the total number of candidates and ny, is the yield of k** component.
The covariance V;; of the yields is,

Vie=>_ W;iWi,. (4.19)
=1

The distribution of the observable of interest x with the applied sWeight
Wi for k-th components reproduces, on average, the true distribution of
k-th components in variable x. With the true distributions for the signal
component “revealed”, it is sufficient to only describe the signal distributions
in the time and angular-dependent model as in Eq. However, compared
with the model that described the background, the signal-only model with
applied sWeights will have a bigger variance in the parameters of interest.
This is because the model with backgrounds exploits additional constraints
from the background distributions.

On top of that, applying the sWeights comes at a price of underestimated
statistical uncertainties in the time and angular-dependent fit. The covariance
matrix Vjy, in Eq. is computed with the MLE fit with only yields floating.
Therefore, the uncertainties on the parameters of the PDF fi(y) are not
included. To overcome this problem, a systematic uncertainty is assigned: the
parameters of fi(y) are varied within their uncertainties, and new sWeights
are computed. The difference between using the baseline sWeights and the
sWeights with varied PDF parameters is assigned as systematical uncertainty
in Sec.

The reconstructed invariant mass of J/i KK~ is chosen as the discrimi-
nating variable because it provides a clear separation between the signal and
the background. The mass model used to compute sWeights is described
below. The yields and probability distribution parameters estimated from
the fit are used as inputs to Eq.

Baseline mass model

Without background and mass resolution effects and neglecting the natural
width of BSEL m(up~ KK ™) would be a simple delta-peak at the invariant
mass of BY. The simplified measured mass uncertainty, see Eq. depends
on the momentum and angular uncertainties. The measured mass uncertainty
is the sum of many non-Gaussian contributions: multiple scattering, single
hit error, etc. Following the Central limit theorem, their sum is Gaussian.
Therefore, the measured invariant mass m(u*pu~ KT K™) distribution has

“about 0.0004 eV /c?
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a Gaussian-like core with a mean p at the invariant mass of B? and width
o, which is defined by the invariant mass resolution of the LHCb detector.
To improve the mass resolution on u+pu~ KK~ combinations, u = mass
is constrained to the nominal J/i) mass. Even though the core of the mass
distribution is Gaussian, the tails are defined by non-Gaussian contributions:
resolution, radiative energy loss, and multiple scattering. The non-Gaussian
resolution and multiple scattering contribute to both the left and right side
tails. The left-side tail has an additional contribution from the radiative
energy loss of the final state particles. Therefore, a double-sided Crystal
Ball distribution DCB is chosen to model BY — J/) K+ K~ invariant mass
distribution,

3
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(4.20)
where

n; 1 i |?
C. — 7 1%
! |ai’ni—1exp< 2 )

D; = \/Z <1 - erf<‘jg>> (4.21)

where the left side exponential tail is described by o, and np; and the right
side exponential tail is described by ag and ng; and i € (L, R). Together a,,
nr, ar and ng are refered to as “tail” parameters in the text. The right tail
in the DC B shape is the result of the multiple scattering. Multiple scattering
is a process of particles interacting with the material they pass through,
which slightly modifies their momenta and leads to larger uncertainty on
tracks.

The width of the DCB ¢ is set to be a function of the measured per-
event mass uncertainty o,,. Figure shows distributions of o, for the
BY— Jhp K™K~ samples of each of the four data taking years.
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Figure 4.6: Distribution of per event mass uncertainty o, in collected samples.

The Ag — J/ppK~ background is added with negative weights to the
BY — Jip Kt K~ sample as described in Sec. m The remaining two
components of background decays are BY — J/) K+ K~ and a combinatorial
background. The same model describes the invariant mass distribution
of B - JWKTK~ as B —» JWKTK~ once it is shifted by the
difference Apgo between the B and BY nominal masses. The invariant
mass distribution of combinatorial background is modeled by an exponential
function [76].

The probability of observing n events is given by,

(S px) e 2o H fi >k Mk fr (M, o i)
n! i=1 Zk M ’

p(n,m,on) = (4.22)

where n is observed number of candidates; k is the component index and is
defined as k € (sig, comb, B) for the signal, combinatorial background and
B — Jjip KT K~ background, respectively; uy is the expected number of
candidates of k" component; f(m;, Om,i) is the PDF of the kth component;
i is the candidates index. The components of the PDF are,

fsig(m7 Gm) = f(m7 My 81,82, L, N[, AR, nR|Um)p(Jm) (423)
feomb(m, om) = ve~ """ p(0m) (4.24)
feo(m,om) = f(m;u — Appgo, si, 82, arn,np, Ar, NR|om)p(om) (4.25)
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Chapter 4. Measurement of the CP-violating phase ¢

where f is defined in 7 is a combinatorial background exponent; p(o,,)
is the PDF for the per-event estimated uncertainty on the invariant mass
of the candidate. The p(o,,) is assumed to be the same for signal and
background. Since p(o,,) is a multiplicative term in the total likelihood, it
does not affect the likelihood minimization and, therefore, can be ignored.

Mass shape dependence on cos 8, described by o, as proxy

The invariant mass resolution of reconstructed resonances in LHCb de-
pends on the daughter tracks momenta and opening angles. For the decay
BY — Ji KT K™, this leads to a correlation between the shape of the
invariant mass distribution and the decay angle cosf,. This correlation
was observed in [48], [30] and was found to introduce a significant bias on
the parameters of interests. The per-event estimated uncertainty for the
mass o,,, see Eq. can be used as an approximation for the invariant
mass resolution. In Figure [4.7(a) the two-dimensional distribution of oy,
and cos 0, is shown. If the underlying dependence is ignored, background
subtraction with sPlot does not yield the correct B — Jip K+ K~ signal
distribution of the observables of interest, which results in a non-negligible
bias in the parameters of interests.

To include these correlation effects, the width of the double Crystal Ball is
parametrized in terms of o,,. The parameterization model is taken from the
BY— Jjp KTK~ simulation, but the parameters are left free. Figure (b)
shows the results of the simulation fit with the double Crystal Ball function,
which width is parameterized by a second-order polynomial in the form
1+ 0m + 89 - 02, (a baseline). The projected data points are computed by
fitting the simulated sample in bins of o; with a double Crystal Ball. In
each o, bin, the width of Crystal Ball is a single parameter, which is shown
on the y-axis. The tail parameters o g and ny, g of the double Crystal Ball
in the binned fit are fixed to the result of the full fit. For the higher oy,
bins, the quadratic parameterization starts to deviate from the width of
the double Crystal Ball obtained in bins of o,,. Therefore for a subset of
candidates with large o, the second-order polynomial parametrization is
sub-optimal. Therefore, alternative parametrizations and their influence on
the parameters of interest are explored in Sec.

Figure 4.8 shows distributions of parameters that describe DCB width
for two mass models fitted to the B?— J/ KT K~ sample collected in 2018.
The first model is defined in Eq. with the baseline second-order
polynomial DC' B width parameterization defined by the coefficients s; and
s2. The second model does not depend on o, and directly fits the o of DCB.
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Figure 4.7: Candidate’s mass uncertainty o,, per muons helicity angle cos6, (a);

b

The baseline double Crystal Ball width parametrization model projected over the
Crystal Ball width in bins of oy (b)

The fit was performed in bins of K™K~ mass and three bins of cosf,. As
can be seen, in Fig. @ the DCB width o varies depending on the cos 6,
bins. However, the polynomial coefficients s; and ss only fluctuate within
uncertainties, remaining almost constant in the three cos 6, bins. Therefore,
the second-order polynomial correctly describes the mass shape correlation
with cos 6, within uncertainties.

The parameters s; and sy are referred to as “width” parameters in the
text.

Fitting procedure and results

The tails of the mass distribution differ per the KK~ mass bin, which
motivated a split of the sample into KK~ mass bins. Due to the changes
in the momentum trigger selection criteria and detector response with time,
the mass shape can differ slightly from year to year. Therefore, the sample
is split into four data-taking years: 2015, 2016, 2017, and 2018. Biased and
unbiased trigger categories have different muon tracks transverse momentum
requirements and are treated separately in the mass fit. The mass fit is done
in 48 bins: six K™K~ mass bins, biased and unbiased trigger categories,
and four years 2015-2018.

The signal DC'B shape is taken from the signal simulation for each bin.
Ideally, the simulation should contain only the real signal candidates but also
the combinatorial background candidates. The combinatorial background
candidates are built from a mix of tracks generated from signal and non-
signal events. Such candidates are explicitly excluded from the simulation
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Figure 4.8: Dependence of the parameters that describe the width of Double Crystal
Ball function on the K+ K~ mass and cos,,. Top row: plots show s1, s2, which are
coefficients of the second-order polynomial in They describe the dependence
of the DC'B width on the per event mass uncertainty o,,. Bottom row: plot shows
the fitted o parameters of the DCB if the per-event estimated mass uncertainty is
not used.

sample when determining the signal shape.

The mass resolution description in the simulation differs from the real
detector mass resolution, so width parameters are refitted in the real data
sample. The real data sample also refits the mean g of DCB. The tail
parameters are taken directly from the signal simulation mass shape. Figure
shows the total mass fit distributions for four years. The total number
of signal and background events is shown in Tab.

The sWeights for all three components are shown in Fig. for 2018.
The spread of the sWeights is a consequence of dependence on the measured
per-event mass uncertainty; see Fig. [£.12]
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4.3. Statistical background subtraction with sPlot

year ‘ signal background
2015 | 16208 £134 9382+ 114
2016 | 103234 £ 342 67156 £ 305
2017 | 105177 £ 355 57662 £ 288
2018 | 123703 +£414 63030 £ 394

Table 4.5: The total number of signal and background events per year from the
background subtraction procedure. Background combines both combinatorial and

B — Jhp KT K~ background.
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Figure 4.9: Fits to invariant mass of Jfp KT K~ for 2015-2018 years. The signal
double-sided Crystal Ball is shown in red, B% peak is shown in black, the combina-
torial background exponent is in green, and the total shape is in blue.
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Figure 4.10: sWeights for B? — J/i K+TK~ (blue), combinatorial background
(green) and B®— J/ip K+ K~ (violet). Shown for the unbiased trigger category and
m(K+K~) € [1016,1020) MeV/c2.

4.3.1 Baseline mass model limitations

The baseline mass model, described by Eq. assumes the shape of
the per-event mass uncertainty distribution is the same for the back-
ground and the signal. Fig. [{.I1] depicts oy, distribution in signal re-
gion (m(JAK+TK~) € [5300,5440) MeV/c?) and background sidebands
(m(Jhp KT K~) € [5200,5300) V [5440, 5550) MeV/c?).

The mass resolution depends on momentum and, therefore, o, de-
pends on the measured m(Jip KK ™). In Fig. the average oy, in
BY — Jjp KT K~ simulation sample is plotted in bins of reconstructed
m(Jp KTK™). In the sidebands, the mass uncertainty grows with mass
value. However, in the signal region, the average mass uncertainty is smaller.

In conclusion, the signal and background o, distributions differ. Thus,
the assumption on which Eq. is based is not fully satisfied.

To check the effect of this assumption, the mass fit is performed in bins
of o,,. In each bin, the width of signal DCB is not conditional but just
one parameter ¢. This parameter describes the width of both signal and
background mass uncertainty distributions.
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Chapter 4. Measurement of the CP-violating phase ¢

Mass fit in bins of o,

For the mass fit in bins of o,,, the fit is performed simultaneously in
six bins of KK~ mass and eight bins of o,,. The bins of o, are cho-
sen such that the sample of simulated B — J/i) K+ K~ candidates pop-
ulates each bin equally. The resulting bin boundaries are found to be
[0,4.84,5.41,5.90, 6.52, 24] MeV/c2.

The mass model in 0, and K*K~ mass bins is taken Eq.
but the width of signal DCB is defined as one parameter ¢ and not as a
polynomial of ,,. The mass model in each bin j is,

()™ e” I H ok Mk fr(mg)

P (N,m) = : 4.26
( ) nd! i=1 Zk 20" ( )
Tig(m) = f(ms i 07 ol n], oy, my) (4.27)
Flpp(m) =77 (4.28)
éo(m) = f(m;p! — AuBo,aj,ai,ni,a%,n{{), (4.29)

where n/ is number of candidates in bin j; i is candidate index; k is component
index and k € (sig,comb, B?); f is defined in Eq.
The fit is done in two steps:

1. The signal shape is fitted to the BY — J/ K+ K~ simulation sample
in bins of o, and m(KTK™).

2. The model from Eq. is fitted to the BY — J/iy K™K~ data sample.
The tail parameters of the DCB shape in Eq. are taken from the
simulation results.

In Fig. the combined mass distributions are shown for the four
data-taking years.

The total number of signal events in 2015, 2016, 2017, and 2018 is shown
in Tab. The statistics of the sample effectively change, as can be seen
when comparing Tab. [£.6) and Tab. The correlations between the two
sets of the sWeights is computed with Eq. and is shown in Tab.

It is expected that the estimated parameter of interest will change if
the sWeights change. The effect on the parameters of interest, defined in
Sec. of using a mass fit in bins of o,,, rather than conditional, is within
the systematic uncertainties of the baseline method, Sec. 1.7, The most
significant difference is in I'y — 'y and |Ap|, about the size of statistical
uncertainty. For I's — 'y, the systematic uncertainty is the size of statistical
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Figure 4.13: The invariant mass fits of Jiy K™K~ for 2015-2018 years, that was
performed in 8 bins of ¢,,. The model is described in Eq.

year signal background ‘ Psig

2015 | 16270+135 9320+ 113 | 0.29
2016 | 103651 £ 371 66736 =335 | 0.38
2017 | 105579 £ 344 57257 £ 279 | 0.37
2018 | 124052 £ 573 62679 £ 540 | 0.37

Table 4.6: The total number of signal and background events per year from the back-
ground subtraction procedure in bins of measured mass uncertainty. Background
combines both combinatorial and B® — J/) K+ K~ background. The last column
shows the correlation ps;4 (Eq. between signal sWeights from the background
subtraction procedure in bins of measured mass uncertainty and baseline signal
sWeights.
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Chapter 4. Measurement of the CP-violating phase ¢

uncertainty, and for |Ag|, the systematic uncertainty is twice as large as the
statistical one. This fit was repeated in five and ten bins of o,,, and the
above conclusion does not change.

This analysis was done with other collaborators, and it was decided
to keep the baseline mass fit in “Improved measurement of C'P violation
parameters in B? — J/¢ K+ K~ decays in the vicinity of the ¢(1020) res-
onance”, [63], as the difference is covered by the systematic. For future
reference, this thesis’s author believes this approach is more justified than
the current baseline mass fit. In the following chapters, the baseline mass fit
is assumed by default.

4.3.2 Better than a fit in o, bins?

A logical continuation of the mass fit in bins of o, is a full two-dimensional
mass and mass-uncertainty fit. This fit would provide a smooth solution
compared to the two-dimensional fit. However, the complication of such fit
is understanding the shape for combinatorial background o, distribution.
In Appendix a study of the two-dimensional fit is presented. Due to the
unresolved issues with the combinatorial background o, distribution, it is
only presented as a “first step” study to what can become a full description
in the further iterations of this analysis.

4.3.3 sPlot procedure limitations

The sPlot procedure assumes that discriminating variables and the observ-
ables of interest are uncorrelated; see Sec. However, a small correlation
of mass and mass uncertainty with the final observables exists, as can be
seen from Fig. and Fig. Figure shows the correlation matrix,
which assumes linear dependence between variables. Figure shows
the coefficient of determination (or r? score) for the quadratic model. The
coefficient of determination measures the predictability of variable y from

variable z,
2 Sy — f(:))?
S TRy (4.30)

(2
where i is the index of the data entry; f is the predicted dependence; (y)
is average value of y. It ranges from zero to one, where zero means no
predictability power, and one means the variable is perfectly predictable.
Properly treating these correlations between mass and final observables
requires computing sWeights in bins of the final observables. However, in
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LHCb Simulation BY - J/yK*K~ 2018 (13 TeV)
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Figure 4.14: Correlation matrix between m(J/i) K*K~) ,0,, and final observables
t, cosf,, cosfk and ¢. Computed for the simulated BY— Jhp K* K~ sample. The
smallness of correlations between o,,, and cos(6,,) is due to the quadratic dependence
between them, which can be seen from Fig. and Fig.

LHCb Simulation B - J/yK*K~ 2018 (13 TeV)
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Figure 4.15: The coefficient of determination matrix coefficient of determination
(r? score) for the quadratic model. Computed for the simulated B — J/p K+ K~
sample.

comparison to the baseline method, this approach would increase the final
statistical uncertainty.

Another way is including the mass distribution as an additional variable
to the time-dependent angular maximum likelihood fit. This requires having
a defined multidimensional model in mass, time, and angles, which is non-
trivial but possible.

A novel approach is a more generalized sPlot procedure, called Custom
Orthogonal Weights, proposed by Dembinski et al. . According to this
paper, this technique could correctly treat the correlations mentioned above
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Chapter 4. Measurement of the CP-violating phase ¢

within the sPlot procedure. This statement was not checked as a part of
this thesis but should be examined in future measurements.

For the baseline mass fit, the effect of ignoring correlations is estimated
as a part of systematics studies, described in Sec.

4.4 Flavour tagging

The BY— Jap KT K~ and BY— Jjip K™K~ decay rates, where BY and BY
are the initial flavours of the B-meson, differ by a sign in front of cos(Amt)
and sin(Amst). The amplitude of the sin(Amst) term is proportional either
to sin(¢s) or cos(¢s), depending on the polarization. Thus, if the initial
flavour of B-meson is unknown, these terms cancel out, and the sensitivity
to ¢ drops drasticallyﬂ

In p — p collisions, b-quarks are mostly produced as b-b pairs. The flavour
of a signal quark bsi4 from the b — b pair can be deduced from the flavour of
the second b-quark in the pair, the tag biqq |31]. Flavour tagging algorithms
that use the other b-quark from the b — b pair to tag the signal b-quark are
collectively known as opposite-side (0S) taggers [32], [33]. The flavour of by,
is determined from secondary vertex charge and the charge of a lepton (y, e)
from a semileptonic B-decay or a kaon from the b — ¢ — s transition. This
gives a name to the tagging algorithms used in this analysis: 0S vertex
charge, 0SCharm, 0SMuon, 0SElectron, 0SKaon [32], [33]. Their output is a
continuous variable between -1 and 1, known as “signed dilution” ¢D,

gD =q(1 —2n) €[-1,1], (4.31)

where 7 is the probability of the tagging algorithm to be wrong, known
as “mistag” probability. The mistag probability has a range [0,0.5], where
untagged candidates will have n = 0.5. The signed dilution is later separated
into two variables: a tag ¢ and the mistag probability. The tag ¢ can take
three values, +1 for BY, —1 for BY or 0 if the tagging algorithm did not tag
the candidate. In Fig. the 08 taggers are shown in the bottom half
of the schematics. The 0S vertex charge, 0SCharm, 0SMuon, OSElectron,
0SKaon are combined into one 0S tag, following combination procedure
described in [32].

Another type of flavour tagging algorithm is known as same-side algo-
rithms. The same-side algorithms exploit the particles, generated by the

5The mixing phase ¢, also enters in front of some of the cosh terms in the decay rate,
see Tab. Therefore, some sensitivity ¢, to remains even without knowing the initial
flavour.
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Figure 4.16: A scheme of flavour tagging algorithms from used in the B? —
J/p KT K~ analysis. The signal b is shown in the top part. The same-side tagging
algorithms are shown on the top too. The bottom half shows the opposite-side
flavour tagging algorithms. The tikz version of this plot is taken from and was
modified to represent BY decays.

hadronization of the partner quark of the light quark in BY, which was
produced during with by, hadronization. For BY, the light quark is an s
quark, and its partner quark s, has about 50% chance to hadronize as a
charged kaon [30]. The charge of this kaon is then used to deduce the flavour
of BY. The corresponding tag is called SSKaon . It is shown schematically
in Fig.

Flavour tagging algorithms are based on a multivariate classifier that
takes the kinematics and topological properties of the candidates as inputs.
The algorithms are trained on specially selected samples. The 0S taggers
are trained on the BT — Ji) KT data sample and SS taggers on simulated
samples. If both tags are present for a candidate, their values are combined,
considering the associated mistag probabilities.
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4.4.1 Calibration of mistag probability w

The efficiency of the flavour tagging algorithm depends on the signal decay
and its selection. Therefore, the mistag probability is recalibrated to the
true mistag probability w to reflect the BY — J/ip KT K~ decays selected
for this analysis. The calibration is done separately for SS tagger on BY —
D_ 7 decays and for 0S tagger on BT — J/i) KT decays. The true mistag
probability w for number of rightly tagged candidates R and wrongly tagged

candidates W is,
W

T WHR
For both taggers the linear dependence between measured mistag 1 and true
mistag w is assumed,

w (4.32)

o= (po+ 2+ (m+ ) =) for B (439)
o= (b= )+ (- ) -t B (430

where w is true mistag for B? and @ is true mistag for BY; (n) is an average
measured 7 in the calibration sample; pg 1 are calibration parameters and
App,1 are mistag asymmetries. The mistag asymmetries Apg 1 account for a
difference between w for B? and BY.

The calibrated mistag probabilities then enter Eq. instead of mea-
sured mistag probability 7.

Calibration of SS tagger

The SS tagger has to be calibrated on a sample that contains information
about BY hadronization. By construction, it thus has to be a B decay.
Therefore, the SS tagger calibrated on a B? — D; 7t sample collected in
Run 2. Tt is a flavour-specific decay, as the charges of 71 and Dj identify the
flavour of BY. But, as BY oscillates to BY, only the flavour tag at the decay is
known from the charge of the daughter particles. The decay time probability
distribution for BY, including decay time acceptance and resolution effects,
is given by,

P(to) = e(t) [D(t) @ Gt —£'|6)] | (4.35)
D(t) = e~ [cosh At /2. 4 g™ (1 — 2w(n)) cos Am,] (4.36)

where £(t) is decay time acceptance; G(t — t'|6;) is Gaussian-like decay time
resolution; ¢ is the decay time of B? — D 7 t; §; is per event decay time
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4.4. Flavour tagging

miX j5 1 if the BY has not changed flavour from its initial
flavour, and —1 if it did. The true mistag w(n) can be estimated from the
maximum likelihood fit of Eq. to BY — D;m" decay time. The fit is
described in detail in [67].

Figure shows the SS combined tagger calibration for 2015-2016, 2017

and 2018 data taking years.

uncertainty; q

1) 1%2]
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Figure 4.17: SS combination tagger calibration for 2015-2016, 2017, 2018 data taking
years. In grey, the effective statistical power w;D? = w;(1 — 27;) is shown, where
w is the sWeight and 7 is the mistag probability for BY — J/ K+ K~ candidates.
Calibrations taken from [67].

Calibration of 0S combined tagger

The 0S combined tagger is calibrated on a reweighted BT — J/i KT sample
collected in 2015-2018 data taking years. The BT — Jip K+ sample is
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Chapter 4. Measurement of the CP-violating phase ¢

background subtracted with sPlot procedure and is kinematically reweighted
to represent background-subtracted B — J/i) KT K~ sample. The details
are discussed in [63]. BT — JA) KT is a self-tagged decay: the kaon charge
defines the flavour of BT. Therefore, the number of correctly and incorrectly
tagged candidates can be counted directly. Figure[£.1§shows the 0S combined
tagger calibration for 2015-2016, 2017 and 2018 data taking years.

wv wv
505 LHCb B* - J/yk* 2015 - 2016 S 05 LHCb B* - J/wk* 2017

w,D?

w,D?
0.4 —— calibration

— calibration

03 03
02 02F
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1 1 1 1 1 1 1 1
0-%.0 0.1 0.2 0.3 0.4 0.5 0'%.0 0.1 0.2 0.3 0.4 0.5
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(a) 0S 2015 - 2016 (b) 0S 2017
3
3057 LHCb B* - J/gk* 2018
w,D?
0.4 Ccalibration
0.3
'
02 LHCDb internal
0.1
1 1 1 1
04%.0 0.1 0.2 0.3 0.4 0.5

(o1

(c) 0s 2018

Figure 4.18: 0S combination tagger calibration for 2015-2016, 2017, 2018 data taking
years. In grey, the effective statistical power w;D? = w;(1 — 2n;) is shown, where
w is the sWeight and 7 is the mistag probability for B — J/) K™K~ candidates.
Calibrations taken from [67].

Calibration parameters for the 0S and SS taggers are summarized in

Tab. A7
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4.4. Flavour tagging

Parameter 2015 + 2016 0S8 2015 + 2016 SS

(n) 0.3546 0.4239

Do 0.3831 £+ 0.0007 4 0.0009  0.4459 + 0.0051 £ 0.0026
p1 0.8518 £ 0.0062 4+ 0.0163  0.7357 £ 0.0608 £ 0.0235
p(po,p1) 0.120 -0.064

Apg 0.0092 + 0.0013 —0.0164 £ 0.0009
Apq 0.0141 £ 0.0119 0.0277 + 0.0089
p(Apo, Ap1) 0.119 0.117
Parameter 2017 08 2017 Ss

(n) 0.3546 0.4239

Do 0.3821 £ 0.0007 4 0.0006  0.4387 £ 0.0048 4 0.0016
D1 0.8297 £ 0.0065 +0.0122 0.6382 £ 0.0574 4+ 0.0414
p(po, 1) 0.139 0.049

Apg 0.0123 £ 0.0014 —0.0158 £ 0.0008
Apy 0.0510 £ 0.0135 0.0143 + 0.0083
p(Apo, Ap1) 0.137 0.128
Parameter 2018 0S 2018 SS

(n) 0.3546 0.4239

Do 0.3832 £ 0.0006 4= 0.0009 0.4431 =+ 0.0050 £ 0.0021
P 0.8406 + 0.0059 4 0.0079  0.7321 + 0.0594 + 0.0361
p(po, 1) 0.136 0.057

Apo 0.0114 +0.0013 —0.0158 £ 0.0007
Apq 0.0133 £0.0118 0.0229 + 0.0077
p(Apo, Apy) 0.135 0.111

Table 4.7: 0S and SS calibration parameters for B — JipKTK~. The first
uncertainty is statistical, and the second uncertainty is systematic. Taken from [67].

4.4.2 Performance of flavour tagging algorithms

The tagging performance can be quantified with the tagging power eng?ag.
The factor Dy,y = (1 — 2w) is the dilution factor from the imperfect flavour
tagging, and €444 is the fraction of tagged signal candidates in the sample.
The tagging power encapsulates the effective reduction of the statistical
power of measurement due to the imperfect tagging. In Tab. tagging

dilution and tagging power are reported for B — Jay K+ K.
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Chapter 4. Measurement of the CP-violating phase ¢

2015 - 2016 €ag(%) D7, €1agDiy (%)

exclusive 08 11.34 0.0776 0.88 +£0.01
exclusive SS 42,58 0.0278 0.97+0.14

0S N Ss 23.93 0.0974 2.33+0.06
total 77.85 0.0495 4.18+0.15
2017 575(19(%) Dt2ag EtagD?ag(%)

exclusive 0S 11.11 0.0792 0.88 +£0.01
exclusive SS 43.16 0.0218 0.94+0.14

0S N Ss 24.45 0.0982 2.40 £ 0.07
total 78.67 0.0536 4.22+0.16
2018 Em!}(%) Dt2ag EtathQag(%)

exclusive 0S  11.17  0.0814 0.91 £0.01
exclusive 88 4296 0.0235 1.01+0.14
0S N SS 24.80 0.0987 2.45+0.07
total 78.93 0.0552 4.36 +0.16

Table 4.8: BY — Jip KT K~ tagging performance in 2015-2016, 2017 and 2018 data
taking years.Taken from [67].

4.5 Acceptance and resolution

The finite detector resolution, detector acceptance, and selection criteria
affect the physical time- and angular-dependent decay rate. Therefore, to
correctly describe the measured decay rate, those effects have to be included.

In Fig. the decay time projection of the decay rate for both initial
BY and BY is shown in the range t € (—0.1,5.) ps with perfect decay time
resolution, no decay time acceptance effects, and no angular acceptance
effects. To illustrate the influence of decay time resolution, decay time
acceptance, and angular acceptance, all three are modeled and applied to
the distributions shown in Fig. |4.19

The finite decay time resolution of the LHCb detector originates from the
limited precision of the detector on the measured observables, like momentum
and vertices positions. It smears the measured values of decay time. As a
result, the values of ¢s phase and BY-BY oscillation frequency, Amy, are
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4.5. Acceptance and resolution

affected [l To the first order, this is a dilution effect. Tt can be described
by a Gaussian resolution function R(t) with width o. Its dilution Dy, is
then [29],

Dy, = e~37°8ms’, (4.37)
The decay time resolution is modeled as a Gaussian function centered at
zero with 45 fs width. It is then convoluted with distribution on Fig.
The result is shown in Fig. [£.20] Because of the finite resolution, negative
decay times appear, and the distribution gets damped.
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Figure 4.19: Decay time projection of decay rate PDF for initial B, flavour, T

and BY, %}‘538‘) in the range ¢ € (—0.1,5.) ps. Parameter values used are described
in Appendix[A-2] No resolution or acceptance effects are applied. The normalization
is done for ¢ € (0.3,15) ps as in the analysis. Note that the steep drop near 0 is the
consequence of plotting numpy [82] Heaviside step function.

The angular resolution of the detector is about 10 mrad [83], which is
small to the physical variations in the angular distributions. Therefore, the
angular resolution is ignored in the analysis. The bias in the final parameters
from ignoring the angular resolution is assigned as systematic uncertainty.

The trigger level selection requirements are split into two categories:
unbiased and biased, as described in Sec. The biased category has a
displacement requirement that results in the measured decay time inefficien-
cies and, therefore, a non-trivial decay time acceptance shape. The unbiased

5In the dedicated measurements of Am, with B — Dy 7t decays, the decay time
resolution is one of the main sources of systematic uncertainties [81].
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Figure 4.20: Decay time projection of decay rate PDF for initial BY flavour, dN(;lBs)

— no
and BY, % in the range t € (—0.1,5.) ps. The dashed lines show the decay
rate before the decay time resolution is applied. The solid lines show the decay rate
after the decay time resolution is applied. The decay time resolution is shown in

Fig.

category is almost free of any biases and has an almost uniform decay time
acceptance. Here the decay time acceptance is modeled with a e(t) = 1—e =P
function with 3 = 2 ps~!. It is then applied to the distributions in Fig.
which is shown in Fig. [£.21]

The geometrical acceptance of the LHCb detector, kinematic selection
criteria, hit resolution, etc. lead to a non-uniform efficiency in the measured
helicity angles. If uncovered, the angular acceptance biases the relative
fractions of the polarised amplitudes. To illustrate this, the angular accep-
tance is modeled as a combination of Legendre polynomials P;(cosfx) and
spherical harmonics Y,,;(6,, ¢) as

() = Z i Pi(cos 0k ) Yot (0,0, ). (4.38)
i,l,m

Appendix specifies the terms and parameters used for the illustration.
In Fig. the distortion from an example angular acceptance is shown
with respect to the distribution with perfect angular acceptance.
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Figure 4.21: Decay time projection of decay rate PDF for initial BY flavour, dN(;LBs)

B0 dAN(HBY) . _ .
and B, 7 in the range t € (—0.2,5.) ps. The dashed lines show the decay

rate before the decay time acceptance is applied. The solid lines show the decay
rate after the decay time acceptance is applied. The decay time acceptance is shown

in Fig.

4.5.1 Decay time resolution

The decay time resolution of LHCb is small in comparison to 1/I's. Therefore,
it mainly affects the oscillation terms of the physical PDF, and the influence
on lifetimes is assumed to be negligible. For the small in comparison to 1/Ts
the decay time resolution and under the assumption that ATy = 0 ps~!, the
observed BY PDF for one CP-eigenstate can be approximated as,

PO () & Tye TP H(t) (1 4+ Dy [—C cos(Amgt) + Ssin(Amgt)])  (4.39)

where H(t) is the Heaviside function; Dy, is the damping factor, called
dilution. The factor Dy, is a multiplicative factor in front of S ~ sin(¢s).
Therefore, decoupling the decay time resolution in the amplitude is necessary
to determine the value of ¢,.

In the full observed PDF, the decay time resolution is described by a
convolution of the physical PDF with a Gaussian. The Gaussian width
effectively describes the dilution of the sample and depends on the measured
decay time uncertainty.

The decay time resolution procedure can be summarized in the following
steps:
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Figure 4.22: (a) The cosf,, projections of decay rate PDF for B? and B?. Shown
in black-green with perfect angular acceptance effects and in blue-red with angular
acceptance from Eq. (b) The cos 0 projections of decay rate PDF for BY and
BY. Shown in black-green with perfect angular acceptance effects and in blue-red
with angular acceptance from Eq. (c) The ¢, projections of decay rate PDF
for B and BY. Shown in black-green with perfect angular acceptance effects and
in blue-red with angular acceptance from Eq.

1. The true resolution is estimated in the bins of measured decay time
uncertainty o; from the control sample.

2. Using the simulated samples, the true resolution is corrected to repre-
sent the signal sample.

3. The measured decay time uncertainty is calibrated with respect to the
estimated true resolution.
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4.5. Acceptance and resolution

4. The decay time resolution is described with a single Gaussian function
in the final decay time angular PDF, where the Gaussian width depends
on the calibrated measured decay time uncertainty.

The following sections discuss the details of these steps, starting with the
selection of the control sample.

Selection for the decay time resolution control sample

The decay time resolution is estimated from the data. The measured decay
time of prompt J/ib KT K~ candidates from the inclusive J/ip KK~ sample
is used as a proxy for decay time resolution shape. The prompt J/p KTK~
candidates are combinations of J/1) — pu* ™ produced in the primary vertex
with two random kaon tracks. The selection criteria for inclusive J/i KK~
sample are identical to those applied to B — J/i K+ K~ decays, as described
in Tab. The only exception is the absence of the displacement. This
significantly increases the combinatoric background of the sample. As a
result, selected inclusive J/iy K™K~ candidates are dominated by prompt
decays, which have zero true decay time (tyye = Ops). However, about
5 —10% of the sample is contaminated by a long-lived background. Part
of this background is real BY — J/i) KT K~ decays, and part is a random
combination of tracks originating from the long(er)-lived particles with
prompt ones. This long-lived background affects the extraction of the
resolution function from the sample, as its distributions can be interpreted
as resolution effects. Therefore, the long-lived background must be treated.

Origins of decay time resolution

In LHCb, the decay time is measured from the momentum p of the particle
and decay length: ~
o mbp (4.40)
p[?
where the L is decay length defined in Eq. P is momentum; m is mass
of a particle.

The daughter tracks of the BY decays are known with finite precision.
This then results in the finite precision on the vertex position and kinematics
of a particle. Both contribute to the finite decay time resolution, where
the vertex position precision is the most important effect, followed by the
precision of the momentum of a particle. A priori, the true decay time
resolution is not known, but the uncertainty on the measured decay time
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can be estimated by propagating the estimated uncertainties on the distance
between primary and decay vertices o, (decay length) and momentum oy,

ol ~ (7;)20% + (;)20§ + corr. (4.41)

The measured decay time uncertainty oy is not guaranteed to be the true
decay time resolution. Therefore, the true decay time resolution has to
be estimated separately. The measured decay time uncertainty is then
calibrated to the true decay time resolution in the bins of oy.

The momentum resolution in LHCb is dp/p ~ 0.005 for particles with
p < 20 GeV/c and 0.008 for particles with p ~ 100 GeV/c [25]. The
contribution to the decay time uncertainty from the term proportional to
op is very small. Therefore, the decay time uncertainty is assumed to be
time-independent and defined by the first term. This term is evaluated
on the inclusive J/i K+ K~ sample, which represents the time-independent,
or “prompt” term. However, Fig. shows that, in reality, a decay time
dependence is present for a small number of BY — Ji) K+ K~ candidates.
This effect is not prominent in the simulated sample and is still linear
within the statistical uncertainties. The real data sample has even bigger
uncertainty, as its size is a magnitude smaller than the simulated signal
sample. It is expected that for this analysis, the decay time dependence of
the time resolution can be safely ignored.

LHCD Simulation B2 - J/yK*K~ 2018 (13 TeV)

scaled trye, %

L HH

20

Ot [f5]

10

oL 1 1 1 I I I
0.0 2.5 5.0 7.5 10.0 12.5 15.0

true [ps]

Figure 4.23: Decay time dependence of the measured per event decay time uncer-
tainty in the 2018 simulated B? — J/i K+ K~ sample.
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Decay time resolution estimation

The observed PDF P°%(t) is a convolution of the physics PDF with the
resolution function,

Pobs () = /_ T R( 1) PP H(E) (4.42)

where R(t;t') is the resolution response function. The decay time resolution
function R(t;t') in the decay time angular fit is a Gaussian centered at zero
with width dependent on the calibrated measured decay time uncertainty. If
the decay time resolution is Gaussian, the resolution model can be extracted
from a fit to the control sample. However, the non-Gaussian effects were
observed in the decay time resolution control sample in the previous measure-
ment [49]. The cause of these effects is the misassociation between the decay
vertex and the primary vertex. Luckily, to measure ¢4, mainly the dilution
factor the resolution generates is important; see Eq. Therefore, the
aim is to estimate the effective dilution from the control sample rather than
the exact decay time resolution shape. The effective dilution is then used
to compute the Gaussian width for the resolution model in the decay time
angular fit; see Eq. The resolution model in the decay time angular fit
is then guaranteed to correctly represent the effective dilution.

The effective dilution Dy, is estimated using the control sample. Fig-
ureshows the decay time distribution of the inclusive J/p K+ K~ sample.
The negative reconstructed decay time originates from the decay time resolu-
tion, whereas the positive reconstructed decay times are a mix of resolution
effects and real decays. Under the assumptions that the decay time resolu-
tion function R(t;t) is time-invariant and symmetric around the mean, the
left-tail of Fig. can be used as a proxy for the decay time resolution.
The distribution in Fig. is centered roughly but not exactly at ¢ = 0 ps.
The tiny shift is known as decay time bias and is introduced in the next
section. Here, the decay time distribution of the control sample is shifted
to be centered at ¢ = 0 ps and, in such a way, is separated from the decay
time bias discussion.

Under the same assumptions as Eq. the convolution integral in

Eq. becomes,
P(1) ~ T OH(n)[1 - C / A R(t — 1) cos(Amit!)

+ S / dUR(t — ) sin(Amt)].  (4.43)
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LHCDb inclusive J/yK*K~ 2.1fb~1,2018 (13 TeV)
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Figure 4.24: Decay time distribution of the inclusive J/p K¥ K~ control sample,
collected in 2018.

Using the fact that sin(¢) is asymmetric, while R(¢) and cos(t) are symmetric,
one finds,

/_ T A R(t— 1) sin(Amat’) = sin(Ama(?)) /_ Tt R() cos(Amat).
- - (4.44)

The integral in front of the sin(Amt) is denoted as dilution Dy,
[e.o]
Dy, E/ dt’ R(t') cos(Amst'). (4.45)
—0o0

The same expression for the dilution is obtained when repeating this exercise
for a cos(Amst') term. The dilution integral is evaluated numerically from
the negative decay time distribution of the inclusive Jjp K™K~ control
sample, as
1 n
Dy = - z:cos(AmS (t;)), for t; <0, (4.46)
i=1
where i is the index of a candidate in the control sample; n is the number
of candidates in the control sample; ¢; is the reconstructed decay time of a
candidate in the control sample.

As was mentioned above, the benefit of using Eq. rather than using
the decay time resolution fit method from the previous analysis [49], is
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oy €

2015
Dtr

2016
Dtr

2017
Dtr

2018
Dtr

0.01,0.021] ps

0.8487 £ 0.0035

0.8767 £ 0.0028
0.8423 +0.0014

0.8920 £ 0.0029
0.8583 £ 0.0014

0.8911 £ 0.0029
0.8660 £ 0.0013

0.021,0.026] ps
0.026,0.032] ps

0.8030 £ 0.0024

0.8019 £ 0.0009

0.8261 £ 0.0008

0.8307 £ 0.0007

0.032,0.038] ps

0.7513 & 0.0021

0.7542 4 0.0008

0.7766 &= 0.0007

0.7815 £ 0.0006

0.7033 £ 0.0023

0.7042 £ 0.0008

0.7257 £ 0.0007

0.7307 £ 0.0007

0.6551 £ 0.0031

0.6590 4 0.0011

0.6695 £ 0.0010

0.6816 £ 0.0010

0.049, 0.054] ps

0.6276 £ 0.0040

0.6136 = 0.0014

0.6256 & 0.0014

0.6254 £ 0.0014

0.054,0.059] ps

0.5627 £ 0.0057

0.5663 £ 0.0020

0.5705 £ 0.0021

0.5738 £ 0.0020

(
( ]
( ]
( ]
(0.038,0.044] ps
(0.044,0.049] ps
( ]
( ]
( ]

)

0.059,0.064] ps
(0.064,0.008) ps

0.5233 £+ 0.0027
0.4377 4+ 0.0029

0.5141 4+ 0.0031
0.4374 £ 0.0034

0.5202 £ 0.0030

0.4782 £ 0.0058 0.4464 £ 0.0033

Table 4.9: Dilution of inclusive J/i) K™K~ sample collected in 2015-2018.

that the estimated dilution incorporates the non-Gaussian resolution effects.
However, this method only describes the dilution of the oscillation terms in
the PDF, see Eq. The exact impact of the non-Gaussian tails on the
measured lifetimes is ignored. This impact is described in Lifetime bias
from decay time resolution paragraph of Sec.

Decay time resolution of the inclusive J/) KK~ sample

The estimated dilutions from the inclusive J/) KK~ sample can be found
in Tab. for different bins of per-event decay time uncertainty. They are
computed with Eq.

First, these dilutions are corrected for the long-lived background contam-
ination of the inclusive J/) K+ K™~ sample.

Long-lived background correction in inclusive J/ip KT K~

The equation is valid under the assumption that the left tail of Fig.
contains only the prompt Ji) K+ K~ candidates. However, the long-lived
candidates with short decay times can migrate to the left tail due to the
resolution effects and contaminate it. The long-lived candidate contamination
is accounted for by correcting the effective dilution to get the dilution of
prompt candidates Dprompt,

1
——— (Dt — fuDn),

— (4.47)
promp

D prompt —
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where Dy, is the dilution computed with Eq. from the control sample;
fu is the fraction of long-lived candidates in the control sample and D% is
their effective dilution; fprompe is the fraction of the inclusive J/y K TK-
candidates.

The parameters fprompt, fu and Dy are estimated from a fit to the decay
time distribution of the control sample taken from [49],

P(t) = g(t)®[fprompt5(t)+fll(fsl€_t/n+(1_fsl)€_t/72)]+fWPVW(t) (4-48)

where fwpy is a fraction of non-Gaussian effects and W (t) is an empirical
model for candidates that have been assigned to the wrong primary vertex.
The latter model is determined using the PVMixer tool. PVMixer tool adds
a randomly chosen primary vertex from another event into the current
event. The best primary vertex is researched for, and if the newly added
primary vertex is chosen as the best, the candidate is flagged as the “wrong
primary vertex”. The wrongly assigned primary vertices shape is derived
empirically from a sample filled with candidates flagged “wrong primary
vertex”. Figure shows the inclusive J/i) K™K~ candidates marked
having the “wrong primary vertex”, which were created with the PVMixer
tool. The model shown in blue is the empirical shape, defined as,

W(t) = f\;\/p\/ﬂ—e_m/T1 + (1 — fWPVVT)e_ltI/TZ. (4.49)

LHCb inclusive B — J/ ¢y K'K 2018
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Figure 4.25: The inclusive J/i KT K~ candidates marked “wrong primary vertex”
created with PVMixer tool. Shown for 2018 data-taking year.
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The model in Eq. has one important problem, it treats the non-
Gaussian effects from the wrong primary vertex association as non-resolution
effects. This is strictly speaking incorrect, but considering the small size of
the long-lived correction to the dilution, the possible bias from treating the
wrong primary vertex association as a non-resolution effect is assumed to be
negligible and is ignored. In the next iteration of this analysis, one could try
a convolution of exponential and Gaussian shapes to correctly describe the
resolution in this fit.

From the fit of Eq. to the control sample, it is estimated that only
2-5% of the long-lived background contributes to the negative decay time
depending on the decay time uncertainty bin. The Dj; is computed using
Eq. from the sampled long-lived background shape, which is taken from
the result of the decay time fit. The shape is shown in Fig. Table
shows the long-lived background dilution Dy, the long-lived background
fraction fj; in the negative decay times, and the corrected dilution Dpyrompt-

2018 (13 TeV)
';‘ B . .
& | LHCb Long-lived sample This Thesis
3
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Figure 4.26: Long-lived component sampled from the 2018 decay time resolution
shape. The shift towards positive decay time is the consequence of convolutions
with Gaussian decay time resolution.

Compatibility between inclusive J/ip KTK~ and B? — J4p KTK~
time resolution and translation to B — J/ay KTK~

The prompt J/p KT K~ candidates that are used for the resolution analysis
are produced via a different mechanism than the BY — J/ K+ K~ decays.
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4.5. Acceptance and resolution

Therefore, they have different kinematics than the BY — J/ip K+ K~ candi-
dates. Figure shows a comparison of both samples for p(BY), pr(B?)
and o;. The slight difference is apparent. This raises the question of how

-1 -1
0200 LHCb 2.1 b1, 2018 (13 TeV) 035 LHCb 2.1 fb~1, 2018 (13 TeV)
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Figure 4.27: The inclusive J/iy KK~ and BY — Jiy Kt K~ p(BY), pr(BY) and o,
for 2018.

representative the prompt J/i KT K~ candidate time resolution is of the
signal BY — J/p K+ K~ sample decay time resolution. Figure shows the
effective decay time resolution width of simulated BY — J/i) K+ K~ sample,
simulated inclusive J/i) K+ K~ sample, and real inclusive J/i) K™K~ sample.
For the inclusive samples in both cases, the resolution of prompt candidates
is shown.

To account for small deviations between samples, the dilution of the
real data prompt candidates is translated to the signal sample dilution
Ddata as

BOsJip K+K—

DMC
data __ pndata BY—Jpp K+ K-
DBQ—)J/l/}K“'K— - Dprompt ’ DMC (450)
prompt
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Figure 4.28: The effective dilutions (a) and decay time resolution (b) of the B? —
J/p KT K~ simulated sample, the prompt candidates in the inclusive J/y KT K~
simulated and real samples.

where Dg?gﬁnpt is the dilution of the prompt candidates in the inclusive
Jp KT K~ sample; D%[&JﬂpK“'K— is the dilution of the simulated BY —
J/p KT K~ candidates; Dg/l{gmpt is the dilution of the simulated prompt
J/p KT K~ candidates.

In Fig. the translation factors Dg{sg T K+ K- / Dg{gmpt are shown
in bins of the measured per-event decay time uncertainty. The correction

factor is close to unity for most of the decay time uncertainty range.

Decay time resolution calibration for the Bg — J/ip KT K~ analysis

The effective decay time resolution width is derived from the corrected
dilution D%‘iﬁ T K+ K- via the Eq. The decay time uncertainty is then
calibrated to the effective decay time resolution width using a first-order
polynomial,
oet = po + p1(or — o7) (4.51)
where o = 0.036 ps is the average o} of the simulated B — J/p KT K~
sample.
The calibrations are shown in Fig. and Tab. The total effective

decay time resolution (oeg) is used to compare decay time resolution between
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Figure 4.29: Dlg& T KK~ / Dggmpt correction per decay time uncertainty bin for
2018. ’

the data taking years in Tab.

(o) = > wiog!!
eff Z?wz
n w20t — (o121
Aoy = | = l((inw); = (4.52)

where o 7 is the effective decay time resolution of the i*? candidate computed

using the calibration in Eq w; is the sWeight of the i*" candidate; n is
the total number of candidates; Aoeg is the standard deviation of (oeg). The
effective dilutions D,y are computed using Eq. In 2017, it was found
that the uncertainty assigned to tracking parameters in the LHCb VELO
was not fully representative of the detector at that time. Around that time,
the description of uncertainties in VELO was improved. An improvement in
decay time resolution in 2017-2018, as seen in Tab. is associated with
this event.

Is an exact description of the decay time resolution possible?

As was discussed before, the decay time distribution of the prompt J/i) K+ K~
candidates is a great proxy for the decay time resolution function. Analyti-
cally describing the distribution in Fig. is a challenging task. The RooFit
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Figure 4.30: Decay time resolution calibration for the prompt candidates. Estimated

with the inclusive J/ip KK~ sample.

year po, ps p1 p(po, 1)
2015 | 0.0445 4 0.0002  0.9492 + 0.0202 —0.3614
2016 | 0.0443 4 0.0001 0.9194 + 0.0102 —0.3440
2017 | 0.0425 4 0.0001 0.9676 + 0.0122 —0.2750
2018 | 0.0419 4 0.0001 0.9846 + 0.0130 —0.2669

Table 4.11: Decay time resolution calibration for translated B?— Jip K+ K~.
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4.5. Acceptance and resolution

year Dy o¢ff | fs

2015 | 0.71154+0.1157 46.51 £11.11
2016 | 0.7090 £0.1147 46.75 + 11.00
2017 | 0.7441 £0.1139 43.34 £11.22
2018 | 0.7536 £0.1122 42.40 £ 11.16

Table 4.12: Total effective dilution D.¢s (Eq. D and decay time resolution width
o°/T (Eq. [4.52) for B — J/ K™K~ candidates.

framework [84], widely employed in particle physics for maximum likelihood
fits, allows for the construction of probability distribution models from the
binned data samples. This can be used to directly convert the decay time
distribution from Fig. into a resolution model by simply mirroring the
left tail around the y-axis. The model can then be numerically convoluted
with the physics PDF via fast Fourier transform. The main advantage of this
approach is that the obtained decay time resolution function is exact and
model-independent. The function preserves the non-Gaussian effects and
their impact on the lifetimes, therefore potentially eliminating the limitation
of the current procedure. However, a cautionary note is warranted: the
control sample contains long-lived candidates. They should be statistically
subtracted from the control sample if this approach is to be used.

4.5.2 Decay time bias

Due to the changes in the detector with time, the alignment applied to
the VELO detector tracks was a tiny bit off. This led to a bias in the
reconstructed decay length and, by extension, in the measured decay time
in 2015-2018. This effect, known as “decay time bias”, was first described
in the Amgs measurement using BY — D; 7" decays [81]. This bias can be
observed in the inclusive J/i K+ K~ sample, where the measured decay time
distribution is not centered at 0 but at some shift p. This shift is accounted
for in the decay time resolution procedure by shifting the entire decay time
distribution back to 0. The decay time resolution procedure estimates the
width of the decay time resolution Gaussian in the final PDF. However,
from the fit of Eq. the observed shift for the prompt candidates in the
inclusive J/ip K™K~ sample is extracted. However, it is not clear how this
shift translates to B — J/ip KTK~. The time bias correction procedure
described in this section calibrates the shift of the prompt candidates to
the shift of BY— J/i) KK~ candidates under the same simulated VELO
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Chapter 4. Measurement of the CP-violating phase ¢

misalignment conditions. This calibration is then used to translate the shift
observed in the fit of the inclusive J/y KT K~ sample with Eq. to the
shift in BY — Ji) KT K~ data. The mean of the decay time resolution
Gaussian in the final PDF is set to the latter.

A set of BY— J/ip Kt K~ samples is simulated with the constant mis-
alignment AT, of two VELO halves in z-coordinate (LHCb lab frame [§]).
Figure 4.31] shows the difference between measured and true decay time
(At = t—t4ye), or decay time resolution distribution, in the BY — J/iy K+ K~
simulated samples with a misalignment of 10 um. The shift of the decay
time resolution distribution in the At distributions is visible.

LHCDb Simulation B2 - J/wK*K~ 2017 (13 TeV)

50.07F
< . . no misalignment
8 0.06 - This Thesis 1 AT,=20pm
3 ’ [ AT,= —20um
20.05F
<
@

0.04 -

0.03

0.02 -

0.01 -

0.00

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

t — tirue [ps]

Figure 4.31: Distribution of ¢ — t4.,. for BY — J/ K+ K~ simulated samples with
no misalignment, 20 pm and -20 pwm misalignment in the z-coordinate of VELO
halves in the LHCb lab frame [g].

In the Am, measurement with B — Dy 7" decays [81] the misalignment
between VELO-halves, led to a bias of 2.7ps~! in Am,. The same effect
biases the value of Amy in this analysis. It also strongly distorts the values
of 5, — dp and |A|. Both parameters are strongly correlated with Am.

To account for the decay time bias, it is included as the mean of the decay
time resolution function in the full PDF. The decay time bias is estimated
following the procedure from [81],

1. A set of misaligned simulated inclusive J/iyK+tK~ and BY —
J/p KT K~ samples is used to get a calibration curve between the ob-
served decay time bias of the prompt candidates and BY — J/iy KK~
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4.5. Acceptance and resolution

candidates.

2. The decay time bias is evaluated from the real prompt candidates
by fitting the inclusive J/y Kt K~ sample with Eq. It is then
translated to B?— J/ip K™K~ via the calibration curve in step 1.

3. The mean of the decay time resolution function in the decay time
angular fit is set to the decay time bias of BY — J K+ K.

The shift of the At distribution of the decay time distribution of the
misaligned prompt J/i K+ K~ candidates and BY — J/p KT K~ candidates
is plotted in Fig. |4.32l From [81], it is known that the VELO was biased
in the positive direction of AT} ; therefore, only the simulated samples with
AT, € [0,15] um were used.

The effect of misalignment on the prompt J/) K™K~ candidates is
expected to be different from the effect the same misalignment has on the
BY — Jhp KT K~ candidates. The estimated decay time depends on the
decay lengths and momentum of a particle. When the VELO is misaligned,
the tracks are reconstructed with an offset, which offsets the vertices positions
and, therefore, the measured decay length. From Eq. [1.40} it can be seen
that even if the offset is the same, particles with different momentum
will experience a different bias in the estimated decay time. Figure [4.27
shows the difference between the momentum distributions in the signal
BY — Jhy KT K~ sample and the inclusive J/) K™K~ sample, which is
mainly populated with the prompt Ji) K™K~ candidates. Figure
confirms that, indeed, the resulting decay time bias is different, even if the
misalignment is the same.

The calibration curve from [67] is also shown in Fig. and is given by,

MBI K+ K~ = (0.59 £ 0.19)[fs] + (0.93 £ 0.02) X ftprompt- (4.53)

Using this calibration, the decay time biases observed for the prompt
candidates in the real inclusive J/i) K™K~ sample are translated to BY —
J/j KT K~ sample. Their calibrated values for BY — J/i) KK~ are reported
in Tab.

The VELO misalignment is, however, run dependent. Ideally, an individ-
ual shift correction should be derived and applied based on the run number.
This, however, required additional information, which was not preserved. In
particular, the raw banks of the tracking stations should be saved for all the
collected events to allow for the correction of decay time biasing effects from
misalignment. In future measurements, the complete original information of
all tracking detectors should be retained.
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LHCb Simulation 2017 (13 TeV)
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Figure 4.32: Decay time bias calibration curve for 2017 simulated samples. Taken
from [67).

Mprompt Jiap K+ K= fs KB Jpp K+ K= fs

2015 -4.83+0.13 -3.90£0.10
2016 -6.144+0.05 -5.124+0.04
2017 -7.18+0.04 -6.09+0.04
2018 -5.88+0.05 -4.88+0.04

Table 4.13: Decay-time bias in the inclusive J/i K™K~ sample and the calibrated
BY— Jip KT K~ decay time bias. Taken from |67].

4.5.3 Reweighting for the acceptance

Parametrization for both decay time and angular acceptance is derived from
the simulated samples. The simulated distributions differ from the measured
distributions in real data. This can be due to either the detector description
or the event generation. Therefore, the simulated samples are reweighted
to represent the data. The reweighting procedure for the samples used in
acceptance studies is complicated. It consists of many different weights, each
correcting for a particular effect. For clarity, these weights are described
here. The application of these weights and slight differences between their
derivations for different samples are described in the acceptances estimation
sections.

Kinematic weights - kinWeight Kinematics weights correct for the
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4.5. Acceptance and resolution

differences in the kinematics of simulated and real data collected candidates.
The weights are derived using the gradient-boosted decision tree, as in Sec.
These weights are usually applied to the simulated samples. However, the
kinematics difference between the pion track in B® — J/p K*0 decay and
the kaon track in B?— J/ip KT K~ decay leads to small differences in the
observed decay time acceptance. To correct for those kinematics differences,
the B-meson momentum and transverse momentum are reweighted in the
BY— Jjp K*0 background subtracted real data sample to the background
subtracted BY — J/i) K™K~ real data sample.

Both BY— J/p KT K~ and B°— J/i) K*0 simulated samples have their
B meson momentum and KK~ or K~ 7" invariant mass reweighted. For
BY— Jhp KT K~ simulation, the background subtracted B? — J/) KK~
real data sample is used as a target. For B® — J/ K** simulation, the
background subtracted and kinematically reweighted to the BY — J/i) KT K~
real data sample of B®— J/ip K*0 is used as a target.

PDF weights - PDFWeight Simulated events are generated using specific
values for the parameters of interest in the underlying physics PDF. These
parameters are not necessarily equal to those in real data. Because of these
two discrepancies between the samples, the angular distributions of final state
particles differ in the simulated sample from real data. This impacts both
the angular and decay time acceptances. Given the assumption that angular
and decay time acceptances factorize and can be independently extracted, a
set of weights is derived to correct the above-mentioned discrepancies for
the physics parameters. The weights are defined as,

pdf (tgen, Qgen|0°")
Wpdf =
pdf (tgen, 2gen|05°")

(4.54)

where tge, and Q4e, are the generated decay time and angles; 6°bs are the
observed PDF parameters and 69¢" are the parameters used during the
generation of the simulated sample. The observed PDF parameters are taken
from the previous LHCb measurements: [48] for BY — J/i) KK~ and [85]
for BO— Jhy K*0.

Luminosity weights - lumiWeight The simulated samples do not
match the luminosity that was collected in the real sample. In particular, the
same number of events are generated with two LHCb magnet polarity (see
Chapter [3)), whereas the real data has a different ratio. Therefore, relative
weights are applied to correct for this difference.

The combinatorial background is statistically subtracted in the real
BY— Jhp K+ K~ samples; see Sec. The same procedure is applied to
the BY— J/i K*Y sample and simulated samples.
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sWeights - sw Prior to the simulated sample kinematic reweighting (see
above), backgrounds are subtracted from the real data samples using the
sPlot technique. For BY — Jip K+ K~ real data sample, the weights are
derived as described in Sec. . For BY— J/y K*¥ the JYK ~7" mass is
used as a discriminating variable. The details on the sPlot procedure for
B%— Jjp K*0 can be found in [67]. The sPlot technique is also applied to
both simulation samples to remove the combinatorial background from the
sample.

4.5.4 Decay time acceptance

Imperfect description decay time acceptance leads to bias in the estimated
lifetime. To correct for it, the decay time acceptance has to be estimated
accurately. The decay time acceptance can be estimated from simulated
samples, for which the generated decay time distribution is known. The

binned decay time acceptance ei-\/lc in simulation is,
N obs
MC
Ei — 7N2Xp7 (455)

)

where Ni"bs is the observed number of candidates in the i** true decay
time bin and N; " is the number of candidates expected in that true decay
time bin. Figure shows the decay time acceptance in the simulated
BY— Jhp KT K~ sample in two trigger categories.

14 LHCb Simulation B? - J/yK*K~ with Als = 0 ps~! 2018(13TeV) 14 LHCb Simulation BY - J/yK*K ™~ with ATy = 0 ps~! 2018 (13 TeV)
i E
< <
3 . . NabS/Nexp i . . NobS/Nexp
s This Thesis + s This Thesis +
ml12F m 1.2
S S
= =
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= 0r 4ty +.
+Hpt 'y U +—{—
+
+ —_
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Figure 4.33: Ratio of reconstructed decay time distribution to the generated decay
time distribution for B? — J/ip K+ K~ 2018 simulated sample with ATy =0 ps™1.
The normalisation is arbitrary and is chosen to have 5%1& I K+ K~ (5ps) =1.
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The main contribution to the shape of the lower decay time acceptance
(t < 3 ps) comes from the trigger requirements. The candidates in the
“biased” category pass displacement requirements in both the HLT1 and
HLT?2 triggers, which results in the biased decay time distribution, as can be
seen in Fig. [4.33] The second, “unbiased” category, has almost a perfect
flat decay time acceptance. Due to a significant difference in the trigger
categories’ decay time acceptance shapes, the decay time acceptance is
defined for the trigger categories separately.

The high decay times inefficiencies are introduced by the reconstruction
of VELO tracks [86]. The VELO track reconstruction assumes that the
VELO tracks originate at the beam axis. This assumption is not applicable
for very displaced tracks, leading to a drop in the efficiency at the higher
decay times.

Decay time acceptance estimation

Even though, in principle, the decay time acceptance could be estimated from
simulation, because of the observed differences between the simulated sample
and the real data sample, a data-driven method is preferable. The decay
time acceptance £423(¢) is determined from the ratio of the reconstructed
decay time distribution and the known expected decay time distribution
with perfect decay time acceptance,

Nobs(t)
e Tt @ G(t|p, o)

gdata ) (4.56)

where N°%(t) is the normalized number of observed events as a function of
measured decay time; I' is decay width; G(t|u, o) is Gaussian decay time
resolution. It is assumed that the angular and decay time acceptances

factorize; see Eq.

Decay time acceptance control sample: B? — J/1p K*0 sample

The B — J/i K*° control sample, where the K*0 decays into K+ and 7~ is
used to estimate the decay time acceptance from the data. The B® — J/) K*°
topology closely resembles B — J/i K+ K~ and, therefore, has a similar
decay time acceptance as the signal B? — J/) K* K~ sample. The decay
width difference in the BY system is negligible and can be essentially set to
zero [87]. Assuming that Ay can be set to zero, the expected decay time
distribution for B® — Ji) K* is a simple single exponential distribution
with an average lifetime set to the world-average B lifetime [87].
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Chapter 4. Measurement of the CP-violating phase ¢

The B — J/p K*0 selection criteria are similar to the BY — Jap Kt K~
ones, with differences related to having 7~ being in the final state, rather
than a K~; and a K*, rather than a $#(1020) as intermediate resonance.
The differences in selection can be found in [67].

Even though B® — JAap K** is topologically quite close to BY —
Jp KTK~, there are differences arising from selection and replacing a
K~ by 7~ in the final state. To correct for these differences, the decay time
acceptance for BY — Jay KT K~ (sdB%gtj‘) T KK (t)) is estimated simultane-
ously from BY — J/ip K*V real data sample, simulated B — J/ip K*0 sample,
and simulated BY — J/ip KTK~ sample,

MC
eps it k- ()

d
5%8§tiJ/w K+K-— (t) - EB%%J/QZ)K*O (t) X (4.57)

E%&J/w xoo(t)

where ¢ is reconstructed time, e%%g T K0 (t) is the decay time acceptance

of the real B — J/i) K*O sample; 8%&]/¢K+K* (t) and sl\goc_u/wK*o (t) are
decay time acceptances of reweighted simulated B? — J/) K* K~ and B —
J/p K*O respectively.

Contrary to a simple exponential expected decay time distribution of
BY — Jhp K*O decays, B — Jip KK~ expected decay time distribution
for an untagged sample is,

AT ()es &
(dz?,p o e Tt Z wi Nk, (ag, cosh(AT'st/2) + by sinh(AT'st/2)), (4.58)

k=1

where T’y is B? lifetime; Y 1%, is the summation over the polarization
amplitudes terms; wy are the angular acceptance weights from Eq.
Ng, ai and by are the coefficients from Tab. AT is the BY decay width
difference. It is connected to the observed decay time distribution as,

dL(t)obs  AT(t)eap
& S g = e(t).

(4.59)

Knowing these two distributions one can extract the £(¢). However, the
values of wy, are not known and have to be somehow estimated. So instead,
the Eq. [£.58] is simplified by using a simulated sample with AT set to 0
ps—!. For this simulated sample, the expected decay time distribution is a
single exponential distribution multiplied by a constant factor.

To account for differences between the simulated and real data samples,
a complex reweighting scheme is done. Its schematic is shown in Fig. 4.34
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4.5. Acceptance and resolution

where the weights definitions can be found in Sec. Firstly, the simulated
samples are reweighted according to the magnet polarity of the sWeighted
data samples with polarity weights. Secondly, the PDF weights are applied to
account for the absence of S-wave in the simulation sample and to correct the
difference between generated and observedﬂ PDF parameters. Thirdly, the
kinematics is corrected in the simulated samples: mother particle momentum
distribution and m(K+K~) or m(K*7~) depending on the decay. The B°
momenta in the real B — J/h K*9 sample is reweighted with respect to BY
one in the BY — J/ip K+ K~ real data sample.

-* e l 1

- kinematic
simulated luminosity PDF
weight

weight
BY = Jyk*K- sPlot ——> weight ~———————> pBYimK'K)

i tic
simulated Plot  — luminosty - PDF weigt
B® - JIyK"™ SHiol weight weight

] kinematic I
— < sPlot & ——————————————» weight N
P(BY):pr(BY)

wei
T @K —————

Figure 4.34: Reweighting scheme for the decay time acceptance studies. The weights
are defined in Sec. Adapted from [67].

Decay time acceptance modelling

A function to model decay time acceptance shape has to be a positively
defined function. A cubic spline is a smooth function, which is positive if
its coefficients are. In comparison to the normal polynomial interpolation,
the spline is preferable as it is built from low-order polynomials. This
makes a spline resistant to boundary oscillations, which can be seen when
interpolating with normal high-order polynomials . Therefore, a spline
is chosen to model the decay time resolution. Moreover, the integral of a
product of a cubic spline with decay time distribution has an analytical
solution [89]. A spline function S(t) is a smooth piecewise polynomial
function. Any spline can be expressed as a linear combination of basic

"From previous LHCb measurements: , .
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Chapter 4. Measurement of the CP-violating phase ¢

splines of order m, also known as b-splines,

S(t) =2 Bisim(t) (4.60)

where 3; are the spline coefficients. The basic splines s; ,,,(t) are piecewise
polynomial functions defined on consecutive intervals, known as knot vector

(to,tl, ...,tn), as,

Pon(t), ift; <t <tiqq,

sim(t) =12 4.61
va( ) Pm,m(t)a if ti+m S t < ti—l—m—l—l, ( )

0, otherwise,

where ¢ is the knot index and Pj,,(t) are polynomials that satisfy the
continuity requirements:
Pjm(ti) = Pjr1,m(ti)
dPjm(ti) _ dPjr1m(ti)

dt dt
dtm—2 - dtm—2 : :
The unity condition defines the overall b-spline scaling factor:
n—(m+1)
> sim(t) =1for ty <t < tp_m. (4.63)

i
The exact b-spline of order m can be computed using a recursive Cox—de
Boor formula [90],

17 if ti §t<ti+17
sio(t) = , 4.64
w0(®) {0, otherwise ( )

t—1t; simor (1) + Ligm41 — 1

Livm — Ui Litm+1 — iyl
Figure shows an example of S(t) cubic spline function. Here, the cubic
b-splines are used, so m = 3. The knots are chosen to be [0.3;0.91;1.96;9.0]
ps. Between the last knot at ¢t = 9 ps and the upper edge of decay time
distribution (15ps), the acceptance is extrapolated with a linear spline 3.
This is done to improve the numerical stability of the fit in the subcategories
for the ¢ € [9.0,15.0). The continuity is ensured by these two conditions:
s23(t3 =9 ps) =35(t3 =9 ps) and dsa3(tz3 =9 ps)/dt = d5(tz3 =9 ps)/dt.

Sim(t) = Sit1,m—1(t). (4.65)
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Figure 4.35: Example of a cubic spline function (Eq.4.60). The basic splines are
shown in colour.

Decay time acceptance procedure

The decay time acceptance procedure is split into two parts. The first part
is reweighting of the necessary samples: simulated B — J/i) KT K~ with
AT, = 0ps— !, simulated B — J/i) K*°, and real BY — J/i K* sample. The
simulated samples are reweighted with sw X lumiWeight X PDFWeight X
kinWeight. The B® — J/i) K*0 real data sample is reweighted with sw x
kinWeight. The second part is a simultaneous fit of the three samples
mentioned above. Table summarizes the decay time acceptance models
used in the fit. The simultaneous fit model is based on three key points:

‘ decay time acceptance model

simulated BY— Jp Kt K~ SECs g i+ i~ ()
simulated B® — JAp K0 | SHE (1) X SEE, 1 et - (1)
real BY— J/p K*O S},_\;/IO/BQ(t) X S%aé)fJ/wKJrK, (t)

Table 4.14: Summary of decay time acceptance models. S(t) is a cubic spline
function. S%/IO(;BO (t) is a spline of the simulated B®— J/i) K*° to simulated BY —

J/p Kt K~ decay time distribution ratio.

1. The simulated B?— Jip KT K~ (ATl's = 0ps~!) decay time distribu-
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Events/ (0.147)

tion is,

O = % [ 0 Gl 0)] < M ke () (466)
where IV is normalisation factor; I'; is the decay width, which is fixed
to the generated value; G(t|u, o) is a Gaussian decay time resolution
with mean set to zero and width set to decay time resolution estimated
with simulated B — J/i) KK~ sample; elgg(iJ/wK+K, (t) is the de-
cay time acceptance of the simulated B — J/iy KT K~ sample, see
Tab. Figure m shows the simulated B — J/ K+ K~ decay
time distribution with the model from Eq.

T —— xg*

——— —
LHCb Simulation B - J/ ¢ K*K™ 2018 LHCb Simulation B J/ ¢ K*K™ 2018

This Thesis 3 This Thesis 3

8

Events/ ( 0.147)
B
e

n
(=
TTTTT

15F

10F

10 5_5
t [ps] t [ps]

(a) biased (b) unbiased

Figure 4.36: Decay time distribution for the BY — J/ip K™K~ simulated 2018
sample. Only candidates with ¢ € [0.3, 15] ps are selected, see Sec.

2. The simulated B — J/i K*° decay time distribution is described using

104

the same model as in Eq. [£.66] with the decay width set to Iy and
decay time resolution estimated the simulated B® — J/i K** sample,
but with a decay time acceptance described with a product of two

splines (see Tab. ,
EBs g icv0 () = S o (1) X SEE, g e - () (4.67)

where 511\340(; B (t) is a spline describing the ratio of the B® — J/p K*°
over BY — Jip K+ K~ distributions. The ratio of the B® — J/ K*0
over BY— J/ip KT K~ distributions is shown in Fig. 4.37, Figure m
shows the simulated B® — J/) K*0 decay time distribution fit.
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Figure 4.37: Ratio of decay time acceptances in simulated B° — J/p K*°
and BY — J/ipKTK~. The normalisation is arbitrary and is chosen to have
egoéJ/wK*o/eBoﬁJ/wKJrK (5ps) = 1. The line shows the ratio spline Sgo,po(t),

see Eq. - Taken from [67].

R 5 —_— PR [ —

E 10f LchSmulanon B‘LJ/wK 2018 _ ';;‘ S0 LHCbSmuIatlon B‘LJ/wK 2018 B
o 1 o [ ]
= sf This Thesis 1 3 “F This Thesis E
§ [ ] é [ ]
o ° ] o -

10 ;.5
t [ps] t [ps]

(a) biased (b) unbiased

Figure 4.38: Decay time distribution for the B — J/) K*° simulated 2018 sample.
Only candidates with ¢ € [0.3,15] ps are selected, see Sec.

3. The model for the real B® — J/ K** sample is adjusted with the
decay width set to the world average, and decay time resolution is
taken from [91]. The decay time bias, described in Sec. affects
the B® — J/i K*0 sample as well. Therefore, the decay time resolution
mean is set to the corresponding decay time biases. The decay time
acceptance is defined as the product of the ratio spline Sgo /BO (t) and
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BY — Jhp KT K~ real data spline S%%ﬁj/wKJFK_ (t), see Tab.
B g e (8) = S0 o (1) X SES i i (1)- (4.68)

where S%?gtj T KK~ (t) is a spline describing the decay time acceptance

of the real data B?— J/iy KT K~ sample. Figure m shows the real
data BY— J/ip K*¥ decay time distribution fit.

x10° x10°
T T B F T T
LHCb B®~ J/ ¢ K™, L = 2.1 b 2018 E LHCbB®- J/ ¢ K™ L=21fb"2018

This Thesis This Thesis

Events/ (0.147)
Events/ (0.147)

10 15
t [ps] t[ps]

(a) biased (b) unbiased

Figure 4.39: Decay time distribution for the real BY — J/ K*° 2018 sample. Only
candidates with ¢ € [0.3, 15] ps are selected, see Sec.

As a result, when fitting the three samples simultaneously, the parameters
of the BY — J/KTK~ decay time acceptance spline for real data are
estimated. Figure m shows the decay time acceptance for B® — J/ K*0
in 2018, which is used to get the B?— J/) K™K~ spline coefficients. The
BY— Jhp K™K~ spline coefficients for real data can be found in Tab.

4.5.5 Angular acceptance

As stated in Chapter 2] it is necessary to disentangle the different polarization
amplitudes to measure ¢s. The contributions of these polarization amplitudes
can be distinguished by their distinct angular dependence. The angular
acceptance distorts the distributions of the measured helicity angles and, if
not taken into account, would lead to a bias in the estimated polarization
amplitudes, their phases, and, by extension, on ¢s. A combination of effects
causes a non-uniform angular acceptance: the LHCb geometrical acceptance,
detector hit resolution and efficiency, selection criteria, kinematics, and
topology of the candidate.
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Figure 4.40: Decay time acceptance distributions for the B — J/i K*© data. Shown
for both biased and unbiased trigger categories. The normalisation is arbitrary and

is chosen to have epy,

B J/p K*°

(5ps) = 1. Taken from [67].

| 2015 2016 2017 2018
unbiased

Bo 1 1 1 1

B1 | 0.99753 +0.04948 1.00096 &+ 0.02594 1.03966 £ 0.02547  1.04094 4 0.02469
B2 | 0.95842 +0.03203 0.97213 £ 0.01693 0.97379 +0.01619  0.97953 + 0.01569
B3 | 1.04183 +0.06466 1.00713 £ 0.03373 1.03768 +0.03271 1.03234 + 0.03113
B4 | 0.98509 0.07492 0.96068 + 0.03966 0.95469 £ 0.03892 0.93487 £ 0.03552
Bs | 0.88981 £+ 0.05786  0.96478 + 0.03227 0.96281 £ 0.03114 0.95973 £ 0.02939

biased

Bo 1 1 1 1

51 1.438 £ 0.1886 1.9726 £0.1179 1.7615 £+ 0.1209 2.006 £+ 0.2323
Bo 1.535 4+ 0.1371 2.15632 £ 0.09378  1.96115 4 0.0993 2.0365 4+ 0.1833
B3 1.5962 + 0.2098 2.4164 4+ 0.1682 2.1336 & 0.1545 2.3711 £ 0.2505
B4 1.7644 £+ 0.2266 2.2361 +£0.1721 1.9535 £ 0.152 2.179 + 0.2349
Bs 1.2695 £+ 0.1567 2.2421 4+ 0.1508 1.7092 £ 0.1218 2.0033 4 0.2088

Table 4.15: Decay time acceptance spline coefficients for the real B? — Jip KT K~
data sample. The first coefficient §; is chosen to be one.

107



Chapter 4. Measurement of the CP-violating phase ¢

The simulated samples describe the angular acceptance well. Therefore,
contrary to the decay time acceptance, the angular acceptance is estimated
from simulated samples. One could use the B® — J/) K* sample to build
a data-driven procedure. However, because of a lighter pion track in the
final state, it is a non-trivial task to ensure that the boost acceptance is
representative of BY— Jap KT K~.

It is assumed that the decay time acceptance and angular acceptance
factorize. As there are distinctly different selection criteria in the two trigger
categories, the angular acceptance is estimated separately for the trigger
categories to account for possible differences in angular acceptance.

The binned angular acceptance € is defined as the ratio of the observed
number of candidates to the expected number of candidates in the i*" Q bin,

obs
_ Ni

€ = Niexp

(4.69)

where NP is the number of candidates in i Q bin and N is expected
number of candidates in this bin.

Angular acceptance estimation

As discussed in Sec 4.1} the angular acceptance only matters for the nor-
malization of time-dependent angular PDF. In Eq. angular acceptance
enters as angular normalization weights wy,, which are defined in Eq. Ap-
proximating the integral in Eq. numerically, the weights can be computed
as,

1 fk(Q;‘eCO)
Ngen i€accepted pdf(Q?enh;gen’ Qgen)

Wg =

(4.70)

where N, is the number of generated events; i is accepted candidate index;
fi is angular distributions; £2'°°° are reconstructed helicity angles; ¢t9¢" Q9¢"
are generates decay time and true helicity angles; #8°" are generated PDF
parameters. There are 10 weights in total - one for each time-dependent an-
gular PDF term so that k£ € 00, |||, LL,|L,0],0L,SS,5|,S L,S0. With
the first weight woo set to 1, Nge, drops out from Eq. The angular
weights are discussed in detail in [92].

The angular acceptance determination mainly suffers from statistical
uncertainty on the derived weights. To increase the sample size used, the
angular acceptance weights are computed from both the simulated B? —
J/p KT K~ sample and the simulated B — J/ip KT K~ AT’y = 0 ps~! sample.
The obtained angular weights are then averaged over both samples.
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Figure 4.41: Schematics of the iterative angular acceptance procedure. Adapted

from

Angular acceptance procedure

The angular acceptance procedure is depicted in Fig. If not mentioned
otherwise, the weights are defined as in Sec. The angular acceptance
procedure is:

1. Simulated samples are reweighted with sWeights, polarity weights and
kinematic weights, where kinematic weights correct the p(BY), pr(B?)
and m(K*TK™) distributions.

2. The first set of angular weights w,g is computed on the reweighted
simulated samples.

3. Next, the iterative procedure starts. For step ¢, where ¢ € [1,n], angular
weights w};l are used to compute the PDF weights. The PDF weights

wpqr are defined as,

pdf(tgen’ Qgenleobs) / pdf(tgena Qgenlegen)
J pdf (tgen, 210°P*)dQ" [ pdf(tgen, 2]62")dQ

Wpdf = (4.71)

4. The kinematic weights are computed to correct the p(K ) distributions
on the PDF weighted simulated sample.

5. A new set of angular weights w/,ic is derived. These weights are used as
inputs to step 3.

The angular weights are found using angular weights as input, which
means that one solves the equation in the form F(x) = x. The equation
F(x) = x is solved by defining the f(z) = F(z) — « and finding its root Z,
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such that f(#) = 0. This can be done with Newton’s method [93,/94] and
Newton-like methods, where
f(an)
Tptl = Tp — F(wn) (4.72)

Tn

where n is the iteration index and f’(z,) is the derivative of f. This
is repeated until the z, satisfies |z,+1 — x| < €, where ¢ is the chosen
tolerance level. Then the solution & is simply z,. The disadvantage of
Newton’s method is that it requires the knowledge of the derivative of
f. Steffensen’s method is a Newton-like method that does not require the
knowledge of the derivative of f [95/96]. Moreover, a common implementation
of the Steffensen method includes a “built-in” convergence acceleration with
Aitken’s A% method [97]. This is extremely useful for problems where,
instead of converging to a single solution, oscillate around the Z. Aitken’s A2
method increases the robustness of the algorithm against such oscillations.
The oscillations around & were spotted when finding the root for the angular
weights equation with the old algorithm in [49] and motivated the switch to
Steffensen’s method with Aitken’s A? acceleration. It can be summarized in
a few steps:

1. Pick the initial guess xg.

2. Compute z1 and x2 using Steffensen method, such that:

T =Xy — , 4.73
T g(an) (473
where g(z) = W — 1 is the slope function. If the |z,41 —zn| < &,
where ¢ is desired tolerance, then iterations stop.
3. Compute z3 using the Aitken’s A? acceleration method as,
2
T3 = o — (:El xO) (474)

To — 21 + 20
4. Set xg to x3 and repeat.

The iterations are repeated until the angular weights satisfy the following
conditions:

n

lwif — wit?| < e (4.75)

where w;! are angular weights at iteration n and € is the desired tolerance.
Details on the iterative procedure can be found in [67].
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The values of the angular weights for all years are given in Tab. for
completeness. Weights close to one correspond to |Ao|?, |AL |?, ]AH|2 and
| Ag|? terms of time-dependent angular PDF. The weights close to 0 are the

weights in front of the interference terms.

2015 2016 2017 2018
unbiased
woo 1.0 1.0 1.0 1.0
w | 1.0319 £ 0.0023 1.0332 £ 0.0017 1.0352 + 0.0020 1.0288 £ 0.0020
wy | 1.0334 £ 0.0023 1.0338 £ 0.0016 1.0335 £ 0.0019 1.0291 £ 0.0019
w1 0.0026 £ 0.0018 0.0005 £ 0.0013 0.0013 4 0.0016 —0.0008 £ 0.0016
wo|| —0.0021 + 0.0011 0.0002 + 0.0008 0.0019 + 0.0010 0.0006 + 0.0009
wo | —0.0007 + 0.0011 0.0006 + 0.0008 —0.00004 £ 0.0010 0.0022 £ 0.0009
wgs 1.0111 4+ 0.0015 1.0123 £ 0.0011 1.0099 £ 0.0013 1.0083 + 0.0013
wg|| —0.0022 £ 0.0014 0.0008 £ 0.0010 0.0009 + 0.0012 0.0016 £ 0.0012
wg | —0.0002 £+ 0.0014 0.0013 £ 0.0010 0.0004 + 0.0013 0.0009 + 0.0012
wgo 0.0002 + 0.0029 —0.0022 + 0.0022 —0.0030 % 0.0025 0.0032 £ 0.0025
biased

woo 1.0 1.0 1.0 1.0
w | 1.0318 £+ 0.0039 1.0269 £+ 0.0031 1.0226 £ 0.0039 1.0267 4+ 0.0039
wy | 1.0286 £ 0.0038 1.0245 £ 0.0031 1.0234 £ 0.0039 1.0207 + 0.0038
wy L 0.0004 + 0.0031 0.0029 + 0.0024 —0.0009 % 0.0035 0.0003 £ 0.0031
wo|| 0.0015 £ 0.0018 0.0020 + 0.0015 0.0020 + 0.0019 0.0024 + 0.0018
we | 0.0012 + 0.0018 0.0007 = 0.0015 0.0015 + 0.0019 —0.0017 4 0.0019
wgs 1.0197 £ 0.0027 1.0170 £ 0.0021 1.0143 £ 0.0028 1.0125 + 0.0027
wg)| —0.0059 + 0.0024 —0.0016 £ 0.0019 0.0005 + 0.0025 —0.0008 £ 0.0024
wg | 0.0012 £ 0.0024 0.0012 £ 0.0020 0.0022 =+ 0.0025 —0.0020 £ 0.0024
wgo —0.0312 £ 0.0049 0.0016 + 0.0041 —0.0048 + 0.0052 —0.0055 £ 0.0050

Table 4.16: Angular weights for BY — J/ K+ K~ in two trigger categories and four
data-taking years. Taken from [67].

4.6 Cross-checks and systematics

The robustness of the final result is as important, if not more, as the
precision of it. To guarantee robustness, multiple cross-checks are done for
both the individual analysis components and the time-dependent angular
fit. For robustness, the measurement must be compatible between different
subsamples of the data or when an equivalent procedure is used. If an
unexpected result is spotted, it can be used to fix possible mistakes in
different parts of the analysis. Therefore, cross-checks play an important
role in developing the analysis strategy.

Firstly, there are some known assumptions that the analysis strategy
is based on, like that m(J/) K™K ™) and the observables of interest are
uncorrelated. Secondly, control samples, such as the inclusive J/i K™K~
control sample, have finite sample sizes. Hence nuisance parameters that
are obtained from those samples and which are required for the analysis are
subject to both statistical uncertainties and possible biases. The impact of
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these on both the precision and possible bias of the estimated parameters
of interest must be quantified, and this may result in the assignment of
systematic uncertainty.

The line between a cross-check and systematic uncertainty is often
blurry [98]. A common rule of thumb is to define a tolerance level which will
define whether the check has passed or not. The tolerance level is defined
by the O(1%) of statistical uncertainty on the parameters of interest. This
definition, although not conceptually satisfactory, is practical. However,
it should always be used with caution, and if any unexpected result is
seen, it should be investigated further, and the origin should be understood
sufficiently to gauge its possible effect on the final result.

The first part of the section describes cross-checks for all the analysis
components. The second part describes systematic uncertainties. The parts
related to the author’s work are described in greater detail.

4.6.1 Cross-checks
Selection : A) — J/iypK~ weights

As described in Sec. the left-over /12 — J/pK~ background candidates
are removed before the statistical background subtraction with the sPlot
method. This is done by injecting simulated Al? — JAppK~ candidates
into the BY — J/ K+ K~ sample with negative weights. The sum of the
weights is equal to the number of expected Ag — JAppK~ candidates in
the BY— J/ip KT K~ sample. The number of A) — J/ipK~ candidates is
varied within the 1o of their uncertainty, and the analysis is repeated. No
deviations exceeding the tolerance level are observed.

4.6.2 Decay time resolution cross-checks

One of the largest changes with respect to the 2015-2016 measurement [49]
is the procedure to determine the decay time resolution. Therefore, multiple
cross-checks are done to verify the robustness of this novel procedure.

The new procedure differs qualitatively from the previous one in [49] by
only using the negative decay time distribution of the inclusive Jjp KK~
control sample and effectively including a contribution of the non-Gaussian
tails, see Sec. Because the non-Gaussian tails are dominated by
wrong primary vertex associations, the subsample with only one primary
vertex is expected to have a significantly smaller non-Gaussian contribution.
Therefore, the two most important checks are the robustness of results when
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dividing the sample according to the number of primary vertices and when
changing the range of negative decay times utilized.

Compatibility with the 2015-2016 method

In the 2015-2016 analysis, the decay time resolution was estimated by fitting
the entire decay time distribution of the full inclusive J/ K+ K~ sample,
see [49]. The decay time distribution is modeled with Eq. and the
effective width is computed from a double-Gaussian decay time resolution
model. This method, however, did not include decay time resolution effects
from the non-Gaussian tails and, therefore, is dropped in this iteration of
the analysis. Nevertheless, the compatibility is checked between the new
method and the full decay time distribution fit from [49] for all the data
taking years. The final parameters estimated using the new method and the
2015-2016 method are found to be compatible within their quoted statistical
uncertainty. The new method is chosen as the baseline as it accounts for the
non-Gaussian effects.

Compatibility between simulated and real inclusive J/i KT K~
samples

Figure shows a comparison between the distributions of the inclusive
J/ip KT K~ samples taken from simulation and real data. Some deviations
are observed. However, from looking at Fig. it is not clear if this
discrepancy is due to the differences between detector resolutions in the
simulated sample and real data or something else. The decay time resolution
of the prompt candidates from the simulated inclusive J/i) K™K~ sample is
found to be compatible with real sample results within uncertainties.

In future iterations, the simulated samples can be made more represen-
tative of real data with kinematical reweighting; for example, see kinematic
reweighting in Sec. The reweighting should be based on at least p,(BY)
and pr(BY). The simulated samples should be generated with real data hit
resolution so that the decay time uncertainty oy in the simulated sample is
representative of real data.

Translation from prompt J/i KTK~ candidates to B? —
J/1p KT K~ candidates

The decay time resolution of the prompt candidates is translated to the
BY?— Jhp K™K~ sample via the ratio of dilutions obtained from simulation,
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see Eq. As an alternative, two other possibilities are studied:

dat __ pdat MC MC
DBag—a;J/wK“'K— - Dp?o?npt JpK+K— + DBQ—)J/sz“’K— - Dprompt JpK+TK—
(4.76)
and

data __ _data + MC _ _MC
OB Jmp K+K= = Oprompt JWK+K- T OB J K+ K= — prompt Jpp K+ K-
(4.77)

where DdBagtj‘> T K+ K- is the effective dilution determined from the real
BY — Jip KTK~ candidates, and U%?j Jwi+i- 18 their effective decay
time resolution; Dgfj‘g%pt T KK~ and agfgj‘npt S K+ K- are the effective
dilutions of prompt J/) K™K~ candidates, and their effective decay time
resolution; D}\B/[& T K+ K~ and 0'%[& I K+ K~ re the effective dilution of

simulated BY — J/i K™K~ candidates, and their effective decay time reso-
lution; D%{Smpt T K+ K- and axocmpt I K+ K~ ATe the effective dilution and
decay time resolution of the simulated prompt J/i) K™K~ candidates.

The results of both procedures are found to be equivalent to the one in

Eq. as no deviation for the parameters of interest is observed.

Robustness with respect to decay time range

The decay time resolution is estimated from the negative decay time tail
of the inclusive J/i KK~ sample. Four different decay time ranges are
compared between each other: ¢ € [—10, u| ps, t € [=7,pu] ps, t € [—4, u] ps
and t € [—1, u] ps, where p is a decay time bias for the prompt candidates
seen in the inclusive real J/iy KTK~ sample. For the simulated samples,
@ =0 ps. Figure shows the mentioned decay ranges for comparison.
The non-Gaussian tails are relatively less populated than the core of the
decay time distribution, which results in all of the ranges giving compatible
results. The ¢ € [—4, u] ps is used in the baseline result for the analysis,
which is in agreement with [49].

Robustness with respect to the number of primary vertices in the
sample

About 40% of the BY — Jip KT K~ candidates are produced in events with
one primary vertex. Figure [£.43] shows the decay time distribution for the
2018 inclusive J/p K™ K~ subsamples with one primary vertex and multiple
primary vertices. It is obvious that the non-Gaussian tail is more apparent
in the sample with multiple primary vertices, respectively. The nature of
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Figure 4.42: Decay time distribution of 2018 inclusive real J/ K™K~ sample
with overlayed decay time ranges: t € [—10,u] ps, t € [—=7,u] ps, t € [—4, u] ps,

this tail is associated with the events for which the primary vertex is not
correctly associated with the B? decay vertex. For events with only one
primary vertex, this is highly unlikely and can only happen if the correct
primary vertex is not reconstructed.

To cross-check the difference between the two subsamples, the decay
time resolution procedure is repeated in both. The final fit was repeated
for the calibration from the control sample with one primary vertex per
event and for the calibration from the control sample with multiple primary
vertices per event. No deviations in the values of the parameters of interest
in comparison to the baseline were found.

Since 2022, the LHCb detector environment has, on average, five visible
proton-proton collisions in the event. This means that the tails observed
in the multiple primary vertices subsample will populate a larger fraction
of the collected data. In future iterations of the analysis, a division of the
sample into subsamples by different primary vertex multiplicities might be
necessary to describe the decay time resolution. As an alternative, the
division can be done in subsamples of low and high B? pseudorapidity 7.
The BY candidates with low pseudorapidity have larger angles with respect
to the LHCb z-axis, which makes it easier to point to the correct primary
vertex. And vice versa, the more forward BY candidates are, the more likely
they are to be misassociated with the wrong primary vertex. Figure [£.44]
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Figure 4.43: Decay time distribution of 2018 inclusive real J/2) K™K~ sample for a
subsample with on primary vertex and with multiple primary vertices.

illustrates this effect: the inclusive J/y KK~ candidates with n < 3.5 have
less non-Gaussian tails, that candidates with n > 3.5.
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Figure 4.44: The decay time distribution of the inclusive Ji) KT K~ candidates
split between the low and high pseudorapidity.
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Robustness with respect to the decay time uncertainty binning

The bins of decay time uncertainty o, are chosen such that the sample
of simulated BY — J/ K+ K~ candidates populates each bin equally. An
alternative binning is defined by requiring the inclusive J/1» K™K~ candidates
to populate bins equally. The effect of a binning change is negligible.

Dependence on the Amg value

The effective decay time resolution is defined by Eq. It requires using
an estimate of Amg to perform the translation from dilution to resolution.
The value of Amg is varied within its one ¢ uncertainty, and the difference
with the baseline is found to be negligible.

Quadratic decay time uncertainty calibration

The baseline calibration of the effective decay time uncertainty o.g is a
first-order polynomial, as defined in Eq. A second-order polynomial is
tested as an alternative. It is parameterized as

Ot = po + p1(0r — 09) + pa(or — o), (4.78)

where pg, p1, pe are polynomial parameters; o; is the measured decay
time uncertainty and oY = 0.036 ps is the average measured decay time
uncertainty in the simulated BY — J/) K+ K~ sample.

A negligible difference with the first-order polynomial calibration is found.

Robustness of the long-lived candidate’s dilution correction in

inclusive J/ip KT K~

The dilution correction for the long-lived candidates is described in Sec. [4.5.1]
The dilution is computed using a representative sample. This representative
sample is taken from the decay time distribution of long-lived candidates,
which in turn is taken from the decay time distribution fit of the inclusive
J/ip KT K~ sample. The robustness corresponding to changes in the sample
statistics and variations in the shape of the long-lived distribution is assessed.
For this, the dilution is sampled multiple times with varied long-lived distri-
bution model parameters. As well as, samples with more statistics (10° and
106 versus 10%) are checked. The differences are negligible.

117



Chapter 4. Measurement of the CP-violating phase ¢

4.6.3 Decay time acceptance

The B® — J/p K*O control sample is used to estimate the decay time accep-
tance; see Sec. As an alternative, a BT — J/i KT sample is used as a
control instead of a B — J/) K*¥ sample in the analysis. Using the decay
time acceptance estimated with the BT — J/i K+ sample, the BY meson
lifetime agrees with the one estimated using B® — J/) K*0 as the control
sample with p-value = 0.15.

For the next check, Bt — J/i) KT sample is used as a signal sample
and B® — Jip K*0 as a control sample. The B lifetime is measured in
agreement within two o with the current world average |20].

For the last lifetime check, the B® — J/i) K*0 real data and simulated
samples are split into two statistically independent subsamples, where one
is used as a “signal” and one as a “control” sample. Additional selection
criteria are applied to the “signal” sample to mimic differences between the
real BY — J/ KT K~ (signal) and B — J/p K*¥ (control) samples. The
selection criteria can be found in [67]. For the “control” sample, the B°
lifetime is set to the world average [20]. The BY lifetime is measured in
per-year and per-trigger category subsamples. It is found to be compatible
within 0.01 — 2 ¢ with the input world average value.

The choice of using continuous splines, instead of the ratio from Eq.
is checked by using Eq. as a proxy for the decay time acceptance. The
effect on the final parameters of interest is found to be very small and,
therefore, is ignored.

As a cross-check, the number and position of the spline knots number and
position are varied. The difference with the baseline estimates of parameters
of interest was found to be negligible.

Figure [4.34]shows the weighting schematics for the decay time acceptance
procedure. As a cross-check, the kinematic weights in Fig. were not
used. Negligible deviations are observed.

The LO trigger cuts change multiple times per year to control the total
data rate in LHCb. However, the simulated samples use only one represen-
tative set of cuts at LO trigger level. This leads to discrepancies between the
samples of the selected simulated and real candidates. The fractions of can-
didates with specific LO trigger cuts are compared between BY — J/ip K+ K~
and B?— J/ip K*0 simulated samples. The fractions are found to be similar,
and no influence on the decay time acceptance is expected. This is further
verified by splitting the sample into subsamples that passed through the LO
trigger representative cut set from simulation and the subsample that passed
through the other LO trigger cuts. The parameters of interest estimated
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from both subsamples were found to be compatible.

4.6.4 Angular acceptance

The key assumption of the angular acceptance procedure is that the angular
and decay time acceptances factorize. Strictly speaking, however, they are
correlated. The effect of this correlation on the parameters of interest is
studied by comparing angular acceptance in bins of decay time. It was found
that the angular acceptance is compatible between bins of decay time [67].
Therefore, this correlation is ignored.

The angular acceptance procedure is validated on the simulated B? —
J/p KT K~ sample. The simulated sample is split randomly into control and
test samples. The control sample is used to estimate the angular acceptance.
The test sample is used to measure the parameters of interest using the
angular acceptance from the control sample. The parameters estimated on
the simulated samples are found to be compatible with the parameters the
simulation was generated with.

4.6.5 Decay time angular fit

As a first cross-check, the 2015-2016 results [49] are reproduced with this
analysis baseline. Overall, 88% of events overlap between samples used
in [49] and 2015-2016 samples used here. The observed differences in the
final parameters are compatible within one o with the result published
in |[49] and are attributed to the changes in the methodology. The most
notable changes include improvements in the selection, the different decay
time resolution procedure, the use of different stripping versions, and the
removal of some incorrectly simulated samples.

Secondly, the robustness of the estimated parameters of interest is checked
in subsamples, split by: magnet polarity; “biased” and “unbiased” trigger
category; years; BY transverse momentum bins; BY pseudorapidity bins;
taggers; number of primary vertices; bins of ProbNNg. The estimated
parameters in the subsamples are found to be compatible.

Thirdly, the background subtraction procedure with the sPlot method
is known to lead to an underestimated statistical uncertainty. As a cross-
check, the statistical uncertainty coverage is checked with the bootstrapping
method. In the bootstrapping method, the dataset is resampled multiple
times and is used to remeasure parameters of interest. The variances of
the distribution of the parameters of interest obtained by this method give
a good estimate of their standard deviation. More can be found in [99].
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The asymptotically correct errors from [100] were also computed using the
RooFit implementation of the final fit and were found to be compatible with
the errors from the bootstrapping method.

Lastly, the selection criteria in HLT1 change during data taking. However,
simulated samples are only simulated with a single representative set of
selection criteria. A special simulated BY — J/ K+ K~ sample is produced
with realistic HLT1 selection criteria, which is more representative of real
data. The estimated parameters of interest are compared between a standard
representative HLT1 selection criterion simulated sample and a special multi-
criteria HLT1 simulated sample. The difference between parameters of interest
is ~ 0.001 — 0.1 of corresponding statistical uncertainty, with the exception
of I'y — I'y, for which it is 0.204¢.

4.7 Systematic uncertainties

Systematic uncertainties quantify a systematic bias that can be introduced
by a multitude of effects: the analysis strategy, the irreducible detector
effects, the uncovered backgrounds, etc. Tables summarize the
systematic uncertainties in this analysis. The largest uncertainty comes from
the background subtraction procedure which assumes that the m(J/p KK ™)
mass and the observables of interest used in the angular decay time fit are
uncorrelated while there is an observed, non-negligible correlation between
them, see Fig. and Fig. This section describes each row in
Tables separately.

Including multiple candidates

As was mentioned before, the presence of multiple candidates can lead to
uncovered biases in the estimated parameters [101]. About 1.3% —1.7% of the
collected events contain multiple B — J/i) KT K~ candidates. All of these
candidates share some of the final state tracks with other candidates. The
majority share the J/i) candidate but have different kaon tracks. Multiple
candidates are removed from the sample by randomly picking one of them.
The parameters of interest are then estimated using multiple candidate-free
samples. The difference with respect to the baseline results is assigned as
“multiple candidates” systematic uncertainty.
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Source SL—06L 0% —06L 63—-06L ok—06L o%—o0L 8% —0oL |AL? |AZ|? |A%|? |A? |AG|?
[rad] [rad] [rad] [rad] [rad] [rad]
Including multiple candidates 0.026 0.021 0.14 0.0078 —0.0053 —0.010 —0.0090 —0.0004 —0.0003 —0.0011 —0.0041 —0.0016
Particle identification correction 0.138 0.026 0.10 0.041 0.033 0.031 0.0106 0.0026 0.0002 0.0002 0.0031 0.0081
Decay time resolution calibration 0.0008 0.0018 0.0040 0.0007 0.0004 0.0004 - - 0.0003 - - -
Decay time resolution translation 0.0027 0.0001 0.0019 0.0003 0.0032 0.0020 - 0.0001 - - 0.0004 0.0004
Imperfect decay time bias correction 0.014 —0.0016  0.004 0.005 0.017 —0.002 —0.0035  0.0007 —0.00007  —0.0002  0.0002 —0.0009
Decay time acceptance - - 0.0004 - 0.0001 0.0001 0.0001 - - - - 0.0001
Angular acceptance : simulated sample size 0.0072 0.0057 0.0361 0.2368 0.0142 0.0109 0.0027 0.0009 0.0002 0.0005 0.0021 0.0025
Correlation of m(J/p K+ K~) with observables 0.0535 0.0092 0.0163 0.0070 0.0072 0.0320 0.0070 0.0007 0.0001 0.0002 0.0007 0.0038
sWeights: sample size 0.0082 0.0055 0.0082 0.0036 0.0283 0.0305 0.0108 0.0005 - 0.0001 0.0043 0.0113
Parameterization of signal width in m(J/) K+ K~) model 0.0079 0.0042 0.0139 0.0068 0.0096 0.0101 0.0102 0.0005 0.0001 0.0003 0.0016 0.0038
Cgp factors 0.0743 0.0044 0.0036 0.0012 0.004 0.0437 0.0006 0.0012 0.0002 0.0002 0.0003 0.0023
Limited knowledge of magnetic field 0.0017 0.0052 0.0009 0.0050 0.0019 0.0014 0.0016 0.0004 - - 0.0002 0.0010
Limited knowledge of LHCD length scale 0.0137 - - 0.0014 - - 0.0044 - - - - -
Ignoring decays via f2(1270) resonant 0.094 0.17 0.052 0.034 0.017 0.004 0.0043 0.0002 0.0005 - - 0.0007
Kinematic corrections configuration 0.0028 0.0012 0.0002 0.0005 0.0024 0.0026 0.0011 0.0061 0.0232 0.0312 0.0212 0.0131
Peaking candidates in the simulated combinatorial background  0.0002 0.0002 0.0001 0.0003 0.0014 0.0009 0.0130 0.0062 0.0016 0.0060 0.0142 0.0013
Ignoring angular resolution 0.0083 0.0015 0.0075 0.0022 0.0021 0.0065 0.0076 - 0.0001 0.0001 0.0002 0.0016
Validation with simulated sample and ignored correlations - - - - 0.07 - - - - - - -
Lifetime bias from B — Bt decays - —0.24 —0.28 —0.026 +0.20 —0.15 - —0.0041  —0.0007 - —0.0015  —0.0053
Total (quadratic sum) 0.19 0.41 0.19 0.31 0.17 0.07 0.027 0.010 0.023 0.032 0.027 0.051
Stat. 0.13 0.20 0.35 0.14 0.073 0.079 0.024 0.005 0.001 0.002 0.007 0.011

Chapter 4. Measurement of the CP-violating phase ¢

Table 4.18: Summary of the systematic uncertainties for the S-wave parameters.
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4.7. Systematic uncertainties

Particle identification correction

The particle identification correction uncertainty has two sources. The first
one is limited statistics of the calibration samples and the second one comes
from the choice of particle identification distribution hyperparameters in
PIDCalib. For each parameter of interest, the largest effect of the two is
assigned as systematic uncertainty.

The influence of limited statistics of the correction samples on the final
parameter values is estimated using the bootstrapping technique. New
corrections are derived from the bootstrapped samples and are used to
repeat the analysis.

The hyperparameters of the particle identification distributions in
PIDCalib are varied around their optimal value. The analysis is repeated
with these modified hyperparameters, and the final parameters of interest
are compared to the baseline.

Decay time resolution calibration

The new decay time resolution calibration is sampled from a two-dimensional
Gaussian distribution centered on the optimal values of the parameters with a
width given by their uncertainties. The decay time angular fit is redone with
each set of new values. The standard deviations of the resulting distributions
of the parameters of interest are taken as systematic uncertainty.

Decay time resolution translation

To access the effect of the translation procedure, it is skipped altogether,
and instead, the decay time resolution of prompt candidates is used directly
in the decay time angular fit. The difference with respect to the baseline
procedure with translated decay time resolution is taken as uncertainty.

Lifetime bias from decay time resolution

In general, the decay time resolution mainly affects the BY — BY oscillation
frequency Amg. However, a small bias in the estimated lifetimes is introduced
by the non-Gaussian effects. Assuming that the decay time distribution for
an untagged B? — Ji) KT K~ with ATy = 0ps™! is a simple exponent, a
sample is generated, and the bias from the decay time resolution is measured
using this sample. The lifetime estimator in the absence of the decay
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time resolution bias is an average shifted by the integration limitsﬂ see
Appendix Any deviation from the expected value of the estimator, see
Eq. is assigned as a bias.

The decay time resolution proxy is defined as the negative decay time
distribution of the inclusive J/iy K™K~ sample, which is mirrored around
zero. Its dilution is effectively represented as a single Gaussian. Firstly, the
single Gaussian, which effectively represents the dilution of the decay time
resolution proxy, is numerically convolved with the decay time distribution.
No bias is found with respect to the expected lifetime. However, when the
decay time resolution proxy is convolved with the decay time distribution,
the bias of about 2.3 fs with respect to Eq. is observed. The main source
of this bias is linked to the non-Gaussian decay time resolution tails. The
exercise is repeated for the BY and By, By, lifetimes, see Sec. Table

shows the biases summary. Note that the biases are estimated conservatively,

‘ estimated bias fs

BY 2.35
BY 2.35
By 2.31
By, 2.38

Table 4.19: The biases from the expected lifetime MLE in Eq. [A.6

assuming that no correction from the decay time acceptance is present, even
though the bias on B? and BY lifetimes are of the same order.

The biases from Tab.[£.19]are translated to the effective biases on lifetimes
measured in the decay time angular fit. The BY lifetime in the decay time
angular fit is measured with respect to B lifetime as I'y — I'y. The bias on
'y is similar in size as on I'y, and therefore, the total bias is just 106 ps™!,
which is negligible. For AT, the bias is 3 - 107* ps~!, which is about 7% of
the statistical uncertainty on AI's. Therefore, the AI's bias is included in
systematics as an asymmetric effect. Generally, it is more appropriate to
include such asymmetric effects in the MLE fit rather than quoting it as an
uncertainty. However, due to the absence of the full study with decay time
acceptance included, it was decided to present it as a part of systematic
uncertainties rather than modifying the MLE itself.

8In this measurement the decay time ¢ € [0.3,15) ps as can be seen from selections in

Tab. @
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4.7. Systematic uncertainties

Imperfect decay time bias correction

When the correcting decay time bias procedure from Sec. is applied to
the simulated BY — J/i K+ K~ samples with an artificial misalignment, it
does not fully unbias the estimated values of parameters of interest so that
they are equal to their generated values. The residual bias after applying
the decay time bias procedure on the simulated BY — J/) K+ K~ sample
with the average misalignment observed in data is assigned as the systematic

uncertainty of the decay time bias correction. The residual bias mainly
affects Amg and 6, — dp, as shown in Tab.

Decay time acceptance

Two sources of systematic uncertainty come from the simulated samples used
in the decay time acceptance estimation. The first is the limited size of the
samples. It is accounted for by constraining the decay time resolution spline
parameters according to their statistical uncertainties.

The second uncertainty comes from differences between the AT's = 0 ps™
BY— Jhp K™K~ simulated samples and decay time acceptance estimated
using the ATy # 0 ps~! simulated B?— J/ip KT K~ sample. The Al'y =
0 ps~! BY— Jhp KT K~ simulated sample is used to estimate the baseline
decay time acceptance, as described in Sec. The differences between
the AT's = 0 ps~! and AT # 0 ps~! simulated BY — Jjip K+ K~ sample
lead to a bias in the parameters of interest. This bias is estimated by
using the alternative decay time acceptance in the MLE fit. The alternative
decay time acceptance is evaluated on the ATy # 0 ps~! BY— Jyp KTK~

simulated sample, reweighted to have ATy =0 ps~!.

1

Angular acceptance: simulated sample size

Alternative angular weights are sampled from a multi-Gaussian distribution
with widths corresponding to the angular weights uncertainties; see Sec. [4.5.5]
The analysis is repeated with these new sets of angular weights. The
widths of the parameters of interest distributions are assigned as systematic
uncertainties.

Correlation of m(J/1p Kt K~) with observables

The dominant systematic uncertainty on ¢s comes from the background
subtraction with the sPlot method. As was mentioned in Sec. the
core assumption for the sPlot method is that the discriminating variable
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(m(Jap KTK™)) is independent of the observables of interest (decay time
and helicity angles). It is assumed that this holds true for this analysis.
However, strictly speaking, this assumption is not true, as there is a direct
correlation between the mass resolution and helicity angles (see Eq. ,
as well as between the decay time and the mass (see Eq. . These
correlations can be seen from Fig. 4.14] and ignoring them leads to a
bias in the parameters of interest. This bias is estimated from deriving the
sWeights in bins of observables. The analysis is then repeated on the full
sample with new sWeights derived from the binned samples.

Next, the background is subtracted in the asymmetrical mass
ranges: m(JAWKTK™) € [5200,5440] MeV/c? and m(JWyKTK™) €
[5300, 5550] MeV/c? and the analysis is repeated.

The final parameters of interest are compared to the baseline result. The
largest deviation is assigned as a systematic uncertainty, which in the case
of ¢ and I'y — 'y comes from the correlation with the decay times.

sWeights: sample size

A part of the background subtraction procedure is a maximum likelihood
fit of a m(J/y KT K~) model described by Eq. The estimated model
parameters are varied within their associated statistical uncertainty and are
used to recompute the sWeights. Then, the analysis is repeated with the
new sWeights. The largest difference between the new values of parameters
of interest and the baseline values of parameters of interest is assigned as
systematic uncertainty.

Including per event mass uncertainty parametrization for the signal
tail parameters in m(J/p KT K™) fit

As mentioned in Sec.4.3] the m(J/i» K K~ ) model is a conditional PDF. The
signal in this model is described by a double-sided Crystal Ball distribution
or DCB, which is defined Eq. Its width depends on the per-event
mass uncertainty o,,. The “tail” parameters are considered uncorrelated.
This assumption between the tail parameters of DCB and the per-event
mass uncertainty is, however, not fully justified. Figure shows both the
left-side and right-side tail parameters of DC'B estimated in bins of oy,.

It is obvious that there is a correlation. To estimate the effect of ignoring
this correlation, the tail parameters are parametrized as a function of o,,. For
QR, NR, af the first-order polynomial sg 4 s10,, is used. For ny, the second-
order polynomial s; + s2(0y, — 50)? is used. The polynomial parameters of
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Figure 4.45: Dependence of “tail” parameters of signal m(J/) KT K~) model on
the per event mass uncertainty o,,. Plotted for the 2015-2018 simulated B —
Jp KT K~ sample.

ap and ng are fixed from the simulated samples. Parameters describing ap,
and ny, are left floating in the real data fit. No improvement in the mass
fit quality is observed. The sWeights: sample size systematics covers
deviations in the final parameters.

Unsurprisingly, the correlations between tail parameters and o, would
have been naturally included in the model if m(J/ip K+ K ™) is fitted in bins
of o, as described in Sec.

Parameterization of signal width in m(J/i) KT K~) model

The width of the signal shape in the m(J/) K+ K ™) model is parameterized
as a function of the per event mass uncertainty o,,, see Eq. Alternative
parameterizations are used for the width of signal shape in Eq.

1. linear : sg + $1 : O
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2. quadratic shifted to the average per event mass uncertainty (o,,) :
50+ 51 (o — {om)) + 82+ (O — (om))? ;

3

3. cubic : sl-am—i—sQ-a,Qn—i—s?,-am.

The analysis is repeated for each of the parametrizations. The largest
deviation between the new final parameters of interest and the baseline ones
is assigned as systematic uncertainty.

Csp factors

As described in Sec. multiple amplitudes contribute B — Jip K+ K~
transition, which is described by the Cgp factors. The Cgp factors are
determined with Eq. which uses the P-wave line shape (decay via
¢(1020)) and S-wave line shape (decay without resonance or via the f,(980)).
Both line-shapes depend on the externally measured parameters [67]. The
P-wave line shape parameters are accurately measured, and their uncertainty
does not strongly affect the Csp factors. The S-wave line shape, however,
is less precisely measured and has higher uncertainties [67]. Therefore,
the P-wave line shape uncertainty is ignored, but the S-wave line shape
uncertainty is propagated as systematics. The S-wave line shape parameters
are varied within their uncertainties, and the Cgp factors are recomputed.
The differences between the parameters of interest estimated with the new
Cgp factors and the parameters of interest estimated with the baseline Csp
factors are assigned as systematic uncertainty.

Limited knowledge of magnetic field

Due to the limited knowledge of the magnetic field, the momentum is
known up to a certain precision in LHCb. As fine-tuning the magnetic field
description is rather complex, a data-driven correction procedure, known
as “momentum scaling”, is used. The corrections are derived in bins of
track angles using known resonances. These corrections are of permille size
and, if not included, lead to a couple of MeV/c? bias in B? mass. The full
description of the correction procedure can be found elsewhere [102].

However, the derived corrections suffer from the limited statistics of the
calibration sample. Their statistical uncertainty is propagated to the final
parameters of interests by rescaling tracks momenta with correction factors
s varied within uncertainties As as

p_ p 1

ngs:les’

(4.79)
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4.7. Systematic uncertainties

where ¢ is the charge of the track and p is its momentum. The dif-
ference between the parameters of interest estimated with the rescaled
BY — Jip KtK~ simulated sample and the baseline B — Jh) K™K~
simulated samples is assigned as systematics.

Limited knowledge of LHCDb length scale

The LHCbD length scale is known up to a 0.022% uncertainty [103]. This
uncertainty is propagated to the decay times, and the parameters of interest
are measured with the scaled decay time. In [67], this uncertainty is estimated
with re-reconstructed simulated B? — J/iy K™K~ candidates with scaled
final state tracks. Using the first or the second approach does not affect
the total uncertainty as published in [63]. However, following the approach
in [67], the Amg uncertainty from the LHCD length scale would go down
from 0.0042 to 0.0031.

Ignoring decays via f2(1270) resonant

In addition to the S-wave contribution, which includes non-resonant BY —
J/p K+ K~ decay and decay via f5(980), the BY — J/iy KTK~ final state
can be reached via the f5(1270), known as D-wave. It’s rather low, O(1079),
[20]. However, it can still interfere with the measurement, introducing a
bias. This bias is evaluated conservatively with a special f2(1270)-enhanced
BY— Jjip KT K~ simulated sample. The bias is assigned from the difference
with the generated values of parameters of interest.

Kinematic corrections configuration

In Sec. the kinematic corrections of the simulated samples are described.
They are done using machine learning techniques, which depend on the
training configuration. Alternative configurations are used to repeat the
analysis. The difference between the parameters of interest estimated with
alternative configurations and the baseline parameters of interest is assigned
as systematic uncertainty.

Peaking candidates in the simulated combinatorial background

About 4.4% of all reconstructed candidates in the B — J/) K+ K~ simulated
samples are made of daughter tracks that do not originate from signal B?.
These candidates are usually excluded from the simulated sample and are
only used as a proxy of the combinatorial background in the decay time and
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angular acceptance procedures. However, some of them peak close to the
B? meson mass.

To evaluate the bias from ignoring those peaking candidates, the sPlot
background subtraction is repeated exclusively for the candidates with
daughter tracks not from signal B?. After assigning the sWeights, these
candidates are merged with all other simulated candidates. The differences
between the obtained parameters of interest and the parameters of interest
estimated on the baseline simulated samples are taken as the bias. Note
that this systematics might be overestimated, as in principle, part of the
peaking candidates would be picked up in the baseline mass model with
floating width parameters, see Sec.

Ignoring angular resolution

As described in Sec. the effect of the finite angular resolution is ignored.
To quantify the bias by ignoring this angular resolution, the analysis is
repeated on the simulated BY — Jip KT K~ sample. The angular accep-
tance weights twice: first, using generated helicity angles and then using
reconstructed helicity angles. The final fit is repeated for two sets of weights.
The difference in estimated parameters of interest between two fits is taken
as a systematic bias. A note of warning: the angular resolution is partially
taken into account using the reconstructed angles in Eq. rather than
generated ones. Therefore, this is a rather conservative estimation of this
uncertainty.

Ignored correlations

The bias from ignored correlations is partially covered by “Correlation
of m(J/ip KT K~) with observables”. However, this does not include
non-mass-related correlations. To catch any uncovered bias from ignored cor-
relations, the analysis is repeated fully on the simulated sample of a mixture
of BY— Jip Kt K~ decaying via ¢(1020), fo(980) and without a resonance.
The simulated sample does not contain background contributions, but the
largest of them, the combinatorial background, is additionally generated
and merged into the sample. The technique to generate the combinatorial
background is described in Sec. 5.2. of [104]. The differences between the
generated parameters of interest and estimated parameters of interest are
assigned as systematic uncertainty. If the difference is smaller than the
one obtained with the method described in the section “Correlation of
m(J/ip KTK~) with observables”, it is ignored.
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Lifetime bias from Bj’ — Bgﬂ'"‘ decays

About 2% of the collected B — J/ip K+ K~ candidates are initially produced
as B mesons which subsequently decay into Bo7* [67]. Because the B
meson has an average lifetime of 0.501 + 0.009 ps [20], the observed decay
time of these B! candidates is, on average longer, since it originates from
the B decay vertex rather than the primary vertex. Such B? candidates
introduce bias in estimated lifetimes. The size of this bias is estimated
using a simulated Bf — BY(— J/ip¢)nt sample. The details on the bias
estimation can be found in [67]. The resulting biases are the following:
for AT, the bias ALy is —0.00145 4+ 0.00021 ps~!; for I'y — I'y, the bias
§(Dsy —Ty) is —0.00168 4 0.00068 ps—!. Both biases are taken into account
by parametrizing in the decay time angular maximum likelihood fit as

Al'y = Al's + 0AT's + o5ar, X 8
Ps_Fd_>Fs_Fd+5(rs_rd)+06(Fs—Fd) X s (480)

where osar, sr,—r,) are the bias uncertainties, and s is the correlation

coefficient between the two biases, which is left free in the maximum likelihood
fit.

4.8 Results

The maximum likelihood fit of the model described in Eq. is
performed on a sample of approximately 5.5 - 10° candidates collected in
2015 — 2018 by LHCb. The data sample corresponds to about 5.7 fb~! of
luminosity. It is divided into 48 subsamples: by year, by trigger category,
and by KTK~ mass bins, as defined in Tab. The PDF model is
configured specifically for each of the subsamples. For example, the S-P wave
interference coefficients Cgp differ per K+ K~ mass bin, whereas the time
acceptance spline coefficients are different per year and per trigger category.
Table summarizes the PDF configurations according to the subsample.

The collected candidates are weighted with sWeights as described in
Sec. About 3.5-10° signal B — J/) K+ K~ candidates are found among
all candidates. Applying sWeights statistically subtracts the background can-
didates from the sample and reveals the signal B — J/y K™K~ candidates
distributions. This allows simplification of the final maximum likelihood fit,
as only a PDF describing the signal has to be used. The likelihood from
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‘ year trigger category KK~ mass bin ‘ Value
Iy - - - 0.65789 |70
Decay time resolution
Decay time bias
Decay time acceptance
Angular weights
Flavour tagging calibration v (shared for 2015 and 2016)
S-P wave interference effective coupling -

COCK
AN

Table 4.20: Description of the subsample specific and shared configurations of the
maximum likelihood fit.

Eq. then becomes weighted with per candidate weights w; as,

creishted(g|z) = T Plil0)™, (4.81)
=1

where i is the candidate index; n is the number of candidates; P(x;|0)
is the PDF for candidate x; computed with parameters 6. However, the
error estimates computed with Eq. for this weighted likelihood are
underestimated. To correct for this, the weighted likelihood is scaled with a
factor a, which is defined as [105],

n
2 Wi
a=- (4.82)
> w?
(2

where i is the candidate index and w; is a weight. The coverage of errors
with this « correction applied is validated with the bootstrapping method
as mentioned in Sec. . Asymptotically correct covariance Cj; for the
weighted maximum likelihood estimator can be computed [100] as,

M
—1 -1
Cij = Z Hy, Hy;

k=1

( 91n Lweighted (| 7) 9 In Lweighted (g If)> (4.83)
o

8¢9k 891

where 6 is the maximum likelihood estimator of the PDF parameters and
H;j, is the second derivative of the weighted maximum likelihood,

82 In [’weighted(e‘i:)

Hyj =
J 06,00

(4.84)

This approach is known as “asymptotic errors”. As was described in Sec. [£.6.5]
this was tested in the RooFit implementation of the fit and was found to give
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similar results to the bootstrapping procedure. However, in future iterations
of this analysis, the “asymptotical errors” should be preferred over Eq.

The flavour tagging calibration is included in the maximum likelihood as
a Gaussian constraint. Therefore, the uncertainties from the flavour tagging
calibration are naturally propagated into the statistical uncertainties of the
estimated parameters of interest. Additionally, a correction is applied to
account for the BX — BY7™ contribution as described in Sec.

4.8.1 Baseline results

This thesis shows results from the maximum likelihood fit that is based on
the RooFit framework [84] [106]. Two other independent implementations of
this fit were used to cross-check the results of the RooFit implementation [67].
All three agree with each other and the results of the fitter based on Graphic
Processor Unit architecture are quoted in the public results [63]. The results
of the RooFit implementation are quoted in Tab. where the first
uncertainty is the statistical one and the second is the systematic one from
Tab. The correlation matrix can be found in Tab. The quoted
statistical uncertainty corresponds to the second derivative of likelihood with
respect to the parameters of interest, assuming the parameter is equal to its
maximum likelihood estimator. Figures show projections of the PDF
onto the observables for background-subtracted B — J/) K™K~ candidates.

4.8.2 Polarization dependence

Table shows the estimated values of parameters described in Sec.
assuming that |A| and ¢, are polarization independent. However, the penguin
contributions to |A| and ¢s can be polarization-dependent, see Sec. The
observation that |A| & 1, see Tab. is consistent with the hypothesis that
the penguin contributions are small, see Sec. The interference between
the penguin and tree decay amplitudes in Fig. would generally generate
a direct CP asymmetry, which would cause lambda to deviate from unity.
Given the observed result, one may conclude that the penguin contribution
is not important.

However, if the penguin contributions interfere destructively when com-
bined, it may be that they are more pronounced in a polarization-dependent
fit. In this case, both || and ¢, are assumed to depend on polarization.
Results of the polarization-dependent fit are shown in Tab. Because of
the non-parabolic likelihood, the asymmetric uncertainties are used, rather
than Eq. The asymmetric statistical uncertainties AL are defined as a
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Parameter ‘ Value =+ stat. &+ syst.
b5, rad —0.038 4 0.021 + 0.006
IA| 1.001 £ 0.010 + 0.005
AT, ps~! 0.0848 £ 0.0044 + 0.0024
Iy —Ty, ps~? —0.0058 + 0.0013 + 0.0014
Amg, ps~! 17.742 + 0.032 £ 0.008
|Ao|? 0.5179 4 0.0017 £ 0.0032
|A, ? 0.2463 4 0.0023 £ 0.0024
8| — do, rad 3.147 + 0.061 + 0.052
51 — 6o, rad 2.906 + 0.074 + 0.048
Fs , m(K*tK™) € [990,1008), MeV/c? 0.472 +0.024 £ 0.027
Fs , m(K+tK~) € [1008,1016), MeV/c? 0.041 + 0.005 £ 0.010
Fs, m(K+*K~) € [1016,1020), MeV/c? 0.003 + 0.001 + 0.023
Fs, m(K+tK~) € [1020,1024), MeV/c? 0.004 + 0.002 + 0.032
Fs, (K+K ) € [1024,1032), MeV/c? 0.051 + 0.007 £ 0.027
Fs, m(K+tK~) € [1032,1050], MeV/c? 0.152 +0.011 £ 0.051
8s — 01, rad, m(K+K~) € [990,1008), MeV/c? 2.06 +£0.13+0.19
8s — 81, rad, m(KTK~) € [1008, 1016) MeV/c? 1.63 4+ 0.20 4+ 0.41
8s — 61, rad, m(K+tK~) € [1016,1020), MeV/c? 1.1240.354+0.19
8s — 61, rad, m(K+tK™) € [1020,1024), MeV/c? —0.21 +£0.14 4+ 0.31
8s — 61, rad, m(K+TK~) € [1024,1032), MeV/c? —0.66 £ 0.073 £ 0.17
§s — 01, rad, m(K+K~) € [1032,1050], MeV/c? —1.03 £0.079 £ 0.07

Table 4.21: Parameters of interest estimated with a RooFit fitter on background-
subtracted BY — J/ip K™K~ sample collected in LHCb between 2015-2018, where
|As|? = Fs/(1 — Fg). Systematic uncertainties are taken from Tab.

difference between MLE 6 and 6" such that,
In £(6'|Z) — In £(6Z) = 0.5, (4.85)

where there are two possible solutions for 6': for 6 > 6 the uncertainty is
AL =0 —0 and for §' < @ the uncertainty is A_ = 6 — @'. If the errors
are the same within the precision of the reported parameter, an average
uncertainty is reported. Tab. and Tab. are found to be consistent;
see [67] for the details when accounting for the difference in the number
of degrees of freedom. Therefore, no penguin contribution has yet been
observed even in the polarization-dependent fit.

As described in Sec. the time-dependent CP-asymmetry between
BY— Jhp KTK~ and B? — J/) $(1020) is proportional to sin ¢s sin(Amyt).
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Parameter Value + stat.
#s°, rad —0.034 £+ 0.023
osl — ¢, rad —0.002 + 0.021

st — 050, rad —0.00115:0%0

¢SS - (bsoa rad 0. 023+8 83(75

A°] 0.9690:05.4

/X0 0.982+0:052

IAL/A] 1.106%0:0%

A5/ 1.122%070%

AT, ps™! 0.084810- 0048
Ty — T4, ps —0.0058T05018

Amg, ps—! 17.74970-:033
| Ap|? 0.5284 + 0.0101
|AL)? 0.2267 4 0.0141

5“ — (50, rad 3.146 £ 0.061

81 — dp, rad 2.916 + 0.077

Fs, m(K+tK™) € [990,1008), MeV/c? 0.44810-029
Fg, m(K*tK~) € [1008,1016), 0.037 + 0.005
Fg, m(KTK~) € [1016, 102 0.002 + 0.001
Fg, m(KtK~) € [1020, 1024 0.0035 + 0.002
Fg, m(KtK~) € [1024,1032), 0.046 + 0.007

€|

Fs, m(K*K~) €

ds — 0,1, rad, m(KTK~) €
ds — 01, rad, m(K+K ) €
ds — 0., rad, m(KTK )
ds — 61, rad, m(KTK

ds — 0., rad, m(KTK )

1032,1050],h4éV702

85 — 01, rad, m(KTK™) € [990,1008), MeV/c?
[1008,1016), MeV/c?
[1016, 1020),
[1020, 1024,
€ [1024,1032),
[1032, 1050], MeV/c?

0.013
PG
e

0.39
112+029

~0-20%1
—-05 00
—1.00Z5 09

Table 4.22: Polarization-dependent parameters of interest estimated with a RooFit

fitter on background-subtracted B — Jiy KTK~

LHCb between 2015-2018, where |Ag|?

sample that was collected in
= Fg/(1 — Fg) and P-wave amplitudes are

normalized such that [Ag|*> + |[AL|? 4+ |A)|? = 1. Only statistical uncertainty is

shown.
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Figure 4.46: Projections of the decay-time angular PDF from Eq. with MLE
parameters on the observables. The background-subtracted BY — J/ip KTK~
candidates are also shown. Taken from [63].

A work-in-progress method of time-dependent CP-asymmetry visualization
is presented in Appendix

4.8.3 Combination with other LHCDb results and comparison
with previous measurements

BY— Jhp KTK~ is the cleanest decay channel to probe ¢, see Chapter
Nevertheless, the obtained ¢, in Tab. is statistically limited. To reduce
the statistical uncertainty, the results of this analysis from Tab. were
combined with all other LHCb measurements sensitive to ¢s. These include
measuring ¢s with BY— JAp KTK~ decays for myg K > 1050 MeV/c? [50];
with BY — DI D; decays [54]; with B? — Jiyntn~ [52]; with BY —
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¥(28)¢ [53]; with B — Jjip K+ K~ decays collected in 2015-2016 [49]; with
BY — Jhp(ete™ )¢ decays [51] ; with B?— Jip K+ K~ decays collected in
2011-2012 [48].

The combination results are

¢s = —0.031 4+ 0.018 rad,
IA| = 0.990 + 0.010,
I'y = 0.6563 + 0.0020 ps~!,
AT, = 0.0846 + 0.0039 ps~ !,
|AL|* =0.2471 + 0.0031,

| Ao|* = 0.5175 = 0.0035,
51 — 8o =2.94+0.07 rad,
8| — 0o = 3.150 £ 0.062 rad,

Amg = 17.740 £ 0.027 ps~ !, (4.86)

where the uncertainties include statistical and systematical uncertainties;
the correlations between systematical uncertainties are included; I'g is Gaus-
sian constrained to the world-average from [62] to obtain I'y from I's — I'y.
Figure shows the 68% confidence levelsﬂ in ¢s — AT’ plane for both the
combined results and results obtained in separate measurements [48-54,63].
All the ¢ measurements with BY — J/i K+ K~ decays, excluding the one
in the high KK~ mass (mgx > 1050 MeV/c?), are shown together.

Figures [4.48 show a comparison of ¢5, Al's and I'y obtained in this
thesis to the 3 fb~' LHCb Run 1 [48], CMS combined [61] and ATLAS
combined [59]. Table shows the results of this thesis, the LHCb Run 1,
the latest up-to-date CMS, and the latest up-to-date ATLAS measurements
for completeness.

9The confidence level is reported for the two-dimensional Gaussian likelihood.
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BY-D}D; 3 fb1 LHCb
C 68% CL contours
0 -1
0.13 BJ-J/ynn 5 fb
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Combined LHCb
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Figure 4.47: The 68% confidence levels in ¢4 — AT’y plane for the combined and
separate LHCb measurements. The SM indicates a tree-level SM prediction. In-
dividual measurements are the following: B?— D D7 ; BY— Jpprtr— [52);
BY— (29)¢ [53]; BY — J/p K+ K~ high mass [50]; B — J/p KK~ [48/49/51//63].
Taken from [63].

0.12
0.11
CMS 116.1 fb1
0.10 1
‘_"T 0.09 4 enguins
w
2
5 0.087 LHCb 3.0 fb~!
0.07 1
ATLAS 99.7 fb~1
0.06
0.05

2020 -0.15 -0.10 -0.05 0.00 0.05 010 015 0.20
¢s [rad]

ure 4.48: The 68% confidence levels in ¢, — AT, plane for the ATLAS combination
&

9], CMS combination \\ 3 fb~! LHCb Run 1 [48] and this thesis (LHCb 5.7 fb_l).
The Standard Model prediction for ¢5 is from for ¢5 and AT, is from [107].
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Figure 4.49: The 68% confidence levels in I';—A
, CMS combination , 3 fb~* LHCb Run 1 \
The Standard Model prediction for AT, is from [107] and for T'; is as quoted by .
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Parameter | This thesis, 5.7 fb™" LHCb Run 1, 3.0 fb~! ATLAS, 80.5 fb~! CMS, 96.4 fb~!
s, rad —0.038+0.021 £ 0.006  0.058 4+ 0.049+0.006  —0.081 +0.041+0.022  —0.011 % 0.050 % 0.010
A 1001 +0.010+0.005  0.964 + 0.019 + 0.007 fixed to 1 0.972 + 0.026 + 0.008
ATy, ps™ | 0.0848 4 0.0044 £ 0.0024  0.0805 % 0.0091 + 0.0032  0.0607 = 0.0047 £ 0.0043  0.6531 + 0.0042 + 0.0026
Ty, ps™' | 0.6637 +0.0013 +0.0014  0.6603 + 0.0027 & 0.0015  0.6687 % 0.0015 & 0.0022  0.6531 + 0.0042 + 0.0026
Amg, ps™ | 17742+ 0.032 + 0.008 17.71153:9% + 0.011 fixed to [108] 17.517989 +0.03
| 4o/2 0.5179 4 0.0017 £ 0.0032  0.5241 + 0.0034 + 0.0067 0.5131 + 0.0013 + 0.0038  0.5350 + 0.0047 + 0.0049
|42 0.2463 £ 0.0023 £ 0.0024  0.2504 + 0.0049 + 0.0036  0.2656 + 0.0023 4 0.0044  0.2337 + 0.0063 + 0.0045
2.94 + 0.05 % 0.09
— -+0.10+0.06
8 — do, rad | 3.147 £ 0.061 + 0.052 3.26131970:09 395 1 0.05 000 3.18+0.1240.03
2.91+ 0.1 +0.06
— +0.14
6, —bo, rad | 2.906 + 0.074 + 0.048 3.08%91% +0.06 31940114006 2.77 4+ 0.16 + 0.05

Table 4.23: Comparison of the parameters of interest between this thesis (and ),
LHCb Run 1 , ATLAS and CMS . Both ) — dp and §; — dp have two
minima in ATLAS .
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Preparation for future data taking

The measured value of ¢s from Tab. is statistically limited and is
compatible with zero. Unfortunately, that means that mixing-induced CP-
violation has not yet been observed in B — J/i) K+ K~ decays. To observe
it in the future, more data is needed. Luckily, within the following years,
the LHCb collaboration plans to collect 50 fb™! of integrated luminosity.
Assuming that the detector performance and flavour tagging remain the
same, the statistical uncertainty on the ¢s measurement should be reduced
by a factor of two compared to the current result. Assuming the central
value does not change, the first hint of the mixing-induced CP-violation in
BY— Jhp KT K~ decays (aka 3 o effect) is within LHCb reach.

Such an unprecedented amount of data is possible because of the higher
level of instantaneous luminosity: 2 x 1033s~tem=2 [109] and a redesign of
the trigger system. Because of an increase of instantaneous luminosity by a
factor of five when compared to the Run 1/2 detector described in Chapter
the detector had to be upgraded to cope with the higher occupancy and an
environment with an increased radiation fluence. In the redesigned trigger
system the hardware trigger LO is entirely removed and the first software
trigger HLT1 has to operate at the full p-p collision rate, which is 30 MHZE.
The detector’s readout electronics have to be replaced entirely to provide
the information to HLT1 at the necessary speed.

Overall, four factors drive the new LHCb detector development:

1. the increased occupancy due to the increased luminosity, which defines
the granularity of the new detector;

!The 30 MHz is the average frequency of the non-empty proton-proton bunch crossings
at LHCDb, which is a bit lower than the 40 MHz bunch crossing rate of the LHC beams.
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2. the continuous readout at 30 MHz, which means fast electronics;

3. the increased fluence, which requires readout electronics and sensors
that can cope with more harsh radiation conditions;

4. maintaining physics performance, such as the resolution of observables,
efficiencies on signal, and rejection of background, as good as before.

After an extensive R&D, most of the old LHCb detector from Fig. |3.2
was replaced with a new one, which has been in commissioning and operation
since 2022. The schematics of the new detector can be seen in Fig. [5.1

// Side View -
// Side View Eear HCAL va M3
/ M3

Magnet SciFi  RICH2

Tracker

o,
¥

Figure 5.1: Schematics of new LHCb detector (since 2022). From the interaction
point on the left: the new pixel Vertex Locator (VELO, tracking), upgraded Ring
Imaging Cherenkov detector (RICH1, particle identification), the new Upstream
tracker (UT, tracking), magnet, the new Scintillating tracker (SciFi, tracking),
upgraded second Ring Imaging Cherenkov detector (RICH1, particle identifica-
tion), electromagnetic calorimeter (ECAL) with new readout electronics, hadronic
calorimeter (HCAL) with new readout electronics and Muon stations (M2-M5,
muon identification) with new readout electronics. In comparison with the old
detector shown in Fig. the tracking is entirely replaced, Cherenkov detectors
are upgraded, and all the readout electronics are replaced. The first muon station
M1, the scintillating pad detector, and the preshower detector are gone.

This chapter summarizes work done by the author in preparation for the
new data-taking period with the upgraded detector.

Firstly, the contribution to the new pixel Vertex Locator commissioning
is described in Sec. The results presented reflect the state of the art
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as of the second half of 2022. As improvements occur rapidly during any
commissioning period, some parts are likely to be superseded by the time
this thesis is read. The author has developed the so-called “noise-rate” based
equalization and has performed the first equalization scans of the installed
detector in 2022.

Secondly, the author of this thesis has provided a monitoring algorithm
that compares reconstructed objects at the different trigger stages in Sec.
This is important for both reconstruction algorithms fine-tuning and limiting
the fake negative selection decisions made with the partially reconstructed
events at HLT1 level. To expand on the latter, if the event was disregarded
based on the partially reconstructed objects, it should still be disregarded
if the same cuts are applied to fully reconstructed objects. If this would
not be the case, then it implies that a potential event of interest was lost
prematurely in a way that may introduce non-trivial efficiencies, which may
affect any subsequent measurement utilizing these events.

5.1 VELO front-end ASIC equalisation

As was described in Sec. to measure ¢¢ three important requirements
must be satisfied:

1. The initial flavour of the BY meson (aka flavour tagging) must be
known;

2. The decay time must be measured with the precision necessary to
measure Amg;

3. The angular observables must be determined to disentangle polarization
amplitudes.

For the flavour tagging, both the signal candidates and the tagging object
need to be reconstructed and matched to their primary vertex. The decay
time is measured from the distance between the primary vertex and the BY
decay vertex, see Eq. On average, the boosted B? meson travels about
7 mm before decaying, which is within the coverage of the VELO stations.
Moreover, the decay time resolution is mainly defined by the resolution on
the decay vertex position [25]. So for the first two conditions necessary to
measure ¢, the vertex locator near the interaction point of proton beams is
crucial.

About 1.7 p-p interactions were visible per event in the original LHCb
detector. With the increase of instantaneous luminosity, about five visible
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p-p interactions are expected per event. As a result, the combinatorics of the
vertex reconstruction increases and makes it more complicated to distinguish
one primary vertex from another. The original VELO, see Chapter [3| does
not have the granularity necessary to cope with the higher occupancy of
the detector and successfully reconstruct vertices. Moreover, the electronics
were not developed for the higher fluence expected during the operation of
the detector.

The primary way to discriminate b-particles from the background is by
applying detachment requirements on their daughter tracks. As described in
Sec. for BY — J/p KT K~ the X12p of the daughter tracks is used to
filter the BY — J/p K+ K~ candidates from the background. The achievable
impact parameter resolution is another driving force for the development
of the new interaction point tracking stations. The impact parameter
resolution depends on the VELO aperture radius (see Eq. 1 in [110]) and
on the material budget of the detector. The VELO aperture radius is the
distance between the VELO sensors and the beam axis. For the upgrade
of the detector, it was chosen to be as close as ~ 5.1 mm to the beam
[110]. Such an unprecedentedly small distance to the beam results in an
environment with large radiant exposure, which requires suitable radiation-
hard electronics. The maximum fluence in the closest point to the beam
reaches 8 x 10'° 1 MeVn,, - cm ™2, which is 19 times more than the original
VELO could withstand [110] [35]. The VELO detector consists of 52 modules.
Each module hosts four silicon sensor tiles. A tile is glued to three front-
end ASICs. Each ASIC has a grid of 256 x 256 pixels, and the pixel size
is 55x55 pm? [111]. To reduce the radiation damage to electronics, the
modules are cooled to —25 °C'. The front-end ASICs, called VeloPix, are
based on TimePix3 technology and were developed to meet the specifications
of the new VELO detector. VeloPix is a zero-suppressed ASIC, meaning that
only the hits are read out, whereas empty pixels are dropped. It can sustain
the 900 MHit /s rate, which is required for the 30 MHz continuous readout in
LHCb. Figure shows the VeloPix schematics, where only the single-pixel
logic is shown. First, from left to right, the input signal is amplified in the
analog part. A radiation-induced leakage current is compensated by the
leakage-current compensator [112]. Then, the input signal is digitized with
a discriminator and time-stamped in the digital part. The hit is accepted
based on the time-over-threshold (ToT) value, which constitutes the end
of the single-pixel logic part. Afterward, pixels are combined into a 2 x 4
super-pixel. The super-pixel logic is not described here in detail but can be
found in [111].

The main job of the VeloPix discriminator is to separate noise from signal
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Figure 5.2: The simplified VeloPix ASIC schematics. This schematic was adapted
from [111], where the detailed schematics can be found.

hits. For this, the signal level is compared to the threshold value, called Th,
see Fig.|5.3] The value of the threshold is configured per ASIC and is known
as “global threshold” T'hg,pq. However, it can be adjusted on a per-pixel
basis with a 4-bit digital-analog converter code (DAC code). This adjusted
threshold is called a “local threshold” T'hj,cq; The adjustment is necessary
because each pixel reacts slightly differently, even if the same input signal
arrives. Additionally, there is a possibility of masking pixels that are too
noisy to read out.

Equalization is a procedure that aims to homogenize the pixel behavior
according to the chosen metric in the presence of the same input. An output
of the equalization procedure is a set of per-pixel 4-bit DAC codes and a
pixel mask.

There are two categories of equalization techniques. The first is equal-
ization on a test signal, which is possible because VeloPix has a dedicated
testing circuit that can send a controlled test pulse to the beginning of the
digital part, see Fig.[5.2] The second category of equalization techniques
is called “equalization on noise”. The noise here refers to the absence of a
signal, which is expected in the absence of a beam in the LHC. Here, the
second category is discussed in detail.

The main role of the discriminator in Fig. is to register a signal hit,
separating it from noise, which means that ideally, a global threshold is
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set to the value that the noise would never be able to reach. However, the
higher the threshold, the lower the efficiency of the detector. To set an
optimal global threshold, the ASIC should be equalized. For an equalized
ASIC, all pixels end up with about the same “representative” thresholds, and
the global threshold can then be used to set the above-mentioned average
“representative” threshold. The representative threshold is chosen based on
the noise rate, either relative rate or absolute. The rate is defined as the
number of hits registered per second. Figure shows schematically how
VeloPix counts the hits. A continuous analog signal crosses the threshold

Figure 5.3: Schematics of hit counting with VeloPix. Stars correspond to the
counted hits.

multiple times, and it is the crossing upward and downward that is counted
as a hit. The number of hits Ny (or the number of threshold crossings) is
counted within the time window tgnuster, Which is defined by the shutter
on Fig. (.21 Figure [5.4] shows the threshold scan, where the number of
hits is counted per a chosen shutter time for different values of the global
threshold. The left edge of Fig. appears because of VeloPix saturation.
At the low threshold, the noise rate is high, and the VeloPix does not count
individual hits anymore, as the downward crossing of the threshold is unlikely
(see Fig. . The right edge of Fig. falls because the upward crossing
becomes less and less likely. The left and right edges are expected to be
similar if the jitter around the baseline is symmetric and the time over the
threshold (ToT) is within the shutter time.

If the representative threshold is chosen based on the absolute noise rate,
then the procedure is referred to as “noise rate” equalization. In this case,
the representative threshold is chosen such that the number of hits within the
time the shutter was open ftshutter corresponds to the chosen absolute noise
rate Ni/tshutter- The rate of 23 Hz was chosen, which is roughly 0.001 %o
of the p — p collision rate of LHC ﬂ Figure shows an example of the
representative threshold for the “noise rate”. The threshold scan is taken

2This corresponds to tshutter = 1.3 s and Ni = 30. Both can and should be fine-tuned
to get 30 Hz.
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Figure 5.4: An example of a scan of thresholds for a single pixel. A jargon name of
this plot is “s-curve”, coming from the typical shape of such scans. The VeloPix
hit requires upward and downward crossing of the threshold (see Fig. . At the
low threshold, only a few downward crossings of the threshold are observed, which
explains the left edge. Due to the limited readout space, the histogram is saturated
at 63 counts.

with a defined threshold step. The representative threshold is then computed
from linear interpolation between the two nearest to N = 30 measured
points.

When the relative rate is used, the procedure is called “noise baseline”
equalization. The representative threshold for the “noise baseline” cor-
responds to the maximum number of noise hits seen for a pixel, which
corresponds to the mean of Fig. |5.4] as can be seen from the Fig.

Figure [5.5[a) shows the representative thresholds that correspond to the
noise baseline for one ASIC. The width of Fig. is called noise width and
is shown for the same ASIC in Fig. [5.5(b). The width represents the spread
of the thresholds for which noise hits are counted, see Fig. [5.6 Figure [5.5c)
shows the representative thresholds that correspond to 23 Hz noise rate.

The choice of representative threshold is the main difference between the
noise baseline and noise rate-based equalization procedures. The following
steps are the same for both.

As was mentioned before, the output of the equalization procedure is a
set of 4-bit DAC codes and a mask. The 4-bit DAC codes adjust the global
threshold on a per-pixel level, which leads to a homogeneous noise behavior
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Figure 5.5: Representative thresholds of noise baseline and noise rate procedures
taken with extreme DAC code zero and noise width parameters taken with optimized
DAC codes. Also, the noise width in thresholds is shown. The tsputter = 1.3 s.

Hipin

Figure 5.6: Schematics representing the noise baseline and noise width parameters
for a pixel.
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Figure 5.7: Comparison of the pixels representative threshold values for noise
baseline and noise rate procedures.

across the pixels.

The optimal DAC codes are taken from the interpolation between the
measured representative thresholds with two extreme DAC code values: 0x0
and OxFﬁ Figure shows the pixels’ noise rate representative thresholds
for one VeloPix at the edge DAC codes. At DAC code zero, the unchanged
representative thresholds of pixels are shown, and at 0xF, the maximally
shifted representative thresholds are shown.

The interpolation between representative thresholds at 0x0 and OxF is
assumed to be linear,

Thy = ThY® + s - DAC code (5.1)

where Th* is the representative threshold of pixel k measured with 0x0
DAC code; s is the slope parameter. However, it was observed in the past
that the dependence between the DAC code values and the representative
thresholds is quadratic. To interpolate a quadratic function at least three
points are necessary. Unfortunately, the communication protocol used to
take threshold scans in 2022 was very SIOWEL and thus, for practical reasons,
it was necessary to restrict the procedure and use a linear approximation.

30xF is a hex value of 15. DAC code is a 4-bit word, so only values € [0,2* — 1] can be
represented.

Tt should be mentioned that the LHCb VELO team is developing a faster communica-
tion protocol, and therefore, in the future, a more nuanced calibration can be done.
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Figure 5.8: Distributions of the representative threshold for two extreme values of
DAC code: 0x0 and OxF. PRED. DAC CODE OPT is the distribution of the predicted
representative threshold for optimized DAC code values. It is used to derive the
mask. For the noise rate procedure. Th*™ is the threshold that defines the optimal
DAC code, as defined in Eq.

The optimal DAC code is chosen such that the pixel response is close to
a chosen Th®™. The Th*™ is defined as,

szzels 0xF pzzels 0
) E Th * / pixzels — E Th x0 / pizels
ThHo™ _ k=1 5 , (5.2)

where £ is the pixel index; Npjzes = 256 x 256, and is the total number
of pixels of one VeloPix; Th{* is the representative threshold of pixel &
measured with 0x0 DAC code; Th*F is the representative threshold of pixel
k measured with 0xF DAC code; The DAC code is then computed as,
aim 0x0

DAC code = u (5.3)
However, all values are integers. Therefore, on top of using the linear
interpolation instead of a quadratic one, an additional imperfection of this
calibration comes from rounding to the integer values. If the value of the
DAC code exceeds the allowed range of [0,2% — 1], the edge DAC value is
assigned. Figure [5.9 shows an example of the optimal DAC codes for the
noise rate equahzatlon.
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Figure 5.9: An example of the optimized value for DAC code from the noise rate
procedure.

Because of all these little imperfections, not all of the pixels will end up
at exactly Th®™. Figure also shows the predicted T'hy at the optimal
DAC codes (PRED. DAC code OPT). The spread of the predicted Th;” timal
at the optimal DAC codes is smaller than for the ones measured with the
edge DAC codes. However, some pixels have Thy" timal The™  which
indicates that they are more noisy than others and should be masked.

Defining fair masking conditions is crucial for the detector’s performance.
A factor of ten difference in the number of masked pixels can be observed
depending on how strict these conditions are. For the study in this thesis, the
average spread of the Tth timal i¢ used as a tolerance level for masking and
is chosen to be 35 DAC counts. Pixels with Th?"™* — Tpaim > 35[DAC]
are then masked. On average, 1 %o of pixels are masked in each VeloPix
ASIC. Figure [5.10] shows in red the masked pixels for one VeloPix ASIC.

Figure shows an example of representative thresholds taken with
optimal DAC codes (see Fig. |5.9) and mask applied (see Fig. [5.10). If
compared to Fig. c), where a DAC code 0x0 is used, the representative
thresholds are homogeneous. The only exception is the masked pixels that
are shown in light blue in Fig.

Both the mask and the optimal DAC codes were derived from the noise
rate procedure in 2022. However, this procedure has a few things that could
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Figure 5.10: An example of a mask applied to one VeloPix ASIC, taken from the
outlined noise rate procedure.

be improved. There are two other important issues to address besides the
already discussed linear calibration curve (which can be interpolated more
realistically with more points measured).

Firstly, as was mentioned above, the masking conditions are a very sensi-
tive configuration parameter. The mask described here is rather unrefined,
and no attempt was made to study the underlying causes for the need to
mask pixels. Another problem is using the predicted T'h}” timal £or masking.
Retaking a scan of the threshold with optimal DAC codes applied would
give a real Th? tlma The masking should then be done with the results of
the new scan, which represents the pixel responses more realistically. It is
especially crucial, as the predicted T'h}” timal . sed for masking here relies on
the linear calibration curve, which is known to be an approximation.

Secondly, crosstalk between pixels is possible and can lead to observing
an increased amount of noise in some pixels. To avoid counting crosstalk
signals, neighboring pixels should be isolated from one another. This can be

SFor future reference, this is known in the VELO jargon as the “control” scan.
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Figure 5.11: Representative thresholds for an equalized VeloPix ASIC with the
mask applied. Obtained from the noise rate procedure.

achieved by masking individual pixels when taking the threshold scans. The
pixels can then be divided into groups of four and masked sequentially one
by one, as shown in Fig. [5.12]

In this way, the pixels to be measured are surrounded only by de-activated
pixels and, therefore, isolated. The only downside of this approach is that
four times as many scans are required. Practically, this means that there
has to be sufficient no-beam time to perform all the scans.

5.2 Comparison of reconstructed objects at the
different trigger stages

To profit from the increased luminosity of LHC, the LHCD trigger system
had to be redesigned [113]. The hardware trigger stage L0, which reduced
the rate from 30 MHz to 1.1 MHz in the original LHCb trigger system, was
necessary because of the limited rate of readout electronics of the original
detector. In the upgraded LHCD detector, the hardware trigger stage LO has
been dropped in favor of a triggerless readout system. As discussed in the
introduction to this chapter, this is possible because the readout electronics
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ON OFF . _ 1 GROUP

Figure 5.12: A scheme of the per-pixel masking to take scans of thresholds without
cross-talk between pixels.

are replaced to deal with the higher rate. Figure [5.13] shows the schematic
representation of the upgraded trigger system of LHCb [113,|114].
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Figure 5.13: The upgraded trigger system of LHCb. Adapted from [115]. Values

are taken from .

Without the hardware trigger, the first software stage HLT1 has to process
the 30 MHz of the p—p collision rate coming from the detector. There is only
enough time to partially reconstruct the events and apply some loose basic
selection criteria. These selection criteria reduce the rate to 0.5 — 1.5 MHz.
Selected events are placed into a disk buffer. It is at this point that the
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real-time alignment and calibration are performed. The fastest parts of
real-time alignment and calibration, such as the global spacial alignment
of the tracking detectors, are done within minutes and can be propagated
back to HLT1. But the full alignment and calibration are only available in
the next stage of software trigger, HLT2. Depending on the performance
and the schedule of the LHC collider, events can spend days or weeks in
the buffer. HLT2 fully reconstructs the selected events. At this stage, more
exclusive selection criteria are applied, similar to the Stripping selection in
Sec. The bandwidth is optimized in two ways: using the high-rate
triggers, which only store the information directly related to the trigger, and
using lower-rate triggers, where the larger part of the event is stored. The
LHCb trigger system is flexible and allows to specify the exact amount of
data to be saved per triggered event.

This results in a reduced data volume and consequently, more candidates
can be saved. Only about 30 % of the bandwidth is reserved for the events
that have all information stored. Both full events and calibration events go
through offline processing, similar to Stripping in Sec. [3.2.7]

To perform the initial selection, HLT1 performs a partial reconstruction
of tracks and primary vertices. Reconstruction of tracks and vertices is
done with the same algorithm that is executed multiple times on different
data. Moreover, track and vertices are reconstructed independently, i.e.,
a track does not need information from other tracks to be reconstructed.
The graphic-processing units or GPUs, are built to perform basic operations
on multiple input data streams in parallel and independently. A hybrid
architecture that combines GPU and computing processing units or CPUs
(more suitable for sequential execution of complex computations) was chosen
to be used for HLT1 [116]. However, GPUs require the development of
specialized software, which means that it has a dedicated framework, distinct
from the one used for HLT2.

The HLT2 level, on the other hand, is based on CPUs and includes full
track and vertex reconstruction, as well as reconstruction of the calorimeter
and RICH objects.

Both HLT1 and HLT2 select what looks like interesting events, but due
to the different algorithms and architectures, potentially different decisions
may be made for the same event. This is an undesirable behavior be-
cause if the event is rejected by HLT1 based on the partially reconstructed
event, it should be rejected by HLT2 based on the fully reconstructed event.
The selection decisions are made based on reconstructed variables. Mon-
itoring possible deviations of these variables is, therefore, crucial, as non-
trivial deviations are a source of concern and should be resolved. The
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TriggerObjectCompatibilityChecker algorithm, which the author devel-
oped, is an algorithm that allows the comparison of the reconstructed objects
for the same generated particles at HLT1 and HLT2 levels. Figure shows
examples of the track and vertex parameters comparison between HLT1 and
HLT2 levels. All plots are created with minimum bias simulated samples,
which contain multiple simulated interactions and decays. The 01.07.2022
version of HLT1 and HLT2 is used.
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Figure 5.14: Profiles of track and vertex parameters at HLT1 and HLT2 trigger. The
tracks are created by the same simulated particle.

As was mentioned before, part of the requirements for selecting BY
mesons is the detachment requirement, which requires a significant decay
length of BY and the daughter tracks to be incompatible with the primary
vertex (large x#p). Table shows the number of the rejected events at the
HLT1 and HLT?2 for a set of typical HLT1 X12P selection criteria. Some events
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are exclusively rejected by HLT1 or HLT?2, which means that the HLT1
and HLT?2 X12P are not equivalent. Notably, the HLT1 rejects more events
than HLT?2, which could be partially compensated by applying different %
criteria at the HLT2 level. The current trigger developers work on improving
this discrepancy, but ultimately, a 100% overlap between HLT1 and HLT2
might not be achievable.

X{p > | At HLT1 | At HLT2 | At both HLT1 and HLT2

7.4 312 282 230
10.0 414 386 334
13.0 496 469 422

Table 5.1: Number of rejected events based on the typical HLT1 x% selection
criteria. Measured on 3000 events.

Figure shows a comparison between yZ, for the same tracks at HLT1
and HLT2 levels.
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Figure 5.15: The x% of reconstructed tracks at HLT1 and HLT2 trigger. The tracks
originate from the same generated particle.

The full list of monitored values can be found in the source code [117].
This monitoring tool is included in the central LHCb monitoring system and
can be rerun for any chosen trigger software version and simulated sample.
The hope is that it will be able to spot the problems in reconstruction before
valuable data is lost.
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The future of measuring CP-violating
phase ¢, with BY— J/i) KK~ decays

The measured ¢, in Tab. is compatible with the SM tree level prediction
in Eq. within half statistical o. At the same time, it is also compatible
with zero within two o, and the estimated magnitude of \ is consistent
with no direct CP-violation. Therefore, no CP-violation was observed in
BY— Jhp KTK~ decays. Both values of ¢ and |)\| are statistically limited.
LHCDb plans to collect about ten times more data than the currently available
sample by 2032 and thirty times more than that by 2041E]. This chapter
omits discussing the LHCDb upgrade necessary to achieve these goals. Instead,
it concentrates on analysis-related issues, assuming the projected integrated
luminosity can be attained.

There are four main points to consider in the future measurements of ¢
with BY — Jp K+t K~

1. Flavour tagging becomes increasingly difficult in higher pile-up con-
ditions. As a result, the performance of the standard algorithms will
degrade, reducing the effective statistical power of the collected sample.

2. With a higher pile-up, it becomes harder to associate primary and decay
vertices correctly, which impacts the determination of the decay time.
As a consequence, the decay time resolution is expected to become less
Gaussian due to the increased chance of vertex mis-association.

3. With 30 times more data by 2041 than collected by LHCb now, the
expected statistical uncertainty of ¢, assuming the same detector
performance, will improve by a factor of five or so. The penguin
contributions to ¢ are currently estimated to be 0.003709913 rad (6],

'Both dates are taken from the LHC long-term schedule as of April 2023.
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which is of approximately the same size as the expected uncertainty
on ¢s. Therefore, keeping the penguin contributions under control is
more important than ever.

4. The measured I'y — I'y, see Tab. has the same size statistical and
systematical uncertainties. The dominant systematics comes from the
correlations between m(J/i) KT K~) and the decay time and angular
observables used in the final fit. The reduction of this effect is necessary
not only for the determination of I's — I'g, but also for ¢, for which
the systematical uncertainty is also dominated by these correlations.

Future of flavour tagging

Section introduces a key component of measuring ¢ with B? —
JRp KY K~ decays - tagging of the initial BY meson flavor. The tagging
power EtathQag together with the sample size determines the statistical power
of the ¢s measurement. The total tagging power achieved in the current ¢,
measurement is about 4.2%, see Tab. which means that only about 4.2%
of the candidates collected effectively contribute to the measured ¢, value.
Loss of flavour tagging performance thus negates the benefit of increased
sample size. Therefore, developing the flavour tagging algorithms for future
data-taking is crucial for ¢4 analysis.

As described in Sec. the flavour tagging relies on being able to
associate the signal b-quark by, and the tagging b-quark bs,4. The flavour
tagging performance degrades with a higher number of pile-up vertices and
track multiplicity [34], [118]. Several studies of flavour tagging algorithms are
ongoing in preparation for the data-taking conditions described in Chapter
to ensure performance at least as good as Tab. and hopefully even
better.

Wrong association of primary and decay vertices

Because of the higher pile-up in the upcoming data-taking years and more
visible p-p collisions, see Chapter |5} naively more wrong primary vertices
associations are expected. These wrongly associated primary vertices con-
tribute to the non-Gaussian tails of the decay time resolution distribution,
see Fig. and increase the sample’s overall decay time resolution dilution.
Even worse, the non-Gaussian contribution to the decay time resolution
can introduce biases in estimated lifetimes; see Lifetime bias from decay
time resolution in Sec. if not accounted for correctly. This bias is a
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source of greater concern as it is an uncovered “mistake” in the estimated
parameters of interest.

As the relative contribution of the non-Gaussian effect increases and the
average effective resolution no longer represents the resolution experienced
by the majority of the candidates in the sample, the single Gaussian approx-
imation of the resolution function in the final fit breaks down. To continue
using the single Gaussian resolution function approximation, the candidates
that have a larger probability of being reconstructed mis-associated vertex
can be filtered out. As illustrated in Fig. this can be done by selecting
BY with small pseudorapidity 7. The BY mesons with a bigger angle to
the z-axis (smaller 1) have a lower probability of primary vertex disassocia-
tion. Moreover, because these BY will also have bigger pr, the opposite-side
flavour tagging is expected to perform better. Another way is to apply the
isolation criteria on selected primary vertices, which will reduce the chances
of this vertex being confused with another one. However, applying vertex
isolation cuts introduces bias in decay time acceptance and, therefore, should
be avoided. Therefore, in the future, it is strongly recommended to use
the negative decay time tail of the control sample (inclusive J/i KTK™)
as an exact proxy for decay time resolution distribution and convolute it
with the full PDF from Eq. directly. The long-lived contribution must
then be statistically subtracted from the control sample for this method
to work. Moreover, the exact proxy of the resolution function accounts for
the uncovered lifetime bias from the non-Gaussian tails of the decay time
resolution correctly.

¢ statistical uncertainty in the future

Figure [6.1] summarizes the current and expected statistical uncertainty
of ¢s with respect to the collected integrated luminosity £. Only the
latest LHCb measurements are shown: LHCb 15-16 [49] and LHCb 15-
18: this thesis and [63]. For completion, the latest measurements of ¢
from BY — Jip KTK~ decays of ATLAS (ATLAS 15-17, [59]) and CMS
(CMS 17-18 [61]) are reported. The HFLAV 2021 [62] world average for ¢,
measured with B — J/ip KT K~ decays, which does not yet include results
of this thesis and [63], is shown with a line. The precision of SM tree-level
only prediction for ¢4 from [14] is shown for comparison. The expected
statistical uncertainty is projected for LHCb Run 4 (50 fb~', [34]), LHCb
Run 6 (300 fb™!, [34]), CMS Run 6 (3000 fb~', [120]) and ATLAS Run 6
(3000 fb~t, [119]) data samples. Both Run 4 and Run 6 LHCb uncertainty
projections assume the detector performance of 2010 - 2018 and only show a
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Figure 6.1: The projected statistical uncertainty on the ¢s: LHCb 15-16 [49]; LHCb
15-18 is this thesis and [63]; CMS 17-18 [61]; ATLAS 15-17 [59]; LHCb Run 4 and
Run 6 projections from [34]; ATLAS Run 6 from [119]; CMS Run 6 from [120]; SM
prediction with tree level decay only is from 2021 update of [14].

relative gain in statistics. However, in principle, some improvements in the
mass and decay time resolutions may be expected. The biggest limitation
in the future measurement as was described above will most likely come
from a limited flavour tagging power. Therefore, effort should be put into
developing flavour tagging algorithms.

The ATLAS Run 6 projection assumes an improvement in both decay time
and mass resolutions; 1.5% flavour tagging power; loose muon trigger with
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pr(p*) > 6 GeV/e. The CMS Run 6 projection also assumes improvements
in decay time and mass resolutions and about 2% flavour tagging power,
keeping selection close to [121]. For both experiments, the biggest limitation
comes from the trigger. B-mesons are predominantly produced at low-pr
values, whereas ATLAS and CMS programs concentrate on high-pr physics
mainly. Fortunately, dedicated trigger developments in CMS have opened a
new path for triggering low-p physics in these experiments. In the new CMS
trigger, the pr cuts are getting reduced to allow for more low-p1 physics to
be saved, as luminosity drops and more space in the trigger rate is available.
These events are not immediately processed, but only when the resources are
available offline. This is known as data “parking”. The dedicated B-physics
trigger in CMS is known as B-parking and is described in [122].

Penguin contributions

The penguin contribution to ¢, AL is suppressed by a factor 0.05
in BY — J/ip KT K~ decays, see Chapter [2| Barel et al [6] estimate it to be
ApPrIuin = 0.003700019 rad. The central value is of the size of expected
statistical uncertainty on ¢¢ in LHCb Run 6, see Fig. and has uncertainty
about twice larger than the tree-level SM prediction from [14], see [6]. To
be able to disentangle possible beyond the SM effects from the measured ¢,
see Sec. the estimation of penguin-level contribution has to be improved.
Luckily, the penguin contribution can be constrained from B? — J/ p° and
BY — Jjp K*0 [123]. LHCb has determined ranges for penguin contributions
with B® — J/p p¥ decays [124] and B? — J/hp K*0 [125] using 3 fb~! dataset.
An update with a larger dataset for both decays is needed.

Controling systematics

The biggest systematical effect for both ¢ and lifetimes comes from ignoring
the correlations between m(J/i) K K~ ) and final observables in background
subtraction with sPlot method, see Tab. Unfortunately, this systematics
puts a limitation on the applicability of using sPlot method for background
subtraction in the future when the systematical uncertainty becomes more
important. As mentioned in Sec. Custom Orthogonal Weights [77], can
accommodate such correlations without introducing a bias on the weights.
Using Custom Orthogonal Weights instead of sWeights will require a mini-
mum change to the analysis strategy and, therefore, should be the first thing
to try. However, it needs further studies and the unbiased nature of Custom
Orthogonal Weights should be confirmed by comparing the results of fitting
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the signal-only PDF to the background subtracted dataset with fitting a
model, which includes correlations, to the unmodified dataset.

If in the future it is impossible to factorize mass from the final PDF, the
non-factorized PDF should be fitted for both the signal and background.

Other considerations

It is important to mention, that this thesis and [63] measures not just the CP-
violating parameters with the world’s best precision, but also the BY lifetimes:
I's — 'y and AI's. The best measurement of lifetimes is not the main goal of
this analysis, but rather a welcome side-effect to the measurement ¢z and
|A]. Unfortunately, though, often the analysis decisions that benefit ¢, like
isolating vertices to reduce the decay time resolution dilution of the sample,
are not optimal for the lifetime measurements. Controversially, it seems
that in the future it will be increasingly challenging to keep the precision
level for both ¢, and lifetimes with the same measurement. Therefore, it is
possible that the measurement will have to be split based on ¢s-optimized
and lifetimes-optimized selections.

Measuring ¢ is one of the main tasks for flavour physics of this decade.
And with every measurement, the observation of a non-zero value for ¢,
will be closer and closer within our reach. And hopefully, a deviation from
the SM prediction will be observed. So the best of luck to those, who will
measure ¢ in the future, and huge gratitude to all of those, who measured
it before and laid the ground for this measurement.
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Appendix

A.1 Two dimensional mass fit

A.1.1 Signal mass uncertainty shape

The signal mass uncertainty shape is taken from the simulated BY —
Jip K* K~ sample. The mass uncertainty shape in the simulated B? —
J/p KT K~ sample and sPlot weighted data sample for 2018 taking is shown
in Fig. The simulated and measured mass uncertainty differ by a scale,
which is seen in Fig. as a shift between two distributions.

The signal mass uncertainty distribution is modeled as a Bukin probability
distribution function, defined in |126]. Bukin distribution function is based
on the convolution of Gaussian and exponential distributions and can be
used to describe asymmetric peaks. It is chosen as it has a relatively small
number of parameters but accommodates asymmetric shape. In Fig.
Bukin distribution function is fitted to the mass uncertainty distribution in
BY— Jip KT K~ simulation for 2018 in six bins of K™K~ mass.

A.1.2 Background mass uncertainty shape

Deriving combinatorial background mass uncertainty shape is a non-trivial
task. If BY — J/ K+ K~ is treated as a two-body decay of BY to J/ and
®, then BY mass uncertainty is derived as:

2 o
S (APJ/'(/; )2 N (AP¢(1020) )2 4 A6 ) mBg e T e (1020)2 A
P P (1020) (1 = cos(6 37y ¢(1020))) 2m o

s

where p is a momentum of a particle; Ap is the momentum uncertainty; 6
is an angle between two particles; A# is angle’s uncertainty; m is a particle
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Figure A.1: Per event mass uncertainty distribution for the simulated B? —
J/ib K+ K~ sample compared to the sPlot weighted data distribution for 2018. Ghost
tracks are excluded from the simulation. Simulation is kinematically reweighted to
the data sample with weights for BDT training.

mass.
To derive the combinatorial background mass uncertainty shape, similar

to [76], the transverse momentum pp and pseudorapidity 7 distributions
as randomly generated for J/¢ and ¢(1020). The transverse momentum
follows an exponential distribution with expected pr set to the average pr
data. The pseudorapidity is uniformly distributed between (2,5). The angle
between J/1 and ¢(1020) is generated uniformly between (—m, 7). Both
J/¢ and ¢(1020) masses are taken from [70]: m, ;,, = 3096.9 MeV/c* and

Mg (1020) = 1019.461 MeV/c?. mass of BY is then computed as,

2
_ P P > p) 2 2 2 2 X
mpo = \/(\/p,mp +my., T \/p¢(1o2o) + 7’%(1020)) - (pJ/w +P% 1020y T 2P/ "s(1020) 'c"é(eJ/ww(lO%)))
(A.2)

where p = ncosh pr. In Fig. the generated distributions are shown.

The mass uncertainty shape in Fig. is fitted with the Bukin distribution.
In data, the sum of the Bukin distribution and Gaussian distribution is used
as a combinatorial background model.

The B°— J/p KT K~ background is expected to have the same shape
as BY — Jhy KT K~ with a slightly different mean, as the mass of B is
lower than of BY. However, to improve fit stability, the mean of the Bukin
distribution for BY — J/y K+ K~ is fixed to be shifted with respect to the
mean of the Bukin distribution for BY — J/) K+ K~ signal by a difference

computed using Eq.
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g : T ‘3 T

0.8f .
I 13 .
Snak 1 o
:’0'6; This Thesis | Z This Thesis
[2] L { 0
-0—‘0.4 . E—
g} | o ]
o2 4w -

O- M B e RN 0-. L 1 M PN AN

5 10

(a) m(KTK™) € [990,1008) MeV/c?

M AN
15 20
o, [MeV/c?

(b) m(KTK™) € [1008,1016) MeV/c?

10

M AN
15 20
o, [MeVic?]

0 ____ e ___
{8 E I. T T T E {825-_ I. T T T _:
> 30f 1> ]
Lt 1 995 3
= 25¢ 1= ]
9',205 . . 9',15: . .
15t This Thesis Z f This Thesis ]
2 I £ 10t .
§10: 3 § : ]
W st SR E

O: PRI P RN RN 0- L 1 M PN RN

5 10

15 '2|0' ”.
On[MeVicE]

10

15 '2|0' B
On[MeVicy

(c) m(KTK™) € [1016,1020) MeV/c?

(d) m(KTK™) € [1020,1024) MeV/c?

x10° x10°
I MR FLELL L BN BN B (P-re S L AL BN I R
RE3E o] S 1% ]
B 13 ]
= g 1= E
3 13 E
oS 6 . . 18 . . 1
= f This Thesis 1 T This Thesis
8 4 1¢ .
5 | & :
w2 1@ ]
O-.I...I....I....I... 0:..I....I....I....I...

5 10 15 20 5 10 15 20

o, [MeVic? o, [MeVic?]

(e) m(KTK™) € [1024,1032) MeV/c? (f) m(KTK™) € (1032,1050) MeV/c?

Figure A.2: 2018 BY — J/i K+ K~ simulation mass uncertainty distribution fitted
with Bukin particle distribution function. Ghost tracks are excluded.

167



Appendix A. Appendix

g 3
% = prl/y) S 10000 - /)
=,50000 - FE pri(1020)) | 2 s n(6(1020))
ol =
b} S 8000
2 40000 g
g 6000
<
o
E 30000
3
20000 4000
10000 2000
0 0
0 2500 5000 7500 10000 12500 15000 . . . . X 45 50
prIMeV/c] niMeV/c]
(a) pr (b) n
° i
S 10000 2
% %
2 S400-
5 8000 - 3
] ]
o 83001
6000 g
5 200
4000
2000 - 1001
0 05200 5250 5300 5350 5400 5450 5500 5550
m{J/w$(1020))[MeV/c?]
(d) mpo
x10°
& @ 6017
8 : L
> 35000 2 [ o toy data
2 Q 50?
30000 YL
d L —— Bukin
% 25000
=
el
3 20000
3
15000
10000
5000
0 o]
150 200 0 50 100 150 200 250 300
om[MeV/c?] o, [Mevic?]
(e) Om (f) om fit

Figure A.3: Generated distributions for J/ and ¢(1020) transverse momentum pr;
pseudorapidity 7 and angles between them 6. B? mass m po and it’s uncertainty
om computed from the generated samples. The last plot (f) shows the fit of the
distribution obtained in (e). In analysis, events with a mass uncertainty above
50 MeV/c? are excluded.

168



A.1. Two dimensional mass fit

A.1.3 Two-dimensional mass fit procedure

The two-dimensional probability distribution function is defined as,

p(m, om) = Nsigf(mip, s1,82, o, np, ar, nRIOm) fBukin(Om; ko, 0o, &, PL, PR)

comb,1 _comb,1 .comb
€ ,

+ NCO*VYLbe_FYm [fBrukin(o"m.; Mo 30y Pr PR )+ N(om; Mo 30y

comb _comb comb,2 comb,2>]
,

+ Ngof(mip — Apgo,si,s2,ap,np, @rs nR|om) fBukin (mi e — Ap, g0,90,& PL, PR) (A3)

The two-dimensional fit procedure is divided into four steps:

1.

One-dimensional fits of mass and mass uncertainty distributions of the
simulated BY — J/ K+ K~ sample with ghost tracks removed.

. Two-dimensional fit of the simulated B? — J/i) K+ K~ sample with

ghost tracks removed. The tail in signal mass distribution and mass
uncertainty parameters &, pr, pr are fixed from the one-dimensional
fits in step 1.

One-dimensional fits of mass and mass uncertainty distributions of
the collected B? — J/i K+ K~ data. The signal mass shape is fixed
from the two-dimensional simulation fit, except for the p and s, s9 of
DCB. The mass uncertainty signal shape is also fixed to the results
of the two-dimensional simulation fit, except for the u,. In the one-
dimensional mass uncertainty fit, the species yields are fixed to the
results of the mass one-dimensional fit.

Two-dimensional fit of the B — J/p K™K~ data. All the background
shapes are fixed from the one-dimensional fits of step 3. The signal
shape is fixed in the same way, except for the parameter of the DC'B
width s; that is left floating.

The fit is performed in six bins of K™K~ mass and each year separately.
In Fig. combined results of the two-dimensional fit are shown for all the
data taking years. The main obstacle in using this fit as a baseline lies in the
uncertainty of the true combinatorial mass uncertainty shape. In particular,
it is very correlated to the signal shape and vice versa. To disentangle
those two shapes, the one-dimensional mass uncertainty fit is constrained
in yields from the one-dimensional mass fit, which is not a satisfactory
solution. Extra studies are necessary to understand the combinatorial mass
uncertainty shape distribution.
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Figure A.4: Projections of two-dimensional mass fits on mass and mass uncertainty
in bins for B? — J/i KT K~ data sample collected in 2015-2018.
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A.2. Parameters used to generate the example decay time and angular
dependent decay rate

A.2 Parameters used to generate the example de-
cay time and angular dependent decay rate

Table shows the parameter value used to generate an example pdf for
Fig. [4.1914.22] Fig.[A.5| and Fig. show the applied decay time resolution
and decay time acceptance, respectively. In Sec. angular acceptance is

described.

Parameter Value
s —0.039 rad
A 1
Iy 0.65139

AT 0.268
Amg 17.74 ps~!
| Ao|? 0.5172
|A |2 0.247
| As|? 0.

do 0.

01 2.9041
9 3.1422
dg 0.

Table A.1: Parameters an example decay time and angular dependent decay rate.
The following normalisation is used [Ag|?> 4 |AL|* + [4)]> = 1.

T T T
—— time resolution

1=0 [fs]
o=45 [fs]

0.0 0.2 0.4
t[ps]

Figure A.5: Decay time resolution used for an example decay time and angular

dependent decay rate.
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Figure A.6: Decay time acceptance used for an example decay time and angular
dependent decay rate. It is generated from the function f(t) = (1 —e™#*) with

B=2ps L.

A.2.1 Description of the toy angular acceptance

Angular acceptance is implemented as a modification to the relevant an-
gular terms in the distribution. The example acceptance is described as a
combination of Legendre polynomials P;(cosfx) and real-values of spherical
harmonics Y;,,1(0,, ¢) as
() = Z CimPi(cos 0k )Y (0,, @) (A4)
i,l,m
. The description is simplified. For the cosf,, cosfk and ¢ distributions
the important terms in the description are (0,0, 0), (2,0,0), (0,2,0), (2,2,0),
(2,2,0). For cos @k additionally (1,0,0), (1,2,0), (1,2,2) are needed. For ¢
additionally (0,2,—1) and (2,2, —1) are added.
The set of cfm constant is chosen randomly for illustrative purposes as

0 _ 2 _ 0 _ 2 _ 0 _ 2 _ 1 _ 1 _
Ccl)o—la oo = 1, cg9 = 0.7, c59 = 1, ¢35 = 0.5, ¢35 = 0.5, cgo = 1, ¢39 = 1,

622 == 17 C(2)7_1 == ]., 657_1 = ].
A.3 Bias in maximum likelihood estimator from
limited decay time range

An untagged decay time distribution of BY — Jiy KTK~ without any
detector effects and assuming AI'y = 0 ps is a simple exponent,
dr —I't
I, dte
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A.4. Correlation matrix of the baseline result.

where normalization is done over the analysis decay time range ¢ € [a, b) ps.
The maximum likelihood estimator for a lifetime is then,

11 (b—a)e (0=l

where ¢ denotes a BY — J/i KT K~ candidate index. After substituting
a=0.3ps, b=15ps and 1/FB(SJ = 1.52ps, Eq. becomes,

1 1

5=y > te—0.3ps+0.93fs, (A.7)

(&

where the first is the lower side of decay time range and the second is a
correction due to the finite decay time range. Both are included in the PDF
normalization.

A.4 Correlation matrix of the baseline result.

| 6% IX°] Ty—Tq ALy Amg [AL? Ao 660 1 —do

b0 1.00 010 -0.01 -0.02 0.03 0.00 -0.00 0.01  0.02
IA0] 100 001 -0.02 -0.12 001 -0.01 -0.02 -0.12
I, —Ty 1.00 -046 -0.00 040 -0.31 -0.02  -0.01
AT, 1.00 0.0l -0.70 0.63 001  0.01
Am, .00 -001 001 001  0.74
|AL 2 100 -0.61 -0.06 -0.03
| A2 100 -0.00  0.00
8| — b 100 033
51— do 1.00

Table A.2: Correlation matrix of the results in Tab.

A.5 Measured asymmetry

The decay time-dependent CP-asymmetry of BY — J/i) KT K~ and BY —
J/p KT K~ is defined as,

I'(BY— JWKTK™) —T(B'— JAKTK™)

CBIS KK ) 1B ki k) Y

Acp(t) =

where I'(B? — Jip KTK~) and I'(B? — Jip KTK™) are the decay rates
of BY — JK+tK~ and B? — Jjiy K™K~ respectively. Using the BY —
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Jp KT K~ decay rate, as defined in Eq. and its counterpart for B —
Jp KT K™, the time-dependent asymmetry becomes,

—C'y cos(Amgt) + Sy sin(Amy)

Acp(t) = A9
cr(t) cosh(AT,t/2) + Dy sinh(ATt/2)’ (A-9)
_ 2
where Oy = % is the amount of direct CP-asymmetry, whose value
depends on the CP-eigenstate f (or the de-facto polarization); Sy = %

is the amount of mixing induced CP-violation and I\; = sin(¢s); Dy =

2R\
B 1+\Aff 2
polarization dependence, AT's = 0 and |[A\| = 1, the time-dependent CP-
asymmetry is simply sin(¢g) sin(Amgt). As ¢ are rather small, see Tab.
sin(¢s) can be approximated by ¢s, which means that ¢4 is the amplitude
of Ax p(t).

Equation describes the analytical asymmetry. To plot the observed
asymmetry, an ML estimator of the asymmetry given a time bin is defined
as,

is not a CP-violating part, where R\ = cos(¢s). Assuming no

> W?Dz'27

where w; is per-candidate sWeight and D; is it’s dilution. The uncertainty

of Acp is,
i W?D?
TVt A

The dilution D; can be broken down into the individual components,

Acp = (A.10)

D; = q X Dyag x Dy x Dep, (A.12)

where ¢ is flavour tagging tag; Dyq4 is a flavour tagging dilution factor, de-
scribed in Sec. Dy, is the decay time resolution dilution factor, described
in Sec. and Dcp describes the dilution due to the combination of
amplitudes with different CP-eigenstate.

The flavour tagging dilution comes from the non-zero mistag rate w
and, for a single tagger, is 1 — 2w. However, there are two taggers used in
the analysis: 0S tagger (combined) and SS tagger (SSKaon); see Sec.
For some candidates, both taggers are present, and therefore a combined
dilution is computed. For a candidate with two tag decisions ¢©° and ¢°%,
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the combined flavour tagging dilution Dy, is,

g5 - D95 + ¢55 . DSS

tag
1+ qOS . DOS SS D%Z
_ ¢°S Dy +¢%5 - D,
¢-Dpy = o3 osq tag*s’ (A.14)
1+g¢ : Dtag Dtag
q¢Dg
|qDBO\ |Q‘DBQ’>|Q‘D§g|
_B otherwise,
|‘1'D§g\
lg- Dpol + g Dol
Diag = . B (A.16)

2+4-(¢- Dol — 4 D))’

where Dgég is dilution for the BY initial flavour and Eiig is dilution for the
BY initial flavour; X € {OS, SS}.

The second diluting effect comes from the decay time resolution Dy,
which is described in Sec. [L.5.1]

Lastly, Acp(t) to a good approximation is just sin(¢s)sin(Ams). The
sole term containing the sin(¢) is Dop and thus it is simply a derivative of
the likelihood with respect to sin(¢s),

bln((bs) _
C’P -
10
1;::1 N fr() dd;,
10 1 . 1 dSin(d’s) Ps=6s
]Z:l (ar fr(©) cosh(5AT/t) + by, fr(2) Slnh(ﬁAFs/t))

(A.17)

where E,lfozl is a summation over polarization amplitudes; Ny, ax, by and
d;ﬂ are the coefficients from Tab. fr are the angular functions from
Tab. ; AT is the BY decay width difference. For clarity, this Dcop is
referred to as Dgrllg(%). Unlike the Dy, and Dy,g, the Dop depends on the
observables of interest: ¢ and 2. The value of ¢, is rather small, which
means that sin(Amgt) will be barely seen on the plot. Therefore, it is
interesting to look at the likelihood derivative with respect to cos(¢s) instead
of sin(¢s) and build an “asymmetry”-like variables from it. To plot the MLE

'Note, that dj is a coefficient in front of sin(Amst)
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of cos(¢s) sin(Amst) asymmetry the DE?;WS) is defined as,

DEO;(%) _
10
kgl Ni fr(2) dd, |
él (ar fu(52) cosh(LAT, /£) + by fu() sinh (AT, /) 605 (96)16:=61
(A.18)

In this case, one effectively plots MLE of cos(¢s) sin(Amg), where cos(¢s) ~ 1
and the BY-BY oscillations are clearly visible. Note that here the acceptance
effects are ignored in both Eq. but in principle, these would affect
the asymmetry MLE.

Figure [A.7] shows the MLE of sin(¢,) CP-asymmetry in bins of decay
time. Figure shows cos(¢s)-terms of the “asymmetry”.

<
%6 020 This thesis
Q —— sin(¢s)sin(Amgt)
CDC
g 0.15 + 2 :jzoz
Q
O 0.10
<
0.05 -
0.00 -
-0.05+
-0.10 -
| | | |
0.0 0.1 0.2 0.3

Decay time (modulo 211/Amg) [ps]

Figure A.7: Decay-time asymmetry sin(¢,)sin(Amgt) in the B — JaW K+TK~
decays. See the text for the derivation of the points.
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Figure A.8: Decay-time asymmetry cos(¢s)sin(Amst) in the BY — Jap KTK~

decays. See the text for the derivation of the points.
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Summary

Beep-beep-beep.

This is your alarm clock ringing at 8 am. You open your eyes and slowly
get up. Dragging your feet, you walk to the kitchen and take a kettle. The
morning is chilly, and the steam from the kettle rushes up as the water is
boiled. Half-asleep, you put some coffee in a cup and pour in some hot water.
You can not wait for this first cup of the day! But all of a sudden, a spray of
all kinds of fundamental particles: photons, electrons, neutrinos, and quarks
beam into your eyes. Your coffee is gone, annihilated, and transformed into
a ray of quantum particles! How did this happen? You look at the coffee jar.
“Oh, no!” - you are disappointed in yourself. The label on the coffee jar says
in big warning letters: “Anti-coffee. Please do not mix with matter water!”.
Bad luck, my friend. You accidentally mixed antimatter with matter. What
a rough, rough morning.

It sounds like a science fiction movie, but this is the world according to
the Standard Model - the theory that describes the quantum world. “Well,
it must describe it wrong then,” you say. Evidently, one does not come
across antimatter so often to spoil their morning coffee! Indeed, there is
something wrong with the theory that particle physics has developed in the
last seventy years: it predicts that the Universe should consist of almost
equal amounts of matter and antimatter. Luckily, this is not the case! If the
prediction were true, all the matter and antimatter would have annihilated,
leaving nothing behind but an empty Universe without any stars, planets, or
life. Our daily observation shows that we exist and that almost everything
around us is made of matter: protons, neutrons, and electrons. So where
did all the antimatter go? Or why is there so much matter? And why did
the Universe survive? These questions are at the core of this thesis.

What can explain the difference? Let’s look closer at the Standard
Model. The Standard Model describes three of four fundamental forces:
electromagnetic, strong, and weak, omitting the gravitational force. Two of
them, electromagnetic and strong, are the same for matter and antimatter.
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However, the last one - the weak force, which is responsible for nuclear
decay, distinguishes between matter and antimatter. The weak force changes
the probability of matter and antimatter interactions, preferring one over
another.

So, could not this explain the disappearance of antimatter? Unfortunately,
the amount of difference created by the weak force is insufficient to explain
the massive difference between matter and antimatter in the Universe. And
I mean really not enough. The weak force of the Standard Model predicts
the matter-antimatter difference to be 10 billion times smaller than what
we observe in the Universe. Therefore, physicists look for new sources that
increase the difference between matter and antimatter.

In this thesis, I studied the difference in decay rates of BY particles
and anti-BY particles, which is sensitive to the new sources of the matter-
antimatter difference. The B? particles contain two types of quarks, also
known as flavors of quarks: beautiful and strange. The poetic names of
quark types might seem funny to the outsider because they kind of are.
But the names simply label the quantum charges each quark carries. The
BY particles are produced in the collisions of protons at the Large Hadron
Collider, located on the border of Switzerland and France, near Geneva.
The quantum world is defined by probabilities, so some of B? particles
decay to other two particles: J/ip and ¢(1020). However, both J/) and
¢(1020) immediately decay into muons and kaons. Both muons and kaons
are charged and will leave electrical signals when flying through the LHCb
detector. This allows me to reconstruct them, just like you do with your
phone camera and photons, which are particles that light consists of.

The anti-particle of B is B?, which can decay into the same particles .J/1
and ¢(1020). Naively, both the B? — J/)¢(1020) and B? — J/ ¢(1020)
decays should happen with the same probability. However, because of
the weak force, there is a difference between the probabilities of these
two processes. The amount of this difference in the BY particle system is
quantified by a parameter called ¢s. The Standard Model predicts a tiny,
almost zero, ¢s. However, if there are new effects that modify the difference
between matter and antimatter in the BY system, the value of ¢¢ should be
bigger than one predicted in the Standard Model. The enhanced value of ¢,
would mean the discovery of new unknown effects that increase the difference
between matter and antimatter in the Universe, therefore contributing to the
solution of the puzzle of why we are all made of matter and not antimatter.

In this thesis, I used the full dataset of BY — J/)¢(1020) and B? —
Jp $(1020) decays, collected between 2015 and 2018 by LHCb detector to
measure the difference between matter and antimatter. The measured value
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is,
¢ps = —2.212+1.2324+0.34 °,

where the first value is the measured value, the second is the uncertainty
from the limited statistics of the sample, followed by the uncertainty from
systematical effects in the measurement. This is the world’s most precise
measurement of ¢, and it is in agreement with the Standard Model. However,
this does not conclude that the new effects do not contribute. Moreover, the
measured value is also compatible with zero and, therefore, can be just a
fluctuation from the case when no difference between matter and antimatter
exists! More data is needed to determine whether this is a fluctuation or a
real observation. To achieve this, I worked on preparing for the new data-
taking period at LHCb experiment. I had the pleasure of helping configure
and calibrate the new pixel VELO tracking detector located in the heart
of the LHCb detector. I also worked on the development of new, faster
reconstruction software, which allows physicists to collect much more data.
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Samenvatting

Piep-piep-piep.

Dit is je wekker om acht uur ’s ochtends. Je opent je ogen en staat op.
Je slentert naar de keuken en vult de waterketel. De ochtend is koud, en er
dampt stoom uit de waterketel terwijl het water kookt. Nog half slapend
schep je wat koffie in je cafetiere en giet er heet water bij. Je kunt niet
wachten op de eerste kop van de dag! Maar ineens worden je ogen geraakt
door een straal fundamentele deeltjes: fotonen, elektronen, neutrinos en
kwarks raken je netvlies. Je koffie is weg, vernietigd, gentransformeerd in
een straal kwantumdeeltjes. Hoe kon dit gebeuren? Je kijkt op de koffiepot.
“Oh, nee!” - je bent teleurgesteld in jezelf. Op het etiket staat in grote
waarschuwingsletters: “Anti-koffie. Niet mixen met water!”. Helaas, mijn
vriend. Je hebt per ongeluk antimaterie met materie gemixt. Wat een zware,
zware ochtend.

Het klinkt als een sciencefictionfilm, maar dit is de wereld volgens het
Standaardmodel - de theorie die de kwantumwereld beschrijft. “Nou, die
beschrijving moet dan verkeerd zijn,” zeg je bij jezelf. Zo vaak komt het
namelijk niet voor dat je in aanraking komt met anti-materie en dat je
koffie daardoor annihileert. Er is inderdaad iets mis net de theorie die de
deeltjesfysica heeft ontwikkeld in de afgelopen zeventig jaar: het voorspelt
namelijk dat het universum in bijna gelijke mate uit materie en antimaterie
bestaat. Gelukkig is dit niet het geval! Als deze beschijving juist, zou
alle materie en antimaterie vernietigd zijn, en zou de oerknal een leeg
universum zou hebben achtergelaten, zonder sterren, planeten, of leven.
Onze alledaagse ervanigen vertellen ons dat we bestaan, en dat bijna alles
om ons heen gemaakt is van materie: protonen, neutronen en elektronen.
Dus waar is dan alle antimaterie gebleven? Of, anders gesteld, waarom is er
zoveel materie? Hoe komt het dat het universum heelal nog steeds bestaat?
Deze vragen liggen in het hart van dit proefschrift.

Wat kan het verschil in materie en antimaterie verklaren? Laten we het
standaardmodel eens beter bestuderen. Het standaardmodel beschrijft drie

195



van de vier fundamentele natuurkrachten: de elektromagnetische kracht, de
zwakke kernkracht en de sterke kernkracht, maar niet de zwaartekracht. Twee
van deze, de elektromagnetische en sterke kracht, zijn hetzelfde voor zowel
materie als antimaterie. De zwakke kernkracht, echter, die verantwoordelijk
is voor nucleair verval, maakt onderscheid tussen materie en antimaterie. De
waarschijnlijkheid dat bepaalde vervallen voorkomen verschilt tussen materie
en antimaterie, waarbij de een waarschijnlijker is dan de ander.

Is dit verschil genoeg om het probleem op te lossen? Helaas is het verschil
in materie en antimaterie dat voorspeld wordt door de zwakke kernkracht
niet voldoende om het enorme verschil tussen materie en antimaterie in het
universum te verklaren. En dan bedoel ik echt bij lange na niet genoeg.
De zwakke kernkracht uit het standaardmodel voorspelt een verschil tussen
materie en antimaterie dat 10 miljard maal kleiner is dan wat we observeren
in het universum. Om die reden zoeken natuurkundigen naar een andere
uitleg voor het verschil tussen materie en antimaterie.

In dit proefschrift heb ik het verschil in vervalsnelheid van BY-deeltjes
en anti-Bl-deeltjes bestudeerd, wat gevoelig is voor de nieuwe bronnen
van het verschil tussen materie en antimaterie. De BY deeltjes bevatten
twee typen kwarks, deze typen worden ook wel de smaak van de kwark
genoemd. De twee smaken dragen de Engelse namen beauty en strange.
Deze poétische namen klinken voor de buitenstaander misschien grappig — en
zijn dat ook wel — maar ze refereren naar een kwantumlading die elke kwark
draagt. Deze kwantumlading stelt natuurkundigen in staat om de deeltjes
te onderscheiden, en om uit te vinden hoe de kwarks zich gedragen onder
invloed van de fundamentele krachten. De B? deeltjes worden geproduceerd
bij de botsingen tussen protonen in de Large Hadron Collider, gelegen op de
grens tussen Frankrijk en Zwitserland, vlakbij Geneve. De kwantumwereld
wordt geregeerd door waarschijnlijkheid, dus sommige BY deeltjes vervallen
naar twee andere deeltjes: J/i) en ¢(1020). Echter, zowel J/ip als ¢(1020)
vervallen onmiddelijk in muonen en kaonen. Zowel muonen als kaonen
zijn geladen, en geven elekrische signalen af wanneer ze door de LHCb
detector vliegen. Dit stelt mij in staat om ze te reconstrueren, net zoals je
telefooncamera doet met fotonen, de deeltjes waar licht uit bestaat.

Het antideeltje van de BY is de BY en kan vervallen in precies dezelfde
deeltjes J/ip en ¢(1020). Normaal gespideen zou je verwachten dat de
BY — Jkp¢(1020) en B? — J/p¢(1020) vervalprocessen in gelijke mate
voor komen. Echter, vanwege de sterke kernkracht is er een verschil in
kansen dat deze processen optreden. Dit verschil wordt gekwantificeerd
door een parameter die ¢s wordt genoemd. Het standaardmodel voorspelt
een zeer kleine ¢, bijna gelijk aan nul. Echter, als er nieuwe effecten zijn
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die het verschil tussen materie en antimaterie veranderen, zou de waarde
van ¢ groter moeten zijn dan die voorspeld door het standaardmodel. De
vergrote waarde van ¢, zou de ontdekking aanduiden van nieuwe, onbekende
effecten die het verschil tussen materie en antimaterie vergroten, en daarmee
bijdragen aan de oplossing van de puzzel waarom we allemaal van materie
en niet van antimaterie zijn gemaakt.

In dit proefschrif heb ik de volledige dataset van BY — J/) ¢(1020) en
BY — J/p¢(1020) vervalprocessen gebruikt, die zijn gemeten van 2015 -
2018 in de LHCb detector, om het verschil tussen materie en antimaterie te
bestudeien. De gemeten waarde is

¢ps = —2.212+1.232+0.34 °,

waar het eerste getal de gemeten waarde aanduidt, het tweede de onzekerheid
van de beperkte grotte van de dataset, en het laatste de onzekerheid van
systematische effecten in de meting. Dit is ’s werelds meest precies meting
van ¢, en het is in overeenstemming met het Standaardmodel. Dit betekent
echter niet dat de nieuwe effecten niet bijdragen. Bovendien is de gemeten
waarde ook compatibel met nul en kan daarom slechts een fluctuatie zijn
ten opzichte van het geval waarin er geen verschil bestaat tussen materie en
antimaterie! Er is meer data nodig om uit te sluiten of dit een uitzondering
is of een echte waarneming van een grotere waarde van ¢;. Om dit te
bewerkstelligen, heb ik meegewerkt aan de voorbereiding voor de nieuwe
data-verzamel periode van het LHCb experiment. Tk had het genoegen om
te helpen bij het calibreren van de nieuwe pixel VELO tracking detector, die
zich in het hart van de LHCb detector bevindt. Ik heb ook gewerkt aan de
ontwikkeling van nieuwe, snellere reconstructie software, die natuurkundigen
in staat moet stellen om veel meer data te vergaren.
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Koporkunit 3micT

Bin-6imn-6i.

ITe 3Byk TBOrO OymUIBHWKA O BOCBHMiit paHky. Tu mpomupaent odi Ta
BUCJIU3YENT 31 CBOrO JIi2KKa. BoJyioyadn HOTH 70 KyXHi, TH CTABUII YaiHUK. Tu
JIUBHIICA K BiJl YaifHUMKa OI)KUTH CTPYMOK Mapu. 3 HAIIBBIJIKPUTUMU OUUMA,
TH KJIQJEIT TPOXY KABU y YAINKY i 3ajuBaemt 11 kun stkoM. Haperri, nepira
KaBa 1Mporo jHs! AK pamToM, MOTIK HapisHOMAHITHIMIX (DYHIaMEHTATHBHIX
9acTUHOK: (DOTOHIB, €JIEKTPOHIB, HEHTPUHO Ta KBapKiB, 3aC/IILIIOE TOOI OUi.
Kapa 3rUKIIa, aHirIoBaa i mepeTBOpUIacd y MPOMeHi 3 KBAHTOBUX YaCTH-
vok! 4k Tak crajocsi? IlpurosomitieHo T JUBHINCS Ha OAHKY 3-11iJ1 KaBH.
“Ox, ui! poguapoBaHo BUTYKyerT TH. “AHTrKaBa. Byab acka, He 3MinryiiTe
3 BOJOIO 3 Marepil"BuBeseno Ha Oanmi. Ile Touno He TBIi# neHb. Bumajakoso
3MilIaTH aHTEMAaTepio 3 Marepieo! Axkuil HeBIAIUIA PAHOK.

3ByUYnTh K HAyKOBO-(PAHTACTUIHE KIHO, ajie caMe TaK BULJISIAE HAII
Bcecsit Binmosiano no Crammapraoi Mogmesi - Teopil, gKa OMUCye KBAHTOBHI
ceit. “Toni BoHa onucye fioro HeBipHO Kazkent Tu. Q4ueBUIHO, MO TpebA CUIBLHO
rocrapaTucd abu 3HafTH aHTUMATEPIIO /IS TOrO, MO0 3ilICyBaTH PAHKOBY
kaBy! JliiicHO, OCH HE Tak 3 TeOpi€r, Ky (bizuKa JacTHHOK MO0y IyBaJa 3a
ocTaHHi ciMaecsaT pokiB. Llst Teopist mepembadae mo BeecBiT ckiamaeThest 3
Malizke OJIHAKOBOI KLJIBKOCTI MaTepil Ta aHTuMaTepil. AJjie Ha mMACTS 1e He
tak! Tomy 1110 sIKOU 1€ ITepegdadeHHsl CIPaBAMIOCh, MAaTepist Ta aHTHUMAaTEPis
naBHO O anirimoBajin, a Ham BceecBiT 3aiummmuBest 6 OpoxkHIM 6e3 HisIKUX
3ipok, raner Ta kKutTd. [llonenni crocrepekeHHs BKa3yiOTh Ha Te IO
MU ICHYEMO 1 0 Maii’ke Bce HaBKOJIO HAC 3pOOJIEHO 3 MaTepil: MPOTOHIB,
HEUTPOHIB Ta ejleKTpoHiB. Toxk Kyam mojijach ycst antuMarepis? A6Go K
qoMy y ¢BiTi Tak 6araTo marepii? I womy Beecsir icuye? 1li nuranus B meHTpi
i€l JaucepTalrii.

To MoxKe MOSICHUTH PI3HUITIO MiXK KiJIbKICTIO MaTepil Ta aHTHMATEPil?
Posrnstnemo geranbhine Cranmaptay Mogens. Cranmgapraa Mojens omucye
TPU 3 YOTUPHOX (PYH/IAMEHTAJBHUX B3AEMOJIIN: €JIEKTPOMATHITHY, CUJIbHI
Ta cygabky. /Bl 3 HUX, eJIeKTPOMArHiTHa Ta CUJIbHA, OHAKOBO BILIUBAIOTH
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IO Ha MaTepiio, 0 Ha aHTUMAaTepilo, He Po3pi3Hdaoun Mixk Humu. OHaK,
cabKa B3a€MOJIis, sika BiJIIIOBiIa€ 3a siIepHUil PO3Ma], PO3PI3HsIE MATEpio Ta
anTuMaTepio. Bona 3minioe BiporiaHicTs B3aeMoiil MaTepil un aHTHMATEPI],
Bi/Ija109M riepeBary OJjHiil uu 1HTITIH.

To am He po3B’sizye 1e Harry npobsemy? Yepes ciabKy B3a€MOJIIIO BCS
AHTUMATEPis MOIJIa PO3NACTHUCH JI0 3ycTpivi 3 Marepiero. Ha kajib, cjiabkoi
B3aE€MO/Iil HETOCTATHRLO 1100 MOSICHUTHU TY BEJIUYUE3HY PI3HUINO MiXK KiTbKICTIO
marepil Ta anTumarepil y Beecsiti. [ly-y-y-y-yxke Hemocrarabo. Ciabka
B3aEMO/IisI mrepeabadae M0 PI3HUIST MiXK MaTepiero Ta aHTUMATEPIEo MaJia
6yTu B 10 000 000 000 paziB MeHIOMO, HiXK pi3HUI HpucyTHs y Bceeciti.
Tomy ¢isuku mykaoTh HOBI JKepesa, siki MOIVIH O HMOSICHUTH ITI0 PI3HUIIIO.

Y miit mucepTariii, s IIykKaJa TaKi HOBI JKepesia y PO3Magax IacTHHOK,
Bizomux sx BY wactunkn. BY wacTHHKN cKIaMaioThes 3 BOX THIIB KBAPKiB,
dKi 3By ThCA apoMaTaMu: KPaCUBOI0O Ta JUBHOTO. [1i moeTndHi HA3BU 37AI0THCS
KyMeJIHUMU CTOPOHHI# sroauni (1 1e jificHo Tak!), ase 1i Ha3Bu IIPOCTO
O3HAYAIOTH KBAHTOBI 3apsAIM HOCIAME AKX € KOJKeH KBapK. BY JacTHHK:
HAPOJKYIOThCSI y 3ITKHEHHSIX TPOoTOHIB v Benmukomy Anponnomy Koutaiiiepi,
KUl 3HaxoauThea Oist 2Kenepn, Ha kopaoui Mixk [IBeitapieio Ta Opamiiero.
KsanToBuii cBiT BusHavueHuii BiporiJHOCTIMU, TOMY €Ki 31 CTBOPEHUX Bg
JACTUHOK PO3MaayThes y Bl iHmi gactuukm: J/ip ta ¢(1020). A J/i) Ta
¢(1020) HeraiiHO PO3IAIAIOTHCS HA MIOOHH Ta KAOHU. | MIOOHH, i KaoHU
- 3apsyKeHl YaCTUHKU, sIKi 3aJIMIIAI0Th €JEKTPUYHI CUTHAJIM ITPOJITAI0YN
Kpi3k 06’em jserekTopa. Lli curHa m J103BOJISIIOTH MEHI PEKOHCTPYIOBATH
Il YACTUHKH, TAK CaMO SK KaMepa TBOro TesjedoHy Bi/oOparkae CUIHAJIM
zaJjimineHi (poToOHaAMU - YACTUHKAMU CBITJIA.

Anrmvactunkn BY wacTunok masmpaiorhea BY. Boru posmagaioThes Ha
raki cami wactuaku J/ip ta ¢(1020). 3nasasocst 6 iMOBIpHICTH PO3naIiB
BY — J/p¢(1020) ta BY — J/p ¢(1020) mae 6yTn ogmaxosoo. OjHak we-
pe3 cabKy B3a€MOJIIO iCHY€E HEBeJIMKa PI3HUIS B HMOBIPHOCTSX IHAX JIBOX
nporieciB. KiJIbKICHO 151 PI3HUIS OIKUCYETHCS MTapaMeTpPOM, KU Ha3WBa-
erbcst ¢s. Cranmapraa Mogenb nepenbadae mo ¢y NPUOIU3HO JTOPIBHIOE
HyJ10. AJle sIKIIO iICHYIOTH e(peKTH SKi MOXKYTh BILIMBATH HA PI3HUIO MiXK
MaTepieo Ta AHTUMATEPIEI0, 3HAUCHHS (g Oye OLIBIUM HiXK I1e Teperdadac
Crannapraa Mojesb. SKIo ekcriepuMeHTaIbHO BUMipsiHe 3HAUEHHST Oy/1e
HabaraTo OinbimuM 3a nepeabdbadenns Crammapraol Mogerl, e o3HaYaTIMe
BiIKpUTTS HEeBioMUX eDeKTIB Kl 30LIbIITYIOTh PI3HUINIO MiXK MaTepieio Ta
aHTUMAaTEPIEIO.

JLnst Toro, mo6 mOMipsATH 110 PI3HUITIO, 1 BUKOPUCTAIA TaHi eKCIIEPUMEHTY
LHCb, 3i6pani mixk 2015 Ta 2018 pokamu. Bumipsine 3uavenns pizHuii
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JOPIBHIOE:
¢s = —2.212 £1.232 +0.34 °,

Jie TepIie IUC/I0 - e BUMIpsaHe 3HAYEHHs, Apyre - Ie MOXUOKa 3yMOBJIEHA
0OMEKEeHIM PO3MIpOM 3i0paHuX JTaHUX, & OCTAHHS - I1€ CHCTEMATHIHA IIOXHOKA.
e naitTouninie BUMipIOBaHHSA (g Y CBITI.

Tox mpo 1o HaMm Kazke 1eil pesyabrar? ZIKIo HacupaBil ¢s Mae HYJIbO-
B€ 3HAYCHHH, TO y NpuOansHo 2.5% BHUIIAJKIB MU CIOCTEPIraTHMEMO TaKWii
pe3yabratT. Jjst Toro, mob 3’scyBaTn 9u 1e (QIYKTYaIlist, 91 IIe CIIPABXKHE
3HaYEHHsI HaM IOTPiOHO Oinbine papux. Came depes 1e, s TaKoXK IIPallio-
BaJIa HaJl IiJrOTOBKOIO JIETEKTOPa 10 300py HOBHUX JdaHUX. 91 j1ormomMoria
BijikaJtibpyBaTu HOBHil mikcenbHuit VELO neTexkTop jyist TpekiHTy, 0 3HAXO-
mautbest B camomy eHTpi LHCb merekTopa. 4 Takoxk mparoBaJia Hal HOBUM
IIPOrPaMHUM 3a0e3MeUeHHIM I MBUIKOTO PEKOHCTPYIOBAHHS YaCTUHOK 3
€JIEKTPUYHUX CUTHAJIIB.
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