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Preface

This thesis presents the first measurement of the mixing-induced and C'P-
violating parameters of the B? — ¢y decay (.Aﬁw Syy and Cy,) appearing
in the time-dependent decay rate, using the data collected by the LHCb
experiment during the 2011 and 2012 data taking periods, accounting for a
total of 3 fb™! integrated luminosity.

The Standard Model (SM) of particle physics describes the properties of
all known elementary particles and their electromagnetic, strong and weak
interactions. However, an extension of this model is needed to include cur-
rently unexplained phenomena like dark matter, neutrino oscillations, or
the matter-antimatter asymmetry of the universe. The theories that ex-
plain these phenomena introduce new particles that can produce other New
Physics (NP) phenomena. For example, they could change the helicity of
the photon in b — sv transitions, leading to observable effects in the time-
dependent decay rate of B? — ¢y decays. The observables "4¢A>v and Sy
are sensitive to the ratio of helicity amplitudes (photon polarization). An
overview of the theoretical framework is given in Chapter 1.

The Large Hadron Collider (LHC) is a circular proton collider located
at CERN, designed to study particle physics at an unprecedent centre-of-
mass energy of /s = 14 TeV. The LHCb experiment, designed to perform
flavour physics measurements, is one of the main experiments of the LHC.
An introduction to the LHCb experiment and the detector description is

found in Chapter 2.

The reconstruction of neutral particles at LHCb and the selection of

B? — ¢y candidates is detailed in Chapter 3. Firstly, the work per-
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formed to improve the energy profile of photons is described, which is useful
to distinguish between photons ~ and pions 7° within the LHCb frame-
work. Secondly, the event selection criteria for B? — ¢(— K™K~ )y and
B — K*%(— K*7T)y decays is explained, including the procedure followed
to optimize the selection. Lastly, the background subtraction procedure is
presented, as well as the reconstruction of the decay time, the main variable
in this analysis.

The measurement of Aﬁv is detailed in Chapter 4, where the time-
dependent decay rate is fitted without distinguishing the flavour of the initial
meson (untagged analysis). The B° — K*%y decay is used to control the
decay time acceptance. The measurement of Sy, and Cy, is detailed in Chap-
ter 5, where the flavour of the initial meson is identified (tagged analysis).
A special emphasis is made in the description of the decay time resolution,
which can affect the measurement. The implications of the result are also

discussed. Finally, the conclusions are reported in Chapter 6.
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Theoretical overview

This chapter gives an overview of the theoretical framework used in this
work. The fundamental aspects of the Standard Model of particle physics
are established in Section 1.1. The backbones of the weak interaction phe-
nomenology are described in Sections 1.2, 1.3, and 1.4, detailing the CKM
mechanism, the mixing of neutral mesons and the C'P symmetry violation,
respectively. Finally, Section 1.5 includes an overview of the photon po-
larization theory and the experimental measurements in the quest for new

physics.

1.1 The Standard Model of particle physics

The Standard Model (SM) is a quantum field theory that describes prop-
erties of the elementary particles and the electromagnetic, weak and strong
interactions. It has been experimentally validated on numerous occasions,
making very accurate predictions. However, it is an incomplete theory since
it does not include the gravity interaction, and does not explain the dark
matter, the neutrino masses nor the matter-antimatter asymmetry of the
universe.

The SM is based on the following symmetry group:
SUB)c®@SU2),@U(1)y, (1.1)

which is the direct product of SU(3)¢ of color (C), representing the strong
interaction characterized by the Quantum Chromodynamics (QCD) theory,
and SU(2), ® U(1)y, the electroweak interaction of weak isospin and hyper-

charge, a unification of the weak and electromagnetic forces.
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Chapter 1. Theoretical overview

Standard Model of Elementary Particles

three generations of matter
(fermions)

mass | %2.4 MeV/c? =1.275 GeV/c? ~172.44 GeV/c* 0 %125.09 GeV/c*
0

charge |2/3 2/3 2/3 0
spin |1/2 u 1/2 C 1/2 t 1 3 0 H
up charm top gluon Higgs
4 7 ) —

4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0

-1/3 -1/3 -1/3 0
1/2 d 12 S 1/2 b 1 y

down strange bottom photon
v > o \——
=0.511 MeV/c? =105.67 MeV/c? =1.7768 GeV/c? =91.19 GeV/c*
-1 -1 -1 0
1/2 = 1/2 “‘ 1/2 T 1 9
electron muon tau Z boson
| S—

<2.2eV/c? <1.7 MeV/c* <15.5 MeV/c* =80.39 GeV/c?

0 0 0 +1
12 Ve 12 VIJ. 12 A% 1 W

electron muon tau W boson
neutrino neutrino neutrino \

Figure 1.1: Ilustration of the fundamental particles in the Standard Model
and their properties [1].

Within the model, the whole space is filled with different types of fields,
and the excitations of those fields are what we interpret as particles. A
schematic view of the elementary particles and their properties is shown in
Figure 1.1. None of them are known to have any underlying substructure.
Two groups of particles can be distinguished: fermions, half-integer spin
particles that form the building blocks of matter, and bosons, integer spin
particles responsible of the interactions. The exchange of a boson between
two particles is perceived as an interaction: the photon is the mediator of
the electromagnetic force, the W* and Z° bosons are the mediators of the
weak force, and eight gluons are responsible of the strong interaction. Along
with them, the masses of the particles are generated by a scalar Higgs boson,
discovered by the ATLAS and CMS collaborations in 2012 [2, 3].

Elementary fermions can be classified in six quarks' (u, d, ¢, s, t and
b) and six leptons' (e, ve, p, v,, 7 and v;), where only the former feel the
strong interaction. Quarks can be divided into up- and down-type quarks,

while the leptons can be separated between electrically charged and neutral

!And their corresponding antiparticles.



1.1. The Standard Model of particle physics

particles, the latter known as neutrinos. They come up in three families
or generations, sharing similar properties but differing in the masses. Most
of the matter observed in the universe is formed from the first and lightest
generation: the electron and electron neutrino, and the up and down quarks.
Particles from the second and third generations are heavier and tend to
rapidly decay into first-generation particles, hence they can only be observed
when produced in a highly energetic environment, like in a particle collider.

From all the fundamental forces, the strong interaction is unique in the
sense that the mediators of the force, the gluons, carry the same charge that
they mediate, the color. Two colored particles feel a stronger interaction the
further they are separated, until the energy becomes large enough to produce
a new particle-antiparticle quark pair. As a consequence, quarks cannot be
observed in isolation, but instead they are glued to other quarks to form
colorless composite particles called hadrons. Depending on the number of
quarks they are made of, hadrons are classified as mesons (¢q with a quark
and an antiquark with the corresponding anticolor charge) or baryons (ggqq
with three quarks combining all the colors). Exotic hadrons composed of
four and five quarks [4, 5] have recently been observed [6-8]. When a quark
is produced in a particle collider, it is quickly surrounded by other quarks
to form hadrons in a process known as hadronization, being able to form
particles like the beauty mesons B (db) and B (sb) or the beauty baryon

AY (udb) if the collision energy is enough to produce them.

1.1.1 Electroweak interaction

The electromagnetic and weak forces that we experience at low energies
are unified into a single electroweak interaction at very high energies. The
theory describing it was developed independently by Weinberg, Salam and
Glashow [9-12], who used the following gauge symmetry group:

SU2), ® U(L)y, (1.2)

where the SU(2) group gives rise to three massless bosons W, W, and W2
that only interact with non-zero weak isospin 73 and left-handed chirality
particles (or right-handed antiparticles). The L subindex of the group nota-

tion makes reference to this fact. The U(1)y group generates another mass-
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Chapter 1. Theoretical overview

less boson BY that acts on particles with weak hypercharge Y = 2 (Q — T5),
where () represents the electric charge.

At energies below the electroweak scale, the symmetry of the theory is
spontaneously broken by the Higgs mechanism, decoupling the electromag-
netic and weak interactions. The complex Higgs doublet contributes with
four additional degrees of freedom to the theory: three of them are absorbed
by the electroweak bosons that become massive, while the fourth can be
interpreted as the scalar Higgs particle [13, 14] whose field permeates all the
space and gives mass to the particles that interact with it. The charged
bosons W+ and W~ of the weak interaction are a mixture of the W,  and
W, electroweak bosons. Correspondingly, the neutral Z° and the photon ~

are a mixture of W3 and B°, driven by the weak mixing angle 6y

1 ‘
Wt = E(W1 T iWs),

v cos By  sin by B°

Z0 —sinfy  cos Oy wo

(1.3)

The photon is the only boson that remains massless, thereby the electro-
magnetic interaction has an infinite range of action over electrically-charged
particles. On the contrary, the fact that the weak interaction is mediated by

three massive bosons (W* and Z°) translates into a short-ranged force.

1.2 The CKM matrix

Experimental results indicate that the quark states participating in the
weak interaction are different than the flavour eigenstates. The Cabibbo-
Kobayashi-Maskawa (CKM) matrix is a 3 x 3 complex matrix that con-

nects the flavour eigenstates of the quarks (d, s,b) with the weak eigenstates

(d,s',b) [15, 16]:

d vud Vus Vub d
s = Va Ves Vo s ) (1.4)
b weak %d v;:s ‘/tb b flavour

after choosing the flavour and weak eigenstates of the up-type quarks to
be equal. The CKM mixing matrix contains all the flavour-changing and

CP-violating couplings of the SM, where each matrix element V;; represent

4



1.2. The CKM matrix

the strength of the j — ¢ process in the weak interaction, between a down-
and an up-type quark. However, the SM does not predict the values of
the elements; they have to be obtained from experiments. In the lepton
sector, an equivalent matrix known as the Pontecorvo-Maki-Nagakawa-Sakata
(PMNS) describes the mixing of neutrinos [17, 18].

The CKM matrix has to be unitary if weak universality holds. This
requirement simplifies the matrix description down to four parameters: three
angles and a complex phase, the latter being responsible of the C'P violation
in the SM. There are several ways to parametrize the CKM matrix, but one
of the most popular choices is the Wolfenstein parametrization [19] in which

the elements are expanded in a power series in the parameter A:

1—)\%/2 A AN (p —in)
Vokm = A 1—)2/2 AN + O\, (1.5)
AN(1 —p—in)  AN? 1

where \ >~ 0.22, A ~0.81, p ~0.14 and 1 ~ 0.35 are determined experimen-
tally [20]. This parametrization highlights its hierarchical structure:

0.97417 £ 0.00021  0.2248 +0.0006  (4.09 + 0.39) x 1073
[Vorml;; = | 0.220 £ 0.005 0.995 4 0.016 (40.5 £ 1.5) x 1073
(8.2+0.6) x 1073 (40.0 £2.7) x 1073 1.009 £ 0.031

(1.6)
where the quarks clearly prefer to couple to the same family. Off-diagonal
terms are order \ between the first and second generations, order A? between
second and third generations, and order \* between first and third genera-
tions. Since the off-diagonal elements are significantly smaller than the di-
agonal ones, processes involving these terms are called Cabibbo-suppressed.
The parameter 7, related to the size of the C'P violating effects, appear in
the smallest elements.

The unitary of the matrix VCTKMVCKM = 1 imposes six conditions that can

be represented as triangles in the complex plane, in which the sum of three

5



Chapter 1. Theoretical overview

products of specific off-diagonal terms must be zero. One of these conditions

is referred as the unitarity triangle:
VuaVap + VeaVa, + VidViy, = 0, (1.7)

in which all terms are order A3>. The invariance of the equation under
rotations in the complex plane is exploited to define two of the vertices
(0,0) and (0,1) in a normalized triangle, leaving its characterization to the
third vertex (p,7), where p = p (1 - )‘72> and 7 =7 (1 - ’\72> The triangle
angles are usually named «, § and v [21]:

ViV,
o = arg (—M> =92.0 +1.2°,

Vs Vad
B—arg(—M)—ZQGj:OALO (1.8)
Vil : 4°, .
v = arg (——V“fvud> — 65.4+ 1.1°,
cb‘/Cd

Having only one phase responsible of the C'P violation means that the
area of all the possible triangles has to be equal (unitarity condition) and, if
the weak universality holds, the sum of the three angles o + 8 4 v must be
equal to 180°. The current status of the CKM triangle constraints is shown

in Figure 1.2 [21].

07— T

fi r
€

0.6 ICHEP 16

0.5

sol.w/ cos 2 < 0
(excl, at'CL > 0.95)

0.4

excluded area has CL > 0.95
@
=}
A%}
a==]

0.3

Q
= IIII|IIII|IIII|IIII|IIII|IIII|IIII

-0.4 — -0.2 — 0.0 - 0.2 - 0.4 - 0.6 — 0.8 I
p

Figure 1.2: Global fit to the unitarity triangle, as provided by the CKMfit-

ter group [21]. Colored bands represent the lo constraints of the different

measurements.



1.3. Mixing of neutral mesons

1.3 Mixing of neutral mesons

Neutral mesons can oscillate over time between its particle and antiparticle
states, in a process known as mixing. Figure 1.3 shows the transitions
involved in the mixing process of the B? system mediated by the weak force,

where a change of flavour b — s takes place.

b u,c,t 5 b W+ 5
- - - —_—— ——-————
By W+ W~ B By u,c,t A Yu,ct B,
> > > T — S —
s u, Cat b S W_ b

Figure 1.3: Feynman box diagrams contributing to the B%-B? mixing, medi-

ated by the weak interaction.

This phenomenon occurs because the physical states? |Mp) and |Mp) are
not the same as the states of definite flavour |M?°) and ‘M0>. Instead, the
former can be expressed as a linear combination of the latter:

| M) =p|M") —q|M°),
(1.9)
[ M) =p|M°) +q|M°),
where p and ¢ are complex numbers that satisfy |p|*> + |¢|* = 1 and are
different for each meson system. The notation L and H makes reference to
the light and heavy states, since the mass difference is significant in meson
systems with beauty quark content, in contraposition to the neutral kaon
system that is usually named short and long to indicate the difference in
lifetime.

The meson mixing has been observed in all the four systems K° DO,
BY and B?. K oscillations were the first to be established [22, 23]. Two
decades passed until the discovery of the B? oscillations by the ARGUS and
UAT1 collaborations in 1987 [24, 25]. Another two decades later, the BY

oscillations were observed by the CDF and DO experiments at Fermilab in

2Physical states are those of definite energy (and consequently, of definite mass and
lifetime) under processes mediated by the weak interaction. Flavour states are those of
definite energy under the strong and electromagnetic interactions. As a consequence, the

weak force is the only interaction able to change the flavour.



Chapter 1. Theoretical overview

2006 [26]. The oscillation in the DY system was evidenced by BaBar and
Belle [27, 28] in 2007, and observed by LHCb from a single measurement [29].

Table 1.1 lists the mass and decay width differences between the light
and heavy components of the four neutral meson systems. In Figure 1.3, a
visual representation is shown. The K3 and K? mesons have very similar
masses despite the latter having a lifetime two orders of magnitude larger,
thus they are centered at the same point with the long kaon represented
as a narrower peak. The similar properties of the charmed D° components
make the curves indistinguishable, a situation that is not true in the case of
the B? system, in which the different masses can be appreciated but not the
difference in lifetime. Finally, the B? case is unique in the sense that the

difference can be appreaciated in both the masses and the lifetimes.

Table 1.1: Mixing parameters (mass and relative decay width differences)

of the four oscillating neutral meson systems, averaged by the PDG [20].

System Am AT /T
K° 5.29 4+ 0.01 ns™! 2
D° 9.544.3 ns~! 0.0129 £ 0.0016

B 0.5065 + 0.0019 ps~*  —0.002 + 0.010
BY? 17.757 4+ 0.021 ps~! 0.130 = 0.009

S

(a) KO (b) DO (c) B (d) B

S

Figure 1.4: Representation of the light and heavy components of the dif-
ferent neutral meson systems. The z-axis represent the mass in arbitrary
units, while the lifetime is related to the width of the curve, I' = 1/7. The

quantities have been modified for visualization purposes and are not scaled.



1.3. Mixing of neutral mesons

1.3.1 Time evolution of neutral mesons

Hamiltonian description

The time evolution of a quantum system can be described by the Schrodinger
equation:
) g (1) (1.10)
di \ |Py) | P2)
where H = M — %I‘ is the Hamiltonian of the system?®, where the mass
matrix M represents the static component of the energy, and the decay
matrix I' is related to the particle lifetime, needed to account for final
states outside of the system. The formalism has been simplified using the
Weisskopf-Wigner approximation by only considering linear combinations of
the two initial states, as well as timescales much higher than the strong
interaction [30].
The mass eigenstates |My) and |My) are trivially described by a diagonal

Hamiltonian since the states do not mix:

w 0 m 0 | T 0
Hmass - " = H — 3 " . (111)
0 wyp 0 my 2\ o0 1y

The description of the flavour eigenstates |M) and |M) is more complicated

due to the mixing phenomena, requiring a general non-diagonal Hamiltonian:

H H m m [T T
Hipow — 11 12 _ 11 12 11 12 7 (1'12)
Hy  Hy mfg Mmoo 2 F?[g Iy

where the off-diagonal terms give rise to the mixing: Hyo and Hs; represent
the M — M and M — M transitions, respectively. The Hamiltonian can
be simplified from the general case if the CPT symmetry holds?, where the
condition

(M|H |M)=(M|H |M) (1.13)
leads to the diagonal terms relations m = mj; = moy and I' = I'y; = [a:

m. Mmia i [ I T'p

Hﬂavour: . _5 .
mi, m I, T

(1.14)

3A complex matrix can be separated into an hermitian and an antihermitian part,
H = Hy + Hypy, where Hy = %(H—&—HT) and Hyopg = %(H — H'). This definition

imply that the off-diagonal terms of any 2x 2 complex matrix should obey H (2;) g =H (1(12)?1
4The formalism has also been developed in the case of C'PT violation [31].



Chapter 1. Theoretical overview

The parameters of the H,,ss and Hy.yon, Hamiltonians can be related by
inserting on Equation 1.13 the matrix A = (g _qq) that links the states in
the two bases, as shown in Equation 1.9. The resulting expression Hy,your =

A TH_ .A leads to:

1 wi +w —L(wy —wr),
Hﬂavour =35 " t q( " L) s (115)
2 —%(WH—UJL) wg + wr,.

relating the physical observables with the fundamental parameters of the

mixing theory of Equation 1.14:

wyg + wy, 1
YHTWL T
2 meoh

/ i 1.16
N L 5112 ( )
q mis — 51

Time evolution of flavour states

w

The time evolution equation (1.10) can be solved in the case of stationary
states, like the mass eigenstates, which evolve following an exponential decay:
[ My (1)) = e~ Gt Ta/2t V) (1.17)
1.17

|ML(t)> _ e—(imL+FL/2)t ’ML> )
However, a flavour eigenstate will evolve as a superposition of two states,
as a consequence of the mixing. The change of basis is achieved by using

Equation 1.9 that relates the flavour and the mass eigenstates A = (5 ’qq):

M(t M
| _( ) =A'UA | _> : (1.18)
|3 (t)) A7)
where:
Apan @ w0 ) [p e
_%1 QLQ 0 e—ith P q
1 e—int _|_ e—ith q _e_int + e—ith

D (_e—int + e—ith) e—int + e—ith
q

g+(t)  1g-(1)
c9-(t) g+ (1)

10



1.4. C'P violation

Explicitly, the flavour states will evolve following the expression:

IM(t)) = g, (t) |M) + %g(t) | MY,

b

_ B (1.20)
|M(t)) = - D) +g.() M),

where ¢, (t) and g_(t) are the amplitude probabilities of no-oscillation and
oscillation of the system, respectively:

1 ) .
g+(t) = 5 (e ™t 4 et (1.21)

The time-dependent decay rate of BY — ¢y decays is calculated using Equa-
tion 1.20, as it will be detailed in Section 1.5.1.

1.4 (P violation

1.4.1 Symmetries in particle physics

A physical system exhibits a symmetry if it remains invariant under a cer-
tain transformation. In classical physics the symmetries are continuous.
Each continuous symmetry leads to the conservation law of a given quan-
tity, associated with the generators of the symmetry group, as the Noether’s
theorem states [32]. For example, the energy is the conserved quantity un-
der time translations, the momentum is the conserved quantity under space
translations, and angular momentum is conserved under space rotations. In
quantum physics, the symmetries are discrete, and they are satisfied if an
operator commutes with the Hamiltonian. If a discrete symmetry holds, it
leads to a conserved quantum number and a selection rule for the transitions
between different states [30].

There are three basic discrete symmetries in particle physics: P, C' and
T, depicted in Figure 1.5. Parity transformation P inverts the spatial coor-
dinates of a system, changing the chirality® of the particles. Charge conju-

gation C' changes the sign of the quantum numbers, transforming particles

5The chirality is a fundamental quantum property of a particle, related to its spin. A
particle has left- or right-handed chirality if it transforms under a left- or right-handed
representation of the Poincaré group. For massless particles, chirality and helicity are
equivalent; a particle is said to have right-handed helicity if the direction of the spin and
momentum are the same. For massive particles, the helicity of a particle depends on the

reference frame, but its chirality remains invariant.
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Chapter 1. Theoretical overview

P symmetry C symmetry CP symmetry

bbb

Figure 1.5: Symmetries in particle physics. The vertical arrow represents the
momentum direction, while the curved arrows represent the spin. Particles

and antiparticles are represented by white and black balls, respectively.

into antiparticles, but do not modify their chirality. Time transformation
T reverse the time direction of a process. These discrete symmetries can
be combined in any order to form the C'PT symmetry, related to Lorentz
invariance and therefore expected to hold in nature [33-35]. One of the
consequences of the C'PT invariance is that particles and antiparticles must
have the same masses and lifetimes, a statement validated by experimental
results with a high level of precision [20]. The C'P symmetry is equivalent
to the T" symmetry if the C'PT symmetry holds. It is the only fundamental
discrete symmetry that is broken by a small amount, becoming one of the

main targets of study of flavour physics experiments.

Symmetry violations

Processes mediated by the electromagnetic or strong interactions conserve
each of the three basic symmetries, while the weak interaction violates all of
them. Actually, the weak force violates maximally the P and C' symmetries
since it only couples to particles with left-handed chirality. The P violation
was discovered with ( decays in the Wu experiment in 1957 [36], while
the C'P violation was discovered by Cronin and Fitch with neutral kaons in
1964 [37]. In this experiment, neutral kaons were propagated up to a distance
where only long kaons K9? could survive, but instead a small amount of
K2 — 7%7% decays were measured. Since CP(K3) ~ +1 and CP(K?) ~ —1,
this experiment discovered the neutral meson mixing and the violation of

the CP symmetry [38].

12



1.4. C'P violation

1.4.2 Types of C'P violation

There are three types of C'P violation in the Standard Model:

1. CP violation in the decay. This type of C'P violation occurs when
the probability of a particle P to decay to a final state f is not the same
as the probability of the antiparticle P to decay to the C'P-conjugated
final state f:

PP — )£ PP — f). (1.22)

2. C'P violation in the mixing. It occurs when the probability of the

mixing P° — P° is not the same as the reverse process:
P(P® — P°) £ P(P° — PY), (1.23)

which will happen if
'9' £ 1. (1.24)
p

The beauty meson systems B® and B? do not exhibit C'P violation
in the mixing up to the per-mil level, with world averages |¢/p|z =

1.0010 = 0.0008 and |g/p| o = 1.0003 % 0.0014 [39].

3. C'P violation in the interference between mixing and decay.
Also called mixing-induced C'P violation, it occurs when both neutral
mesons P? and P° can decay into the same final state f, which can
be reached in two ways: P’ — f and P° — P° — f. There is CP

violation if the following statement holds:
P(P'(— P% — f) #P(P'(— P% — f). (1.25)

The work developed in this thesis for the BY — ¢y decay is based on
this type of C'P violation, as it is explained in Section 1.5.1.

The type (1) is also known as direct C'P violation and can occur in both
charged and neutral particles, while the types (2) and (3) are indirect in the

sense that they involve the mixing of neutral mesons.
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Chapter 1. Theoretical overview

1.5 Photon polarization in b — sy transitions

The radiative b — s7v transition is a Flavour Changing Neutral Current
(FCNC), since it changes the flavour of the initial quark with no effective
alteration of the electric charge. This transition occurs in the SM through
one-loop W exchanges, as illustrated in the Figure 1.6 (left) diagram. The
exchange of new virtual particles in the loop, represented by Figure 1.6
(right), could modify the decay rates® of the processes and the helicity struc-

ture of the vertex.

W H™,x7,3.x"
Figure 1.6: The b — sv penguin diagram, mediated by SM particles (left)
and new physics particles (right).

In the SM, the b — sy photon is emitted predominantly with left-handed
helicity (right-handed in b — 57), since the W boson couples exclusively
to left-handed quarks. A significant right-handed contribution would be a
clear signature of New Physics, as it is predicted in several extensions of the
SM [41]. For a more detailed theoretical discussion in the context of the

effective weak Hamiltonian, see Section 5.8.1.

1.5.1 Mixing-induced and CPV parameters in B — X~

In this section, the time-dependent decay rates of B? — ¢y decays and
flavour-specific B — K*9y decays are derived. The obtained CPV pa-
rameters of the decay rate are then related with the photon polarization

observable.

6Measurements of the inclusive branching ratios B(B — Xv) = (3.4 £ 0.2) x 1074 [20]
and exclusive branching ratios B(B? — ¢y) = (3.5 +£0.4) x 1075 [40] show no significant

deviation respect to the SM prediction.
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1.5. Photon polarization in b — sy transitions

B? — ¢y decays

In B? — ¢y decays, the final states ¢ry; and ¢yg with left- and right-handed
helicity photons are accessible from both B? and B initial states, allowing

for C'P violation in the interference between decays with and without mixing:

The quantities next to the arrows represent the amplitude probabilities of

the different processes:
Apr = A(B] = ¢7Lr),
Apr=A(B! = ¢7L.R).

The decay rate evolution of an initial flavour state is constructed by

(1.26)

adding incoherently the probabilities of the final states with left- and right-
handed photons:

T g (t) = [{&72 | B2 ()P + [{dvr| BI(1))I7,
T g0 () = (&7 | BL()) P + [{dvr| BI(t))I>.

Using Equations 1.20 and 1.21, we obtain the decay rate for an initial BY or
BO:

(1.27)

Tpo_yg(t) oc e ' [cosh (AL, ¢/2) — A® sinh (AT t/2)
+ C'cos (Amgt) — Ssin (Amgt)],

T gog(t) o €[ cosh (AT /2) — A® sinh (AT, t/2)
— Ccos (Amgt) + Ssin (Amgt)],

(1.28)

where T, is the decay width of B? mesons, Al'y the decay width difference,
Am, the mass difference, and the coefficients A%, C' and S depend on the
left and right complex amplitudes:

I Re[? (AL A% + AAy)]

A p
AL+ [AR[2 + AL+ [AR[?
. QIm[% (ALAE +ARAE)] (1'29)
|AL|? + |Ag[* + [AL]* + |Ag[*’
AP+ AR — AL — AR

AL+ AR + AL + | ARl
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Chapter 1. Theoretical overview

The coefficients A® and S depend on the real and imaginary parts of the
helicity amplitudes, while the coefficient C' represent the direct C'P violation.
In the most general description, the amplitudes receive the contribution of
the three up-type quarks ¢ = {u,c,t} with different strong §¢ and weak ¢

phases, leaving the |A?| coefficients real”:

App= Z |AqL7R}ei5%»Rei¢%,R,
) ! I (1.30)
Apr=CP(Arr) = fz |AqR,L}€wR‘L€_Z¢R’L7

q

where ¢ = +1 is the C'P eigenvalue of the ¢ meson. However, the con-
tribution from the top quark dominates, and under such assumption (and

lg/p| = 1) the parameters of Equation 1.29 can be simplified to [42]:

214 ||A
AA ~ % Ccos (¢s - ¢L — ¢R) CcoS (5L _ 5R),
21A||A .
= ﬁ sin (¢s — ¢ — ¢r) cos (01, — Or), (1.31)
C ~0,

where the amplitude factor can be written in terms of the photon polarization
_ |Are]

fraction r ]

as:

2|AL||AR| _ 2r
AP+ AP~ T+ 7

= sin (2arctanr), (1.32)

a factor that can take values from 0 (where r = 0 or r = c0) to 1 (where

r =1). The Standard Model predictions for the three parameters are [42]:

Afy = 0.047 5032,
Ssum = 04 0.002, (1.33)
Csm ~ 0.005 £ 0.005,

where the uncertainties come from the different theoretical contributions. An
experimental value different to these predictions would be a signature of new

physics.

"The real coefficients depend on the corresponding CKM matrix elements. The phases
of the electromagnetic final states also contribute to the overall rate and are absorbed in

the coefficients.
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1.5. Photon polarization in b — sy transitions

Flavour-specific B® — K*%y decays

In flavour-specific decays, i.e. where the initial state is well determinated
from the final products, there is no interference between mixing and decay.
In this case, the time-dependent decay rate is not sensitive to the photon
polarization. This is the case of B® — K*%y decays, where the particle
and antiparticle vector mesons decay to different states K** — K*7~ and

K*Y — K—7t, respectively:

e
L L
B < -------- mixing - - -----------3 30
A — A
R K*O,.YR K*O,YR R

As in the previous case, the left- and right-handed amplitude probabilities

are added incoherently:

Pposiceoy (1) = [ e | B2 + | (K 4] B(0)) P,

- - - - (1.34)
Lo ey (t) = [(K ™| BY(4))1” + (K™ vr| B (1)),
obtaining the following expression for the time-dependent decay rate:
T o g0, (t) oc €74 [cosh (AT t/2) + C cos (Amgt)], (1.35)

o g0, (t) ox €74 [cosh (AT t/2) — C cos (Amgt)] .

Note that the coefficients A® nor S do not appear in these expressions, and
C corresponds to the direct C'P violation:

AL+ |AR]? — |ALP? — |AR?

C— - R, 1.36
ALl + [Arl? + [ AP + [ ArP (1.36)

which vanishes in the B° system. In addition, the cosh (Alzt/2) term is
negligible since Al'y is not sizeable. Therefore, the time-dependent decay

rate can be approximated as a simple exponential:
PBO_>K*O,Y<t> ~ G_th, (137)

with no dependency on the photon polarization.

17
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1.5.2 Experimental status

The measurement of the helicity amplitudes determine the photon polariza-
tion of the b — sv transition. It can be measured indirectly through angu-
lar analyses and CP-violating parameters present in time-dependent decay
rates. The LHCb collaboration observed for the first time that the photon in
b — sv is polarized, using BY — K+tn~ 7"y decays with three hadrons in the
final state [43]. The up-down asymmetry of the photon with respect to the
decay plane defined by the three final hadrons allows to measure the photon
polarization, which was determined to be different than zero. However, to
obtain a single value for the photon polarization, the multiple resonances
contributing to the K*tn~ 7t system have to be studied [44, 45].

The best sensitivity to the photon polarization from a single measurement
was obtained at LHCDb from the angular analysis of B — K*%e~e' decays at
the very low dilepton invariant mass, ¢2, in which the electron-positron pair
is mediated by a virtual photon [46]. The amplitude of B — Vete™ decays
depends on two terms, Ay and A, that at ¢> = 0 correspond respectively
to the parallel and transverse components of the virtual photon polarization
respect to that of the vector meson [47]. Other methods to measure the pho-
ton polarization have been proposed, like angular analyses in A, — A~y [48,
49] and Ay — pK~ [50] baryon decays.

On the other hand, the photon polarization can be probed in decays of
the type B — fop7y, where fop is a C'P eigenstate accessible either from
B or B mesons [41, 51]. The left- and right-handed helicity amplitudes can
interfere between them to generate measurable CP-violating effects in the
time-dependent decay rate.

The B factories Belle and BaBar measured the mixing-induced Scp and
Ccop observables of several exclusive b — sy decays from B initial states,
extracted from the time-dependent C'P asymmetry. The full list of mea-
surements is shown in Figure 1.7. The ones with the less uncertainty come
from the B® — K, 7% decay [52, 53|, where two different results are quoted:
one in the K** invariant mass range (referred to as K*’y) and another in
an inclusive region (referred to as K,m%y). The results of the K*v reso-
nance have a cleaner theoretical interpretation. In addition, the asymmetries

were also measured in the B® — Ky [54], B® — K,y [55, 56] and
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Figure 1.7: The measured C'P-violating parameters in b — s7v transitions

from B decays [39].

B — K ¢y [57] decays. Regarding b — dv transitions, they were only mea-
sured in B® — pYy [58] decays. All the measurements are compatible with
the null hypothesis, but the uncertainties still remain large.

In the BY system, the A® observable is also measurable due to the
sizeable mixing width AT, = 0.090 + 0.005 ps™* [42]. The work performed
in this thesis has given rise to the first measurement of this observable in
BY — ¢y decays, AZ = —0.98 10531035 [59, 60], from a fit to the untagged
time-dependent decay rate (see Chapter 4). The Sy, and Cy, observables

can also be measured from the time-dependent decay rate in an analysis

with flavour tagging, which is also described in this thesis (see Chapter 5).
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The LHCb experiment

This thesis is developed in the context of the LHCb experiment, whose de-
scription is presented in this chapter. First, the CERN accelerator complex
is introduced in Section 2.1, followed by the generalities of the LHCb ex-
periment and its most relevant results in Section 2.2. The LHCb detector
and its subsystems are presented in detail in Section 2.3. Finally, the trigger
system is explained in Section 2.4, and a brief description of the computing

and software resources of the experiment is given in Section 2.5.

2.1 CERN and the LHC machine

The Large Hadron Collider (LHC) is the largest particle accelerator in the
world, and the one operating at the highest energy [61]. It is a proton-
proton circular collider lying in the former LEP tunnel, a 26.7 kilometers long
ring situated 100 meters underground, hosted by the European Organization
for Nuclear Research (CERN) laboratory, in the Franco-Swiss border near
Geneva. Thousands of scientists from countries all around the world are
collaborating to analyze the data produced by the collisions and push our
knowledge about particle physics.

The LHC collides two beams of protons or ions in opposite directions,
with velocities close to the speed of light. A sea of particles is produced
in the collisions, which is recorded and later analyzed by the physicists. A
beam carries 2808 nominal bunches, each containing 10*! protons. Bunches
are separated by 25 ns so that the bunch frequency is 40 MHz. The CERN
accelerator complex, depicted in Figure 2.1, produces and inserts the beams

into the LHC tunnel, where they are accelerated by radiofrequency structures
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Figure 2.1: Scheme of the CERN accelerator complex [62].

and guided by several superconducting magnets. Figure 2.2 shows a view of
the LHC tunnel.

Along the tunnel, there are a total of seven detectors aiming for different
purposes: four main experiments (ATLAS, CMS, ALICE and LHCb) and
three specialized experiments (TOTEM, LHCf and MoEDAL). ATLAS and
CMS are general purpose experiments with the objective of searching for
new physics at the TeV scale. ALICE study the phenomenology of heavy-
ion collisions and some QCD mechanisms related to quark-gluon plasma.
LHCb is specialized in flavour physics, studying the decays of heavy parti-
cles containing b- or c-quarks. LHCT, located next to the ATLAS detector, is
designed to measure the production of particles parallel to the proton beam
(forward direction), which is useful to study the particle showers produced
by the collision of highly-energetic cosmic rays in the Earth’s atmosphere.
TOTEM is situated near CMS, and studies the total cross section of pp

interactions, the proton structure and scattering, and several diffractive pro-
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Figure 2.2: View inside the LHC tunnel [63].

cesses. MoEDAL is located close to the LHCb interaction point and started
taking data in 2015. It pushes the discovery frontier by searching for new
exotica phenomena, like magnetic monopoles or massive charged particles.

The first beams circulated in September 2008, but due to an electrical
problem in the superconducting magnets a leakage of helium liquid dam-
aged the accelerator and delayed the operation until 2010, a year devoted
to commissioning. 2011 was the first data production year. After several
production years, the LHC performs Long Shutdowns regularly to maintain
or upgrade the machine; the data production period between these stops is
called a Run. The 2011 and 2012 years correspond to the Run 1 period, and
2015, 2016, 2017 and 2018 to the Run 2 period. This thesis analyzes Run 1
data.

2.2 The LHCb experiment

The LHCDb experiment is dedicated to the study of flavour physics, perform-
ing precision measurements of the C'P symmetry violation and searching for
rare decays of particles containing a beauty b or a charm ¢ quark. With the
current models we cannot explain the observed matter-antimatter asymme-
try, given that the same quantity of matter and antimatter was produced
at the beginning of the universe. New models beyond the SM predict new

sources of C'P violation and changes in the decay branching fractions, which
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would help to find an explanation of this anomaly [64].

The LHCb experiment is, at present, the most important source of heavy
hadrons. A bb cross-section of around 500 ub, expected at the nominal
center-of-mass energy of 14 TeV, allows for a massive production of not only
By, Bs, and D mesons, but also charmed B. and heavy baryons, which were
not accessible in the previous ete™ factories Belle and BaBar.

Although the instantaneous luminosity of the LHC is Lyyc = 10** ecm 2571,
the LHCb detector is designed to work at a constant lower rate, Ligcy, =
2 x 1032 em~2s7 !, achieved by changing the angle of incidence of the beams
at the interaction point as shown in Figure 2.3. This is a particularity of
LHCb with respect to the other LHC experiments, and a useful feature for
precision physics. Cleaner events are produced with few pp collisions per
bunch crossing, facilitating the reconstruction and decreasing the radiation
damage on the detector. LHCb recorded around 3 fb~! during Run 1, and an
additional 5 fb~! is expected in Run 2. The integrated luminosity breakdown

by year is shown at Figure 2.4.

25 ns: 30 long range encounters per IP

Head on
collision

Parasitic
encounters

I Separation: ¥10 o

I 125 ns |
375m '

25 ns

7.5m

Figure 2.3: Crossing angle of the proton beams at the LHCb interaction

point, to reduce the instantaneous luminosity [65].
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Figure 2.4: LHCDb integrated luminosity in pp collisions, separated by year

of data taking [66].

LHCDb measurements

The LHCDb experiment has already made relevant measurements and discov-
eries. Currently, the most promising evidence of new physics comes from
semileptonic decays. In 2014, the LHCb measured the ratio of branching
fractions R(K) = B(BtT — K*Tutu~)/B(Bt — K'tete™), an observable
related to the lepton flavour universality (LFU), with a result still com-
patible with the SM prediction within 2.60. Since then, several flavour
measurements have shown slight deviations with respect the SM: the an-
gular analyses of BY — K*Ou*pu~ [67-69] (3.40 local deviation in a ¢* re-
gion) and BY — ¢uTu~ decays [70] (3.00 deviation), the measurement of
R(D*) =B(B" = D* 77 1,)/B(B® = D*u~1,) [71, 72] (2.10, increasing to
4.00 when combined with Belle and BaBar results), and the measurement of
R(J/Y) = B(Bf — J/Ytrv,)/B(Bf — J/¢yutv,) [73] (2.00 deviation).
Regarding new physics searches, B — pu*u™ is a rare decay very sen-
sitive to SM extensions. It was first observed in 2013 by LHCb [74], and
subsequent measurements of the branching fraction have shown compatibil-
ity with the SM, even combining LHCb and CMS data [75, 76]. Another

set of discoveries was made in the exotica sector. In 2015, the collaboration
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observed decays compatible with pentaquarks (bounded states) for the first
time [8]. The Z(4430)~ tetraquark state (ccdu) [7] was observed, and the
quantum numbers of the X (3872) tetraquark were determined [77]. Finally,
regarding C'P violation measurements, LHCb has observed C'P violation for
the first time in a BY decay [78], and in the charm [79] and baryon sec-
tors [80], and has measured the ¢, phase in B? — J/W¥¢ decays [81], among

other measurements.

2.3 The LHCDb detector

The LHCb detector [82] is a single-arm forward spectrometer optimized to
perform flavour physics measurements. This layout was chosen since heavy
qq pairs are produced predominantly in the forward or backward direction
at high energies, as Figure 2.5 illustrates. It covers the region from 10 mrad
to 250 mrad in the horizontal (non-bending) plane and to 300 mrad in the
vertical (bending) plane, equivalent to a pseudorapidity between 2 < n < 5.

Figure 2.6 shows a side view of the detector with its components.

LHCb MC
Vs =14 TeV

Figure 2.5: (a) Angular distribution of the bb production. Only the forward
region (in red) enters in the LHCb acceptance. (b) Comparison of the bb
pseudorapidity acceptance for LHCb (red square) and other general purpose

detectors (yellow square).
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The LHCD detector consists of a silicon vertex detector (VELO) surround-
ing the collision point, a silicon strip tracker (TT), a dipole magnet to bend
charged particles, two RICH detectors for particle identification, three track-
ing planes (T1-T3) consisting of a silicon strip detector near the beampipe
(IT) and a straw-tubes detector in the outer region (OT), a calorimter sys-
tem consisting of a Scintillating Pad Detector (SPD), a pre-shower (PS),
an electromangetic calorimeter (ECAL) and a hadronic calorimeter (HCAL),

and a muon system with five stations (M1-M5).

2.3.1 Tracking system

The purpose of the tracking system is to reconstruct the vertices and trajec-
tories of charged tracks. It consists of the Vertex Locator (VELO) near the
interaction point, the Tracker Turicensis (TT), and three Tracking Stations
(T1-T3), with a dipole magnet between the last two.

The VELO is the closest detector to the interaction region, designed to
determine precisely the trajectories of the tracks and identify displaced ver-
tices. The system consists of a 1 meter long semistrip detector separated
into two halves to cover the full azimuthal acceptance, each of them con-
taining 21 half-circular stations as in Figure 2.7 (right), arranged along the
beam direction. The stations are filled with two types of sensors placed in
alternation, the ¢- and R-sensors, for the determination of the azimuthal
and radial coordinates, respectively. Each sensor is composed of 2048 silicon
strips with high radiation tolerance. The ¢-sensor has radial strips with a
stereo angle between 10° and 20°, while the R-sensor has azimuthal strips
at constant radius. The whole setup is mounted inside a vaccum vessel as
illustrated in Figure 2.7 (left), to keep the sensors isolated.

The VELO detector is designed to determine precisely the trajectories
of the tracks and identify displaced vertices. This feature is essential to
reconstruct impact parameters and decay lifetimes accurately. The spatial
resolution of the Primary Vertex (PV) depends on the number of tracks used
to reconstruct the vertex, as shown in Figure 2.8, with an average resolution
of around 70 pm in the longitudinal axis and 13 pum in the transverse plane.

The dipole magnet bends the trajectory of charged particles, being essen-

tial to measure their momentum. An integrated magnetic field of 4 Tm for
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Figure 2.7:

of VELO sensors, conforming one of the detector units.

(a) Representation of the VELO vaccum vessel. (b) An array
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Figure 2.8: Primary vertex resolution on the transverse (a) and longitudinal

(b) components, as a function of the number of tracks in 2011 data [84].

tracks crossing the magnet provides a momentum resolution of about 0.4%,
for particles up to 200 GeV/c. Figure 2.9 (right) shows the three compo-
nents of the magnetic field along the z-axis. In order to avoid any sort of
systematic effect in C'P measurements, the direction of the field magnet is
inverted periodically. The magnet, shown in Figure 2.9 (left), is divided into
two saddle-shaped coils placed symmetrically, each one 7.5 m long, 4.6 m
wide, 2.5 m high and 27 tons of weight. The coils are arranged in 15 pan-
cakes containing aluminum conductors, and the whole setup is put together
in a 1450 tons steel frame.

Two different tracking detectors, the Tracker Turicensis (TT) and the

Tracking Stations (T1-T3), are situated upstream and downstream the mag-
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Figure 2.9: (a) A picture of the magnet. (b) The three components of the

magnetic field along the z-axis.

net, respectively. The Tracking Stations are divided into the Inner Tracker
(IT) and the Outer Tracker (OT), covering the inner and outer acceptance
of the detector. Figure 2.10 (left) shows the layout of the tracking system,
while Figure 2.11 illustrates the I'T and OT module display.

Both the TT and the IT are made of silicon microstrip sensors. The T'T
is a 150 cm wide and 130 cm high rectangular area located upstream the
dipole magnet, covering the full acceptance. It consists of a single station,
summing 145k strips and an active region of 8.4 m2. The IT is a 120 cm
wide and 40 cm high cross-shaped plane situated near the beam pipe in three
stations located downstream the magnet, with 130k strips and an active area
of 4.1 m?. This area receives the highest particle density flux in LHCb, so
the three separated stations help to reconstruct the track trajectories. Both
silicon trackers are arranged in four layers of p-on-n strip sensors, with a strip
pitch of about 200 pum. The first and last layers have vertical strips, while
in the middle layers the strips are rotated 5°, as displayed in Figure 2.10
(right). The spatial resolution is around ~50 pm for both trackers, which

have similar readout electronics and monitoring systems.

The OT, unlike the other trackers, is a drift-time detector. It is composed
of three stations surrounding the I'T, covering the outer acceptance region. In
this region the occupancy is lower (less than 10%), so due to budget reasons
it was decided that this type of detector was enough to fulfill the experiment

needs. Each station is arranged in four layers, with two monolayers of 64 drift
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Figure 2.10: (a) Placement of the Silicon Trackers (purple) and the Outer
Tracker (blue) stations, displaying also the orientation of the modules. (b)

The orientation and dimensions of the Tracker Turicensis layers.
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Figure 2.11: Layout of the Inner Tracker (a) and the Outer Tracker (b)

modules.

straw tubes with a 4.9 mm inner diameter in each module. The orientation
of the modules is the same as in the silicon trackers, with the middle layers
rotated 5° and the others vertical. The tubes are filled with a gas mixture
of 70% Argon and 30% CO,, to guarantee a drift time below 50 ns and a

resolution in the drift coordinate of about 200 ym. The total active area of

a station is 5971 x 4850 mm?.
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2.3.2 RICH detectors

Two RICH (Ring Imaging Cherenkov) detectors are installed to identify
charged particles, since being able to separate between pions, kaons and
protons is a fundamental requirement to perform most LHCb measurements.
One situated upstream and the other downstream the magnet, each detector
is sensitive to a different momentum spectrum, covering in total a momentum
range of 1-100 GeV/c. Figure 2.12 (left) shows the response of the RICH

radiator gases in the momentum spectrum for different particles.

The RICHI1 detector is located upstream the magnet, before the Tracker
Turicensis. It is designed to identify particles in the low momentum spec-
trum, from 1 to 60 GeV/c, and covers the full LHCb acceptance. Silica aero-
gel and fluorobutane (C4Fq9) gas radiators are sensitive to this momentum
range. The optical layout is disposed vertically as depicted in Figure 2.12
(right). The RICH2 detector is located downstream the magnet, between
the last tracking station and the first muon station. The optical layout

is disposed horizontally. It targets the high momentum spectrum, from 15
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Figure 2.12: (a) The dependency of the Cherenkov angle with the particle
momentum for each of the gas radiators. Silica aerogel is better suited to
identify low-momentum particles, while the fluorocarbons are more sensitive

to high-momentum particles. (b) Schematic view of the RICH1 detector.
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GeV/c to beyond 100 GeV/e¢, but covers only the acceptance where most
high-momentum particles are produced, from 15 mrad to 120 mrad (horizon-
tal plane) and 100 mrad (vertical plane). The fluorocarbon CF, is an ideal
gas radiator to accomplish this task.

The Cherenkov light is guided outside the acceptance using a system of
spherical and flat mirrors, arriving to an array of Hybrid Photon Detec-
tors (HPDs) used to detect photons in the 200-600 nm wavelength range.
The HPDs are vacuum photon detectors that guide the resulting photoelec-
trons onto a small silicon detector array, and they are surrounded by an
iron shield and placed inside special metalic cylinders to minimize the ef-
fect of the external magnetic field. In later stages of the reconstruction, a
global pattern-recognition algorithm compares the hit pattern detected by
the HPDs with the patterns expected from the reconstructed tracks, and a
probability is obtained. The efficiency for kaon identification is around 95%
with an average pion misidentification of 5% in the 2-100 GeV /¢ momentum

range.

2.3.3 Calorimeter system

The calorimeter system identifies photons, electrons and hadrons, and deter-
mines their energies and positions. It is divided into four subsystems: the
Scintillator Pad Detector (SPD), the Preshower Detector (PS), the Electro-
magnetic Calorimeter (ECAL) and the Hadronic Calorimeter (HCAL). The
calorimeters measure the energy and position of the electromagnetic/hadronic
showers, while the SPD/PS system improves the particle identification and
the background rejection. The calorimeter system also selects high Er parti-
cles in the hardware trigger, so a fast response was mandatory in its design.
A scheme of the calorimeter system is displayed in Figure 2.13, showing also
the interaction of the different particles at each subsystem.

Since the hit density is largely dependent on the distance to the beampipe,
a variable lateral segmentation with different cell-size zones has been adopted,
as shown in Figure 2.14. Three regions (inner, middle and outer) were chosen
for the PS, SPD and ECAL, while the HCAL only has two regions (inner
and outer) due to the different shower dimensions and trigger requirements.

A projective geometry is followed by the subdetectors, which means that the
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Figure 2.13: Schematic layout of the calorimeter system. The interaction of
electrons, hadrons and photons is represented by grey areas if the particle
produces a shower in the detector. Each particle leaves a different global

signature in the calorimeter system.

cell size varies with the distance from the interaction point, so that cells
of different subsystems cover the same acceptance. The PS is around 1.5%

smaller than the ECAL, and the SPD is 0.45% smaller than the PS.

The SPD and PS are similar rectangular scintillator pads separated 56
mm, with a lead absorber of 15 mm thickness and 2.5 radiation length be-
tween them. The active area is 7.6 m wide and 6.2 m high, segmented in
three regions to mimic the ECAL design. In all the four subsystems, the
scintillation light is transmitted through wavelength-shifting fibres to a pho-
tomultiplier (PMT). However, the SPD/PS uses a multianode photomulti-
plier tubes (MAPMT), while in the ECAL and HCAL individual phototubes

are set.

The SPD detects charged particles, which is useful to separate electrons
from photons and neutral pions. Based on the deposited energy in the cells,
a binary signal is fired to decide if there has been interaction or not. The
misidentification probability is around 1%, coming from neutral particles
leaving enough signal in the scintillator. The PS separates electrons from
charged pions, making use of the electromagnetic shower dispersion.

The ECAL is a 7.8 m wide per 6.3 m high calorimeter located 12.5 m from
the interaction point, covering from 25 mrad to the full outer acceptance of
the detector to avoid the high radiation near the beampipe. It is shown in

Figure 2.15. It follows a shashlik technology, alternating layers of scintillator
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Figure 2.14: Lateral segmentation of the (a) ECAL and (b) HCAL calorime-
ters, showing the cell dimensions. Only one quarter of the detector is shown.
(¢) The three ECAL modules. The inner region has 9 cell modules of 4x4

cm?, the middle region 4 cell modules of 6x6 cm? and the outer region one

cell module of 12x12 cm? [85].

tiles and lead material (4 and 2 mm thick) crossed by wavelength-shifting
fibres for the readout. A radiation length thickness of 25 X, is enough for
the incident particles to deposit all their energy, which is a requirement for a
correct reconstruction. Since the electromagnetic calorimeter is a fundamen-
tal part of the trigger decision, it was designed to provide a fast response at

the expense of a modest energy resolution,

98 _ 1% 19 (E in GeV), (2.1)

E VE

where the first term is the statistical error and the second term takes into

account systematic uncertainties from the calibration. In addition, the per-
formance of the calorimeter cells can vary with time, having to regularly
calibrate the cells to provide reliable measurements. For the B? — ¢y and

B? — K*%4 decays, the invariant mass resolution of the parent b-meson pro-
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Figure 2.15: The electromagnetic calorimeter during its construction [86].

vided by the full reconstruction is about 90 MeV/c?, with the main contribu-
tion coming from the resolution of the photon momentum. More information
about the reconstruction of neutral particles is found in Section 3.1.

The HCAL is a 6.8 m wide per 8.4 m high and 1.65 m deep calorimeter
located 13.33 m from the interaction point, consisting of iron absorbers and
scintillator tiles arranged in parallel to the beampipe, with an active to
passive material ratio of 0.18. It is segmented transversely into two regions,
with the outer cells double sized in comparison with the inner cells. A
radiation length thickness of 5.6 Xy does not guarantee the deposit of the
whole hadronic shower, but the design resolution requirements are much less
stringent:

op _ 65%

5= $9% (E in GeV). (2.2)

The author of this thesis has been involved in the monitoring of the

calorimeter system during the data taking, and has performed a task to

improve the reconstruction of neutral particles (see Section 3.2).
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2.3.4 Muon stations

The muon system identifies and measure the momentum of muons. It is
the last subsystem of the LHCb detector, since muons can pass through the
previous structures due to their low interaction probability. It covers an
inner acceptance of 20 (16) mrad and an outer acceptance of 306 (258) mrad
in the bending (non-bending) plane, and has 435 m? of total active area.

Figure 2.16 illustrates the layout of the muon detector.

The system consists of five muon stations M1-M5 of rectangular shape
placed along the beam axis, with a projective geometry to match the accep-
tance. M1 is placed upstream the calorimeters in order to obtain a better
sensitivity on the transverse momentum, selecting high-pr muon at trigger
level. M2-M5 are located downstream the calorimeters, sandwiched between
80 cm thick iron absorbers to detect penetrating muons. M1-M3 are designed
to have a high spatial resolution along the bending axis to reconstruct the
track direction, and have a pr resolution of 20%, whereas M4-M5 have lim-

ited spatial resolution but can detect penetrating muons.
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Figure 2.16: (a) Side view of the muon system, showing the position of the
stations. (b) Layout of the stations in four regions R1-R4 with a scaling

1:2:4:8.
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Moreover, each station is divided into four scaled regions R1-R4 to achieve
uniform particle flux and channel occupancy, where R1 is the innermost and
R4 the outermost. Multiwire proportional chambers (MWPC) are used as
readout, except in the inner region of the M1 station, where triple-GEM
detectors are used in order to deal with higher particle rates and ensure
radiation protection. A total of 1380 chambers are contained in the detector.

The muon trigger is based on standalone muon track reconstruction and
pr measurement, and requires high-pr muons and aligned hits on all five
stations. Only muons with momentum higher than 6 GeV/c can traverse
all the five stations without interaction, since the radiation length of the
full system is equivalent to 20 interaction lengths. The efficiency for muon

identification is 97%, with a 1-3% pion misidentification.

2.4 Trigger system

A trigger system is needed to reduce the huge amount of information pro-
duced in proton-proton collisions so it can be processed and stored. The
LHCD trigger was designed in three stages: a Level-0 (L0) trigger imple-
mented in hardware, and two high-level triggers (HLT1 and HLT2) that run
in software. The total rate is reduced from the 40 MHz of the bunch crossing
frequency at the interaction point to a few kHz after the trigger, correspond-
ing to about 1 GB/s of information written in disk. Figure 2.17 shows a

scheme of the trigger flow.

2.4.1 Level-0 trigger

The LO trigger performs a basic selection of potentially interesting events by
looking at the transverse energy of the particles, respect to the beam axis.
It is implemented in custom boards fast enough to make a decision in under
4 ps, and reduces the bunch crossing frequency of the LHC to only 1 MHz
at the output, which is the readout frequency of the detector.

It is divided in the calorimeter lines (L@Hadron, L@Photon and L@Electron)

and the muon lines (L@Muon, L@DiMuon):

e LOoHadron: evaluates the highest Er hadron candidate, constructed from

the sum of the HCAL cluster energy and the energy of the ECAL
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LHCb 2012 Trigger Diagram

LHCb 2015 Trigger Diagram
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Figure 2.17:  Scheme of the LHCb trigger layout, for Run 1 (a) and Run 2
(b) [87].

cluster compatible with the trajectory, if there is any.

e LoPhoton: evaluates the highest £ ECAL cluster, with hits in the PS
and no hits in the SPD (in the cells in front of the ECAL cluster).
Only the ECAL energy is used to reconstruct the photon candidate.

e LOElectron: same as LOPhoton, but requiring hits in the SPD.
e LoMuon: looks for the muon with the highest pr.

LeDiMuon: looks for a pair of muons with the highest pr product.

The transverse quantities are compared to a given threshold, that can be
adjusted over time, to decide if it should pass the trigger. Events with more
than 600 SPD hits are also removed (or more than 900 hits if fired by the
di-muon line), to reject events with high number of tracks. In addition, the

L0 Pile-Up (situated in the VELO) identifies the number of interactions,
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which is useful to retrieve the luminosity [88]. All this information arrives

to the Decision Unit (DU) which evaluates the final decision.

2.4.2 High-level trigger

The High-level trigger processes the events selected by the Level-O trigger.
It is separated into two stages, HLT1 and HLT2, and runs on a dedicated
computing cluster of 20000 cores known as the Event Filter Farm (EFF).

HLT1

The HLT1 performs a partial reconstruction of the candidates by using infor-
mation of the trackers and primary vertices, following an inclusive strategy
to select the events. Specifically, it selects high-momentum tracks displaced
from the interaction points. The rate is reduced to about 50 kHz in 2011,
but was increased to 70 kHz in 2012 and to 150 kHz during Run 2. It takes
advantage of the fast VELO reconstruction algorithm:

1. Reconstruct all the VELO track segments.

2. Check if they are compatible with hits in the muon chambers, or if the
minimum IP respect to any interaction point is greater than a given
threshold. If any of these conditions happen, the track is passed to the

main tracker.

3. Match the segments against hits in the tracking stations, where a min-

imum pr is required.

4. Only events with high-quality tracks are accepted.

HLT2

The HLT?2 reconstructs completely the candidates, since the input rate is low
enough. The output rate was reduced to 3 kHz in 2011, but was increased
to 5 kHz in 2012 and 12.5 kHz during Run 2. Both inclusive (for generic
decays) and exclusive (for specific decays) lines are constructed. Inclusive
lines select common properties of some types of decays, for example the
topological lines exploit general features of B decays, and the dimuon lines

look for two reconstructed muons in B — J/¢X decays with J/¢ — utpu~.
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Exclusive lines select a specific decay chain, with requirements similar to an
offline selection. For example, the HLT2Bs2PhiGamma line selects event chains

compatible with B? — ¢ decays.

2.4.3 'Trigger line categories

The trigger decisions can be splitted into three categories:

e Triggered on Signal (TOS): satisfied if the signal candidate alone fires

the trigger decision.

e Triggered Independent of Signal (TIS): satisfied if the underlying event
alone fires the trigger decision, so the signal candidate do not play any

role.

e Triggered on Both (TOB): satisfied if the decision is neither TIS nor
TOS. A mixture of the signal candidate chain and the underlying event

is needed to fire the trigger.

2.5 Computing and software resources

The LHCb computing is based on a distributed multi-tier regional center
model. The raw data produced after the trigger are transferred to the CERN
Tier-0 centre which distribute it to the Tier-1 centers around the world,
responsible of further processing of real data. Smaller Tier-2 centers help
with the storage and processing of simulated data. Raw detector data has to
be reconstructed and selected further in a process called stripping, producing

the files that are actually accessible to the user to produce analysis tuples.

LHCDb software

The LHCb framework was designed to run a chain of independent steps
either to process the data or generate simulated events [89]. It is based
on Gaudi [90], an object-oriented architecture written in C++, although the
configuration can be handled by Python scripts. The main projects are

detailed in the following.
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e Gauss [91, 92] is used to generate simulated data. The simulation
of pp collisions is handled by Pythia [93], creating the initial position
and momentum of the particles. These particles are then decayed to
interesting channels for the LHCb physics program by a customized
EvtGen package [94], while the final state radiation is handled by
PHOTOS [95]. Other event generators are also implemented for special
productions. Finally, the interaction of the particles with the detector
is simulated by Geant4 [96], reading from a database the detector

geometry and the material data.

e Boole [97] simulates the detector response and the digitization of en-
ergy depositions. Although this step is considered part of the simula-
tion, it is convenient to separate it since the response of the detectors

can be improved with more data.

e Moore [98] runs the trigger. A copy of this software is installed on all
the online farm computers to apply the HLT trigger in data. In Monte

Carlo simulated data, the LO-trigger also needs to be emulated.

e Brunel [99] performs the event reconstruction. It takes the raw infor-
mation (hits, calorimetric deposits) and transform it into clusters and

tracks.

e DaVinci [100] is the software dedicated to analysis tasks and to pro-
cess the stripping. The users can create tuples which are then used for

offline analysis.

During this thesis, the author has been responsible for the preparation
of Monte Carlo productions for the Rare Decays working group, and for the

preparation of filtered Monte Carlo productions for the whole collaboration.
Analysis software

In addition, other software tools are mentioned throughout this work:

e ROOT [101]: a framework designed to process large amount of data,
widely used by the high energy physics community. The reading and
analysis of the data tuples and the creation of plots are performed with

this package.
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e RooFit [102]: included inside the ROOT framework, it is a toolkit for
complex data analysis. The unbinned fits to the decay time distribu-
tions are programmed with RooFit, with the help of Minuit [103] to

perform the minimization.

e sPlot [104]: a statistical tool to unfold data distributions. In this work,
it is used to distinguish between the different components of the recon-
structed mass distributions, helping in the subtraction of background

events.
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Reconstruction and selection of B’ — ¢+ and

B’ — K*'~ candidates

This chapter describes the strategy to select BY — ¢y and B? — K*0
candidates. Section 3.1 introduces the calibration of the calorimeter system,
and the reconstruction and the identification of neutral particles, while Sec-
tion 3.2 details the work performed by the author of this thesis to improve
the transverse energy profile of photons, which is used by the LHCb recon-
struction software. Section 3.3 details the event selection criteria (trigger,
stripping and offline selections) for B? — ¢y and B° — K*Yy decays. Sec-
tion 3.4 focuses on the background subtraction procedure through a fit to
the reconstructed B mass distribution. Finally, Section 3.5 discusses about

the reconstruction of the decay time variable.

3.1 Reconstruction of neutral particles at LHCb

The photon v and neutral pion 7° reconstruction at LHCb has been detailed
in [105]. To properly reconstruct the energy of the particles, a correct
calibration of the whole calorimeter system is fundamental [82]. In the
SPD and PS subdetectors, the cell energy thresholds are adjusted regularly
during the run periods to ensure a uniform efficiency. In the ECAL, the
cell-to-cell intercalibration is performed initially by the LED system, whose
light is transported to the photomultipliers. During the run periods, the
intercalibration is adjusted by fitting the invariant mass distribution of 7° —
~v7 decays, as depicted in Figure 3.1, with a precision that reaches the 2%

level.
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Figure 3.1: Calibration of the ECAL energy with the invariant mass distri-
bution of 7 — v candidates [82]. The blue (red) curve corresponds to the
fit after (before) the calibration.

The energy deposits of the ECAL cells are grouped together to form
3 x 3 cluster patterns around the energy local maxima, following a cellular
automaton algorithm [106]. A cell that is present in several clusters shares its
energy between the clusters according to the energy profile of single photons,
in an iterative procedure that converges rapidly. Clusters are characterized
by the total energy, the energy-weighted position and their spread in two
dimensions.

A cluster is considered to be a neutral particle candidate if it is not com-
patible with any charged track in the event. To accomplish this, all the tracks
in the event are extrapolated to the calorimeter and a two-dimensional x3p
is constructed to evaluate the compatibility with the cluster position. Only

isolated clusters with x2, > 4 are selected as neutral particle candidates.

3.1.1 Photon reconstruction

Photons can be reconstructed as converted or unconverted. The former are
photons converted into an electron-positron pair before the lead plate situ-
ated between the SPD and the PS, due to the interaction with the material
upstream the calorimeter. They are reconstructed from two charged tracks,
and have the advantage of a better momentum resolution compared to un-

converted photons, typically a factor three lower. However, even tough 20%
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of the photons are converted, only one third of them can be reconstructed,
suffering also from bremsstrahlung effects. This section focuses on the re-

construction of unconverted photons.

The photon energy is calculated from the total energy of the ECAL
cluster and the corresponding PS energy deposit. The energy is corrected
for leakages using a simulation of isolated photons, with an observed E,
resolution of:

10.2+0.3
9B _ —%@(1.610.1)%. (3.1)

E VE

The photon direction is defined from an assumed origin (the interaction
point) to the 3D energy-weighted barycenter of the ECAL cluster. The
barycenter position is corrected in the longitudinal direction, for the pene-
tration depth of the photon, and in the transverse direction, to account for
non-linear effects in the shower shape. All the mentioned corrections are

implemented by default in the reconstruction software of LHCb.

Momentum post-calibration

However, a bias is observed in the photon momentum of radiative decays
such as B? — ¢ after the reconstruction, at the percent level, producing
a mismatch between the reconstructed B mass peak and its expected value.
This happens because the various contributions to the calorimetric energy
are tuned using low-energy photons, and the balance between the different
terms induces non-linear effects that are relevant in the reconstruction of

high-energy photons.

The photon momentum bias is corrected by a dedicated post-calibration
algorithm, as mentioned in [107], applying different correction factors that
depend on the ECAL region (inner, middle, outer) and the type of photon
(converted, unconverted). The correction factors are tuned so that the in-
variant mass of B — K*%y candidates peaks in the expected B° mass [20].
The post-calibrated momentum is propagated to all the relevant kinematical
quantities, including the mass and the decay time of the B candidate. The
decay time resolution bias is then reduced from 20 fs, without postcalibrating

the photon momentum, to a residual 5 fs after postcalibration.
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3.1.2 Neutral pion reconstruction

Neutral pions with low transverse momenta can be reconstructed from a
pair of photons; they are called resolved-7°. However, due to the ECAL cell
granularity, pions with transverse momenta greater than 2 GeV/c cannot
be resolved from two well-distinguished clusters; they are called merged-m°.

Figure 3.2 shows the pr distribution of resolved and merged candidates.

An algorithm was designed to reconstruct merged-7°, splitting each sin-
gle ECAL cluster into two 3x3 subclusters built around the two cells with
the highest energy deposit, as depicted in Figure 3.3. The energy of the
common cells is then distributed between the two subclusters according to
the transverse energy profile of single photons. The process is iterative and
fast converging, and its performance was tested using D° — K77 decays
with an observed D° mass resolution around 20 MeV/c* and 30 MeV/c? for

0

resolved and merged 7° candidates, respectively [82].

1800

12 14
P (t°) (GeV)

Figure 3.2: Transverse momentum distribution of neutral pions in B® —

7t~ 7m0 simulated decays [105]. Resolved and merged pions are represented
by the blue and red histograms, respectively. The contribution of merged

pions increases with pr.
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Figure 3.3: Two interleaved subclusters built from a single cluster, a proce-

dure used in the merged-7° reconstruction algorithm.

3.1.3 Particle identification

To improve the identification of photons, a multivariate discriminator is
constructed to distinguish between photons and merged neutral pions using
a dedicated tool [108], based mainly on the cluster shape. Other discriminant
variables are the energy ratio between the most energetic cell and the total
cluster energy Fgeeq/Eecuster, and the multiplicity of PS hits in the cells in
front of the ECAL cluster. Another variable, the Confidence Level (CL),
distinguishes between photons, hadrons and electrons, combining information

of the calorimeter and tracking systems.

3.2 Improvement of the photon energy profile

The dedicated algorithm for the reconstruction of merged-7° makes an ex-
tensive use of the energy profile of single photons to split the energy between
the two subclusters, as explained in Section 3.1.2. Knowing accurately this
profile is crucial for the algorithm to succeed. The energy profile describes
the expected 2D energy spread of the cluster. It is defined as the energy
fraction Efraction = Feen/ Eeluster, 0f the energy deposited in a cell respect to
the total energy of the cluster, against the distance from the cell to the

energy-weighted barycenter of the cluster.

The expected profile is obtained from a Monte Carlo simulation of isolated

photons, also known as particle guns, and described empirically as a sum of
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exponentials with 10 parameters:

Eiaction =c1€ 2" +c3e " +cze 7, x>0.5
(3.2)
2—cre BT —cge T 0<x<0.5
where x represents the distance cell-to-barycenter, in cell units. The parame-
ter values were calculated in 2003, so the goal of this task was to update the
parameters with the current calorimeter conditions (after Run 1 data-taking),
as well as with the latest available simulations of isolated photons.

The profile has to be determined independently for clusters reconstructed
in each of the calorimeter regions (inner, middle and outer), since the cell
sizes are different (see Section 2.3.3), and for each photon type (converted
and unconverted). A photon is categorized as converted if there is at least
one hit in the SPD cells situated in front of the ECAL cluster. From a study
using isolated photons, the number of converted photons is around 10% (see
Table 3.1), although it depends slightly of the initial energy.

Six simulation samples with photon energies ranging from 10 to 168 GeV
were used, each containing between 50000 and 70000 photons. However,
the profile is constructed from the energy deposits on single cells (which
are called energy digits), thus each photon provides several data points,
around 10 energy digits per photon. All the information about the clusters
are extracted using a custom-made script after running Brunel [99], the
LHCb reconstruction software. The number of digits is listed in Table 3.1,
representing the statistical power available in a given sample. Combining all
the samples, the final profiles are constructed with more than 3.7 million
energy digits.

The photon profiles (all energies combined) are shown in Figure 3.4,
comparing the current and previous fits to Equation 3.2; the new parameter
values are listed in Table 3.2. These numbers are currently implemented in
the database of the LHCb experiment, improving the neutral pion recon-
struction with respect to the previous implementation. For completeness,
the profiles for different initial photon energies are shown in Figures 3.5 and

3.6, in logarithmic scale.
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Table 3.1: Incoming photon energy, number of energy digits, and percentage

of converted photons, for each Monte Carlo sample of isolated photons.

Energy (GeV) Digits (in thousands) Converted (%)

10 373 7.8
16.8 891 8.5
33.8 788 9.1

50 367 9.5
100 014 9.9
168 822 10.7
All 3757 9.4

Table 3.2:  Result of the fits to the improved photon energy profiles (all

energies combined). They correspond to the fits represented in Figure 3.4.

Parametor Unconverted Converted
Outer Middle  Inner Outer Middle  Inner
c1 0.0410  0.0394  0.2275  0.1482 0 0.3021
Co 2.1509  1.9218 2.6185  2.4826 0 2.3200
c3 43.6975 20.7799 17.7579 45.8971 23.1886 21.5929
Cy 8.4164 7.1533  7.0892  8.5348  7.4668  7.6034
Cs 0.2728 0.04234 0.0179 -0.0506 0.1710  0.0002
Cé 8.4166  1.9219  1.1905 24045  2.2209 -0.3830
cr 1.0345 1.0841 1.1376 1.0412 1.0976  1.1556
cs -0.0182 0.0885  0.1070  0.0312  0.0993  0.0860
Co 0.0095 0.0287 0.0296  0.0148 0.0335 0.0301
10 -7.5416  -5.4355 -5.2408 -6.6393 -5.0517 -5.0649
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Figure 3.4: Energy profiles of unconverted (left) and converted (right) pho-
tons, all energies combined. The updated fit (solid lines) and data points
are drawn over the previous fit (dashed lines). The profile is shown in log-
arithmic (above) and cartesian (below) scales, in the latter case zooming at
the most populated region. The =z = 0.5 discontinuity is expected following

the definition of Equation 3.2.
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Figure 3.5:

Energy profiles of photons with an incoming energy of (a) 10

GeV/e, (b) 16.8 GeV/c and (c) 33.8 GeV/c.
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Figure 3.6: Energy profiles of photons with an incoming energy of (a) 50
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3.3. Event selection

3.3 Event selection

To select B? — ¢(— KTK ™)y and B° — K*0(892)(— K7~ )y candidates’
one needs to search for a highly energetic photon, together with two tracks
that form a displaced vertex from all the primary vertices of the event.
The reconstructed intermediate meson (¢ or K*°) has to be compatible with
its expected mass, and the projection of the reconstructed B meson needs
to point towards a collision vertex. The photon does not contribute to the
vertex determination since it leaves no hits in the tracking system. Figure 3.7

shows a picture of the decay topology.

Collision )

KTt
BO/BY
(1 ~ 1ps) ¢/K*0

(no flight)

K= /m~

Figure 3.7: Topology of the B — ¢y and B® — K*%y radiative decays.

The sizeable lifetime of B mesons, of the order of 1 ps, combined with
a high average momentum of around 100 GeV /¢, produces an average flight
distance of O(1cm) within the LHCb domains. This distance is enough to
reconstruct displaced vertices, since the decay vertex resolution is typically
of a few millimeters (see Figure 3.8).

The trigger, stripping and offline selections, described respectively in Sec-
tions 3.3.1, 3.3.2 and 3.3.3, have to be defined to achieve a high signal
efficiency and background rejection. A cut-based offline selection is chosen
instead of a multivariate-based solution to align the selections of the signal
and control channels, and diminish possible systematic effects caused by the
selection choice. In this section, the equivalent selections for the Run 1 and
Run 2 periods are quoted, although only the former is used in the analysis.

The selection criteria exploits the fact that particles decaying from a

heavy particle are produced with a higher component of the momentum

'From now on, the conjugate decay is implied.
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Figure 3.8: Distance travelled by the B meson in simulated BY — ¢ decays
(left), compared to the decay vertex resolution in the z direction (right), after

the event reconstruction.

transverse to the beam axis pr = \/m compared to other fragmentation
particles produced in the collision. The definition of pr is represented in
Figure 3.9 (a). The impact parameter (IP) is another useful variable to
discard tracks coming from one of the primary vertices; it is constructed
projecting the track backwards, and evaluating the minimum distance from
the projection to the closest primary vertex. The definition of the IP variable
is represented in Figure 3.9 (b). Sometimes, it is more useful to make
requirements on its significance y% = (IP/orp)?, since it takes into account

the uncertainties of the track extrapolation and the vertex determination.

h1

T,y

IP

(a) Transverse momentum (b) Impact parameter

Figure 3.9: Definition of the transverse momentum (pr) and impact param-

eter (IP) variables.
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3.3.1 Trigger

A trigger strategy has to be defined to select the signal candidates, choosing
specific lines for each one of the LO, HLT1 and HLT2 trigger steps. In this
analysis, every mentioned line is triggered-on-signal (TOS), to control better
the effect of the selection in the data and simulation samples. In a TOS
line, the candidate particles are the ones that fired the trigger, as explained
in the LHCb Trigger section 2.4. Tables 3.3 and 3.4 show a schematic view
of the Run 1 and Run 2 trigger strategies.

Table 3.3: Trigger strategy for B — ¢y (and B® — K*%v) in Run 1.

Run 1. Standard path Run 1. High-FEr path

LO LOPhoton_TOS or L@Electron_TOS LOPhotonHi_TOS or LOElectronHi_TOS
HLT1 H1t1TrackAllL@_TOS H1t1TrackPhoton_TOS
H1t2Bs2PhiGamma_T0OS

HLT2
(H1t2Bd2KstGamma_TOS)

Table 3.4: Trigger strategy for B — ¢y (and B® — K*%v) in Run 2.

Run 2

Lo LOPhoton_TOS or L@Electron_TOS
HLT1 H1t1TrackMVA_TOS or Hl1t1TwoTracksMVA_TOS
Hl1t2RadiativeBs2PhiGamma_TOS

HLT2
(H1t2RadiativeBd2KstGamma_TOS)

LO and HLT1 strategies

In radiative decays the LO strategy focuses on the photon, requiring either
the lines LOPhoton or L@Electron. They select ECAL clusters with a mini-
mum transverse energy that ranged between 2.5 and 3 GeV during 2011 and
2012, and between 2.3 and 2.7 GeV in 2015.

The selection of displaced tracks from the primary vertices is performed in
the HLT1 trigger step. The specific requirements are listed in Table 3.5. For
the Run 1 period, either the cut-based lines H1t1TrackAllL® or HLT1Photon
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are required, a selection that is called standard path in the table. Good
quality tracks are selected by the x? of the track fit and the number of hits
in the Velo and T-stations. Fragmentation tracks are rejected by the IP
significance x? and kinematical p and pr requirements. The HLT1Photon line
requires looser kinematical requirements in the hadron tracks for photons
with transverse momentum higher than 4.2 GeV, a threshold implemented
in the LOPhotonHi and L@ElectronHi lines. After including this high-Er path,
the number of events increases by an additional 20%.

In Run 2 the HLT1 lines are based on a multivariate analysis (MVA)
technique, improving the efficiency of the line and making them easier to
tweak. For this data period we require either H1t1TrackMVA or H1t1Two-
TrackMVA to select a good-quality track or two tracks coming from the same
vertex. Table 3.6 shows the list of requirements. The MVA algorithm is
trained with four variables: the track x?, the flight distance x? to select
displaced vertices, the sum of pr of the tracks, and the number of tracks in
the event with x% < 16. Before the MVA, a loose cut-based preselection is

applied in the same variables, as listed in Table 3.6.

HLT?2 strategy

Finally, a dedicated HLT2 line selects efficiently the candidates for the de-
sired decay, based on an offline-like selection criteria [109]. They are called
H1t2Bs2PhiGamma and H1t2Bd2KstGamma for the BY — ¢y and B? — K*%v de-
cays, respectively?. These lines apply specific requirements for the exclusive
channels in the full chain of the decay, as shown in Table 3.7.

The discriminant variables are the momenta p and py and the IP sig-
nificance x¥p, for the tracks (required to be incompatible with a primary
vertex) and the B meson (required to be compatible with a PV), as well as
the usual quality x? requirements for tracks and vertices. The DIRA angle
(Qaira) of the B meson is a powerful variable for background rejection; it
is the angle between the momentum of the particle and the decay length
vector (the direction defined from the primary vertex to the decay vertex).

Its definition is depicted in Figure 3.10. Usually, 64;, takes large values for

20ne should note that, in Run 2, the line names changed to Hl1t2RadiativeBs2PhiGamma

and Hlt2RadiativeBd2KstGamma, maintaining the same requirements.
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Table 3.5: HLT1 trigger selection for Run 1. A logical OR of the standard

and high-Er paths is applied.

Variable HIt1ANLO Hlt1Photon

pr (MeV/c) > 1800 > 1200

p (MeV/c) > 10000

X2/v <3

Xip > 16

IP (mm) > 0.1

Number of T-Hits > 16 > 15

Number of Velo Hits >9

Velo Qcut 4

Trigger LOAI LOPhoton or LOElectron

Table 3.6: HLT1 trigger selection for Run 2. The ghost probability cut was

introduced in 2016.

Variable Hlt1TrackMVA  HIlt1TwoTracksMVA
pr (MeV/c) [1000, 25 000] > 500
p (MeV/c) - > 5000
X2 /v <25
Xip > 7.4 > 4
Ghost Probability < 0.2 —
Corrected mass (MeV/c?) (1000, 107]
1 [2,5]
Intermediate meson pr (MeV/c) - > 2000
DIRA (mrad) - >0
Vertex x?2 — <10
X2
Flight Distance x?

i * MVA

Sum pr

Number of tracks with x% < 16
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Table 3.7: HLT2 trigger selection criteria, required by the exclusive lines

H1t2Bs2PhiGamma and H1t2Bd2KstGamma.

Run 1 Run 2
Variable
BY - ¢y B — K*%y B?— ¢y B°— K%
X2/ v <5 <4
7 > 20 > 20
Tracks xie
pr (MeV/c) > 500 > 500
p (MeV/c) - > 3000
Vertex x?/v <25 <16 < 25 <16
¢/K*®  Mass window (MeV/c?) 20 100 20 100
pr (MeV/c) — > 1500
Vertex x?/v <25 <16 < 16
. pr (MeV/c) > 2000 > 2000
AM(B) (MeV/c?) 1500 1500
Xip > 12 > 12
DIRA (mrad) < 0.063 < 0.045 < 0.063 < 0.045
Triggers (LOPhoton or LOElecton) and HIt1(Two)TrackMVA

Figure 3.10: Definition of the DIRA angle (0g4;,) variable.

60



3.3. Event selection

background events since the two vectors are not aligned.

The mass windows of the intermediate particles are particularized for
cach decay since ¢ is a narrower resonance compared to the K* meson. The
mass widths for ¢(1020) and K*°(892) are 4.247+0.016 and 47.3+0.5 MeV,
respectively [20]. AM (¢) < 20 MeV/c? corresponds to 5 times the ¢ width,
while AM(K*®) < 100 MeV/c? is about 2 times the K* width. The mass
window of the initial meson AM(B) < 1500 MeV/c? rejects combinatorial
background while still keeping some sidebands near the peak, useful for

background characterization.

3.3.2 Stripping

The stripping versions used in this analysis are the Stripping21 for 2011 and
2012, and Stripping24 for 2015 data sets. One of the improvements of the
event selection of this thesis respect to the reference [59] is a 20% increase
in signal yield in the Run 1 dataset, coming from the Stripping21 improved
selection, as explained below. The previous analysis used an exclusive line
of the Stripping20p2 version.

Radiative lines follow at present an inclusive strategy. There are lines for
decays of the type B — X(Nh)y with N = 2,3 or 4 hadron tracks in the
final state, which are combined with a photon. The tracks are reconstructed
without particle identification requirements, assuming a pion mass hypoth-
esis. An inclusive strategy is useful in the searching of new channels that
have not been observed yet, or in the study of physical backgrounds.

In the present thesis we make use of the inclusive strategy with the
B2XGamma2pi line®, which selects two hadrons in the final state B — X (hh).
The requirements are listed in Table 3.8; they are, in general, less stringent
than the exclusive HLT2 lines mentioned in the previous section. The most
distinguished feature is the addition of tight kinematical selection criteria for
one of the tracks, as well as a higher quality x? decay vertex. A requirement
on the ghost probability of the tracks is also introduced. This variable, that
ranges between 0 and 1, allows to reject tracks that are reconstructed from

spurial combinations of hits produced from fragmentation particles.

30ne should note that, in Run 2, the name changed to Beauty2XGamma2pi.
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Table 3.8: Stripping selection for the inclusive two-track radiative line B —

X (hh)y.

Variable Cut
X2/v <3
Xip > 16
pr (MeV/c) > 300
Tracks
p (MeV/e) > 1000
P+ Pl (MeV/e) > 1500
GhostProb <04
X2 /v <25
MeV/c > 1000
Tight Track! pr ( /)
p (MeV/e) > 5000
IP (mm) > 0.1
MeV/c > 2000
Photon r /o)
CL >0
Vertex x?/v <9
2 <9
B X1p
DIRA (mrad) >0
M (MeV/c?) (3280, 9000]

HLT?2 trigger At least one TIS or TOS radiative trigger

1At least one track needs to fulfill all these requirements.
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3.3.3 Offline selection

A cut-based offline selection has been developed in this thesis to reject back-
ground while still retaining a high signal efficiency. This solution was pre-
ferred over a MVA selection in order to align the selections between the
BY — ¢ signal and B® — K*’y control channels, allowing for a better
control of the reconstruction effects. Table 3.9 contains the full list of re-

quirements.

Table 3.9: Offline selection criteria for B — ¢y and B® — K*%.

Variable Cut

K* ProbNNk > (.2

PID preselection 7% ProbNNpi > (.2
7+ ProbNNk < 0.2

Tracks i > 55

v/7° separation > 0.6

Optimization Helicity |cos (0x)| <0.8
B pr (MeV/c) > 3000

AM(¢) (AM(K*0)) (MeV/c?) < 15 (< 100)

The selection consists of two parts. First, a particle identification (PID)
preselection is made to retain specific hadrons in the final state; two kaons
in the case of the B — ¢y channel, and a kaon and a pion for B —
K*%y decays. Second, an optimized set of requirements is chosen using
the most discriminant variables available to distinguish between signal and
combinatorial background.

The particle identification algorithms associate the reconstructed hadronic
tracks to pions and kaons. The PID preselection removes most of the physical
background that comes from the misidentification of the final state hadrons.
The requirements ProbNNk > 0.2 for kaons and ProbNNpi > 0.2 && ProbNNk <
0.2 for pions are chosen so most of the expected background from physical
sources is eliminated. The construction of the particle identification variables
is carried out by the PIDCalib package [110], using a neural network approach

that combines the information of every subsystem into a single probability
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for each particle hypothesis.
The optimization of the selection and the study of the discriminating

variables are detailed in the following.

Optimization procedure

To optimize the offline selection, one needs to maximize a figure-of-merit
that depends on the number of signal S and background B events in a
given region. The chosen figure-of-merit in this analysis has been the signal

significance:

S
§= == (3.3)

which is a quantity usually utilized in high energy physics to maximize
the observation probability of undiscovered decays (since oy (S + B) =
VS + B). In our case, the best figure-of-merit would be the one that maxi-
mizes the sensitivity to the parameters to measure, taking into account not
only the statistical but also the systematic uncertainty. The chosen quantity
S is a reasonable approximation to the best figure-of-merit in measurements
dominated by the statistical uncertainty, as it is the present analysis.

For the optimization procedure, the signal yield S is extracted from
simulation and the background yield B is taken from high-mass sideband
data, a region expected to be populated only by combinatorial background.

To find the optimal point, the signal significance is calculated for dif-
ferent selection cut values, following an iterative procedure from the most
to the least discriminating variable. Figures 3.11 and 3.12 show the signal
significance curves for each variable while keeping fixed the rest of the cuts.
The selected values, represented in the plots as dashed lines, are chosen to
be the same for the two channels in the offline selection since the maxima
are close to each other. The significance increase on real data after each re-
quirement is shown in Table 3.10, while the effect of the full offline selection
can be noticed on Figure 3.13, making evident the decrease of combinatorial
background under the signal peak.

The whole optimization procedure is cross-checked extracting both the
signal and background yields from data. After applying a cut, the recon-
structed B mass is fitted with the sum of a Gaussian for the signal and an

exponential for the combinatorial background. The signal and background
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Figure 3.11: Signal significance against the cut value on the discriminant
variables, where the rest of the cuts have been applied, for B? — ¢ (left)
and B® — K*%v (right) channels in the 2011 + 2012 dataset. The dashed

line marks the chosen offline requirement, close to the maximum.
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Figure 3.12: Signal significance against the cut value on the discriminant
variables, where the rest of the cuts have been applied, for B? — ¢ (left)
and B — K*%y (right) channels in the 2011 + 2012 dataset. The dashed

line marks the chosen offline requirement, close to the maximum.
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Table 3.10: Significances of each requirement of the offline selection, eval-
uated from a fit to the B mass distribution on B? — ¢y and B° — K*Yy

data. Each requirement is added on top of the previous one.

Requirements Significance Sy, Significance Sg-o,
Starting point 21.8 89.7
+ PID preselection 38.5 91.68
2
+ Xip 48.8 112.2
+ v/m° 52.0 119.0
+ |cos O] 53.2 120.2
+ B pr 53.7 122.7
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(b) After the offline selection. Significances: Sy, = 53.7 and Sko, = 122.7.

Figure 3.13: Effect of the offline selection on the reconstructed B mass
distribution, for B? — ¢y (left) and B — K**y (right) channels in the 2011
+ 2012 dataset. The fit is made for visualization purposes using the sum
of a Gaussian for signal, in blue, and a linear function for background, in

green.
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yields are taken as the area of the Gaussian and the exponential, respec-
tively, within the 10 region around the Gaussian peak as provided by the

fit. The optimal points are compatible with the nominal procedure.

Discriminant variables

The most powerful variables to reject combinatorial background are the x%
of the tracks, the v/m% separation and the B helicity. Other variables enter-
ing in the selection are the B transverse momentum and the mass window
of the intermediate particles ¢/K*°. The discriminating power of these vari-
ables are clearly exposed in Figure 3.14, where the signal and background
distributions are normalized and plotted together. The signal distributions
are extracted from simulation samples, while the background corresponds to
high-mass sideband data. All of the variables have similar distributions in
the B? — ¢y and B® — K*%y samples, since the kinematical properties of
these two channels are similar. Variables that affect differently the proper
time acceptance in the two channels were not used in the optimization, as it
is the case of the DIRA angle or the flight distance x* [111].

The X3 is the most efficient variable to remove the combinatorial back-
ground. It is the significance of the impact parameter, taking into account
the uncertainties of the track projection and the primary vertex. The require-
ment is made on the minimum y% of the two hadron tracks of the candidate,
min(x", xi") > 55, corresponding to a significance greater than 7o. This
tight optimal cut evidences the fact that most of the combinatorial back-
ground is coming from fragmentation tracks produced in the primary vertex,
which is the reason that a requirement on the secondary vertex quality xZ
is not useful to reject the background.

The ~/7° variable distinguishes between high-energy photons and neutral
pions reconstructed as a single cluster. Several signatures related to the
shape and energy of the cluster are translated into a MVA decision vari-
able [108], as explained in Section 3.1.3. Events with a value higher than 0.6
on this value are selected.

The helicity 0y is the angle between the K+ and the B meson in the
rest frame of the intermediate resonance. The selection criteria makes a

requirement on the absolute value of the cosine of the helicity angle |cos 0y].
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Figure 3.14: Normalized signal and background distributions of the dis-
criminant variables used in the offline selection, for the BY — ¢y (left)
and B® — K*%y (right) channels. The signal distribution (red area) is taken
from simulation, while the background (green area) corresponds to data with

mp > 5500 MeV /2.
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Without reconstruction effects, a sin?6@p distribution is expected since the
¢ is a J = 1~ particle, where J is the total angular momentum and P is
the parity quantum number. Background sources coming from a 7° follow
a cos? 0y dependency, while the combinatorial background is expected to
produce a uniform distribution. Removing events with small helicity angles
|cos 0| < 0.8 provides the best balance of signal efficiency and background
rejection. The requirements on the helicity angle and the ~ /7% variable reject
not only combinatorial background, but also part of the physical backgrounds

with a 70 in the final state.

70



3.4. Background subtraction

3.4 Background subtraction

After applying the event selection criteria there is still a significant amount
of background contamination, as Figure 3.13 shows. The background con-
tribution is subtracted using the sPlot [104] technique to disentangle the
different components, from a fit to the invariant B mass distribution where
the distributions of the background sources are extracted using information
of real and simulated data. The sPlot algorithm associates weights to each
event of the sample, related to the probabilities to pertain to the different

components, as explained in the following.

3.4.1 The sPlot technique

The background contribution is subtracted using sPlot [104], a statistical tool
to unfold data distributions when several components (sources of events) are
merged into a single sample. The unfolding is performed through a maximum
likelihood fit to a set of known distributions (the discriminating variables),
to obtain the unknown distributions of the other variables (the target vari-
ables). In this analysis the discriminating variable is the invariant B mass,
and the target variables are the observables needed for the measurement
(the decay time, the decay time uncertainty, the mistag fraction, etc.). The
method estimates a per-event weight (called sWeight) for the signal compo-
nent ws(m;), related to the probability of an event to pertain to the signal
distribution. Background events receive small or negative signal sWeights, so
when applied to the corresponding events they effectively perform the back-
ground subtraction. The signal distributions are obtained after weighting the

sample by the signal sWeight wg(m;).

sPlot weights

The per-event signal sWeight is defined as:

_ Zj Vi (mi)
ws(m;) = m, (3.4)

where j, k = {s,b1,by,...} are the components (the signal and the different
background sources), F; are the probability density functions, N; the yield
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of j-type events, and V;; the covariance matrix obtained by inverting:

N

V-l — 82(_£) . Fs(mz)Fj(mZ)

7T ONON, 2 5, NeFalm)” (39

which is equal to the second derivative of the likelihood function. The
histograms of a variable weighted by the per-event sWeight, x; ws(m;), rep-
resents the true signal distribution of x, since the background contribution
to the histogram cancels out on a statistical basis as a consequence of the
ws(m;) definition choice. However, this method is valid under the assumption

that the target and discriminating variables are uncorrelated.

3.4.2 Background sources

Background types

Several types of background sources can be distinguished:

e The combinatorial background is produced by random combinations
of tracks coming from the collision vertices. The mass distribution of

the reconstructed mother is uniform, usually flat or linear.

e Physical backgrounds are those produced by specific decay channels
that satisfy the requirements of the event selection. They can be

separated into two categories:

— Partially reconstructed backgrounds, where at least one final
particle in the decay has not been reconstructed. Their mass dis-
tribution is peaked at the low-mass region (i.e., values lower than

the signal peak), due to the energy loss of the missing particles.

— Peaking backgrounds, where at least one final particle has been
wrongly reconstructed as one of the signal particles (misidentifi-
cation). They populate the signal region; their mass distribution

is similar to the signal since there is no energy loss.

Relative contaminations

Any physical decay with at least two hadrons in the final state and a highly

0

energetic v or m° can potentially contribute as background. An exhaustive
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study was performed in reference [107] to determine the physical backgrounds

with a significant contamination Cz, relative to the signal:

N _ fup BB) e
Ns  fos B(S) €5’

where B and S are the background and signal decays, f, is the probability

Cp = (3.6)

for a quark ¢ to hadronize into a b-hadron (¢ makes reference to the other
quark of the hadron), B is the branching fraction of the decay channel and e
the total reconstruction efficiency for a particular process. When computing
relative contaminations, the dependency on the accquired number of events
and production cross-sections cancel out.

The branching fractions and hadronization probabilities are fixed to the
PDG [20] averages, while the selection efficiencies are obtained from LHCb
Monte Carlo full simulation, applying the signal event selection to several
simulated decays. The relative contaminations are calculated in the B mass

region from 4600 to 6000 MeV /c%.

Relevant background components for the B? — ¢y decay

The only partially reconstructed background with a significant contribution
to the BY — ¢v decay is Bt — ¢K ', in which one of the kaons is not
reconstructed. The relative contamination has been calculated to be 1.2%.
The relevant peaking backgrounds are A, — A*(pK)~y (1.8% relative contam-
ination, with the proton reconstructed as a kaon), B' — ¢(KK)r® (1.6%,
where the ¥ is reconstructed as ) and B® — K**(K7)y (0.1%, where a

pion is reconstructed as a kaon).

Relevant background components for the B® — K*'v decay

The B° — K*%y reconstruction, however, is affected by several physical
backgrounds to a higher degree due to the wider mass of the intermediate
meson K** compared to the ¢ meson. Three groups of partially reconstructed

backgrounds can be distinguished:

o B% — K*%(y7v) in which a photon is missing, with a contribution of

2% relative to the signal.

e Decays of the type B — (K7nm)y with or without an intermediate

resonance, where one of the pions is not reconstructed; among them,
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the main contributions are BT — K;(1270) " (12%), B® — K(1270)%y
(7%), BT — K1(1400)"y (5%), and BT — K;(1430)*y (2%).

e Decays of the type B® — D%, where three pions (neutral or charged)

0 is reconstructed as a photon. The main con-

are missing, and a
tributions are coming from the decays BT — D(Knn0)p*(7n°) (4%)

and BT — D(Krrm)pT (77°%) (0.4%).

e BT — p™p® (0.2%): in which a charged pion is missing, the other
charge pion is misidentified as a kaon, and the neutral pion is misiden-

tified as a photon.

Among the peaking backgrounds, those with significant relative contamina-
tions are: A, — A*(pK)y (2%, with the proton reconstructed as a pion),
B — K*(Km)n® (2%, with the 7° reconstructed as a photon), B —
PP (rm)y (0.2%, where a pion is reconstructed as a kaon), and B? — ¢(KK)y

(0.2%, where a kaon is reconstructed as a pion).

3.4.3 Modelling of the signal mass distribution

The signal mass distribution is modelled by a double-sided Crystal Ball
function, that behaves as a Gaussian function on its core but having larger

exponential tails:

AL (BL — mg_u)inL, for % S —Qj,

202

CB(m; p, 0, 0,m;) = 4 exp (—(m_”)2) , for —ap <™F <ag (3.7)

Ap (Bp+ ™)™ | for £ > ap

where i = {L, R}, ap g > 0 and:

A\ i 2
() ()
i (3.8)

Q
Long tails are needed in both sides (left L and right R), described by the ny g
and oy r parameters; the low-mass distribution is affected by energy losses in
the material volume of the detector, while the high-mass distribution can be
populated with ECAL pile-up deposits, artificially raising the reconstructed

momentum of the photon.
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The parameters that describe the shape of the tails ny p and or g are

extracted from a fit to the simulation samples (and fixed in the data fit),

while 1 and o are left to float in the data fit. Table 3.11 lists the Crystal

Ball parameters for the signal.

Table 3.11:

Fitted parameters of the signal and combinatorial mass compo-

nents. The p, o (for signal) and py (for combinatorial) are fitted from data,

while the other parameters are extracted from simulation and fixed in the

data fit.
Component Parameter ~ Obtained from BY — ¢~y BY — K*0~
i (MeV/c?) Data 5368.8+£1.7  5279.0+0.8
o (MeV/c?) Data 85.9+ 1.8 90.24+0.9
ay, Simulation 2.475 + 0.029 2.398 + 0.034
Signal
QR Simulation 1.419 + 0.036 1.332 £0.033
ny Simulation 0.424 +0.039 0.564 + 0.054
ng Simulation 7.34 +0.87 8.37 £ 0.96
Combinatorial py (MeV™!) Data —0.185 £ 0.030 —0.128 £ 0.060

3.4.4 Modelling of the background mass distributions

The background mass shapes are modelled with different functions depending

on the background type, as listed in Table 3.12.

Table 3.12: The functions to describe the signal and background components

of the mass distribution.

Component

Model

Signal

Combinatorial background

Partially reco. background

Peaking background

Double-sided Crystal Ball (Equation 3.7)
First-order polynomial (Equation 3.9)

ARGUS ® Gaussian (Equation 3.10)

Single or double-sided Crystal Ball (Equation 3.7)
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e The combinatorial background is described by a first-order polynomial:
Promn(m; po) = 1+ m py. (3.9)

The slope py is fitted directly on data since the mass sideband yield is
enough to characterize the distribution. The fitted value is quoted in

Table 3.11.

e Peaking backgrounds are described by a single- or double-sided Crystal
Ball, depending on the decay channel. The width is expressed relative
to the signal opeak = fo Osignal, Where f, is the scaling parameter. For
the mean, an offset is introduced ftpeak = fisignal + AM. The parameters
fo and AM are extracted from simulation data, as well as «; and n;.
All of them are fixed in the data fit. The values used in the fit are
listed in Table 3.13.

e Partially reconstructed backgrounds are described by an ARGUS func-

tion convolved with a Gaussian:

Prartial(m; Amo, ¢, p, fo) = ARGUS(m; mp + Amy, ¢, p) ® G(0, f, 09),
(3.10)
with the ARGUS defined as [112]:

ARGUS(m;mg, c,p) =m <1 — Z—;)pexp{c (1 — Z—;) }, (3.11)
where mg, ¢ and p are the cutoff mass, curvature and power, respec-
tively, and m < mg (or else the function is zero). The parameters
Amg, ¢, p and f, are extracted from simulation, while mpg is set
to the mass of the initial B meson of the background component
(B*,B° BY...). The Gaussian G(0, f, 0¢) is scaled relative to the signal
width og through the scaling parameter f,. All of the parameters are
fixed in the data fit. Table 3.14 lists the parameters for each partial
background.
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Table 3.13: Parameters of the peaking background components, extracted

from simulation.

Peaking
AM (MeV/c?) fo o) n

Backgrounds

B — ¢

A) — Ay 10+ 14 1.44+0.1 1.0+04 114+20
BY — K*0y 17.2+9.5 1.24+0.1 20+04 1.0+0.8
BY — K*0«
BY — K*0x0 —52+16 1.24+0.1 0.6£0.2 3.1£26

A) — Ay 73.2£4.0 1.43+£0.04 0.96 £+ 0.08 3.2£0.7

ap=1824+004 np,=14+£0.1
BY — ¢~y —11.5+£0.7 1.13£0.01

ap=173£006 nr=57+£09

ar =219+0.04 n;=0.9+0.1
B — py 78.24+0.8  1.06+0.01
ap=125+0.04 np=193+6.0

Table 3.14: Parameters of the partially reconstructed backgrounds in the

mass distribution, extracted from simulation.

Partial A MoV /e2) ;
m ev/c o c p
Backgrounds ’
B — ¢y
BT — ¢K T —My 0.89£0.04 —-494+06 03=£0.1
BY — K*0~
B — K (1270)~y —My 1.21+0.03 —-55+04 0.13+0.04
BY — K*0p —52.5+74 1.26+0.04 —4.2+04 0.00+0.03
B — Dp —418.7 25+0.3 —-33+£33 1.7+0.38
Bt — K;(1270)*n —418.7 25+03 —-33+£33 04405
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3.4.5 Fit to data mass distributions

The data mass distribution is fitted including all the signal and background

components, using an extended maximum likelihood fit:

P(m) = NS Psignal(m) + Z Ckpk,peaking(m)
k (3.12)
+Ncomchomb + Z Ni,partialf)i,partiala

where N, is the signal yield, and C}, = N;/N; is the peaking background
contribution relative to the signal. The sPlot method cannot be used to
subtract the peaking backgrounds since their mass distribution is similar to
the signal. The fit is limited to the range [4600, 6000] MeV/c* to avoid
border effects in the distribution coming from differences between the online
(trigger) and offline selections.

The yields of the components are left free, except for the components
with mass distributions similar to the signal, which are: (1) the peaking
backgrounds, whose yields are fixed to N,C, and (2) the partial background
B® — K*n reconstructed as BY — K*%y, which has a mass distribution that
is peaked in the signal region since the missing particle (the photon) has
zero mass. A modified version of sPlot is needed to obtain correct results
with fixed yields [113].

The data mass distributions are fitted twice. First, to obtain the param-
eters that are left free in the model: the signal mean p, the signal width
o and the combinatorial slope pg, to the values shown in Table 3.11, which
are then fixed in the next iteration. Second, to obtain the yields of the dif-
ferent components and associate the sWeights to each event, since the sPlot
method demands to fix all the nuisance parameters to evaluate the weights
correctly.

The fits to the B? — ¢y and B® — K*%y mass distributions are shown in
Figure 3.15, and the resulting relative yields for the signal and background
components are listed in Table 3.15. The signal component accounts for
about 80% of the total yield under the signal region (1.5¢ around the peak)
in the two channels. The combinatorial is the main background source,
contributing to 15-20% of the yield, while peaking backgrounds contribute

only to 2% of the events. Partially reconstructed backgrounds make a total
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Figure 3.15: Fit to the B mass distributions of B? — ¢y and BY — K*0
decays, for the stripping 21 data samples. The yield of the signal component
is 5266 + 104 for BY — ¢ and 33816 4+ 373 for B — K*%.
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of 3% for B® — K*%y decays but are negligible for B? — ¢~ decays. The
obtained signal yields correspond to 52664104 for B? — ¢y and 338164373
for B® — K*0~.

Figure 3.16 compares the decay time distribution of the signal, combina-
torial and partial components, after applying the sPlot procedure in B? — ¢y
data. The comparison between background-subtracted data and simulation is
shown in Appendix A.1, for several variable distributions, showing a general

agreement.

Table 3.15: Relative yields of the signal and background components in
the B? — ¢y and B® — K*%y mass distributions, in the signal region (1.5
around the peak).

Component BY — ¢~y BY — K*0
Signal (80.11 £ 0.55)%  (83.15 % 0.20)%
Combinatoria bkg. (20.45 £ 0.56)% (14.58 + 0.20)%
Bt — 6Kty 0% -
B — K*0y - (2.43 + 0.08)%
Partial bkgs.
B° = K*0p - (0.41 + 0.06)%
B — Krrn®X - (0.34 +0.03)%
Ay — MKy (11T£0140%  (0.79 = 0.05)%
BY — ¢ (0.82 + 0.12)% -
B K*y  (0.07+0.03)% -
Peaking bkgs.
BY — K070 - (1.13 + 0.06)%
B® = py - (0.09 = 0.01)%
BY = ¢y - (0.18 + 0.02)%
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Figure 3.16: Decay time distribution of (a) B? — ¢y and (b) B® — K*0y

candidates for the signal and background components, after applying the

sPlot method on the mass distribution.
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Chapter 3. Reconstruction and selection of candidates

3.5 Decay time reconstruction

3.5.1 Decay time algorithm

The proper time ¢ of a decaying particle can be calculated from its travelled
distance L in the laboratory frame (decay length), corrected by a relativistic

factor that is equivalent to the ratio of its mass and momentum:

L m
- —I—_. .
SRET A 1

At LHCb, the decay length vector is reconstructed from the decay vertex
and the primary vertex positions L= Tpv — Tpy.

An algorithm called PropertimeFitter calculates the proper time and its
uncertainty. It minimizes a y? quantity in an iterative procedure, varying
the input values within their uncertainties to align the flight and momentum
vectors L and J, by minimizing L x p. Further explanation of the algorithm
can be found in [114, 115]. The mass of the particle used by the fitter can
be fixed to the latest world-average value, instead of using the reconstructed
quantity. This is called the mass-constrained option, and it is the chosen
approach for the analysis, since it improves the decay time resolution (the
width from 45 fs to 40 fs, and the mean from 8 fs to 5 fs) and decreases
the correlation of the decay time with the reconstructed mass (to almost
zero correlation), a condition required for a correct behaviour of the sPlot

background subtraction procedure.
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Figure 3.17: Decay time distribution (left) and resolution (right) in simu-

lated BY — ¢y decays, after applying the event selection criteria.
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3.5. Decay time reconstruction

3.5.2 Decay time reconstruction effects

The decay time distribution from simulated B? — ¢~ candidates is shown
in Figure 3.17 (left). Due to reconstruction effects, its shape is not an
exponential-like distribution expected from the decay rate expression (Equa-
tion 1.28). To account for this fact, the distribution has to be modelled by

introducing a decay time acceptance A(t):
F(t) = [m’) @ R(t,1)] A(t). (3.14)

where t is the reconstructed decay time and ¢ the truth decay time, T (t')

the time-dependent decay rate and R(t,t') the decay time resolution.

Decay time acceptance

The decay time acceptance describes the inefficiencies produced by the re-
construction and the event selection in the decay time distribution. The
determination of the acceptance is crucial in the measurement of the A%
observable, since the term cosh (Al'st/2) is spread over the decay time dis-
tribution. The description of the decay time acceptance function is detailed
in Sections 4.2 and 5.1, within the context of the untagged and tagged
analyses, respectively.

Candidates with small decay times (¢t < 1 ps) are harder to distinguish
from background events and, therefore, their efficiency is lower after the event
selection. On the other hand, candidates with large decay times (¢ > 4 ps)
are also affected by inefficiencies since the tracking system was optimized to
select tracks from the collision point. The LO and HLT1 trigger selections
are the main sources of inefficiencies at high decay times, which were studied
applying the selection step-by-step in simulation samples [107]. Figure 3.18
shows a fit to simulated BY — ¢ decays, where the acceptance shape can
be appreciated. In fits to the time-dependent decay rate, the acceptance

normalization is not relevant since it is absorbed as an overall factor.

Decay time resolution

The decay time resolution accounts for the detector effects in the recon-

struction of ¢, representing the change from the physical decay time to the
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Chapter 3. Reconstruction and selection of candidates
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Figure 3.18: Decay time acceptance of simulated BY — ¢~y decays, after the
event selection. The y-axis shows the ratio between the reconstructed and

the generated decay time distributions. The fit will be detailed in Section 4.2.

reconstructed one. In simulation, it is defined as At = t,eco — tirue, the resid-
ual of the reconstructed and truth decay times. The determination of the
resolution is crucial in the measurement of the C and S observables, since the
terms cos (Amgt) and sin (Amgt) oscillate quickly. The description of the
decay time resolution function is detailed in Section 5.3 within the context
of the tagged analysis, since it is not relevant for the untagged analysis.
The decay time resolution of radiative decays is 70 fs on average, follow-
ing a non-Gaussian distribution, with an average bias of 5 fs, as shown in
Figure 3.17 (right). This resolution is about four times narrower than the

oscillation period of the BY.

84



Measurement of A% in BY — ¢v decays

This chapter describes the measurement of the Aﬁv parameter in BY —
¢y decays, the only mixing-induced parameter accessible in this channel
without tagging the flavour of the initial meson. The work performed in this
thesis has lead to the first measurement of Aﬁ,y, using the Run 1 dataset of
LHCb [59].

Section 4.1 presents a summary of the analysis strategy, as well as a list
of the used datasets for real and simulated data. Section 4.3.1 details the
probability density function used to describe the decay time distribution,
considering acceptance and resolution effects. The description of the fit
strategy is presented in Section 4.3, along with their validation using toy
Monte Carlo experiments. The study of the expected sensitivity is performed
in Section 4.4, as well as further cross-checks, while Section 4.5 describes the
systematic effects relevant for the measurement. Finally, Section 4.6 exposes

the final results to real data.

4.1 Analysis strategy

e A fit to the decay time is performed simultaneously to the signal chan-
nel B — ¢(— K"K~ )y and the control channel B® — K*°(892)(—
K*n~)v (and its conjugate decay). The latter is used to extract the

decay time acceptance.

e The candidates are reconstructed, selected and background-subtracted

based on the procedure described in Chapter 3.
e The analysis does not need flavour tagging.
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Chapter 4. Measurement of Afw in BY — ¢ decays

e Two independent fit strategies were developed: (1) an unbinned maxi-
mum likelihood fit to both channels, and (2) a binned fit to the ratio

of yields between the two channels.

e The description of the decay time acceptance is crucial for the A%
measurement. On the other hand, the full description of the decay
time resolution is not needed. The acceptance parameters are extracted
from B — K*%v data, while the small difference in acceptance between

the two channels, AA, is obtained from simulation samples.

o All the procedure was performed maintaining blinded the A% value.

4.1.1 Datasets

An integrated luminosity of 3 fb~! collected by the LHCb experiment in 2011
and 2012 is used in the analysis, corresponding to 1 fb=! of pp collisions at a
center-of-mass energy of /s =7 TeV in 2011 and 2 fb~! at 8 TeV in 2012, as
stated in Table 4.1. The data-taking is produced in two states of the magnet
polarity, up and down, to avoid potential systematic effects introduced by
the magnetic field direction. On average, 1.79 visible interactions per bunch-

crossing were recorded.

Table 4.1: Integrated luminosity of Run 1 samples, splitted by year (2011
and 2012) and magnet polarity (up and down).

Year +/s (TeV) Polarity Integrated luminosity (pb~!)

2011 7 Down 569.2 £19.9
2011 7 Up 415.2 +£14.5
2012 8 Down 1015.9 £ 35.6
2012 8 Up 1033.6 &= 36.2
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4.2. Decay time acceptance

4.1.2 LHCDb full-simulation samples

About 9 million of simulated events, generated with at least one B? —
¢(KTK™)y decay chain, are reconstructed and selected with the same cri-
teria as real data with Run 1 conditions. A simulation sample of the same
size is used also for B — K*Y(K*7~)y decays; they correspond to the
Sim@8d simulation samples produced by LHCb. The simulated candidates
are required to be signal by applying the truth-matching condition B_BKGCAT
== @ || B.BKGCAT == 50, where the former means pure signal and the latter
takes into account decays where the charged hadron emitted a hard pho-
ton. Around 90000 signal candidates survive the reconstruction and event

selection.

4.2 Decay time acceptance

An introduction to the decay time acceptance was given in Section 3.5. This
section focuses on the description of the acceptance function in the context
of the untagged analysis. Two parametrizations of the acceptance function
are considered: one that requires four parameters, A®P*) and another that
requires only two, AP which are detailed in Section 4.2.1. The extraction
of the acceptance difference between the signal and control channel, AA, is

presented in Section 4.2.2.

4.2.1 Parametrizations

4-parameter acceptance

The 4-parameter acceptance function is modelled by the following power-law

empirical expression:

AUP) (¢ g n g, 6T) = 1 J[rai(gﬁ)l]o)]n et for t >t (4.1)

The exponential term (parameter 0I') characterizes the acceptance at large
decay times, while the rest of the expression shapes the low decay-time
acceptance (parameters a, n and ty). The efficiency is zero for decay times
less than ¢y, acting as the starting point. Figure 4.1 (b) shows a fit to the
acceptance of simulated B? — ¢y decays, explicitely separating the low and

high components of the function.
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Chapter 4. Measurement of Afw in BY — ¢ decays

2-parameter acceptance

The 2-parameter acceptance function is described by:
£b/t
AP (4 p o) = ———  for AP > (), (4.2)
cosh (ct)
otherwise the function is evaluated as zero. The b and ¢ parameters char-
acterize the low and high acceptance, respectively. The Equation 4.2 can
be divided by ¢ to ensure that all values fall under one, so it can be in-
terpreted as an efficiency, although it is not necessary for the fit procedure.
Figure 4.1 (a) shows a fit to the acceptance of simulated B? — ¢ decays,
explicitely separating the low and high components of the function.
The low decay-time term, t*/*, was found by fitting the acceptance distri-
bution to hundreds of different parametrizations using the zunzun site [116],
dedicated to online curve fitting. The function t*/* provided the lowest sum

of residuals from the list of 2- and 3-parameter functions.
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Figure 4.1: Low (red) and high (blue) components of the acceptance func-
tion, superimposed over the acceptance distribution of BY — ¢ simulated

data.
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4.2. Decay time acceptance

4.2.2 Acceptance from full-simulation

The acceptance parameters of the simulated datasets are extracted from
a simultaneous maximum likelihood fit to the BY — ¢v and B° — K*0

samples to the following probability density function:
F(t') = T() A(t), (4.3)

where ¢ is the truth decay time (without resolution effects) and I'(¢') is
the decay rate, whose parameters are fixed to the generated values listed in

Table 4.2 corresponding to the sim@8 production of the LHCb simulation.

Table 4.2: Parameters used in the generation of the LHCb full-simulation.
They correspond to the sime8 production [117].

Parameter Value Parameter Value
Td 1.519 ps A2 0
Ts 1.512 ps Amyg 17.8 ps!
AT, 0.1097 ps! Amy 0.507 ps~*

The results are shown in Table 4.3. The B® — K*%y acceptance (Ax+-)
is quoted directly, while the B? — ¢ parameters (Ay,) are quoted relative
to the BY — K* ones:

AAD = AD — A, (4.4)

where A® represent each of the acceptance parameters. The results are also

quoted for the probability density function defined as:
F(t) = T(t) A(t), (4.5)

where t is the reconstructed decay time. The correlation between the AA
parameters are taken into account to extract the systematic uncertainties

due to the limited MC statistics, in Section 4.5.
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Chapter 4. Measurement of Afw in BY — ¢ decays

Table 4.3: Acceptance parameters from simulation, for BY — K*%4 and the
difference between channels. The results are quoted with the PDF defined
with respect to the ¢ (reconstructed, Equation 4.5) and ¢ (truth, Equa-

tion 4.3) decay times.

Acceptance Ag+ Acceptance difference AA = Ay, — Agey
Param. F(t) F(t) Param. F(t) F(t)
a 1.873 + 0.038 1.898 + 0.037 Aa 0.014 4+ 0.058 0.063 £ 0.054
n 2.149 +0.094 2.151 £ 0.092 An 0.08 £0.14 0.00 £0.13
to 0.178 £ 0.013 0.185 £ 0.013 Aty —0.013 £ 0.020 0.001 £0.018

or 0.0324 £0.0031 0.0313£0.0030  AdI' —0.0019 £0.0043 —0.0013 £ 0.0042

b 0.7225 £ 0.0048  0.7359 £ 0.0048 Ab —0.0233 £0.0066 —0.0185 £ 0.0067
c 0.0516 £ 0.0047 0.0511 £ 0.0047 Ac 0.0022 £ 0.0064 0.0020 £ 0.0064

4.3 Fit strategies

This section focuses on the description of the decay time PDF, introduced in
4.3.1, and the explanation of the two fit strategies: the unbinned maximum

likelihood fit (Section 4.3.2) and the ratio fit (Section 4.3.3).

4.3.1 Full PDF description

The decay time distribution is modelled multiplying the physical decay rate

by an acceptance function:
F(t) =T(t) A(t). (4.6)
Explicitly, for the B? — ¢y and B® — K*%v decays, the full PDF is described
by:
Fpo_y,(t) = e "] cosh (AL ¢/2) — A® sinh (AT, t/2)] Ap, (1), )

FBO_>K*O,7<t> - G_th AK*’y(t)7

where the time-dependent physical decay rate is the one derived in Sec-
tion 1.5.1, summing the contributions of the B and B decay rates. In an

untagged analysis, the cosinus and sinus terms of the decay rate cancel out,
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4.3. Fit strategies

since they carry opposite signs in decays with B? and BY. The convolution
is removed completely from the modelling by using the acceptance defined in
Section 4.2, which absorbs the resolution bias effects. The resolution width
do not play a relevant role in the A% measurement, as it will be shown in
the systematic uncertainty section (5.6).

The acceptance parameters are extracted from the control decay B° —
K*%y in the data fit, while the difference between channels is fixed from
simulation:

data data MC
Ad)’yt — AKfO’y + AA(]s’Y—K*O’)” (48)

to the values shown in Table 4.3, defined from the F (t/) definition of Equa-
tion 4.3. The determination of the acceptance is crucial in the measurement
of A%, since the sinh (AL, ¢/2) function is spread over the full range of the

decay time distribution.

Input parameters from external measurements

The input parameters, entering in the time-dependent decay rate, are fixed in
the data fit to the latest world-averages provided by the HFLAV group [39].
These parameters are the lifetimes 7, and 7,, the mass diferences Am, and
Amg, and the decay rate widths Al'y and AT';. Table 4.4 lists the parameters
taken from external sources. Their uncertainties, along with the correlation
p(Ls, AT'y), are included in the fit as Gaussian constraints, as explained in

detail in Section 4.3.

Table 4.4: Input parameters from external measurements, obtained from

the HFLAV Summer-2017 average [39].

Parameter World-average
Td 1.518 +0.004 ps
Ts 1.5094 4 0.0041 ps
AT 0.090 £ 0.005 ps~!
p(T's, ATy) —0.082

Amg 17.757 £ 0.021 ps!
Amy 0.5065 + 0.0019 ps™*
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Chapter 4. Measurement of Afw in BY — ¢ decays

4.3.2 Unbinned maximum likelihood fit

A weighted maximum likelihood fit is performed to the decay time distribu-
tion, taking advantage of the sFit method. The fit is implemented using the
RooFit framework [102] mentioned in Section 2.5, while the internal RooFit
implementation of the MINUIT [103] package is used to perform the mini-
mization. A toy Monte Carlo study is performed to validate the fit results,

where different values of A® were generated.

Maximum likelihood

The maximum likelihood estimation is a widely known technique [118, 119] to
estimate a set of unknown parameters 6 given a set of individual observations
x;. The likelihood function is the probability to observe the dataset {x;} as

a function of #, constructed as the product of the individual probabilities:
£(0) = [ P(x:l0). (4.9)

The best estimator of the parameters 6 are the values that maximize this
function. In practice, algorithms usually minimize the negative logarithm of
the likelihood: .

—InL(0) = = InP(x]0), (4.10)

since the summation is much easier to compute than the product and the

result is more manageable, but otherwise the estimators are equivalent.

sFit and weighted likelihood

The likelihood function can be further modified to accomodate the usage of
per-event weights, multiplying the logarithm of each event probability by the
weight:

—InL(9) = —iwi In P(z;]6). (4.11)

In our case, w; correspond to the sWeights calculated after the sPlot back-
ground-subtraction procedure, as explained in Section 3.4. The sFit me-
thod [120] states that the minimization of the Equation 4.11 provides un-
biased estimators of 6 because the total background contribution to the

likelihood function cancels out statistically. The sFit method is an extension
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4.3. Fit strategies

of the sPlot technique that simplifies the fitting procedure in the presence
of background, since there is no need to model explicitly the decay time
distributions of the different background sources. However, it produces un-
derestimated uncertainties for ; they are estimated as if all the events in
the sample were signal, neglecting the dilution effects of the background sub-
traction. To reproduce the uncertainty correctly, the log-likelihood function

has to be scaled [121]:
—InL(0) = —a > w;ln P(x;]6). (4.12)

The global factor o depends on the sum of weights:

> wi N

«

(4.13)

which corrects for the average statistical power per signal event. The average
statistical power accounts for the effective signal yield of the sample, which

in the limit of a large data sample is equivalent to N = $""w? [122, 123].

Gaussian-constrained parameters

A Gaussian-constrained option can be activated in the fit to include the effect
of the parameters that are fixed in the fit but known within a given precision.
This option has been used to calculate the effect of the uncertainties of
the external measurements, listed in Section 4.3.1, as well as the systematic
uncertainty introduced by the acceptance parameters, detailed in Section 4.5.
The Gaussian-constrained option adds additional terms to the log-likelihood

expression, varying the input parameters y within their uncertainties:
—InL(0) == InP(x;]0) —InG(y,0,). (4.14)

Multivariate Gaussian functions are used to consider the correlation between

parameters.

Validation of the unbinned fit

The validity of the fit has been tested with toy Monte Carlo experiments.
Sets of 1000 toys with a yield of Npo_,4, = 5000 events are produced (with-
out control channel events), where the decay-time distribution is fitted ac-

cording to the PDF described in Section 4.3.1 and generated according to the
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Figure 4.2:

values, A

A
gen

Toy Monte Carlo experiments generated with three different

= {—1,0,1}, performed with the unbinned fit, including accep-

tance and resolution effects. The dispersion of A® fitted values is shown at

the left-hand side of the figure, while the pull distribution is shown at the

right-hand side. A Gaussian fit is superimposed.
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4.3. Fit strategies

effect to be tested. The validation relies on the shape of the pull distribution:

AﬁAt — A2
Pull = -2~ &t 4.15
o (A5) (4.15)

In a correctly behaving fit, the mean of the distribution should be centered
at zero, and if the uncertainties are estimated correctly, the width of the
distribution should be equal to unity.

Figure 4.2 shows the resulting distributions of pure-signal toys, including
acceptance and resolution effects. The expected pull distribution is recovered
when the generation and fitting is performed with the same PDF, showing

no biases and a correct uncertainty estimation for the individual fits.

4.3.3 Binned ratio fit

A least-squares minimization fit is performed to the binned ratio of the
BY — ¢ over B — K*y decay time distributions, using a custom-made
framework [124] written in the C++ programming language developed during
the present thesis. It allows to fit binned distributions in general, either
single distributions, ratios, or simultaneous fits. The framework makes use
of the ROOT [101] library to manipulate the data and its implementation of
the MINUIT [103] package to perform the minimization. The fit is verified

with toy Monte Carlo experiments for different binning configurations.

The expected ratio yield

The estimator of A® in this case is obtained by minimizing the least squares

quantity:

bins

=D

i

(]

2
R{%XpeCted . quserved
; , (4.16)

observed
0;

where R; is the ratio of yields in the bin ¢. The observed quantities are
extracted directly from the data samples, whereas the calculation of an
unbiased expected yield RTP* is the motivation of this section. To compute
the expected ratio yield in the i-th bin, the probability density functions are
integrated within the bin boundaries #°* and t?igh:

¢high
fliéw P(BS - QS’Y) dt

t
thigh * (4'17>
[ P(BY — K*0v)dt

low
ti

expected
Ri -
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Chapter 4. Measurement of Afw in BY — ¢ decays

The explicit expression becomes, using Equation 4.7:

tbigh

f ow
1
tlo

Apo_yg(t) €7t/ [cosh (25+1) — A2 sinh (2L1)] dt

fopected _ , (418)

high

ftféw ABO—>K*O’y(t) e~t/Ta dt

where Agecay(t) are the acceptances of the given decay. The same strategy

can be used to fit a single channel, for example the B° — K*%y sample:
t?igh

gpwected — Apo_eeos (L) e/ dt. (4.19)

flow
To facilitate the calculations, one could think of evaluating the PDF at the
center of the bin ™ instead of computing the integral. This approxi-
mation works fine for narrow bins. However, the difference is significant for
wider bins, eventually leading to biases in the fit. From toy Monte Carlo
studies, a bias in the A® parameter of about 0.2 was observed when simply
using the center of the bin. Hence, the integral computations are maintained

in the fit.

Binning scheme

Another relevant aspect to consider in the ratio fit is the choice of the binning
scheme. To avoid low-statistics effects from the least squares minimization,
a variable-sized bin width was constructed to ensure the same number-of-
events per bin (equal-yield binning). This practice is convenient when the
distribution is scarcely populated in some regions [125, 126], as it is the case
in the B? — ¢ decay-time distribution at large times, where the tail of the
exponential shape dominates, and at very small decay times due to selection
inefficiencies.

The binning scheme with equal yields is constructed from Equation 4.7,
after fixing A® to zero. Since the PDF shape is dominated by the exponen-
tial and acceptance functions, the sensitivity loss of making such assumption
is negligible. A percentile mesh is constructed, using the GetQuantiles rou-
tine of the TH1 class of ROOT to compute the percentiles of a histogram
distribution. The binning is chosen so that the increase in percentile is equal
between consecutive bins, effectively creating bins with equal areas.

The robustness of the adaptive binning strategy is assessed from Monte
Carlo pseudoexperiments by changing the number of bins, as shown in Fig-

ure 4.3. A small bias of —0.01 is observed in the dispersion mean of the
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Figure 4.3: Toy Monte Carlo experiments to validate the ratio fit, indi-
cating the (a) mean and (b) uncertainty of the fitted A2 values against
the number of bins on the equal-yield binning. Each point represent a set
of 1000 pseudoexperiments, generated with AgAen = 0, Npo_g, = 5000 and
Npo_ g0, = 29000.

fitted A values, as shown in Figure 4.3 (a), due to the asymmetry of the
AA dispersion distribution. The sensitivity to A® is a function of the num-
ber of bins n, which is maximized in the range n = [20,100], as can be seen
in Figure 4.3 (b). Binning schemes with n < 10 or n > 100 are not advisable,
since the dispersion of the fitted A values is not compatible with the fitted
uncertainty o(A%). With too few bins (n < 10), the histogram cannot re-
produce the shape of the distribution due to oversmoothing. With too many
bins (n > 100), low-statistics effects appear. An intermediate number of bins
n = 30 guarantees a fit with no biases and a correctly evaluated uncertainty

lying on the plateau of maximum sensitivity.

Validation of the ratio fit

The ratio fit is tested with toy Monte Carlo experiments, fixing the number
of bins of the adaptive binning to n = 30 and the yields to Npo_q, =
5000 and Npo_ g+, = 29000. Sets of 10000 simulated experiments were
generated for three different generation values A% = {—1,0,1}, obtaining
the dispersion and pull distributions of the fitted A values as it is shown
in Figure 4.4. The expected pull distributions are recovered, with offsets

and widths compatible with 0 and 1, respectively, demonstrating a correct
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Figure 4.4: Simulated experiments generated with three different AgAen val-
ues, performed with the ratio fit. The dispersion of A* fitted values is shown
at the left-hand side, while the pull distributions are shown at the right-hand

side of the figure. A Gaussian fit is superimposed.
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behaviour for the individual fits. The fit is also tested using a likelihood
function for the minimization instead of the nominal least squares, showing

no significant differences.

Comparison with the unbinned ML fit

Compared to an unbinned likelihood strategy, a binned solution is compu-
tationally faster. The CPU time spent by the algorithm is proportional to
the number of bins (total number of integrals to compute) regardless of the
sample size, whereas the unbinned fit gets slower with the sample size since
the likelihood function has to be calculated for every candidate. This prop-
erty allows a faster production of toy Monte Carlo experiments, useful to
check the validity of the results, control the behaviour of the fit and study
systematic effects with great precision. In addition, the statistical dilution
introduced by the background subtraction procedure is correctly taken into
account in the uncertainties of each bin yield. However, it provides a slightly
smaller sensitivity compared to the unbinned fit, due to the inevitable loss of
information that occurs when binning a data sample. For A% = 0, the sta-
tistical degradation is calculated to be Ao ya = 0.02, a factor of magnitude

smaller compared to the expected statistical uncertainty.

Dispersion between fit strategies A study is performed to estimate the
expected A? dispersion between the unbinned fit and the ratio fit strategies.
1000 toy Monte Carlo experiments are generated, and fitted with the two
strategies. For the case A® = 0, the A® dispersion between the two methods

is evaluated to be Gaussian distribution with a width of 0.14.
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4.4 Sensitivity studies and cross-checks

4.4.1 Dependency o4 vs A°

This section aims to study the dependency of the uncertainty o4a with the
A? input value and with the number of signal events. The statistical uncer-
tainties are evaluated using simulated experiments, generating an experiment
and then fitting it with the same decay time PDF using the unbinned fit
strategy. All the studies presented in this section are produced with 10000
pseudoexperiments and Npgo _, 4, = 5000 signal events, while the number of
B® — K*%y events is set to Ngo _, K0y =06Npgo_, 4.

Five sets of toys are generated for different values of AgAen ={-1,-0.5,0,
0.5,1}. The A” and pull distributions are shown in Figure 4.2, showing an
unbiased mean and a correctly evaluated uncertainty in all the scenarios. As
it is observed from the figures, the uncertainty o 4a depends on the A® value
used to generate the pseudoexperiments. The sensitivity is higher for positive

generated values, and lower for negative ones, following a linear dependency

048 = po + p1A® that has been explicitly evaluated in Figure 4.5.

. ¥2 / ndf 28/3
p0 0.2222 + 0.0004472
pl ~0.054 % 0.0006325

sensitivity

0.2

0.18

<

N

\]
||||||||||||||||||||||||||

0.16 P N SN S SN N SN SN ST SO NN SN SO ST S AT S S N A N

-1 —0.5 0 0.5 1
A* generated

A

cen value,

Figure 4.5: Uncertainty o4a as a function of the generated A
evaluated from simulated experiments with N = 5000. The uncertainty

depends linearly with the generated value.
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The uncertainty not only depends on A, but also on the number of
generated signal events Npo _, 4, = 5000. To correctly determine the depen-
dency with both A2 and the statistics of the data sample, different values
of the pair (Nevents, A%

aen) are generated. The statistical uncertainty of A2

in the unbinned fit strategy can be described by:

15.63 — 3.82 A2
VN '

Osignal stat.(AA) = (420)

4.4.2 Contributions to the uncertainty

The total sensitivity of the measurement is a sum of several contributions:

— 2 2 2 9
oan = \/Usignal stat. + Osweights + O external + Usystematics' (421)

® Ogignal stat. 15 the statistical uncertainty from the signal statistics. It is
estimated with simulated experiments in this section, ranging from 0.17
to 0.28 within the considered scenarios (different A generated values).
The contribution introduced by the control channel B® — K*0v is
calculated to be 0.13.

® Ogweights 15 the dilution introduced by the Plot background subtraction.
This contribution is estimated to be Ogyeignts > 0.22, and it is included

in the statistical uncertainty:

Ostat. — \/Usignal stat. T Osweights- (422>

In the unbinned fit this contribution is estimated by fitting without
the correcting factor « in the likelihood function. In the ratio fit it is
estimated by deactivating directly the sWeight uncertainty correction,
meaning that the histogram option TH1::Sumw2 is not called before the

fit. Both methods agree in the size of the contribution.

® Ocxternal 18 the contribution from the input parameters taken from ex-
ternal measurements, known within a given uncertainty (see Table 4.4).
It is quoted separately from the statistical and systematic uncertainties
in the final result. In the unbinned fit strategy, Texterna is estimated
for each parameter by introducing a Gaussian-constraint term in the
likelihood function, while in the ratio fit strategy they are calculated

by generating and fitting simulated toy experiments.
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Chapter 4. Measurement of Afw in BY — ¢ decays

® Ogystematics: Several sources of systematic uncertainties are considered.

For the breakdown of the different contributions see Section 4.5.

4.4.3 Cross-check with full-simulation samples

The procedure is also validated by fitting A® in the LHCb simulation sam-
ples, along with the acceptance parameters. The configuration is the same
as in data, fitting the reconstructed decay time simultaneously in B? — ¢~y
and B° — K* while fixing the acceptance difference AAy,_k+,. The input
parameters of the decay rate are fixed to those used in the production, listed
in Table 4.2.

The result of the fit is represented in Figure 4.6. The fitted A® value is
compatible with zero within the statistical uncertainty, as shown in Table 4.5
for the two acceptance descriptions. The statistical uncertainty of 0.05 for
N = 90000 simulated signal candidates is compatible with the expectation
estimated from Equation 4.20. The same study is repeated, but fitting
the true decay-time distribution and modifying the acceptance difference
accordingly (not including resolution effects). A value of A* = 0.03 £ 0.05
(A% = 0.00 & 0.05) is found for the 2-parameter (4-parameter) acceptance,

results which are also compatible with the generated value.

Table 4.5: Fit to the LHCb full-simulation samples with the unbinned
fit strategy, using both the A®P2) and A®P) acceptance definitions. The
quoted acceptance parameters correspond to B® — K*%v, while for B? — ¢y

the acceptance is fixed to Ag+o,+AAg, g+, (see Table 4.3 and Section 4.2.2).

Parameter Simulation, AP Simulation, A*par)

AL 0.05 £ 0.05 —0.01£0.05
b 0.7367 & 0.0034 -
¢ (ps™!)  0.0481 +0.0045 -
a - 1.898 + 0.027
n - 2.154 + 0.064
to - 0.185 & 0.009
oT - 0.0313 4 0.0023
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Figure 4.6: Fit to the decay-time distributions of simulation samples.

4.5 Systematic uncertainties

This section is devoted to the study of the systematic effects that could
modify the final result. Depending on the effect, the systematic contribution
can be calculated in one of the following ways: by repeating the fit with a
given variation and considering the observed change in A® as a systematic
uncertainty, or by including the uncertainties of the input parameters as a
Gaussian constraint in the likelihood fit.

The results are presented in Table 4.6, while the relevant contributions

are explained in detail in the following.

4.5.1 External measurements

The input parameters listed in Section 4.3.1 are taken from world aver-
ages [39], and hence they have an uncertainty associated to them. The
contribution from the external measurements is quoted separately from the
rest of the systematic uncertainties in the final result.

To account for these effects, the input parameters are fixed to their
central values, while the Gaussian-constrained option is activated in the un-
binned fit, as explained in Section 4.3.2. The correlation p(Al,, T's) between
the parameters is included in a multi-Gaussian description, as shown in Fig-

ure 4.8 (a). The A uncertainty with and without the Gaussian-constrained
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Chapter 4. Measurement of Afw in BY — ¢ decays

Table 4.6: Summary of the systematic uncertainties in the untagged A%

measurement, evaluated with the unbinned fit strategy.

Systematic source o(A2)
External (Ts, AT) 0.067
measurements Iy 0.040

Acceptance: MC statistics 0.067
Decay time Acceptance: modelling 0.020

Resolution: modelling 0.020

Mass modelling: signal < 0.01

Mass modelling: combinatorial — 0.034
Background

Mass modelling: partial 0.093
subtraction

Peaking backgrounds 0.036

Mass-time correlation 0.110

Oext. 0078
Total

Usyst. 0170

option is evaluated and subtracted in quadrature \/ o2 — 02 to obtain

without
the individual contributions.
The individual contribution of I'; and (AT, I's) has been evaluated to be

0.040 and 0.067, respectively, making a total of:
Oext. (A%) = 0.078 (4.23)

for the external measurements. The uncertainties are symmetrized for sim-
plicity, although a certain degree of asymmetry (similar to the statistical
uncertainty) is observed.

As a cross-check, the external systematic uncertainties are calculated us-
ing an alternative method that involves the ratio fit. Several thousands of
toy experiments are produced with and without generating randomly the
external parameters, generated with the A% value fitted in data (while kept
blinded). The generation of the random parameters is performed using a
custom-made algorithm which uses the Cholesky decomposition algorithm,

implemented in the ratio code [124]. The result of this method is presented
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4.5. Systematic uncertainties

in Figure 4.7. The total dispersion of the fitted values are subtracted in
quadrature to obtain the systematic contribution, calculated to be around
0.04. This number is compatible with the numbers obtained with the un-

binned fit.
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Figure 4.7: Toy Monte Carlo experiments performed with the ratio fit,
varying the external parameters within their uncertainty in the generation.

It corresponds to the case AgAen =0.

4.5.2 Decay time acceptance

Two sources of systematic uncertainties arise from the description of the
decay time acceptance: the limited statistics of simulated events, and the
modelling of the distribution. The first one is evaluated through a Gaussian-
constrained fit, in the same way as the external measurements. The pa-
rameters of the acceptance difference AA, extracted from simulation and
previously shown in Section 4.2.2, are varied within their uncertainties tak-
ing into account the correlations, given by p(Ab, Ac) = 0.28 for the A(2Par)
acceptance. Figure 4.8 shows the correlation plot between Ab and Ac. The
contribution of this source of systematic uncertainty is evaluated to be 0.067.

The second contribution is related to the modelling of the acceptance
distribution, evaluating the possibility that the acceptance function does not
reproduce the distribution perfectly. It is evaluated by fitting A% with the
ABrar) and A¥Pa) geceptances. The deviation AA® = 0.02 is taken as the
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Figure 4.8: Correlation of the parameters entering in the Gaussian-

constrained fit to extract the systematic uncertainty for (a) the inputs from
the external measurements and (b) the acceptance difference parameters from
simulation. The ellipses correspond to the contours of one and two standard

deviations.

systematic uncertainty, a factor three smaller than the systematic associated
with the limited statistics of the simulation.
Cross-check: eliminate the AA correction

To test the effect of the fixed acceptance difference (AA = Ay, — Ag+,) in

the measurement, A® is fitted in data with and without the AA constraints:

e Using the AP acceptance, the value changes AA® = —0.11 (with
Aa contributing —0.14 and AT contributing +0.03)

e Using the AP acceptance it changes AA® = —0.09 (with Ab con-
tributing —0.07 and Ac contributing —0.02).

Note that this correction is present in the fit, so this effect is not taken as a

systematic effect.
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4.5. Systematic uncertainties

4.5.3 Decay time resolution

To determinate the effect of the decay time resolution, a set of toy Monte
Carlo experiments generated with different resolution configurations is run,
but fitted with the nominal configuration (without resolution). The A%
dispersion and pull distributions are shown in Figure 4.9. Generating with
a resolution width does not produce any effect on the result (AA* < 0.01)
but the resolution mean does (AA® = —0.01 for each Ay =1 fs). However,
the resolution bias is a reconstruction effect that is absorbed completely in
the acceptance A(t) defined as a function of the reconstructed decay time.
The fit is repeated using the acceptance difference defined as a function
of the reconstructed decay time, AA(t), instead of the nominal with the
truth decay time, AA(t)). The observed variation, AA® = 40.02, is taken
as the systematic uncertainty, although it represents an upper limit of the

resolution systematic.

4.5.4 Background subtraction

The assumptions made in the background subtraction procedure (explained
in Section 3.4) can systematically influence the final result. Several sources
of systematic effects are considered: the modelling of the different mass
components (signal, combinatorial and partially reconstructed backgrounds),
the contribution of the peaking backgrounds in the decay time distribution,
and the possible correlation between the mass and the decay time variable

in background decays.

Mass modelling

This effect accounts for the assumption of the functions used to describe the

mass distributions:

e For the signal component, the background subtraction procedure is re-
peated using an asymmetric Apollonios function, instead of the nominal
double-tailed Crystal Ball. The difference between the two methods,
AA® =0.011, is taken as the systematic uncertainty.

e For the combinatorial component, an exponential function is used in-

stead of the nominal linear polynominal. The observed deviation,
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Figure 4.9: Distribution of A* fitted values (left) and its pull distribution
(right), obtained from toy Monte Carlo experiments generated with AgAen =0
and different resolution configurations: (a) without resolution, (b) including
resolution in the generation u = 0 fs, o = 60 fs, and (c) including a biased

resolution in the generation p = 10 fs, 0 = 60 fs.
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4.5. Systematic uncertainties

AA® = —0.029, is taken as the systematic uncertainty.

e For the partially reconstructed backgrounds, the procedure is different

for each of them:

— For the BT — ¢K T~ partial in BY — ¢ decays, the background
subtraction is repeated extracting the mass lineshape from a full-

simulation of BY — ¢K%y decays, instead of the nominal channel.

A deviation AA2 = 0.046 is observed.

— For the B — Knn’X partial in B® — K*y decays, the mass
lineshape is extracted from a full-simulation of K7~ decays, instead
of a mixture of K1y and B — Dp decays. A deviation AA> =
—0.075 is observed.

— For the missing pion partial in B® — K*%y decays, the mass line-
shape is extracted from a full-simulation of BT — K*(1410)*(—
K*7T)y decays, instead of B — K;(1270)(— K*°7)y decays. A
deviation of AA® = —0.030 is observed.

— For the partial B® — K*'n partial in B® — K*%y decays, the
component is totally removed (which will be absorbed by the
other components), instead of fixing its yield. A deviation of

AAR = —0.006 is observed.

The total contribution from partially reconstructed decays is:

O partial (AA) = 0.093.

Peaking backgrounds

In the nominal sPlot mass fit, the peaking background contribution is treated
as part of the signal mass component. Therefore, the decay time contribution
of the peaking backgrounds is not subtracted, and although the yield fraction
of this type of background is only around 2% of the signal yield, they could
induce an effect on the final result. The systematic effect is evaluated fitting
simultaneously the Monte Carlo samples of B? — ¢y and BY — K*0,
adding a peaking background contribution which is x2 the expected yield
in data. The observed deviation AA® = 0.036 is taken as the systematic

contribution.
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Mass-time correlation

The assumption that the reconstructed mass and the decay time variable
are uncorrelated is made during the sPlot procedure. These assumption
is accurate for the signal and combinatorial components, but a residual
correlation is present in the partially reconstructed backgrounds.

The systematic effect is calculated using the Monte Carlo samples. The
sPlot procedure is applied to a mixture of the signal and partial components
constructed with the yields observed in data. The deviation observed in the
fit between the original mixture (which conserves the correlations) and a
mixture in which the events of the partial sample are shuffled (breaking the

correlation), is taken as the systematic contribution, AA® = —0.11.

4.5.5 Possible improvements

The systematic uncertainty could be reduced by:

e Increasing the Monte Carlo statistics of the signal, control and back-
ground channels. This would improve the decay time acceptance de-
termination, and the description of the expected mass distributions for

background subtraction.

e Reduce the amount of combinatorial and physical background candi-
dates. This can be achieved by: (1) tightening the cut-based offline
selection, or even using a Boosted Decision Tree (BDT) to select the
candidates, and (2) performing a veto to the physical backgrounds that

produce the larger effects in the systematic contribution.
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4.6 Results

The results are presented in Table 4.7, for the unbinned and ratio fit strate-

gies. The parameters of the acceptance for the control channel, Ag-o., are

v
also quoted. The unbinned and ratio fits are shown in Figures 4.10 and 4.11,

respectively, where the pull distributions do not show any particular pattern.

Table 4.7: Results of the A% measurement, in a simultaneous fit to BY — ¢y
and B° — K*'y data using the unbinned and ratio fit strategies. The

acceptance values correspond to Ag+o..
K*Oy

Parameter Unbinned fit Ratio fit

A —0.55579330  _0.473%0321

a (ps7!) 1.88 £ 0.08 —
n 1.804+0.16 -

to (ps)  0.25+0.02 -
ST (ps~)  0.052 + 0.009 -

Considering the systematic uncertainties, the result for the unbinned fit

can be expressed as:
A%, = —0.555 T(-33 (stat.) + 0.170(syst.) £ 0.078(ext.), (4.24)

where the statistical uncertainty contributions can be splitted in: 0.22 from
the signal channel statistics, another 0.22 from the background subtraction,
and 0.13 from the control channel statistics. At this point, the measurement

is completely dominated by the statistical uncertainty.
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Figure 4.10: Simultaneous unbinned fit to the decay time distributions of

(a) BY — ¢y and (b) BY — K*%v decays.
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Measurement of S,, and C,, in BY — ¢y

decays

This chapter describes the procedure for the measurement of the observables
S¢y and Cyy, from a simultaneous fit to the time-dependent decay rates of
BY — ¢y and BY — K*%y decays. It is the first time these observables are
measured, and the first radiative analysis including flavour tagging informa-
tion at LHCb.

The fundamental aspects of the analysis strategy are summarized in Sec-
tion 5.1. Two key elements in this measurement are the flavour tagging and
the decay time resolution, described in Sections 5.2 and 5.3, respectively.
Section 5.4 details the fit strategy and the probability density function of
the decay time, while Section 5.5 presents the sensitivity study to the mea-
sured observables. Section 5.6 discusses and enummerates the different sys-
tematic uncertainties, and Section 5.7 presents the preliminary results of the

measurement.

5.1 Analysis strategy

e The datasets for real and simulated data are the same as the ones
described in the untagged analysis chapter (see Section 4.1), as well
as the reconstruction and selection of candidates, and the background

subtraction procedure (see Chapter 3).

e Flavour tagging information is included in the samples. The output
of several tagging algorithms (named OSComb and SSKaonNNet) is

calibrated and combined into a single decision. An effective tagging
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efficiency of €power = 4.58% is achieved for B? — ¢y decays.

e The complete description of the decay time resolution is needed to

perform the fit:

— A double Gaussian function is used to describe the decay time

resolution, employing the per-event decay time uncertainty o;.

— The uncertainty o; is scaled by a global factor, obtained from

Monte Carlo simulated data, to match the expected resolution.

— The resolution is controlled with real data by using: (1) prompt-¢
candidates and (2) B® — JyYK* decays where the J/1 is faked as
a photon.

e An unbinned maximum likelihood fit is performed simultaneously to
the B? — ¢y and B® — K*Yy samples, incorporating flavour tagging

and decay time resolution information:

— As in the untagged analysis, the B® — K*%y data sample is used
to constrain the decay time acceptance function. The acceptance
difference between the B? — ¢y and B® — K*Yy decay channels

is fixed from Monte Carlo simulation.

— The mistag probability w and the decay time uncertainty o, are

taken from data, and treated as per-event observables.

— The PDF of the decay time is constructed from the convolution
of the physical decay rate with an acceptance-resolution function
(Equation 5.23), which consists of a resolution function multiplied
by a binned acceptance function. The fit performs the convolution

and normalization integrals analytically.

— The mixing-induced and C PV observables (A%, C, S) and the de-
cay time acceptance parameters (b and c¢) are the free parameters

of the fit.

e All the analysis strategy was performed maintaining blinded the value

of the measured observables.
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5.2 Flavour Tagging

There are several algorithms available at LHCb to identify the flavour of
the initial B meson on an event [127-130]. They are called taggers, and
exploit the fact that the heavy quarks produced in the proton-proton collision
are created in ¢q pairs, each hadronizing into a b-hadron. The flavour-
tagging algorithms can be categorized into same-side (SS) and opposite-side
(OS), depending on whether they use the information of the signal or of
the accompanying b-hadron, respectively. A sketch of the available flavour
taggers is depicted in Figure 5.1.

SS Pion
SS Kaon
SS Kaon NNet ) 8

SS Proton ’ )
SS Pion BDT ” / \

BO

Signal Decay

Opposite Side
,.—-——?‘ 0S Kaon
e OS K. NNet

0S Vertex Charge 0S Muon
0S Charm OS Electron
Figure 5.1: Overview of the existing flavour tagging algortihms at

LHCDb [131]. Above, same-side (SS) taggers look for the signatures of the
signal decay. Below, opposite-side (OS) taggers look for the signatures of
the decay products of the other b-hadron of the event.

5.2.1 Tagging information

Each tagger provides a decision about the flavour of the b-hadron, ¢, and
a probability of the decision to be wrong, namely the mistag probability
w. The flavour decision can take the values 1 (for B), —1 (for B), or 0
(no decision, also named wuntagged). Based on these decisions, the tagging
efficiency of a sample is the number of tagged events over the total:

N agge
tagged . (5.1)
N tagged + N, untagged

€tag =
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

The mistag probability w is a continuous variable that can range from 0 to
0.5. It appears due to the misidentification of the reconstructed particles, or
to the particle-antiparticle oscillations of the opposite b-hadron. For a given
sample, the mistag fraction can be calculated as the number of incorrect
over tagged events:

Nincorrec
Nincorret (5.2)

W = .
N tagged

The real performance of a tagger can be calculated with a single quantity,

the tagging power:
€power — €tag D2 = Ctag (1 - 2&))2 ) (53)

representing the effective statistical reduction of a sample due to the tagging
efficiency and the mistag probability. The quantity D =1 — 2w is called the
dilution factor. A tagger performs better with a high tagging efficiency and

a low mistag probability.

Opposite-side (OS) taggers

Opposite-side taggers determine the flavour of the accompanying b-hadron
by looking at their decay products. Signatures of a given flavour are the
charge of the lepton produced in semileptonic decays (electron OSe, or muon
OSp), the charge of the kaon produced in the b — ¢ — s decay chain (OSK),
or the charge of the detached vertices (OSVtx). The taggers OSe, OSgu,
OSK and OSVtx are based on a neural network (NN) trained on simulated
Bt — J/UKT decays. The Flavour Tagging (FT) group of the LHCb

combines all the mentioned taggers into a single decision: OSComb [127].

Same-side (SS) taggers

In the fragmentation process, the signal B meson is produced together with
a charged hadron: a kaon (pion) for BY (B or B*), whose charge depends
on the particle-antiparticle nature of the meson at the hadronization. Same-
side taggers try to identify the charge of this additional track, exploiting the
correlation of the particles produced in the hadronization.

In this analysis, B — ¢y decays are tagged with the SSKaonNNet
algorithm [129], a neural network which searches for the kaon produced in the

fragmentation process. The multivariate algorithm is trained on simulated
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5.2. Flavour Tagging

BY — D;m" decays in two steps: the first step (NN1) separates between
fragmentation and detached kaons, while the second step (NN2) calculates

the decision and the mistag probability using the output of NNT.

5.2.2 Calibration of the taggers

The predicted mistag probability, n, is the best estimation of a tagging
algorithm of the real mistag probability, w, for a given event. The estimated
1 has to be calibrated to match the real w, considering a linear expression

that depends on two parameters, py and pq:

w(n) = (n) +po +p1(n— (), (5.4)

where (n) is the average predicted mistag probability of the sample. A
perfectly calibrated tagger would have po = 0 and p; = 1.

The purpose of this section is to present the calibration parameters for
BY — ¢v decays, in both data and simulation samples. Although only the
Run 1 dataset is used in this analysis, the calibration parameters for Run 2
data are also calculated, corresponding to the 2015 and 2016 data-taking
period. Table 5.1 lists the calibration parameters of the different taggers for
Run 1 and Run 2, where the first uncertainty is statistical and the second
is the portability systematic. A portability systematic is assigned to account
for possible kinematical differences between the sample used to calibrate the
tagger and the sample where it is actually applied. As it can be observed,
the calibration parameters for Run 1 and Run 2 are compatible within their
uncertainties. Figures 5.2, 5.3 and 5.4 show the mistag calibration curves
using BT — J/UK™* (for OS), B? — D;yn* (for SS), and B® — K*%y (for
OS), respectively.
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

Table 5.1: Calibration parameters of the taggers for the B? — ¢ decay. For Run 1, the (n) parameter is extracted from the sample

in which the calibration is applied to. The B? — D 7" sample is reweighted to match the kinematical distributions of the radiative

channels.
Tagger Calibration channel (n) Do P1 p(po, p1)

Run 1
OSComb FT group [132] sample-dependent 0.0062 £ 0.0019 4+ 0.0040 0.982 + 0.007 + 0.034 0.14
SSKaonNNet FT group [132] sample-dependent  0.005 4 0.004 + 0.003  0.976 + 0.071 £ 0.057 0.02

Run 2
OSComb Bt — J/UK™* 0.3827 0.0054 4+ 0.0011 £+ 0.0010 0.887 4+ 0.012 £+ 0.044 0.12
OSComb BY — K" 0.3758 0.011£0.011 £ 0.005  0.813 £0.121 + 0.012 0.02
SSKaonNNet BY — D ot 0.4230 0.008 £ 0.006 + 0.003  1.062 £ 0.085 + 0.025 0.08
SSKaonNNet B? — D;nt reweighted 0.4222 0.009 £ 0.007 £0.002  1.127 4 0.092 £ 0.008 0.08
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5.2. Flavour Tagging

Calibration for Run 1 data

For Run 1 data, the calibration parameters for the OSComb and SSKaonNNet
taggers are provided by the Flavour Tagging (FT) group of the LHCb [132].

The parameters are shown in Table 5.1.

e The calibration of the OS taggers is performed with the self-tagged
BT — J/UK™T and Bt — D'#t decays, the neutral B® — J/¢K* and
BY — D* pty, decays, and BY — D;nt and B:* — BTK~ which

involve B, meson decays.

e The calibration of the SSKaonNNet is performed on self-tagged B? —
D77~ decays, together with flavour-specific BZ,(5840)° — BTK~ de-

cays.

Calibration for Run 2 data

For Run 2 data, the calibration has to be extracted from other data sam-
ples similar to the signal, since the F'T group does not provide the values
anymore. In this analysis, the calibration is done using the EspressoPer-
formanceMonitor (EPM) tool [133] of LHCb, which was created for flavour
tagging studies. The results are shown in Table 5.1.

e The calibration parameters for the OS tagger are extracted from a
sample of 1.2 million Bt — J/WK™ decays. The calibration plot is
shown in Figure 5.2. A TOS-trigger event selection are applied in

Bt — J/WK™ candidates.

e The SS tagger is calibrated with a BY — D_ 7" sample, as it is shown
in Figure 5.3. A reweighting is applied in order to match the kinemat-

ical distributions of the radiative channels.
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Figure 5.2: Calibration of the OSComb tagger using B™ — J/WK™ decays
for Run 1 (left) and Run 2 (right). The green and yellow bands represent

the 1o and 20 contours, respectively.
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Figure 5.3: Calibration of the SSKaonNNet tagger using B? — Dy 7" decays
for Run 1 (left) and Run 2 (right). The green and yellow bands represent

the 1o and 20 contours, respectively.
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5.2. Flavour Tagging

Verification of the OS tagger calibration with B° — K*9~

Additionally, the calibration of the OS tagger has been extracted using B® —
K*%y decays, as shown in Figure 5.4 and Table 5.1. This is a decay with
similar kinematical and topological properties as the signal channel BY — ¢,
with also a photon in the final state. The calibration parameters obtained
with B® — K*%y and BT — J/WK™ decays are compatible within statistical
uncertainties. However, the available number of B® — K*% candidates (34k)
is much lower than in the B™ — J/WK™ channel (1.2 million candidates),
obtaining parameter uncertainties one order of magnitude smaller when using

the latter.

Mixing asymmetry The time-dependent mixing asymmetry of flavour-
specific B® — K*%v decays can serve as a validation of the flavour tagging
calibration. It is defined as:

Nunmixed <t> - Nmixed (t)
Nunmixed (t) + Nmixed (t)

Anmix(t) = = (1 — 2w) cos (Amgt), (5.5)

where Npixed (Nunmixea) 1S the number of tagged events which have (not)
oscillated at a decay time ¢, and D = (1—2w) is the dilution of the asymmetry
amplitude induced by the mistag rate.

Figure 5.5 shows the mixing asymmetry in B® — K*%y decays using the
OSComb tagger in data, in the first application of a tagging algorithm on
a radiative channel at LHCb. As it can be observed, the data points are

compatible with the curve constructed from Equation 5.5.
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Figure 5.4: Calibration of the OSComb tagger using B* — K*%y decays for

Run 1 (left) and Run 2 (right). The green and yellow bands represent the

1o and 20 contours, respectively.
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Figure 5.5: Time-dependent mixing asymmetry in B® — K*%y decays [131],
using the calibrated OSComb tagger for Run 1 (left) and Run 2 (right).
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5.2. Flavour Tagging

5.2.3 Combination of the taggers

The SSKaonNNet and OSComb taggers are combined [134] following a sim-
ilar strategy as in the measurement of the CP-violating phase ¢, using
BY — J/Wh~h* [135] and B? — DF D, [136] decays. The taggers are com-
bined based on the considered best tagger for each event: given the mistag
probabilities wog and wgsg, the best tagger would be the one with the lowest
mistag probability, whess = min (wos, wss), and the other tagger corresponds

t0 Wother = Max (wos, wss). The combination is based on the following logic:

e If one of the taggers provides a decision (¢ # 0), but the other does
not (¢ =0), then keep the tagger with the non-zero decision:

Gcomb = (best
(qbest 7£ 07 GQother = O) = (56)

Weomb = Whest -

e If both taggers provide a decision, and they agree, then combine the

mistag rates as:

Gcomb = Gbest = Yother,

(Qbest - QOther> = Whest Wother
Whest Wother + (1 - wbest)(l - wother) ’
(5.7)

where p(Qcomb) = Whest Wother and p(_QComb) = (1 - wbest)(l - Wother) are

Weomb =

the probabilities of being geomp and —qeomn, respectively, so that weomp

is correctly normalized and can be interpreted as a probability.

e If both taggers provide a decision, but they do not agree, then combine

the mistag rates as:

Gcomb = QGbest = —{other)
(QbeSt - _QOther) = w - Whest (1 - wother)
comb — )
Whest (1 — wother) + (1 — Wbest)wother

(5.8)
where p(—qother) = (1 — Wother) 1S the estimated mistag probability of
the other tagger to be —qother-

The mistag probability distribution of the combination is shown in Fig-
ure 5.6 for the B? — ¢ data sample, along with the individual distributions
of the calibrated OS and SS taggers.
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Figure 5.6: Mistag probability distribution of the OS and SS taggers, and
its combination, for tagged events giagger 7 0 in BY — ¢y 201142012 data.

5.2.4 Performances of the taggers

The tagging power €power determines the performance of a tagger. It depends
on the tagging efficiency € and the squared dilution factor D? = (1 — 2w)?
(Equation 5.3). In a weighted sample, the tagging efficiency is calculated as:

tagged
Zi Wi

Z;otal VVZ ’ (59)

€tag =

where W; is the per-event sWeight. On the other hand, the average squared

dilution corresponds to:

Zt'agged(l o 20-)7;)2 m

)

Ztagged W: ’
i i

7

(D?) = (5.10)

which depends on the per-event mistag probability w;. The tagging power is
then calculated from these two quantities.

Table 5.2 shows the performance of the OS and SS taggers (with and
without applying the calibration), and the combination of the two taggers.

The effective mistag rate weg is calculated from the average squared dilution:

Weft = %m' (5.11)
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Table 5.2: Performances of the B? — ¢ taggers in 201142012 data, calcu-

lated with the effective per-event mistag probability weg.

B — ¢y tagger €ag () werr (%) et (%0)
OSComb 33.03 34.80 3.05
SSKaonNNet 63.89 40.82 2.16
OSComb calibrated 33.03 35.40 2.82
SSKaonNNet calibrated  63.89 41.27 1.95
Combination 74.53 37.61 4.58

The tagging power of the calibrated OS and SS taggers are calculated to be
2.82% and 1.95%, respectively, while the combination of the taggers raises
this efficiency to 4.58%. It can be compared to the tagging power in B? —
J/YKTK™ decays, (3.73+0.15)% [135], and in B? — DD decays, (5.33 +
0.25)% [136]. The quoted performance corresponds to the expected €, when
using the per-event mistag probabilities, as it is the case in this analysis.
Another approach would be to use an average mistag rate, calculated from

the sample as:

2

Z‘Fagged VVZ ’

)

t d
Z a88¢ Wi Wl

(w) = (5.12)

This approach would degrade the performance down to 2.40%. Although
this approach is not used in the analysis, it can serve as a cross-check, and

has helped to understand the effect of the tagging performance.
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

5.3 Decay time resolution

The decay time resolution is one of the key elements required to measure the
observables S and C. In Section 5.3.1, the resolution is studied in radiative
simulation samples. A dependency with the decay time ¢ is observed, which
can be taken into account using the per-event decay time uncertainty oy
multiplied by a constant scaling factor. In Section 5.3.2, several resolution
functions are fitted against the simulation samples. When using a per-event
o, a minimum of two Gaussians (with two scaling factors) are required to
correctly reproduce the simulated data. The resolution parameters extracted
in this section are used in the final fit to the data. Section 5.3.3 explains how
the resolution can be controlled using real data, through fake B® — K*0.J/4

candidates and prompt-¢ candidates.

5.3.1 Resolution as a function of the decay time

The decay time resolution of the radiative B? — ¢y and BY — K*%v decays
is shown in Figure 5.7 as a function of the reconstructed decay time, obtained
from the simulated samples. For each bin in ¢, the distribution of the decay
time resolution is fitted to a single Gaussian to obtain a value for the mean
and width.

Both the mean and width of the resolution depend on ¢; the mean ranges
linearly from 0 to 10 fs, while the width take values from 50 to 100 fs, with
a non-linear dependency at low decay times. The resolution is slighly larger
in BY — ¢y than in BY — K*%y, with a difference of 1 fs in mean and 5 fs

in width, but the dependency with ¢ follows the same pattern.

Scaling the decay time uncertainty

A way to take into account the ¢ dependency is to use the per-event decay
time uncertainty o;, which can be expressed in terms of the uncertainties of

the momentum and the decay length:

0= [(Y e (2) 13

where the first term depends directly on the decay time ¢t. However, o, is

usually underestimated due to reconstruction effects and does not represent
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Run 1 simulated events.

the actual resolution of the event, as can be appreciated in Figure 5.8 from

simulated events. Therefore, a scaling factor is needed to correct for it:

Ores. = SO0y,

(5.14)

which is extracted from the radiative simulation samples.

b = e 99
o w o
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Figure 5.8: MC resolution in slices of the decay-time uncertainty. The blue

line corresponds to the x = y case.
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5.3.2 Resolution description

The resolution parameters are obtained from an unbinned maximum likeli-
hood fit to the per-event resolution At = t.eco — tirue Of simulated Bg — O
and B — K*%y decays. Several descriptions of the decay time resolution
are explored, with single or double Gaussian functions, and are detailed in

the following.

Single Gaussian

The per-event decay time resolution can be described by a single Gaussian

function:

1
Ric = G(u, 507) = e~ (At /2], (5.15)

V2T soy

where At = tieco — tirue 18 the true resolution, p is the mean or the resolution
bias, and so; is the scaled per-event uncertainty. There are two free pa-
rameters in the fit: g and s, which are shown in Figure 5.9 from simulated
BY? — ¢y decays. The x? = 10.6 goodness-of-fit indicates that at least two

Gaussians are needed to correctly reproduce the decay time resolution.
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Figure 5.9: Fit to the per-event decay time resolution in simulated B? — ¢y
decays, where the resolution is described as a single Gaussian Rig (Equa-

tion 5.15).
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5.3. Decay time resolution

Double Gaussian

This section analyzes the decay time resolution as a sum of two Gaussian

functions:

Roc =fG1(1, s10¢) +
(1- f)G2(:U“7 590¢),

(5.16)

where f is the fraction of the first Gaussian, and s; and s; are the scaling
factors of the first and second Gaussian. The fits to the simulated BY — ¢~y
and B® — K*%4 decays are presented in Figure 5.10 together with the fitted
parameters: f, p, s; and sy. A significant reduction of the y? test statistic
(3.1 for BY — ¢y, 2.2 for B — K*y) is observed compared to the single
Gaussian case. The resolution parameters of the two radiative decays are
compatible within the statistical precision.

The fit to the per-event resolution is repeated in slices of the recon-
structed decay time, in order to study the dependency of the resolution
parameters with . The individual fits are shown in Figure 5.11. The fitted
parameters, provided in Table 5.3 for simulated BY — ¢y decays, show a
dependency for the mean u(t) whose values range from —0.4 £ 1.7 fs at low
decay times to 9.8 £ 0.9 fs at high decay times. The rest of the parameters,
however, remain compatible within the statistical precision. The x? of the

individual slices stay below 1.3.
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Figure 5.10: Fit to the per-event decay time resolution in simulated (a)

B? — ¢y and (b) B® — K*%y decays. The resolution is defined as a double

Gaussian Ryg.
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Table 5.3: Fit to the per-event decay time resolution in slices of ¢, in sim-

ulated B? — ¢y decays. The resolution is defined as a double Gaussian

Rzg.

Slice in t (ps) f 1 s1 So X
[0.3,0.5] 0.980 £0.015 —-04=+£17 1.10£0.03 291+£0.69 1.0
[0.5,0.6] 0.988 £0.007 0.3+1.0 1.11£0.02 3.29+£0.63 0.8
[0.6,0.75] 0.988 £0.008 2.3£0.7 1.11+£0.02 279+0.35 0.8
[0.75,1.0] 0.978 £0.007 2.8£0.5 1.11+0.01  255£0.22 0.7
[1.0,1.5] 0.987+£0.003 3.8+04 1.13+0.01 297+£024 1.1
[1.5,2.1] 0.970 £0.007 44+04 1.12+£0.01 251+£0.15 1.1
[2.1,3.1] 0.970 £0.006 52+£04 1.14+0.01 261£0.14 1.3
(3.1, 5.0] 0.970 £0.003 5.2+£0.5 1.18+£0.01 3.38£0.27 1.3
[5.0,7.0] 0.980 £0.008 9.8+0.9 1.25+0.02 3.45£049 0.8
[7.0,10.0] 0.893 £0.0561 95+£1.7 1.17£0.04 227+£0.27 0.8
[0.3,10.0] 0978 £0.002 45+£0.2 1.1444£0.003 2.79+£0.08 3.1
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5.3. Decay time resolution

Double Gaussian, scaling the resolution mean

The dependency of the resolution bias with the reconstructed decay time
p(t), observed in Table 5.3, can be taken into account by scaling the mean
with the decay time uncertainty o;, in the same way as it is done for the
width. The suitability of this approach is tested in simulated B? — ¢y
decays. Figure 5.12 (a) shows the fit of the per-event resolution using a

linear dependency with the uncertainty:

(o) = su01, (5.17)

while Figure 5.12 (b) does the same with a quadratic dependency:
Hlo?) = 5,07 (5.18)

The Y2 of the fits is reduced to 2.0, for a linear dependency, and to 1.5,
for a quadratic dependency. The improvement in the residual distribution is
subtle but can be appreciated.

However, these configurations double the computational time required to
perform the final fit for the measurement. In addition, it is observed that
the effect of the p scaling on the observables S and C is very small, of the
order of 0.01, so this contribution is added into the systematic uncertainty
and the final fit is implemented using a double Gaussian without u scaling,

Rog.

Crystal Ball, without per-event oy

The resolution can be described without using the per-event decay time
uncertainty oy, involving a double-tailed Crystal Ball distribution [137-139]
with a mean and width that depend on t:

AL (B[/—t_—'u)inL7 for tTTu S —Qj,

o

CB(t) = { exp (_%) , for —ay <=2 < ap (5.19)
Ag (BR + tTT”)_nR , for thu > QR

where ap p > 0, AL,R and BL,R are:

NG 2
= (2) ()
i (5.20)
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Figure 5.12: Fit to the per-event decay time resolution in simulated BY —
¢y decays, where the resolution is described as a double Gaussian where the
mean is scaled by (a) a linear dependency o; and (b) a quadratic dependency

2
o;.
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5.3. Decay time resolution

and the parameters u(t) and o(t) depend on the decay time:

p(t) = po + s t,

o(t) =oot?.

(5.21)

Therefore, a total of eigth parameters are needed to characterize the time-
dependent resolution: (uo, s, 00, 0p, @, ag,nr,ng). The p(t) and o(t) pa-
rameters are the mean and width of the Gaussian distribution defined be-
tween —ay and apg. It has been checked that the rest of the Crystal Ball
parameters do not vary with the decay time. Figure 5.13 shows the resulting
parameters of the the Crystal Ball for simulated B? — ¢ and B° — K*0
decays, in an unbinned maximum likelihood fit to the per-event resolution
At = treco — tirue. A slightly smaller oy parameter is obtained for B® — K*0y
compared to B — ¢y, Acy = —1.5 + 0.4, as expected from the average
decay time resolution plots (see Figure 5.7). The rest of the parameters are
compatible within statistical uncertainties between the two channels.

Due to the complexity of the function, the convolution of this resolution
with the decay rate cannot be performed analytically. The RooFit framework
has two ways of dealing with numerical convolutions: RooNumConvPdf and
RooFFTConvPdf; the former is a brute force numerical convolution, while the
latter makes use of the fast Fourier transform (FFT) theorem to speed up the
convolution processing time. However, the FFT technique requires that the
resolution parameters do not depend on the convolution variable, a condition
that is not fulfilled in our case, as shown in Equation 5.21. On the other
hand, the pure numerical convolution presents some instabilities that were
observed in the minimization steps, in addition to the unmanageable large
processing times. For these reasons, this method has not been considered for

the measurement.

5.3.3 Control of the resolution with real data

To control the potential differences between data and simulation in the de-
scription of the decay time resolution, two data-driven studies are performed
using (1) B® — J/¥(— utp~)K*® decays in which the two muons are re-
constructed emulating a photon, and (2) ¢ candidates produced in the pp

collision vertices.
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Figure 5.13: Fit to the per-event decay time resolution At = treco — tirue
described as a time-dependent double-tailed Crystal Ball, obtained from the
simulation samples of (a) BY — ¢y and (b) B® — K*%y decays.
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5.3. Decay time resolution

Data-simulation differences in fake B? — J/¥ K* decays

The large number of B — J/¥(— puTu~) K*(— K*t7~) candidates recon-
structed at LHCb, together with a background-clean mass spectrum (Fig-
ure 5.14), makes it an excellent control channel to study the decay time
resolution. However, its topology is different as compared to radiative de-
cays: there are two muons in the final state J/¥ — pu™p~ instead of a
photon, and therefore the vertex is reconstructed from four particles instead
of only two. In order to use B® — J/W K* decays to control the decay
time resolution in radiative decays, the contribution of the muons to the
decay vertex reconstruction is ignored. This behaviour can be implemented
in the decay time reconstruction algorithm by setting the vertex covariance
matrix of the muons to infinity, so in practice they do not contribute to
the vertex fitting. KEvents reconstructed in this way are called fake, since
the photon is emulated or faked, while B — J/W¥ K* events including the
muons in the vertex reconstruction are called full, since the full covariance

matrix contributes to the vertex fitting.

%}20000 z_ T T T E _%} 18000 ;_ T T E
ngOOO ;— = glGOOO ;— =
O16000F = O14000F 3
14000F- = 12000F- 3
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Reconstructed B mass (MeV/c?) Reconstructed B mass (MeV/c?)

(a) Full-reconstructed (b) Fake-reconstructed

Figure 5.14: The reconstructed B mass of the full and fake B® — J/WK*
decays in 201142012 data, after the event selection.

Event selection. For this study, B® — J/¥ K* candidates are recon-
structed with the same stripping as radiative channels, and the offline se-

lection of B® — K*%y (see Section 3.3) is applied except for the photon
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

requirements. The resulting distribution of the reconstructed B mass is
shown in Figure 5.14, which is less affected by background contaminations.
The final candidates are selected from a mass window 5250 < mp < 5310
MeV/c?, since the mass resolution is better than for radiative decays. A

total of 79258 (80235) full (fake) candidates are selected.

Average resolution in simulation. In simulation samples, the decay
time resolution can be obtained by means of the t..co — tirue distribution, as
explained in Section 5.3. Figure 5.15 compares the mean and RMS of the
decay time resolution of the fake-reconstructed and the full-reconstructed
BY — J/WK* candidates. As it can be observed from the plots, the de-
cay time resolution is wider in the fake samples (from 60 fs~! to 120 fs™!
depending on the decay time) than in the full samples (from 40 fs~! to 50
fs7!). The bias on the resolution, represented by the mean, increases to
about 5 fs~! in the fake sample, whereas it remains unbiased in the full
sample. Comparing the figures of the fake samples to the average decay
time resolution of B? — ¢y and B® — K*’y simulated decays in Figure 5.7,
the resolution width is larger and grows more rapidly with the decay time,

while the resolution mean is compatible.
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Figure 5.15: Resolution mean and RMS of the fake- and full-reconstructed
BY — J/WK* decays, from 201142012 simulation.
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Figure 5.16: Mean and RMS of the tte — tra distribution of B — J/WK*
decays on data and simulation, in the 201142012 period.

Fake-Full: comparing data and simulation. The decay time resolution
of the data and simulated B — J/WK* samples can be compared by us-
ing the fake and full samples together. Since the fake and full samples are
different reconstructions of the same events, their decay time can be com-
pared event-by-event to construct the variable tgye — tra, in both data and
simulation.

Figure 5.16 compares the mean and RMS of the tye — tey distribution
in data and simulation. The mean of such distribution is compatible within
statistics, whereas the RMS is about 5 fs~' (10 fs~' for t < 1 ps ) larger
in data than in simulation. The time dependence of the RMS distribution,
shown in Figure 5.16 (b), is comparable to the decay time resolution of the

radiative channels, previously shown in Figure 5.7.

Data-simulation differences in prompt-¢ events

An alternative way to control the decay time resolution in data involves
fragmentation ¢ mesons (also called prompt-¢), produced in the pp collision
vertices. These ¢ mesons can be reconstructed together with a random
photon in the event to emulate an artificial B meson. By reconstructing the
decay time of the B? in data and simulation samples, the possible differences

on the decay time resolution can be estimated.
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Event selection. In data, prompt ¢ — KTK~ decays can be selected
by using the stripping21 line StrippingSbarSCorrelationsPhilLine, which de-
mands two kaons with x% < 49 coming from the same vertex, along with
strong kinematical (px > 5000 MeV/c) and particle identification require-
ments. The ¢ meson is combined with a random photon in the event with
pr~ > 3000 MeV/c to reconstruct the BY candidate, requiring a minimal
compatiblity with a primary vertex X%P, g < 15. In addition, the kinematical
distribution of the random photon is reweighted to match the distribution
of radiative channels. To select only real ¢ particles, a background subtrac-
tion procedure is applied using the reconstructed ¢ mass as the discriminant

variable, as displayed in Figure 5.17.
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Figure 5.17: Reconstructed mass of prompt-¢ candidates in Run 1 data.

The signal (red) and the combinatorial background (green) are shown.

The same selection is applied to reconstruct prompt-¢ simulated events,
in samples in which the full pp collision is simulated without any additional
requirement. These are called minimum bias Monte Carlo samples, and
are provided by the LHCDb collaboration. A total of 2.5k (7.4k) prompt-¢

candidates are reconstructed in data (minimum bias MC).

Average resolution. Figure 5.18 shows the decay time resolution of B? —
¢y decays reconstructed with a prompt-¢ and a random photon, in data
and simulation, compared also to the resolution of signal B? — ¢v decays

in simulation. Table 5.4 compares the resolution width of the mentioned
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5.3. Decay time resolution

samples, where all of them are compatible. The data-MC resolution agrees
within —1 +5 fs, and is compatible with the fake-full B® — J/¥K* study

and the radiative decays.

Table 5.4: Decay time resolution for B? — ¢ decays reconstructed with a
prompt-¢ and a random photon, in data and simulation, compared to the

resolution in signal BY — ¢ decays in simulation.

Sample Decay time resolution
Prompt-¢ data 74+5 fs
Prompt-¢ simulation 75+ 2 fs
BY? — ¢ simulation 74.8£04 fs
0.18—————————————————————]
0.16 Entries 5501
Mean 0.009827
0.14 Std Dev_ 0.1259

-0.5 “ 0 .5
I:rec'ttrue (ps)

Figure 5.18: Decay time resolution for B? — ¢~ decays reconstructed with
a prompt-¢ and a random photon. The curves correspond to Run 1 data
(black), minimum bias Monte Carlo (blue), and signal BY — ¢y decays in

simulation (red).
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5.4 Fit strategy

A weighted unbinned maximum likelihood fit is performed to the decay time
distribution, using the sFit approach (see Section 4.3.2), as explained in the
following. The code of the analysis, available in reference [140], is imple-
mented using the RooFit framework [102] with its internal implementation

of the MINUIT [103] package to handle the minimization.

5.4.1 Full PDF description

The time-dependent decay rate is formally described by the following PDF:
F(t7 Q7w70-t) = F(t’ q|w) Ut) ’ F(W) ’ F(Ut)' (522)

However, F(w) and F(o;) are implicitly taken into account since the mistag
probability and the decay time uncertainty are considered as per-event ob-

servables. On the other hand, the conditional PDF is described by:

F(t,qlw,00) = T(t', qlw) ® Ral(t,t']oy)
_ {e—Fs t [cosh (AT, ¢ /2) — A sinh (AT, £ /2)
+q(1—2w)Ceos (Amyt') — q (1 — 2w) Ssin (Am, t/)} }

® {A(ti) R(t,t/|at)} .
(5.23)

The physical decay rate is convoluted by an acceptance-resolution function
Ru(t,t'|o;) that includes acceptance effects. The resolution R(t,t |o;) is de-
scribed by a double Gaussian with constant mean and a scaled per-event o,
(see Section 5.3), while the acceptance A(t;) is binned in the reconstructed
decay time. The flavour tagging decision of the event, ¢ = {—1,0,1} for
{BY untagged, B®}, affects the cosinus and sinus terms of the decay rate,

which are also diluted by the per-event mistag probability (1 — 2w).
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5.4. Fit strategy

Conditional observables

Three of the parameters (¢,w and ;) are treated as per-event observables
in the fit, taking the value that each event provides. A conditional PDF is

related to a two-dimensional PDF as:

P(z,y) = P(z|y)P(y), (5.24)

where P(x|y) is the PDF of z given a constant y. The PDF of y is given
implicitly when the observables are taken per-event.

The normalization of a conditional-PDF is different than the normaliza-
tion of a 2D-PDF, a fact that is relevant for the fit minimization. Given a
standard 2D-PDF, P(x,y), the likelihood function is normalized by a com-

mon factor for all the n events:

o A Plrey) (5.25)

<fx fy P(x, y)d%dy)n

However, in a conditional-PDF, P(x|y), each event has a different normal-

ization factor since the y; per-event observable changes the evaluation of the

function:
x )

L= H TP x 5 — (5.26)

A parameter is treated as a conditional observable in RooFit by activating

the option ConditionalObservables(...) in the fitTo routine. This option

tells RooFit to normalize the PDF as in Equation 5.26 for the variables

included inside the parenthesis (...). The computational time spent in the

unbinned fit minimization grows as a consequence of the inclusion of the

per-event observables, since the normalization integrals have to be computed

for each event as shown in Equation 5.26.
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5.4.2 The acceptance-resolution function

Normalization integrals

The normalization integrals for a full PDF defined with a generic acceptance

function,

F(t) = [r(t’) @R(t,t’)} A1), (5.27)

would give:
g / Flt) dt — / [ / F(t/)R(t,t')dt/} A(t) dt, (5.28)

an integral that has no analytical solution in the general case. The analytical
integration can be implemented by binning the acceptance function, so that

the acceptance integral becomes a sum, and it can be reorganized [141]:

/F(t) dt — /r(t’) {Z A(@/R(t,t’)dt} dt
= /F(t’) {/RA(t,t’)dt} dt'.

The initial PDF F(t) can be interpreted as a decay rate I'(f') convoluted by

(5.29)

an acceptance-resolution function R4(t,t):
F(t) =T()® Ra(t.) =T({) ® [AW) REO|. (5:30)

where the normalization integrals can have an analytical solution, speeding
up the fit computational time by two orders of magnitude and improving

the robustness of the minimization procedure.

Binning of the acceptance function

A total of 100 bins are used for the acceptance function binning, with
a higher granularity at low decay times where the function changes more

rapidly, as follows:

. n](ol) = 50 in the range [0.3,2] ps, with a bin width At = 0.034 ps.

. n,(fizls = 30 in the range [2,5] ps, with a bin width At = 0.1 ps.
. n](;’) = 20 in the range [5,10] ps, with a bin width At = 0.25 ps.

ns
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5.4.3 Technical implementation

The convolution of the physical rate with the acceptance-resolution is per-
formed by the RooBDecay class included in the RooFit framework, which im-
plements a general decay rate function with the four trigonometrical terms

of Equation 5.23:

foe T tcosh (AT t/2),

fre Vtsinh (AT ¢/2),

b a2 .
fae " teos (Amt),

fae Ttsin (Amt),
where the coefficients f;, the parameters I', AI' and Am, and a resolution

function are the inputs of the class. The information of the mixing-induced

observables is encoded in the coeflicients:

fo=1,
fi=—A%, (5.32)
f2ZQ(1_2w)C’ .

fs==q(1-2w)S.

The resolution function can be any class inheriting from RooResolutionModel,
where the analytical convolution with the four terms of Equation 5.31 has
to be implemented. If there is no analytical convolution defined in the class
methods, then it is performed numerically.

The resolution model, RooEffResModel, represents the acceptance-resolution
Ra(t, t, o). This class takes as input a RooResolutionModel and an efficiency
function; the resolution is a RooAddModel that sums two RooGaussianModel
instances (see Section 5.3), while the efficiency function is a RooBinnedPdf
representing a binned version of the acceptance function. These classes have
been imported from the source code repositories of the B — DX [142, 143]
and B — J/¢X [144] analyses, and their implementation is similar as it
is explained in references [141, 145]. The RooEffResModel implements the
analytical convolution of the RooBDecay terms (Equation 5.31) with any res-
olution model multiplied by a constant efficiency [146].

Finally, the fit is performed simultaneously to the B? — ¢ and B° —
K*%y samples using a RooSimultaneous PDF, where B° — K*%4 help to
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constrain the acceptance function in the same way as it was explained in
Chapter 4. The BY — K*Yy PDF is described with an average resolution

since it does not affect the shape of the acceptance function.

5.4.4 Validation of the fit

Validation with full-simulation samples

The fit strategy is validated using the full-simulation samples of radiative
decays: B? — ¢y and B® — K*Yy. A simultaneous fit is performed to
these two samples, using the same strategy as in data, changing only the
calibration of the flavour taggers. Table 5.5 shows the result of the fit. The
three observables are compatible with zero, which are the generated values

in this sample.

Table 5.5: Result of the fit to the simulation samples.

Parameter Value
A8 0.031 4+ 0.047
S 0.022 4 0.019
C 0.008 +0.019

b (acceptance) 0.739 &+ 0.003
¢ (acceptance) 0.049 4 0.004

Validation with toy Monte Carlo experiments

The fit strategy is tested with toy Monte Carlo experiments. Each experi-
ment is generated with Npo_,4, = 5300 events and the decay time acceptance
used in the nominal fit, in the scenario A®* = S = C = 0.5, where only the
BY — ¢~ distribution is generated and fitted. The rest of the observables
(mistag probability, decay time resolution) are taken randomly from the data
sample. Figure 5.19 shows the dispersion of the fitted values and the pull dis-
tribution for each of the three observables. All the dispersion distributions
are compatible with the generated value, 0.5, while the pull distributions
present no biases (@ compatible with zero) and a correctly evaluated uncer-

tainty (o compatible with one), within their statistical precision.
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Figure 5.19: Simulated experiments generated with A* = S = C = 0.5,
performed with the fit strategy of the tagged analysis. The dispersion of
the observables A® (a), S (b), and C (c), is shown at the left-hand side of
the figure, while the pull distributions are shown at the right-hand side. A

Gaussian fit is superimposed.
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5.5 Sensitivity studies

This section studies the effect of the different physical and reconstruc-
tion quantities to the uncertainties and central values of the observables
{A%,C, 8}, with the help of toy Monte Carlo techniques.

To perform the toys, the total number of events was set to the expected
Run 1 yield for B? — ¢v, Nrun1 = 5300, the mistag rate was taken to
be w ~ 0.41, and the decay time resolution was modelled by a Gaussian
function with constant width o,. =~ 70 fs for all the events. These values
correspond to the expected average mistag fraction (w) and an effective reso-
lution width for the whole sample. The generated values for the parameters
were chosen to be A* = S = C = 0.5, to have enough sensitivity to the
different effects. Note that for other central values the sensitivity effects can

be rather different.

5.5.1 Effect introduced by A%, S and C

In this section, the dependency of the uncertainties {0 4a,0¢, 05} with the
central value of the observables {A%,C,S} is studied, motivated by the
strong dependence between A® and its uncertainty found in the untagged
analysis, as detailed in Section 4.4.

Several hundred pseudoexperiments are generated, with the three observ-
ables ranging from —1 to 1. The rest of the inputs (w, ;) are identical to
the values of the previous section. The results are shown in Figure 5.20. A
clear dependency is found between the three uncertainties and the A2 value,
although it is more pronounced in the case of o 4a. On the other hand, the

three uncertainties are not affected by the central values of S and C.
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Figure 5.20: The uncertainty of the observables {0 4a,0¢,0s} as a function

of their central values {A%,C,S}, in the A =8 = C = 0.5 scenario.

151



Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

5.5.2 Effect introduced by the mistag rate and the

decay time resolution

The dilution factor D = (1—2w) introduced by the flavour tagging algorithms
in the probability density function (Equation 5.23) degrades the sensitivity
to the § and C parameters, by reducing the amplitude of the cos (Amyt)
and sin (Amst) terms. The decay time resolution also degrades the S and
C sensitivity; the cosinus and sinus are highly oscillating terms, thus the

migration of events affects the amplitude of the oscillation.

The dilution in the oscillation amplitude introduced after each recon-
struction effect (mistag rate, acceptance and resolution) can be appreciated
in Figure 5.21, for a tagged B particle (¢ = 1) in the case § = C ~ 0.5.
The sinus and cosinus terms of the physical decay rate (Equation 5.23) pro-
duce a highly oscillating distribution, represented as the red curve. The
mistag rate introduces a dilution of the amplitude, decreasing the sensitivity

to the observables. After the acceptance effects produced by the selection,

Reconstruction Effects
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= 0081 _ Truel ()
[ o B,
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0.05 [ n

+ Resolution (gaussian)
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Figure 5.21: Generated decay time distribution after each reconstruction
effect, for the B? — ¢y decay with an initial B? particle, for the case & =
C ~ 0.5. The red pattern is the physical decay rate (from Equation 5.23).
The mistag, acceptance and resolution effects are added one-by-one, and are

represented by the blue, green and black curves, respectively.
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5.5. Sensitivity studies

the resolution (black curve) reduces further the amplitude. Thus, both the
mistag rate and the resolution degrade the sensitivity of S and C, while the

acceptance affects mostly the A® parameter.

Effect in the uncertainties

In this section, a set of toy Monte Carlo experiments are produced to study
the effect of the mistag rate and decay time resolution on the statistical
uncertainties oc and og. The pseudoexperiments are generated fixing the
central values to o 4a = 05 = 0¢ = 0.5, the mistag rate to w = 0.41, and the
decay time resolution width to o, = 70 fs, described by a single Gaussian.

The pseudoexperiments are repeated modifying the value of w or o; in
both generation and fitting PDFs, maintaining fixed the other variable. The
results are shown in Figure 5.22. As expected, the & and C uncertainties
improve with a lower mistag fraction and a narrower resolution, while 4%
remains insensitive to these two factors. For the case in which w = 0.41
and o, = 70 fs, the uncertainties of the three observables are found to be
comparable:

O4a ~ 05~ o ~0.2. (5.33)

Note that this uncertainty corresponds to the signal contribution, and does

not include the contribution from the background subtraction procedure.
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Figure 5.22: The uncertainties of the observables as a function of the (a)
mistag fraction and (b) decay time resolution width, for the A* =S =C =
0.5 scenario. The dotted blue line corresponds to the value used to produce

the other plot.
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

Effect in the central values

Another set of toy Monte Carlo experiments is conducted to assess the
possible biasing effects when making a mistake on the determination of the
mistag fraction w or the resolution parameters p; and o;. A scanning is
performed in the three variables, but this time only the PDF of generation
is modified, fixing the PDF of fitting to w = 0.41, y, =5 fs and o, = 70 fs.
The results are shown in Figure 5.23. The o¢ and os uncertainties are
sensitive to the three variables (w, y; and o), while 042 remains insensitive
to all of them. In the A® = S = C = 0.5 scenario, a mistake on 1 fs
in the determination of the resolution mean or width modifies the value of
the parameters by 0.01 (in absolute value), while a mistake of Aw = 0.01
modifies by 0.05 the observables.
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Figure 5.23: The bias in the observables produced by (a) the mistag fraction
w, (b) the decay time resolution width o; and (c) the decay time resolution
mean ;. The unbiased case is marked by a dotted line for the A = S =

C = 0.5 scenario.
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5.6. Systematic uncertainties

5.6 Systematic uncertainties

The summary of the relevant systematic contributions is presented in Ta-

ble 5.6, where the systematics of the three observables, A®, S and C, are

quoted. The following paragraphs detail the calculation of each contribution

in depth.

Table 5.6: Summary of the systematic uncertainties in the tagged analysis

of BY — ¢y decays with Run 1 data.

Systematic source o(A%)  o(S)  o(0)

(T, AT) 0.067 0 0
External

[y 0.040 0 0
measurements

Amy 0 0.008  0.013

Acceptance: MC limited statistics  0.067 0 0

Acceptance: modelling 0.028 0 0
Decay time Resolution: MC limited statistics 0 0.001  0.002

Resolution: modelling 0 0.034  0.026
Mistag OS tagger calibration 0 0.010  0.010
probability SS tagger calibration 0 0.049  0.031

Mass modelling: signal <0.01 <0.01 <0.01

Mass modelling: combinatorial 0.034 <0.01 <0.01
Background

Mass modelling: partial 0.093  0.010 0.020
subtraction

Peaking backgrounds 0.036  0.018  0.030

Mass-time correlation 0.110 < 0.01 <0.01

Oext. 0.078  0.008  0.013
Total

Osyst. 0.170  0.064  0.055
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

5.6.1 External measurements

Among the input parameters from the HFLAV world-average measurements,
listed in Table 4.4, Am, = 17.757 4 0.021 ps~! [39] is the only one affecting
the measurement of C and S, since it appears inside the trigonometrical
terms cos (Amgt) and sin (Amgt) of the time-dependent decay rate.

The systematic uncertainty introduced by Am, is obtained from a Gaussian-
constrained maximum likelihood fit, as it was done in the untagged A® mea-
surement for the systematic contribution of external measurements (Chap-

ter 4). The os and o¢ uncertainties with and without the Gaussian-constrained

. 2 2 . . .
fit are subtracted in quadrature \/o2., — 02, ..., Obtaining:

et (S) = 0.008,
ext.(C) = 0.013,

(5.34)

which corresponds to the total external measurements contribution.

5.6.2 Flavour tagging calibration

The flavour tagging algorithms introduce a systematic effect through the
uncertainty of the parameters used to calibrate the mistag probability. To
estimate the effect of the calibration parameters py and p;, they are inserted
as Gaussian-constraints in the fit. A contribution of o = o5 = 0.01 is
obtained for the OS tagger, while o5 = 0.049 and o¢ = 0.031 are found for
the SS tagger. These numbers are obtained considering that all the events of
the sample are either OS- or SS-tagged, so they represent an overestimation

of the real systematic effect, which would be situated between the two.

5.6.3 Decay time acceptance

The definition of the decay time acceptance in the tagged analysis is different
than the untagged acceptance, where it was not binned. The effect of the
binning has been tested by increasing the number of bins one order of magni-
tude. The difference, 0.02 for A%, is the additional systematic contribution.
The observables & and C remain immune to the acceptance effects, hence

they are not affected by the limited statistics of the Monte Carlo simulation.
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5.6. Systematic uncertainties

5.6.4 Decay time resolution

The systematic contribution of the decay time resolution has been splitted

into several sources:

e The limited statistics of the full-simulation could induce an uncertainty
in the resolution parameters extracted from simulation, in particular
the width scaling of the double Gaussian. It has been estimated from

a Gaussian-constrained fit, obtaining a residual difference of < 0.01.

e As it has been discussed in Section 5.3, the mean of the double Gaus-
sian depends on the decay time, u(t), although in the nominal fit it
is considered to be constant. The fit is repeated using the full decay-
time dependency, obtaining a difference of 0.02 and 0.01 in § and C,

respectively.

e The description of the resolution may be different in the 2011 and 2012
periods. The fit is repeated separating the samples of the two years,
using a different width scaling. The increase in uncertainty, of 0.028

and 0.024 for § and C, is taken as the systematic uncertainty.

The modelling of the resolution, as quoted in the summary Table 5.6, in-

cludes these last two sources.

5.6.5 Background subtraction

The systematic uncertainties of the background subtraction are obtained in
the same way as in the untagged analysis, Section 4.5. This contribution,
which is one of the main systematic sources in the measurement of the un-
tagged observable A%, becomes a residual source in the measurement of the
tagged observables S and C. This is a consequence of the background affect-
ing the whole decay time distribution, but not the rapid oscillations. The
peakings are the main source of background systematics for the tagged ob-
servables, representing 0.018 and 0.030 for & and C, respectively. The partial
are a secondary source, representing only about 0.01 and 0.02, respectively.
The rest of the backgrounds, and the mass-time correlation, do not affect

the value of these observables.
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5.7 Results

The results are presented in Table 5.7, where the three observables are quoted

together with the parameters of the acceptance for the control channel.

Table 5.7: Results of the tagged analysis, in a simultaneous fit to B? — ¢~y

and B? — K*'. The acceptance values correspond to Ao,

Parameter Value
A2 —0.55140:3%
S 0.441 £ 0.252
C 0.122 +0.238

b (ps)  0.816+0.015
c (ps7')  0.0704+0.011

Figure 5.24 shows the fit projected into each one of the categories: par-
ticle, antiparticle and untagged for BY — ¢v, and the control channel which
corresponds to BY — K*%y. The pull distributions below the plots do not
show any particular pattern. Considering the systematic uncertainties, the

results are:
AZ, = —0.551 0330 (stat.) & 0.170(syst.) = 0.067(ext.),
Spy = 0.441 £ 0.252(stat.) &= 0.064(syst.) == 0.008(ext.), (5.35)
Cyy = 0.122 4 0.238(stat.) = 0.055(syst.) £ 0.013(ext.),
where the statistical contribution of the background subtraction is calculated
to be 0.15 in the S and C observables, and the control channel do not modify

their uncertainty. At this point, the measurement is completely dominated

by the statistical uncertainty.
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Figure 5.24: Simultaneous fit to the data samples of B? — ¢y and B —
K*%v decays, with the tagged analysis. The plots are separated by categories:
(a) tagged B? — ¢y decays, (b) tagged B? — ¢y decays, (c) untagged
BY — ¢ decays, and (d) B® — K*%y decays. The best estimation and the

SM prediction curves are superimposed over the data points.
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

The list of all the Scp and Ccp measurements sensitive to the b — sv
transition was shown in Section 1.5.2, when discussing the experimental sta-
tus. Figure 5.25 extends the list with the current results, with the difference
that this is the first measurement from a B? meson. The uncertainties of
the current measurement are competitive to the measurements performed by

the B-factories.
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Y CP Y CP
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Figure 5.25: Summary of the Scp and Ccp measurements in b — sy tran-
sitions, adding the current measurement. Decays from B° mesons are shown

in blue.
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5.8 Constraints on new physics

The implications of the current measurements on new physics constraints
can be presented in a common framework together with other radiative de-
cay measurements. The effective weak Hamiltonian theory, introduced in
Section 5.8.1, is a theoretical tool to study the phenomenology of flavour
processes. Radiative decays are sensitive to the C; and C; Wilson coeffi-
cients. The constraints on these coefficients are shown in Section 5.8.2, for
the current measurement alone and for all the radiative decay measurements

together.

5.8.1 Effective weak Hamiltonian

The phenomenology of rare B decays involving flavour-changing hadron tran-
sitions can be studied using the effective weak Hamiltonian formalism, where

the scattering matrix S can be expanded in terms of local operators O:

(F|iS|I) _4—20 (F| Oi(p) 1) + . .. (5.36)

In the case of b — sy transitions, the Hamiltonian can be written as [147—

149):

Har = =220 Y (Co00i() + CL0w)) . (537

V2 I

where G is the Fermi constant, V;; are the C'KM matrix elements, the
operators O;(u) represent the effective structure of the interaction, and the
Wilson coefficients C;(u) are the effective coupling constants for a given
energy scale p. In the b — s transition, the physical process occurs at
energies of the order of the b-quark pole mass, m, = 4.78 + 0.06 GeV [20],
so the scale is usually chosen to be u, = 4.8 GeV. O;_g are the four-quark
operators, while O; and Qg are the electromagnetic and chromomagnetic
dipole operators. New physics effects are expected to show more clearly in
the latter two, since the other operators receive SM contributions at tree
level.

The formalism arises from an operator product expansion (OPE) [150] in
the local operators, renormalized at a given scale p which sets the thresh-

old between the short- and long-distance regimes [151-153]. The operators
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Chapter 5. Measurement of Sy, and Cy, in BY — ¢y decays

O;(p) contain the physics contributions from scales below p, corresponding
to the non-perturbative part, while the Wilson coeflicients C;(u) receive the
contribution from scales above p, which can be calculated with perturbative
techniques. Consequently, C(u) is affected by processes mediated by the
weak bosons W* and Z°, the t-quark, and new heavy particles, as well as
short-distance QCD effects. Physics beyond the SM could change the value
of the Wilson coefficients due to the contribution of new heavy particles, but
also introduce new operator structures not covered by the SM.

The electromagnetic operators have the following structure:
e
1672

€ = v
7= @mb (SUMVPLZ?) FU s

(97 my (§UMVPRb) F’ull,

(5.38)

where Pr = (14+75)/2 are the chiral projection operators. Primed operators
have the chirality flipped, with vanishing coefficients for O;_¢ and suppressed
coefficients for O;_g. The primed Wilson coefficient C;, is supressed by the
ratio of the light over the heavy quark masses:

ms

CSM = 20V ~ .02 CSM. (5.39)

mpy

The b — s7 transition is sensitive to the O; (O;) electromagnetic opera-
tors, related to the 5,0,,bp (5r0,,b1) structures. Due to angular momentum
conservation, the emitted photon will be left-handed (right-handed). Since
the W boson couples exclusively to left-handed quarks, a chirality flip is
needed in one of the quarks of the mentioned transition, introduced by the
mass operators: bg — by, will happen with a strength m,, (and sp — s, with
a strength mg). Therefore, the fraction of helicity amplitudes is given by

AR mg

AL my

Y

and the photon emitted in the b — s transition is predominantly left-handed

(right-handed in the b — 3y transition and the B? — ¢y decay).

5.8.2 Constraints on the C;-C; Wilson coefficients

The studies presented in this section are performed with flavio [154], a
Python package for flavour physics phenomenology, which in turn uses the
wilson [155] package to calculate the constraints on the Wilson coefficients.

The study adopts a similar strategy as in reference [156].
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5.8. Constraints on new physics

The constraints of the current measurement on the Wilson coefficient

C-NP are shown in Figure 5.26, where the Standard Model contribution has

been subtracted, C;NP = €7 — C7M. The observables ‘Aﬁv and Sy, constrain

the real and imaginary parts of the coefficients, respectively:

8¢’y ~

A 2Re (e”"ﬁs 070;)

¢y — |C7|2 + 0’17 2 )

2Im (e~ C+C7)
Ca + |c |

(5.40)

complementing each other in the complex plane. The plot shows the lo

contours for the individual constraints, and the 1o and 20 contours for the

combination.

The 2D combination constraint is compatible with the SM

within 1.80, with the best point being {Re C;~F, Im C;NF} = {0.14, —0.10}.
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Figure 5.26: Constraints on the C:N* complex plane, from the measurement

of Aﬁv and Sy,. The 1o and 20 contours are shown for the combination, in

brown.

The constraints from all the radiative decay measurements, including the

current analysis, are shown in Figure 5.27. The plot includes the following

measurements:
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Figure 5.27: Constraints on the C’;NP complex plane, from all the radiative

decay measurements.

o Sg0, makes reference to the analysis of the time-dependent C'P asym-
metry in B® — K*°(— K%"Y)y decays. The red band correspond to
the combination of the Belle [53] and BaBar [52] measurements, which

1S sensitive to:

21Im (e~ C7C})
Ca P + |

Since the mixing angle of B? decays is sizeable, ¢4 ~ 43°, the resulting

~

K*O,Y —

(5.41)

constraint band is diagonally shaped.

e The branching ratios constraint, in purple, includes the inclusive B(B —
XV)E >16 cev, and the exclusive B(Bt — K**v), B(B? — ¢v) and
B(BY — K*%v) branching ratios. They are sensitive to the total ampli-
tude:

B(B = X.) o |C5* + |52, (5.42)

hence the projected constraint band in the C’; complex plane is circu-

larly shaped.

e The angular analysis of B® — K*%eTe™ decays at ¢* = 0, performed by

LHCD [46], can access to the transverse asymmetries sensitive to the
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real and imaginary parts:

2Re (CLC*
AP (= 0) = 2(—772

2Tm (C;C* .
AITm(q2_>O): 2( z Tz

|G| + |7

The 2D combination constraint is compatible with the SM within 0.80. The
measurement of A% and Sy, displaces the best point towards the NP region,

with the values being:

{Re NP Ty C;NP} — {0.011,-0.004} (without A2 and ),
/ , (5.44)

{Re CINP Ty C7NP} — {0.021,-0.024} (with A2 and S,,).
For completeness, the constraints on the real parts of CNY and C;NP is
shown in Figure 5.28, for all the radiative decay measurements. The real
part of CNP is basically constrained by the branching ratio measurements,

in agreement with the SM prediction.
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Figure 5.28: Constraints on the real parts Re(CNT) and Re(C;NP), from all

the radiative decay measurements.
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Conclusion

The mixing-induced and CP-violating observables AdAw’ S4y and Cyy are
measured for the first time, from a fit to the time-dependent decay rate
of B — ¢y decays. The measurement is performed with an integrated
luminosity of 3 fb~! recorded by the LHCb in pp collisions, at centre-of-mass
energies of /s = 7 TeV in 2011 and /s = 8 TeV in 2012. Two analyses
are presented, with (tagged) and without (untagged) identifying the flavour
of the initial meson. The selection of candidates is common for the two
analyses, and is optimized to maximize the signal significance, obtaining a
total of 5266 + 104 reconstructed BY — ¢ candidates. The flavour-specific
B? — K*%4 decay, with a yield about six times larger, is used as a control
channel.

The untagged analysis performed for this thesis led to the first measure-
ment of Aﬁv = —0.987025 023 reported in [59], corresponding to the first
measurement of an observable sensitive to the photon polarization in a BY
decay. Compared to the published result, the reconstruction and selection
of candidates is further improved, increasing the total yield by about 20%.

The obtained result is:

AZ = —0.555 10830 (stat.) & 0.170(syst.) & 0.078(ext.),

where the first uncertainty is statistical, the second is systematic, and the
third is the contribution from external measurements. The value is compat-
ible with the Standard Model prediction, AQ?A;SM = (0.045 £ 0.029, within 1.5

standard deviations.
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Chapter 6. Conclusion

The observables S, and C4, are measured in an analysis where the
flavour tagging information is used for the first time in a radiative decay at
LHCDb, with an effective tagging performance of 4.58+0.13%. The observable
Sy is sensitive to the photon polarization, and Cy, is equivalent to the direct

C'P violation. The obtained results are:

A%, = —0.551 10380 (stat.) & 0.170(syst.) =+ 0.078(ext.),
Spy = 0.441 £ 0.252(stat.) &= 0.064(syst.) = 0.008(ext.),
Chy = 0.122 4 0.238(stat.) 4 0.055(syst.) + 0.013(ext.),

where the uncertainties are statistical, systematic, and from the external
measurements, respectively, with the measurement being dominated by the
statistical uncertainty. The uncertainty is competitive with the Scp and
Ccp measurements of the B-factories. The value of Aﬁ,y is compatible with
the untagged result, and the values of Sy, and Cy, are compatible with the
vanishing Standard Model prediction within 1.7 and 0.5 standard deviations,
respectively. The implications of the measurement are analyzed within the
effective weak Hamiltonian context, calculating the new physics constraints
for the b — sv transition. The current measurement pushes the experimental
value towards the new physics region, while still being compatible with the

SM within 1.80.
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Appendix

A.1 Data/MC comparison

Comparison between the data and simulation samples, for several variable

distributions in BY — ¢y (left) and B® — K*%y (right) decays. The back-

ground subtraction procedure of Section 3.4 has been applied to data.

Normalized candidates

Figure A.1:
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(I) Comparison between data (blue) and simulation (red), for

BY — ¢y (left) and B — K*%y (right) decays. The pull distribution is

shown below.
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Normalized candidates

Normalized candidates

Normalized candidates

Figure A.2:

40

35

30

25

20

ARANRARANARRNRRRERRERRREY

15

10

&

=)
ERARE" RN ANRAAN

— B, - ¢y data

— Bs - @y simulation

3

2

x10
100

p(K")

)

]
Lo b b b v b b b Luw g

*x10°
0

Normalized candidates

x
fal
o

-6

30

25

20

15

10

o

— B - K*ydata

— B - K*y simulation

o

1

L.
0

(a) Momentum A"

x
X
<,

0.6

0.5

0.4

0.

w

0.2

0.

s

=)

\\‘\\\\‘\
4

— B; - ¢y data

4

— Bs - @y simulation

@

2000 3000 4000 5000 6000 7000 8000 9000 IQOOO
p.(K)

=)

1 1 |
2000 3000 4000 5000 6000 7000 8000 9000 10000

Normalized candidates

0

o o <) o
o B 92 b 9 w 9 >

o R I SR

AR AR RA AR RN RARRNRAF Y RARAN AARARRRARN RARR Y

o
o
]

—— B - K*ydata

— B - K*y simulation

2000 3000 4000 5000 6000 7000 8000 9000 19000
p(<)

o
TTTI TTTT

-5

L
2000 3000 4000 5000 6000 7000 8000 9000 10000

(b) Transverse momentum h*

0.3

0.2

a

0.2

0.15

0.1}

0.05

— B, — gy data

— Bs - @y simulation

v b b b b b g
5 6 7 8 9

=)
TTT

-5

v b b e b e e e b e e b e e
10

11

Normalized candidates

0.3

0.2!

a

T [ T[T T[T T[T

0.2

0.15

0.

o

0.05

o

=)

— B - K*ydata

— B - K*y simulation

2
Tracks X2,

-5

e b e b e e b e e b by
10

1

(c) Tracks min log x%p

(II) Comparison between data (blue) and simulation (red), for

BY — ¢v (left) and B® — K*%y (right) decays. The pull distribution is

shown below.

170



A.1. Data/MC comparison
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Resumen

El Modelo Estdndar (SM) de la fisica de particulas describe las particulas
elementales y sus interacciones. A pesar de que ha sido capaz de explicar la
mayor parte de los fenémenos fisicos con extraordinaria precision, sabemos
que se trata de una teoria incompleta, pues existen fenémenos que no logra
incorporar como la gravedad, la materia y energia oscuras, o las oscilaciones
de neutrinos. Por ello, buena parte de los experimentos de fisica de particulas
se centran en buscar anomalias respecto a las predicciones del SM, con el
objetivo de encontrar las piezas que faltan y construir modelos de nueva
fisica.

La busqueda de nueva fisica se puede realizar mediante el estudio de la
desintegracién B? — ¢v. Esta desintegracién se describe a nivel de quarks
por la transicion b — s7v, que sucede a través de un proceso mediado por la
interaccién débil a nivel de bucle, como muestra la Figura R.1 (izquierda).
Segin el SM, el fotén es emitido con helicidad levégira en la gran mayoria

de las ocasiones, una magnitud que depende de la direccién del espin y

w- H™,x™, g, X’
Figure R.1: Diagrama de la transicion b — s7v, mediado por particulas del

Modelo Estandar (izquierda) y por nueva fisica (derecha).
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Resumen

del momento de la particula. Sin embargo, existen modelos de nueva fisica
que predicen una fraccién mayor de fotones dextrdgiros, debido al efecto
producido por nuevas particulas en el bucle de la desintegracién, ilustrado
en la Figura R.1 (derecha). Como no es posible medir la helicidad del fotén
directamente, su medida ha de ser llevada a cabo de manera indirecta, por
ejemplo a través de la fraccion de desintegracion dependiente del tiempo en

la desintegracion B? — ¢ry:
Tpo_yg(t) oc e [cosh (AT /2) — A% sinh (AT ¢/2)
+ Ccos (Amgt) — Ssin (Amy t)],
T g0y (t) o e " [cosh (AT, t/2) — A% sinh (AT, ¢/2)
— Ccos (Amgt) + Ssin (Amgt)].

(A.1)

Los observables A2 y S dependen de la fraccién de helicidades del fotén de

la siguiente forma:

2

AA ~ : +TT2 CcOS (¢s — ¢L — (bR) COS (5L — (5R)7
2

= 1 _|_TT2 sin (¢s — ¢, — ¢r) cos (01, — dg),

donde r = |Ap|/|Ag| es la fraccién de helicidades, ¢4 es el dngulo de mezcla
débil del mesén BY, y § es la fase fuerte. Por otra parte, el observable C
representa la violacion de C'P directa. Estos observables aparecen debido a la
interferencia entre las oscilaciones particula-antiparticula del mesén neutro
BY y la desintegracién al estado final ¢, el cual es accesible a través de
ambos estados iniciales B y BY al ser un autoestado de C'P. La prediccién
del SM para estos observables es muy cercana a cero, por tanto cualquier
desviacion significativa de este valor serfa un indicio de nueva fisica.

Para realizar esta medida se han utilizado los datos registrados por
LHCDb, un experimento disenado para llevar a cabo medidas de alta pre-
cisiéon relacionadas con la fisica del sabor, como medidas de la violacién de
la simetria C'P o procesos que involucren quarks pesados como el quark
belleza b. LHCb es uno de los cuatro experimentos principales del Gran Col-
isionador de Hadrones (LHC), operado por la Organizacién Europea para la
Investigacion Nuclear (CERN) en la frontera franco-suiza, donde se aceleran
protones a una energia nominal de centro de masas de 14 TeV. La Figura R.2
muestra un esquema de perfil del detector LHCb, el cual esta formado por

diferentes subsistemas:
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Figure R.2: Vista de perfil del detector LHCb, el cual mide 21 metros de
largo, 10 metros de alto, y pesa 5600 toneladas.

e El sistema de tracking sirve para rastrear las particulas que se producen
en la colisién. Esta formado por el Vertex Locator (Velo), que es el
detector mas interno situado cerca de donde se producen las colisiones,
y las estaciones de rastreo antes (TT) y después (T1-T3) del imén. La
desviacién que el iman induce sobre las particulas permite determinar
sus cargas y momentos. La mayor parte del sistema de tracking consiste

en detectores de tiras de silicio.

e Los detectores RICH1 y RICH2 son detectores de radiacion Cherenkov,
los cuales permiten identificar las particulas cargadas que lo atraviesan

a través de la firma que dejan a su paso.

e El sistema calorimétrico esta formado por los calorimetros electro-
magnético (ECAL) y hadrénico (HCAL), los cuales permiten identificar
y medir la energia de las particulas electromagnéticas (como fotones y
electrones) y de los hadrones (como piones y kaones), respectivamente.
El ECAL se encuentra precedido de una placa de plomo y de dos sub-
detectores (SPD y PS) que ayudan a la identificacién de las particulas.

e Las cdmaras de muones (M1-M5) rastrean y miden los momentos de
las particulas homoénimas. Estas se sitian al final del detector, ya que
los muones interaccionan con la materia en menor medida que otras

particulas.
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La identificacién y reconstruccién de los fotones se lleva a cabo gracias
al calorimetro electromagnético del LHCb. Se utilizan diversas técnicas para
calibrar la respuesta de las celdas calorimétricas, asi como varios algoritmos
que se encargan de identificar y distinguir entre las diferentes particulas
neutras, como los fotones 7 y los piones 7°. Para conseguir esto tltimo, los
algoritmos se basan en el llamado perfil energético de los fotones, un modelo
que predice la respuesta media de las celdas ante fotones individuales. Este
trabajo presenta una mejora de este perfil, mostrado en la Figura R.3. Los
perfiles se han extraido de los datos de simulaciones Monte Carlo donde
se simula la respuesta del detector LHCb, utilizandose varias muestras de
simulaciones con energias iniciales del fotén de entre 1 y 168 GeV. Se han
obtenido seis perfiles diferentes, separandolos para las diferentes regiones del
calorimetro (interna, media y externa), y para fotones estandar y convertidos
(se dice que un fotén es convertido si se ha transformado en un par electrén-
positrén antes de llegar al calorimetro). Estos perfiles se utilizan actualmente

en el software del LHCD.
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Figure R.3: Perfil energético de fotones en escala logaritmica, para fotones
estandar (izquierda) y convertidos (derecha). El nuevo ajuste, representado
por la linea sélida, reemplaza al ajuste anterior, representado por la linea

discontinua.

En esta tesis se presenta la medida de los observables AdAw’ Ssy v Cpy en
desintegraciones BY — ¢y, analizando la fraccién de desintegracién dependi-
ente del tiempo. La medida se ha realizado utilizando la muestra de datos
de 3 fb™! registrados por LHCb durante los afios 2011 y 2012, con energfas
en centro de masas de /s =7 TeV y /s = 8 TeV, respectivamente. Para
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lograr la medida de ‘Aq%v no es necesario determinar el sabor del mesén inicial
(medida sin etiquetado de sabor). Sin embargo, para la medida de Sy, y
C4y es necesario el etiquetado de sabor, ya que los términos que dependen
de estos pardametros en la fraccién de desintegraciéon (Ecuacién A.1) poseen
diferente signo para BY y BY, y de otro modo cancelarfan en la suma. En
este trabajo se han realizado los dos tipos de analisis, separandolos en sendos
capitulos al requerir diferentes estrategias. Los analisis se han desarrollado
en todo momento a ciegas, sin conocer el valor de los observables, desvelando

éstos unicamente antes de la publicacién de la presente tesis.

La reconstruccién y seleccion de candidatos se ha realizado de manera
comun para los dos andlisis. Este proceso cuenta con dos partes: (1) una
seleccion eficiente de sucesos, que mantenga la senal al mismo tiempo que
deseche sucesos de fondo, y (2) un método de sustraccion de fondo, de
manera que solo los sucesos senal se utilicen para la medida. La desin-
tegracion B® — K*9(— K*rT)y es utilizada para controlar los efectos de
reconstruccién en el tiempo propio que pudieran afectar a la desintegracién
de senial BY — ¢(— KTK~)v. La Figura R.4 muestra un esquema de ambas
desintegraciones, consistentes en un meson inicial que recorre de media var-
ios centimetros, un mesoén intermedio que se desintegra mediante interaccién
fuerte y por tanto no vuela, y dos hadrones y un fotén en el estado final. La
seleccion se basa en encontrar dos hadrones que formen un vértice desplazado
de la colision inicial, junto con un fotén de alta energia, y consta de tres
etapas diferenciadas: trigger, stripping y offline. La etapa de trigger se lleva
a cabo al mismo tiempo que se recogen los datos del detector LHCb, con
el objetivo de seleccionar los sucesos potencialmente interesantes. La etapa
de stripping es una reconstrucciéon que pretende descartar ain mas suce-
sos, con el fin de disponer de una cantidad de datos manejable en cualquier
analisis. Finalmente, la seleccion offline la desarrolla el analista para adecuar

la muestra a los objetivos del anélisis.

En este trabajo se han escogido las lineas de trigger y stripping, y se
ha optimizado una seleccién offline basada en cortes, maximizando la sig-
nificancia de sefial S = S/v/S + B, donde S y B representan el niimero de
sucesos de senal y de fondo, respectivamente. Para ello, se han utilizado las

variables que mas discriminan entre senal y fondo:
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Collision /

K+

K=/~

(no flight)

Figure R.4: Topologia de las desintegraciones B — ¢y y B — K*y.

e \%. El pardmetro de impacto, IP, es la distancia minima entre la
trayectoria de una particula y el vértice de colision. Un valor elevado
garantiza que las particulas se han producido en un vértice desplazado
como consecuencia de una desintegracién. La variable x% = IP?/o%
tiene en cuenta la incertidumbre, y por tanto es una variable discrimi-

natoria mas adecuada, siendo la principal en este analisis.

o /70

neutros, producida a partir de multiples variables calorimétricas.

Es la variable que permite distinguir entre fotones y piones

e cosfy. El angulo de helicidad del mesén intermedio. Se trata de
una variable util puesto que la senal y los diferentes tipos de fondo

producen distribuciones diferentes en esta variable.

e pr(B). Para finalizar, se realiza un corte algo mds severo en el mo-

mento transversal del mesén BY

R

una variable reconstruida a partir de

los momentos de sus productos de desintegracién.

La Figure R.5 muestra la distribucién de masa del mesén inicial, m(B?),
antes (izquierda) y después (derecha) de aplicar la seleccién offline. Una
vez seleccionados los candidatos, se procede a sustraer el fondo por com-
pleto mediante la técnica sPlot. La masa reconstruida del mesén B permite
distinguir entre las diferentes componentes (senal, fondo combinatorial, y
fondos fisicos), cuya distribucién se ha extraido parcialmente de simulaciones
Monte Carlo, y se asigna un peso (sWeight) a cada candidato. En total,
se han obtenido 5266 + 104 sucesos senial reconstruidos para BY — ¢, y
aproximadamente seis veces dicha cifra para el canal de control BY — K*0~.

El primer andlisis presentado en esta tesis corresponde a la medida del
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Figure R.5: Distribucién de la masa reconstruida del mesén inicial m(B?)

en la desintegracion BY — ¢y, antes y después de aplicar la seleccién offline.

observable A”, mediante un anélisis sin etiquetado de sabor. En esta medida
resulta de capital importancia la determinacion de la aceptancia del tiempo
de desintegracion, una funcién que describe las ineficiencias en la distribucién
del tiempo propio producidas por la reconstruccion y la seleccion de suce-
sos. La aceptancia es obtenida de datos, utilizando el canal de control
B® — K*%, mientras que las diferencias en aceptancia entre los canales de
senal y control son obtenidas de simulaciones Monte Carlo donde se simula la
respuesta del detector LHCb. Se han desarrollado dos estrategias de ajuste
diferentes. La primera, un ajuste unbinned de maxima verosimilitud, donde
los canales B? — ¢y y B® — K*%y son ajustados simultdneamente. La se-
gunda, un ajuste a la fracciéon de candidatos de BY — ¢ sobre B® — K*%7.
Para ésta tultima, el autor de esta tesis ha desarrollado un cédigo [124]
que permite ajustes genéricos donde los datos son agrupados (binned data),
agrupando los candidatos en bins de igual tamano, e integrando la funcién
densidad de probabilidad (PDF) en cada bin, lo cual resulta necesario en
distribuciones donde existan regiones con poca poblacién de sucesos. Ambas
estrategias de analisis han sido verificadas con la generacion de pseudoexper-
imentos mediante técnicas de simulaciéon Monte Carlo.

Utilizando la estrategia unbinned, el resultado obtenido ha sido:

AZ, = —0.555 103 (stat.) & 0.170(syst.) =& 0.078(ext.),

donde la primera incertidumbre es estadistica, la segunda es sistematica, y

la tercera corresponde a medidas externas. Esta ultima hace referencia a
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los parametros que han sido tomados de medidas de otros analisis. Los
sistematicos principales provienen de la sustraccion del fondo, los cuales
podrian reducirse en futuros andlisis, aunque actualmente la medida esta
dominada por la incertidumbre estadistica. El ajuste se representa en la
Figura R.6 Utilizando la segunda estrategia de andlisis, el resultado obtenido
ha sido A® = —0.473 70331, donde el ajuste se encuentra representado en
la Figura R.6 (derecha). Los valores obtenidos por ambos métodos son
compatibles entre si, lo cual se ha contrastado mediante pseudoexperimen-
tos. Este trabajo ha dado lugar a la primera medida de este observable,
Af,,y = —0.981020 1023 publicado en [59], tratdndose de la primera medida
de un observable sensible a la fraccién de helicidades del fotén en una desin-
tegracién BY. En esta tesis se ha mejorado la reconstruccién y seleccién de

candidatos con respecto a la referencia mencionada, incrementando en un

20% el nimero de sucesos senal.
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Figure R.6: Ajustes al tiempo de desintegracién de B? — ¢y mediante (a)
el método unbinned y (b) el método de la fraccién de candidatos B? —

¢y/B® — K*0.

El segundo andlisis de esta tesis corresponde a la medida de los tres ob-
servables A%, S y C, utilizando técnicas de etiquetado de sabor del mesén
inicial. Para ello, se ha utilizado la informaciéon proporcionada por los algorit-

mos de etiquetado de sabor de LHCb, que pueden clasificarse en dos grupos:

180



algoritmos OS (other-side) y algoritmos SS (same-side). Los algoritmos OS
aprovechan el hecho de que tras la colisién pp los quarks b se producen en
pares, y por tanto intentan clasificar el sabor del otro hadron del suceso.
Los algoritmos SS se basan en la busqueda del pién (kaén) que se produce
junto a la hadronizacién del B? (B°). En este analisis se ha calibrado la
salida de los algoritmos para su correcta utilizacién en muestras B? — ¢,
y se han combinado en una tunica decision que es la que finalmente se ha
usado para el ajuste a los datos. La Tabla R.1 muestra el rendimiento de
cada algoritmo y de la combinacién, estiméandose una eficiencia de etiquetado

efectiva de e.g = 4.58 +0.13%.

Table R.1: Rendimiento de los algoritmos de etiquetado en B? — ¢, para
el perfodo 20114+2012. €, es la eficiencia de etiquetado, w la fraccién de

etiquetados incorrectos, ¥ €power = €tag (1 — 2w)2 la eficiencia efectiva.

Algoritmo de etiquetado  €pag (%) werr (%)  €2et (%)

power

OSComb calibrado 33.03 35.40 2.82
SSKaonNNet calibrado 63.89 41.27 1.95

Combinacién 74.53 37.61 4.58
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Figure R.7: Ajuste a la resolucién del tiempo de desintegracion en sucesos

de B? — ¢y simulados, con la simulacién completa del detector LHCD.
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Resumen

Otro de los aspectos fundamentales para el éxito de la medida es la car-
acterizacion de la resolucién del tiempo de desintegraciéon. Su importancia
radica en el hecho de que los términos que acompanan a los coeficientes S y
C en la fraccién de desintegracién (Ecuacién A.1) oscilan con una frecuencia
Amg = 17.757+0.021 ps~! [39], cuyo periodo es tan solo cuatro veces mayor
que la resolucion experimental en desintegraciones radiativas. La resolucién
se ha caracterizado haciendo uso de la incertidumbre del tiempo de desin-
tegracién proporcionada por la muestra de datos, la cual debe ser escalada
por un factor de correccion que se extrae de las muestras de simulacién de
LHCDb, donde se tiene acceso a la resolucion verdadera puesto que se conoce
el tiempo verdadero de desintegracién. La Figura R.7 muestra el ajuste a la
resolucién de Monte Carlo, cuya funcién densidad de probabilidad es la suma
de dos gausianas, cada una con un factor de correccion diferente. El mejor
ajuste consiste en una proporcién de la primera gausiana de 97.8+0.2%, con
factores de correcciéon s; = 1.144 + 0.003 y so = 2.79 £ 0.08, y una media o
sesgo de pu =4.5+0.2 fs.

La estrategia de ajuste se ha desarrollado con un método unbinned de
maxima verosimilitud, donde se introduce el etiquetado de sabor y la de-
scripcion de la resolucion del tiempo de desintegracion. La convolucién de
la fraccion de desintegracion con la resoluciéon se calcula analiticamente, in-
tegrando el cédigo desarrollado en las referencias [142, 144|, y utilizando
una funcién densidad de probabilidad que engloba tanto la aceptancia como
la resolucién. Finalmente, la estrategia de analisis ha sido verificada medi-
ante la generacion de pseudoexperimentos simulados, obteniendo resultados

consistentes. El resultado la medida es el siguiente:

A2, = —0.551 10380 (stat.) & 0.170(syst.) £ 0.067(ext.),
Spy = 0.441 £ 0.252(stat.) £ 0.064(syst.) = 0.008(ext. ),
Chy = 0.122 4 0.238(stat.) 4 0.055(syst.) + 0.013(ext.),

donde la primera incertidumbre es estadistica, la segunda es sistematica, y
la tercera corresponde a medidas externas. En los tres casos, la incertidum-
bre se encuentra dominada por la contribucién estadistica. Las graficas del
ajuste se muestran en la Figura R.8, junto con la curva esperada por el Mod-
elo Estandar. Los resultados son compatibles con la prediccion del Modelo

Estandar, desviandose de la misma en 1.5, 1.7 y 0.5 desviaciones estandar,
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Figure R.8: Resultado del ajuste con etiquetado de sabor. Las figuras superi-
0

R

ores indican las muestras etiquetadas como BY y B, respectivamente, mien-
tras que las figuras inferiores indican la muestra sin etiquetar de B? — ¢y
y la muestra del canal de control B® — K*'v. Todas ellas se han ajustado

simultaneamente.
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Resumen

respectivamente. Este trabajo corresponde a la primera medida de los ob-
servables Sy, y Cy4y, v a la primera aplicacion de los algoritmos de etiquetado
de sabor en un andlisis radiativo en LHCb.

Las implicaciones de los resultados han sido analizadas desde una per-
spectiva fenomenoldgica, en el contexto del hamiltoniano débil efectivo. Los
pardmetros A® v S se pueden expresar en funcién del coeficiente de Wilson
C; que acompana al operador electromagnético (9/7, de la siguiente forma:

A 2 Re (e*id’s 070;)

¢y — |C7|2+ C’/?|2 )
2Im (e~ C7C7)
Spy 2 12
‘C7| + ‘07

siendo sensibles a la parte real e imaginaria, respectivamente. Las restric-
ciones que impone la medida en el coeficiente de Wilson C;, se muestran en
la Figura R.9 (izquierda), dando como resultado una compatibilidad con el
Modelo Estandar de en torno a 1.80. En la Figura R.9 (derecha) se muestra
el mismo gréafico incluyendo el resto de las medidas radiativas sensibles a la
transiciéon b — sy, donde la banda de restriccion es més compatible con el

SM, situandose en torno a 0.8c.
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Figure R.9: Restricciones en el plano complejo C;NP, producidas por la
medida de A(% y Ssy (izquierda) y por todos los observables sensibles a la

transicién b — sy (derecha).

En conclusion, este trabajo presenta la primera medida de los observables

Aﬁw Ss, v Cyy en desintegraciones B? — ¢. Para ello, se ha analizado la
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fraccion de desintegracion dependiente del tiempo de dicho canal, utilizando
los datos recogidos por el detector LHCb durante los anos 2011 y 2012. Estos
observables, inducidos por las oscilaciones del mesén neutro BY, podrian
presentar efectos de nueva fisica. El trabajo de esta tesis ha dado lugar a la
primera medida de Aﬁv [59], tratandose del primer observable sensible a la
polarizacién del fotén en desintegraciones BY, mientras que la medida de S,
y Cyy se encuentra pendiente de publicacién. Los valores son compatibles
con la prediccion del Modelo Estandar en torno a 1.5, 1.7 y 0.5 desviaciones

estandar para AdAw’ S84y v Cgy, Tespectivamente.
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