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Abstract

Indirect searches for new physics (NP) can be performed comparing mea-
surements of the CKM angle v from tree-processes with the results of
global CKM fits. Assuming no NP in tree-level decays, any disagreement
between tree-level determinations and the value inferred from global fits
would indicate the presence of NP, due to new particles being exchanged
in loops. B? — DFK* is a very sensitive tree-level decay for v measure-
ments accessible with high statistic at LHCb. For a precise determination
of v the mass difference Am, and the reconstruction efficiency as a func-
tion of the BY decay time have to be determined from a suitable control
channel, namely B? — D77 ". Tools and methods used in LHCb will be
presented as well as the preliminary results obtained for both Am, and
the decay time efficiency. The full LHCb Run 2 data sample will be used
for these studies. Given the size of the D m data sample a very accurate
determination of Am, is achievable.
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1 Introduction

Understanding the origin of the baryon asymmetry of the Universe is one of
the key issues of modern physics. Sakharov showed that such an asymmetry can
arise if three conditions are fulfilled [1], one of which is the requirement that both
charge (C) and charge-parity (C'P) symmetries are broken. The latter phenomenon
arises in the Standard Model (SM) of particle physics through the complex phase
of the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix [2, 3|, although
the effect in the SM is not large enough to account for the observed baryon asym-
metry in the Universe [4]. Violation of C'P symmetry can be studied by measuring
the angles of the CKM unitarity triangle [5, 6, 7]. One of these angles, 7, can be
measured using only tree-level processes [8, 9, 10, 11]. Disagreement between such
direct measurements of v and the value inferred from global CKM fits, assuming
the validity of the SM and no new physics (NP) phenomenon in tree-level processes,
would indicate new physics beyond the SM.

The study of neutral mesons with beauty, from a phenomenological point of view,
allows to highlight some interesting phenomena, such as the neutral meson mix-
ing. Furthermore, exploiting particular decay channels of the B?, the C'P viola-
tion phenomenon becomes accessible. This is the case of the non-flavour-specific
B? — DFK?* decay mode: in fact, BY and BY can both decay at tree-level to the
same final state, giving rise to C'P violation in the interference between mixing and
decay. The CP violating phase depends on the CKM angle 7 [12, 13, 14]. The high
statistics collected by LHCb allows for v to be measured via a time-dependent anal-
ysis of the BY — DT K* decay channel. This measurement needs two fundamental
inputs determined from the B? — D7 n* control channel: the B? — BY oscillation
frequency, Amg, and the decay time efficiency. The measurement of these quantities
is the subject of this work.

This thesis is organized as follows. In Chapter 2 a theoretical overview of the os-
cillation phenomenon in the BY — Bg system, of the properties of the CKM matrix
and of the angle v will be given in the context of the SM. Moreover, predictions for
~ inferred from global fits will be presented, together with the LHCb 2018 v combi-
nation. Finally the analysis strategy for the measurement Amy, in the B® — D 7™
channel at LHCb will be described and the 2011 LHCb result will be reported.

In Chapter 3 the main characteristics of the Large Hadron Collider and the data tak-
ing conditions during the two data taking campaigns, Run 1 and 2, are summarized.
A description of the LHCDb detector, in terms of its subdetectors and performances,
follows. This Chapter gives also some characteristics of the b production processes
at hadron colliders, such as LHC, and describes the flavour tagging techniques em-
ployed in LHCb to identify the flavour of b-mesons.

1



2 Introduction

The following Chapters are dedicated to the analysis procedure and results. In
Chapter 4 the BY — D~7" decays are considered. In fact, this particular channel
can be reconstructed with a practically negligible background and can therefore be
used as control channel to assess the correctness of the Montecarlo simulations and
the goodness of the response of the detector. Then, a reweighing of the simulations
will be performed to improve the agreement with data.

In Chapter 5 the channel of interest, B — D;n", will be analysed: the invariant
mass fit of the candidates provides a description of the signal and background con-
tributions, while the fit to the decay time distribution allows to extract the value of
Amg. At this stage, the decay time fit has been performed "blinded", meaning that
only the statistical error of Am is available to the analysts.

Finally, in Chapter 6 the mixing phenomenon between BY and B? is highlighted
through the folded time asymmetry distributions. Before building up these distri-
butions on data, toy Montecarlo simulations will be used to study how different
contributions, such as the finite decay time resolution of the detector or the proba-
bility for the flavour tagging algorithms to take the wrong decision, can affect these
distributions.

The analysis is using the full Run 2 data sample, corresponding to 5.9 fb™" collected
by LHCb from 2015 until 2018.



2 Standard Model and B Physics

The Standard Model (SM) of particle physics by now has been successful in de-

scribing experimental data; however it is considered an effective theory valid only
at low energies, below the few TeV scale. New physics (NP) phenomena are pre-
dicted to emerge at higher energies. Two conceptually different approaches are used
in analyses looking for beyond Standard Model (BSM) physics: direct and indirect
searches. Direct searches are performed at the highest available energies and aim at
producing and detecting new heavy particles. Indirect searches focus on precision
measurements of quantum-loop-induced processes. In fact, accurate theoretical pre-
dictions are available for the heavy quark sector in the SM. Therefore heavy quark
physics is an excellent playground to search for new phenomena, since any deviation
from these predictions can be attributed to contributions from BSM.
This Chapter introduces the phenomenon of neutral meson mixing in the SM, in
particular for the BY, - BY, system (Section 2.1). In Section 2.2 and 2.3 the mea-
surements already performed by the LHCb experiment on the key quantities 7, one
of the three angles of the CKM matrix, and Am,, the B? — B? oscillation frequency,
are described.

2.1 BC%S - Bgs mixing

2.1.1 Oscillation probability and decay amplitudes

Meson mixing is a phenomenon that only occurs for the weakly-decaying, open-
flavor (i.e. mnot ¢q pairs) neutral K, D, and Bgs mesons [15, 16, 17]. The time
evolution of the BY, - By, system can be described as

0 0
iﬁat (Bdﬁ) = H. (Bdﬁ) (2.1.1)
By, By

The effective Hamiltonian that describes the time evolution is a sum of the strong,
electromagnetic (EM) and weak Hamiltonians:

Heff = Hstrong + HEM + Hweak (212>

and can be written in the (B3, BY,) basis as

Ho— M— @'g _ (MH Ml?) _ ; (FH Fl?) (2.1.3)
M21 M22 F21 FQQ

3



4 Standard Model and B Physics

via off-shell states,
weak box—diagram

p? p?
2
via on—shell states,
Pls f — po
Figure 2.1: The neutral meson oscillation consists of two contributions, namely through
off-shell states and on-shell states. Figure from [18].

where M and I' are 2 x 2 Hermitian matrices describing the mass and decay rate
components of Hgg, respectively. The C'PT symmetry imposes that the matrix
elements in Equation 2.1.3 satisfy My; = Moy, 'y = D'y, My = M3, and I'jp =175,
In particular, M5 quantifies the short-distance contribution to the oscillation from
off-shell states, as further discussed in Section 2.1.2, while I';5 is related to the
contribution from intermediate decays to a state f, as illustrated in Figure 2.1.
Solving the time evolution represented by the effective Hamiltonian of Equation 2.1.3
is equivalent to the determination of its eigenstates; however, the eigenvalue problem
is non-Hermitian, hence the eigenvalues will be complex and the eigenstates will be
non-orthogonal. This non-Hermiticity, in particular the presence of the imaginary
parts of the eigenvalues, leads to a non-unitary time evolution in the two-dimensional
subspace spanned by the Bj, and the 3278. As a consequence, probability is not
conserved in this subspace, meaning that both mesons will eventually decay and
hence disappear from this two-dimensional space.

The eigenstates of the effective Hamiltonian, or mass eigenstates, can be written as
a superposition of flavour eigenstates via

|BYo) = p|Bi.) £qlBy.) (2.1.4)

with |p|? + |¢|> = 1 to normalize the eigenstates and

q_ M, — %FIQ
p My — 512

The corresponding eigenvalues are

1 7 P 7
— Iy =M,;y—--=T ~ | My — =T 2.1.5
my o1 =gl + p ( 1275 12) ( )
mo — §F2 = Mll — 51—‘11 — Z <M12 — 2F12> (216)

where m; o are the masses and I'; » the decay widths of the effective Hamiltonian
eigenstates. These parameters determine the time evolution of a neutral meson that



2.1 Bgs - Bg’s mixing )

oscillates between the particle and the anti-particle state.
The time evolution of the mass eigenstates is obtained from the Schrédinger equation
(2.1.1) with diagonal effective Hamiltonian:

|BY(t)) = e~ ™t=301 | BY(0)) (2.1.7)
|BY()) = e~ "™2t=3T2 | BY(0)) (2.1.8)

Assuming ms > my we define Am = mo—my; > 0 and AI' =T'; —I';. By combining
Equations (2.1.4)(2.1.7) and (2.1.8) and defining the following quantities:

(ef’imlt*%r‘lt + efimQtférét) (219)

(e—imlt—%l“lt _

e imat=al) (2.1.10)

the time evolution of a pure |BY,) or |BY,) state at t = 0 can be written as

q

B5.(0)) = 9+ IB,(0)) + - (1) 1B (0)) (2.1.11)
1BY,(1)) = g4 (t) | B, (0)) + Zg_ () |BS.,(0)) (2.1.12)

which means that the flavour states remain unchanged (+) or oscillate into each
other (-) with time-dependent probabilities proportional to

9= ()]? = 6_2“ [cosh (?) + cos (Amt)] (2.1.13)

with I' = (I'; +T'2) /2. Here we see that I" fulfills the natural role of decay constant,
[' = 1/7, justifying the choice of the factor 1/2 in Equation (2.1.3). From these
relations we can compute the time-dependent decay rates for both By, and BY..

If | f) is a common final state for both By, and Bgs, and f the C'P conjugate, we
denote the corresponding decay amplitudes as

f‘}f = <f\ HIAF\:I ’?3,3(75» f}f = <Ji| H\AF|:1 |‘?c(i),s(t)>
Ap = (fI Hiarj=1 |B(1)) Af = (f| Hiap=1 | By,(t))

where H|ap|—1 is the transition Hamiltonian involving a flavour change of one unit.

Defining:

_adr oy ] a4;
p Ay

1
Af —
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and considering the general expression for the time dependent decay rates I'go_, ¢ (t) =
| (f| Har=1 |B°(t)) |?, we obtain:

Pry ) =145 {lgeOF + ArPlo-OF +2Re g} (0g-(0)]} (2.1.14)
Pag 7(0) = A7 | {la-(OF + APlg () + 2Re [X04 (092 ()]} (2.1.15)
Py (0= 1A7P [0} {lo-@F + A Plo- (0 + 2Re g (g (0]} (2:1.16)

oo f(6) = A" {lgs( + M*lo-(OF +2Re [Apgt(t)g- ()]} (2.1.17)

The terms proportional to |A|? are associated to decays that occurred without oscil-
lation, whereas the terms proportional to |A|?*|q/p|* or |A|*|p/q|? are associated to
decays following a net oscillation. Terms proportional to Re(g*g) are associated to
the interference between the two cases. Using the results in Equation (2.1.13) and
explicitly calculating the products:

gi(t)g_(t) = 6_; [sinh <A2Ft> + isin (Amt)] (2.1.18)
g4 ()g" (t) = e;t [sinh (i”) — isin (Amt)] (2.1.19)

we obtain the following decay amplitudes for the neutral B mesons:

T AT't AT't
Ipo p(t) = |Af|2€2 [(1 + |Af]?) cosh <2> + 2Re(Af) sinh <2>

+(1 = [As]?) cos(Amt) — 2TIm(\y) sin(Amt)} (2.1.20)

2
eFt

[(1 + [A4]?) cosh <A2Pt> + 2Re(Ay) sinh <A2Ft>

—(1 = [As*) cos(Amt) + 2Tm(\s) sin(Amt)| (2.1.21)

p
T s1) = |42 2

Here the sinh- and sin- terms are associated to the interference between the decays
with and without oscillation. Commonly, the latter equations are expressed as

et ATt
FBS,Saf(t) =A; 2 (1 + [Af %) 5 lcosh (2)

+D; sinh <A2Ft> + Cy cos(Amt) — S sin(Amt)} (2.1.22)
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2 —TI't
P e ATt
oy ) =LA 2] 0+ DS [h (2)
_ Al't .
+Dy sinh — |- Cycos(Amt) + Sy sin(Amt) (2.1.23)
with 2 A 1— |2 2Im(A\
= Re(Af) u — Az = m(Ay) (2.1.24)
L+ |Af|? L+ |Af]? L+ |Af|?

2.1.2 Standard Model prediction and phenomenology

In the SM, the transitions B}, — BY, are due to charged-current (CC) weak
interactions. The lagrangian in terms of mass eigenstates is

LM — \% {Wg [Z wAPVdl | + h.c.} (2.1.25)

ij

where g is the SU(2), coupling constant, W, the boson field, uz, and d;, the triplet
of left-handed up-type quarks and down-type quarks, respectively, and V the quark
mixing matrix, labelled also Vegxw [2, 3], that arises in the quark CC sector when
switching from flavour to mass eigenstates. The CKM matrix V is a 3 x 3 complex
unitary matrix commonly expressed as

Vud Vus Vub
V=I|v, V. Vg, (2.1.26)
Vie Vis Vi

More details about the standard electroweak theory can be found in [19, 20, 21, 22].
Since the BY, — B, oscillations involve a change of flavour [AF| = 2 but no
charge difference between the initial and the final state, this phenomenon is part
of the flavour changing neutral current (FCNC) processes and is highly suppressed
in the SM. In fact the By, — 3278 mixing is described, at lowest order, by box
diagrams involving two W bosons and two up-type quarks (see Figure 2.2), with the
associated effective Hamiltonian

GZm? m? 2 -
Hppey = —EWIB g <mt ) (V;Z,ts‘/%b) 5.(Vu)br - SLY"br (2.1.27)

2 2
4m W

where G is the Fermi constant and myy the W mass. The Inami-Lim function
So (m?/m%;) [23], describing the result of the 1-loop box diagrams in the SM, can be
very accurately approximated by 0.784 (m2/m2,)""® [24]; the QCD correction factor
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bV, (uot V. s

Figure 2.2: Box diagrams for the B? — B? transitions. The dominant contribution
comes from diagrams the ¢ quarks.

np is of order unity [25]. The calculation of the dispersive and absorptive parts of
the box diagrams yields the following predictions for the off-diagonal element of the
mass and decay matrices [23]

G2m2,npmpoBgo f2 m? . 2
My, = — SFMW o B g m%f[, ( td,tst) (2.1.28)
G2m2n,mpoBpgo f? . 2
I =—F an&TB L ( td,tsvtb)
+ tdis‘ftb‘/cd,cs‘/d) mig +< cd,cs%b) @) miﬁ (2129)

where m; is the mass of quark ¢; mpo, fgo and Bpo are the Bg’s mass, weak decay
constant and bag parameter respectively. The QCD correction factor 7 is of order
unity [25]. The only non negligible contributions to M are from box diagrams
involving two top quarks.

The phases of Mj, and I'5 satisfy

2
¢M_¢F:W+O<Z$ (2.1.30)

b

implying that the mass eigenstates have mass and width differences of opposite signs
i.e. the heavy state is expected to have a smaller decay width than the light state:
I'; < T'y. Furthermore the quantity

2 2
~ 3T M ! )~O<mﬂ (2.1.31)

2 miy So (Mg /miy,

F12
M12

is small and a power expansion of |¢/p|> yields [26]

2

F —1+

INTR [
-2 _ o222

j (2.1.32)
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Therefore, considering both Equations (2.1.30) and (2.1.31), the C'P violating pa-
1 |q

rameter
? I
~Im|— 2.1.33
p <M12> ( )

is expected to be very small: ~ O(1073) for the B} — B} and < O(1074) for the
BY — B system, i.e. C'P violation in By, mixing is a negligible effect at the present
level of experimental precision [27]. However C'P violation effects in interference
between mixing and decay are studied when both BY, and BY, decay to the same
final state, f [28, 29, 30]. Assuming |¢/p| = 1 the time-dependent C'P asymmetry
for BY can be written as [30, 31]

"YU RBY - )T = /)
while for B?

B (B — f) —T'(B° — f) _ Spsin(Am,t) — Cy cos(Amit)
A = BBy S ) A T(BY = f) ~ cosh(ATt/2) — AN smh(ATtz) 25

= Sy sin(Amgt) — Cr cos(Amgt) (2.1.34)

—2Re(\y)
AR = 2T 2.1.36
RV (2130
A complete set of SM predictions for all mixing parameters in both the BJ, — B,
systems can be found in [32, 33].

We relate Am and AI' with M, and I'y5 by using expressions (2.1.5) and (2.1.6):
Ty

(Am)? — <A2F>2 =4 5 2] (2.1.37)

| Mo|* —

As already pointed out, for B mesons the matrix element I';5 is strongly CKM
suppressed (see also [34]), thus AT is small compared to Am, and can be set to
zero. Neglecting |I'12| in the previous expressions we get

At this point we can see how the neutral mesons B} and B? oscillate. Keeping
in mind that the oscillation probability is given by Equation (2.1.13), we see from
Figure 2.3 that the B%-mixing is more pronounced with respect to the BY system: in
fact, the short-distance, off-shell contribution from My depends on the size of the
CKM-elements at the corners of the box-diagram, and on the mass of the particles
in the box. So the B? mixing proceeds proportional to ~ |V;,Vis|*m?, while for BY
to ~ |thV}d]2m?, but, as we will see in Section 2.2.1, the magnitude of V,, exceeds
the magnitude of V4.
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Figure 2.3: Probability to observe a B&)’ s Oora BEC% s-meson at time ¢, starting with a pure
Bg ~meson beam. The probability is expressed by Equation (2.1.13). Picture from [18].

2.2 The CKM angle v

2.2.1 The Unitarity Triangle

We have encountered the CKM matrix V in Equation (2.1.25). It is a unitary
3 X 3 matrix, so it can be parameterized by three Euler angles and six complex
phases [3]. Since quarks phases can be rotated freely

i idl,, i i idh i
uy — ey d; — e'%ady

with an appropriate redefinition of ¢, ¢}, we can eliminate five phases of V, leaving
only one physical phase. Due to this complex phase, the CKM matrix is a source
(the only one) of C'P violation in the SM. The fact that one can parametrize Ve
by three real and only one imaginary physical parameters can be made manifest
by choosing an explicit parametrization. The Wolfenstein parametrization [6, 7] is
particularly useful

1—1)2 A AN3(p —in)
V= ) 1-132  Ax +O0(\) (2:2.1)
AN (1 —p—in) —AN? 1
with
|Vis| AN2 — Vel _ ViV,

(2.2.2)

|VUd|2 + |VUS’2 |Vud|2 + |Vus|2 ‘/Cd cb

This parameterization nicely reveals the hierarchical structure of the CKM matrix,
with diagonal elements of order 1 and smallest elements in the upper right and lower
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(0,0) (1,0)

Figure 2.4: Representation of the unitarity triangle. Figure from [27].

left corners. In fact, the global fit results for these parameters are [27]

A = 0.22453 4+ 0.00044 A =0.836 £0.015
p= 012254818 7= 035553317

and for the magnitude of the nine elements of the CKM matrix [27]

0.97446 £ 0.00010 0.22452 & 0.00044  0.00365 4 0.00012
0.22438 +0.00044  0.97359155001)  0.04214 4 0.00076 (2.2.3)
0.00896 1000023 0.04133 4 0.00074 0.999105 % 0.000032

The unitarity of the CKM matrix imposes:
> VisVie = djn > Vi Vi = (2.2.4)
i J

The six vanishing combinations can be represented as triangles in a complex plane:
the most commonly used unitarity triangle (UT), represented also in Figure 2.4,
arises from

VudVJb + Vch’g 4+ Vi {Z =0 (2.2.5)

C

by dividing each side by the best-known one, V.4V its vertices are exactly (0,0),
(1,0), and, due to the definition in Equation (2.2.2), (p,77). The angles of this
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triangle are given by

ViaViy, 1—p—in
= ¢y = arg | — ~arg [~ 2.2.6
o= ¢y = arg < VoV arg py ( )
v 2) ( ; )
=¢; =arg | — D) ~arg | — - 2.2.7
B=¢ g( Vv o] e p— (2.2.7)
VauaV .
7= ¢3 = arg <— vd *b> ~ arg (p +in) (2.2.8)
cdVch

Another relation can be represented as a triangle

and its smaller angle, of O(\?)

ViV
= —— 0 2.2.10
8 arg( i ) (2.2.10)

is also convenient for analyzing C'P violation in the BY sector.
The Wolfenstein phase convention in the CKM-matrix elements can be shown as:

|VUd| |Vus| |Vub|€_i7
Vi=| -Vl Vel Vil |00 (2.2.11)
(Viale™®  —|Vis|e®s V|

Since C'P violation involves the phases of CKM elements [12, 13, 14], many measure-
ments of C'P-violating observables can be used to constrain the UT angles and the
p,n parameters. This is what happens in the case of 7. But an important difference
from « and § occurs: in fact v does not depend on CKM elements involving the
top quark, so it can (also) be estimated in tree-level B decays [8, 9, 10, 11]. The
latest CKMFitter [35] result for v from tree-level quantities are shown in Figure 2.5,
together with the corresponding global fit result. The numerical values reported in
[36] are

Yiree = T1.5° T35 Yytobal = 65.64° 13970 [68.3% CL]  (2.2.12)

Detailed information on the methodology and treatment of the experimental and
theoretical uncertainties for these estimations is provided in [37].
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Figure 2.5: CKMFitter 2018 results. (a) Constraint on « from tree-only fit; picture
from [35]. (b) Global fit results; picture from [35]. (c¢) Numerical results for v, Equation
(2.2.12).
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2.2.2 LHCDb v combination

The least precisely known angle of the CKM matrix is 7: as understood from

the previous Section, it can be measured using only tree-level processes; a method
that, assuming NP is not present in tree-level decays [38], has negligible theoretical
uncertainty [39]. Any disagreement between such direct measurements of v and
the value inferred from global CKM fit, like the ones in Equation (2.2.12), would
indicate the presence of new physics BSM.
The value of v can be determined by exploiting the interference between favoured
b — c¢W (V) and suppressed b — ulV (V,,;) transition amplitudes using a wide range
of decay channels. The best precision is then obtained by combining measurements
from many decay modes. The most recent LHCb 7 combination [40] is obtained
from time-integrated measurements of B* — DKt Bt — D*K*, BT — DK*",
B - DK* B - DK*r~ and Bt — DK*nt7n~ decays and time-dependent
analyses of B — DFK®* and BY — DFr*. All measurements used as inputs to the
combination are summarized in Table 2.1. The combination procedure is described
in [41]; it follows a frequentist treatment described in [42]. The combination gives
the best fit value v = 74.0° and the confidence intervals:

~v € [68.2,79.0° at 68.3% CL,
~ €[61.6,83.7]° at 95.5% CL.

Taking the best fit value and the 68.3% CL interval, « is found to be
v =74.0° 390

where the uncertainty includes statistical and systematic contributions. This result
is in agreement with the world average reported in Equation (2.2.12) and with the
previous LHCD average [43] and represents the most precise determination of v from
a single experiment to date.

Further improvements can be achieved increasing statistics. Data from Run 2 are
currently being analysed. Both the statistical and the systematic uncertainties are
expected to scale [44]. More precise results are foreseen also with the future LHCb
upgrades, namely Upgrade I [45] (which is currently under construction and will
start data taking in 2021 after LHC Long Shutdown 2) and Upgrade II [46] (with
operations beginning in LHC Run 5, scheduled to start in 2031).
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B decay D decay Method Dataset Ref.
Bt — DK™ D — hth™ GLW Run 1 & 2 [47]
Bt - DK™ D — hth™ ADS Run 1 48]
Bt — DK™ D — htr~ntn~ GLW/ADS Run 1 48]
Bt — DK™ D — hth™ 7 GLW/ADS Run 1 [49]
Bt — DK™ D — K°hh~ GGSZ Run 1 [50]
Bt - DK™ D — K°hTh~ GGSZ Run 2 [51]
BT — DK™ D — KKtr™ GLS Run 1 [52]
BT — D*K* D — hth™ GLW Run 1 & 2 [47]
BT — DK** D — hth™ GLW/ADS Runl &2 [53]
BT — DK** D — htr ntn- GLW/ADS Runl& 2 [53]
Bt - DK*rntn~ D — hTh™ GLW/ADS Run1 [54]
B° — DK*0 D— K*tn~ ADS Run 1 [55]
B - DK*m~ D — hth™ GLW-Dalitz Run 1 [56]
B° — DK*0 D — Kontm~ GGSZ Run 1 [57]
BY — DFK* Df - hth~xt TD Run 1 (58]
BY — D¥r* Df - Ktxr—nt TD Run 1 [59]

Table 2.1: List of the LHCb measurements used in the last combination [40], where TD
stands for time-dependent and the method acronyms refer to the authors of Refs. [8, 9,
10, 11, 60, 61, 62]. Run 1 corresponds to an integrated luminosity of 3fb~! taken at the
center-of-mass energies of 7 and 8 TeV; Run 2 corresponds to an integrated luminosity of
2fb~! taken at a center-of-mass energy of 13 TeV.
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2.3 Am, measurements at LHCDb

2.3.1 History and motivations

The experimental search for flavor oscillations in the B? system was pursued at
multiple experiments for a long time: the first observation of particle-antiparticle
transformations in neutral B mesons [63, 64] was made at DESY [65] by the AR-
GUS collaboration [66] in 1987. In the following years the knowledge of B physics
was further improved by experiments running at LEP (CERN, Geneva) [67], SLAC
(Stanford, USA) [68] and Tevatron [69] (Fermilab, USA) where the CDF collabo-
ration fist observed the B — B mixing [70]. Since then, the determination of the
B? — BY oscillation frequency Amy from a time-dependent measurement of B? — BY
mixing has been a major objective of experimental particle physics [71]. The CDF
collaboration performed a measurement of this quantity in 2006 [72]; the LHCD ex-
periment published a first measurement of this frequency using a dataset taken at
the LHC (CERN, Geneva) [73] in 2010, corresponding to an integrated luminosity
of 37pb ™" [74] and then using a data sample collected in 2011, corresponding to an
integrated luminosity of 1.0fb™" [75], obtaining

AmpHCP, 2011 — 17 768 + (0.023 (stat) + 0.006 (syst) ps~" (2.3.1)

More details about the latest LHCb measurement are given in the following Section.
Studies continue nowadays not only at the LHC but also, for instance at the Su-
perKEKB (KEK, Tsukuba) [76]. In fact, the mixing phenomenon not only provides
information on the parameters and validity of the SM, but it is also a sensitive probe
for NP.

The mass differences Am, of the B? mass eigenstates could be used to determine
the magnitude of one of the nine elements of the CKM matrix, |Vi,|; furthermore, a
combined measurement of Amg and Amg could be used to derive the ratio |Viq/Vis|
[77] with a small theoretical uncertainty, contributing to a stringent test of the uni-
tarity of the CKM matrix [70]. More generally, it is used as an input parameter to
CKM fits [36].

The LHCb experiment is currently interested in the measurement of Amy as a fun-
damental input to many time-dependent By measurements and as a key ingredient
to searches for physics BSM in mixing phenomena. In the SM, transitions between
quark flavours are possible at tree level via the CC weak interaction; FCNC processes
are instead forbidden at lowest order, but allowed in higher order processes. Since
new particles can contribute to these loop diagrams, such processes are highly sen-
sitive to contributions from BSM [78]. Furthermore, many NP models that explain
anomalies in the b-quark flavour sector, for example in the b — s¢*¢~ transitions [79,
80] or in the lepton flavour universality ratios Rx and Ry« [81, 82], are severely con-
strained by B%-mixing (see for instance [83, 84, 85, 86, 87, 88, 89, 90]), for which the
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SM prediction and experiments agreed well until recently [91, 92]. Taking however
the most recent lattice average from the Flavour Lattice Averaging Group (FLAG)
[93], which is more or less equivalent to the result obtained by Fermilab Lattice and
MILC Collaborations [94], one gets a SM prediction for the mass difference [95] of

AmSM 2017 — (20.01 £ 1.25) ps™! (2.3.2)

which is larger than the available measurements, like the one by LHCb reported in
Equation (2.3.1). This has dramatic consequences for some NP models [95], but
gives also new inputs to the theory community, see for instance [96].

2.3.2 Am, measurement from B! — D;n" at LHCb

This thesis work fits in the context of the time-dependent measurements of B? —
D, 7" performed at LHCb; the analysis aims to extract a precision measurement
of Amg with Run 2 data to be used as one of the input parameters for an updated
time-dependent measurement of  in B — DFK*. Another quantity that can be
extracted from BY — D 7" is the BY — DF K* decay time efficiency obtained as

DATA (DSK) MC (DSK)

6decay time 6decay time

EdDé%E}étime(DSﬂ) a Eg/{egay time(DSTr)

(2.3.3)

The analysis strategy for the measurement of Amg from B? — D7 7" is similar
to that applied by LHCb in the previous measurement [75] and it is developed in
different steps:

1. The analysis of the control channel B} — D7, to check the reconstruction
of kinematic variables. For this analysis the D candidates are reconstructed
in the decay channel D — Knmw. This step is described in details in Chapter
4.

2. The fit to the invariant mass distribution of B — D, 7" candidates, where D
candidates are reconstructed in five decay modes, namely D; — ¢(K+TK )7,
D; - K*K*r")K~, D; — K"K 7~ nonresonant, D; — K 777~ and
D; — m 7tn~; charge conjugate processes are included too. As this is a
flavour-specific process the flavour of the BY candidate at the time of its decay
is given by the charges of the decay products.

3. The fit to the decay time distribution of the B? — D; 7" candidates, from
which Amg and egegﬁtime(Dsﬂ) can be measured. More details can be found
in Chapter 5.
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Using a data sample corresponding to an integrated luminosity of 1.0fb™*, collected
at LHC in pp collisions at /s = 7TeV in 2011, the measurement reported by LHCb
is Am, = 17.768 +0.023 (stat) £ 0.006 (syst) ps~™' in good agreement both with the
previous LHCb measurement [97] and the current world average [27].
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The Large Hadron Collider (LHC) [73] is the world’s largest and most powerful

particle accelerator. It is located at the European Organization for Nuclear Re-
search, or CERN [98], in Geneva and is in operation since December 2009. It is a
27 km ring housed in the same tunnel that once hosted the Large Electron-Positron
collider (LEP) at a depth ranging between 45m and 170m. LHC is only the latest
addition to CERN accelerator’s complex: it was designed to collide proton beams at
a centre-of-mass energy of y/s = 14 TeV and at nominal instantaneous luminosity of
L = 10** cm~2s7!, which represent an extraordinary enhancement with respect to
previous hadron colliders. In addition, LHC can accelerate lead ions up to 2.76 TeV
with a luminosity £ = 103ecm =251
Four experiments are installed along the circumference of LHC: CMS (Compact
Muon Solenoid) [99] and ATLAS (A Toroidal LHC ApparatuS) [100] are general-
purpose experiments designed to test the SM and search for BSM physics; the ALICE
(A Large Ion Collider Experiment) [101] experiment analyses data from relativistic
heavy ion collisions to study the physics of strongly interacting matter at extreme
energy densities, where a phase of matter called quark-gluon plasma forms; LHCb
(Large Hadron Collider beauty) [102] studies the properties of charm and beauty
hadrons produced with large cross sections in the forward region.
In Sections 3.1 and 3.2 the LHC machine and the LHCb detector are described
in more details, while in Section 3.3 flavour tagging techniques at LHCb are pre-
sented. Finally in Section 3.4 the production processes of b-hadrons in pp collisions
are discussed.

3.1 The LHC machine

3.1.1 The structure

The LHC is composed by 1232 super-conducting dipole magnets each 15 m long,
providing a 8.3 T magnetic field that keeps the beams circulating in their trajectories
along the 27 km circumference. The beams, divided in bunches, travel in opposite
directions inside two different vacuum pipes. More than 8000 additional magnets
are used for beam injection, collimation, trajectory correction and finally crossing.
All magnets are cooled by superfluid helium at a temperature of 1.9 K.

Before their injection into the LHC ring, the proton bunches are passed through a
series of lower energy accelerators. The full acceleration chain is shown in Figure 3.1.
Protons are produced by ionization of the hydrogen gas situated at the beginning of
the colliders’ chain; then, protons are fed into the LINear ACcelerator 2 (LINAC2)

19
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Figure 3.1: The accelerator complex at CERN. Image from [103].

where they reach an energy of 50 MeV before they are injected into the Proton
Synchrotron Booster (PSB). Once the protons reach an energy of 1.4GeV, they
are transferred into the Proton Synchrotron (PS) followed by the Super Proton
Synchrotron (SPS) where they are accelerated to energies of 25 GeV and 450 GeV
respectively. They are then injected into the LHC in two counter rotating beams,
where they are steered and accelerated up to a maximum energy of 7 TeV per beam
with 16 superconducting Radio Frequency cavities (8 per beam) which raise the
beam energy by 16 MeV each round with an electric field of 5 MV /m oscillating
at 400 MHz frequency. The two separated beams cross in four interaction points,
where the four LHC experiments are installed. At nominal LHC conditions, bunches
are spaced by 25ns equivalent to a bunch crossing frequency of 40 MHz, which
corresponds to the rate of the collisions in the interaction points.

3.1.2 Performances

The two main features that characterize a particle collider are: the center-of-
mass energy, which corresponds to the total amount of energy available to create
new particles in a single collision, and the instantaneous luminosity, £, which is the
flux (the number of particles crossing the unit area per unit time) of the circulating
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particles, defined as:
~ JEN1N,

dro,o,

c (3.1.1)

where f is the revolution frequency, k£ the number of bunches and N; 5 the number
of protons in each bunch; o, and o, the radius of particles’ distribution in the
transverse plane of the beam. At nominal LHC conditions, with /s = 14 TeV and
L =10 ecm™2s7!, these parameters are equal to: k& = 2808, Ny, = 1.5 - 10" and
0,0, = 16.6 um? (while along the beam direction o, = 7.6 cm). The rate of events,
R, expected in the experiments is:

R=oL (3.1.2)

where ¢ is the cross section of the process considered. Integrating the instantaneous
luminosity over time it is possible to have an estimate of the number of events
expected in the experiments, N:

T
N = a/ Ldt = oL (3.1.3)
0

where L is called integrated luminosity.

LHC started its operations in December 2009 with a center-of-mass energy of /s =
0.9 TeV; during the so-called Run 1, in 2010 and 2011 the center-of-mass energy was
raised to /s = 7TeV, with a bunch crossing rate of 20 MHz, and obtained a maxi-
mum instantaneous luminosity at the start of fills, £pcux, of about 3.7-103 ecm 2571
Then in 2012 /s has been increased to 8 TeV, while L. reached 7.7-10% cm =257
Table 3.1 shows selected LHC parameters for Run 1 [104].

After a shut-down period to allow an upgrade of the LHC, during Run 2, from 2015
to 2018, the center-of-mass energy has been set to /s = 13 TeV, with a bunch cross-
ing rate of 40 MHz. The data-taking conditions evolved significantly during Run 2,
with the LHC peak instantaneous luminosity increasing from 5 to 19 - 103 cm=2s7!,
as the number of colliding bunches. More details can be found in Table 3.2 [105].
After a two-year-long break known as Long Shutdown 2 (LS2), to allow the upgrades
of the LHC machine and of the experiments, the collider will restart again in 2021

for the Run 3 operation period.
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Parameter 2010 2011 2012
Maximum number of colliding bunch pairs 348 1331 1380
Bunch spacing [ns] 150 50 50
Typical bunch population [10'! protons] 0.9 1.2 1.7
Peak luminosity [10%* cm~2s7] 0.2 3.6 7.7
Total delivered integrated luminosity 47pb~t 55t 23fb7!

Table 3.1: Selected LHC parameters for pp collisions at /s = 7TeV in 2010 and 2011,
and at /s = 8TeV in 2012. Values shown are representative of the best accelerator
performance during normal physics operation.

Parameter 2015 2016 2017 2018
Maximum number of colliding bunch pairs 2232 2208 2544/1909 2544
Bunch spacing [ns] 25 25 25/8b4e 25
Typical bunch population [10!! protons] 1.1 1.1 1.1/1.2 1.1
Peak luminosity [10%* cm™2s7] 5 13 16 19

Total delivered integrated luminosity [fb™'] 4.0  38.5 50.2 63.4

Table 3.2: Selected LHC parameters for pp collisions at /s = 13TeV in 2015-2018.
The values shown are representative of the best accelerator performance during normal
physics operation. In 2017, the LHC was run in two modes: standard 25ns bunch train
operation, and ‘8b4e’; denoting a pattern of eight bunches separated by 25 ns followed by
a four bunch-slot gap. Values are given for both configurations.
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3.2 The LHCDb detector

The LHCb experiment is designed precisely to exploit the large production of
highly boosted bb pairs at LHC (see also Sec. 3.4): it is in fact a single-arm spec-
trometer with a forward angular coverage from approximately 10 mrad to 300 mrad
in the bending plane, that reduces to 250 mrad in the non-bending plane. This cor-
responds to a pseudorapidity coverage between 1.8 and 4.9, being the pseudorapidity

defined as:
n=—In [tan <Z>] (3.2.1)

where 6 is the angle formed by the particle momentum and the beam axis.

The optimal luminosity for the LHCb experiment is ~ 10?2 cm~2s~!, lower than that
delivered by LHC. Running at this lower luminosity has some advantages: events
are dominated by single pp interaction per bunch crossing (simpler to analyze than
those with multiple primary pp interactions) and the occupancy in the detectors is
reduced as well as the radiation damage to the apparatus. The luminosity provided
by the LHC is reduced using a luminosity levelling technique, where the two beams
do not collide head-on but they are tilted to obtain a larger interaction area [106].
During the fill, as the proton beams current and quality degrade, the tilt is reduced
to obtain a constant instantaneous luminosity. Figure 3.2 shows the integrated
luminosity of LHCb in pp collisions during all the years of data taking.

The LHCDb detector is made of different subdetectors and its layout is shown in
Figure 3.3. The subdetectors are:

e a VErtex LOcator (VELO) placed around the interaction point;

e a dipole magnet;

a tracking system, with multiple stations located both upstream and down-
stream of the magnet;

e two Ring Imaging CHerenkov: RICH I is located after the VELO and RICH
IT after the tracking system stations;

e a calorimeter system composed of a Scintillator Pad Detector and a PreShower
(SPD/PS), an Electromagnetic CALorimeter (ECAL) and a Hadronic CALorime-
ter (HCAL);

e a five-station muon tracking system (M1 - M5), mainly composed of multi-wire
proportional chambers (MWPC), while in the highest rate region triple-GEM
detectors are used.
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Figure 3.2: Integrated Recorded luminosity at LHCb in pp collisions in different years
of data taking, from 2010 (begin of Run 1) to 2018 (end of Run 2). Image from [107].
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Figure 3.3: Schematic of the LHCb detector and its subdetectors. Image from [107].
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In the standard right-handed LHCb coordinates system the z axis is parallel to the
beam direction, the y axis has vertical direction and is pointing upwards and the
x axis has horizontal direction pointing to the outside of the LHC-ring. Nominal
proton-proton collisions happen in the z = 0 point of Figure 3.3.

In Table 3.3 a summary of the main LHCb performance numbers is presented.

Momentum resolution:

Ap/p = 0.5% at low momentum
to 1% at 200 GeV/c

Impact parameter resolution:

(154 29/pr[GeV]) pm

Resolutions Decay time resolution: ~ 45fs for BY — J/1¢ and for
BY - D,m
~ 8MeV/c* for B — J/¢YX
Invariant mass resolution: decays with constraint on J/¢
mass
~ 22 MeV /¢ for two-body B de-
cays
~ 100MeV/c¢® for BY — ¢,
dominated by photon contribu-
tion
working detector channels: ~ 99% for all subdetectors
data taking efficiency: 90%; out of which 99% good for
analyses
Efficiencies trigger efficiencies: ~ 90% for dimuon channels, ~

30% for multi-body hadronic fi-
nal states

track reconstruction efficiency:

~ 96% for long tracks

PID efficiency

Electron ID ~ 90% for ~ 5%
e — h mis-id probability

Kaon ID ~ 95% for ~ 5% 7 —
K mis-id probability

Muon ID ~ 97% for 1 —3% © —
w1 mis-id probability

Table 3.3: Summary of the main LHCb performance numbers, data from [108].

The following paragraphs review the main LHCb subdetectors.
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3.2.1 VErtex LOcator

The basic tasks of the LHCb VELO [109] system are the reconstruction of the

position of the primary vertex (PV), the detection of tracks which do not originate
from the primary vertex and the reconstruction of the b-hadron decay vertices. The
design of the VELO system is constrained by its integration into the LHCb detector
and by its proximity to the LHC beams, which exposes the detector to an extreme
radiation environment.
With a radial distance of ~ 8 mm, the VELO is the detector component closest
to the beam in LHC. It is placed into a vessel where the vacuum is maintained,
separated from the machine vacuum by aluminium sheets called RF-foils, studied
to minimize multiple scattering effects. The VELO consists of a series of circular
silicon strip modules arranged to cover 1 m distance along the beam direction: each
module is divided into two separate halves, that are closed to form a circle (with
a small overlap allowing relative alignment) only during the stable beams phases.
The two halves host different kind of sensors:

e r-sensors, segmented in concentric semi-circles, thanks to which it is possible
to measure the radial distance from the beam axis;

e ¢-sensors, segmented radially, measuring the azimuthal angle.

The sensors are 300 ym thick but the strip length and pitch are sensor dependent.
A schematic of the VELO structure is shown in Figure 3.4.

The performance of the VELO depends on the number of reconstructed tracks and
their momenta. For a vertex with about 25 tracks a PV resolution of approximately
13 pm in the transverse plane (70 um along the z-axis) is achieved. The minimal
distance of a charged track with respect to the PV, referred to as impact parameter
(IP), can be reconstructed with a resolution of 35 um for tracks with momentum
larger than 1 GeV /c. The angular acceptance is given by the solid angle in which at
least three sensors are hit: 1.6 < n < 4.9.

3.2.2 Dipole magnet

A dipole magnet [110] is used to bend the tracks of charged particles, in order
to be able to measure their momentum. It is composed of two saddle-shaped coils
placed symmetrically to each other inside a window-frame yoke, as shown also in
Figure 3.5. The magnet provides an integrated magnetic field of about 4 Tm for
tracks passing through the entire tracking system. The main component of the
magnetic field is along the y-axis and thus bends charged tracks in the x-z plane.
The very precise knowledge of this field allows the tracking detectors to perform
momentum measurements on charged particles with a precision of about 0.4% for
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Figure 3.4: (a) Schematic representation of an r and a ¢ sensor. Image from [81]. (b)
Arrangement of detectors along the beam axis. The top figure shows the VELO setup
seen from above, indicating the overlap between the left and the right halves. The bottom
figure is a cross section of the setup at x = 0, showing also the nominal position for the
interaction area (£20). The three black lines indicate the maximum and the minimum
angular coverage and the average angle of tracks in minimum bias events. Image from
[109].

Figure 3.5: Representation of the LHCb dipolar magnet. Image from [110].
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low momenta and 0.6% up to 200 GeV/c. To cancel detector induced left-right
asymmetries, the polarity of the magnet is periodically switched.

3.2.3 Tracking system

The tracking system is composed by four planar stations: the Tracker Turicensis
(TT) [111], located between the RICH I and the dipole magnet, and the T1, T2,
T3 stations, placed over 3m between the magnet and the RICH II. The TT and
the inner regions of the T1-T3 stations, called Inner Tracker (IT) [112], form the so
called Silicon Tracker (ST) system; the outer regions of the T1-T3 stations are the
Outer Tracker (OT) [113].

With a height of 130cm and a width of 160 cm, the TT covers the full angular
acceptance of the VELO. The TT consists of four planes of silicon strip sensors
grouped in two stations (TTa and TTb) and arranged in a (x-u-v-x) layout: the
strips of the x layers are aligned with the y-axis, while the u and v layers are rotated
by an angle of +-5° and —5° respectively to infer also information on the y-dimension.
A representation of the TT (x-u-v-x) layout is shown in Figure 3.6. The strip pitch
of 183 um leads to a spatial resolution of ~ 50 um in the x-dimension.

The IT covers an area of 120 x 40 cm? corresponding to less than 2% of the LHCb
acceptance, but it is intercepted by about 20% of the tracks produced in pp collisions:
a fine detector granularity is therefore required. Each station has four layers with
the same (x-u-v-x) layout as the TT, and the same spatial resolution is achieved.
The OT is a drift time detector surrounding the IT and covering the remaining
acceptance; it follows the same arrangement as the TT and IT, having four layers
in (x-u-v-x) configuration per station. The tubes, having an internal diameter of
4.9mm, are filled with a mixture of Ar (70%), COy (28.5%) and Oy (1.5%). The
proportions are chosen in order to achieve a drift distance resolution of ~ 200 ym.
A schematic representation of the IT and OT layout is shown in Figure 3.7.

3.2.4 RICH I-11

Particle identification (PID) is a fundamental requirement of the LHCb experi-
ment. The ability to distinguish between charged hadrons such as pions or kaons in
a variety of final states is essential for the physics that the experiment is designed
to study. In fact, meaningful C' P-violation measurements are only possible in many
important channels if hadron identification is available. The PID is achieved using
two Ring Imaging CHerenkov (RICH) detectors [115]. They feature a similar setup,
consisting of a suitable radiator material, a mirror system and a photo—sensitive
detector component. When a charged particle exceeds the speed of light in the ra-
diator, Cherenkov light is emitted in form of a cone, where the opening angle 6 is
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Figure 3.7: (a) Layout of an x detection layer in one of the IT stations. (b) Arrangement
of OT straw-tube modules in layers and stations. Pictures from [102].

purely a function of the particle’s velocity:

1
cos(Oc) = n (3.2.2)
where n is the refraction index of the radiator and [ the velocity in natural units.
The emitted light cone is then guided by the mirror system to the photo—detectors.
If the momentum of a particle is known from an independent measurement, the
mass can be inferred from the measured angle 6.
The choice of using two different RICH detectors arises from the need to be sensitive
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Figure 3.8: (a) Side view schematic layout of the RICH I detector. (b) Top view
schematic of the RICH II detector. Images from [102].

over the wide momentum spectrum of particles in the LHCb acceptance. RICH I,
having C,Fyo gas as radiator (n = 1.0014) performs best on the low-momentum
(1 — 60 GeV/c) particles, while RICH II, containing CF, (n = 1.0005), covers the
high momentum range, from 50 GeV /c up to 150 GeV/c.

3.2.5 Calorimeters

The main task of the calorimetry system [116] is to measure the particles’ energy
and location and to give information for the Level-0 trigger and, ultimately, PID.
In LHCb the system is composed by four subdetectors, in order of position along z:

a Scintillating Pad Detector (SPD);

a PreShower (PS);

an Electromagnetic CALorimeter (ECAL);
e a Hadronic CALorimeter (HCAL).

The layout of the calorimetry system is illustrated in Figure 3.9.
The SPD and the PS are almost two identical planes of scintillating pads separated
by a 15 mm-thick lead layer, corresponding to 2.5 electromagnetic interaction lengths
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and to ~ 0.06 hadronic interaction lengths. As only charged particles produce scin-
tillating light, the SPD, together with the ECAL, provide a discrimination between
e® and neutral particles (y and 7°), which do not produce a SPD signal. The PS
helps to discriminate charged 7= and e*, as the energy deposition in the layer of
lead will be different for hadrons and leptons. The calorimeters are constructed
as sampling calorimeters, meaning that alternating layers of absorber and scintil-
lation material are positioned in a row. The absorber material is used to induce
electromagnetic or hadronic showers; when the cascades of secondary particles hit
the scintillators these cause the emission of photons proportional in number to the
energy of the incident particle. Photons are then trasported through wavelength
shifting fibers to photomultiplier tubes. The PS, SPD, ECAL and HCAL adopt
a variable lateral segmentation, due to the fact that the hit density varies by two
orders of magnitude over the calorimeter surface, depending on the radial distance
from the beam. The ECAL comprises alternating layers of lead (2mm) and scin-
tillating tiles (4 mm). Its main purpose is to measure the energy of electrons and
photons, which predominantly loose their energy in electromagnetic showers. Fur-
thermore, it plays a crucial role in the reconstruction of neutral pions. The energy
resolution of the ECAL is, in the inner modules

o5 _ B220D% o .87+ 0.0m)%

E VE
The HCAL is used to measure the energy of hadrons, which induce hadronic showers

while passing through the absorber plates, that in this case are made of iron. The

HCAL resolution is (60 + 5)%
(o] 0
— = + 2
By @OE2%

3.2.6 Muon tracking system

A muon system [118], Figure 3.10, consisting of five stations (M1-M5) is used for
track reconstruction and PID of muons. In the LHCb momentum range, muons act
as minimum ionizing particles and are the only charged particles that travel through
the whole detector. Therefore the muon stations are mainly placed furthest away
from the interaction point (z > 15m), where the majority of particles have already
been stopped by interactions with the detector material. The first station (M1) is
placed upstream of the PS, while the remaining four stations (M2, M3, M4 and M5)
are located downstream of the calorimeter system, interleaved with iron absorbers
to select penetrating muons.

All muon stations use Multi-Wire Proportional Chambers (MWPC), operating with
a gas mixture of Ar (40%), CO; (55%) and CFy4 (5%), providing a time resolution of
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Figure 3.9: Layout of the SPD, PS, ECAL and HCAL showing the different segmentation
areas and the interactions of different particle species. The relative dimensions of the
ECAL and HCAL are correct, but the z-scale of the SPD/PS is exaggerated. Image from
[117].
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Figure 3.10: Side view of the muon system. Image from [102]
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about 5ns. Only in inner region of M1, where the particle flux is higher, triple-GEM
(Gas Electron Multiplier) detectors are installed because of their higher radiation
tolerance: the fast gas mixture (with proportion 45:15:40) allows a time resolution
better than 3 ns.

Given the fast readout and high efficiency (the average muon identification efficiency
is in fact 98%) the muon chambers play a crucial role in the LHCb trigger system.

3.2.7 'Trigger

The LHCD trigger [119] is organized in two different levels, executed in cascade:

e the Level 0 trigger (LO) is a hardware trigger, operating synchronously with
the bunch-crossing frequency (40 MHz during Run 2). It lowers the event rate
to a maximum of ~ 1 MHz;

e the High Level Trigger (HLT) is a software trigger which is run asynchronously
on the Event Filter Farm (EFF), a large computing cluster of about 29000 CPU
cores. It is divided into two steps, HLT1 and HLT2, and reduces the event
rate from 1 MHz to 5 kHz.

The LO trigger uses the information provided by three different sub-systems: the
VELO pile-up system (composed by the two r-sensors placed upstream the inter-
action region), the calorimeters and the muon tracker. It identifies the hadron,
electron and photon clusters with the highest transverse energy in the calorimeters
and the two tracks with the highest transverse momentum in the muon chambers.
In addition, the pile-up system in the VELO estimates the number of primary pp
interactions in each bunch crossing.

The HLT1 provides a fast confirmation of the L0 decision using more refined data:
exploiting the information from the VELO and the T1-T3 stations a partial event re-
construction is performed, at this stage on high-pr and high-p tracks. Their impact
parameter with respect to the primary vertex is computed and used as a discrimi-
nating variable as well as the presence in the event of secondary vertices produced
by the decay of flying particles. The computing power available in the Run 2 EFF
allows for automated alignment and calibration tasks: dedicated samples selected
by the HLT1 are used to align and calibrate the detector in real time.

The HLT2 consists of several selection lines run in parallel, corresponding each to
a specific physics decay topology, matching events of interest for the LHCb physics
program. It searches for secondary vertices and applies mass and kinematic cuts
to reduce the rate of events. Using inclusive and exclusive algorithms, it performs
the pattern recognition to find all tracks in the event and thus to provide a full
event reconstruction. The output of the HLT2 is then written to disk to be further
analysed.

A schematic of the overall trigger flow is shown in Figure 3.11
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Figure 3.11: The LHCDb Run 2 trigger scheme. Picture from [120].

3.3 Flavour Tagging

The identification of the initial flavour of reconstructed B mesons is necessary

for most of the measurements of time-dependent C'P asymmetries and flavour os-
cillations. This procedure is known as flavour tagging (FT) and is performed at
LHCb by means of several algorithms. Different sources of information can be used
to asses the initial flavour of a B-meson candidate, as illustrated in Figure 3.12. In
the following Sections, two types of tagger algorithms are described: opposite-side
taggers, based on muons, electrons, kaons, charmed hadrons and inclusive secondary
vertex data, and same-side taggers, based on kaons, pions and protons.
The performance of a flavour tagging algorithm is defined by its tagging efficiency,
€1qg, Mistag fraction, w, and dilution, D = 1 — 2w. For a simple tagging algo-
rithm with discrete decisions (for example BY, B, or untagged) these parameters
are directly related to the number of rightly tagged (R), wrongly tagged (W), and
untagged events (U) in a signal sample:

 R+W
‘9= RIW U
w
R+ W

(3.3.1)

(3.3.2)

W =
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_R-W
- R4+W

For each tagger, a multivariate classifier is trained using simulated data to distin-
guish between correct and incorrect decisions. The inputs to the classifier are a
selection of quantities describing the event in general with the exception of any
information concerning the B candidate to tag. The classifier then calculates a pre-
dicted mistag probability, n. The predicted mistag probability is then calibrated
with data using an appropriate flavour self-tagged mode, such as BT — J/¢ K™, or
a mode involving neutral B oscillation which self-tags its flavour at the decay-time,
such as B® — J/YK*® or B? — D wt [121, 122]. This calibration procedure pro-
vides a function w(n), which relates the actual mistag probability w to the predicted
mistag probability 7:

(3.3.3)

w(n) = po+pi(n—1n) (3.3.4)
w(B) — w(B) = Aw = Apg + Api(n — 7)) (3.3.5)
where 7 is the average estimated mistag probability and Aw represents the excess
mistag probability for BT (BY) with respect to B~ (B). In the ideal case the
parameter py should be equal to 1, while p; should be equal to 1. 1 is introduced to
"decorrelate" the parameters pg, p1, Apo, Ap;.
The tagging efficiency and the mistag probabilities are used to calculate the effective
tagging efficiency e.ff, also known as tagging power:

1 R+W
Ceff = Cas gy > (1= 2w(n))? (3.3.6)

=1

which represents the figure of merit in the optimisation of a flavour-tagging algo-
rithm.

3.3.1 Opposite Side Taggers

Opposite-side (OS) tagging algorithms [123] rely on the pair production of b and
b quarks and infer the flavour of a given B meson (signal B) from the identification
of the flavour of the other b hadron (tagging B). The algorithms use the charge
of the lepton (u,e) from semileptonic b decays, the charge of the kaon from the
b — ¢ — s decay chain or the charge of the inclusive secondary vertex reconstructed
from b-hadron decay products. These taggers are called electron, muon, kaon (which
we refer to as single particle taggers) and vertex charge taggers, respectively. Re-
cently a new OS flavour tagging algorithm has been implemented, that relies on the
correlation between the reconstructed decays of charm hadrons produced in the OS
b hadron decay [124].
In the case of single particle taggers, the tagging particles are selected exploiting the
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Figure 3.12: Schematic representation of the different sources of information available
to tag the initial flavour of a signal B candidate at LHCb.

properties of the b-hadron decay: a large impact parameter significance with respect
to the primary vertex (I P/orp) and a large transverse momentum (pr) are required,
in combination with the particle identification given by the RICH, the calorimeter
and the muon systems. Only charged particles reconstructed with a good quality of
the track fit are used. In addition, to reject tracks coming from other primary inter-
actions in the same bunch crossing, the impact parameter significance with respect
to these pile-up (PU) vertices, defined as I Ppy/o1p,,, is required to be large.

The vertex charge tagger is based on the inclusive reconstruction of the secondary
vertex corresponding to the decay of the tagging B meson. A vertex candidate is
built from two seed tracks above a pr and IP/o;p threshold; the pion mass is at-
tributed to each. Tracks that are compatible with coming from the two track vertex
but do not originate from the primary vertex are added. A good quality of the
vertex reconstruction is required. The probability that it originates from a b-hadron
decay is estimated out the the fit quality, geometry and kinematics of the decay. The
charge of the tagging B is calculated as the sum of the charges ); of all the tracks
associated to the vertex weighted with their transverse momentum to the power of

K:
Qvtz = ZZ QlfTi
> P
where k = 0.4 is chosen to optimize the tagging power.
For each single particle tagger i, the probability n; of the tag decision to be wrong
is estimated by using properties of the tagger and of the event itself. This mistag
probability is evaluated by means of a neural network trained on simulated events
to identify the correct flavour of the signal B, and subsequently calibrated on data.

(3.3.7)
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The inputs to the neural network are the transverse momentum of the signal B,
the number of PU vertices, the number of tracks initially selected for the tagging
candidate, other geometrical and kinematic properties of these tagging particles
(such as p, pr, IP/o;p). In Table 3.4 the performances of single particle taggers
and the OS combination measured after the calibration of the mistag probability
are reported.

The OS charm tagger is based on the reconstruction of the charm hadrons DY,
D° and A produced through the quark level transition b — ¢. The charge of the
DY or A} determines the flavour of the parent b hadron, while for the D° decays
trough the dominant process D° — K~X (which is Cabibbo favoured), the kaon
charge determines the flavour of the charm hadron and consequently of the parent
b hadron (the D° mixing effect is negligible). This algorithm uses charm hadron
candidates reconstructed in a set of decay modes with relatively large branching
fractions. For each mode a boosted decision tree (BDT) [125][126] is used both to
suppress background candidates and to extract mistag probabilities. The inputs to
each BDT are variables that describe the decay kinematics, the decay vertex and
the PID information of the decay products. These BDTs are trained on bb simulated
events.

The tagging efficiency, mistag fraction and tagging power of the OS charm tagger
are reported in Table 3.5 for B — J/1X decays and for the B decay of interest in
this analysis.

Taggers €tag|T0] w[%] €crf| %]
v 48+0.1 343+£19 048+0.12
e 22+0.1 324+28 0.27+0.10
K 11.44+0.2 39.64+1.2 0.4940.13
Qutz 149+0.2 41.7+1.1 0.4140.11

OS average (7. < 0.42) 1794+0.2 36.8+1.0 1.244+0.2
OS sum of 7, bins 27.1+03 380409 1.57£0.22

Table 3.4: Tagging performance in the B — D*~n*(utv,) channel for single particle
taggers and charge vertex taggers [123]. The performance of the OS combination is calcu-
lated rejecting the events with a poor calibrated mistag probability n. (larger than 0.42).
Additionally the tagging performance is determined in independent samples obtained by
dividing the data in bins of n.. Uncertainties are statistical only.
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Sample €tag| 70] w[%] €err| %)
Simulation 4.88 37.0 0.33
B - D 7t 4.1140.03 3444+04+0.3 0.4040.03£0.01
BY —» D;7" 3.99+0.07 344+0.6+0.3 0.3940.03+0.01

Table 3.5: Tagging performance of the OS charm tagger algorithm [124]. The first
uncertainties are statistical and the second are systematic. The sample labeled Simulation
is the training sample of Bt — J/wK*, B® — J/¢yK*® and B? — J/¢¢ decays, which
has negligible statistical uncertainty.

3.3.2 Same Side Taggers

Same-side (SS) tagger algorithms [127][128] exploit the correlation between the

flavour of the b-hadron and the charge of the particle (pion, proton, kaon) produced
next to the signal b-hadron in the hadronisation process. In fact, through the pro-
duction of a B° meson (bd), an additional d is created, which can further hadronize
into a pion or proton. Instead, the production of a B? meson (bs) is accompanied
by a s, which can form a kaon. The SS pion, SS proton and SS kaon taggers exploit
the formation of these particles to infer the flavour of the b hadron produced simul-
taneously. Both the SS pion and SS proton use a BDT to select suitable candidates
[129], in contrast with the SS kaon, which employs a cut based selection.
A new SS kaon algorithm, SS kaon NNet [130], exploits two neural networks to
identify the flavour at production of a reconstructed BY meson. The first neural
network is used to assign to each track reconstructed in the pp collision the proba-
bility of being a particle related to the B? hadronisation process. Tracks that have
a probability larger than a suitably chosen threshold are "combined" in the second
network to determine the tagging decision and to estimate the probability of an
incorrect flavour assignment. The tagging power of this new algorithm, as measured
in BY — D;7" decays, is (1.80 4 0.19(stat) + 0.18(syst))% a significant improve-
ment over the tagging power of 1.2% of the previous cut based implementation [130].
This new algorithm represents an important progress for many analyses aiming to
make high-precision measurements of B — BY mixing and of C'P asymmetries in
B? decays.

3.3.3 Combination of taggers

The decisions provided by all the available taggers are combined into a final
decision on the initial flavour of the signal B meson. The combined probability P(b)
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that the signal meson contains a b quark is calculated as [123]

Py = 20 P(b)=1— P(b) (3.3.8)

1+d;

s =TI (M50 aa-m) o =TI(15 v aa-m) @9

Here, d; is the decision taken by the i-th tagger based on the charge of the particle
with the convention d; = 1(—1) for the signal B containing a b(b) quark and 7; the
corresponding predicted mistag probability.

3.4 By, production at LHC

Heavy flavour production in hadronic collisions can be described in the parton
model approach, where light partons in the incoming hadrons collide and produce a
heavy ¢q pair via elementary strong interactions vertices [131], like, for example, in
the diagrams of Figure 3.13.

Montecarlo (MC) simulations of bb production at /s = 14 TeV at LHC were im-
plemented using PyYTHIAS8 [132] and CTEQ6 NLO [133], including the following
processes weighted according to their cross-sections:

qq — bb qgg — bb qq — bZ)g qq — bgg

The total bb cross-section using the default PYTHIAS parameters is 527.3 ub at
14 TeV. As it is possible to observe from the results in Figure 3.14, the bb pairs
are highly boosted. The LHCb pseudorapidity coverage, 1.8 < n < 4.9, allows to
intercept 24% of bb pairs and 27% of the b or b quarks [134].

Due to the quark confinement, b and b quarks can not exist as free particles: their
long lifetime implies that bottom hadrons are formed and observed. The process
where a b or a b quark forms a bound state with another quark is called hadroniza-
tion. The primary products are BT, B? B? and their charge-conjugate states,
formed by one b quark bound to one of the three light quarks (u, d and s) [136].
The production cross-section for b-flavoured hadrons can be calculated in QCD [137,
138, 139] complemented with the knowledge of the hadronization fractions, defined
as the probability for a b quark to hadronise as a particular bottom hadron [140].
Measurements of the cross-section for producing b quarks in the reaction pp — bbX
at 13 TeV center-of-mass energies are performed by LHCb, giving as result ~ 560 b
in the full » and py range covered by the experiment [141]. Complete measurements
of b hadron production fractions at the LHC do not exist yet for /s = 13TeV
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Figure 3.13: Examples of heavy flavour production diagrams. (a,b) Leading order. (c)
Pair creation with gluon emission. (d) Flavour excitation. (e) Gluon splitting. (f) Events
classified as gluon splitting but with flavour excitation character. Picture from [135].
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Figure 3.14: bb production angle and pseudorapidity at 14 TeV at LHC. The acceptance
of LHCD is compared to that of a general purpose detector (GPD) with |n| < 2. Pictures
from [134].
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pp collisions. LHCb measured the hadronization fraction f, of Bg normalized to
the sum of the B~ fraction f, and B° fraction f;, leading to f./(f. + fi) =
0.122 £ 0.006 (stat and syst) at /s = 13TeV [142]: the ratio shows a mild de-
pendence on the pr and no dependence on 7).

In the Figures from 3.15 to 3.17 the most relevant kinematic properties of B? with
daughters in the LHCb geometrical acceptance range, at /s = 7TeV, as obtained
from a PyTHiA MC sample, are presented: they are the momentum and transverse
momentum, the pseudorapidy, the azimuthal angle and the decay time. From Figure
3.15 it is possible to observe that the momentum of the BY is peaked around 50 GeV,
while the transverse momentum reaches its maximum at 5 GeV. Due to the daugh-
ters in LHCD preselection BY particles have pseudorapidity between 2 and 5, while,
as expected, the azimuthal angle is uniform in the [0, 27| range, see Figure 3.16. Fi-
nally, the decay time distribution, Figure 3.17, has an average of 1.5 ps. Clearly no
flavour tagging information is used in the decay time reconstruction hence BY — B’S
mixing is not evident. More details on this topic are given in Chapter 6.

In the following Figure 3.18, the number of tracks and the number of long tracks,
i.e. those which have hits in the VELO and in all the T-stations, are presented:
while the number of tracks is ~ 150, the number of long tracks is ~ 50 on average.
Finally in Figure 3.19 the number of primary vertices is shown: 2.5 primary vertices
can be found per event with the running conditions chosen by LHCb.
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Figure 3.15: Momentum and transverse momentum of B?/B? in MC simulations at
/s = 7TeV at LHCb.
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Figure 3.16: Pseudorapidity and azimuthal angle of B%/B? in MC simulations at /s =
7TeV at LHCb.
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4 Analysis of the control channel
Bg)l — D x "

A measurement of Amyg, as anticipated in Chapter 2, can be obtained from
a time-dependent analysis of the B? — D 7" decay channel. In order to check
the correct reconstruction of kinematic variables and validate the analysis proce-
dure, a control sample is studied. In this case, the control sample is given by the
BY — D~7" decay mode, where D~ — K~ 7"n~. The charge conjugate mode is
considered too. The analysis of the control sample foresees:

1. the modelling, by means of MC simulations, of the signal and background
probability density functions (PDFs) for the invariant mass distribution to be
subsequently used in fits to data;

2. a fit of the reconstructed B} — D~ 7t invariant mass distribution, to extract
the signal and background yields and other important quantities, like the width
of the signal peak;

3. the comparison between data and MC.

In Section 4.1, the functions used to model the signal and the various background
contributions are described. In Section 4.2 the results of the invariant mass fits to
the control channel B} — D~nt are reported for different subsets of Run 2 data.
Finally in Section 4.3 some relevant kinematic quantities of this control sample, as
measured in data, are compared to those obtained from the MC simulation.

The analysis uses a data sample corresponding to an integrated luminosity of 5.9 fb™!
collected by LHCb detector during Run 2.

4.1 Signal and background modelling

4.1.1 Signal fit in MC

Determining the invariant mass shape of the D~ 7" system, i.e. the probability
density function (PDF) that parameterizes the invariant mass, is crucial to describe
this process accurately. Generally the best PDF function and its parameters are
determined by means of MC simulations; the shape parameters extracted in MC are
then fixed in the fits to data.

The shape of the BY invariant mass distribution for signal candidates is modelled
using the Ipatia+JohnsonSU function. This choice provides a good description of

45
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the peak region as well as of radiative tail and other reconstruction effects. More
information about this choice can be found in [143].

The Ipatia function H(m, p, o7, A, C, B, a1, ny, as, n2) is a PDF with exponential tails
and a core that follows a hyperbolic distribution [144]; it is defined as

h(m, p, o1, X, ¢, B), if 1 > —aq or e < as
or gr
h(m_alalvﬂaah)HC?ﬁ) ifm_u<—a1
H h(m—aio7,1,071,0,C,08) ni =
1= m/ (npg it h 2l — aor)| or
h(m_a2017M70]7A7C7B) A Vi
|:1 i / ( h(m—agor,u,01,0,¢,8) >:|n27 if o1 2 G
m n h' (m7a20'] 7#7017A7C7ﬁ) a20_[
(4.1.1)
where
2 42/ 2]2NT B m—u\’
h<maua017)\aC75) (8 |:(m_/’L> +A/\(C>O—I} € K)\—% C 1+ A)\(C)
K
45(Q) = 20
K+1(Q)

where K, are cylindrical harmonics 7.e. special Bessel functions of third kind. The
JohnsonSU J(m, pu,05,v7) is a function with highly asymmetric tails [145]; it is
defined as

1 2 1
J o< ———— ez mmos ) (4.1.2)
2me(vt)oy T\/z(m,,u, o5V, T)?+1
where
. h _1
T
m — [+ ¢+ oy/wsinh(w)]
Z =
COo g
1
C =
V/3(w — 1) [w cosh(2w) + 1]
W= —vT

The mean 4 of the two functions is shared when fitting the signal.

MC samples are generated using PYTHIA8 with a specific LHCb configuration [146].
Decays of hadronic particles are described by EVTGEN [147], in which final-state
radiation is generated using PHOTOS [148]. The interaction of the generated parti-
cles with the detector and its response, are implemented using the GEANT4 toolkit
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Figure 4.1: Signal shape fit of Bg — D77 in 2016 MC simulation.

(149, 150]. In Figure 4.1 the fit to the BY — D~x" 2016 MC signal is presented
in a mass range from 5000 to 5600 MeV /c”. In order to have an indication of how
well the fit is performing "locally", a pull diagram is displayed underneath the fit.
All the parameters are left free to vary, except 8 and ¢ of the Ipatia function which
are set to zero. Fitting this function gives a PDF that agrees with the simulation
results very well, based on both the pull diagram, where we can see that in the vast
majority of cases the deviations are under 30, and the reduced x?2, equal to 0.76.
The same fit has been performed also with the 2015 MC sample, with very similar
results.

4.1.2 Background templates

In the invariant mass fits of the D=7 candidates three different kind of back-
ground contributions can be distinguished:

e Partially reconstructed backgrounds: these background sources arise in
decays where one or more particles in the final state are not reconstructed.
These unreconstructed particles cause the partially reconstructed background
events to have a lower invariant mass than the B} — D~ 7" signal.

e Misidentified backgrounds: if one of the final-state particles gets misidenti-
fied, the event ends up being reconstructed under an incorrect mass hypothesis
as a D~ wcandidate.
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Figure 4.2: Partially reconstructed background templates for (a) B — D*~ 7" and (b)
BY — D~ p* decay channels reconstructed as B — D~nt candidates, which are used for
D~ 7 invariant mass fit.

e Combinatorial background: this background consists of random combina-
tions of the final-state particles, resulting in D~ 7" candidates. Two cases can
occur: the first when a "genuine" D~ is randomly combined with a pion, the
second when the D~ is reconstructed from a random combination of K7 and
is randomly combined with a pion.

The main contributions to the partially reconstructed background for the BY —
D=7t are represented by BY — D~ p*, where p™ — 77 and B} — D* 7", where
D*= — D=7% or D*~ — D~~. The main sources of misidentified background are
the decay B} — DTK*, where the kaon is reconstructed with the pion mass, the
A) — Afm~, where the AT — pK is reconstructed as a combination of K77 and
thus it is identified as a D, and the B? — D;w", where similarly the D, decay
products are misidentified as a K7m combination.

The partially reconstructed background and misidentified background contributions
are described by functions called RooKeysPDF [151, 152], whose shapes are ob-
tained fitting the corresponding simulation samples. The only exception is the
BY — D*~r™ PDF, which is described by a double Gaussian function with sep-
arated means. Finally the combinatorial background can be modelled with a double
exponential function.

In Figures 4.2 and 4.3, an example of partially reconstructed background and misiden-
tified background templates are reported. The blue points are obtained from the
MC simulation of the corresponding process, while the solid blue line represents the
PDF template.
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used for D™7t invariant mass fit.

4.2 BY — D 7" invariant mass fits

4.2.1 Candidate selection

First of all, D~ candidates are reconstructed from a combination of charged
particles in the final state, namely K7rw. These D~ candidates are then associated
with a fourth particle, which we refer to as "bachelor". Further selection criteria
are applied to the reconstructed B} — D~ candidates, the most important being
listed below:

e The candidates undergo the decision of a gradient boosted decision tree (BDTG)
algorithm [153], used to increase the signal purity by suppressing background
from random combinations of particles. The algorithm is trained on Dy
sWeighted data for the signal part and D,m candidates with invariant mass
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above the nominal BY one for the background part.

e The BY and D~ candidates are required to have a measured mass within
(5000, 6000] MeV /c* and [1830, 1920] MeV /¢, respectively.

e The reconstructed B decay time must be 7 > 0.4 ps, in order to avoid overlaps
between the primary and the secondary vertex;

e The D candidates are required to be detached from the primary vertex, by
imposing conditions on the flight distance.

Very similar cuts are applied also to the D7 channel.

4.2.2 Fit results

The Run 2 data sample after the selection is split into eight subsets, according to
the different years of data-taking (2015, 2016, 2017, 2018) and the different orienta-
tion of the magnetic field, namely "polarity up" and "polarity down". This procedure
allows to check the consistency and the stability of the invariant mass fits.

The invariant mass distributions of all the samples are fitted through a maximum
Likelihood fit: the shape of the BY signal is modelled using the Ipatia+JohnsonSU
PDF, as reported in Section 4.1. The parameters of the PDF are fixed to the values
extracted from the MC signal fit, see Figure 4.1, with some exceptions: the mean
it and the parameters a;, oy and o; are left free, in order to be able to cope with
differences between data and MC, as well as to compare the left tail of the signal
shape. Clearly also the yields of the signal component is a floating parameter.

The misidentified backgrounds, By — D¥K* B% — D nt and A) — Afn~, and
the partially reconstructed backgrounds, B} — D* 7" and B} — D~ p™, are mod-
elled using MC templates, as explained in Section 4.1. Almost all background yields
are left free to vary in the fit, except those that have an expected contribution be-
low 2% of the signal yield, namely B? — D;nt and A} — AF7~. Such background
yields are fixed from known branching fractions and relative efficiencies, as measured
using simulation, and assuming an "initial" value for the signal yield. However being
so small a perfectly legitimate fit is obtained also setting them at 0. The combina-
torial background is modelled with a double exponential, with parameters free to
vary.

In Figures from 4.4 to 4.7 the results of the invariant mass fits are reported: the
mass distribution features a peak in correspondence to the known value of the BY
mass, ~ 5280 MGV/CQ, with a width of about 20 MGV/CZ. At values lower than
5200 MeV/ ¢?, broad structures corresponding to partially reconstructed decays are
present.

The fits allow to estimate the signal and background yields, both in the entire range
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and in the signal range: in particular the yields in the signal range [5229.63, 5329.63] MeV /¢
are listed in Table 4.1 for samples with magnet polarity down and Table 4.2 for sam-
ples with magnet polarity up.

From these fits it is also possible to extract sWeights, obtained from the sPlot pre-
scription [154], which allow to statistically subtract the background contributions.
The values obtained for the Ipatia4+-JohnsonSU mean parameter from the eight sub-
sets are shown in Figure 4.8. In the same plot also the values obtained from the
2015 and 2016 MC signal fit (such as the one presented in Figure 4.1) are displayed.
This plot represents a useful cross check of the LHCb momentum scale calibration.
The offset between the BY invariant mass reconstructed in MC and data amounts
to only ~ 2MeV/ ¢’. In addition a difference is visible between the 2018 down and
up samples that could be recover improving the momentum scale calibration.
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Figure 4.4: Distributions of the Bg invariant mass for Bg — D~ 7" final states in the
2015 data sample, with magnet polarity down (a) and up (b). The solid blue curve is the
total result of the fit. The dotted red curve shows the B} — D~ 7" signal and the fully
coloured stacked histograms show the different background contributions. Normalized
residuals are shown underneath all the distributions.
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Years
2015 2016 2017 2018
Yields Signal (S) 55614.78 295551.47 295112.06 327778.20
Background (B) 4255.03  23442.00 21143.75  24000.67
S/B 13.07 12.61 13.96 13.66
Performance
S/VS+B 227.29 523.29 524.77 552.64

Table 4.1: Signal and background yields in range [5229.63,5329.63] MeV /c* obtained
from Bg — D™7T invariant mass fits with dipole magnet polarity down.

Years
2015 2016 2017 2018
Yields Signal (S) 37189.50 281055.92 284344.73 355179.23
Background (B) 2112.41  20345.50 20464.36  26538.38
S/B 17.61 13.81 13.89 13.38
Performance
S/VS+B 187.59 511.94 515.03 574.88

Table 4.2: Signal and background yields in range [5229.63,5329.63] MeV/c2 obtained
from Bg — D~ 7" invariant mass fits with dipole magnet polarity up.

4.3 Data to MC comparison

The goodness of the reconstruction of B} — D~7" candidates in Run 2 data
can be checked by comparing the relevant kinematic quantities as measured in data
with the MC simulation. The quantities chosen are: the momentum and transverse
momentum of the B} and of the bachelor track, the pseudorapidity and the lifetime
of the BY, and finally the number of reconstructed tracks. These comparisons are
made before and after applying a reweighting procedure. The reweighting method
foresees that:

e data are background-subtracted using the sWeights extracted from the BY —
D~n™" invariant mass fits (see Section 4.2);

e MC simulation data are reweighted according to the ratio between data and
MC histograms (normalized to unity) in the log(p,)-log(number of tracks)
plane. The .root files containing these ratios are "centrally" produced and
shared by many analyses involving charmed mesons from B mesons decay.
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The samples with magnet polarity up and down are kept separated in the analysis;
furthermore, due to the low statistics recorded in 2015, the 2015 and 2016 data
samples are merged. Figures 4.9 to 4.15 show the results of the comparisons for the
down polarity samples; similar plots are obtained also for the up polarity. In gen-
eral after the reweighting procedure the behaviour of the MC simulation gets more
similar to the data. This improvement can be observed in particular in Figure 4.15,
displaying the logarithm of the number of tracks; but also in Figure 4.12, that shows
the BY lifetime, and in Figures 4.13 and 4.14, that show the logarithm of bachelor
momentum and transverse momentum, around the peak of these distributions.
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Figure 4.9: Reconstructed momentum of BY(B}) — DFn* in Run 2 data and 2016 MC
simulation with magnet polarity down, before reweighting (a) and after reweighting (b).
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Figure 4.14: Reconstructed transverse momentum of the bachelor particle of Bg(Bg) —
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Figure 4.15: Number of tracks reconstructed in BY(BY9) — DFx* in Run 2 data and 2016
MC simulation with magnet polarity down, before reweighting (a) and after reweighting

(b).

The reweighting procedure has been performed also according to the log(prx)-
log(number of tracks) plane, with similar results.
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The measurement of Am, is performed at LHCb in the B? — D;7" decay

channel. This Cabibbo-favoured decay mode has a large branching fraction, B =
(3.00+0.23) x 1073 [27], and can be reconstructed with a large signal to background
ratio. It is also a flavour-specific decay. Thus this high-statistics channel is well
suited for Amg measurements [155]. Moreover, it can be used as control channel in
time-dependent analyses of non flavour-specific B? decays, such as for the measure-
ment of v in the BY — DFK* decay mode, as mentioned in Chapter 2.
The analysis strategy foresees firstly the fit to the invariant mass of the B? — D 7™
candidates, presented in Section 5.2, after a selection procedure described in Section
5.1. From the mass fits sWeights are extracted and applied to data in order to sta-
tistically subtract backgrounds. Then, in order to perform a measurement of Amy,
a decay time fit is performed, as illustrated in Section 5.3.

5.1 Candidate selection

The B? candidates are reconstructed in the flavour-specific decay mode B? —
D, n, where the D} are reconstructed in five decay modes, namely D; — ¢(K+TK )7,
D; - K*(K*n")K~, D; - K"K 7 nonresonant, D; — K 77~ and D; —
7 ntw~. Unless explicitly stated, the inclusion of charge-conjugated modes is al-
ways implied.
Different criteria are taken into account for the candidate selection, such as:

e a boosted decision tree algorithm, BDTG, particularly effective in separating
signal from background contributions. This is the algorithm already intro-
duced in Section 4.2;

e the reconstructed invariant mass of the BY candidates must be in the mass
range [5300, 5800] MeV /c’; at the same time, the D, candidates are required
to have a measured mass within [1930, 2015] MeV /c’;

e the reconstructed BY decay time must be 7 > 0.4 ps, in order to avoid overlaps
between the primary and the secondary vertex;

e the D, candidate must be detached from the primary vertex, as obtained by
imposing conditions on the flight distance.

A combination of tagging algorithms is applied to identify the flavour of the B? at
production. These algorithms provide a tagging decision for each candidate, together
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with an estimate of the probability of a wrong assignment (mistag probability).
Flavour tagging algorithms have been described in Section 3.3.

Additional requirements are applied on the sum of the pr of the B? candidate’s decay
products, on particle identification variables and on track and vertices quality.

5.2 B! — D;7" invariant mass fits

The fit to the invariant mass of the B — D, 7" candidates proceeds in a very
similar way to what described in Chapter 4 for the BY — D~7" invariant mass fit.
Here the shape of the BY invariant mass distribution for signal candidates is mod-
elled using a double Crystal Ball function [156] i.e. the sum of two Crystal Ball
functions which are constrained to have the same mean value. The Crystal Ball
PDF C(m,a,n, u, o) is defined as

)2 _

exp [_W] ) it s g
C ﬂ;’_ . m‘i (5.2.1)

A«(B— “) Tl N

o o

where
n 2
A= () oo (%)
(6
n
B = W — |af

The parameters of the double Crystal Ball function describing the tails are fixed in
the fit to the values obtained from the MC simulation, whereas the mean and the
two widths are allowed to vary.

The fit to the beauty, B?, and charm, D,, masses are performed simultaneously.

The shape of the D, invariant mass distribution is similarly described by a double
Crystal Ball. The main sources of background in this channel are:

e Misidentified backgrounds: the B — DT K*, where the kaon is reconstructed
with the mass of the pion; the A) — Afz~, where the AT — pKr is re-
constructed as a combination of K and 7w and thus identified as a Dy; the
BY — D=t where one of the D decay tracks is misidentified and hence the
D meson reconstructed as a Dy;

e Partially reconstructed backgrounds: the Bgys — D* 7t where the D* decays
ejecting a 7° or a v, which are not reconstructed in the final state;

e Combinatorial backgrounds.
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Figure 5.1: Distribution of the B? (a) and the D; (b) invariant masses for BY — D, 7+
final states for the full Run 2 dataset. The contributions for all from all D_ final states
are combined. The solid blue curve is the total result of the simultaneous fit. The dotted
red curve shows the BY — D7t signal and the fully coloured stacked histograms show
the different background contributions. Normalized residuals are shown underneath all
the distributions.

The background shapes are fixed from MC simulation. Almost all background yields
are left free to vary, except those that have an expected contribution below 2% of
the signal yield.

The sPlot technique allows to extract sWeights, which are used in the following
Section to statistically subtract all background sources.

The results of the simultaneous fit are shown in Figure 5.1.

5.3 B! — D 7" decay time fits

5.3.1 Decay time description

The decay time distributions of B? and B? to the same final state f are de-
scribed by Equations (2.1.22) and (2.1.23), respectively. These expressions depend
on the C'P violating parameters Dy, Cy, Sy defined in Equation (2.1.24). The CP-
conjugate final states f = D; 7t and f = D7~ are flavour specific for B? and B?,
i.e. the By flavour at decay is known from the charge of its decay products. No C'P
violation occurs in the interference between mixing and decay. The C'P violating
parameters can be set to the value

szl SfIO DfZO
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Thus the theoretical distribution of the decay time gets modified with respect to
Equations (2.1.22) and (2.1.23) and the PDF can be written as

_th r AF -
Pioy o ¢ 5 cosh (28t> + cos(Amgt)| 0(t) (5.3.1)
“hst T ATt ]
Pypoy X ¢ 5 cosh <2> — cos(Amgt)| 0(t) (5.3.2)

where the Heaviside step function 6(t) is introduced to restrict the PDF to positive
decay times only.

To determine the flavour of the BY meson at production, both OS and SS tagging
algorithms, as described in Chapter 3, are used. The decisions given by both tagging
algorithms have a certain probability of being incorrect; each tagging algorithm
provides an estimate for the mistag probability, . The true mistag probability, w,
can be parameterized as a linear function of the predicted mistag probability as
shown in Equation (3.3.4). The calibration is performed separately for the OS and
SS taggers. The calibration parameters (pg, p1)os and (po, p1)ss are allowed to vary
in the fit. The average mistag fraction, 7, is fixed, for both OS and SS taggers, to
the value corresponding to the mean of the 7 distribution. Taking into account the
tagging decisions and the mistag estimate, the decay time PDF can be written as

(&

Pt X 9

—Tst ATt

[cosh ( 5 ) + d (1 — 2w) cos(Amst) | 0(t)€rag (5.3.3)
where €44 gives the fraction of candidates with a tagging decision d.
In order to account for detector resolution effects, the decay time PDF is convolved
with a Gaussian distribution G (¢,0,S,,0:). The uncertainty o; is taken from an
event-by-event estimate returned by the fitting algorithm that reconstructs the B?
decay vertex. This approach requires the estimated per-candidate decay time un-
certainty to be calibrated. The calibration is performed using prompt D mesons,
each combined with a random 7T track, to form "fake B?" candidates. The decay
time distribution of these "fake B?" candidates has, "by construction", a true lifetime
of zero. This distribution is then fitted with a Gaussian function providing a scale
factor S,, such that G models the correct resolution.
Some of the selection criteria influence the shape of the decay time distribution, e.g.
the requirement of a large impact parameter for the B? daughter tracks. Thus, a
time-dependent efficiency, called "acceptance" in the following, has to be taken into
account. The decay time acceptance function & (t) is described by splines [157].
The splines boundaries, or knots, are chosen in order to model reliably the features
of the acceptance shape, and are placed at 0.5, 1.0, 1.5, 2.0, 3.0 and 12.0ps. The
parameterization is first determined from simulation; the parameters describing the
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shape are then allowed to vary in the fit to the data.
Taking into account resolution and decay time acceptance, the PDF given in Equa-
tion (5.3.3) is modified to

e~ st ATt
P(t|or) o 5 cosh 5 |t d (1 —2w) cos(Amst)| 0(t)€rag @G (8,0, S,,04) e (t)

5.3.2 Fit Results

The B? — D; 7" candidates are divided in three datasets, corresponding to the
years of data taking "2015+2016", "2017", "2018". The integrated luminosity of each
sample is 2.00fb™', 1.81fb™" and 2.19fb™" respectively. The background is statis-
tically subtracted by weighting the candidates according to the sWeights computed
with the mass fit, see Section 5.2. The sF'it procedure [158], which is an extension
of the sPlot technique, is applied to perform the decay time fit.

In addition to the parameters discussed in the previous Section, other quantities
are fixed in the fit: T’y is set to be constant at 0.664ps~! while ATl is fixed to
—0.083 ps~!. Both are HFLAV average values [159]. The favour tagging calibration
parameters, pg and pp, the splines coefficients and Amy are allowed to vary in the
fit.

At this stage, the measurement of Am, is "blinded", meaning that the fitted value
of Amy is hidden to the analysts. However the associated statistical error is avail-
able. The results obtained for the statistical error of Am, from the three different
data samples are reported in Table 5.1. The average statistical error, calculated
as the standard error of the weighted mean of the three measurements, is equal to
0.0051 ps~t. This value is one order of magnitude lower than the statistical error of
the previous LHCb measurement, see Equation (2.3.1). It is instead comparable to
the systematical error of that measurement, whose major contributions are:

e z-scale: it is related to the imperfect knowledge of the longitudinal (z) scale of
the detector. It is estimated by evaluating the track distribution in the vertex
detector.

e Momentum scale: it is evaluated by an independent study using mass mea-
surements of well-known resonances.

e Decay time bias: this uncertainty is given by the track reconstruction and
the selection procedure. It is estimated by fitting the decay time distribution
of "fake B?" candidates, with a similar procedure to that described in the
previous Section.

In Table 5.2 the calibration parameters of the OS and SS taggers obtained from the
fits are listed: as expected the differences py — 17 and p; — 1 are both close to zero,
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see Section 3.3.
Finally, in Figures 5.2 to 5.4 the results of the sFit are shown. In the same plots,
the decay time acceptance function is displayed.

Amg & oam, [ps™!]
2015 + 2016 XXX £0.0093
2017 XXX £0.0095
2018 XXX £0.0081
Average XXX +0.0051

Table 5.1: Results of Am, statistical errors in different Run 2 data samples and their
average.

Data sample | Tagger 7 Po £ 0y p1 £ oy, €tag
2015 + 2016 0OS 0.4432 0.4775£0.0053 0.9646 £0.0321 0.3817
SS 0.4694 0.4725£0.0046 0.7729 £ 0.0423 0.6896
92017 OS 0.3698 0.3878 £0.0069 0.9478 £ 0.0593 0.3715
SS 0.4374 0.4487 £0.0043 0.8057 £ 0.0457 0.6393
2018 0OS 0.3544 0.3822 £0.0054 0.9307 £0.0491 0.3973
SS 0.4393 0.4537 £0.0044 0.8311+£0.0459 0.6942

Table 5.2: Set of calibration parameters for OS and SS taggers, for different Run 2 data
samples. The average mistag 77 and the tagging efficiency €;44 are fixed in the fit.
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Figure 5.2: Decay-time distribution of B? — D7t candidates in the 201542016 data
sample. The solid blue curve is the result of the sFit procedure and the solid red curve
shows the decay-time acceptance in arbitrary units.
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Figure 5.3: Decay-time distribution of BY — D; 7t candidates in the 2017 data sample.
The solid blue curve is the result of the sF'it procedure and the solid red curve shows the
decay-time acceptance in arbitrary units.
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Figure 5.4: Decay-time distribution of BY — D 7 candidates in the 2018 data sample.
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6 B! time-dependent CP
asymmetry

In the B? — BY system the flavor eigenstates are not the same as the mass
eigenstates, as discussed in Chapter 2. The mass difference between the heavy and
light mass eigenstates, namely Am,, determines the frequency of the oscillations
between the flavour eigenstates. However, from the decay time distributions pre-
sented in Chapter 5 the oscillation phenomenon is not evident, since the information
provided by the flavour taggers is not added to the fit. The mixing effect can be
highlighted with the so called decay time asymmetries, which are the subject of this
Chapter. The asymmetries are built distinctly for the two C'P-conjugate final states
considered also in Chapter 5, D7 and D7, folding the decay time distribution
in one mixing period, 27 /Amg:

7(BY — D;nt) — T(B{S — D7)
| 7(BY — Dy7t) + T(Bg — Dymt) )

2
Apie(D77T) = modulo (A; ) (6.0.1)

Anmiz(Din™) = T(Be > Do) - T(?S = D) modulo ( 2 > (6.0.2)
| 7(B? — Dfn=) +7(BY — Din) | Am

Here the value of Am, is fixed to the HFLAV 2018 average value of 17.757 ps~*

[159].

Before reconstructing the folded time asymmetries in Run 2 data, toy MC studies

are implemented to understand the effects of the introduction of different param-

eters that contribute to modify these quantities: for example, the non-null mistag

probability for the B? and B? mesons must be taken into account, as well as the

finite time resolution and vertex resolution of the LHCb detector.

In Section 6.1 the B? and B decay time distributions into Dy 7+ and D7~ and

the folded decay time asymmetries are studied in a MC simulation while in Section

6.2 the asymmetries obtained with the Run 2 dataset are presented.

6.1 Toy Montecarlo studies

6.1.1 The ideal case

In MC samples of B%(B?) — DFr* with DF — K*K~nF, all variables are
available both at the true and at the reconstructed level; for the following studies
the true variables are used, in particular the true lifetime and ID (either B? or B?
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) and the ID of the particle that produces the KT, i.e. Df or D;. In fact, it is
possible to separate events on the basis of the charm and beauty meson particle ID
only, according to the combinations reported in Table 6.1.

Decay chain B meson ID D meson ID

BY - Dyt +531 —431
BY — D7n* —531 —431
BY — Dfrn~ +531 +431
B — Dyt —531 +431

Table 6.1: Different combinations of the B meson ID and the D meson ID in B(B?) —
DF 7 decays.

In Figure 6.1 the true lifetime 7 of the B, B? are presented. These distributions
corresponds to a total of ~ 2.10 M simulated events. The different decay channels
are distinguished on the basis of the combinations reported in Table 6.1; in this way
it is possible to observe the oscillation phenomenon. In Figure 6.2 the true decay
time folded asymmetry is built according to Equations (6.0.1) and (6.0.2). The
maximum (minimum) of these distributions is close to 1 (-1), as expected since the
plots show MC simulation data at the true level. Furthermore, from these figures
it is clear that the phase difference between the B? and the BY decay amplitudes is
equal to 7: this shows in a different way that no C'P violation is involved in this
decay channel. Hence the values of the C'P violating parameters Dy, Cy and Sy of
Equation (2.1.24) for the Dym family of decays can be set to 1, 0 and 0 respectively,
as we did in Section 5.3. This is clearly not the case for BY(B?) — D¥ K*, where the
phase difference assumes a value different from 7, as shown in Figure 6.3, meaning
that C'P violation occurs in this family of decays.

In Sections 6.1.2, 6.1.3 and 6.1.4 we are going to introduce some corrections in order
to account for different effects: finite vertex resolution, finite time resolution and
non-null mistag fraction. Finally, in Section 6.1.5 we will see the consequences of a
combination of these three effects on MC data.

6.1.2 Effects of a finite vertex resolution

The lifetime of a particle is measured as

L
=" (6.1.1)
p
where L is the distance between the primary (production) vertex and the secondary

(decay) vertex, m is the mass of the particle and p its momentum. In order to account
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Figure 6.2: Folded time asymmetry of BY(B?) — DFr* from MC simulations.
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Figure 6.3: Folded time asymmetry of BY(B?) — DI K¥* from MC simulations.

for the finite vertex resolution of the detector and avoid overlaps between primary
and secondary vertices, the lifetime of the B meson is required to be 7 > 0.4 ps.
In Figures 6.4 and 6.5 this lower threshold has been applied to the MC sample: in
the lifetime distributions it simply introduces a cut in correspondence to 7 = 0.4 ps,
but has no significant consequences on the folded time asymmetries, which oscillate
between 1 and —1 as in the ideal case.

6.1.3 Effects of a finite time resolution

A finite decay time resolution, o, must be considered too. In order to introduce
this effect in the MC, the true 7 undergo a smearing process according to

T = Ttrue T 9, g€ G(O, Ut) (6'1'2)

with g sampled from a Gaussian distribution, G, with mean set to 0 and o = oy.
The results of this process are shown in Figures 6.6 and 6.7 for different values of
oy 15, 30 and 45fs. The effect of the introduction of a finite time resolution is the
smearing of peaks and valleys in the decay time distributions, while the maximum
(minimum) of the folded time asymmetry is lowered (raised). 45fs is the typical
LHCb time resolution.

6.1.4 Effects of a non-null mistag fraction

A crucial experimental aspect in the measurements of Amg or v is the determi-
nation of the initial flavour of the B meson. For a tagging algorithm with discrete
decisions (B?, BS or untagged) the fraction of mis-tagged events can be evaluated as
in Equation (3.3.2). A non-null mistag probability w is included in the MC sample
by following this prescription:
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Figure 6.4: Decay time of B?, B? from MC simulations, after imposing a time threshold
of 7= 0.4ps.

Folded time asymmetry in decays with D: Folded time asymmetry in decays with D;
I » 1 ‘
5 08t LHCb unofficial S 08t
g 0.6 £ 0.6[
> = S8 =
z 8-;‘; Z 8.421;

o 0.2 Q 2E
g oF £ 0F
2-020 2020
S -04F S —0.4F
= 0.6 = 0.6

=0.81~ -0.8 LHCDb unofficial

BT e e [ P R R sl IR R RS 1

07005 0.1 015 02 025 03 035 0 005 01 015 02 025 03 03

©(B! — D} 1) modulo (27 /Am,) t(B) — D; m*) modulo (27 /Am,)

(a) (b)

Figure 6.5: Folded time asymmetry of BY(B?) — DFz* from MC simulations, after
imposing a time threshold of 7 = 0.4 ps.
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1. a number u is sampled from a uniform distribution U(0, 1);

2. if v < w then the ID of the B meson changes sign, otherwise it remains
unchanged.

The effect of the introduction of a non-null mistag probability in MC is shown in
Figures 6.8 and 6.9, for different values of w: 20%, 30% and 40%. Similarly to the
previous case, the higher the mistag probability is, the more peaks (valleys) of the
decay time distributions are lowered (raised), as well as the maximum (minimum)
of the folded time asymmetries. The typical mistag probability in LHCD is ~ 40%
on average.

6.1.5 Combined effects

In order to study how the decay time distributions and the folded time asymme-
tries in MC get modified by the combination of finite vertex resolution, finite decay
time resolution and mistag fraction, realistic values for these parameters were cho-
sen, as similar as possible to the values from already published LHCb analyses. In
particular, Figures 6.10 and 6.11 are realized with 7 > 4 ps, 0; = 45fs and w = 40%.
The distributions are now significantly modified, with the folded time asymmetries
oscillating between —0.2 and 0.2. By looking also at Figures 6.7 and 6.9, one can
conclude that the parameter that has more impact on the shape of these distri-
butions is the mistag probability. Thus it is crucial to develop performing flavour
tagging algorithms to enhance the quality of the measurements.
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Figure 6.8: Decay time of B?, B? from MC simulations, for different values of the mistag
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6.2 B! folded time asymmetries in Run 2 data

Folded time asymmetry plots were realised with B? — D; 7" data from Run 2,

according to Equations (6.0.1) and (6.0.1), under the assumption that all decay time
efficiencies drop in the ratio. The samples are divided by year of data taking, in
particular "2015+2016", "2017" and "2018". Data are background-subtracted using
the sWeight method.
The B and B? decay chains are reconstructed on the basis of the B meson ID and
the charge of the bachelor particle produced in the decay, i.e. the pion. The tagging
of the initial flavour of the B meson is performed using both the information from
OS taggers and SS taggers: each algorithm provides both a tagging decision d and
an estimate of the mistag probability, . The mistag probability is then calibrated
according to Equation (3.3.4), where the parameters py and p; are obtained from
the B? — D7~ decay time fits for both the OS and SS taggers (see Chapter 5).
Finally the decisions provided by the OS and SS taggers are combined into a final
decision using the relations in Equation 3.3.8. The final decision can be +1 or —1:
the first identify a BY, the second a BY. All possible combinations of B meson 1D
and 7 charge are summarized in Table 6.2.

Decay chain B meson ID 7 charge

BY — Dont, +1 +1
B — D;rt ~1 +1
BY — Din~ +1 ~1
BY — D;7+t -1 -1

Table 6.2: Different combinations of the B meson ID and the D meson ID in B(B?) —
DF 7 decays.

The measured folded time asymmetries are shown in Figure 6.12, 6.13 and 6.14.
These distributions are phase blinded, i.e. each distribution is shifed by a different
random phase. Note that differently from the folded time asymmetry distributions
that appear in the previous Section, in these pictures the y axis range is set to
[—0.5,0.5]. The statistical error bars become then more visible. The distributions
show a marked oscillating behaviour between a maximum of ~ 0.2 and a minimum
of = —0.2.



6.2 B? folded time asymmetries in Run 2 data

7

Folded time asymmetry in decays with D+

S oo o o

.5
4
3
2
1

0

|
©
—
J”‘\””\””\”»‘-‘QU”‘\‘”‘\””\””\””\””
e

Folded time asymmetry

-0.2

|
S &4
> W

|
o
n

LHCDb unofficial

4,0
; §§§§§ L2} §§§§§§
t ¢y
i3

o
o
sl
o
.

i
¢ K EETLY

P T T N T T S S [ A M SRR |
7005 01 015 02 025 03 035
©(B!— D} 1) modulo (27t / Am,)

(a)

Folded time asymmetry in decays with D

0.5
0.4
0.3
0.2
0.1

(=)
AHH‘HH‘HH‘HH‘HH‘H’_\.L\H\‘HH‘HH‘HH

Folded time asymmetry
Sbdd
=

|
I
n

LHCDb unofficial

t + iy
I
: 3
ALY et
¢ L 344
¢ §§§§§§ L1

ol b b b e e b a |l
7005 0.1 015 02 025 03 035
©(B!— D ©*) modulo (2 / Am,)

(b)

Figure 6.12: Folded time asymmetry of BY(B?) — DFn* from 201542016 data.
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Figure 6.13: Folded time asymmetry of BY(B?) — DFz* from 2017 data.
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Figure 6.14: Folded time asymmetry of BY(B?) — DFn* from 2018 data.
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7 Conclusions

The main purpose of this thesis is the analysis of the flavour-specific decay chan-
nel BY — D 7" using the whole dataset collected by LHCb in Run 2. This data
sample allows to perform a measurement of the BY — BY oscillation frequency, Ams,
and of the decay time efficiency. These are key quantities for the time-dependent
analysis of the B — DT K* decay channel, where a measurement of the angle v of
the CKM matrix can be obtained.

The strategy to achieve this result has been organized in different steps. Firstly,
the BY — D~rT decays, that feature a very low background, are used as control
channel to assess the correctness of the Montecarlo simulations: the LHCb standard
fits to the invariant mass of the BY provided the s Weights necessary to statistically
subtract background. The reconstruction of several kinematic variables has been
checked by comparing data and MC simulations before and after a proper reweight-
ing, using a standard LHCb reweighting approach.

Secondly, the standard LHCD fits to the decay time distributions of the BY — D7
samples have been performed. These data have been background-subtracted through
the sWeights provided by other analysts. From the decay time fits the parameters
describing the decay time acceptance shape have been extracted. The measurement
of Am, from these fits is still blinded: the statistical error associated to this mea-
surement amounts to 0.0051 ps~!, which enhance the precision with respect to the
latest LHCD result [75]. Being the new statistical error comparable to the systematic
error of the previous LHCb measurement, a special attention will be given to the
evaluation of systematics before the result could be unblinded and published.
Finally, in order to highlight the mixing phenomenon in the B? — BY system the
folded time asymmetry distributions have been built. Moreover, by means of MC
simulations, reconstruction effects contributing to modify the shape of these distri-
butions have been studied.
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