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Abstract

Lepton Flavour Universality (LFU) is an assumed symmetry within the Standard
Model (SM) that implies that the coupling between gauge bosons and the different lep-
tons does not depend on the flavour (family) of the lepton. In particular, the so-called
LFU ratios such as R(D™) = % are being thoroughly measured by different
experiments, finding tensions with the SM#predictions up to the 30 range.

In this thesis, a preliminary simultaneous measurement of the B~ — D®)0r—7_

branching fractions and the R(D™°) LFU ratios is reported, with the decay channels

D* — D74},
D — K—n,
+

7 =t (7,

This work is done with LHCb Run 2 data corresponding to pp collisions at a centre-
of-mass energy of 13 TeV from the years 20162018, with an integrated luminosity of
5.4 fb~'. The obtained results, with blinded values, are

B(B~ — D77 7,) = (xxx £ 0.13 (stat.) £ 0.22 (syst.) £ 0.07 (ext.)) x 1072,
B(B~ — D*777,) = (xxx £ 0.11 (stat.) *313 (syst.) £ 0.15 (ext.)) x 1072 |

for the branching fractions, and

R(D°) = xxx £ 0.056 (stat.) £ 0.096 (syst.) = 0.034 (ext.) ,
R(D*) = xxx 4 0.020 (stat.) 4 0.026 (syst.) & 0.029 (ext.) ,

for the LFU ratios.

In addition, the base work for a complementary and analogous measurement of the
R(D™~) ratios and B® — D®™~=7Fy_ branching fractions, with 7~ — 7~ 777 v, and
D~ — K- 7ntx", is laid out, including the production of simulation samples, the selection
of events, and the study of the relevant control samples.
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Introduction

The Standard Model is a theoretical framework that describes the fundamental par-
ticles and their interactions through three fundamental forces: electromagnetic, weak,
and strong nuclear forces. It has been extremely successful in predicting and explaining
a wide range of experimental results in particle physics, including the discovery of the
Higgs boson in 2012 at the Large Hadron Collider (LHC), one of the most important and
recent validations of the Standard Model, which represented the culmination of decades
of theoretical and experimental work. However, it is known that the Standard Model
is incomplete, as it does not incorporate gravity and does not account for dark matter,
which is believed to make up a significant portion of the universe’s mass. Therefore, cur-
rent research in particle physics is focused on testing the Standard Model’s predictions
and exploring new physics beyond it, in order to better understand the universe at the
smallest scales.

The LHC is currently the largest and most powerful particle accelerator in the world,
located at CERN near Geneva, Switzerland. The LHC is a key tool in the study of
particle physics and is central to ongoing efforts to test and validate the predictions of
the Standard Model, namely the behaviour of particles and fundamental forces at very
high energies and the search for new particles beyond the Standard Model, including
the search for dark matter. This collider is used to accelerate two beams of protons to
very high energies before colliding them head-on. These collisions produce a wide variety
of subatomic particles, which can be detected and analyzed by sophisticated detectors
surrounding the collision points. The LHCD is one of the main experiments located at
the LHC and provides the experimental framework for this thesis.

This thesis contains my work in two current analyses from the LHCb experiment
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which aim to shed light onto recent tensions between the Standard Model and experimen-
tal results regarding the property called Lepton Flavour Universality (LFU). Multiple
experiments, including BaBar and Belle along with LHCb, have worked and are working
on testing the validity of LFU and, within the last decade, the tension between experi-
ments and theory has remained approximately around 2-3 standard deviations on multiple
measured quantities, suggesting the existence of new physics effects. These “anomalies”
have motivated the particle physics community to closely study their possible explana-
tions and to accurately measure them, in hopes of finding a breakthrough in the Standard
Model.

The analyses presented within this thesis are two of the same nature. The main one
—from now on referred to as the R(D®*)) analysis— aims to simultaneously measure
the R(D®) and R(D*°) quantities, ratios of branching fractions defined as R(D®*)°) =
B(B~ — DW=5.)/B(B~ — D" 1), where { is either an electron or a muon. This
measurement is done in the hadronic channel 7= — 7~ 777~ (7°)r,, and would be the
first measurement of R(D) with this channel done by the LHCb experiment. The second
analysis studies the R(D™)7) ratio, defined in an analogous way and with the same goal,
thus both analyses providing independent and complementary results. Due to the im-
mense similarity between the two analyses, the developed algorithms and methods of one
of them can be re-purposed for the other one. This is why the second one, (R(D™)™)),
is at a much earlier stage and will be discussed just briefly and partially throughout this
thesis.

The objectives of this thesis are detailed in section 1.1. An overview of the theoretical
foundations and experimental precedents of this work is detailed in chapter 2, including
the strategy and methodology followed by these particular analyses in section 2.5. A
rundown of the technical set-up and inner workings of the LHCb experiment is presented
in chapter 3. Chapter 4 contains a summary of the selection and the preparation of
the real and simulated data which is analysed. A study of certain control samples to
improve the quality and understanding of the simulated data is presented in chapter 5.
The determination of the desired branching fractions and ratios of the R(D™)°) analysis
is detailed in chapter 6. Chapter 7 contains a study of the possible systematic effects
and errors affecting those results, with their consequential corrections and adjustments.
Finally, the preliminary results of the analysis are presented and discussed in chapter 8,
along with the conclusions of this thesis.

1.1 Objectives

The main goal of this thesis is the measurement of the R(D™°) ratios of branching
fractions, defined as

B(B~ — D®r—1,)
(+)0y — T
RID™) = B(B~ — D®~1)’ (1.1)
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where ¢~ can be either a muon or an electron. This measurement is to be done with
data taken by the LHCDb experiment between 2016 and 2018 and with the decay mode
T~ = ntr (70,

For this measurement, the denominator B(B~ — D™*°%~ 1) is taken from an external
source, so the measurement of the branching fractions B (B~ — D®°7~7,) are needed
to perform the main measurement, and therefore are another objective of this thesis.

Finally, a secondary objective of this thesis is the preparation of the measurement of
the R(D™)™) ratios, defined analogously as

. B(B"— DW=rty)
()-) — T
BD) = BB Do) (12

and performed in the same conditions as the previous R(D®*)°) measurement. This second
measurement is expected to be performed after the previous one is completed and, as such,
its completion is not within the scope of this thesis. As a consequence, the goal for this
measurement is the preparation of algorithms and studies that will facilitate this future
measurement and serve as its base.
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In this chapter, an overview of the foundations of this thesis is presented. In the first
place, an introduction to the Standard Model of particle physics; secondly, a summary
of Lepton Flavour Universality, both theoretical and experimental; then, a collection of
physical principles which are relevant to particle colliders; and lastly, a summary of the
measurements that precede and motivate this thesis, along with the strategy followed in
the data analysis.

2.1 The Standard Model

The Standard Model (SM) [1] is a particle physics theory that describes fundamental
interactions (the electromagnetic, weak, and strong interactions) and has so far success-
fully described the phenomena observed by particle physics experiments.

The SM is a renormalisable quantum field theory based on the local symmetry of
twelve conserved currents: eight “colour” charges (corresponding to the strong interaction)
and four electroweak charges (corresponding to the electroweak interaction), including the
electric charge; forming together the SU(3)®SU(2)®U (1) algebra of the SM. The SM also
classifies the fundamental particles, distinguishing between fundamental fermions (matter
particles) and fundamental bosons (force carriers and the Higgs boson).

The fundamental fermions all have spin 1/2 and are classified in quarks and leptons.
Quarks have both colour and electroweak charges, and are what all hadrons (such as
protons and neutrons) are composed of. The leptons are the electron (e~), the muon
(u™), the tauon (77), and their three associated neutrinos (v, v,, and ;). Leptons have
electroweak charge but no colour. Fermions are grouped in weakly charged doublets and
in three “generations” or “families” which have identical quantum numbers but different

masses, forming the pattern
U Vg c v, 7
d e|’|s wp|'|b 1|’

where brackets separate each family, and each column is an electroweak doublet. At the
same time, each quark can come in three different colour variants. There is no known
explanation for this three-family structure.

On the other hand, the fundamental force carriers all have spin 1 and are the photon
(7, carrier of the electromagnetic interaction), the W and Z bosons (W, W=, and Z°,
carriers of the weak interaction), and the gluons (g, carriers of the strong interaction).
The photon and the gluons have zero mass due to the invariance of their local gauge
symmetries, which also causes the conservation of the electric charge and of the colour
charges. The W and Z bosons, on the contrary, have been measured to have mass (my, ~
80.4 GeV/c?, my ~ 91.2 GeV/c? [2]), implying that the electroweak gauge symmetry is
broken, and explaining the short range of the weak interaction. An additional particle,
the Higgs boson (H°, with spin 0), is what produces the breaking of the electroweak
symmetry in the SM, giving mass to the fermions and W and Z bosons in the process.

6



2 Theoretical foundations and precedents

The Higgs boson was successfully detected for the first time at the Large Hadron Collider
in 2012, with a mass of my ~ 125 GeV/c? [2-4].

2.1.1 Flavour-mixing matrices

As a consequence of the electroweak symmetry breaking, the mass eigenstates of
fermions (the states which propagate freely through space) do not have to match with their
weak eigenstates (the states which interact with the W and Z bosons). This property is
famously responsible for phenomena such as neutrino oscillation and particle-antiparticle
oscillations (K° = K° B’ = B° etc.). Mathematically, mass eigenstates can be ex-
pressed as a quantum mixture of the weak eigenstates, forming two different eigenbases,
making both sets of states related through a rotation matrix. These flavour-mixing ma-
trices are key for describing flavour-changing processes within the SM.

The CKM matrix

The Cabibbo-Kobayashi-Maskawa (CKM) matrix [5,6] is a transformation matrix
that relates the mass eigenstates of quarks with their weak eigenstates:

d, Vud Vus Vub d
sl = Va Ves Vi s, (2.1)
v Viae Vis Vi b

where d’, s, and 0 denote the quarks’ weak eigenstates, while d, s, and b, their mass

eigenstates, thus |V;;| representing the ¢; — qui transition amplitude. This concept
was first used by Cabibbo for two quark families and, later, Kobayashi and Maskawa
extended it for three quark families. In the SM with three quark families, the CKM matrix
must be unitary, thus providing a powerful way of testing its validity by measuring the
CKM matrix elements, since any deviation from unitarity would indicate the presence of
new physics (NP). The measured values are so far consistent with unitarity and are, as
averaged by [2],

0.974 0.224 0.004
WVern| ~ [ 0.221 0975 0.041 | . (2.2)
0.008 0.039 1.014

The PMNS matrix

In an analogous way to the CKM matrix, the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [7,8] relates the weak and mass eigenstates of the three known families
of leptons, and was originally developed to describe neutrino oscillations:
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Ve Uel UeQ UeS 151
m = U/ﬂ UM2 U#3 vy ], (23)
vy Un U Us V3

where v; and v; denote the leptons’ weak and mass eigenstates, respectively. In the SM,
this matrix must also be unitary.

There is, however, a key difference in the use of the PMNS matrix compared to the
CKM matrix: the flavour of the quarks present in a certain decay can be easily determined,
providing the knowledge of which CKM terms contribute to the amplitude of the decay,
and express them in terms of a leading term, thanks to the hierarchical nature of the
CKM matrix (as seen in eq. 2.2). For leptons, one cannot determine which neutrino mass
eigenstates are present in a decay, due to their small mass differences and to the fact that
they are not directly detected in experiments. Thus, in a W~ — [~y vertex, the neutrino
will be produced in a superposition of its mass eigenstates, adding a factor Y, |Uy|? to
the decay amplitude which, if the unitarity of the PMNS matrix is true, is 1 by definition,
making the PMNS matrix not play a role at all in leptonic and semileptonic decays within
the SM [9].

2.2 Lepton Flavour Universality

Lepton Flavour Universality (LFU) is a property of the SM which implies that the
coupling between gauge bosons and leptons is independent of the lepton family (flavour).
This property is often called “accidental”, in the sense that there are no fundamental
principles that cause it, rather arising mathematically due to the assumed symmetries
within the SM.

If this property is true, then the branching fractions of decays with leptons in the
final state should be independent of the lepton flavour, and only differ due to the different
masses of each lepton. This property can be tested to verify the validity of the SM, since
a violation of LFU would be a sign of new physics beyond the SM, requiring new particles
that contribute to these decays [10].

2.2.1 Status of LFU tests

In the past decade, experiments such as LHCb, BaBar, and Belle have shown some
tensions between their experimental results and the SM predictions regarding ratios of
branching fractions of leptonic and semileptonic decays, hinting at a possible violation of
LFU. These tensions are mainly found in semileptonic b-quark decays via neutral currents
(b — sl*17) and via charged currents (b — cl™ 7).

BaBar and Belle are the so-called “B-factory” experiments, electron-positron colliders
designed to produce Y (4S) resonances (formed by a bb pair), which decay mainly (more
than 96% of times [2]) to B¥ B~ or B°B°, hence their name. On the other hand, LHCh

8



2 Theoretical foundations and precedents

is a forward spectrometer designed to study the b quarks produced from pp collisions in
the LHC, and will be described thoroughly in section 3.2.

Rare semileptonic b-hadron decays

Neutral current b — sl*l~ decays cannot happen at tree level in the SM, which
makes them strongly suppressed and a powerful probe in the search of NP, since their
branching fractions are very sensitive to the contributions of potential new particles.
Several small deviations from the SM have also been observed in measurements of angular
distributions [11-13] and of single branching fractions [14-16] on this kind of decays.

LFU tests with rare decays are usually done by measuring the ratio of the muonic
and electronic branching fractions in a given region of the squared di-lepton mass (¢?)
distribution,

Gmaz ALy Hop i) g2
R H 2 2 q72m'n dg? q
( S)[qmin7 qma:v] o dF('Hb—YHSlee’)d 9 )
SR dg

(2.4)

Tpin
where H;, and H, are a b hadron and a s hadron, respectively. The theoretical predictions
for these ratios have very small uncertainties and are very close to unity [17].

LFU has been notably tested on rare semileptonic decays with measurements of the
quantities R(K) [18-20], R(K*) [20-23], R(K2) [23], and R(pK) [24]. The results of
these tests are summarised in table 2.1. The older results seemed to show a consistent
trend of deviations, pointing to a possible excess of electronic decays over muonic decays,
thus offering an interesting opportunity in the search for NP, combined with angular

observables and branching fraction measurements. However, the newer measurements by
Belle and LHCD tend to agree with the Standard Model.

Tree-level semileptonic h-hadron decays

Charged-current semileptonic b decays (b — cl~7;) happen at tree level in the SM
and have a larger branching fraction than b — sl™l~ decays, making it easier to measure
their semitauonic modes. This allows LFU tests to be usually performed by comparing
the semitauonic and semimuonic (or semielectronic) branching fractions,

B(Hy — H.r7,)
BHy, — H 1)

where H. is a ¢ hadron and ¢ either a muon or an electron. LHCb uses the muonic
mode because of its detector design, which provides higher detection efficiency and mo-
mentum resolution for muons compared to electrons, while the B-factories use the elec-
tronic mode as the denominator.

LFU tests done with these decays include R(D) [26-28], R(D*) [26-31], R(J/Y) [32],
and R(A.) [33]. The results of these tests are also showing deviations from the SM,

R(H,.) = (2.5)

9
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and are summarised on table 2.2. In particular, the global average of R(D) and R(D*)
measurements —~which are the quantities studied in this thesis— is currently at 3.2 standard
deviations (3.20) from the SM predictions [34], as shown on fig. 2.1. Measurements of
angular observables will be key to be able to distinguish between different NP scenarios
[35].

Tests on other sectors

Apart from the tests on b-hadron decays, there are other sectors in which LFU can
be tested. Purely leptonic decays, like Z° — [*]~ and W~ — [~ are precisely measured
in multiple experiments and, so far, they have mostly shown good agreement with LFU.
The Z relative branching fractions have been measured to be [42]

B(Z = pp)

= 1.0009 £ 0.0028 2.6
B(Z — ete) ’ (2:6)
B(Z — 117)

= 1.0019 £ 0.0032 2.
B(Z s vy = LO019.%0.0032 (2.7)

all within a 1o agreement with unity, while the W relative branching fractions are [43]

BW™ —pu v,

=0. +0.01 2.
BT s et = 0:993£0019, (2.8)
BW~ = 7t7v,)

= 1.063 £ 0.027 2.9
BW- — e v,) ’ (2:9)
BW~™ —177,;)

=1. +0.02 2.1
B ) = 070+ 002, (2.10)

where 2.30 and 2.60 tensions can be seen between tauonic decays and electronic and
muonic decays, respectively, while electron-muon universality holds within 1o.

More LFU tests have been performed on other sectors, like on 7= — ¢~ v, decays [44]
or on the (semi)leptonic decays of other mesons, such as Jfp [45], K* [46], or Di) [47];
but none of them have found tensions higher than 20 with the SM as to date.

2.2.2 SM predictions for (D)

b — cl”v; decays can be described through an effective Hamiltonian, separating the
amplitude into a leptonic tensor and a hadronic tensor, which can be parameterised in
terms of form factors.

For B — D777, decays, this hadronic tensor is parameterised with two form factors
(f+0), allowing its differential rate to be written as [48]
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Table 2.1: List of latest R(H) published results by the LHCb, Belle, and BaBar collabo-
rations, for similar ¢* ranges. To be compared with the SM prediction of R(H,) =~ 1 [17].

Observable | ¢* range [ GeV?/c?] Result Source

(0.10,8.12) 0.747330 £ 0.06 | BaBar (2012) [20]

(1.1,6.0) 0.84610:0520-013 | LHCD (2021) [18§]

R(K) (1.0,6.0) 1.037038 £0.01 | Belle (2021) [19]
(0.045, 1.0) 0.99470:090+6:029 | LHCD (2022) [25]

(1.0,6.0) 0.94975:07% 4 0.022 | LHCb (2022) [25]

(0.10,8.12) 1.0675:35 +0.08 | BaBar (2012) [20]

(1.1,6.0) 0.697544 +0.03 | LHCb (2017) [21]

R(K) (1.1,6.0) 0.96%525 +0.11 | Belle (2021) [22]
(0.045,6.0) 0.70101570.9% LHCD (2022) [23]

(0.045,1.0) 0.92770:993+0.036 | ,HCb (2022) [25]

(1.0,6.0) 1.02710:00249-027 | LHCD (2022) [25]

R(pK) (0.1,6.0) 0.867011 £0.05 | LHCb (2019) [24]
R(KY) (1.1,6.0) 0.6670 71 004 LHCb (2022) [23]

Table 2.2: List of latest R(#.) published results by the LHCb, Belle, and BaBar collabo-
rations. To be compared with the SM predictions on the right-most column.

Observable Result Source SM prediction

0.440 £ 0.058 4 0.042 BaBar (2013) [26,27]

R(D) 0.307 + 0.037 £ 0.016 Belle (2020) [28] 0.298 4 0.004 [34]
0.441 £+ 0.060 £ 0.066 LHCb (2022) [36]
0.332 +£0.024 £ 0.018 BaBar (2013) [26,27]
0.336 + 0.027 £ 0.030 LHCb (2015) [29]

R(D*) 0.283 + 0.019 + 0.029 LHCDb (2018) [30,31] | 0.254 4 0.005 [34]
0.283 £0.018 £0.014 Belle (2020) [28]
0.281 £0.018 £ 0.024 LHCb (2022) [36]

R(J/) 0.71+0.17+£0.18 LHCb (2018) [32] [0.25,0.28] [37-40]

R(A,) 0.242 + 0.026 £ 0.040 £+ 0.059 LHCb (2022) [33] 0.324 4 0.004 [41]
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Al'(B — D7 7;)  G%|V4|2Bole? m2\? m2\  3m2
( - ) _ Gl bL‘pQD‘q 1— =) |[Hol* (1+ 55 ) + 55 H:*| . (2.11)
dg 9673 my q 2q 2q

where ¢? = (pp — pp)? and Hy; are the helicity amplitudes, which are related to the form
factors through

2mp|p
Ho(q?) = —zl oy (¢2) (2.12)
m% —m%

\/?

For B — D*r~ 7, decays, four form factors are needed (g, f, F1, F2), and the decay
rate can be written as

H(q*) = fo(d?). (2.13)

dL(B = D7 7:) _ GilVal’[Bo-la® (| m2 ? y
dqg? N 96m3m% q>
m?2 3m?
XA Hr P+ [ Ho— P+ [Hoo*) (14 55 | + 55 [Hal*|, (214)
2q 2q
with the helicity amplitudes again related to the form factors by
Hii(w) = f(w) F mpmp-Vw? — 1g(w), (2.15)

Hoo(w) = Fi(w)//¢, (2.16)

mpa? — 1
Vit 2w

where 7 = mp-/mp and w = (m% +m% — ¢*)/(2mpmp).
With these expressions and their equivalents for B — D®)/¢~ 1, decays, the desired
branching fraction ratios can be expressed in terms of the form factors with

Hy, = Fo(w), (2.17)

dl'(B — D®7r=17,)/d¢?
dI'(B — D®¢-1,)/dg®’

R(D™) = (2.18)

allowing to compute their predicted SM values from form factor calculations.

BGL parameterisation

In order to compute form factors, several parameterisations can be used. The Boyd-
Grinstein-Lebed (BGL) parameterisation [49-51] is the form factor parameterisation that
is used for the analyses contained in this thesis, it parameterises a generic form factor f;
as

12
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. _ 1 - @) n
fle) = Py (2) ) (2, N) nzzoa" S N) (2.19)
where z(¢% ty) is a parametric function that maps the ¢* plane on a unit disk, Py (2)
and & (z,N) are the Blaschke factors and outer functions', respectively; and N =
(ty —to)/(ty —t_), with t» = (mp +mp)? and ty < t, being a free parameter which
determines the point of the q¢° plane mapped onto the origin of the z plane. The parameters
a') are constrained by the condition

Y () <1 (2.20)
n=0
In practice, the sum in equation 2.19 is truncated at a certain low number N (in
this thesis, N = 2 is used). The BGL parameters can be estimated from lattice-QCD
calculations and from experimental data.

Status of SM predictions

Predicted values for R(D) and R(D*) were derived by several collaborations, mainly
using fits to lattice-QCD calculations and experimental data. Their results are listed on
table 2.3. The averages of these predictions, as computed by [34], are

R(D)sy = 0.298 = 0.004 (2.21)

and
R(D")sm = 0.254 £ 0.005, (2.22)

both predictions being below the current average of experimental results by 2.160 and
2.260, respectively. Taking into account the correlation between both experimental quan-
tities, the difference with these predictions sums up to 3.2¢. This comparison between
experimental results and theoretical predictions are graphically represented on figure 2.1.

2.2.3 Theoretical implications of LFU violation

If a violation of lepton flavour universality in B mesons decaying into tauons was
to be confirmed, it would imply that there are NP contributions to these decays (new
interacting particles) which are not flavour universal. Some of these NP possibilities are
discussed here. Note that everything that is discussed here is only what pertains to
b — cl~ 1y decays, due to their relevance to this thesis, but similar and equally interesting
discussions exist for b — sltl~ decays, some theoretical approaches even simultaneously
covering both types of decays.

IBlaschke factors and outer functions are mathematical products used in complex analysis, constructed
to deal with poles in functions and, applied to this case, depend on the spin and parity (J¥) of each form
factor and its corresponding B, resonances [50,51].

13
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Table 2.3: List of currently published SM predictions for R(D) and R(D*).

Source R(D)sum R(D*)sm
Fermilab Lattice, MILC collaborations (2015) [52] | 0.299 £ 0.011 -
HPQCD collaboration (2015) [53] 0.300 £ 0.008 -
D. Bigi, P. Gambino (2016) [54] 0.299 + 0.003 -
F. Bernlochner et al. (2017) [55] 0.299 £ 0.003 | 0.257 £ 0.003
S. Jaiswal, S. Nandi, S.K. Patra (2017) [56] 0.299 £0.004 | 0.257 £ 0.005
D. Bigi, P. Gambino, S. Schacht (2017) [57] - 0.260 £ 0.008
P. Gambino, M. Jung, S. Schacht (2019) [58] - 0.254 15507
BaBar collaboration (2019) [59] - 0.253 £ 0.005
M. Bordone, M. Jung, D. van Dyk (2020) [60] 0.298 4+ 0.003 | 0.247 £ 0.006
M. Bordone, M. Jung, D. van Dyk (2020) [60] 0.297 + 0.003 | 0.250 £ 0.003
Fermilab Lattice, MILC collaborations (2021) [61] - 0.265 £+ 0.013
G. Martinelli, S. Simula, L. Vittorio (2022) [62] | 0.296 + 0.008 | 0.261 =+ 0.020

Effective Field Theory studies

One way to explore the possible contributions of NP is by using the effective Hamil-
tonian:

7 (2.23)
where O; are 4-fermion operators which encode the different processes by which the decay
may occur; C; are Wilson coefficients, which indicate the relative coupling strength of each
one of the possible processes, and 7 is an index that runs over all the 4-fermion operators.
In the standard model, the Wilson coefficients should have the same value for all three
lepton families, due to LFU.

Since the Wilson coefficients can be computed from experimental data, and different
theoretical scenarios beyond the SM (BSM) give different values to them, it is useful to
express Wilson coefficients as C; = CPM + CNF| where CPM is the value expected from
the SM and CN is a hypothetical NP contribution. Within this framework, data can be
used to constrain the value of each C¥'| and thus constraining or discarding possible NP
scenarios [63].

4
Heﬁ‘(b — Cl_ﬂl) = ﬁ%bzczoz,

Proposed models

Some of the BSM models which are most commonly used to describe the hypothetical
breaking of LF'U on b — ¢~ decays and that can fit with the existing Wilson coefficient
measurements are:

e A new vector boson, W'* which couples differently to the 7 lepton, some models
also including its coupling to a right-handed neutrino [64-69].

14
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e The existence of a charged Higgs boson, H*, in what is called a two-Higgs doublet
model (2HDM) which would also mediate weak interactions with different couplings
to each lepton [48,70-76].

e Leptoquarks (LQ), hypothetical bosons with strong and electroweak charge which
allow quarks to turn into leptons and vice versa [77-81].
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Figure 2.1: Experimental results and theoretical predictions comparison for R(D) and
R(D*) as of 2022. Plot extracted from [34].
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2.3 Theory of pp collisions

Since the data analysed in this thesis comes from proton-proton collisions at the LHC
(see section 3.1), it is interesting to briefly introduce some theory concepts behind such
collisions.

2.3.1 Rapidity and pseudorapidity
We define the concept of a particle’s rapidity (y) as

1. E+p.c

=_—ln——,

2 FE—p.c

where E = ymc? is the energy of the particle and p, is the component of its momentum

along the beam axis (the direction in which the protons travel and collide). Rapidity

measures the magnitude of the relativistic boost of the particle in the beam direction

with respect to the laboratory frame of reference. Thus y = 0 is a particle that travels

perpendicularly to the colliding protons and y = 400 is a particle that travels in the same

direction as the protons. Another useful property of rapidity is that rapidity differences
(Ay) are Lorentz-invariant under boosts in the beam direction.

An alternative to rapidity, commonly used in experimental particle physics, is pseudo-

rapidity (n), defined as

(2.24)

1lnp Py ltanq : (2.25)
2 P =D 2

where p is the magnitude of the particle’s 3-momentum and 6 is the angle between the tra-
jectory of the particle and that of the colliding protons. This quantity has the advantage
of not requiring the mass/energy of the particle, while being equivalent to rapidity for
massless particles and being approximately equal to rapidity for particles with py > m.
Since pseudorapidity can be determined only with the particle’s angle, it is useful in
particle colliders, where the expressions ‘low-rapidity’ or ‘high-rapidity regions’ are often
used to refer to the detector regions perpendicular or close to the beam axis direction,
respectively.

Pseudorapidity is also used to define the angular separation between two particles,

AR = /AR + Ag? (2.26)

where An and A¢ are, respectively, the differences in pseudorapidity and azimuthal angle
between the two particles. Like An, the quantity AR is also Lorentz-invariant in the
massless limit.

2.3.2 Centre-of-mass energy (1/s)

The centre-of-mass energy of two colliding particles is denoted by

17



JULIAN LoMBA CASTRO

\/g =V (pa +pb)207 (227)

where p, and p, are the four-momenta of each particle. In the case of pp collisions in the
LHC, with two symmetrically colliding particles, the centre-of-mass energy is equivalent
to the energy in the laboratory frame of reference. It is important to note, though, that
the particles produced in these collisions often come from parton-parton collisions within
the colliding protons, which are not symmetrical in the laboratory frame [82].

The notation “/s” comes from the so-called Mandelstam variables, quantities which
are defined in a two-particle scattering process of the form a +b — ¢+ d as

s = (pa +pb)2027

t = (pa — pe)c?, (2.28)
u = (pa — pd)gcz.

These quantities are all Lorentz-invariant, thus their usefulness in high-energy physics.

2.3.3 Proton-proton collision types

Proton collisions can be categorized in two types: elastic and inelastic. Elastic inter-
actions do not produce new particles, the two protons simply altering their trajectories
upon interacting. On the other hand, inelastic interactions do produce new particles,
either with one or both protons surviving, or none of them. The inelastic cross-section of
pp interactions at a centre-of-mass energy of /s = 13 TeV is oy, = 75.4 £ 5.4 mb [83].

Inelastic interactions are at the same time categorized in diffractive and non-diffractive.
Diffractive inelastic interactions can be:

e Single diffractive scattering: one of the protons remains while the other dissociates
and hadronises, resulting in a highly boosted set of particles.

e Double diffractive scattering: both protons dissociate and hadronise, resulting in
two opposite highly boosted set of particles.

e Central diffractive scattering: both protons remain in the final state, but a set of
particles is produced in the low-rapidity region.

The particle systems produced in a diffractive interaction remain with the same in-
ternal quantum numbers of the proton that produced them. On the other hand, in
non-diffractive interactions, colour charge is exchanged between both protons, resulting
in producing a larger number of particles, which are distributed more or less uniformly
in the whole rapidity range. Non-diffractive interactions account for roughly ~60% of all
proton-proton interactions at LHC energies [84]. Fig. 2.2 illustrates the different types of
inelastic pp interactions.
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2.3.4 b quark production

The production of bb pairs from inelastic pp collisions is the main interest of the
LHCDb experiment and it is a widely exploited feature by its analyses, including the ones
presented within this thesis.

The pp — bbX reaction is produced mainly from gluon-gluon and quark-quark in-
teractions within the colliding protons. Since the momenta of these interacting partons
tend to be highly asymmetrical in the laboratory frame [82], the produced bb pairs are
emitted at very high rapidities, close to the direction of the proton beam. This feature is
exploited by the LHCb detector’s configuration, as will be shown on section 3.2. The bb
pair production angular distribution is shown on fig. 2.3.

The bb pair production cross-section at y/s = 13 TeV is measured to be o (pp — bbX) ~
560 ub [87], or o = 144 £ 21 ub if restricted to the LHCb acceptance range (2 < n < 5).
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Figure 2.2: Feynman diagrams and angular distributions of different types of pp inelastic

interactions. Figures extracted from [85].

LHCb MC

ls=14 TeV

Figure 2.3: bb pair production angular distribution. The LHCb acceptance is represented

in red. Figure extracted from [86].
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2.4 R(D"™) measurements at LHCb

As mentioned in section 2.2.1, the LHCb experiment is one of the main contributors
to the current LF'U tests scene. Due to the relevance for the topic of this thesis, it is worth
reviewing the current status, techniques, and prospects of the R(D®*)) measurements at
LHCb.

As explained earlier, LHCb tests LFU on semitauonic decays by measuring the ratio
R(H.) (eq. 2.5) between the tauonic and muonic modes, which for R(D™)) takes the form:

B(B — DY 1)
B(B — D®yu1,)’

R(DW) = (2.29)
where the B meson will either be a BT or a B° depending on the sign of the D™, Since
the 7 lepton decays inside the detector, a decay channel needs to be chosen, the two
common choices at LHCb being:

e 77 — p U, (muonic channel): provides the advantage of having the same charged
final-state particles in both sides of the ratio, thus reducing systematic uncertainties.
It suffers from the presence of background from inclusive B — D) 1~ 7,(X) decays.

o 7 = m ntr v (7°)v, (hadronic or “three-prong” channel): offers better momen-

tum reconstruction, thanks to only having one neutrino and having three charged
tracks, which allow the reconstruction of the 7 decay vertex.

Muonic measurements

At the present time, there is only one published result of R(D*) by LHCb using the
muonic channel [29], which was done with Run 1 data. LHCb is currently working on
new R(D™) and R(D}) analyses with data from Run 2. The strategy behind the existing
result is explained below, while the analyses that are underway follow an almost identical
strategy.

Due to the presence of two neutrinos in the final state, the B momentum is approxi-
mated by assuming that the z-momentum of the B meson is the same as that of the D*u
system. Both the tauonic and the muonic channels are selected in the same sample using
multivariate analysis techniques to reduce background contributions. A three-dimensional
fit in the energy of the muon, the squared missing mass (m2,; = (ps — pp- — pu)?), and
¢? is used to extract the yields of both signal channels. The result, as shown previously
on table 2.2, was R(D*) = 0.336 £ 0.027(stat) & 0.030(syst), which is 2.10 above the SM

prediction.

Hadronic measurements

The only currently published result of R(D™) by LHCb using the hadronic channel
is R(D*7) [30,31], done with Run 1 data. There are other hadronic analyses by LHCb
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(including the ones presented in this thesis) working to measure R(D®), R(Dg*)) and
R(D*), using Run 2 data. All current analyses follow a similar strategy to the published
one, explained below.

The measurement using the hadronic channel is made by measuring the ratio of the
tauonic decay channel with respect to the prompt decay channel,

B(BY — D* 1Fv,)

KD™) B(B® — D*ntr—mt)’

(2.30)

This is done to minimize the systematic uncertainties in the ratio, by having the same
final-state particles in both sides. A different normalisation channel may be chosen instead
of the prompt channel, depending on the requirements of the analysis.

Then, the known values of the branching fractions of the muonic and normalisation
channels are used as external inputs to determine the value of the desired observable,

B(BY — D* ntr—nt)

R(D™) = B(B® = D*~putu,)

K(D*). (2.31)

The ability to reconstruct the 7 vertex is exploited to separate signal and normalisa-
tion channels, and a boosted decision tree (BDT) is used to suppress background. The
yield of the signal is obtained through a three-dimensional fit in ¢, 7 decay time, and the
output of the BDT, and the normalisation yield is obtained by fitting the invariant mass
of the D*3m system. The result of this measurement, as shown previously on table 2.2,
was R(D*) = 0.291 4 0.019(stat) = 0.029(syst), 1.1o above the SM prediction.

2.4.1 Prospects

New measurements with smaller uncertainties are essential in order to clarify the
current tensions with the SM predictions, which are currently at 3.2¢, as discussed on
section 2.2.1. Since all previous analyses by LHCb were done with just Run 1 data,
LHCDb is at a prime position to improve its contribution by adding the data from Run 2,
which contains approximately double the integrated luminosity and four times as many bb
events compared to Run 1, thus expecting a significant reduction in statistical uncertainty.
Regarding systematic uncertainties, they are expected to improve as well [35,88]. Fig. 2.4
shows an estimation of the possible uncertainties of future LHCb R(H,.) measurements.

The main source of systematic uncertainty in these measurements is the limited size of
the simulated samples. These samples are essential for these analyses because of the nature
of the decays involving multiple neutrinos: since they are undetected, the reconstructed
kinematic variables have broad distributions, difficult to be described analytically, thus
relying on simulated samples to model the different contributions. Furthermore, these
samples need to be significantly large due to the use of multiple fitting dimensions, re-
ducing the amount of data per bin. This situation is going to improve along with the
development of better simulation techniques, notably fast simulation, which will allow to
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Figure 2.4: Expected total uncertainty for different R(#.) measurements by LHCb, by
data-taking years. Left: systematic uncertainty capped at 3% for R(D™) and 5% for
other ratios. Right: systematic uncertainty capped at 0.5% for R(D™)) and 2% for other
ratios. Figure extracted from [35].

produce larger samples in less time. Other important sources of systematic uncertainty
are the modeling of background channels and the external uncertainties. Both are ex-
pected to improve with new measurements, improving both the knowledge of background
channels and the uncertainty of the measurements.

2.5 Analysis strategy

This section details the strategy followed to measure R(D™)°) and R(D®)~) within
these analyses.

R(D™°) measurement

As discussed previously, the main goal of this analysis is the measurement of the
R(D°) and R(D*") quantities.

B(B~ — D®r=p,)
(=)0 — T
RID™) = B(B~ — D®ou-1,) "’ (2:32)

with LHCDb’s Run 2 data from 2016-2018, and with the following decay modes:

D0 — Do{ﬁo,v},
D' — K—r™,

7 =t (7).
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As such, the approach taken is very similar to the previous hadronic-tau measurement
from LHCD [30,31] shown in section 2.4; the main difference being that this analysis aims
to measure both R(D°) and R(D*°) simultaneously, while the previous analysis only
measured R(D*). This is possible thanks to the increased statistics available with Run 2
data compared to Run 1.

The denominator in eq. 2.32, B(B~ — D"°u~p,), will be taken from an external
source, while the numerator, B(B~ — D(*)OT_ET), will be computed from our measure-
ment as

Np-_,peor—p _
B(B~ — DWOr—p,) = ZE=2DW0rve o g(pt _y PODT)x
NB+—>50D§
e+ pop B(DT = mimw)

T—37TU, _ — o — T—37m0v, _ — =0
€0,y BT™ = momtmwy) + e TN, B(rm = mortr o)

. (2.33)

where N are the measured yields of each decay channel and e, their efficiencies. The
yields are the actual quantities which are measured from data, while the efficiencies are
estimated from simulation samples. All the other branching fractions are external inputs.
This is done, as in the Run 1 analysis, to minimize systematic uncertainties by computing
the ratio of two decay channels with the same visible final states and topology (B~ —
D=y, with 7= — 7~7t7 (7°)v, and BT — D°Df with D} —at7~7", and both
with D® -=K~-nt). Bt — D°D} was chosen as a normalisation channel because of the
precision with which it is measured [2] compared to other possible candidates such as B~
— Dt

B(BT — D°D}) = 0.0090 & 0.0009 ,
B(Df — 7t~ 7T) = 0.0108 4 0.0004 , (2.34)
B(B~ — D7 77~) = 0.0056 £ 0.0021 .

A general rundown of the strategy, which will be expanded upon throughout this
thesis, is presented below.

1. Generation of simulation samples (section 4.2): multiple simulation samples
are produced, containing the main signal and background decays. These are mainly
used for efficiency computation and background description.

2. Data selection (section 4.3): inclusive B — D% 77~ (X) events, with D° —
K~nt, are selected from the available 2016-2018 data and from the generated sim-
ulation samples. In summary: three charged pions are required to form a good
vertex (the 7 vertex) and the three pions and the DY are also required to form a
good vertex (the B vertex), and these two vertices are required to be well differenti-
ated in order to reduce background contributions. A Boosted Decision Tree (BDT)

24



2 Theoretical foundations and precedents

is implemented to discriminate the main remaining backgrounds. Two different se-
lections are applied: one for the signal channel (B~ — D™O7=1.) and another for
the normalisation channel (BT — D'DY).

. Optimisation of the simulation samples (section 4.5): a set of corrections
is applied to the simulation samples in order to improve their description of the
data. These include the re-weighting of particle identification (PID) variables, B
kinematics, event multiplicity, trigger efficiency, form factors, and a correction on
the resolution of the B and 37 vertices.

. Computation of efficiencies (section 4.6): the simulated samples are used to
compute the reconstruction efficiencies of each channel.

. Study of control samples (chapter 5): a set of complementary selections is used
to obtain samples enriched with the main background events, which are used to de-
termine further corrections to the simulation samples in those particular background
channels. Particularly, the main double-charm backgrounds (B — DD} (X),
B — D'°'D*(X), and B — D°D°(X)) and the prompt B — D°37(X) background
are studied.

. Determination of the signal yields (section 6.1): the yields of the B~ —
D®07r=%_ signal channels are obtained from a three-dimensional template fit on
the ¢?, the 7 decay time, and the output of the BDT.

. Determination of the normalisation yield (section 6.2): the yield of the BT —
D°D7F normalisation mode is obtained from a fit to the invariant mass m(D°D})
peak.

. Study of systematic effects and uncertainties (chapter 7): the different pos-
sible sources of systematic effects, errors, and uncertainties in the measured yields
are studied, and the resulting corrections are applied.

. Measurement of the B~ — D®°r~7_ branching fractions, R(D°), and
R(D*%) (chapter 8): the desired branching fractions and LFU ratios are computed
using eqs. 2.32 and 2.33 with the measured yields, the computed efficiencies, and
the needed external inputs.

R(D™~) measurement

A second analysis, aiming to measure the R(D~) and R(D*") quantities, will also be

partially discussed throughout this thesis, in parallel to the previous one. This analysis
follows practically the same general strategy and workflow of R(D™?), the only main
differences being the used signal channel, which is B® — D®~7%v_ with the decay modes

25



JULIAN LoMBA CASTRO

D*~ — D~ {x° 4},
D™ = Ktnrn,
™ = ot (77,

and the data selection procedure, which needs to select D~ mesons with D~ — K n 7~
instead of D* — K—7+.

Because of the big similarity between the two analyses, this one was left in a second
plane, with the intention of first perfecting the R(D™)°) measurement procedure and then
directly transferring the developed and optimised algorithms to this R(D™)~) analysis,
thus minimising the needed effort and parallel work. As a result, only a handful of steps
—in a preliminary status— are presented in this thesis: the generation of simulation
samples (section 4.2), the data selection (section 4.3), and the study of control samples
(chapter 5).
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In this chapter, an overview of the experimental setup used for this thesis is pre-
sented. Namely, the Large Hadron Collider and the layout and characteristics of the
LHCb detector, along with a summary of the relevant software used within the LHCb
experiment.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [89] is a hadron accelerator and collider composed
of two rings installed in a 26.7 km tunnel between the French and Swiss border near
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Geneva, between 45 m and 170 m depth, originally used for the Large Electron-Positron
collider (LEP). The LHC was built at CERN, with its accelerator complex acting as
particle injector for the collider.

The LHC was designed to operate at centre-of-mass energies up to 14 TeV, acceler-
ating two proton beams rotating in opposite directions inside its two rings. These beams
are kept in their circular trajectory by LHC’s superconducting magnets, which are kept
at a temperature of 1.9 K using superfluid helium to ensure their performance, with fields
above 8 T.

The protons in the LHC are obtained from ionised hydrogen and injected into LHC
through a series of accelerators composed of: Linear Accelerator 2 (Linac2), Proton Syn-
chrotron Booster (PSB), Proton Synchroton (PS), and Super Proton Synchrotron (SPS).

The hadron beams at the LHC are composed of “bunches”, small groups of hadrons
which are distributed along the LHC rings. In the proton-proton configuration, bunches
might be down to 25 ns apart, resulting in a crossing frequency of up to 40 MHz.

LHC was also designed to collide heavy ions. The heavy-ion collisions produced so
far include p-Pb, Pb-Pb, and Xe-Xe. These collisions take place on dedicated separate
runs from the regular pp runs.

The LHC has four main experiments located at large caverns along the tunnel, these
being: ALICE (A Large Ion Collider Experiment), ATLAS (A Toroidal LHC Apparatus),
CMS (Compact Muon Solenoid), and LHCb (Large Hadron Collider beauty). The beams
are slightly deviated at these four points of the tunnel in order to induce the collisions
inside the detectors of these experiments. The location of these experiments within the
LHC, as well as the rest of the CERN accelerator complex layout, is shown on fig. 3.1.

ALICE [91] is a heavy-ion detector which focuses on QCD, operating mainly with
heavy-ion collisions, thus being designed to deal with the high particle multiplicities which
are expected of heavy-ion collisions.

ATLAS [92] and CMS [93] are general-purpose detectors with similar configurations
and scientific goals. Their main achievement has been the discovery of the Higgs boson in
2012 [3,4], and they mainly research the properties of the Higgs boson and the existence
of particles beyond the Standard Model.

LHCb [94] was designed to study B physics, and will be explained in detail in the
following section.

At the time of writing this thesis, the LHC has had two full operational runs: Run
1, from 2009 to 2013, with a pp collision centre-of-mass energy of 7-8 TeV, and Run2,
from 2015 to 2018, with a centre-of-mass energy of 13 TeV. The LHC is currently on its
third operational run (Run 3), which began on July 2022 and is planned to end on 2026,
running at a centre-of-mass energy of 13.6 TeV.
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3.2 The LHCDb detector

The LHCb experiment is located at point 8 of the LHC, reusing the cavern where
DELPHI (Detector with Lepton, Photon and Hadron Identification) [95] operated in times
of the LEP. LHCb’s focus is the search for physics beyond the Standard Model, mainly
through CP violation and rare decays in beauty and charm decays.

The LHCD detector is a single-arm spectrometer with an acceptance of 1.6 < n < 4.9
[94] (where 7 is the pseudorapidity, as defined on section 2.3.1), which corresponds to an
angular acceptance of 10 mrad < ¢ < 300 mrad. This forward configuration is the main
distinguishing characteristic of LHCb compared to the other three main LHC experiments,
its reason being the optimization to cover the produced b hadrons which are highly boosted
at the LHC energies in proton-proton collisions, and thus predominantly produced in a
low-angle cone in the beam direction, as seen on fig. 2.3.

LHCD was designed to run at an instantaneous luminosity of around 2-4 x 103 /cm? /s,
lower than the LHC in general (~10%'/cm?/s). This is achieved by tuning the beam
focus at its interaction point. This lower luminosity provides multiple advantages for
LHCb, namely: an average of 1-2 pp collisions per bunch crossing [96] (less background
due to multiple collisions, compared to the ~20 collisions per crossing that the LHC
provides), a lower occupancy in the detector, and reduced radiation damage. By taking
into account the bb-production cross-section (section 2.3.4), this instantaneous luminosity
provides an estimated number of ~4 x 10* bb pairs per second within the LHCb acceptance,
at /s = 13 TeV.

LHCDb has so far recorded data corresponding to a total integrated luminosity of
8.7 b, with 3.0 fb™' on Run 1 and 5.7 fb~! on Run 2. A graphical representation of
LHCb’s data-taking runs is shown on fig. 3.2.

An essential key of most LHCb analyses is being able to separate the B decay vertex
(often called secondary vertex or SV) from the pp collision vertex (primary vertex or PV).
This allows the identification of background decays that originate directly from the pp
collision. This is achieved thanks to the low multiplicity of events, the large flight distance
of b hadrons (~7 mm [82]), and the excellent vertex resolution of the detector.

Another important characteristic of LHCb is its trigger system, which needs to be
able to deal with the large number of b hadrons that are generated and the many different
final states which are studied at LHCb.

The LHCD detector is composed of several subdetectors which will be detailed in the
following subsections. Their general layout is shown on figure 3.3.

The LHCD experiment uses a specific coordinate system which will be used through-
out this thesis: the pp interaction point is set as the origin, with the z axis running along
the beam axis towards the rest of the detector system. The y axis is the upwards vertical
direction, as defined by gravity, and the direction of the x axis is chosen as to keep the
“right-handedness” of the system (Z x y = 2), resulting in it running horizontally towards
the left of the detector, when looking at it from the negative-z side. The “transverse
momentum” (pr) of a particle is also commonly used, defined within this coordinate
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2022
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Figure 3.2: LHCD recorded integrated luminosity in pp collisions from 2010 to 2022. Plot
extracted from [97].
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Figure 3.3: LHCD detector layout. Image extracted from [98].

system as pr = /pz + p;.
It is important to note that the LHCb detector which was used for the analyses in
this thesis and which is described here has been replaced by an upgraded detector [99]
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Figure 3.4: Measured vertical component of the dipole magnet’s field along the z axis, for
both polarities. Plot extracted from [94].

during the LHC’s 2" long shutdown (LS2), which started on December 2018. The new
detector has already started taking data on the LHC Run 3 beginning in July 2022. The
main goal of this upgrade is to allow data-taking at a higher instantaneous luminosity of
around 2 x 1033 /cm? /s, for which the trigger system has been changed to be fully software,
and the tracking equipment has been replaced entirely.

3.2.1 Magnet

A dipole magnet with saddle-shaped coils creates a magnetic field in the vertical
direction in the central region of the detector. This field deflects charged particles in
the horizontal plane, allowing for the measurement of their momentum. Its design aims
to maximise the field in the region between the vertex locator and the Trigger Tracker
station, while minimising its effect on the RICH detectors. The integrated magnetic field
or bending power is 4 Tm, integrated over the first 10 m from the interaction point in
the beam direction [100]. The direction of the magnetic field (up or down) is changed
periodically in order to take into account possible systematic effects.

The magnetic field needs to be precisely measured in order to achieve the needed
relative momentum resolution for charged particles of about 0.4%. For this, the field has
been mapped in the volumes inside the magnet, the VELO region, the tracking stations,
and inside the magnetic shielding for the RICH detectors. The result of this measurement
along the z axis is shown on fig. 3.4; its relative precision was 4 x 107 [94].

The presence of the LHCb dipole magnet affects the trajectory of the beams circulat-
ing in the LHC, so three compensator magnets are placed around the detector to counter
this effect [89].
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3.2.2 Tracking system

The tracking system of LHCb is composed of the VELO, placed around the interaction
point, the TT, upstream of the magnet, and the T-stations, downstream of the magnet.
Together, these subdetectors provide the necessary data to reconstruct the trajectory of
the particles that traverse the detector, as will be detailed on section 3.3.

VELO

The Vertex Locator (VELO) is the closest subdetector to the interaction point, provid-
ing precise measurements of tracks near the primary vertex and thus allowing to identify
and locate the primary and secondary vertices, essential feature of b and c-hadron decays.

The VELO consists of 42 modules of silicon strip sensors (300 wm thick), each module
with one part that measures the radial coordinate (R-sensor) and another which measures
the azimuthal angle (¢-sensor). The readouts are placed in the outer part of the modules.
The use of this coordinate system (r¢) was chosen to allow a fast track reconstruction in
the software trigger.

The sensors are maintained in a vacuum which is separated from the LHC vacuum
by a thin walled corrugated aluminum sheet. The geometry is designed as to allow the
two halves of the VELO to overlap when it is fully closed, and it minimises the material
traversed by a charged particle from the interaction point to the sensors. Schematics of
the VELO are shown on fig. 3.5.

The two halves of the VELO detector are designed to be retractable, in order to
accommodate the increased aperture that is required by the LHC during injection, during
which the VELO halves retract by 3 cm. This feature also allows the fine adjustment of

 sensor R sensor

2048 strips 2048 strips
read out ODD D Q Q read out

84 mm

readout chips QQDD

strips
------- routing lines

Figure 3.5: Left: schematic of the front view of a VELO module. Right: schematic
showing the corrugated sheet that separates the VELO from the beam vacuum, and how
it fits with the modules. Images extracted from [101].
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the position of the detector in the zy plane with an accuracy of ~10 wm, being able to
adapt to possible displacements of the beam (+5 mm). When there is a stable beam and
the VELO is fully closed, the inner part of the sensors are at a 7 mm distance from the
beam axis.

As mentioned before, the measurements provided by VELO are used to reconstruct
primary and secondary vertices of b and c-hadron decays, they also provide a precise
measurement of their lifetimes and of the impact parameter of particles used to tag their
flavour. The detached vertices of these hadrons are essential for the LHCb experiment,
they are used in the trigger in order to optimize the content of the recorded data, and
they are also used in the off-line analyses. For this purpose, the VELO needs a very high
resolution in particle trajectory reconstruction. Its primary vertex spatial resolution is
71 pm in the z direction and 13 pm in the transverse plane, for 25-track vertices [102];
its IP resolution is better than 25 pm for tracks with pr < 1 GeV/e, and its decay time
and decay length resolutions are, respectively, around 50 fs and 230 um. The VELQO’s
average signal-to-noise ratio is around 20:1, and it has a track reconstruction efficiency of
98% or higher in data.

Silicon tracker

The Silicon Tracker (ST) is composed of two different detectors: the Tracker Turi-
censis (TT) and the Inner Tracker (IT), both silicon microstrip detectors.

All ST stations have four detection layers in a “r—u—v—x” arrangement [94], meaning
the first and last layers being made of vertical strips, while the second and third layers
are rotated by —5° and +5° respectively.

The TT [103] consists of a single station which is located upstream of the dipole
magnet and downstream of the RICH1. The TT is composed of four planar detection
layers of silicon sensors and covers the full acceptance of LHCb. The four detection layers
of the station are separated in two pairs (z—u and v—z), the first one at z = 2.35 m and
the second at z = 2.62 m, this separation of 27 cm being designed to optimize the track
reconstruction algorithm. Each layer consists of two horizontally retractable layers, one
on each side of the beam pipe. The layers use 150 cm long silicon modules, with readout
electronics on both ends, on the outside of the LHCb acceptance. The first two layers
have 14 full modules, 7 on each side of the beam pipe, while two half-modules are situated
on the center, one above and the other below the pipe. The last two layers have 16 full
modules and two half-modules.

The half-module is the basic construction unit of the TT layers, consisting of seven
silicon sensors plus the readout electronics at its end. The seven sensors are segmented
either on a 4-2-1 readout grouping, for the ones situated around the beam pipe, or a
4-3 grouping, for the other modules. The sensors are 500 wm thick. The full modules
described above are composed of two half-modules. Adjacent modules within a layer are
staggered by ~1 c¢m in z and overlap by a few millimeters in x, to avoid acceptance gaps.

The IT [104] has three stations, located downstream of the magnet. Each station
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consists of four detector boxes arranged around the beam pipe, two on each side of the
pipe, and the other two above and below it. The boxes are horizontally retractable. Each
one of the boxes contains four detection layers, each layer consisting of seven detector
modules. Adjacent modules within a layer are staggered by 4 mm in 2z and overlap by
3 mm in x. The modules on the top and bottom boxes contain a single 320 um thick
silicon sensor, while the ones in the side boxes contain two 410 um thick sensors. These
thicknesses were chosen to optimize the signal-to-noise ratio while minimising the material
of the detector.

The spatial resolution of the ST modules is around 50 wm, while the hit efficiency was
measured to be greater than 99.7% and 99.8% for the TT and the IT, respectively [96].

Outer tracker

The Outer Tracker (OT) [105] is a drift-time detector located downstream of the
magnet, along with the I'T. While the IT covers the region closest to the beam pipe,
the OT complements it, covering the rest of the LHCb acceptance. A diagram of this
arrangement is shown on fig. 3.6. This design decision is justified by the higher density
of particles produced at low angles, making the resolution, occupancy, and radiation
hardness requirements looser in the outer region. The OT and the IT stations are often
treated as part of the same stations, called T-stations and labelled T1, T2, and T3.

The OT consists of three stations, each one composed of arrays of straw-tube modules,
and each module containing two staggered layers of 64 tubes each, with 5 mm of inner
diameter. A mixture of 70% Argon and 30% COsy is chosen in the tubes to ensure a drift
time below 50 ns.

Each station consists of four layers arranged in a z—u—v—x configuration, with the
first and last layers having the tubes oriented vertically, while the second and third layers
have them angled by +5° and —5°, respectively. The stations are also divided in two
horizontally retractable halves.

The OT single hit resolution is 205 um [96], and the efficiency of the straw tubes is
97%.

3.2.3 Particle identification

Particle identification (PID) is the process of assigning a particle type to each recon-
structed track, and it is a fundamental requirement for LHCb, due to the importance and
difficulty on distinguishing between particles that leave similar signals on the detector,
such as kaons and pions, or photons and electrons.

The PID detector system of LHCD is composed of the RICH detectors, one upstream
and another one downstream of the magnet, the calorimeters and the muon stations, these
last two being, in that order, the subdetectors which are farther away from the interaction
point.
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RICH detectors

The Ring Imaging Cherenkov (RICH) detectors fulfill a fundamental role in particle
identification. There are two of them: RICH 1, between the VELO and the TT, and
RICH 2, between T3 and the muon detector.

RICH detectors use Cherenkov radiation emitted by charged particles to identify
them, since the opening angle of this radiation is dependent on the particle velocity.
The mass of the particle is measured by combining this velocity measurement with the
reconstructed momentum.

In both detectors, Cherenkov light is focused with a combination of mirrors to reflect
it out of the LHCDb acceptance, where they use Hybrid Photon Detectors (HPDs) to detect
the Cherenkov photons in the wavelength range 200600 nm, these HPDs are shielded by
iron boxes that attenuate the magnetic field from the dipole magnet to allow for their
correct performance.

RICH 1 is designed to detect low momentum particles, covering the range ~1-
60 GeV/c and the full LHCb acceptance. It uses aerogel and C,F;q gas radiators. RICH
1 is located in the 990 < z < 2165 mm region of LHCDb.

On the other hand, RICH 2 is designed to cover the region where high momentum
particles are generated, thus having a small acceptance of ~=+15 mrad to 120 mrad in
the horizontal plane and to +100 mrad in the vertical plane. It detects particles with
momentum from ~15 GeV/c to < 100 GeV/c and uses a CF, radiator. RICH 2 is located
in the 9500 < z < 11832 mm region of LHCDb.

The fluorocarbon gases used on each RICH detector were chosen so their refractive

\
x\\]/z
'y

Figure 3.6: Diagram of the ST and OT stations. The ST is shown in purple, while the
OT is represented in cyan. Image extracted from [94].
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indices match with the momentum spectrum expected from the particles studied at LHCb.
The Cherenkov angular resolutions of RICH 1 and RICH 2 are, respectively, 1.618 mrad
and 0.68 mrad [106]. The PID performance provided by the RICH detectors depends on
the type of particle and the used criteria; for example, for kaon-pion separation, the kaon
ID efficiency can be estimated to be ~95% with a pion misidentification ratio of ~10%.

Calorimeters

The purpose of the LHCb calorimeters [107] is mainly the measurement of the energies
and positions of electrons, photons, and hadrons. There are two main calorimeters, placed
between the muon stations M1 and M2: the Electromagnetic Calorimeter (ECAL) and
the Hadron Calorimeter (HCAL). Each one consists of alternating layers of scintillating
and absorbing material.

The ECAL is located at z = 12.5 m and covers the almost-full LHCb acceptance
except for 6 < 25 mrad due to the high radiation level around the beam pipe. The
calorimeter is divided in three sections (inner, middle, and outer), each with a different
cell size, to accommodate the dependence of the hit density with the distance to the
pipe. The ECAL uses lead as absorber, having 66 layers with a thickness of 2 mm each,
alternated with paper and scintillating tile layers, adding to a total of 42 cm of depth
in the beam direction. The ECAL was measured to have an energy resolution of ~
9%/+/E/GeV @ 0.8%.

The HCAL is divided in two sections (inner and outer). It uses iron as absorber,
using steel plates alternated with the scintillator tiles, placed parallel to the beam axis,
and has a depth of 1286 mm in the beam direction. The HCAL was measured to have an
energy resolution of ~69%/+/FE/GeV & 9%.

In order to distinguish electrons from neutral and charged pions, another calorimeter
system is placed in front of the ECAL, composed of the Preshower Detector (PS) and the
Scintillator Pad Detector (SPD). The PS distinguishes charged particles from neutrals,
then, a single 15 mm thick lead sheet is placed between the PS and the SPD, which causes
electrons and photons to shower, while the heavier hadrons are more likely to pass due to
their longer interaction length; then, the SPD detects the electromagnetic showers. This
system, along with the information from the ECAL, allows rapid electron identification
for the trigger system.

Muon stations

The muon system [108] consists of five rectangular stations, receiving the names M1-
M5, covering an angular acceptance from 20 (16) mrad to 306 (258) mrad in the bending
(non-bending) plane. The muon system is used in the LO trigger to select high-pr muons,
as well as in offline reconstruction, to identify muons.

The stations M2-M5, placed downstream of the calorimeters, are separated by 80 cm
thick iron absorbers to select the most penetrating muons. Each station is divided in
four concentric regions with different segmentation, allowing the particle flux and channel
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occupancy to be similar through the four regions. Since practically all electromagnetically
or strongly-interacting particles decay in one of the calorimeters, muons are virtually the
only particles to be detected at these stations.

The muon stations use multi-wire proportional chambers, except in the inner region
of M1, where triple gas electron multiplier (triple-GEM) detectors are used due to the
expected high particle rate. The hit efficiency was measured to be around 99% or greater
for all regions of all stations [96].

3.2.4 Trigger system

The crossing frequency with visible interactions in LHCb is ~10 MHz, thanks to
its lower luminosity compared to the LHC, but the rate at which events are written to
storage is ~2 kHz. At LHCD’s luminosity, ~100 kHz of bb pairs are expected, but only
15% of those pairs will produce at least one B meson with all its decay products in the
detector acceptance. In addition, the branching fractions of typical decays studied at
LHCb are lower than 1072, The trigger system [109] tries to select events which are of
interest to LHCb analyses while discarding the ones that aren’t, achieving this way the
needed reduction in write-to-storage frequency. There are two trigger levels: the Level-0
(LO) and the High Level Trigger (HLT).

The LO uses custom electronics on the detectors to select events with the highest
transversal energy particles (in the calorimeters and in the muon system), it also uses pile-
up information from the VELO in order to reject events with many primary interactions.
This reduces the event rate to ~1 MHz, enough to read the full event data.

The HLT consists of a software application (running on a dedicated computing farm)
to select the events of physical interest. Since it is software-based, it can be adjusted
for changes in running conditions or in physics goals. The HLT is further divided in two
stages: HLT1 and HLT2. HLT1 uses the tracking system to reconstruct the particles
corresponding to the LO output, confirming or discarding its decision, and reducing the
rate to ~30 kHz, which is low enough to run offline track reconstruction on HLT2. HLT?2
reconstructs composite particle candidates (K* — Ktn~, ® — KTK~, Jip — putu=...)
and uses cuts on the properties of the reconstructed particles, such as the invariant mass
or the B momentum, to further reduce the rate to the desired ~2 kHz.

3.3 Track reconstruction at LHCDb

Track reconstruction (or tracking) is the process of forming particle trajectories from
the information (hits) that the tracker detectors collect. At LHCb, tracks are classified
in five categories [94,96] according to where their hits are, as shown on fig. 3.7:

e Long tracks have hits on the VELO and on the T stations (and optionally, the
TT). These tracks provide the best momentum measurements, thanks to having
information from virtually the full magnetic field range.
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T1 T2 T3

Figure 3.7: Diagram of the LHCb track types, compared to the vertical component of the
magnetic field on top. Image extracted from [94].

e Upstream tracks have hits only on the VELO and TT stations. They generally
correspond to particles with low momentum that are pushed out of the detector
acceptance by the magnetic field.

e Downstream tracks have hits only on the TT and T stations. These are typical
on long-lived particles that decay outside of the VELO.

e VELO tracks have hits only on the VELO, corresponding primarily to very low
or negative rapidities. They are used for primary vertex reconstruction.

e T tracks have hits only on the T stations, and are typical from particles produced
in secondary interactions.

The LHCb tracking algorithm for long tracks first starts by searching for track can-
didates or “seeds” in the VELO and T stations: first, VELO hits that are compatible
with a straight line trajectory are combined into a VELO track. Then, the “forward
tracking” algorithm combines the VELO track with the information from the T stations,
searching for the best possible combination of hits that define a track. After that, the
“track matching” algorithm, matches these tracks with T tracks which are reconstructed
independently. TT hits are the last to be combined with the already formed long track,
by extrapolating its position to the T'T stations.

Downstream and upstream tracks are found by extrapolating T or VELO tracks,
respectively, to the T'T position, searching for compatible T'T hits.
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Track candidates are then fitted with a Kalman filter, which takes into account mul-
tiple scattering and energy loss. The momentum resolution of the tracking algorithm is
found to be between ~0.35% at lower momenta and ~0.55% at higher momenta (100—
140 GeV/c).

The tracking algorithm often suffers from so-called “ghost” tracks: reconstructed
tracks that do not correspond to a real particle. These are usually due to a wrong match
of VELO and T hits. A neural network classifier is used to significantly reduce the mis-
reconstruction rate.

The track-finding efficiency (probability of the trajectory of a particle passing through
the full tracking system being reconstructed) has been found to be consistently above 96%
for the whole momentum and pseudorapidity ranges, only falling lower than that on high-
multiplicity events with more than 200 tracks.

In addition, LHCb’s PID system assigns numerical variables that represent the prob-
ability of a reconstructed track being of a certain kind of particle. The two kinds of
variables recorded by LHCD are:

e PIDy: the log-likelihood difference between the X and pion hypotheses (PIDyx =
log Lx —log L), as determined by the calorimeters and the RICH and muon detec-
tors.

e Pyn(X): the Bayesian posterior probability of a particle being of the type X. This
quantity is determined using a neural network which takes the PID information as
input and is trained separately for each type of particle.

3.4 Simulation of data samples

Simulated data samples are an essential part of high-energy physics, specially for data
analysis. Important steps like the optimization of the signal selection or the description
of the background channels tend to highly rely on the analysis of simulated samples.

LHCb’s simulation framework is called GAUSs [110]. GAUSS manages the creation of
simulated events, interfacing with multiple external applications in the following steps:

1. A production tool (most commonly PYTHIA [111], which is the one used for the
simulated samples on this thesis) generates events with the required signal particle.

2. The decay tool known as EVTGEN [112] simulates the decay of the particle. Usually,
the desired decay chain and final state(s) of the decay are specified by the analysts
and imposed by EVTGEN.

3. The signal particle and its decay products may be required to pass generator level
cuts, also specified by the analysts and very important to optimize CPU and disk
usage.
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4. The generated particles are transported through the detector simulation. GEANT4
[113] is the tool that simulates the interaction of the particles with the detector.
The detector geometry and data-taking conditions (such as the magnet polarity)
are also specified by the analysts to fit with the data-taking period they intend to
simulate.

After this procedure, the output is transformed to an analogous format to real data
via another framework called BOOLE [114], which digitises the simulated data, simulating
the experiment electronics and data acquisition system. The rest of the data processing
(from the trigger onwards) is practically the same as with real data, the main difference
being that in simulated samples there can be more information about the event which in
real data would be impossible to know, such as the true identity of the particles or the
information about their full decay chain.

Due to the great size of simulated data required by LHCb analyses, a variety of “fast
simulation” options were developed and implemented in the workflow, with the objective
of reducing the computing workload. The main fast simulation techniques used at LHCb
are:

e ReDecay [115]: a technique that reuses the non-signal parts of an event for multiple
simulations of the signal part.

e Detector reduction: certain parts of the subdetectors might be switched off in
the simulation in order to speed up the process.

e Particle gun: a technique that directly generates a signal particle with a certain
kinematic distribution, instead of generating a full event.
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In this chapter, the data and simulation samples used for the R(D™)) and R(D®*)~)
analyses are described, as well as the selection and correction procedures applied to them.

4.1 Data samples

The data used in this thesis were taken during LHCb’s Run 2 in the years 2016, 2017,
and 2018; therefore corresponding to proton-proton collisions at a centre-of-mass energy
of 13 TeV, with an integrated luminosity of 5.4 fb~*.

4.2 Simulation samples

Several simulation samples are used to model the different signal and background
channels which are present in the data. All the simulation samples used in the R(D®*))
and R(D™)™) analyses were generated with 2016 data-taking conditions and both magnet
polarities, with corrections applied to account for small differences with 2017 and 2018
data (section 4.5.2). Filtered productions! were used for all samples, meaning that the
generated events are filtered before being written to disk, in order to save space. For the
samples with a larger number of events, ReDecay [115] was also used to speed up the
production. The full list of simulation samples, along with their size and other details,
are listed in table 4.1.

In general, the generated samples for both analyses correspond to the following cat-
egories:

e Signal samples: samples with B — D®)7~ 7, and 7= — 7 7t 7~ (7°)v,, used to
model the signal components.

e D** samples: samples with B — D*7 v, and 7~ — 7 7 7 (7°)v,, used to model
the D** feeddown component in the signal fit.

e Normalisation samples: used to study and model the normalisation channel.

e Double-charm samples: samples with B — DD(X), used to study the double-
charm control samples and model their respective components in the signal fit.

e Prompt samples: samples with B — D7r 77 (X), used to study the prompt
control samples and model their respective components in the signal fit.

e Combinatorial background samples: samples where the D and the 37 are not
from the same B, used to model the combinatorial background component in the

fit.

I The filtering conditions imposed on the simulation samples are just the stripping selection conditions
explained in section 4.3.1.
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Decay(s) Simulation options (Magnetj\[f}l;k / Down) Used in
B~ = Dt~ (= rtr v, U, Sim09i filtered 1001755 / 10121572 | R(D™°)
B~ = D~ (= mrtr v, )7, Sim09i filtered 754189 / 773537 R(D™0)
B® — D=1t (= mtr ntw,)y, Sim09i filtered 1007018 / 1013919 | R(D™))
B — D 1t (—= ntn nt 70, ), Sim09i filtered 767843 / 757454 | R(D™)
B~ = D1 (= nnt 1 v,)U, Sim09i filtered 1001245 / 1007497 | R(D™°)
B~ — Dt (= rrtr 1), Sim09i filtered 756863 / 759234 R(D®9)
B —» D* 1t (= ntr ntv,)v, | Sim09 ReDecay filtered 680071 / 687279 Both
B - D1 (=t 70, ), Sim09¢ ReDecay 20107962 / 20039288 | Both
B~ = D¥rv; Sim09k ReDecay filtered 286712 / 288831 Both
B — D*rv Sim09k ReDecay filtered 255781 / 250003 Both
B? — D*rv Sim09k ReDecay filtered | 288831 / 286712 Both
B~ — DDy (— mntn™) Sim09i filtered 520804 / 520972 R(D™))
B — D™D (— mtr—nt) Sim09i filtered 503923 / 522840 R(D™")
B~ — DX X' Sim09h ReDecay filtered | 1288010 / 1853494 | R(D™)?)
B — DX, X' Sim09h ReDecay filtered | 10754686 / 11004407 | R(D™)°)
B? — DX X' Sim09%h ReDecay filtered | 2429723 / 3501039 | R(D™)0)
B - D-X.X' Sim09h ReDecay filtered | 10113090 / 9663985 | R(D™)™)
Bt = D-X X' Sim09h ReDecay filtered | 3584626 / 3549315 | R(D™)™)
BY - D-X. X' Sim09h ReDecay filtered | 3596604 / 3138401 | R(D™™)
B~ — Dr ntm™ Sim09i filtered 284698 / 262503 R(D®™0)
B - D ntp gt Sim09i filtered 253892 / 254360 | R(D™)™)
B~ — Dn~ntn—(X) Sim09i ReDecay filtered | 14240203 / 14230745 | R(D™)°)
B~ = D ntantX Sim091 ReDecay filtered | 8918131 / 9003685 | R(D™™)
BY = Dn—ntrn=X Sim09i ReDecay filtered | 17818266 / 17890479 | R(D™)?)
B = D ntn—at(X) Sim091 ReDecay filtered | 25661634 / 25878336 | R(D™)™)
BY — D~ ntn= X Sim09i ReDecay filtered | 1813758 / 1823421 | R(D™)9)
D° and 37 not from same B Sim09i ReDecay filtered | 12592113 / 12503618 | R(D™)°)
D~ and 37 not from same B Sim091 ReDecay filtered | 12504140 / 12520970 | R(D™)™)

Table 4.1: Simulation samples used in the R(D™)°) and R(D™)~) analyses. D** represents
any of the D3(2460), D;(2420), D}(2430), D§(2300), Dy (2536)% or D%, (2573)% mesons,
‘Sim09z’ is the version of LHCb’s simulation framework that was used, and Ny is the
number of events saved on disk.
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4.3 Selection of events

Selection requirements (or “cuts”) are used to discard as many background events as
possible, while improving the signal-to-noise ratio. All the selection cuts explained in this
section were applied to both data and simulation samples, and in both the R(D®*)°) and
R(D™~) analyses, unless stated otherwise.

4.3.1 Preselection

The following set of cuts is applied at the beginning of the selection process:

e Stripping selection: all events were required to pass the StrippingBu2D0TauNu-
ForB2XTauNuAllLines stripping line, for the R(D®)°) analysis; or the Stripping-
BOd2DTauNuForB2XTauNuAllLines stripping line, for the R(D™)~) analysis. The
requirements applied by each of these lines are shown in tables 4.2 and 4.3.

e Cleaning cuts: a set of cleaning selection cuts are applied after the stripping
selection, in order to suppress background events. These cuts require the B and 37
vertices to be displaced from the PV, the impact parameter x? of the pions that
form the 7 vertex to be incompatible with being produced at the PV, and the PV
of the D and 7 candidates to be compatible.

e PIDCalib synchronisation: a loose requirement on the momentum and pseudo-
rapidity of the candidate tracks is also applied to synchronise the selection with the
PIDCalib requirements (section 4.5.1).

A detailed list of the preselection cuts after the stripping selection is shown in table 4.4.

4.3.2 Trigger selection

Selected events are required to pass conditions on all three trigger levels:

e At the hardware L0 level, events are required to be either triggered on signal (TOS)
by the LO hadronic line (LOHadronDecision TOS) or triggered independently of
signal (TIS) globally (LOGlobal TIS).

e At the HLT1 level, events are required to pass the B.H1t1TrackMVADecision_TOS
line.

e At the HLT2 level, they are required to pass at least one of the 2-, 3-, or 4-body
topological lines [116].

The “TIS” and “TOS” trigger categories [117] are defined based on whether the signal
candidate was enough to trigger the decision (“triggered on signal”) or if the trigger
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Target particles | Variable Requirement
m(D°37) € [2.7,5.6 GeV/c?]
Cuts on the BT | DOCA < 0.15 mm
cos(DIRA) > 0.995
im(K7) — m(D°)ppc| < 40 MeV /c?
Vertex x*/DOF <10
cos(DIRA) > 0.995
Cuts on the D° | PV distance x> > 36
pr > 1.2 GeV/c
Min. x#p(PV) > 10
DOCAk, < 0.5 mm
DOCA kr 2 <15
cos(DIRA) > 0.99
m(3m) € [0.4,3.5 GeV/c?|
Max. DOCA < 0.15 mm
Cuts on the 7 | min[m(r 77 )] < 1.67 GeV/c?
At least two pions pr > 0.3 GeV/c?
Vertex y? <25
At least two pions with x%(PV) >5
D > 2 GeV/c
Ghost probability <04
Track prob. 2 > 1078
Min. xip(PV) > 10
Cuts on the | pr(K) > 1.5 GeV/c
D° daughters | pr(m) > (.25 GeV/c
K track x?/DOF <30
7 track x?/DOF <3
K PIDg >3
7 PIDg < 50
pr > 0.25 GeV/c
Xip(PV) >4
Cuts on the x%/DOF <4
7 daughter pions | PIDg <8
Ghost probability <04

Table 4.2: List of selection cuts applied by the StrippingBu2DOTauNuForB2XTauNu-
AllLines stripping line, for the R(D®*)°) analysis.
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Target particles | Variable Requirement
m(D~3m) € [2.7,5.6 GeV/c?|
Cuts on the B® | DOCA < 0.15 mm
cos(DIRA) > 0.995
|m(K27) — m(D™)ppg] < 40 MeV /c?
Vertex x?/DOF <10
cos(DIRA) > (0.995
Cuts on the D~ | PV distance x> > 50
pr > 1.6 GeV/c
Min. xip(PV) > 10
DOCAko, < 0.5 mm
DOCA xar X <15
cos(DIRA) > 0.99
m(3m) €[0.4,3.5 GeV/c?]
Max. DOCA < 0.15 mm
Cuts on the 7 | min[m(r 77 )] < 1.67 GeV/c?
At least two pions pr > 0.3 GeV/c?
Vertex y? <25
At least two pions with x%(PV) >5
P > 2 GeV/c
Ghost probability < 0.4
Track prob. 2 > 1078
Min. xip(PV) > 10
Cuts on the pr(K) > 1.5 GeV/c
D~ daughters | pr(m) > 0.25 GeV/c
K track x?/DOF < 30
7 track x*/DOF <3
K PIDg >3
m PIDg < 50
pr > 0.25 GeV/c
Xip(PV) >4
Cuts on the x%/DOF <4
7 daughter pions | PIDg <8
Ghost probability <04

Table 4.3: List of selection cuts applied by the StrippingB0d2DTauNuForB2XTauNu-

AllLines stripping line, for the R(D®*)~) analysis.
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Variable Requirement
3m vertex transverse distance to PV > (0.2 mm
B vertex transverse distance to PV > 0.6 mm
T vertex y? <16

7 daughter pions’ x%(PV) > 15

7 daughter pions’ Pyn(7) > 0.2

D daughter kaon’s Pyn(K) > 0.4

D daughter pion(s)” Pyn(7) > 0.4
|va(D) — va(37T)| < 0.0001 mm
All tracks p € (2,200 GeV/(]
All tracks n € [1.5,5]
Number of SPD hits < 450

Table 4.4: List of cuts applied in the preselection of events after the stripping phase in
both the R(D™°) and the R(D™)~) analyses.

K- 0 K-

™,
+ b
Do ™ DO T
v, T,
/ //
/ V. / 12
// T D*O // T
...... ™ T
B 7-_ o+ B 7— o .
™ g
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Figure 4.1: Topology of the signal decays corresponding to the B~ — D%~ v, (left) and
B~ — D*%77 v, (right) decay chains.

decision was made with only the rest of the event, not including the signal (“triggered
independently of signal”). An event can be assigned to both categories if it triggers both
decisions: this overlapping category is called “TISTOS”. This separation in TIS and
TOS categories at the L0 level may produce discrepancies between data and simulation
samples. This is addressed and corrected accordingly in section 4.5.3.

4.3.3 Distance detachment criterion

The final state of the signal decays consist of a D meson and three charged pions.
The topology of these decays is shown in figs. 4.1 and 4.2. The largest background
contribution is, by far, from “prompt” B — D n~nt7n~ X decays. Thanks to the VELO’s
excellent resolution, the distance between vertices can be used to distinguish between
events where the three pions’ vertex is “detached” from the B vertex, suggesting an
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Figure 4.2: Topology of the signal decays corresponding to the B® — D=7, (left) and
B® — D*~77v, (right) decay chains.
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Figure 4.3: Distance between the 7 and B vertices along the beam direction (z) divided by
its uncertainty for the inclusive prompt B~ — D%~ 7 "7~ (X) simulation sample (black)
and the signal B~ — D7 7, with 7= — 7~ 777 v, simulation sample (red). The blue
vertical line indicates the dz > 4 criterion applied in this analysis. The distributions are
normalised to the same area.

intermediate particle such as the 7, and events where the three pions’ vertex is compatible
with the B vertex, and thus compatible with a prompt decay. This criterion uses the
distance in the z axis between both vertices divided by its uncertainty, which we shall
define as

fr=_m T FB (4.1)
Vo (23:) + 0(zB)
where z3, and zp are the z coordinates of the three pions and B vertices, respectively,
and o their uncertainties. Fig. 4.3 shows the distribution of this §z variable for prompt
and signal simulated decays.
This analysis uses the requirement dz > 4 to select signal candidates, the same
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Figure 4.4: Topology of two of the most common double-charm background decays in the
R(D™°) analysis: B~ —D°D; (left) and B~ —D°D~ (right), where the kaon from D~
— K% 27~ is misidentified as a pion. Compare with the signal topology in fig. 4.1.

criterion that was used in the previous Run 1 hadronic R(D*) measurement [31]. The
main background contributions after this detachment selection are due to double-charm
decays (B — DD X ) where the second D meson can also produce a three-prong decay, thus
producing a very similar topology to the signal decay, which is not possible to distinguish
via this criterion.

A complementary criterion, 6z € [—3,0], is also used to select a “prompt-enriched”
sample for the prompt control sample studies of section 5.1.

4.3.4 Vertex isolation

There are a number of other B decays that produce a similar topology to signal
decays, but with more charged tracks associated to their vertices. B — DDX decays are
an example of such background decays, since D mesons can decay into 4 or 5-prong final
states, such as Dy — 7-atn 7 7~ X or D — K*r 777~ X, possibly generating fake
T~ — T w v, vertices. Decays where extra charged tracks point to the B vertex also
exist, such as B —+ DDK* or B — DDz*. In order to avoid mistakenly selecting these
decays as signal, the following vertex isolation requirements are used.

Extra tracks can be identified by their impact parameter y? with respect to the
corresponding vertex. This quantity, x#(V), is defined as the difference between the x>
of a vertex V' built with and without the considered track, thus acting as a measurement
of how likely it is that the extra track comes from the same vertex as the other tracks,
with higher values implying less likelihood.

Then, the quantities N, (V) are defined as the number of additional tracks with
pr > 250 MeV/c, X% (PV) > 4, and x% (V) < 25. As such, Ni,(V) is a measurement
of how many additional tracks a vertex V has, compared to the expected tracks from a
signal decay. The distribution of the isolation variables Nis(7) and Nig(B) is shown in
fig. 4.5 for B~ — D7~ 7, signal and for B — DD} X background simulated events.
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Figure 4.5: Distributions of the isolation variables Niso(7) (left) and Niso(B) (right) for
signal B~ — D% v, with 7= — 7 77 v, (red), and background B — D°DFX
(black) simulated events.

This method, also used by the Run 1 R(D*) analysis [31], imposes the requirement
Niso(T) =0 A Nio(B) =0, (4.2)

discarding events with any additional tracks.

However, the R(D®*)°) analysis needs to take one more possibility into account: a D°
candidate can come from a D** — Dt decay, with this slow pion being able to escape
the previous vertex isolation requirements. To counter this effect, tracks with x#(B) < 25
and with a charge compatible with being the pion from a D** decay are used to detect
and suppress these events: by adding the slow pion track to the D° candidate, selected
events are required to have an invariant mass of the D’z system incompatible with a
D**, by imposing the condition

m (D7) — m(D) ¢ [143, 148 MeV /] (4.3)

in order to discard events with a D*t — DYr* decay. This condition is justified by the
observed invariant mass distribution, shown in fig. 4.6. The reverse condition is also used
to obtain D*T-enriched samples, used for the control sample studies shown in chapter 5.

4.3.5 Signal and normalisation selections

Along with the previously discussed preselection and vertex detachment and isolation
conditions, a final set of requirements is imposed on the signal and normalisation samples,
in order to isolate as much as possible the desired decay modes. The ¢? is required to
be positive, the 7 decay time smaller than 2 ns, the mass of the reconstructed D meson
must be within 20 MeV/c? of its known mass, and a PID requirement is imposed on
the opposite-signed 7+ from the 7 decay, to suppress misidentified kaons from Dt —
K mtat(X) decays.
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Figure 4.6: Invariant mass distribution m (D7) —m(DP) from data obtained by adding
a track compatible with the pion of a D** — D%+ decay. These events have already
passed the isolation requirements of eq. 4.2. The applied D** veto is shown by the two
vertical blue lines.

Additionally, the D daughters are required to not come from the 7 candidate by
requiring X% (7) > 5. This suppresses decays such as D° — 7tn~nt7~, where the
charged pions may form a fake 7 vertex, along with the D vertex with the remaining
pion.

These requirements are summarised in table 4.5.

4.3.6 The BDT

As discussed previously, double-charm decays, and specially B — DD (X) decays,
are the main source of background after selection, due to the similarity of their topology
with signal decays. In order to model and suppress this contribution, a Gradient Boosted
Decision Tree (BDT), created using the TMVA toolkit [118], is implemented to aid in the
discrimination of this background. The output of this BDT is used as one of the three
dimensions in the signal fit (section 6.1.1).

For the training of the BDT, the B~ — D%~ ¥, simulation sample is used as signal,
and the B — D°D#(X) simulation sample as background. Both samples are passed
through all the signal selection requirements before being input into the BDT.

The input variables for the BDT are chosen avoiding those which are too correlated
with the other two fit variables (¢?, t,). This criterion results in a high presence of variables
related to the 37 system, since the dynamics of the pions coming from a 7~ decay is very
different to that of the pions coming from a D7 decay. Notably, the presence of decays
with intermediate resonant states such as p® — 777~ is very different from one particle
to the other, thus, the mass distributions of pairs of pions which may have come from a
resonance can be very discriminating variables.
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: Requirement Requirement

Variable . o
(signal sample) | (normalisation sample)

¢ >0 GeV?/c! >0 GeV?/c!
tr < 2 ns < 2ns
Oppositely charged pion’s Pyn(K) < 0.1 <0.1
|m(D) — m(D)ppg| < 20 MeV/c? < 20 MeV/c?
D daughters’ x%p(7) >5 > 5
m(3m) < 1600 MeV/c? —
BDT > —-04 -
Im(37) — m(D})ppa| -~ < 30 MeV/c?
|m(D37T) — m(B)ng| - < 60 MGV/02

Table 4.5: Final selection cuts applied to the signal and normalisation samples. The BDT
variable is defined in section 4.3.6. The “PDG” subscript indicates that the mass value
is taken from [2].

In addition, since D} — 37X decays often produce extra neutral particles, neutral
isolation variables are also added as an input to the BDT. This neutral isolation consists on
searching for neutral particles which deposited energy in the electromagnetic calorimeter

with

an angular separation (as defined in eq. 2.26) of AR < 0.4 with respect to the 37

direction.
The chosen input variables used for the BDT training are listed below, where the
three pions from the 7 decay are identified with a number as 7= — 7y 7 7, vy

min[m (7, 7} ), m(m, 717)], the minimum mass of the pairs of oppositely charged pi-
ons.

max|m(my 7w} ), m(my 7)), the maximum mass of the pairs of oppositely charged
pions.

m(m, 75 ), the mass of the pair of same-sign pions: .

]?T(A}%?ﬂr < 04)

pT<37T) + pT(Ang < 04) ’
system and pr(ARs, < 0.4) is the transverse momentum of the photons detected
in the electromagnetic calorimeter with AR < 0.4 with respect to the 37 direction.

where pr(37) is the transverse momentum of the 37

N(AR3; < 0.4), the number of photons detected in the electromagnetic calorimeter
with AR < 0.4 with respect to the 37 direction.

The distributions of these five variables are shown in fig. 4.7, and the output of the
BDT is shown in fig. 4.8.
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Input variable: minmpipi:=min(m01,m12)
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Figure 4.9: Distribution of the BDT figure of merit (eq. 4.4) as a function of the BDT
output value chosen for the selection cut.

Since the BDT output is used as one of the dimensions in the 3D signal fit (sec-
tion 6.1.1), it is not optimal to use the significance, \/%, as a figure of merit to select
the events that go into the fit, since this approach significantly reduces the size of the
signal sample (therefore harming the effectiveness of the fit) and optimal background
rejection is not the main goal of this cut, since the fit needs a significant amount of back-
ground events in order to properly model their distribution. A compromise between high
signal efficiency and high background rejection is needed.

To accomplish this, the figure of merit is chosen to be the significance multiplied by
the signal efficiency,

S
Vs+B

where €5 is the signal efficiency of the BDT requirement and S and B are, respectively,
the number of signal and background events selected by the BDT requirement.

The BDT requirement found by maximising this figure of merit is BDT > —0.4 (as
shown in fig. 4.9), which provides a signal efficiency of 90% and a background rejection of
65%. This cut is applied to the signal samples after all the previous selection requirements.

FoM = (4.4)

4.4 Reconstruction of signal events

The decay chains of the signal decays, B — D®)7~ 7., contain two unreconstructible
neutrinos, one from the 7 vertex and another from the B vertex. This causes each of the
vertices to be reconstructible only up to a two-fold ambiguity, leaving us with a challenging
scenario for momentum reconstruction. The strategy used in these analyses and described
in this section is the same that was used in the Run 1 R(D*) hadronic analysis [31], which
proved to perform well.

o6



4 Description of the datasets

Figure 4.10: Angles used in the reconstruction of B~ — D%~ 7, decays. 0p, is the angle
between the directions of the D7~ system and the B~, and 65, is the angle between the
3w system and the direction of the 7—. The undetectability of the neutrinos limits the
available information for the reconstruction of this kind of decay.

Reconstruction of the 7

In signal events, the 7 is reconstructed under the 7= — 7~ 777~ v, decay hypothesis.
The tracks of the three charged pions are used to reconstruct the 7 decay vertex, and the
line which connects this vertex with the B decay vertex provides the direction of the 7
momentum. Due to the unknowability of the neutrino’s momentum, the 7 momentum is
given by

(m?)ﬂl’ + m3> |ﬁ37r| COS 937r + E37r \/(77172_ - m§ﬂ>2 — 4m3|ﬁ37r|2 SiIl2 63W

4.5
Q(E??W - |ﬁ3ﬂ"2 cos? 93#) ’ ( )

ﬁ‘r‘ =

where every variable is expressed in natural units (¢ = 1), ms,, s, and Es, are, respec-
tively, the mass, 3-momentum, and energy of the 37 system, and 63, is the angle between
the directions of the 7 momentum and of the 37 system.

In order to rid us of the quadratic ambiguity in eq. 4.5, we approximate 63, as its
maximum allowed value

2 2
max . m>- —1m
9:(37ra ) = arcsin (T—_,SW), (4.6)
2m’r|p37r|
which makes the second term of eq. 4.5 vanish. With this approximation, the 7 momentum
can be estimated as

max)

L (m3, 4+ m2)|Par] cos O

T| ~ .
2(E2. — |Pse|? cos? 050)

T

(4.7)
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Figure 4.11: Distribution of the 7 momentum resolution (difference between reconstructed
and true momentum) for the B~ — D77, (left) and B~ — D*°7~v, (right) simulated
samples.

A comparison of this reconstructed 7 momentum with the corresponding generated
momentum is shown in fig. 4.11.

Reconstruction of the B

For the B meson, the direction of its momentum is taken from the line that connects
the PV to the B decay vertex. Then, since there is also one neutrino coming from the B,
the magnitude of its momentum also suffers a quadratic ambiguity in the form

(m, + mp)|Ppr| cos Op, £ Ep./(m} — mp,)? — dmp|pp.|*sin Op,
2(E}, — |Pp-|? cos? Op,) '

PB| = (4.8)
where every variable is expressed in natural units (¢ = 1), mp,, ppr, and Ep, are,
respectively, the mass, 3-momentum, and energy of the D7 system, and 0p, is the angle
between the directions of the B momentum and of the D7 system. All of these quantities
are computed using the tau momentum approximation discussed previously.

In the same fashion as with the 7 momentum, the angle fp, is approximated to its
maximum value,

2 _ 2
6™ = arcsin Mg~ Mpr | (4.9)
2mp|Pp.|

and the B momentum is approximated as

(%, + m3)|pp-| cos e
2(E3, — |ppr|? cos? 05)

A comparison of this reconstructed B momentum with the corresponding generated
momentum is shown in fig. 4.12.

—
~
~

(4.10)
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Figure 4.12: Distribution of the B~ momentum resolution (difference between recon-
structed and true momentum) for the B~ — D77, (left) and B~ — D*%7~ v, (right)
simulated samples.

Transferred momentum and decay time

Using the approximations discussed above, the 4-momenta of the B and the 7 can be
estimated as

pr = (m’l'7ﬁ7') (411)
and
pe = (mp,Pp), (4.12)

providing us with a measurement of the squared transferred momentum, ¢> = (ps — pp)?,

and of the 7 decay time,
m. L,
t‘l‘ = — Y

-]
where L. is the 7 flight distance, measured as the length of the segment that connects
the B and 7 decay vertices.

These two quantities will be used, together with the output of a boosted decision
tree, as the three dimensions on which the signal yield fit is performed (section 6.1.1). A
comparison of these estimations with their corresponding generated values are shown in
figs. 4.13 and 4.14.

(4.13)
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Figure 4.13: Distribution of the ¢* resolution (difference between reconstructed and true
value) for the B~ — D%~ v, (left) and B~ — D*%7~ v, (right) simulated samples.
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Figure 4.14: Distribution of the 7 decay time resolution (difference between reconstructed
and true value) for the B~ — D°r~ v, (left) and B~ — D*r~v, (right) simulated
samples.

60



4 Description of the datasets

4.5 Corrections on the simulation samples

The simulation samples are known to not describe real data accurately in some vari-
ables. These are: charged-particle identification, vertex resolution, B kinematics, event
multiplicity, trigger response, and form factors for the signal decays. The corrections
applied to these categories are discussed in the following sections.

4.5.1 Corrections on charged-particle identification

The PIDCalib tool [119] is used to correct the simulation to match the particle iden-
tification (PID) performance observed in data.

PIDCalib uses template calibration samples of pions and kaons to compute a weight
for each simulated event, taking into consideration the binning on track momentum,
pseudo-rapidity, and the number of tracks in the event, together with the PID require-
ments applied to the selected events. In order to include tracks with momentum in the
range [2,200] MeV /¢, the default PIDCalib binning scheme was extended.

The applied requirements on the PID variables (see section 3.3 for their definition)
are:

e PIDg > 3 and Pyn(K) > 0.4 for the kaon coming from the D,
e PIDg < 50 and Pyn(7) > 0.4 for the pion(s) coming from the D,
e PIDg < 8 and Pyn(m) > 0.2 for the three pions coming from the 7 candidate,

e Pun(K) < 0.1 for the oppositely charged pion coming from the 7.

All these cuts are applied at the preselection stage (section 4.3.1), except the last one,
which is applied in the signal and normalisation selections (section 4.3.5).

PIDCalib takes as input the simulation samples before cutting on the PID variables,
compares them to the calibration samples, and determines the efficiency of a given PID
requirement for each individual track. A weight is computed for each decay candidate,
consisting on the product of the individual efficiencies of each track. These weights are
used to calibrate the simulation samples.

4.5.2 Corrections on vertex resolution

Before applying the vertex detachment cut dz > 4 (see section 4.3.3), the largest
background contribution to the data sample comes from prompt events (B — D3n(X)).
Since the three pions from these events come directly from the B vertex, the width of
the Az distribution is due only to vertex resolution effects, while the width of the §z
distribution also depends on the uncertainties of the z-positions of the B and 37 vertices

(0(z3:) and o(zp)).
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Figure 4.15: Az (left) and 0z (right) distributions for 2016 (black), 2017 (red), 2018
(green) data and simulation (blue) for exclusive B — D37 events. The widths of the
distributions are due to vertex-resolution effects (both Az and dz) and the values of the
z-position uncertainties (dz). The resolution in 2016 data is worse than in 2017 and
2018. The simulation (2016 only) is in agreement with 2017 and 2018 data in the Az
distribution (left), but disagrees in dz (right). The simulation disagrees with 2016 data
in both distributions.

These distributions are shown in fig. 4.15 for exclusive B — D37 decays, where
the differences between the data and simulation samples can be observed. The following
procedure is applied to the simulation samples, in order to match the data from the
different data-taking periods:

e A scaling factor is applied to each one of the z-position uncertainties (o(z3,) and

O’(ZB)).

e A smearing factor is applied to the dz distribution. As shown below, this smearing
is only needed to describe 2016 data.

These corrections are computed with the prompt control sample (see section 5.1) and
are tested in the exclusive B — D37 peak.

The uncertainties o(z3,) and o(zp) depend on the invariant mass distributions of
the tracks that form their vertices: m(37) and m(D°3r), respectively. The dependence
between the mean o(z) uncertainties and their correspondent invariant mass is shown in
fig. 4.16, along with the ratios with 2016 data.

The values of the o(z3,) and o(zp) uncertainties in the simulation samples are cor-
rected by applying first-order polynomials depending on the m(37) and m(D°3r) invariant
masses,

o(z3x) = (@8 + o™ m(37)) o(z35),

(B) (B)

) (4.14)
o(zg) = (ay ' +a;”’ m(D37)) o(zp),
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where o(z)" is the corrected value of the uncertainty, and o; are the polynomial coefficients,
which are determined from a fit to data. The results of these corrections are shown in
fig. 4.17 for 2016 data, and figs. 4.20 and 4.21 for 2017 and 2018 data.

The previous correction correctly matches simulation and data for the 2017 and 2018
periods. However, for 2016 data, the simulation sample still needs an additional vertex
resolution smearing. This smearing is modelled as a double-Gaussian distribution,

fomear. (B, Aoy, Agy) = B Gauss(0, Aoy) + (1 — ) Gauss(0, Aoy), (4.15)

where 3, Aoy, and Aoy are free parameters to be fitted to the data distribution. A
simultaneous fit to simulation and 2016 data in the ¢z distribution is performed using the
following PDF's:

PDFyc = ag X Gaus(p, 01) + (1 — o) X ag X Gaus(p, 02) +
+ (1 — 1) x (1 —ag) x Gaus(p, 03), (4.16)
PDFdata = PDFMC ® fsmear. (ﬂa AO’l, AU2)7

where 1, aq, ag, 01, 09, 03, B, Aoy, and Aoy are the free parameters of the fit and the
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Parameter Value
aq 0.43 +0.10
y 0.942 £+ 0.009
o1 0.82 +0.04
09 1.214+0.05
o3 2.83 £0.28
1 0.023 £ 0.003
15} 0.90 £0.03
Aoy 0.25 £ 0.05
Aoy 1.51+0.14

Table 4.6: Results of the simultaneous fit to simulation and 2016 data in the dz distribu-
tion. The used models are described in eq. 4.16.
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Figure 4.18: Projections of the simultaneous fit to 2016 data (left) and simulation (right)
after the vertex-uncertainty correction. The used models are described in eq. 4.16.

symbol “®” represents the convolution of two functions. The fit results are shown in
table 4.6 and the corresponding projections, in fig. 4.18. The resulting smearing function
is used to correct the simulation sample for 2016 data.

Since these corrections are different for each data-taking year, and all the simulation
samples are produced with 2016 conditions, they are applied separately to three portions
of each simulation sample, following the same proportion of total events as data-taking
years (31%/32%/37% for 2016/2017/2018). The portion corresponding to 2016 correc-
tions is applied both the o(z) scaling and the §z smearing factors, while the portions
corresponding to 2017 and 2018 are only corrected with the o(z) scaling factor.

The comparisons of the Az and dz distributions before and after all this correction
procedure are shown in figs. 4.19, 4.20 and 4.21 for 2016, 2017 and 2018 data. These
corrections are applied to all simulation samples.
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4.5.3 Corrections on event multiplicity, B kinematics, and trig-
ger category

The event multiplicity and B kinematics play an important role in the analysis, the
former affecting the trigger selection and the later the whole selection procedure. The
simulation samples show disagreement with real data when comparing variables related to
these properties. A sequential 2D re-weighting is performed using the exclusive B — D3
invariant mass peak in order to correct these discrepancies in the simulation samples.

First, the re-weighting is done on the total number of tracks of the event, Ny aqs, and
the number of degrees of freedom of the B’s PV, N]gi}’), variables which are related to the
event multiplicity, affecting the trigger selection.

This reweighting consists on constructing a 2D histogram with the mentioned vari-
ables as axes and applying a weight to each bin of the histogram, according to the ratio of
real data over simulated data in that bin. After this step, the same procedure is applied
again on the transverse momentum and pseudorapidity of the B (pr(B) and n(B)).

This 2D re-weighting is done independently in three exclusive trigger categories, based
on which trigger categories they were selected in (see section 4.3.2), which are

e Events that do not pass the B.LOGlobal TIS requirements.
e Events that do not pass the B.LOHadronDecision TOS requirements.

e Events that pass both the B_.LOGlobal TIS and B_LOHadronDecision TOS require-
ments.

After the 2D re-weighting, a 1D re-weighting in the trigger variables is performed in
order to make the TISTOS efficiencies in simulation and data match. “TISTOS efficien-
cies” refer to the TIS and TOS trigger efficiencies, defined respectively as

etis = Nristos/Ntos  and  eros = Nristos/Nris, (4.17)

where “TIS” and “TOS” refer to the two LO-trigger lines used in this analysis, and “TIS-
TOS” refers to the events belonging to both categories, as shown in section 4.3.2. Since
events can belong to both trigger categories simultaneously, these weights take a non-
trivial form and modify the number of events in each category as

Ntis = wris(Nris — Nristos) + wriswros Ntistos,
Ntos = wros(Ntos — Nristos) + wriswros Nristos, (4.18)
T1sTOS = WTIsWr0os NTISTOS;

where N’ are the number of events after re-weighting, and wris and wrog are the weights
applied, respectively, to events in the TIS and TOS categories (applying both weights in
the events that belong to both categories). Using these expressions along with imposing
the condition that the TISTOS efficiencies from eq. 4.17 in data and simulation match,
the weights can be computed as
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Figure 4.22: Comparison between data (black), simulation before re-weighting (dashed
blue), and after re-weighting (red) of the B-kinematics and occupancy variables. The
selected events correspond to exclusive B — D37 decays.
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1-— 6(Td%ta) Nristos (4.19)
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wros = 1 (data) N-
— €108 TISTOS
where £(92%) are the TISTOS efficiencies as computed from data, and N (as before) are

the number of events in each category before applying these weights.

To compute these weights, the exclusive B~ — D7~ 7t7~ and the inclusive B~ —
D7~ 7wt~ (X) simulation samples are used together, to maximize the statistics in the
exclusive peak. Prior to the 2D re-weighting, these samples are re-weighted in the m(37)
distribution, so their kinematics match with the data. The results of these steps are shown
in fig. 4.22.

To make sure that the re-weighting procedure is working properly, a cross-check is
made by computing the weights using only the exclusive B — D37 sample, and then
applying them to the inclusive B — D%37(X) sample. The result of this check is shown
on fig. 4.23.

The weights obtained from this method are applied to all the simulated samples using
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Figure 4.23: Comparison between data (black), simulation before re-weighting (dashed
blue), and after re-weighting (red) of the B-kinematics and occupancy variables. The
selected events correspond to exclusive B — D371 decays. The weights used in this
re-weighting were computed using only the exclusive B — D37 simulated sample, and
then applying them to the inclusive B~ — D%~ 777~ (X) sample as a cross-check of the
re-weighting procedure.
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Parameter Value
ag 0.01566 £ 0.00011
af —0.0342 + 0.0031
as —0.090 £ 0.022
ad 0.07935 £ 0.00058
al —0.205 £ 0.014
ad —0.23+0.10

Table 4.7: BGL parameters and their uncertainties for B — D7~ 7., as estimated in [54]
through a global fit to lattice and experimental data for N = 2.

a o o o al
al | 1 0.304 —0294 0212 0.161
ab | 0.304 1 0422  0.747  0.190
af | —0.294 —0422 1  —0.034 0.148
a | 0212 0747 —0.034 1  —0.210
ad | 0161 0190 0148 —0210 1

Table 4.8: Correlation matrix of the B — D777, BGL parameters for the N = 2 fit
in [54].

the variables Niracks, N]gz;f), pr(B), n(B), and the L0 trigger response.

4.5.4 Form-factor re-weighting

The underlying theoretical models used in the generation of simulation samples might
cause sizable effects that make them differ from real data. In order to reduce these effects,
the approach taken in these analyses is the reweighting of the simulated samples using the
software tool HAMMER, (Helicity Amplitude Module for Matrix Element Re-weighting)
[120], which effectively transforms simulated samples from the theoretical framework in
which they were generated to another desired model. HAMMER was developed for the
analysis of b — ¢77 7, processes with different form-factor parameterisations, as is our
case.

As shown in section 2.2.2, the BGL form-factor parameterisation is used for these
analyses. Following equation 2.19 and considering that we are truncating the equation at
N = 2, six free parameters are needed for B — D77, decays (a,7 and a2, with n € [0, 2]),
and twelve for B — D*7~ 7, decays (a’!, a’?, al, and a9).

For this parameterisation, the relevant factors, free parameters (table 4.7), and their
correlation matrix (table 4.8) are estimated in [54] for B — D77, decays with N = 2
(which is the reason why we truncate the series at the same value) using lattice QCD
calculations from the HPQCD and FNAL/MILC collaborations and experimental data
from BaBar and Belle.
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Parameter Value
al 0.029970 0055
a’ 0.041997
ay —0.9758
al 0.01218 + 0.00016
al —0.02970:021
ag 0.5199
alt 0.1675a;
alt —0.005119-9515
al? 0.06570 059
al? 0.0595 =+ 0.0093
al? —0.318 4 0.170 — 0.056a3>
ay’ jay?| < 1

Table 4.9: BGL parameters and their uncertainties for B — D*7~ 7, as estimated in [122]
through a global fit to lattice and experimental data for N = 2. The parameter a3 can
take any value in the range [—1, 1] and is fixed to zero. Its possible variation will be later

considered when computing the systematic uncertainties.

For B — D*1~ 7, decays, ref. [121] shows that the twelve parameters can be reduced
down to ten by using the relation

F1(0) = (my —mp-) f(0), (4.20)

which generates a constraint between the parameters aj ' and ag ; and the relation between
F; and F, shown in [122] which allows to ignore one of the ¢ parameters (a3 is chosen).
The estimation of these parameters, as computed by [122] using QCD lattice data and
Belle experimental data, is shown in table 4.9.

The B — D" 71~ 7, simulated events used in this thesis were generated following the
ISGW2 model [123]. They are re-weighted to the BGL parameterisation using HAMMER,
inputting the previous parameters and correlations. A comparison of the ¢* distribution
before and after this re-weighting is shown in fig. 4.24.
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Figure 4.24: True ¢* distribution for simulated B~ — D%~ v, (left) and B~ — D*'7 1,
(right) events as generated with the ISGW2 model (black line) and after the HAMMER

re-weighting to the BGL parameterisation (red).

4.6 Efficiencies

The efficiencies of the signal and normalisation channels are needed to measure the
LFU ratios, as seen in section 2.5.

Efficiencies are measured in three different stages:

1. Generation efficiency: the number of events accepted in the generation phase over
the total number of events that were generated.

2. Filtering efficiency: the number of events that were selected by the filtering script
(see section 4.2) over the number of events that passed the previous stage.

3. Selection efficiency: the number of events that pass the selection cuts described
in section 4.3 (depending on the sample, either signal or normalisation selection
cuts) over the number of events that passed the previous stage. This efficiency is
computed after all corrections from section 4.5 are applied.

Then, the total efficiency for each sample is the product of the three efficiencies above.
The resulting efficiencies for the simulated signal and normalisation samples are shown in
table 4.10.

In addition, several other parameters are used as input for the signal fit model (sec-
tion 6.1.1), which are

(0] *0 *4 . . _ — —
D° P and fP77 ) defined as the ratio of events with 7= — 7~ 7f7 v, over

the number of events with 7= — 7~7t7~ (7%, of the corresponding decay, and
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Decay Generation eff. Filtering eff. Selection eff. Total eff.

B =D r v, 7T s w Aty (4.182 £0.008)% | (5.0063 £ 0.0034)% | (4.648 £0.015)% (9.7340.04) x 10~°
B~ = D', m = ot | (3713 £0.007)% | (4.936 +£0.004)% | (2.0934+0.012)% | (3.837 £0.023) x 107
B~ =D v, s atny, (4.018 £ 0.007)% | (4.9301 £ 0.0034)% | (4.240 £0.014)% | (8.398 +0.033) x 10~?
B~ —= D v, 7 = g atr O, | (3.606 & 0.007)% | (4.881 & 0.004)% (1.775 £ 0.011)% | (3.123 £0.020) x 1073
B = D™ 7, r~ = rtrr, | (1597+0.16)% | (2.2727 +0.0019)% | (0.490 +0.006)% | (1.778 4 0.028) x 10~
B° - D**r 7, r = n 'y, | (15.68 +0.15)% 140 (3.93 +0.10) x 1075 | (0.616 & 0.017) x 10~°
B* = D°DF, Df — ntrat (5.986 +0.011)% | (6.137 4 0.006)% (10.37+£0.03)% | (38.09+0.13) x 10~

Table 4.10: Generation, filtering, selection, and total efficiencies for all signals and the

normalisation mode.

computed as

N(B — X7~ (= 3m)v;)
N(B — X7 (= 3n(r%)7,)
B(r — 37‘(‘)62—:;7?_37

X _
f37r:

. (4.21)

(t—3770)

(rosm 4 B(r — 3nm%)ep  xr v

B(r — 3m)eg  x /o

where 7 — 3 is short for 7= — 77 1 v,

e fpw+/po, defined as the ratio of B® — D**777, events over B~ — D*’7~ ., events,

computed as

_ N(B = D*'7 (= 3n(7")7,)
Jo 10 = (B Dor (5 Ba(a))m,)
_ B(D*" = D°X) fy B(B" — D**7~ VT)
~ B(D* = DYX) f, B(B- — Dr,) |

(1—3m)

(7—3mn0)
oD (499

+ B(r — 37?#0)6597_37;;1 -

_ 4+ B(t = 3n7%)e¢

B0—>D*+T Ur

(T—3m)

B(t — 3m)e
B(r — 3m)eg " Peorp.

where f, and f; are the BT and B° mesons production fractions, assumed to be
equal; the branching fractions B(B~ — D*r~7,) and B(B® — D**177,) are
also assumed to be equal, based on isospin symmetry, and the ratio B(D*t —
D°X)/B(D* — D°X) is set to 0.677, following [2].

The results for these f parameters are shown in table 4.11.
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Parameter

Value

DO
3

0.8363 £ 0.0019

D0 0.8442 + 0.0019
D 0.853 + 0.004
fp/po | 0.1418 £ 0.0020

Table 4.11: Values of the efficiency parameters needed for the input of the signal fit model.
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In this chapter, several independent data samples which contain decays that are im-
portant to model correctly in the final fit (the main background channels) are studied.
These are known as control samples, and they are selected specifically to isolate as much
as possible the desired decay channels. Their study is essential to understand their con-
tribution to the final fit and correct the used simulation samples accordingly.

77



JULIAN LoMBA CASTRO

5.1 The “prompt” control sample

A small fraction of B — D3m(X) decays, where the three pions are produced directly
at the B vertex (without the presence of a hadron with non-negligible lifetime), referred
to as “prompt”, pass the distance-detachment requirement, thus being present in the
signal-selection sample. They sit at the low-lifetime region, as is the case of signal events.
Therefore, it is important to produce a control sample to improve the modelling of this
component in the signal fit.

To obtain the control sample for prompt B — D3w(X) decays, a cut in the z-
coordinate distance between the B and the 37 vertices divided by its uncertainty (same
dz quantity used in the vertex detachment criterion of section 4.3.3) is applied. In this
case, events in the range 6z € [—3, 0] are selected. The lower cut suppresses combinatorial
background, while the upper cut also suppresses contributions from decays that have the
3m vertex displaced from the B vertex. This sample is further reduced by using the
decay vertex of the reconstructed D meson to satisfy zp — zp > 0, further suppressing
combinatorial background.

R(D™°) analysis: prompt B — D°37(X) decays

For the R(D™°) analysis, the B — D°7~nt7~(X) simulation samples are used to
perform the following study.

As seen in fig. 5.1, the simulation sample does not correctly reproduce the data. To
correct for this discrepancy, a 2D histogram in the BDT and ¢? variables is used, with
the same binning as the one used in the signal fit, and weights are computed for each bin,
according to the data/simulation fraction. Fig. 5.1 also shows the result of applying these
weights to the used simulation sample. These weights are then applied to the prompt
B — D37(X) component of the signal fit (section 6.1.1). The uncertainties of these
weights are not used in the fit; the systematic uncertainty derived from this decision is
studied in section 7.1.3.

R(D™~) analysis: prompt B — D*37(X) decays

In an analogous way, for the R(D®)~) analysis, the B — D*7~ 7+~ (X) simulation
samples are studied. The weights to correct the simulation sample are computed in the
same way as in the R(D™)°) case. Fig. 5.2 shows the BDT and ¢? simulation distributions
before and after the correction, compared to the data distributions.
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Figure 5.1: BDT output and ¢® distributions for the B — D°37(X) prompt control
sample. The dashed blue line represents the original simulation sample, while the red
line is the same simulation sample after re-weighting in these variables. Data is shown in
black. The distributions are normalised to the number of events in data.
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Figure 5.2: BDT output and ¢? distributions for the B — D*37(X) prompt control
sample. The dashed blue line represents the original simulation sample, while the red
line is the same simulation sample after re-weighting in these variables. Data is shown in
black. The distributions are normalised to the number of events in data.
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5.2 The double-charm control samples

5.2.1 B — DD} (X) control sample

To obtain the B — D°D#(X) control sample, data candidates within a 430 MeV/c?
mass window around the known DI mass (from [2]) are selected. The resulting D-
enriched sample is then split into the following two subsamples:

e D°D} subsample, obtained by applying the same cuts as in the normalisation se-
lection (section 4.3.5), except the requirement on the m(D%37) invariant mass.

e D*~ D subsample, obtained by finding an additional track compatible with a pion
with the right charge giving an invariant mass difference m(D°7~) — m(D°) in the
range [143,148] MeV/c?. In this sample, when the isolation variables are calculated,
the extra pion is not taken into account. This subsample is thus composed of events
with a D*~ candidate whose reconstructed mass is in the correct window and with
no extra charged particles coming from the B and 7 vertices.

In order to characterise the different components in these subsamples, simulation
samples have been generated. Histograms from this samples are scaled by the factor

(D°DY) (D°DY)
NRS B NWS
N(EODJ) !

sim.

where nggoD: ), ]\7\(;\,DSOD;F ) and Ns(ig?D: ) indicate the number of events in the right-sign, the
wrong-sign and the simulation samples, respectively. The wrong-sign sample is composed
of D°DY combinations instead of the right-sign combination D°D}. These wrong-sing
combinations are used to describe the combinatorial background.

The simulation sample is divided into multiple components and a one-dimensional
simultaneous fit is performed to the m’;, bt distribution of the DD subsample and the
distribution of the D*~DJ subsample. Here, m';, bt (m/,. Dj> is the invariant
mass obtained by adding the reconstructed momenta of the D (D*~) and of the DF
candidates and then deconvoluting it by subtracting the reconstructed masses of the D°

(or D*7) and of the D} mesons and adding their respective known masses from [2]:

/
mD*—DS+

mlﬁoD;- = mmeas.(EOD:) - mmeas.(EO) - mmeas.(D:—) + mPDG(EO) + mPDG(D:_)v (51)

mlD*ij- = mmeas.(D*_D;—)_mmeas.(D*_)_mmeas.(Dz_)_’_mPDG(D*_)+mPDG(D:_)' (52)

The components used to describe the data are:
e BT — D°DF,
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e BT - DD,

e BT — DDr+,

e Bt — D*'D*F,

e BT — D°D,;(2460)%,
e BT — D*'D,;(2460)*,
e BY|BY — D'Df X,

e B' 5 D'DFX,

e B » D* "D,

o BY — D* Dt

e BY — D*~ D7 (2317),
e BY — D*" D, (2460)T,
e Combinatorial background (from “wrong-sign” data).

In the previous list, the component B*|BY — D°D¥ X contains decays originated from
a BT or a BY which are not included in any of the other components. Similarly, the
component B® — DD} X contains B decays to D°DF X which are not included in any
other component.

In order to explain the fit procedure, we shall first define the following parameters:

e The relative yield of a component i with respect to the B* — D°D} component in
the DYD} sample,
50 H+
ND°DD)
F=— (5.3)

(D°DY)
Bt—DODF

In the yields in this ratio, and in everything that follows, the subsample is indicated
as super-index and the component as a sub-index.

e The relative yield of a component ¢ with respect to the B — D*~ D} component
in the D’D} sample,

(D°DY)
BO—D*—DF

From the definitions, it follows that the F; and F;* parameters are related through
the expression
Fi = FBO—>D**D;'F1i*‘ (5.5)
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e The relative efficiency of a component i between the two subsamples,

Ni(D*iDj)
€; W . (56)

DO H+
The free parameters of the fit are chosen to be N 1(71101)3 )7 the total number of signal

events in the D°D7 subsample (events which are not background), and then either a F;
or a F} parameter for each component other than B* — D°D}. The F} parameters are
assigned only to three of the main components in the D*~ D} subsample (B® — D*~ D"
B — D*"D?,(2317)" and B® — D*~ D;(2460)"), while a F; free parameter is used for
every other component.

The probability density function (PDF) used to fit the D°D7} data subsample is

PDFP P (!, )

DODF
50 D+ 50 D+ 50 D+ 50 D+
= Nys " PDEG" (mlpo ) + > N PIPDET P (i, ), (5.7)
while the PDF to fit the D*~ D} data subsample is
*— )+
PDFP™ P9 (m, )
D*~ D} D*~ D} D*~DF D*=Df
= Nys ZVPDFW 7m0+ DN 'PDF! N(m. pe). (5.8)
In these expressions, PDF%?;DJ)(m’EODj) and PDF%?giDj)(m’D*_D?) are the 771’501)3+
and m’D*ij PDFs, taken from the wrong-sign data sample, and PDFEDOD:)(m’EODj) and

PDFED%D“‘+ )(m’ ) are the m’;, . PDF's for the i*h simulation component, taken from

D*—DF opF
simulation. The superscripts indicate to which subsample these quantities are referring
to. The yields of each component in each subsample can be expressed uniquely in terms

of the free parameters of the fit and the relative efficiencies as

_ _ )
NﬂDODj) _ ]\[(DOD?)—Z 5.9
and
*— 3] F’L
N(PDD) :NégoD:)-ew— (5.10)

2 E

where the relative efficiencies are calculated with eq. 5.6 using simulation and are fixed
parameters in the fit. The components of each PDF are shown in tables 5.1 and 5.2
for the D°D} and D*~ D7 subsamples, respectively. In those tables, the sum of the F;
parameters is defined as:
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Component Yield
BT — DD} Ng?Dj) Fpi popr/ D Fi
Bt — D*°Df Ng?w) Fpi popr/ 2 Fi
BT — D'Dr+ Nz()l?Dj) Fpe L poprt/ 2 Fi
Bt — DD+ NZ(E)D;) “Fpi ,peopr+/ 2 Fi
BT — DD, (2460)* NI(DI?DJ) : FB+—>50D51(2460)+/ > Fi
B* = DD (2460)* | N - Fpo op, ousoy/ X1 F
B*|BY — D'Df X N(D’?D?) Fpiipopoprx/ 2 b
B° — D'DIX | NP Fpo o/ S0 F,
BY — D*~ D} Nz(yl?Dj) Fpopepr/ 22 B
B" DDt NP F e Fay e/ S F
B = D D(2317)" | N - Fpo e e Fiosypee e nye | 3 F
BY — D*~ D, (2460)* N](J’-?D? " Fyo e bt Py asoy/ i Fi
Comb. background N\(;\ZODj)

Table 5.1: Yields for each component of PDF(P" D )(m’ﬁo p+)s the probability density

function used to fit the D°D7 control sample.

N
=

FB+—>50D;r + FB+—>D’*0D;r + FB+—>50D;+ + FB+—>5*0D;+

FB+—>50D‘Q1(2460)+ + FB+—>5*0DS1(2460)+ + FB+|Bg—>50DjX
*
FBOﬁBOD;LX + FB(MD**DS+ + FBOHD**DQL ) FBO—>D**D§+

3
FB0—>D*—Dj ‘ FBOHD*—D;O(2317)+

+ o+ o+ A

Fpopepi - F§0—>D**D51(2460)+ (5.11)

where, by definition, Fp.  5op+ = 1.

A simultaneous fit is done using these two PDFs, where the background yields N\(,\l?SODj )

and ]\f\(,\l,DS%Dj ) are fixed to the number of events in the wrong-sign D°Df and D*~Df
samples, respectively. The results are shown in table 5.3 and figs. 5.3 and 5.4 and will be
used to model the B — D°D}(X) component in the signal fit (section 6.1.1).
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Component Yield
Bt — EOD: S?Dj) “€p+,popt FB+—>50D;“/Zi F;
Bt — D*Df g;ioD‘j) “epipropy - Fpepopr/ 2 Fi
BT — EOD;‘+ l()gop;*) “€p+ . poprt FB*%EOD;*/ Zi F;
BT — D*D** NJ(J?D;) “€pt_,proprt B+af)*0D_’;+/ > b
BT — 17)DS1(246O)Jr NgzODj) " €B+ D0 D, (2460)+ FB+~>BOD51(2460)+/ Zz F;
BT — D*'D,;(2460)* l()’?Dj) " €B+ D0 Dy (2460)F ° FB+—>§*0D51(2460)+/ > b
BT|BY — D°D} X (D?ODj) " €B+|BOSDODE X FB+|Bg%f)0DjX/ > B
B — D°D}t X 1()1101:):) “epopoprx - Fpospoprx/ 22 Fi
B® — D* D} J(J?OD'?) “€Bo_yp*—pt ° FBO%D**D?/ > Fi
BY = D* D+ P o pe it Foospepi  Fio o po e S0 F
B — D*~D7(2317) " E?ODJ) “ €30 p+-pr(2317)+ * Fpo_pe-po - FEOHD**D;‘O(2317)+/ZZ' E;
B® — D*~D,;(2460)*" Z(D?ODD * €80 DD,y (2460)+ * Fpo_pep - Fé”—)D**Dg(MGOﬁ/Zi E;
Comb. background N\(;\]Dskl)'s+

Table 5.2: Yields for each component of PDF(P™ P ! ) (m!

function used to fit the D*~ D control sample.

" p+ ), the probability density

Parameter Normalised Fit result
(D°D3) 21513 21520 + 150
DT
Fprpeopt 0.845274 | 0.915 + 0.054
Fye_pops+ 0.76273 0.935 4 0.056
Fp_props+ 1.58996 1.828 + 0.047
Fyi pop.,oas0)- | 0-246918 | 0.33240.038
Fyt peop. a0 | 0584063 | 0.710 = 0.040
Foi 050Dt 1.35287 0.817 4+ 0.037
Fgo_pop+x 0.32178 | 0.0990 & 0.0092
Fpo_,p+pt 0.13668 | 0.1205 4 0.0041
Fro b e 1.92549 1.705 £ 0.062
Ffo peprosimye | 0-120261 | 0.146 & 0.036
F* 0.745098 | 0.398 4 0.048

BY—D*~ D, (2460)+

Table 5.3: Free parameters of the simultaneous fit, with their values before (“normalised”)

and after the fit (“fit result”).
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Figure 5.3: Invariant mass data and PDF of the D°D7 subsample after fitting (top) and

its pull (bottom).
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Figure 5.4: Invariant mass data and PDF of the D*~ D} subsample after fitting (top) and
its pull (bottom).
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5.2.2 B — D°D’(X) control sample

To obtain the B — D°D°(X) control sample, charged tracks which come from
the same vertex as the three pions and that are compatible with being a kaon! are
used to reconstruct the exclusive D° — K -ntn~ 7" decay. Events are selected if their
m(K~nr7~7") invariant mass is in a 30 MeV/c? mass window around the known D°
mass (from [2]). To take into account this extra kaon, the requirements Nis(7) = 1, and
Nigo(B V 7) = 12 are applied instead of the cuts on Nig(7) and Ni,(B) which are used in
the nominal selection (section 4.3.4).

First, as in the previous control sample, the simulation histograms are scaled by a
factor of (INrs — Nws)/Nsim.- Then, the simulation sample is divided into multiple com-
ponents and a one-dimensional fit is performed to the m’;, , invariant mass distribution.
Following a similar procedure as before, the m’j50 po distribution is obtained by adding
the reconstructed momenta of the D° and of the D° (the sum of the kaon and the three
pions) and then deconvoluting it by subtracting the reconstructed masses of the D° and
of the D° and adding their respective known masses:

M50 po = Mumeas. (D’ D) — Mueas. (D°) — Mimeas. (D) + mppa(D®) + mppa (D). (5.12)
The components used to describe the data are
e B~ — D* DY
o BP0 5 D= Dt
e B — D'DYX which contains every decay not contained in any other component,
e Combinatorial background (from “wrong-sign” data).

The free parameters of the fit are chosen to be Npo (the total number of events in the
control sample), and a F* parameter for each component other than B~ — D*~D°, where
F? is the relative yield of the component i with respect to the B~ — D*~D° component,

N
Fr=—"" 5.13
’ Np-_p+po ( )
The PDF used for the fit is
PDF (m’50 o) = PDFws(mop0) + > Ni PDFi(m/5, ), (5.14)

!The used criteria are: PIDg > 1, x%(7) < 5, and x5 (PV) > 4

2Sometimes, a track can be compatible with both the B and the 7 vertices, so it is possible that when
imposing Niso(7) = 1, Nigo(B) is also 1 due to counting the same track. The quantity N, (B V 7) is
defined to take this effect into account: it counts the number of tracks that fulfill the isolation conditions
for both the B and 7 vertices, without double-counting them.
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Figure 5.5: Invariant mass distribution of the B — D°D°(X) control sample of data and

PDF before (left) and after (right) the fit procedure.

Parameter Normalised | Fit result

Npo 9669 9663 + 98
B0y P*0,— D+ 1.86857 1.57+0.21
Fr  sopox 91.8171 56.8 £5.5

Table 5.4: Free parameters of the B — D°D°(X) control sample fit, with their values as
they are before (“normalised”) and after the fit (“fit result”).

where PDFws(m’, ) is the m'5,
PDF;(m%, ) is the m’;, , distribution of the ith simulation component (with its in-
tegral normalised to 1). The yield of each component (XV;) can be expressed uniquely in

terms of the free parameters of the fit as

distribution of the wrong-sign data sample and

Er
L, 5.15
Zj I ;‘ ( )

After this initial fit, to improve the description of data, the B — D°D°X component
is re-weighted with the sum of a 4"'-order polynomial and a Gaussian distribution (to
compensate the lack of simulated events seen around 4700 MeV/c? in fig. 5.5), which is
fitted to the ratio between the data (with wrong-sign data substracted) and simulation
sample distributions. After this re-weighting, the fit is repeated, obtaining the results
shown in table 5.4 and in fig. 5.5.

Ni:NDO

5.2.3 B — D'D"(X) control sample

To obtain the B — D°D*(X) control sample, exclusive D* — K7~ 7" events are
selected in a £30 MeV /c? mass window around the known DT mass (from [2]). For this,
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events where the opposite-signed reconstructed pion passes the Pyn(K) > 0.2 cut are
selected, treating it as a misreconstructed kaon. The other two pions are required to pass
their correspondent cut with Pyn(K) < 0.1.

The subsequent strategy is analogous to the one used for the B — D°D°(X) control
sample, and will follow the same notation.

First, the simulation histograms are scaled by a factor of (Ngs — Nws)/Ngim.. Then,
the simulation sample is divided into multiple components and a one-dimensional fit is
performed to the m’, . distributio_n. m’s5, 4 18 the invariant mass obtained by adding
the reconstructed momenta of the D° and of the D (the sum of the kaon and the two
pions) and then deconvoluting it by subtracting the reconstructed masses of the D° and
of the D' and adding their respective known masses:

mlﬁoD+ = mmeas.(EoDJr) - mmeas.(ﬁo) - mmeas.(DJr) + mPDG<EO) + mPDG(D+)- (516)
The components used to describe the data are
e Bt — DD,

e B — D°D%r, which contains the decays: B — D°D** Bt — D**DT and
B — D*~ DT,

0 0,—
B+ — D0 D

e B — DD*X, which contains any decay not included in any of the other compo-
nents,

e Combinatorial background (from “wrong-sign” data).

The free parameters of the fit are chosen to be Np+ (the total number of events in the
control sample), and then a F; parameter for each component other than Bt — DD,
F; being the relative yield of a component i with respect to the BT — D°D* component,

N;
FF=———. (5.17)
‘]VBJF—>50DJr
The PDF used for the fit is
PDF (m'5 1) = PDFws(mipop,.) + Y N; PDFi(mp, 0, (5.18)
where PDFws(m'5, ) is the m’y, . distribution of the wrong-sign data sample and

PDF;(m’;, . ) is the m’;, . distribution of the 7** simulation component (with its integral
normalised to 1). The yield of each component (1V;) can be expressed uniquely in terms
of the free parameters of the fit as
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Figure 5.6: Invariant mass distribution of the B — D°D*(X) control sample of data and
PDF before (left) and after (right) the fit procedure.

Parameter Normalised | Fit result
Nuce 2670 2670 4 52
Fp_ 5op+r 2.23883 1.324+0.18
Fgio_p«o,-p«+ | 0.762452 | 0.77 £0.15
Fg . pop+x 25.4828 22 +2.2

Table 5.5: Free parameters of the B — D°D*(X) control sample fit, with their values as
they are before (“normalised”) and after the fit (“fit result”).

Fi
Zij'

After this initial fit, to improve the description of data, the B — D°D* X component
is re-weighted with a 4""-order polynomial, which is fitted to the ratio between the data
(with wrong-sign data substracted) and simulation distributions. After this re-weighting,
the fit is repeated, obtaining the results shown in table 5.5 and in fig. 5.6.

Nz‘ - ND+

(5.19)

5.2.4 Control samples for R(D(*)*)

For the equivalent control samples in the R(D™~) analysis there is a key difference
to take into account: in R(D®*)°), the D*~ mesons are reconstructed in the D*~ — D7~
channel, which allows us to veto the D*~ and, in the case of the B — D°D7(X) control
sample, divide the samples in two subsamples, one with D*~ and another one without
D*~. However, in the R(D™~) analysis, the D*~ decay which feeds into the final state,
D*~ — D=7, is not reconstructed due to the difficulty in reconstructing a neutral pion
compatible with this decay. As a result, these control samples do not have any mass
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requirement on the D*~ and are not divided in subsamples, while everything else in the
procedure is analogous to the R(D(*)O) control samples.

Since the signal fit procedure is still not developed for this analysis, these control
samples are not yet optimised, with many more components present than in their R(D®*)°)
counterparts and with only a basic fit performed, without further corrections applied.

B — D™D} (X) control sample

The same strategy as with the B — D°D(X) control sample (section 5.2.1) is
followed, except for the sample splitting. The resulting control sample has all the cuts
of the signal selection (section 4.3.5), except the requirement on the m(D~3m) invariant
mass, and in addition to a +30 MeV/c? mass-window cut around the known D} mass
(from [2]).

A one-dimensional fit is performed in the m’Df bt distribution, with

m/ mmeas.(D_D:) - mmeas.(D_) - mmeas.(D;_) + mPDG(D_) + mPDG(D:)- (520)

D-Df =

The components used to describe the data are:
e B~ D~ Df,

e BY— D*~DF,

e BY— D™D,

e BY— D* DIt

o B — D™ D?,(2317),
e BY— D* D7 (2317)",
e B - D™D, (2460)",
o BY — D*"D,;(2460),
e B — D Df,

e B® = D®-DM* containing the decays B® — D*~ D}, B® — D~D**, and B° —
DD+,

e BYB? — D™ D}(X), containing the decays originated from a B° or a BY which are
not included in the previous components,

e B~ — D™D} X, containing the decays originated from a B~ which are not included
in the previous components,
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Figure 5.7: Invariant mass data and PDF of the B — D~ D7 (X)) control sample subsample
after fitting (top) and its pull (bottom).

13

e Combinatorial background (from “wrong-sign” data).

The fit is done following the same strategy as in the B — D°D7}(X) control sample,
but without the complication of having two subsamples, and with the F' parameters
defined as

N;
FF=————, (5.21)
NBO—>D*D;"
where N; is the yield of the i-th component. The used PDF is
PDF(m),_,+) = NwsPDFws(m),_ ) + Y N;PDF;(m/,_p.), (5.22)

where Nysg is the yield of the wrong-sign component, which is fixed to the value obtained
from data. The free parameters of the fit are the total yield (Np+) and the F' parameters
of every component except the wrong-sign and B® — D™D components. The results of
this fit are shown in table 5.6 and in fig. 5.7
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Parameter Normalised Fit result
Np+ 10987 10990 + 100
Fpo spep+ 0.321612 0.236 + 0.028
Fpo_ ,p-pr+ 0.927875 0.926 + 0.043
Fpo_ ps-pr+ 0.61807 0.571 £ 0.030

Fpop-peysn+ | 0.11807 | 0.119 % 0.054
Fpop-prasinyt | 0.0419661 | 0.006 = 0.033
Froop-poaso)r | 0.329954 | 0.264 4 0.069
Froopepooacoy: | 0.24076 | 0.254 +0.033
Fpop-pr 0.108316 | 0.0145 = 0.0024
Fpo e pe+ | 0154132 | 0.013£0.013

Fpopoop-ptx) | 216183 | 0.564+0.075
Fyppix 0.251925 | 0.075+ 0.091

Table 5.6: Free parameters of the B — D™D} (X) control sample fit, with their values
before (“normalised”) and after the fit (“fit result”).

B — D~ D°(X) control sample

The same strategy as in the previous control sample is used, except for the sample
selection. The same set of criteria as in the B — D°D°(X) control sample (section 5.2.2)
is used to select DY mesons with DY — K ~nt7~7*. The rest of the selection is the same
as in the nominal selection, except for the requirement on the m(D~3m) invariant mass.

A one-dimensional fit is performed in the m’D, po distribution, with

M- po = Mimeas. (D~ D) — Mumeas. (D7) — Mueas. (D°) + mppa (D) + mppa(D°). (5.23)
The components used to describe the data are:
e B~ — D DO,
e B~ — D* D",
e B~ — D D*,
e B~ — D* D",
e BY = D~D*,
e B — D*D*t,
e B — D™ D.(2460)",
e BY — D*" D, (2460)T,
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Parameter Normalised Fit result
Npo 5662 5652 + 75
Fg_ p«po 0.280212 0+ 0.00013
Fp-_p-po 1.34661 1.04 +0.16
Fp_ pe—p+o 0.443559 0 +£0.00017
Fro_,p-p«+ 0.432935 0.30 £0.13
Fro_,pepe+ 0.203187 | 0.219 4+ 0.059
Fpo_,p-p,, (2460)+ 0.163347 0.84 +£0.16
Fpo_,pe—p,, (2460)+ 0.112882 0.94 +0.17
Fpo_,p-pox) 3.8672 6.17 £ 0.59
Fpo_,p-pox) 0.857902 2.38 £0.57
Fp-_.p-po(x) 11.5485 7.98 £0.98

Table 5.7: Free parameters of the B — D~ DY(X) control sample fit, with their values
before (“normalised”) and after the fit (“fit result”).

e B% — D™D} (X), containing the decays originated from a B® which are not included

in the previous components,

e BY — D™D} (X), containing the decays originated from a B? which are not included

in the previous components,

e B~ — D~ D! X, containing the decays originated from a B~ which are not included

in the previous components,

e Combinatorial background (from

wrong-sign” data).

The F parameters in this control sample are defined as

F;

N;

)
]\[B—ﬁ\D—DO

where N; is the yield of the i-th component. The used PDF is

PDF(m}, o) = NwsPDFws(ml, o) + > NiPDF;(m), o),

where Nywsg is the yield of the wrong-sign component, which is fixed to the value obtained
from data. The free parameters of the fit are the total yield (Npo) and the I’ parameters
of every component except the wrong-sign and B~ — D~ D° components. The results of

this fit are shown in table 5.7 and in fig. 5.8
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Figure 5.8: Invariant mass data and PDF of the B — D~ D°(X) control sample subsample
after fitting (top) and its pull (bottom).

B — D~ D*(X) control sample

The same strategy as in the previous control sample is used, except for the sample
selection. The same set of criteria as in the B — D°D*(X) control sample (section 5.2.3)
is used to select DT mesons with DT — K*7n~7". The rest of the selection is the same
as in the nominal selection, except for the requirement on the m(D~3m) invariant mass.

A one-dimensional fit is performed in the m/,_,, distribution, with

M- p+ = Mueas. (D™ D) — Mueas. (D7) — Muneas.(D1) +mppa(D ™) + mppa (D). (5.26)
The components used to describe the data are:
e BY — DD,
e B - D=D*F,
o B — D*D*t,

B® — D~ D,;(2460)",

B® — D*~D,;(2460)",

B° — D~D*,
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Figure 5.9: Invariant mass data and PDF of the B — D~ D™ (X)) control sample subsample
after fitting (top) and its pull (bottom).

e B~ — D~ D*'X, containing the decays originated from a B~ which are not included
in the previous components,

e B’ — D~ D" X, containing the decays originated from a BY which are not included
in the previous components,

e BY - D™D X, containing the decays originated from a B° which are not included
in the previous components,

The F' parameters in this control sample are defined as

N,
FF=—" 5.27
Np-_p-p+ (5.27)
where N; is the yield of the i-th component. The used PDF is
PDF(m}, p+) = NwsPDFyws(mlpp+) + Y NPDFi(m}, ), (5.28)

where Nwsg is the yield of the wrong-sign component, which is fixed to the value obtained
from data. The free parameters of the fit are the total yield (Np+) and the F' parameters
of every component except the wrong-sign and B® — D~ D% components. The results of
this fit are shown in table 5.8 and in fig. 5.9
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Parameter Normalised Fit result

Np+ 2167 2168 £+ 47

Fgo_p-p++ 1.26723 0.60 £0.10
Fro_sp«pe+ 0.321481 | 0.077 &£ 0.076

Fpo_sp-Dp,, (2460)+ 0.23717 0.28 +0.20
Fpo_,p«p,; 2460+ | 0.205645 0.41 £0.21

Fron-D+ 0.719941 | 0.269 = 0.051
Fo b Dt (x) 0.625 2.00 + 0.96
Faoop-p+(x) 5.27823 | 6.49+0.98
Fgop- D+ (x) 11.2786 419+18

Table 5.8: Free parameters of the B — D~ D% (X) control sample fit, with their values
before (“normalised”) and after the fit (“fit result”).

5.3 The D —» ntn 7" (X) decay model

In the context of hadronic R(D™) analyses, D — ntn~n+(X) decays are a signi-
ficant source of uncertainty, and their modelling is specially important due to the large
number of inclusive decays that contribute to this background. In the previous Run 1
analysis [30, 31], the model for these decays was determined by first creating a sample
of B — D* Df(X) decays, then fitting four distributions simultaneously: the mini-
mum and maximum invariant mass of two opposite-charged pions (min[m(7"7~)] and
max[m(nt77)]), the mass of the same-charge pions m(7r*7"), and the mass of the 37
system (m(3m)). The resulting fit model was constructed using a simulation sample that
included both D} and non-DJ components.

In this study, a different approach is used, with the goal of further reducing the
systematic uncertainty due to these decays: several control samples are constructed by
adding non-signal particles to the decay chain, and a fit is performed on these samples to
obtain weights that can be used to correct the simulation sample.

The main D — 77~ 77 (X) decays used in this study are listed in table 5.9. Note
that some of these decays have not been measured but were included in the simulation.
The following decays are also part of the simulation and will be referred to as “other
DF decays”: Df — KKortn—nt | Df — Kdntn—n~, Df — KYK)ntn—n~, Df —
K-n*tn~, Df — ¢etv., Df — ¢utv,, Df — netv., DFf — nutv,, DFf — e,
DY = n'utv,, Df — f6(980)etv., DF — fo(980)u*v,.

Several of the mentioned resonances are also present in the signal 7= — 7~ 7~ (7%)v,

decays, so the proper description of data for these decays in the background components
is of high importance for the performance of the signal fit (section 6.1.1).
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Decay channel Measured B (%) | B in simulation (%)
Df — nfrw?t 1.09 £ 0.05 1.09
Df — ntr—atrl - 1.5
DF — yrt 1.70 £ 0.09 1.70
Df — wnt 0.24 £ 0.06 0.24
Df — ¢nt 4.5+04 4.5
Df — n/zt 3.94+£0.25 3.94
Df — nrtra® 92+1.2 11.7
Df — wrtr® 2.8+0.7 2.8
D} — ¢rtr® 84139 9.2
Df — n/'ntrn® 5.6 £0.8 6.9
Df - ntr—ntn 7t 0.80 £ 0.08 0.8
Df - wrtn—nt 1.6 £0.5 1.6
Df — ¢ntn ™t 1.21 £ 0.16 1.21
Df —wnrtr—n™t 3.12+0.16 3.0
Df —»nntn—nt —~ 2.0
Df — Kintrnt 0.30 £0.11 0.3
Df — 7ty 5.48 £0.11 5.48

Table 5.9: Main D decay modes considered in the model, with their corresponding
measured branching fractions (all taken from [2] except B(D — nntn~n"), which is
from a BES-III measurement [124]), along with the values used in the simulation. D —
n'mtr~rT and non-resonant D — 77 7wt decays have no measurements recorded
in [2], but have been included in the simulation.
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5.3.1 Preparation of the control samples

Events with ¢ € [3,6.5] GeV?/c* are selected to enrich the sample with D decays,
since this region is abundant in D} decays, while B — D°D°(X) and B — D°D*(X)
events dominate in higher ¢* values. In addition to this requirement, charged (with the
variables described in section 4.3.4) and neutral isolation requirements are used to select
the additional tracks for each control sample.

Neutral 7= and 7 mesons are reconstructed with the v final state and a confidence
level of CL > 0.2. They are also required to be within a +15 GeV/c? and +30 GeV/c?
window around their known masses (from [2]), respectively.

Nine control samples are constructed using additional requirements and are sensitive
to most of the main D} decay channels. A comprehensive list of these control samples is
shown in table 5.10, along with their specific selection cuts.

The simulated samples are selected from the B — DX, X’ simulation samples, which
use the branching fractions listed in table 5.9, and are then normalised to their correspon-
dent data using their ¢* distribution.

In addition, a re-weighting procedure is applied to some of the simulated control sam-
ples to account for unsimulated resonances that are present in data. The re-weighting is
done through a Breit-Wigner distribution around the resonance mass peaks. The affected
samples are the D — 3, to account for the Df — np®(— 777~ )7 " contribution, and
the DI — 2K3m, to account for the D} — ¢a;(— nt7n~7") contribution.

5.3.2 Fit procedure

To model the DY — #t7n 7t (X) decays, the simulation samples are split in 17
different components corresponding to the main decay channels shown in table 5.9. A
weight w; is assigned to each component of the fit. This weight is fixed to 1 for the
components to which the fit is not sensitive. This is the case of wp+ , 10, Wp+
and wpt_, 1, . The rest of the weights (14) are left free in the subsequent fit.

Two additional components are included in the fit (with fixed weights):

*>¢ﬂ-+71-07

e “Other D} decays”: the part of the simulation samples that is not included in
any of the 17 main components and corresponds to D} decays. Includes the rarer
DY decays not included in table 5.9.

e “Not D] decays”: the part of the simulation samples that is not included in any
of the 17 main components and corresponds to non-Df decays. Includes residual
D and D7 decays that pass the selection criteria.

A simultaneous y? template fit to data is performed with the nine control samples
using the distributions in their respective invariant mass variables shown in table 5.10.
The results of these fits are sown in table 5.11. Some of the invariant mass distributions
after the fit are shown in fig. 5.10. The obtained weights are applied to the simulation
samples containing D decays that are used in the signal fit (section 6.1.1).
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Control sample Main decays Relevant variable Requirements
|m(37) — mppa(DY)| < 30 MeV/c?
Df — 3m Df — ntr ot m(3m) Niso(T) =0
Niso(B) =0
DY - nrrntnnT, m(5m) € [1.6,2.1 MeV/c?]
DY = 5 D} = w(— ot 7 rtrat, m(5m) extra pions’ PIDy < 0
’ Df = (= nta ) rtrort, Nigo(T) =2
DY = (= n(— rtr a)rtr)rt Nigo(TV B) =2
extra kaons’ PIDg > 5
D} — 2K3rw Df = ¢(— KK )rta—at m(2K3m) Nigo(T) =2
Nio(TVB) =2
m(K23m) € [1.92,2.0 MeV/c?|
extra pions’ |m(777) — mppa(K2)| < 30 MeV /c?
Df — K23r DY - KY(—= nta)ntn ot m(K23m) Nio(T) =0
Niw(B) = 0
K¥s x%(1) < 10
Df -t |m(377°) — mppa(DF)| < 30 MeV/c?
D} — 377 D sl mte min[m (77~ 7%) Niso(7) =0
s Df = n(— ata 7%, Niso(B) =0

D} — ¢(—= ata—n0)mt

ARs(7°) < 0.5

Df — nrt (%)

D = (= nta= 707t (#0)

m(3rm0)

[min[m(7*7=7%)] — mppa(n)| < 30 MeV/c?
]Viso( ) =0
1\0(

D} — i/t (x°)

D =/ (= n(= yy)rta )t (2)

m(n3m)

)=
AR (") <05
mepc ()] < 30 MeV /c?
Nm( ) =

Niw(B) =
ARz (7%) < 0.5

m(o ) -
0
0

D} — n3m

Df — n(— yy)rta ot

m(n3m)

[m(natm™) — mppa(n’)| > 50 MeV /c?
[1.9,2.05 GeV/c?] Nigo(1) =0
Niso(B) =0

m(n3m) €

Df — 5ryy

Df — /(= n(—= yy)rtn )wta ot

m(5my7y)

+77) — mppa(n)] < 50 MeV/c?
]Viso(T) =2
Niso(T \ B) =2

[m(nm

Table 5.10: Control samples used to model D} — 7t7~ 7" (X) decays. The left-most
column contains the names by which each control sample is referred to, “main decays”
are the dominant decays in the control sample, “relevant variable” is the variable that is
used in the simultaneous fit, and the last column contains the selection cuts imposed to
each of the samples.
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Figure 5.10: Left: legend for the plots. Right: Invariant mass distribution of the D —
5m (top), Dy — K$3m (middle), and D} — 377° (bottom) control samples after the

D — 7tn~ 7t (X) model fit.
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Table 5.11: Values of the weights of the D} — #t7~ 7" (X) model, obtained from a

Fit component Weight
Df - ntn—nt 1.004 4+ 0.008
Df - wfa—atx® | 0.99 £0.07
Df — nrt 0.78 £ 0.04
Df — wrt 0.7£0.1
Df — ¢t 0.73 £ 0.06
Df —n/nt 0.86 = 0.05
Df — nrtr® 0.96 + 0.05
Df — n/r 0 0.94 + 0.06
Df — 57 0.90 +0.02
D} — w3m 0.66 £+ 0.04
Df — ¢3n 0.95 + 0.04
D} — n3m 1.06 £ 0.04
Df — n'3r 0.25 +0.04
Df — K{3r 0.79 £ 0.05

simultaneous fit to the control samples.
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This chapter contains the determination of the signal and normalisation yields, and
the computation of preliminary results for the desired branching fractions and LFU ratios.
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6.1

Signal yield

The B~ — D™~ signal yields are extracted from a three-dimensional fit to the
¢*, T decay time, and BDT output distributions.

6.1.1 Fit model

The model uses a total of 24 components, which can be categorized as follows:

Signal components: 4 components that correspond to the B~ — D®%7~%_ chan-
nels (separated in 7= — 7~ 7 v, and 77 — 7t 70,).

B° — D**7~7. components: 2 components that correspond to the B® — D**7~ 7,
channel (separated in 7= — 7~ nt7 v, and 7~ — 77T 700,).

D** component: a single component corresponding to the B — D**7% v, channels.

Prompt background, a single component corresponding to the prompt B — D37
channel.

Double-charm backgrounds: components corresponding to the double-charm
background channels. 1 component for B — D'D°(X), 1 for B — D°D*(X), and
12 for B — DD (X).

Combinatorial background: a single component corresponding to the back-
ground created by wrong D°-37 combinations.

“Not-D"” background: a single component corresponding to background contri-
butions that pass the selection requirements but do not contain a D°.

All of these components, except the not-D background, use template PDFs extracted
from their respective simulation samples, corrected as detailed in section 4.5 and —in the
case of the prompt and double-charm backgrounds— also in chapter 5. The not-D°
component is extracted from data by selecting the sidebands of the D° invariant mass
distribution, with |m(K7) — mppc(D°)] € (30,40 MeV/c?).

The yields of these components, expressed in terms of the parameters of the fit, are
detailed in table 6.1. The parameters used in the fit are:

104

Np-_por—y, and Np-_,p-o,—5 : the number of signal events in the B~ — D7 7,
and B~ — D*97~ 7, channels, respectively.

Jp=+/p+0 and fp« p+o: the relative branching fraction of B - D*t7 7, and B —
D**7%u, decays, respectively, with respect to B~ — D**7~7, decays. The St /D=0
value is fixed to the one obtained in table 4.11, and fp«/p-o is fixed to 0.043, as
will be determined in section 6.1.2.
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DY D™ “and f277: the fraction of 7= — m 7wt v, decays with respect to the

sum of 7= — 7w wtn v, and 7 — 7 w7 7%, decays in the B~ — D v,
B~ — D%t~ v, and B® — D*T7~ 7. channels, respectively. These values are fixed
to the central values obtained in table 4.11.

® Npo, Np+, Np+, Nprompt; Neomn, and N, po: the number of events in their re-
spective background components'. The Ngomp and Npo.po parameters are fixed to
a value obtained from the data. The Npo parameter is constrained to a Gaus-
sian distribution centered in the expected Npo value, computed from independent
DY — K3 decays, and with a sigma equal to the 15% of that value.

e The ¢;, F;, and F} parameters, as defined in section 5.2.1. These parameters are
chosen following the same logic as in the control-sample fit of section 5.2.1, but
now constraining the free Fi(*) parameters to a Gaussian distribution with mean
and o set to the values obtained in that control sample’s fit. The Fi(*) parameters
corresponding to components with a D** are fixed to their central values?.

The values of the fixed parameters (except Neomp and Nyui-po) were determined ac-
cording to efficiencies computed from the simulation samples and the known branching
fractions from [2], with the exception of fp«/p-0, whose computation is more complex
and is explained in the following section.

In the case of Neomp, its simulation sample is scaled to match with the mass distribu-
tion from data above the B mass peak (m(D"37) € (5400, 5600 MeV /c?)), where all events
are expected to be combinatorial background, and the resulting yield is taken as the fixed
value. In the case of N,.po, since the template is taken directly from data and is assumed
to have a flat distribution in m(K), it is simply scaled by a factor of two, to account for
the difference between the nominal selection (|m(K7) — mppa(D°)| < 20 MeV/c?) and
this template’s selection (|m(K7) — mppa(D°)| € (30,40 MeV /c?)).

Two non-physical parameters, wl(gll))T and wgl))T, are added to the fit to correct the
B — D°D}(X) components’ shape in the BDT dimension. These parameters apply,
respectively, a linear and a quadratic weight in the BDT axis, as

4y ( BDT—BDT., 1
fmod = { 1+ Wppr | 5pT ——pBpT 3

BDT — BDT,, 1\2
rule S

BDTax — BDThin 2

where hpoq is the modified template histogram, BDT is the BDT output value, with
BDTin and BDT,., being its minimum and maximum values (—0.4 and 1); and hg is

"Npo p+ pt correspond to their respective B — DX, (Y') double-charm backgrounds
2This choice is justified due to the data in the fit being selected not to contain D* mesons, while the
control-sample fit was done with a D*-enriched sample.
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Component Yield
— 0
B =D v, s ntnu, Np-_,por—p. X f2
— _ _ _ 0
B = D% v, =ratn 7%, | Ng-_po,- (1 —
— *0
B = D% v, sty Np-_pror—p. X f2
— *0
B~ = D% v, r~ = a ata m%, | Ng-_pwo,—p x (1= f27)
QO — D*+7__p‘,—, T+ — 3’/7?7— NB’*}D*OT’DT X fD**/D*O X fkg:i
BY — D>'<+7'7v7-7 T — 37T7TOPT NB*—)D*OT*FT X fD**/D*O X (1 — 3D7r )
B — D**T+l/.,- NB’*}D*OT’PT X fD**/D*[}
B — 20371'()() Nprompt
B — D'D(X) Noo
B — D'D*(X) Np+
= DD
B* — D°Df Nps X €p+,pops X F](3+%D3D+/Zi el
N _ (D°DY)
Bt — D*D? Np+ X €p+_,propt X FB*%D*ODJr/Z'EiFi
+ N0 NH*+ _ (D[)D+>
BT — D D; Np# X €gs_,popz+ X B+ﬁDoD*+/Z ki
%0 (D°DY)
BT — D* D:f+ ND? X €+ p=opr+ X FB+—>D OD*+/Z 67‘ i
+_ 7o + _ (D°Di)
B* — D"D;;(2460) Np+ X €+, pop,, (2460)+ ¥ FB+HDUDH(Q4OO)+/Z & F;
+ _ PH0 + (D°DY)
Bt — D* D31(2460) ND+ X €B+~>D*0D51(2460 + X FB+—>D*0D¢1 2460)+/Z'Ei i
+1RO _y PO+ _ (D°DY)
BB} — DD (X) NDI X €p+|BoDODF(X) X FB+|BO~>DOD+ X)/Z
0_, Do+ _ (D°DY)
BY = D°DgX Np# X €po_,popsx % FBO?QOD‘F)(/Z el
0 - D+ (D°Ds
B — DD Npi X €go,pe-pf X FBO*}D* pr/ i€k
0 I (D°DF) «(D*~ DY)
BY = D™ Dg Npt X €goype-pzt X Fpo_, D* D+ X Foo” b D*+/Zz‘ eil
0 —
B —» D~ Dt0(2317)+ ND? X €BO— D*— D?,(2317)+ X F‘B[)_)D*_DJr X FB”%D* D%,(2317) +/Z 61' i
_ (D°DF #(D*~ DY)
BY — D* .D51(2460)+ ND;r X €BO_;D*~ D, (2460)+ X FBOAD* DF X FBO—>D ~ D1 (2460) +/Z 61 i
Comb. D%-37 background Neomb
Not-D° background Noot.po

Table 6.1: Components of the signal fit and their yields, expressed in terms of the free
parameters of the fit.

the original template histogram. All B — D°D#(X) components are modified equally by
these two parameters. These parameters are introduced in order to compensate for the
disagreement between the model and the data in the BDT dimension, which is expected to
come mostly from the B — D°D#(X) component, since the BDT is trained in events with
m(37) < 1600 MeV/c? (below the 7 mass), while the events used in the B — D°D7}(X)
control sample have m(37) € (1938.35,1998.35 MeV /c?). However, it is important to
note that the presence of these parameters in the fit is not definitive: the sources of this
discrepancy are being more carefully studied and the fit strategy will change accordingly
before a final result is published. The systematic impact of this strategy will be studied
in chapter 7.

This leaves a total of 15 free parameters in the fit: the 2 signal yields (Ng-_,po -5,
and Np-_,p-0--5,), 4 background yields (Npo, Np+, Np+, and Nprompt), 7 F; parameters
from the B — D°D}(X) model, and 2 wppr shape-correction parameters.
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6.1.2 B — D*r"uv. feeddown

The feeddown from excited charmed mesons (D**) to the signal channels is a sensitive
matter in this analysis, since the individual branching fractions from B — D*7% v, decays
have not yet been determined. To account for this feeddown, the relative fraction of
B — D**7"y, decays present in the selected sample is estimated (fp« p+0). A total of
ten of these decays are considered for this estimation:

e B~ — D,(2420)°7 7.,

(=]

T VT?

(2420)
e B~ — D}(2460)°r v,
o B~ — D(2300)
1(2430)

e B~ — D}(2430)°77 7.,

e BY — D' (2536)"7 7., and
e BY — D5 (2573)T777,.
Theoretical predictions of the LFU ratios [125]

B(B — D*7tu,)

R(D™) = B(B — D*(tw,)

(6.2)

are used in addition to existing measurements of B(B — D**(*1;) [2] and estimations of
B(D** — X)) based on isospin relations [126] in order to obtain the product of branching
fractions B(B — D**77v,) x B(D* — D°X), where B(D** — D°X) is the branching
fraction of the corresponding excited meson to a final estate with a DY (since we are
studying the feeddown to D°). The results of this procedure are shown in table 6.2. As
a cross-check, the total branching fractions B(B~ — D*(~1,) and B(B® — D**(~1,) are
compared, in table 6.3, to the experimental measurements from [2].

Once the branching fractions for B — D**77 v, decays are obtained, it is possible to
estimate their yields relative to the B~ — D*7~7_ signal,

NB—}D**T+V7

fD**/D*O — 3 (63)

NB*%D*OT*UT

in the signal-selection sample. This can be done through the expression
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B Estimated Estimated Estimated
- Decay . = r B(B — D**(i,) R(D*) | B(B— D*71%v,)
p recorded in [2] recorded in 2] B(B = D7) B(D* = DOX)  from [125] | xB(D** — DOX)
w0 o @ %)
DY | B = DY—=D"n )l i 0303£0020 0.721+0.048 055+0.04  0.10+0.01 | 0.055+0.007
B~ — D%(— D n)"v,  0.101 £0.024
0 5
D | g Do Dy 0as3 0ot O3S0E004 019420022 0072001 | 0.014£0.002
DY | B = DP(— D*"r)p, 0274006  0403+0.090  0.313+0.070  0.06+0.02 | 0.019+0.008
D | B = D= D'n )7  025+005  0373+£0075  0.123+£0.025 0.08+0.03| 0.010+0.004
Df | B> Df(— D% w, 0280+0.028 0.667+0.067  0525+0.052 0.10+0.01 | 0.052+0.007
BY = Dyt (= D7), 0.068 £ 0.012
w4 2 3 .
D m De* (s DOatii-m, 012140033 0286 +0053 0.21440.040  0.07+0.01 | 0.015 £ 0.004
DF | BY= D (= D), 0314009  0463+0.134  0412£0.120 0.06+0.02 | 0.025+0.011
DT | B Dif(— D'nh)im, 030+012  0448+0.179 030+0.12  0.08+0.03| 0.024+0.013
DI | B'= D (= DKV 7, X  044+0.13 0.88 + 0.26 0.73+022  0.09+0.02| 0.066=+0.024
DY, | B" 5 Di(— D°KNe 7, X 027+0.10 0.54 £ 0.20 027+0.10  0.07+001 | 0.019+0.008

Table 6.2: Estimations of B(B — D**77v,) x B(D* — D°X), along with some of the
required input quantities for each meson. The total B(B — D**(1) is estimated by
dividing the B from [2] by the estimated B of the D** decay used in the measurement.
Then, the total is multiplied by the corresponding B(D**), and multiplied by R(D**) to
obtain the desired quantity.

Parent Estimated B(B — DY¥nrtv) (n > 1)

B(B — D*(v) from [2]
(%) (%)
B~ 1.88+0.13 1.88 +0.25
B° 1.86 + 0.24 2.3+05

Table 6.3: Comparison between the estimated B(B~ — D**{~1;) and B(B° — D**{~i)
branching fractions and the existing measurements from [2].

108
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Ep— * %
€B-—D*0

+B(B® = D**17v,) x Ja 5 EBO=D* |
fu  Ep-—pro
J— ER *%
+B(B? = D*r77,) x Is \ EBaoD
u  EB-—D*0
o B(D** — DOX)
B(B- — D*7—1,) x B(D* — DOX)’

(6.4)

where e€p-,p«/ep- D0, €go_,pes/Ep-p=0 and Ego_,pu /Ep-pwo are the relative effi-
ciencies for B~ — D**77v,, B® — D*7 7., and B? — D*77 7, decays with respect
to signal B~ — D*r7v, decays (computed from simulation); f;/f. and f,/f, are the
ratios of fragmentation fractions, where f;/f, = 1 and f;/f, is taken from [127], and
B(D* — D'X) is taken to be 100%. This results in the value of fp«/p«0 = 0.043 which
is fixed in the fit.

6.1.3 Blinding strategy

Since the analysis is not yet considered to be completed, its results must be blinded
in order to avoid human biases during the development process. This is done by blinding
the signal yields in the fit (Ng-_,po,—5_ and Np-_,p«o,-5_), adding to each one a random
value drawn from a Gaussian distribution with mean zero and ¢ = 20000. Thus, the
signal yield parameters currently being used in the fit are related to the actual values by

Nyg = N g (6.5)

sig
where x4, is the random value being added. This approach allows the uncertainty of the
signals to be monitored, while avoiding looking at the actual value of the parameters and
their relative uncertainties.
In order to avoid inferring the added value of both signals, the main background yield,
Np+, is also blinded with the same strategy as the signal, but with o = 40000.

“Finally, the visualisation of these blinded components in the fit results is also altered
by normalising the PDF integral of the B~ — D%~ v, and B~ — D*%7~ 7, signal com-
ponents to 9000 and 11000, respectively, and that of the B — D°D#(X) background
component to 10000.

6.1.4 Result

The yields of the B~ — D7~ 7. and B~ — D**7~7, signal channels are obtained
from a three-dimensional fit to the 7 decay time, ¢?, and BDT distributions using the
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previously explained fit model.

Parameter Fit result Constraint
Np-_por—p. xxxX 1655 —
Np-_por—5, xxx £994 —
Np+ xxx 1969 —
Npo 7996 + 575 6655 %+ 998
Np+ 8578 + 508 -
Nprompt 6261 + 258 -
Noorpo 10902 10902
Ncomb 3286 3286
(D°D:) 09494+ 0.035  0.915 + 0.054
Bi(?é*OD;r . . . .
(D°DY)
PC o 0.855+0.041  0.935 4 0.056
(D°DY)
?5%§;OD;+ 1.847+0.040  1.828 & 0.047
o ?D puye 0:262£0.032 0.33240.038
(D°DY)
B 5D 20 0.816 £0.029  0.710 & 0.040
(D°DY)
PR 0.778 £0.034  0.817 4 0.037
(DODS )
) s 0.1044 + 0.0090  0.0990 = 0.0092
Wy 0.143 = 0.038 —
wi 0.432 4+ 0.183 —

projections in fig. 6.1.

The resulting blinded signal yields are

Np-_po—5. = xxx £ 1655 ,
Np- pro,—5, = xxx £ 994 ,

with a correlation coefficient of —0.932 between the two parameters.
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Table 6.4: Results of the signal yield fit parameters along with their constraints.

The results of this fit are show in table 6.4, and its
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Figure 6.1: Projections of the (blinded) signal 3D fit on the 7 decay time, ¢*> and BDT
distributions. The B~ — D®°7=7_ (red and orange), B* — D* 7tu, (yellow), and
B* — D°D¥ (green) components are not represented according to their actual yield, as
detailed in the blinding procedure (section 6.1.3). The dark blue line corresponds to the
total PDF. 111
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6.2 Normalisation yield

The B* — DDy decay is used as normalisation channel. For this purpose, data
and simulated events are required to pass the normalisation selection, described in sec-
tion 4.3.5. The normalisation yield is obtained from a one-dimensional fit to the decon-
voluted mass

mlﬁoD;F = mmeas.(EOD:) - mmeas.(ﬁo) - mmeas.(D:) + mPDG(-EO) + mPDG(Dj)a (67)

in a window of £60 MeV /c? around the known B mass from [2].

In order to describe the shape of this mass distribution, a double-sided Crystal Ball
(CB) function is used for the signal, and an exponential function for the background. The
CB function is defined as

N Ap(Bp — %)_”L, for m’50D+ < ap
_ 2 2 °
for(mng) = ey € e, for a <mip, . <ar (68)
Y Ar(Bg — =)=, for mIEODj > g
where
Am = m'BOD: — Mmean;
L —Jai[?/2
A = <|ozz-|) e ) (6.9)
_
K3

C(o, a;, n;) is a normalization factor such that Nyomy is equal to the integral of the function,
Mmean 18 the mean mass in which the CB function is centered, o its standard deviation,
and «; and n; are the so-called “tail parameters”, with ¢ = {L, R}, which modify the
shape of the CB function on each side. Mmpyean, 0, and the tail parameters are the free
parameters of the function.

First, a fit to the B* — D°D¥ simulation sample is performed using only the CB
function (fig. 6.2). The result of this first fit is used to extract the tail parameters of the
CB function. Then, a fit to the data sample is performed using the full model, with all
parameters floating except the CB tail parameters, which are fixed to the result of the
first fit.

The obtained yield is

Niorm = 3047 £ 56 . (6.10)
The fit results are shown in table 6.5 and in fig. 6.3.
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Parameter | Fit result (sim.) | Fit result (data)
Niorm 162650 £ 400 3047 £ 56
Mmean 0279.455 £ 0.026 | 5H278.87 £ 0.17

o 8.288 £ 0.030 8.66 £0.14
an —1.674+£0.031 | —1.674 (fixed)
or, 1.510 £ 0.023 1.510 (fixed)
ng 44 £+ 17 44 (fixed)

n, 15.7 £ 2.0 15.7 (fixed)
Nokg : 27+ 10
Tbke - —0.0043 £ 0.0068

Table 6.5: Results of the normalisation fit procedure. The second column contains the
results of the fit to the B* — D°DF simulation sample, while the last column shows
the results of the fit to data. Mmmean, 0, @g and ng are the parameters of the Crystal
Ball function, with Nyom being its integral, while Ny, and ryy, are the parameters of the
exponential background model.

Pulls

, | | | i
%220 5240 5260 5260 5300

5320
M(D°3m) [MeV/c?]

Figure 6.2: Fit to the m’f)0 o+ distribution of simulated events passing the normalisation
selection. The shape is described by a Crystal Ball function.
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I | [ el r—‘L\H
B st s Y L B o OO ‘—‘H‘H—\ ]

Pulls
Pulls

v 7 5 =i T 5 5 T
M(D°3n) [MeV/c?] M(D3m) [MeV/c]

Figure 6.3: Fit to the m’f)o Dt distribution of real events passing the normalisation selec-
tion. The fit model (red line) is described by an exponential function and a Crystal Ball
function, with its tail parameters fixed to those obtained in a fit to the simulation sample.
In the right plot, the y axis is shown on a logarithmic scale, and the exponential function
(dotted line) and Crystal Ball function (blue line) can be observed.

6.3 B~ — D"r 7. branching fractions

The previously measured signal (section 6.1) and normalisation (section 6.2) yields
are used to determine the B~ — D% 7, and B~ — D*%7~ 7, branching fractions as

Np-_ peo,—p —
B(B~ — DWOr—p,) = ZE2=2DW0rv o g(pt _y PODT)x
NB+—>50D:
ep+popr B(D — nrn—7™)

T3V, _ — o — T—=37m0v, _ —d— 0
€ oy BT™ = momtayy) + e, T B(rm = mmwtaalyy)

(6.11)

where the efficiencies are computed from simulation (see section 4.6) and the branching
fractions are external inputs, taken from [2] as

B(Bt — DODj) (9.04£0.9) x 1073,
B(D} — 7tr 7T) = (1.08 £ 0.04) x 1072 | (6.12)
B(r~ = rtn v,) = (9.02+£0.05) x 1072, .
B(r~ — m rtn 7%,) = (4.49 £ 0.05) x 1072
Following this procedure, the measured blinded branching fractions are
B(B~ — D77 7,) = (xxx 4 0.19 (stat.) & 0.07 (ext.)) x 1072 (6.13)

B(B~ — D*177,) = (xxx £ 0.14 (stat.) & 0.15 (ext.)) x 1072 ,
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6 Determination of the signal branching fractions, R(D), and R(D*°)

where the first uncertainties are due to the uncertainty provided by the signal and nor-
malisation yield fits, and the second is due to the uncertainties of the external inputs.
The correlation coefficient between the measured branching fractions is —0.301. Since the
propagation of uncertainties requires the actual “unblinded” yield of the signals, these
uncertainties are computed as if the signal yields were such that the resulting R(D™)
values match with the SM predictions. The actual uncertainties of the unblinded results
are expected to be different but similar.

6.4 R(D") and R(D™)

With the signal branching fractions measured in section 6.3, the desired LFU quan-
tities R(D°) and R(D*°) can be computed as per their definition,

B(B~ — D®0r=7p,)
R(D™)0) — r
(L") B(B- — DO0(-1,) (6.14)

where ¢~ refers to either a 1~ or an e~ lepton, and B(B~ — D®)(~ ;) are external inputs
taken from [2] as
B(B~ — D% 1) = (2.30 £ 0.09) x 1072 |

6.15
B(B~ — D*( 1) = (5.58 £0.22) x 1072 . (6.15)

The resulting blinded values for the two LFU ratios are
R(D") = xxx £ 0.084 (stat.) & 0.034 (ext.) , (6.16)

R(D*) = xxx 4 0.025 (stat.) +0.029 (ext.) ,

where the first uncertainties are due to the uncertainty from the signal and normalisation
fits, while the second uncertainties are due to the uncertainties of the external inputs.
The additional uncertainties due to systematic effects will be studied in chapter 7. The
correlation coefficient between these two quantities is —0.288.
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In this chapter, an extensive study of the possible systematic effects and errors present
in the analysis procedure is carried out, estimating the necessary corrections to the value
and uncertainty of the final results.
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7.1 Signal fit model

7.1.1 Fit model behaviour

In order to check if the fit model produces any biases or undesired effects, 1000
pseudo-experiments are generated and fitted. These pseudo-experiments consist of simu-
lated “real data” samples, generated from the simulated distributions, and therefore they
allow us to set the “true” value of the parameters that are being fit, with the purpose of
comparing the fit results with their goal value. The “pull” distribution of each fit param-
eter is then checked for biases and other possible anomalies. All the resulting parameter
pull distributions are compatible with a Gaussian distribution of mean zero and o = 1,
with all 100% of the fits converging successfully; therefore, no corrections or systematic
uncertainties are applied. The pull distributions for the two signal yields are shown in
fig. 7.1.

7.1.2 Signal model

The fiX and fp-+ /p+0 parameters are fixed in the signal fit, but these parameters
have associated uncertainties, as shown in table 4.11, derived from the uncertainties in
the computed efficiencies and in the external branching fractions, as seen in section 4.6. In
order to estimate the systematic effects associated with the fixing of these four parameters,
a fit is done by letting them float constrained to a Gaussian distribution centered at their
central value and a sigma equal to their uncertainty. Then, a second fit is done by

A RooPlot of "NsigBuDO_blind Pull" A RooPlot of "NsigBuDst0_blind Pull"

100 pullMean = 0.019 + 0.030 _ pullMean =-0.0157 * 0.030
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Figure 7.1: Pull distributions of the two signal yield fit parameters, obtained from 1000
pseudo-experiments.
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fixing them to the results of the first fit. The quadratic difference between the parameter
uncertainties of both fits is assigned as the systematic uncertainty due to this model, as

of ~ \/O-(%onstr—f - O-f21xed—f ) (71)

where o is the systematic uncertainty assigned to the fixing of these f parameters in the
signal fit, and oconstr-f and Ofxed-f are, respectively, the parameter uncertainties obtained
from the fit done by constraining them to a Gaussian distribution and by fixing them to
the previous fit’s result.

The result obtained with this method is

Uf(NB*%DOT*PT) ~ 877 (7 2)
07(Np-_p+or—3,) = 50, .

with a correlation factor of —0.912 between the two.

7.1.3 Prompt background model

The prompt B — D°37(X) background component is tuned using the weights ob-
tained from its control-sample fit from section 5.1. These weights have their own uncer-
tainties due to the limited statistics of the data and simulation samples used to compute
them, which are not being taken into account in the signal fit. The potential effect of
these uncertainties is estimated through an statistical study of the fit by repeating it
10000 times, each time varying the value of the weights by a random amount, given by a
Gaussian distribution centered at zero and with a sigma equal to each weight’s uncertainty:.

Then, the systematic uncertainty due to the prompt weight uncertainties is estimated
as

Uprompt(N) ~ U(Nrand.wg.)a (73)

where NV is the yield parameter given by the nominal fit and Nyang.we. is the one given by
these new fits with modified weights, 0(Nyand.we.) denoting its standard deviation, which
is extracted from a fit to a Gaussian distribution, shown in fig. 7.2.
By performing 10000 fits with “randomised” weights, the results with this method
are
Jprompt(NB*%DOT*E—) ~ 3]-7 (74)

O prompt (NB*%D*OT*UT) ~ ]-97

and a correlation between the two yields of —0.896.

7.1.4 Double-charm background models

Both the B — D°D°(X) and B — D°D*(X) background components are imple-
mented in the fit in an analogous way: their shape is pre-tuned using an invariant mass
fit in a dedicated control sample (section 5.2) and the total yield of the component is a free
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Figure 7.2: Distribution of the difference between the B~ — D%~ v, (left) and B~ —
D*7=v, (right) signal yields and their nominal fit results when performing 10000 fits
with Gaussian-randomised prompt weights, fitted to a Gaussian distribution.

parameter in the signal fit. Since the ¢> and BDT distributions of these components may
not be properly described just with the corrections derived from their control samples,
an alternative approach is needed to study the systematic uncertainty of these models’
description.

The used method is to introduce extra nuisance parameters in the signal fit which
modify the shape of these components, in a similar way as was done with the wgpr
parameter used in the fit for the B — DD (X) components. These parameters are
equivalent to a “linear weight” in each component and each dimension, modifying the
template shapes as:

hanod () = (1 +w, (w - %)) ho(), (7.5)

Tmax — Lmin

where hyoq() is the new modified template histogram, x is its z-axis (in this case, either
q? or the BDT output), with z,y, and 2,., being its minimum and maximum values; w,
is the nuisance parameter, and ho(x) is the original template histogram. In this way, w,
can also be viewed as an interpolation device between hg(x) and two limiting histograms
at positive and negative w, limiting values.

The procedure to estimate the systematic uncertainties due to the B — D°D°(X)
and B — D°D*(X) background models can be summarised as follows:

1. Use the corresponding control sample to estimate the expected variance of w,.
2. Perform many fits introducing the new w, and wgpr parameters as fixed values,

with their values randomised on each iteration according to a Gaussian distribution
with mean zero and variance set to the result of the previous step.

120



7 Study of systematic effects and uncertainties

Te) LA B T | X2/ ndf 202/53 O E T T | X/nd 7967167

S F Po 6731 £9.0 E 400 = po 408.1 +5.0

" 700 E pl 64.48 +327 B E pl -37.79 +6.72

'S 600 E p2 awr1:31| = 390F p2 2144 +39

c E p3 78.18 +1.75 'E F -2046 46

W 500F T 3% ]

E E 250F =

400 = E E

: ; 200 E

300F E 150 3

200F E 100F- 3

100 3 50E 3

0 E . 1. R R " B B 0 S R L E

-1000 -500 0 500 1000 -1000 0 1000

ANBJj’Jr'I/T ANBJjDr'I/T

Figure 7.3: Distribution of the difference between the B~ — D%~ v, (left) and B~ —
D*7=v_ (right) signal yields and their nominal fit results when performing 10000 fits
with Gaussian-randomised ¢ and BDT linear weights in the B — D°D°(X) component,
fitted to an asymmetrical Gaussian distribution.

3. Check the resulting distributions of the signal yields and extract their variance,
which will be taken as the desired systematic uncertainty.

This will be done independently for each of the two components. The B — DD} (X)
background component will use a different procedure, as will be described later.

B — D°D°(X) background model

First, in order to estimate the expected variance of wg2, the ratio of the data and
(corrected) simulation ¢* distributions of the B — DYD°(X) control sample is fitted to a

function following eq. 7.5. The resulting value is wéﬁontml) =—0.24+0.02.

Since the BDT is trained in data with m(37) < 1600 MeV /c?, which is not the case of
the control sample, we cannot estimate the value of wgpr in the same way, since it would
be unreliable. Instead, we assume that the discrepancies between data and simulation in
the BDT distribution will be of the same magnitude as in the ¢* distribution.

Then, ten thousand signal fits are performed. On each one of them, wg. and wppr take

: e rol
arandom value following a Gaussian distribution with mean zero and o = |w§§0n ol = 0.2.

The resulting distributions of the two signal yields are shown in fig. 7.3. Due to the

asymmetrical nature of these distributions, they are fitted to asymmetrical Gaussian

distributions, from where we extract the estimated systematic uncertainties:
~ 478

OB - BODO(X)(NB*%DOT*PT) ~ Loors

_ ~ 1295
0B DODO(X)(NB’%D*OT’VT) ~ 214>

(7.6)
and a correlation between the two yields of —0.359.
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Figure 7.4: Distribution of the difference between the B~ — D%~ v, (left) and B~ —
D*7=v, (right) signal yields and their nominal fit results when performing 10000 fits
with Gaussian-randomised ¢?> and BDT linear weights in the B — D°D*(X) component,
fitted to an asymmetrycal Gaussian distribution.

B — D°D*(X) background model

Following the same procedure as with the B — D°D°(X) component, the estimated

parameter is wéﬁontml) = —0.23+0.03 in this control sample. Again, ten thousand signal fits

are performed, setting the values of w2 and wgpr to a random value following a Gaussian

distribution with mean zero and o = \w((lgontml)] = 0.23. The resulting distributions of

the two signal yields are shown in fig. 7.4. They are fitted to asymmetrical Gaussian
distributions, from where we extract the estimated systematic uncertainties:
Op - 50D+(X)(NB——>DUT—ﬁT) ~ ig%

_ ~ +303
9B - D0D+(X)(NB_*>D*OT_E—) ~ 253

(7.7)
and a correlation between the two yields of —0.877.

B — DD} (X) background model

The B — D°D}(X) background model is not implemented as a single component in
the fit, and its multiple components are already allowed to float within the constraints
determined in its control sample. This means that the possible discrepancies in ¢* between
the control sample and the signal selection are already being taken into account in the
signal fit, since the ¢? distribution shape will vary depending on the relative yields of
each component. This is not the case of the B — D*~ D} (X) components, though, which
are fixed in the fit. To estimate the systematic uncertainty associated with fixing these
components, the signal fit is performed by treating them in the same way as the other
components (letting them float, but constrained to their control sample results), and then
the fit is repeated by fixing them to the result of the first fit. The quadratic difference
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between the uncertainties of the two fits is taken as the systematic uncertainty due to
fixing these parameters, obtaining

9B - D*_DJ(X)(NB_%DOT_?T) ~ 180,
(7.8)
05 i (x)(NB-—pwr5,) = 85,

with a correlation factor of —0.983 between the two.

On the other hand, the shape of this component in the BDT dimension is already
being modified in the signal fit by allowing the wgpt and wg]))T parameters to float. In
order to estimate the systematic uncertainty introduced by these parameters, the fit is
repeated once more with their values fixed to the result of the first fit. The quadratic
difference between the uncertainties of the two fits is taken as the systematic uncertainty
associated with the BDT shape of this model, obtaining

Owgpr (NB*ADOT*DT) ~~ 1229,

7.9
Twppr (NB——>D*07——vT) ~ 611, ( )

with a correlation factor of —0.9998 between the two.

These later uncertainties are already part of the signal fit, and so they must be
subtracted from the “statistical” part of the yield uncertainty presented in the previous
chapter and added to the systematic part.

These two sources of systematic uncertainty are added to obtain the systematic un-
certainties due to the B — DD (X) background model:

9B - EODj(X)(NB—eDOT—vT) ~ 1242, (7 10)

05— popt (x)(NB-=p-0r5,) = 617. '

These are clearly dominated by the uncertainty introduced by the wppr parameters

which, as noted in section 6.1.1, will likely be significantly reduced as the sources of

discrepancy in the BDT output are being studied and the fit model will be improved

accordingly. As such, this systematic uncertainty is expected to decrease considerably
before a final result is published.

7.1.5 Template sample size

The limited size of the samples used as templates in the signal fit has proven —in
previous analyses— to be one of the larger sources of systematic uncertainties for this kind
of analyses. In this section, a statistical study of the fit is performed in order to estimate
these effects, and the possible use of the Beeston-Barlow Lite method is analysed.

Statistical study of the fit

In order to estimate the systematic uncertainty due to the limited size of the template
samples, we repeat many times the fit, each time varying the bin contents of the simulated
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PDFs by a random amount. The new bin content corresponds to a Poisson distribution
centered on the effective sample size of each bin, as it was in the original template. The
statistical study of the results of these fits provides an estimation of how much the param-
eter values might change due to the limited size of our template samples. By assuming
that the only differences between these parameter distributions and the corresponding
result of the original signal fit are due to the template sample size, we can estimate the
systematic uncertainty due to template statistics with

Utemplates(N) ~ U(Nrand.)a (711)

where Gtemplates(V) is the total systematic uncertainty of the yield parameter due to limited
template statistics, Nyanq. is the yield parameter given by these new fits performed with
Poisson-randomised PDFs, and o (N;anq.) denotes its standard deviation, extracted from
a fit to a Gaussian distribution, as shown in fig. 7.5.
By performing 10000 of these “Poisson-randomised” fits, the results with this method
are
Utemplates(NB—%DOT—ﬁ-,—) ~ 13727

Otemplates (NB*—>D*07—*§T) ~ 782,

(7.12)

with a correlation factor between the two yields of —0.938 and being, as expected, the
largest systematic uncertainty in this analysis.

The distributions of these yields are shown in fig. 7.5. Apart from the standard
deviation, a bias in the yield value is also observed in both signals:

<ANB*—>DOT*§T> = <Nrand,B*—>D0T*§T - NB*—>DOT*§7—> ~ 11547

7.13
(AN~ p-0r-5,) = (Nrand,B- D075, — Np-p-o,—5,) & —501. (7.13)

These biases will be taken into account to correct the value of the final results.

Comparison of the fit results with and without the Beeston-Barlow method

The Beeston-Barlow [128] “lite” method (from now on, “BBLite”) treats bin statisti-
cal uncertainties by introducing a single nuisance parameter per bin that accounts for the
overall statistical uncertainty in each bin, so that the shape uncertainties due to the finite
number of events in the template samples are included in the likelihood. This means that
the total uncertainty provided by the fit already has this systematic uncertainty at least
partially included.

As a test, the signal fit is performed using the BBLite method, and the uncertainties
provided by this test are compared with those provided by the nominal fit.

First, we assume that the uncertainty of any parameter provided by this BBLite fit,
O%t, can be expressed as

2 2 2
Ot — OBBLite + Orest » (714>
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Figure 7.5: Distribution of the difference between the B~ — D%~ v, (left) and B~ —
D*7=v_ (right) signal yields and their nominal fit results when performing 10000 fits
with Poisson-randomised template PDFs, fitted to a Gaussian distribution.

where 03 ;1. 18 the variance introduced by the BBLite method due to the template sample
size, and o2 is the variance due to all the other sources (which should match with the
variance provided by the nominal fit).

After performing the fit with BBLite, the signal fit is run once more, but with the
BBLite parameters fixed to the result of the first BBLite fit. Assuming that the parameter
variance given by this second fit is a good approximation of the o2 in eq. 7.14, the
systematic uncertainty due to template statistics that BBLite takes into account can be

estimated as
~ ]2 2
OBBLite ~ 1/ Ofit — UBB fixed > (7.15)

where 025 ¢, .4 is the parameter variance given by this second fit.
In our fits, this provides the results

UBBLite(NB*aDOT*ET) ~ 820,

7.16
OBBLite (NB*HD*OT*m) ~ 470. ( )

These results show that the systematic uncertainties provided by the BBLite method
do not correspond with the full systematic uncertainty due to template statistics, shown
in eq. 7.12. This may be due to using the Beeston-Barlow “Lite” method, instead of
the full Beeston-Barlow method, which adds a nuisance parameter for each bin and for
each template. Both the parameter values and uncertainties provided by this second fit
show no noticeable shifts or improvements with respect to the result of the nominal signal
fit. Thus, this comparison remains as a simple check, and the values taken as systematic
uncertainties are those of eq. 7.12.
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Figure 7.6: Distribution of the normalisation yield extracted from 9496 fits to data, each
one with random fixed values for the Crystal Ball tail parameters, according to a Gaussian
distribution with center and sigma set to the values and uncertainties extracted from the
fit to simulated B* — DD} events.

7.2 Normalisation fit model

The procedure for the extraction of the normalisation yield is shown in section 6.2.
Some of the parameters of the fit model are fixed to the values obtained in a fit to simulated
data. In order to determine the systematic uncertainty associated to this procedure, the
fit to data is repeated 10000 times (of which 9496 converged), each time varying the values
of the fixed parameters according to Gaussian distributions with center and sigma set to
the values and uncertainties extracted from the fit to simulation (table 6.5). The results
from these fits for the normalisation yield have a mean of 3047.3 and a standard deviation
of 1.9, and their distribution is represented in figure 7.6. This standard deviation is taken
as the systematic uncertainty due to the normalisation fit model.

7.3 Not-yet-studied systematic sources

Several possible sources of systematic uncertainties are still to be studied. These
sources, explained below, are expected to be of the same magnitude as in similar past
LHCb analyses [29,31,36], where their assigned uncertainties were all in the 0-3% range
relative to the final R(D(*)) result, and so they are expected to be almost negligible in
comparison to the biggest sources of systematic uncertainty already shown in this chapter.

126



7 Study of systematic effects and uncertainties

Selection

The PID variables used in the selection (Pyn(7), Pan(K)) have their own uncertain-
ties and it must be studied how they affect the final results. The selection cut in the
BDT output is also another possible source of systematic effects, as well as the stripping
selection which is performed online during the data-taking process.

Form factors

In section 2.2.2, the construction of the BGL parameterisation for B — D®r—7,
decays is shown. The use of this parameterisation and the limited knowledge of its pa-
rameter values must be taken into account to compute their potential systematic effect
in the results of the analysis.

B — D*7r*u. feeddown

As detailed in section 6.1.2, the feeddown from B — D**77v. decays is estimated
using approximate isospin conservation along with calculations based on experimental
results. The used theoretical assumptions, experimental measurements, and selection
requirements all should have an associated systematic uncertainty.
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Following the method for determining the B~ — D™ =% branching fractions and
the R(D™?) ratios described in chapter 6, and applying the corrections obtained in chap-
ter 7 to account for systematic effects and errors, the final results are presented in this
chapter, along with the conclusions.

8.1 Results

Branching fractions

For the signal branching fractions, the (blinded) results, including systematic uncer-
tainties and corrections, are

B(B~ — D77 7,) = (xxx + 0.13 (stat.) 4+ 0.22 (syst.) + 0.07 (ext.)) x 1072 |

8.1
B(B~ — D*177,) = (xxx £ 0.11 (stat.) 7013 (syst.) £0.15 (ext.)) x 1072, 8.1)

with a correlation factor of —0.486 between the two quantities. The total uncertainties
are 2.7 x 1073 and 2.4 x 1073, respectively.
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Relative uncertainty

Systematic source
Y wrt. R(D%)sy (%)

Templates’ sample size 23.09
Double-charm background models oo

B — D°D#(X) background model 20.90

B — D°D*(X) background model A

B — D"D°(X) background model s
Prompt background model 0.52
Signal model 1.46
Efficiencies 0.59
Normalisation fit model 0.07
Total 0

Table 8.1: Relative uncertainty for each systematic source with respect to the R(D°)gy
theoretical prediction [34].

These results can be compared with the existing measurements found in [2],

B(B~ — D v,) = (7.7+£25) x 1073, 52)
B(B~ — D7 7,) = (1.884+0.20) x 1072 , '
where it can be seen that the measurements done in this work are at the same level of
precision as the existing measurements.

LFU ratios

For the desired LFU ratios, the (blinded) results, including systematic uncertainties
and corrections, are

R(D°) = xxx + 0.056 (stat.) & 0.096 (syst.) & 0.034 (ext.) ,

8.3
R(D*®) = xxx £ 0.020 (stat.) & 0.026 (syst.)  0.029 (ext.) , (8:3)

with a correlation factor of —0.471 between the two quantities. The total uncertainties
are 0.12 and 0.044, respectively. A summary of all the sources of systematic uncertainty
is shown in tables 8.1 and 8.2.

These results can be compared with the existing measurements shown in table 2.2,
where it can be seen that the precision of R(D) obtained in this work is slightly worse,
but of similar magnitude, as the existing measurements; while the precision of R(D*?)

is very similar to the existing ones. A visual summary of this comparison is shown in
fig. 8.1.
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Figure 8.1: Current status of R(D) and R(D*) measurements, with this measurement
included for comparison. Each ellipse represents a combined R(D®)) measurement, with
its contour representing its uncertainties and its tilt their correlation. The R(D™°) mea-
surement from this thesis is shown in purple (centered at the SM value because of the
blinding), with the continuous line representing the measurement with only the statistical
uncertainties, the dashed line representing the measurement with also systematic uncer-
tainties, and the dotted line representing the full uncertainties. External uncertainties
are expected to be reduced over the years, while the systematic uncertainties will also
presumably reduce slightly before publication.
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Relative uncertainty

Systematic source
Y wrt. R(D)sy (%)

Templates’ sample size 7.50
Double-charm background models T

B — D°D#(X) background model 5.91

B — D°D*(X) background model Ay

B — D"D°(X) background model o83
Prompt background model 0.18
Signal model 0.48
Efficiencies 0.46
Normalisation fit model 0.06
Total 1009

Table 8.2: Relative uncertainty for each systematic source with respect to the R(D*?)gy
theoretical prediction [34].

A more precise result can be obtained by adding the two signal channels together,
taking advantage of their negative correlation. A new quantity, R(D°V D*Y), could be
defined as
B(B~ — Dt v,)+ B(B~ — D*r1,)

DO D*O
R(D7v D7) B(B — D%~1y) + B(B — D*%~p,) ’

(8.4)

where, again, ¢~ refers to either a = or an e~ lepton, and which, with our results (eq. 8.1)
and the B — D®)°/~p, branching fractions measured by [2] (eq. 6.15), takes the value

R(D° v D*) = xxx & 0.009 (stat.) & 0.013 (syst.) & 0.030 (ext.), (8.5)

with a total uncertainty of 0.033. Using this quantity clearly reduces the statistical and
systematic uncertainties, with the external uncertainty dominating over them.

8.2 Conclusions and prospects

In this thesis, data from proton-proton collisions at the LHC with a centre-of-mass
energy of 13 TeV collected in the years 2016-2018 by the LHCDb detector has been analysed
in order to study B — DW7r~7, decays, reconstructed in the 7= — 7~ 7t~ (7)1,
channel, and their possible role in discovering physics beyond the Standard Model.

The analysis of these data is at a preliminary status, with the nominal value of the
results still blinded to avoid human bias during the analysis.

The B~ — D™ ~7_ branching fractions have been measured to be
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B(B~ — D77 7,) = (xxx £ 0.13 (stat.) £ 0.22 (syst.) £ 0.07 (ext.)) x 1072 ,
- 0_—— +0.15 -2 (8.6)

B(B~ — D17 7,) = (xxx £ 0.11 (stat.) 513 (syst.) £ 0.15 (ext.)) x 107,
with a correlation factor of —0.486 between the two quantities; while the R(D™)°) LFU
ratios have been measured to be

R(D") = xxx £ 0.056 (stat.) & 0.096 (syst.) £ 0.034 (ext.) ,

8.7
R(D*) = xxx 4 0.020 (stat.) 4 0.026 (syst.) & 0.029 (ext.) , (8.7)

with a correlation factor of —0.471 between the two quantities.

At the time of writing this thesis, this R(D™)) analysis is in its final steps before
being submitted for group review within the LHCb collaboration, after which it will be
“unblinded”, revealing the nominal value of the obtained results, and eventually published.

The main contributions from this thesis to the analysis have been the corrections to
simulation (section 4.5), the studies of the double-charm and prompt background chan-
nels and their resulting corrections (chapter 5), the optimisation of the signal fit, the
normalisation fit, the computing of the results (chapter 6), and the study of systematic
effects and uncertainties and their employment in the final results (chapter 7).

In the near future, before publication, the systematic uncertainty of the results is
expected to be reduced by implementing improvements to the analysis strategy to account
for discrepancies between the model and the real data. The work presented in this thesis
has been essential to discover and analyse the impact of those discrepancies and therefore
offer a chance to correct them. It should also be noted that, since the results are blinded,
the uncertainties presented here were computed as if the results matched with the SM
predictions, meaning that they are expected to vary slightly when computing them with
the real unblinded values.

In the more distant future, the statistical uncertainty will be reduced in future ana-
lyses with more data, particularly with the large amounts of data expected from LHC’s
Run 3. The external uncertainty is also expected to improve over the years as newer
and more precise measurements are performed by the particle physics community. The
systematic uncertainty of future analyses will also presumably decrease as better and
faster simulation techniques allow to produce larger samples and the understanding of
the background contributions improves.

In parallel, some base work for a future R(D*)~) measurement is also presented within
this thesis, namely the selection of data (section 4.3) and the study of control samples
(chapter 5), along with all the methods developed for the R(D™°) analysis that will set
the basis for the ones that will be used in the R(D™~) analysis, if not directly re-used.
This second analysis is planned to be fully carried out after completing the R(D®*)°)
analysis, and it is expected to provide a similar level of precision.

Summarising, the analyses presented within this thesis will offer an important con-
tribution to the long-standing anomalies in the R(D™) LFU ratios, offering the first
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measurement of R(D) using hadronic 7 decays by LHCb, and presumably improving the
global state of searches for New Physics in the Lepton Flavour Universality sector.
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A.1 Fundamentos, motivacién, e obxectivos

O Modelo Estandar é un marco tedérico que describe as particulas fundamentais e as
sdas interaccions a través de tres forzas fundamentais: as forzas eletromagnética, nuclear
feble, e nuclear forte. O Modelo Estandar foi extremadamente exitoso na predicion e
explicacion dun amplo rango de resultados experimentais en fisica de particulas, incluindo
o descubrimento do bosén de Higgs en 2012 no Gran Colisionador de Hadréns (LHC),
unha das validaciéns mais importantes e recentes do Modelo Estandar, que representou a
culminacion de décadas de traballo tedrico e experimental. Con todo, sabese que o Modelo
Estandar é incompleto, xa que non incorpora a gravidade nin ten en conta a materia
escura, a cal se cre que compdn unha parte significante da masa total do universo. Por iso,
a investigacién actual en fisica de particulas estd centrada en poner a proba as prediciéns
do Modelo Estandar e explorar nova fisica mais alé del, co obxectivo de comprender mellor
o universo nas escalas mais pequenas.
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Esta tese contén o meu traballo en dias andlises actuais do experimento LHCb,
que procuran esclarecer as recentes tensions entre o Modelo Estandar e os resultados
experimentais sobre a propiedade chamada Universalidade Leptoénica de Sabor (LFU,
nas suas siglas en inglés). Multiples experimentos, incluindo BaBar e Belle xunto con
LHCb, traballaron e estan a traballar en probar a validez da Universalidade Lepténica
e, na ultima década, a tensién entre experimentos e teoria mantivose aproximadamente
ao redor de 2-3 desviacidns estdandar en varias das cantidades medidas, o que suxire a
existencia de novos efectos fisicos. Estas “anomalias” motivaron 4 comunidade de fisica
de particulas a estudar de preto as stas posibles explicacions e a medilas con precision,
coa esperanza de atopar unha ruptura no Modelo Estandar.

As analises presentadas nesta tese son dias da mesma natureza. A principal, a partir
de agora referida como andlise R(D®*)°), ten como obxectivo medir simultaneamente as
cantidades R(D°) e R(D*°), cocientes de taxas de desintegracién definidos como

B(B~ — DWr—1,)
B(B~ — D&0(=p,)’

R(D™?)

(A.1)

onde ¢~ representa ou un electréon ou un muén.

Esta medida faise no canal hadrénico 7= — =7 7~ (7%)v,, e serfa a primeira medida
de R(D) no canal hadrénico polo experimento LHCb. A segunda andlise é dos cocientes
R(D™7), definidos dun xeito andlogo e co mesmo obxectivo, polo que ambas analises
proporcionan resultados independentes e complementarios. Debido & inmensa semellanza
entre as ddas andlises, os algoritmos e métodos desenvolvidos para unha poden ser re-
utilizados para a outra, razén pola cal a segunda (R(D™7)) est4 nunha fase moito mais
inicial e s6 se discute de forma breve e parcial nesta tese.

A.2 O experimento LHCb

O LHC é actualmente o acelerador de particulas méis grande e potente do mundo,
localizado no CERN, preto de Xenebra, Suiza. O LHC ¢é unha ferramenta clave no estudo
da fisica de particulas e é central nos continuos esforzos para probar e validar as prediciéns
do Modelo Estandar, principalmente o comportamento das particulas e forzas fundamen-
tais a moi altas enerxias e a procura de novas particulas mais al6 do Modelo Estandar,
incluida a procura de materia escura. Este colisionador é usado para acelerar dous feixes
de proténs a altas enerxias para facelos colidir de fronte. Estas colisions producen unha
ampla variedade de particulas subatomicas, as cales poden ser detectadas e analizadas
por detectores sofisticados que rodean os puntos de colision. O LHCb é un dos principais
experimentos localizados no LHC e proporciona o marco experimental para esta tese.

O detector LHCb [94] é un espectrémetro cunha configuracién “cara adiante”, é dicir,
detectando as particulas producidas a baixos angulos con respecto ao raio de protons do
LHC. Esta configuracion estd desenada para optimizar a medida de desintegraciéns de
hadréns con quarks b.
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O detector LHCb consiste nunha serie de subdetectores que cumpren diferentes funciéns
na toma de datos, estes poden dividirse segundo duas funcionalidades principais: re-
construccién de trazas (os subdetectores que detectan as posiciéns e tempo nos que as
particulas interactian con eles, para asi reconstruir a sia traxectoria) e identificacién de
particulas (os subdetectores que, segundo como as particulas interactian con eles, iden-
tifican de que tipo se tratan). Ademais, un potente iman sitiase no medio do detector,
desenado para desviar a traxectoria das particulas segundo a sia relacién carga-masa e
asi facilitar a sta identificacion.

De forma complementaria a todo isto, compre mencionar dias componentes adi-
cionais: o seu sistema de trigger, unha combinacion de hardware e de software que permite
seleccionar s6 unha pequena porciéon dos datos medidos, descartando unha gran cantidade
de eventos ordinarios non interesantes e permitindo aforrar espazo de almacenamento; e
o seu sistema de simulacion, o cal simula os eventos fisicos que tefien lugar no detector e
a resposta deste as particulas xeradas neles, permitindo asi contar con mostras simuladas
das desintegraciéns mais importantes para a andlise e comprender mellor os datos reais.

Durante o periodo de toma de datos usado no traballo desta tese (2016-2018), as
colisiéns protén-protén tinan unha enerxia no centro de masas de /s = 13 TeV, e recolec-
touse unha cantidade de datos correspondente a unha luminosidade integrada de 5.4 fb™*.

A.3 Metodoloxia da analise de datos

Como se discutiu anteriormente, o principal obxectivo desta tese é a medida das
cantidades R(D°) e R(D*®) (ec. A.1) con datos tomados en LHCb en 20162018, e cas
seguintes canles de desintegracion:

D™ — D{x" 4},
D’ — K—rt,
7~ =t (7,
O denominador na ecuacién A.1, B(B~ — D®%~1,), é tomado dunha fonte externa

2], mentres que o numerador, B(B~ — D®°7r~7.), é calculado a partir da nosa medida
como

Np-_ p0,-5 _
B(B~ — DWOrp,) = ZB =DM gty 0D x

NB+—>50Dj
_ + +o— ot
epropopt B(Dy = 7' ')

, (A2)

0
87'%371'1/7— - B(T_ — 7T_7T+7T_I/T) + 87’%3## Vr

- —ata— 70
B=—D()0r—p, B*—)D(*)OT*PTB(T — o)

onde N son os nimeros de eventos medidos en cada canle de desintegracion e ¢, as suas
eficiencias. Os niimeros de eventos son as cantidades reais que se miden nos datos, mentres
que as eficiencias estimanse a partir das mostras simuladas. Todas as demais taxas de
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desintegracién son tomadas de fontes externas. Esta estratexia permite minimizar as
incertezas sistematicas medindo o cociente entre dias canles de desintegracion co mesmo
estado final visible e mesma topoloxia (B~ — D™r~w_ con 7= — 7 77 (7)), e
Bt — D°Df con Df —ata~nt). BT — DD foi escollido como canle de normalizacion
debido & precision coa que estd medido [2] comparado con outros posibles candidatos como
B~ =D ntn—.

A estratexia da andlise de datos pode ser resumida nos seguintes pasos:

1. Xeracién de mostras de datos simulados: prodicense varias mostras simuladas
que contenen as principais canles de sinal e de ruido de fondo. Estas son usadas
principalmente para calcular eficiencias e para estudar e optimizar a descriciéon das
canles de fondo.

2. Seleccién dos datos: eventos inclusivos B — D7~ 7t7~(X), con D° — K7™,
son seleccionados dos datos disponibles de 2016-2018 e das mostras simuladas. Os
diferentes requerimentos impostos na seleccién de datos (“cortes”) poden resumirse
nos seguintes pasos:

e Primeiro, unha serie de cortes bésicos son usados para limpar os datos de
eventos indesexados. Estes inclien requerir que os tres piéns cargados formen
un vértice compatible cun leptén 7, e que os tres piéns e o mesén D formen
un vértice compatible cun mesén B.

e Requérese que o vértice do B estea ben diferenciado do vértice dos tres pions
(que forma o 7), para asi descartar a maior parte dos eventos prompt, nos que
os pions proceden directamente do B, sen particulas intermedias.

e Requérese que non haxa mais trazas de particulas provintes dos vértices do B
e do 7 das que se espera que haxa nas canles de desintegracién de sinal.

e Separanse os datos en dias mostras independentes, unha de sinal, optimizada

para desintegracions B~ — D®07~7_ e outra de normalizacién, optimizada
para BT — D°Df.

e Unha édrbore de decisién (Boosted Decision Tree, BDT) é implementada para
discriminar o sinal das principais canles de fondo restantes despois da seleccion,
as cales son as chamadas double-charm, por conter dous mesoéns D, sendo as
principais as B — D°D}(X).

3. Optimizacion das mostras simuladas: unha serie de correccions é aplicada as
mostras simuladas para mellorar a sua descricion dos datos reais. Estas correcciéns
son calculadas, principalmente, comparando as distribuciéns das mostras simuladas
coas de datos reais nas variables que se sabe que non estan correctamente descritas,
e aplicando pesos nesas variables para facer que as distribuciéns coincidan cos datos
reais. As correccions aplicadas resumense en:
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e A ferramenta PIDCalib [119] é usada para corrixir a simulacién nas variables
de identificacién de particulas que son usadas na seleccion, facendo asi que as
suas distribuciéns coincidan coas dos datos reais.

e Unha serie de correccions é aplicada para conseguir a correcta descricion das
variables Az (distancia no eixo z entre os vértices de desintegracion do mesén
B e do 7) e dz (a anterior distancia dividida entre a sda incerteza). Esta
ultima variable é usada na seleccién para separar os eventos de sinal dos even-
tos prompt. Para calcular estas correccions, comparanse as distribucions das
incertezas na posicion dos vértices con respecto as suas respectivas masas in-
variantes, e realizase un axuste linal para atopar as correccions precisas en
funcién da masa. Unha correccién adicional é aplicada para os datos de 2016,
no cal se sabe que a resoluciéon dos vértices é distinta que nos outros anos
de toma de datos: a distribucién de 0z é axustada aos datos usando unha
distribucién Gaussiana dobre.

e Outra nova serie de correcciéns é aplicada as variables de multiplicidade (ntimero
de trazas e numero de graos de liberdade do vértice primario), as variables
cinematicas do B (momento transversal e pseudorapidez), e ds eficiencias do
trigger. Estas correccions calctilanse comparando directamente as distribucions
nesas variables entre simulacion e datos, atopando asi os pesos que aplicar &
simulacion para facer que describa mellor os datos reais.

e Por tltimo, a ferramenta HAMMER [120] é usada para corrixir os mode-
los tedricos usados na simulacién, adaptando as mostras simuladas ao marco
teorico usado na analise de datos.

4. Calculo das eficiencias: as mostras de simulacién son usadas para calcular a
eficiencia de cada canle, é dicir, a porcion de eventos que pasan todo o proceso de
seleccion con respecto ao nimero de eventos producidos.

5. Estudo de mostras de control: unha serie de mostras de datos complementarias,
seleccionadas para conter as principais canles de fondo, son usadas para describir
correctamente as mostras simuladas nesas canles. Estas son:

e As canles double-charm (B — D°D¥(X), B — D°D*(X), e B — D°D°(X)).
Estas son as principais canles de fondo presentes na seleccién final. Selecciénanse
mostras de control requerindo a reconstrucion do mesén D correspondente a
partir dos tres piéns presentes na seleccién nominal (D — 37, DT — K277,
ou D° — K3r), e realizase un axuste 4 masa invariante do mesén B para obter
as proporcions de cada unha das canles individuais que contribien a estes fon-
dos. Estas proporcions son logo usadas para mellorar o fit de sinal.

e As canles prompt (B — D37(X)). A segunda fonte principal de ruido. Se-
leccionase unha mostra de control requerindo que o vértice dos tres pions sexa
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cercano ao vértice do mesén B, e calciilanse pesos nas variables de ¢? e de BDT
para facer que a mostra simulada coincida cos datos reais nesas variables.

e As canles de desintegracion DI — 37w(X), as cales é importante ter ben
descritas na simulacion xa que o principal fondo provén das canles B —
D°D#(X). Selecciénanse miiltiples mostras complementarias enriquecidas con
distintas canles resonantes e realizase un axuste simultaneo a todas elas, ob-
tendo asi as proporcions relativas de cada unha das canles, as cales son usadas
para corrixir as mostras simuladas.

6. Determinacion do nimero de eventos de sinal: un axuste tridimensional en
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¢?, tempo de desintegracién do 7, e o valor dado pola BDT é usado para extraer o
nimero de eventos das canles de sinal presentes na mostra de datos. Neste axuste,
cada unha das principais canles de desintegraciéon é modelada en base as mostras
de datos simulados corrixidos, obtendo un total de 24 componentes. Os fondos
combinatorios (desintegracions que son incorrectamente reconstruidas e pasan a se-
leccién) son fixados basedndose nas stas distribuciéns en mostras de datos. Ademais,
a relacion entre algunhas das componentes é usada para reducir o nimero de graos
de liberdade do fit ata 13. Dous parametros adicionais son engadidos para permitir
variar a forma das canles B — D°D7(X) na variable de BDT, a cal se sabe que non
estd ben descrita. A informacién obtida da mostra de control de B — D°D#(X) é
usada para restrinxir os seus correspondentes parametros. Desta forma obténense os
numeros de eventos de cada unha das canles, incluindo as de sinal que nos interesa
medir: B~ — D% 7. e B~ — D*r 1w

Determinaciéon do niimero de eventos de normalizacién (section 6.2): un
axuste unidimensional 4 masa invariante m(D°D7) no pico de masa do mesén B é
usado para extraer o niimero de eventos da canle de normalizacién (Bt — D°DY)
presentes nos datos. Debido ao gran illamento desta canle, o modelo de axuste ¢é
relativamente simple, en comparacion co axuste de sinal: unha distribucién Crystal
Ball para o pico de masas xunto a unha exponencial decrecente para o ruido de
fondo.

Estudo de efectos sistematicos e incertezas: as diferentes posibles fontes de
erros e efectos sistematicos son estudadas para determinar as correccions necesarias
aos valores e incertezas dos resultados anteriores. Os principais efectos sistematicos
son:

e A estadistica limitada das mostras simuladas. Xa que o axuste de sinal se
realiza con distribuciéns obtidas da simulacién, o nimero limitado de eventos
que se produciron é un factor limitante para a calidade desas distribucions.
Estimase este efecto no resultado repetindo o axuste de sinal con distribucions
alternativas variando as distribuciéns en base ao seu erro estadistico. Atopase
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asi que a incerteza sistemadtica introducida por este efecto estd no 23% para

R(D°) e no 7.5% para R(D*?).

e O modelo das canles de fondo double-charm. A pesar de usar mostras de con-
trol dedicadas para describir estas canles, o seu modelo no axuste de sinal,
e particularmente a sua distribuciéon na variable de BDT, proba ser un dos
efectos sistematicos mais grandes. Estimase a sia magnitude facendo variar as
distribuciéns destes modelos en base as discrepancias atopadas nas mostras de
control, e estudando o comportamento do axuste de sinal ao fixar os parametros
que afectan a estes modelos. Atdpase asi que a incerteza sistemadtica intro-
ducida por este efecto estd no 22% para R(D°) e 7% para R(D*°).

9. Medida das taxas de desintegracién B~ — D®°7~7_ e dos cocientes R(D")
e R(D*): finalmente, todos os resultados obtidos combinanse coas fontes externas
para calcular as cantidades desexadas, tal e como se explicou anteriormente, e estas
son corrixidas tendo en conta os efectos sisteméticos estudados no paso anterior.

Debido a que a analise ainda estd en estado preliminar, pendente de ser revisada
pola colaboracion LHCb, os resultados obtidos son “cegados” durante todo o proceso,
impedindo conecer a sia magnitude e asi evitando posibles sesgos no desenvolvemento da
analise.

Ademais desta medida de R(D™)°), tamén estd plantexada unha medida ansloga de
R(D(*)_), a cal seguird practicamente a mesma estratexia, coas unicas diferenzas proce-
dendo das distintas canles de desintegracién, sendo as canles de sinal B — D" =7ty
con

*— — 1.0
D™ = D {n", 7},
D™ - K'nn,
™ = ot (77,
precisando asi unha seleccion de datos lixeiramente diferente.
Esta segunda analise deixouse nun segundo plano, coa intencién de primeiro perfec-

cionar a medida de R(D®*)°) e despois transferir directamente os algoritmos desenvolvidos
e optimizados a esta nova medida, minimizando asi o tempo e traballo requeridos.

A.4 Resultados e conclusions

Os resultados (cegados) obtidos para as taxas de desintegracién foron

B(B~ — Dr77,) = (xxx £ 0.13 (stad.) & 0.22 (sist.) £ 0.07 (ext.)) x 1072,
B(B~ — D*777,) = (xxx £ 0.11 (stad.) 1077 (sist.) £ 0.15 (ext.)) x 1072 ,



JULIAN LoMBA CASTRO

onde as primeiras incertezas son estadisticas (debido & cantidade de datos), as segundas
son debido a efectos sistematicos, e as terceiras debido &as incertezas das medidas externas.
Estas duas cantidades tenien un factor de correlacion de —0.486. As siias incertezas totais
son, respectivamente, 2.7 x 1073 e 2.4 x 107%. Estes resultados poden ser comparados
coas medidas existentes recopiladas en [2],

B(B~ — D°r7p,) = (7.74£2.5) x 107% , (A1)
B(B~ — D*777,) = (1.8840.20) x 1072 , '
onde pode verse que as medidas realizadas nesta tese tenen o mesmo nivel de precision
que as xa existentes.

Para os cocientes de Universalidade Leptonica, os resultados obtidos son

R(D°) = xxx =+ 0.056 (stat.) + 0.096 (syst.) + 0.034 (ext.) ,

A5
R(D*™) = xxx 4 0.020 (stat.) 4 0.026 (syst.) £ 0.029 (ext.) , (A.5)

cun factor de correlaciéon de —0.471 entre as duas cantidades. As sias incertezas totais son
0.12 and 0.044, respectivamente. Estes resultados son comparados coas medidas existentes
na figura A.1, onde pode verse que a precisién obtida para R(D°) ¢ lixeiramente peor,
pero de magnitude similar, & das medidas existentes; mentres que a precision obtida para
R(D*®) é parecida 4 das existentes.

No momento de escritura desta tese, esta andlise de R(D™)?) atépase na stia fase final
antes de ser revisada pola colaboracién LHCb, despois do cal revelarase o seu resultado e
sera publicado.

No futuro préximo, antes de publicarse, a incerteza sistematica destes resultados sera
reducida implementando melloras a estratexia de analise para reducir a discrepancia entre
o modelo e os datos reais. O traballo realizado para esta tese foi esencial para descubrir
e analizar o impacto destas discrepancias, e asi permitir corrixilas.

Nun futuro mais distante, as incertezas estadisticas poderan ser reducidas en futuras
analises grazas as grandes cantidades de datos que se esperan tomar nos préximos anos en
LHC. As incertezas externas tamén melloraran ao longo dos anos segundo novas medidas
mais precisas sexan realizadas pola comunidade. As incertezas sistematicas tamén se
espera que melloren grazas a novas técnicas de simulacion méis rapidas que permitan
dispor de mais datos simulados e grazas a entender mellor as contribuciéns das canles de
fondo.

En paralelo a esta medida de R(D®*)°), algtins dos fundamentos para a futura medida
de R(D™™) tamén foron realizados durante o traballo desta tese, principalmente a se-
leccion de datos e o estudo de mostras de control das principais canles de fondo, asi como
todos os métodos e algoritmos desenvolvidos para a medida de R(D®*)°) que poderén ser
adaptados, senén reutilizados, para esta nova medida. A precisién esperada en R(D®*)™)
é similar 4 obtida para R(D®)).

En conclusion, a analise de datos presentada nesta tese ofrece unha importante con-
tribuciéon ao estudo das anomalfas en cocientes de Universalidade Lepténica R(D™), e
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A Resumo da tese en galego

0501 __ BaBar, PRL109, 101802 (2012) LHCb, PRL120, 171802 (2018)
—— Belle, PRD92, 072014 (2015) — Belle, PRL124, 161803 (2020)
0.454 — Belle, PRL118, 211801 (2017) —— LHCb muonic (2022)
- World average (HFLAV) - Standard Model
= This measurement (blind, stat. only)
0.40 1 == This measurement (blind, stat.+syst. only)
— ****  This measurement (blind)
20351
X
0.30 1
- il
0.25 1
0.20 1

0.15 020 025 030 035 040 045 0.50 0.55
R(D)

Figure A.1: Estado actual das medidas de R(D) e R(D*), coa medida desta tese incluida.
Cada elipse representa una medida combinada de R(D™), co seu contorno representando
as stias incertezas e a sda inclinacién a sta correlacién. A medida de R(D™)°) realizada
nesta tese é representada en pirpura (centrada no valor tedrico debido a estar cegada), coa
lina continua representando as incertezas estadisticas, a lina discontinua representandoa
tamén coas incertezas sistemadticas, e a lina de puntos con todas as incertezas. As in-
certezas externas espérase que se reduzan ao longo dos anos, mentres que as sistematicas
tamén se reduciran lixeiramente antes da finalizacién da anélise.
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aporta a primeira medida de R(D) usando a canle de desintegracién hadrénica do leptén 7
feita polo experimento LHCb, presumiblemente mellorando a situacién global da procura
de nova fisica féra do Modelo Estandar no sector da Universalidade Leptonica.
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Glossary of Terms

BBLite: Beeston-Barlow Lite. A fitting method that takes into account the limited
sample size of template PDF's by introducing a nuisance parameter for each bin.

BDT: Boosted Decision Tree. A supervised machine learning algorithm.
B(X — Y): Branching fraction of the X — Y decay.

CP: Charge-Parity. Usually used in the context of “CP-symmetry” (the symmetry of
particles under the simultaneous inversion of charge and parity) or “CP violation”
(the violation of such symmetry).

DIRA: Direction Angle. The angle between the line that connects a particle’s primary
vertex with its decay vertex and the direction of the sum of momenta of its decay
products.

DOCA: Distance of Closest Approach. The shortest distance between two tracks.
DOF': Degrees of Freedom. Number of independent parameters.
e: Efficiency. The fraction of events that passed certain requirements.

HLT: High Level Trigger. Defines the software-level trigger system of LHCb (see sec-
tion 3.2.4).

LFU: Lepton Flavour Universality. See section 2.2.
LHC: Large Hadron Collider. See section 3.1.
LO: Level 0. Defines the hardware-level trigger system of LHCDb (see section 3.2.4).

Niso(X): Number of additional tracks with pr > 250 MeV /¢, x%(PV) > 4, and x%(X) <
25. A measurement of how many additional tracks a vertex X has, compared to the
expected tracks from a signal decay (see section 4.3.4).

NP: New Physics. Any phenomenon that disagrees with the SM.

PDF: Probability Density Function. Function whose value at a given point represents
the relative probability of a certain random variable being equal to that point.

PID: Particle Identification. See section 3.2.3.

PIDx: Log-likelihood difference between the X and pion hypotheses for a the identifica-
tion of a certain particle (PIDx = log Ly log L,).



Pnn(X): Bayesian posterior probability of a particle being of the type X. The “NN”
refers to the Neural Networks used in the PID algorithm.

PV: Primary Vertex. The point in which the original collision happened (in this case,
the proton-proton collision).

q?: Squared transferred momentum. In a hy — hy W= decay, ¢> = (p1 —po)?, which equals
the invariant mass of the resulting particles from the subsequent W= decay.

RICH: Ring Imaging Cherenkov. A kind of detector that uses Cherenkov radiation to
identify particles (see section 3.2.3).

SPD: Scintillator Pad Detector. See section 3.2.3.
SM: Standard Model. See section 2.1.

QCD: Quantum Chromodynamics. Theory that describes the strong interaction of
quarks and gluons and is contained within the Standard Model.

VELO: Vertex Locator. Subdetector of LHCb (see section 3.2.2).

X3p(X): Difference between the x? of a vertex X built with and without the considered
track (see section 4.3.4).
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immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void, as if it had
never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves
only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-
transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on
duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order
Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use
of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any
further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate
applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually
explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform
CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such
as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been used
by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service,
if available, or otherwise) for any of such third party materials; without a separate license, User may not use such third
party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the
Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows:
"Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably legible font
size and must be placed either on a cover page or in another location that any person, upon gaining access to the material
which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work
as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the
new work containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use
fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees
and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of
any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE
A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total
amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its
principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE
RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION
IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE
REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK
(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT
NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of

the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach
not cured within 10 days of written notice thereof shall result in immediate termination of such License without further
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notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be
liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that
is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less
than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's
and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,
the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members
individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other
similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately
preceding or following the entire portion of the Work copied) (ii) permit "publishing ventures" where any particular
anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation
arising from data provided by User), any use authorized under the academic pay-per-use service is limited as
follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or
(b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than
one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except
in order to produce an identical copy of a Work before or during the academic term (or analogous period) as to
which any particular permission is granted. In the event that User shall choose to retain materials that are the
subject of a photocopy permission in electronic memory for purposes of producing identical copies more than
one day after such retention (but still within the scope of any permission granted), User must notify CCC of
such fact in the applicable permission request and such retention shall constitute one copy actually sold for
purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include
any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify
the Work (except by means of deleting material immediately preceding or following the entire portion of the
Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User
shall maintain for at least four full calendar years books and records sufficient for CCC to determine the numbers
of copies made by User under such permission. CCC and any representatives it may designate shall have the right
to audit such books and records at any time during User's ordinary business hours, upon two days' prior notice. If
any such audit shall determine that User shall have underpaid for, or underreported, any photocopies sold or by
three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs
of any such audit. Any amount determined by such audit to have been underpaid by User shall immediately be
paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date such amount was
originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning
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management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts
in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants
authorizations to import requested material in electronic format, and allows electronic access to this material
to members of a designated college or university class, under the direction of an instructor designated by the
college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs
or other still images not embedded in text, which grants not only the authorizations described in Section
14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for
use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification of
the resolution of such requested material (provided that such modification does not alter the underlying
editorial content or meaning of the requested material, and provided that the resulting modified content is
used solely within the scope of, and in a manner consistent with, the particular authorization described in the
Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of
the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also
the following authorizations: (i) to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in
the physical classroom or remotely by means of streaming media or other video formats; and (iii) to "clip" or
reformat the requested material for purposes of time or content management or ease of delivery, provided
that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the
requested material and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless
expressly set forth in the relevant Order Conformation, the License does not authorize any other form of
manipulation, alteration or editing of the requested material.
i) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any
right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the
Work (except by means of deleting material immediately preceding or following the entire portion of the Work
copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit
"publishing ventures" where any particular course materials would be systematically marketed at multiple
institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent
contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,
and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,
poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical
or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than
one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means
of electronic password, student identification or other control permitting access solely to students and
instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,
upon gaining electronic access to the material, which is the subject of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
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o a statement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material
has been made available electronically solely for use in the class, and

o a statement to the effect that the material may not be further distributed to any person outside the class,
whether by copying or by transmission and whether electronically or in paper form, and User must also
ensure that such cover page or other means will print out in the event that the person accessing the
material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,
User is thereupon required to delete the applicable material from any electronic storage or to block electronic
access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same
university or college class, require separate permissions under the electronic course content pay-per-use Service.
Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no
later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,
User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the
numbers of copies made by User under such permission. CCC and any representatives it may designate shall have
the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior
notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic
copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC
shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall
immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date
such amount was originally due. The provisions of this paragraph shall survive the termination of this license for
any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary
loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License
expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the
applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-
academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a
transitory basis;

i) the input of Works or reproductions thereof into any computerized database;

i) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or
directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these
Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For
"electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic
transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display
or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for
any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as
measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the
date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation

7of 8 22/3/23,10:06



Firefox https://marketplace.copyright.com/rs-ui-web/mp/license/7fdf6708-fac1....

(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs or
other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modified
without additional express permission, and a Work consisting of audiovisual content may, if necessary, be
"clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any such
resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or
meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner
consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and
that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the
prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not
apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at
www.copyright.com/about/privacy-policy/.

) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural
person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,
including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern
or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with
any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing is
prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears
on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of
New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or
proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in
any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court
whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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In the Standard Model (SM), Lepton Flavour Universality (LFU)
is a property that implies that the coupling between gauge
bosons and the different leptons does not depend on the flavour
of the lepton. In particular, the so-called LFU ratios such as
R(D(*)0)=BF(B-D(*)0tv)/BF(B-D(*)0uv) are being thoroughly
measured by different experiments, finding tensions with the
SM predictions up to the 3 sigma range. In this thesis, a
preliminary simultaneous measurement of the B-D(*)0tv
branching fractions and the R(D(*)0) LFU ratios is reported,
done with LHCb data from the years 2016-2018. The obtained
results, with blinded values, are R(D0) = x £ 0.12 and R(D*0) =
x = 0.043.

In addition, the base work for a complementary and analogous
measurement of the R(D(*)-) is laid out.
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