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Beauty to Open Charm Measurements at LHCb and Other Flavourful Friends
by Jonathan E DAVIES

The Standard Model (SM) of particle physics, which seeks to provide a fundamental de-
scription of the universe’s smallest constituents, is an incredibly successful theory by
many metrics. There is, however, good reason to believe that it does not provide the
full picture. The exact nature of such a new theory remains uncertain, and there is cur-
rently limited experimental evidence of significant deviations from the SM. Observation
of such deviations is an essential prerequisite for the emergence of a new fundamental
theory that provides a more consistent description of all empirical observations. This, in
turn, requires high-precision measurements. LHCb is an experiment designed explicitly
with the precision paradigm in mind, particularly for beauty and charm physics, and has
recently undergone extensive upgrades. For measurements taken by this new detector to
be relied upon, its early data must first be validated, and this thesis details efforts towards
this goal, particularly through production cross-sections of beauty hadrons. Such Early
Measurements utilise “Beauty to Open Charm” channels, which have recently shown
hints of a theory-experiment discrepancy, and both experimental and theoretical analyses
seeking to clarify this situation are also explained here. Firstly, I outline an LHCb analysis
probing for the influence of New Physics in B? — D; 7~ through measurements of its
CP asymmetry, an observable expected to be sensitive to such effects. A symmetry-based
analysis of the theoretical side of this puzzle comes later, where it is concluded that excess
symmetry breaking cannot be attributed as the source of the observed tensions. This was
limited somewhat by a lack of experimental data, but the data situation is more bountiful
for B — DD’, which also benefits from access to direct CP violation. A more in-depth
analysis using a similar method was therefore also applied to this family of decays, and
the details of this can also be found here. The predictions from this analysis were found
to be consistent with the experimental data; however, they had improved precision, and
predictions were possible for observables yet to be determined experimentally. Evidence
for breaking of the traditional assumption of isospin symmetry in production was also
shown at a significance of 2.5¢.


HTTPS://WWW.MANCHESTER.AC.UK/
http://www.se.manchester.ac.uk/
https://www.physics.manchester.ac.uk/

18

THE UNIVERSITY OF MANCHESTER

Lay Abstract

Faculty of Science and Engineering
School of Natural Sciences

Doctor of Philosophy

Beauty to Open Charm Measurements at LHCb and Other Flavourful Friends
by Jonathan E DAVIES

Why do we exist? I mean this not as a philosophical question but a physical one.
A better phrasing might be "how is it that we, as entities made of matter (stuff, if you
will), happily exist, billions of years after the universe began?". Not so catchy and pos-
sibly still not particularly clear. Almost everything we see is made of matter- people,
cats, trees, stars, etc. To get a bit more technical, they’re all made of atoms. This doesn’t
immediately sound extraordinary, but there is another type of substance that things can
be made of- antimatter. Many are surprised to hear that this is not only real but also
relatively everyday. In fact, a banana produces ~ 1 million antimatter particles a day
due to being slightly radioactive. Antimatter is matter’s opposite- put an electron next to
an anti-electron and the two will cancel each other out and disappear- and the two are
identical (or exactly opposite) in many respects. Here comes the punchline. If all of this is
true then we would expect that at, the birth of the universe, matter and anti-matter were
created in equal amounts. Every particle would then cancel out its antimatter partner-
no atoms, no world, no us! Our existence is all the evidence we need to convince us that
not all particles are created equal- nature clearly has a bit of a preference for the stuff
we’re made of, which we call "matter". Our theory does allow for such imbalances but
there’s just one problem though; it’s nowhere near enough to explain how we all got
here! So maybe our theory is wrong. Over the last 50 years, our theory has made incred-
ibly precise and accurate predictions, so we can’t just bin it, but it isn’t a perfect picture
e.g. astronomers see that the night sky is filled with a substance (dark matter) that just
doesn’t fit into our theory. The best thing seems to be to measure this matter /anti-matter
imbalance and look for something unexpected. This would mean recreating the state of
the universe just after its birth, and require an enormous amount of energy. Thankfully,
there’s a machine that is able to do just this- the Large Hadron Collider (translation: a
huge underground ring in which we smash together millions of protons travelling near
light-speed). Running this thing is a monumental task, requiring the effort of thousands
of people across the world. For a few years I have been one of them and what follows is

an account of the small part I have played in that time.
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“I wish it need not have happened in my time,” said Frodo. "So do I,” said Gandalf, "and so do
all who live to see such times. But that is not for them to decide. All we have to decide is what to
do with the time that is given us.”

J.R.R. Tolkien, The Fellowship of the Ring
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Preface

I was born in Shrewsbury, birthplace of notable scientist Charles Darwin, and grew
up nearby in the countryside of North Shropshire. A curious mind and envy of on-screen
mad professors naturally led me towards the sciences. I remember the hype surround-
ing the switch-on of the LHC around my transition from village primary school to state
secondary and was inspired to consider a career in particle physics aged 14 following the
discovery of the Higgs boson in 2012. As a determined individual, my ambition did not
waver over the next 10 years, which culminated in me finally visiting CERN. My journey
to the completion of this document has been a somewhat surreal experience, and serves
as a example of the possibility of big dreams. The journey has, though, not been without
challenge, with continuing long-standing mental health issues being brought to the fore.

The thesis is structured as follows:

¢ Chapter 1 introduces the reader to the state-of-the-art in high energy physics, pro-
viding the context for and motivating the analyses later detailed.

* Chapter 2 provides a theoretical background to the Standard Model of particle
physics, providing motivation for the analyses that follow, and a starting point for
theoretical discussions.

¢ Chapter 3 describes the operations of the LHC and LHCb Experiment (in both Runs
2 and 3), as well as providing some historical context to flavour physics measure-
ments.

* Chapter 4 outlines my contributions to the a%; CP violation measurement of Bs —
D7, which was also detailed in Ref. [1].

¢ Chapter 5 explores the work performed on preparing to make Early Measurements
of beauty hadron production cross-sections with through decays via open-charm to
hadronic final states, part of which was included as part of Ref. [2].

* Chapter 6 describes my phenomenological analysis of B — DD’ [3], using SU(3)r
symmetry to predict CP asymmetries and test the Standard Model.

¢ Chapter 7 describes my work on the phenomenology of B — Dh decays [4], inves-
tigating the current tension between theory and experiment.

¢ Chapter 8 concludes with a summary of the outcomes and potential future direc-

tions of the work described in the preceding chapters.
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Prior to my PhD, I had participated in a few research projects over the course of my
undergraduate degree. In summer 2018, I worked with Imperial College’s Data Science
Institute and Prof. Roberto Trotta in the Astrophysics department to create a visualisation
of the observable universe. The following summer, as part of a research exchange, I
worked at MIT’s LIGOLab on Bayesian inference for Gravitational Wave Power Spectral
Densities, resulting in a publication [5]. Finally, I completed a MSci Project using Run
2 CMS data to put constraints on dimension-6 operators that could source New Physics
on top of the Standard Model using an Effective Field Theory formalism. In addition,
during the PhD I took part in several roles and initiatives:

* I was an organiser of the 2022 edition of the LHCb Starterkit, providing first year
PhD students with tutorials in the main software packages of the collaboration.

¢ I was also an organiser of the monthly LHCb UK Student seminars

¢ [ attained the Associate Fellowship of Advance HE, for my participation in teach-
ing in Higher Education. I also acted as an assessor for the applications of other
candidates.

¢ Tacted as a liaison between the B20OC, EMTF and RTA working groups

* T acted as an RTA software shifter

¢ Data Manager Shifts in the LHCb Control Room

¢ Co-author on a HSF paper on onboarding and training at CERN experiments [6]
* Wherever possible, I've got involved with outreach opportunities:

T acted as a co-coordinator of the LHCb collaboration’s involvement in the "I'm

a Scientist, Get Me Out of Here!" initiative, which hosts regular live chats with
secondary school students.

Having participated in the Pint of Science festival as a speaker in 2021 and
2022 in Manchester, I helped to organise CERN-supported events in Geneva
and St Genis in 2023.

I was a member of the committee for producing LHCb merchandise.

I also worked as a tour guide at many CERN visit points, including under-
ground, where I supported both public visits, school visits and protocol visits.
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e Introduction

“Opportunity is missed by most people because it is dressed in overalls and looks like work.”

- Thomas Edison

Plato once said, “God ever geometrises” [7]. Indeed, the progress of science over
many centuries marks the attempt to find simplicity in a complex world. The language
of mathematics evolved and created a world full of patterns and symmetry, and elegance
or beauty is often a motivation for mathematicians. Paul Dirac even went as far as to
suggest that the beauty of a theory was strongly linked to its validity, and said “The re-
search worker, in his efforts to express the fundamental laws of nature in mathematical
form, should strive mainly for mathematical beauty” [7]. As John Keats said, “Beauty
is truth”, and anecdotally this poem may have been the inspiration behind the names of
the “truth” and “beauty” quarks, two types of particle that make up matter at the funda-
mental level'. In the conventional sense of beauty, it is often said to rely on symmetry;
symmetrical faces are generally perceived as more “attractive” [8]. Naturally then, in the
search for elegant models, symmetries crop up a great deal in physics theories, and inter-
esting consequences arise when these are broken. This point seems especially pertinent
in the context of the ongoing struggle for equality and balance in the modern world. The
beauty quark, as the heaviest type of elementary particle that can combine with others
to form longer-lived and more-easily-measurable composite particles, has been the pri-
mary focus of numerous experiments, with appropriate names like BELLE and LHCb?.
Theoretically, these particles are also interesting from the perspective that, as will be ex-
plored in the later chapters, their considerable masses permit approximate symmetries
to emerge, dramatically improving the feasibility of certain types of calculation. It is the
latter of these experiments (if the title did not give it away) that is the main theme of this
thesis, which sits at an interesting convergence of “beauty” and “symmetry” in multiple

senses of these words.

ITherefore, this statement is somewhat confusing in a particle physics context.
2 An early proposal to name LHCb “BEAST” (Beauty Experiment At Small Theta) was unfortunately shot
down, to the dismay of many of its physicists who wanted to sound cool.
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Experiments like LHCb work at the cutting edge and, just as mobile phone companies
constantly bring out new models, every few years it is necessary to upgrade the detector
to implement the latest advances in technology, providing a more precise instrument with
which to measure fundamental physics. After several years of excellent work with the
original detector in the first two data runs of the Large Hadron Collider (LHC), the period
of shutdown from late 2018 presented an opportunity for the collaboration to bring out
its version 2.0. The changes that were made were considerable, with new flashy features
including the ability to filter experimental data with software alone, at a rate higher than
ever. As the experiment prepared for the start of the LHC’s Run 3 in 2022, the new LHCb
detector significantly differed from the previous one. Much work was therefore needed
to test this new machine and understand its quirks, and much of that year was spent
commissioning the new detector from the perspective of subdetector performance.

While the hardware and software may have changed in the upgrade, it is important
to note that physics has not, and all the subdetectors and the reconstruction chain can
be thoroughly checked at once through reference measurements of quantities that are
known well. Ideally, these measurements can be performed with a small amount of data,
and are given the simple but sufficiently-descriptive name of Early Measurements. In 2020,
I started, and throughout my PhD continued to work on, such an Early Measurement
analysis, though factors beyond our control (COVID pandemic, delays to subdetector
installation, VELO vacuum incident) meant that less data was collected than would be
needed to produce a competitive measurement. These measurements concern the prob-
abilities that certain composite particles containing a b quark, called B hadrons, get pro-
duced in proton collisions. Though these quantities have been measured previously, their
determination will mark a first for the experiment in using hadronic (quark-filled) final
states to do this, and are studied through the very versatile Beauty to Open Charm (B20C)
decays, charm being another type of quark and open charm referring to hadrons contain-
ing just one such quark. Hadrons containing both a c quark and its antimatter equivalent
are described as hidden charm®. Preliminary studies were made using the available 2023
data, with much time spent in the run-up to this preparing with simulated data, and it is
expected that data taken during 2024 will enable the measurement to be concluded.

One of the specialities of the LHCb experiment is performing measurements of CP
violation (CPV), imbalances between matter and antimatter interaction rates necessary to
explain the dominance of the former over the latter in the universe. Such measurements
are also excellent probes for the presence of new physics, and I participated in an anal-
ysis to measure CP violation in BY — D 7~ with this goal in mind. This, and other
similar B — Dh decay modes, have recently shown significant tensions with the theoreti-
cal predictions of QCD factorisation (QCDF). I also worked to understand the theoretical
side of this tension using a different approach to QCDEF, based on simple particle symme-
try assumptions. This symmetry-based approach is a powerful tool and, in addition to

3Such terminology can also be applied to describe particles containing b quarks, permitting in this case
the legitimate (though rarely seen) usage of open bottom. The converse of hidden beauty has much more of a
ring to it.
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B — Dh, 1 applied it also to B — DD’ channels in an update of Ref. [9], using branching
ratio and CP asymmetry measurements. This approach allows the derivation of approx-
imate predicted relations between B20C decays, which can be tested by measurements.
Significant breaking of these relations could indicate the presence of new physics. Up-
dates to the experimental inputs since the publication of the original B — DD’ paper
provides more precise knowledge of hadronic matrix elements, and hence make for bet-
ter theoretical predictions.
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Theoretical Background

“The greatest danger for most of us is not that our aim is too high and we miss it, but that it is too
low and we reach it.”

- Michelangelo

2.1 The Standard Model

2.1.1 Elementary Particles

The Standard Model of Particle Physics, commonly referred to as the Standard Model or
just the SM, was developed in the 1960s and 1970s in order to make some sense of the
variety of subatomic phenomena that had been observed by that time [10]. It remains the
best fundamental theory of physics on these small scales, and postulates the existence
of six types (or flavours) of elementary particle called guarks', namely up, down, strange,
charm, bottom (beauty), and top (truth), which make up composite particles like protons
and neutrons that, in turn, make up atoms [13]. The common shorthand of {u, d, s, ¢, b,
t} to abbreviate these names will be used throughout. The masses of these particles cover
several orders of magnitude, a theoretical puzzle that remains unexplained.
Just as protons have an electric charge, designated by the elementary charge,

e~16x107YC, (2.1)

so too do quarks, which can be up-type (u, c, t) with a charge of —|—%e, or down-type (d, s,
b) with a charge of —1e. To be more precise, quarks are charged under the electromag-
netic interaction, the fundamental force of nature responsible for explaining both electric
and magnetic phenomena. As shown in Figure 2.1, such interactions between charged
particles can be explained by the exchange of photons, massless particles with an infinite

LA popular origin story for the origin of this term is that it came from James Joyce’s Finnegan’s Wake [11],
though there is debate as to the correct pronunciation; rhyming with “mark”, as implied by the poem, or
rhyming with “stork” as the originator of the term, Murray-Gellman, intended [12].
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I=,q

It,q

FIGURE 2.1: The electromagnetic interaction diagram. The strength of the
interaction is characterised by the vertex factor; the elementary charge e
for leptons or the quark charge, e;, for quarks.

range, which are manifestations of electromagnetic fields, or “light” as they are referred
to in everyday life. Electrons, with a charge of —e and mass of 511 keV, alongside protons
and neutrons, complete the fundamental picture of atoms. In the SM, they are part of the
lepton class of particles, which also contains two heavier, equivalently-charged versions
called the muon and the tau, with masses of 105.7 and 1776.8 MeV respectively [14], as well
as chargeless neutrino® versions of each of these. In the SM, neutrinos are also considered
to be massless, but the observation of neutrino oscillations* [16] showed this not to be
the case. This inconsistency, along with other anomalies discussed in Section 2.2, has mo-
tivated theorists to postulate numerous extensions to the Standard Model. Quarks and
leptons themselves fall into the category of fermions because they all possess half-integer
spins, in this case equal to + 3. These make up the particles of matter, as summarised in
Table 2.1. There is, however, also an antimatter version (denoted as § for a quark g) of
each of these that is treated equivalently in the SM, apart from some quantum numbers
that are exactly opposite, such as electromagnetic charge. In contrast to fermions, bosons
are particles with integer spins, which complete the SM through their mediation of fun-
damental interactions, and are summarised in Table 2.2. The photon, introduced above,
is one such particle.

Unlike leptons, quarks are never found alone but always in bound states (hadrons®); in
pairs (mesons), threes (baryons like protons and neutrons), and even fours and fives (tetra-
quarks and pentaquarks). The exact nature of these hadrons with more than three quarks
is currently unclear; it is yet to be determined whether they are exotic bound states or
simply “molecules” containing two- or three-quark bound states. The LHCb experiment
is one of the world leaders in the study of these particles. This tight binding of quarks

2To be dimensionally correct, masses should have units of eV/c? (with appropriate prefix). It is typical,
however, to work in “natural units” where one sets ¢ = 1, which is the convention throughout this thesis.
The same goes for momenta, which would otherwise have units of eV/c.

3The “-ino” suffix here will be familiar to Italian-speakers as a diminutive. The influence of Enrico Fermi,
this raises the suggestion that the plural of neutrino should be neutrini.

4This discovery won the 2015 Nobel Prize for Takaaki Kajita and Arthur McDonald, exactly 20 years after
Frederick Reines’ win for first detecting the neutrino [15]. This award was shared with Martin L. Perl for his
discovery of the tau that opened the door to the third generation.

5Named from the ancient Greek for “stout” or “thick”, this shares its etymology with the Hadrosaur, one
of my favourite dinosaurs as a child. “Baryon” has a similar origin, sharing its reference to “heaviness” with
“bariatric”.
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Particle @ Mass (MeV)  Charge (e) Interacts via

u 2.2
c 1.28 x 10° +3
Quarks t 173 x 10° EM, Strong, Weak
d 4.7
s 96 -1
b 418 x 103
e 0.511
U 106 -1 EM, Weak
Leptons T 1.78 x 10°
Ve
vy <0.8x107° (1) 0 Weak
Vr

TABLE 2.1: The matter content of the Standard Model. Values taken from
Ref. [14] with the (u,d,s) and (c,b) masses being the MS masses at the
scale 4 = 2GeV and at the MS mass, i.e. m = m(u = m), respectively.
The t mass is extracted from event kinematics. The neutrino masses are
predicted to be zero, however experimental evidence points to them hav-
ing small but non-zero masses. The value quoted here is the bound on the

average neutrino mass from >H decay [17].

Boson Interaction Mass (GeV)  Range (m)
0% Electromagnetic 0 00
g Strong Nuclear 0 1010
W+ Weak Nuclear  80.369 £ 0.013 101
VA Weak Nuclear  91.188 4= 0.002 10°%
(Graviton, G) (Gravity) (0) (o0)
H Higgs 125.20 £ 0.11 0o

TABLE 2.2: The gauge boson content of the Standard Model plus the hy-
pothesised graviton. Values taken from Ref [14].

is due to the properties of the strong force, another fundamental force of nature, which
is responsible for holding hadrons together. This interaction, shown in Figure 2.2, can
be described in a similar way to electromagnetism by the exchange of massless particles,
this time called g/uons. In contrast to electromagnetism, the potential of this force grows
with distance from the source, and gluons exhibit self-interaction. This latter property
restricts the range of the interaction to the scale of the atom ~ 10~ m, which is known
as confinement.

Both quarks and leptons participate in a third fundamental force, the weak force, which
again can be described by particle exchange, this time by W and Z bosons. Charged Weak
bosons, with masses of 80.4 GeV and charges of +e, allow for reactions that change the
type of particle (flavour-changing), i.e. between an up-type quark and a down-type quark,
and between a charged lepton and its neutrino counterpart, as seen in Figure 2.3. Being
electromagnetically neutral and having a mass of 91.1GeV, the Zero-charged boson is
like a heavy version of the photon, which may also contribute to the same diagrams, as
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q 8 8 8
}mmzu g E:i?mw g g?
q 8 8 8
(A) Quark-gluon interaction (B) 3-gluon self-interaction (C) 4-gluon self-interaction

FIGURE 2.2: The strong interaction diagrams. The strength of the inter-
action is characterised by powers of the strong coupling, gs, with higher
powers corresponding to more suppressed diagrams.

I”,qu q,1-
~ 8w W+ ~ 8w z°
‘71/(7D 17/1+

(A) Charged-current fermion interaction.  (B) Neutral-current fermion interaction.

W+ Wt 7, 2° Wt Wt
~gW ¥, ZO ~ g%/v ~ g%\]
W- W= 7, Z° W- W~

(C) Interactions between the electroweak bosons.

FIGURE 2.3: The weak interaction diagrams. Powers of the weak coupling

gw characterise the interaction strength, and diagrams with higher powers

are suppressed. As will be seen, there are additional factors which affect

the sizes of these contributions, such as CKM factors and the Weinberg
mixing angle.

will be seen later. Considering the Yukawa potential [18],

—amy
e

VYukawa(r) - _ngr (2-2)

which confines the potential due to the interchange of a particle of mass m to a range
rg ~ ﬁ, the considerable masses of the weak bosons mean that this interaction is only
relevant within the nucleus, at ranges of ~ 10~ 1> m. The weak bosons may also interact
with each other.

The last of the Standard Model gauge bosons summarised in Table 2.2, is the Higgs bo-
son, named after Peter Higgs®, which was introduced as a mechanism by which particles
can acquire mass [14], with interactions shown in Figure 2.4. Following the 2012 discov-
ery of a Higgs boson by the ATLAS and CMS experiments with a mass of 125 GeV [20,21],

®To appropriately credit everyone who significantly contributed theoretically would necessitate calling
it something like the ABEGHHK'tH boson (for Anderson, Brout, Englert, Guralnik, Hagen, Higgs, Kibble,
and "t Hooft) [19]. Peter Higgs sadly passed away during the writing of this thesis.
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q, - W+, 70 W+, 70 H
R 2 2
yq,l H SWwo b5 ---- H g%vvz .
a1 w-,z° w- 70 H
(A) Fermion interaction. (B) Interactions with weak bosons.
H H H
A'Z)/\F T H A /\/<\/
H H H

(C) 3- and 4-Higgs self-interactions.

FIGURE 2.4: The Higgs boson interaction diagrams. The vertex fac-

tors characterising the strength of the interactions come from a range of

sources, which will be further explained later; the Yukawa couplings, v,

the weak coupling, g, the Higgs vacuum expectation value, v, and the
Higgs self-coupling, A.

all of the particles predicted by the SM have since been experimentally confirmed, and
the theory has been incredibly successful in terms of the precision of its predictions and
in its ability to explain much of the observed phenomena in particle physics [10]. An
example of its extraordinary success is the fact that the measured value of the electron’s
anomalous magnetic dipole moment’ agrees with its predicted value to nine significant
figures, making it one of the most accurately validated quantities in physics [22,23].

Having introduced the elementary particles, one can understand the SM on a deeper
level through the concept of symmetries of nature®. A gauge symmetry view of the funda-
mental SM interactions will be explored in Section 2.1.3, but it makes sense to first review
the mathematical foundation upon which this interpretation sits: group theory. The fol-
lowing section will give a brief overview of this topic, with more details to be found in
Ref. [25].

2.1.2 Group Theory and Symmetries

In Mathematics, a group G is defined as a set of elements ({g1,42,..-g»}) and a binary
operation (e) that may be applied between two of its members to generate an element
belonging to that same set

g1 =93 81,892,833 €G. (2.3)

"The first determination of this quantity won Polykarp Kusch the Nobel Prize in 1955 [15].
8 An idea pioneered by Emmy Noether in Ref. [24].
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There must also be an identity element e € G such that
gee=ceg=¢ VgegG, (2.4)
and every group element ¢ € G has an inverse ¢! € G such that

geg =g leg=c (2.5)

Finally, the operation @ must be associative

g10(g2083) = (g1082) 083, V81,82, €G. (2.6)

Groups are not necessarily commutative, i.e. satisfying

Q19 =999, 1,9 E€G, (2.7)

but those with this property are referred to as Abelian groups. A group may have a finite
or infinite number of elements, and it is this latter case, Lie groups, that is most relevant
in particle physics.

Elements of Lie groups can be “labelled” according to some parameter ¢ (which may
have multiple components ¢;), so

§=G(¢9), g€G, (2.8)

with the identity element e typically being defined as equal to G(0). For a group G of
quantum operators (denoted by “hats”) to be considered to be continuous, an infinitesi-

mal change, 3¢, from the identity operator, 1, must satisfy

n2

G(6¢) = G(6¢9) = M) =1 1 iA(5p) =1+ Y ogiA;, (2.9)
j=1

where ;\j are the group generators [26]. A representation of a group is a way of writing the
group elements as square matrices of the same size. More formally;, it is a vector space of
A; with an operation called the Lie bracket [27] that maps onto the same vector space

(A Al = fijhes (2.10)
where the structure constants, fij, are simply numbers and satisfy the Jacobi identity
[;\il [;\]/ ;\k” + [;\]1 [;\kl /A\l” + [ﬁk/ [;\i/ ;\]]] - 0 (211)

Unitary operators frequently appear in quantum mechanics since they preserve the
lengths of vectors and so also probability amplitudes [26]. Such a U satisfies U'U =
Ut =1 andits exponent, H, is a hermitian (H =H +) operator with the same dimension,
n, as U. All such n x n matrix operators form a group, denoted U(n), under matrix
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multiplication. Since H is hermitian, its diagonal elements are real,

H:=H; and H;; =Hj; for i,j=1,2,.,n (2.12)

1

Thus H, and therefore also U, permits 1” real independent parameters and thus n? gener-
ators A;. Restricting det({I) = 1, produces the group SU(n) with n? — 1 generators. Such
symmetries form the backbone of the current understanding of particle physics through
the Standard Model, encapsulated mathematically by its Lagrangian, which is explored in
the following section.

2.1.3 Gauge Theories

The Standard Model is often described more formally with a Lagrangian with a SU(3) x
SU(2) x U(1) gauge symmetry. This means it is invariant under three different types of
symmetry operations corresponding to the SU(3), SU(2), and U(1) Lie groups, as intro-
duced in Section 2.1.2. Details on this topic can be found in Refs. [14,28]. A Lagrangian,
L, is a general function’ that encodes the relevant dynamics of a physical system

L(g;, ¢irt) = / Lps, g3, )dx, (2.13)

where ¢; are generalised coordinates on which the system depends and L is the La-
grangian density typically used in field theory. Equations of motion of the system can be
deduced according to the principle of least action, i.e. nature always seeks to minimise a
dimensionless quantity called the action, S, given by

5= /Ldt - /£d4x. (2.14)

In natural units, where universal physical constants such as 1 and ¢ are set to unity, space-

1

time coordinates, x*, have dimensions of [Energy] ', and so £ necessarily has units of

[Energy]. The solution to this minimisation problem can then be retrieved using the

oL < oL )
=y, (=), 2.15
dp; " \9(0u9;) @15)

where 9, is the partial derivative with respect to x*.

Euler-Lagrange equations

Quantum Electrodynamics (QED)

A good starting point to understand electromagnetism in the context of particle physics
is the Dirac equation. This applies special relativity to the Schrodinger equation from
quantum mechanics and describes the electromagnetic properties of a charged spin-1/2

particle with mass, m, represented by a four-component spinor, 1 [14,28]

(id — m)yp = 0. (2.16)

9Named after Joseph-Louis Lagrange or, as he was born, Giuseppe Lodovico Lagrangia
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Here ¢ = 0,7" involves the Dirac matrices, which may be represented as

01 . 0 o
0 = P ! = . ] — 1, 2,3 . 2.17
gt <1 0) v <al 0) (i ) (2.17)

The ¢ are the Pauli matrices (given in Ref. [26]) associated with quantum mechanical spin,
which will be encountered again later. The four components of the spinor correspond to
particle wavefunctions for the two spin states, and for both matter and antimatter. The

Dirac equation is an equation of motion of the Lagrangian

L = ipdp — mpy, (2.18)

where § = 'Y It can be noted from this equation that spinor fields have a mass
dimension of 3/2. This equation is invariant under a global U(1) transformation ¢ —
e 10 P, where 6 is constant, however not for a local transformation, 6 = 6(x), which would
require the addition of a term (9,0 (x)) 4. This motivates defining the covariant derivative,
Dy = 0, —igA,, with

Ap(x) = Ay(x) — ;8;,9(36), (2.19)

such that Eq. (2.18) can be made to be locally invariant through the replacement of ¢ by
W. This introduces a new degree of freedom to the system, a vector field with an associated
charge, g. For generality, one must then also add a term

1
_EIVVF]/H//

where
‘Fyv = a],tAv - avAy- (220)

Combining all of these contributions yields Quantum Electrodynamics (QED)':

ﬁQED = —}l./?w/]:yv + I¢H¢ — mlpl/} (2.21)

The corresponding equation of motion for A, is essentially a relativistic version of the
inhomogeneous Maxwell’s equations, with A" = (p, A) and J# = "y, and it becomes
clear that A describes the photon. Requiring that the covariant derivatives satisfy the
Jacobi identity, Eq. (2.11), imposes the Bianchi identity for electromagnetism [10],

9uFpy +0pFye + 0y Fup = 0, (2.22)

which is a formulation of the homogeneous Maxwell’s equations.

10First developed by Paul Dirac. No doubt the relation to quod erat demonstrandum, a common phrase used
to end a mathematical proof, was not lost on him.
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Quantum Chromodynamics (QCD)

In order to include the strong interaction, one can start with a similar set of terms as for
electromagnetism [14,28]. It was found [29, 30] that, on symmetry grounds, quarks must
possess another degree of freedom, called colour charge, of which there are three types
(red, green, and blue). One would anticipate an invariance under transformations

P — Mljl/)], i,j € {T,g,b}, (2.23)

where M is a 3 x 3 matrix. Since unitarity is a common requirement, one can look to
SU(3) as the group whose members will generate the necessary transformations:

l[)i — (51] — z'gsGu(T”)i]-)gbj, (2.24)

where T* are the generators of SU(3), which are typically represented by the Gell-Mann
matrices (given in Ref. [26]), scaled by a factor of a half. SU(3) has eight generators, and
so in a locally invariant theory there must be eight vector fields A} (g/uon fields), which
transform as

AS, — A%+ D6 (x), (2.25)

with
Dy = 59, — ig AS(T°)™. (2.26)

The labels {a,b,c} are adjoint indices running from one to eight, and the generators are
typically taken from the adjoint representation where they are related to the structure
constants of SU(3), i.e. (T¢)" = —if%c. This quantity D;b is similar in structure to the
covariant derivative

(Dy)ij = 0ij0y — igs Ay (T)ij, (2.27)

where i and j are colour indices and the generators T* are once again represented by
the Gell-Mann matrices. Interactions with gluons may change the colour of a quark,
with the gluon carrying a colour and an anti-colour label, to match those of the two
quarks involved [31]. With three colours, there are nine possible linearly-independent
combinations, however one of these would be a colour singlet, which would permit long-
range interactions. Since such a phenomenon has not been observed experimentally, the
remaining eight gluons provide an accurate description of the strong force consistent
with SU(3) symmetry.

One must introduce a field strength tensor similar to that of QED, but here the non-
Abelian nature of SU(3) (e.g. matrices do not generally commute) requires the inclusion
of an additional term that allows for gluon self-interaction

Gy = 0 AL — 0y AS + g f AL A, (2.28)

and hence the full QCD Lagrangian is
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1 B _
Locp = =5 GGy, + ifiyp; — mdyiy. (2.29)

Generality demands an additional term to be present in the QCD Lagrangian,

[Xs ~
65 Gp, G,

where g = f—;,

with €5, being the fully anti-symmetric Levi-Civita symbol. This term violates Charge-

6 is a free parameter that must be measured, and G = %eypr””P,

Parity symmetry (see Section 2.3). However, experimental limits on ultra-cold neutrons
and atomic mercury constrain the QCD vacuum angle to satisfy |0] < 10710 [32,33],
and so, for good reason, this term is typically omitted. This term is discussed further in
Section 2.2.

On account of the self-interacting nature of gluons, the strong coupling constant, s,
depends on energy transfer, Q, satisfying:

. 11NC — 4TRnf

dug
= —boa? + O(ad), by o

2
og or = (2.30)

which has the solution .

boIn <A§;>

where N is the number of colours, Tg = 1/2 is the colour factor for a gluon to split to a g7

as(Q) (1+.), (2.31)

pair, 1y in the number of quark flavours, and Agcp ~ 200 MeV is the QCD scale, a charac-

teristic energy for the interaction [14,28]. The ellipsis refers to terms further suppressed

by In < Agf

QCD
unity and leading to the property of confinement in this regime. In such a scenario,

>. The coupling constant is most significant for small energies, tending to

higher-order terms cannot be neglected, which makes such calculations challenging. For
large energies, the coupling constant becomes small, and quarks display asymptotic free-
dom™ and behave as if they were free. In this regime, the theory becomes perturba-
tive, like electromagnetism, and calculations become more feasible. The “energy-scale”
at which «; is evaluated is often also denoted by p.

Electroweak (EW) Theory

Chirality for a Dirac fermion ¢ is defined through the (parity) operator 7° = iy9q19243,

which has eigenvalues of +1 for right-handed or -1 for left-handed particles. Any Dirac field
can thus be projected into its left- or right-handed component by acting with the projec-
tion operators P, = (1 —9°) or Pr = (1 +9°) on 9. In the relativistic limit (v — c),
these eigenstates are equivalent to those of elicity, which parameterises the projection of

'work on this by David Gross, Hugh David Politzer, and Frank Wilczek earned them the Nobel Prize in
2004 [15].
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a particle’s spin onto the direction of its momentum. In this limit, right-/left-handed par-
ticles have spins pointing in the same/opposite direction to their momenta, respectively.
So far, with the electromagnetic and strong interactions, this property hasn’t required
much consideration, however this is particularly relevant for the weak interaction.

In analogy to the above, for the strong interaction, the contribution to the SM La-

grangian from the weak interaction can be written as [14, 28]
1 . . - ,
Lw= —EWVWIWZV -+ ZQZB/Z]Q] -+ llz_li,B/i]‘Mj + le,D/Z]d] + ZLi,B/i]‘L]' + 1(?1-,2/1-]-6]-, (2.32)

where there are separate terms for the different pairings of particles that can interact and a
labels up-type/down-type. For left-handed fermions, we now consider two-component
objects that group together charged leptons with their corresponding neutrino, and up-

type quarks, U, with the appropriate down-type quark, D, in the same generation'?

I~ u
(1) - (4) -

This dimensionality means that it is the SU(2) symmetry that is relevant here. Experimen-
tally, no W interactions involving right-handed fermions (or left-handed anti-fermions)
have been observed. This is the violation of parity symmetry that Chien-Shiung Wu
demonstrated in her famous experiment [34]. Therefore, right-handed charged fermions
(ei, u;, d;) enter as singlets, while right-handed neutrinos are not included at all. The gen-
erators of this group are the two-dimensional Pauli Matrices, of which there are three
(= 22 — 1), which appear in quantum mechanics as the operators for the three compo-
nents of spin. In fact, these generators are related to a quantity called isopsin, which will

be explored later.

Higgs Field

In a general renormalisable Lagrangian with an energy dimension of four, there should
also be a complex scalar field ¢ (energy dimension one), with a kinetic term

Lyin = D'¢(Duep)”, (2.34)
and a potential term

V() = pPpgp* + A% (pg*)>. (2.35)

For % > 0, the minimum of the potential or vacuum expectation value (vev) is at ¢ = 0,

but if ]12 < 0 then this minimum value, ¢, is non-zero;

A7

12The identification of the doublet structure of leptons was awarded by the 1988 Nobel Prize for Leon M.
Lederman, Melvin Schwartz, and Jack Steinberger [15].
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FIGURE 2.5: The Higgs potential, as given in Eq. (2.35) with p? < 0. It is

clear that the point ¢ = 0 at A is not a minimum, and so one can talk of

the Higgs acquiring a vev as it rolls down to the degenerate minimum at
B. This is the mechanism by which SM particles acquire their masses.

In this latter scenario, the previous symmetry of the system is broken, a phenomenon
known as Spontaneous Symmetry Breaking or SSB.
For a coupling to the weak interaction, the field must be a doublet, ¢* — ¢', and the

usual convention for the vacuum expectation value is

0
$o = <0> . (2.36)
V2

Perturbations about this minimum can be encoded in a field, /1, and gauge transforma-

tions can be made to remove imaginary parts and confine ¢ to the lower part of the

doublet to give [35]
0
¢ = < otk > . (2.37)
V2

Substituting this into the potential generates the following contributions involving h, in

addition to higher-order terms:

Ao?h? + Aok’ + %h‘*, (2.38)
i.e. the potential of a particle of mass my = +/2Av with tri-boson and quartic self-

interaction terms, where A parameterises the interaction strengths. The Higgs field is such
a scalar field with v = 246 GeV [14] (potential shown in Figure 2.5), and the particle H is
interpreted as the Higgs boson, the mediator of the interaction.

In the case of a SU(2) x U(1) electroweak symmetry'®, combining EM and weak inter-
actions with vector fields Wﬁ and By, the covariant derivative becomes

/
Dy = 3, — igW,T" —i5 B,Y, (2.39)

BBWork on this theory was rewarded by not one but two Nobel Prizes, in 1979 for Sheldon Glashow, Abdus
Salam, and Steven Weinberg, and in 1999 for Gerard t'Hooft and Martin Veltman [15]. The experimental
discovery of the W and Z bosons was also recognised by the award of the Nobel Prize to Carlo Rubbia and
Simon van der Meer in 1984.



% 2.1. The Standard Model% 41

where Y is the hiypercharge associated with By,. Since the hypercharge of the Higgs is taken
to be 1, this produces kinetic terms involving

10?

ST | SWIW - PWIW 4 (—gW] + g/B,) (—gW¥ + gBY|,  (240)

which can be interpreted as three massive gauge bosons, as we expect from Section 2.1.1.
To link with the physical flavour states that we’re more accustomed to encountering, we
can look to the lepton kinetic term LD, L, which has a part proportional to

w3 Wl — w2 %
(ﬂa éL) e N
Wy—HWV —WH er

Thus, we see the connection between W;l,’2 and W,f T

1 ) %
Wit = ﬁ(w; FiW2), my = % (2.41)
and the third massive boson, Zg,
70 = cos O W3 — sin OB, my = —5° (2.42)
# W o LT cos O ’

For simplicity, here we have defined the third term of Eq. (2.40) in terms of the weak
mixing (Weinberg) angle 6y = arctan(g’/g). In effect, the W and Z bosons have gained
their masses from the breaking of the electroweak symmetry SU(2);, x U(1)y to U(1)Egm.
There is also a component orthogonal to Z9, which is necessarily massless and is indeed
the familiar photon field:

Ay = sinfw W, + cos 6w B, m, = 0. (2.43)

Such a substitution allows the covariant derivative to be re-expressed in terms of the
photon field, A,

ay —ieA,Q + ..., (2.44)
where
Y 1(Y+1 0
o Tan1(11 ) oo

is the generator for electric charge and

e=gsinfy = g cosby = g¢'/1/ g%+ g% (2.46)

This annihilates the minimum of the Higgs potential for Y = 1 and the expected charges
for the SM particles can be retrieved with the following choices for hypercharge:

o Y = % for left-handed quark doublets, Q;

e Y = —1 for left-handed lepton doublets, L;
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* Y =  for right-handed up-type quark singlets, u;
* Y = —2 for right-handed down-type quark singlets, d;
* Y = -2 for right-handed lepton singlets, ¢;

The QED Lagrangian from earlier essentially gets subsumed within the electroweak La-
grangian, Lyw — Lgw, but QED is recovered following Electroweak Spontaneous Sym-
metry Breaking (EWSSB) at energies below the electroweak scale (v = vgw).

For generality, we must also add a final set of terms to the Lagrangian that are gauge-
invariant and renormalisable

Ly = Y;; Qigbu]- + YgQi(de + ijiiqbej. (2.47)

Through unitary transformations, the Yukawa matrices, Y, can be diagonalised

f _f ft
Y/ = My = VIY VR,
and after SSB one obtains terms of the form
v? v?

These have the appearance of mass terms with m}* = , /v, and so the origin of fermion
masses also becomes clear. This diagonalisation procedure, however, also affects the ki-
netic terms from Eq. (2.32), which become [14]

—\gﬁQ_L'y"W;T+VCKMQL the, VOKM — puydt

T is the “isospin-raising” operator

R 0 1
ﬁ(T +1T)—<0 0>, (2.49)

which will be seen again later, and here pairs up-type and down-type quarks through the
interaction with a charged W boson

— iL_ll-'y”Wlf VZ-?KMD]- + h.c.

V2

Here U = (u,c,t), D = (d,s, b), and it is taken as given that the charged weak interaction
couples only to left-handed fermions. The matrix V-XM introduces a rich phenomenol-
ogy and is explored further in the following section, but I will conclude by summarising
the combined Standard Model Lagrangian;

Lsm = Locp + Lew + Ly + Liin — V(¢), (2.50)

where the present state of the universe follows EWSSB.
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2.1.4 The CKM Matrix and Unitarity Triangles

The matrix VEKM introduced in the previous section is called the Cabibbo-Kobayashi-
Maskawa (CKM) matrix'* and gives the relative couplings of the weak interaction for
transitions between up-type and down-type quarks [14, 36]:

Vud Vus Vub
VEM = 1V Vs V|- (2.51)
Via Vis Vi

Were this an identity matrix (ie. V,3 = Vs = Vi = 1, off-diagonal entries = 0),
flavour eigenstates would be equivalent to mass eigenstates, and the diagonalisation
of the Yukawa matrices wouldn’t have affected the kinetic terms. In reality, the off-
diagonal elements are non-zero with the hierarchy |Vis|, |Vea|(~ A) > |V, |Vis|(~
A2) > V|, | Vial(~ A3). This counting parameter A is typically defined as

Vs |

V |Vud|2 + |Vus|2,

with an experimental value from the CKM global fit of 0.2250 4= 0.0002 [37]. As a com-

plex 3 x 3 unitary matrix, this can be parameterised using nine independent real num-

bers, though the five independent rotations applied to diagonalise the Yukawa terms
reduces the number of free parameters to four [28]. There are several parameterisations
that can be used but one of the most popular is the Wolfenstein parameterisation [14],
which makes the above hierarchy in A explicit. In addition, the Wolfenstein parameteri-
sation uses the parameters A, p, and 7, approximating the matrix as

VCKM ~

1—2A2— At A AN3(p — i)
—A+ LA 1 —2(p+in)]  1—3A%— LA%(1+4A%) AN? , (2.52)
AN —(1=IA%)(p+in)] —AAZ+ 1AM 1 —2(p+in)] 1— 1A%\

up to terms O(A°), where 17 here parameterises the amount of CP violation (as introduced
in Chapter 1 and elaborated in Section 2.3). Note that these parameters are not predicted
but must be measured experimentally.

The fact that the Standard Model expects the CKM matrix to be unitary imposes con-
straints on the values of its elements, for instance

VaudVip + VeaVey + ViaVip, = 0. (2.53)

In fact, this particular constraint is a special one since it has the unique property of having
all three terms of the same size (~ A%). One can graphically represent such a condition

14Kobayashi and Maskawa won the Nobel Prize in 2008 for their development of this matrix, shared with
Yoichiro Nambu for his work on broken symmetries.
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FIGURE 2.6: The current constraints from CKMfitter on the CKM triangle.
Figure taken from Ref. [38].

as a unitarity triangle in the complex plane, as shown in Figure 2.6, normalised to V4V,
This is typically referred to as the unitarity triangle; though there are several, it is the only
one where the sides are all of similar length. It is of particular interest to measure these

side-lengths,

Vea Vi, VaViy'

VidVip g VeV

as well as the angles of the triangle, which are explicitly defined as

_ VidVip _ Vea Ve _ Vid Vi
n = arg (— ViV ) B=arg| — VaVs )’ v =arg | — Vv ) (2.54)

The apex of this triangle is located at (g, 7), i.e. the real and imaginary parts of
—(VuaV3,)/ (VeaV3), which can be approximated by p ~ p(1 — A?/2) and 77 ~ 5(1 —
A%2/2). B? meson oscillation studies require consideration of an analogous triangle in-

volving the second and third columns of Vg, since these are the appropriate vertex
factors. Here VsV, < VsV, VisV,; and so the mixing phase is related to the interfer-
ence between these latter two terms, i.e. the angle

Vis VEZ >
=arg | ———— ]. 2.55
p = arg (1 (259)

Following on alphabetically, § = arg(p — in) is also used as a proxy for the degree of CP
violation, with § = 0 indicating conservation.

If the measurements of these quantities are inconsistent with the triangle hypothesis,
ie. a + B+ v # m, then this is evidence for the presence of physics Beyond the Standard
Model (BSM). In fact, all angles of the unitarity triangle have been measured in hadronic
B decays, and the first measurement of this class of modes confirmed the Kobayashi-
Maskawa mechanism [39] as the primary source of CP violation in the SM (see Refs. [37,
40] and references therein). The current state of the measurements is shown graphically

in Figure 2.6, where BSM effects could manifest themselves as non-closure at the apex.
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FIGURE 2.7: Visible light image of the Bullet Cluster, superimposed with
the x-ray image in pink and the matter distribution from gravitational lens-
ing in blue. (Credit: x-ray: NASA/CXC/CfA/M. Markevitch et al. [46];
optical: NASA /STScl, Magellan/U. Arizona/D. Clowe et al. [47]; lensing
map: NASA /STScl ESO WFI, Magellan/U. Arizona/D. Clowe et al. [47])

2.2 Beyond the Standard Model

2.2.1 Evidence

Indeed, a few pieces of observational evidence point towards the fact that the SM is
not the full picture'®. Astronomical and cosmological data, for instance galaxy rotation
curves [42] and strong gravitational lensing [43], indicate the existence of dark matter i.e.
a form of matter that is, as yet, unaccounted for in the SM (see also Figure 2.7). The
observation of neutrino oscillations [16] also suggests that neutrinos are massive, while
the precise mechanism for this to occur in the Standard Model remains unknown. The
SM also does not include gravity in its description of fundamental interactions [44] and
receives critiques on “naturalness” grounds such as the hierarchy problem [45], i.e. ex-
plaining why the Higgs mass parameter is many orders of magnitude smaller than what
would be assumed from dimensional arguments (Mp ~ 10" GeV). Finally, and most rel-
evant for this work, the universe appears to be overwhelmingly dominated by matter,
with antimatter only found in very small abundances. This is most relevant for baryons,
more specifically protons and neutrons, which combine to form the atoms that make up
the vast majority of the matter content of the universe. If matter and antimatter had been
treated equally in the early universe, the matter would have annihilated with the anti-
matter, and there would have been no mechanism to produce the sizeable net number of
baryons that is observed in the universe today [48]. This imbalance (termed the Baryon
Asymmetry of the Universe or BAU) is far larger than what can be currently accounted for
in the Standard Model [49]. All of these reasons mean that one of the primary objectives
of particle physics in recent years has been to find BSM physics that could explain these

anomalous phenomena.

151 you're into philosophy, we are the prisoners in Plato’s cave allegory [41].
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Recent Tensions

In contrast to the electron’s anomalous moment, that of the muon has shown tension with
SM predictions, most recently with the updated average of the quantity from the g-2 ex-
periment [50]. This experimental average lies more than 50 from the latest theoretical
prediction from the Muon g-2 Theory Initiative [51]. This prediction used measurements
of o(eTe” — hadrons) to determine the dominant hadronic contribution. However, ten-
sions were found between this experimental data and both lattice QCD calculations from
the BMW collaboration [52] and a preliminary measurement of the ete™ — 7n" 7w~ cross-
section from the CMD-3 experiment [53]. Producing a theoretical prediction that recon-
ciles these individual analyses is currently an ongoing process [54], and it is expected that
such a combined result will be more consistent with the SM. This, however, remains one
of the most tantalising hints of directly-measured BSM physics.

Similarly, the most recent combination of measurements of R, [55], i.e. the ratio
of the branching ratio of B~ — D°*)t=7; to B~ — D°®I~¢; (I = e, u), appears to
violate lepton flavour universality, the SM predicts that the W boson couples equally to
all leptons, at 3.3c [56]. The individual Rp and Rp- are, however, consistent with no
violation at 1.6c and 2.50, respectively. The similar observable of Ry(. ., the ratio of
branching ratios of B(B(+0) — K+*)yty=) to B(BH+0) — K(+*ete™), had initially
shown tensions (particularly Rg [57]), however a later simultaneous LHCb Run1+Run2
measurement for g2 € [0.1,1.1] GeV? and ¢4 € [1.1,6.0] GeV? showed consistency with
the SM at 0.20 [57].

Another interesting discrepancy currently standing concerns the branching ratios of
B((’S) — DE:))_h+, he{n, K™, p} decays, some of which disagree with the predictions of
QCD factorisation (a theoretical technique explained further in Section 2.5) with a high
significance [14,58,59]. It is currently an open question as to the source of this discrep-
ancy, and Chapters 4 and 7 detail attempts to resolve this through both experimental and
theoretical analyses.

New Particles?

In general, a New Physics theory would introduce new particles whose current non-
observation suggests a mass beyond current experimental reach, or else very small cou-
plings. Direct searches aim to produce real (or on-shell) versions of these particles, which
would appear as a bump in a spectrum of invariant mass of decay products (\/E2 — p?
for total energy and momentum E and p, respectively). While such approaches have not
yet born fruit, the influence of new particles may equally be seen if they occur virtually
in loop diagrams. Heisenberg’s Energy-Time Uncertainty Principle, AEAt > #, allows
for particles to be produced for a short period of time, At, even in instances where their
mass (~ AE) is far in excess of the centre-of-mass energy. Such particles that break the
relativistic mass-energy equation, E2 = m?c* + p%c?, are termed off-shell, and their "vir-
tual”" nature refers to the fact that they are not material for any appreciable period [60].
The contributions of these particles would introduce some small deviation ~ 1/M to a
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precision measurement. The following describes a few popular candidates for such new

particles [14].

2.2.2 Leptoquarks

Leptoquarks, described in Ref. [14], are hypothetical particles that carry both baryon-
and lepton-numbers, and hence couple quarks to leptons. Naturally-occurring in Grand
Unified Theories that extend the gauge group to SU(5) or SO(10), they allow for a variety
of anomalous behaviour; for example TeV-scale leptoquarks serve as good candidates
to explain the recent anomalies found in Rp.) [14]. Tree-level flavour-changing neu-
tral currents, which violate lepton number, could also result if such particles coupled
to quark/lepton mass states from multiple generations. Finally, there is the possibility
that leptoquarks couple to both left- and right-handed quarks simultaneously, and so
these particles could influence the muon anomalous magnetic moment. Both direct and
indirect constraints have already been placed on leptoquark models from collider exper-
iments.

2.2.3 Supersymmetry

Supersymmetry (SUSY) is another theory that could be a realisation of larger gauge
groups and potentially offers the unification of particle physics and gravity at Mp [14].
It also acts as a possible resolution to the hierarchy problem, which concerns the large
difference in scales between this energy scale and the electroweak scale Mgy ~ 100 GeV.
The symmetry refers to a transformation of fermions into bosons and vice versa. Hence,
in such a theory, every Standard Model particle would have a supersymmetric partner
(squarks, sleptons, and bosinos), which would differ in spin by half a unit and be degen-
erate in mass before symmetry breaking. In this theory, there is also an extended Higgs
sector consisting of additional complex Higgs doublets, their higgsino fermionic super-
partners, and the corresponding antiparticles. No such particles have been confirmed
experimentally as yet, despite thorough searches.

2.2.4 Extended Boson Sectors

The W’ and Z’ bosons are massive hypothetical particles of spin-1 and electric charge +1
and 0, respectively [14]. These are colour singlets and are predicted in several extensions
of the Standard Model (SM). The dimensionless coupling coefficients for such a W’ term
in the Lagrangian would be complex and provide the possibility for couplings to right-
handed neutrinos. The SM W couplings can be reproduced through particular choices
of these constants. The coupling coefficients for the Z' are real, and these couplings to
fermions may generally be generation-dependent. One can assume that these bosons
also come from a spontaneously-broken gauge symmetry, the simplest extension being
SU(2)p x SU(2)g x U(1).
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2.2.5 Right-handed/Heavy Neutrinos

As previously explained, the SM assumption of massless neutrinos is inconsistent with
experimental observations. This can be remedied by adding m sterile neutrinos, vs, that
have an even more feeble effective interaction strength with other matter than their SM
counterparts, v. Their influence can be only felt through mixing with SM neutrinos,
as their direct SM couplings must be zero. Assuming the same gauge symmetries, two
gauge-invariant, renormalisable operators emerge, giving two mass terms [14]

_ 1 _
—Lyp, = MDp, Usivyj + EMNijvsivgj +h.c., (2.56)

where 1° is the charge-conjugated neutrino field, Mp is a complex matrix of dimension
m x 3, and My is a symmetric m x m matrix [14]. The first (Dirac) term is like the mass
term for charged fermions

_ o~ 0
Ylgvsiqﬁ Lj = Mp, = Ylgﬁ,

and introduces sterile neutrinos as the right-handed component of a four-spinor neutrino

(2.57)

field. This, however, does not present the SM as a good low-energy effective theory and
fails to explain the tiny (but non-zero) neutrino masses inferred from experiments. The
second (bare mass) term is more promising, with these Majorana neutrinos being their
own anti-particles (v = v§,). If the mass eigenvalues of My are much higher than vy,
the diagonalisation of M, gives the familiar three light neutrinos, as well as m heavy
neutrinos, with masses M! and M", respectively. These masses are given by

M ~ VIMEMMpV;, M" =~ VIMyV,. (2.58)

Vi and Vj, are 3 x 3 and m X m unitary matrices, respectively. The masses of the heavy
states (predominantly composed of right-handed flavour states) are proportional to My
while the light ones (predominantly composed of left-handed flavour states) scale with
My'. This is known as the see-saw mechanism due to the inverse relationship between
heavy and light masses, and this naturally emerges from several SM extensions.

2.2.6 Dark Matter

Observations of gravitational lensing effects and rotation curves of far-off galaxies indi-
cate that the amount of “visible” matter (i.e. that interacts electromagnetically) in the uni-
verse is significantly less than the total amount that interacts gravitationally [61]. Mea-
surements of the Cosmic Microwave Background (CMB) imply that the total mass-energy
of this “invisible” or “dark” matter (DM) in the universe exceeds that of the baryonic
matter by a factor of around five [61]. Explanations due to compact objects (MACHOs)
and modified gravity have been largely ruled out [61]. Such a substance has no rep-
resentation within the Standard Model, and so there is an active effort to account for
this additional electromagnetically neutral massive component. In addition to the sterile
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neutrinos addressed previously, there are several other possible solutions, including the
following [14]:

¢ WIMPs: Weakly Interacting Massive Particles (WIMPs) are leading candidates since
they often arise in BSM scenarios that address the hierarchy problem. This solution
is favoured due to the WIMP miracle, i.e. a weakly-interacting particle with a mass
around the Higgs vev would have a density in the early universe consistent with
cosmological observations [62]. The neutralino, the lightest particle in the minimal
SUSY extension to the SM, could be such a WIMP.

¢ Axions and axion-like particles: The QCD axion provides a solution to the strong
CP problem. Such ultra-light, bosonic DM could imprint quantum effects on macro-
scopic scales, with its de Broglie wavelength expected to be of a similar size to that

of the smallest observed gravitationally-collapsed structures.

¢ Dark photons: Dark matter may, in fact, not interact with the gauge bosons of
the SM but rather via a “dark force” mediated by some new, as-yet-undiscovered
type of vector boson, with only a feeble coupling to SM particles'® [63]. A leading
candidate is the “dark photon”, produced in the early universe through kinetic
mixing with its SM counterpart, and would be stable if its mass is below 2m, [14].
These are particles that LHCb is searching for.

2.2.7 Gravity

Gravity, which is best described by Einstein’s Field Equations of General Relativity
R 81G
Ry + <A - 2) 8w = "4 e (2.59)

is currently difficult to combine with the Standard Model [64]. Here Ry, is the partially-
contracted Riemann tensor (describing spacetime curvature) and R is its trace, g, is the
spacetime metric, A is the cosmological constant (which accounts for accelerating expan-
sion of the universe), and T, is the energy-momentum tensor of matter [65]. Much effort
has, though, been put into quantising gravity, and the graviton has been put forward as
the gauge boson of this interaction. The source of the scalar (0 indices) Higgs field is
spin-0, and the sources of the vector fields (1 index) of the Electromagnetic, Strong, and
Weak interactions are spin-1. Therefore, since the source of gravity is a tensor object with
two indices, it is assumed that the graviton must be spin-2. With an infinite range and no

electromagnetic interaction, it is also assumed to be both massless and chargeless [66].

16The dark side of the force is not strong with these ones. That was my very “feeble” attempt at a Star
Wars reference.
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2.3 CP Violation

A probe of where new physics may arise, most pertinent to the issue of explaining the
BAU, regards the phenomenon known as Charge-Parity (CP) violation resulting from the
complex part of the CKM matrix in Section 2.1.4. Both the electromagnetic and strong nu-
clear forces are invariant under charge transformation (C) where the signs of the charges
of all the particles are swapped Q — —Q, as well as parity transformation (P) where a
reflection in spatial coordinates ¥ — —X. They are also unaffected by time-inversion (T),
t— —t.

Chien-Shiung Wu showed that the weak nuclear force violates parity symmetry [34],
but it was thought at the time that the interaction may be invariant under a combined
operation of C and P, displaying CP symmetry [67]. Indeed, shortly afterwards Leder-
man confirmed that charge was also violated by the decays [68]. This assumption of
CP conservation was, however, very soon dismissed itself when Cronin and Fitch [69]
demonstrated a small violation of this proposed symmetry in the decays of neutral kaons
to pions!”. QFT operates under the assumption of no CPT violation [71,72], and thus T
symmetry must necessarily also be violated.

Practically speaking, CP violation implies reactions proceeding at different rates un-
der the exchange of matter and anti-matter. This is one of the three Sakharov Condi-
tions [48] required to explain the observed BAU introduced in the previous section, the
other two being non-conservation of baryon number (an accidental symmetry of the SM)
and departure from thermal equilibrium in the early universe. The matter-antimatter
asymmetry in the early universe is often parameterised by'®

p="2""8 (2.60)

My

where np is the number density of baryons, n3 is the number density of antibaryons, and
1, is the number density of photons [73]. Astrophysical and cosmological observations,
including studies of the CMB, indicate a small imbalance of 7 ~ 1071°, but even this
is far larger than what the Standard Model predicts from experimental data [74]. Since
CP is not a fundamental symmetry of nature [14], there is no reason why it should be
respected in new physics, and so any general new physics theory would be expected
to have O(1) weak phases, and thus potentially significant CP asymmetries. For these

reasons, measurements of CP asymmetries can be excellent tests of the SM.

7 u

17Benefiting from kaons’ “strange” properties of having longer-than-expected lifetimes [70]. This work
won them the Nobel Prize in 1980 [15].
18Note that this 7 is not the same quantity as in Eq. (2.52).
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2.3.1 Theoretical Foundation

Adapting the notation of Ref. [14], the amplitude of a meson, M, or its CP-conjugate, M,
decaying to final state, f, or its CP-conjugate, f, can be expressed as follows:

Ap=(fIHIM),  Ap=(fIH|M),

i i SN (2.61)
Ar=(f|H|M),  Ar=(f|HIM),

where H is the Hamiltonian governing weak interactions. The mass eigenstates of this
Hamiltonian, denoted as |[M}) and |Mp) for the light and heavy states, are not the same
as those of the strong interaction,

M0> and ’MO>. As such, the mass eigenstates can be
expressed as a linear superposition of strong eigenstates:

IML) o p [ M) +q| M),  |Mp) o p|MO) —q|M°), (2.62)

with the normalisation |g|2 + |p|? = 1.

The time evolution of quantum states is governed by the Hamiltonian, and after a

time t each mass eigenstate acquires a phase ~ e~'Ff, where E is the energy of the eigen-

state. Consequently, if a particle is produced in the

M) state there is a non-zero prob-
ability that it could be measured at a later time in the |[M?) state. This phenomenon is
known as neutral meson oscillations, or mixing, as the relative probabilities of measuring
one or the other state vary sinusoidally over time. The eigenvalues of the Hamiltonian,
wy, H, are complex and are related to the masses and lifetimes of the mass eigenstates as:

Am=my —mp = Re(wyg —wr), AT =Ty —Tp =Im(wy— wr). (2.63)

2.3.2 Categories

There are three categories when it comes to CP violation, as outlined below.

1. CP violation in decay. CP violation for charged mesons, which cannot oscillate, ap-
pears exclusively through this category, though neutral mesons can also exhibit this kind
of CP violation. This classification is defined by

|Az/ Ag| #1, (2.64)
and the CP asymmetry can be expressed as

CTM™ = f)=T(MF > fr)  |Ap /AR -1
CT(M~ = f7)+T(M* = f*)  [A/ApP+1

Acp (2.65)

Such decay asymmetries of B — D*JK(*) processes provide input to the latest experi-
mental world average of ¢

7= (66232)".
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KT 7t~ final states were the first to show signs of CP violation for both B® and B, and
in principle such decay asymmetries could be used as further input to the average of -.
The achievable precision is, though, limited by the fact that the relative magnitude and
strong phase of the contributing amplitudes are as-yet not well understood [14]. The first
observation of CP violation of this variety in the charm sector was made by LHCb for
D® — K*K~ and D° — 7t* 7t~ decays [75].

|A(KTK")/JAKHK)[P =1

Aacp = | - (2.66)
|A(K+K=)/A(K*K) [P +1  |A(mtr) /Al o) [P
= (—0.164 +£0.028) x 102
2. CP violation in mixing. This applies to neutral mesons with
la/pl # 1,
and, in the absence of CP violation in decay, the asymmetry is typically given by
dr/dt[NIS, (#) — f] — dT/dt M (5) = f] 1~ |q/p[*
ce(t) = = 7 (2.67)
ATt (1) > 71+ dr/at Sy () = 1 1+ 1a/p]
where Mghys( ) and Mghys( ) refer to the meson being in the M° or M? state at time .

Note that this is, in fact, time-independent. CP violation in neutral kaon mixing has been
measured for semi-leptonic decays of the long-lived mass eigenstate [14]:

I(KY = ¢ty —T(K) — - e-1y)

= (3.32 4+ 0.06) x 1073, 2.68
[(KY = m=0tv,) + T(KY — tte-1y) ( ) (2.68)

3. CP violation in interference between decays with and without mixing. This occurs
where both M? and M° decay to the same final state, f, and is defined by

arg(As) +arg(Ag) # 0, (2.69)

_q (4
Ap= : ( Af) (2.70)

and for B meson decays, this first factor can be written as

where

9 _ o(ey) _ YY) (2.71)
p th(s)vtb

For the case of CP eigenstates, fcp, in the final state, Eq. 2.69 simplifies to

Im(Mg,) #0, (2.72)
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and the asymmetry can be measured as

dr/dt{Mpy () — fep] —dT/dt[Mp,  (t) = fep]

cp(t

— dl"/dt[Mghys(t) — fep] + dr/dt[Mghys(t) — fep] 2.73)
B stinAmt — CfcosAmt
~ coshATt/2 — AR 'sinh AT't/2”
for B meson decays, where
ZIm()\f) 1-— |)\f|2 AT —ZRE()\f)
= _—— -, =— ‘1 AP = ——217 2.74
A T A R P A B P @.74)

For decays where AI' = 0, the denominator of Eq. (2.73) is unity, and CP asymmetries
are often parameterised in terms of Sy and Cy. This is a valid assumption for B? decays
but not for those of the B! meson. Am has been measured for both B; and BY, most
recently in Refs. [76] and [77]. This variety of CP violation has been observed in the
B% — J/9¥K° channel:

Syxo ~ Im(Aygo) = +0.709 & 0.011,

as well as in numerous other channels.

2.4 Flavour symmetries

Moving on from asymmetries, a well-known approximate symmetry for heavy-flavour
physics is the SU(3) symmetry, relating decays with u, d, and s quarks interchanged. Since
these three light quarks have masses much smaller than Agcp, they can be approximated
to have the same mass. This is known as the SU(3) limit and acts as a way of obtaining
leading-order predictions. Such first-order results can only be predicted to be accurate to
within around ~ 30%, and it is then possible to include corrections at higher orders - the
first set of SU(3)r-breaking terms would be expected to be ~ 10% accurate. Following
on from Section 2.1.2, Section 2.4.3 elaborates and formalises the theoretical foundations
behind this approach, while Section 2.4.4 summarises the important ideas that will be
utilised later on, particularly in Chapters 6 and 7.

2.4.1 Isospin

Immediately after the discovery of the neutron'” in 1932, the strong similarity between
the proton and neutron prompted nuclear physicists to interpret both particles as two
states of the same particle, the nucleon. The masses of the proton and neutron are in-
deed nearly equal, a requirement for this interpretation to be meaningful, with the small
difference being partly explained by the different electromagnetic interactions of the two
particles. The wave function of this nucleon state can then be labelled with the coordinate
T, to distinguish between the two charge states, in addition to the space-time coordinates

YWhich won the 1935 Nobel Prize for James Chadwick [15].
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r and t, and the spin state s. The convention is taken that ¢, = ¢(r,t,s,7 = +1) is the
proton state and ¢, = ¢(r, t,s, 7 = —1) is the neutron state’” [26].

One can represent the wavefunction of the nucleon, ¢, as a state within a vector-space
with basis vectors corresponding to these proton and neutron states

P = (”1(7’ t’5)> , (2.75)

uy(r,t,s)

where |uy(r,t,5)|? is the probability density for a proton at position r, time ¢ with spin

projection s and |uy(r,t,s)|?

~ [x(rts) B 0
)@—( 0 ) and Xn_()((r,t,s))' (2.76)

i.e. a proton and neutron in the state x(r, t,s), respectively, and the appropriate eigenval-

analogously for a neutron. Under this basis, the eigenstates
of T are then

ues can be retrieved with the following 2 x 2 matrix operator

. (1 0
r_<0 _1>. (2.77)

Strong similarities with the description of spin can be seen here, and one could inter-
pret T as representing the two possible projections of a vector of unit length; “up” and
“down”. Indeed, one can introduce “raising” (%) and “lowering” (7_) operators to trans-
form between the two states. As with spin, we choose T to be the 3rd component of a
three-dimensional vector, ¥ = (11, T, T3 = 1), with

01 0 i
f1:f++f_:<1 0), fQ:—i(er—f_):( , l). (2.78)

In fact, the three generators 1y, 1>, 73 are the very same Pauli matrices that appear as
the operators for spin in quantum mechanics, albeit scaled by a factor of two. This new
property is called isospin, with operators typically defined as Ty = 1%, which are also
the same as the operators associated with the electroweak bosons in Section 2.1.1. The
property of isospin is often alternatively denoted by I, but this notation will be avoided
for the time-being to prevent confusion with the identity matrix. The isospinor ¢ then
transforms according to ¢(r,t,s) — exp(—ie, T,)¢(r,t,s). In this isospin group, a repre-
sentation of SU(2), one can sort particles with the same T into charge multiplets, where
each multiplet has a particle state for each integer multiple of e in some range between
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Qmin and Qmax. In general, the “centre of charge”, 5 (Qmin + Qmax), may differ from zero,
i.e. |Qmin| # |Omax|, and to symmetrise the situation, the isospin component Tz counts
the charge of a particle relative to the centre of charge. This centre of charge happens to

be related to the hypercharge as 1Y, and hence the allowed charges for a given isospin

20This concept of a vector pointing “up” and “down” motivated the naming of the u and d quarks [70],
after the elucidation of the non-fundamental nature of nucleons through the Nobel-Prize-winning work of
Robert Hofstadter [15], among that of others.
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are given by the Gell-Mann-Nishijima relation [78,79],

1
Q=,Y+Ts, T3={rxeZ|-T<x<T}

similar to what was seen in Section 2.1.3. Since the maximum value of T3 is T, then
T = (Qmax - Qmin)/2-

2.4.2 Quarks and SU(3)

SU(3) has eight generators with the /f]- obeying the Lie algebra [/fi, /fj] = 2i fl-jk)fk, where
fijx are the structure constants for SU(3). As was seen in Section 2.1.3, the Gell-Mann ma-
trices are one such representation. Let us look at the smallest non-trivial representation
of SU(3). Since the isospin doublet with T = 1/2 is the smallest non-trivial description of
the isospin group SU(2), one can construct all higher multiplets from this representation.
The Clebsch-Gordan coefficients give the coupling of two individual isospins to the total
isospin (see Section 2.4.3). SU(2) appears as a subalgebra of SU(3) through the relation of
isospin to the SU(3) generators

(A1 £1,), T5=2As. (2.79)

Since SU(3) has eight generators, there emerge two other types of operation, U-spin (d <>
s) and V-spin (u <+ s), which appear analogous to isospin (T-spin) [26]

- 1,~ | .a - 1, A
Us =S (Aeik7), Us=(-As+ V3As), (2.80)
. 1.~ .4 P TN A
Vi=s(Aa£iks), V= (As+V31s), (2.81)
(U5, U] = £Us, [Uy, U] =20;, (2.82)
Vs, Vi) = £Vo, [V, V] =2V;. (2.83)
Hypercharge is often used to characterise states in place of U- and V-spin, being related
to them through
- 2 A N 1 4
Y= - = —As. 2.84
5 (s +V3) \@)\8 (2.84)

Since the algebra of SU(3) contains the isospin algebra as a subalgebra, the smallest SU(3)
representation must contain at least one T = 1/2 charge doublet. As a matter of fact,
the T-spin, U-spin, and V-spin algebras appear fully symmetric in the algebra of SU(3).
Consequently, the SU(3) multiplet we are interested in must contain T, U, and V doublets.
Because of the inherent symmetries of the SU(3) multiplets in the Y — T3 plane, we are led
to the two equilateral triangles shown in Figure 2.8, denoted by [3] and [3]. As required
by general symmetries, they are symmetrically centered around the origin (Y =0, T3 = 0).
We see then the link between these states and the three species of light quark (u, d, and
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FIGURE 2.8: The lowest order non-trivial representation of SU(3) is the
triplet. In both cases there are three SU(2) doublets; isospin (blue), U-spin
(green), and V-spin (red).

s), which form such a triangle in the Y — T3 plane with their (Y, T3) quantum numbers
of (%, %), (%, —%) and (—%,O), as do the corresponding anti-quarks. Note that in this
representation u and d form a left-handed doublet, while s is a singlet under isospin. Just
like the notation used in Section 2.1.3, [3] represents the anti-particle equivalents of the
particles in [3], since the state ¢, has opposite hypercharge and opposite T3 component,

and so the opposite charge as compared to ,:

Q¢V = Qvl,bv/ lei/ = _Qvlpw (285)

General n-state representations have [n] and [q].
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2.4.3 Making Predictions

From symmetries to matrix elements

In an approximate SU(3) flavour, or SU(3)r, symmetry (assuming m, ~ my; ~ ms; <
Aqcp), decay amplitudes can be expressed in terms of SU(3) matrix elements, with u,
3 11 1> 3 1 >

7 2/ 2/ 3 7 2/
respectively. The numbers after the semi-colon indicate the values of (T, T3, Y) [26],

d, and s quarks represented by the triplet states

the relevant quantum numbers here, and anti-quarks are similarly represented by anti-
triplet states [3]. The remaining heavy-flavour quarks are all represented by singlets, |0),
meaning that hadrons containing only one light quark have the same group-theoretical

3; %, 3 :1))> When considering

representation as that quark, e.g. BT (bu) is represented by
multiple hadrons in the final state, one can make use of the fact that the product of two
irreducible representations [r1], [r2] (with quantum numbers a1, a3) can be expressed as
the sum over irreducible representations [Rp] (with quantum numbers A,) weighted by
the Clebsch-Gordan coefficients. This means [80]

|r1; 1) |12 00) = Xi(Ry, Aj|ra, a1, 12, 00) |Ri; Aj) . (2.86)

Thus, the final state of the decay can be expressed as a weighted sum over pure SU(3)
states.

The Wigner-Eckart theorem?! states that a matrix element involving an irreducible op-
erator, i.e. represented by block-diagonal matrices, is given by the sum of reduced matrix
elements, with a reduced number of quantum numbers, weighted by appropriate Clebsch-
Gordan coefficients [26, 81]. To be explicit for the SU(3)r states, for an interaction from
initial state |r;; ;) to final state {rf, o f> via a Hamiltonian H (1n the representation [k]
with quantum numbers g), the matrix element can be decomposed via

(re;ag) I:Lgk) |ri; i) = (re, a5k, g, 13, 4;) (rg AW ;). (2.87)
In this way, matrix elements for specific interactions
Ali = f) = (fI# i) (2.88)

can be re-expressed in terms of such reduced SU(3) matrix elements.
Combining the triplet and anti-triplet structures seen in Figure 2.8 generates an octet
(plus singlet) structure®
3)013) = [8) &[1),

2INamed after Eugene Wigner and Carl Eckart, with the former being awarded the Nobel Prize in 1963
for his development of symmetry principles applied to subatomic physics [15].

22Dubbed The Noble Eightfold Path by Gell-Mann as a tongue-in-cheek reference to the Buddhist philoso-
phy [82-84]. Nonetheless, he was awarded the 1969 Nobel Prize for his efforts [15].
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FIGURE 2.9: The octet structure of the lowest-energy pseudoscalar mesons.

with states that correspond to the lowest energy mesons;

nt = |ud)y, n= = |di), K = |us), K®=|ds), K~ = |si), K® = |sd),
0 — \1@ (jug) — |dd)) , and 45 = ;6 (jug) + |ad) — 2|s5)),

from the octet (see Figure 2.9), plus the 11 = % (|ui) + |dd) + |s5)) singlet. The phys-
ical 7 and 7’ states that come from mixing of g and #; will not be considered further
here. Quarks and anti-quarks have even- and odd-parities, respectively, resulting in an
odd-parity state when combined. These lowest-energy configurations will also have zero
spin, as the two spin-1/2 constituents will be anti-aligned. On account of these spin and
parity properties, these mesons are pseudoscalars. Combining a light anti-quark with a
charm quark produces an anti-triplet of D mesons, D°(cii), D" (cd), DJ (c3), and similar
conjugates, while combining with a beauty quark produces an anti-triplet of B mesons,
B~ (bir), BY(bd), BY(b3), and similar conjugates. All of these states can be excited to the
spin-1 states (typically denoted with an asterisk), which are vector particles.

From matrix elements to observables

Section 2.3 shows the relationship between these amplitudes and observable CP asym-

metries. The equivalent relation for branching ratios is [85]
B(B — XX') = |A(B — XX")|*P(B, X, X’), (2.89)

where P (B, X, X') is a phase-space factor that is given by

P(BP,P) = 2B, | = P (M1, 1) 290)
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for decays to two pseudoscalar mesons. Here 75 is the B meson lifetime, m; denotes the
mass of particle 7, and ® is a phase-space function

@ =[(1- (x+y)) (1~ (x—y))]"> (2.91)

For the case of neutral B mesons, which exhibit mixing, Eq. (2.89) only applies in the
limit that the difference in decay widths between mass eigenstates, AT, is negligible. This
approximation can be made for B’ mesons, however a small correction is necessary for
B? mesons. Experimentally, time-integrated branching ratios are typically measured, and
in this instance [86]

1- Agrys

B(B? — PP') = Ty
S

|A]>-P(BL,P,P), (2.92)
where y; has been experimentally determined to be 2y; = ATs/(Ts) =0.128 + 0.007 [87].
In fact, for flavour specific BS decays, AJ;r is zero, and the smallness of y; means that
Eq. (2.89) approximately holds in this instance too.

2.4.4 Summary

To summarise, QCD in the SM is expected to exhibit an approximate symmetry under
operations exchanging u, d, and s quarks on account of their small masses relative to the
QCD scale. This symmetry follows the SU(3) group, and all the participating particles
in a reaction may be considered as representations of this group. Known mathemati-
cal results of how these can be combined allow the calculation of matrix elements (and
thus observables) in terms of a few SU(3) parameters. The degree of breaking of this ap-
proximate symmetry is non-negligible ~ 30%, and, as will be seen in Chapters 6 and 7,
corrections to this can be included as perturbations. Thus, working in such an approx-
imation provides an effective way to make calculations without the need for in-depth
computationally-challenging QCD simulations, and is particularly useful when these al-
ternative methods are not possible at all. QCD factorisation is another approximation
that is often made to perform such calculations.

2.5 Expansions of QCD

Theoretical calculations of decays with an all-hadronic final state are generally compli-
cated owing to the related non-trivial QCD dynamics. This section briefly discusses two
expansions of QCD that allow such calculations to be simplified and will play a role later.
The first approach is QCD factorisation (QCDEF), which is an expansion in both a5 and
Agcp/my. This is a well-defined framework, based on effective field theories [88], that
allows precision predictions for hadronic decays, however its applicability is only given
if a considered decay meets certain well-defined conditions. In instances where QCDF
cannot be applied, one can turn to an alternative approach, an expansion in powers of the
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number of colours, N;, which is far less precise but allows order of magnitude estimates
to be made.

2.5.1 QCD Factorisation

The large size of the b quark mass in comparison to the strong interaction scale (Agcp)
can simplify calculations for decays involving these particles. In the limit of &g — 0, m;, —
o, the hadronic matrix element for B — 77—, for example, can be represented in the
simple form [89]

(| Q|B%) = (| jr |B°) (=" j2]0), (2.93)

where Q is a local operator in the weak effective Hamiltonian and j; » are quark currents.
Through this naive factorisation, the decay is separated into two parts - a transition of B —
71~ with the emission of a W boson, parameterised by the form factor FA~" dependent
on the W momentum transfer, and then the creation of a 7™ meson from the vacuum by
said W boson, parameterised by a decay constant f.

Introducing higher order terms in a; breaks the simplicity of naive factorisation, and a
generalised form is required for other modes. Within the formalism of QCDEF, the matrix
element for the decay of a B meson to a D meson and a light pseudoscalar meson, h, once
again factorises into two parts [58,90]

O Qi1B) = LE () [t + 0 (P22). 2o

- m
j b

The F]-B —~D are form factors for the B — D transition, and m, is the invariant mass of /. The
second part itself involves two functions, hard-scattering functions Tl-g- (u), which describe
dynamics in the limit of large momentum transfer and can be calculated perturbatively,
and the light-cone distribution amplitude, ¢, (1), which describes the momentum distri-
butions of the quark-antiquark pair within 4 and is non-perturbative. Details of these
latter quantities can be found in Ref. [90]. QCDF becomes problematic for heavier final
states, such as B — DD/’, as the expansion in mass receives more significant corrections at
leading order. In fact, this particular set of decays will be examined theoretically in Chap-
ter 6, where a different approach is taken to produce predictions that can be confronted
with experimental data to probe for potential BSM effects.

In the limit of m;, — oo (though at all orders in a;), the amplitude for a B — Dh decay
is given as [58]

.G
A(B — Dh) = 17% a1(Dh) Ve Ve (m% — m3) fi EE7P(m2), (2.95)
where Gr is the Fermi constant (= 1.17 x 107> GeV 2 [14]), a, (Dh) is the effective Wilson
coefficient, Vij are CKM matrix elements, f is the decay constant of & (which can be cal-
culated using lattice QCD), and F(? —D is the form factor for pseudoscalar-to-pseudoscalar
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FIGURE 2.10: 1/ N, power counting rules. Adapted from diagrams shown
in Ref. [93].
B — D transitions. This last quantity is expressed in the BGL parameterisation as [91]

Fo(z) = 57— . a(t0)2", (2.96)

where

V”_ _V“_ (2.97)
Vie — g2+t —

with ty = (Mg + MD)(\/ —/Mp)?* ~6.19 Gev2 and t; = (Mg + Mp)? ~51.12GeV?.
The coefficients, a n, are determined from fits to lattice QCD and are provided in docu-
ments like Ref. [92]. This approach will be revisited in the context of B — DD’ in Chap-
ter 6.

z2(q, to) =

2.5.2 1/N. Expansion

The formula of naive factorization, which can be obtained in the limit a; — coand m; — 0
can also be obtained in another limit of QCD, namely the limit of a large number of
colours. Figure 2.10 shows the basic procedure for setting up a topology to calculate
the N, suppression power [93]. A quark is represented by a line (A) and a gluon may be
replaced by two lines (B). A quark-gluon vertex (as seen in C) carries a factor of (1/ Nc)l/ 2,
Note that this factor should be included before replacing the gluon with two lines. A
meson-quark vertex, represented as shown in D, also carries a factor of (1/ Nc)l/ 2 In
addition, any closed quark loop (E) carries a factor of N.. See Figure 2.11 for an example
of this procedure applied to estimate the relative suppression between two types of decay.
This methodology will become useful to place bounds on different diagrams in Chapter 6.
It should be reiterated that this approach is suitable for obtaining order-of-magnitude
estimates only.
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FIGURE 2.11: Example colour-flow diagrams for two different topologies.

Both diagrams have two full loops, carrying a factor of N, each, and three

quark-meson vertices, carrying a factor of (1/ Nc)l/ 2 each. In the second

diagram there are also two quark-gluon vertices not present in the first,

which both come with a factor (1/ Nc)l/ 2. The overall suppression of the

"penguin” topology, relative to the "tree" topology, based on 1/N, power
counting alone is 1/ N,.
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The LHCb Experiment

“The show must go on ... inside my heart is breaking, my make-up may be flaking but my smile
stays on”

- Queen, The Show Must Go On

3.1 History of Heavy-Flavour Physics

The LHCb experiment was by no means the first one to study the interactions of heavy-
flavour quarks (i.e. ¢ and b quarks). This story kicked off with the discovery of the
J /¥ meson (c¢) independently at Brookhaven National Lab (BNL) [94] and the Stanford
Linear Accelerator Center (SLAC) [95] in 1974, which confirmed the quark model, then
theorised to have only four flavours [96]'. In the wake of this, the CLEO detector [98]
(recording the collisions from the Cornell Electron-positron Storage Ring or CESR) was
commissioned and, from 1979, became the first experiment dedicated to heavy-flavour
physics. Operating at around 9-12 GeV, the experiment’s early activities involved explor-
ing the three bb resonances discovered in 1977-1980 at Fermilab [99,100], labelled Y(1S),
Y (2S),and Y(3S) [101]. It then spent most of its time around the Y (4S), becoming the first
detector to discover this resonance [102] and to study the decays of B mesons [103]. The
experiment continued to run for nearly 30 years, shutting down in March 2008 after five
significant upgrades in the course of its history and recording many major discoveries,
such as that of the B meson [103], D; meson [104], and b — u transitions [105].

Already by the early 1980s, it had been proposed that CP violation could, in princi-
ple, be measured in the beauty sector, following its discovery in K’s, through neutral B
meson decays. However, the statistics required appeared to be far beyond the reach of
CLEO [106]. Following the measurement of B meson lifetimes at SLAC in 1983 [107,108]

1George Glashow, who co-proposed this fourth quark, is quoted as saying, “We called our construct
the ‘charmed quark’, for we were fascinated and pleased by the symmetry it brought to the subnuclear
world.” [97]. The ]/ discovery was awarded the 1976 Nobel Prize [15], which was awarded again in
1990 for another vindication of the quark model (from deep inelastic scattering measurements) by Jerome I.
Friedman, Henry Way Kendall, and Richard E. Taylor.
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FIGURE 3.1: First observation of B-meson decays to final states consisting
of a D or D* and one or two charged pions. Taken from [103].

and the unexpected discovery of B® — BY oscillations [109] by the ARGUS experiment at
DESY in 1987, it was concluded that such measurements could indeed be made but only
with a thousand-fold increase in the size of the data samples that had previously been
collected [106].

To this end, in the late 1990s, the B-factories were constructed, so named as they were
designed to specifically produce B mesons in significant numbers so as to make precise
measurements of these particles. The two primary experiments of this type at that time
were BELLE, located at KEK in Japan, and BaBar, located at SLAC in California. They
both collided electron-positron pairs at centre-of-mass energies around the Y (4S) reso-
nance at approximately 10GeV, and so produced almost exclusively bb, which would
hadronise into pairs of quantum-correlated neutral or charged B mesons. The energies
of the colliding beams were asymmetric, meaning that the b meson pairs were highly
boosted in the laboratory frame and so had considerable decay lengths that were easy
to measure. With integrated luminosities (defined later) of over 1000 b1 [110] and over
500 fb~! [111] respectively, these experiments measured many of the CKM parameters
with high precision [110, 112], and discovered CP violation in the decays of neutral B
mesons [113].

From the late 1980s, there was also a heavy flavour physics program at the proton-
antiproton (pp) Tevatron collider with the CDF and DO detectors, which also famously
discovered the top quark in 1995 [114]. The main benefit of using hadron collisions over
those of leptons was the lack of significant bremsstrahlung effects, allowing operation at
a far higher centre-of-mass energy of around 2 TeV [115]. The experiment reached a peak
instantaneous luminosity of 4 x 1032 cm~2s~! [116] and took a total integrated luminosity
of ~10fb~ 1 [117]. The discovery of the B, meson [118], B; oscillations [119], and the first
measurement of the CKM variable B, [120] were some of the key successes in beauty
physics to come out of these experiments.
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FIGURE 3.2: The invariant mass distribution for reconstructed B’ —
7~ decays [126] before (left) and after (right) the application of selec-
tions on RICH information to discriminate between pions, kaons, and pro-
tons. The signal is shown by the turquoise dotted line with background
components designated by other colours; B — K7 (red dashed-dotted),
B — three-body (orange dashed-dashed), B? — KK (yellow), BY — K
brown, AY) — pK (purple), A) — pm (green), and combinatorial (grey).
Selections significantly reduce these backgrounds, and so the signal peak
can be clearly resolved. Figures taken from Ref. [127].

In 2008, the LHC at CERN became the successor to the Tevatron as the world’s highest-
energy proton collider, with a design energy of /s = 14 TeV, and LHCb was designed as
its specialist flavour physics experiment. Run 1 operated at 7 TeV, Run 2 at 13 TeV, and
Run 3 is currently running at 13.6 TeV. As will be explored further later, the unique design
of LHCb has enabled more precise measurements to be made of previously measured
quantities as well as making discoveries, including measuring CP violation in charm de-
cays [75], new exotic hadrons (for example X(6900) [121], P.(4450)" and P.(4380)" [122]),
and lepton flavour universality measurements (mentioned earlier) that hint at the pres-
ence of new physics [57]. Other LHC experiments (namely ATLAS and CMS) can also
make measurements of heavy flavour physics and indeed have presented a number of
results in the field, for instance B* production cross-sections [123], Bs [124], and, in com-
bination with LHCb, a measurement of B — u* ™~ [125]. Their higher luminosities offer
the possibility of higher statistics, however their instrumentation covering the full 360°
around the beam-axis does not favour the reconstruction of B mesons, which are pro-
duced predominantly at small angles. By virtue of not being designed exclusively for
B physics, their selections are also necessarily less sensitive than more specific experi-
ments like LHCb. Most importantly, they lack detectors, like LHCb’s RICH (Ring-Image
Cherenkov) detectors, that can differentiate between low-momentum pions and kaons,
which appear topologically similar. Measuring CPV requires good knowledge of the
flavour content of final states, and in order to reduce backgrounds from similar decays
one must be able to veto misidentified candidates well. The impact of this can be seen in
Figure 3.2.

In recent years, there has been a second incarnation of BELLE in operation, aptly
named BELLE-II, which offers complementary measurements to those of LHCb, bene-
fiting from a “cleaner” collision environment and a roughly hermetic coverage, leading
to much-improved reconstruction of neutral particles. While bremsstrahlung limits the
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centre-of-mass energies of lepton colliders, the fact that BELLE-II operates at the Y(4S)
resonance means that neutral and charged B mesons are produced in abundance. The
lack of hadronic effects means that essentially all of the collision energy goes to pro-
ducing these particles. While some time is spent at the Y(55) resonance, to permit the
production of BY mesons, the lengths of these runs are more limited, and so they are not
as well-suited to performing measurements with B! mesons, compared to LHCb. BESIII
in China has a similar operating principle, though targets instead resonant production of
cC pairs, and is therefore specialised towards precision charm measurements.

3.2 The Large Hadron Collider (LHC)

The LHC is the best-known machine at CERN, one of the world’s largest and longest-
running high-energy physics organisations, located near Geneva on the French-Swiss
border. High energies allow for the creation of high-mass particles through E? = p?c? +
m?c%, so such a set-up permits the study of the production and decay of all the particles
predicted in the Standard Model. This means that it is possible to test the fundamental

parameters of the theory.

3.2.1 The Journey to the LHC

There are several steps that must be performed before any protons enter the LHC. The
tirst stage of acceleration involves Linear Accelerator 4 (Linac4) [128], which uses radio-
frequency (RF) cavities (i.e. alternating electric fields) to gradually linearly accelerate the
input H™ ions in stages to an energy of 160 MeV. The direction of the field switches as
the particles reach each successive cavity, such that continued acceleration in a straight
line can be achieved without the need for huge potential differences. This can be seen in
Figure 3.3.

Quadrupole magnets also focus the ions into a tight beam. The ions are stripped
of their two electrons, leaving only protons, and are pulsed by the chopper before entry
into the Proton Synchrotron Booster [129]. Bending the particles in a circular path with
magnetic fields makes the accelerator far more compact. In such a circular accelerator,
the momentum and energy of ultra-relativistic particles depend on the bending radius p
and the average magnetic field B [14]:

p=ZeBp or E[GeV]=0.3Z(Bp)[Tm], (3.1)

for a particle of charge Ze. An approximately constant radius of orbit during acceleration
can be achieved by tuning the magnetic field with the energy of the protons. Therefore,
higher energies may be achieved through larger rings or more powerful magnets (or
even both). In the Proton Synchrotron Booster, dipole magnets constrain the protons to
a curved path through four 25 m-radius rings, and, using similar RF cavities to Linac4,
their energies are increased to 2 GeV [129].
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FIGURE 3.3: Operation of a linear accelerator. In the time that a charged
particle traverses the length of a cavity, the polarity has flipped. Licensed
under Creative Commons.

The next stage, the Proton Synchrotron (PS) [130], is similar to the previous one except
with a single ring with a larger radius that increases the energy further to 25GeV. It is
at this stage that the protons are grouped into bunches that are quantised into “buckets”
spaced by 25ns. The Super Proton Synchrotron [131] (an even larger and more sophis-
ticated version of the PS) then boosts the energy to 450 GeV before the protons enter
the LHC ring. The LHC uses superconducting (SC) magnets in favour of conventional
normal-conducting (NC) magnets that saturate at large field strengths, to avoid the need
for unfeasible tunnel lengths or magnet power consumption. The LHC is 26.7 km long
(p ~ 2800m) with a current beam energy of 6.8 TeV and a maximum magnetic field of
8.3T (at 1.9K). The “double-bore” design allows for the acceleration of two counter-
rotating beams in the two apertures, which are then collided at given points where ex-
periments can be located.

Talking about a “ring” accelerating to higher energies is, of course, a bit nonsensi-
cal. Circular motion requires a force perpendicular to velocity and this does no work?
therefore no energy gain occurs. To increase a particle’s energy one needs linear accel-
eration. In fact, the LHC has eight long straight sections, each around 500 m in length,
where experimental installations can be placed [132], one of which is responsible for lin-
ear acceleration. Talking about the ring might also give the wrong impression because
the counter-rotating beams must be separated to stop them from colliding in the wrong
place. Each beam has its own pipe in which it circulates before collision at one of the

2[ don’t mean “does not work” here!
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FIGURE 3.4: Diagram of the Large Hadron Collider showing the major
experiments and where important operations occur. Taken from [132].

interaction points®. The beams can only cross where the pipes open out within the exper-
iments. There are four interaction points and so four major experiments (see Figure 3.4):
ATLAS and CMS are diametrically opposite* at Points 1 and 5 and have general-purpose
detectors; ALICE at Point 2, which studies heavy-ion collisions; and LHCb at Point 8,
which is specialised to make precision measurements of the decays of b and ¢ hadrons,
and will be the focus of this thesis. Injection of the anti-clockwise beam also takes place
at Point 8 [132], while the clockwise beam is injected at Point 2.

The other four points also play an essential role. At Points 3 and 7, the beam is col-
limated (or “cleaned”) to allow for precise collision points with minimal backgrounds
from peripheral processes, and to minimise beam loss [132]. These use only NC magnets,
which require much lower currents than SC ones, and so the power supplies can be lo-
cated in surface buildings rather than underground caverns. Point 4 is home to the RF
acceleration systems with separate cavities for the two beams. Finally, Point 6 contains
the beam-dump, which quickly but safely removes the proton beams from the LHC in
the event of loss of control of the beam or at the end of a fill. Here, kicker magnets deflect
the beams from their trajectories down 700 m-long transfer tunnels and into massive lead
absorbers. Further quadrupole magnets are used to deflect the outgoing beam so that it
traces out a spiral shape with time, and dissipates the energy deposition over a wider

area.

3.2.2 Proton Collisions

Any claims of discovery rely heavily on statistics and so, particularly for the precision
measurements and exploration of the rare processes that are LHCb’s forte, achieving

350 the LHC is actually two “not-rings”. Clear?
4Perhaps in more ways than one.
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large numbers of detectable interactions of interest is a big priority for high-energy physics
experiments. The quantity that determines this is the [uminosity, £, essentially a measure
of the proton density - the number of protons per unit of cross-sectional area in the beams.
This generally depends on time, so one can speak both in terms of the instantaneous lu-
minosity, £(t), or the proton density per unit time at a given time, and the time-integral
of this quantity over some period of data-taking i.e. the integrated luminosity, Lint. In-
tegrated luminosity can be stated in the units of cm~2 or often in terms of the barn, b
=102 cm?, or multiples thereof e.g. fb = 1073’ cm?. The number of events of interest,
Nexp, is proportional to the integrated luminosity [14], with the constant of proportion-
ality defined as the cross-section of the reaction of interest, vexp, which is a proxy for the
likelihood of the interaction. To summarise;

Nexp = Texp - /E(t)dt = Uexp - Ling. (3.2)

For two relativistic bunches containing N; and N, particles with a crossing angle ¢, col-
liding at a frequency f, the luminosity can be expressed as

L = 2cfN1N,Q cos? ¢, (3.3)

where
Q= /Pl(x,y,z,t)pz(x,y,z,t)dxdydzdt

represents the overlap integral of the densities of the two beams, p1», in space (x,y,z)
and time ¢ [133]. In reality, the density distributions are non-trivial, and so neither is the
integral. One can, however, approximate that for each beam the densities factorise into

the product of three Gaussians in x, y, and z. Such an approximation yields

(a2 (a2

e 2w 25f
Q= ———, 34
2%, %, G4

with
¥2 =202 cos? ¢ + 202 sin*¢ and Z; = 2Uy2.

In the above, the widths 0 . are determined from ¢y; and 07;, the widths of the Gaussians

for beams 1 and 2,
2 2 2 .
207 =0, +05, for i=xy,z,

and Ax, Ay are equal to the transverse separation of the beams in x and y. Practically,
this integral is determined experimentally from scans in x and y of the number of visible
interactions per bunch crossing, y, for a particular process with effective cross-section
Teff [134]

.t
L=f o (3.5)



70 % Chapter 3. The LHCb Experiment%

1k 1
Preliminary 28 = g4 2 8
100 | o, ATLAS : 63.39 fb-1 W
+ CMS :.66:85fb-1
10 | .« LHCb : 2.46 fb-1
+/ALICE : 0.0273 fb-1 .
1 pr———

o
'_\

0.01

Delivered Integ. luminosity [fb-1]

o
o
S
'_\

0.0001

0.00001 e
May '18 Jul '18 Sep '18

Date

FIGURE 3.5: A comparison of the integrated pp luminosity at the four main
LHC experiments as a function of time during 2018. ATLAS and CMS
collect similar quantities of data and see significantly higher interaction
rates than the one imposed by LHCb’s more specialised trigger. ALICE
is designed for heavy-ion collisions and so sees an even smaller rate by a
couple of orders of magnitude. Figure taken from Ref. [138].

The collision frequency, f, is the product of the number of bunches per beam, 1;, multi-
plied by the revolution frequency, fo, the rate at which a single bunch circulates the ring.
The luminosity can therefore be maximised by having lots of protons per bunch, with a
narrow spread in space, and colliding the bunches often. At the LHC, fo =11245Hz [133]
and n;, is ~ 2800, with ~ 10" protons in each [135], and thus f ~ 30MHz. Over the
course of a run, f will naturally decrease as collisions remove protons from the beams.
LHCb can maintain an approximately constant luminosity of ~ 10** cm~2s~! by moni-
toring p (~ 2) and compensating any decrease with a reduction in the beam offset [134],
which is intentionally introduced to reduce y to a manageable level. This is in comparison
to the far larger interaction rates at ATLAS and CMS with both having 4 = 60 and £ =
2 x 103 ecm 257! [136,137]. The beam crossing-angle is typically very small for LHCb,
though the experiment periodically flips the polarity of its magnet, which can cause this
angle to change. Taking data in both magnet configurations, called MagUp and MagDown
helps to cancel out charge asymmetries introduced due to detector effects. Figure 3.5
summarises the integrated luminosity over time for the four main LHC experiments.
Compared to leptons, colliding heavier particles like protons benefit from reduced
bremsstrahlung, and so are more viable for higher-energy collisions but have other com-
plications due to being composite particles. The fundamental particle interaction takes
place at the quark-level, and colliding protons essentially means colliding “bags” of
quarks, where the momentum of each individual component is not a-priori known. There
is, therefore, the potential for multiple interactions for each proton-proton collision, which
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FIGURE 3.6: A more accurate picture of the contents of the proton. Taken
from Ref. [139].

makes for a messy experimental environment. What’s more is the strong force (as dis-
cussed in Section 2.1.1) that binds the quarks together typically cannot be dealt with
perturbatively. The existence of gluon self-interactions means that the structure of the
proton is actually more complicated than their minimal content of uud (see Figure 3.6),
as additional sea-quarks can be pair-produced from these gluons. The momentum dis-
tributions of all of these components (called partons) are non-trivial to determine and in
fact the gluons themselves make up a significant fraction of the total proton momentum.
Such Parton Distribution Functions (PDFs) are shown in Figure 3.7.

It is, therefore, important to note that while the centre-of-mass energy of each proton
at the LHC is 6.8 TeV, the collision energies of the quarks in the fundamental interaction
are much smaller and in general will be different from each other. Heavy particles (such
as b quarks) will be produced with small momenta in the centre-of-mass frame of the
colliding partons. Lorentz-transforming into the lab frame (which will be different if the
colliding partons have different energies) means applying a significant boost along the
beam-axis, and so such particles will appear at small angles 0 relative to this axis. The
geometry of the LHCb detector, as explained in the following section, was chosen with
this fact in mind. One must note the increase in the strong interaction potential with
distance that was discussed in Section 2.1.1. This means that as quarks move away from
one another, energy builds up in the gluon field, which can stimulate pair production
processes (like the reverse of the first diagram in Figure 2.2), which create more g7 pairs
from the vacuum. Consequently, there is an abundance of quarks produced immediately
following collision.

The confinement properties of QCD then mean that any b quarks that have been pro-
duced will quickly hadronise i.e. bind with other quarks to form the composite particles
that become the measured objects. This is a highly non-perturbative process but the
probability, f;, that a b quark will hadronise with quark i (or into composite particle 7) as
a function of pr can be experimentally measured. Typically, such fragmentation fractions

for u and d quarks are assumed to be equal, due to isospin symmetry, i.e. f, = f;. The
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FIGURE 3.7: The coloured lines show the relative probabilities of different
types of parton carrying a fraction x of the total momentum of the proton
i.e. Parton Distribution Functions (PDFs). As expected, the large values
of x are dominated by u and d valence quarks (with roughly a factor of 2
between them). The fact that exact parton collision energies are unknown
for proton-colliders makes for a more complex environment that is more
challenging to model than for lepton colliders. Figure taken from [140].

newly-created b hadrons then travel some small distance before decaying further. The
lifetimes, 7, and so flight distances of each of the hadrons are known precisely and, as
will be seen, measuring them allows for good selection of b hadron candidates.

The LHCb detector has recently undergone a significant upgrade ahead of Run 3 of
the LHC. The original detector, as used during Runs 1 and 2, and most pertinent to the
LHCb analyses discussed in Chapters 4 and 6, is explored in the next section. The dif-
ferences between this and the upgraded detector that recently replaced it, relevant to
Chapter 5, are then detailed in the subsequent section.

3.3 The Run 1 and 2 LHCb Detector

LHCb primarily studies the behaviour of beauty and charm quarks, particles which typ-
ically travel at small angles with respect to the beam-axis (see Figure 3.8). Hence, the
detector takes the form of a forward-spectrometer, covering angles between 15 and 300
(250) mrad in the horizontal (vertical) direction. The conventional coordinate system has
z along the beam-axis, with the x — z and y — z planes being perpendicular and paral-
lel, respectively, to the magnetic field. Consequently, it is in the horizontal x — z plane
that particle trajectories are bent. The geometry of the collision often means that cylindri-

cal (r,¢,z) or spherical (r,0, ¢) polar coordinates are, however, often more convenient.
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FIGURE 3.8: Angular distribution of bb pairs in LHCb. The red region
marks the LHCb acceptance. Figure taken from Ref. [141].

Furthermore, the pseudorapidity, 1, is often used in place of the angle 6, where

n=—In [tan <g>] , (3.6)

and the LHCb acceptance is given as 2 < 17 < 5. This quantity is so named since, for large
energies, it approximates to rapidity, y, which parameterises Lorentz boosts (through
coshy = 7, sinhy = B7v). This is a convenient quantity since it is additive for trans-
lations to longitudinally-boosted frames. It is, though, practically difficult to measure as
it relies on measuring the total momentum vector, which is not always possible. Hence,
for hadron colliders 7 is a useful quantity to consider. The cylindrical geometry around
the beam-axis also motivates the use of the momentum transverse to the beam-axis, pr,
in favour of total momentum, p = prcoshy.

The LHCb detector composition used during Runs 1 and 2 is shown in Figure 3.9. One
can imagine the collisions occurring on the left of the diagram with b hadrons and their
decay products produced within a small angle about the beam axis, travelling in equal
amounts both forwards (to the right) and backwards (to the left), as seen in Figure 3.8.
The latter set of particles is undetected, though this halving of statistics is more than com-
pensated for by LHCb’s investment in cutting-edge technology for its subdetectors in the
forward direction. As the resolved particles propagate forwards, they pass successively
through each of the subdetectors; VELO, RICH detector, tracking stations, calorimeters,
and muon stations. Each of these is specialised to provide different pieces of information
that are ultimately combined to reconstruct the particle interactions that occurred. The
following section explains the operation of these subdetectors, with performance data
taken from Ref. [142].
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FIGURE 3.9: Schematic of the original LHCb detector, used during Runs 1
and 2. Taken from Ref. [143].

3.3.1 Vertex Locator (VELO)

The protons collide within the Vertex Locator (or VELO) [144]. The main function of
this component is to measure, with high precision, the positions of the collision point or
primary vertex (PV) and decay (secondary) vertex of candidate B hadrons, from which one
can measure the distance of flight as well as the impact parameter (IP) of nearby tracks. The
impact parameter is the closest distance between a track and a vertex, and requirements
on both of these quantities play a key role in the identification of the B hadrons in the
detector, alongside the lifetimes inferred from the distance of flight.

Since B hadrons travel within a small angular acceptance (~ 200 mrad), their decay
products, relative to those from the PV, have an appreciable IP parallel to the beam axis
(the r — z plane) but a more moderate displacement perpendicular to the axis (r — ¢ plane)
that is similar to that of the tracks emerging from the PV [142,144]. The trigger system,
which rapidly filters events, uses this information by first selecting events with signif-
icant r — z projections and reconstructs ¢ information later. This approach motivated
the design of the VELO modules (see Figure 3.10), half of which have silicon strips at
constant radius (to deduce displacements in r), the other half having silicon radial-strip
sensors pitched by an angle of 10° — 20°. These latter sensors predominantly measure
¢ coordinates, but this finite pitch permits some discrimination in radial coordinates to
allow the combination of information from the two halves. The two types of submod-
ule swap sides with each successive VELO module. The pitch also provides a means to
spread occupancy, i.e. the number of hits per sensor, across the subdetector, with small
strip pitches (and the best hit resolution) used close to the beam axis and large pitches
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FIGURE 3.10: VELO module design from Runs 1 and 2. The two halves are
separated from each other during beam fills and only closed together once
proton beams are stable. Figure taken from Ref. [145].
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FIGURE 3.11: PV and IP resolution for Run 1/2 VELO, dependent on track
multiplicity, N, and transverse momentum, pr, respectively. Taken from
Ref. [142].

used further away.

Since LHCb is primarily specialised towards processes with displaced decay vertices,
having accurate and precise information on the IP, and the x? on the charged-track fit to
determine it, is crucial to be able to suppress backgrounds and reduce uncertainties. The
IP resolution mainly depends on three factors: the position resolution of the individual
hits that make up the track, the distance of flight of particles between primary vertex and
first detection point, and the amount that particles scatter off the material of the detector
itself [142]. The design of the VELO is such that all three of these effects are mitigated.

Firstly, the individual modules provide high-resolution hit position information, e.g.
~ 5um at a pitch of 40 um to ~ 25um at 100 um. The resolution of the PV depends
heavily on the number of tracks making the vertex (track multiplicity). At a benchmark
multiplicity of 25, the resolution is 13 um in x and y, and 71 um in z, with the full multi-
plicity dependence (for x and y) as shown in Figure 3.11. To address the second factor, the
sensors are placed as close to the beams as is feasible, with the closest strips being found

just 8 mm away during physics data-taking. This means, of course, that there is a danger
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FIGURE 3.12: Time-resolution for Run 1/2 VELO as a functions of momen-

tum (left) and decay-time uncertainty (right). The grey histograms rep-

resent distributions of these quantities on an arbitrary scale. Taken from
Ref. [142].

of radiation damage to the modules. Unless the LHC has stable beams, the two halves
of the detector are separated from the beam aperture by 30 mm [145], and only when the
stability of the proton beams is assured are the two halves closed together to achieve this
minimum distance. There is also a sheet of aluminium RF foil between the modules and
the vacuum to reduce noise from the charge-flow of the beam and separate the beam vac-
uum from the VELO vacuum. This RF foil is incredibly thin, with a thickness of 0.3 mm,
so as to optimise IP resolution.

Some of LHCb’s headline measurements have been of time-dependent CP violation
effects. Such measurements require resolving the oscillation of mesons, some of which
can occur at more than 1ps~!. Therefore, a fine decay-time resolution (~ 40 fs) without
bias is essential to support these programmes of activity. Indeed, the amplitude of such
oscillations is diluted relative to the time-resolution; for a recent measurement of Bg oscil-
lations [77], which have a mixing frequency of 17.7 ps~!, the CP asymmetry was diluted
by a factor ~ 0.7, on account of the decay-time resolution. The performance from Run 1
for this quantity is shown in Figure 3.12.

3.3.2 Ring-lmaging Cherenkov (RICH) Detectors

As previously introduced, the Ring-Imaging Cherenkov (RICH) detectors are another
specialisation of LHCDb to precision flavour physics, since these allow for accurate particle
identification (PID) of light particles. Particles travelling faster than the speed of lightin a
given medium emit photons known as Cherenkov radiation®, which appears as a ring of
light when viewed front-on. This results from the bunching up of wavefronts in front of
the particle in an equivalent process to the production of a “sonic boom” by a supersonic
jet. The angle at which this radiation is emitted, the Cherenkov angle (6¢), and thus the
radius of the ring, depends on the velocity of the particle, 8, and the refractive index, n,

of the medium [146]:
1

np’
5Named after Pavel Cherenkov, who, alongside Ilya Frank and Igor Tamm, won the 1958 Nobel Prize for
the discovery and interpretation of this effect [15].

cosfc = (3.7)
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FIGURE 3.13: Cherenkov angle versus momentum shows great discrimi-
nation between different particle IDs. Taken from Ref. [142].

which is clearly only valid for [nf| > 1 = B > 1/|n|, with no radiation being pro-
duced for particles below this threshold. This can, therefore, be used to provide excellent
discrimination between different types of particles (see Figure 3.13) that would otherwise
appear similar. This first detector was specialised to detect low momentum particles,
which typically come out at larger angles (0 not 6c), covering an angular acceptance of
25-300 mrad with C4Fjp, and in Run 1 also a silica aerogel, as a medium [147]. A sec-
ond RICH detector specialised to detect the high momentum particles (at small angles),
using CF,, was found after the tracking stations and covered an angular acceptance of
15-120 mrad. Since the Cherenkov angle was the primary discriminator between parti-
cle identities in this subdetector, its performance depended mainly on the resolution of
this angle, o(6¢), which was 1.618 £ 0.002 mrad and 0.68 + 0.02 mrad for the first and
second RICH detectors, respectively [142]. The photoelectron yield (Ny.), the average
number of photons that can be detected for a single track, was another parameter that
was optimised.

When PID information from the RICH detectors is used, particles are identified (as
electrons, muons, pions, kaons, protons, etc.) by evaluating the relative (log) likelihoods
for each hypothesis. When performing selection cuts with this information, one must
reach a compromise between the misidentification rates and efficiencies. When averag-
ing over the momentum range 2 - 100 GeV, with a cut on the relative log-likelihood of the
kaon and pion hypotheses, PIDK=AlogL(K — 7t) > 0, one finds the kaon efficiency to
be ~ 95% with a pion misidentification rate of ~ 10%. Tightening the PID requirement
to PIDK> 5 reduces the pion misidentification rate to ~ 3% at the cost of an approxi-
mate 10% decrease in kaon efficiency, on average [142]. The detection efficiency versus
misidentification rate, as a function of momentum, for the RICH is shown in Figure 3.14.
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FIGURE 3.14: Detection efficiencies and misidentification rates in Run 1/2
RICH subdetectors. Taken from Ref. [142].

3.3.3 Tracking Stations

In addition to the VELO, the tracking system was formed by four planes of tracking
stations: the Tracker Turicensis (TT)° before the magnet, and tracking stations T1-T3 af-
ter [142]. These subdetectors “track” the trajectories of charged particles traversing the
detector and determine their momenta from bending radii, as in Eq. (3.1). Such mo-
mentum information allows particles to be selected according to their invariant mass,
E? — p2c?, a Lorentz invariant quantity that permits the reconstruction of short-lived par-
ticles from their decay products. Information on track trajectories is necessary for effec-
tive reconstruction in the subsequent RICH detector. The triggers also rely heavily on
cuts involving tracking information.

The tracking stations T1-3 are themselves composed of four layers of modules, as
seen in Figure 3.15. In order to give some sensitivity in the y direction, there is a relative
pitch between the four layers, forming an x — u — v — x geometry. In the x layers, the
modules point vertically, while the u and v layers are tilted by +5° and —5° respectively.
The priority for the x direction is because it is the direction of track-bending, where good
resolution is especially needed. There are two halves to each station, which are further
split into Inner (IT) and Outer trackers (OT) on account of the difference in occupancies
close to the beam pipe compared to the periphery of the detector acceptance.

The OT is made up of gaseous straw-tube drift cells, covering an area of around 5 m
x 6 m, with 12 double layers of straw tubes. Each straw tube is 2.4 m long with 4.9 mm
inner diameter and is filled with a mixture of Argon, Carbon Dioxide, and Oxygen. A
positively-charged gold-plated tungsten wire runs through the centre along the length of
the tube, set to +1550V. Charged particles will ionise the gas mixture, triggering a cas-
cade of electrons onto the anode wire, which can be read out to indicate the presence of
a particle in that part of the detector. The particle flux in the cross-shaped inner tracking

0n looking up the meaning of this unusual word, I found that it refers to Ziirich through its Roman
name of Turicum. It also appears that TT originally stood for Trigger Tracker, but when the focus of this
subdetector changed, another name with the same acronym needed to be found. Conveniently the Ziirich
group had played a key role in the development of this subdetector.
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FIGURE 3.15: Layout of the LHCb tracking stations in Runs 1 and 2. Taken
from Ref. [148].

region, however, is too high for conventional drift chambers. The TT and the IT rely in-
stead on silicon micro-strips, with the dimensions of the sensors differing between these
two subdetectors both in terms of area and thickness. Like in other subdetectors, the TT
system has higher granularity closest to the beam-pipe, with the highest flux, achieved
using a higher pixel density closest to the beam pipe.

Tracking efficiency is the probability that the path of a charged particle through the
tracking stations will, in fact, be identified as a track, assuming that particles do not in-
teract with the detector material, do not decay in the tracking volume, and do not exit the
detector acceptance. Across the whole phase-space of LHCb, ie. p € [5,200] GeV and
1 € [2,5], the average efficiency is at least 96%, excluding high multiplicity events of 200
tracks or more. For momenta below 20 GeV, the momentum resolution is around 0.5%,
rising to around 0.8% around 100 GeV, with an approximate systematic uncertainty of
0.03% (see Figure 3.16). The tracking alignment must not change considerably with time,
and re-alignment is necessary whenever detectors are moved during maintenance and
when the direction of the magnetic field is reversed, which usually occurs around once
every fortnight. Even with this procedure, there can still be some small misalignments
in the relative position of neighbouring detector modules that remain, and these are esti-
mated from the scatter of hits around the fitted tracks to be approximately 10 um in the
IT and 30 um in the TT.

3.3.4 Calorimeters

The calorimeter system follows the tracking system, providing information on particle

energies and being invaluable for the reconstruction of neutral particles that do not leave
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FIGURE 3.16: Momentum resolution of the Run 1 and 2 tracking system.
Taken from Ref. [142].

a signal in other subdetectors. There are two varieties of calorimeter present, which fol-
low two other complementary subdetectors that will be explored in the next subsection.

The first of the calorimeters is the Electromagnetic Calorimeter or ECAL [149]. This
allows for the detection of electrons, positrons, or high-energy photons. Electrons and
positrons may emit bremsstrahlung (as photons), and photons themselves may yield
pair-production of electrons and positrons. Electrons and positrons may also annihilate
to produce photons. The combination of these processes means that any one of these
entering the ECAL will cause a cascade of such particles to be produced, and energy is
deposited in a cluster. The longitudinal extent of this cascade is typically expressed in
terms of the radiation length, Xy, i.e. the distance over which the energy of an incom-
ing particle is reduced by a factor of Euler’s constant, e [14]. The subdetector is com-
posed of alternating layers of 2 mm-thick lead sheets and 4 mm-thick scintillator plates
connected to wavelength-shifting (WLS) fibres. Its total thickness is chosen to be large
(25Xp) to maximise the energy resolution for high-energy photon showers. A similar
process can happen for hadrons in the second calorimeter - the Hadronic Calorimeter or
HCAL [149]. The HCAL design is similar, with the 4 mm-thick scintillator plates instead
being interspersed with 16 mm-thick iron sheets. The energy resolution of the ECAL is
10%/+/E[GeV] + 1.5%, while for the HCAL it is 80%+/E[GeV] + 10%.

The detector covers 300 mrad horizontally and 250 mrad vertically, the region covered
by charged particles. Close to the beam axis, the effects of background are considerable,
and for this reason, as well as on grounds of radiation protection, there is a central hole
of 30 mrad in both directions. The hit density does, though, vary by two orders of magni-
tude over the calorimeter surface, so it makes sense to divide the calorimeter into regions
with different cell-sizes, optimised in order to equalise occupancy, given a fixed number
of channels. The ECAL has three such regions, while the HCAL has only two and gen-
erally has larger cell sizes. The need to be able to resolve the two separate showers from

high-energy 7° — 7+ puts certain requirements on the ECAL. In the most active region,
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closest to the beam axis, the cell size corresponds to approximately the Moliere radius,
(% %X()) [14] such that the majority of the energy of a single isolated shower is dis-
tributed across just four adjacent cells. 71° candidates where the two photons fall within
a single ECAL cluster are termed “merged”, while candidates with two separate clusters
are termed “resolved”.

The mass resolution with which neutral pion candidates can be reconstructed is an ob-
vious key indicator of performance, impacting the efficiencies of any selection made on
this quantity. As a benchmark, Figure 3.17 shows the distribution for D° — K~ 7+ 7% can-
didates for resolved and merged 710 candidates, with the numerical values being 30 MeV
for the merged 71¥ candidates and 20 MeV for the resolved ones. A similar case can be
made for high-energy photon reconstruction, shown in the same figure for the example
of B® — K*0. The mass resolution comes primarily from that of the ECAL energy depo-
sition, and in this example is 93 MeV.
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3.3.5 SPD/PS Detector

The response of the ECAL to incoming electrons and photons converted in the mate-
rial after the magnet is very similar, and it is necessary to use additional technology to
discriminate between the two cases [142, 149]. One such technology utilised at LHCb
involved scintillators which emit photons when interacting with charged particles. The
inventively-named Scintillator Pad Detector (SPD) preceded the ECAL and transmitted
the scintillation light via fibres to photomultiplier tubes (PMTs), which amplify the signal
to around 25 photoelectrons, on average. The efficiency of the PMT is optimised through
the use of WLS fibres to transmit the scintillation light. As with other subdetectors, PMTs
with higher granularity are used closer to the beam axis. As seen in Figure 3.18, the
presence or absence of such a signal serves to resolve the ambiguity of the ECAL. The
precision of the evaluation of the energies of positions of candidates in the ECAL, as
well as the accuracy of the identification of these candidates, can be further improved
through measurements of energy losses in the material before this subdetector. To this
end, a second set of scintillating pads, the Preshower (PS) detector, follows 2.5 radia-
tion lengths (15 mm) of lead and placed ahead of the ECAL. Furthermore, backgrounds
from charged pions can be reduced using information from this subdetector. Information
from this subdetector is used in the calculation, in simulation, of the signal and back-
ground probability density functions for non-converted photons that pair-produce within
the ECAL. The resulting photon hypothesis likelihoods when applied to data are used to
identify such particles. This is in contrast to converted photons that pair-produce before
the ECAL, which are reconstructed from the resulting electron and positron tracks, and
the purity vs efficiency performance from Runs 1 and 2 are shown in Figure 3.19. This
figure also shows the performance of the calorimeter system in discriminating between a
7 candidate and a 1% — 77 candidate achieved using a neural network classifier, again
trained on simulation.
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3.3.6 Muon Chambers

Following the calorimeters, which see the destruction of the vast majority of types of
particle that traverse the detector, the only variety of measurable particle (excluding neu-
trinos) that is expected to remain is the muon. Charged particles, hypothesised as being
muons, are detected at this point in four tracking stations (M2-M5), which utilise Multi
Wire Projection Chamber (MWPC) technology’, with a fifth (M1) placed ahead of the
calorimeters on grounds of space [151]. In a similar way to the straw-tube detectors, here
there are grids of wires within each station, and the motion of a muon near any one of
these will induce a small current in the wires, benefiting also from electron multiplication,
that allows the muon position to be pinpointed.

LHCb targets a muon trigger efficiency greater than 95%, meaning that each muon
station must have an average efficiency in excess of 99%. The efficiency performance of
the stations is summarised in Figure 3.20. This efficiency can be affected by misalign-
ments in the first two stations, where the muon momentum is estimated, and also intro-
duce a charge asymmetry. To remove such an asymmetry in the trigger efficiencies and
to keep the momentum uncertainty below 0.1%, requires an alignment precision of ~
1 mm, which is indeed achieved at LHCb. A lower spatial resolution is necessary for M3-
5, which do not contribute to the momentum estimation. The timing of muon detector
hits is also measured precisely, with a resolution between 2.5 and 4 ns, though this can
depend on phase-space.

7Development of this technology won Georges Charpak the Nobel prize in 1992, the last time a single
person was awarded it in Physics and the most recent occasion recognising development in particle detector
technology, following the awards of 1948, 1950, 1960, and 1968 [15].
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3.3.7 Software

In addition to hardware, there are a number of key software packages that are central
to LHCb'’s analyses. As will be detailed in the next subsection, raw data is rapidly fil-
tered through the trigger system after detection, saving a small subset and discarding the
majority. Moore [152] performs the software portion of this process. Objects like tracks
and clusters that are required for further selection are reconstructed from subdetector
signals here, outputting files in the DST format, which are ROOT [153] files containing
both the raw data and reconstructed objects. To minimise data storage, the raw data can
be discarded by saving a uDST file instead. The Brunel [154] application, in Runs 1 and
2, then applied more detailed and precise reconstruction, following the quick and rough
one performed by Moore.

Though the DST files at this point are technically suitable for analysis, typical users do
not have access to them. This is because the raw data is stored on physical tape, which
is time-consuming to read out, and users are typically only interested in channels that
make up a fraction of the total dataset. It therefore makes more sense to further filter
these DST’s by a set of selections known as the stripping, which again outputs a DST
or uDST. This allows data to be grouped together in streams that contain similar decay
topologies, reducing the amount of data needed to be accessed at one time and making
for a more robust system. The DaVinci [155] application permits such further filtering and
selection of samples, and users may also run their own offline analysis, which outputs
ROOT files called ntuples.

As well as experimental data, it is often useful to also have access to simulated data.
Gauss [156] is an example application that simulates (Monte Carlo) proton-proton colli-
sions as well as the subsequent hadronisation and decays. This itself calls upon different
Monte Carlo event generators, including Pythia [157] and POWHEG [158], as well as
EvtGen [159] (which describes the decays of the simulated particles) and GEANT4 [160]
(which models the detector response to the different particles). The application Boole [161]
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can convert such simulated detector response into digitised signals akin to real detector
output. The output of this can then be fed through the same software applications as real
data, from Moore onwards.

3.3.8 Trigger

The rate at which proton collisions occur in the LHCb detector means that the majority
of raw data cannot be saved to disk, with regard to the cost of maintaining such a stor-
age space. There is, therefore, a trigger system, the function of which is to enrich the
output of the detector by keeping more signals of interest than background. Figure 3.21
summarises this process. In Runs 1 and 2, the first stage of this process (L0) involved
a hardware trigger that removed events with small momentum transverse to the beam
axis, pr, and large numbers of hits in the SPD [149]. It also selected events with high pr
muons and rejected those with multiple interactions per bunch crossing [162]. This re-
duced the data rate from around 40 MHz to around 1 MHz. The second and third stages
of the process were termed High Level Trigger (HLT) 1 and 2, which were software trig-
gers.

HLT1 used tracking information and performed some inclusive selections to make
decisions. The second stage, HLT2, performed a full reconstruction suitable for offline
analysis, including both inclusive and exclusive selections to reduce the data rate further.
In Run 2, this stage outputted at around 12.5 kHz. There was also a disk buffer of ~ 10 PB,
which allowed for calibration and alignment to be performed in real-time. It also allowed
data to be processed during LHC downtime. During Run 1, this was placed between L0
and HLT1, which permitted slightly more data to be processed by the software trigger
during accelerator downtime. For Run 2, this was moved to be between HLT1 and HLT2,
benefiting from the lower input rate, which resulted in a larger number of events that
could be stored in the buffer. The calorimeter triggers selected on particles that left a
significant transverse energy (Er) in the calorimeters and includes information from the
SPD and PS. This helped to identify the presence of electrons, photons, neutral pions, or
hadrons. When associating calorimeter clusters with the particles that generated them, a
compromise had to be found between using a large number of cells to ensure that most of
the energy of the shower is accounted for, and using a small number of cells to minimise
overlap and reduce the rate at which two neighbouring showers are resolved as a single
cluster. Showers tend to be narrow, so a zone of 2 x 2 cells was used. At each stage, only
the highest ET candidate was kept to mitigate the required processing power.

The selection was performed in three successive steps. Firstly, high Et deposits were
identified in the ECAL and HCAL. The information from the SPD and PS was combined
to discriminate the source of the electromagnetic shower (e, 7, 7'(0). Finally, for each type,
the highest Er candidate was selected, and information on the total Er in the HCAL
and SPD multiplicity was persisted. Again, processing time was reduced by cutting out
events with high SPD multiplicity. In a similar way to the calorimeter trigger, the muon
trigger selected tracks in the muon stations with large pr, searching for hits consistent
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FIGURE 3.21: A summary of the main stages of the LHCb trigger during
Runs 1 and 2 [163].

with a straight line track from the interaction point. The pr was determined from the
track hits in the first two stations. The pile-up system, composed of silicon strips and
located upstream of the VELO, allowed the determination of the number of primary in-
teractions per bunch crossing. The detectors of this system were specially designed to
have fast readout such that pile-up information could be made available at L0. LHCb
regularly operated with an instantaneous luminosity of 4 x 1032 cm~2s~! [142], so this
required all sub-detectors to have the capacity to manage luminosities at least this high.

Crossings with multiple interactions, which tend to be dominated by combinatorial
background rather than genuine b decay candidates, take up a disproportionally large
share of the event-building bandwidth and the available processing power. Removing
these crossings freed up bandwidth, which could be used to loosen trigger cuts on other
variables and boost the number of signal events collected. Note that the pile-up system
only detected backward tracks, so there was no overlap between pile-up interactions and
B decays within LHCb. The pile-up system also offered information on the luminosity at
LHCD since the rate of crossings with zero, one, and multiple interactions is expected to
follow Poisson statistics. Information from the calorimeter, muon, and pile-up triggers
were combined at the LO Decision Unit in order to make overall decisions as to which
events were kept. The trigger received information at 40 MHz and had a latency of 500ns.
Trigger efficiencies are often evaluated via TISTOS variables [164], which divide triggered
events into three categories:

1. Triggered On Signal (TOS): the signal part of the event alone (removing all non-

signal) was enough to cause the trigger line to fire.
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FIGURE 3.22: Trigger efficiencies as a function of beauty hadron pr for
both LO (top) and HLT1 (bottom). Figures adapted from Ref. [165].

2. Triggered Independent of Signal (TIS): the part of the event not including signal
(the “rest”) passes the trigger selection on its own.

3. Triggered On Both (TOB): neither the signal nor the rest of the event alone would
pass the trigger line, but both are required to pass.

3.3.9 Limitations

L0 performed poorly for hadronic final states (see Figure 3.22). For the B20OC modes of
B* — D" and B — D~ 7t for a characteristic value of pr(B) of 10 GeV, the efficien-
cies are below 50% and this is then further compounded with similar inefficiencies for the
D decays. This was a limiting factor for hadronic analyses, which included extractions
of the weak phase, . By comparison, the HLT1 efficiencies for these same modes were
in excess of ~ 95%, even for low pr values. This motivated the removal of the LO trigger
ahead of Run 3.
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3.4 LHCb Upgrade | Detector

For Run 3, the baseline instantaneous luminosity has increased to 10%* cm=2s~! [144],
which offers better statistics across the board. In addition, the LO hardware trigger has
been removed, meaning that online selections are almost entirely software-based. This
greatly improves prospects for measurements with hadronic final states but also means
that sensors have to read out at a much higher rate (40 MHz in comparison to 1 MHz).
Correspondingly, many of the LHCb subdetectors were upgraded in one shape or form
during Long Shutdown 2 (LS2), as shown in Figure 3.23. One may note, for instance,
the removal of the muon station M1, which previously had high occupancy with high
background. While the general philosophy of the LHCb detector did not change between
Run 2 and Run 3, some of the more significant changes will be discussed in the following.

3.4.1 VELO

While the Run 3 VELO reused much of the mechanical infrastructure of the old VELO
(including the vacuum tank and much of the cooling system), the modules themselves
changed significantly. The geometry shifted from a semi-circular geometry with indi-
vidual sensors for r and ¢ to roughly L-shaped silicon pixel-based modules (see Figure
3.24), which fit together to form a diamond shape with small aperture in the centre for the
beam to travel through. The distribution in z of the modules is also different to that of the
old detector, with 24 pairs of modules [144]. This is to optimise the resolution of impact
parameters, considering the smaller module sizes and smaller distance from the beam.
Each of the modules is composed of 12 VeloPix application-specific integrated circuits
(ASICs), which themselves are made up of 256x256 radiation-hard square pixels, and are
capable of 40 MHz readout. Three chips arranged in a row make up a sensor, and four
such sensors are combined to form a module with two sensors on either side.
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3.42 RICH

For RICH], silica aerogel has been removed as a medium, and the size of the ring im-
age was increased to reduce occupancy. In both detectors, the photon sensors were also
changed from Hybrid Photon Detectors (HPDs), which have readout electronics inte-
grated into the chips, to Multi-anode PMTs, which are available commercially and have

external readout electronics.

3.4.3 Upstream Tracker (UT)

The Upstream Tracker (UT) supersedes the Tracker Turicensis (TT), having a broadly
similar geometry (x — # — v — x) and composition (silicon strips), however with thinner
sensors, larger coverage (with a smaller gap between the beam-pipe and the sensors)
and finer granularity [167]. The last point is especially important as the larger expected
occupancies would have overwhelmed the previous subdetector. Signals are also read
out at the sensors rather than being transported away in order to reduce noise. An update
to the readout was also necessary in order to operate at 40 MHz, which is required during
Run 3.

3.4.4 Scintillating Fibre (SciFi) Detector

Very much “science fact”, the SciFi (Scintillating Fibre) Detector, as the name suggests,
is composed of mats of six layers of fibres, which are then combined together to form
modules [167]. The modules make up the layers of the detector, of which there are four,

in a similar configuration to the UT (x — u — v — x). Charged particles traversing the
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subdetector cause the emission of photons from the scintillator, which can be wavelength-
shifted and then photo-multiplied to boost the signal. There are three Sci-Fi stations,

superseding the tracking stations of Runs 1 and 2.

3.4.5 Software and Trigger

In Run 2, HLT1 outputted at around 1 MHz, and this will not change in Run 3, so this
stage has to work 40 times as fast as in Run 2 to compensate for the missing L0 trigger.
In Run 2, this stage outputted at around 12.5kHz, but this is expected to be an order of
magnitude larger for Run 3, with a data rate of 10 GB/s and average event size of 70 kB.
The signal rates facing the upgraded detector are considerable, potentially as much as
27 GB/s of just bb events using an inclusive trigger, and three times as many ¢c events.
Such conditions could necessitate applying a pre-scale to many trigger lines just to fit
within the bandwidth available. This has motivated a move to save more of the data in
a reduced format, according to the Turbo model, making use of more complete real-time
reconstruction and saving only reconstructed, rather than raw, information. This means
that the HLT2 selection is roughly equivalent to offline selections and what would have
been done in Brunel. Brunel’s presence now simply allows users to re-run the reconstruc-
tion with a different parameterisation without the need to redo the trigger selection. Like
the stripping in Runs 1 and 2, data in Run 3 is run offline through sprucing for sorting
into streams and further selecting to improve signal quality and reduce data size.

Global Event Cuts (GECs) remove events with the largest multiplicities, which typ-
ically have the worst signal purities and are more computationally expensive, and free
up bandwidth to allow the reconstruction of the remaining events to be brought closer
to that of the offline algorithms. The event multiplicity can be considered in terms of a
number of metrics, e.g. the number of PVs, the number of tracks reconstructed, or simply
the hit multiplicity of a subdetector, all of which are well correlated. Many of these mea-
sures are, in fact, correlated with each other, as shown in Figure 3.25, where a GEC based
on the sum of the ECAL and HCAL multiplicities (GEC = Ngcar + Nucar) is compared
to other possible measures of the event multiplicity.

The effect of making a cut on calorimeter multiplicity was studied using B — ¢¢
simulation for expected upgrade conditions, and it was found that the most complex
events could be sufficiently removed with a cut on events with multiplicities above 1200,

while maintaining a 90% signal efficiency, as shown in Figure 3.26.

3.4.6 Commissioning

Since much of the infrastructure of the LHCb detector is brand-new for Run 3, great
effort is required to ensure that the projected performance is realised and the operations
of each part are validated. Much work has already been done by subdetector experts
to commission each individual aspect under the pressure of a number of setbacks. In
order to commission the entire detector as a whole, analysis of the data is a key objective,
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and I have been responsible for Early Measurements involving b hadrons as part of this

commissioning task. These are described in Chapter 5.
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CP Violation in B! — D; 7w~ at LHCb

“You, the people, have the power to make this life free and beautiful, to make this life a wonderful
adventure ... Let us fight for a world of reason, a world where science and progress will lead to all
men’s happiness ... in the name of democracy, let us all unite!”

- Charlie Chaplin, The Great Dictator

4.1 Introduction

At the time of writing, one of the most significant suggestions of deviations between
the predictions of the SM and experimental data comes from branching ratios of decays
of the form B?S) — DE:)Hh*, where h = {7, K,p,K*}, which are in significant tension
with the predictions of QCD Factorisation (QCDEF), a technique introduced in Section 2.5.
In particular disagreement are the branching ratios of BY — D 7~, B> — D7~ and
B — DTK~, though the exact value depends on which prediction is used. As will be
seen in Chapter 7, the first and last of these decays are dominated by tree-level b — ciig
diagrams, with theoretical uncertainties that are well-controlled, and are two of the most
reliable SM predictions for non-leptonic branching ratios [58]. B® — DT n~ also has
contributions from annihilation topologies, which spoil this somewhat. Explicitly, the
tensions for B! — D} 77~ and B — DT K~ are 5.80 and 7.1, respectively, compared with
Ref. [58], and 4.5¢ and 6.10, respectively, compared with Ref. [59]. These channels being
tree-dominated means that they would be expected to be reasonably well-described by
QCDF, underlining the significance of these tensions, though it is important to verify
that QCD is well-understood with further theoretical analyses. This provides the context
for what is discussed in Chapter 7. There is, nonetheless, the tantalising prospect that
BSM effects are at play. Since CP asymmetries are also sensitive to such new physics,
measurements of these quantities for the tree-dominated modes are excellent potential
probes for BSM effects [169].
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FIGURE 4.1: Current tensions in B — Dh modes between experiment and
QCDF predictions. Significant tensions are seen for B — D*K~, B —
D} m,and B — Dt

4.1.1 Theoretical Background

In the SM, B® — D*K~ and B? — D; 7~ are both flavour specific and CP-conserving at
amplitude-level, category 2 in Section 2.3.2, where the only contribution to the total CP

asymmetry, A?S, can be from CP violation in meson mixing, aqu. Therefore we have

r (Bg(t) N D;h*) T (Bg(t) = D;h+)

r (Bg(t) — D}lr) T (Bg(t) R Dq‘h+) = af. (4.1)

q _
Afs_

Here, the complex amplitude A¢ for B’g — D/ 'h™ has a single contribution, which can
be denoted as .A?M with separate strong and weak phases of ¢°M and ¢M, respectively.
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There is no interference, and so no direct CP violation.
Generally, any additional New Physics contribution will change this, as the amplitude
becomes

i¢SM3 7 »SM

: + BSM
e'?

Af = ’AJScM e

i oBSM
P = ‘ .A?M

9™ ie™ (1 + rei9"ei‘P) , (42

where 7, ¢, and ¢ are, respectively, the relative magnitude, strong phase, and weak phase
of the BSM contribution compared to the SM. A similar definition may be made for the
conjugate decay amplitude, Af-, for Bg — D h*. The presence of interference in these
amplitudes then allows for direct CP violation [169]. The amplitudes themselves are not
physical, but the squares of their magnitudes

]Af‘z = ‘A?M)z ‘1 + rel?el? ? = ‘AJSfM‘Z (14 2rcos(¢p+¢)) + O(rz) (4.3a)
‘flf-)z = ‘A;C’;M‘Z ‘1 + relPei? g ‘A?M‘Z (1+2rcos(¢p — @) + O(r?), (4.3b)

are proportional to the appropriate partial widths:

T [By(t) = £] = Ny [ A (1al)e ', (1), (4.4)
_ 1 _ 2

T [By(t) = f] = 5Ny \Af-] (1—al)e "X, (1), (4.4b)

T'[By(t) = f] = %Nf \Af\ze—wx;(t), (4.4c)

T [By(t) = f] = %Nf ’Af‘lze_rth;(f)/ (4.4d)

where the notation X;t(t) denotes a function dependent on the mass and width differ-
ences, AM, and AT';, between the two flavour states

X, (t) = cosh (qut> + cos(AM,t). (4.5)

Here, we used the fact that ’AJS(M‘ = ’AJS(—M’ and )AJS(M‘ = ‘AJSFM‘ = 0. Eq. (4.1) then
becomes [169]

( (t) = Dy h*) ( —>D+h)
I (By(t) = Dyh*) +T (By —>D+h)

) )
(1 +al)—(1—al) (1 +af) cos(¢p — @) — (1 —al) cos(¢ + ¢)
T+ al)+ (1—al) (14al)+(1—al)

q _
Afs_

—2r

1 o 1 o
al —2r 5 (cos ¢ cos ¢ + singsin¢) — 3 (cos ¢ cos ¢ — sin ¢ sin @)

A?S = ufs —2rsin¢gsin ¢ = afs AZH, (4.6)
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where Azir ~ 2rsin ¢ sin ¢, and a?s is assumed to be small. Measurements of a?s (pre-
dominantly from semi-leptonic decays) confirm that this is the case and are currently
consistent with the SM [170]:

S

§ =aj,(=ay) = (—60+£280) x 107>,
Al =al(=a%) = (-21+17) x 1074

A?s is, however, yet to be explicitly measured for B0 — D} 7~ or B — D*K~. Here,
measurements of A?S could give access to Azir, which may be as large as 102 [169], and
can probe BSM effects in tree-level hadronic decays independent of theoretical assump-
tions. On account of the rapid oscillation, governed by AM,, of BY compared to B°, the
production asymmetry effects present in the latter are “washed out” in the former case
when time-integrated. I was a proponent of an analysis that made such a measurement
for B — DF 7~ in Run 2. This is, at the time of writing, in the review process, and the
following chapter follows the analysis note (Ref. [1]), with an emphasis on my particu-
lar contributions; the determination of detection asymmetries and misidentified (misID)
background fractions. Titles of sections where I had limited personal involvement will
be italicised.

4.1.2 Experimental Considerations

The effective flavour tagging efficiency (i.e. to tag a neutral B meson as B?s) or B?S)) ina
hadron collider like the LHC, taking into account mistagging probabilities, is generally
low. At LHCDb, this is in the region of 6% [77] and counteracts the sensitivity improve-
ment of a factor of two that would be gained from performing a tagged analysis rather
than an untagged one, and so it is experimentally advantageous to make an untagged
measurement [169]

o DB > ) +T (B = )] [T (By(5) = £) + T (B(t) = £)]
@8 T (By(t) — f) + T (By(t) = f)] + [T (By(t) — f) +T (By(t) — f)]
AP [+ (=) X 0] = A [X 0+ (1+al) X, ()]
A [ 1)+ (1= a) Xp (0] + |4 X0 () + (1+a) X, (8]
_ 2rsingsing — al (1+2rcos¢pcos ¢+ 17) Y(t)
14 2rcos¢cosp + 12 — 2a{ r sin ¢ sin @Y (¢)
17 22rrcs;2$::slg +12 2y (1), (4.7)
with

X7 (t) 1 {1 _ cos(AM,t) ]
B cosh (%) '
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Time-integrating, we find a modification to Eq. (4.6)

q q “?
<Auntag.> ~ Adjr - ?S(l - pq)/ (48)
where
2 — Lrﬁ
1— pq — q74’
I’% + AM%
and

2r sin ¢ sin ¢

Al = :
14 2rcos ¢ cos ¢ + 12

dir — Aintag.(“?s = 0)

Since p; is very small (~ 0.001), for BY — D7, we have

S

a
<Aimtag.> ~ iiir - f (4-9)

It should be noted that the conventions for defining A} and <Aq

untag.> introduces a rela-

tive sign difference between the two. Practically-speaking, there are several contributions
to the total asymmetry to consider

[ e Tst cos (AM;t)e(t)dt
[ e=Tst cosh (%)e(t)dt

<Afmtag,> = Asaw — Adet - Aprod , (4.10)

where Aray is simply the normalised asymmetry of reconstructed decays, Aget is the
detection asymmetry, Aproq is the production asymmetry, and e(t) is an acceptance func-
tion. Each of these contributions will need to be measured to give access to the untagged,
time-integrated asymmetry, and so to potential BSM effects via Eq. (4.9).

4.2 Data Samples

Having devised an analysis strategy, the first thing to do is to get a sample of B — D 7~
events, ideally with as little contamination from background modes as possible. LHCb
collected around 6 fb~! of data during Run 2, and we make use of events reconstructed
through one of two final states, D7 — K"K~ 7" and D7 — "7~ 7t*. These come from
the output of the StrippingB02DPiD2HHHBeauty2CharmLine stripping line, as also used
in Ref. [77]. This line applies loose requirements on the decay kinematics and geometry,
with the rate further reduced using a bagged boosted decision tree (BDT) classifier [171]
trained on simulation. A pre-requisite of the stripping is that the event was TOS or TIS on
the HLT?2 topological lines, which ultimately select events with significant displacement
from the PV and/or high pr [172], or the line that selects inclusive ¢ decays. The event
must also have less than 500 long tracks.
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All charged particles making up the B meson candidate have to obey several require-
ments. Firstly, the fit for the associated track must be of decent quality, with a maximum
value of 4.0 for the x? per degree of freedom. Conversely, the total x? for the impact pa-
rameter to any primary vertex must exceed 4.0, so as to reject tracks coming from here.
The probability that the particle is a "ghost", a signal that doesn’t correspond to a parti-
cle at truth-level, can be no more than 40%. While generically all charged particles are
required to have pr > 100MeV and p > 1GeV, candidates for the bachelor particle (in
this case the 77~ directly from the BY) have stricter requirements placed on them; pr >
500MeV and p > 5GeV. A D candidate, can then be constructed from three charged
particles with a total pr greater than 1.8 GeV, a maximum distance of closest approach
(DOCA) between any two of 0.5mm, and a combined invariant mass within 100 MeV
of the D mass. One of these three must also satisfy the same stricter requirements as the
bachelor. The combined vertex must also have a reasonable quality (x? per degree of free-
dom < 10) and be sufficiently well-separated from all primary vertices (vertex separation
X% > 16).

Similarly, the bachelor and the D may be associated to a B meson decay vertex with
an equivalent x?, that is displaced from the PV. The resulting B candidate must have a
momentum consistent with having been produced at the primary vertex with an IPx?
to this vertex of less than 25. The BDT selects on further properties of the B candidate,
namely its pr, vertex separation x? from the nearest PV, and the sum of the B- and D-
vertex x> divided by the sum of their numbers of degrees of freedom. The requirement
of a BDT response larger than 0.05 is ~100% efficient for signal decays.

It is also useful, as will be seen later, to have access to MC simulated samples, which
were run through these same stripping lines. A number of different channels are sim-
ulated, including the two signal modes reconstructed in data and several background
samples: B — (D* — K ntnt)n~, B - (D} — K*K n*)n—, B — (D} —
KK~ nt)K~,and B! — [D;* — (Df — KTK-7t)n%/)]m~. At the generation level
there are equal numbers of B! — D 7~ and B) — D; 7t and the acceptance and strip-
ping line cuts are found not to induce a significant asymmetry (< 0.7%). For each sam-
ple, truth-level requirements are applied to remove non-physical contributions. Table 4.1
summarises these requirements on the background category, which classify the source of
each contribution, for both B candidates (1ab0) and D candidates (1ab2). This procedure
is detailed in Ref. [173]. In the appropriate backgrounds, particle misidentification is in-
cluded by modifying the reconstructed ID to match the intended final state, for example
the misidentified proton in A) — (Al — pK~7")7~ had a true identity matching a p
but a reconstructed identity matching a K.

4.3 Offline Selection

On top of the stripping lines, further selection criteria are applied to data and MC, as
displayed in Table 4.2, in order to improve purity. At the most basic level, the BY is dis-

tinguished by both its lifetime and its mass, so cuts on these quantities, as well as on
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Decay channel Background category requirements

1lab0 lab2
B - Dfr- < 60 =30
B - Dfn~ < 300r=50 < 30 or = 50
BY — D} <30 <30
BY — DFK~ <60 < 300r =50
B —» Dt <60 < 300r =50
A) = A <60 =30
Background Type Category
Signal 0
Fully reconstructed physics background 20
Reflection (Misidentification) 30
Partially reconstructed physics background 40
Low mass background 50
Technical and combinatoric backgrounds 60-130

TABLE 4.1: Requirements on background category applied to MC samples
and summary of the physical interpretation of each category. Adapted
from Refs. [1,173]

Decay Modes Cut Cut applied
BY lifetime 025 <1< 15ps
B? mass 5300 MeV /c? < M(B?) < 6000 MeV /c?
D; mass 1930 MeV /c? < M(D{) < 2010 MeV /c?
K~ global PID P >0.6,Pr <04,P, <095
Both D;” modes K™ strict PID Pg >08,Pr <0.2,P, <095
nt~ global PID Pg < 04,Pr >0.6,P, <0.8
1~ strict PID Pg <0.2,Pr >08,P, <08
LO trigger LOHadronDecision_TOS on any track

Hlt1TrackMVADecision_TOS and/or

HLT1 trigger H1t1TwoTrackMVADecision_ TOS

HCAL separation ducar, > 1000mm on all final-state tracks
D= — KK+ 7 DY from D*(2010) 1830 MeV /¢ < M(KK) < 1890 MeV /c?
s 4 2265 MeV /c? < M(pxKm) < 2310 MeV /c?
A7 peak P
}'] < 0-5

Dy — m ntn DY from D*(2010) 1845 MeV/c? < M(77)pigh, low < 1867.5 MeV /c?

TABLE 4.2: Summary of the selection cuts applied to Run 2 data to obtain

BY — DJ 71~ signal candidate samples. As discussed in Sections 4.3.1 and

4.3.3, stricter PID selections were applied to events lying outside of reso-
nance regions. The PID variable ProbNNX is abbreviated as Px.

the mass of the D for the same reason, are the absolute bare minimum that one should
apply. The D;, being a short-lived particle, is reconstructed from its decay products
and two dominant decay modes were used, D — K*K~ 7" and D — ntn nt. It
is clearly also important to verify that the PID of the final state pions and kaons match
these particular final states. One should also ensure that the trigger lines that initially
selected the events make sense. At L0, the event should have been selected due to it

containing at least one hadronic track i.e. a TOS outcome for the line LOHadronDecision,
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FIGURE 4.2: Comparison of the effect of trigger selections on invariant
mass distributions.

while at HLT1 the event should be TOS on either H1t1TrackMVADecision or Hl1t1Two-
TrackMVADecision, which select interesting one- or two-track events based on a multi-
variate algorithm (MVA). Figure 4.2 demonstrates the impact of these cuts. For the re-
maining selections, an explanation of how and why these particular choices were made
can be found in the following sections.

4.3.1 Global PID Cut

Charged final state particles, particularly pions and kaons, all tend to leave similar ex-
perimental traces, and one of LHCb's assets is its PID system, which provides additional
information that many other experiments do not possess, such that the particle identi-
ties can be accurately deduced. Having this discriminating power is essential in analyses
such as this one, since there are a number of background modes that come from particle
misidentification that must be removed to allow for precision measurements to be made.
The same goes for distinguishing between the two signal modes used to reconstruct the
D; . A specialised MVA trained on inputs from the PID system, principally from the
RICH detectors, can assign probabilities (ProbNN) to a reconstructed final state particle,
for a variety of mass hypotheses. To give an example, ProbNNpi gives the probability that
the reconstructed particle was a 77=. One assigns a particular identity to a final state par-
ticle by requiring these probabilities to be above or below a certain cutoff for the different
hypotheses. Note that the exact cutoff values will vary from one analysis to another,
according to the specific requirements. In this instance, to choose the most appropriate
cut values, visual comparisons are made of the invariant mass distributions with a range
of different values applied, and the optimal set found from the one that gives the best
compromise of background suppression vs signal efficiency, as can be seen in Figure 4.3.

Muons misidentified as pions can be rejected by vetoing particles with a positive re-
sult for the boolean isMuon, which is related to the presence of hits in the muon chambers
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Scenario Particle ProbNNk ProbNNpi ProbNNmu

Nome Ko T - -
Loose K+ > 04 < 0.6 < 0.99
Tt < 0.6 > 04 <09
Nominal Kt > 0.6 <04 < 0.95
Tt <04 < 0.6 < 0.8
Strict K+ > 0.8 <02 <08
o <02 > 0.8 < 0.6

FIGURE 4.3: Comparison of the impact of varying severity of ProbNN se-
lection cuts on the signal purity of the full data sample with KK~ w7~
final states. Pre-selections were mass window and PID assignment. The

corresponding cut values for each of these scenarios are shown in the ta-
ble.

associated with the particle. The improvement in signal purity due to such cuts is made
clear in Figure 4.4. It is also required that each final state particle must be above the
Cherenkov threshold in one of the RICH detectors, which will be necessary when PID

efficiencies are determined later.

4.3.2 HCAL separation

It is often the case, particularly considering the considerable pseudorapidities of the par-
ticles involved, that HCAL showers from multiple tracks overlap and are reconstructed
within the same energy cluster. Information from the HCAL forms part of the input to
the LO trigger, and in circumstances like these, the efficiency is harder to determine. To
avoid this, it is necessary to impose a cut on the separation of projected tracks (inferred
from other subdetectors) within the HCAL, which was chosen to be defined as

d =/ (rk — 22 + (yx — y)?, @11)
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FIGURE 4.4: Comparison of invariant mass distributions for selections
with (blue) and without (yellow) a veto on final state pions passing isMuon
for the D — 7t 71~ 71" channel.

Year Efficiency / %
HCAL separation L0 separation L0+HCAL separation
2015 29.63(32) 60.30(51) 22.09(27)
2016 29.83(14) 60.75(22) 22.48(12)
2017 30.36(13) 60.64(21) 22.85(11)
2018 29.96(12) 60.38(20) 22.53(10)
Run 2 30.019(74) 60.56(12) 22.586(62)

TABLE 4.3: Efficiencies for the two selections on HCAL separation.

where x;, and yj, are the x and y coordinates of /1 in the HCAL. This separation is related
to the Moliére radius introduced in Section 3.3.4. The efficiencies associated with this
selection are given in Table 4.3. There is another possible method to enforce such a sepa-
ration, which requires TOS on LOHadron for the bachelor 71~, or TOS on LOHadron for the
h* and TIS on LOHadron for the same-sign pion, 7r". Efficiencies from these two separate
methods, as well as both together, are shown in Table 4.3, with the overlap between the

two characterised by the conditional probabilities

P (LO|HCAL) = 75.24(28) %, and P (HCAL|LO) = 37.30(13) %.

4.3.3 Local PID Selection

What can be hidden within the simple notation for a three-body decay, for example
D — hihohs, is that there is often an intermediate state H such that the decay can be
thought of as two sequential two-body decays, ie. D — Hhi,H — hyh3. Identify-
ing such resonant processes requires the study of the invariant masses of pairs of final
state particles, typically shown graphically through a two-dimensional Dalitz plot. These



102 % Chapter 4. CP Violation in BY — Dt~ at LHCb%

IS
IS

LHCb Preliminary < LHCb Preliminary

-4

< i8]

2 - 0 3 10
= p=
3 ' o F

X G i
X 100 s 10°
! 3

a 4

£ :

:

. E .
§ ‘ 10’ 5 3 10
£ E '

=

Z14 | — Ug;

T T =0’ 0 T T = 10°
1 2 0 1
. . FRRN} 2 -4 3 - G n P  MeVie™
Square invariant mass, m(K 77 ) I MeVe quare invariant mass, mtm ), eVe
(A) Df — KtK—nt. (B) D — t i~ it (with bins flipped).

FIGURE 4.5: Two-dimensional (Dalitz) plots of invariant mass for pairs of

daughters in the three-body final state of D;. Resonances can be seen from

dark bands. The bin flip method [174] was utilised for the 37 final state,

to recast the axes as the higher and lower mass pairings of opposite-sign
pions.

have two such pairings on the x— and y—axes (the third pair is related to both of these
by energy conservation). Resonances will appear as highly-populated bands in this two-
dimensional space. Figure 4.5 shows such a plot for the full Run 2 dataset. The spectra
for the D7 — K'K 7" channel indicates D7 — ¢(1020)7t" resonance for 980 MeV
< M(K*KF) < 1080 MeV and K*(892) — K~ 7" for 825MeV < M(K*n¥) < 950 MeV.
The triple-pion final state has two possible pairings of oppositely-charged pions, which
can be distinguished from one another by their invariant mass, with the higher mass pair
labelled “high” and the lower mass pair labelled “low”. Using such a labelling in a Dalitz
plot enhances intermediate resonances, and two £;(980) — 7= 7T resonance bands can
be seen, due to the symmetry of the final state, for 930MeV < M (77T )0y, high <
1010 MeV. The resonances improve signal purity and, as seen in Table 4.2, a stricter PID
requirement is applied outside of these resonant regions. The choice of ProbNN cut values
is made in a similar way to in Section 4.3.1. The improvement in background reduction
relative to signal can be clearly seen in Figure 4.6.

4.3.4 Miisidentified Backgrounds

Despite the PID cuts outlined in the previous section, there can still be a small number of
events, misidentified in reconstruction, that pollute the data. One can focus on the key
sources of such backgrounds in order to mitigate this effect, and the treatment of two such
sources is detailed in this section, where the samples contained both charge conjugates
combined.

Figure 4.5 shows for both decay modes a clear resonance structure around m? (K*K™)
~ 3.4GeV? or m? (7" T )pigh = 34 GeV?. This can be attributed to the D*(2010)* res-
onance, decaying into (D° — hh')7tt, where h,h' € {K, 7}, which is reconstructed as a
DS — h™h~ " decay. Plotting the 1-dimensional invariant mass spectrum (Figure 4.7,
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FIGURE 4.7: Comparisons of invariant mass distributions for events

within (yellow) and outside (blue) of the region 1830MeV < KTK~ <

1890 MeV. The additional peaks seen can be understood as coming from
D*(2010)" — DO (K*K~) 7.

right) for the reconstructed D] shows the presence of a second peak at a slightly higher
mass and with a slightly larger width. This peak also appears in the four-body spectrum
shown on the left of Figure 4.7. The signal contribution is reasonably low in this region,
and so this background is removed with simple vetoes for 1830MeV < m (KTK™) <
1890 MeV and 1845MeV < m (rt+ 71~ )high < 1890 MeV.

The other dominant misidentified background is AY — (A; — pK~7n™)7~, where
the proton is reconstructed as a kaon. Thus, a cut on ProbNNp is imposed within this
resonance region, [2265, 2310] MeV, as seen in Table 4.2. The effect of such a veto can be

seen in Figure 4.8.
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FIGURE 4.8: The effect of the Ag veto on four-body (left) and three-body

(right) invariant mass distributions, with the events remaining after such

a selection shown in blue. The latter case is reconstructed in the scenario

that the positive kaon was, in fact, a proton. The events that were removed

by this selection are shown in yellow, and for the three-body case, it can

be seen that the veto removes a peak of events lying around the A mass,
with the bounds of the veto range shown in dashed black.

4.3.5 Multiple Candidates

The same event could potentially be reconstructed under both final state hypotheses,
meaning the corresponding event number would appear in samples of both K™K~ 7r+ 71~
and 7ttt 7wt v final states. If untreated, this could result in double-counting of events.
In cases such as these, we keep the candidate with a K"K~ 7" 7~ final state and remove
the t* 7w~ 7t 71~ candidate, since the former has the greater branching ratio and also the
greater signal purity. When there were multiple candidates for a single final state, one
candidate is randomly chosen to be persisted, and the others are removed.

4.4 Raw Asymmetry

The raw asymmetry is the normalised difference between the number of D; 7~ and
Dyt
N (Dfn~)— N (D;mt)

N (Df7~) + N (Ds )’ *.12)

Araw =

where N (D t7) and N (D; 7tt) can be obtained in a simultaneous unbinned 1D log-
likelihood fit to m(Dsrr). Such fits are performed in a mass window between 5280 MeV
and 6000 MeV, also constraining the D; mass to lie in the range 1930 MeV to 2010 MeV.
Through this, the contribution of the partially-reconstructed background B} — D;p~
that lies principally below this window is reduced to a negligible level. This is true also
for the B — DT7~ component, though only for the 7" 7~ 7" 71~ final state; as seen
in Figure 4.9, a large proportion of this component remains for the K*K~ 77~ final
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Process category Decay channel
Signal B — Df
Combinatorial Combinatorial hh~ w7t~
B - DY (Kt nat)m T
Misidentified B — Dy (h~htm)m™
BY — D (h*h~mt)K~
Part.-reco. BY — DY (DF (hWh=nt)n®/y)m

TABLE 4.4: Summary of the components included in the invariant mass
fits. * The B — D* 7~ component was included only for the K¥ K~ 7t 71~
final state.
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FIGURE 4.9: Invariant mass distributions of simulated B° — (D* —

Kt~ mt)m~ where one of the DT daughters is misidentified to give

the same K"K~ "7t~ (blue) and w7~ (yellow) final states as the

BY — DF 7t~ signal considered in this analysis [1]. The window where the
fit is performed is shown in black.

state and so must be modelled. The A} veto described in Section 4.3.4 means that the
contribution from misidentified A) — A7~ background is expected to be small too.
Table 4.4 summarises the components that are modelled in the mass fits, and the full fit

function is the sum of these, weighted by their respective yields:

F(m) = ZNifi(m). (4.13)
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4.4.1 Signal Model

To model the signal, we make use of the Extended Cruijff (EC) function [175], defined as

Cr (m|u,B,or,« m <
fec(m|p, B,o1, o, a1, ar) = L (mlp, B,on o) # (4.14)
Cr (m|u, B,or,&r) m > p

and
—(m=p)* (1+B(m—p)*)

. (415
Zaf,R +apr(x— y)z

Crr (m|p, o1, 1R, B) = Aexp

where yu represents the mean, f parameterises some asymmetry around this mean, o7 r
are the Gaussian widths to the left and right of the mean, a; g parameterises the tails
either side, and A is a normalisation factor. We determine that most suitable signal model
for this analysis is the sum of an EC distribution and a Gaussian, fg (mean u, width ¢©)

that makes up a fraction c of the total signal, i.e.

facsc(mlc, 15, 4EC) = A (c fo(tS) +(1—¢) fEc(tEC)> , (4.16)

where tGEC

are the parameters of the Gaussian and Extended Cruijff terms, respectively.
Throughout the rest of this chapter, the abbreviation EC+G will be used to denote this

distribution.

4.4.2 Background Components
Misidentified Backgrounds

The misidentified background components are B! — DfK~ and, for the K"K~ 77~
final state, B — D*7r~. These follow similar distributions and thus are strongly cor-
related, and overlap significantly with signal. It is, therefore, necessary to estimate the
relative yields of each component to aid the fitting process and ensure that the fit is repre-
sentative. We find that the time-integrated CP-asymmetry of misidentified background
is negligible in comparison to our statistical sensitivity (which will be evaluated later).
The background yields can be expressed as fractions of total signal yield. These fractions
can be deduced from the branching fractions, Bsig and B{,kg., and selection efficiencies,
Esig. and ei)kg', for signal and background:

Bli)k “%k
E x 5 Ngg.. (4.17)

1 —
Nokg. = Bsig.  &sig.
The branching ratios for signal and background can be taken from the existing litera-
ture. The selection efficiencies factorise into those from kinematic selection and those
from PID, both determined using MC. The kinematic efficiencies are determined sim-
ply from the fraction of MC signal events that lie within the fit range. The PIDCalib2
package [176] is designed for estimating the efficiencies of PID selections. Since PID is
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Channel Quantity Value
Kinematic efficiency ratio, e . /egs  0.98278(66)
BY — DK~ Branching fraction ratio, % 0.0755(54)
PID efficiency ratio, Sl;IOD DK~ /e 51g 0.05779(15)
Yield factor 0.00429(31)
Kinematic efficiency ratio, slggl-%w /e lg;g; 0.9995(28)
B - Dfn~  Branching fraction ratio, g(gsjgin, ])3 fd 0.0268(28)
PID efficiency ratio, SI];{)D Di - / 851g -
Yield factor 0.0268(28)
Kinematic efficiency ratio, e, . /egs  0.80233(62)
BY - Dtx—  Branching fraction ratio, gggs:giiﬁ 3.32(21)
PID efficiency ratio, e%°, . _/ sISJIIg 0.004 234(59)
Yield factor 0.01127(75)

TABLE 4.5: Contributions to the background fractions for the three
misidentified components, evaluated for the K"K~ 7" 71~ final state in a
combined Run 2 sample of both magnet polarities [1].

not well-modelled in MC, this tool uses reference samples from data to produce binned
efficiency tables that can then be applied to the kinematics of a user’s MC sample. Com-
paring the resulting total efficiency for the misidentified sample to that of the signal will
give an estimate of the misidentified fraction. It is, of course, also necessary to scale the
B? modes with a factor of f;/f;. The numerical results from this process are given in
Table 4.5.

Low-Mass Background

The background from partially-reconstructed B — D37~ decays, as well as misiden-
tified B — D 7t~ is only significant on the low-mass side of the signal region and as
such only the high-mass sides of these components required fitting. The low-mass sides
are instead fixed with parameters that have a limited effect on the signal peak. Using this
one-sided fit model means that the Gaussian part would add unnecessary complexity
and is not included for these components.

Combinatorial Background

Finally, the combinatorial background component in the invariant mass distribution is
assumed to follow an exponential distribution

fComb.(m) = Eeigm/ (4.18)

with decay constant ¢. A characteristic value of ¢ can be estimated through a pre-fit of
this function to the upper mass sideband m (h*h~ 7t 7t~) € [5600,5800] MeV. The cen-
tral value and associated error obtained from this are then used to place an appropriate
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i Final
Function Parameter inal state

KtK—nm—nt ntn—n nt
Mean, € 5368.500(38) MeV 5369.30(24) MeV
Beta parameter, BE¢ 0.0003472(33) MeV—2  0.000284(96) MeV 2
.. Left width, ¢F¢ 16.187(66) MeV 16.166(88) MeV
Extended Cruijff Right width, ;EC 15.833(50) MeV 15.646(51) MeV
Left tail parameter, ac%c 0.13511(32) 0.1348(21)
Right tail parameter, vc%c 0.14289(27) 0.13206(71)
Mean difference, AuFc+G 0.323(85) -4.3(1.7)
Gaussian Width, o© 13.851(24) 15.98(55)
Fraction, c 0.7089(65) 0.920(17)

TABLE 4.6: The results of the fit to simulated signal for both types of final
state. AuFC+G characterises the difference in means of the Extended Cruijff
and Gaussian components.

Gaussian constraint on ¢ in the nominal fit.

4.4.3 Nominal Mass Fit

The stability of the fit to experimental data can be improved by first applying the fit model
to simulated data for both decay modes. The signal MC sample is chosen to contain
both charges of D, as the parameters of the signal fit are assumed to be common to
both conjugate final states. The model fits the MC samples well. A similar approach is
taken for the background components, however MC is only available for KY K- 77—,
so the resulting fit parameters are assumed to also apply to the 7" 7~ 7" 7~ final state.
This assumption is not unjustified due to the experimental similarity of kaons and pions.
In instances of misidentified background, appropriate identity replacements and truth-
matching are applied to these MC samples. The results from these fits, shown in Table 4.6,
were used to constrain the nominal fit to data to ensure good stability.

The results from the MC fits are used as input parameters to fits to the full BY invariant
mass spectrum, allowing for small deviations common to all other similar parameters. A
common shift, u, applies to all mean-like parameters (45 and u©) across all compo-

nents:
]’lﬁ/[C - nugata = ‘qu(/[C + 5]” (419)

In a similar way, a common multiplicative factor, s,, applies to width-like parameters
(0F§ and o©):

0 o _ 0
UMC — Udata — S(7 * UMC' (420)

The numerical results of the nominal fits to experimental data are provided in Table 4.7.
At the time of writing, this analysis is under review, so the central value of A, and
any information that might enable this to be determined remains concealed from human
eyes; it is blinded. This is done to avoid any bias that might come from the analysts them-
selves, and the blinding will only be removed in the final stages of review. The nominal
fit is performed separately for both D, charges but, for illustration prior to unblinding,
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Parameter Final state

KtK—m—nt atn—nmnt
1 (-4.0 £4.1) x10* (-7.09 £0.21) x10~*
Su —1.13+0.10MeV ~ —1.94 4 0.33 MeV
So 1.0388 4 0.0057 1.054 + 0.021
Ncomb. (DI 717) BLINDED BLINDED
Necom, (D5 7t) BLINDED BLINDED
Ncomb. (total) 21850 4+ 190 81940 =+ 360
Np.per (D 707) BLINDED BLINDED
Np.spsr (D 7tF) BLINDED BLINDED
Np, D (total) 1454 4 78 1300 4 100
Np, p.x (DF ) BLINDED BLINDED
N, .p. (D7 7TF) BLINDED BLINDED
N, D, (total) 42218 + 230 10450 =+ 200
Araw BLINDED BLINDED

TABLE 4.7: Numerical results for the floating parameters of the nominal

fit plotted in Figure 4.10. These include the decay constant from the fit

to the combinatorial background, ¢, and the deviations compared to the

fit to MC, characterised by the common shift of mean-like parameters, 3,

and common scaling, s, of width-like parameters. The individual yields

for the charge conjugate decays are currently blinded, though their sum is
shown.

Figure 4.10 shows the results of a combined fit where the yields for each component
are calculated from the sum of yields of the two charge conjugates. All these fits are of
good quality, and Figure 4.11 shows the correlations between the floating parameters,
which are as expected. None of the floated parameters appear to be strongly correlated,
i.e. more than 50%, with the largest effect being between the slope of the combinato-
rial background, and the yield and width of the signal. Furthermore, these correlations
are not significantly different for the two charge conjugates, which suggests that the fits
performed similarly for each.

4.4.4 Fit Validation

To validate the fit, 1000 toy MC samples are generated with the value of each of the fit
parameters sampled from a Gaussian with mean and width equal to the central value and
error, respectively, of its result in the nominal fit. An invariant-mass fit is then applied
the pull

on Araw, is calculated by comparing the toy value, Ai‘;&, with that from the nominal fit,
Adata.

raw *

to each of these toys, 97% of which successfully converge. For each toy, P4

raw /

to
Arazv o Adata

Parw = oy (4.21)
¥ Araw
where (Tffy is the error on Ai‘;{V In the ideal case of no bias, the pulls should follow

raw

a Gaussian distribution centred on zero, with a width of one, though with N toys the
error on these should be 1/v/N and 1/+/2N, respectively. The toy asymmetry errors
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FIGURE 4.10: Nominal fits to the full sample of 6fb~! collected in Run 2.
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FIGURE 4.11: Correlations between the floating parameters listed in Ta-
ble 4.7 from the nominal fits shown in Figure 4.10.
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Final state Parameter Mean, yu Width, o X%{
KK+ 7o Asymmetry pull (—1.0+£32) x 1072 1.017 £ 0.023 0.636
Toy asymmetry error  (5.163 +0.001) x 10~ (1.68240.038) x 107>  0.694
S — Asymmetry pull (26+3.2) x 1072 1.007 4+ 0.023 0.659

Toy asymmetry error  (1.494 +0.001) x 10-2  (2.223 40.050) x 1072 1.304

TABLE 4.8: Results of Gaussian fits to the distribution of pulls on Arayw and
of the errors on Araw from toy MC samples.

themselves should also be Gaussian-distributed and the mean and width of this would
give the statistical precision and associated error. The fit parameters resulting from these
Gaussian fits are given in Table 4.8 for both final states. The fit-quality is good for the
distribution of pulls, with means, widths, and their associated errors being consistent
with an unbiased fit. Likewise for the toy errors, where the fitted means indicate a statis-
tical sensitivity of 5.16 x 1072 and 14.9 x 1073 for D} — KK~ 7" and D} — ntn— =™,
respectively.

Two additional fit scenarios are also considered to validate the extraction of the com-
ponent yields for both conjugate final states. The first is a fit to a combined sample con-
taining both conjugate states, where the expectation is that the resulting yields should
match the sum of the yields for the two Ds charges obtained from the nominal fit. This
uses the same inputs from MC fits as the nominal fit. An extension of this scenario per-
forms a two-dimensional fit to both the four-body final state from the B; and the three-
body final state from the Ds;. The purpose of this is to check for the presence of non-
resonant hh~ 7t backgrounds. Explicitly, each component of the total distribution is
the product of a three-body component and a four-body component, both obtained from
fits to the D; and B; invariant-mass distributions, respectively. The four-body fit uses
the same MC inputs as the nominal fit but the three-body components requires separate
MC fits. Each peaking background component in the four-body spectrum is multiplied
by an appropriate peaking component from the three-body spectrum; D; signal for those
proceeding via this particle, or peaking background otherwise. The four-body signal
component is multiplied by a sum of two three-body components; one from true D; sig-
nal and another from combinatorial three-body background, where all of the hadrons in
the final state come directly from the B). A similar situation applies to the four-body
combinatorial background, which in the three-body spectrum is composed of two com-
ponents; a true combinatorial component and a peaking component for the case that the
D¢ is real but is mis-associated with a 77~ that did not originate from the Bs.

Figure 4.12 compares the fit results for the floating parameters in the nominal, com-
bined, and 2D scenarios, and close agreement is seen between the combined and nominal
tits. The 2D fit, however, does not agree well with the nominal fit for the majority of the
parameters, and it is believed that this is due to some mis-modelling. As the analysis
remains blinded to the value of A:.w, it is also blinded to the separate signal yields for
the two charges of D;.
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FIGURE 4.12: Comparisons of the consistency of the three different fit sce-

narios in terms of the resulting values of the floating parameters. Results

of the nominal (or simultaneous) fit are shown in yellow, while those of the
combined and 2D fits are shown in light- and dark-blue, respectively.
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4.5 Production Asymmetry

4.5.1 Definition

Allowing for a production asymmetry, i.e. N # N, the untagged time-dependent decay
rates obey modified versions of Eqs. (4.4a)-(4.4d), as [177]

LIf =T (B(E) = f) +T (B(t) = f)
_laf
2

2
+{N — N (1+ ag)} cos (AM;t)]

e [ {N + N(1+a)} cosh (Mst) (4.22a)

and
T [f,t] =T (Bi(t) = f) +T (B)(t) = f)
il
f - AT
= 2f e Tst [{N + N (1 —a)} cosh < st) (4.22b)
+{N — N (1 —ai,)} cos (AMst)].
From these relations, assuming |Ay| = |Af], introducing a time-dependent experimental

acceptance function €(f) and integrating, the raw untagged asymmetry is written as

A _ JTf] =TfH)at
T A T ) at

_ A n <ISI - N N a§5> [e7Tst cos (AM;t) e(t)dt. (4.23)
2 N+N = 2 [ e~ Tstcosh (%) e(t)dt
Defining the production asymmetry as
N-N
Aprod = NN (4.24)
which is much larger than af, and using Eq. (4.10) with no NP we find
< 1s.1ntagged> = Araw — {orod/ (4.25)
with an effective production asymmetry A;ro d
= e Tst cos (AMst) e(t)dt
;rod = Aprod fo - (4.26)

Jo e Tstcosh <%> e(t)dt

4.5.2 Determination

I's, AT's, and AM; are known, fixed values (shown in Table 4.9) and thus A;rod depends

on the decay time acceptance €(t). The integrating factor that multiplies Ap;,q can then



% 4.5. Production Asymmetry% 115

Parameter Value
T 0.6573(23) ps*1
AT 0.090(5) ps‘1

AM;s/h 17.765(6) ps~!

TABLE 4.9: Summary of input parameters used to calculate the produc-
tion asymmetry factor through numerical integration. Values taken from

Ref. [14].
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FIGURE 4.13: Decay-time acceptance for Run 2 B — D} 7~ data fitted
with a cubic spline. Adapted from Ref. [77].

be evaluated for a range of choices of €(t). Figure 4.13 shows the decay-time acceptance
found in the LHCb measurement of AM; [77], where a cubic spline was fitted to MC
simulated 2018 signal events and was the nominal choice of acceptance function used
here. The function rapidly rises with time for ~ 3 ps, after which it plateaus. To evaluate
the systematics on this choice of acceptance, two extreme scenarios are also considered:
a uniform complete acceptance, and a step-function acceptance. Table 4.10 summarises
the calculated integration factor for each case. Numerical integration is performed by
splitting the domain of t € (0.25ps, 15ps) into 10® pieces. It can be seen that this factor
is O(1%) for all cases. Furthermore, Apyoq itself was measured by the recent AM; anal-
ysis as Aprod = (—0.0031 = 0.0032) [77]. Thus, assuming this as an indicative value for
this analysis would predict an overall A;md factor of O (107*). When compared to the
statistical sensitivity of the analysis (O(1072)) seen earlier, this is negligible, and so any
production asymmetry can be comfortably ignored going forward, aside from assigning
a systematic error of O (10_4), as was done also in the LHCb measurement of a5 [177].
In the event of future measurements, where the sensitivity is greater, accuracy could be
improved by using an acceptance function more specific to the sample, obtained from
a fit to a combined sample containing both conjugate final states, but for our case this

would be unnecessary.
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Acceptance function Integration factor

Uniform 3.5x 1072
Step (> 3ps) —6.34 x 1073
Spline 1.12 x 1072

TABLE 4.10: Integration factors for different acceptance functions. The
effect appears to be generally ~ 1%

4.6 Detection Asymmetry

There is also an asymmetry due to different efficiencies for conjugate final states to be
reconstructed by the LHCb detector. If this asymmetry is small, it can simply be added to
the other asymmetries previously discussed when evaluating the total measured asym-
metry. For example, with an existing asymmetry between N BY decays and N B? decays
at truth-level, the presence of differing detection efficiencies of, respectively, €; and e,

will modify this asymmetry:

./\_/—N _ €1./\7—€2N
N+ N e N +eN'

Defining € = (€1 + €2)/2 and A = (€1 — €2) /2, then this becomes

eEN —-N)+AN+N) (/\7 N+A>/<€+AJ\7—N>
eN+N)FAN-N) UN+N N+N
N—-N A
NN e
_N- N+A
N N dets

where
e1—€ eDfn ) —e(Dymh)

e1t+e e(Dfn)+e(Dymt)

Adet = (4.27)

and is assumed to be small. By the same logic, it can be seen that multiple sources of
detection asymmetry are additive, and several dominant asymmetries are considered in
this section, the sum of which is the total detection asymmetry as in Eq. (4.10), having

now shown where this comes from.

4.6.1 K — it Tracking Efficiency Asymmetry

The nuclear cross-sections of kaons have been found to be charge-asymmetric, a phe-
nomenon that can shift CP asymmetry measurements by as much as a 1072 [178,179].
This can be understood from the net charge of the collision environment. To estimate the
asymmetry in tracking efficiencies for oppositely-charged final-state kaons in the D —
K*K~ 7t mode, we make use of a pre-existing LHCD tool, KPiTwoTrackAsymmetry, which
was proposed and explained in Ref. [178]. This tool evaluates the charge asymmetry
for K*7tF pairs since this is experimentally simpler to determine than a single kaon
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asymmetry. Under the assumption that the Cabibbo-favoured charm decays are not CP-
violating, this two-track K — 71 asymmetry can be determined from the raw asymmetries
of D* — K¥n*n* and D* — K27t decays:

N(D* = K-mtnt) = N(D~ — Kt m)
N(D* - K—ntnt)+ N(D- — Kt 7mt~)
N(D* — Kd7t) — N(D~ — Kr™)

0
- N(DT = K¥t) + N(D~ — K3) —A(KT). (4.28)

Atrack(K— 7.[+) —

This receives a correction from the asymmetry of K% — A(KO) = (0.054 £+ 0.014)%,
which is an external input to the tool, having been determined from specialised simula-
tion in Ref. [180]. The tool evaluates this expression using calibration samples of Run
2 data. The D™ — K 77t sample was selected in the HLT2 trigger by H1t2Charm-
HadDpToKmPipPipTurbo in 2015, and subsequently by the more specialised H1t2Charm-
HadDpToKmPipPip_ForKPiAsymTurbo line, which increases the overlap with the D™ —
Kg’LLTC+ channel. “LL” requires that the two charged pions from K2 are reconstructed as
long tracks, which limits its flight distance. The Dt — Kg’LL Tt sample comes from data
selected by H1t2CharmHadDp2KSOPip_KSOLLTurbo.

To be applicable to the particular sample under study, in this case B — (Df —
KtK~7tT)m~, the calibration samples must be weighted such that the kinematic distri-
butions match. The D* — K~ 7" 7t" sample is weighted first since it has the higher
selection efficiency, and the full weighting strategy is as follows:

1. The calibration D™ — K~ 7" 7r" sample is weighted such that the binned distribu-
tions of (p, 1)k~ and (pr, 17) -+ match. Figure 4.14 illustrates such a procedure.

2. Similarly to step 1, the calibration D" — K27t™ sample is reweighted in (pr) .+ and
(pr,1)p+ to match the weighted calibration D* — K~ 7t 7r™ (from step 1).

3. A further weighting is applied to the D* — K27* sample in (¢),+ to match the
weighted calibration D™ — K-t 7t.

In the final state of the signal mode under study, i.e. K*71~ K™ 7t", there are clearly
two oppositely-charged K — 7t pairs, and so the above procedure must be performed
for both of these, and the combined effect is then determined from the sum. Table 4.11

summarises the numerical results of this methodology.

4.6.2 Single 7t Tracking Asymmetry

For the D} — 77t~ 7t final state, since it lacks kaons, a slightly different approach to
that explained in the previous subsection is required, though the general concept remains
the same. The calibration samples in this instance come from previous determinations of
the tracking asymmetry for single pions, A'™(7r), using semi-leptonic decays. The Run
2 analysis of this quantity [181] presented only measurements integrated over phase-
space and so one can refer to the similar analysis on 2011/2012 data [182], which gives
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FIGURE 4.14: Example weighting of calibration D* — K¥ 77 to match
signal D — K*K¥7t*, as used by the KPiTwoTrackAsymmetry tool to de-
termine K — 7t tracking asymmetries

Year Magnet  Asymmetry (%)
Up -1.24+09
2015 Down 0.0+1.1
Combined -0.77 £0.70
Up -02+09
2016 Down 0.1£+0.9
Combined -0.05 £ 0.64
Up 0.6 £0.9
2017 Down -0.7£0.8
Combined -0.04 £ 0.60
Up 04 +0.9
2018 Down 1.2+09
Combined 0.82 £ 0.64
Up 02405
Run 2 Down 03405
Combined 0.24 £ 0.35

TABLE 4.11: Tracking asymmetries for oppositely-charged K7 pairs.

results in bins of p, to perform the “reweighting”. The approach to determine the Run
2 tracking asymmetry for each final state pion in B! — (D — 7w~ 7t")7r~ is then as
follows:

1. Use the distribution of charge-summed yields in p(7t*) from simulated B; — (D —
nt Tt to perform a weighted average of the binned asymmetries from 2012
data.

2. Determine the difference between this new integrated asymmetry and the one given
in Ref. [182] for 2012, i.e. an estimate of the shift in integrated asymmetry between
the semi-leptonic channel and Bs — (D — it nt)m—.
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Year Magnet  Asymmetry (%)

Up —0.33 +0.11

2016 Down 0.29 £0.11
Combined —0.01 £0.08
Up —0.33 +0.11

2017 Down 0.29 £0.11
Combined —0.01 £0.08
Up —0.33 +0.11

2018 Down 0.29 £0.11
Combined —0.04 £0.08
Up —0.33 £ 0.06

Run 2 Down 0.29 £0.06

Combined —0.02 +0.04

TABLE 4.12: Summary of detection asymmetries associated with tracking
of single pions. The uncertainties are statistical while the systematic com-
ponents are negligible.

3. Use this shift value to correct the integrated Run 2 asymmetry for each year given
in Ref. [181].

Steps 1-3 are performed for each of the four final state pions and the total value of
A'aK(77) calculated as the sum over these individual asymmetries, accounting for dif-
ferences in sign. Table 4.12 shows the asymmetries resulting from this method for each
individual polarity and for a polarity-average, for years 2016-2018. Though no corre-
sponding information is available for 2015, from inspection of the results for the other

years one can estimate an indicative asymmetry of 0.00 & 0.08 for this year.

4.6.3 Charge asymmetry of kinematic cuts

Selections made on particle kinematics, in this instance the mass constraints on B; and
D;s candidates and veto on B® — D*(2010) " (D)7t~ background, may also introduce
a small asymmetry between the conjugate final states. This effect is studied from the
cut efficiencies for simulated truth-matched candidates, and the calculated asymmetries
are given in Table 4.13. These are significantly smaller than the statistical sensitivity of
their respective final state, coming out below ~ O(10~%). The charge asymmetry of the
kinematic cuts thus has a negligible impact on the total detection asymmetry.

4.6.4 Charge asymmetry of PID cuts

In addition to the cuts on kinematics, there are also PID selections that may contribute
to the detection asymmetry. The PIDCalib2 tool [176] was thus used to evaluate these
efficiencies for positively- and negatively-charged final state particles. It is important
here to note that different PID selections are applied in different regions of phase-space,
so this approach must take these regions into account. As introduced in Section 4.3,
stricter PID requirements are applied to events lying outside of the “resonant” region,
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Year Decay  Asymmetry (x10~%)

K+K* 7-[+ 1.8 :l: 1.2
2015 ottt -254+29
T 20.18 £ 0.19
2006 ot 0164+ 0.08
K+K* 7-[+ 0.19 = 0.21
2017 -7, -0.48 + 0.78
R 0.07 £ 0.19
2018 v 0734081
— 0.03 £ 0.11
ataomt -0.98 + 045

TABLE 4.13: Kinematic selection asymmetries averaged over magnet po-

larity.

so one can speak of “strong-” and “weak-" PID regions. This necessitates a separate
evaluation of the charge asymmetry of the PID selections in each phase-space region.

The steps involved in determining the PID asymmetries are as follows:
1. Use PIDCalib2 to generate reference tables for both charges of 7r and K.

2. Apply appropriate reference tables to unweighted MC samples, divided into phase-
space regions and D; charge, to determine the PID efficiency for individual parti-
cles.

3. Multiply efficiencies for each final state particle to find the total PID efficiency for
both charge conjugates:

e(DEnT) = e(KF) x e(KF) x g(m) x e(m )

4. Calculate the asymmetry using Eq. (4.27)

This asymmetry is determined separately for both resonant and non-resonant regions
inboth Dy — KK~ 7" and D" — 7" 7t~ 7tt. Tables 4.14 and 4.15 summarise the results
of this procedure with a more detailed breakdown given in Section A.2. The uncertainty
is dominated by systematics, which principally comes from the choice of binning used
in PIDCalib2. The nominal binning is the default one used by the tool, chosen to opti-
mise uncertainties. The systematic uncertainty associated with this choice of binning is
estimated by observing the shift in asymmetries when each of the nominal bins was split
into two.

4.6.5 Contribution from L0 trigger efficiencies

Finally, the LO trigger may have differing responses for the two charge conjugate final
states. For the hadronic mode considered here, the relevant aspect is LOHadron trig-
ger, which selects predominantly on HCAL information. To calculate the correspond-
ing LO efficiencies, we make use of the LOHadronTables tool [183]. In a similar way to
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PID cut asymmetry / %
Year D (rt) mty i )
Strong Weak Average

2015 -0.13+0.22 -041=+0.04 -0.29 £0.07
2016  0.00+£0.02 0.024+0.01 0.01 +0.02
2017 0.03+£0.01 -0.05£0.01 -0.01=£0.01
2018 0.00+0.02 0.124+0.02 0.07 = 0.00
Run2 0.00+0.02 0.01+0.01 0.01+0.01

TABLE 4.14: Charge asymmetries in PID cut efficiency for D —
- t, with uncertainties coming from varying the binning scheme.
The asymmetries were determined separately for the “weak” and “strong”
PID regions corresponding to events inside and outside of the resonant re-
gion. The uncertainties are dominated by systematics and are estimated

from the shift observed when varying the binning scheme.

PID cut asymmetry / %

Year D (K*K~mt] )™

StrongIn  Strong Out  Weak In Weak Out Average
2015 027+018 011£0.00 0.86+046 -0.37+0.02 0.10+£0.01
2016 0.01+0.02 -0.03+0.01 -0.26£0.13 -0.07£0.02 -0.03+0.01
2017 -0.06 £0.03 0.01+£0.01 -0.16+0.24 -0.09+0.01 0.00=+0.01
2018 0.02+0.04 0.02+0.01 0.04=£0.04 -0.05=£0.06 0.02=+0.00
Run2 0.01+£0.02 0.01£0.01 -0.06=+0.09 -0.08=+0.02 0.00=£0.00

TABLE 4.15: Charge asymmetries in PID cut efficiency for D —
KK~ 7", with uncertainties coming from varying the binning scheme.
The asymmetries were determined separately for four regions: with
“weak-" and “strong-” PID selections, corresponding to inside and out-
side of the ¢(1020) — KK~ resonance, and “in” and “out” of the A}
mass region. The uncertainties are dominated by systematics and are esti-
mated from the shift observed when varying the binning scheme.

PIDCalib2, this tool uses reference efficiency tables for a range of hadron types eval-
uated in both the inner and outer regions of the calorimeter to compute total per-event
efficiencies. This toolis applied to charge-split signal MC, and the results are summarised
in Table 4.16. Such reference tables do not exist for 2015 and we have to assume a similar
behaviour to the rest of Run 2.

4.6.6 Summary

The different contributions to the total detection asymmetry explained in this section are
summarised in Table 4.17.

4.7 Conclusions

To conclude, in search of experimental phenomena that are inconsistent with Standard
Model predictions, promising signs have been noted in the branching ratios of the de-
cays of neutral B mesons to an open charm meson and a light meson. Two of the most
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Year Decay Asymmetry (x107°)
KTK=mt -0.03 £ 0.46
2016 T+t 04+17
KTK—mt -0.72 £ 0.51
2017 T+t 1.6 +1.7
KTK— 7t -0.72 +£0.45
2018 T+t 20+18
Run 2 KTK—mt -0.48 +£0.27
e et 01+1.0

TABLE 4.16: LO trigger asymmetries by year averaged over magnet polar-

significant tensions with the expectations of QCD Factorisation (QCDF) come from the
B® - DK~ and BY — D; 7~ channels, both of which are dominated by tree-diagrams
and are thus expected to be well-described by theory. Indeed, these are related to the
“golden” modes used in the direct extraction of the CKM phase -y, which is a “bench-
mark” of the SM, to which other measurements are compared. CP asymmetries are ob-
servables with particular sensitivity to the possible presence of New Physics, and the sug-
gestion that such effects may be at play motivates an examination of CPV in the modes
showing tension. The SM predicts that CPV in these two modes can only come from
meson-mixing, and thus BSM effects could be clearly exhibited if an additional direct
contribution was found.

The latter mode, i.e. B! — D7~ has the added experimental advantage that the
rapid oscillation of Bs mesons greatly dilutes the effect of asymmetry in their produc-
tion, which would contaminate a measured CP asymmetry. This is the channel under
study here, and the data that is used comprises the full 6 pb ™! sample collected during
Run 2 at LHCb. Indeed, the production asymmetry is found to be negligible here, and
numerous sources of charge asymmetry in detector response are estimated, with a com-
bined uncertainty of O(1073). The raw asymmetry, i.e. the normalised imbalance of the
BY — D; 7t~ yield compared to its conjugate, can be extracted from invariant-mass fits to
samples split by D, charge. At the time of writing, the central value of the raw asymmetry
remains blinded, though the fits have been validated through a number of approaches,
from which the statistical sensitivity is expected to be O(10~%). The current estimate of
the systematic contribution to af is very small, however additional sources are under in-
vestigation. These additional sources include the choice of PID selections introduced in
Section 4.3 and accounting for the the non-factorisability of the individual particle PID
efficiencies in Section 4.6.4. This means that large BSM effects at the upper end of their
expected size may be visible with the current data. The analysis is currently in working
group review and we look forward to unblinding, which will indicate whether or not this
is the case. It is, though, possible that the size of New Physics is more moderate, which
would require the greater statistics of Run 3 to uncover. In fact, measuring Af, was one of
the selected physics goals stated in the Letter of Intent for the Upgrade I detector [184].
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The next chapter will explore my work on validating LHCb in Run 3, where the ad-
vantages of the new detector for Beauty to Open Charm measurements will be shown. It
will be seen that a combined sample from Runs 2 and 3 would mean an increase in the
number of signal events by a factor of ~ 5.7, leading to statistical and systematic uncer-
tainties a factor 2-3 smaller. A theoretical investigation of the puzzle introduced in this
chapter will be analysed in Chapter 7, after the methodology is motivated with B — DD’
modes in Chapter 6.
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Year —Umnmv\ \»anw._.azlﬂo\ov \wEUAo\ﬁvv \wroﬂo\oV Total Ao\OV
2015 Df (KTK~7m™)r~ -0.75+0.70 £ XX 0.10 +0.00 + 0.01  0.00 4 0.05 += XX -0.65 £ 0.70 £ XX
Df (mtmn~nt)m~  -0.03 £0.09 £ XX -0.29 +0.00 +0.07 0.00 + 0.18 + XX -0.32 4 0.20 + XX
2016 Df (KK 7m™)m~  -0.05+0.64 = XX -0.03 +0.00 £0.01 0.00 £+ 0.05+ XX -0.08 £+ 0.64 + XX
Df (mtm nt)m~ -0.01 £0.08 £ XX 0.01+0.00+0.02 0.04+0.17 XX 0.04 +0.19 + XX
2017 Df (KTK~ ™)t~ -0.04 £0.60 £ XX 0.00 &+ 0.00 + 0.01 -0.07 £ 0.05 £ XX -0.11 £ 0.60 £+ XX
Df (ntm mt)m~ -0.01£0.08+XX -0.01+0.00+0.01 0.16+0.17 XX 0.14 £0.19 + XX
2018 Df (KK ")~ 0.82+0.64 £ XX 0.02+0.00+0.00 -0.07+0.05+XX 0.77 +0.64 +£ XX
Df (mtm~mt)m~  -0.05+0.08 £ XX 0.07 +0.00 +0.00 -0.20 +0.18 = XX -0.18 & 0.20 4+ XX
Run 2 Df (KTK-7m™)r~ 0244035+ XX 0.00+0.00+0.00 -0.05+0.03+XX 0.19 4+ 0.35 + XX
Df (ntm mt)m~ -0.03£0.04 +XX 0.01+0.00+0.01 0.01+-0.10+XX -0.03+0.11 £ XX

124

TABLE 4.17: A summary of the contributions to the total detection asymmetry. The small kinematic contributions are included with the
more substantial tracking asymmetries. The first uncertainty is statistical, and the second is systematic. “XX” indicates uncertainties to
be determined.
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Run 3 Early Measurements at LHCb

“The key to success is failure.”

- Michael Jordan

5.1 Introduction

When first using an upgraded detector that differs significantly from the previous one,
such as the one that LHCb enters Run 3 with, it is essential to ensure that its behaviour is
as expected, or at least is understood. In the early months of data-taking, the individual
aspects of the hardware and software of the new apparatus were studied and fine-tuned
with this pursuit in mind. However, it is also sensible to take a more holistic approach
and test the full reconstruction and analysis chain as a whole. Such “Early Measure-

ments” should satisfy a few key criteria:

* They should be of quantities that are already known with a relatively high degree

of precision.

¢ They should be possible with a small amount of data. These checks should be
performed quickly if they are to be of any use to the collaboration.

¢ If there is some aspect of the measurements that is in some way “novel” then this
provides more motivation, since they have a use beyond that of simply a cross-
check.

I performed preliminary work for such early measurements of the production cross-
sections, o(pp — HyX), of a few beauty hadrons, H, = {B*, B, B, A‘b) (udb)}. The con-
jugates of each of these particles are also implicit in Hj, for the remainder of this chapter.
As will be seen, cross-section measurements don’t require a lot of data and do not rely as
heavily on factors such as impact parameter resolution, which can take time to be prop-
erly calibrated. To take advantage of the greatly improved hadronic performance in Run
3 without the hardware trigger, the production of these particles is reconstructed through
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Mode0 Branching Ratio (%) Product (x 109
F L D0t
TR T
= F
ORI
= F
b, KA ameon  teon
A A~ T
B pki) a0 3.08 4:0.30

TABLE 5.1: A summary of the decay modes of interest for cross-section
measurements, with branching ratios and products of relevant pairs of
branching ratios shown. Data taken from Ref. [14].

their decays to hadrons, more specifically to a pion and an open-charm hadron (as is
the theme of this thesis), which subsequently decays via a dominant hadronic channel
(see Table 5.1). Measurements of these quantities have been made previously only using
semi-leptonic final states [185], so our determination will be novel in that regard, and the
increase in efficiencies means that one can be competitive with these measurements us-
ing a small amount of data (see Section. 5.2.1). In addition to the cross-sections, our early
measurements will include an experimental determination of f;/ f;, using B — Dy 7™
and B — D~K™ decays.

Numerous factors have negatively affected the quantity and quality of data being
collected by the time of writing, and this data has been insufficient to produce compet-
itive measurements. However, a preliminary analysis of 2023 and early 2024 data has
been performed, and these measurements are expected to be completed by the end of
2024. In this chapter, I detail this preliminary work, including the estimation of required
data-size for competitive measurements (Section 5.2), estimation of detection efficiencies
(Sections 5.3.1 and 5.3.3), development of trigger selections (Section 5.3.2), and finally
tits to invariant mass distributions using 2023 and 2024 data (Section 5.6), from which
cross-sections can then be extracted when sufficient data is available. This work was
also summarised as part of an internal note on the activities of the Early Measurements
Taskforce [2].

5.2 Estimating Data Requirements

5.2.1 Cross-Section Luminosity

Part of the motivation for selecting these measurements is that they require only a small
amount of data to be competitive, so it makes sense to first check that this is indeed the
case. The cross-sections relate integrated luminosity, £, to the number of H},’s produced
in pp collisions. Practically, these hadrons are reconstructed through their decay and the
interaction of its products with the detector, and so this total number will be diluted,
relative to the number of reconstructed signal events, N, by the appropriate branching



% 5.2. Estimating Data Requirements% 127

Efficiency Value (%) Uncertainty (%)

€acc 89.0 0.09
€reco-sel 409 0.49
€PID 82.2 0.08
€irack 98.1 2.55
Etrigger 51.5 1.34
€GEC 99.3 0.10

TABLE 5.2: Summary of the values of the different efficiencies quoted for
the previous o (pp — B*X) measurement [185].

fractions, B, and detection efficiency, €4et:

Nsi
o(pp — HpX) = 5 (5.1)

N ,CXBBXBCdeet,
where Bg, B¢ refer to the branching ratios of the appropriate beauty and charm decays,
respectively. The total detection efficiency itself has many contributions:

€det = €acc X RpID X Rirack+reco X €EHLT1 X €HLT2 X €sel X EGEC, (5.2)

where €, is the fraction of signal with all final-state particles within the fiducial region of
the detector acceptance, Rpip /track+reco 15 the ratio of PID/tracking efficiency of data com-
pared to MC, ey 1 /7 is the efficiency of the trigger stages HLT1/2, €4 is the efficiency of
the offline selection, and eggc is the GEC efficiency (see Section 3.4.5).

The pre-existing LHCb measurement of ¢(pp — B*X), which used the “golden”
decay mode B* — (J/¢ — u"u~)K* found a value of 86.6 + 0.5(stat) + 5.4(syst) +
3.4(BR)ub [185], where the uncertainties are given separately for statistical, systematic,
and branching ratio contributions. This leptonic analysis used a fiducial region of 2.0 <
n < 4.5 and pr < 40GeV, and we consider this same region. The acceptance in 7 is
defined by that of the RICH since we require hadronic PID from this subdetector. The
efficiencies quoted in this analysis provide a starting point for estimating the efficiencies
and their uncertainties, summarised in Table 5.2. In this prior semi-leptonic measure-
ment, the largest source of uncertainty was the luminosity systematic, at 3.9% [185].

One would expect the values from the previous B* — J/$K= analysis to be roughly
indicative for this Early Measurements analysis except for the trigger and reconstruc-
tion/selection efficiencies, which are specific to each decay mode. These efficiencies are
estimated considering recent B20C analyses that explicitly provide such inputs: B —
D~ 7t in Refs. [186-188], B — D; 7" in Ref. [188], and A) — A_ 7t in Ref. [186]. Ta-
ble 5.3 summarises the final efficiencies that were used for the luminosity estimation for
all modes, after consideration of all the pre-existing literature. The trigger efficiency is
grouped with the reconstruction/selection efficiency since the three are difficult to dis-
entangle. As seen in Section 3.3, for indicative pr values for hadronic b decays, the LO
efficiency was a little below 50% [165], and so with this removed, and also taking into
account slightly tighter HLT selections, we estimate that this combined efficiency should
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Variable Value (%) Uncertainty (%)
€acc 80.0 0.08
€reco-+sel+trigger 10.0 0.29
€PID 80.0 0.08
€track 98.0 2.55
€GEC 99.0 0.10

TABLE 5.3: Summary of the central values and their uncertainties that were

assumed for the efficiencies to be used in the rough estimation. These val-

ues were chosen to be roughly in line with efficiencies used in previous

analyses that used the same decay modes. The exception to this is the com-

bined reconstruction, selection, and trigger efficiency, which is expected to

increase from Run 2 to Run 3, so this value is twice the value suggested in
the previous literature.

approximately double.

In addition to the explicit measurement of o(pp — B*X) from Ref. [185], the cross-
sections for the remaining modes can also be inferred from the b quark production cross-
section o(pp — bbX) = 144 4+ 1 4 21 ub [189] (note the presence of two b-type quarks)
and the production fractions for a b quark to hadronise into a BY, BY, and Ag (fa, fs, and
f A respectively). The production fraction for B’, i.e. f;, equal to 0.34 4 0.021 [190] is
assumed to be the same as for B* (f,). This is based on isospin-symmetry, i.e. that the
masses of the u and d quarks are sufficiently similar compared to the scale of the hadronic
interaction that they are essentially indistinguishable. Though Ref. [185] would imply a
different central value, this assumption of f;/f, = 1 holds within 1¢. This assumption
of isospin-symmetry will, however, be challenged in Chapter 6. The production fractions
for BY and Ay, normalised to f; + f, ~ 2f;, are given in Ref. [191] as 0.122 & 0.006 and
0.259 = 0.018, respectively. Combining this information, one obtains:

e o(pp — B"X) = 97.92 +0.68 + 15.5 ub,
e o(pp — BYX) =23.9+0.61 +3.78 ub,
o o(pp — ApyX) = 50.7 £ 1.73 + 8.31 ub.

The central value of Nsj; can be estimated as a function of £ using Eq. (5.1), the inputs
for the branching ratios and efficiencies previously discussed, and assuming the same ex-
trapolated cross-sections presented above. The statistical uncertainty on this is estimated
asoy = VN x 1.5, where scaling of 1.5 was to account for the fact that, in reality, the error
on the number of events comes from a fit to data. This additional factor is roughly in line
with the discrepancy between the uncertainties shown in the previous B analysis [185]
and those that would be obtained by naively taking the square root of the number of
events.

With these estimated inputs and Eq. (5.1), one can estimate the production cross-
section for each hadron as a function of luminosity. By construction, the central values

of the cross-sections will be the same as what was calculated earlier, so it is really the
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FIGURE 5.1: Predicted statistical uncertainty scaling of Run 3 B meson
production cross-section measurements with luminosity (solid lines) com-
pared to those of existing measurements (dashed lines), using a range of

decay modes.

Particle Stat. Error (ub) Lpin, (pb 1) Niig(x10°) Ny (x109)
B* 0.5 69 1.58 +0.08 9.88 +0.50
BO 0.7 32 2314+0.09 14.44+0.6
Bg 0.6 14 0.39+0.02 2.41+0.10
A) 17 2 1.56 +0.06 9.75+0.38

TABLE 5.4: Summary of the estimated luminosities required to produce
competitive cross-section measurements. Also, statistical errors on the cor-
responding cross-sections and the expected yields within the detector ac-

ceptance and in the full 47t region.

uncertainties on these values that are of interest. As stated before, the luminosity is ex-

pected to be the largest source of uncertainty. One can then perform scans of uncertainty

as a function of luminosity, as shown in Figure 5.1, and aim to obtain a similar statistical

uncertainty to previous papers, as these were all systematics limited. The resulting lumi-

nosity estimates are shown in Table 5.4 alongside estimates for the signal yields both in

the fiducial region, Nfq4, and in the full 47t region (assuming a 16% acceptance efficiency).

This latter number is relevant when considering simulated events. From these results,

it is clear that, to achieve a competitive statistical uncertainty in all modes, a luminosity

of approximately 100 pb ' is required. The yield estimates also inform the size of MC

production samples necessary for the evaluation of the various efficiencies involved in

this measurement.
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Decay Ngg(x10%) Ny (x10°)
B - DK+ 1.63+0.07 1.02+0.04
BY Dyt 6244025 3.90+0.16

TABLE 5.5: Expected yields within the detector acceptance and in the full
4 region required for competitive measurement of f;/ f;, i.e. with a lumi-

nosity of 161 pb ™",

5.2.2 Relative BY/B° production fraction (f;/ f;)

The relative production fraction of BY and B mesons, f;/f;, is a key input for many
analyses, including those discussed in Chapter 6. It is also crucial for the B — u*u~
branching fraction measurement [192], where the current systematic uncertainties are
dominated by the uncertainty on this quantity. In principle, this can be determined from
the ratio of the production cross-sections for B® and BY using the channels described
above, but many detection efficiencies (and their associated uncertainties) can be can-
celled by ensuring that the final state particles are the same. Indeed, the current global
average used comparisons of B — D; 7" to B — D~K", as well as measurements
using semi-leptonic final states, using the expression [193]:

Vs
Vud

]]:;:q)PS

(f[(>2 Tgo ? 1 B(Df — KJFTL'*TL'*) epx Np.x
= = S (5.3)
fn MNF B(Ds_ — K+K_7'[—> €D, Npk

Tg 0

which uses the same quantities as Eq. (5.1), namely branching ratios, B, signal yields, N,
and total efficiencies, €. It should be noted, though, that these are the very same modes
that currently display significant tensions with SM predictions, as was introduced in the
previous chapter and will be further explored in Chapter 7. The factors N, N, ®pg, and
fx/ fr are ratios of, respectively, non-factorisable corrections, B(()s) — D(_S) form factors,
phase space factors, and decay constants, as seen in Section 2.5. External inputs can be
used for these latter set of factors, as in Ref. [194], though they all approximately evaluate
to unity. B — D; 7t is already a mode of interest for cross-section studies, and B® —
D~ K™ is very closely related to another, i.e. B® — D~ 7", via K/ 7 misidentification.
It therefore makes sense to try to measure this quantity as well, as an extension of the
analysis proposed in the previous subsection.

The most recent contribution to the world average used 1fb~! of hadronic data at
Vs = 7TeV to give f;/ f; = 0.238 £ 0.004(stat) + 0.015(syst) £ 0.021(theo) [193], where
the uncertainties are due to statistical, systematic, and theoretical effects, respectively.
The theoretical uncertainty comes predominantly from the uncertainties on N, and N.
Assuming the efficiencies calculated above and proceeding similar to before, one would
need 161 pb ! of early data to compete with this result. Using such a luminosity, the
estimated number of required events of B — D~K* and B — D; 7" in the fiducial
region are shown in Table 5.5.
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Mode €acc(%)
B - D (— K'K-m)nt 363+0.1
B 5 D (= Kfn n)nt 347401
B - D~ (— K*n m )Kt 35440.1
Bt - DY%(— Ktn )t 36.0+0.1
A) —» A (= pKtn)mt  36.6+0.1

TABLE 5.6: A summary of the total acceptance efficiencies for each mode
of interest. Binned efficiencies are shown in the appendix.

5.3 Efficiencies

In this section, two contributions to the total detection efficiency are determined for each
of the modes, using simulated Run 3 data with 100,000 events per polarity. The numerical
values are summarised in Tables 5.6 and 5.7, and are described in the following subsec-
tions. The remaining contributions to the detection efficiency will be determined from
experimental data at such a time that sufficient statistics are collected.

5.3.1 Acceptance Efficiencies

In order to estimate the acceptance efficiencies, i.e. the fraction of events that lie within
the acceptance of the LHCb detector, one can perform a simple simulation of the de-
cay modes of interest using the Gauss package introduced in Section 3.3.7. By default,
when simulating events, the so-called Daughters in LHCb requirement is applied, which
requires all daughter particles to be forward-travelling and within an angular range of
0.01(0.05) < 6 < 0.4rad for charged (neutral) particles. For the purposes of estimating the
acceptance efficiency, this requirement is removed to generate the events, and then these
additional requirements added later to remove events. The total acceptance efficiency is
then
# events after cut

- : 4
# events before cut (5.4)

€EICC

This is run using 500,000 simulated events, and these total acceptance efficiencies are
shown in Table 5.6. These efficiencies were also determined for a nominal binning in pr
and 7, which are shown in Appendix B.

5.3.2 Trigger Lines

HLT1 makes use of a few minimal selections, largely using information from the tracking-
type subdetectors, in order to reduce the data rate by a factor of ~ 30 [195]. Events with
a single track, or double track from a common vertex, with significant displacement and
large pr are retained. This stage has separate requirements for muon events and selects
those with a single high-pr muon or a di-muon vertex, more moderate in pr, that is either
displaced or with a mass in excess of the J/¢. These selections account for around 95%
of the output of HLT1. HLT2 then makes use of a full reconstruction of each incoming
event in order to select those belonging to a particular decay. As an example, consider
how the selection process works for the B — D~K* HLT?2 line that I wrote. The bachelor
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K™, i.e. coming directly from the B, is selected as a long track with a RICH response and
the following criteria:

e PIDK >0
e 500MeV < pr <5GeV.

The D~ is reconstructed from 3 long tracks with a RICH response and satisfying the
following;:

¢ Tracks have p >2GeV and pr > 250 MeV.
¢ Pions and kaons satisfy PIDK < 5 and PIDK > -5, respectively.

* Any pair of tracks must have a maximum distance of closest approach of 0.2 mm, a
combined mass between 1830 and 1910 MeV, and a total pr greater than 1800 MeV.

e The D~ vertex quality must be good, with a x? per degree of freedom less than 10.

* Must not be consistent with coming from the PV- it must increase the x? of the PV
fit, and its flight distance must be significant (with a x> with respect to the PV > 36).

* The D~ must be forward-travelling with respect to the displacement vector from

primary to secondary vertex.
The D~ and the K™ are then combined to form a B with the following requirements:
¢ Combined mass between 4950 MeV and 6000 MeV and a total pr > 5GeV.

* Candidate lifetime must exceed 0.2 ps, and must have good vertex quality (x* per
degrees of freedom less than 20).

* Must be consistent with originating at the PV (IP x? with respect to the PV < 25)
and have a momentum parallel to the vector from primary to secondary vertex.

e Loose MVA cut at a value of 0.1.

5.3.3 Trigger Efficiencies

Some care is needed when thinking about what is meant by the terms eprr1 and eprr
shown in Eq. (5.2). The most intuitive definition would consider the order in which the
two trigger stages occur and define eyr1 as the number of events that pass at least one
HLT1 line divided by the total number of events entering the HLT system, i.e. “raw”
events. Correspondingly, eprm2 would be the number of events that passed at least one
HLT2 line divided by the total number of events that passed HLT1 i.e. the efficiency of
HLT?2 given HLT1. This would be more appropriately notated as €pyro(jprri- The prod-
uct of these two efficiencies is the total efficiency of the trigger system. Bayes’ theo-
rem, however, shows that this total trigger efficiency could be equivalently factorised as

€nrri|[HLT2 X €HLT2, Where here ey T2 i the efficiency of HLT1 given HLT2 and €prr2
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Mode encryair2 (%) enir2(%)

B - Dy (= KTK-mn)nrt  63.08+£050 11.2+0.1
B - D (= Kfnn)mt  6095+051  10.8+0.1
B - D (— Kfm m)KT 61544050 10.6+0.1
Bt — DY(— Kt~ )t 6127 +£0.58  7.77 +0.07
A) - A (—» p Ktm)nt 58714058  9.80+0.09

TABLE 5.7: Summary of the trigger efficiencies for each of the modes of
interest. Binned efficiencies are shown in the appendix.

is the efficiency of HLT2 on “raw” data. This first efficiency seems peculiar at first glance,
however one may think of it as the percentage of the events that are passed by HLT2 that
would also have been passed by HLT1. It turns out that this second method of factorisa-
tion is the more straightforward approach since events are not fully reconstructed before
HLT2, so there is no “signal” to determine the efficiency at HLT1.

We make use of the MC samples in which the reconstruction is not applied. “Raw”
data samples may be produced by directly writing the generator level quantities to ntu-
ple, i.e. no trigger is applied. “Signal” data samples can be produced by running the
simulated data through HLT1 in passthrough mode (no cuts are made, but decisions are
noted) followed by HLT2. The binned HLT1 efficiencies can then be determined, tak-
ing as the denominator the number of events in the “signal” sample for each bin, and
the numerator the number of events in that same bin of the “signal” sample that also
passed at least one HLT1 line. The binned HLT?2 efficiencies can be similarly determined,
with the number of events in the “signal” sample in each bin in the numerator and the
corresponding number of events for that bin from the “raw” sample in the denomina-
tor. Tables showing these binned efficiencies are given in Appendix B, however Table 5.7
shows the total HLT1 and HLT2 efficiencies for each mode of interest.

5.4 Continuous Integration Pipeline

To simultaneously automate the main analysis steps and allow for regular automatic
checks that background software updates do not generate errors when running these
steps, I set up a Continuous Integration (CI) pipeline using Snakemake [196], a workflow
management tool designed to create reproducible and scalable data analyses. This culmi-
nates in performing mass fits, as is explored in the next section. The stages involved here
are calculating the bin edges from the number of bins required, creating a new configu-
ration for each bin with appropriate constraints put on pr and 7, and running the fitting
routine for each of the individual bins (see Figure 5.2).

Raw data or simulation comes in the form of XDIGI files, from which tracks and ver-
tices are reconstructed in HLT1, the output of which is in dst format. This is followed by
full reconstruction in HLT2, which also outputs a dst file. HLT processing is performed
as data is collected by the experiment, but the pipeline allows this process to be re-run.
Data selected by the trigger passes through DaVinci, which produces a root file suitable
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/ XDIGIs /

HLT1 Post-processing PDF Plots

dst root
root
HLT2 Prepare Workspaces
workspace

t
python |2 [ Davinei Mass Fit |

root workspace

.| Plot pr, 17, E, etc. Plot Mass Fit
oo / PDF Plots / / PDF Plots /
Efficiencies

FIGURE 5.2: The stages of the continuous integration pipeline. See main
text for details.

for analysis, and trigger efficiencies can be determined using this. PDF plots of data dis-
tributions can also be made using this information. The process to produce mass fit plots
then happens in three stages. The first step prepares a workspace, declaring the variables
contained in the DaVinci output that will be used in the fit, according to a configuration
provided by the user. Following this, the fit itself is performed, with the resulting fit pa-
rameters being passed through a workspace file to the plotting stage, which visualises
the fit. The mass fit requires external input of templates for each of the fit components.

5.5 Mass Fitting and Selection

In order to extract signal yields, fits to invariant mass distributions must be performed.
Fit models are defined using MC samples prior to running on 2023 data, with each con-
sisting of signal and background components, described in the following sections. This
discussion is applicable to all modes. Table 5.8 summarises the components that are
present in the fits for each mode of interest.

5.56.1 Signal

The signal components for all modes are modelled using a sum of two components.
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Component Mode = = =
B - D nt BY— D;n" B"— D7t A)— A-nt
B - D mt \/(Signal) \/ X
BS — Dyt v \/(Signal) X v
Bt — DOt X X \/(Signal) X
/_\2 — /_\; e \/ \/ X \/(Signal)
Thach — K \/ \/ \/ \/
Tlpach — \/ \/ X \/
Excited Charm v v vt v
B® — D* 't v X v X
BY — Dt X v X X
BY — D*p* X v X X
Bt — D& -gtt X X v X
Combinatorial v v v v

TABLE 5.8: Summary of the components present in the fits for each of the

modes of interest.  There are separate components for D*? decaying with

the emission of a y or a 7°.

* Double-Sided Hypatia Function [197] - this is related to the general hyperbolic
function

G(m,u,0,A,C,B)

2
(m— )2 + A3 QAP P K (g\/1+< il )) 5)

Ax(Q)e

where K are the cylindrical harmonics or special Bessel functions of third kind,

and A3(0) = Igfjl((% . The double-sided Hypatia function is defined as follows

G 7 s //\/ 7 f u > -
I(m,pu,0,A,C,B,a,n) (m, 4,0, 2,&, ) " 4 , (5.6)
N -G(u—ao,u,0,A,Z,B) otherwise,

where N = N (m, u, 0, A, {, B) relates G to its derivative with respect to m, G’;

G(‘I/l —ao,u,o, /\/ CI ;B) 1 ( m + a(]’) . (57)

G(p—ao,u,o,\,B)  n\1—N/n

This modifies the Crystal Ball (CB) function that is also commonly used to parame-
terise signal distributions. The CB consists of a Gaussian core, which models the de-
tector resolution, and a tail on the left-hand side, which accounts for energy losses
due to radiative emissions from particles like photons or pions. The variation of
mass resolution may vary from event to event, distorting the CB core and caus-
ing it to be non-Gaussian. The exact distribution, named the Double-Side Hypatia
function, is determined empirically from previous analyses and has a hyperbolic

core.
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¢ Johnson SU Function [198]- the applicability of this distribution in the signal model
is an empirical fact, shown in Ref. [199], for example. The distribution is given by

1 exp(—r(m,u,0,v,7)*/2)

m,u,o,V,T) X , 5.8
J(m, ) 2re(v, T)0 t\/z(m, p,0,v,T)2 + 1 8)
where
—-1/2 B N T2/2 .
fe l(eTz _1)(e™ cosh(2v7)) R (y+c—oe smh(vr))’
2 co
sinh ™!z
r=—
r

5.56.2 Background

Partially-reconstructed backgrounds can result from decays with a vector particle, such
as B — D*h where the D* subsequently decays to a D and an unreconstructed parti-
cle, typically either a 7¥ (spin-0) or a photon (spin-1). These two cases are respectively
parameterised by HORNSdini and HILLdini functions [200]. These functions come from
different distributions in the helicity angle 6, i.e. the angle between the daughter particle
momentum vector in the D* rest frame and the D* boost vector in the B rest frame. The
B and h are pseudoscalars with zero spin, therefore zero helicity, so the D* must also
have zero helicity, as this is a conserved quantity. This means it must be longitudinally-
polarised, i.e. its spin is perpendicular to its momentum. With such a polarisation, an
emitted 77° would follow a cos?6 distribution [201], being preferentially produced at
6 = 0° or & = 180°. Missing particles produced at larger angles take a larger fraction
of the total momentum, decreasing the reconstructed B mass, and so the double-peaked
structure in 0 also translates into the invariant-mass spectrum. The corresponding mass
values for § = 0° or 6§ = 180° that will designate the positions of the peaks, say 4 and
b, will be determined by the masses of the particles involved in the decay. The resulting
probability distribution for m(D7t™) can then be approximately modelled by a parabola
p(m), defined between a and b

a+b\?
PHORNS(m>:(m_ 5 ) ,a<m<b. (5.9

A photon, being massless, can only have transverse polarisation when on-shell [28],
and as such its spin must be parallel to its momentum. This spin, and so also momentum,
will align preferentially parallel to the spin of the D*. The momentum of the D*, being
perpendicular to its spin, is thus also perpendicular to the momentum of the photon, and
so the angular distribution of the unreconstructed particle is maximal for 6 = 90°, 270°.
For both of these angles, the fraction of momentum carried by the photon is the same, so
a double-peaked structure is not seen. The resulting m(D7*) distribution is once more
a parabola defined between the kinematic endpoints a and b, however this time with
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negative curvature:
punL(m) = —(m —a)(m —b), a <m < b. (5.10)

To account for multiple resolution effects, the parabola is convolved with a sum of
two Gaussian functions, G, with a common mean, y, i.e.

DG(x|m, 0, fo,Re) = faG(x[p,0) + (1 = f6)G(x|, Ro0), (5.11)

where ¢ is the width of the first Gaussian, f; is the fraction contained by the first Gaus-
sian, and R, is the relative width of the two components. Furthermore, if there is a mass
dependence in the selection, this can distort the shape of the HORNSdini such that the
right-hand peak is higher than the left. This is taken into account by introducing a lin-
ear polynomial with a slope of 1 — ¢, where 0 < ¢ < 1. As ¢ — 0, the left-hand peak
decreases in size relative to the right-hand peak. The resulting HORNS/HILL functions are
obtained using p(m) from Egs. (5.9) and (5.10), through

a b—a

/b dx p(x) DG(x|m, 0, fc,Rs) (;} : gx + bg — a) ’ (5.12)

where ¢ is generally different for the two distributions.

In the B! — D; 7™ fit, the B?s) — D 7t components are parameterised by a sum of
the two distributions, while for B?S) — D; pt and B(()S) — D p™ there is only a contribu-
tion from the HORNSdini distribution. In the BY — D7 fit, a similar line of reasoning
applies, with B° — D*~ 7" modelled by a HORNSdini, while the B¥ — D*nt compo-
nent is split and modelled differently according to the missing particle from the decay of
the D*0; HORNSdini for a missing ¥ and HILLdini for a missing . BT — D)~ mtrt
is modelled by a DoubleHORNSdini, i.e. a sum of two HORNSdini distributions. In all of
these cases, the distribution is chosen to be no more complicated than is needed to fit the
data well.

Some of the misidentified backgrounds are modelled in different ways; misidentifica-
tion of a K as a 7t in BY — D%z" is modelled by a DoubleCrystalBall, while misiden-
tification of a B® as a BY in B! — D; 7t is modelled by a shifted Hypathia+JohnsonSU.
The combinatorial background is parameterised using an exponential function where the
slope is allowed to vary freely in the fit to data. For the remaining background compo-
nents not explicitly mentioned, numerical shapes from Refs. [77] and [202] were used.

5.5.3 Selection

PID selections are applied to the final state daughter particles; PIDK> 5 for kaons, and
PIDK< 0 for pions. There is also a cut on the HLT2 B20C Neural Net at 0.9 (0.75) for
the B meson (AY) decays. The AY has further requirements of m(AY)) < 6000 MeV/c?,
Alog L(K — p) < —5, and Alog L(p — 7r) > 0. These minimal selections were chosen as
these would be robust against the lack of calibration needed for more performant ones,
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Mode HLT2 Line
B - (D~ — m 7 K")r" H1t2B20C_BdToDmPi_DmToPimPimKp
BY — (D7 — K"K*m~)m*t H1t2B20C_BdToDsmPi_DsmToKpKmPim
Bt — (D° — Kt )t H1t2B20C_BuToDOPi_DOToHH
A) = (AT — pK ) )n™ H1t2B20C_LbToLcpPi_LcpToPKPi

TABLE 5.9: HLT?2 lines for modes of interest.

and were used to estimate signal yields at an early stage. Note that these selections may

be subject to change.

5.6 2023 Data

For data-taking in 2023, the VELO was in an open position, and with half the UT still to
be installed, reconstruction also did not make use of this subdetector. “Commissioning”
data was that in which the subdetectors were still in the process of being calibrated and
aligned. There then followed a period of “collision” data, where the quality was deemed
suitably high as to be appropriate for use in physics analyses. Data recorded by the

experiment is stored according to the data-taking conditions and configuration.

5.6.1 Mass Fits

The invariant mass distributions obtained from the Commissioning23 and Collisions23
datasets for the four modes of interest are shown in Figures 5.3, 5.4, 5.5, and 5.6. Here, all
yields are allowed to float freely.

In all cases, a clear signal peak is visible. The data are fitted using a signal component,
several partially reconstructed background components, peaking at small invariant mass,
and a small combinatorial background component, spanning all the mass range shown.
The signal component is shown by the dashed line. For B¥ — Dz, the partially re-
constructed background components are described using numerical functions. For this
mode, even if the modelling of the low invariant mass region is still rough, the fit rea-
sonably describes the data in the full mass range. The performance is also similarly good
for selections with the B® — D~ 7" sprucing line SpruceB20C_BdToDmPi_DmToPimPimKp,
which is very similar to the corresponding HLT?2 line. The yields in the signal region for

the selected Commissioning23 sample are shown in Table 5.10.

5.6.2 Comparison with Run 2

The signal component is parameterised by a Hypatia+JohnsonSU function depending on
several parameters that are fixed from simulation or kept free in the fit. Two of these
parameters, o7 and o7, are related to the width of the distribution. The “narrow width”,
07, is floated and can be used as a signal width estimator. The ¢} values obtained from
fits without or with D mass constraint to the Commissioning23 and Collision23 data
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FIGURE 5.3: BY invariant mass distribution from the B — D~ 7" decay.

The D~ is reconstructed in the D~ — K~ 777" mode. On the left (right)

without (with) D~ mass constraint. The upper (lower) plots show the fits

for commissioning (collision) data. A colour legend is provided below the
mass plots.

samples are summarised in Table 5.11. In the larger statistic Collision23 data sample,
the width reduction due to the D mass constraint is very visible.

Decay-time efficiency check

The decay-time efficiency can also be checked in a binned manner for simplicity, though
an unbinned determination would be possible. We examine the distribution in decay-
time for events lying in the signal region (5229.63MeV < m(D~ntt) < 5329.63 MeV). To
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FIGURE 5.4: B invariant mass distribution from the B — D; 7t decay.

The D; is reconstructed in the D;; — K~ K7~ mode. On the left (right)

without (with) D;” mass constraint. The upper (lower) plots show the fits

for the commissioning (collision) data. A colour legend is provided below
the mass plots.

tind the efficiencies as a function of decay-time, these distributions can be compared with
the expectation from a perfect detector, i.e. A; exp(—t;/T), where t; is the bin centre, T
the BY lifetime and A; the bin width. In Figure 5.7, a comparison in these distributions is
made between the 2023 collision data and Run 3 MC. The MC distribution is as expected;
a monotonically increasing function with a sharp initial rise. The distribution for data
is indeed monotonically increasing but lacks the sharp rise in the first three bins. The
bin widths for these low decay-times is § = 0.3 ps, which is equivalent to a distance

c-6 = 90 um. A number of possible causes may explain this effect:
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FIGURE 5.5: BT invariant mass distribution from the B¥ — D%z" decay

without (with) the charm mass constraint on the left (right). The DO is

reconstructed in the D — K* 7~ mode. The upper (lower) plots show

the fits for commissioning (collision) data. A colour legend is also shown
below.

* Since the number of events in the sample is relatively small, this may simply be a
statistical fluctuation.

¢ There may be an influence from the small number of background events in the

signal region.

¢ The Run 3 MC sample was produced with the VELO in the (nominal) closed posi-
tion, while the 2023 data was taken when the subdetector was in the open position.

* The detector may have been misaligned by ~ 90 um.
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FIGURE 5.6: A(b) invariant mass distribution from the A2 — Al decay

for the Commissioning23 dataset. The A/ is reconstructed in the A7 —

pK~ 7t mode. On the left (right) without (with) A mass constraint. The

upper (lower) plots show the fits for commissioning (collision) data. A
legend is shown below.

This check will be repeated with early 2024 data, or if an improved alignment is later

applied to the Collision23 data.

Signal Quality

In total, with a D mass constraint applied, the signal yields for Commissioning23 and
Collision23 were 793 and 1848, respectively, and with integrated luminosities of 34 pb ™~
and 47 pb !, this means yields per unit luminosity of 23.3 and 39.3 pb, respectively. These
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Decay Component no constraint charm constraint
BY = D Bacsﬁgfind 1187343 1187813
B = Dyt Bacslig?oallmd igg 27787
R
Ay~ Aot Bacslig?jllmd 74:533 74:623

TABLE 5.10: Yields in signal region for Collision23 data

Decay Sample no constraint charm constraint Run 2

Fop TS 2203 m s
Hopw TS BEG SN suaom
i A
I e i i T

TABLE 5.11: The oy values (in MeV) obtained from fits with and without
the charm meson mass constraint.

Decay Sample no constraint charm constraint PDG
oo SRS SDILN PN )
Hopr TS SO S0 o
oD TS S T o
Mo et S ST e

TABLE 5.12: The mean mass values (in MeV) obtained from fits with and
without the charm meson mass constraint.

are to be compared with 343.3 pb for 2018 data [77]. The large difference between the
Commissioning23 and Collision23 yields is not understood at the time this document
is being written but the difference with respect to the 2018 yield is due to the open-VELO
position in 2023. The D" and D~ invariant mass distributions are compared in Figure
5.8. A shift between the mean values, shown by the red and black dashed vertical lines,
is observed. This shift is more pronounced in the Commissioning23 data sample. Plots

such as these helped to inform the Run 3 detector alignment.
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FIGURE 5.8: D~ invariant mass distribution from the B" — D~ 7" decay.

The D~ is reconstructed in the D~ — K~ 7" 7" mode. On the left (right)

the Commissioning23 (Collision23) data, D™ (D) in red (black). The
mass shift is more pronounced in the Commissioning23 data sample.

5.7 Conclusions

Numerous external factors contributed to an insufficient amount of data being collected
by LHCb for use in completing these early measurements at the time of writing, though
it has been possible to work on in-depth preparatory studies. These efforts have meant
that we are in a strong position to complete this analysis with the further Run 3 data
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that is expected to become available during the remainder of 2024. Our analysis of Run
3 performance with the small amount of data that was taken in 2023 played a part in
informing the overall commissioning of the new detector and associated software. The
signal yield per luminosity for B® — D~ 7t of 39.3 events/pb ™' found for Collision23
events, fell well below the corresponding value from 2018. Signal widths were also sig-
nificantly increased, and shifts in mean masses were observed, the latter being used to
optimise alignment. The 2023 data was, though, taken using sub-optimal conditions,
particularly an open VELO subdetector, and so the expected tracking efficiency of 95%
per particle was significantly reduced to around 50%. For the four-particle final states
considered here, the total reduction in tracking efficiency is compounded to a factor of
(0.95/0.5)* ~ 13. With data-taking in 2024 and 2025, the tracking efficiencies are ex-
pected to return to their nominal values, and hence significant improvements in data
quality associated with this are expected.

Indeed analysis of early 2024 data has shown this to be true. In a sample with an
integrated luminosity of 20.3 = 0.1 pb ™!, 12287 + 178 signal B° — D~ 7" events were
identified after selections. This would suggest a signal yield per luminosity now around
~ 600 events/pb ™!, a significant improvement upon the Run 2 values, and even more
so on the 2023 value. This is shown graphically in Figure 5.9. The improvement in ef-
ficiencies is driven mainly by that of the trigger, thanks to the removal of the L0 hard-
ware stage, which is shown in Figure 5.10 to have improved by the approximate factor
of two estimated earlier. This efficiency appears far less dependent on decay time, an
encouraging prospect for future time-dependent analyses. The combined integrated lu-
minosity expected for the remainder of Run 3 is 14 fb~!, which, based on the earlier yield
per luminosity estimate, would mean a yield of ~ 8 x 10° in total, after selection. The
modes considered in this chapter match several of those that will be considered in the
phenomenological analysis in Chapter 7, though it is not expected that LHCb could chal-
lenge the inputs used there.
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B — DD’ Phenomenology

“You are braver than you believe, stronger than you seem, smarter than you think”

- A. A. Milne, The House at Pooh Corner

6.1 Introduction

To be sensitive to the effects of new physics, precise experimental measurements must be
complemented by precise theoretical predictions. Measurements of hadronic beauty de-
cays are key inputs for understanding CP violation, the SM flavour sector in general, and
sensitivity to possible BSM physics. Their impact on the CKM triangle was introduced
in Section 2.1.4. Indeed, we have already discussed related non-leptonic B decays that
show hints of possible new physics [58,59,206-217] in Chapter 4. Making precise predic-
tions in such a fully hadronic environment is, however, a significant challenge due to the
non-perturbative nature of QCD. The presence of such heavy quarks can, though, present
opportunities to simplify the calculations through appropriate assumptions based on the
symmetries introduced in Section 2.4. The next chapter details how this approach can
be applied to make predictions for the B — Dh,h € {K, it} variety of modes that dis-
play tensions. However, the technique will be first introduced in the context of B — DD’
decays, which are particularly rich in terms of both experimental measurements and phe-
nomenology. This chapter closely follows the work I performed towards Ref. [3]. Unlike
B — Dh, B — DD’ decays do not factorise in the heavy-quark limit, and so one cannot
currently precisely calculate the relevant hadronic matrix elements from first principles.
Significant contributions from loop diagrams here provide precisely the environment
where New Physics may live, and many of these modes are theoretically well-controlled
thanks to similar structures to those present in the golden modes B — J/¢K and Bs —
J/¢p¢. Several modes are also dominated by b — cés transitions, which benefit from a
clear hierarchy in the CKM matrix (as seen in Section 2.1.4), with the subleading hadronic
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matrix elements coming from “penguins” that are suppressed, as will be explained in Sec-
tion 6.2.5. Time-dependent CP asymmetries of these modes then make for excellent pre-
cision measurements of the B(()s) mixing phases, which may include BSM contributions.
One could search for New Physics through simple relations based on the CKM hierarchy,
though such a method would be unable to disentangle subleading SM contributions to
CP violation (“penguin pollution”) from genuine BSM signals. This necessitates a more
sophisticated treatment.

Ref. [3] was an update of the earlier analysis of Ref. [9] and there was good reason
for performing this update. For a start, several measurements of B — DD’ have been
made since the original publication, including the first-time measurement of Acp(B~ —
D; D), and more precise determinations of Acp(B~ — D~D°), Acp(B® — D~ DY),
SCP(BO — D~ D™). The new analysis was, however, much more than a simple update
of inputs. It included a more comprehensive array of subleading contributions, a more
sophisticated treatment of correlations between inputs, and allowances for isospin break-
ing in the production of charged and neutral B mesons, i.e. f;/f, # 1. A departure of
this latter quantity from unity could have substantial consequences for branching frac-
tion measurements at LHCb, such as B} — u*u~. A complementary phenomenological
analysis was made in Ref. [218].

6.2 Theoretical parameterisation

As explained in Section 2.4.2, the SM exhibits an approximate SU(3) flavour symmetry,
relating decays with u, d, and s quarks interchanged. Since these three light quarks have
masses much smaller than that of the QCD scale, Agcp, they can be approximated to
have the same mass, and thus observables for decays related by this symmetry can be
given a common parameterisation according to group theoretical arguments, namely
through SU(3) matrix elements. In particular, such approximate relations allow b — céd
observables, which are less favoured in the CKM hierarchy, to be inferred from b — c¢s
ones, thus sensitivity can be greatly improved. This baseline assumption is known as the
SUB)r limit and acts as a way of obtaining first-order predictions, which we expect to
be accurate to within around ~ 30%. This estimated accuracy conservatively allows for
additional symmetry breaking in excess of the 20% breaking effect seen from comparing
pion and kaon decay constants [92] and also conveniently, though coincidentally, brings
this in line with suppression by the number of colours, i.e. three. Ref. [219] showed that
this first set of SU(3)r-breaking terms are significant and impact the extraction of con-
tributions from loop-level diagrams, particularly “penguin”-type diagrams. One could
include corrections at higher orders to further improve accuracy, at the cost of greater
complexity of the parameterisation. Through the common parameterisation, this method
can become predictive through fits to experimental data that allow the unknown matrix
elements, which cannot be calculated from first-principles, to be extracted.
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6.2.1 SU(3) matrix elements

Observables for the B — DD’ decays can be expressed in terms of SU(3) matrix elements,
as in Section 2.4.3 and Ref. [26], with the u, d, and s quarks represented by the triplet
32:2:3):|32, =2 3) and
the anti-triplet representation, and the heavy flavours represented by singlets, |0). Note

states 3,0,0, —%>, the anti-quarks by the equivalent states in

that decays of B (bc) involve singlet matrix elements that are linearly independent of the
other B — DD’ decays, and so these will not be considered in this analysis.

The effective Hamiltonian responsible for the decays can be decomposed into two
parts that are governed by different CKM matrix elements [219]

Mo ™ = HEP M1, 6.1)

where one can express these parts in terms of SU(3) representations k with quantum
numbers g, denoted by (k),

H~ (3)y 1 (6.2a)

M 300 11— 3By 5090 g+ 5095y 62
M~ (3)g0,-2/ (6.2¢)

HZ_)S ~ \/2(3)0,0,—§ + %(@1,0,—% + 3(15)0,0,% + %(15)1,0,—% (6.2d)

Sandwiching these expressions between initial and final states and considering Eq. (2.87)
produces a sum of terms of the form

(re, arlk, g, 15, ;) (re| (k) [x5),

where the appropriate Clebsch-Gordan coefficients, (rf, & f\k, q,1i,«;), can be looked up,
and the label for the relevant up-type quark, U, is retained [80]. The results of this are
summarised in Table 6.1.

6.2.2 Topological amplitudes

An alternative parameterisation is possible. The effective Hamiltonian above ultimately

comes from an operator product expansion [220],

2 1

s 4G 0
H(bef?d' = TZF Y. Y Aup (Zci(’)lu—l-ZCiOi) , (6.3)

U=c,u D=d,s i=1 i=3

where Ayp = V5 V{jp denotes a product of CKM-matrix elements (U = t has been
eliminated using the unitarity of the CKM matrix), (91u2 are tree operators, O3_¢ penguin1

IThe oft-quoted legend of this name regards a bet on a lost game of darts by renowned theorist John Ellis
in 1977 [221]. He had to include the word “penguin” in his next paper, and this topology (if one squints)
looks a bit like the animal. Then-student Melissa Franklin cites the inspiration behind the bet as this joke:



150 % Chapter 6. B — DD’ Phenomenology%

Decay 8[(3)13), (1[B)[3), (815
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B~ — DD 1 0 e V& 3 0
B~ — D;D° 1 0 -3 /& 3 0
BY — Dy D* 1 0 & Vi NE] 0
B D D} 1 0 & e V3 0
B D Dt 2 -1 /% 0 N &
BY s D; D} 2 -1 /% 0 JE /&
B - Dy D -1 -1 & /& /& &
B~ D D+ -1 -1 & -~/ ~/& /A
BY — DOpO L L 2 /& e VA
oD ] ; VB s /h VE

TABLE 6.1: The decomposition of each of the B — DD’ modes of interest
(i.e. all B — DD’ decays that are related under SU(3) symmetry) into
relevant SU(3) matrix elements. Entries are as in Ref. [9].

operators, and Oy_1 electroweak penguin operators. These operators are defined in this
instance as [222]:

Oy = (@b)y_,(DUW)y_,  (A) (6.42)
O, = (Db),_,(QU),_,  (A) (6.4b)
O35 =) (Db)y_A(q9)y=a (B) (6.4¢)
q
Os6 =) (qb)y_4(Dg)y=4 (B) (6.4d)
q
O70 =) (Db)y_4eq(79)y=4 (©) (6.4e)
g
Os10 =Y e(qb)y_A(Dq)y=a (©), (6.4f)
q

where U denotes {u,c} and D denotes {d,s}. The notation (§q')y+ is a shorthand

/

for 77,(1 £ 75)q'.
in Figure 6.1, which represent example diagrams in the full theory corresponding to

The labels “A”, “B”, and “C” correspond to the diagrams shown

the operators [220]. The corresponding Wilson coefficients display a hierarchy in sizes;
Ci ~ C/Ne > Cs_6 > C7_1p.

Again, the resulting hadronic matrix elements cannot be reliably determined from
first principles, but can be parameterised in terms of fopological amplitudes, which are

’A truck driver is delivering two penguins to a new zoo when he runs over a nail in the road. He flags
down a passing motorist- “I've got a flat, but I need to get these penguins to the zoo ASAP. Can you take
them while I fix this problem?” “Of course!” says the motorist. The two penguins get in, and off they go.
Later on, the truck driver gets his tyre fixed and heads for the zoo, but when he passes by the cinema he sees
the motorist and penguins walking out. “Hey!” he calls out. “I thought I asked you to take them to the zoo!”
“Yes, you did,” says the motorist. “But we had a bit of change left over, so we decided to see a movie too!””
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i

(a) O1 (8) O3_¢

v/Z v/ Z

(©) O7_10

FIGURE 6.1: Typical diagrams in the full theory from which the operators
O; result. Adapted from diagrams shown in Ref. [220].

independent of energy-scale and renormalisation-scheme. This parameterisation was in-

troduced in Ref. [222]. The decay amplitude for decay D can thus be decomposed as

A(D) = Ac(D) + Au(D)

Ac

_ Ay iy (6.5)

/\uD i i
Ru/\cs ZZ:CM (D)Z[ 4

C

where 7/, are topological amplitudes (with partially absorbed CKM factors), which are
defined below, and the corresponding coefficients Cé/u (D) are shown in Table 6.3. Topo-
logical amplitudes are non-perturbative objects representing infinite sums of Feynman
diagrams (i.e. any number of low-energy gluons can be added to such a diagram), which
show the colour and flavour flow of particular processes. To understand these, it is first
necessary to introduce a few types of topology, which are shown in Figure 6.2, following
Ref. [222].  Given these, one can define the amplitudes {E;, A1, P13, P%M } given in
Table 6.2, from which one can finally arrive at six independent topological amplitudes,

defined as [9]:

e T=EFE+DP

All’l = Ay with Vyp, U € {M,C}

Aél = Ap; with Viyp, U € {u,c}

A = AS + Py

B, = POIM _ p,
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FIGURE 6.2: The eight independent types of topological diagram. Adapted
from diagrams shown in Ref. [222].

g 153:P§;IM—P3

The naming system, {T, A, P}, is a shorthand for tree, annihilation and penguin topolo-
gies. The task is then to note which topologies contribute to each of the modes of interest
and the corresponding decomposition table is shown in Table 6.3. The convention used
was to add a minus sign wherever a i is present in a meson state. The reasoning for this
is so that the anti-quark doublet transforms in the same way as the quark doublet.

This new parameterisation is equivalent to the group theoretical one and does not
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Amplitude Decomposition

E C1(O1)pg + C2 (O2) g
Aq C1(01)pa+C2(O2)cy
Ay C1(O1)cp+C2(O2)py

PlclM C1(<Ol>ccp_ <ol>ép)+c2(<ol>i)p_ <01>qu)

PyM C1({O1)cpa — (O1)cpa) + C2({O1) ppa — (O1) ppa)
P Ci (O1)cp + C2(O2)pp + Lo (Caim1 (O2i-1)cr + Cai (O2i) )

+175(Cain1 (O2ic1)en + Cai {Oaidpa) + Li25(Ci {Oi) cp + Ci {Oi) pp)

P, C1(O1)cp +C2(O2)pp + Lip(Cai1 {Oaict) e + Cai (O2i) pa)

+ Xi25(Ci (Oi) cpa + Ci (Oi) ppa)

TABLE 6.2: Operator product expansions for different topological ampli-

tudes [222]. The notation (O;), means the operator O; inserted in the

topology A and a superscript ¢ or u means that only a ¢ or u quark is in-
cluded in any quark loops.

Mode T A° P D A} Al
Counting 1 el5 25 35 25 &35
B-—-DD" 1 0 -1 0 1 0
B-—D;D° 1 0 -1 0 1 0
B-D;D* 1 0 -1 0 0 0
BB-DDf 1 0 -1 0 0 0
B-~pD" 1 1 -1 -1 0 0
BR—-D;Df 1 1 -1 -1 0 0
B-D;Df 0 1 0 -1 0 0
BB—-D D" 0 1 0 -1 0 0
B-DpD® o -1 o 1 0 -1
B—DD® 0 -1 0 1 0 -1

TABLE 6.3: Decomposition of B— DD’ decay modes into topological am-
plitudes with power counting for each indicated. Entries are as in Ref. [9].

reduce the number of unknown parameters. However, with this setup it is more straight-
forward to deduce the relative sizes of each of the amplitudes, based on the topological
structure of each. These power-counting arguments were adapted from Ref. [9], though
were modified to be even more conservative, with details given in Section 6.2.5. The rel-
ative suppression factors were expressed in terms of powers of some generic factor, €,

assumed to be ~ 30%.

6.2.3 Linking SU(3) to Topologies

Given Tables 6.1 and 6.3, it is straightforward to find the correspondence between the

SU(3)r matrix elements and the topological amplitudes, since there are six of each. At
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first glance, this does not seem possible as, considering the U-spin symmetry (d < s) seen
in both tables, there are essentially only five equations for six unknowns. Furthermore,
only four of these equations are independent. This fact can be dealt with by noting that,
for instance, the topological decomposition of B — D; D* consists of T, weighted by
Aep, and Py, weighted by A,p. Comparing with Table 6.1, it is clear that T can only
involve SU(3)r matrix elements involving the ¢ quark and P, can only involve SU3)r
matrix elements involving the u quark. From this, one finds that

T = (8] (3) 3)., (6.6)

51
LT /120

Similarly, BY — D~ D™ consists only of A° and b so, by the same logic, one obtains

(VA5(8] (3) 3), + VIO(8| (6) I3), + (8] (15) 3),,). (67)

A7 = —2(813) Bl + (11 (3)13),) (68)

5 1
> /120

Then, comparing the first and third lines and then the seventh and ninth lines of the two

(V5({(1](3) [3), + (8] (3) [3),,) + V10(8| (8) |3), — (8] (15) [3),,).  (6.9)

tables, one sees

V30 1

A1 = =281 15) B), — 7=(61 ) B 6.10
At = =261 (1) B), + =(61 ) . 6.11)

as presented in Ref. [9]. The same result may be seen by using matrices, again considering
the independent sum rules and separating parameters involving u and ¢ quarks.

6.2.4 SU(3) Breaking

Next-to-leading order SU(3)r-breaking effects can be calculated by accounting for m, #
m,,, my. Quarks come associated with appropriate masses, i.e. a g quark enters the Hamil-
tonian as m,qq. This was not relevant in the SU(3)F limit, where a single mass value, say
mg, was assumed for all three light quarks. Correcting this assumption, for diagrams

involving s quarks, requires the addition of a term [85]

Hsuay ~ (ms — mg)ss. (6.12)

Note that we still assume m,, = m, so the above can be written equally with m,,. To rein-
force the point, if m; = my, this term is zero. In group-theoretical language, this means
taking the product with (8),,0, while for the diagrammatic approach this means insert-
ing a cross wherever there is an s quark line. Figure 6.3 shows the example of this ap-
plied to a T topology, where two SU(3)r-breaking diagrams result, 5T 5. Similarly, there
are two SU(3)p-breaking contributions to A%, notated as § A{ ,. The remaining parameters
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FIGURE 6.3: The two types of SU(3)p-breaking contributions to the T topol-

Ogy
Mode E 0T, 5Ai 5A§
Counting l2) ) 25 25
1 B—-DD" 0 -1 0 0
3 B—=D;D* 1 0 0 0
4 BP»DpDf 1 L 0 o0
5 B-ppDpt o -1 1 -1
6 B)—-D;Df 0 1 -1 1
7 BP»D;Df o0 o0 L 1
8 Bl—D D" 0 o 1 0
9 BY—=D'DY 0 0o -1 1

TABLE 6.4: Parameterisation of SU(3)g-breaking contributions to the B —

DD system and corresponding power counting. Numbers in parentheses

indicate the suppression of the imaginary parts of the tree amplitudes, in

contrast to the suppression of the real parts and absolute values. Table
adapted from Ref. [9].

are already suppressed in the SU(3)r limit and so the breaking terms corresponding to
each of these are expected to be sufficiently small that they can be reasonably left out of
the model. Such a procedure yields Table 6.4, containing additional terms to be added to
those in Table 6.3 to allow for this symmetry breaking and improve the accuracy of our
method.

6.2.5 Power Counting

The relative sizes of each topology can be estimated using a little physical intuition, with
the tree amplitude, T, expected to be leading and the other diagrams suppressed accord-
ingly, which we parameterise by powers of a generic factor € ~ 30% [3, 9], as motivated
at the start of this section. Please note that this power counting is a theoretical assump-
tion. This suppression, shown in Tables 6.3 and 6.4 for each of the topologies, can come
from a variety of sources. SU(3)r-breaking contributions, for example, are expected to be
suppressed by an additional factor of O(e). The remaining sources are explained in the
following and summarised in Table 6.5.
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CKM Structure

Diagrams can be suppressed relative to one another according to their associated CKM
factors, which cannot always be separated from the hadronic amplitude. The relative
suppression can be best seen by expressing all factors in terms of A, and using the

Wolfenstein parameterisation in A:
Aed & —Ahes, Ay = —Rue Ay =~ Rude MAes,  Aus & A2Rye Mg, (6.13)

where R, (z
ure 2.6,and A = A(1 + A2/ 2) [3,9]. As seen in Eq. (6.5), this common factor is absorbed
into the amplitudes as is the factor R, for those governed by A4, denoted as A,,. Hence,

~ 0.35) represents one of the sides of the unitarity triangle in Fig-

Aa
/\ud

such A, topologies carry a counting factor R, ~ €.

Colour Suppression

As detailed in Section 2.5, each topology has an associated scaling with N, the number
of colours, following approaches taken in Refs. [9,93,222,223]. Relative to the scaling for
the T topology, these are; {T, A'} ~ 1, {P;, AY, A} ~ 1/N;and P; ~ 1/N.% In the
limit N, — oo (the large-N, limit), naive factorisation provides an accurate description
of T amplitudes, even allowing SU(3)r breaking. These methods give only real ampli-
tudes and so for the SU(3)r-breaking corrections, the imaginary parts are expected to be
subdominant with respect to the real part. We do not use factorisation in our approach
but we make use of this argument by conservatively adding an additional suppression
factor (on top of the generic suppression of SU(3)r breaking) to the imaginary parts of the
SU(3)r-breaking parameters, i.e.

16Ty 2| ~ O(e), Re(8Ty ) ~ Ofe), Im(6Ty5) ~ O(?). (6.14)

Penguin Suppression

The parameters P; 3 have two dominant contributions. The first comes from tree topolo-
gies with QCD penguin operators (O;_) inserted, which are suppressed relative to the
tree diagram by their Wilson coefficients ~ O(e?). The other contribution comes from
QCD penguin topologies with tree operators inserted, where the expected relative sup-
pression is less clear since the suppression comes from long-distance physics. While there
are no significant indications of large penguin amplitudes in B — DD’ decays, the central
values of the CP asymmetries in B — DD~ are especially sizeable. To be conservative,

we assign a corresponding suppression factor of
/2 ~ 55%

to this effect. This counting lies between the two scenarios of “Standard Counting” and
“Enhanced Penguins” in Ref. [9] and was chosen such that any substantial disagreement
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Topology CKM Colour Annihilation Penguin SU@)r Total

7] 1 1 1 1 1 1

| A°| 1 € €0 1 1 eld

| By | € € 1 €0 1 €2

| 55 € €2 1 s 1 €35

|AY| € 1 el 1 1 €2

| A% € € el 1 1 €3
|0T1 2] 1 1 (e) 1 1 € € (€2)
6A,| 1 € €0 1 € €25

TABLE 6.5: Summary of sources of suppression that apply to each of the

topological amplitudes [3]. As explained in the text (see Eq. (6.14)), the

imaginary part of the SU(3)r-breaking amplitudes 6T;, are further sup-

pressed (relative to the real part), hence the parenthesised values. The

overall effect of all contributions is simply the product of the individual

suppression factors. An entry of “1” denotes that no suppression is ap-
plied to this effect.

would be a clear sign of BSM physics. There are also contributions from electroweak
penguin topologies, though these involve photon interactions O (a) ~ O(e?) so the asso-
ciated matrix elements are sufficiently suppressed that they can be safely neglected (see
also Ref. [9]).

Annihilation

Annihilation diagrams, Aiu, involve the spectator quark in the interaction, which intro-
duces another source of suppression [89]. In QCDEF, as in Eq. (2.93), this naively intro-
duces a suppression of O(Aqcp/my), but having heavy mesons in the final state breaks
the validity of this estimate. Consequently, we assume a conservative suppression of

el/2 ~ 55%

for annihilation topologies in general, assuming € ~ 30%. Since diagrams, like A} and
Aj, that involve c¢ pair-production are not permitted in the heavy-quark limit, these

topologies are given an extra suppression factor of €.

6.3 Experimental Inputs

In order to be predictive, our theoretical parameterisation must be confronted with ex-
perimental data, both branching ratios and CP asymmetries. These are related to the
amplitudes through the expressions in Section 2.3 for CP asymmetries and via Eq. (2.89)
for branching ratios, with the correction in Eq. (2.92) applying to non-flavour specific BY
branching ratios. For DD’ final states, since ¢ is small, AZ?S(D) /A cos¢s ~ *1, with
the sign determined by the CP eigenvalue of the final state (c.f. Eq. (2.74)). In this case
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the eigenvalue is positive and so such non-flavour-specific B branching ratios approxi-
mately follow

B(BY,D,D') = (1—ys)-|A*-P(B%,D,D’). (6.15)

For the numerical inputs, we use the full set of measurements from a range of differ-
ent experiments, taken over many years. All of these required careful consideration for
them to be reliably combined and to give the best sensitivity. These numerical inputs are
summarised in Tables C.1, C.2, and 6.6, and detailed further in the following section.

6.3.1 Branching Ratios

A summary of the numerical values is given in Tables C.1 and C.2. In practice, for most
experimental analyses, the final quantity that is reported is, in fact, not the quantity that
was directly measured. Typically, these also involve external inputs or assumptions, from
which we would like to be disentangled. For a start, it is often a ratio of branching ratios
that is measured, since many uncertainties cancel in the determination. This means that
there are non-trivial correlations involving all of the modes. Secondly, the D mesons
themselves are reconstructed through their decays, so there is also some dependence on
the relevant D branching ratio(s). Many of these will have since been measured with
greater precision, especially for the older analyses, so we improve sensitivity by making
these dependences explicit. The D branching ratios can then be updated and one can
account for the further correlations induced by these inputs being shared by multiple
measurements. Measuring branching ratios also relies on good knowledge of the number
of each type of B meson that was produced in the first place, so there is also a dependence
on production fractions. As will be seen later, the correlations due to all of these effects
are non-negligible, with some as large as 60%. Though some of the above considerations
may have been made by the PDG [14] in their determinations, to be sure that we have
correctly accounted for these effects, we instead extract the branching ratios from a fit to
the available measurements. This averaging procedure is shown in Section 6.4.

Production Fractions

As seen in Chapter 5, f;/ f; is the production fraction of B; mesons relative to that of
B; mesons, and hadronic decays, like the ones considered there, are typically used in
the extraction of this quantity [224]. However, as discussed in Chapter 4, the B — Dh
modes used in such extractions have recently displayed tensions between theory and
experiment [58]. Hence, for LHCb measurements we instead take the value of f;/f; ex-
tracted from semi-leptonic decays [58,225,226]. This quantity, as well as f5, / f4, appears
to depend strongly on transverse momentum [191,194,227], and so a separate and inde-
pendent production fraction, (fs/ f;)1ev, was used for measurements from the Tevatron,
using the measured ratio of branching fractions [228] as an experimental determination.
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Many branching ratio measurements assume isospin symmetry, i.e. that hadrons re-
lated by the interchange of u and d quarks are produced in equal quantities, and conse-
quently that the fractions of decays to B* and B® mesons obey f.._ = fy, or equivalently
fa = fu. The two different notations refer to B-factory and hadron collider experiments
respectively. Isospin symmetry is not an unreasonable assumption considering the sim-
ilar masses of the two flavours, particularly in comparison to collision energies. There
is, however, good reason to believe that this assumption may not hold in either collision
environment. For B-factories, since Y (4S) lies so close to the bb threshold, it has be shown
to experience enhanced isospin breaking (~ 5%) in its decay [229,230]. At hadron col-
liders also, the non-trivial isospin structure of both the initial and final states [231] calls
into question the validity of arguments based on this symmetry. As has been observed
for fs/ f4, the production fraction f;/ f, may also be expected to depend on pr and the
production mechanism.

Theoretical estimates of these quantities for B-factories differ significantly, and so we
would like to use the available experimental information to restrict it [219,231]. We use
foo = 0.484 £ 0.007, to cover the interval determined in Ref. [231]. To simplify the sit-
uation, given the large uncertainties in the B~ — DD branching fractions, we assume
f+— =+ foo = 1. This assumption should be relaxed once higher precision is achieved but
right now the additional uncertainty related to this assumption is negligible [215,231].
This ratio is yet to be measured at LHCb, and we wish to determine its size from our fit
instead of making assumptions, allowing conservatively for

fa/ fu €105,1.5].

Allowing this to vary leads to additional systematic uncertainties for the branching ratios

whose inputs are reliant on this variable.

LHCb

The LHCb analysis in Ref. [232] conveniently gives an explicit breakdown of how the
branching ratios that it presents were measured, and the observables used in the fit
closely follow the expressions presented there:

. EB(BO — D+D7) e KNBg_>D+D—
- faB(B®—= D*D~) el Npo_,p+p-
Ry = e 1 BB = DDY) | Neoypooo (6.17)

_fa 1 B(B° — DDY) _ Npo_,popo

Ry ) (6.16)

R.= 28 _— = , 6.18
’ fu€ B(B~ = D°Ds)  Np-_pop- (6.18)
R, — fs B(D = K*K~n") B(B — DDy )
fa B(DT — K-ntnt) B(BY — DtDy)
Nao o
_ fgl/Bs BY—D; DS ’ (6.19)

NB°—>D*D;
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_fu B(DY — K-n*) B(B~ — D°D;)

R5 = _
*” fiB(D* - K nmtnt)B(B" — DDy )
_ N,_ .
T (6.20)
BO—D+D;
_ BB} > D;D*) _  Napops 6.21)
°" fiB(B" = D*D;)  “'Np_pip '
Ref. [233] also measured the ratio
B~ =D D)B(D~ = Ktn m~
R, = B(B~ — )B(D~ — Kt mt7) 622)

B(B- — D; DY)B(D; — K*K-77) "

The relevant D branching ratios and production fractions assumed in the experimental
analyses are explicit in these observables. Unlike in previous analyses, we allowed for
a non-unity value of f;/f,. Values for the other quantities in these ratios, namely effi-
ciencies and counting rates, were also given in the paper, with appropriate systematic

uncertainties and correlations?

. The factor €], includes appropriate D branching frac-
tions for the relevant modes. An updated measurement of the ratio Rg was made by
Ref. [234], which was simply used in place of the one from Ref. [232], as this result was

essentially independent of the other ratios.

CDF

The CDF collaboration measured a variant of R4 defined above, where one of the D;
mesons from the BY is reconstructed by the same decay mode as the one from the BY is,
while the second one decays via D7 — ¢(— KTK~)7r+ [228]. We define this observable
as

RCDF _ fs| B(DF = ¢(— K*K™)n") B(B} — D Dy )

= _ . 6.23
= file BOY o Kmtrt) BB DD, 62)

An update of this observable was possible using relevant information provided in the
paper, as well as global averages from the PDG review corresponding to the year the
paper was published.

CLEO Il

Appropriate branching ratio measurements were made by CLEO II in Ref. [235]. While it
was possible to update the inputs for the predominant D branching fractions, which were
made explicit in the analysis, we were unable to account for some other subdominant D
decay modes, which could not be easily reconstructed from the information provided.

2We found a mismatch of ~ 2% compared to Ref. [232], when reproducing the numerical results for
Eq. (6.20) from information provided in the paper. To account for this, we applied a corresponding correction
factor. There were also misprints noticed in the table of systematic uncertainties for B® — DODC.
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For these inputs, we used the observables

BSYEO — 2 B(B~ — D'D;)B(D° — K- n*)B(D; — ¢ri), (6.24)
BSLEO — 2£0B(B° — DYD;)B(DT — K ntat)B(D; — ), (6.25)

making use of all available information given in the paper.

BaBar

The two relevant analyses by BaBar are given in Refs. [236,237]. The analysis Ref. [236] is
special in that it uses a double-tagging technique such that its results do not depend on
the Y branching fractions, thereby providing absolute branching fraction measurements.
Of the D branching fractions, only that of the D;” — ¢t mode was made explicit, as the
largest source of systematic uncertainty, so it was again only possible to perform a partial
update using this mode alone. In this analysis, only one of the two final-state D mesons
was reconstructed, so for each of the measured modes (B~ — D°D; and B — D*D;)
we used two separate observables: direct measurements where the D(**) was recon-
structed and there is no update of D branching fractions (labelled BE;Bar’dir), and mea-
surements where the D; was reconstructed that we rescale by a factor k = 3.6%/B(D; —
¢7*) (labelled BY5*""):

Bll3aBar,dir = B(B~ — D°D;), (6.26)
BEaBar,dir = B(B° » D*D;), (6.27)
B = B(B~ — D°D;) /k, (6.28)
Blz3aBar,re _ B(BO — DYD)/k. (6.29)

For Ref. [237], it was only possible to update the branching fractions for charged D decay,
since several D decays were considered that could not be easily updated based on the
information provided. Hence, we considered the observables

B?]?aBar = 2f008(D+ — K™ 7T+7T+)2(BO — D+D7) ’ (630)
BEaBar _ 2f+_B(D+ N K77'[+7T+)B(B7 - DODf) . (6.31)

Belle

The Belle experiment provides four separate relevant analyses, in Refs. [238-241]. Once
again, it was not possible to update the D branching fractions for the analysis in Ref. [239],
however in this instance they do not represent dominant uncertainties. Consequently, we
scale only by the production fraction f _:

Bbelle —2¢, B(B~ — D°D7). (6.32)
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Ref. [238] gives explicit measurements of B(BY — D*D;) for three separate D decay
channels, all of which could be updated through the observables

BBelle — 2£0B(B® - D*D;)B(D; — ¢(— KK~ ) ™), (6.33)
BBelle — 2£0B(B® - DD, )B(D; — K*(— K 7n")K™), (6.34)
BEelle — 2£,B(B® — D*D;)B(D; — Ks(— mtm)K™). (6.35)

The three measurements shared many significant systematic uncertainties so we con-
structed a correlation matrix from the information in the paper. We verified that this
procedure reproduces the average given in the paper. Ref. [240] supersedes the analy-
sis of Ref. [242] for B(B® — DTD~), and here it was possible to perform an approximate
rescaling of the D branching ratio, since in ~ 75% of cases the D* was reconstructed from
the dominant mode. Rescaling also with the production fraction, we used the observable

B3Belle — 2fOOB(BO N D+D_)B(D+ — K_7T+7T+)2- (6.36)

Finally, Ref. [241] provides an absolute B — D, D, branching fraction, in which we
were unable to update the D; branching fractions. We therefore used the value as in the

paper;
BBelle — B(BY — DI D;). (6.37)

This particular measurement was limited by a significant uncertainty in the number of

B? mesons.

6.3.2 CP Asymmetries

The notation for CP asymmetries here is the same as that introduced in Section 2.3, and
the available inputs are summarised in Table 6.6. It can also be useful to consider the
quantity AS, defined as

AS = —yl,Scp —singp, (6.38)

since (when it can be defined) this quantity has the same power counting as Acp, unlike

Scp.

Charged B Decays

For the measurements of Acp(B~ — D(’S)DO), the 2022 PDG average [14] includes LHCb
measurements from Ref. [246] that has since been superseded by Ref. [233], and one must
take care to avoid double-counting. We thus took an average of the 2022 PDG inputs, with
the exception of the LHCDb results, and then averaged this with the updated correlated
LHCb measurements.
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Observables Value/%  Comment Ref.
Acp(B- - D DY) —33+7.1 Average excluding LHCb result. [237,239]
Acp(B~ - D DY 25411  Only LHCb. (233]
Acp(B~ = D;D%) 05406  corr(D~D° D; D) = 0.386
Acp(B® = D~ Dt 13+17 Our average (see text for details).
scp((BO — D*DJF)) —814+20  corr(Scp, icp) = —-19.6% (14,240,243, 244]
Acp(BY = DyDFf) 784179 From |A|and ¢¢f. [245]

(B )

—2.0+171 corr(Scp, Acp) = —3.2%

TABLE 6.6: Available experimental CP asymmetries that were used as

input [3]. Ref. [240] also presented a value of Acp(B® — D;DT) =

—0.01 £ 0.02, though this was in the context of a simple cross-check, which

was not as rigourous as the other results presented therein. Consequently,
this result was not used as input.

PDG Averaging for B — D~ D*

The measurements of Acp(B® — D~D*) and Scp(B® — D~ D) made by Belle [240]
and BaBar [244] display a tension. These measurements are known to be significantly
correlated and here it was necessary to calculate our own average. The reasons for this
and the methodology are outlined below. Correlations between the other CP asymmetry
inputs were not taken into account, since the effect of shared inputs in the calculation of
production and detection asymmetries was assumed to be small.

When averaging N experimental measurements of the same quantity, the following

relationship is expected [14]:

Xi— X
2:Z< - >%N—1, (6.39)
where x; and 0; are the respective central values and uncertainties of the individual re-
sults, ¥ is the average, and N — 1 is the number of degrees of freedom. If )(2 is far larger
than this value, it is indicative that some of the uncertainties may have been underesti-
mated. In such a case, the PDG [14] recommends a modified averaging procedure where
the individual errors are scaled by

S=1/x2/(N—-1). (6.40)

For averaging with multiple correlated quantities, as is the case here with Acp(B° —
D~ D%) and Scp(B° — D~ D™), a multi-dimensional weighted average must be per-
formed. Ref. [247] provides the formula for such an average, X, as

-1
X = (Z(an) : <2(Vi)1 : xi> : (6.41)

i

where V; and x; are the covariance matrices and central values for Acp(B® — D~ D7)
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and Scp(B° — D~D™) from the individual experiments. In this multi-dimensional sce-
nario, the x? is then expressed as [247]

=Y 060" (Vi) (6 - %), (6.42)

1

and for the two-dimensional average one expects
X2 ~ N — 2/

where N is the total number of measurements (of both quantities), and therefore N — 2 is
the number of degrees of freedom.

The correlations for the systematic uncertainties were taken from Ref. [14] and the
statistical ones were assumed to be uncorrelated. Constructing a x? as outlined above for
the three sets of Acp and Scp from Refs. [240,243,244], one would expect that

since here N = 6. However, using those experimental inputs, one finds
2 _
X° =107 > 4.

We were, therefore, justified to apply Eq. (6.42) and to scale the errors of the individual
experiments by a factor of

S=+107/4~16. (6.43)

The averages in Table 6.6 result from the application of Eq. (6.41), following this scaling
of the errors. This procedure is visualised in Figure 6.4 and results in the uncertainties
given in Table 6.6.

Indirect Determinations for BY — D; D

Acp,Scp(B? — D; D;) have not yet been measured directly, but they can be inferred
from measurements of the magnitude and phase of A(BY — D; D;") [245], defined as in
Eq. (2.70). The phase is sometimes referred to as ¢<f, as it would equal ¢; in the case of no
CPV in decay. B — D; D is an excellent mode to extract ¢ from, though at the time of
writing it can be determined indirectly from global fits [37,40] or directly measured from
Bs — J/v¢ [248] at a precision far greater than what could currently be achieved from
our fit. For this reason, we included ¢ as an external input in this work. Deviations from
this value could then, in principle be probed in the fit. In future, when the precision of
B — DD’ determinations improve, this input should be removed and ¢ extracted from

the fit.
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Sep(B°->D~DY)

FIGURE 6.4: 68% CL regions for the time-dependent CP asymmetry mea-
surements of B — D~D* from Belle [240] (yellow), BaBar [244] (green)
and LHCb [243] (blue), as well as their correlated average, as given in
HFLAV [56] (red solid). As described in the text, we instead use the aver-
age (red dashed) where the uncertainties of each have been symmetrically
enlarged to produce a more representative x>. The limit of the physical pa-
rameter space, defined by Acp(B® — D~D*)? + Scp(B” — D" D*)?2 <1
is marked by the black solid line, with the unphysical region shaded.

Input Value
A 0.22500
0% 1.143
bs =2 0.787 £0.018
s = —2Ps —2 x 0.01841
ys = AT/ (2T5) 0.062

TABLE 6.7: Additional input data from the global CKM fit [37].

CKM Inputs

Table 6.7 gives relevant inputs from the global CKM fit of Ref. [37], which will be needed
for the global fit. Values shown without uncertainties are included as constants in the
fit. The uncertainties on ys and ¢ are far smaller than those of other observables or
assumptions in the fit, so they are neglected. ¢,; has been determined experimentally,
and so this parameter is floated in the fit. As already discussed in Ref. [9], the CKM
phase v is impacted by an effect known as reparameterisation invariance [249-251]. The
key point is that in B — DD’ a change in the apparent phase 7 can be compensated
by a corresponding shift in the topological amplitudes and hence, without additional
assumptions about at least one of them, analysis of these modes cannot be sensitive to this
phase. These additional assumptions were discussed in Refs. [9] and [252]. Our power
counting strategy allows for large variations in the topological amplitudes, and so any
uncertainty of 7y has no real impact and would only matter if one were to wish to interpret
the fitted topological amplitudes physically or calculate them from first principles.
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6.4 Combining Branching Ratio Inputs

Before using our theoretical parameterisation, we first perform our own average of the
numerous branching ratio inputs through a fit where the branching ratios themselves are
the floated parameters. This allows a comparison with the values presented in the PDG,
shown in Table 6.8. Since the CP asymmetry measurements would have little impact on
the fit without theoretical parameterisation, these are left out at this point. The fit per-
forms well and the results appear consistent within themselves, and with the Gaussian
approximation, i.e. that the covariance matrix, V, is given by [14]

2,2
(Vﬁl)z‘j B ;aaeigej

where 0 are the fit parameters, and 6 are the coordinates of the global minimum. The

(6.44)

7
0=0

correlation matrix, crucial for a meaningful interpretation of the available data, resulting
from this approach is also shown in Table 6.8 but is not provided by the PDG.

While we generally allow f;/ f, to float, we also examine the effect of explicitly set-
ting it to unity, which is assumed in most other analyses. As shown in the table, both
scenarios generally see reduced uncertainties relative to the PDG [14], an impressive re-
sult since varying the production fractions f;/ f, and fi_ o would, in principle, allow
for larger uncertainties. The observed improvement can, though, be understood for the
use of updated lifetimes and D meson branching fractions, as well as the inclusion of a
recent LHCb analysis [233].

The extracted values of the production fraction f;/ f; at LHCb, as well as f_ o, do
not change significantly relative to the input values, however the corresponding value at
the Tevatron

(fs /fd)Tev = 034i882 ’ (6.45)

is competitive but consistent with the current HFLAV average Ref. [254]. This value is
greater than that for LHCb by around one standard deviation, which supports the claim
of a pr dependence in the quantity. In this scenario, we find agreement with the isospin
assumption of f;/ f, = 1 at LHCb,

(fal fu) 7TV = 0.9970437, (6.46)

though this also permits relatively large deviations. This result should, in principle, be
model-independent, but it should be noted that this specific determination uses a large
amount of information external to LHCb. Nonetheless, this appears to be the first deter-
mination of such a quantity at LHCb, though this has been done for CMS in Ref. [227].
The additional input of theoretical assumptions will improve upon this extraction, as will
be seen below.
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Observable Fit result Fit result (f;/fu = 1) PDG [14]
1 BB — D‘DU) 0.383 +£0.034 0.385 +0.028 0.38 +0.04
2 B(B~—D;D 92408 93407 9.0+ 0.9
3 B(B"—D;DT) 76407 754 0.6 72408
4 B(BY— D D) 0.280+0.044 0.278 + 0.040 0.28 +0.05
5 B(BO — D~D*%) 0.231+0.023 0.231 £0.023 0.211 £0.018"
6 B(B— D;Df) 43+06 43406 44405
7 B(B" — D; D) < 0.036 [238]
8 B(B>— D D) 024+005 0.24 +0.05 0.22 +0.06
9 B(B— D°D% 0.012 £ 0.006 0.012 4+ 0.006 0.014 + 0.007
10 B(B?— D°D%)  0.166 + 0.039 0.165 + 0.036 0.19 +0.05
sl l|la|®|lalela|ld|s
ale|lslalalslalneln
T * T T T T T T T
o |lao | |d|a|d |||
E |65 |5 | & |&§|&|&|&| &

BR(B~ - DDY)

BR(B~ - D;D°)

BR(B" -» D;0)

BR(B; » D D7)

BR(B" » D~D*)

BR(B, - D;D;)

BR(Bs » D"D*)

BR(B® -» D'DY)

BR(B.— D°D?)

TABLE 6.8: Summary of the results of our fit with no theoretical assump-
tions (an averaging procedure) to the available experimental B — DD’
branching ratios [3]. Central values and uncertainties are shown in the ta-
ble in units of 1072, and below we present the corresponding correlations,
given in percent. Our treatment of production fractions outlined above
introduces additional uncertainties in these results. We also display the re-
sults for the scenario where f;/ f, is assumed to be unity and also give the
current PDG values, for means of comparison. We symmetrised the uncer-
tainties, which correspond with the correlation matrix below. Comparing
with Table 6.10 shows that this approximation is reasonable. No fit results
are shown for B(B? — D; D;") since an experimental central value for this
does not currently exist. The PDG presents a limit on this quantity, though
this was not included in the fits. ": Our fit has a larger uncertainty than
the PDG for this input, as we included a recent LHCb measurement that
superseded Ref. [253].
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The future prospects for measurements of this quantity rely on an LHCb measure-
ment of the ratio [232],
fuB(B~ — D°D;)

faB(B® — D*+D;)’

since the individual branching fractions can be determined precisely at the B factories.

This reference also provides the ratios

R0 00 R0 00
fs fa B(B - D°D°) . fa B(B® = D°D°)

fi fu B(B— — DOD;) fuB(B~ — D°D;)’

In this instance, the branching ratios in the numerators of these expressions have not yet
been measured individually and so cannot currently be isolated from changes in f;/ fu,
though this could change in the future.

6.5 Validation of Theory Assumptions

We construct a x? function using the experimental inputs outlined in Tables 6.6 and C.1,
and the parameterisation in terms of the topological amplitudes introduced in Section 6.2.5.
Confidence intervals on the parameters can be determined from the variation of the x?
from the minimum value (as in the Rfit approach [255]).

Using Tables 6.1 and 6.3, and with reference to Eq. (2.89) and the expressions in Sec-
tion 2.3, one can then make predictions for the observables of study as a function of
the topological parameters. These parameters are complex (exception for T, which we
assume to be real without loss of generality), so each one can be split into real and imag-
inary parts. These predictions can then be combined with the experimental inputs out-
lined in Tables 6.6 and C.1 to construct a x> function that can be minimised with respect
to the topological parameters®. The global minimum designates central values for the es-
timates of the observables of interest, while uncertainties come from performing profiled
scans, minimising the x> while one parameter or observable is held at a fixed value that
is then varied. The values that increase the profiled x? by one [256], relative to the min-
imum, give the upper and lower bounds of the parameter estimate or observable value
at 1o. In setting up this formalism, theoretical assumptions have been made and it is

necessary to verify that the data support these assumptions before performing any fits.

6.5.1 SU(3)r Symmetry

The entirety of this analysis relies on the assumption of SU(3)r as a good symmetry for
B — DD’ decays, so it is essential to check the validity of this assumption. If this sym-
metry was an exact one, then U-spin partners, i.e. amplitudes related by a complete

3Richard Feynman’s infamous quote is most relevant here- “It does not make any difference how beauti-
ful your guess is, it does not make any difference how smart you are, who made the guess, or what his name
is - if it disagrees with experiment, it is wrong.”
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Relative rate b—s b—d
Tree-dominated 1 A2
Annihilation-dominated e’ A2e3
CP asymmetry b—s b—d
Tree-dominated AZeZ5 e
Annihilation-dominated ~ A2%e? €2

TABLE 6.9: Expectations from power counting for the approximate respec-

tive sizes, with respect to the leading tree-dominated b — s decays, for

both decay rates (above) and for the CP asymmetries Acp and AS (below).
Taken from Ref. [3].

interchange of s and d quarks [257-259], would differ only by CKM factors;

T ADsz
Dbs — _CP_ (6.47)
F,Dbﬁd Achﬁs

Direct CP asymmetries such as these rely on the interference of A, topologies (governed
by A.p) with A, topologies (governed by A,p). The small size of this latter set of param-
eters mean that it is not currently feasible to test such relations. It is, though, possible
to instead test U-spin symmetry using the following relations, which can be easily seen
from Table 6.3:

Acs |2 T(B~ = D~DP) Usspintimit | A |* T(B? — D~ D)
Acd| T(B~ — D; DO) o Aw| T(BY— Ds DY)
U-spin limit | A 4 2 r(BO — D7D+) U-spin limit 25
~ — _ ~ 1+ 0O(e”), (6.48
Mea| T(BO = D DY) +0(E™), (648)
2 /5 = . 2 /5 _ o

Aes r(?o N Z?ODO) U—spghmlt b Iﬂ(?O — D;LDS;) U'Spghmlt 1+ 0(62) ) (6.49)

Aed| T(B? — DOD0Y) Aat| T(B? — D+tD~)

The appropriate corrections in these relations come from the breaking contributions to the
A, parameters, which are dominant in comparison to the corrections to the amplitudes
A, that were neglected in this analysis.

Measuring suppression relative to a tree-dominated b — s mode, in this case B® —
D; D" (as in Table 6.9), we find that the experimental decay rates agree with our ex-
pectations from power counting typically within ~ 30% ~ €, so are consistent with
our assumptions. Slightly larger deviations of ~ 40% are seen for B° — D*D~ and
Eg — D D, , which may indicate significant negative interference with the annihilation
amplitude A°. Indeed such an effect has already been pointed out in Ref. [9] and later
confirmed in Ref. [218]. Despite this, the results are generally in agreement with what
is expected, since 30% is only an approximate scaling. Since most of the CP asymmetry
inputs (Acp and AScp) lie within 1o of zero, their relative scaling cannot easily be de-
duced, and so we are more limited in the conclusions we can draw. However, the recent

LHCb measurement of Acp(B~ — D°D~) ~ 2% displays some small deviation from
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zero (~ 20) but also lies below our assumed scaling of €%® ~ 5%. This is a sign that our
treatment of penguin amplitudes is conservative.

SU(3)p-breaking corrections at O(e) are expected to apply at the amplitude level, so
the effect is amplified when one takes a ratio, as already noted in the context of D meson
decays in Ref. [260,261]. We applied the experimental values to the square roots of ratios
of branching ratios in Egs. (6.48) and (6.49) and show these in Figure 6.5. These ratios are
consistent with unity within ~ 30%, and so this shows that the corrections are smaller
than the limits placed on them, and this serves as another piece of evidence that we treat
possible breaking conservatively. These results also agree with the structure expected
from the CKM matrix.

6.5.2 1/N. Power Counting

Another assumption of our method is that 1/ N, power counting can provide an accurate
description of the B — DD’ decays we study, and one must also verify that this is the
case. In this limit, the tree diagrams can be factorised into two parts (see Section 2.5); a
transition of B — D, encoded by a momentum-dependent form-factor (F¥~P(4?)), and
the creation of a D’ from the vacuum, which is parameterised by a corresponding meson

decay constant (fpr). We use [92]
fpr = (2120 £0.7) MeV, fp: = (249.9 +£ 0.5) MeV, (6.50)

and

FE'=D (%) = 0.740 +0.010, EB=Ps (m2)) = 0.720 £ 0.016, (6.51)
with m%, = 1/3 x (m%)0 +m3_ + m%): ). These form factors were determined using the
BGL method introduced in Section 2.5. One should note that these decays cannot be well
described by factorisation in the heavy-quark limit [89,90], which have smaller correc-
tions than 1/ N, expansion. Our results have corrections at O(1/N?) that are not included
in the error bars shown.

Figure 6.5 shows the results of this study for tree contributions only; all other di-
agrams are either heavily suppressed or are not factorisable in any N, regime. One
can see overall consistency between the data and the 1/N, limit. The small difference
for [AsA(BY — D™D")|/|AqqA(Bs — D; DJ )| can be understood as coming from the
presence of an annihilation contribution (as well as breaking terms) to the amplitudes.
As well as the ratios, the individual amplitudes involved were found to be in keeping
with the large-N, limit, which consistently predicted larger rates than the averaged ex-
perimental values (from Table 6.8). For the modes without annihilation contributions,
the central values of the amplitude sizes differed by around 17 — 28%, reasonably large
to be explained by 1/N? corrections, though they were consistent with this expectation
within their uncertainties. Similar behaviour has already been identified in Ref. [58] in
b — ciid/s transitions, however in this instance QCD factorisation is not expected to
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FIGURE 6.5: Naive factorisation results (red) compared to the predictions
from the U-spin limit (blue), as shown in Ref. [3].

N

I
I
I
L 1 1 AC
0.15 0.20 0.25 0.30| e

FIGURE 6.6: Ax2-profile of | A°/ T| as resulting from our global fit, overlaid

with vertical lines showing the applied theory constraints resulting from

the power counting imposed here (dashed red line) and region excluded
in Ref. [9] (red shaded region).

work well, so the disagreement holds much less significance. Overall, our consistency
checks have confirmed that our 1/ N, power-counting assumptions are valid. Please note
that these results were not included in our global fit.

It is also important to check that the assumed power counting for the topological
parameters is valid. Figure 6.6 shows a Ax? scan of |A°/T| and it can be seen that the

minimum lies well within the allowed parameter space.

6.6 Global Fit

Having validated the method, we perform a global fit to all available experimental in-
puts, as summarised in Tables 6.6, 6.7, C.1, and C.2, assuming the power counting given
in Section 6.2.5. This allows us to take a more general, bigger-picture view of B — DD’
decays as a whole, in terms of consistency of expected flavour symmetries with experi-
mental data. The quality of fit is good, as will be discussed further later on.
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FIGURE 6.7: Two-dimensional contour plot for the real and imaginary
parts of A°. The 68% and 95% confidence regions are shown in dark- and
light-blue, respectively.

6.6.1 Constraints on parameters

The parameter T sets the overall scale of the observables and, being the dominant pa-
rameter, is well-constrained, with a 68% confidence-interval of [0.97, 1.09] keV. The
sub-dominant SU(3)r parameter A¢ also receives significant constraints beyond those
imposed by power counting, with 68% confidence-intervals of |A°/T| € [0.14,0.27] and
arg(A°) — m € [—0.86,0.90]. The two-dimensional contour plot is shown in Figure 6.7.
One of the SU(3)r-breaking corrections to T receives a small constraint on its absolute
value (|6T;| > 0.08), with the real part being constrained more strongly (and predicted
to be positive only) than the imaginary part, despite the latter having tighter constraints
from power-counting. As previously mentioned, the magnitudes and phases of the re-
maining parameters are largely unconstrained beyond power counting. Figure 6.8 sum-
marises the one-dimensional constraints on the parameters in terms of both magnitudes

and real/imaginary parts.

6.6.2 Branching Ratios

Table 6.10 summarises the predictions of the branching ratios resulting from the global
fit, with Figure 6.9 illustrating this graphically. Note that the upper bound on B(B° —
D; D; ) was not used as input to the fit, but its 68% confidence interval could be predicted
to be

B(B° — D7 D;") € [0.004,0.037] x 1072,

which agrees with the current upper limit B(B° — D;D;") < 0.036 x 1073 [238]. Im-
posing our SU(3)r assumptions does not significantly change the central values of all the
branching ratios with respect to the experiment-only fit, but the precision is improved.
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FIGURE 6.8: Constraints on the topological parameters in terms of re-
al/imaginary parts (top) and magnitudes (bottom). The shaded regions
show the constraints placed on each of the parameters in the fit.

Since the data agrees with the SU(3) power counting, the U-spin ratios in Figure 6.5 do

not give much non-trivial information.

Isospin Breaking

Using isospin symmetry and also applying conservative assumptions on the relative sizes

of the topological amplitudes, one can find yet more quasi-isospin sum-rules. For the

scenario already outlined and focusing on the observables discussed in the previous work

(Ref. [9]), one finds

I[(B° — D;D%) =T(B~ — D; D%)(1+ O(A%e%?))

(6.52)
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Observable Global fit ~ Exp.-only fit PDG [14]
1 B(B~—= DD’ 036640025 038370052  0.38+0.04
2 BB —D;D% 88406 9.2703 9.040.9
3 B(B"— D;DV) 82+0.5 7.6+0.7 72408
4 B(B)—D™Df) 03037000  0.280%00  0.28+0.05
5 B(B"— D DT) 02247002 02317015  0.211+£0.018
6 B(B!— D;D;) 47+0.6 44106 44105
7 B(B"— D;yDf) 00247592 < 0.036 < 0.036
8 B(B?— D D) 02047555 0.2410%¢ 0.22 £ 0.06
9 B(B°— D°D% 0.013+£0.006 0.012+0.006 0.014 +0.007
10 B(BY —D°D%  0203%3%%% 016675032  0.19+0.05
TABLE 6.10: Predicted branching ratios in units of 1073 from both our
global fit (second column) and our fit without theory input from Sec. 6.3
(third column), compared with global values from the PDG [14] (fourth
column). Taken from Ref. [3].
1.5x 1072 5.x107%
) _ (:;loba_l Fit _1 —_ Gloha} Fit
1.2x10 — Experimental Avg. 4.x10™ E{ — Experimental Avg.
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T% ?g
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FIGURE 6.9: Branching ratio predictions from the global fit compared to
those obtained from our experiment-only fit, as shown in Table 6.10. Taken
from Ref. [3].
and

I'(BY — D°D%) =T(B? — D™DT)(1+ O(A%?)),

(6.53)

where some small isospin-breaking contributions have been neglected. These match

those determined in the earlier partial analysis of Ref. [262].

Precision measurements of these rates allow for tests for BSM physics with Al = 1 or

alternatively isopsin breaking in the rates if the SM is assumed. Equally, in the case of
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FIGURE 6.10: One-dimensional scans of the parameter f;/ f;, in the case of
the full global fit (red) and without theoretical input (blue).

the first relation, one may uncover isospin breaking through a non-unity determination
of the ratio of production fractions for B* and BY, i.e. f;/f, at the LHC and f;_/ foo at
Belle (II).
The experimental value of the ratio
FB[)%DS_ D+

= 0.88 +0.05
g p-po

in Table 6.8, assumes f;/ f, = 1, and so Eq. (6.52) means that in the global fit we have
(fa/ fu)HHE 7TV = 0.86 + 0.05.

This deviates substantially (~ 2.5¢) from the frequently-assumed value of unity. While
this tension can be reduced by loosening constraints on Aj, it cannot be completely re-
moved; even with |A}/T| ~ 1 there remains a deviation of ~ 1.60. A value of f;/ f,
that is non-unity would have serious implications for many LHCb measurements that
rely on ratios of B” and BY. For example, B(B(;y — p*pu~) uses B* — J/¢K* as nor-
malisation mode and involves the production fraction ratio f;/ f,, which is taken to be
equal to f;/ f; [263,264]. In order to disentangle f;/f, # 1and T(B° — D;D*)/T(B~ —
D; DY) # 1, it is important that further determinations of f;/ f, are made at LHCb with
additional data and different decays, such as I'(B® — J/¢K®)/T(B* — J/$K™T), making
use of precision measurements from Belle(Il). There is a similar situation for CMS analy-
ses, like B(B(s) — up~) [263,265], though Ref. [227] found (f4/ fu) ™ to be compatible
with unity at 13 TeV. This ratio would generally be expected to be different from that of
LHCb, since other production fractions display pr-dependence. Figure 6.10 shows the
constraining power of theoretical assumptions on the one-dimensional scans for f;/ f,.
Since the initial states in the second relation are identical, this one may be used to test
the relative detection efficiencies of D* and D°. These relations also appear “for free”
within the global fit, where they also gain from information from other observables in
the fit such as production fractions and relative decay rates. As a test of Eq. (6.53), one
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can calculate the corresponding ratio

T'po»popo — 0697025

Igop-p+ o1
which has a central value that deviates considerably from unity, but this is only signifi-
cant at ~ 1¢.

The quasi-isospin relations above benefit from the fact that the AI = 1 contributions
that break the symmetry for these b — s transitions are significantly suppressed by CKM
factors. A similar scenario exists for the Al = 3/2 contributions in b — d transitions,
but here the suppression is reduced by a factor of A2, and so the sum rules receive larger

corrections:

I'(B° — D-D¥)

=1+ 0O(¥%) = 0.65199 6.54
r(B- =D DY T () 008 (6:54)

This correction would be expected to correspond to 2Re(A¢)/T, and so this emphasises
the sizeable annihilation amplitude |Re(A€)/T| ~ 18% noted before (see also Ref. [9]). It
is therefore clear that improved measurements of B — DD’ branching fractions have a
big part to play in testing the SM. The near future looks promising for this, since LHCb
is yet to produce measurements for many of the observables for Run 2, and Belle II is yet
to produce an analysis of B — DD'.

6.6.3 CP Asymmetries

Through our methodology, it’s possible to make predictions for CP asymmetries that are
currently unmeasured and improve predictions for those with experimental inputs, due
to the non-trivial correlations between observables that is encoded by our parameterisa-
tion and power counting. These correlations are particularly strong between CP asym-
metries and corresponding branching ratios and between observables related by U-spin
symmetry. Through this, we are able to check the consistency of the SM. Table 6.11 and
Figures 6.11 and 6.12 summarise the predictions from one-dimensional scans of the CP
asymmetries for all the channels of interest. The correlations between these predictions
are visualised in Figure 6.13, as well as in Figure 6.14.

With the majority of the CP asymmetries currently unmeasured, in several cases the
predictions are constrained predominantly by power-counting (where the branching ra-
tio information is suppressed) and so the shape of the x? around the global minimum
appears rather flat when these observables are varied. This deviates from Gaussianity,
which would give an approximately quadratic shape. For this reason, in Table 6.11 the
results are displayed in terms of Ax? = 1 (analogous to a 68% Gaussian confidence inter-
val) so as to not imply that results are at all Gaussian-distributed. This point is especially
relevant for the scenario where no CP information is included.

These predictions agree with the experimental values within 2¢ and the topological



% 6.6. Global Fit% 177

Mode Global fit ~ w/o CP inputs Exp.
Acp(%)
B~ —D DY [1231] [-34.0,34.0] 24411
B~ — D;D°  [-0.2,03] [—1.6,1.6] 0.5+0.6
B - DyD*  [-0.8,0.6] [—0.8,0.8]
B - D~DF [93,18.1] [—18.6,18.6]
BY - D-D* [-35,25.3] [-28.2,28.2] 13+17
B - DyDf  [-13,07] [—1.4,1.4] —8+18
BY — Dy D [-43.0,45.1] [-60.4, 60.4]
BY - DDt  [-15,15] [—1.6,1.6]
B® — DD [-62.7,61.3] [—64.7,64.7]
BY — D'DO [-3.1,3.1] [-3.3,3.3]
Scp(%)
B~ — D DY - - -
B~ — D;D° -~ -~ -
B - DD+ - - -
B - DD} - - -
B - D~D* [-87.2,-60.4] [-879,-46.7] —81+20
BY - D;D}  [2.9,5.0] [2.3,5.0] —-2+17
B - D7D} [94.2,-31.0] [-99.0,—15.1]
B - DD+ [2.1,5.2] [2.1,5.3]
B — D°D%  [-99.3,-11.7] [99.5,-8.1]
BY — D'DO [0.5,6.8] [0.4,6.9]

TABLE 6.11: Fitted CP asymmetries coming from both the global fit (col-

umn two) and the fit without experimental CP asymmetry input data (col-

umn three), compared to the available experimental measurements. As

discussed in the text, many observables showed non-Gaussianity and so

we quote the 68% confidence intervals without central values for our pre-
dictions. Taken from Ref. [3].

amplitudes did not appear to be significantly pulled towards values outside the con-
straints we impose from power counting, which again justifies our assumptions. Further-
more, the quality of our fit at the global minimum is good, with 2., = 8.6 almost equal
to the number of degrees of freedom (43 — 35 = 8). It should be noted, though, that 10 of
these parameters were not constrained much beyond the power counting assumptions
we directly impose; without them, the minimum x? only increases by 0.7. These param-
eters were included for generality and to ensure our predictions are conservative. For
example, since current experimental uncertainties for the annihilation-dominated modes
are large, the SU(3)r-breaking contributions to A° cannot be well constrained. Setting
their values to zero, however, would lead to predicted branching ratios with greatly un-
derestimated uncertainties.

With the current status of experimental measurements, only five topological ampli-
tudes are strictly necessary to describe all available measurements in the fit. These are
the leading tree amplitude, the sizeable real part of the annihilation amplitude discussed
previously, the (real) SU(3)r-breaking contributions to the leading T amplitude, and a
contribution to Acp(B~ — D~ D) (e.g. Zm(P;)). None of these reach their maximal val-
ues from the constraints of our power counting. As more precise measurements become

available, this situation will change somewhat, and the inclusion of all parameters will
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FIGURE 6.11: Acp predictions compared with the latest experimental val-
ues for a) b — d and b) b — s transitions. Taken from Ref. [3].

become obligatory.

Impact of Measurements

Examining Figure 6.14, we find that, by comparing to the “plain theory” prediction,
which relies solely on power counting and no experimental data, the information from
measured branching ratios considerably constrains the available parameter space for the
CP asymmetries. Including the available CP asymmetry inputs then constrains the sys-
tem further. Indeed, the constraining effect of CP asymmetry measurements for the
charged B decays and B’ — D~ D™ is clear in Figures 6.11 and 6.12. B — D Dy is
an exception to this and will be discussed separately later.

These few measurements alone allow the global fit to further constrain most of the
CP asymmetries with respect to the information from the branching-ratio-only fit, as
can be seen by comparing the red and green ranges. Acp(B~ — D~ DY) in particular
shows the dramatic improvement we have from constraining penguin pollution with
our method. As seen in the top-middle of Figure 6.13 and the zoomed-in 1D scan in Fig-
ure 6.15, Acp(B~ — D, D) is significantly more strongly constrained in the global fit
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FIGURE 6.12: Scp predictions compared with the latest experimental val-
ues fora) b — d and b) b — s transitions. Taken from Ref. [3].

than by its measurement, despite having been measured more precisely than our extrac-
tion from branching ratio inputs alone. This is due to its correlation with B~ — D~ DY,
and such connections between b — d and b — s transitions apply for other SU(3)r part-
ners, especially for U-spin partners. When CP asymmetry measurements for more of
the channels become available, any future CP asymmetries measured to be outside the
ranges given in Table 6.11 or Figures 6.11 and 6.12 would indicate BSM physics and not
a misunderstanding of hadronic effects, since our assumptions of power counting have

been shown to be very conservative.

Time-dependent CP asymmetry in B! — DD

This observable was a key motivator for the use of B — DD’ decays, as explained in
Section 6.1, since ¢ can be determined very cleanly. Neglecting A, terms, one finds the

approximate relations

Scp(B? — Dy Df) = —sin(¢s)  and  Acp(B? — Dy D) = 0. (6.55)
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FIGURE 6.13: Two-dimensional theory predictions for CP asymmetries

from the global fit at 68% (Ax?> = 2.30, dark blue) and 95% CL (Ax? =

5.99 light blue), compared to the experimental data at 95% confidence-
level(light yellow) if available. Taken from Ref. [3].

Corrections to these relations can be found with reference to Tables 6.3 and 6.9, the largest

contribution being [3]
AS(B? — Dy D) ~ A%€*° < 1%. (6.56)

The power of our methodology becomes apparent here since one can relate this mode to
the corresponding b — d one, i.e. BY — D~D* [9,218,252,266,267]. This can provide
further constraining power when the global fit is applied and manage such corrections.
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FIGURE 6.14: Correlation between Acp(B® — D;D*) and Acp(B? —

D~ D;) asillustration of the impact of different experimental inputs on the

fit, taken from Ref. [3]. We show the global fit result at 68% CL (red-dashed)

and 95% CL (red-solid), the fit w /o CP inputs at 68% CL (blue-dashed) and

95% CL (blue-solid) as well as the constraints from power counting only
without any experimental inputs (black-solid).

0.02
— Experiment
00l — Pred%ctfon
Predictionw/o CP Inputs
0.00 I T
-0.01¢
-0.02

Acs(B— D; DY

FIGURE 6.15: Zoomed-in one-dimensional bounds on Acp(B~ — D; DY)
from fits and from experiment.

With an external input of the mixing phase ¢;, and making use of the fact that ¢; is

small, one can arrive at the following approximate formula; [3]
_ A2 _
sin(¢s) ~ — |Scp(BY = Dy D) + ——— (Scp(B” — D™ D) +sin(¢y)) |,  (6.57)
cos(¢y)

which receives corrections of O(A2¢3). There is a similar relation between B® — ] /K5
and B — ]/ 1/}7'(0 [219] (see also Ref. [268]), though this is simpler, involving only a single
mixing phase. With additional SU(3)F correction terms, this relation is implicitly included
in the global fit, where using an external input for ¢, leads to greatly improved precision
for Scp(B? — D; D{) (and the corresponding Acp in turn). In future, when experimental
precision on CP violation in this channel is improved, it may be possible to remove the
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external input for ¢;, and instead predict it, using Eq. (6.57). Such an extraction using a
tit similar to the one described here would have negligible theory uncertainties and even
account for the small penguin pollution.

These statements for B — D; D are also valid for CP asymmetries in other b — s
transitions (see Table 6.9). Of particular note is the fact that there is yet to be a test of a CP
asymmetry for an annihilation-dominated mode, which would constitute a New Physics
test complementary to the tree-dominated modes.

6.6.4 Future Measurements

The need for further CP asymmetries in B — DD’ decays is clear. An example of this is
the current lack of constraint for Acp(BY — D~D™) in the global fit. This direct asym-
metry, coming from interference of 4, diagrams with A, diagrams, has one dominant
contribution, namely T with P;. This mode is then correlated with B~ — D~ D" (mea-
sured to ~ 1%), which shares this contribution but also receives a second contribution,
at the same order, from interference of T with A},. This has the result that the correlation,
and so the constraint, is weakened, as is evident from a comparison of the first two plots
on the top line of Figure 6.13. Measurement of the direct CP asymmetry for B — D~ D/
would allow this second contribution to be constrained separately, leading to improved
precision for Acp(B® — D~ D7) and other modes.

The ranges in Figures 6.11, 6.12 and two-dimensional correlation plots in Figure 6.13
show that much progress can still be made to constrain the allowed parameter space for
the measurements. Most of the CP asymmetries are yet to be measured experimentally.
In particular, there are currently no values for annihilation-dominated modes, leaving
much potential for new physics to be uncovered here, since we are currently insensitive
to any BSM contributions here. What’s more, since the precision of the predictions for the
b — d modes is relatively low, any experimental measurements in these channels would
have a noticeable effect on the global fit. The connection, via relations shown above, to
corresponding b — s modes, whose SM contributions are well understood, means that
any BSM contributions could become quite evident.

In summary, we have confirmed that our methodology is sufficiently conservative
so as to not over-constrain the system but equally has predictive power and can tell us
new things about the status of the SM in this sector. Of course, additional and more
precise future measurements of both branching fractions and CP asymmetries in B —
DD’ will mean this analysis will only improve. Our analysis has demonstrated the power
of symmetry parameterisation for probing new physics, which is by no means specific to
B — DD'’. The next chapter describes a similar approach that was taken to investigate
the B — Dh tensions presented in Chapter 4.
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“Just when the caterpillar thought the world was ending, he turned into a butterfly.”

- Anonymous Proverb

7.1 Introduction

As discussed in Chapter 4, predictions from QCD factorisation (QCDF) for branching
ratios of B(()S) — Dyh, h = {m, K, p,K*} significantly disagree with experimental mea-
surements [58,59]. There has, therefore, been much recent interest in these decays, both
theoretically [206-213] and experimentally [194, 269-272]. Anomalies have also been
seen [214-217] in other hadronic B decays. Some of the largest discrepancies are shown
by BY — D} 71—, as discussed in Chapter 4, and B’ — D*K~. Both modes are considered
to be “theoretically clean”, since they’re dominated by colour-allowed tree topologies
and lack contributions from penguin or annihilation processes (as introduced in Chapter
6), and so QCDF would have been expected to hold well in these cases. Consistency with
experimental data is, however, seen for ratios of these branching ratios,
RP(v) _ B(B = n=D{Y)

¥4 B(BY— K-Dk+)’

(7.1)

as noted in Ref. [58], which would suggest that any BSM effects are common to all b —
ciig weak transitions.

If BSM effects were confirmed to be present in these channels, this would have sub-
stantial physics implications. The “clean” nature of these transitions means that they
already play a key role in measurements of CP-violation in the SM, notably interfer-
ence between the amplitudes of b — ciis and b — ucs allow a very clean extraction
of the CKM phase <y within the SM, with a theoretical uncertainty of < 1077 [273]. In-
deed, B¥ — DYK¥ is often described as an SM “golden” mode for measurements of this
phase [274-278]. Model-independent constraints [279] on BSM contributions in these
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FIGURE 7.1: Topological amplitudes for B — Dh decays. Figure adapted
from Ref. [262].

modes permit possible deviations of as much as 10° from the SM in direct experimen-
tal extractions of this phase. This is to be compared with an uncertainty of ~ 5° [37]
in LHCb’s current, global, direct experimental determination, which assumes the SM, a
value expected to reduce to ~ 0.35° with the final data set of LHCb Upgrade II [280].

There is much existing literature on B — Dh decays, with past studies including;
sensitivity to mixing phases and -y [281-283], rescattering effects [210,284-286], QCD fac-
torisation and soft-collinear effective theory (SCET) [58,59,90,287-289], the factorisation-
assisted topological (FAT) approach [290], SU(3)r methods [224,262,291-307] including
plain SU(3)r fits [293,297,308], and new physics sensitivities [209]. This problem can be
tackled in a similar way to that of the B — DD’ decays by examining the consistency of
the SU(3)r expansion, and I performed such a study in Ref. [4], the details of which are
elaborated in this chapter.

7.2 Theoretical parameterisation

7.2.1 Topological Amplitudes

As in the previous chapter, Table 7.1 gives the decomposition of the amplitudes for the de-
cays of interest into topological diagrams, both SU(3)p-conserving (T, C, E) and SU(3) -
breaking (T1, Tz, C1, C3, Eq, E»), using the parameterisation from Ref. [262]. Figure 7.1
shows how these SU(3)r-conserving diagrams are defined, while the breaking terms can
be deduced in a similar way to before. As before, we are free to choose T to be real and
positive, and since our interest will be primarily restricted to the parameters themselves,
here we consider a parameterisation in terms of magnitudes and phases. We then have
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the following fit parameters:

T,|C/T|,|E/T|, |Ta/T|, |T>/T|, |C1/C|, |C2/C|, |E1/E|, |E2/E|,
¢c, e ¢1,, ¢1,, by ) Py s PE, PE, S

with

¢c =arg(C/T), ¢pp = arg(E/T), ¢r, = arg(T;/T),
¢c, = arg(Ci/T), ¢, = arg(E;/T).

We also consider the expected relative sizes of these parameters, similar to the power
counting applied in Chapter 6, and use this information to constrain the system. We, once
again, assume that SU(3)r-breaking parameters are suppressed by a single power of the

counting parameter dx, i.e.

As before, the default value for dx was 0.3. Ref. [262] suggests the hierarchy |C/T| ~ Jx,
|[E/T| ~ 6%. To be on the conservative side, we chose not to impose such constraints but
did then evaluate the compatibility of such assumptions with the data. As in the previous
chapter, Eq. (2.89) can be used to convert these amplitudes into measurable branching

ratios and the CKM elements are considered under the Wolfenstein expansion:
A=V Vi = AN (1= A2/2), Ay = V4V = AAS. (7.2)

7.2.2 lIsospin Decomposition

We can also decompose the decay amplitudes according to isospin, as performed in
Ref. [262]:

AL =AB" — D) = Ay, (7.3)
A;B_ = A(BO — 7‘C_D+) = %Al/z + %Ag,/z, (7.4)

. V2 V2
AV = A(B® — n°D0%) = _7A1/Z + ?Ag,/z, (7.5)

and

Ay =AB — K D) =A, (7.6)
A = A(B' 5 K DY) = %Al + %Ao, 77)
A%, = A(B® — R°D%) = %Al — %AO. (7.8)
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A(D) T C E T, T» G GC E E

B-—-mx D% —1 -1 0 0 0 0 0 0 0
B - n—D* -1 0 -1 0 0 0 0 0 0
R0 00 1 1

f% — D 0 5V 0 0 0 0 0 0
BY — K*D;r 0 0 -1 0 0 0 0 0 -1
Bg — KDY 0 —1 0 0 0 0O -1 0 0
BQ — 71’ij -1 0 0 0 -1 0 0 0 0

~ cqus = O(Aa)

B-—>K D' —1 -1 o -1 0 -1 0 0 0
B - KDt -1 0 0O -1 0 0 0 0 0
BY — RYpO 0 -1 0 0 O -1 0 0 0
BS — 7 Dt 0 0 -1 0 0 0 0O -1 0
R0 00 1 1

185 — D 0 0 7 0 0 0 0 7 0
BS — K*D;r -1 0 -1 -1 -1 0 o -1 -1

TABLE 7.1: Summary of B — Dh amplitude decomposition, as found in
Ref. [262].

These were also parameterised according to magnitudes and phases, explicitly
|A1/2|, |As)2|, cos(arg(A1/2/Asj2)) and  |Agl|, |A1], cos(arg(Ao/Aq))

for the two systems. In such a simplified scenario, it is straightforward to solve these

systems of equations to give, for the first set [303],

’AUZ _[13]A%D 3| +3‘A7ID —|Azp[" (7.9)
Az 2|49
B 02 2
cos (arg <A1/2>> - > |Aﬂg|2 + ‘Amoﬂ 6|4 ’ (7.10)
A2/ ) 23 |4 8) 31 anp ) +3 1A% [~ 4B

and for the second set [304]

‘AO JM 57 +2|A%[" ~ | gDl 711)

A ’AKD|

cos <arg <20>> — |AKD —|4kp : (7.12)
1 _

A0 /2 | ARS P +2 A%, P — |ARS

7.2.3 Measures of SU(3)r Breaking

In addition to parameterising SU(3)p-breaking contributions in terms of the contributions

|T1/T|, |T»/T|, |C1/C|, |C2/C|, |E1/E|, |E2/E|,
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one can also measure SU(3)r breaking in a parameterisation-independent way by testing
known SU(3)r sum rules [262]. For two amplitudes, A1 and A,, that are expected to be
equal according to a sum rule, one can use the splitting around their average value [4]

S(Al/AZ): |A1‘_%(‘A1’+‘A2D _“Al‘—‘Az‘
= T _ |14 A
5(|A1| + |Az2]) |A1] + | A2 713
:‘1—’1“1/1“2\
1+|A1/A2|

These splittings are clearly symmetric i.e. €(A1/A2) = €(Az/ A1) and the sum rules can
then be converted into appropriate ratios [4]

1 |A(BY — n~D")]

= 7 TA(B0 S 20D0)] * (7.14a)
_ |A(B” = K~ DJ)|/|Ad4l
Sy = AB S DY)/ IA] (7.14b)
_ |A(B~ — = D%)|/|A4]
= ]A(B SK DY)/ A (7.14¢)
Jr
= A = D)1/ 1t
A(BY — K=DJ)|/|As]
0 00
|A(B® — KODO)[/|As|
_ |A(B! = = DJ)|/] A4l
= TAB S KDY/ A (7.14f)
where in the SU(3)r (including isospin) limit
si=1 and ¢ =¢(s;) =0. (7.15)

The size of the values of ¢;, therefore, indicates the degree of SU(3)r breaking. Ref. [262]
shows sum rules that relate more than two decays, though these are not considered here.
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Observable Value Ref.
~ Vo Viy = O(A%) [14]
B(B~ — n DY) (4.61+0.10)-1073 [14]
B(B® — n~D*) (2.5140.08)-1073  [14]
B(B® — n°D%  (2.6740.09)-10~*  [14]
B(B® - K~DFf) (27405)-107° [14]
B(B? — K°D%)  (43409)-107*  [14]
B(B} - n~Df) (298+0.14)-107%  [14]
b Vis = O(/\3) [14]
B(B~ — K D% (3.64+0.15)-10~* [14]
B(B® - K~D*) (2.0540.08)-107*  [14]
B(B® — K°D%)  (5240.7)-107°%  [14]
B(BY — n~ D7) n.a. -
B(B? — 7°DO) n.a. -
B(B? — K-Df) (1.94+021)-107* [211]

TABLE 7.2: Input B — Dh branching ratios from experiment. The modes
involving the BY meson required consideration of its width. See text for
details.

7.3 Numerical Results

7.3.1 Experimental Inputs

Once again, our theoretical parameterisation can be confronted with experimental data
and Table 7.2 summarises the input values used. Unlike for B — DD’, we do not per-
form our own averaging but take the values directly from the PDG. Such an averaging
could, though, be performed in future work on these decays. The Bs decays are, how-
ever, treated in the same way, accounting for the finite width difference between the
mass eigenstates through an additional correction factor when comparing “theoretical”
branching ratios at t = 0 with “experimental” time-integrated branching ratios. This
effect applies differently to the different B; modes under study:

e The effect on B — K~ Dy has already been studied in Ref. [211], which presents
a “theoretical” value that is shifted by ~ 14% with respect to the “experimental”
value of B(B? — K~D{) = (2.25+0.12) - 10~* [14,309]. We take this “theoretical”

value as input to our analysis.

e Thedecay BY — 71~ D is flavour-specific, and so the correction factor here is 1 — 2,
as seen earlier. As y? ~ 0.004 is an order of magnitude smaller than the relative
error on the measurements, one can comfortably neglect this additional effect.

* The decay channel B — K°DV is not flavour-specific, since it can interfere with
BY — K°D? through B, and kaon mixing, though the latter channel is suppressed by
a relative factor of O(A?) [262]. Again, considering the size of the relative error on
this measurement (~ 20%), the width-difference effect is neglected for this analysis.
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Parameter Value
|C/T| [0.39, 0.63]
|E/T| [0.07,0.16]
$c [—84, —64]°, [64, 84]°
dE [—165,—79]°, [75,165]°
|Th/T| [0.10, 0.30]
|To/T| [0.0, 0.3]
o, [—85,85]°
¢r, [—180.0,180.0]°
1C1/C| [0.00, 0.30]
|Ca2/C] [0.02, 0.30]
¢, [—180.0,180.0]°
¢, [—180, —22]°, [22,180]°
|E1/E| [0.0, 0.3]
|E,/E| [0.0,0.3]
Pk, [—180.0,180.0]°
¢, [—180.0,180.0]°

TABLE 7.3: Numerical results for the SU(3)r parameters for B — Dh [4].
SU(3)F breaking is constrained not to exceed 30%, though the experimen-
tal inputs do not exclude more significant breaking. The x? profiles are
non-Gaussian and flat around the minimum. Entries in grey correspond
to parameters not constrained by the fit. All strong phases are measured
relative to the one of the tree diagram, whose phase is set to zero without

loss of generality.

Using these inputs, we perform profiled scans of the respective observables, the re-

sults of which are shown in Table 7.3, where uncertainties were again obtained through

profiled scans on this function. Since the system is under-constrained, with 17 parameters

and only ten observables, the global minimum is at x> = 0, with a high degree of degen-

eracy. It should, however, be stressed that achieving x? = 01is not a trivial result, due to

the bounds that are placed on the parameters. Scans show non-Gaussianity, appearing

flat around the minimum and then sharply increasing near parameter boundaries. T is,

though, the dominant contribution to many of the decays and so is well-constrained, par-
ticularly by B(BY — m~D™); we find T in the range [14,16] keV. From the above, there

are several consistency checks:

T+Ty [A4]|A(B® — K~DH)|
—1= — —1=0(26 7.16
'T+T2 IAs||A(BY — - DY) (29x) (7.16)
= [0.09,0.18]
C+CG ’/\dH.A(BO — KODO)‘
—-1= — —1=0(26 717
‘c+c2 AL A(BY = KODO)| (20x) (7.17)
= [0.32,0.73]
E+ Eq ’/\dHA(BE — 7‘C_D+)|
1= 0 —1=0(25y), 7.18
‘E+Ez |As||A(BY — K—Di)| (29x) (7.18)

which are consistent for both T and C. Since neither B(B?(t = 0) — 77~ D ") nor B(BY(t =
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0) — 7°DY) have been experimentally determined, it is currently not possible to test
the isospin relation for E;, however one can obtain approximate predictions for these
observables

B(BY(t=0) — 7 D) =2B(BY(t = 0) — n°D")

7.19
= [0.4,6.0]-107°. 719

Following the correction found for B! — D} K~ in Ref. [211], we apply a relative 20%
uncertainty to account for the effect of AI's # 0. We obtain

B(B? - n~D") =2B(B? — n°D")

7.20
=10.3,7.2]-107°. 720

These small values help to explain why these branching ratios have not yet been mea-
sured.

7.3.2 SU(3)r Limit Parameters

Clearly, future measurements of these unmeasured modes would improve the extracted
bound on |E/T|. The data supports the expected scaling of |[E/T| ~ O(e) ~ fp/mp [262].
The extracted 1o range for |E/T| roughly corresponds with the expectation from the

approximate relation

B(B® = K-Df) |E 4| B2
B(B® - n—D+) "~ |T E

COS(([)E2)> , (7.21)

and the imposed constraint |E,/E| < 0.3.

Attempting a similar trick gives for C/T, plus breaking, a value of 0.42, though the
situation here is more complicated due to experimental inputs for both B(B? — K°D?)
and B(BY — K°DY). There is also the approximate relation

B(B~ — m~ D)

: —1~2|C/T +|C/T|*> = 0.86, 7.22
B(EY = n-D*) |C/T|cos(¢c) +|C/T)| (7.22)

which provides a lower bound on |C/T| (when ¢¢c = 0) of 0.364 (= —1+ /1 + 0.86). The
result from a profiled-x? scan for |C/T|, with a 1o lower bound of 0.39, is at the upper
end of the expected scaling of ~ 1/N_.

Our results for |C/T| and |E/T| including all first order corrections show consistency
with Ref. [297], which extracts these parameters in the SU(3)r limit, and Ref. [293], which
accounts for partial SU(3)r-breaking effects, however we find larger errors for |C/T]|
due to including such additional breaking parameters. The phases ¢c and ¢ are also
considerable, which indicates possible large rescattering effects. The B — D7 isospin
amplitude ratio remains consistent with the limit estimate from heavy-quark expansion
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Parameter Value
|A1/2/Asa|  0.69£0.03
larg(A1/2/ Aspp)|  (3073)°
| Ao/ Ay 0.72 £+ 0.06
larg(Ao/A1)|  (B1£4)°

TABLE 7.4: Numerical constraints for the isospin matrix elements.

Hypothesis Ax* Adof Significance of rejection
T,=C,=E; =0 103.2 12 > bo
T;=C =0 914 8 > 50
T;=E =0 50.8 8 > 50
Ci=E=0 12.5 8 1.50
T;=0 37.3 4 > 50
Ci=0 12.0 4 240
E;=0 0.0 4 Oc

TABLE 7.5: Effect on global fit quality, Ax?, of removing SU(3)r breaking

from selected diagrams, compared to the nominal fit. In all cases, x = 0.3

is used. The corresponding significance of rejection for each hypothesis is

shown, considering the number of degrees of freedom, Adof, removed in
each. Taken from Ref. [4].

methods [299]

HQ-limit
|A1y2/ Aspp|l =" 1+ O(Agen/me).- (7.23)

with the full results of the isospin fit given in Table 7.4.

7.3.3 SU(3)r Breaking

As shown in Table 7.5, the scenario of complete SU(3)r symmetry of the system is rejected
at more than 50, which is driven predominantly by the need for deviations with this same
significance from the SU(3)r limit in the tree diagrams. Viewed another way, the scenario
that the SU(3)r breaking comes solely from tree diagrams is consistent with data within
1.50. The currently available data gives 2.40 evidence for SU(3)r breaking in C diagrams
only but does not give any sensitivity to the same effect in E diagrams. With this said,
the data does not require SU(3)r breaking of more than ~ 20% for an excellent descrip-
tion. This is true for both parameter-dependent or parameter-independent approaches to
SU(3)r breaking, as can be seen from Figure 7.2 and Table 7.6. This is consistent with the
findings of Refs. [58] and [224], which use a factorisation-based approach and estimate
the breaking effect from decay constants as fx/fr —1 ~ 20% [92]. See also Ref. [294].
There is no evidence of multiple SU(3)r-breaking contributions accumulating in any of
the measures we consider. A clear example of this is our quantity €4 (see Table 7.6), which
compares Eso — K~ Dj;", with numerous breaking contributions, to BY — 7~ D*, which
has none. The data places a 1o lower bound on |T;/T| at 0.1, driven primarily by the
measurement of B(B~ — K~ D). Conversely, the parameter |T/T| does not have an
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0.10 0.15 0.20 0.25 0.30
Ox

FIGURE 7.2: Effect on Ax? for varying degrees of allowed SU(3) breaking,

Sx. Ax* = 1(25), i.e. 1(5)0, corresponds to dx = 0.17(0.09), indicated

by the dashed (dotted) line, and Ax?* < 1 x 1073 is reached for dx > 0.2.
Figure taken from Ref. [4].

B — Dh
€1 -
€2 -
ez 0.1040.03
g4 0.1040.03
e5  0.2040.06
g 0.06+0.02

TABLE 7.6: Numerical results of tests of the SU(3)r sum-rules in Eq. (7.15),

according to Eq. (7.13). In the SU(3)r-limit, these should all evaluate to

zero. The first two sum-rules remain untested due to missing experimental
inputs. Taken from Ref. [4].

equivalent experimental input to determine its value, and so is hardly constrained in the
fit. One might have expected that the measurement of B(B? — 7~ D) could have given
good sensitivity to this parameter, however this input is currently sufficiently similar to
B(B® — 71~ D™), which constrains T, and so |T,/T| = 0 is allowed. The phases of the
SU(3)r-breaking topologies cannot be constrained by our method with the available data.

7.4 Conclusions

Measurements of branching ratios of B?s) — DE:))+h‘, h € {K, t} have been recently
found to be in tension with SM predictions from QCDEF, and two of the most significant
disagreements come from tree-dominated modes that are theoretically well-described.
This motivates an assessment of the data with a different theoretical approach, to com-
plement further experimental analyses like the one described in Chapter 4. A similar
method to the previous chapter was used here, testing consistency with the approximate
SU(3)r symmetry of the SM. While this symmetry must be broken (at > 5¢), the degree
of symmetry breaking required to describe the data is moderate (~ 20%) and well within

the level expected by the SM. The conclusion that the branching ratio anomalies cannot
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be explained by excess symmetry breaking has implications for New Physics theories
that may be proposed to explain them; they must not predict significantly different cou-
plings to the light quarks. It is also consistent with the findings of Ref. [58], which saw
no tensions in the ratios of branching ratios given in Eq. (7.1).

It should be noted from Table 7.3, though, that the values of the individual SU(3)-
breaking parameters are largely unconstrained beyond the power counting imposed on
them. In only a few cases are small regions of phase-space excluded at 1¢. Having a
complete set of precisely measured experimental observables is essential to unlock the
full power of this method and probe the SU(3)r structure of these decays in a far more in-
depth way. Indeed, there is certainly plenty of room for increased precision, particularly
for B — K~DJ, BY — K°DY, B® — K°D? and B? — K~ Dy, which all still have relative
uncertainties of > 10%.

In addition to this, the analysis was limited by the lack of experimental inputs for two
of the branching ratios under study, namely the suppressed modes of B! — 7~ D" and
BY — 7°DP. The measurement of these observables would not only provide information
on the size of SU(3)r breaking in exchange diagrams, but also allow a direct test of isospin
symmetry through the relation that connects the two, i.e. Eq. (7.14a). The SU(3)r sum rule
Eq. (7.14b) also remains untested due to the lack of input for B(B! — 7~DT). Both of
these missing branching ratios are estimated from the SU(3)r limit to be O(10°). With
expected yields in Run 3 of ~ 103, estimated from results in Chapter 5, it may well be
possible to make a measurement of B(B? — 7~ D), relative to B(B* — 7~ D*) with
this data. Neutral pions are more challenging to reconstruct so the other missing mode
may take longer to measure. If the statistics of Runs 3 and 4 are insufficient for this,
then Upgrade II, which is planned to conclude in 2035, is expected to provide improved
electromagnetic calorimeter granularity and energy resolution [280], so that LHCb can
make full use of the LHC’s “high-luminosity” phase. The total data sample collected by
LHCb is expected to exceed 300 fb~!.
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Conclusion

“It is not the critic who counts; not the man who points out how the strong man stumbles... The
credit belongs to the man who is actually in the arena...if he fails, at least [he] fails while daring
greatly, so that his place shall never be with those cold and timid souls who neither know victory
nor defeat.”

- Theodore Roosevelt

To conclude, this thesis has presented investigations of Beauty to Open Charm modes
from a range of complementary angles. The primary focus of particle physics at the mo-
ment is towards reconciling a theory that by many metrics is incredibly successful, in
terms of the precision and accuracy of its predictions and its elegance, with the fact that
it fails dramatically in explaining several observed phenomena. Theoretical predictions
and experimental measurements must therefore be made with ever increased precision in
the hope of uncovering exactly what has so far been missed. LHCb is an experiment that
is specialised for the “precision” paradigm, with its design ensuring optimal sensitivity
to the interactions it was built to study. Measuring CP violation is one of its main topics
of interest, a phenomenon that both offers a solution to the puzzle of the overwhelming
abundance of matter with respect to antimatter, and which could be an observable where
“new physics” is most obvious. This experiment was designed for the study of particles
containing the beauty quark i.e. the heaviest quark flavour that hadronises, and the con-
sistency of the Standard Model was studied through CP-violation in b decays, namely
B — DD'.

Making precise predictions from first principles for fully hadronic decays such as
these are challenging on account of the non-perturbative effects of QCD - the theory gov-
erning the strong interaction that binds hadrons together. The situation can be signifi-
cantly simplified by making a few (conservative) assumptions, particularly through the
use of the approximate SU(3)-flavour symmetry involving u, d, and s quarks, which ap-
plies exactly in the regime that their masses can be neglected in comparison to the char-
acteristic energy-scale of QCD. Thus the full “family” of decays related by this symmetry



% Chapter 8. Condusjon% 195

may be expressed in terms of a few parameters, and in this instance these refer to differ-
ent decay topologies, the relative size of which is reasonably straightforward to estimate.
Through this parameterisation, and using the full range of relevant inputs from various
experiments, one may perform fits to extract predictions for CP asymmetries, as well as
branching ratios, and the consistency of theory and experiment may be probed. While
no significant inconsistencies were seen, this method provides predictions more precise
than that of the experimental inputs, and can predict many observables that are yet to be
measured experimentally. These predictions can be tested at a later date, as more precise
experimental measurements are made.

There have, though, been recent hints of significant deviations between theory and ex-
periment for branching ratios of a similar family of Beauty to Open Charm decays, those
of Bs) = D(;7/K. Unlike B — DD’ decays, and particularly for two modes with the
largest tensions (B — D~K~ and BY — DJ 71~), QCDF is expected to describe data well,
and so these tensions were a big surprise to the community. Since these decays are related
to the “golden modes” for the extraction of vy in the SM, the implications of New Physics
here are considerable. In the same way to B — DD’, though, the data showed consistency
with symmetry assumptions, suggesting only moderate SU(3)r breaking, well within the
expectations of this symmetry. As such, we can make the statement that the observed
tensions are not due to excess SU(3)r symmetry breaking, at least not on its own. This
finding places important constraints on potential new physics theories that may be used
to explain the tensions. Availability and precision of experimental inputs were the limit-
ing factors of this analysis, especially unmeasured B(B? — 7~ D*) and B(B? — n°D?),
and so new data from LHCb and other experiments will have substantial impact on the
conclusions we can draw. Most of the breaking parameters, for example, are currently
unconstrained, with several modes having relative uncertainties greater than 10%. Both
phenomenological analyses showed indications of enhancements to the subleading topo-
logical parameters, compared to what is often assumed for their magnitudes.

BSM effects in these decays were also probed for experimentally, using the full LHCb
Run 2 dataset, through measurements of CP violation in B! — DJ 71~ (A%,), since such ob-
servables have excellent sensitivity to such phenomena. New Physics, if present, would
be easily seen through the observation of direct CP violation in this mode, on top of the
contribution from meson-oscillations. The rapid nature of these oscillations for B; mesons
meant that the effect of a charge asymmetry in production was negligible. An imperfect
LHCDb detector was accounted for by correcting the measured naive raw asymmetry by
numerous sources of detection asymmetry. While the final results are currently blinded,
the uncertainties have been estimated, which indicate the possibility of being sensitive to
New Physics effects if they are large. This analysis also required the evaluation of many
sources of systematic uncertainty, and some of the most significant of these stem from
the hardware trigger that rapidly filtered the incoming data. This effect was particularly
harsh for hadronic final states.

The newest incarnation of the LHCb detector has removed this trigger, largely to ben-
efit such hadronic analyses. This was a significant step to make and required upgrades
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Run Integrated Luminosity (fb~!)
1 3 (measured)
2 6 (measured)
3 14 (expected)
4 ~ 30(expected)
5
6

~ 125 (projected)
~ 150 — 200 (projected)

TABLE 8.1: Measured, expected, or projected luminosities at LHCb for
each run.

to much of the detector. With so many new additions, validation at the start of the new
data run was essential to ensure reliable results going forward. Measuring quantities that
are already well-understood is a very appropriate way to do this and production asym-
metries of beauty hadrons, reconstructed through Beauty to Open Charm decays, are ex-
cellent candidates. Such measurements have been made previously using leptonic final
states but the new detector allows these to be performed for the first time with hadronic
final states, hopefully at a competitive precision with a relatively small amount of data.
Indeed, preliminary results on a small subset of the anticipated data indicate very clear
invariant mass peaks. The quality of data in 2023 was limited by unforeseen circum-
stances, most notably running with the VELO subdetector in the open position. This
issue has now been fixed, with the early 2024 data showing greatly improved efficiencies
compared to Run 2, and prospects look good for Beauty to Open Charm measurements
in 2024 and 2025. The early measurements should, therefore, be able to be completed
with a subset of the expected 2024 data, and the projected precision of a Run 3 measure-
ment of A, a flagship of the Upgrade I detector, would enable BSM effects to be probed
well within expected magnitudes. Data taken with this upgraded detector, and the next,
should also help to better constrain phenomenological analyses such as in B — DD’ and
B — Dh.

The LHCb detector will be upgraded once again [280], in the long shutdown follow-
ing Run 4, in preparation for the “high-luminosity” phase of the LHC. The projected
luminosity for this phase is compared to those of the other LHC runs in Table 8.1. In the
same way that adapting the detector to manage a higher data rate was necessary ahead
of Run 3, there are considerable technical challenges that must be overcome if LHCb
is to cope with an even greater rate, as well as a more intense radiation environment.
Though the technologies will become more sophisticated, the general structure of the
detector will not change significantly and will still consist of; a VELO, tracking stations
and RICH detectors placed both upstream and downstream of the magnet, an electro-
magnetic calorimeter (ECAL), and 4 muon stations (M2-M5). The design is, though, not
expected to include an HCAL, which will be replaced by additional shielding and a time-
of-flight detector (TORCH). The downstream tracker, the Mighty Tracker, will have an
outer part with a similar design to the current SciFi, while the inner part will be silicon-
based. The side walls of the magnets will also be instrumented with tracking detectors.
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The most prominent change from Upgrade I will be a new focus on precision timing
~ O(10ps), expected to be implemented in the RICH, ECAL and TORCH, which will
complement existing precise position resolution to more accurately associate particles to
the correct vertices and reduce combinatorial background contributions. Some improve-
ments in the reconstruction of neutral particles is also anticipated. Though the perfor-
mance of this detector is expected to remain similar to that of Upgrade I, it will do so
with the pile-up increased by a factor of 7.5, greatly improving the statistical precision.
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A.1 K Asymmetries

The following figures show illustrate the reweighting of calibration samples to match sig-
nal for use in KPiTwoTrackAsymmetry. For defining the K — 77 pairs, the signal mode BY —
(D — K"K~ "), and its conjugate, is notated as B; — (Ds — Kp,1Kp, 27D, 3) Toach-
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FIGURE A.1: Reweighting of calibration D* — KTzt 7* to match the
signal for 2015 MagDown, for use in the KPiTwoTrackAsymmetry tool with
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with the pairing (Kp, 1, Thach.)-
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FIGURE A.8: Reweighting of calibration D¥ — K7* to match weighted
D* — K¥ 7t 7+ for 2015 MagUp, for use in the KPiTwoTrackAsymmetry tool
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FIGURE A.9: Reweighting of calibration D* — K¥7*n* to match the
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the pairing (Kp, 1, 7Tpach.)-



% Al Kr Asymmetries%

203

D* Dt
';‘ T T T T T T T T T ‘: T T T T T T T
= s calib D* — KOr* & B calib D* - K0x*
% 0.00030 - 00 weighted calibD* - K07 4 £ 0.8 [0 weighted calib D* - K07t
g 1 weighted calib D* — K= 7% 7* .g 1 weighted calib D* — K¥7*x*
5 B
B 0.00025 3
2 &
| 506
§ 0.00020 E
z z
0.00015 0.4
0.00010
0.2
0.00005
000000 2500 5000 7500 10000 12500 15000 17500 20000 00 I
prMeVic] n
Tirig Tivig
- T T T T ™ = T T T T T T T
2 =
= B calib D - K0x* £,0.200 F 1
£ 0.0006 - 0 weighted calibD*—» K07 ]
'g 1 weighted calib D* — K % o175k E
Foowst 13050k 1
=] F - ° |- 4
2 00004 20125

8000

10000
pr[MeV/c]

FIGURE A.10: Reweighting of calibration D* — K?7* to match weighted
D* — KTn*n* for 2016 MagDown, for use in the KPiTwoTrackAsymmetry
tool with the pairing (Kp, 1, Thach.)-
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FIGURE A.11: Reweighting of calibration D* — K¥n*n* to match the
signal for 2016 MagDown, for use in the KPiTwoTrackAsymmetry tool with

the pairing (Kp, 2, 7tp, 3)-
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FIGURE A.13: Reweighting of calibration D* — K¥7*7* to match the
signal for 2016 MagUp, for use in the KPiTwoTrackAsymmetry tool with the

pairing (KDs,ll nbach.)-
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FIGURE A.14: Reweighting of calibration D* — K?7* to match weighted
D* — K¥ ™ for 2016 MagUp, for use in the KPiTwoTrackAsymmetry tool
with the pairing (Kp, 1, TTpach.)-
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FIGURE A.15: Reweighting of calibration D* — K¥n*n* to match the
signal for 2016 MagUp, for use in the KPiTwoTrackAsymmetry tool with the

pairing (Kp, 2, 7tp, 3)-
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FIGURE A.17: Reweighting of calibration D* — K¥ 77 to match the
signal for 2017 MagDown, for use in the KPiTwoTrackAsymmetry tool with
the pairing (Kp, 1, 7Tpach.)-
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FIGURE A.18: Reweighting of calibration D* — K?7* to match weighted
D* — KTn*n* for 2017 MagDown, for use in the KPiTwoTrackAsymmetry
tool with the pairing (Kp, 1, Thach.)-
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FIGURE A.19: Reweighting of calibration D* — K¥n*n* to match the
signal for 2017 MagDown, for use in the KPiTwoTrackAsymmetry tool with
the pairing (Kp, 2, 7tp, 3)-
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FIGURE A.20: Reweighting of calibration D* — KJ7r™ to match weighted
+ + .+ : :
D* — KT =7 for 2017 MagDown, for use in the KPiTwoTrackAsymmetry
tool with the pairing (Kp, 2, 7p, 3).
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FIGURE A.21: Reweighting of calibration D* — K¥ 77 to match the
signal for 2017 MagUp, for use in the KPiTwoTrackAsymmetry tool with the

pairing (KDs,ll nbach.)-
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FIGURE A.22: Reweighting of calibration D* — K?7* to match weighted
D* — K¥ ™ for 2017 MagUp, for use in the KPiTwoTrackAsymmetry tool
with the pairing (Kp, 1, TTpach.)-
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FIGURE A.23: Reweighting of calibration D* — K¥n*n* to match the
signal for 2017 MagUp, for use in the KPiTwoTrackAsymmetry tool with the

pairing (Kp, 2, 7tp, 3)-
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FIGURE A.24: Reweighting of calibration D¥ — K{7* to match weighted
D* — K¥ 7t 1+ for 2017 MagUp, for use in the KPiTwoTrackAsymmetry tool
with the pairing (Kp, 2, 7p, 3)-
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FIGURE A.25: Reweighting of calibration D* — K¥ 77 to match the
signal for 2018 MagDown, for use in the KPiTwoTrackAsymmetry tool with
the pairing (Kp, 1, 7Tpach.)-
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FIGURE A.26: Reweighting of calibration D* — K?7* to match weighted
D* — KTm*n* for 2018 MagDown, for use in the KPiTwoTrackAsymmetry
tool with the pairing (Kp, 1, Thach.)-

le-5 K* K*
';‘ 8F T T T T T T ’;‘ T T T T T T T
S W calib D* — Kt = = calib D* — Kt
570 [ weighted calib D* » K*xtxt | 5 081 o weighted calib D* — K¥
=) [0 signal D - K*K*x* 5 [0 signal Df - K*K*x*
5 g
=6 49
2 2
2 206
s 1%
Z Z
4 1 o4t
3 1
2 1 02
1 1
0.0
0 - .
0 20000 40000 60000 80000 100000
p [MeV/c]
"
‘;‘ T T T T T T ’;‘
= B calib D* — Kt S08F B calib D* — Kt B
2 0.0007 |- 0 weighted calib D* - K*rtxt 4 g 0 weighted calib D* — K 7t
g 1 signal D — K*K* g [0 signal DE — K*K*x*
= <
< 0.0006 12
2 206 g
]
E 0.0005 1 E
=3 =3
zZ z
0.0004 1 04l 1
0.0003 B
0.0002 4 o2r 7
0.0001 9
0.0 1
L —l 1 1 1 1 1 1 1
0.0000 6000 8000 10000 2.0 25 3.0 35 4.0 4.5 5.0
prMeVic] n

FIGURE A.27: Reweighting of calibration D* — K¥n*n* to match the
signal for 2018 MagDown, for use in the KPiTwoTrackAsymmetry tool with
the pairing (Kp, 2, 7tp, 3)-
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FIGURE A.28: Reweighting of calibration D* — KJ7r™ to match weighted
+ + + : :
D* — KT =7 for 2018 MagDown, for use in the KPiTwoTrackAsymmetry
tool with the pairing (Kp, 2, 7p, 3).
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FIGURE A.29: Reweighting of calibration D* — K¥ 77 to match the
signal for 2018 MagUp, for use in the KPiTwoTrackAsymmetry tool with the

pairing (KDs,lf nbach.)-
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FIGURE A.30: Reweighting of calibration D* — K?7* to match weighted
D* — K¥ ™ for 2018 MagUp, for use in the KPiTwoTrackAsymmetry tool

with the pairing (Kp, 1, Tpach.)-

le=5 K* K*
';‘ sF T T T T T T ] ‘;‘ T T T T T T T
3 W calib D* — Kt 508 = calib D* — Kt B
5. 0 weighted calib D* - K x| g 0 weighted calib D* - K x*
=) [0 signal D - K*K*x* 5 [0 signal Df - K*K*x*
5 g
=1 13
Zz 206 1
s =
N 1%
Z Z
M3 1 o4 1
3F 1
2r 1 02 g
1B 1
oF 4 oo 1
L L L L L L L L L L L L L
0 20000 40000 60000 80000 100000 2.0 25 3.0 35 40 45 5.0
p [MeV/c] n
P P
= T T T T T T 08 T T T T T T L=
=0.0008 - B calib D* — Kt 12 B calib D* — Kt
P 0 weighted calib D* - K2t %07 0 weighted calib D* - Kt ]
£ 1 signal D — K*K* g [0 signal DE — K*K*x*
5 g 06
= = 0. |
20.0006 - 42
=
E £05 E
=3 =3
z z
0.4 B
0.0004 1
0.3 9
0.0002 - 4 0.2 ]
0.1 q
0.0000 4 00 9

! ! L
0 2000 4000 6000

L
8000

1
10000
pr[MeVic]

FIGURE A.31: Reweighting of calibration D* — K¥n*n* to match the
signal for 2018 MagUp, for use in the KPiTwoTrackAsymmetry tool with the

pairing (Kp, 2, 7tp, 3)-
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FIGURE A.32: Reweighting of calibration D* — K?7t* to match weighted
D* — K¥ 7t for 2018 MagUp, for use in the KPiTwoTrackAsymmetry tool
with the pairing (Kp, 2, 7p, 3)-

A.2 PID Asymmetries

The following tables summarise the PID efficiencies (as percentages) for each of the final

state particles in the Af analysis of Chapter 4 for samples split by year, magnet polar-

ity, phase-space region and Ds charge. The labelling 1ab{i}, where i is an integer be-

tween 0 and 5, corresponds to the order of particles in the signal decay BY — 7~ (D} —
K*K~7tt) or its conjugate, i.e. BY is 1ab0 and the 7w+ from D is 1abs.

Weak Strong
Phase-space

In Out In Out

labl 8749 8746 7633 7551
1lab3 73.17 61.81 63.85 54.23
lab4 87.01 85.78 7699 75.14
labb 94.07 9239 8735 85.86
comb. 5240 42.84 3278 2642

TABLE A.1: PID efficiencies (as percentages) for each final state of BY —
(Dy — K"K~ 7t~ )" and combined for 2015 MagDown, in regions of phase-

space with "weak" and "strong" PID, and "in" and "out" of the A, peak.
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Weak Strong
In Out In Out

labl 87.59 87.23 76.05 75.70
lab3 7329 61.62 6096 5194
lab4 86.61 85.19 7277 73.49
labb 9453 92.59 8825 86.16
comb. 5256 4240 29.77 24.90

Phase-space

TABLE A.3: PID efficiencies (as percentages) for each final state of BY —
(Dy — K"K~ 7t )™ and combined for 2015 MagUp, in regions of phase-

space with "weak" and "strong" PID, and "in" and "out" of the A, peak.

Weak Strong
Phase-space In Out In Out
labl 88.00 87.59 7796 75.28

lab3 7427 61.65 6529 52.52
lab4 86.20 85.24 77.07 73.06
labb 94.03 92.38 87.45 85.90
comb. 5297 4252 3431 2481

TABLE A.4: PID efficiencies (as percentages) for each final state of BY —
(D — KTK~7")7m~ and combined for 2015 MagUp, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the Al peak.

Weak Strong
Phase-space
In Out In Out
labl 8770 87.29 7413 7491

lab3 7391 61.71 64.37 53.52
lab4 86.36 85.58 7544 74.04
labb 94.19 9257 8740 86.23
comb. 52.73 42.67 31.46 25.60

TABLE A.2: PID efficiencies (as percentages) for each final state of ES —
(D — KTK~7tt)7r~ and combined for 2015 MagDown, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the A peak.
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Weak Strong
In Out In Out

labl 86.58 86.78 76.13 76.28
lab3 7221 5991 64.67 53.00
lab4 85.67 84.84 7542 74.26
labb 94.05 92.32 87.40 85.99
comb. 50.37 40.72 3245 25.82

Phase-space

TABLE A.5: PID efficiencies (as percentages) for each final state of BY —
(D; — KTK~ 7t~ )7t and combined for 2016 MagDown, in regions of phase-

space with "weak" and "strong" PID, and "in" and "out" of the A, peak.

Weak Strong
In Out In Out

labl 86.42 86.55 7545 75.74
lab3 7257 59.99 64.52 53.15
lab4 85.37 8443 7478 73.55
labb 9420 9247 87.67 86.24
comb. 50.43 40.54 3191 25.53

Phase-space

TABLE A.6: PID efficiencies (as percentages) for each final state of BY —
(D — KTK~ 7)™ and combined for 2016 MagDown, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the A peak.

Weak Strong
Phase-space In Out In Out
labl 86.67 86.82 75.80 76.16

1lab3 7221 59.86 63.65 52.74
lab4 85.31 8431 7476 73.24
labb 94.28 92.63 87.66 86.38
comb. 50.34 40.59 31.62 2541

TABLE A.7: PDIDID efficiencies for each final state of BY — (D; —
K*K~7t7)rt and combined for 2016 MagUp, in regions of phase-space with

"weak" and "strong" PID, and "in" and "out" of the A peak.

Weak Strong
Phase-space In Out In Out
labl 86.98 87.12 76.03 76.34

1lab3 7233 59.81 5534 48.35
lab4 85.22 84.34 7447 73.61
labb 93.99 9235 8729 85.88
comb. 50.39 40.58 27.35 23.33

TABLE A.8: PID efficiencies (as percentages) for each final state of BY —
(D — K*K 7t")7r~ and combined for 2016 MagUp, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the A peak.
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Weak Strong
Phase-space In Out In Out
labl 86.92 87.06 76.69 76.62
lab3 7228 59.80 64.21 52.87
lab4 85.80 8490 7591 7429
labb 94.08 9237 87.62 86.05
comb. 50.71 40.83 32.75 25.90

TABLE A.9: PID efficiencies (as percentages) for each final state of BY —
(D; — KTK~ 7t~ )7tt and combined for 2017 MagDown, in regions of phase-

space with "weak" and "strong" PID, and "in" and "out" of the A, peak.

Weak Strong
Phase-space In Out In Out
labl 86.66 86.82 7590 76.19
lab3 72.60 5997 64.57 53.12
lab4 85.36 84.55 74.78 73.70
labb 9419 9251 87.73 86.26
comb. 50.58 40.72 32.15 25.73

TABLE A.10: PID efficiencies (as percentages) for each final state of BY —
(D — KTK~ ")t~ and combined for 2017 MagDown, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the Al peak.

Weak Strong
Phase-space In Out In  Out
labl 86.89 87.06 7591 7647
lab3 7229 59.81 64.16 52.80
lab4 85.30 84.38 7494 73.44
labb 9430 92.64 8797 86.48
comb. 50.53 40.7 3211 25.64

TABLE A.11: PID efficiencies (as percentages) for each final state of B —
(D; — K"K~ 7 )" and combined for 2017 MagUp, in regions of phase-

space with "weak" and "strong" PID, and "in" and "out" of the A, peak.

Weak Strong
Phase-space In Out In  Out
labl 8720 8739 7691 76.89
lab3 7223 59.75 6410 51.72
lab4 85.39 84.42 7522 73.64
labb 94.01 9237 87.44 8593
comb. 50.56 40.72 3243 25.16

TABLE A.12: PID efficiencies (as percentages) for each final state of B —
(D — KTK~7")n~ and combined for 2017 MagUp, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the A" peak.
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Weak Strong
In Out In Out

labl 86.34 86.47 75.33 75.85
lab3 7221 60.04 6445 52.83
lab4 85.66 84.80 7576 74.27
labb 94.02 9227 87.35 85.89
comb. 50.21 40.62 32.13 25.56

Phase-space

TABLE A.13: PID efficiencies (as percentages) for each final state of B —
(D; — KTK~ 7t~ )7t and combined for 2018 MagDown, in regions of phase-

space with "weak" and "strong" PID, and "in" and "out" of the A, peak.

Weak Strong
In Out In Out

labl 86.09 86.28 75.35 75.39
lab3 72.58 60.02 64.14 53.12
lab4 8543 8443 7493 73.61
labb 9420 9242 8779 86.23
comb. 50.28 4041 31.79 2542

Phase-space

TABLE A.14: PID efficiencies (as percentages) for each final state of BY —
(D — KTK~ 7)™ and combined for 2017 MagDown, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the A peak.

Weak Strong
Phase-space In Out In Out
labl 86.31 86.54 75.80 75.55

1lab3 7217 59.89 64.04 52.89
lab4 85.21 84.28 7452 73.32
labb 94.27 9256 8791 86.33
comb. 50.04 40.43 31.80 25.29

TABLE A.15: PID efficiencies (as percentages) for each final state of B —
(D; — KYK 77 )ntt and combined for 2017 MagUp, in regions of phase-

space with "weak" and "strong" PID, and "in" and "out" of the A, peak.

Weak Strong
Phase-space In Out In Out
labl 86.58 86.86 7590 76.10

1lab3 72.08 59.78 5590 52.75
lab4 85.20 84.33 75.12 73.49
labb 93.95 9231 8725 85.83
comb. 4995 4042 2781 2532

TABLE A.16: PID efficiencies (as percentages) for each final state of BY —
(D — KtK 7")7r~ and combined for 2018 MagUp, in regions of phase-
space with "weak" and "strong" PID, and "in" and "out" of the A peak.
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Phase-space In Out

labl 86.64 76.56
lab3 90.43 85.15
lab4 93.63 84.22
labb 9149 85.31
comb. 67.12 46.84

TABLE A.17: PID efficiencies (as percentages) for each final state of B —
(D; — 't~ 7~ )" and combined for 2015 MagDown, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In Out

labl 84.83 7541
lab3 92.11 85.58
lab4 93.15 83.75
labb 91.10 85.33
comb. 66.31 46.12

TABLE A.18: PID efficiencies (as percentages) for each final state of B —
(D — =t ™)™ and combined for 2016 MagDown, in regions of phase-
space "in" and "out" of the resonance region

Phase-space  In Out

labi 85.14 75.80
1lab3 92.78 85.69
lab4 93.58 83.78
lab5s 9293 86.01
comb. 68.70 46.80

TABLE A.19: PID efficiencies (as percentages) for each final state of BY —
(D — mtr )t and combined for 2015 MagUp, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In  Out

labl 86.16 76.27
lab3 91.35 85.02
lab4 93.96 84.66
labb 90.27 85.15
comb. 66.76 46.75

TABLE A.20: PID efficiencies (as percentages) for each final state of BY —
(D — m~mt ) and combined for 2015 MagUp, in regions of phase-
space "in" and "out" of the resonance region.



220 % Appendix A. AE%

Phase-space In Out

labl 86.58 7641
lab3 91.33 85.18
lab4 93.44 84.15
labb 91.26 85.20
comb. 67.43 46.66

TABLE A.21: PID efficiencies (as percentages) for each final state of B —
(D; — )" and combined for 2016 MagDown, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In Out

labl 86.70 76.05
lab3 91.39 85.57
lab4 93.27 83.90
labb 91.36 8547
comb. 67.52 46.67

TABLE A.22: PID efficiencies (as percentages) for each final state of B —
(D — m~ "t )r~ and combined for 2016 MagDown, in regions of phase-
space "in" and "out" of the resonance region

Phase-space  In Out

labl 87.28 76.29
lab3 9198 85.80
lab4 93.21 83.89
labb 91.80 85.69
comb. 68.69 47.05

TABLE A.23: PID efficiencies (as percentages) for each final state of BY —
(D; — mt )t and combined for 2016 MagUp, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In  Out

labl 87.38 76.59
lab3 9142 85.23
lab4 93.84 84.46
labb 91.63 85.25
comb. 68.69 47.00

TABLE A.24: PID efficiencies (as percentages) for each final state of BY —
(D — mmtat)mr™ and combined for 2016 MagUp, in regions of phase-
space "in" and "out" of the resonance region.
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Phase-space In Out

labl 87.54 76.87
lab3 91.54 85.27
lab4 93.58 84.35
labb 91.40 85.28
comb. 68.54 47.15

TABLE A.25: PID efficiencies (as percentages) for each final state of B —
(D; — 't~ 7~ )" and combined for 2017 MagDown, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In Out

labl 87.23 76.44
lab3 91.52 85.56
lab4 93.50 84.18
labb 91.48 85.60
comb. 68.28 47.13

TABLE A.26: PID efficiencies (as percentages) for each final state of B —
(D — =t ™)~ and combined for 2017 MagDown, in regions of phase-
space "in" and "out" of the resonance region

Phase-space  In Out

labi 86.95 76.62
lab3 91.70 85.79
lab4 93.19 84.08
lab5s 92.01 85.80
comb. 68.37 47.42

TABLE A.27: PID efficiencies (as percentages) for each final state of BY —
(D — mtr )t and combined for 2017 MagUp, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In  Out

labil 87.59 77.06
lab3 91.68 85.38
lab4 93.71 84.48
labb 91.78 85.24
comb. 69.07 47.38

TABLE A.28: PID efficiencies (as percentages) for each final state of BY —
(D — m~t ) and combined for 2017 MagUp, in regions of phase-
space "in" and "out" of the resonance region.
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Phase-space In Out

labl 86.49 76.03
lab3 91.31 85.12
lab4 93.58 84.21
labb 91.11 85.12
comb. 67.33 46.39

TABLE A.29: PID efficiencies (as percentages) for each final state of B —
(D; — )" and combined for 2018 MagDown, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In Out

labil 86.71 75.72
lab3 91.17 85.50
lab4 93.35 83.86
lab5s 91.47 85.56
comb. 67.50 46.45

TABLE A.30: PID efficiencies (as percentages) for each final state of B —
(D — m~ "t )t~ and combined for 2018 MagDown, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In Out

labi 86.87 75.88
lab3 91.84 85.66
lab4 93.40 83.93
lab5s 91.60 85.67
comb. 68.26 46.74

TABLE A.31: PID efficiencies (as percentages) for each final state of BY —
(D; — mt )t and combined for 2018 MagUp, in regions of phase-
space "in" and "out" of the resonance region.

Phase-space  In  Out

labl 86.65 76.46
lab3 91.68 85.17
lab4 93.69 84.42
labb 9145 8521
comb. 68.06 46.84

TABLE A.32: PID efficiencies (as percentages) for each final state of BY —
(D — mmtnt)m™ and combined for 2018 MagUp, in regions of phase-
space "in" and "out" of the resonance region.
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Efficiency Tables

The following tables summarise the binned generator and trigger efficiencies for each

mode of interest considered in the early measurements analysis of Chapter 5.

2.625 <y <325

3.25 <y < 3.875

3875 <y < 45

pr (GeV/c) 2.0<y <2625
0.0-10.0  0.2921 4+ 0.0019
10.0-20.0  0.8381 + 0.0038
20.0-30.0 0.9593 £ 0.0063
30.0-40.0 0.9581 £ 0.0155

0.6407 £ 0.002
0.9757 £ 0.0018
0.9908 + 0.0037
1.0000 £ 0.0000

0.818 £ 0.0018

0.9871 £ 0.0016

0.9975 + 0.0025
1.0000 + 0.0

0.8497 £ 0.0019
0.9412 £ 0.0043
0.9834 + 0.0095
1.0000 £ 0.0000

TABLE B.1: Binned generator efficiencies for B — (D; — K*K~ 7t~ )7t

2,625 <y <325

325 <y <3875

3.875 <y < 45

pr (GeV/c) 20<y <2625
0.0-10.0  0.2554 £ 0.0018
10.0-20.0  0.8105 £ 0.0041
20.0-30.0  0.9440 % 0.0076
30.0-40.0  0.9839 + 0.0092

0.6021 + 0.0021
0.9723 £+ 0.0020
0.9985 £+ 0.0015
1.0000 £ 0.0000

0.7942 + 0.0019
0.9815 + 0.0019
0.9974 £ 0.0026
1.0000 £ 0.0000

0.8341 + 0.0019
0.9430 £ 0.0043
0.9800 + 0.0110
1.0000 £ 0.0000

TABLE B.2: Binned generator efficiencies for B — (D~ — Kt~ 7~ )zt

2.625 <y <325

325 <y < 3.875

3875 <y < 45

pr (GeV/c) 2.0<y <2625
0.0-10.0  0.2617 4+ 0.0019
10.0-20.0  0.8333 + 0.0042
20.0-30.0 0.9557 £ 0.0070
30.0-40.0 0.9809 £ 0.0109

0.6202 + 0.0021
0.9823 +£ 0.0016
0.9984 + 0.0016
1.0000 £ 0.0000

0.8096 + 0.0019
0.9833 + 0.0019
0.9908 + 0.0053
1.0000 £ 0.0000

0.8476 £ 0.0019
0.9382 £ 0.0046
0.9933 £ 0.0067
1.0000 £ 0.0000

TABLE B.3: Binned generator efficiencies for B — (D~ — K+t~ 7~ )K*
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pr (GeV/c) 20<y <2625 2625<y<325 325<y<3875 3875<y<45
0.0-10.0 0.28 £ 0.00 0.62 £ 0.00 0.80 £ 0.00 0.85 £ 0.00
10.0-20.0 0.83 £0.01 0.98 = 0.00 0.99 + 0.00 0.95 £ 0.01
20.0-30.0 0.94 £ 0.01 0.99 £ 0.01 1.00 £ 0.00 1.00 £ 0.00
30.0-40.0 0.97 £ 0.02 1.00 £ 0.00 1.00 £ 0.00 1.00 £ 0.00

TABLE B.4: Binned generator efficiencies for BT — (D° — K* 7~ )7t

pr (GeV/c)

20<y <2625

2,625 <y <325

3.25 <y < 3.875

3875 <y <45

0.0-10.0
10.0 - 20.0
20.0-30.0
30.0-40.0

0.2968 + 0.0019
0.8435 £ 0.0038
0.9549 + 0.0064
0.9791 £ 0.0104

0.6499 -+ 0.002
0.9781 £+ 0.0017
0.9944 £ 0.0028
1.0000 £ 0.0000

0.8187 +£ 0.0018
0.987 £ 0.0016
1.0000 £ 0.0000
1.0000 £ 0.0000

0.8453 + 0.0019
0.9615 £ 0.0035
0.9943 + 0.0057
1.0000 £ 0.0000

TABLE B.5: Binned generator efficiencies for A) — (A — pK™nt)mt

pr (GeV/c)

20<y <2625

2,625 <y <325

3.25 <y <3.875

3875 <y <45

0.0-10.0
10.0 - 20.0
20.0-30.0
30.0-40.0

0.0469 + 0.0022
0.1243 £+ 0.0052
0.1969 £+ 0.0176
0.3125 £ 0.0473

0.1143 + 0.0023
0.2692 £+ 0.0071
0.3280 £ 0.0241
0.3514 + 0.0555

0.1319 +£ 0.0023
0.2832 + 0.0086
0.3571 + 0.0311
0.4500 £ 0.1112

0.0971 + 0.0022
0.2116 = 0.0105
0.2308 £ 0.0442
0.3636 £ 0.145

TABLE B.6: Binned HLT?2 efficiencies for B — (D~ — KT~ 7~ )nt

pr (GeV/c)

20 <y <2625

2625 <y < 3.25

325 <y < 3.875

3875 <y < 45

0.0-10.0
10.0-20.0
20.0-30.0
30.0-40.0

0.0398 + 0.002
0.1335 =+ 0.0050
0.2218 £ 0.0179
0.2200 £ 0.0414

0.1115 + 0.0022
0.2559 + 0.0068
0.3664 + 0.0234
0.3188 £ 0.0561

0.1307 £ 0.0022
0.2744 + 0.0083
0.3519 +£ 0.0325
0.3889 + 0.0812

0.0949 + 0.0021
0.2263 +£ 0.0103
0.3208 + 0.0453
0.3333 + 0.1571

TABLE B.7: Binned HLT? efficiencies for B — (D~ — KTz~ 7~ )K*

pr (GeV/q)

20<y <2625

2,625 <y <325

325 <y <3875

3875 <y <45

0.0-10.0
10.0 - 20.0
20.0-30.0
30.0-40.0

0.0427 £+ 0.0021
0.1272 £+ 0.0053
0.2304 £ 0.0205
0.3229 + 0.0477

0.1122 £ 0.0023
0.2846 + 0.0074
0.3089 + 0.0236
0.2951 + 0.0584

0.1387 £+ 0.0024
0.3160 £ 0.0090
0.3731 £ 0.0341
0.2414 £ 0.0795

0.0995 + 0.0023
0.2234 £ 0.011
0.2360 +£ 0.0450
0.3333 £ 0.1571

TABLE B.8: Binned HLT?2 efficiencies for B — (D; — KTK~ 7~ )t
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pr (GeV/c) 20<y <2625 2625<y<325 325<y<3875 3875<y<45
0.0-10.0 0.0374 £+ 0.0019  0.0907 + 0.002 0.097 £0.0019  0.0717 £ 0.0018
10.0-20.0 0.0983 £ 0.0044 0.1608 £ 0.0056  0.1683 £ 0.0069  0.1619 £ 0.009
20.0-30.0 0.1291 £0.0147 0.1887 £ 0.0194  0.2338 £ 0.0278  0.2151 £ 0.0426
30.0-40.0 0.1429 £0.0353 0.1967 £ 0.0509  0.1724 £ 0.0701  0.0909 + 0.0867
TABLE B.9: Binned HLT? efficiencies for B¥ — (D — K*7~ )7t
pr(GeV/c) 20<y <2625 2625<y<325 325<y<3875 3875<y<45
0.0-10.0 0.0395 £ 0.002  0.1017 £ 0.0022  0.1167 £ 0.0022  0.0893 £ 0.0022
10.0-20.0 0.1316 £ 0.0051 0.2484 £ 0.0069  0.2694 = 0.0084 0.1843 £ 0.0097
20.0-30.0 0.1761 £0.0166 0.3278 +0.0246  0.3364 £ 0.0319  0.2647 £ 0.0437
30.0-40.0 0.2222 £0.0418 0.3239 & 0.0555  0.3784 £ 0.0797  0.2500 & 0.1531

TABLE B.10: Binned HLT2 efficiencies for A) — (Al — pK~7")m*

pr (GeV/c) 20<y <2625 2625<y<325 325<y<3875 3875<y<45

0.0-10.0 0.5886 £ 0.0263 0.6251 = 0.0112  0.6204 £ 0.0099  0.6046 £ 0.0126
10.0-20.0 0.5919 £0.024 0.6107 = 0.0163  0.6006 £ 0.0188  0.5621 £ 0.0291
20.0-30.0 0.5326 £0.052 0.6441 +£0.0441 0.5294 £ 0.0541 0.6875 £ 0.1159
30.0-40.0 0.7241 £0.083  0.6667 £ 0.0962  0.6667 + 0.1925 1.0000 £ 0.0000

TABLE B.11: Binned HLT1 efficiencies relative to HLT2 for B — (D~ —

Ktn—n )t

pr (GeV/c) 20<y <2625 2625<y<325 325<y<3875 3875<y<45

0.0-10.0 0.6623 £0.0272 0.6147 £0.0111  0.6256 £ 0.0096 0.6188 £ 0.0126
10.0-20.0 0.5842 +0.0225 0.602 = 0.0161  0.5773 £0.0186  0.6527 £ 0.027
20.0-30.0 0.6909 £ 0.0441 0.5725 £0.0421  0.5667 = 0.064  0.6538 +£ 0.0933
30.0-40.0 0.6471 £0.1159 0.5833 £0.1006  0.7692 = 0.1169  0.0000 £ 0.0000

TABLE B.12: Binned HLT1 efficiencies relative to HLT2 for B — (D~ —

Ktm m)Kt

pr (GeV/c)

2.0 <y <2625

2.625 <y < 3.25

3.25 <y < 3.875

3.875 <y < 45

0.0-10.0
10.0-20.0
20.0-30.0
30.0-40.0

0.5939 + 0.0270
0.6310 £ 0.0225
0.5673 £ 0.0486
0.6400 £ 0.0960

0.6255 £ 0.0114
0.6226 £ 0.0159
0.6609 £ 0.0441
0.6364 £ 0.1026

0.6293 £ 0.0097
0.6425 + 0.0176
0.6316 + 0.0553
0.5000 + 0.2500

0.6424 £+ 0.0124
0.6477 + 0.0277
0.6667 £ 0.1111
1.0000 £ 0.0000

TABLE B.13: Binned HLT1 efficiencies relative to HLT2 for B — (D; —

KK )t
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pr (GeV/c) 20<y <2625 2625<y<325 325<y<3875 3875<y<45
0.0-10.0 0.5788 £0.0289 0.6244 £ 0.0123  0.6092 £ 0.0113 0.6117 £ 0.0141
10.0-20.0 0.6023 4+ 0.0261 0.6007 + 0.0207  0.5917 £ 0.0235 0.6808 + 0.0319
20.0-30.0 0.6182+£0.0655 0.6094 £0.061  0.6429 + 0.0739 0.6316 £ 0.1107
30.0-40.0 0.4615+0.1383 0.4286 + 0.187 0.5714 £ 0.187 0.0£0.0
TABLE B.14: Binned HLT1 efficiencies relative to HLT2 for B — (D° —
Kt )t
pr (GeV/c) 20<y <2625 2625<y<325 325<y<3875 3875<y<45
0.0-10.0 0.5544 £0.0294 0.5878 = 0.0128  0.5924 + 0.0116  0.5896 £ 0.0146
10.0-20.0 0.5961 £+ 0.0242 0.5754 + 0.0184  0.5966 £ 0.0212 0.6714 £ 0.0322
20.0-30.0  0.5526 £ 0.057 0.6044 +0.0513 0.5357 £ 0.0666  0.5238 £ 0.109
30.0-40.0 0.5000 +0.1118 0.7222 £ 0.1056  0.5000 4= 0.1768  0.0000 =+ 0.0000

TABLE B.15: Binned HLT1 efficiencies relative to HLT2 for Ag — (A —

pK- )t



227

B — DD Experimental Inputs

The following tables summarise explicitly the experimental inputs, with correlations, that
were used in the B — DD phenomenological analysis of Chapter 6.
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% Appendix C. B — DD Experimental Inputs%

Input

Value (%)

fs B(Bs—DTD")
Rl ~ i B(B"—D-D7)
R, _ fs fa 1 B(B;—DDY)
~ fa fu€ly B(B-—DDy)
R; _ fa 1 B(B"—D°D")
T fuel rel (B —D; DY)
Ry = L BDIoKK ) B(B.—»D DY)
= L BD K ntnt) B(B'—D; D)
Re — fu B(D°-»K~nt) B(B~—D;y DY)
>~ Ja B(D"=K 7 n") B(B'—D-DJ)
R. — [ B(B.~D DY)
" fa B(B'—D; D)
Ry — B(B~—D~DY)B(D~—=K*m 77)
7~ B(B-—D; D")B(D; =KTK 1)

BSYEO =27, B(B~ — Dy DY)B(DY — K~ 7+)B(Dy — ¢ )
BgLEO — szOB(BO — D;DT)B(D" = K ntnt)B(D; — ¢m)

BBaBar (Dir) = B(B~ — D; DY)
BB (Re.) = B(B~ — D; DY) /k
BBaBar (Dir) = B(B® — D; DY)
BEBar (Re.) = B(B® — Dy D*) /k
BEaBar — 2 £, B(DT — K-t n™)2B(B® — D~ D)
BB —2f B(Dt — K ntnt)B(B~ — D~ DY)
Bbelle =2, B(B~ — D~DY)
BEelle = 2, B(B” — Dy D*)B(Dy — ¢(— KK~ )m™)
BBelle = 2£0B(B° — Dy D*)B(D; — K*(— K~ 7")K")
BEle = 2£B(B® — D~D")B(D* — K-t rt)?
Bielle = 2£0B(B® — D~D*)B(D" — K- ntmt)?
BPelle = B(BY — Dy DY)
RCDF _ fs B(Dy —¢(—K K™)n™) B(l_?s%Ds:Der)

fa Tev B(Dt—=K-mfrt) B(B'—D; D)

EB(Df — KTK~ ™)

B — D DY)

e(B. > D (—> K+*m=)DO(— K~ 7tt))

B, — D’ (= K- ntn at)D(— K—7t))
(D- — K*K-7+)

/\/\

DY — K mtn nt)

Dt — Ktn nth)

— ¢T7)

Dy — ¢(— K"K )m™)
D; — K*(— KT )K™)
D; — K3(— i )K™)

EEEEEanDL
-

=
o

27.6 +5.2[232]

(9.24 £1.01) x 101 [234]
(252 +1.17) x 101 [232]
8.59 4 0.01 [232]

51.9 +2.9 [232]

(9.79 £ 1.74) x 10~ [232]

7.25 4 0.13 [233]

(1.724-0.46) x 1073 [235]
(2.80 4-1.00) x 1073 [235]
(9.0 +2.28) x 107! [236]
(7442.1) x 1071 [236]
1.33 4+ 0.37 [236]

1.11 4 0.24 [236]

(2.37 £0.40) x 10~* [237]
(3.50 £ 0.65) x 1073 [237]
(3.85+£0.49) x 1072 [239]
(1.68 4+ 0.21) x 1072 [238]
(1.83 £0.23) x 1072 [238]
(7.60 £1.03) x 1073 [238]
(1.87 £0.20) x 10~* [240]
(5.90 & 1.64) x 10! [241]

4.65 4 0.61 [228]

1.44 £ 0.10 [58,225,226]
(1.66 +0.03) x 107! [232]
(1.90 4 0.03) x 1071 [232]

(6.14£0.2) x 1072 [232]
5.39 4 0.15 [310]
3.9540.03 [310]

8.22 +0.14 [310]

9.38 +0.16 [310]

454 0.4[14]

2.24 +0.08 [311]

2.58 4 0.08 [311]

1.01 £ 0.03 [312]

48.8 +1.3[313]

TABLE C.1: B and D decay branching ratio input data from experiment.
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Input | Ref Correlation

Ry |[232]| (100 212 00 464 00
Ry |[232]| |212 100 023 461 —1.87
Ry | [232] 00 023 100 0.0 —0.76
Ry |[232]| |464 461 00 100 3.14
Rs | [232] 0.0 —187 —0.76 3.14 100
BSLEO | [235] 100 38

BSLEO | [235] 38 100

BEelle | [238] 100 81 77

BBelle | [238] 81 100 77

BEelle | [238] 77 77 100

TABLE C.2: Correlations in % for the branching ratio data used.
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