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1 Abstract
This comparative analysis considered the Lattice QCD determined decay properties of the leptonic decay
modes B(c) → τ+ντ in the form of a literature review. Although the LQCD determined mass of B+ is

expected to be more precise than that of B+
c , due to the latter having errors associated to it that are absent

or smaller for B+, the results presented in ref. [1] and ref. [2], don’t reflect this. The decay constants
presented in ref. [2], [3], [4] and [5] indicate a smaller uncertainty for B+ than for B+

c , matching
expectations. The determination of the meson masses and decay constants primarily utilized techniques

incorporating NRQCD valence b quarks in combination with HISQ u/c quarks and techniques incorporating
only HISQ valence quarks. With these decay properties, as well as the relevant CKM matrix elements and
experimentally determined parameters such as the mesons lifetimes (due to these not being determined

through LQCD yet), the branching fractions of the subsequent decay modes were calculated to be:
B(B+ → τ+ντ ) ≈ 0.99(6) · 10−4 and B(B+

c → τ+ντ ) ≈ 1.92(6) · 10−2. The largest contributions towards the
branching fractions uncertainties are relevant the CKM matrix elements |Vub|, |Vcb| and the decay

constants. This paper also gives insight into the less apparent classification of the B+
c meson within the

heavy-light and heavy-heavy meson families by evaluating the positioning of its decay constant ratio within
those of the corresponding meson groups.
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2 Introduction
The ancient question: What are we made of? has stirred scientists to study physical phenomena occurring
at the smallest of distances. When unravelling the structure of matter, the scienti�c community established
the Standard Model (SM): a theory which forms the cornerstone of particle physics, explaining all but one
of the fundamental forces of nature.1 Starting out as a model for quantum electrodynamics and having
evolved to include quantum chromodynamics (QCD) as well as weak interaction e�ects (such as parity-
and CP-violation) [6], the Standard Model currently describes the outcomes of hundreds of thousands of
experiments [7].

Powerful as it is, it remains incomplete2, necessitating the search for Beyond the Standard Model
(BSM) physics. The LHCb - an experiment at CERN dedicated to the investigation of rare decays in the
charm and beauty sector (among other things) - performs high precision collisions, whose discrepancies from
the SM hint at new physics[9]. The clean leptonic decaysB + ! � + � � and B +

c ! � + � � are in this aspect
very interesting. The parent mesonsB + and B +

c are relatively heavy type of hadrons (when compared to
the familiar protons and neutrons making up most of the matter in the Universe), composed of a bottom
antiquark and lighter other quark: ( bu) for B + and (bc) for B +

c . The interest in their leptonic decays
can be justi�ed by, for example, data indicating violations in lepton avour universality (LFU) [10]. LFU
states that the coupling of leptons to the electroweak force is independent of the avour of the lepton
taken in consideration (whether it is e� ; � � ; or � � )[11]. The B + case is evaluated with the upper limit on
the branching ratio of the B + ! e+ � e and B + ! � + � � decays. The upper limit indicates the maximum
probability of the relevant decay mode to occur compared to all possible decays and is used since the rates for
decays toe and � have not yet been measured. Since theB +

c ! � + � � has not been observed experimentally,
the violation in LFU for this case is recognized with data presenting preferences for lepton avours when
comparing the decaysB ! D ( � ) � � � and B ! D ( � ) l� l (with l = e; � ). This is permissable because these
decays are mediated by the same quark-level process (b ! cl� l ) as the one mediatingB +

c ! � + � � [12].

However, besides being enticing probes for BSM e�ects, the decaysB + =B+
c ! � + � � also test a cru-

cial Standard Model feature: the CKM matrix elements jVub j and jVcbj respectively. Together with the decay
constants f B + and f B +

c
(which quantify the decay probability and are determined through Lattice QCD

[13]), they form the main sources of uncertainty in the theoretical determination of the branching fractions
[12]. Acquiring precise experimentally obtained branching fractions of these decays has therefore gathered
recent interest, also for possibly playing a role in solving the inclusive vs. exclusive puzzle [14].

Unfortunately, observing the B +
c ! � + � � decay is very challenging at current particle colliders. In

hadron colliders, such as the LHCb, this is due to the struggle of separating the decay signal from the
overwhelming background noise3 while the clean environments of current e+ e� B-factories -such as at
Belle II commissioned at SuperKEKB [18]- don't operate at energies of the production threshold of
the B +

c meson. In this aspect, the B + ! � + � � decay, determined to have a measurement precision
of 20 percent at B-factories [13], is more familiar and well-known than theB +

c ! � + � � decay. Also
regarding the classi�cation of each decays' parent meson, it is clear that a signi�cant divide in knowledge
remains: B + clearly exhibits characteristics associated to the heavy-light meson group, in which mesons
are composed of a heavy quark and light quark, while the classi�cation ofB +

c |whether it belongs to the
heavy-light or heavy-heavy group| is not so obvious. This paper investigates if certain properties, such
as the mass, decay constants and branching fractions of theB +

c parent mesons decay are less-known than
that of its fellow beauty meson, and to what extent this is the case if determined theoretically through LQCD.

This paper starts with an overview of the Standard Model to provide the theoretical framework for
understanding the concepts, assumptions and processes relevant to the decays and particles in question. This
is followed by a section dedicated to Lattice QCD, which is a non-pertubative model that approximates how
the quantum �elds of quarks evolve over the course of a strong force interaction by discretising spacetime.
In doing so, physical observables and quantities can be extracted using various approaches. Three of these

1Gravitational interactions are not accounted for in the Standard Model.
2For example, the Standard Model does not o�er an explanation for dark matter or integrate neutrino masses, imperative to

describe the phenomenon of neutrino oscillations[8].
3Although, researchers of the LHCb Collaboration have remarkably managed to observe decays with the B +

c as its parent
meson numerous times [15][16][17].
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are elaborated on in this section, due to their signi�cance and applicability to the heavy quarks in question:
The Non-Relativistic QCD (NRQCD) formulation is namely able to address the non-relativistic nature of
the b quarks present in both B + and B +

c , while the Highly Improved Staggered Quark (HISQ) discretises
the heavy quark �elds in such a way that extrapolated values are not accompanied by the traditionally large
discretisation errors, substantially improving their precision. The Heavy Quark E�ective Theory (HQET)
in turn simpli�es the treatment of the quarks within the lattice framework by accurately encapsulating the
workings of the complex physical system in an approximate e�ective �eld.

As such, these techniques (and combinations of them) are utilized in the LQCD determinations of
the B + and B +

c masses and decay constants, which in turn will be used for the determination of their SM
branching fractions, which assess the probability of a parent meson decaying via a particular decay mode.
The LQCD section will also provide a brief outline of the largest contributing physical e�ects that are often
not taken into account in LQCD calculations (one of them being the e�ects of electromagnetism) and the
method of incorporating them in the extrapolated values. Due to these e�ects overall contributing more to
the B +

c meson than for the B + , as well as thec quark within B +
c having larger associated discretisation

errors than B + 's lighter u quark in the utilized HISQ approach, it is expected that the mass and decay
constant of B +

c will have larger associated errors to them than those ofB + . However, in the case of the
SM branching fractions (for which the CKM matrix elements and decay constants are the main sources
of uncertainty), this statement can not be made, since theB + decay is known to have a larger relative
uncertainty corresponding to its CKM matrix element, but expected to have a smaller one for its decay
constant. Therefore, a section is dedicated to evaluate the contributions of the relative uncertainties
corresponding to decay properties needed to determine the branching fractions of the leptonic decay modes
B + =B+

c ! � + � � . Lastly, the conclusions of this paper are formulated by reecting on the process and
determination of the decay properties discussed.
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3 The Standard Model
The Standard Model is written in the language of quantum �eld theory (QFT), which states that all elemen-
tary particles in the Universe are in fact not particles (though often can be approximated as such), but rather
oscillations of (relativistic) quantum �elds[7], whose properties are governed by the laws of symmetry[19].
Quantum Electrodynamics (QED) in turn predicts the behaviour of particles for one such �eld: the electro-
magnetic �eld, by describing the behaviour of charged particles and photons. In fact, the discovery of QED
is arguably the �rst stage of the rapid development of the Standard Model. Over the decades, the Standard
Model incorporated the strong force in the form of QCD, the weak force and even formulated the electroweak
theory, in which the force carrying particles of QED and the weak force are simultaneously built into. To
elaborate on this, the Standard Model predicts that all phenomena in the Universe are the consequence of
either matter particles, which carry half-integer spin and compose the group offermions, or force-carrying
particles, which carry integer spin and compose the group ofbosons. Pauli's exclusion principle forms the
distinction between these two groups, by stating that only bosons are allowed to occupy the same quantum
state, while fermions are forbidden to [7].

Figure 3.1: Particle content of the Standard Model [20].

3.1 Fermions, Bosons & the Fundamental Forces
The group of fermions, in turn, can be divided into quarks and leptons, as indicated in �gure 3.1. The
well-known electron e� falls within the latter group, having two much heavier copies, known as the muon
and the tau leptons (� � , � � respectively). Each lepton has a corresponding neutrino (� e, � � , � � ), which
is neutral and interacts weakly with matter, making it very challenging to detect. The last constituents of
the lepton group are the leptons anti-particles; particles with identical inherent properties (such as mass and
spin), but with opposite electric charge.

Figure 3.2: The quarks in the 1st generation (u; d) are light quarks while those in the 3rd generation (t; b)
are classi�ed asheavy. The 2nd generation, with quarks having rest masses in between those of the heavy
and light quarks in an inexplicable hierarchical structure, doesn't have a distinct label in this manner. This
peculiar distribution is the SM avour puzzle or the avour hierarchy problem [21].
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The group of quarks have a set of corresponding anti-particles also, de�ned in the same manner. Quarks are
the fundamental particles that make up most of the matter in the universe, including protons and neutrons.
Just like the group of leptons, there are three generations of quarks, which are ordered based on increasing
mass. Besides being the only set of known particles that undergo all of the three fundamental forces included
in the Standard Model, quarks also have a fascinating intrinsic property called colour, which dictates much
of their behaviour and clari�es the naming of the theory of the strong force: Quantum chromodynamics
(QCD). One property of this theory dictates that quarks are not allowed to exist on their own due to colour
con�nement, in which particles are required to be colour neutral. This e�ect is so unviolated that, when
an attempt is made to separate quarks, it is more energetically favourable for each quark to create a cor-
responding anti-quark pair (such that together they are colour neutral) than to allow quark isolation to occur.

The naming of composite particles (hadrons) is dependant on the number of quarks composing them.
It is important to note here that at the high energies relevant to the processes in this paper, it is oftentimes
too much of a simpli�cation to consider hadrons to be composed of just a small number of quarks. The
internal structure of a hadron is a chaotic turmoil, with quark anti-quark pairs ying in and out of existence
due to gluon annihilation and the possibility of discovering internal quarks heavier than the mass of the
hadron its composing (though admittedly this possibility is very small due to the energy-time uncertainty
principle � E � t � ~

2 )4. If one were to take a look at the composition of the internal structure of the
hadron at one instant, it will most likely be di�erent than the structure an instant later. This described
pandemonium of quarks within a hadron is known as thequark sea. All the quark anti-quark pairs within
the quark sea at one instant in time should cancel out, besides a few quarks we refer to as thevalence
quarks. Valence quarks have quantum �eld amplitudes that contribute the most to the apparent structure
of the hadron, thus determining its mass, spin, electric charge and momentum. As such, a hadron hav-
ing two valence quarks (compelled to be a quark and anti-quark due to color con�nement) is labeled ameson.

The three forces described by the Standard Model are the result of the force-carrying particles named
bosons, such that every one of the fundamental forces has a boson associated to it. The most familiar boson
is the massless photon , the mediator of the electromagnetic force. The strong force has a massless boson
called the gluon g associated to it, while the weak force has three massive bosons: the chargedW + ; W � and
the neutral Z 0. The mass of theZ 0; W � bosons is a result of a coupling to the Higgs �eld.

The interaction between particles mediated by all the mentioned forces is often easily explained by
the exchange of virtual bosons, leading to the e�ect of an observable force. In the same way that the
electron creates an electromagnetic �eld that spreads radially outward in space5, quarks create a gluon
�eld whose strength is also correlated to distance. In the context of the strong force however, the �eld
strength increases with quark distance. This is due to the behaviour of gluons: they create ux tubes
between quarks, analogous to a string that can/has been stretched. The strong coupling constant� s thus
increases with quark distance (explaining the creation of anti-particles at attempts of quark isolation)
and decreases with energy scales (� s / 1=q2). When � s is around the order of 1 (at high energy scales
and short quark distances), asymptotic freedom is acquired, allowing for the system to be described
with help of pertubative theories. Pertubative theories approximate the dynamics of the intricate sys-
tem of hadrons by utilizing expansions of 1=� s, analogous to the manner that charged particle interaction
strength with the electromagnetic �eld (as described by Feymann diagrams) decreases byaEM per vertex [23].

However, the most mysterious of all forces described by the Standard Model is undoubtedly the weak force,
which dictates the process of decay. It allows forparent particles, which are the particles on the left of the
Feynman diagram, to decay into decay products. This force has many peculiarities, such as the violation
of charge and parity conservation6 and the breaking of avour symmetry, allowing for phenomena such as
neutrino oscillations and quark decay. The relevant decaysB + =B+

c ! � + � � are mediated by the avour
changing quark level processesb ! u� � � and b ! c� � � respectively.

4An example of this phenomenon is �nding charm quarks ( mc = 1 :27GeV ) withing the proton ( mp = 0 :94GeV ) one percent
of the time. [22]

5The electron thus interacts stronger with charged particles situated more closely to it than more distant ones.
6The charge conservation symmetry breaking suggests that processes undergoing the weak force need not behave the same

when replacing all particles by their anti-particles, while the parity symmetry breaking indicates that the weak force acts upon
left handed particles, while not doing so for a spatially inverted system containing right handed particles.
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