
LEPTON FLAVOUR
NON-UNIVERSALITY
FROM EFFECTIVE FIELD THEORY

TO
EXTENDED GAUGE MODELS

Zur Erlangung des akademischen Grades eines

DOKTORS DER NATURWISSENSCHAFTEN

von der KIT-Fakultät für Physik des
Karlsruher Instituts für Technologie (KIT)

genehmigte

DISSERTATION

von

M.Sc. Marta Moscati
aus Neapel

Tag der mündlichen Prüfung: 08.11.2019
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“Dal Libro del Grande Bastardo,
capitolo 7

Se vedi uno stregone con un copri-
capo di piume di ororoko che cammina
sopra i tetti, fa volare le edicole e fa
cadere polvere d’oro sui passanti, può
darsi che la tua vita stia per cambiare,
ma molto più probabilmente stai ve-
dendo un video musicale. Se vedi una
persona che non si rassegna alle ceri-
monie dei tempi, che prezioso e invisibile
aiuta gli altri anche se questo non verrà
raccontato in pubbliche manifestazioni,
che non percorre i campi di battaglia sul
bianco cavallo dell’indignazione, ma con
pietà e vergogna cammina tra i feriti,
ecco uno stregone.”

Stefano Benni,
La compagnia dei celestini (1992)

A tutti gli stregoni.





Abstract

The experimental averages of the ratios R(D(∗)), testing lepton flavour universality in the
decays B → D(∗)`ν, exceed the Standard Model prediction by 1.4σ and 2.5σ respectively.
Taking correlations into account, these tensions result in a combined difference above 3.1σ.
This thesis focuses on analysing possible scenarios of Physics beyond the Standard Model
to solve this tension, following a bottom-up approach: the first part is focused on a global
analysis of the b → cτν data, including the newly released polarisation observables, in
terms of an effective field theory, considering scenarios with a single additional particle
mediating the decay. This analysis allows us to infer which virtual particle is more likely to
be responsible of the tension with the data. Motivated by an SO(10) grand unified theory
with an intermediate Pati-Salam theory, we then focus on one of the scenarios preferred
by the effective field theory fit, namely the one with a scalar leptoquark S1. We update
the evaluation of the effects of this particle on the coupling of leptons to the Z gauge
boson, including effects coming from electroweak renormalisation, and include the Z-pole
observables in the fit of the Yukawa coupling to b→ c`ν data. Finally, we discuss in more
detail the possible UV completion of a model containing the scalar leptoquark S1.
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CHAPTER 1

Introduction

“Fluctuations are aching my soul
Expectation is taking its toll”

Tame Impala,
Expectation (2010)

The Standard Model (SM) of Particle Physics well deserves its two capital letters for the
accurate description and correct predictions of data collected at experimental facilities and
accelerators for decades, with its triumph in the discovery of the Higgs boson in 2012.
Nonetheless it is believed not to be the end of the story, both for its inadequacy in describing
some of the phenomena we observe and for some unsatisfactory conceptual aspects.

In the first category fall the description of the largest fraction of gravitationally interacting
matter – namely dark matter, constituting more than 84% of the total matter in the Universe
– as well as the description of neutrino masses, which are well established to be nonvanishing
due to the oscillation of their flavour eigenstates. Another aspect of our Universe that the
SM is not able to account for is the baryon-antibaryon asymmetry. Furthermore, on a more
fundamental level, it does not comprise a description of Gravity in terms of a Quantum
Field Theory.

In addition to its limits, some aspects of the SM are often considered to be unsatisfactory
from conceptual or aesthetical points of view. For instance, this is the case for the strong
CP problem – i.e. the smallness of the θ parameter in the QCD Lagrangian – , and for the
so-called flavour puzzle, the observed hierarchy among fermion masses. Finally, in scenarios
where the solution to the aforementioned problems involves the addition of particles with
masses well above the Electroweak (EW) scale, the coupling of these particles with the SM
Higgs gives rise to the hierarchy problem, i.e. the need of fine-tuning in order to get rid of

1



2 Chapter 1. Introduction

the new physics (NP) radiative corrections and keep the Higgs mass at the EW scale.

The path to establishing the presence of NP is twofold. On one side there is the possibility
of observing directly the NP particles on-shell. This is the approach pursued at accelerators
like the Large Hadron Collider (LHC) at CERN, by the CMS and ATLAS collaborations,
and requires great technological effort in order to achieve the centre of mass energy necessary
for the production of the particles.

The direct production mechanism so far has revealed nothing that the SM cannot account
for. This would indicate, if we believe that the couplings of the additional particles are not
very small, that the energy scale of NP lies well above the EW one, and that the additional
particles are much heavier than the SM ones.

On the other side, we can establish the presence of NP by measuring, with further increasing
precision, observables to which the NP particles can contribute as quantum effects, i.e. as
virtual off-shell particles. Historically, the latter approach has been proven successful in
at least two cases: in the prediction of the existence of a fourth quark, namely the charm
quark, in order to account for the smallness of the observed flavour changing neutral currents
(FCNC) through the Glashow-Iliopoulos-Maiani (GIM) mechanism and in the prediction
of the existence of a third generation of quarks, needed to account for the observed CP
violation in the weak interactions.

Although most of the data we collected is well in agreement with the SM predictions, there
is indeed some tension in the data coming from decays of meson involving a b quark, both
in the neutral-current decays B → K(∗)`` and in the charged-current decays B → D(∗)`ν.
The interest in these disagreements, usually referred to as B anomalies, is further increased
by the fact that for both processes, the tension shows up in quantities testing lepton flavour
universality (LFU), i.e. the feature of the SM gauge weak interaction of having universal
coupling with respect to the lepton generation.

The work presented in this thesis focuses on the description of the anomalous data in the
B → D(∗)`ν decays in terms of NP. The rest of the thesis is organised as follows. In
Chapter 2 we briefly review the flavour structure of the SM, the current status of the
B → D(∗)`ν anomaly as well as introducing the tool of effective field theories (EFT). The
remaining chapters represent the core results of the work.

Our initial point of view in Chapter 3 closely follows the concept of Fermi interaction: under
the assumption of a heavy NP scale, we analyse and compare in terms of EFT scenarios
of NP in which a single additional particle is responsible for the anomaly. The analysis
assumes that this particle couples mostly to third generation fermions, and is performed by
fitting all the data at our disposal for the transition b→ cτν. In Chapter 4 we consider one
of the scenarios that seems to be favoured by the data and take it a step further towards
a UV completion: we introduce a scalar leptoquark (LQ), specifying its kinetic term as
well as its Yukawa couplings to SM fields, and evaluate the effect of this particle on the
coupling of the Z to charged leptons, with the novel inclusion of EW renormalisation effects,
previously not considered in the literature. We determine the parameter space preferred for
this model, extending our fit with the inclusion of data from Z pole observables. The final
part of the work, Chapter 6, is devoted to the study of an extended gauge model accounting
for the existence of the LQ considered.



CHAPTER 2

Setting the scene

In this chapter we review the flavour aspects of the SM and the basic principles of EFT.
We also review the current experimental status of the anomaly concerning the b → cτν
transition. The chapter does not intend to give a complete description of these topics, but
rather to introduce the reader to those aspects that will be needed in the rest of this work.
For a more complete description, the interested reader is referred to the references within
each section.

2.1 Flavour physics in the Standard Model

The SM is based on the gauge group SU(3)c × SU(2)L × U(1)Y . Particle fields transform
as representations under this group. Throughout this thesis, these representations will
be marked as (C,L)Y , where C is either an integer or a barred integer referring to the
representation under the colour group SU(3)c, L is an integer referring to the representation
under the chiral SU(2)L group and Y is a rational number denoting the U(1)Y hypercharge.

The fermionic content of the SM comes in three different copies1. This feature of the SM,
together with the fact that the left- and right-handed components of quarks, as well as of
charged leptons, belong to different representations under the SM gauge group, is the origin
of the flavour changing couplings with the W boson. Let us focus first on the quark flavour
sector. Throughout this section, indices will always refer to flavour space, i.e. run through
the three generations.

1A compact review of flavour physics in the SM can be found in Reference [3]

3



4 Chapter 2. Setting the scene

The quarks transform under the SM group as

QiL =
(
uiL
diL

)
∼ (3, 2)1/6 uiR ∼ (3, 1)2/3 diR ∼ (3, 1)−1/3 (2.1)

where i = 1, 2, 3 is the index distinguishing the three flavour generations. These represen-
tations imply the following couplings with the charged gauge bosons

L ⊃ g√
2
uiLγ

µdiLW
+
µ + h.c.. (2.2)

We see that each generation couples independently of the others, i.e. we are summing
over equal indices i, a feature reminiscent of the fact that these couplings originate from
the kinetic term of each field. Furthermore, this part of the Lagrangian of the quark
sector features a global symmetry U(3)QL × U(3)DR × U(3)UR . This means that under the
transformations

QiL → (UQ)ijQjL, uiR → (Uu)ijujR, diR → (Ud)ijdjR, (2.3)

with UQ,u,d being three independent 3× 3 unitary matrices, this part of the Lagrangian re-
mains unchanged, since in each coupling the same unitary matrix appears with its hermitian
conjugate.

If we now write down all the possible gauge-invariant terms including the Higgs doublet H
as well, we get the Yukawa Lagrangian

L ⊃ −(Yd)ijQ
i
LHd

j
R − (Yu)ijQ

i
LH̃u

j
R + h.c., (2.4)

in which couplings among different generations are permitted by gauge invariance. After
electroweak symmetry breaking (EWSB), these interactions give rise to the mass terms for
quarks

L ⊃ −(md)ijd
i
Ld

j
R − (mu)ijuiLu

j
R + h.c., (2.5)

which are not diagonal in the flavour basis, resulting in the fact that the physical particles,
i.e. the mass eigenstates, do not coincide with single flavours separately. Using singular
value decomposition, we can rewrite the mass terms as

L ⊃ −dLUdMdV
†
d dR − uLUuMuV

†
uuR + h.c., (2.6)

where Ud,u, Vd,u are unitary matrices in flavour space and Md,u are diagonal matrices. From
Equation (2.6) we conclude that four unitary matrices are needed in order to obtain from
the flavour eigenstates the mass eigenstates, given by

u′L = U †uuL, d′L = U †ddL, d′R = V †d dR, u′R = V †uuR. (2.7)

Three out of these four transformations are unphysical, due to the global flavour symmetry
of Equation (2.3). In other words we can redefine the quark fields with the substitutions

QL → UdQL, dR → VddR, uR → VuuR, (2.8)
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without affecting the kinetic term. With this redefinition, the mass eigenstates are given
by

u′L = U †uUduL, d′L = dL, d′R = dR, u′R = uR. (2.9)

This implies that in terms of mass eigenstates the gauge interaction part of the Lagrangian
will be

L ⊃ g√
2
u′LU

†
uUdγ

µd′LW
+
µ + h.c.

= g√
2
u′iL(U †uUd)ijγµd′jLW

+
µ + h.c.

(2.10)

The matrix VCKM = U †uUd in Equation (2.10) is the Cabibbo-Kobayashi-Maskawa (CKM)
unitary matrix, parameterising the flavour changes in the charged current weak interac-
tions2.

In the lepton sector the situation is different due to the absence of right-handed neutrino
fields. The flavour symmetry of the kinetic Lagrangian is U(3)LL×U(3)eR , while the Yukawa
coupling with the Higgs reads

L ⊃ −(Y`)ijL
i
LH`

j
R + h.c. (2.11)

The diagonalisation of the mass term after EWSB introduces the two matrices U`, V`

L ⊃ −`LU †`M`V``R + h.c. (2.12)

If we now redefine the lepton fields as

LL → U`LL, `R → V``R, (2.13)

we see that the unitary matrices U`, V` drop out from both the Yukawa and the gauge part
of the Lagrangian, hence leading to a unit matrix in the couplings with the gauge bosons.
This feature of the SM gauge interactions is often referred to as lepton flavour universality,
and can be summarised by saying that in the SM the only feature that distinguishes charged
leptons is their masses.

It is worth noticing that this pattern is only valid in absence of neutrino masses. The
established presence of neutrino oscillations implies that the actual coupling with charged
currents involves a matrix called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix,
analogous to the CKM matrix3. Throughout this thesis the neutrino fields will always
indicate the flavour eigenstates, implicitly implying the presence of the PMNS matrix if one
writes the coupling in the mass basis. Since the flavour of the neutrino in weak interactions
is unobserved and the neutrino masses are irrelevant for the kinematics, this treatment is

2Our choice corresponds to the so-called down basis, in which flavour and mass eigenstates coincide for
the down-type quarks. Analogously, in the up-type basis QL → UuQL. The two descriptions are physically
completely equivalent.

3Depending on the actual mechanism underlying the generation of neutrino masses, the PMNS matrix
may be not unitary.
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W−

b c

ν

`

Figure 2.1: Feynman diagram for the tree-level b→ c`ν transition in the Standard Model.

not contradictory.

2.2 Overview and current status of the B → D(∗)`ν anomalies

The charged weak interactions of the SM mediate at tree level the process4 b→ c`ν, as shown
in Figure 2.1. As commented in Section 2.1, lepton flavour universality (LFU) is expected
in the SM processes mediated by a W boson, which implies that the differences between
the channels with ` = e, µ, τ arise only from phase space or helicity effects. Comparing the
branching ratios for channels with different leptons constitutes, then, a test of LFU and a
measurement of nonuniversal effects would be a clear sign of NP.

Due to colour confinement, the process b → cτν can only be observed in bound states of
mesons, as in the decays B → D(∗)`ν, or baryons, as in the decays Λb → Λc`ν, in which
the other quark(s) acts as a spectator quark(s). This implies the need of describing the
hadronic transition, e.g. B → D, in order to predict branching ratios. The hadronic part
of the process is parameterised in terms of form factors.

In the case of the B → D(∗) transitions within the SM, the part of the decay rate which is not
helicity-suppressed by the insertion of a m2

` turns out to be independent of the lepton [4,5].
This implies that the dependence on hadronic form factors is significantly reduced if one
considers the ratios

R(D(∗)) ≡ BR(B → D(∗)τν)
BR(B → D(∗)`ν)

(2.14)

instead of considering the individual branching ratios. Furthermore, each of the three
branching ratios is proportional to the squared absolute value of the CKM matrix element,
|Vcb|2. In taking the ratio, this proportionality cancels out, hence resulting in a more precise
prediction [4–11], not involving the uncertainties on Vcb.

The SM predictions of the two ratios have been evaluated by several authors; their compu-
tations differ in two aspects:

• the parameterisation used for the form factors, depending on the theory input used,
such as the use or not of heavy quark effective theory (HQET) and the order of the

4Throughout the thesis, we will refer as b → c`ν to both the processes b → c`−ν and b → c`+ν.
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ΛQCD/mb,c expansion, or such as the use or not of QCD sum rules,

• the fitting procedure, namely if the form factor parameters are fitted to experimental
data, to lattice data or to both.

A brief summary of these evaluations can be found in Reference [12], while for the sin-
gle evaluations we refer the reader to References [5–8] for R(D), to References [4, 9] for
R(D∗) and to References [10,11] for combined predictions. The arithmetic average of these
predictions gives [12]

RSM(D) = 0.299± 0.003, RSM(D∗) = 0.258± 0.005, (2.15)

where the errors originate from the form factor uncertainty, neglecting the contribution
from theoretical approximations such as the truncation of the HQET expansion.

The BaBar and Belle collaborations performed combined measurements of the two ratios,
using hadronic or semileptonic tagging [13–19]; the LHCb collaboration measured R(D∗)
using different decay modes to identify the τ [20–22]. The average of these measurements
gives [12]

R(D) = 0.340± 0.027± 0.013, R(D∗) = 0.295± 0.011± 0.008, (2.16)

where the uncertainties reflect the statistical and the systematic uncertainty respectively.

The average of the SM predictions in Equation (2.15) and the average of the experimental
results in Equation (2.16) are in tension with each other, at 1.4σ for R(D) and at 2.5σ for
R(D∗). Despite the fact that these tensions alone are not striking when considered sepa-
rately, taking into account the correlation between them results in a difference of about5

3.1σ. Furthermore, several experiments have contributed to the anomaly and every indi-
vidual measurement lies above the SM prediction. These considerations, together with the
fact that LFU would be a clear sign of NP, attracted the attention of the community on
these anomalies.

The Heavy Flavour Averaging Group [12] provides a plot that summarises most of the
aspects considered in this Section. This plot is displayed in Figure 2.2.

2.3 Effective field theory

This section is a short introduction to the tool of EFT, used in Chapter 3. It is based on
References [25–27], in which the reader can find a more detailed description.

EFTs are a tool to address problems where multiple energy scales are present. The under-
lying idea is that for a process at energy scale µ, short-distance contributions mediated by
virtual particles of mass M � µ induce contributions that can be parameterised in terms
of local interactions, obtained from an expansion in µ/M . The order O(µ/M) at which the

5The authors of Reference [23] recently updated the SM predictions of the R(D(∗)) ratios with the
inclusion of all the O(1/m2

c) terms of the HQET expansion. The tension of the experimental values with
this updated theory prediction is at the level of 3.9σ [24].
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0.2 0.3 0.4 0.5
R(D)

0.2

0.25

0.3

0.35

0.4R
(D

*)
HFLAV average

Average of SM predictions

 = 1.0 contours2χΔ

 0.003±R(D) = 0.299 
 0.005±R(D*) = 0.258 ) = 27%2χP(

σ3

LHCb15

LHCb18

Belle17

Belle19 Belle15

BaBar12

HFLAV
Spring 2019

Figure 2.2: HFLAV [12] summary plot of the current status of the R(D(∗)) Standard Model
predictions and experimental results. The red ellipse shows the χ2 = 1 contour from
experiments, while the black point with error bars represent the Standard Model predictions.

expansion is truncated is chosen accordingly to the precision required. Let us illustrate the
use of EFT with an example.

Consider the Lagrangian

L = ψi/∂ψ −mψψ + 1
2(∂µφ)2 − M2

2 φ2 − gφψψ, (2.17)

in which the fermion field is much lighter than the scalar one, i.e. m � M , and consider
experiments performed at energy scales much below the scalar mass, µ � M . In this
regime, the initial and final states cannot involve scalar particles, since there is not enough
energy to produce them on-shell. Nonetheless, the scalars can contribute as virtual off-shell
intermediate state particles to processes having only fermions in the initial and final states.

With a formal approach in terms of path integrals, one can integrate over the φ field
configurations. The resulting Lagrangian, written in terms of ψ fields only, contains nonlocal
interactions. AssumingM � m,µ, these interactions can be expanded up to arbitrary order,
and this expansion brings us back to local operators. The coefficients of these operators
are referred to as Wilson coefficients (WC). Higher order terms correspond to operators
of higher mass dimension, with further increasing suppressions of m,µ/M . We will not
describe this procedure in detail, but it can be found in [25–27].

An equivalent procedure, closer to the one we will follow in Chapter 3, does not require
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φ

ψ1

ψ2

ψ3

ψ4

(a)

φ

ψ1

ψ2

ψ3

ψ4

(b)

Figure 2.3: Feynman diagram for the scattering ψψ → ψψ in the full theory.

the formalism of path integrals. It is instead based on building a Lagrangian using only
the fields that we are interested in, i.e. those that can be present in the initial and final
states, and that respects the symmetries that have to be preserved at the energy scale of
the process under consideration. Depending on the precision required, this is done up to
operators of a specific mass dimension, i.e. having coefficients up to a specific order in
m,µ/M .

For the Lagrangian in Equation 2.17, our building block is the field ψ. We require the
effective Lagrangian to be Lorentz invariant. Furthermore, the full Lagrangian has a global
U(1) symmetry, i.e. it is invariant under ψ → eiθψ. We want to focus on the effects of
φ that are leading in the expansion m,µ/M . There are no operators of dimension five
that respect the required symmetry. Instead, for operators of dimension six we can have
the structures (ψΓψ)(ψΓψ), where Γ = 1, γα, σαβ indicates a generic Lorentz structure.
To determine which structures are actually induced by φ, and with which couplings, we
compare the scattering process ψψ → ψψ in the full and the effective theory.

In the full theory, φ contributes to ψψ scattering via the diagrams in Figure 2.3. Expanding
the propagators of the φ, we get the matrix element

Mfull ∼
g2

M2 (ψ3ψ4)(ψ2ψ1) + g2

M2 (ψ3ψ1)(ψ2ψ4), (2.18)

so we see that only scalar Lorentz structures, Γ = 1, arise. Up to dimension six, the effective
Lagrangian will be

L = ψi/∂ψ −mψψ + c

M2 (ψψ)(ψψ). (2.19)

In the EFT, the matrix element will be

MEFT ∼
2c
M2 [(ψ3ψ4)(ψ2ψ1) + (ψ3ψ1)(ψ2ψ4)]; (2.20)

comparing with Equation (2.18) we find c = g2/2.

This simple example illustrates the procedure we will follow in the next Chapter to describe
possible effects of a NP particle in b→ cτν processes. A final remark is in order: as explained
in [25, 27], if we build an effective Lagrangian using SM fields, interacting strongly and/or
electroweakly, the higher order corrections of these interactions can give rise to additional
tensor structures, and to mixing among these structures under renormalisation.



CHAPTER 3

New physics scenarios for b→ cτν data

This chapter is based on References [1, 2] and focuses on the study of several scenarios
of NP, each of which might be responsible for the R(D(∗)) anomaly. The NP effects are
analysed with the EFT formalism introduced in the previous chapter. We first comment on
the different effects that each effective operator has on b→ cτν observables. We then focus
on those EFT scenarios that can arise from the introduction of a single additional particle
to the SM content. After defining the statistical approach followed in the analysis, we fit
the coefficients of each of the scenarios to the b→ cτν data at our disposal, including limits
from Bc lifetime and from collider searches. From the results of the fit we are able to make
predictions for observables that are not yet available from experiments: Pτ (D) and R(Λc).
We analyse the correlation of these observables with the anomalous ones, i.e. R(D(∗)).

3.1 Effective field theory for R(D(∗))

The enhancement observed in the R(D(∗)) ratios with respect to their SM predictions can
be traced back to an enhancement of the channel b → cτν and/or a suppression of the
channels b→ clν, with l = e, µ. Ratios analogous to R(D(∗)) but comparing the µ and the
e channels, Rµ/e(D) and Re/µ(D∗), have been measured by the Belle Collaboration [28–30].
As explained in Section 2.2, due to the smallness of the muon and electron mass, this ratio

10
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is predicted to be 1 in the SM, up to corrections of order (m2
l /m

2
B). The experiments give

BR(B → Dµνµ)
BR(B → Deνe)

= 0.995± 0.022± 0.039,

BR(B0 → D∗+e−νe)
BR(B0 → D∗+µ−νµ)

= 1.04± 0.05± 0.01,

BR(B0 → D∗−e+νe)
BR(B0 → D∗−µ+νµ) = 1.01± 0.01± 0.03,

(3.1)

well in agreement with the SM prediction. This would indicate that, if the R(D(∗)) ratios
are a hint of NP, the additional contributions are either coupling mostly to the τ , or coupling
to the electron and the µ in the same way. Furthermore, the BaBar and Belle analyses of
the angular distributions in B → D(∗)lν, with l = e, µ [29], showed consistency with the
SM predictions. For these reasons, in this chapter we start our analysis assuming that NP
modifies only the b→ cτν transition.

Furthermore, due to the charges of the particles taking part in the quark-level process, if
NP contributes to the process at tree-level, the additional mediator must necessarily be
electrically charged. The limits posed by experiments on the existence of charged particles
beyond those of the SM push the masses of these particles to scales well above the mass
of the B mesons. For instance, the CMS search for W ′ bosons coupling mostly to third
generation fermions [31] sets a lower limit of the order of hundreds of GeV on the mass of the
W ′. This lower bound depends on the specific model in which the W ′ arises, and can also
reach O(TeV). An analogous search for LQs coupled to third-generation quarks [32] sets a
lower limit of the order of O(TeV), the exact value depending on the branching fractions of
the LQ.

Since the mass of the additional NP particle contributing to b→ cτν lies well above mB '
5.3 GeV, which is the typical scale of energy exchanged in the decays we are interested in, we
are in the position of describing its effects in terms of an EFT. The most general effective
Hamiltonian contributing to b → cτν, assuming for simplicity the neutrinos in the final
state to be left-handed and SM-like, is

Heff = 2
√

2GFVcb
[
(1 + CLV )OLV + CRV O

R
V + CRS O

R
S + CLSO

L
S + CTOT

]
, (3.2)

with the dimension six operators

OLV = (c̄γµPLb) (τ̄ γµPLντ ) , ORV = (c̄γµPRb) (τ̄ γµPLντ ) ,

ORS = (c̄PRb) (τ̄PLντ ) , OLS = (c̄PLb) (τ̄PLντ ) ,

OT = (c̄σµνPLb) (τ̄σµνPLντ ) .

(3.3)

In fact, if the NP we are considering lies well above the EW scale, the NP degrees of
freedom can be integrated out already in the EW unbroken phase. This means that the
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operators of Equation (3.5) originate from dimension six operators that are invariant under
the SM group SU(3)c × SU(2)L × U(1)Y , i.e. from operators of the so-called SM effective
field theory (SMEFT) [33]. In terms of SMEFT, the operator ORV can only arise from
the SMEFT operator iH̃†DµHcγ

µPRb after integrating out the W boson [34–37]. For this
reason, ORV will always give lepton flavour universal contributions, and hence we will not
include it in our analysis.

Our effective Hamiltonian will then be

Heff = 2
√

2GFVcb
[
(1 + CLV )OLV + CRS O

R
S + CLSO

L
S + CTOT

]
, (3.4)

with nonvanishing WCs for the operators

OLV = (c̄γµPLb) (τ̄ γµPLντ ) , ORS = (c̄PRb) (τ̄PLντ ) ,

OLS = (c̄PLb) (τ̄PLντ ) , OT = (c̄σµνPLb) (τ̄σµνPLντ ) .
(3.5)

Analyses of the R(D(∗)) anomalies in terms of an EFT have already been performed [38–64].
The novelty of our analysis consists not only in the inclusion of the most recent data
released by experiments on the two ratios, but also in the inclusion of data on the angular
distributions of the particles in the decay B → D∗τν. These data contain information that
is important in distinguishing the properties of spin and charge of the particle mediating
the decay. Intuitively, this can be understood from the fact that the colour, charge and
spin conservation at the vertices where the virtual particle interacts imply a specific spin
configuration of the particles in the final state, and hence a specific angular distribution.

We can illustrate this in the case of the B → D∗(→ Dπ)τν decay [65, 66]. We define
the coordinate system as in Figure 3.1, adapted from Reference [66]. The full angular
distribution reads [65]

d5Γ
dq2dm2

Dπd cos θDd cos θ`dχ
=
√
λBD∗(q2)

256(2π)6m3
B

(
1− m2

`

q2

)
|pD|
mDπ

∑
λ`

∣∣∣∣∣∣
∑
λD∗

MλD∗ ,λ`(B → Dπ`ν`)

∣∣∣∣∣∣
2

,

(3.6)
where q2 is the invariant mass squared of the lepton-neutrino system, m2

Dπ is the invariant
mass squared of the D − π system, pD is the three-momentum of the D in the rest frame
of the Dπ system, λBD∗(q2) = m4

B + m4
D∗ + q4 − 2

(
m2
Bm

2
D∗ +m2

Bq
2 +m2

D∗q
2), while the

sums run over the possible spin states of the intermediate D∗ and of the lepton in the final
state. The angles θD,`, χ are displayed in Figure 3.1. θ` is the angle between ` and B in
the (virtual) W rest frame, χ is the angle between the dilepton and the D∗ decay planes
while θD is the angle between D and B in the D∗ rest frame. The distribution of the final
state particles with respect to this angle depends on the polarisation state of the D∗. If we
introduce the fraction of longitudinally polarised D∗

FL(D∗) ≡ Γ(B → D∗Lτν)
Γ(B → D∗τν) , (3.7)
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ν

π

χ

θD

θ̀
x

y

z ( D∗)p

`

D

Figure 3.1: Kinematics of B → D∗(→ Dπ)τν. Figure adapted from Reference [66]

it can be shown [67] that the angular distribution in the D∗ → Dπ decay is given by

1
Γ

dΓ
d cos θD

= 3
4[2FL(D∗) cos2 θD + (1− FL(D∗)) sin2 θD]. (3.8)

This dependence allows for a measurement of FL(D∗).

We can show the model-discriminating power of FL(D∗) by plotting 1
Γ

dΓ
d cos θD as a function

of θD and assuming only one of the NP contributions to the WCs of Equation (3.5) to be
nonvanishing, and equal to one for simplicity. The plot is displayed in Figure 3.2. Although
these plots correspond to arbitrary values of the WCs, we see that the shape of the angular
dependence can change significantly when different WCs come into play. On the contrary,
the possibility of having the same differential distribution with different nonvanishing WCs
is not excluded, depending on the specific value of the individual coefficients.

3.2 Single-mediator scenarios of new physics

As mentioned above, in our analysis we make the assumption that only one NP particle is
responsible for the R(D(∗)) anomaly. Let us then determine which combinations of WCs
can arise from each of these mediators.

We illustrate the procedure by considering the effective four-fermion coupling displayed in
Figure 3.3, for a vector coupling with left-handed quarks, OLV . The procedure for the other
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Figure 3.2: 1
Γ

dΓ
d cos θD as a function of θD for different nonvanishing Wilson coefficients.
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ν

τ

Figure 3.3: Effective (bc)(τν) coupling.

tensor structures is analogous.

We can classify the possible mediators depending on how the additional particle gets ex-
changed, i.e. in the s, t or u channel. These channels can be visualised by imagining to
stretch the effective vertex of Figure 3.3 by pulling two of the four lines together. We are
left with the three possibilities displayed in each row of Table 3.1. Furthermore, since two
fermions are interacting at each vertex, the addition of angular momentum implies that
the mediator can have either spin zero or spin one. We are left with the six possibilities of
Table 3.1.

In the first row of the table, each vertex involves either only quarks or only leptons. The
mediator is, then, a colour-singlet with electric charge −1. Depending on its spin, it can
be either a charged Higgs or a charged vector boson W ′. However, the couplings with the
scalar particle would not include any Dirac matrix other than the projectors, hence not
giving rise to the OLV operator we are analysing in this example. The W ′, on the other
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Spin 0 Spin 1

H−

b

c

τ

ν

W
′−

b

c

τ

ν

S−1/3

b

c

ν

τ

U−1/3

b

c

ν

τ

S2/3

b

c

τ

ν

U2/3

b

c

τ

ν

Table 3.1: Possible new physics mediators of the effective coupling. S and U indicate scalar
and vector leptoquarks respectively.



16 Chapter 3. New physics scenarios for b→ cτν data

hand, would generate a vector operator – analogously as in the SM – and can hence give
rise to the OLV structure.

In the remaining two rows, each vertex involves both a quark and a lepton1. The hypo-
thetical NP particles mediating these kinds of interactions are called leptoquarks. These
particles are a prediction of grand unified theories (GUTs) [31,68–71], and can also arise in
other scenarios beyond the SM. An extensive review of their phenomenology can be found
in Reference [72], of which we assume the labelling of the particles, indicating scalar and
vector LQs as S and U respectively.

Due to colour conservation, LQs are necessarily colour triplets. From the conservation of
electric charge we can deduce the charge assignment of each particle. Finally, we are looking
at the effective coupling with left-handed fermions, which are components of SU(2)L. This
implies that at each vertex, their SU(2)L indices can be arranged as a singlet or a triplet,
resulting from the decomposition 2 ⊗ 2 = 1 ⊕ 3, and hence that the LQ can be either an
SU(2)L singlet or triplet. We can now compare these eight possibilities with the ones listed
in Reference [72] and cross out those that do not give rise to the required couplings. As an
illustrative example, let us consider the SU(2)L-triplet case of the vector LQ in the second
row of Table 3.1. In order for the vertex to conserve electric charge, the LQ must have
charge −1/3. From Reference [72] we see that the only triplet vector-LQ is U3 = (3,3, 2/3).
This triplet does indeed have a component with charge −1/3 which couples to fermions as

L−1/3 ∝ dLγµU−1/3νL. (3.9)

The LQ does not couple up-type quarks to charged leptons, and furthermore it does not
have the required structure involving charge conjugation, hence there is no contribution to
OLV from the vector LQ U−1/3 depicted in Table 3.1.

We can proceed analogously for the remaining cases Table 3.1 and for the effective coupling
with a different tensor structure. This leads to the mediators listed in Table 3.2.

For each of these particles, one can write down the most general set of Yukawa couplings
and then integrate out the particle using the procedure outlined in Section 2.3, as done
for instance in Reference [47]. As a result, in each scenario at most two of the WCs of
Equation (3.5) are nonvanishing and independent. The nonvanishing WCs corresponding
to each particle are shown in Table 3.2. These are given at the NP scale, which we assume
to be ΛNP ∼ 1 TeV, as motivated by collider constraints. This is also the scale at which
we will quote our results in the rest of this work. The relations among the WCs at the
scale mb are obtained by evolving those at the scale ΛNP via renormalisation group (RG)
evolution. We do this by using the results at three-loop QCD and one-loop in QED and
EW from Reference [73]. These effects are not relevant for the vector coupling CLV , which
does not evolve in QCD [25] and does not mix with the other operators [74], hence we
assume CLV (ΛNP) = CLV (mb). The evolution of the other coefficients can be summarised in

1In the second row of the table, the fermion flow gets inverted at each vertex. This results from interactions
involving charge conjugation.
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SU(3) Scalar Vector

1

Charged Higgs

H− ∼ (1,2, 1/2)

(CRS , CLS )

Charged vector boson

W
′− ∼ (1,3, 0)

CLV

3

Scalar LQ
• S1 ∼ (3,1, 1/3)

(CLV , CLS = −4CT )

• S3 ∼ (3,3, 1/3)
CLV

• R2 ∼ (3,2, 7/6)
CLS = 4CT

Vector LQ

• U1 ∼ (3,1, 2/3)
(CLV , CRS )

• U3 ∼ (3,3, 2/3)
CLV

• V2 ∼ (3,2, 5/6)
CRS

Table 3.2: Possible new physics mediators and corresponding nonvanishing Wilson coeffi-
cients. S and U indicate scalar and vector leptoquarks respectively.

the following expressions, obtained from Reference [73]:

CLV (mb) = CLV (1 TeV),

CRS (mb) = 1.737CRS (1 TeV),(
CLS (mb)
CT (mb)

)
=
(

1.752 −0.287
−0.004 0.842

)(
CLS (1 TeV)
CT (1 TeV)

)
.

(3.10)

3.3 Fit of b→ cτν data

Let us summarise the experimental data used as inputs for our fits.

The most relevant inputs are the anomalous ratiosR(D(∗)) in Equation (2.16), which include
the average of the results of the three experiments, BaBar, Belle and LHCb.

An analogous ratio, but related to the decay Bc → J/Ψ`ν, hence differing from B → D(∗)`ν
only in the spectator quark, has been measured by the LHCb Collaboration, giving [75]

R(J/Ψ) ≡ BR(Bc → J/Ψτν)
BR(Bc → J/Ψµν) = 0.71± 0.17± 0.18, (3.11)

where the uncertainties refer to the statistical and systematic ones respectively. The SM
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prediction of this ratio is not as precise as the one for the B → D(∗)`ν, due to the large
theory uncertainty on the form factors. The larger uncertainty compared to the B → D(∗)`ν
case arises from the presence of two heavy quarks and from the restricted dataset available
for fitting the form factor parameters. The SM prediction can be computed with different
modelling of the form factors, and the typical range in which the central value lies is [76–82]
0.25 / R(J/Ψ) / 0.28. The most precise determination, released after the completion of
our analysis, uses the form factors computed exploiting LQCD data, dispersion relations
and HQET, and gives [83] RSM(J/Ψ) = 0.25(3). Although the experimental value is indeed
in tension with these predictions, the large uncertainty on the theory predictions available
when our work was completed prevented us from including this quantity in our statistical
analysis.

As we pointed out in Section 3.2, useful information for discriminating NP scenarios comes
from the angular distribution of the particles in the final state, which can be expressed in
terms of the polarisation observables. The polarisation of the D∗ in the decay B → D∗τν,
defined in Equation (3.7), is predicted in the SM to be [48,63]

FL, SM(D∗) = 0.46± 0.04, (3.12)

where the uncertainty comes from the form factors. This observable has been measured by
the Belle Collaboration [57,67], obtaining

FL(D∗) = 0.60± 0.08± 0.04, (3.13)

the first uncertainty being statistical and the second systematic. The value agrees with the
SM prediction at 1.4σ.

As in the case of the D∗, in both the decays B → D(∗)τν we can introduce an angular
observable for the τ , measuring the polarisation asymmetry along the longitudinal directions
of the τ lepton, i.e.

Pτ (D(∗)) = Γ(B → D(∗)τλ=+1/2ν)− Γ(B → D(∗)τλ=−1/2ν)
Γ(B → D(∗)τν)

. (3.14)

For a two-body hadronic decay of the τ , these quantities can be measured via the differential
decay rate

dΓ
d cos θ2

= 1
2(1 + αPτ (D(∗)) cos θ2), (3.15)

where θ2 is the angle formed by the momentum of the meson resulting from the decay of
the τ , and the direction opposite to the momentum of the virtual W in the rest frame of the
τ . The parameter α depends on the decay channel of the τ , and is α = 1.0 for τ → πν and
α = 0.45 for τ → ρν. This value arises from the average over the unobserved polarisation
of the ρ [84]. The SM prediction of the τ polarisations in the decays B → D(∗)τν is [40,85]

Pτ, SM(D) = 0.325± 0.009, Pτ, SM(D∗) = −0.497± 0.013. (3.16)

The Belle Collaboration [15, 17, 86] measured this quantity for the decay B → D∗τν, ob-
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taining

Pτ (D∗) = −0.38± 0.51+0.21
−0.16, (3.17)

the first uncertainty being statistical and the second systematic. This measurement is well
in agreement with the SM prediction.

BaBar and Belle also provide the binned q2 differential decay rate [21,22] for B → D(∗)τν.
However, due to the large uncertainty on each bin, reaching and even exceeding 100% for
some of them, this data would not add any significant information to the fit. For this reason
we do not include it in our analysis.

The effective vertex of Figure 3.3 can also mediate the decay Bc → τντ . In terms of the
WCs, the branching ratio BR(Bc → τντ ) is given by [87]

BR(Bc → τντ ) = τBc
m2
τmBcf

2
Bc
G2

F|Vcb|
2

8π

(
1− m2

τ

m2
Bc

)2 ∣∣∣∣∣1 + CLV +
m2
Bc

mτ (mb +mc)
(CRS − CLS )

∣∣∣∣∣
2

.

(3.18)
where fBc is the Bc decay constant2. The branching ratio BR(Bc → τντ ) is sensitive to the
vector CLV and pseudoscalar CP ≡ CRS − CLS NP contributions, the latter sensitivity being
enhanced by the mass ratio mBc/mτ . It would then be reasonable to include BR(Bc → τντ )
in the fit of those scenario having at least one nonvanishing WC among CLV , CP . Data on Bc
mesons are available from their production at the Large Electron-Positron Collider (LEP),
Tevatron and at LHC [31]. The production rate of Bc at LHC is suppressed by a factor
of ∼ 10−2 − 10−3 with respect to the production of B mesons [77], of σ ∼ 0.1µb and [89]
σ ∼ 10µb respectively. This is due to the need of either two gluons splitting into heavy-
quark pairs, or of a heavy-antiquark fragmentation with the heavy quark originating from
the parton distribution function, relevant at large transverse momenta of the Bc, pT �MBc .
Furthermore, in the SM the leptonic decay Bc → τντ proceeds via the annihilation of the
two quarks in the meson state via weak interactions, and the branching ratio shows a helicity
suppression of m2

τ . The resulting branching ratio expected in the SM is ∼ 2%. This mode
has also a low experimental efficiency due to the large hadronic background for the decay
of the τ . Due to all these reasons, there is no measurement of the BR(Bc → τντ ) branching
ratio so far, which prevents us from including it in our statistical analysis. Nonetheless,
one can put constraints on the NP contribution to BR(Bc → τντ ) by requiring that this
channel does not saturate or exceed the total decay rate. This naive limit implies BR(Bc →
τντ ) < BR(Bc → τντ )MAX = 100%. It is reasonable to assume a lower value for BR(Bc →
τντ )MAX, as stated for instance in References [87,90], setting BR(Bc → τντ )MAX = 10, 30%
respectively. However, these upper values require a critical revision. The stronger 10%
upper bound was inferred by using the data from LEP, referred to Bu,c mesons resulting
from the b quarks produced from the decay of Z bosons, and subsequently decaying as
Bu,c → τν. The measured quantity is

BReff ≡ BR(Bu → τν)
(

1 + Nc

Nu

)
, (3.19)

2In our analysis we take the value of fBc calculated with LQCD in Reference [88].
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where Nc/Nu represents the relative fraction of τν final states coming from Bc and Bu [91].
If the Bu,c originate from the hadronisation of a b quark, the ratio Nc/Nu can be rewritten
in terms of the fragmentation functions fu,c, representing the transition probabilities of a b
quark hadronising to a Bu,c, as

Nc

Nu
= fc
fu

BR(Bc → τν)
BR(Bu → τν) . (3.20)

The 10% limit is obtained by using the experimental value of fc/fu ∼ O
(
10−3) [2], obtained

as an average of the results from CMS and LHCb. This procedure has several pitfalls. First
of all, the productions of Bu,c mesons at LHC and at LEP involve different mechanisms,
both of them explained above. Furthermore, the ratio fc/fu depends on the pT of the
B meson, as it is the case for Bd,s mesons. This is evident from the fact that the ratio
fc/fu assumes different values at CMS and LHCb, for which the kinematic variable pT is
different, and has been recently confirmed by the ATLAS Collaboration [92]. Moreover, the
pT dependence of fc/fu indicates that fragmentation alone does not explain the production
of Bc mesons for low pT , and hence that the estimate of BR(Bc → τντ ) via equation (3.19)
averaging the values of fc/fu from CMS and LHCb values is incorrect.

Let us now discuss the limit BR(Bc → τντ )MAX = 30% stated in Reference [87]. This limit
is obtained by comparing the measured lifetime of Bc, τ exp

Bc
= (0.510± 0.009) ps [31], with

the value predicted within the SM in Reference [93], 0.4 ps < τSM
Bc

< 0.7 ps. This estimate
is obtained by assuming τBc to be dominated by the decay of one of the two heavy quarks,
keeping the other as a spectator. It makes use of HQET, expanding in the ratio of the energy
release in the decay of the quark with respect to the energy exchanges in the bound state, as
well as NRQCD, expanding in p/mb,c, where p is the typical three momentum of the quark
in the Bc meson. The uncertainty quoted on the result arises from the large dependence
on the charm pole mass, varying the latter in the range 1.4 GeV ≤ mc ≤ 1.6 GeV. The
value relevant for constraining the NP effects in BR(Bc → τντ ) by requiring the theory
prediction of τBc to agree with the experimental value is the upper value τSM

Bc
< 0.7 ps,

since it corresponds to a lower contribution of the SM to the total decay width, which could
then be saturated (compared to the experimental value) by NP. The 30% limit is inferred
with the τSM

Bc
< 0.7 ps upper limit, which is sensitive to mc. Since the latter is not well

defined in a leading order QCD calculation, and since this uncertainty includes only the one
originating from mc, it is reasonable to further soften the 30% limit.

In view of the above considerations, the fit for each NP particle was performed in three
scenarios differing in the BR(Bc → τντ ) limit imposed, assuming BR(Bc → τντ )MAX =
10, 30, 60% respectively. This limit was set as a hard cut on the parameter space allowed
for the fit, i.e. by varying the WCs in the region such that BR(Bc → τντ ) < BR(Bc →
τντ )MAX.

Additional information about the region allowed for the WCs comes from the data collected
at colliders. As we already commented, the direct searches through on-shell production push
the mass of the NP particles to scales ΛNP ∼ TeV. However, as analysed in Reference [94],
even for NP scales lying above the reach of on-shell production, the effective couplings of
Equation (3.5) can still be probed in proton-proton collisions due to their contribution to
the scattering bc → τ−ν, with the two quarks being sea partons of the colliding protons,
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hence having a signature on pp→ τν +X. These considerations are valid for NP particles
contributing in the t or u channel to bc → τ−ν. The limits coming from this signature,
analysed in Reference [94], are not imposed as a hard constraint to our fit. Instead, we
checked that the regions preferred by the fit still lie in the region allowed by the colliders.

Statistical methodology

Our statistical methodology follows the one of Reference [95], restricting the parameter
space to BR(Bc → τντ ) < BR(Bc → τντ )MAX. The fitting parameters are the (real
and imaginary parts of the) WCs of Equation (3.5) and the best-fit point is obtained by
minimising the χ2(Ck), defined as

χ2(Ck) =
Nobs∑
ij

[Oexp
i −Oth

i (Ck)]C−1
ij [Oexp

j −Oth
j (Ck)]. (3.21)

where Oexp
i = FL(D∗), Pτ (D∗),R(D),R(D∗) represent the experimental values of the ob-

servables. The covariance matrix C−1
ij includes the experimental errors of Equations (3.13),

(3.17), (2.16) and the correlation between R(D),R(D∗) quoted by Reference [12]. The
goodness of fit is quantified in terms of the p-value, defined as

p-value = 1− FNobs−Npar(χ2
min), (3.22)

where Fn stands for the cumulative distribution function of a χ2-distributed random variable
with n degrees of freedom, Nobs = 4 is the number of fitted observables and Npar is the
number of fitted parameters. This quantity can be interpreted as the probability that a
measurement of the observables distributed normally around the value predicted at the best
fit point leads, due to statistical fluctuations, to a χ2 equal or greater than the one actually
observed.

We can quantify the χ2(x) as a function of the parameters x in terms of σ as

s(x) =
√
F−1

1 (FNpar(χ2(x)− χ2
min)), (3.23)

which allows us to determine the boundaries of the N sigma regions, xs, around the best-fit
points by requiring that s(xN ) = N . The meaning of this region is the following. Under
the assumption that the scenario under consideration is the one realised in Nature, with
an unknown fixed true value of the parameter, if we repeat the experiments many times,
in F1(1) ' 68%(F2(4) ' 95%) of the times the 1σ (2σ) region will contain the true value.
When s(xs) is evaluated at the SM point, i.e. s(0), it represents the SM-pull, quantifying
how much the best-fit point is favoured over the SM point (considered as the limiting case
of the scenario under consideration).

The remaining sections of this chapter display the results of our analysis, separating them
depending on the number of fitted parameters. As we observed at the beginning of this
chapter, a single NP particle contributes at most to two nonvanishing combinations of WCs.
Each of these scenarios is analysed under the further assumption that the contributions of
the NP particle are CP-conserving, i.e. assuming all WCs to be real numbers for simplicity,
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Figure 3.4: ∆χ2 for the four one-dimensional (1D) scenarios, with Wilson coefficients at
the scale µ = 1 TeV. The dashed vertical lines correspond to the limit on CL,RS from
BR(Bc → τν), excluding the region in which the label of the line lies. The plot is adapted
from Reference [2].

since the analysis of most scenarios is not sensitive to the imaginary part of the WCs. The
only scenario for which complex coefficients are allowed is the one with a scalar LQ R2,
since this scenario does not provide a good fit to the R(D(∗)) anomaly for real couplings
but it does for complex ones [96]. As a result, each scenario requires the fitting of either
one or two parameters only.

3.3.1 One-dimensional scenarios

As we see from Table 3.2, the W ′, S3, U3 generate contributions to CLV only, R2 to CLS = 4CT
and U2 to CRS . In addition to these one-dimensional scenarios, we consider a scenario with
nonvanishing WC CLS , which can arise from a charged Higgs H− if the flavour structure
suppresses the CRS coupling.

The results of the fit are summarised in Figures 3.4 and 3.5, as well as in Table 3.3 at the
end of the chapter. In Figure 3.4 we show the value of ∆χ2 = χ2(Ci) − χ2

SM as a function
of the WC(s). Plotting this quantity allows us to visualise how much the description of the
data improves in NP scenarios with respect to the SM. The dashed vertical lines represent
the limits imposed by BR(Bc → τντ ), excluding the region in which the label of the line
lies. This limit is only displayed for the CL,RS scenario, since it turns out not to be relevant
in the other two scenarios. The WCs are referred to the NP scale ΛNP = 1 TeV.

We see that the limit on BR(Bc → τντ ) challenges the scenario with nonvanishing CLS , since
each of the three BR(Bc → τντ )MAX bounds rules out the absolute minimum. The minima
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Figure 3.5: Pulls of the measured observables in the Standard Model and at the best-fit
points of the 1D scenarios with BR(Bc → τντ )MAX = 60%.

of the scenarios CRS , CLS = 4CT , as well as the relative minimum of CLS that is not ruled
out by BR(Bc → τντ ), do not describe the data significantly better with respect to the SM,
while this is the case for the scenario CLV . These results are also visualised in Table 3.3
at the end of the chapter, in which we display the best-fit point, together with its 1 and
2σ ranges, the p-value and the SM pull, defined as in Section 3.3. The last six columns
display the value of R(D),R(D∗), FL(D∗), Pτ (D∗), Pτ (D),R(Λc) at the best-fit point. For
the observables that have already been measured, we also quote the pull with respect to
the experimental value, defined as

dOi = O
NP
i −Oexp

i

σO
exp
i

. (3.24)

These are also displayed in Figure 3.5 together with the pulls of the same observables in
the SM, and assuming BR(Bc → τντ )MAX = 60% for all the scenarios.

The low p-value of the scenarios CL,RS , CLS = 4CT reflects the high ∆χ2. From the table we
see that this is due to the very marginal improvement of these scenarios in the description
of R(D(∗)). From the table and from Figure 3.5 we see that none of the 1D scenarios signif-
icantly improves the agreement with the experimental value of FL(D∗), showing that this
angular observable has a marginal impact in the discrimination of 1D scenarios. However,
as we can observe from Table 3.3, a measurement of Pτ (D) will allow to further discriminate
these scenarios, since the predicted value depends significantly on the scenario assumed.
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3.3.2 Two-dimensional scenarios

We consider the scenarios S1, U1, H
− with two nonvanishing combinations of WCs (see

Table 3.2). In addition, we consider the scenario CLS = 4CT with complex WC, i.e. we fit
(Re[CLS = 4CT ], Im[CLS = 4CT ]). The best-fit points and their 2σ regions are visualised in
Figure 3.6, assuming either BR(Bc → τντ )MAX = 10% or 60%. We also display the collider
limits and the limits from BR(Bc → τντ ). These limits are taken from the EFT analysis
in Reference [94], which does not work for mediators exchanged in the s channel. For this
reason, these constraints are shown as a dashed line for the charged Higgs scenario. The
WCs are referred to the NP scale ΛNP = 1 TeV.
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The BR(Bc → τντ ) constraints exclude the grey regions. The collider bounds from Refer-
ence [94] exclude the purple regions at 2σ level. For the charged Higgs scenario this bound
is displayed as a dashed line. The plots are adapted from Reference [2].

As a first remark, we observe that the scenarios (CRS , CLS ) and (Re[CLS = 4CT ], Im[CLS =
4CT ]) are challenged by the BR(Bc → τντ )MAX = 10% limit, since the best-fit points
obtained with BR(Bc → τντ )MAX = 60% (in red) predict BR(Bc → τντ ) > 10%. As a
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Figure 3.7: Pulls of the measured observables in the Standard Model and at the best-fit
points of the 2D scenarios with BR(Bc → τντ )MAX = 60%.

result, these points move to the boundary of the BR(Bc → τντ ) < 10% region as soon as this
constraint is imposed. This shift implies a drastic worsening of the description of the data,
as encoded in the sharp decrease of the p-value, displayed in Table 3.4. Phenomenologically,
this encodes the strict correlation between R(D(∗)) and BR(Bc → τντ ), and implies that if
either of these scenarios is responsible of theR(D(∗)) anomalies, a measurement of BR(Bc →
τντ ) will give BR(Bc → τντ ) > 10%. The fit of the other two scenarios is not affected by
the BR(Bc → τντ ) constraint.

From Table 3.4 and from the pull plot in Figure 3.7 we also observe that the unconstrained
(CRS , CLS ), generated by a charged Higgs, is the one preferred by the current data, i.e. with
the highest p-value. This is a result of the better fit allowed by this scenario to FL(D∗),
whose pull is lowered below 1σ only in this scenario. As for the 1D scenario, we observe from
Table 3.4 that the predicted value of Pτ (D) depends significantly on the scenario assumed.
On the contrary, the value of the ratio R(Λc), comparing the τ and µe branching ratios in
the baryon decay Λb → Λc`ν and predicted in the SM to be [97]

RSM(Λc) = 0.33± 0.01, (3.25)

is enhanced in all the scenarios.

Correlations between observables

In this section we investigate in more detail the correlation between the R(D(∗)) anomaly
and the polarisation observables, FL(D∗), Pτ (D), Pτ (D∗), as well as R(Λc). Here, we con-
sider all the 2D scenarios with the BR(Bc → τντ )MAX = 60% limit. For each of them, we
project the 1σ region resulting from the fit in planes having as axes the two observables of
which we want to study the correlation.

Let us start from the correlations between polarisation observables, displayed in Figure 3.8.
We see that the 1σ regions of the different scenarios clearly separate in these planes. This
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Figure 3.8: Projection of the 1σ regions from the 2D fits with BR(Bc → τντ )MAX = 60% in
the Pτ (D) – Pτ (D∗), Pτ (D) – FL(D∗) and Pτ (D∗) – FL(D∗) planes. Each colour refers to a
different scenario, and the red star represents the Standard Model prediction. The dashed
and dotted lines represent respectively the limits BR(Bc → τντ )MAX = 30, 10%, excluding
the region on which the label of the line lies. The plots correspond to those in Reference [2].
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Figure 3.9: Projection of the 1σ regions from the 2D fits with BR(Bc → τντ )MAX =
60% in the R(D(∗))–R(Λc) plane. Each colour refers to a different scenario, and the red
star represents the Standard Model prediction. The dashed and dotted lines represent
respectively the limits BR(Bc → τντ )MAX = 30, 10%. The plots correspond to those in
Reference [2].

implies that a precise knowledge of all the three polarisation observables is important in
assessing which scenario of NP is responsible for the R(D(∗)) anomaly. In other words, a
(precise enough) experimental measurement of all the three polarisations will correspond
to a point (up to uncertainties) in each of these planes, and due to the separation of the
1σ regions, these points will favour one of the scenarios considered. We also observe that
in some scenarios the projection of the 1σ regions onto polarisation planes results in a
line. This occurs whenever the two observables are independent on one of the two WCs,
so that there is only one parameter defining the implicit dependence of the two observables
on each other. In these plots, the theoretical uncertainties coming from the form factors
are neglected; the lines would broaden to regions (and the regions would be broader) if
theoretical uncertainties were taken into account.

Let us now consider the correlation between R(Λc) and the anomalous ratios R(D(∗)),
displayed in Figure 3.9. In these plots, the 1σ regions of the different scenarios always
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overlap. The regions, which always lie above the SM prediction of R(D(∗)) due to their
current experimental value, also lie above the SM prediction of R(Λc). This tells us that an
enhancement of R(D(∗)) always implies an enhancement of R(Λc), irrespective of the NP
responsible for it.

The ratio R(Λc) has not yet been measured. The overlap of the regions in Figure 3.9 implies
that a measurement of R(Λc) can serve as a cross-check for the presence of NP in R(D(∗)).
Furthermore, we find that the correlation between R(D(∗)) and R(Λc) can be traced back
to the numerical relation

R(Λc)
RSM(Λc)

' 0.262 R(D)
RSM(D) + 0.738 R(D∗)

RSM(D∗) , (3.26)

with no dependence on any of the WCs. Substituting the current experimental averages of
R(D(∗)) we get

R(Λc) =RSM(Λc) (1.15± 0.04)

=0.38± 0.01± 0.01,
(3.27)

where the first error arises from the experimental uncertainty of R(D(∗)), while the second
error comes from the form factors.

3.3.3 Summary of the effective field theory analysis

Under the assumptions of NP coupling mostly to third generation fermions and of absence
of light right-handed neutrinos, we identified NP particles that can contribute to the process
b→ cτν and hence modify the anomalous ratios R(D(∗)). Motivated by collider constraints,
we assumed their mass to be of O(TeV) and analysed their effects in terms of an EFT. We
fitted the WCs of each scenarios to the b→ cτν data.

• We included the yet unmeasured BR(Bc → τντ ) as a hard cut on the parameter space;
in some of the scenarios (charged Higgs H−, scalar LQ R2) this limit is saturated at
the best-fit point. This implies that a solution of the R(D(∗)) anomaly in terms of one
of these particle would come with the distinctive sign of an enhanced BR(Bc → τντ ).

• We included the polarisation observables of the B → D∗τν channel in the fit and
observed that the current central value of the D∗ polarisation favours the charged
Higgs scenario.

• We analysed how pairs of observables related to the process b → cτν are correlated
in each model. In this analysis we included the yet-unmeasured τ polarisation in the
D channel and the ratio R(Λc). We concluded that

– correlations between polarisation observables are different for different NP mod-
els; hence these observables contain important information for inferring which
NP scenario is responsible for the R(D(∗)) anomaly.
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– The ratio R(Λc) shows the same correlation with R(D(∗)), irrespective of the
NP model assumed. The current experimental values of R(D(∗)) would imply
an enhancement of R(Λc) with respect to its SM prediction. For this reason,
this ratio can be seen as a test of the presence of NP in the anomalous ratios
R(D(∗)).
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CHAPTER 4

The scalar leptoquark S1

So far we analysed new physics scenarios contributing to R(D(∗)) in terms of an effective
field theory and focusing only on the effective couplings relevant for the τ contributions.
This allowed us to estimate and compare the potential of each particle in resolving the
anomaly. In this chapter we extend the analysis of one of the solutions, the scalar leptoquark
S1 ∼ (3,1, 1/3), no longer focusing on the effective b→ cτν coupling only, but building the
Lagrangian for the leptoquark field and constraining its couplings by requiring agreement
with experimental data. The analysis is motivated by the fact that the particle is among
those favoured by the effective field theory analysis, and by the attention that this particle
received as a solution of the anomaly [47,98–102], as well as by the need to update some of
the constraints on its parameter space, as we will explain below. We will review the main
works present in the literature concerning the solution of the anomaly with this particle and
reconsider one of the constraints that are most relevant for this scenario, the coupling of the
Z boson to charged leptons. The effects of the leptoquark on these couplings are reevaluated
with the inclusion of electroweak renormalisation effects. We analyse the impact of these
additional effects on the description of b→ cτν data by fitting the leptoquark couplings on
experimental data and considering two scenarios: a scenario in which the only nonvanishing
couplings are those needed to obtain Wilson coefficients for R(D(∗)) with the same structure
of those considered in Chapter 3 in the scalar leptoquark scenario. In a second step, we
consider a scenario in which more couplings are allowed to be nonvanishing.

4.1 Motivation

Our interest in resolving the R(D(∗)) anomaly with the scalar LQ S1 is justified by two
observations. First of all, as we notice from Table 3.3, this particle is among the palatable
solutions of the anomaly, having a relatively high p-value, p = 29.8%, compared to the

31
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other solutions. The only model doing significantly better is the charged Higgs scenario
with the mild limit BR(Bc → τντ )MAX = 60% (p = 75.7%). As we saw in the previous
chapter, a description of R(D(∗)) in terms of S1 is not affected by the constraint posed
on BR(Bc → τντ ). For this reason, the S1 solution would be favoured with respect to
the charged Higgs one, in case of a low BR(Bc → τντ ). In addition, S1 has been largely
discussed in the literature [47,98–102] as a possible solution to the R(D(∗)) anomalies. The
interest increased when the authors of Reference [99] attempted a simultaneous description
of R(D(∗)), of the anomalous magnetic moment of the muon ∆aµ and of the data from
B → K(∗)µµ decays – from now on generically referred to as RK(∗) anomalies. These three
(sets of) observables are in tension with their SM prediction and the confirmation of any of
them would imply NP with LFNU. This explanation of the anomalies was criticised by the
authors of Reference [100], pointing out that the analysis in Reference [99] neglects some
of the constraints from leptonic meson decays and that some of the constraints included
are imposed as conditions that are necessary but not sufficient for guaranteeing agreement
with the experimental data. In their analysis, the authors of Reference [100] find that
the region of parameters allowing for a description of RK(∗) and simultaneously passing all
flavour constraints from leptonic decays predicts a value of R(D(∗)) below the experimental
average, and predicts too large effects on the µ channel, implying disagreement with the
experimental value of the R(D)µ/e and R(D∗)e/µ ratios. The scenario with a S1 was
analysed again in Reference [101], pointing out that although a simultaneous solution of
the RK(∗) and R(D(∗)) anomalies is indeed challenged by current flavour constraints, the
solution of only one of the two tensions is still viable. In other words, if one of the two
anomalies turns out to be due to a statistical fluctuation, the LQ is among the favoured
candidates for the remaining one. The focus of our work is on R(D(∗)) only, for which S1
is hence still a viable candidate.

In analysing which region of the parameter space of S1 is allowed for the explanation of the
anomaly, the authors of Reference [101] found the constraint imposed on the effects of S1 on
the Z`` couplings to be decisive. However, their bounds are set by using an expression which
neglects terms of orderO(m2

Z/m
2
t ). These corrections were later evaluated in Reference [103]

but only analysed in a scenario with two scalar LQs, S1 and S3. Furthermore, none of the
references takes into account that the LQ also gives contributions to the µ → eνν decay,
which is used to precisely measure the Fermi constant GF. This means that the measured
value of GF includes both the SM and the LQ contribution. This effect is further related to
the Z`` coupling via SU(2), giving an additional contribution to the Z`` couplings via the
counterterm for the g coupling. To refine the analysis of the NP scenario with S1, in this
chapter we include both these effects and analyse their impact on a possible explanation
of R(D(∗)) in terms of S1. We will start by writing down the Lagrangian for S1, then
we will analyse in detail the effects of the LQ on the Z`` coupling and conclude with a
phenomenological analysis, fitting the b → cτν data together with the Z`` ones, as well
as including other flavour observables that are affected as soon as we start assuming a
nontrivial Yukawa structure, with couplings not only to third generation fermions.

Throughout the whole chapter, we will simplify our notation and refer to the scalar LQ as
∆ ∼ S†1 ∼ (3, 1,−1/3), adopting the notation of Reference [100].
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4.2 Leptoquark Lagrangian

In this section we review the NP model including a scalar LQ ∆. The description is
analogous to the ones in References [99–101].

The kinetic term and the interaction of the scalar LQ ∆ with the SM Higgs doublet Φ read

L ⊃ (Dµ∆)†Dµ∆−M2
∆|∆|

2 − gΦ∆|∆|2|Φ|2 + h.c.. (4.1)

Since we are interested in meson decays, the part of the Lagrangian that is most relevant for
us is the Yukawa interaction of the scalar LQ with fermions. Writing down all the possible
renormalisable interactions that can be built with ∆ and SM fermion fields requiring Lorentz
and gauge invariance under the SM group, one gets [72]

L ⊃yLijQci iτ2Lj∆† + yRiju
c
Ri`Rj∆

†+

+zLijQci∆iτ2Qj + zRijQ
c
Ri∆dRj + h.c.,

(4.2)

where the indices i, j = 1, 2, 3 refer to flavour space, τ2 is the Pauli matrix in SU(2)L space
and Ψc = CΨT = iγ2γ0ΨT are charge-conjugated spinors. Throughout our analysis, we will
assume the di-quark couplings zL,R to be vanishing, and hence neglect the second line of
Equation (4.2). This assumption is motivated by the fact that the presence of both di-quark
and LQ couplings implies possible contributions of ∆ to proton decay. The experimental
lower bound on the lifetime of the proton, which is O(1029) years [31], would push the zL,R
couplings to negligible values. As we will see in the following chapter, from a theoretical
point of view the vanishing of the zL,R couplings can be motivated by imposing an additional
symmetry on the Lagrangian. We will neglect this issue for the time being, and just set
zL,R = 0 on a phenomenological basis, in agreement with Reference [72]. With vanishing
zL,R = 0, the Yukawa Lagrangian we will consider is then

L ⊃ yLijQci iτ2Lj∆† + yRiju
c
Ri`Rj∆

† + h.c.. (4.3)

Writing down the SU(2)L components explicitly, we get

L ⊃ yLij(ucLi`Lj − dcLiνj)∆
† + yRiju

c
Ri`Rj∆

† + h.c.. (4.4)

The fields in Equation (4.4) are written in the interaction basis. To obtain the expressions
for physical observables we must use the mass basis instead. If we use the down-quark basis,
the change of basis leads to the Lagrangian

L ⊃yLij(V ∗CKMkiu
′c
Lk`Lj − d′cLiνj)∆

† + yRiju
′c
Ri`
′
Ri∆† + h.c.

≡
(
yLu`

)
ij
u′cLj`Lj∆

† −
(
yLdν

)
ij
d′cLiνj∆

† +
(
yRu`

)
ij
u′cRi`

′
Ri∆† + h.c.,

(4.5)

where we introduced the coupling matrices yLdν = yL, yRu` = yR and yLu` = V ∗CKMy
L =

V ∗CKMy
L
dν . All the fields in Equation (4.5) apart from the neutrino ones are now written in

the mass basis. As in the analysis of Chapter 3, the neutrino fields are kept in the flavour
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basis. To simplify our notation, we will remove the apex in what follows; all the unprimed
fields u, d, ` will denote the mass eigenstates while ν will denote the flavour eigenstates.

In our analysis we will assume the mass of the LQ to be fixed to M∆ = 1 TeV, this value
being in the mass range expected for a solution to the R(D(∗)) anomalies. A lower value of
this mass is challenged by direct searches at colliders, as mentioned in the previous sections.
A higher value would require larger couplings for fitting the anomalous ratios, and could
possibly exceed the perturbative unitarity limit1 [104]. The free parameters of our model
are hence given by

yLdν =

yL11 yL12 yL13
yL21 yL22 yL23
yL31 yL32 yL33

 , yRu` =

yR11 yR12 yR13
yR21 yR22 yR23
yR31 yR32 yR33

 . (4.6)

However, possible effects of BSM particles on processes involving first generation fermions
are severely constrained by experimental data. In particular, flavour changing processes
with down-type quarks are constrained by light meson data such as those from the decays
K → πνν and from K−K mixing [31], while lepton flavour violation (LFV) involving light
leptons is severely constrained from experiments on µ–e conversion in muonic atoms [105].
For this reason, as in References [99,101], we assume the following structure

yLdν =

0 0 0
0 yLsµ yLsτ
0 yLbµ yLbτ

 , yRu` =

0 0 0
0 yRcµ yRcτ
0 yRtµ yRtτ

 . (4.7)

Nonetheless, couplings with the up quark are still generated via the switch to the mass
basis, i.e.

yLu` = V ∗CKMy
L =

0 yLuµ yLuτ
0 yLcµ yLcτ
0 yLtµ yLtτ

 =

0 V ∗usy
L
sµ + V ∗uby

L
bµ V ∗usy

L
sτ + V ∗uby

L
bτ

0 V ∗csy
L
sµ + V ∗cby

L
bµ V ∗csy

L
sτ + V ∗cby

L
bτ

0 V ∗tsy
L
sµ + V ∗tby

L
bµ V ∗tsy

L
sτ + V ∗tby

L
bτ

 . (4.8)

Compared to Reference [100] we include nonvanishing entries in the coupling matrix yRu`.
As we will see, the novelty of our analysis with respect to those in References [99–101] is
the inclusion of the EW renormalisation effects on the Z`` couplings. Furthermore, the
methodology followed will be different, since where possible we will include the observables
affected by the scalar LQ in a fit of its parameters, rather than performing a scan in the
parameter space. Finally, our analysis also includes the polarisation observables of the
B → D∗τν, as was the case for the EFT analysis of the previous chapter.

1The leading order LQ contributions to R(D(∗)) are tree-level processes. For this reason, if we neglect
LQ effects of higher orders, the R(D(∗)) data only allow to constrain ratios of couplings over the mass of
the LQ. Fixing one parameter hence amounts in a rescaling of the others.
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Figure 4.1: Vertex diagrams contributing to the Z`` couplings and to the magnetic moment
of leptons. For different lepton flavours and for γ as a gauge boson, these are the same
diagrams contributing to τ → µγ.
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Figure 4.2: External leg corrections from the scalar leptoquark ∆.

4.3 Modification of the Z`` coupling

For the evaluation of the matrix elements needed for the analysis in this chapter, the
Feynman rules for ∆ involving fermion number violation have been obtained following
References [106, 107]. For the evaluation of the loop integrals we used the Mathematica
packages FeynCalc [108,109] and PackageX [110].

Direct one-loop contributions of ∆ to the right- and left-handed couplings of charged lep-
tons to the Z boson arise from the diagrams in Figure 4.1, with the additional external leg
corrections of Figure 4.2. The evaluation of these contributions is simplified by some con-
siderations on the energy scales at play. The Z`` couplings were measured at LEP, colliding
e+e− at energies close to the Z mass. The external momenta have, then, four momentum
squared of the order ∼ m2

Z . If no approximations are made, there are three energy scales
relevant for this process: the masses of the virtual particles in the loop mu,M∆, and the
external momenta ∼ mZ . First of all, we can separate the contributions from diagrams
with light quarks in the internal loop from those with a top quark. In the first case one
can get rid of one of the mass scales by setting mu,c ' 0. The top effects were evaluated in
Reference [99] getting rid of one of the mass scales by neglecting terms of order O(m2

Z/m
2
t ).

Since mZ ' 91 GeV and mt ' 173 GeV, there is clearly room for improvement on this. The
terms of order O(m2

Z/m
2
t ) were recently evaluated in Reference [103], and we recomputed

them, in order to later include the EW renormalisation effects.

To include terms of order O(m2
Z/m

2
t ) we used the following expansion of the LQ propagators
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with respect to the ratios of external momenta over the LQ mass p2/M2
∆ ∼ m2

Z/M
2
∆:

1
(l + p)2 −M2

∆
= 1
l2 −M2

∆

[
1− −p

2 + 2l · p
l2 −M2

∆
+ 4 (l · p)2

(l2 −M2
∆)2

]
+O

(
p

M∆

)4
, (4.9)

where l denotes the loop momentum, and used partial fraction decomposition to rewrite
the products of propagators as

1
(l2 −m2

t )(l2 −M2
∆)

= 1
(M2

∆ −m2
t )

[
1

l2 −M2
∆
− 1
l2 −m2

t

]
. (4.10)

Recursively applying these substitutions, and restricting to the leading term in the decou-
pling limit, i.e. neglecting terms of order ∼ 1/M4

∆ and higher, we obtained the light quarks
contributions to the right- and left-handed couplings

∆gL,u,cZ`` = 1
16π2

m2
Z

M2
∆

∑
q=u,c

∣∣∣yLq`∣∣∣2
[(

log m
2
Z

M2
∆
− iπ

)(1
2 −

2
3 sin2 θ

)
− 1

6 + 5
6 sin2 θ

]
,

∆gR,u,cZ`` =− 1
288π2

m2
Z

M2
∆

sin2 θ
∑
q=u,c

∣∣∣yRq`∣∣∣2
[
12 log m

2
Z

M2
∆
− 12iπ − 5

]
.

(4.11)

Proceeding analogously, for the top-quark contributions we get

∆gL,tZ`` =
∣∣∣yLt`∣∣∣2

[
− 3

32π2
m2
t

M2
∆

(
log m2

t

M2
∆

+ 1
)

+

+ 1
192π2

m2
Z

M2
∆

(
5 cos(2θ) + 2(2 cos(2θ) + 1) log m2

t

M2
∆

+ 6
)]
,

∆gR,tZ`` =
∣∣∣yRt`∣∣∣2

[
3

32π2
m2
t

M2
∆

(
log m2

t

M2
∆

+ 1
)
− 1

192π2
m2
Z

M2
∆

(
2(5 + 4 log m2

t

M2
∆

) sin2 θ + 3
)]
.

(4.12)

Both results in Equations (4.11) and (4.12) are in agreement with Reference [103].

4.3.1 Effects from electroweak renormalisation

As a matter of fact, not all effects on the Z`` couplings are included in Equations (4.11)
and (4.12), which are missing the effects of EW renormalisation, as we now briefly explain.
These effects were previously neglected in the literature.

Since the EW theory has two coupling constants, we can express the couplings with the
W,Z and γ gauge bosons in terms of two parameters. The most convenient choice is to
use the weak SU(2) coupling g and the electromagnetic coupling e. The value of the first
one is determined via a measurement of the Fermi constant GSM

F /
√

2 = g2/8m2
W via the

muon lifetime [111], i.e. via the decay µ → eνν. For the electromagnetic coupling e, the
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Figure 4.3: Leptoquark contribution to µ→ eνν decay. Since ∆ does not couple to electrons,
the contribution of the right panel vanishes. External leg corrections are not shown here.

value of the electromagnetic fine structure constant α = e2/4π is fixed at q2 = 0 to the one
measured in atomic, condensed-matter and low-energy particle physics, providing indepen-
dent measurements of the constant. These choices are convenient since these measurements
provide a high precision. For reference, the values quoted by the Particle Data Group are
GF = 1.1663787(6)× 10−5 GeV−2 and α = 1/137.035999139(31) [31].

NP particles can also contribute to the processes used to determine the values of the cou-
plings. This implies that in presence of NP, the actual values of the EW parameters differ
from the ones extracted by assuming the SM as underlying theory, since a share in the
processes used to measure them is actually to be accounted to the NP contribution. The
simplest way to account for this is to require the values of the parameters of the EW theory
at the scale of the experiment used to measure them to remain unvaried with respect to
the SM ones. After the inclusion of the NP virtual corrections, this is equivalent to setting
the finite part of the counterterm of the bare parameter such that it cancels the NP effects.
This additional finite part of the conunterterm will have to be taken into account when
considering observables expressed in terms of the EW parameters.

Let us illustrate this in the case of the Fermi constant. As mentioned above, this quantity
is measured via the muon decay constant, in the decay µ → eνν. When including the NP
effects, we require that the relation GF/

√
2 = g2/8m2

W still holds after the introduction of
∆. Since g2/8m2

W is by definition the contribution of the SM to GF/
√

2, this requirement
can be satisfied by requiring that the finite part of the counterterm δg cancels the effects of
the NP particles.

In our model, ∆ contributes to the µ decay via the diagrams in Figure 4.3. Since we
assumed ∆ not to couple with electrons, as can be seen in Equation (4.8), there are no
contributions such as those in Figure 4.3b. We can hence set GF/

√
2 = g2/8m2

W by requiring
the contributions of the diagram in Figure 4.3a and of the external leg corrections to be
cancelled by δg. In other words, we set

−δgNP = + 1
2 + 1

2 (4.13)
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∆
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Figure 4.4: Leptoquark contributions to the vacuum polarisation of the photon.

Concerning the electromagnetic coupling2, the renormalised fine-structure constant is given
by

α(q2) = α0
1− [Π(q2)−Π(0)] , (4.14)

where Π(q2) is the vacuum polarisation of the photon, stripped of the tensor structure fixed
by the Ward identity. Analogously to the case of the Fermi constant, fixing the finite part
of the counterterm such that it cancels the NP contributions to the vacuum polarisation of
the photon at q2 = 0 sets the finite part of the counterterm for the electromagnetic coupling
to

δeNP = −e2
[
ΠNP(q2)−ΠNP(0)

]
. (4.15)

In our model, the NP contributions to Π(q2) in Equation (4.15) come from the LQ effects
displayed in Figure 4.4.

Let us now look at how δgNP and δeNP affect the Z`` coupling. If we choose as parameters
the SU(2) coupling g and the weak mixing angle θ, which relates the g and the electromag-
netic coupling e as sin θ = e/g, the coupling of Z`` reads

igZ``γµ = i
g

cos θγµ
(1

2τ
3
` −Q` sin2 θ − 1

2τ
3
` γ5

)
, (4.16)

where τ3
` stands for the third generator of the SU(2)L representation of the particle consid-

ered. The terms from Equations (4.13) and (4.15) can be included in the Z`` couplings in
Equation (4.16) using the relation sin θ = e/g and obtaining the counterterm for gZ`` as

δgZ`` = ∂gZ``
∂g

δg + ∂gZ``
∂e

δe. (4.17)

When these effects are taken into account, the modification of ∆ on the Z`` couplings read

2The procedure is analogous to the one used in Reference [112] to take into account the leading logarithms
coming from the light fermions in the charge renormalisation
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gRZ`` = g

cos θ

[
g2

3456π2
m2
Z

M2
∆

sin2 θ (cos(2θ) + 2) tan2 θ+

+ 3
128π2

∣∣∣yLtµ∣∣∣2
cos2 θ

m2
t

M2
∆

(
2 log m2

t

M2
∆

+ 1
)

+

+
∑

q=u,c,t
∆gR,qZ``

]
,

(4.18)

gLZ`` = g

cos θ

[
g2

3456π2
m2
Z

M2
∆

sin2 θ (cos(2θ) + 2) tan2 θ+

+ 3
128π2

∣∣∣yLtµ∣∣∣2
cos2 θ

m2
t

M2
∆

(
2 log m2

t

M2
∆

+ 1
)

+

+
∑

q=u,c,t
∆gL,qZ``

]
,

(4.19)

where we split the contribution to the left- and right-handed leptons. The first lines in
Equations (4.18) and (4.19) come from the photon polarisation, the second ones from the
g counterterm. The third lines are the direct effects of Equations (4.11) and (4.12). In-
terestingly, the EW renormalisation effects imply that even the coupling of Z to electrons
receives contributions from ∆, although ∆ does not couple to the electron directly. This
can be seen by noting that the first two lines of Equations (4.18) and (4.19) do not depend
on the couplings with the electron. The EW renormalisation effects are tiny in the case of
δe, but can be significant for δg which, however, only arises for nonvanishing couplings with
the muons yLtµ 6= 0. This will be shown explicitly in the analysis in the next section.

4.4 Phenomenology

In this section we analyse the impact of including the results in Equations (4.18) and (4.19)
on the explanation of the R(D(∗)) data in terms of the scalar LQ ∆. Our approach will
be different from the one followed in Reference [101], where the authors require the Z``
couplings to agree at 95% confidence level with the results of the fit to EW precision
observables (EWPO) [113] assuming LFU. Since the scalar LQ implies the presence of
LFNU, this approach only requires the scalar LQ not to have a large impact on each of
the Z`` couplings. Instead, once the hypothesis of LFU is dropped, we allow the LQ to
modify these couplings, each of them independently, and include in our fits the individual
Zee, Zµµ,Zττ couplings measured at LEP. Those couplings are displayed as ellipses in
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Figure 4.5: Z`` couplings. The ellipses correspond to the 1σ experimental values [31],
the black star to the Standard Model prediction. The coloured dots represent the values
predicted at the best-fit point of the scenario with simplified couplings. The orange line
represents the values of the Zττ couplings obtained varying the Yukawa couplings yLbτ , yRcτ
in the 1σ region of the 2D scenario. The values of the Zµµ and Zee couplings overlap with
the SM prediction.

Figure 4.5 in terms of the vector and axial couplings gV,AZ`` = (gRZ`` ± gLZ``)/2. From this
figure we see that the central experimental values for the three leptons are indeed slightly
different, and that the SM coupling obtained from fitting EWPO, represented by the black
star, is in slight tension with the electron one.

4.4.1 Fitting scenarios

Compared to Chapter 3, in which the WCs were fitted, the analysis in this chapter is
performed by fitting the parameters of the LQ Lagrangian. In order to simplify the analysis
and to have a reduced number of parameters to fit, we assume the Yukawa couplings of
Equation (4.7) to be real.

The impact of the Z`` effects will be analysed in two benchmark scenarios. In a first scenario
only the two Yukawa couplings needed to reproduce the effective scenario of Chapter 3 are
assumed to be nonvanishing, namely yLbτ , y

R
cτ 6= 0 The Yukawa structure assumed in this
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scenario is then

yLdν =

0 0 0
0 0 0
0 0 yLbτ

 , yRu` =

0 0 0
0 0 yRcτ
0 0 0

 , yLu` =

0 0 V ∗uby
L
bτ

0 0 V ∗cby
L
bτ

0 0 V ∗tby
L
bτ

 (4.20)

Since we are assuming real couplings, this scenario results in a two-dimensional (2D) fit.
With the values yLbτ = −1.3, yRcτ = 0.3, this scenario corresponds to the one considered as
a solution of the R(D(∗)) anomalies in Reference [101]. Since Equation (4.20) implies no
coupling to µ, the only EW renormalisation effect will arise from the photon polarisation;
for this reason this scenario will allow us to analyse the impact of the latter.

In a second step, we assume the general texture of Equation (4.7), hence resulting in a 8D
fit. Compared to the 2D scenario, the additional couplings will require us to include more
experimental input and, since this time the couplings with µ are nonvanishing, they will
allow us to understand the impact of EW renormalisation effects from GF.

The scenarios analysed are summarised in Table 4.1, in which we list the observables in-
cluded in each analysis. Their inclusion is briefly explained in the following section.

R(D(∗)) FL(D∗) Pτ (D∗) gV,A`` Rµ/e(D),Re/µ(D∗) Bs−Bs Rνν τ → µγ D0 → µµ LFU ratios ∆aµ
# observables 2 1 1 6 2 1 1 1 1 3 1

2D X X X X ∅ ∅ ∅ ∅ ∅ ∅ ∅
8Dsimple X X X X X ≤ ≤ ≤ ≤ 7 7

8DLFU X X X X X ≤ ≤ ≤ ≤ X 7

8Daµ X X X X X ≤ ≤ ≤ ≤ 7 X

Table 4.1: Observables included in the leptoquark fits. A X(7) indicates an observable
(not) included in the χ2, a ∅ indicates observables receiving no contribution, a ≤ indicates
a hard cut on the parameter space.

4.4.2 Experimental inputs

In this Section we briefly review the observables included in our analysis.

Re/µ(D∗) and angular distributions for light leptons

With nonvanishing couplings to e, µ, the LQ can also affect the B → D(∗)µν modes, hence
modifying the ratiosRµ/e(D),Re/µ(D∗). These couplings are 0 in the 2D scenario, while the
8D texture allows for couplings to µ. For the latter scenario, we include the experimental
values quoted in Equation (3.1) in the fit.

Although the Belle Collaboration provides the kinematic distribution of the decays B →
D(∗)`ν with light leptons in the final state [28,29], these data are already implicitly included,
since they are used for fitting the form factors [10]. For this reason we do not include them
in the fit.

As mentioned in Chapter 3 however, the angular data of the light lepton channels are in
good agreement with their SM predictions, and this was one of the reasons that motivated
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Figure 4.6: Leptoquark contributions to Bs−Bs mixing.

our minimal choice in the EFT analysis, assuming NP to couple only to τ . We will check
the impact of the µ couplings of the 8D scenario on the angular distributions by plotting
and comparing the measured angular distribution with the distribution predicted in the SM
and with the distribution predicted at the best-fit point of the 8D fit.

Bs−Bs mixing

The mixing of the neutral Bs meson is a loop process in the SM, and as such constitutes a
good probe for the presence of NP effects. The experimental limit on these effects can be
set on the ratio comparing the difference between the heavy and light Bs mass eigenstates,
∆mBs , with NP and within the SM. The mass difference in the SM is given by [114]

∆mSM
Bs = G2

F
12π2 |VtbV

∗
ts|mW

2ηBS0( m
2
t

m2
W

)Bf2
BsMBs , (4.21)

where the short distance information is encoded in the product ηBS0(m2
t /m

2
W ), in which

S0(m2
t /m

2
W ) ' 2.35 is the Inami-Lim function from the 1-loop box diagrams in the SM

and ηB = 0.8393 ± 0.0034 comprises perturbative 2-loop QCD corrections [114]. The bag
parameter B and the decay constant fBs encode the nonperturbative hadronic contributions
to the mixing, which can be determined with the use of sum rules in HQET or with LQCD.
Using the value obtained using HQET sum rules, the SM prediction gives [115]

∆mSM
Bs = (18.5+1.2

−1.5)ps−1, (4.22)

where the largest uncertainty comes from the nonperturbative parameters, and cannot be
interpreted as statistical, since it comes from the theoretical approximations used for the
computation.

Nonvanishing couplings to s, b quarks imply that ∆ contributes to the Bs−Bs mixing
through the box diagrams in Figure 4.6. The ratio of mass differences within the LQ model
and in the SM reads [100]

∆mNP
Bs

∆mSM
Bs

= 1 +
η1
(
yL · yL

)2

bs

32G2
FmW

2|VtbV ∗ts|ηBS0( m
2
t

m2
W

)M2
∆

, (4.23)
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Figure 4.7: Tree-level contribution of the leptoquark ∆ to B → K(∗)νν.

where the factor η1 = 0.82(1) encodes the QCD running from the LQ to the b mass scale.
The effects on Bs−Bs mixing are vanishing in the 2D scenario with couplings (4.20), since
yLs` = 0 for all neutrino flavours ` = e, µ, τ .

This ratio has to be compared with the ratio ∆mexp
Bs
/∆mSM

Bs
, for which the experimental

value ∆mexp
Bs

is measured with a high precision to be ∆mexp
Bs

= 17.76(0.02)ps−1 [31]. With
the SM prediction ranging in the one from Equation (4.22), we get3

∆mexp
Bs

∆mSM
Bs

∈ [0.90, 1.04]. (4.24)

Since the uncertainty on the theory prediction dominates the uncertainty on the ratio in
Equation (4.24), and since this uncertainty cannot be interpreted as statistical, we do not
include the ratio in the χ2 of our fit, but require its value to be within the quoted interval.
Furthermore, since the NP contribution in Equation (4.24) is nonnegative, this corresponds
to requiring ∆mNP

Bs
/∆mSM

Bs
< 1.04.

B→Kνν

The scalar LQ ∆ couples down-type quarks to neutrinos. For this reason, in the 8D scenario
with a nonvanishing coupling to the s quark, ∆ mediates at tree-level the decay B → K(∗)νν,
corresponding at quark-level to the transition b → sνν, as shown in Figure 4.7. Relative
to the SM, the effects of the LQ read [100]

Rνν = 1 + 1
6CSM

L

Re
[

(yL · yL†)sb
M2

∆

] √
2π

GFαemVtbV
∗
ts

+

+ 1
48(CSM

L )2
(yL · yL†)ss(yL · yL†)bb

M∆
4

2π2

G2
Fα

2
em|VtbV ∗ts|

2 ,

(4.25)

3This range depends on which value is used for the SM prediction. As stated above, we use the result
obtained with the use of HQET sum rules [114]. Using the average of lattice results provided by the
FLAG Collaboration [116–120], mostly dominated by the 2016 result of the MILC collaboration [119], would
make this range smaller, allowing for smaller NP effects. Using the recent lattice result from the HPQCD
Collaboration [121] would broaden ths range, allowing for larger NP effects.
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where CSM
L = −6.38(6) encodes the SM contribution [122]. The most stringent limit on this

ratio is set by the BaBar Collaboration in the decay B+ → K+νν, for which the upper limit
on the branching fraction is BR(B+ → K+νν) < 1.7× 10−5 at 90% C.L. [123]. Translated
in terms of Rνν , this limit reads Rνν < 2.7 [124]. This limit is set as a hard constraint on
the values allowed for the fitting parameters.

Lepton flavour violation: τ → µγ and τ → µµµ

In the 8D scenario, the scalar LQ couples to both µ and τ . Hence the model is strongly
constrained by the LFV processes τ → µγ and τ → µµµ.

The contribution of ∆ to τ → µγ, arising from the loop-level diagrams in Figure 4.1 when
the two ` differ in flavour, reads [100]

BR(τ → µγ) =
αem(m2

τ −m2
µ)3

4m3
τΓτ

(|σL|2 + |σR|2), (4.26)

where Γτ is the decay width of the τ and with

σL(R) = −i 3mτ

192π2M2
∆

{
y
R(L)
tτ y

R(L)∗
tµ − mt

mτ
y
L(R)
tτ y

R(L)∗
tµ

[
14 + 8 log m2

t

M2
∆

]}
. (4.27)

The upper limit set on this branching fraction by the BaBar Collaboration [125] is BR(τ →
µγ) < 4.4× 10−8 at 90% confidence level (C.L.). This limit is imposed as a hard cut in the
region of parameters allowed for the 8D fit.

The constraints from the LFV decay τ → µµµ for a scenario with scalar LQ ∆ was found
to be weaker than τ → µγ in Reference [126]. For this reason we do not include this decay
in our analysis.

Rare leptonic decay D0→ µµ

The decay D0 → µµ is mediated by a flavour changing neutral current (FCNC) and as
such is strongly suppressed in the SM. The current experimental limit on this decay is
BR(D0 → µµ) < 6.2× 10−9 at 90% C.L. [31]. Neglecting the SM contribution, which is
estimated to be O(10−11), the branching ratio in presence of the scalar LQ, contributing
through the diagrams in Figure 4.8 and including those with a spin-flip of one of the fermion
lines, is [99]

BR(D0 → µµ) = f2
Dm

3
D

256πM∆
4ΓD

(
mD

mc

)2
βµ

[
β2
µ

∣∣∣yLcµyR∗uµ − yRcµyL∗uµ∣∣∣2+

+
∣∣∣∣∣yLcµyR∗uµ + 2mµmc

m2
D

(yLcµyL∗uµ + yRcµy
R∗
uµ )

∣∣∣∣∣
2]
,

(4.28)
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Figure 4.9: Tree-level contributions of the leptoquark ∆ to leptonic meson decays and to
the decay τ → Kν.

where βµ =
√

1− 4m2
µ/m

2
D. As for the other observables listed so far, this contribution

vanishes in the 2D scenario, and is set as a hard limit in the 8D case.

Leptonic K,D,Ds,B decays, τ →Kν and LFU ratios

Analogously to the decay Bc → τν discussed in the effective analysis of Chapter 3, the
leptonic decays of charged mesons K → µν, Ds → µν, Ds → τν, B → τν, as well as the τ
decay τ → Kν, can be mediated at tree-level by the scalar LQ ∆. The Feynman diagrams
for these meson and τ decays are shown in Figure 4.9. The expressions of the branching
ratios of the mesons are analogous to the one of BR(Bc → τντ ) in Equation (3.18), with
appropriate replacement of quark and lepton masses, meson decay constants as well as
flavours of the implicit indices of the WCs. For the τ decay, the branching ratio reads [101]

BR(τ → Kν) = G2
F
∣∣V 2
us

∣∣
16πγτ

f2
Km

3
τ

(
1− m2

K

m2
τ

)2

×

×
∑
i

∣∣∣∣∣δ3i + CLV,3i + m2
K

mτ (mu +ms)
(CRS,3i − CLS,3i)

∣∣∣∣∣
2

.

(4.29)

where the index i refers to the flavour of the neutrino in the final state, and fK is the decay
constant of the K+ meson.
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Although the experimental values of the branching ratios for the individual decays are
available [31], these data are used for estimating the value of the CKM matrix elements
appearing in the expressions of the branching ratios. For this reason we do not include
them in our fit4.

However, large LQ contibution to these branching ratios would imply a modification of the
CKM element fitted to the corresponding decay, and could eventually result in a deviation
from the well-tested CKM unitarity. Hence we use these branching fractions to check that
our model complies with the CKM unitarity in two ways. In a first step we check that
the NP contribution to the branching ratios is negligible compared to the experimental
uncertainty. In a second step we include in the fit also ratios of leptonic branching fractions
in which the CKM matrix elements drop out. In this way, we are not running into the
problem of implicitly including the same data twice in our analysis, via the already fitted
CKM element. We then compare the fit with and without the LFU ratios, and verify that
their inclusion has a negligible impact on the fit.

The ratios we considered are [101]

r
e/µ
K = BR(K → eν)

BR(K → µν) , r
τ/µ
K = BR(τ → Kν)

BR(K → µν) , r
τ/µ
Ds

= BR(Ds → τν)
BR(Ds → µν) . (4.30)

A remark concerning the evolution of the WCs is in order for decays involving K,Ds and
D mesons. For these mesons, the reference scale used to compute the form factors on the
lattice is 2 GeV, so this is the scale to which the WCs must be evolved. The evolution from
ΛNP = 1 TeV to 2 GeV at three-loop QCD and one-loop in QED and EW, analogously to
Equation (3.10), is [73]

CLV (2 GeV) = CLV (1 TeV),

CRS (2 GeV) = 2.047CRS (1 TeV),(
CLS (2 GeV)
CT (2 GeV)

)
=
(

2.064 −0.341
−0.003 0.791

)(
CLS (1 TeV)
CT (1 TeV)

)
.

(4.31)

Anomalous magnetic moment of the muon

The anomalous magnetic moment of the muon, aµ, is defined to be the difference of the
gyromagnetic ratio, gµ, with its prediction from the Dirac equation, gDirac

µ = 2,

aµ = gµ − 2
2 . (4.32)

This difference arises from loop effects. Including five loops QED corrections, two loops
EW corrections and nonperturbative hadronic effects, the value predicted in the SM is
aSM
µ = 16591823(1)(34)(26)× 10−11 [31].

4An exhaustive analysis would require to fit the CKM elements and the LQ parameters simultaneously.
This analysis is beyond the scope of our work.
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This quantity is measured via the precession of muons in a constant external magnetic field,
and experiments give aexp

µ = 11659209.1(5.4)(3.3)× 10−10 where the first error is statistical
and the second systematic [31].

The difference between the SM prediction and the experimental result, ∆aµ = aexp
µ −aSM

µ =
268(63)(43)×10−11 shows a 3.5σ discrepancy. This tension further increases the interest in
NP models predicting LFNU, hence it is interesting to analyse to which extent the model
we are looking at is able to account for both the R(D(∗)) and the ∆aµ anomalies.

The LQ ∆ contributes at loop-level to aµ via diagrams such as those shown in Figure 4.1.
These effects are expressed by [99]

∆aLQ
µ =

∑
q=t,c

mµmq

4π2M2
∆

(
log M

2
∆

m2
q

− 7
4

)
Re [yRqµyL∗qµ ]−

m2
µ

32π2M2
∆

[
(yL†ue · yLue)µµ + (yR† · yR)µµ

]
.

(4.33)
where yLue stands here for the matrix in Equation (4.8), and not for its individual element.
The contribution in Equation (4.33) is vanishing in the 2D model, in which couplings to µ
are vanishing.

To determine the interplay of R(D(∗)) and the ∆aµ anomalies within the 8D scenario, we
will perform our fit twice, once without the data on ∆aµ and once including ∆aµ.

Remark on neutrino flavours

The flavour of the neutrinos is indistinguished at the experiments measuring the observables
we are considering. For this reason, in the 8D scenario with couplings as in Equation 4.7,
when considering the NP contributions to processes with at least one neutrino in the final
states, we must sum incoherently over the channels with different neutrino flavours. For
processes with two leptons in the final state, the only term that can interfere with the SM
contribution is the one in which the two flavours coincide.

4.4.3 Fit results

Let us analyse the fit results in the 2D and 8D scenarios. The statistical approach and
definitions are the same as in Chapter 3.

Minimal couplings scenario (2D)

As summarised in Table 4.1, our 2D fit includes the b → cτν data, i.e. R(D(∗)), FL(D∗),
Pτ (D∗), as well as the three vector and three axial Z`` couplings. However, the Zττ cou-
plings depend on the fitting parameters yLbτ , yRcτ , while the Zee and Zµµ receive a correction
only through δe, which does not depend on either of the fitting Yukawas. We are hence
fitting yLbτ , yRcτ to six observables.

The best fit point is located at (yLbτ , yRcτ ) ' (1.98, 0.02) with χ2
bf = 3.4. For Nobs = 6 and

Npar = 2, resulting in 4 d.o.f., this corresponds to a p-value of 50%. The one and two
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sigma regions in the (yLbτ , yRcτ ) plane are displayed in Figure 4.10a, and in Figure 4.10b these
regions are projected5 on the plane of WCs (CLV , CLS = −4CT ). The cut on the negative
values of CLV results from the fact that CLV ∝

∣∣∣yLbτ ∣∣∣2 ≥ 0.

Comparing the projection of the 2σ region in the WCs plane with the 2σ region obtained
with the EFT approach, i.e. the upper left plot of Figure 3.6, we see that these essentially
coincide. This is resulting from the fact that the fit is mostly driven by R(D(∗)) data6.

It is interesting to observe that the best fit point corresponds to the scenario discarded by
the authors of Reference [101] in light of the constraint from the Zττ coupling. The reason
is clear if we look at the values of these couplings at the best-fit point, displayed in blue in
Figure 4.5. The values for the τ couplings shift significantly from the SM LFU point, which
is the one used for the constraints in Reference [101]. However, the agreement with its
measured value increases. The orange line represents the projection of the 1σ region of the
Yukawa couplings into the (gAZττ , gVZττ ) plane; this (apparent) linear dependence, crossing
the SM prediction if prolonged, is due to the fact that the dependence on yLbτ is enhanced
by a factor m2

t /m
2
Z with respect to the dependence on yRcτ .

The improved agreement with the Zττ coupling is displayed in the bar plot of Figure 4.11,
in which the pulls defined as in Section 3.3 are compared with the SM ones. In the same
plot we observe a significant decrease of the tension in the R(D(∗)) observables and no
substantial difference for what concerns the polarisation observables FL(D∗)and Pτ (D∗), as
we expected from the analysis in Chapter 3.

From Figures 4.5 and 4.11 we also observe that the effects on the Z couplings to light leptons
is negligible. Numerically, we get a relative effect of the order O(10−7). Due to the assumed
Yukawa structure, these effects arise only from the photon polarisation contributions, hence
we conclude that the latter are negligible and do not significantly affect NP scenarios when
addressing the R(D(∗)) anomaly.

In the 2D scenario, the only leptonic branching ratio receiving a contribution is B → τν.
This branching ratio is of particular interest due to the current tension between the mea-
surements of the corresponding CKM element Vub from exclusive and inclusive semileptonic
decays, giving respectively [31]∣∣∣V excl

ub

∣∣∣ = (3.67± 0.09± 0.12)× 10−3,
∣∣∣V incl
ub

∣∣∣ = (4.49± 0.16+0.16
−0.17± 0.17)× 10−3. (4.34)

The SM prediction and the prediction at the best-fit points using either V incl
ub or V excl

ub are
reported in the two lines of Table 4.3. We observe that the prediction making use of V excl

ub

is lower than the lower boundary of the 1σ interval of the experimental measurement. For
this reason, the model in the 2D scenario favours the value of V incl

ub .

5This projection does not represent the 1 and 2σ region in the statistical sense discussed in the previous
chapter.

6This is also confirmed by the agreement of the σ regions in the Yukawa couplings plane with Figure 2
of Reference [102], where the 2σ regions for R(D(∗)) are shown.
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Figure 4.10: Figure (a) displays the 2σ region in the (yLbτ , yRcτ ) plane for the 2D scenario
assuming only two nonvanishing couplings. Figure (b) is a projection of that region into
the Wilson coefficients plane.
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Figure 4.11: Pulls in the scenario assuming only two nonvanishing couplings for a fit in-
cluding the polarisation observables and the Z`` couplings with electroweak renormalisation
effects taken into account.

Extended Yukawa structure (8D)

As we mentioned before and as displayed in Table 4.1, the analysis of the model with
extended couplings is performed by considering separately three fitting scenarios. This will
allow us to establish the interplay of the different observables within this LQ model. All
the scenarios include the same hard cut constraints, whose value at the best-fit point is
reported in Table 4.2.

BR(Bc → τντ ) ∆mth
Bs
/∆mSM

Bs
BR(τ → µγ) Rνν BR(D0 → µµ)

Upper limit 10× 10−2 1.04 4.4× 10−8 2.7 6.2× 10−9

SM 2× 10−2 1 0 1 O(10−11)
8Dsimple 2× 10−2 1.01 4.4× 10−8 2.7 O(10−11)
8DLFU 2× 10−2 1.01 4.4× 10−8 2.7 O(10−11)
8Daµ 5× 10−2 1.04 4.4× 10−8 2.7 O(10−10)

Table 4.2: Values of the flavour observables imposed as a hard constraint on the fit. The
values are given in the Standard Model and at the best-fit points of the three 8D scenarios.

Let us start from the scenario marked as 8Dsimple, which does not include either the LFU
ratios nor ∆aµ.
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The best-fit point is attained with the Yukawa matrices7

yLdν =

0 0 0
0 −2.5× 10−2 1.2× 10−3

0 1.0 −1.9

 , yRu` =

0 0 0
0 −1.9× 10−2 2.9× 10−2

0 1.6× 10−11 6.7× 10−4

 ,

yLu` =V ∗CKMy
L =

0 (−4.3− i3.8)× 10−3 (−2.2− i7.2)× 10−3

0 1.8× 10−2 8.1× 10−2

0 1.0 2.0

 ,
(4.35)

with χ2
bf = 7.4. With Nobs = 12 and Npar = 8, this corresponds to a p-value of 12%.

From the value of the constraints in Table 4.2 we see that the best-fit point saturates both
the Rνν and the τ → µγ constraints. All other constraints are not saturated. The Rνν and
τ → µγ constraints cut out the part of parameter space in which the best-fit point would
lie, pushing it to their boundary. This is clear from Figure 4.12, displaying the 2σ region
in the plane (yLbτ , yRcτ ), assuming the other Yukawas to be at their best-fit point, as well as
the region excluded by the Rνν and τ → µγ limits.

A comparison of Figure 4.12a and Figure 4.10a shows that the (yLbτ , yRcτ ) values at the best
fit are still driven by the R(D(∗)) data, since they correspond to one of the two 2σ regions
in the minimal coupling scenario. This is also clear by comparing Figures 4.10b and 4.12b,
in which we project in the plane of the WCs of the b→ cτν channel, the 2σ regions of the
three Yukawa couplings on which they depend, (yLsτ , yLbτ , yRcτ ), assuming the others to be at
their best-fit point. However, in the extended coupling scenario we observe that the CLV
coupling is no longer restricted to positive values, but has instead an upper limit at around
∼ 0.07 due to the Rνν constraint.

In Figure 4.13a we display the value of the Z`` couplings at the best-fit point. We see
that the LQ ∆ is able to improve the agreement of both the τ and the e coupling, the
latter effect arising from the couplings of the LQ to the µ and via the newly included EW
renormalisation, as explained above.

The better agreement with Z`` data is also visible in the red bars of Figure 4.14, displaying
the pulls at the best-fit point.

The coupling with the µ also implies a modification of the Rµ/e(D) and Re/µ(D∗) ratios
with respect to the SM, slightly worsening the agreement with experimental data. However,
the nonvanishing Yukawa couplings with µ do not worsen the agreement with the angular
distributions in the light lepton channels of the B → D(∗)`ν decays. This can be seen in
Figure 4.15, in which the measured binned differential rates ∆Γ/∆ cos θD, with θD defined
as in Figure 3.1, is plotted together with the SM prediction and the prediction at the best-fit
point.

7The imaginary part in the yLu` elements originates from the phase of the CKM matrix element Vub.
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Figure 4.12: Figure (a) shows the 2σ region of the 8Dsimple scenario in the (yLbτ , yRcτ ) plane,
assuming the other Yukawas to be at their best-fit point. Figure (b) shows the projection
of the 1 and 2σ regions of the Yukawa couplings (yLsτ , yLbτ , yRcτ ), assuming the others to be
at their best-fit point, in the Wilson Coefficients plane.
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Figure 4.13: Z`` couplings. The ellipses correspond to the 1σ experimental values [31], the
black star to the SM prediction. The coloured dots correspond to the values at the best-fit
points of the 8D scenarios. Figure (a) refers to the 8Dsimple, LFU scenario and Figure (b) to
the 8Daµ scenario.
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Figure 4.14: Pulls in the 8D scenario for a fit including the polarisation observables and the
Z`` couplings with electroweak renormalisation effects taken into account. The red, blue
and green bars correspond to the 8Dsimple, LFU,∆aµ scenarios respectively.

Finally, in Table 4.3 we report the branching ratios of the leptonic meson decays listed
in the previous section8. The values at the best-fit point are given together with the SM
predictions and with the experimental values. We see that for K → µν,Ds → µν and
Ds → τν the difference between the SM prediction and the value at the best-fit is negligible
compared to the experimental uncertainty. The only leptonic branching ratio receiving a
significant contribution is B → τν. The SM prediction and the prediction at the best-fit
points using either V incl

ub or V excl
ub are reported in the two lines of Table 4.3. We observe that

the prediction making use of V incl
ub exceeds the 1σ interval of the experimental measurement.

For this reason, contrary to the 2D scenario, when we relax the hypothesis about the Yukawa
structure the model favours the value of V excl

ub . The different effect on BR(B → τν) is due
to the additional contribution coming from the nonvanishing Yukawa yLsτ .

The marginal relevance of the effects on the branching ratio for K → µν,Ds → µν and
Ds → τν is also shown by the analysis including the LFU ratios re/µK , r

τ/µ
K , r

τ/µ
Ds

in the fit,
marked as 8DLFU in Table 4.1. The minimum is χ2 = 13, achieved with Yukawa couplings
essentially unvaried from Equation (4.36). With Nobs = 15 and Npar = 8, this corresponds
to a p-value of 8%. From the pull plot in Figure 4.14 we see that at the best fit points of
the 8Dsimple and 8DLFU scenarios, none of the observables differs significantly. From this we
deduce that the only difference in the χ2 arises from the additional contributions from the
three LFU ratios whose agreement with data, however, cannot be improved significantly
within this model. This is due to the fact that sizeable effects would require a large yLs`

8For BR(K → µν) we normalise the branching ratio to BR(K → eν). This allows us to include the
electromagnetic corrections evaluated in Reference [127].
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Figure 4.15: Binned differential rate ∆Γ/∆ cos θD for the decay B → D∗`ν with a light
lepton in the final state (` = µ or e). The blue points with error bars represent the
experimental measurements [29]. The predictions in the Standard Model and at the three
best-fit points are indistinguishable, and correspond to the red points.

coupling which, however is not able to improve the agreement with the experimental values
of the light meson ratios without involving too high of an effect in the R(D(∗)), Rµ/e(D)
and Re/µ(D∗), via the CKM-related coupling yLc`.

Finally, let us come to the fit including ∆aµ. The minimum χ2 = 11 corresponds to a
p-value of 5.4% for Nobs = 13 and Npar = 8. The minimum is achieved for the Yukawa
couplings

yLdν =

0 0 0
0 −5.8× 10−2 −6.5× 10−3

0 1.1 −2.8× 10−1

 , yRu` =

0 0 0
0 −2.6× 10−2 4.4× 10−1

0 2.9× 10−3 2.0× 10−4

 ,

yLu` =V ∗CKMy
L =

0 −1.2× 10−2 − i4.1× 10−3 (−1.8 + i1.0)× 10−3

0 −1.1× 10−2 −1.8× 10−2

0 1.1 −2.8× 10−1

 .
(4.36)

As in the other two cases, the hardest limit on the parameter space is set by the Rνν ratio
and by the limits on τ → µγ, both being saturated at the best-fit point, as can be seen
in Table 4.2. In this scenario, also Bs−Bs saturates its constraint. The lower p-value is
a result of the fact that a good fit to ∆aµ implies a worsening in the agreement with the
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BR(K→eν)
BR(K→µν) BR(Ds → µν) BR(Ds → τν) BR(B → τν) BR(τ → Kν)

Experimental value 2.488(9)× 10−5 5.50(23)× 10−3 5.48(23)× 10−2 1.09(24)× 10−4 6.96(10)× 10−3

SM, V excl
ub 2.472× 10−5 5.58× 10−3 5.44× 10−2 8.22× 10−5 6.94× 10−5

V incl
ub 1.23× 10−4

2D, V excl
ub 2.472× 10−5 5.58× 10−3 5.44× 10−2 7.50× 10−5 6.94× 10−5

V incl
ub 1.12× 10−4

8Dsimple 2.472× 10−5 5.58× 10−3 5.44× 10−2 9.19× 10−5 6.94× 10−5

V incl
ub 1.38× 10−4

8DLFU 2.472× 10−5 5.57× 10−3 5.44× 10−2 9.19× 10−5 6.94× 10−5

V incl
ub 1.38× 10−4

8Daµ 2.472× 10−5 5.51× 10−3 5.44× 10−2 8.25× 10−5 6.94× 10−5

V incl
ub 1.23× 10−4

Table 4.3: Branching ratios for leptonic meson decays and for τ → Kν. The values in the
8D scenario are referred to the best-fit point.

data from R(D(∗)), as can be seen from the green bars of the pull plot in Figure 4.14. This
is a result of an interplay between the Rνν and τ → µγ limits and ∆aµ, as we now briefly
explain. A good agreement with ∆aµ requires a higher value of the coupling yRtµ. Due to
the τ → µγ limit, a higher yRtµ requires a lower yLtτ which, up to the CKM matrix element
Vtb ∼ 1, implies a low yLbτ . For Rνν , the limit is saturated by a cancellation of the first
and second line in Equation (4.25). Since the τ → µγ requires a low yLtτ , this cancellation
occurs via a fine-tuning of yLsµ, yLsτ , yLbµ, or equivalently yLcµ, yLcτ , yLbµ, whose value worsen the
agreement with the R(D(∗)) ratios. This fine-tuning effect is also shown in Figure 4.16a,
displaying the 2σ region in the plane (yLbτ , yRcτ ), assuming the other Yukawas to be at their
best-fit point, as well as the regions excluded by the τ → µγ and Rνν constraints, which
overlap due to the interplay just explained. Figure 4.16b displays the projection of the
1 and 2σ regions of the Yukawa couplings (yLsτ , yLbτ , yRcτ ) in the WCs plane, assuming the
others to be at their best fit point. A comparison with Figure 4.12b reveals that the fit is
no longer driven by the R(D(∗)) data.

In addition, from Figure 4.13b we see that the agreement with the Zττ couplings is worsened
with respect to the other two scenarios. The Zee couplings still improve the agreement with
the experimental value via the EW renormalisation effects.

Our analysis of the 8Dsimple hence reveals that the scalar LQ with couplings to second and
third generation fermions is able to accommodate the current experimental values ofR(D(∗))
and at the same time improve the agreement with the measured values of the Zττ and Zee
couplings, without significantly affecting the leptonic decays of mesons lighter than the B,
an effect that could spoil the agreement with the well tested CKM unitarity. In particular,
the effect on the Zee couplings is a pure result of the inclusion of the EW renormalisation
effects. However, a comparison of the scenarios 8Dsimple and 8Daµ shows that a simultaneous
description of the experimental values of the anomalous magnetic moment of the muon ∆aµ
and of the R(D(∗)) ratios is challenged by the experimental constraints from other flavour
observables.
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Figure 4.16: Figure (a) shows the 2σ region of the 8Daµ scenario in the (yLbτ , yRcτ ) plane,
assuming the other Yukawas to be at their best-fit point. Figure (b) shows the projection
of the 1 and 2σ regions of the Yukawa couplings (yLsτ , yLbτ , yRcτ ), assuming the others to be
at their best-fit point, in the Wilson coefficients plane.
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Remark on b→ sµµ

Let us comment on the interplay between the R(D(∗)) and the anomalous data from B →
K(∗)µµ decays in presence of the scalar LQ ∆. Since B → K(∗)µµ decays are not the
main focus of this work, we refer the reader to Appendix B for a broader overview of these
anomalies, and focus here on the details relevant for us.

The global analyses of the b → s`` data seem to favour the presence of NP effects mostly
in the b→ sµµ channel with respect to the b→ see channel [95,128]. Among the scenarios
with a single nonvanishing combination of WCs, those favoured by the data have negative
contribution to the WC Cµ9 . With respect to NP solutions to the R(K(∗)) anomalies, an
interesting scenario is the one with nonvanishing WCs

(
CNP

9(µ), C
NP
10(µ)

)
, for which the global

fit gives (
CNP

9(µ), C
NP
10(µ)

)
= (−0.91, 0.18). (4.37)

Using the expressions of the WC in terms of the scalar LQ parameters [99]

CµLL = m2
t

8παM2
∆

∣∣∣yLtµ∣∣∣2 −
√

2
64παGFM2

∆

(
yL · yL†

)
bs

(
yL† · yL

)
µµ

VtbV
∗
ts

CµLR = m2
t

16παM2
∆

∣∣∣yRtµ∣∣∣2
log M

2
∆

m2
t

− 1− 3
m2
t

M2
∆
− 1

 log m2
t

M2
∆

m2
t

M2
∆
− 1
− 1


+

−
√

2
64παGFM2

∆

(
yL · yL†

)
bs

(
yL† · yL

)
µµ

VtbV
∗
ts

(4.38)

we evaluated the WC for the b→ sµµ couplings at the best-fit points of our 8D scenarios.
Expressing them in the basis used for the b→ s`` global fits,

CNP
9(µ) = CµLR + CµLL

2 , CNP
10(µ) = CµLR − C

µ
LL

2 , (4.39)

these correspond to(
CNP

9(µ), C
NP
10(µ)

)
8Dsimple, LFU

= (5.9× 10−2,−5.9× 10−2),

(
CNP

9(µ), C
NP
10(µ)

)
8Daµ

= (2.5× 10−2,−2.5× 10−2).
(4.40)

Although these values are small compared to the ones predicted by the global fit, we see that
the couplings tend to assume opposite signs compared to the ones preferred by b → sµµ
data, indicating that the model is not able to resolve the tension in both R(D(∗)) and
b→ s`` data, when all constraints are taken into account. This result is in agreement with
the findings of Reference [100,101].
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4.5 Summary

In this chapter we analysed in more detail one of the single particle solutions of the R(D(∗))
anomalies, namely the one involving a scalar LQ ∆ ∼ S†1 ∼ (3, 1,−1/3). We assumed the
most general Yukawa Lagrangian which does not involve contributions to the decay of the
proton.

• We evaluated the virtual contributions of ∆ to the coupling of Z bosons to charged
leptons. Compared to previous works, our evaluation includes effects from EW renor-
malisation, arising from the LQ effects on the coupling with W bosons and on the
photon polarisation, and hence on the Fermi constant GF and on the electromagnetic
fine-structure constant α. Fixing the relation between the EW couplings g, e and the
measured quantities GF, α as the ones of the SM, gives rise to additional contributions
in the Z coupling. Interestingly, these effects modify the Z coupling with a lepton
even if the latter does not directly couple to the LQ via the Yukawa Lagrangian.

To analyse the interplay of the newly computed effects in the Z couplings with the R(D(∗))
anomaly, we performed a fit of the Yukawa couplings of the LQ. We analysed two scenarios.

• First we assumed a simplified Yukawa structure having as nonvanishing couplings
only the two required to give rise to the WC structure from Chapter 3. This scenario
has the advantage that most of the contributions to the strongly constrained flavour
observables are vanishing. From this analysis we concluded that the EW renormal-
isation effects arising from the photon polarisation are negligible. We also observed
that with this Yukawa structure it is possible both to ameliorate the description of
the R(D(∗)) data and to improve the agreement of the theory prediction for the Zττ
coupling with its experimental value.

• We then extended the Yukawa structure, setting to zero only the couplings to first
generation fermions. The additional couplings implied the necessity of taking several
flavour constraints into account. In order to analyse the interplay between different
observables, we performed three analyses, differing in the data included in the fit: a
simple scenario, fitting only R(D(∗)) and the Z`` coupling, a scenario fitting also LFU
ratios of light mesons and a scenario fitting also the anomalous magnetic moment of
the muon, ∆aµ.

– From the simple scenario we concluded that the extended Yukawa structure
allows one to obtain a better description of R(D(∗)) and of the Z couplings for
both the τ and the e. In particular, the effects on the e coupling are a pure result
of the newly included EW renormalisation terms. These give a nonnegligible
contribution via the counterterm δg, which is nonvanishing due to the couplings
of the LQ to muons.

– At the best-fit point the effects on the leptonic decays of lighter mesons are
negligible. This observation is reinforced by a comparison of the simple scenario
with the scenario including LFU ratios. Since these channels are among those
used for measuring the elements of the CKM matrix, we concluded that the
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simple scenario does not modify significantly the agreement of the CKM unitarity
with experimental data.

– Including ∆aµ in the fit implies a drastic worsening of the description of the
R(D(∗)) data. We conclude that the scalar LQ ∆ is not able to account for both
the tension in R(D(∗)) and in ∆aµ.

– For all the three scenarios, the strongest constraints on the parameter space come
from the decays B → Kνν and τ → µγ, both saturating their experimental
limit at the best-fit point. From this we conclude that our model predicts an
experimental value of the branching ratios of these decays higher than their SM
prediction.

– A solution of either R(D(∗)) or ∆aµ in terms of the scalar LQ ∆ increases the
tension with the b→ s`` data, hence challenging a simultaneous solution of each
pair of the three anomalies in terms of ∆.



CHAPTER 5

Towards a grand unified theory

This chapter builds up on the analysis performed in the previous ones, but follows a some-
what opposite approach compared to them. While in Chapter 3 we performed an analysis
of the R(D(∗)) anomalies in terms of an effective field theory, and in Chapter 4 in terms
of a model introducing a new physics particle ad hoc, in this chapter we follow a top-down
approach, and specify from the beginning the UV complete model in which we want to
address the R(D(∗)) anomalies. We will choose the model and establish the particle content
via some guiding principles that will allow us to avoid the ad hoc introduction of particles,
since that approach would be analogous to adding these particles to the Standard Model
content, as done in Chapter 4. Our guiding principles will be the requirement of unifying
quarks and leptons and, on a later stage, the requirement of unifying the gauge group. We
will start from the simplest extended gauge model in which quarks and leptons are unified
into one representation, the Pati-Salam (PS) model [68]. After a brief introduction to the
model, we will focus on the gauge sector, and see that one of the single-particle solutions to
the R(D(∗)) anomalies considered in Chapter 3 arises naturally. However, we will see that
the constraints imposed by lepton flavour violating decays of light mesons push the mass of
this particle to scales well above the one required for solving the R(D(∗)) anomalies.

Having excluded the gauge sector as a solution to the anomalies, we will then focus on the
scalar sector. We will assume the scalar content analysed in Reference [129], representing
one of the possible minimal choices required to spontaneously break the PS group to the
Standard Model with intermediate steps. This will leave us with only one viable candidate,
a charged scalar, with the further feature of having couplings strictly related to the Standard
Model Yukawa couplings. As we know from Chapter 3, the charged Higgs is disfavoured
if BR(Bc → τντ ) is low. In the hypothesis of a low BR(Bc → τντ ) we will further extend
the scalar sector by requiring the PS group to be an intermediate step in the spontaneous
symmetry breaking (SSB) of a grand unified theory with gauge group SO(10).

61
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5.1 The Pati-Salam model

As we mentioned in the introduction, the principle guiding us in choosing the UV complete
theory in which to seek for a solution to the R(D(∗)) anomalies is the attempt to unify
quarks and leptons by extending the gauge group of the SM. A successful attempt in this
direction was done by Pati and Salam [68], who extended the gauge group to SU(4)c ×
SU(2)L × SU(2)R. Instead of directly analysing the features of this model, we will now
briefly comment on the choice of this group.

5.1.1 Why SU(4)c×SU(2)L×SU(2)R?

As suggested by the title of Reference [68], the starting point of the model is the in-
terpretation of leptons as the fourth colour. This means that of the SM gauge group
SU(3)c × SU(2)L × U(1)Y , the colour component SU(3)c is regarded as a subgroup of
SU(4)c, and the quark colour triplets are extended to fourtets by including as fourth com-
ponent a lepton. The SU(3)c is identified with the subgroup generated by the first eight
generators, which for the fundamental representation 4 are

T1...8 = 1
2

(
λ1...8 0

0 0

)
, (5.1)

where λ1...8 represent the 3× 3 Gell-Mann matrices.

Embedding quarks and leptons into the same representation implies that the naive extension
to SU(4)c × SU(2)L × U(1)Y is unviable, since it would imply that the SU(4)c part of the
group commutes with the hypercharge U(1)Y , a feature that is in contrast with the fact
that the quarks and leptons in the same SU(4)c × SU(2)L representation have different
hypercharge [130].

Another naive alternative would be to identify U(1)Y with the subgroup generated by the
only generator that commutes with the SU(3)c generators of Equation (5.1), namely

T15 = 1
2
√

6


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −3

 . (5.2)

However, this identification is in conflict with the hypercharge assignments in the SM. For
instance, for the right-handed components, the hypercharge of the down-quarks Yd = −1/3
would imply, from Equation (5.2), a hypercharge of the right-handed lepton of Y` = 1.

These considerations show that enlarging SU(3)c to SU(4)c and embedding leptons into
the same fundamental representation as quarks requires the need to modify the EW group
as well.

The simplest choice SU(4)c × SU(2)L × U(1)R would already suffice to recover the cor-
rect hypercharges, whose operator could be built out of a combination of the generator in
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Equation (5.2) and of the U(1)R quantum number, hence giving:

Y = aT15 + TR. (5.3)

The fermions are, then, introduced as

(
uR uG uB ν
dR dG dB `

)
L

∼ (4, 2)tL

(
uR uG uB ν

)
R
∼ (4, 1)tuR(

dR dG dB `
)
R
∼ (4, 1)tdR

(5.4)

where the lower index ti represents the quantum number under U(1)R, i.e. the eigenvalue of
TR. The value of a and the ti’s are determined by setting the hypercharges of the particles
to their SM values. For instance, acting on the right-handed down-type fermions we get

Y


dR
dG
dB
`

 = (aT15 + TR)


dR
dG
dB
`

 = ( a

2
√

6


1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −3

+ TR)


dR
dG
dB
`

 =

=


( a

2
√

6 + tdR)dR
( a

2
√

6 + tdR)dG
( a

2
√

6 + tdR)dB
(− 3a

2
√

6 + tdR)`

 =


−1

3dR
−1

3dG
−1

3dB
−`

⇒ a =
√

6
3 , tdR = −1

2 .

(5.5)

This leads to

Y =


1/6 0 0 0
0 1/6 0 0
0 0 1/6 0
0 0 0 −1/2

+ TR, (5.6)

which allows to reproduce the SM hypercharges once the fermions are assigned the following
ti charges:

(
uR uG uB ν
dR dG dB `

)
L

∼ (4, 2)0

(
uR uG uB ν

)
R
∼ (4, 1)1/2

(
dR dG dB `

)
R
∼ (4, 1)−1/2.

(5.7)

Although SU(4)c×SU(2)L×U(1)R already provides the unification of quark and lepton rep-
resentations, the quantum numbers in Equation (5.7) suggest that the TR could be identified
as the third generator of an additional SU(2)R, rather than a simple U(1) generator. The
advantage of SU(4)c×SU(2)L×SU(2)R is that the group does not contain abelian factors
U(1), hence providing an explanation for the quantisation of electric charge. Furthermore,
the fact that the left and right components of the gauge group are both SU(2)’s suggests
that this analogy could be extended to a symmetry at high energies, which can be added
to the PS gauge group as a discrete symmetry Z2. However, the implementation of this
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discrete symmetry is not unique, as it is the case in left-right symmetric models [131, 132].
A first way of implementing the Z2 symmetry relating the right- and left-handed sectors is
via the so-called generalised parity P. This symmetry requires a generic spinor to transform
as

P : Ψ→ γ0Ψ, (5.8)

implying, for the two components{
ΨL = PLΨ→ PLγ

0Ψ = γ0PRΨ
ΨR = PRΨ→ PRγ

0Ψ = γ0PLΨ
. (5.9)

Another possible choice is the generalised charged conjugation C, under which a generic
spinor transforms as

C : Ψ→ Ψc, (5.10)

where the charge-conjugated spinor is defined as Ψc = CΨT = iγ2γ0ΨT, with

C = iγ2γ0 =
(
ε 0
0 −ε

)
. (5.11)

Equation (5.10) corresponds to the transformation{
ΨL = PLΨ→ PLΨc = (ΨR)c

ΨR = PRΨ→ PRΨc = (ΨL)c
. (5.12)

Let us now look at the particle content of the PS model. The fermionic sector is uniquely
specified if we assume that the only additional particles are those arising from the completion
of the SM representations. After the identification of TR as the third generator of SU(2)R,
the fermionic content of Equation (5.7) is grouped into the following representations under
the PS group

ΨL =
(
ur ug ub ν
dr dg db `

)
L

∼ (4, 2, 1) ΨR =
(
ur ug ub ν
dr dg db `

)
R

∼ (4, 1, 2) (5.13)

which require the introduction of a right-handed neutrino. The representations in Equa-
tion (5.13) refer to a single generation of fermions. As in the SM, the inclusion of all possible
flavours is implemented by requiring three identical copies of these representations. The
way to include the different leptons into the different quark triplets is not established a
priori. In other words, one might include the electron as extension of the first, second or
third generation of quarks, and analogously for the µ and τ . In the version of the model we
consider, the leptons are included in the quark families following the same mass hierarchy.

The gauge boson content is uniquely determined by the gauge group. The SU(2)L gauge
bosons correspond to the W±,3Lµ of the SM, and analogous particles, labelled as W±,3Rµ , are
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associated to SU(2)R. The SU(4)c gauge bosons are conveniently written in the form

G =GaT a =

=1
2


G3 + G8

√
3 + G15

√
6 G1 − iG2 G4 − iG5 G9 − iG10

G1 + iG2 −G3 + G8
√

3 + G15
√

6 G6 − iG7 G11 − iG12

G4 + iG5 G6 + iG7 − 2√
3G

8 + G15
√

6 G13 − iG14

G9 + iG10 G11 + iG12 G13 + iG14 − 3√
6G

15

 ,
(5.14)

in which we omitted the Lorentz index µ in order to simplify the notation. We can determine
the electric charges of these gauge bosons by acting with the electric charge operator,
defined as in the SM with respect to the third SU(2)L generator and the hypercharge as
Q = TL3 + Y = TL3 + TR3 + 2√

6T15. The electric charges of each entry of the matrix hence
read1 

0 0 0 2/3
0 0 0 2/3
0 0 0 2/3
−2/3 −2/3 −2/3 0

 . (5.15)

Since these gauge bosons do not carry SU(2)L charge, their electric charges correspond to
their hypercharges. We can rewrite the particles in Equation (5.14) by grouping them as
representations under the SM group as:

G = 1
2



 Gaλa


(8,1)0

√2U+2/3


(3,1)2/3( √

2U−2/3
)

(3,1)−2/3
0

+G15(1,1)0 . (5.16)

The neutral particles in the 3× 3 block of Equation (5.16), related to the T1...8 generators,
correspond to the gluons of the SM. The gauge bosons in the off-diagonal elements of the
matrix arrange themselves into a vector SU(3)c triplet. The couplings of this particle with
fermions can be deduced from the kinetic terms of the fermions. For instance, for the first,
red-charged component of U, defined as

U2/3 = G9 − iG10
√

2
, (5.17)

1The gauge bosons lie in the adjoint representation of the corresponding group. For this reason, T15
acts as a commutator on each gauge boson, i.e. on the matrices with a single nonvanishing element from
Equation (5.14).
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we get

Dµ ⊃ −ig4
1√
2


0 0 0 U

2/3
r

0 0 0 0
0 0 0 0
0 0 0 0

⇒ Ψi /DΨ ⊃ g4√
2
U2/3
rµ (urγµν + drγ

µ`), (5.18)

generating the vertices

U2/3

ν

u

U2/3

`+

d

with coupling ig4/
√

2. For the vertices with each component of U , the two fermions involved
will always be a lepton and a quark, hence U qualifies as a vector LQ. It corresponds to the
vector LQ U1 of Chapter 3, mediating the b→ cτν transition.

Contrary to the gauge sector, the scalar sector is not uniquely fixed by the gauge group.
However, we will avoid the introduction of scalar particles that are not required for the SSB
of the gauge group to the U(1)em. Even then, the way the breaking PS→SM is accomplished
is not unique, and as a consequence, the scalar sector is not uniquely defined. Our analysis
assumes the scalar fields used in Reference [129] for breaking the PS group with intermediate
breaking steps, i.e. the fields

Σ ∼ (15, 1, 1)

TL ⊕ TR ∼ (1, 3, 1)⊕ (1, 1, 3)

ΦL ⊕ ΦR ∼ (4, 2, 1)⊕ (4, 1, 2)

h ∼ (1, 2, 2).

(5.19)

5.1.2 Pati-Salam gauge bosons and R(D(∗))

In this section we analyse the effects of the gauge bosons of the PS model on the R(D(∗))
ratios.

Right-handed vector current

The only possible contribution of W±,3Rµ to a transition b → cτν comes from couplings
identical in structure to the SM couplings with W±L , but with a right-handed projector.
The neutrino in the final state is hence the right-handed neutrino of the SU(2)R doublet.
This implies that the contributions originating from the coupling arising with the W±R
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cannot interfere with the SM ones, since the particles in the final state are different. In
addition, if we assume the right-handed neutrinos of the PS model to be heavy, the decay
B → D(∗)τνR is kinematically forbidden. For these reason we will neglect the contribution
of the SU(2)R gauge bosons to R(D(∗)).

Vector leptoquark and R(D(∗))

Let us analyse the contributions of the vector LQ U arising from the SU(4)c gauge bosons.
In order to relate the couplings of Equation (5.18) to the effective couplings of Chapter 3, the
interactions from the kinetic term must be rewritten in the mass basis. This change of basis
introduces an additional unitary matrix for each type of fields, hence enlarging the number
of parameters to be considered. As a benchmark case, we will make the hypothesis that
the matrix describing the mixing of the lepton and quark generations in the U1-mediated
interactions has roughly the same structure as the CKM matrix. Under this hypothesis, the
effective b → cτν interaction mediated by U1, restricting to the case of a third generation
left-handed neutrino in order to allow for interference terms with the SM contribution,
reads2

HU1 = g2
4Vcb

2M2
U

(cγµν)(τγµb) =

= −g
2
4Vcb

2M2
U

[(cLγ
µbL)(τLγµνL)− 2(cLbR)(τRνL)],

(5.20)

where the CKM matrix element Vcb arises from the coupling of the c quark with a third
generation neutrino, and where we used a Fierz rearrangement of the spinors to get from
the first to the second line. This structure already suggests that if the U1 vector LQ of
Chapter 3 is to be regarded as a solution to the R(D(∗)) anomalies, the underlying UV
complete model is not the PS. In fact, compared to the upper-right plot of Figure 3.6, the
WCs assume opposite signs with respect to the ones assumed in the 2σ region. In addition,
the underlying SU(4)c structure allows us to put strong bounds on the vector LQ effects
via LFV decays of neutral mesons. The most stringent bound is set by the decay KL → µe,
for which the experimental limit is 2.8 × 10−5 at 90% C.L. [31]. The branching ratio for
this decay reads [130,133]

BR(KL → µe) = τKπα
2
s(MU ) 1

M4
U

f2
KmK

(
m2
K

ms +md

)2(
1−

m2
µ

m2
K

)2

. (5.21)

The peculiar feature of this expression is the appearance of the strong coupling αs = g2
3/4π,

which is due to the fact that the interaction with U has the same origin as the interaction
of fermions with gluons. In Equation (5.21), τK , fK are the K lifetime and decay constant
respectively. The coupling g3(MU ) and the quark masses ms,d(MU ) refer to the energy
scale of the mass of the leptoquark MU . Their values in the MS scheme are obtained
using the Mathematica package RunDec [134–136], assuming that there are no particles

2These relations are given at the LQ mass scale, and evolving them to the mb scale implies an additional
factor of roughly ' 1.8 for the scalar operator, originating as in Equation (3.10).
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interacting strongly in the mass range from mt to MU [130]. With this procedure, the
current experimental limit translates to a lower limit of O(103 TeV) on the mass of the
vector LQ.

On the other hand, requiring an effective coupling of roughly ' 0.08, as suggested from
the results of the EFT fit in Table 3.4, also sets the mass of the vector LQ. The SU(4)c
structure implies

|C| = g2
4

2M2
U

' 0.08× 2
√

2GF. (5.22)

Using for g2
4 the value of the strong coupling evolved to the mb scale, this implies a mass

of the vector LQ of roughly MU ' 3 TeV, three orders of magnitude below the limit from
LFV decays.

Although some room is left from the approximations made concerning the flavour mixing
matrices, covering a gap of three orders of magnitude would require a great amount of
fine-tuning of the flavour parameters. We conclude that the gauge sector of the PS model
is unlikely to be responsible for the R(D(∗)) anomalies.

5.1.3 Pati-Salam scalars and R(D(∗))

The particles coming from the scalar sector assumed in Equation (5.19) can contribute at
tree-level to b→ c`ν only if their Yukawa couplings with the fermions, which belong to the
(4, 2, 1) and (4, 1, 2) representations, are allowed by gauge invariance. In other words, the
tensor product of the scalar with one of the following products of two spinors

ψLψR : (4, 2, 1)⊗ (4, 1, 2) = (1, 2, 2)⊕ (15, 2, 2)

ψ
c
LψL : (4, 2, 1)⊗ (4, 2, 1) = (10, 1, 1)⊕ (10, 3, 1)⊕ (6, 1, 1)⊕ (6, 3, 1)

ψ
c
RψR : (4, 1, 2)⊗ (4, 1, 2) = (10, 1, 1)⊕ (10, 1, 3)⊕ (6, 1, 1)⊕ (6, 1, 3)

(5.23)

must contain a singlet. Comparing Equations (5.23) and (5.19) we see that the only field
with nonvanishing Yukawa couplings is h. This field is usually identified with the PS
completion of the SM Higgs field. The additional charged components might be identified
with the scalar solution to the R(D(∗)) anomalies presented in Chapter 3. However, the
fact that the charged Higgs arises from the same representation of the SM Higgs implies
that the couplings to this field are already constrained by the correct prediction of fermion
masses and mixing within the PS model, and a solution of R(D(∗)) in terms of h would
hence be challenged. In addition, in Chapter 3 we pointed out that the charged Higgs
solution predicts a high value of the branching ratio BR(Bc → τντ ). In the hypothesis that
a measurement of this branching ratio gives a high value compared to its SM prediction, it
will be interesting to investigate in more detail the scalar solution with the underlying PS
assumption. This analysis is left for future work.

On the other hand, the measurement of a low BR(Bc → τντ ) implies that the scalar setup
of the PS model does not allow for a solution to the R(D(∗)) anomaly. This implies that
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the PS alone cannot describe the current R(D(∗)) data. Our search for a solution arising
naturally in a PS framework requires us to go beyond this simple scenario. To do so, we
will follow an additional guiding principle, which is the unification of the gauge group, as
we will see in the next section.

5.1.4 An SO(10)-inspired scalar content

An interesting feature of the PS model is that it can be embedded in the breaking chain of a
GUT having as gauge group the SO(10) group. The latter, in turn, as well as embedding the
SM gauge group in a simple group, reducing the number of gauge couplings to one, requires
only one representation to describe all the fermions of a single generation. These features
motivate our reconsideration of the scalar sector of the PS model under the hypothesis that
the model is an intermediate step in the breaking of an SO(10) GUT.

This assumption has interesting consequences on the structure of the PS gauge group, on
the scalar content of the model as well as on its phenomenological predictions. We analyse
these aspects separately.

Discrete symmetry

Embedding the discretely-symmetric version of the PS gauge group into SO(10) implies
that the discrete symmetry must be the generalised charge conjugation C rather than the
generalised parity P [137]. This can be understood by analysing the fermionic representa-
tions in SO(10), which are the 16. The content of this representation can be more easily
understood in terms of the PS group. The branching rule of the 16SO(10) in terms of
SU(4) × SU(2) × SU(2), i.e. the way the particles in the representations under the PS
group are embedded into a 16SO(10), is [138]

16SO(10) → (4, 2, 1)PS ⊕ (4, 1, 2)PS. (5.24)

Since the right-handed fermions are embedded as charge-conjugate representations, and
since the discrete symmetry must be an element of the connected group SO(10), the Z2
symmetry cannot relate ΨL ↔ ΨR, which would be a transformation that we cannot contin-
uously shrink to the identity. On the other hand, ΨL ↔ Ψc

R can be achieved within SO(10)
since these spinors are elements of a same representation.

As discussed in References [139, 140], it is possible to break the discrete symmetry with a
PS singlet, hence decoupling the breaking of the generalised parity from the breaking of
PS. For this reason we will consider both the version of the PS model, with or without the
generalised parity C.

Extension of the scalar content

Extending the PS group to SO(10) requires each of the representations to be regarded as
the representation under the PS subgroup of a representation under SO(10). This inter-
pretation is straightforward for the fermionic content, as we saw from the branching rule
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in Equation (5.24). The scalar content, instead, does not already provide the additional
components needed to complete the representations, and it hence requires the introduction
of additional particles. In particular, from the branching rules reported in Reference [138]
we notice that the lowest-dimensional representation that allows for the embedding of the
bi-doublet h is the 10SO(10), which under the PS group decomposes as

10SO(10) → (1, 2, 2)PS ⊕ (6, 1, 1)PS. (5.25)

We label the additional field F ∼ (6, 1, 1)PS, and we now analyse its properties.

The SU(4)c sextet F transforms as the antisymmetric part of the tensor product of two
fundamental representations 4, i.e. from the decomposition into irreducible representations
4⊗4 = 10⊕6. Comparing this with Equation (5.25), we conclude that Yukawa terms can be
built out of the field F and two fermion fields, one of them being charge-conjugated. There
are two ways of writing down a Yukawa term involving F , since one can either saturate the
two indices of F with each of the fermion indices directly or make use of the Levi-Civita
symbol in four dimensions3 εijkl. Labelling with a tilde the terms involving the ε, and
F̃ij = εijklF

kl, we can write

LF = F (AΨLΨc
L +BΨRΨc

R) + F̃ (ÃΨc
LΨL + B̃Ψc

RΨR) + h.c. (5.26)

Due to the antisymmetric nature of F , the Yukawa coupling matrices A, Ã,B, B̃ must be
symmetric under the exchange of two flavour indices4. For instance, considering the term
A†F †Ψc

LΨL, we have

LF ⊃ A†F †Ψc
LΨL = A†mnF

†Ψcm
L Ψn

L = A†mnF
†
αβΨαiam

L εijεabΨβjbn
L =

= −A†mnF †αβΨβjbn
L εijεabΨαiam

L = −A†mnF †βαΨαian
L εjiεbaΨβjbm

L =

= −A†mnF †βαΨαian
L εijεabΨβjbm

L = A†mnF
†
αβΨαian

L εijεabΨβjbm
L =

= A†nmF
†
αβΨαiam

L εijεabΨβjbn
L ,

(5.27)

where the indices (m,n), (α, β), (i, j), (a, b) refer to flavour, SU(4)c, Lorentz and SU(2)
space respectively, while the c labels the charge-conjugated spinor. In the derivation, we
used the fact that for what concerns Lorentz space, the barred charge-conjugated spinor
is Ψc = ΨTC. From Equation (5.27) we deduce that the matrix Amn must be symmetric,
Amn = Anm; the same steps can be applied to the other matrices Ã, B, B̃. The requirement
that the couplings to F respect the generalised charge conjugation C sets both the way the
field F transforms and the structure of the couplings A,B, Ã, B̃. For instance, restricting

3This is allowed by the fact that the sextet is the self-conjugate representation of SU(4). In other words
its conjugate, obtained with the ε, is also a sextet.

4This generalises the symmetry of the z matrix of the diquark coupling of the scalar LQ S1 of Refer-
ence [72]
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to the terms involving A,B and marking with F̂ the transformed of F we have

LF ⊃F (AΨLΨc
L +BΨRΨc

R) + F †(A†Ψc
LΨL +B†Ψc

RΨR)→

→F̂ (AΨc
RΨR +BΨc

LΨL) + h.c.
(5.28)

Requiring the Lagrangian to be invariant, i.e. setting the two lines to be equal, we get the
requirements 

F → F̂ = F †

A = B†

Ã = B̃†
. (5.29)

Expressing the sextet in terms of SM representations gives [138]

(6, 1, 1)PS → (3, 1)SM
1/3 ⊕ (3, 1)SM

−1/3. (5.30)

We see that F contains two fields transforming as the scalar leptoquark ∆ considered as a
solution of the R(D(∗)) anomalies in Chapters 3 and 4. If we write F as the 4 × 4 matrix
in the SU(4)c space, this gives 

0 −F 3
3 F 3

2 F 3
1

F 3
3 0 −F 3

1 F 3
2

−F 3
2 F 3

1 0 F 3
3

−F 3
1 −F 3

2 −F 3
3 0

 , (5.31)

where the upper indices 3, 3 refer to the triplet and antitriplet components of Equation (5.30),
while the lower indices refer to the colour SU(3)c space.

Although these scalar LQs also arise from a completion of the bi-doublet identified as the
SM Higgs, we neglect for the rest of our analysis the issue of the description of fermion
masses within SO(10). The reason is that, as pointed out in Reference [141], agreement
with the fermionic spectrum and mixing within SO(10) requires the presence of at least one
more scalar representation containing components transforming as the SM Higgs doublet. A
comprehensive analysis of a proper scalar sector accounting for fermion masses and mixing
and simultaneously describing the R(D(∗)) data is beyond the scope of this work. We
focus, instead, on which Yukawa couplings would be needed to account for R(D(∗)) with
the 10 representation under SO(10), having in mind that its couplings are not enough to
account for the fermionic spectrum even without the requirement of addressing the R(D(∗))
anomalies5.

5The additional representations required to reproduce the fermion masses and mixings in SO(10) models
might also contain additional sextets, as it is the case for the 126 representation. In that case, the sextet
considered here, and the corresponding Yukawa couplings, would be a linear combination of the two.
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F3

u

d

Figure 5.1: Feynman diagram for the quark-quark-F3 interactions arising from the untilded
Yukawas A,B.

F-mediated proton decay

In our simplified analysis of Chapter 4 we set to zero the diquark couplings of the scalar
LQ ∆ in order for it not to mediate proton decay. In this section we show that these
troublesome terms also arise if ∆ is identified with either the triplet or the antitriplet
component of F , and that setting some of the Yukawa couplings to zero does not suffice to
prevent proton decay at all orders. However, proton decay can be avoided by imposing an
additional symmetry to the Lagrangian.

Let us analyse separately the Yukawa interactions generated by the F 3 and F 3 components
of F , restricting to the left-handed part and analysing separately the A,B and Ã, B̃ terms.
If we label with ρ, σ = 1, 2, 3, 4 the SU(4)c indices and with α, β = 1, 2, 3 their restriction
to SU(3)c and adopting for the other indices the same notation as in (5.27), we have

LY ⊃ YFmnF †ρσΨρiam
L εijεabΨσjbn

L =

= A†mn{F
3†
4σΨ4iam

L εijεabΨσjbn
L + F 3†

σ4Ψσiam
L εijεabΨσjbn

L + F 3†
αβΨαiam

L εijεabΨβjbn
L } =

= A†mn{2F
3†
4σΨ4iam

L εijεabΨσjbn
L + F 3†

αβΨαiam
L εijεabΨβjbn

L } =

= A†mn{2F
3†
4σL

iam
L εijεabQ

σjbn
L + F 3†

αβQ
αiam
L εijεabQ

βjbn
L }.

(5.32)

We see from Equation (5.32) that in the untilded part of the Yukawa Lagrangian

• F3 only mediates quark-quark interactions, of the form shown in Figure 5.1.

• F3 only mediates quark-lepton interactions, of the form shown in Figure 5.2.

Analogous steps show that in the tilded part of the Yukawa Lagrangian

• F3 only mediates quark-quark interactions, of the form shown in Figure 5.3.

• F3 only mediates quark-lepton interactions, of the form shown in Figure 5.4.

Comparing the diagrams from Figures 5.1-5.4, we realise that with the most general Yukawa
structure, i.e. with nonvanishing A,B, Ã, B̃, the field F contributes to the decay of the
proton via diagrams such as that in Figure 5.5. Even assuming the tilded Yukawas to be
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F3

u

`

(a)

F3

d

ν`

(b)

Figure 5.2: Feynman diagram for the quark-lepton-F3 interactions arising from the untilded
Yukawas A,B.
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d

Figure 5.3: Feynman diagram for the quark-quark-F3 interactions arising from the tilded
Yukawas Ã, B̃.
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Figure 5.4: Feynman diagram for the quark-lepton-F3 interactions arising from the tilded
Yukawas Ã, B̃.
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Figure 5.5: Example of tree-level contribution to the proton decay channel p→ `+π0.
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vanishing does not suffice to prevent F from mediating proton decay at higher orders. This
is due to the fact that the sextet is self-conjugate, and hence all the couplings that can be
built with F can be built with its conjugate F̃ via the use of the Levi-Civita symbol. For
instance, two mass terms for F are possible, namely

m2F †ijF
ij + m̃2F ijF klεijkl, (5.33)

spelling out the F components, one gets

2m2(F 3†
α F

3α + F 3†αF 3
α)− 8m̃2F 3αF 3

α. (5.34)

The m̃ mass term implies a mixing of the 3 and 3 components. Analogously, if any other
particle couples to these fields, its virtual effects via loops effectively give rise to a mixing
between the 3 and 3 components of F . This implies that even if the tilded Yukawa couplings
vanish, i.e. even if F 3 and F 3 give rise separately either to quark-lepton or to diquark
couplings only, proton decay contributions can still arise at higher orders.

This problem can be addressed to all orders in an elegant way by introducing an additional
global symmetry and assigning to F a corresponding nonzero quantum number. It is also
intuitively clear why this mechanism works, since the additional charge renders the F no
longer self-conjugate, hence preventing the inclusion of any term involving the Levi-Civita
symbol.

For instance, assigning a charge 1 to the fermion fields implies that either the A,B or Ã, B̃
is nonvanishing. For nonvanishing6 A,B the field F must have charge 2.

Up to a normalisation, this quantum number corresponds to the 3B + L number, where B
and L stand for the baryon and lepton number respectively. Since the component of the PS
group generated by the T15 generator of SU(4)c corresponds to the B−L quantum number,
which is gauged in the PS model, assigning the additional 3B+L quantum number to each
field and imposing its conservation implies thatboth the baryon and lepton number will be
conserved separately. This guarantees that proton decay effects will not arise at any order.

F3 − F3 splitting

The additional 3B+L symmetry implies that each of the two LQs contained in the SO(10)
completion of the Higgs bi-doublet h mediates either lepton-quark transitions only, and
hence contributes to b → c`ν, or quark-quark transitions only, contributing FCNCs. Since
these fields arise from the same representation, they share the same Yukawa couplings. This
implies that a fit of these couplings would require to consider simultaneously the quark-
quark and quark-lepton fields. However, already with the minimal scalar content assumed
above, these fields can get a significant splitting in mass at the PS breaking scale, as we
now show.

We consider the field Σ ∼ (15, 1, 1)PS as responsible for the breaking of SU(4)c. In the
SU(4)c part, this representation coincides with the adjoint representation of SU(4)c, arising
from the tensor product 4 ⊗ 4 = 1 ⊕ 15 and represented by a traceless 4 × 4 matrix Σj

i .
6The treatment for nonvanishing Ã, B̃ is analogous and the choice of either of the two is equivalent.
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Since the product F †F transforms as 6⊗ 6 = 1⊕ 15⊕ 20, the Σ can couple to two F ’s as

F †ijΣ
j
kF

ki, (5.35)

while the term coming from the 6⊗ 6 product is forbidden by the 3B + L symmetry. The
field Σ performs the breaking step SU(4)c → SU(3)c×U(1)B−L if it acquires a v.e.v. with
structure 

vΣ 0 0 0
0 vΣ 0 0
0 0 vΣ 0
0 0 0 −3vΣ

 . (5.36)

Plugging Equation (5.36) into Equation (5.35) gives

2vΣ(F 3†αF 3
α − F 3†

α F
3α). (5.37)

From Equation (5.37) we see that, depending on the value of the ΣF †F coupling, the PS
breaking can lead to a significant splitting of the 3 and 3 masses. We will consider the case
in which the splitting implies a light 3 component and a heavy 3 component, suppressing
the quark-quark interactions and hence the FCNCs. Under this assumption, we will fit the
Yukawas to the F 3-mediated processes only.

Let us summarise the content of this section. We showed that two copies of the scalar
leptoquark ∆ arise naturally as a completion of the SM Higgs representation in an SO(10)
GUT having as intermediate breaking step the PS group. In addition, we deduced the
relations arising among the couplings of this particle from the underlying PS structure. We
commented on which discrete symmetry is allowed by the SO(10) structure and determined
the relations that this symmetry imposes on the couplings. We showed that without any
additional constraints the two scalar LQs contribute to proton decay, but that the contri-
butions vanish at all orders if the model respects an additional global symmetry coinciding
with the 3B+L number. Finally, we showed that the two LQs can receive a mass splitting
at the PS breaking scale.

5.2 Scalar leptoquark solution to R(D(∗)) within Pati-Salam

In this final section we put together the analysis of Chapter 4 and the discussion of the PS
scalar sector, and perform a fit of the LQ parameters within an SO(10)-inspired PS model.
All the phenomenological aspects, such as the way of including the different flavour observ-
ables, as well as the statistical approach, are analogous to Chapter 4. Before displaying the
results of the analysis, let us summarise our assumptions as well as constraints from the PS
structure.

• We assume the mass splitting of the 3 and 3 components of F originating at the PS
breaking scale to be such that the quark-quark interactions are negligible.

• We assume a mass of the lighter LQ of M∆ = MF 3 = 1 TeV.



76 Chapter 5. Towards a grand unified theory

• The PS structure requires symmetric Yukawa couplings.

• The (optional) discrete symmetry C requires the left- and right-handed Yukawa cou-
plings to be equal up to a hermitian conjugation, A = B†.

We performed the analysis with or without the inclusion of the LFU ratios and of ∆aµ,
resulting in effects analogous to the inclusion of these observables in the fits discussed in
Chapter 4. Concerning the LFU ratios, this confirms the marginal effects of this LQ scenario
on light meson decays. Concerning ∆aµ, this confirms that the PS scalar LQ cannot account
simultaneously for the R(D(∗)) and ∆aµ anomalies, as expected since this was already the
case in the simplified scenarios, in which the set of independent parameters is larger. Since
the focus of our work are the R(D(∗)) anomalies, we will only discuss the fit without ∆aµ,
putting ourselves in the case in which the experimental value of this observable gets closer
to its SM prediction.

Due to the symmetry of the Yukawa matrices, the PS scalar LQ scenario without discrete
symmetry requires the fitting of six independent couplings, which we assume to be real.
The Yukawa matrices at the best-fit point are

yLdν =

0 0 0
0 7.2× 10−4 −1.5× 10−2

0 −1.5× 10−2 −2.0

 , yRu` =

0 0 0
0 −3.3× 10−4 4.1× 10−4

0 4.1× 10−4 2.5× 10−3

 ,

yLu` = V ∗CKMy
L =

0 1.4× 10−4 + i5.5× 10−5 (−5.8 + i7.3)× 10−3

0 9.2× 10−5 −9.7× 10−2

0 −1.5× 10−2 −2.0

 ,
(5.38)

where χ2
min = 10, which corresponds for Nobs = 12 and Npar = 6 to a p-value of 13%.

With the inclusion of the discrete symmetry, the parameters to fit are three, and the
Yukawas at the best-fit point are

yLdν = yRu` =

0 0 0
0 −2.3× 10−3 −3.6× 10−3

0 −3.6× 10−3 −1.8

 ,

yLu` = V ∗CKMy
L =

0 −8.1× 10−4 + i1.4× 10−6 (−2.2 + i6.7)× 10−3

0 −3.6× 10−3 7.6× 10−2

0 −2.4× 10−4 −1.8

 ,
(5.39)

with χmin = 13 and Npar = 3, corresponding to a p-value of 15%.

The pulls of the observables at the best-fit points are visualised in Figure 5.6, the red and
blue bars refer to the /C and C scenarios respectively. This plot shows that the LQ scenario,
when embedded within an SO(10)-inspired PS model without discrete symmetry, still allows
the description of the R(D(∗)) data, as well as improving in the description of the coupling
of Z bosons with τ leptons. On the other hand, imposing the discrete symmetry worsens
the agreement with both R(D(∗)), although reducing the tension with the experimental
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Figure 5.6: Pulls at the best-fit points of the Pati-Salam scalar leptoquark scenarios without
and with C symmetry.

values compared to the SM, and the Zττ .

5.3 Summary

This chapter analysed to which extent the R(D(∗)) anomalies can be regarded as a hint
of the presence of a PS model as extension of the SM. After reviewing the features of the
PS model, we first focused on the contributions of gauge bosons to b → cτν transitions,
showing that the limits from LFV decays of light mesons exclude the possibility of solving
the R(D(∗)) anomalies with the PS gauge sector. We then moved to the analysis of the
scalar sector, assuming the scalar sector of Reference [129], needed to perform the SSB of
PS to the SM with intermediate steps. We showed that of these particles the only one
mediating b→ cτν transitions is the charged Higgs from the bi-doublet which includes the
SM Higgs, and in the hypothesis of a low value of BR(Bc → τντ ) we neglected this solution
of the R(D(∗)) anomalies. We then extended the PS scalar content by assuming PS to be
an intermediate step in the SSB of a GUT with gauge group SO(10). We analysed the
consequences that this assumption has on the symmetry of the model and on its particle
content, showing that under this assumption the model features two scalar LQs transforming
as the one analysed in Chapter 4. We showed that, without any further assumption, these
particles mediate proton decay, and that these effects vanish at all orders if one introduces
an additional symmetry. We showed that the two LQs can receive a mass splitting at the PS
breaking scale. Under the assumption that only the LQ mediating b→ cτν remains light, we
performed a fit of the observables modified by this particle, showing that in the PS scenario
without the discrete left-right symmetry the particle is able to improve on the agreement
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with data from bothR(D(∗)) and the Zττ coupling. Requiring the discrete symmetry, which
within SO(10)-inspired models is necessarily a generalised charge conjugation C, worsens
the agreement of both R(D(∗)) and the Zττ coupling compared to the PS scenario without
this symmetry, but still implies a better description of the R(D(∗)) ratios compared to the
SM.



CHAPTER 6

Conclusion

“It didn’t work for them or me,
But all concerned were nearer thus
(Or so we thought) to all the fuss
Than if we’d missed it separately. ”

Philip Larkin,
Sympathy in White Major (1967)

To date, our investigation of the interactions among elementary particles indicate that
the Standard Model provides an adequate description up to the energy probed at colliders.
However, there are arguments indicating that the SM might be just the effective description
of a theory valid in regimes that are not yet directly explored. If this is the case, we
would expect the emergence of this theory as a discrepancy between the SM prediction
and the experimental value of low energy observables as well, when these are measured
with enough precision. This is the pattern that seems to be emerging for decays of mesons
containing a b quark, for which several observables are in tension with their SM prediction. If
these disagreements are confirmed when the experimental precision is increased, the natural
question arising is what kind of new physics they have to be attributed to.

In this thesis we addressed this question with respect to the decays B → D(∗)`ν, for which
the experimental value of the ratios R(D(∗)), testing lepton flavour universality, are in
tension with the SM predictions. Assuming that these anomalies are due to a NP particle
with mass at the TeV scale, we used the tool of effective field theory, focusing on the data on
b → cτν transitions, to infer which particle representation is more likely to be responsible
for the observed discrepancies. Two interesting aspects emerge from our analysis: first
of all, that if NP effects in the meson decays B → D(∗)τν enhance the R(D(∗)) ratios
with respect to the SM, as currently indicated by the experimental data, an analogous
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enhancement is present in the corresponding baryon decay Λb → Λcτν. To a very good
approximation, this enhancement does not depend on the type of NP responsible for the
anomalies, hence suggesting a measurement of R(Λc) as unambiguous check of whether the
deviations observed in R(D(∗)) are due to NP. In addition, our analysis indicates that a
precise measurement of the angular distribution of the final state particles of the B → D(∗)`ν
decays, as well as a measurement of the branching ratio BR(Bc → τντ ), will give clear
indication on which particle is mediating the decay.

Although the EFT analysis constitutes a powerful model-independent tool for distinguishing
NP mediators, even when the angular observables and BR(Bc → τντ ) will allow for a ranking
of NP solutions to the R(D(∗)) anomalies there will still be open aspects to address. First
of all, the sole fit of the b → cτν effective coupling does not allow to constrain all the
parameters of the additional NP particle. A further step in this direction can be done with
the use of a simplified model introducing a Lagrangian for the additional field including all
the possible terms allowed by the SM symmetries, and then constraining the parameters
with the data at our disposal. We performed this analysis for one of the scenarios favoured
by the b → cτν effective analysis, the scalar leptoquark ∆ transforming under the SM
gauge group as (3, 1,−1/3). Our analysis was performed reconsidering the effects of the LQ
on the coupling of the Z gauge boson to charged leptons, with the novel inclusion of the
SU(2)-related terms from the coupling to the photon and to the W boson. Even restricting
the parameter space to the ones required for the b → cτν transition, the introduction of
this scalar LQ allows for a better simultaneous description of the R(D(∗)) ratios and of
the Z coupling to τ leptons. If one relaxes the requirement of having as only nonvanishing
couplings those required to address the anomalous ratios via an enhancement of the τ
channel, a plethora of additional flavour observables are to be taken into account. We
performed this analysis, which pointed out that once one allows for couplings to second
and third generation fermions, the scalar LQ improves not only on the description of the
R(D(∗)) ratios and of the Z coupling to τ leptons, but also of the coupling of Z to electrons.
The latter effect comes uniquely from the SU(2)-related effects on the W coupling, and had
hence been previously neglected.

Simplified models allow for an improvement with respect to the EFT description, but they
still lack an important aspect, which is the interpretation of the additional particle in
terms of a bigger picture motivated by the need to address other open questions of the
SM. Among the extensions of the SM, models with extended gauge symmetries and, more
specifically, grand unified theories are often studied. We chose to analyse the R(D(∗))
anomalies within the Pati-Salam model, which extends the SM gauge group in a way to
unify quarks and leptons in the same representation. The model also provides an explanation
to the quantisation of the electric charge, and can be regarded as an intermediate step in
the spontaneous symmetry breaking of a GUT based on SO(10). We first analysed the
contributions coming from the gauge sector. We pointed out that, although the model
provides a vector LQ U1 which is a viable candidate as a solution to the R(D(∗)) anomalies,
the underlying PS structure relates the couplings for both b → cτν and for lepton flavour
violating decays such as K → µe to the SU(3)c coupling of the SM, hence allowing to
directly relate the experimental values to the mass of the particle. Requiring the branching
ratio for LFV decays to be consistent with the current experimental bounds sets a lower
limit on the mass of U1 which is three orders of magnitudes above the mass required for
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resolving the tension in the R(D(∗)) ratios. Unless one requires an accurate fine-tuning of
the flavour structure in the PS model, this excludes the possibility that a U1 solution to the
R(D(∗)) anomalies comes from the PS model. We then analysed the scalar sector under the
additional assumption that PS is an intermediate step in the breaking of an SO(10) GUT.
Under this assumption, the model features the presence of two scalar LQs transforming
as the one considered in the simplified analysis. After the introduction of an additional
symmetry needed to stabilise the proton at all orders, only one of these LQs contributes
to the b → c`ν transitions of interest for us, while the effects of the other scalar can be
neglected in light of a mass splitting occurring at the PS breaking scale. We reanalysed
the scenario with the scalar LQ with the additional structure required by the SO(10)-
inspired PS model, showing that the particle is able to address the R(D(∗)) anomalies, and
simultaneously improve on the description of the Z couplings to τ leptons, only if the model
at the PS scale does not respect the discrete symmetry that exchanges the left and the right
sectors. Imposing this symmetry still allows for an improvement on the R(D(∗)) ratios, but
to a lesser extent.

The anomalies in the b→ c`ν transitions will be probed soon to a better precision at Belle
II. Meanwhile, the task for theorists that we addressed in this thesis is to get ready to
interpret a possible confirmation of these anomalies, in order to shed light on the structure
of the underlying NP and identify correlated ways of testing it.



APPENDIX A

Technical details about the B → D(∗)`ν observables

In this Appendix we collect the expressions for the observables related to B → D(∗)`ν
decays, as well as review how to obtain them. We follow the treatment and notation of
References [40,65,98,142].

A.1 Helicity amplitudes

For the three-body decays B → D(∗)`ν, the differential decay rate is given by

dΓλ`λ
D(∗)

= 1
2mB

∣∣∣∣∣∣
∑

i=V,SL,SR,T
M

λ`λD(∗)
i (q2, cos θ`)

∣∣∣∣∣∣
2

dΦ3, (A.1)

where λ` is the helicity of the charged lepton, λD = s labels the decay rate and amplitudes
of B → D`ν and λD∗ = ±1, 0 labels the helicity of D∗ defined in the B rest frame. θ` is
the angle between the momentum of the ` lepton and that of the D(∗) meson in the rest
frame of the dilepton, as depicted in Figure 3.1. The index i labels the contribution of each
effective operator from Equation (3.5). The three-body phase-space is given by

dΦ3 =
√
Q+Q−

256π3m2
B

(
1− m2

`

m2
B

)
dq2d cos θ`, (A.2)

with Q± = (mB ±mD(∗))2− q2. which allows to obtain the decay rate for a specific polar-
isation of the ` or of the D∗, after summing over the possible contribution and integrating
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over dq2d cos θ`. Explicitly

Γ(B → Dτλ=±1/2ν) = Γ±s , Γ(B → D∗τλ=±1/2ν) =
∑

λD∗=±1,0
Γ±λD∗ ,

Γ(B → D∗T τν) =
∑
λ`=±

Γλ`0 , Γ(B → D∗Lτν) =
∑
λ`=±

∑
λD∗=±1

Γλ`λD∗ .
(A.3)

The amplitude for the decay B → D(∗)`ν can be rewritten with the use of helicity ampli-
tudes, which allow to separate the leptonic and the hadronic transitions. The former can
easily be evaluated, while the latter can be parametrised in terms of form factors. The sep-
aration is achieved by rewriting the metric tensor(s) gµν in terms of a sum over polarisation
vectors of a virtual vector boson. This substitution reads

gµν →
∑

λ=±,0,s
ηλε
∗
µ(λ)εν(λ), (A.4)

where η±,0 = 1, ηs = −1 is the metric factor and the polarisation vectors are given by

εµ(±) = 1√
2


0
±1
−i
0

 , εµ(0) = 1√
q2


|q|
0
0
−q0

 , εµ(s) = 1√
q2


q0
0
0
−|q|

 , (A.5)

where q0 and |q| are the energy and momentum of the virtual vector boson in the B rest
frame, and q2 = q2

0 − q2. With the effective couplingsin Equation (3.5), the amplitude for
B → D(∗)`ν can be written as1

Mλ`λD(∗) =M
λ`λD(∗)
SM +M

λ`λD(∗)
V +M

λ`λD(∗)
SL +M

λ`λD(∗)
SR +M

λ`λD(∗)
T . (A.6)

Separating the contributions of each effective operator and using the substitution of Equa-
tion (A.4) for all the metric tensors, we can separate the leptonic and the hadronic ampli-

1We are assuming the flavour of the neutrino to be aligned with the one produced in a `νW vertex.
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tudes as

M
λ`λD(∗)
V =GF√

2
VcbC

L
V g

µν 〈`(p`, λ`)ν(pν)| `γµ(1− γ5)ν |0〉 〈D(∗)(pD(∗) , λD(∗))| cγν(1− γ5)b |B(pB)〉

=GF√
2
VcbC

L
V

∑
λ=±,0,s

ηλHV,λL
λ`
λ ,

M
λ`λD(∗)
SL =GF√

2
VcbC

L
S 〈`(p`, λ`)ν(pν)| `(1− γ5)ν |0〉 〈D(∗)(pD(∗) , λD(∗))| c(1− γ5)b |B(pB)〉

= −GF√
2
VcbC

L
SHSLL

λ` ,

M
λ`λD(∗)
SR =GF√

2
VcbC

R
S 〈`(p`, λ`)ν(pν)| `(1− γ5)ν |0〉 〈D(∗)(pD(∗) , λD(∗))| c(1 + γ5)b |B(pB)〉

= −GF√
2
VcbC

R
SHSRL

λ` ,

M
λ`λD(∗)
T =GF√

2
VcbCT g

µνgρσ 〈`(p`, λ`)ν(pν)| `σµρ(1− γ5)ν |0〉 〈D(∗)(pD(∗) , λD(∗))| cσνσ(1− γ5)b |B(pB)〉

= −GF√
2
VcbCT

∑
λ,λ′=±,0,s

HT,λλ′L
λ`
λλ′ ,

(A.7)

with leptonic amplitudes

Lλ`λ =εµ(λ) 〈`(p`, λ`)ν(pν)| `γµ(1− γ5)ν |0〉 ,

Lλ` = 〈`(p`, λ`)ν(pν)| `(1− γ5)ν |0〉 ,

Lλ`λλ′ =− iεµ(λ)ερ(λ′) 〈`(p`, λ`)ν(pν)| `σµρ(1− γ5)ν |0〉 ,
(A.8)
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and hadronic amplitudes for B → D`ν

H
λ
D(∗)

V,λ =ε∗ν(λ) 〈D(pD(∗) , λD(∗))| cγν(1− γ5)b |B(pB)〉 ,

H
λ
D(∗)

SL = 〈D(pD(∗) , λD(∗))| c(1− γ5)b |B(pB)〉 ,

H
λ
D(∗)

SR = 〈D(pD(∗) , λD(∗))| c(1 + γ5)b |B(pB)〉 ,

H
λ
D(∗)

T,λ =iε∗νε∗σ(λ) 〈D(pD(∗) , λD(∗))| cσνσ(1− γ5)b |B(pB)〉 .

(A.9)

The leptonic amplitudes are functions of q2, θ` and can be calculated with the usual QFT
techniques, writing down the spinors in the q2 = 0 reference frame. The hadronic amplitudes
are functions of q2 only, and cannot be evaluated perturbatively.

A.2 Form factors

In this section we summarise our choice of form factors for B → D(∗)`ν.

A.2.1 B → D`ν

The hadronic amplitudes for B → D`ν can be rewritten in terms of the form factors
F0,1,T (q2), as in Equation (11) of Reference [98]. For the scalar (F0) and vector (F1) form
factors we use the results from Reference [8], in which the BGL parametrisation [143]2 is
fitted to lattice data points. For the tensor form factor (FT ), we use the ratio FT /F1 from
Reference [10], which makes use of HQET up to order (ΛQCD) and (αs) to parametrise
the form factors for both B → D(∗)`ν. We use the fit results in which the parameters are
constrained by QCD sum rules and only lattice points are used for the fitting.

A.2.2 B → D∗`ν

The hadronic amplitudes for B → D∗`ν can be rewritten in terms of the form factors
A0,1,2(q2), V (q2), T1,2,3(q2). For A1,2(q2), V (q2) we use the result of Reference [12], where
the CLN parametrisation3 is fitted to B → D∗eν and B → D∗µν data. For A0, T1,2,3, as for
FT , we take the fit of the ratios A0, T1,2,3/A1 from Reference [10], in which the (ΛQCD), (αs)
parametrisation is fitted to lattice points with constraints from QCD sum rules.

2This parametrisation is based on dispersion relations and unitarity conditions, and does not make use
of HQET.

3This parametrisation is based on dispersion relations, unitarity conditions and makes use of HQET.



APPENDIX B

Summary of b→ s`` data

In this Appendix we analyse some aspects of the data on b→ s`` transitions, reviewing why
this transition gained interest as a channel displaying the presence of NP. Then, following
References [56, 95, 128], we review the interpretation of these data in terms of an EFT
describing NP effects.

The decay b → s`` is mediated by a FCNC. Since FCNCs are suppressed in the SM, this
decay constitutes a good channel for probing the presence of NP. When considered in bound
states, this quark-level process mediates the decaysB → K(∗)``. The interest in these decays
increased when the authors of References [144–146] proposed for the decay B → K∗`` a set
of optimized observables, as a compromise between the accessibility at experiments and the
cleanness of their SM theoretical prediction, originating from the reduced dependence on
the form factors. When these observables were measured by the LHCb Collaboration [147],
the channel with muons displayed some deviations with respect to the SM predictions,
the largest one appearing for the q2 bins of the so-called P ′5 angular observable. The
global analysis of b → sµµ data performed in Reference [148] first pointed out that these
discrepancies were consistent with a simple NP pattern, as we now briefly explain.

The global analysis is performed by parametrising the short-distance SM and NP contribu-
tions via the WCs Ci = CSM

i + CNP
i , where the index i labels the coefficients of the following

tensorial structures

O
(′)
7 = e

16π2mb

(
s̄σµνPR(L)b

)
Fµν ,

O
(′)
9 = e2

16π2

(
s̄γµPL(R)b

)
(µ̄γµµ) ,

O
(′)
10 = e2

16π2

(
s̄γµPL(R)b

)
(µ̄γµγ5µ) .

(B.1)

The only nonnegligible SM effects arise in the WCs (CSM
7 , CSM

9 , CSM
10 ) = (−0.29, 4.07,−4.31),
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where the values are given at the factorisation scale µb = 4.8 GeV. The authors performed
a fit of the NP part of the WCs, including the optimised observables for B → K∗µµ as
well as data from radiative and dileptonic B decays with muons in the final state, and
considering separately scenarios with one or two nonvanishing WCs. These fits all showed
a preference of the data for the scenarios with a nonvanishing CNP

9 ' −1, relatively large
and with opposite sign compared to the corresponding SM part CSM

9 = 4.07.

Later on, the data on the b→ s`` attracted even more attention due to the tension in the
LFU ratios

R(K(∗)) ≡ BR(B → K(∗)µµ)
BR(B → K(∗)ee)

, (B.2)

whose SM prediction is also particularly clean due to the reduced dependence on the form
factors. The most striking discrepancies appeared in some of the bins of the dilepton
invariant mass q2, expressed in GeV. For these bins, the SM predictions give [149,150]

R[1.1,6.0]
SM (K) = 1.00± 0.01,

R[0.045,1.1]
SM (K∗) = 0.92± 0.02,

R[1.1,6.0]
SM (K∗) = 1.00± 0.01,

(B.3)

while the results from Belle [151] and LHCb [152,153] give

R[1.1,6.0]
LHCb (K) = 0.846+0.060

−0.054
+0.016
−0.014,

R[0.045,1.1]
LHCb (K∗) = 0.66+0.11

−0.07 ± 0.03, R[0.045,1.1]
Belle (K∗) = 0.90+0.27

−0.21 ± 0.10,

R[1.1,6.0]
LHCb (K∗) = 0.69+0.11

−0.07 ± 0.05, R[1.1,6.0]
Belle (K∗) = 1.18+0.52

−0.32 ± 0.10.

(B.4)

The tension between the SM predictions and the experimental values is consistent with the
picture of a nonvanishing LFNU contribution to the WC C9 for the muon channel [95,128].

The latest global fit to b → s`` observables [128] identifies several patterns of NP that
are preferred by the data, also exploring the possibility of LFNU effects accompanied by
universal ones. Of all the scenarios analysed in this reference, the one relevant for the
analysis performed in Chapter 4 is the two-dimensional scenario with nonvanishing WC
for the muon channel

(
CNP

9(µ), C
NP
10(µ)

)
, for which the best-fit point is at (−0.91, 0.18), with a

p-value of 68.7%.
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