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Resumen de la tesis

El Modelo Estándar (ME) es una teoría que describe en manera sorpren-
dentemente precisa la gran mayoría de los datos experimentales que han sido
producidos hasta la fecha [1]. No obstante hay algunas indicaciones, entre las
cuales la evidencia experimental de que los neutrinos tienen una masa finita,
de que la teoría no es completa y que probablemente hay que considerarla
sólo una descripción de baja energía de una teoría más completa de las fuer-
zas naturales. La búsqueda de una posible extensión del ME puede recorrer
diferentes caminos y basarse en datos experimentales que incluyan medidas
de precisión de los parámetros de la teoría electrodébil, búsqueda directa en
aceleradores de alta energía y estudio de procesos raros o no permitidos en
el ME.

El trabajo presentado en esta tesis se ha centrado en el análisis de dis-
tintos problemas teóricos y fenomenológicos, relacionados con la estructura
de sabor del ME y de sus posibles extensiones, con posibles violaciones de
la universalidad leptónica debidas a efectos de Nueva Física y también con
escenarios en los que la ruptura de la simetría electrodébil está generada por
Nueva Física que interactúa de manera fuerte. Para enfrentarse a este tipo
de problemas ha sido muy eficaz utilizar el marco de trabajo que proporcio-
nan las Teorías Efectivas, un método independiente de modelos específicos,
es decir una descripción general a través de parámetros no fijados, de las
posibles interacciones resultantes de la integración de los nuevos grados de
libertad que la teoría que extiende el ME tiene que describir. Este método,
que incluye un análisis fenomenológico y que se basa en la gran precisión que
los datos experimentales han alcanzado, permite obtener informaciones muy
valiosas sobre la estructura de la nueva teoría y descartar de esta manera
algunos de los modelos que han sido construidos en los últimos años.

La primera parte de la tesis presenta tres análisis basados en teorías
efectivas en las que se supone que el ME está realizado en la naturaleza,
con particular referencia al sector de Higgs. Tras una breve introducción al
ME, en los Capítulos 1 y 2 se explica la teoría efectiva con Higgs del ME,
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8 Resumen de la tesis

analizando sus principales características e incluyendo la base de operadores
efectivos de dimensión seis [2, 3].

El primer estudio de esta primera parte, presentado en el Capítulo 3, ha
sido dedicado al análisis de posibles efectos de violación de la simetría de
sabor leptónico inducidos por física más allá de ME. En este análisis hemos
utilizado una teoría efectiva basada en el principio de violación minima del
sabor leptónico [4]. Dentro de este contexto hemos estudiado las desintegra-
ciones leptónicas de los mesones pseudoescalares y los relativos cocientes de
universalidad, que, gracias a una predicción teórica y medidas experimenta-
les muy precisas, son observables perfectos para encontrar señales de Nueva
Física.

Las desviaciones respecto al ME que hemos encontrado analizando el es-
cenario de MFV son demasiado pequeñas para que los futuros experimentos
las puedan medir [5]. No obstante, si se considera modelos de Gran Unifica-
ción [6], algunos efectos se podrían medir en la desintegraciones leptónicas
de mesones pesados, que están siendo estudiadas con creciente precisión en
las factorías de B. Por otro lado, si los experimentos midieran desviaciones
en las desintegraciones de piones y kaones, habría que suponer que nuevas
estructuras de sabor, distintas de las que aparecen en el ME, tienen que apa-
recer al extender del ME. Nuestro análisis es un útil instrumento para evaluar
modelos específicos y podrá ser desarrollado para incluir nuevas medidas ex-
perimentales, especialmente en el sector de los mesones pesados B, D y DS.

El Capítulo 4 está dedicado a un estudio sobre la violación de la universa-
lidad leptónica en desintegraciones leptónicas del W, observada experimen-
talmente en los datos de LEP2 [7, 8, 9, 10, 11]. El objetivo del análisis, en
el que hemos utilizado los instrumentos de las teorías efectivas para estudiar
el problema de manera lo más posible independiente de modelos, ha sido ve-
rificar la posibilidad de que la desviación observada experimentalmente sea
un efecto de Física más allá del Modelo Estándar. A través de un fit global
de resultados experimentales de múltiples procesos de tipo electrodébil, he-
mos podido verificar que la anomalía en los datos no puede ser descrita en
términos del tipo de Nueva Física asumida al principio del trabajo [12]. De
hecho en ambos escenarios considerados, en los que dos distintas simetrías
de sabor han sido supuestas, las restricciones impuestas por los observables
electrodébiles son demasiado fuertes para que sea posible incluir la desviación
de la universalidad en las desintegraciones del W como un verdadero efecto
de Nueva Física. Para explicar los resultados experimentales asociados a la
violación de la universalidad leptónica considerados en este estudio hay pro-
bablemente que asumir un tipo de física más allá del ME que incluya nuevos
tipos de partículas de baja energía [13, 14] o un sector de sabor con una
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estructura muy peculiar. El método desarrollado en nuestro trabajo podrá
ser utilizado para analizar otras medidas experimentales no explicadas por
el ME, como por ejemplo la desviación de la universalidad observada en las
desintegraciones del mesón B [15].

El tercer estudio, que concluye la primera parte de la tesis y está presen-
tado en el Capítulo 5, tiene como objetivo el comparar las cotas que distintos
experimentos de baja y alta energía podrían poner en los próximos años sobre
posibles acoplamientos escalares y tensoriales inducidos por Nueva Física. En
particular el análisis se ha centrado en la precisión que alcanzarán los futu-
ros experimentos que miden la desintegración beta del neutrón [16, 17], en
comparación con la que se supone alcanzará el LHC. Para analizar al mismo
tiempo procesos de energía tan diferente se ha utilizado una teoría efectiva
y se ha calculado la evolución con la escala de sus parámetros.

El análisis incluye una reseña de todas las actuales cotas sobre las inter-
acciones escalares y tensoriales y un estudio detallado del papel jugado en
este contexto por los experimentos sobre la desintegración beta del neutrón.
Se ha discutido el impacto del error teórico asociado a los factores de for-
ma hadrónicos sobre las cotas experimentales que se pueden obtener de los
experimentos con neutrones, llegando a predecir la precisión teórica mínima
necesaria para aprovechar al máximo las futuras mejorías experimentales.
Analizando las potencialidades del LHC, se ha concluido que la planeada
precisión en los futuros experimentos de baja energía podrá ser suficiente
para competir con la que se alcanzará en los procesos de alta energía. Este
estudio es una referencia muy importante para el desarrollo de los distintos
experimentos. En particular ha sido relevante relacionar entre si experimen-
tos tan diferentes como los que se están llevando a cabo en el LHC y los que
han sido planeados sobre desintegraciones beta del neutrón [18].

La segunda parte de la tesis analiza la posibilidad de que el Higgs del
ME sea muy pesado o no exista en absoluto y que la ruptura de la simetría
electrodébil esté relacionada con un nuevo sector fuerte a las escala del Tera
electronvoltio (TeV). La teoría efectiva quiral electrodébil que describe este
escenario se describe en el Capítulo 6, donde se introduce también el Lagran-
giano de O(p4) [19, 20, 21]. Asociadas al nuevo sector fuerte podrían existir
resonancias de tipo vectorial que se han estudiado en el último capítulo de
la tesis. El método utilizado para el análisis ha sido desarrollado anterior-
mente [22] en el contexto de la Teoría de Perturbaciones Quiral (ChPT), un
límite de baja energía de QCD, y en nuestro trabajo hemos aprovechado las
similitudes existentes entre ChPT y la teoría efectiva electrodébil quiral. A
través de nuestro método ha sido posible obtener valiosa información sobre
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las resonancias vectoriales analizando los ceros de la amplitud de scattering
de las componentes longitudinales de los bosones de gauge W y Z.

Para demonstrar las potencialidades del método utilizado, se ha analizado
el caso bien conocido de la resonancia ρ(770). El estudio ha sido desarrollado
usando el lagrangiano quiral a O(p4) y se ha analizado también el impacto
del siguiente orden perturbativo. En el caso electrodébil, a través del análisis
de los ceros de la amplitud de scattering WLZL → WLZL y suponiendo que
la principal contribución a las constantes de baja energía sea debida a las
resonancias vectoriales, ha sido posible explorar el espacio de los parámetros
de las dos constantes efectivas que contribuyen la amplitud estudiada. De
esta forma se han encontrado las zonas del espacio de parámetros donde
las resonancias dominan la amplitud de scattering y se ha podido estimar su
masa [23]. El análisis, basado en una teoría efectiva independiente de modelos,
puede ser utilizado para excluir algunas clases de modelos sin bosón de Higgs
y predecir hasta qué punto los experimentos del LHC podrán estudiar este
tipo de resonancias vectoriales.



Introduction

In this exciting summer of 2012 the particle physics scenario has been
dramatically changed by the July 4th LHC announcement of the discovery of
a new boson, compatible with the Standard Model (SM) Higgs. Only few
months ago we would have written that “the next months will be undoubt-
edly a special moment for the particle physics community” and that “we are
approaching an important crossroad in the development of particle physics,
but it is not yet obvious which is the right way”. Now a big step toward
the confirmation of the last piece of the SM has been done and the work
we have been doing in the last years has to be revisited in the light of this
new situation. First, though, we will explain the context in which this thesis
has been developed and how some still experimentally unanswered questions
played an important role in shaping its structure.

On one side during the last months we were waiting for big news that
could change the course of physics history and, on the other side, recent ex-
perimental data already had suggested that an important twist could appear
also in supposedly well established sectors. In a so exciting, but at the same
time unclear situation the work of theoretical physicists needed to address a
wide range of possibilities, with the goal of giving to existing data a coher-
ent explanation and driving the development of future experimental tests.
Following this line of thought the thesis we present in these pages embrace
very different subjects, in an attempt of analyzing aspects of the physical
scenarios that should be tested by near future experiments.

The big news at which we hinted before were, of course, the results of
the LHC search for the SM Higgs boson. The LHC was in fact narrowing
down the SM Higgs hunting to the low-mass region, pointing at a mass scale
compatible with the results of the global fit to precision electroweak data.
Then it made sense to think that there were good chances that the SM picture
would be confirmed in a short range of time. On the other hand the window
unexplored by the LHC was becoming smaller and smaller and still no clear
sign of a SM Higgs boson had been found. We had then to recognize that a
Higgsless world was still a viable possibility and certainly a very interesting
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12 Introduction

theoretical framework to analyze.
In our work we present analyses based on both Higgs scenarios. The

first one assumes that the SM symmetry breaking sector is realized in Na-
ture and then that the low-energy SM particle spectrum contains a Higgs
boson. In this case our attention has been focused in particular on the struc-
ture of the SM flavor sector and the possibility that effects related to tensor
and scalar interactions will arise due to physics beyond the SM. The sec-
ond scenario considers the case in which no light Higgs is associated to the
spontaneous electroweak symmetry breaking, leaving the door open for non-
standard descriptions of the dynamics responsible for the known symmetry
breaking pattern. Working in this framework, we developed a method that
allowed us to extract, from processes at the electroweak scale, information
about the possible strong dynamics responsible for the symmetry breaking.
We will comment in Chapter 7 on the implications of the new LHC data on
this specific framework.

Even though the studies we develop throughout this thesis face very differ-
ent physical issues, they are united by the working method we use to address
them. In fact each of our analyses is based on a specific implementation of
the effective field theory (EFT) method. They share the philosophy and tools
of the EFT framework, in particular the model independence of the results
and the possibility of relating in a simple and efficient way experimental data
coming from processes at very different energies.

The two main EFT implementations we will use in this thesis are directly
related to the two Higgs scenarios we commented above. After presenting
in Chapter 1 a brief introduction to the SM and the main questions that
are still unanswered within this theory, in Chapter 2 we will describe an
effective theory based on the hypothesis that the symmetry breaking sector
is the one of the SM and, consequently, the low energy spectrum contain an
explicit Higgs boson. Special flavor symmetries will then be considered in
Chapters 3 and 4 as a tool to analyze particular physical hypothesis in a more
and systematic way. Chapter 6, on the other hand, will be devoted to an
introduction to the Higgsless EFT scenario and to its main features, that will
become the fundamental instruments to develop the analysis of Chapter 7.

The structure of the SM flavor sector is certainly one of the most in-
teresting puzzles of particle physics and great efforts have been done, both
on experimental and theoretical side, to understand the dynamics driving
its peculiar features. In our work, published in [5], we focus on the issues
related to the lepton flavor sector, developing first an analysis of the pos-
sible violation of the lepton flavor symmetry in the context of the Minimal
Flavor Violation framework, in which only a minimal set of flavor violating
sources is allowed even if beyond SM physics effects are taken into account.
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Working within this framework, in Chapter 3 we will study the possibility of
measuring flavor violating effects in leptonic decays of pseudoscalar mesons,
focusing on the very precisely measured π and K decays and then expanding
our study to heavy meson decays, that can become a very powerful probe in
the near future with the fast development of the super-B factories.

Another important aspect of the leptonic flavor sector will be examined
in Chapter 4, based on the published paper [12]. Starting from the well
established LEP2 results that show a departure from lepton universality in
the tau channel of leptonic W decays, we will analyze the interplay of this
anomaly with other very precise electroweak measurements, testing the pos-
sibility that beyond SM effects could explain it. Thanks to the features of our
EFT framework, our results can be applied to a broad range of models and
our analysis can be easily extended to include future experimental results
or different theoretical flavor-symmetries ansätze. In particular, when more
precise data will be made available, could be interesting to test one of the
recent experimental results we were referring to at the beginning: the excess
found in the B → D(∗)τντ channel by the Babar collaboration [15], that can
be a new indication of lepton flavor violation.

With the aim of assessing the present and future sensitivity of neutron
beta decays to beyond SM effects, we will present in Chapter 5 a very broad
comparative analysis of different constraints on new scalar and tensor in-
teractions, published also in [18]. We will compare different bounds coming
from low- and high-energy processes, showing at what level and in which the-
oretical scenarios neutron-decay experiments planned for the near future can
compete with next runs at LHC. Making use of the most recent Lattice-QCD
estimates of the scalar and tensor form-factors, we will study the impact of
the theoretical uncertainties of these parameters on the precision achievable
in the extraction of beyond SM constraints.

The last chapter of this thesis will be devoted to investigate the possi-
ble existence of vector resonances associated to a strongly interacting sector
that can produce the spontaneous breaking of the electroweak symmetry in
a Higgsless world. Exploiting the analogies, arising in this scenario, between
the electroweak theory and low-energy QCD cases, we will analyze the scat-
tering of longitudinally polarized W and Z gauge bosons, finding valuable
information about the vector resonances and the possibility left for LHC to
disentangle their presence. The work has been published in [23].





Chapter 1

The Standard Model

1.1. Standard Model: an overview

The SM is the reference theory for the description of particle physics phe-
nomena. This chapter will introduce the main features of the SM, focusing
on the aspects that will be the theoretical background of the work presented
in this thesis. Some basic notation and concepts will be developed and we
will also describe some of the open questions of this theory, that constitute
the theoretical motivations of our work, setting in this way the stage for the
analysis that we will present in the following chapters. We will conclude
discussing briefly the motivations of looking beyond the SM and sketching
the effective field theory method we will use throughout the thesis to analyze
the phenomenology of possible extension of the SM.

1.1.1. The gauge sector

The SM is a local gauge theory based on the symmetry group SU(3)C ×
SU(2)L × U(1)Y , where SU(3)C is the group of strong interactions [24, 25,
26] and the electroweak (EW) part of the theory can be described by the
SU(2)L × U(1)Y group [27, 28, 29]. As the main focus of the thesis is on
the electroweak phenomena, we will reduce our discussion to this sector. An
introduction to the strong sector can be found for example in [30].

The basic features of the EW sector are finely summarized by the minimal
Lagrangian:

LSM = fi /D f − 1

4
W I
µνW

µν, I − 1

4
BµνB

µν , (1.1)

where f indicates generically a fermionic matter field, I = 1, 2, 3 are SU(2)L
indices and W µν and Bµν are the strength tensors associated to the gauge
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16 1.1. Standard Model: an overview

fermions scalars

field `L eR qL uR dR h

hypercharge Y −1
2
−1 1

6
2
3
−1

3
1
2

Table 1.1: The hypercharge assigned to the SM matter content and to the SM Higgs.

bosons:

W I
µν = ∂µW

I
ν − ∂νW I

µ + g εIJKW J
µW

K
ν ,

Bµν = ∂µBν − ∂νBµ (1.2)

and Dµ is the covariant derivative that reads:

Dµ = ∂µ − igSIW I
µ − ig′Y Bµ . (1.3)

Here we indicated with SI = τ I/2 the SU(2)L generators, where τ I are
the Pauli matrices, and with Y the hypercharge of the field the covariant
derivative is applied on (see Table 1.1). Once we choose the matter fields
(quarks and leptons), the only free parameter of the EW sector of the SM
at this stage are the dimensionless constants associated to the two gauge
groups: g and g′ for SU(2)L and U(1)Y respectively.

The observed matter fields are classified in the SM in five different rep-
resentation of the gauge group:

quark sector: we have one left-handed doublet qL and two right-handed
singlets for up and down quarks, uR and dR respectively;

lepton sector: we introduce one left-handed doublet `L and one right-
handed singlet eR for the charged leptons (the right-handed singlet
for the neutrinos doesn’t interact with any other particle in the SM
context, so it is neglected).

Each of these fermion fields is then multiplicated in three families, with the
mass being the only difference between the different generations. It is then
useful to consider each fermion field as a vector in the generation space
(called, in some contexts, also flavor space). The quark fields read now:

qL =

((
uL
dL

)
,

(
cL
sL

)
,

(
tL
bL

))
,

uR = (uR, cR, tR) , dR = (dR, sR, bR) . (1.4)
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The lepton sector becomes:

`L =

((
ν

(e)
L

eL

)
,

(
ν

(µ)
L

µL

)
,

(
ν

(τ)
L

τL

))
, eR = (eR, µR, τR) . (1.5)

The multiplication of the fermion fields in different generations is introduced
in the SM in order to describe adequately the phenomenology. Why there
exist in nature almost identical copies of each fermion and why they are
exactly three, are questions that are not addressed in the SM and are still
waiting for a complete answer. The SM Lagrangian in Eq. (1.1) becomes
explicitly:

LSM =
∑
f

∑
i

f ii /D fi −
1

4
W I
µνW

µν, I − 1

4
BµνB

µν , (1.6)

where f = qL, uR, dR, `L, eR and i is a flavor index running over the three
generations of fermions. It is then clear that at this stage, i.e. with only
massless particles in the theory, no interaction between fermions of different
generations is allowed. We will see in Section 1.1.3 how mass terms will
change this picture. It is also interesting to note that the coupling of the
gauge bosons to fermions is flavor independent: this is the so called univer-
sality of the gauge coupling constants. In Chapter 4 we will test, through
a global analysis based on all the precise electroweak observables, the possi-
bility that effects of beyond SM physics induce a violation of universality in
the interaction between the W boson and the leptons.

1.1.2. The Yukawa and Higgs sector

In the minimal formulation given by the Lagrangian in Eq. (1.1) all the
particles in the SM are massless. In order to reproduce the phenomenological
observations, we then need to introduce mass terms for the different fields,
without spoiling the gauge symmetry that provides the renormalizability of
the theory. This is achieved through the Higgs mechanism [31, 32]: we
introduce a new scalar doublet h that, after spontaneous symmetry breaking
(SSB), acquire a non-zero vacuum expectation value (vev) v:

h(x) =

(
h(+)(x)
h(0)(x)

)
, 〈0| h | 0〉 ≡

(
0
v

)
. (1.7)

The particular choice of the vev breaks the EW gauge symmetry group down
to the electromagnetic group U(1)em:

SU(2)L ⊗ U(1)Y
SSB
=⇒ U(1)em . (1.8)
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In this way we obtain massive W and Z gauge bosons and a massless photon,
as required by the experimental data. The physical gauge boson fields are:

charged Wµ bosons defined by:

W±
µ =

W 1
µ ∓ iW 2

µ√
2

(1.9)

with a tree level mass given by MW = gv/
√

2;

the Aµ photon and the neutral Zµ boson defined by:

Zµ = cos θWW
3
µ − sin θWBµ

Aµ = sin θWW
3
µ + cos θWBµ , (1.10)

where tan θW ≡ g′/g defines the weak angle θW . The mass of the Z
boson, at first order, is given by MZ = MW/ cos θW .

We want to stress that, using the experimental value of the Fermi constant
GF , we can obtain the value of the Higgs vev:

GF =
1

2
√

2v2
' 1.17× 10−5 GeV−2 ⇒ v ' 174 GeV (1.11)

On the other hand the Higgs mass is a free parameter of the SM and can be
inferred only through the loop effects on precise electroweak observables or
a direct search like the one LHC is currently performing.

The fermion masses are introduced through Yukawa-type interactions:

LY = −q′L λu u′R h̃− q′L λd d
′
R h− `′L λe e′R h+ h.c. . (1.12)

where h̃ = iτ 2h∗, the flavor indices have been neglected for simplicity and the
fermion fields q′L, u′R, d′R, `′L, e′R are gauge eigenstates. Eq. (1.12) is the most
general renormalizable Lagrangian involving fermions and the Higgs field,
once we impose gauge symmetry and we take into account the values for the
hypercharge of each field (see Table 1.1). The three coefficients of Eq. (1.12)
λX , with X = u, d, e, are the Yukawa matrices and are 3×3 matrices in flavor
space. The elements of these matrices are free parameters of the theory and
are chosen in order to correctly describe the phenomenology. The special
pattern of the Yukawas, characterized by a strong hierarchy between the
different generations, is again one of the open questions of the SM.
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1.1.3. Flavor mixing

In the Yukawa Lagrangian of Eq. (1.12) we used the gauge eigenstates for
the fermion fields. It is instructive to see what happens when we express the
same Lagrangian in terms of the mass eigenstates. We study first the case
of the quark sector, being the case of leptons trivial, at least in the context
of the SM with massless neutrinos. The Yukawa Lagrangian for the quarks
reads:

LYq = −q′L λu u′R h̃− q′L λd d′R h+ h.c.
SSB
=⇒ −u′L Yu u′R − u′L Yd d′R + h.c. , (1.13)

The second line is the Lagrangian we get after SSB and keeping only the
mass terms, where the new matrices are simply YX ≡ vλX . We can then
diagonalize the two Yukawas using unitary matrices:

Yu = UuL Ȳu U
†
uR

,

Yd = UdL Ȳd U
†
dR
, (1.14)

where ȲX are diagonal matrices with real and positive elements. In this way
we defined the field transformations from gauge to mass eigenstates:

u′L = UuLuL , u′R = UuRuR ,

d′L = UdLdL , d′R = UdRdR . (1.15)

Let’s consider now the quark charged current coupled to the charged W
boson:

ū′Lγµd
′
L = ūLU

†
uL
γµUdLdL = ūLγµVCKMdL . (1.16)

In the last step we defined the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[33, 34] that parameterizes the mixing between the different generations of
quarks. We want to stress that there is no such a mixing matrix related
to neutral currents and then there are no Flavor Changing Neutral Currents
(FCNC) at tree level in the SM. On the other hand the CKM matrix controls
all the possible flavor changing processes. It can be written in a convenient
way through the Wolfestein parametrization [35]:

VCKM ≡

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 (1.17)

=

 1− λ2

2
λ Aλ3(%− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− %− iη) −Aλ2 1

+O(λ4) ,
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where the expansion parameter is λ = |Vus| ∼ 0.22 and the other parameters
are of O(1). Even if the expansion in λ is only an approximation, it is useful
to understand the main features of the CKM matrix:

The diagonal elements, that control the mixing between quarks of the
same generation, have a value very close to one. This kind of transitions
are then completely allowed in the SM;

The off-diagonal elements are instead small parameters, working then
as suppression factors for the transitions between different quark gen-
erations;

There is one physical phase in the CKM mixing matrix (to see it at
first glance, the “standard parametrization” is the one we should use)
that controls the CP violating processes in the SM. It is interesting to
note that with less than three generations there is no physical phase
remaining in the theory (all the phases can be absorbed in a field redef-
inition). Consequently, in order to describe the CP violation observed
for example in the kaon sector, we need to introduce at least three
quark generations in the theory.

The flavor sector for the leptons is, as we said, very simple in the minimal
version of the SM. Being the neutrinos massless, we can diagonalize directly
the charged leptons mass matrix Ȳe (the bar indicates that the matrix is
diagonal):

LY` = −λe `′Le′R h+ h.c. SSB
=⇒ −Ȳe `LeR + h.c. . (1.18)

When dealing with extensions of the SM that include massive neutrinos, it
is useful to introduce a leptonic version of the CKM mixing matrix, called
the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix [36, 37]. We define it
as the matrix that generates the neutrino mass eigenstates starting from the
gauge eigenstates:

| να〉 =
∑
i

U∗αi | νi〉 . (1.19)

The neutrino mass eigenstate can be defined as the state produced in the
decay W → `ανα. The standard parametrization of lepton mixing matrix
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reads [38]:

UPMNS =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −s23c12 − s12c23s13e

iδ c23c13


×diag(1, eiα21/2, eiα31/2) . (1.20)

The phases αij can be absorbed in the field definition if the neutrinos are not
Majorana particles. In that case the UPMNS has the same form of the CKM
mixing matrix, but with different values of the elements.

1.1.4. Accidental symmetries

We conclude this brief review on the Standard Model noting that the
theory possesses some so called “accidental symmetries”. The name derives
from the fact that these symmetries are not imposed in the construction
of the theory, but are a bonus feature of the SM structure. Looking at the
Lagrangian in Eq. (1.12) it is easy to see that total lepton (L) and baryon (B)
numbers are conserved. In addition also the generation number is conserved
in the lepton sector, i.e. we have three lepton numbers (Le, Lµ and Lτ )
conserved separately. The consequence is that in the SM context no lepton
flavor violating processes are allowed at any order. Introducing Dirac masses
for the neutrinos breaks the generation numbers, but keeps the total lepton
number, whereas Majorana terms break also this last symmetry.

In order to introduce a proper description for the observed non-vanishing
neutrino masses, most of the SM extensions are actually allowing lepton
flavor violating processes at a level that in most cases is already excluded by
experimental data. A possible solution to this problem is to constrain the
structure of the flavor sector of the high energy theory through convenient
flavor symmetries. We will analyze one of these scenarios in Chapter 3, where
we will study the consequences of a minimal violation of the lepton flavor
symmetry on the leptonic meson decays.

1.2. Standard Model as an Effective Theory
The Standard Model as we sketched it in the previous sections has been

tested with impressive precision in past experiments (for a review see for
example [1]) and it is still the reference theory to interpret the results of
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LHC and other current experiments. However there are clear evidences for
the need of a completion of SM. As we already noted we do not understand
yet why fermions are replicated in three (and apparently only three) nearly
identical copies or what is the origin of the SM flavor structure. Moreover
we need a consistent description for the neutrino masses and mixing and to
understand the gauge symmetry breaking mechanism, confirming the Higgs
picture or developing a new scenario.

Irrespective of the specific high-energy features of the new theory, the SM
will certainly represent its low-energy limit. The high-energy theory should
then satisfy some requirements:

Its gauge group should contain the SM gauge group SU(3)C×SU(2)L×
U(1)Y ;

Its particle content should include the SM fields, either as fundamental
or composite degrees of freedom. As we will see in the following, the
linear realization of the Higgs sector used in the SM context is not a
fundamental ingredient in the gauge symmetry breaking mechanism,
at least from a theoretical point of view. Although, the recent LHC
announcement of the discovery of a new scalar particle in the 125 GeV
range is certainly a strong indication that the SM symmetry breaking
picture could be actually realized in Nature;

Neglecting undiscovered weakly-coupled light particles, like axions or
sterile neutrinos, the new theory should reduce at low energy to the
SM.

In order to extend the present theoretical framework, one way to proceed
is to build up a full theory that respects these requirements, as has been
done for example with supersymmetric theories. In this thesis we will use
a different and complementary approach, in which we considered the SM
as an effective theory valid up to a certain energy scale Λ at which new
degrees of freedom will show up. At energies below this cut-off, we can then
integrate out these new particles generating a series of higher-dimensional
operators Oi built with only low-energy fields. Short-distance physics will
be described by effective coefficients that multiply the operators that, in a
bottom-up approach like the one we will follow, are free parameters of the
effective theory.

In order to build a proper effective theory, we need to specify a number of
features that have to be satisfied. While we know that the gauge group has
to be the SM one and the SM fermions and gauge bosons must be included in
the particle content of the low energy theory, the gauge symmetry breaking
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sector is not clearly defined. What we really know is that there has to exist
a system coupled to the SM displaying a symmetry breaking pattern from
a group G (that has to include the SM gauge group SU(2)L × U(1)Y ) to a
subgroup H. It can be shown (see for example [39]) that there is only one
possible choice, i.e. G = SU(2)L × SU(2)R and H = SU(2)L+R. Starting
from this basic hypothesis different symmetry breaking sectors can be build,
being the SM one the simplest choice.

As anticipated, the LHC discovery of a new scalar particle represents
a big step toward the confirmation of the SM and its symmetry breaking
mechanism. On the other hand, in these years various alternative options
to the SM Higgs mechanism have been developed on the market, from an
enlarged Higgs sector to a composite Higgs. These possibilities are certainly
very interesting from a theoretical point of view and could be reconsidered
if experiments will not fully confirm the SM picture. In this thesis we will
focus on the standard scenario with the SM Higgs sector and on a framework
based on a dynamical electroweak symmetry breaking mechanism without a
Higgs boson, on the wake of what happens in QCD with chiral symmetry.

In Chapter 2 we will analyze a general effective field theory based on the
assumption that the scalar sector is the one introduced in the SM and the
gauge symmetry is linearly realized. We will then develop different analysis
based on this scenario, focusing on a special flavor symmetry in Chapter 3,
studying in Chapter 5 the impact of future experiments on neutron decay
in constraining new scalar and tensor interactions and testing in Chapter 4
a possible departure from lepton universality in W decays through a global
fit on the most precise electroweak observables. A different scenario will be
developed in Chapter 6 where we will start from the hypothesis that the
electroweak symmetry breaking is due to a new strongly interacting sector
standing at the TeV scale. The possible existence of resonances, consequence
of this strong sector, will be studied in Chapter 7.





Chapter 2

EFT: The SM Higgs scenario

The first EFT scenario we are going to analyze is maybe the most popular
in the literature and its phenomenology has been studied in a number of
papers. The basic hypothesis are:

The existence of a gap between the SM electroweak scale v and the
New Physics scale Λ;

The assumption that the SM extension is weakly coupled at the weak
scale, so the EW symmetry can be linearly realized and the low-energy
theory can contain a SM-like symmetry breaking sector. Consequently
the effective field theory, defined at the weak scale, will contain the
Higgs doublet as an explicit field.

The conservation of lepton and baryon total numbers. This is by no
means a compulsory hypothesis, but, as we are not interested in the
breaking of these two symmetries, it is a simplifying assumption. Only
in Chapter 3 we will need to introduce an explicit breaking of the total
lepton number in order to generate neutrino masses.

The first two assumptions result in the decoupling of heavy particles with
masses of order Λ or larger and the possibility of integrating them out, de-
scribing their effects at low energy through a series of higher-dimensional
operators Oi built with only low-energy fields and suppressed by inverse
powers of the scale Λ:

LEFT = LSM +
1

Λ

∑
i

α
(5)
i O

(5)
i +

1

Λ2

∑
i

α
(6)
i O

(6)
i +O

(
1

Λ3

)
, (2.1)

where LSM is the SM Lagrangian and αi are dimensionless effective coeffi-
cients containing all the short-distance physics. If the underlying high-energy

25
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theory is fully specified, all these coefficients can be determined by integrat-
ing out the heavy fields. On the other hand, in a bottom-up approach like
the one we will follow, they are free parameters of the effective theory. Phe-
nomenology will be the guide to constrain these parameters and then to
define the features of the theory valid at energies above the scale Λ.

This chapter will be devoted to the analysis of the complete set of oper-
ators of dimension 5 and 6, that represent the first orders of approximation
in the expansion of Eq. (2.1). Terms of higher dimension are supposed to be
too suppressed to give sizable contributions to any observable, at least with
the current experimental precision.

2.1. Effective operator basis

2.1.1. Basic notation

We collect in this section the notation we will use in developing the effec-
tive operator basis and then in the phenomenological analyses of the following
chapters. The notation will be consistent with the one introduced in Chap-
ter 1 for the SM case. However some changes will be made with the aim of
simplifying the formulas. We will drop the chirality indices L,R: the fermion
fields will be always understood as chiral fields, with quantum numbers given
in Table 1.1, and we will use the following convention:

Left-handed doublets: q, `

Right-handed singlets: u, d, e (2.2)

Our definition for the chiral projectors is PL = (1−γ5)/2 and PR = (1+γ5)/
2. Besides special cases we will drop also the flavor indices i, j, k, l = 1, 2, 3.
SU(2)L indices, indicated with Greek letters α, β = 1, 2, if not explicitly
written, are always contracted inside the bilinear or between the only two
SU(2)L doublets present in the operator. When needed we will use the total
antisymmetric tensor ε = iτ2 (ε12 = +1) to contract the SU(2)L indices. For
SU(3)C color indices we will use latin letters a, b, c = 1, 2, 3.

We will follow the sign convention for covariant derivatives exemplified
by:

(Dµq)
aα =

(
δαβδab∂µ − igsδαβTAabGA

µ − igSIαβδabW I
µ − ig′δαβδabYqBµ

)
qbβ.
(2.3)

Here, TA = 1
2
λA (A = 1,..8) and SI = 1

2
τ I (I = 1,2,3) are the SU(3)C and

SU(2)L generators, while λA and τ I are the Gell-Mann and Pauli matrices,
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respectively. The gauge field strength tensors read:

GA
µν = ∂µG

A
ν − ∂νGA

µ + gsf
ABCGB

µG
C
ν ,

W I
µν = ∂µW

I
ν − ∂νW I

µ + gεIJKW J
µW

K
ν ,

Bµν = ∂µBν − ∂νBµ , (2.4)

and their covariant derivatives are:

(DρGµν)
A = ∂ρG

A
µν + gsf

ABCGB
ρ G

C
µν ,

(DρWµν)
I = ∂ρW

I
µν + gεIJKW J

ρW
K
µν ,

DρBµν = ∂ρBµν . (2.5)

Dual tensors are defined by X̃µν = 1
2
εµνρσX

ρσ (ε0123 = +1), where X stands
for GA, W I or B.

2.1.2. Operator definition

The complete effective operator basis up to dimension six terms was first
developed in [2, 3] and afterwards has been corrected and completed in vari-
ous papers during the years. Our notation is based mainly on the conventions
introduced in [2], but we will take into account the results discussed in the
complete revision published in [40]. The details on the construction of effec-
tive basis and on the use of the equations of motion and Fierz identities to
identify linearly dependent terms can be found in the original papers.

At dimension there is only one dimension-5 operator respecting the SM
gauge symmetry:

Qνν = (h̃†`)TC(h̃†`) , (2.6)

where C is the charge conjugation matrix, that in the Dirac representation
reads C = iγ2γ0, with Bjorken and Drell [41] phase convention. This opera-
tor violates total lepton number and will be neglected in most of this thesis.
However it is important to note that it generates, after spontaneous sym-
metry breaking, neutrino masses and mixing and then will be an important
ingredient when we will discuss a lepton flavor symmetry violating scenario.
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We can divide the operators depending on the kind of fields they contain:

Fermions only

The operators containing only fermion fields can be categorized in four classes,
depending on the chirality of the fields involved: LLLL, RRRR, LRRL and
LRLR. There are 25 independent operators of this type.

L̄LL̄L

O
(1)
`` =

1

2
(¯̀γµ`)(¯̀γµ`) (2.7a)

O(1,1)
qq =

1

2
(q̄γµq)(q̄γ

µq) (2.7b)

O(1,3)
qq =

1

2
(q̄γµτ

Iq)(q̄γµτ Iq) (2.7c)

O
(1)
`q = (¯̀γµ`)(q̄γ

µq) (2.7d)

O
(3)
`q = (¯̀γµτ

I`)(q̄γµτ Iq) (2.7e)

R̄RR̄R

Oee =
1

2
(ēγµe)(ēγ

µe) (2.8a)

O(1)
uu =

1

2
(ūγµu)(ūγµu) (2.8b)

O
(1)
dd =

1

2
(d̄γµd)(d̄γµd) (2.8c)

Oeu = (ēγµe)(ūγ
µu) (2.8d)

Oed = (ēγµe)(d̄γ
µd) (2.8e)

O
(1)
ud = (ūγµu)(d̄γµd) (2.8f)

O
(8)
ud = (ūγµλ

Au)(d̄γµλAd) (2.8g)

L̄RR̄L

O`e = (¯̀e)(ē`) (2.9a)

O`u = (¯̀u)(ū`) (2.9b)

O`d = (¯̀d)(d̄`) (2.9c)

Oqe = (q̄e)(ēq) (2.9d)

O(1)
qu = (q̄u)(ūq) (2.9e)

O(8)
qu = (q̄λAu)(ūλAq) (2.9f)

O
(1)
qd = (q̄d)(d̄q) (2.9g)

O
(8)
qd = (q̄λAd)(d̄λAq) (2.9h)

Oqde = (¯̀e)(d̄q) (2.9i)

L̄RL̄R

O(1)
qq = εαβ(q̄αu)(q̄βd) (2.10a)

O(8)
qq = εαβ(q̄αλ

Au)(q̄βλ
Ad) (2.10b)

O`q = εαβ(¯̀
αe)(q̄βu) (2.10c)

Ot
`q = εαβ(¯̀

ασµνe)(q̄βσ
µνu)(2.10d)

The operators of the first three classes (LLLL, RRRR and LRRL), a part
from operator Oqde, are Hermitian (i.e. the Hermitian conjugation is equiv-
alent to the transposition of flavor indices. See the note at the end of this
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section). The Hermitian conjugates of the LRLR operators are not listed
explicitly.

Vectors only

OG = fABCG
Aν
µ GBλ

ν GCµ
λ (2.11a)

O
G̃

= fABCG̃
Aν
µ GBλ

ν GCµ
λ (2.11b)

OW = εIJKW
Iν
µ W Jλ

ν WKµ
λ (2.12a)

O
W̃

= εIJKW̃
Iν
µ W Jλ

ν WKµ
λ (2.12b)

Scalars only
Oh =

1

3
(h†h)3 (2.13a)

Oh� = (h†h)�(h†h) (2.13b)

Scalars and vectors

OhG =
1

2
(h†h)GA

µνG
Aµν (2.14a)

O
hG̃

= (h†h)G̃A
µνG

Aµν (2.14b)

OhW =
1

2
(h†h)W I

µνW
Iµν (2.14c)

O
hW̃

= (h†h)W̃ I
µνW

Iµν (2.14d)

OhB =
1

2
(h†h)BµνB

µν (2.14e)

O
hB̃

= (h†h)B̃µνB
µν (2.15a)

OWB = (h†τ Ih)W I
µνB

µν (2.15b)

O
W̃B

= (h†τ Ih)W̃ I
µνB

µν (2.15c)

OhD =
(
h†Dµh

)∗ (
h†Dµh

)
(2.15d)

All the operators of the last three sections are Hermitian. The ones involving
X̃ are CP-odd, the others are CP-even.

Fermions and scalars

Oeh = (h†h)(¯̀eh) (2.16a)

Ouh = (h†h)(q̄uh̃) (2.16b)

Odh = (h†h)(q̄dh) (2.16c)

Vectors, fermions and scalars

O
(1)
h` = (h†iDµh)(¯̀γµ`) (2.17a)

O
(3)
h` = (h†iτ IDµh)(¯̀γµτ I`) (2.17b)

Ohe = (h†iDµh)(ēγµe) (2.17c)

O
(1)
hq = (h†iDµh)(q̄γµq) (2.17d)

O
(3)
hq = (h†iτ IDµh)(q̄γµτ Iq) (2.17e)

Ohu = (h†iDµh)(ūγµu) (2.17f)

Ohd = (h†iDµh)(d̄γµd) (2.17g)

Ohh = εαβ(h∗αiDµhβ)(ūγµd) (2.17h)
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Ot
eW = (¯̀σµντ Ie)hW I

µν (2.17i)

Ot
eB = (¯̀σµνe)hBµν (2.17j)

Ot
uG = (q̄σµνλAu)h̃GA

µν (2.17k)

Ot
uW = (q̄σµντ Iu)h̃W I

µν (2.17l)

Ot
uB = (q̄σµνu)h̃Bµν (2.17m)

Ot
dG = (q̄σµνλAd)hGA

µν (2.17n)

Ot
dW = (q̄σµντ Id)hW I

µν (2.17ñ)

Ot
dB = (q̄σµνd)hBµν (2.17o)

All the operators in these two last sections need to be completed with their
Hermitian conjugate.

We conclude reminding that each operator carry flavor indices and is
coupled to a “flavored” coefficient. Our convention for these coefficients are:

The flavor matrix α of the Hermitian conjugate of the operators will
carry a dagger;

For the operators O(1)
`` and Oee, because of the symmetry between the

two bilinears, we impose [α]ijkl = [α]klij;

in order to ensure the hermiticity of the four fermion operators of classes
LLLL, RRRR and LRRL we impose [α]ijkl = [α]∗jilk.

It is important to note that none of these conditions entails any loss of
generality.



Chapter 3

Lepton Flavor violation in
leptonic meson decays

In the last few years there has been a great experimental progress in
quark and lepton flavor physics. On the quark side, several stringent tests of
neutral-current flavor-changing processes have been performed finding no sig-
nificant deviations from the Standard Model predictions. This fact naturally
points towards new physics models with highly constrained flavor structures.
In models with flavored degrees of freedom around the TeV scale, a natu-
ral option is the so-called hypothesis of Minimal Flavor Violation (MFV).
Within a general Effective Field Theory approach, this hypothesis can be
formulated in general terms as the assumption that the Yukawa couplings
are the only relevant sources of flavor symmetry breaking both within and
beyond the SM, at least in the quark sector [42]. As discussed in the recent
literature, this hypothesis can naturally be implemented in supersymmetric
extensions of the SM [43] or, in slightly modified forms, also in models with
new strongly interacting dynamics at the TeV scale [44, 45].

The situation of the lepton sector is more uncertain but also more exciting.
As we noted in the previous chapter, the discovery of neutrino oscillations
provide an unambiguous indication that the SM is not a complete theory
and a clear evidence about the existence of new flavor structures in addition
to the three SM Yukawa couplings. In various frameworks these new flavor
structures can have non-trivial implications in other sectors of the model. In
particular, deviations from SM predictions are expected in FCNC decays of
charged leptons and, possibly, in a few meson decays with lepton pairs in the
final state (see e.g. Ref. [46] for a recent review).

As far as meson decays are concerned, an interesting role is played by the
helicity suppressed P → `ν decays and particularly by the lepton-universality
ratios in these processes. Present experimental data on Rµe

K = B(K → eν)/

31
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B(K → µν) [47, 48], with their impressive O(0.4%) precision level, already
strongly constrain the parameter space of supersymmetric extensions of the
SM and new experimental improvements are in sight [49]. A very significant
test of lepton-flavor universality (LFU) will soon be performed also in π → `ν
decays, measuring the Rµe

π ratio at the O(0.1%) level [50]. Finally, also the
purely leptonic decays of the heavy pseudoscalar mesons (B±, D± and D±s )
have been observed in the last years at the B factories [51, 52, 53, 54, 55]
opening the possibility of interesting LFU tests also in these modes [56].

A general theoretical tool for analyzing the results of all these future
experiments is provided by low-energy EFT approaches based on specific
flavor-symmetry assumptions. This approach allows us to test the impli-
cations of flavor symmetries which are independent from specific dynamical
details of the new-physics model. As far as lepton-flavor mixing is concerned,
two general constructions of this type are particularly interesting: the EFT
based on the Minimal Lepton Flavor Violation (MLFV) hypothesis and the
implementation of the MFV hypothesis in a Grand Unified Theory frame-
work (MFV-GUT) [6]. The purpose of this chapter is to analyze the role of
the P → `ν decays in both these frameworks.

The chapter is organized as follows: in Section 3.1 we analyze the dimension-
six effective operators contributing to P → `ν decays and discuss their flavor
structure according to the MLFV hypothesis. In Section 3.2 we present the
results for the P → `ν decay rates and discuss their natural size in the
MLFV framework. The phenomenology is discussed in Section 3.4, starting
from the model-independent bounds derived from FCNC processes within the
EFT approach. The final results concerning the maximal deviations from SM
predictions on R``′

K ratios are presented in Section 3.4 and summarized in the
Conclusions of the chapter.

3.1. Operator basis and flavor structures

The effective theory relevant to the analysis we will develop in the follow-
ing sections is essentially the same that we discussed in Chapter 2. However,
as we are interested in theories with new flavored degrees of freedom, we
will substitute the generic NP energy scale ΛNP with ΛLFV (where LFV is
short for lepton flavor violation), the scale at which new degrees of freedom
carrying lepton-flavor quantum numbers appear. Following a theoretical ar-
gument based on a natural solution of the hierarchy problem we require that
this scale doesn’t exceed few TeV, stabilizing in this way the Higgs mass.
On the other hand we introduce ΛLN (or Mν), a very high energy scale (well
above ΛLFV) associated to the breaking of total lepton number. The only di-
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mension five operator allowed by gauge symmetry is suppressed by the ΛLN

scale and then can be safely neglected.
In order to determine the relevant effective operators contributing to P →

`ν decays we need to specify the structure of the low-energy EFT. This is,
as we discussed before, characterized by the low-energy field content and the
symmetries of the theory. A part from imposing the SM gauge symmetry, we
will focus on the role of the flavor symmetries, specifying the flavor symmetry
breaking terms. We assume that the low-energy field content of the EFT is
the SM one, with the exception of the Higgs sector, where we we consider
two Higgs doublets coupled separately to up-type quarks (hu), and down-
type quarks and charged leptons (hd). This way we avoid large contributions
to FCNC, but we explore possible tan β = 〈hu〉/〈hd〉 enhancements of flavor-
violating effects.

With these hypothesis the most general Lagrangian, up to dimension-
six terms, is basically the one we described in Section 2.1. However two
important modifications are needed:

In order to take into account the larger Higgs sector, that we are con-
sidering in this chapter, new operators have to be introduced. There
are small modifications of the existing operators involving Higgs fields.
In what follows we will introduce explicitly the new operators when
they are relevant for the processes we are analyzing.

We will specify the operator flavor structure considering first the two
MLFV frameworks introduced in Ref. [4], and briefly summarized be-
low. Since in these two cases the deviations from the SM turn out to
be very small, in Section 3.3 we analyse the GUT framework of Ref. [6]
with the aim of identifying if, and under which conditions, larger devi-
ations from the SM are possible.

3.1.1. Minimal Lepton Flavor Violation

The Minimal Flavor Violation principle [57, 58] was first introduced in
the context of EFT in [42], whereas the extension to the lepton sector (called
Minimal Lepton Flavor Violation) was discussed in [4]. In this framework
the sources of LFV are linked in a minimal way to the known structure of
the neutrino and charged-lepton mass matrices.

In order to reach a working definition for an EFT satisfying the MFV
principle, we start with the basic observation that the largest group of unitary
field transformations that commutes with the SM gauge group is U(3)5 [59].
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This can be decomposed as:

GF ≡ SU(3)3
q ⊗ SU(3)2

` ⊗U(1)B ⊗U(1)L⊗U(1)Y ⊗U(1)PQ⊗U(1)eR , (3.1)

where:

SU(3)3
q = SU(3)qL ⊗ SU(3)uR ⊗ SU(3)dR , (3.2)

SU(3)2
` = SU(3)`L ⊗ SU(3)eR .

Out of the five U(1) charges, three can be identified with baryon (B) and
lepton (L) numbers and hypercharge (Y ), which are respected by Yukawa
interactions. The two remaining U(1) groups can be identified with the
Peccei-Quinn symmetry of two-Higgs-doublet models [60] and with a global
rotation of a single SU(2)L singlet. Rearranging these two groups, we denote
by U(1)PQ a rotation which affects only and in the same way dR and eR, and
by U(1)eR a rotation of eR only.

In the SM the Yukawa interactions break the symmetry group SU(3)3
q ⊗

SU(3)2
`⊗U(1)PQ⊗U(1)eR . We can formally recover flavor invariance by intro-

ducing dimensionless auxiliary fields (called spurion fields or simply spurions
from now on) with the right transformations under the flavor group.

Then an effective theory is defined to satisfy the criterion of MFV if all
higher-dimensional operators, constructed from SM and spurion fields, are
invariant under CP and (formally) under the flavor group GF . In this way
the dynamics of flavor violation is completely determined by the structure
of the ordinary Yukawa couplings and all CP violation originates from the
CKM phase.

We will now analyze two possible scenarios in which the MFV principle
is implemented in the lepton sector. An overview on the phenomenology
associated to these frameworks can be found in [61].

MLFV minimal field content

In this first scenario the lepton flavor symmetry group is:

GLF = SU(3)`L × SU(3)eR , (3.3)

and the lepton sector is invariant under two U(1) symmetries which can be
identified with the total lepton number, U(1)LN, and the weak hypercharge.
In order to describe charged-lepton and neutrino masses we introduce the
symmetry-breaking Lagrangian:

Lmin
Sym.Br. = −λije ēiR(h†d`

j
L)− 1

2ΛLN

gijν (¯̀ci
Lτ2hu)(h

T
u τ2`

j
L) + h.c. (3.4)
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where λe and gν are the two irreducible sources of GLF breaking.1 As an-
ticipated, ΛLN denotes the scale of the flavor-independent breaking of the
U(1)LN symmetry. The smallness of neutrino masses, mν ≡ gνv

2
u/ΛLN, is

attributed to the smallness of vu/ΛLN.
It is convenient to treat the matrices λe and gν as spurions of GLF, such

that the Lagrangian (3.4) and the complete low-energy EFT is formally in-
variant under GLF. The transformation properties of λe and gν are

λe → VR λeV
†
L , gν → V ∗L gνV

†
L , (3.5)

where VL ∈ SU(3)`L and VR ∈ SU(3)eR . The simplest spurion combination
controlling LFV transitions in the charged-lepton sector is g†νgν . Working in
the basis where λe is diagonal we can write:

g†νgν =
Λ2

LN

v4
u

UPMNS m̄
2
ν U

†
PMNS , (3.6)

where m̄ν = diag(mν1 ,mν2 ,mν3) and UPMNS is the usual PMNS mixing matrix
(see Ref. [4] for notations). Up to the overall normalization, the LFV spurion
in (3.6) is completely determined in terms of physical observables of the
neutrino sector. Its explicit form in the case of normal hierarchy (mν1 <
mν2 � mν3) or inverted hierarchy (mν3 � mν1 < mν2) is[
g†νgν

](norm.)

ij
=

Λ2
LN

v4

[
m2
ν1
δij + Ui2U

∗
j2 ∆m2

sol + Ui3U
∗
j3 ∆m2

atm

]
, (3.7)[

g†νgν
](inv.)

ij
=

Λ2
LN

v4

[
m2
ν3
δij + Ui1U

∗
j1 (∆m2

atm −∆m2
sol) + Ui2U

∗
j2 ∆m2

atm

]
.

Here we used U ≡ UPMNS. For simplicity, in the numerical analysis of the
following sections we assume that the mass of the lightest neutrino vanishes
(mν1 = 0 in the normal hierarchy and mν3 = 0 in the inverted one). Further-
more, we adopt the convention where s13 ≥ 0 and 0 ≤ δ < 2π [38].

MLFV extended field content

In this second case we assume the existence of three right-handed neutrino
singlets under the SM gauge group, beside the SM degrees of freedom. The

1In Eq. (3.4) the indices i, j are lepton-flavor indices (that in the following will often
be omitted, or equivalently indicated up or down), and ψc ≡ −iγ2ψ∗. `L and eR denote
the lepton doublet and the right-handed lepton singlet, respectively (`TL ≡ (νL, eL), ¯̀c

L ≡
(ν̄cL, ē

c
L)). We also denote by vu and vd the vacuum expectation values (vevs) of the Higgs

doublets: vu ≡ v sinβ = 〈hu〉 and vd ≡ v cosβ = 〈hd〉, where v ≈ 174 GeV, as defined in
Eq. (1.7).
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Majorana mass matrix of these neutrinos is flavor-blind [(MR)ij = Mν δij], it
is the only source of U(1)LN breaking and it is assumed to be much heavier
that the electroweak scale (|Mν | � v). The lepton flavor symmetry group is

SU(3)`L × SU(3)eR ×O(3)νR = GLF ×O(3)νR . (3.8)

The irreducible sources of flavor symmetry breaking are λe and λν , defined
by

Lext
Sym.Br. = −λije ēiR(h†d`

j
L) + iλijν ν̄

i
R(hTu τ2`

j
L) + h.c. , (3.9)

which have the following spurion transformation properties

λe → VRλeV
†
L , λν → OνλνV

†
L , (3.10)

with VL ∈ SU(3)`L , VR ∈ SU(3)eR and Oν ∈ O(3)νR . Integrating out the
heavy right-handed neutrinos the effective left-handed Majorana mass matrix
is mν = (v2

u/Mν)λ
T
ν λν .

In this framework the basic spurion combination controlling LFV tran-
sitions in the charged-lepton sector is λ†νλν . This can be unambiguously
connected to the low-energy neutrino mass matrix only if we impose a fur-
ther hypothesis, namely if we neglect CP violation in the neutrino mass
matrix [4]:

λ†νλν
CP limit−→ Mν

v2
u

UPMNS m̄ν U
†
PMNS . (3.11)

In the CP limit and neglecting the mass of the lightest neutrino, we can write[
λ†νλν

](norm.)

ij
=
Mν

v2
u

[
Ui2Uj2

√
∆m2

sol + Ui3Uj3
√

∆m2
atm

]
, (3.12)

[
λ†νλν

](inv.)

ij
=
Mν

v2
u

[
Ui1Uj1

√
∆m2

atm −∆m2
sol + Ui2Uj2

√
∆m2

atm

]
.(3.13)

3.1.2. Relevant effective operators and mixing matrices

We will now analyze the effective operator basis relevant for P → `ν
decays. We are interested in operators of dimension up to six (we will then
refer to the effective basis of Section 2.1, paying special attention to the
operator flavor structure) that can contribute to LFV processes with a single
charged-lepton-neutrino pair and a single meson. The presence of a single
meson implies we can neglect all operators with a tensor Lorentz structure,
because of their vanishing hadronic matrix element.

The basic building blocks for the relevant dimension-six operators are the
bilinears

¯̀
L∆LL`L and ēR∆RL`L , (3.14)
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where ∆LL and ∆RL are spurions transforming under GLF as (8,1) and
(3̄,3) respectively. The specific structure of the two spurions depends on
the considered scenario. The lepton bilinears in (3.14) must be combined
with corresponding quark bilinears, that we construct following the MFV
rules [42]. Restricting the attention to terms with at most one power of the
quark Yukawa couplings, the basis of relevant dimension-six operators is:

O
(1)
RL =

(
¯̀
R ∆RL`L

)
(q̄LλddR) O

(1)
LL =

(
¯̀
Lγ

µτa∆LL`L
)

(iDµhu)
† τahu

O
(2)
RL = (Dµhd)

† (¯̀
R ∆RLDµ`L

)
O

(2)
LL =

1

2

(
¯̀
Lγ

µτa∆LL`L
)

(q̄LγµτaqL)

O
(3)
RL = εαβ

(
¯̀
R ∆RL`

α
L

) (
ūRλ

†
uq
β
L

)
(3.15a)

In principle an additional independent operator is obtained replacing hu with
hd in O

(1)
LL. However, this operator has the same flavor and Lorentz structure

as O(1)
LL and it is suppressed in the large tan β limit, therefore we ignore it.
In Eq. (3.15a) we changed the notation for the operators in order to dis-

tinguish these specific flavor structures from the general form of the operators
in Section 2.1. Some comments are in order:

OperatorsO(1)
RL andO(1)

LL are the Hermitian conjugates ofOqde of Eq. (2.9i)
and O(3)

h` of Eq. (2.17b), respectively;

Operator O(2)
RL can be expressed in terms of other operators included in

the effective basis of Section 2.1;

Operator O(2)
LL is exactly equal to O(3)

`q of Eq. (2.7e), whereas operator
O

(3)
RL is equal to the Hermitian conjugate of O`q of Eq. (2.10c).

Taking into account the effective basis previously developed, the effective
Lagrangian encoding new physics contributions reads:

Leff
LFV =

1

Λ2
LFV

2∑
n=1

α
(n)
LLO

(n)
LL +

1

Λ2
LFV

3∑
n=1

α
(n)
RLO

(n)
RL + h.c. , (3.16)

where αX are the effective coefficients that describe the short distance physics
in the EFT framework. They are matrices in flavor space. It is worth stress-
ing that the coefficients considered in this work can be decomposed in two
parts:

[αX]ijkl =
[
α`X
]
ij
× [αqX]kl , (3.17)
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where α`(q)X is the flavor matrix for the lepton (quark) bilinear. Taking the
operator O(1)

RL as an example, we get:[
α

(1)
RL

]`
= ∆RL and

[
α

(1)
RL

]q
= λd . (3.18)

Expanding the lepton spurions in powers of λe, gν and λν and retaining
only the leading terms in the expansion (we assume all these couplings have
perturbative elements), the explicit form of ∆LL and ∆RL in the charged-
lepton mass basis is:

minimal case

∆LL =
Λ2

LN

v4
u

UPMNS m̄
2
ν U

†
PMNS , ∆RL = λ̄e

[
Λ2

LN

v4
u

UPMNS m̄
2
ν U

†
PMNS

]
,

(3.19)

extended case

∆LL =
Mν

v2
u

UPMNS m̄ν U
†
PMNS , ∆RL = λ̄e

[
Mν

v2
u

UPMNS m̄ν U
†
PMNS

]
.

(3.20)

3.2. P → `ν matrix elements and decay rates

Having defined the operator basis and the effective Lagrangian Leff in
Eq. (3.16), we compute the decay rates using Ltot = LSM + Leff

LFV. At the
level of accuracy we are working, the SM amplitude for the P− → `ν̄` decay
is:

ASM =
4GF [VCKM]ab√

2
〈`ν̄`| ē`Lγµν`L | 0〉 〈0| ūaLγµdbL |P−〉 , (3.21)

where a, b are the quark-flavor indices of the corresponding meson and VCKM is
the CKM matrix. Defining the meson decay constant, 〈0|ūaγµγ5d

b |P−(p)〉 =
i
√

2FPp
µ2 , the corresponding rate is:

Γ(P− → `ν̄`)SM =
G2

F

4π
|[VCKM]ab|

2 F 2
Pm

2
`MP

(
1− m2

`

M2
P

)2

. (3.22)

2Note that there is a precise relation between the flavor of the quarks u, d and the type
of meson we indicate generically by P . For example, if P = K−, the flavor indices must
be a = 1 (up quark) and b = 2 (strange quark).



Lepton Flavor violation in leptonic meson decays 39

The LL operators of Leff
LFV have SM-like matrix elements, while the RL

operators have a different structure:

ARL ∼ 〈`ν̄k| ē`RνkL | 0〉 ×


〈0| ūaγ5d

b |P 〉 O
(1)
RL , O

(3)
RL ,

(p`)µ 〈0| ūaLγµdbL |P 〉 O
(2)
RL .

(3.23)

For light mesons (π and K), the hadronic matrix element of the pseudoscalar
current

〈0| ūaγ5d
b |P−(p)〉 = −i

√
2FPB0 , B0 = M2

P/(ma +mb) (3.24)

leads to a substantial enhancement of the first two terms in Eq. (3.23). Look-
ing at the complete structure of the RL terms, it is easy to realise that O(1)

RL is
the potentially dominant one: O(2)

RL is suppressed by the extra charged-current
interaction needed to mediate P → `ν decays, while O(3)

RL is suppressed by the
small value of the up-quark mass (appearing because of λu). On the other
hand, there is no clear difference among the two LL operators. Since we are
interested in evaluating the maximal deviations from the SM, we concentrate
the following phenomenological analysis on the three potentially dominant
terms: O(1)

RL, O
(1)
LL and O(2)

LL.
In order to analyse the relative strength of SM and new-physics contri-

butions, for each of these operators we define the ratio

RP`ν [O
(n)
XX ] =

Γ(P− → `ν̄`)SM + δΓ(P− → `ν̄`)int +
∑

k 6=` Γ(P− → `ν̄k)LFV

Γ(P− → `ν̄`)SM

,

(3.25)
where δΓint takes into account the lepton-flavor-conserving contributions gen-
erated by Leff

LFV (including the interference with SM amplitude). The explicit
expressions of this ratio for the three dominant operators are:

RP`ν [O
(1)
LL] =

∣∣∣∣∣1 +
2v2

uα
(1)
LL

Λ2
LFV

∆``
LL

∣∣∣∣∣
2

+
∑
k 6=`

4v4
u|α

(1)
LL|2

Λ4
LFV

|∆`k
LL|2 ,

RP`ν [O
(2)
LL] =

∣∣∣∣∣1− α
(2)
LL√

2GFΛ2
LFV

∆``
LL

∣∣∣∣∣
2

+
∑
k 6=`

|α(2)
LL|2

2G2
FΛ4

LFV

|∆`k
LL|2 , (3.26)

RP`ν [O
(1)
RL] =

∣∣∣∣∣1− α
(1)
RL

2
√

2GFΛ2
LFV

∆``
RL

mdB0

vdm`

∣∣∣∣∣
2

+
∑
k 6=`

|α(1)
RL|2|∆`k

RL|2

8G2
FΛ4

LFV

(
mdB0

vdm`

)2

,

wheremd is the mass of the down-type quark inside the hadron (the apparent
dependence on the QCD renormalization scale is canceled by the correspond-
ing dependence of B0).
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A closer look to these expressions allows us to identify the potentially
dominant terms and the maximal size of the NP effects. The basic hypoth-
esis of our approach is that ΛLFV is around the TeV scale and that all the
Wilson coefficients are at most of O(1). This implies that the dimensionless
coefficients of the ∆LL terms in Eq. (3.26) are at most of O(10−1). The size
of ∆LL is controlled by the scale of lepton-number violation (ΛLN or Mν): as
shown in [4], within this general EFT approach the scale of lepton-number
violation cannot be too large because of the bounds from µ→ eγ. We shall
come back on the precise bounds from LFV processes in Section 3.4.1, here
we simply note that an order of magnitude estimate give ∆LL ∼ Λ2

LN∆m2
atm/

v4
u ∼< O(10−4). Thus for RP`ν [O

(1)
LL] and RP`ν [O

(1)
LL] the non-standard effect is

necessarily small and the interference terms dominate.
The coefficients of the ∆RL terms in RP`ν [O

(1)
RL] are apparently enhanced

by an inverse dependence from the lepton mass. However, as shown in
Eqs. (3.19)–(3.20), in the MLFV framework the ∆RL spurion contains a
charged lepton Yukawa that cancels this dependence:

∆`k
RL

mdB0

vdm`

≈ (tan β)2m
2
P

v2
u

(
∆`k
RL

λ̄e

)
≈ (tan β)2m

2
P

v2
u

∆`k
LL . (3.27)

The above result implies that the non-standard effect in RP`ν [O
(1)
RL] are: i)

negligible for π and K decays, even for large tan β; ii) of similar size of those
in RP`ν [O

(1,2)
LL ] in the B-meson case at large tan β. We thus conclude that

in the MLFV framework, both within the minimal and the extended field
content, there is no way to generate large deviations from the SM in P → `ν
decays.

The key difference with respect to the case discussed in Ref. [62] is that
the MLFV hypothesis imply the same helicity suppression for SM and non-
standard amplitudes. A general EFT framework where such condition is not
necessarily enforced is the MFV-GUT framework that we analyse below.

3.3. Beyond the minimal case: MFV-GUT frame-
work

Following Ref. [6], we consider the implementation of the MFV principle
in a GUT based on the SU(5) gauge group: the three generations of SM
fermions fall into a 5̄ [ψi ≡ (dciR, `iL)] and a 10 [χi ≡ (qiL, u

c
iR, e

c
iR)] of SU(5),

and we add three singlets for the right-handed neutrinos [Ni ≡ νiR]. The
maximal flavor group is then reduced to SU(3)5̄ × SU(3)10 × SU(3)1.
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Introducing three Higgs fields, h5, h5̄ and Σ24, with appropriate U(1)
charges to avoid tree-level FCNCs, the Yukawa Lagrangian defining the irre-
ducible sources of flavor-symmetry breaking is

LY−GUT = λij5 ψTi χjh5̄ + λij10 χ
T
i χjh5 +

1

M
(λ′5)ij ψTi Σ24χjh5̄

+λij1 NT
i ψjh5 +M ij

RN
T
i Nj + h.c. (3.28)

Imposing the invariance of LY−GUT under the SU(3)5̄ × SU(3)10 × SU(3)1

group implies

λ
(′)
5 → V ∗5̄ λ

(′)
5 V †10 , λ10 → V ∗10 λ10 V

†
10 , (3.29)

λ1 → V ∗1 λ1 V
†

5̄
, MR → V ∗1 MR V

†
1 . (3.30)

with V5̄ ∈ SU(3)5̄, V10 ∈ SU(3)10 and V1 ∈ SU(3)1.
The non-renormalizable term in (3.28) has been introduced to break the

exact GUT relations between down-type quark and charged-lepton masses,
which are know to be violated in the case of the first two generations.3 Ex-
pressing the low-energy Yukawa couplings in terms of the high-energy ones
we have

λu = auλ10 , λd = ad (λ5 + λ′5) , λTe = ae

(
λ5 −

3

2
λ′5

)
, λν = aνλ1 ,

(3.31)
where ai = O(1) are appropriate renormalization-group factors and we have
redefined the spurion λ′5 incorporating a suppression factor ∼ 〈Σ24〉/M . In
the basis where the down-type quark Yukawa coupling is diagonal, the com-
plete set of low-energies Yukawa couplings assume the form:

λd = λ̄d , λu = VCKM
T λ̄u VCKM , λe = CT λ̄eG

∗ ,[
λ†νλν

]
CP−limit

=
Mν

v2
u

GTUPMNS m̄ν U
†
PMNSG

∗ , (3.32)

where, in analogy with the MLFV case with extended field content, we have
assumed that MR is flavor blind [(MR)ij = Mν δij].

The two new mixing matrices C and G appearing in (3.32) control the
diagonalization of λe in the basis where λd is diagonal. In the spirit of
minimising the unknown sources of flavor symmetry breaking, in the following
we work in the limit C = G = I. This assumption, which is justified in the

3 The high-scale vev of Σ24 breaks SU(5) preserving SU(2)L × U(1)Y , 〈Σ24〉 =
MGUTdiag(1, 1, 1,−3/2,−3/2). Moreover, we assume M � MGUT, such that this non-
renormalizable term is negligible but for the first two generations.
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limit where we can neglect the breaking of the flavor symmetry induced by
λ′5 (C,G→ I in the limit λ′5 → 0 [6]), allows us to express all mixing effects
in terms of the CKM and the PMNS matrices.

In the GUT framework the number of independent spurion combinations
contributing to LFV processes is much larger than in the MLFV case; how-
ever, only few of them can give rise to a substantial parametrical difference.
The potentially most interesting effect is obtained replacing the ∆RL spurion
of the MLFV case with ∆GUT

RL = λuλ
†
uλ

T
d . In the basis where the charged-

lepton Yukawa is diagonal, this spurion takes the form

[∆GUT
RL ]`k =

[
C∆(q)λ̄dG

†]∗
`k

C=G=I−→
[
∆(q)λ̄d

]∗
`k
, (3.33)

where
∆

(q)
ij ≡

[
V †CKM λ̄

2
u VCKM

]
ij
≈ m2

t

v2
u

[VCKM]∗3i [VCKM]3j . (3.34)

The key feature of ∆GUT
RL in (3.33) is the presence of the suppressed down-type

Yukawa coupling on the right, and not on the left, as in Eqs. (3.19)–(3.20).
This could allow to overcome the SM helicity suppression in LFV processes
with light charged leptons and neutrinos of the third generation.

3.4. Phenomenology

3.4.1. Bounds from FCNC processes

One of the advantage of the EFT approach is that we can derive model-
independent bounds on the coefficients of the effective Lagrangian in (3.16)
from experiments. In particular, we can extract some interesting bounds from
FCNC transitions of charged leptons which receive tree-level contributions
from the operators in (3.16).

At present the most stringent bound is obtained by the bounds on the
µ− e conversion in nuclei and in particular by this result:

Bµ→e = σ(µ−Au→ e−Au)/σ(µ−Au→ capture) < 7× 10−13 [38] . (3.35)

Starting from the Lagrangian (3.16), assuming tan β � 1 and using the
notation of [63], we get:

Bµ→e =
m5
µ

ΓcaptΛ4
LFV

∣∣∣∣∣ [(1− 4s2
w

)
V (p) − V (n)

]
α

(1)
LL∆µe

LL +
(
−V (p) + V (n)

)
α

(2)
LL∆µe

LL

+
(
g̃

(p)
RSS

(p) + g̃
(n)
RSS

(n)
)
α

(1)
RL

[
∆µe
RL + (∆†RL)µe

] ∣∣∣∣∣
2

, (3.36)
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Coefficients MLFV min. MLFV ext. MFV
Norm. hier. Inv. hier. GUT

|α(1)
LL| (1 TeV/ΛLFV)2 < 1.9× 10−1 < 2.7× 10−2 < 3.5× 10−2 −
|α(2)
LL| (1 TeV/ΛLFV)2 < 5.3× 10−1 < 3.8× 10−2 < 5.0× 10−2 −

|α(1)
LR|
(

tanβ
50

)2
(

1 TeV
ΛLFV

)2

< 36 < 4.9 < 6.6 < 6.3

Table 3.1: Bounds on the Wilson coefficients of the LFV effective Lagrangian, from µ→ e
conversion, in different flavor symmetry breaking frameworks. In the MLFV with minimal
field content we used ΛLN = 1013 GeV. For the MLFV extended we set Mν = 1012 GeV.
In the MFV-GUT case we report the values in the C,G→ I limit (see text), and only for
the potentially dominant operator (O(1)

RL).

where g̃(p)
RS = 4.3λd + 2.5λs, g̃

(n)
RS = 5.1λd + 2.5λs and V (p,n), S(p,n) are dimen-

sionless nucleus-dependent overlap integrals, whose numerical value can be
found in [63].

Barring accidental cancelations among the contributions of different operators,
expressing the ∆’s in terms of neutrino masses and mixing angles, according to
Eqs. (3.19)–(3.20), we extract the bounds on the ratios of Wilson coefficients and
effective scales reported in Table 3.1.4 For simplicity, in the case of the two MLFV
frameworks we show the bounds obtained for reference values of ΛLN and Mν : for
different values of these energy scales, the bounds can easily be rescaled according
to Eqs. (3.19)–(3.20). This overall normalization problem does not appear in the
GUT case: here we report the bound in the C,G → I limit and we analyse only
the case of the potentially dominant operator O(1)

RL.

3.4.2. Predictions for the lepton universality ratios
Using the general expressions for the ratios in Eq. (3.26) and the bounds on

the Wilson coefficients reported in Table 3.1, we are ready to derive predictions for
the possible deviations from the SM in P → `ν decays. The most interesting ob-
servables are the lepton universality ratios, R``′P = B(P → `ν)/B(P → `′ν), whose
values can be computed with high accuracy within the SM [64]. We parametrise
possible deviations from the SM in the R``′P as follows:

R``
′

P |exp

R``
′

P |SM
≡ 1 + ∆r``

′
P . (3.37)

4 The numerical values of neutrino masses and mixing angles used in the analysis are
those reported in Ref. [4].
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Operators MLFV minimal MLFV extended MFV-GUTNorm. hier. Inv. hier.

Bounds on |∆reµπ | :

O
(1)
LL < 2.7× 10−6 < 2.3× 10−6 < 3.3× 10−6 −

O
(2)
LL < 7.7× 10−6 < 3.3× 10−6 < 4.7× 10−6 −

O
(1)
RL < 2.1× 10−7 < 1.7× 10−7 < 2.5× 10−7 < 6.3× 10−5

Bounds on |∆reµK | :

O
(1)
LL < 2.7× 10−6 < 2.3× 10−6 < 3.2× 10−6 −

O
(2)
LL < 7.7× 10−6 < 3.3× 10−6 < 4.7× 10−6 −

O
(1)
RL < 5.0× 10−6 < 4.1× 10−6 < 5.9× 10−6 < 5.0× 10−2

Table 3.2: Bounds on |∆reµπ | and |∆reµK | and in the various symmetry-breaking
frameworks.

The maximal allowed values for ∆reµπ and ∆reµK are shown in Table 3.2. As
can be seen, in the two MLFV frameworks these values are far too small compared
to the experimental precision expected in future experiments: few ×0.01% in Rπ
and few ×0.1% in RK . Undetectable effects are found also in the B → `ν system,
within the two MLFV frameworks.

In the MFV-GUT case the situation is definitely more interesting. According to
the last column of Table 3.2, in such case ∆reµK might be within the reach of future
experiments. However, this result must be taken with some care. The bounds in
Table 3.2 are obtained saturating the constraints on the Wilson coefficients from
µ→ e conversion: in the MFV-GUT framework these are not very stringent and are
saturated only for unnatural large values of the Wilson coefficients or unnatural low
values of the effective scale ΛLFV. Imposing natural constraints on the parameters
of the EFT, such as |α(1)

LR| < 1, tanβ < 50, and ΛLFV > 1 TeV, the deviations from
the SM in ReµK are at most around 0.1%, beyond the reach of future experiments.

The reason why our bounds on ∆reµK are stronger with respect to the maximal
effects discussed in Ref. [62], even in the MFV-GUT framework, is the assumption
of minimal breaking of the flavor symmetry. We have assumed that both MR and
the new mixing matrices C andG are flavor blind. In this limit the mixing structure
of [∆GUT

RL ]`k is controlled by the CKM matrix. This implies that the enhancement
of [∆GUT

RL ]i3 due to the large Yukawa coupling of the third generation is partially
compensated by the suppression of |Vi3| � 1 (i = 1, 2). This suppression could be
removed only with new flavor-mixing structures. We thus conclude that if some
violation of LFU will be observed in π decays at the 0.1% level, or in K decays at
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Rµτ
B Reµ

B Reτ
B

SM ≈ 4.4× 10−3 ≈ 2.4× 10−5 ≈ 1.1× 10−7

MFV −GUT (mod. ind.) < 7.0× 10−3 < 1.6× 10−2 < 7.4× 10−5

MFV −GUT (|α(1)
LR| < 1) < 6.5× 10−3 < 4.2× 10−4 < 2.8× 10−6

Table 3.3: Bounds on the universality ratios R``′B in the MFV-GUT framework.
The model-independent bounds are obtained saturating the constraint on α

(1)
LR

reported in Table 3.1 and imposing B(B → τν) = B(B → τν)SM (see text). The
bounds in the last line are obtained evaluating all the decays with the natural
conditions |α(1)

LR| < 1, tanβ < 50 and ΛLFV > 1 TeV.

the 1% level, this would unambiguously signal the presence of non-minimal sources
of lepton-flavor symmetry breaking.

The only system were sizable violations of LFU universality can be produced
in the minimal set-up we are considering is the case of B → `ν decays (assuming
the MFV-GUT framework). Here the large meson mass provides a substantial
enhancement of the contribution of the ∆RL terms (see Eq. (3.27)). As a result, in
the helicity suppressed modes B → µν and, especially, B → eν, the contribution
of the ∆RL terms is large enough to compete with the SM.

The enhancement of B(B → eν) allowed by the model-independent bound on
α

(1)
LR (Table 3.1) is huge (∼ 103× SM), and even imposing |α(1)

LR| < 1 large non-
standard effects are possible. The maximal deviations from the SM for the three
LFU ratios5 are shown in Table 3.3. Given the suppression of the B → `ν rates,
the experimental sensitivity needed to go below these bounds is still far from the
presently available one. However, it could possibly be reached in future with high-
statistics dedicated experiments.

3.5. Conclusions
Within the SM P → `ν decays are mediated only by the Yukawa interaction

(the decay amplitudes can indeed be computed to an excellent accuracy in the
gauge-less limit of the model). This implies a strong helicity suppression and a

5 The model-independent bound on α(1)
LR allow a lepton-flavor conserving contribution

to B → τν, from O
(1)
RL, of the same order of the SM amplitude. Since the experimental

measurement of B(B → τν) is consistent with the SM expectation and we have not system-
atically analysed all the lepton-flavor conserving dimension-six operators, in Table 3.3 we
report the model-independent bounds on the R``

′

B assuming B(B → τν) = B(B → τν)SM.
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corresponding enhanced sensitivity to possible physics beyond the SM. In partic-
ular, the lepton-flavor universality ratios R``′P = B(P → `ν)/B(P → `′ν), which
can be predicted within high accuracy, are interesting probes of the underlying
lepton-flavor symmetry-breaking structure.

In this work we have analyzed the deviations from the SM in the R``′P ratios
using a general effective theory approach, employing different ansätze about the
flavor-symmetry breaking structures of physics beyond the SM. The main results
can be summarized as follows:

In models with Minimal Lepton Flavor Violation, both in the minimal and
in the extended version (as defined in [4]), we find that the effects are too
small to be observed in the next generations of experiments in all relevant
meson systems (P = π,K,B). This is because the MLFV hypothesis, by
construction, implies the same helicity suppression of P → `ν amplitudes as
in the SM.

In a Grand Unified framework with a minimal breaking of the flavor symme-
try (as defined in Section 3.3) the effects remain small in π and K decays,
while large violations of lepton-flavor universality are possible in the B sys-
tem (see Table 3.3). These are possible mainly because of the enhancement
of the flavor-violating B → eντ rate.



Chapter 4

Violation of lepton universality in
leptonic W decays

One of the features of the SM of particle physics is, as we noted before, the
universality of the lepton couplings, i.e. the fact that the coupling of the W± to
the leptons does not depend on their flavor. However the experimental results from
LEP-II on this issue [7, 8, 9, 10, 11] showed a slight deviation from universality
coming from the third family, giving [38]:

RWτ` =
2BR (W → τ ντ )

BR (W → e νe) + BR (W → µ νµ)
= 1.055(23), (4.1)

resulting in 2.4 standard deviations1 (all correlations included) from the SM pre-
diction RWτ` |SM = 0.999 [66], which uncertainty is negligible compared with the
experimental error. Recalling also the following ratio:

RWµe = BR (W → µ νµ) /BR (W → e νe) = 0.983(18), (4.2)

and the correspondent SM prediction RWµe|SM = 1.000, it can be concluded that
the two lightest families seem to attach to the universality principle. Although
the discrepancy in Eq. (4.1) is not large, it is a result that has been around for
already seven years and it is worth studying its possible implications on the present
experimental scenario. The confirmation or refutation of this measurement is ob-
viously very important, since such a violation by the third family would be a clear
indication of NP [67, 68]. However, it will not be easy for the LHC to reach such
a precision in this observable, given the theoretical uncertainties associated to a
hadronic machine. For this reason it is interesting to check indirectly this anomaly
through its interplay with other related measurements.

1The result given in Eq. (4.1) is obtained from the PDG fit to the branching ratios of
the W [38], that uses LEP2 and pp̄ colliders data. It is worth mentioning that considering
only LEP2 data the discrepancy grows to 2.8 σ [11] (2.6 σ using only published data [65]),
all correlations included.
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Precision electroweak observables (EWPO), as well as other precise low en-
ergy measurements, provide constraints on new models looking for deviations that
could foresee the NP structure. We study in this chapter if it is possible to ac-
commodate the apparent discrepancy on the W → τ ν̄τ channel within the present
situation provided by EWPO, where essentially no disagreements have been found.
In particular, lepton universality has been tested successfully at the per-mil level
in Z → `+`− [38] and τ → ντ `ν` decays (see e.g. Table 3 in Ref. [1]), what makes
very challenging to find a NP explanation for the large anomaly shown in Eq. (4.1).
Just for the sake of illustration, we show the values obtained in leptonic Z decays
[38]:

BR
(
Z→ µ+µ−

)
/BR

(
Z→ e+e−

)
=1.001(3),

BR
(
Z→ τ+τ−

)
/BR

(
Z→ µ+µ−

)
=1.001(3), (4.3)

in good agreement with the SM predictions, 1.000 and 0.998 respectively.
Instead of adhering to a specific model we will follow an Effective Field Theory

approach, where, as we explained in Chapter 2, NP is parameterized by a tower of
higher-dimensional operators. Guided by the above-mentioned experimental data
on lepton universality, we will consider different frameworks where the NP does not
affect operators involving first and second generation fermions. As we will explain,
this can be implemented through the adoption of specific flavor symmetries.

For the numerical analysis, we greatly benefit from Ref. [69], where constraints
on these effective operators were obtained via a global fit to precision electroweak
data. We modify the associated fitting code to introduce additional observables
and operators2. These fit procedures are a powerful tool to analyze the impact of
current constraints on different models.

We apply this method to study the possible NP effects in leptonic W decays
allowed by electroweak precision data. We will emphasize the role that the lep-
tonic tau decay and the exclusive channel τ− → π−ντ play in constraining specific
directions of the parameter space of our theory, and the need to include these ob-
servables in this kind of analyses. We will see that the observed departure from
universality cannot be accommodated within the current experimental scenario un-
der quite general assumptions. Thus in order to be able to explain the observed
deviation from lepton universality as a genuine NP effect, it seems to be necessary
to resort to a different description of NP that could involve the introduction of new
light degrees of freedom or a strongly interacting sector.

A closely related issue driven by theW`ν` vertex is the ratio of widths involving
the leptonic decays of pseudoscalar heavy mesons, P → ` ν`. Accordingly, if any
violation of universality is at work it also should be exposed in ratios of these decays
into different charged leptons. Similarly, any modification of the SM coupling of
W with the tau lepton could show up, due to gauge symmetry, in the anomalous
magnetic moment of the tau. We will comment how our results translate into these
subjects.

2The code can be freely downloaded at the web page http://ific.uv.es/lhcpheno/.
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In the next section the EFT framework is introduced, focusing on the different
flavor symmetries and the relevant effective operators. In Section 4.2 we identify
the operators that can generate a lepton universality violation in the third family,
whereas in Section 4.3 we analyze through a global fit the bounds on these operators
from EWPO and other low-energy measurements. Section 4.4 is devoted to study
the sensitivity of the leptonic decays of heavy mesons to the lepton universality
violation, and Section 4.5 contains a summary of the main results of this chapter.

4.1. The Effective Field Theory framework
In this chapter we consider the study of the apparent violation of universality

in the couplings of W to leptons within the EFT framework described in Chapter
2, with the goal of finding out if the observed deviation can be explained in terms
of NP effects once constraints from precise electroweak observables are taken into
account. Motivated by the data and for the sake of simplicity, we will assume two
different flavor symmetries that we introduce in the next subsections. For the list
of operators and the notation used please refer to Chapter 2.

To set the stage for this discussion, we recall first the simpler case of U(3)5

flavor symmetry. In the absence of Yukawa couplings, the SM Lagrangian shows a

U(3)5 = U(3)q × U(3)u × U(3)d × U(3)` × U(3)e (4.4)

flavor symmetry, corresponding to the independent rotation of each SM fermion
field: the quark and lepton doublets q and ` and the up-quark, down-quark and
charged lepton singlets u, d and e. We can also decompose this symmetry group
in the following way:

U(3)5 = SU(3)5 × U(1)L × U(1)B × U(1)Y × U(1)PQ × U(1)e (4.5)

where the five global U(1) symmetries can be identified with the Total Lepton
(L) and Baryon (B) number, the hypercharge, the Peccei-Quinn symmetry and a
remaining global symmetry that we choose to be the rotation of the charged lepton
singlet. In the presence of Yukawa couplings this flavor symmetry breaks down to
the subgroup G = U(1)L × U(1)B × U(1)Y .

Requiring that the higher dimensional operators respect the U(3)5 flavor sym-
metry reduces significantly their number, suppresses undesired Flavor Changing
Neutral Current effects and leads to the Minimal Flavor Violation (MFV) frame-
work after the introduction of the Yukawa spurions [42]. The complete list of the
twenty-one dimension-six U(3)5 invariant operators can be found in Refs. [70, 71],
where this flavor symmetry was assumed in the context of an EFT analysis of
electroweak precision data.

It is clear that in this special framework it is impossible to generate any de-
parture from lepton universality, as the U(3)5 symmetry allows only for flavor
independent NP contributions. For this reason we will relax this symmetry group
to smaller groups where the third family is singled out.
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4.1.1. [U(2)× U(1)]5 flavor symmetry
Motivated by the experimental observations shown in Eqs. (4.1) and (4.2), it

is an interesting possibility to assume the flavor symmetry [U(2) × U(1)]5, that
singularizes the third family with respect to the light ones, allowing for different
NP contribution to the processes involving the heavy fermions: top, bottom and,
in particular, τ and ντ .

This framework was indeed studied in Ref. [69], and we will use the same
notation, in which qi, `i, ui, di and ei (i = 1, 2) represent only the two first
generations of fermions, whereas Q, L, t, b and τ represent the third family fields.
The new notation makes clear which combinations of flavor indices are allowed by
the flavor symmetry. The operators that do not involve fermions are the same as
in the U(3)5 case, whereas those involving one or two fermion bilinears split in
several operators; for instance:

Ohe =
(
h†iDµh

)
(eγµe) → Ohe =

(
h†iDµh

)
(eγµe),

Ohτ =
(
h†iDµh

)
(τγµτ). (4.6)

The list of invariant operators is much longer than in the U(3)5 symmetric case,
but not all the operators affect the EWPO. For this reason, and following Ref. [69],
we do NOT include in our numerical analyses:

Operators involving top quarks;

Operators involving only third-generation fermions;

Operators involving light quarks and third generation leptons3.

Moreover, motivated by the experimental result shown in Eq. (4.2) and for the sake
of simplicity we will assume that 2- and 4-fermion operators that only have light
generation fermions can be neglected. In this way we are left with the following
six operators with one fermion bilinear:

Ohf1 =
(
h†iDµh

)
(f1γµf1) + h.c. , (4.7)

O
(1)
hf2

=
(
h†iDµh

)
(f2γµf2) + h.c. , (4.8)

O
(3)
hf2

=
(
h†iτ IDµh

) (
f2 γ

µ τ I f2

)
+ h.c. , (4.9)

where f1 = τ, b and f2 = L,Q. We also have the following four-fermion operators

3We noticed that the operator O(3)
Lq in Eq. (4.10a) can be strongly constrained by the

experimental value of the τ → πντ process and it is consequently included in our analysis.
Ref. [69], not considering this observable, didn’t include O(3)

Lq .
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[69]:

O
(3)
Lq = (Lγµτ IL)(qγµτ

Iq) , O
(3)
`Q = (`γµτ I`)(Qγµτ

IQ) ,

O
(1)
`Q = (`γµ`)(QγµQ) , OQe = (QγµQ)(eγµe) ,

Oeb = (eγµe)(bγµb) , O`b = (`γµ`)(bγµb) ,

O
(1)
`L = (`γµ`)(LγµL) , O

(3)
`L = (`γµτ I`)(Lγµτ

IL) ,

OLe = (LγµL)(eγµe) , O`τ = (`γµ`)(τγµτ) ,

Oeτ = (eγµe)(τγµτ) . (4.10a)

Irrespective of the flavor symmetry assumed, we also include the following non-
fermionic operators:

OWB =
(
h†τ Ih

)
W I
µνB

µν ,

OhD =
(
h†Dµh

)∗ (
h†Dµh

)
,

OW = εIJKW
Iν
µ W Jλ

ν WKµ
λ . (4.11)

4.1.2. U(2)5 flavor symmetry
In the limit of vanishing Yukawa couplings the SM Lagrangian is invariant

under the [U(2)× U(1)]5 group symmetry considered in the previous section. We
can work with a more realistic scenario keeping the third family Yukawas:

L = −λt Q̄ h̃ t− λb Q̄ h b− λτ L̄ h τ (4.12)

and neglecting only those of the two lightest generations. In this case the flavor
symmetry breaks down to U(2)5 × U(1)3, that we will just call U(2)5, since the
three U(1) subgroups are simply the lepton and baryon number and hypercharge
of the third generation4.

Among the new operators that appear due to the reduction of the symmetry
group, only the following four chirality-flipping operators will affect EWPO:

OtτB =
(
Lσµν τ

)
hBµν + h.c. ,

OtbB =
(
Qσµν b

)
hBµν + h.c. ,

OtτW =
(
Lσµν τ I τ

)
hW I

µν + h.c. ,

OtbW =
(
Qσµν τ I b

)
hW I

µν + h.c. . (4.13)

4A recent analysis of the implications of current flavor data for the quark-sector com-
ponent of this symmetry, i.e. U(2)3, suitably broken by spurions à la MFV, can be found
in Ref. [72].
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Their chirality-flipping structure translates, in the processes of our interest here,
into contributions proportional to the fermion masses, i.e. suppressed by the factor
mf/v with respect to other NP contributions from dimension-six operators. Given
that we focus here on the W → τ ντ decay we will not consider in the following
the operators OtbB and OtbW .

4.2. W → τ ντ decay in the EFT framework
When the U(2)5 flavor symmetry is assumed, the SM term and dimension-six

operators contributing to the W → τ ντ decay are:

LEFT = i ¯̀D/ `+
1

Λ2

{
α

(3)
hLO

(3)
hL + αtτWOtτW + h.c.

}
(4.14)

⊃ g√
2

[(
1 + 2α̂

(3)
hL

)
τ̄Lγ

µντW
−
µ +

2

gv
α̂tτW τ̄Rσ

µνντW
−
µν

]
,

where W−µ = (W 1
µ + iW 2

µ)/
√

2, and we used the normalized couplings:

α̂X ≡
v2

Λ2
αX , (4.15)

that we assume to be real hereafter. Working at linear order in the α̂ coefficients,
the full decay width reads:

Γ (W → τ ντ ) =
GF M

3
W

6
√

2π

(
1− w2

τ

)2{(
1 + 4α̂

(3)
hL

)(
1 +

w2
τ

2

)
+ 6
√

2wτ α̂
t
τW

}
,

where wτ = mτ/MW and GF is the tree level Fermi coupling constant defined by
GF /
√

2 = g2/(8M2
W ). The new contributions to the decay width have the following

features:

There are only two dimension-six operators contributing to this process: O(3)
hL

and OtτW . This can be seen if the equations of motion are properly used to
reduce the number of operators in the effective basis, as done in Ref. [40],
instead of using directly all the operators appearing in the original list of
Ref. [3, 73].

The lepton universality feature of the SM implies that gτ = g. The operator
O(3)
hL simply shifts the SM result in such a way that its effect can be encoded

in the following redefinition:

gτ ≡ g (1 + δgτ ) = g
(

1 + 2 α̂
(3)
hL

)
. (4.16)

This operator is allowed in the two flavor symmetries that we consider.
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The magnetic operator OtτW provides a new structure not present in the
SM [74, 75, 76]. Contrarily to O(3)

hL this is a chirality flipping operator and it
gives a contribution suppressed bym`/MW due to the derivative dependence.
Assuming the [U(2)× U(1)]5 flavor symmetry this term vanishes.

In what follows we will consider the universality ratios:

RW``′ = Γ(W → `ν`)/Γ(W → `′ν ′`) , (4.17)

instead of the simple decay rate, in such a way that we do not have to worry
about the NP corrections associated to the experimental determination of the Fermi
constant GF , since they cancel in the ratio.

4.3. Fit procedure and results
Once we have identified in the previous section the effective operators that can

contribute to RWτ` , generating a deviation from lepton universality, we study now
the constraints that can be derived on these operators from EWPO and low-energy
measurements.

Looking for example at the experimental result (4.3) it can be understood that
one single operator will not be able to explain simultaneously the EWPO and the
anomaly in the Wτν vertex shown in Eq. (4.1), due to the gauge symmetry that
connects W and Z bosons. However, when several operators are present one can
have cancelations between them and a careful numerical analysis is needed.

With that purpose we updated and modified the Mathematica code developed
in Ref. [69], that included electroweak observables at the Z line and at higher en-
ergies and other low energy measurements. In addition we included the leptonic
tau decay and the exclusive channel τ → πντ , that have an experimental error well
below the 1% level and a theoretical error under control. We considered also the
anomalous magnetic moment of the tau lepton that, despite its very large exper-
imental uncertainty, is able to constrain the magnetic operators poorly bounded
by other observables. The associated formulas will be presented in the following
subsections and the complete list of the observables used in our analysis can be
found in Table 4.1.

We included in the program also the contribution to the different observables
coming from the magnetic operators OtτW and OtτB, not included in Ref. [69] since
the U(2)5 × U(1)5 symmetry was assumed in that work.

With the above-mentioned observables Oi, we build a standard χ2 function as:

χ2 (α̂) =
∑
i

[
Oith (α̂)−Oiexp

] [
σ2

O

]−1

ij

[
Ojth (α̂)−Ojexp

]
, (4.18)

where the error matrix σ2
O includes the experimental error and the uncertainty on

the SM prediction combined in quadrature. The theoretical value Oith contains
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Classification Std. Notation Measurement
Atomic parity QW (Cs) Weak charge in Cs
violation QW (T l) Weak charge in Tl
DIS g2

L, g
2
R νµ-nucleon scattering (NuTeV)

Rν νµ-nucleon scatt. (CDHS, CHARM)
κ νµ-nucleon scatt. (CCFR)
gνeV , g

νe
A ν-e scatt. (CHARM II)

Z-pole ΓZ Total Z width
σ0 e+e− hadronic cross section
R0
f=e,µ,τ,b,c Ratios of decay rates

A0,f=e,µ,τ,b,c
FB FB asymmetries

Af=e,µ,τ,s,b,c Polarized asymmetries
sin2 θlepteff Hadronic charge asymmetry

LEPII σf=q,c,bµ,τ Total cross sections for e+e−→ff

fermion Af=c,b,µ,τ
FB FB asymmetries for e+e− → ff

production dσe/d cos θ e+e− → e+e− diff. cross section
W pair dσW/d cos θ e+e−→W+W− diff. cross section

MW W mass
VCKM unitarity ∆CKM Vud and Vus extractions [71]
τ decays τ → ντ`ν̄` Leptonic τ decay (` = e, µ) [38]

τ → ντπ Exclusive hadronic τ decay [38]
Anomalous aτ e+e− → e+e−τ+τ−

magnetic cross section [77]
moment

Table 4.1: Measurements included in this analysis. See Ref. [70] and references
therein for detailed descriptions. References are shown only for the new observables
considered in this work.

the up-to-date SM prediction and the contribution of higher dimensional operators
through interference with SM vertices, i.e. linear in the α̂ couplings.

As a result of this fit we determine the value of the different Wilson coefficients
α̂, with their relative errors and the corresponding correlations, or in other words
the bounds on the different NP effective operators. In particular we are interested in
the bounds associated to the two operators that could generate a lepton universality
violation in the W decay (see Eq. (4.14)), and finally in the determination of the
universality ratio RWτ` extracted from our fit, to be compared with the experimental
determination given in Eq. (4.1).
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New observables considered for the fit
Leptonic Z decays

We calculated the Z → τ+τ− decay using the following effective Lagrangian,
the most general Lagrangian contributing to this process once we choose the flavour
U(2)5 symmetry group:

LEFT = i `D/ `+
1

Λ2

{
α

(1)
hLO

(1)
hL + α

(3)
hLO

(3)
hL + αhτOhτ + αtτWOtτW + αtτBOtτB + h.c.

}
,

(4.19)
The corresponding decay width is given by:

Γ
(
Z → τ+ τ−

)
=
GFM

3
Z

24
√

2π

√
1− 4 z2

τ

{(
1− 4 v−

) (
1− 4 z2

τ

)
− 24

√
2 zτ t

Z
(
4s2
W − 1

)
+
[(

4s2
W − 1

)
− 4v+

] (
4s2
W − 1

) (
1 + 2 z2

τ

)}
, (4.20)

where:

v− = α̂hτ − α̂
(1)
hL − α̂

(3)
hL,

v+ = α̂hτ + α̂
(1)
hL + α̂

(3)
hL,

tZ = cW α̂
t
τW + sW α̂

t
τB, (4.21)

being sW and cW the sine and cosine of the weak angle θW respectively, and
zτ = mτ/MZ . As discussed in relation with Eq. (4.16) it can be noticed that
the linear contribution of the tensor operators OtτW and OtτB is suppressed by the
lepton mass over the Z mass. Moreover operators Ohτ , O

(1)
hL and O(3)

hL simply modify
the weight of the SM vertices.

Anomalous magnetic moment

The two magnetic operators provide also a local contribution to the anomalous
magnetic moment of the tau lepton. The generic γ τ τ vertex is given by

− i e εµ(q)u(p′)Vµ u(p) , (4.22)

where:

Vµ = F1(q2) γµ + i F2(q2)σµν
qν

2mτ
+ F3(q2) γ5 σµν

qν

2mτ
, (4.23)

and the anomalous magnetic moment of the τ lepton is given by aτ = (gτ − 2) /2 =
F2(0). By using LEFT in Eq. (2.1) we find the following expression for the τ lepton
anomalous magnetic moment:

aτ = aSM
τ +

2
√

2

sW

mτ

MW

(
cW α̂

t
τB − sW α̂tτW

)
, (4.24)
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where the first term in the right-hand side is the SM contribution [78]:

aSM
τ = 1.17721(5)× 10−3 . (4.25)

The current experimental result is given by −0.052 < aτ < 0.013 at 95% C.L. [77],
though other analyses establish more stringent limits [76].

Other observables

In the original Mathematica program were already present observables based
on the e+e− → τ+τ− cross section (total cross section, FB and polarized asymme-
tries). We introduced the contribution coming from magnetic operators, using the
formulas taken from of Ref. [76].

The leptonic decays of heavy pseudoscalar mesons (B±, D±, D±S ) could in
principle be considered in order to constrain NP effects in leptonic W decays, but
they have not reached yet the necessary experimental precision: the relative error
of the current data on the decays into tau are approximately O(6%) for DS decays
and O(20%) for B decays, and some of the decays into muon and electron have
not been seen yet, preventing a complete analysis of the lepton universality ratios.
For these reasons, these observables have not been included in the fit. We will
comment on them in Section 4.4.

Concerning LHC measurements, the natural channels to analyze for the purpose
of this work are pp→ τ ν̄X and pp→ τ+τ−X, where possible modifications of the
Wτν vertex and its gauge counterpart Zτ+τ− can be probed, but unfortunately
there is no data available for these particular channels yet. On the theoretical
side, the contribution to these processes coming from effective operators has been
worked out in Refs. [18, 79] for first generation leptons. In any case, as we will
see, the list of observables included in our fit is exhaustive enough to reach a solid
answer to the possible lepton universality violations.

(Semi)leptonic τ decays as precise EW observables

In a general analysis involving a big number of operators (free parameters in the
fit) it is possible to encounter flat directions, i.e. directions in the parameter space
that are not bounded by the experimental data. This means that some operators
appear always in the same combination throughout all the observables considered
in the fit and then only that combination can be constrained, and not each operator
separately. In Ref. [69] four flat directions were identified in the particular fit we
are using in this work. However, we show now how the addition of the leptonic tau
decay to the list of EWPO included in the fit removes one of these flat directions.

In the limit of U(2)5 flavor symmetry the rate for the leptonic decay of the τ
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Figure 4.1: Phenomenological constraints on the operators O(1)
`L and O

(3)
`L from elec-

troweak observables (red diagonal band) and leptonic tau decay rate (blu horizontal band).
See Table 4.1 for the complete list of observables considered. The black ellipse is the 1σ
C.L. region when considering all observables together.

lepton reads:

Γτ→ντ `ν` =
G2
Fm

5
τ

192π3

{[
1 + 4 α̂

(3)
hL + 4 α̂

(3)
h` − 4 α̂

(3)
`L

]
f

(
m2
`

m2
τ

)
+2
√

2 α̂tτW
mτ

MW
g

(
m2
`

m2
τ

)}
(1+δRC) , (4.26)

where ` = e, µ, δRC contains the radiative corrections to the SM contribution [80]
and

f(x)=1− 8x− 12x2 lnx+ 8x3 − x4, (4.27)
g(x)=1− 6x+ 18x2 − 10x3 + 12x3 lnx− 3x4.

In Eq. (4.26) we used the coefficient α̂(3)
h` , corresponding to the operator:

O
(3)
hL = (h†iτ IDµh)(¯̀γµτ I`) . (4.28)

The self-explanatory notation used for the name of this operator will be adopted
hereafter for operators involving only light fermions. Although we neglect these
operators in the subsequent numerical analysis we keep them in the analytic ex-
pressions for the sake of completeness.

In order to show the constraining power of the tau decays let us consider the
simple situation in which only the operators O(1)

`L and O(3)
`L are not vanishing. As
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shown in Figure 4.1 the electroweak observables, and in particular the e+e− →
τ+τ− cross section and the forward-backward asymmetry, are able to constrain
only the combination O

(1)
`L + O

(3)
`L . The inclusion of the leptonic tau decay into

the fit allows to reduce the one sigma C.L. region to the black ellipse. The two
operators are then constrained at the 0.4% and 0.2% level, corresponding to an
effective NP scale Λ > 2.7 TeV and Λ > 4.1 TeV (90% C.L.) respectively: very
strong bounds that show the importance of leptonic tau decays as electroweak
precision observable.

A similar role is played by the pionic τ decay, where experimental results and
SM calculations are also below the per-mil level of precision. The expression for
the τ → πντ decay rate within our U(2)5 flavor symmetric EFT framework is the
following:

Γτ−→π−ντ =
G2
FF

2
π

8π
|Vud|2m3

τ

(
1− M2

π

m2
τ

)2

(1+δ′RC)
(

1 + 4 α̂
(3)
hL + 4 α̂

(3)
hq − 4 α̂

(3)
Lq

)
,

(4.29)
where Fπ denotes the pion decay constant and δ′RC radiative corrections [81]. It is
convenient to work once again with a normalized ratio, namely:

Rτ/π ≡
Γτ−→π−ντ
Γπ−→µ−νµ

(4.30)

=
m3
τ

2m2
µMπ

1− M2
π

m2
τ

1− m2
µ

M2
π

2 (
1 + δτ/π

) (
1 + 4

(
α̂

(3)
hL − α̂

(3)
h`

)
− 4

(
α̂

(3)
Lq − α̂

(3)
`q

))
.

where δτ/π = 0.0016(14) denotes the radiative corrections to the SM contributions
[82]. As we can see, this observable represents another probe of the α̂(3)

hL coefficient,
and moreover it represents the only observable in our analysis sensitive to the
α̂

(3)
Lq coefficient. Comparing the experimental value of Rτ/π [38, 83] and its SM

prediction we get a bound of Λ > 3.1 TeV (90% C. L.) on the NP effective scale
for the four Wilson coefficients appearing in Eq. (4.30).

4.3.1. [U(2)× U(1)]5 symmetric case: results
In order to study if the RWτ` anomaly of Eq. (4.1) can be accommodated in

our EFT framework as a genuine New Physics effect and not just a statistical
fluctuation, we start with a single operator analysis where only the α̂(3)

hL is present
and all the observables of Table 4.1 are included. In this case we obtain the expected
strong bound:

RWτ` = 0.9997± 0.0015 , (4.31)

in good agreement with the SM prediction. As shown in Figure 4.2, the very precise
measurements of leptonic Z and τ decays dominate our fit, and makes impossible
to accommodate the RWτ` anomaly.
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Once we include additional operators, things become less intuitive because
cancelations between operators are possible, opening the possibility to explain the
RWτ` anomaly and the leptonic Z and τ decays at the same time.

As a first global analysis, we assume the [U(2) × U(1)]5 flavor symmetry and
we include the 17 operators given in Eqs. (4.7-4.11). It is worth repeating that in
order to simplify the discussion and given that the experimental data show no sign
of NP related to the light families of fermions, we have assumed that the operators
involving only light fermions can be neglected.

Somehow surprisingly we find that even with so many operators, the constraint
on α̂(3)

hL is very strong, namely:

− 3.6× 10−3 ≤ α̂(3)
hL ≤ −0.5× 10−3 (90% C.L.) (4.32)

Interestingly enough, this value is two sigmas away from zero, giving the following
bound on the universality ratio:

RWτ` = 0.991± 0.004 , (4.33)

where we quoted the error at 1σ level in order to be comparable with the experimen-
tal result in Eq. (4.1).Thus we find the curious result that our fit is indeed able to
accommodate a violation of lepton universality in the W decays, but in the opposite
direction than the direct experimental measurement. The explanation for this fact
is simple: when we take into account the effect of many higher-dimension operators,
the fit introduces some non-zero Wilson coefficients in order to alleviate the small
tensions between the experimental values and the SM predictions (see e.g. σ0

had in
Figure 4.2). These non-zero contributions then cancel in those observables where
the agreement with the SM is perfect. And it turns out that one of these non-zero
NP coefficients is α̂(3)

hL. This is exactly why global analyses are interesting: they
can find regions on the parameter space where these cancelations between opera-
tors take place, offering new possibilities not accessible in single-operator analyses,
and difficult to foresee in a naive analysis. Obviously the inclusion of RWτ` as an
additional observable in our fit will reduce this “tension” moving the value of α̂(3)

hL

closer to zero, giving a 90% C.L. bound:

− 3.2× 10−3 ≤ α̂(3)
hL ≤ −0.08× 10−3 (4.34)

The conclusion is once more that we cannot accommodate the RWτ` along with our
long list of precision observables, and thus we are forced to consider it a mere
statistical fluctuation. Unlike the single operator case where it could be naively
expected, this represents a non-trivial result in a fit with seventeen free parameters.

For the sake of completeness, let us mention that in a truly global [U(2)×U(1)]5

fit, where operators only involving light fermions (like e.g. O(3)
h` ) are also included,

the NP bounds become extremely weak and the current experimental value of RWτ`
cannot be excluded anymore.
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Figure 4.2: Bounds obtained for the NP coefficient α̂(3)
hL from the different set of measure-

ments included in our fit. Equivalently, these are the bounds on the deviation from lepton
universality in the electroweak coupling to third generation leptons gτ (see Eq. (4.16)).
For comparison we also show the value obtained, using the experimental data in Eq. (4.1),
from leptonic W decays (not included in our fit). A0,τ

FB is the forward-backward asymmetry
measured at LEP1 for tau pairs, Aτ includes the SLD measurement and the LEP1 total τ
polarization and the LEP2 bound comes from τ pair cross sections and asymmetries. See
PDG [38], chapter 10, for more details.

4.3.2. U(2)5 symmetric case: results
Reducing the symmetry group to U(2)5 introduces the chirality-flipping oper-

ators OtτW and OtτB, offering additional NP contributions to the observables and
higher cancellations between operators.

From the associated global fit5 with 19 free parameters, we get the following
90% bounds on the two operators involved in the W decays:

− 3.7× 10−3 ≤ α̂(3)
hL ≤ −0.6× 10−3 (4.35)

and
0.04× 10−3 ≤ α̂tτW

mτ

MW
≤ 5.0× 10−3 , (4.36)

5We do not include in this U(2)5-symmetry fit the leptonic polarization asymmetries
A`, since they have been extracted assuming only vector and axial-vector couplings.
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where we have explicitly shown the mτ/MW suppression that multiplies the α̂tτW
coefficient in the observables. From these values we calculate the prediction for the
universality ratio at 1σ level:

RWτ` = 1.01± 0.01 . (4.37)

While the constraints on α̂
(3)
hL are very similar to the previous case, the presence

of a second contribution from the magnetic operator increases the error (and the
central value) of RWτ` . This increase is however not enough to nicely accommodate
the experimental value of RWτ` shown in Eq. (4.1).

4.4. Leptonic decays of heavy mesons
The leading SM contribution to the P− → `− ν` decays is given by the W

exchange and hence it is interesting to point out how these decays get modified by
possible deviations from family universality in the W`ν coupling. In particular we
are interested in the D, DS and B decays because they are heavy enough to decay
into the tau lepton. Although two dimension-six operators modify the vertex of
the W gauge boson with leptons, namely O(3)

h` and OteW , only the first contributes
to the leptonic decay of heavy mesons, due to the fact that the tensor coupling has
no spin-0 component.

In order to get rid of the hadronic uncertainties and the NP corrections to the
Fermi constant or the CKM elements appearing in the individual decay widths, we
will focus again on the ratio between the tau channel and a light lepton channel:

RPτ` =
BR (P → τ ντ )

BR (P → ` ν`)
, (4.38)

where ` = e, µ. The effective Lagrangian that mediates these decays, including
linear corrections in the α̂ coefficients, can be found in Eq. (34) of [71]. Assuming
the U(2)5 flavor symmetry we find the following expressions for the ratios6:

R
D(s)

τ` =
hD(s)

(mτ )

hD(s)
(m`)

{
1 + 4

(
α̂

(3)
hL−α̂

(3)
h`

)
− 4

(
α̂

(3)
Lq−α̂

(3)
`q

)}
,

RBτ`=
hB(mτ )

hB(m`)

{
1 + 4

(
α̂

(3)
hL − α̂

(3)
h`

)
− 4

(
α̂

(3)
LQ − α̂

(3)
`Q

)}
,

(4.39)

where hP (m) = m2
(
1−m2/M2

P

)2.
As expected, we find that the α̂(3)

hL coefficient modifies these ratios. However, the
bound on this coefficient from our analysis of EWPO and low-energy measurements

6In the B decays we neglect the contribution from a new U(2)5-invariant operator
OQbτ = (L̄τ)(b̄Q) +h.c., since this operator does not affect the EWPO included in our fit.
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is below the per-cent level (see Section 4.3), a precision very far from current
experimental results in these decays. The only ratio where we actually have a
value, and not just an upper or lower limit, is RDsτµ = 9.2(7) [38]. We can compare
this ∼ 8% experimental error with the ∼ 0.7% determination of the Rτ/π ratio,
where exactly the same linear combination of NP couplings is probed, as shown
in Eq. (4.30). This level of precision can actually be considered a benchmark
sensitivity for future D and Ds meson experiments to become competitive in the
NP search within our EFT framework.

On the other hand the leptonic B decays are interesting since they probe a
different linear combination of NP coefficients, and therefore are complementary
to other observables.

4.5. Conclusions
In the SM the coupling of leptons to the gauge bosons is flavor blind, a property

that has been tested successfully in several different observables and experiments,
sometimes even at the per-mil level of precision. The latest results from the LEP2
experiment in 2005 showed however a quite sizable deviation (∼ 5%) from univer-
sality in the W`ν` coupling of more than two sigmas when comparing the third
leptonic family with the two light ones, as shown in Eq. (4.1).

We have considered in this chapter the possibility that this deviation represents
a real NP effect. We have performed an Effective Field Theory analysis where the
NP effects are parameterized by a series of Wilson coefficients α̂, that appear in
the effective Lagrangian multiplying dimension-six operators. In order to reduce
the number of unknown coefficients and motivated by the possible deviation from
lepton universality in theWτντ vertex, we have assumed different flavor symmetries
where the third family plays a special role.

Within this framework we have analyzed if it is possible to accommodate the
RWτ` anomaly of Eq. (4.1) as a real NP effect without spoiling the nice agreement
between SM predictions and EWPO observables. As expected, it is not possible
to do such a thing with just one effective operator at play, due mainly to the very
precise Z and τ leptonic decays, as nicely shown in Figure 4.2. More surprisingly
we have found that EWPO are such strong constraints that not even in a global
analysis where all the operators affecting the third family are present one can
accommodate the RWτ` anomaly.

Should this departure from universality be confirmed by new data, then our
analysis disfavor the possibility of explaining it through a weakly coupled theory
standing at the TeV scale, unless a quite non-trivial flavor structure occurs. In-
stead, it would be necessary to resort to a different description of NP that could
involve the introduction of new light degrees of freedom or a strongly interacting
sector with flavor dependent couplings to leptons. For example previous studies of
this deviation from universality in W decays have focused on the possibility that
pair production of light charged Higgs bosons, almost degenerate with the W and
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decaying largely into heavy fermions, could mimicW → τ ντ decays [13, 84]. Mod-
ifications on the electroweak gauge group in order to singularize the third family
have also been considered [85].

Last but not least we have shown the importance of the current measurements
in leptonic and semileptonic τ decays as New Physics constraining observables
that probe new directions in the parameter space of our EFT framework, and we
have analyzed the sensitivity of the leptonic decays of pseudoscalar mesons to the
violations of lepton universality.





Chapter 5

Constraining novel Scalar and
Tensor interactions

Nuclear and neutron beta decays have historically played a central role in de-
termining the V − A structure of weak interactions and in shaping what we now
call the Standard Model [86, 87]. Nowadays, precision measurements of low-energy
processes such as neutron decay can be used to probe the existence of non-SM
interactions, such as novel scalar and tensor structures. Considerable experimental
efforts using both cold and ultracold neutrons are underway worldwide, with the
aim to improve the precision of various neutron decay observables [16, 17]: life-
time [88, 89, 90, 91, 92], beta asymmetry (A) [93, 94, 95, 96] neutrino asymmetry
(B) [97, 95], electron-neutrino correlation (a) [98, 99, 100], and Fierz interference
term (b) [98, 101]. In some of the asymmetry measurements there are prospects to
reach experimental sensitivities between 10−3 and 10−4; this makes these observ-
ables very interesting probes of New Physics effects originating at the TeV scale
that have expected size (v/ΛNP)2, the ratio between the weak scale v and the New
Physics scale.

The overall goal of the work presented in this chapter is to assess the discovery
potential and discriminating power of planned precision beta-decay measurements
with cold and ultracold neutrons. In particular we wish to study the sensitivity of
neutron decay to new physics in the context of and in competition with: (i) other
low-energy precision measurements in nuclear beta decays and pion decays; and (ii)
high-energy collider searches (Tevatron, LHC). We work within the effective field
theory setup presented in Chapter 2 and we will develop the matching between
the effective Lagrangian at the electroweak scale and the Lagrangian describing
the neutron decay, written in terms of nucleon fields. In the absence of a clear
new-physics signal from collider searches, we find this way of proceeding the most
attractive and general: all specific model analyses of beta decays can be cast in the
EFT language and the constraints on effective operators that we will derive can be
readily converted into constraints on the parameters of any SM extension.

65
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Among various Beyond Standard Model (BSM) contributions we identify new
scalar and tensor operators involving left-handed neutrinos as the most promising
to probe with neutron decay, because they interfere with the SM amplitude and
thus contribute at linear order to decay parameters. Motivated by this, we present a
comprehensive analysis of constraints on such scalar and tensor BSM interactions
from a broad range of low-energy probes (neutron decay, nuclear decays, pion
decays) as well as collider searches.1 To our knowledge such an analysis is missing
in the literature, despite being essential to judging the relative merits of various
low-energy experiments.

Extracting bounds on short-distance scalar and tensor couplings from neutron
and nuclear beta decays requires knowledge of the nucleon scalar and tensor form
factors at zero momentum transfer, denoted here by gS,T . In previous beta-decay
studies, gS and gT have been assumed to be O(1) based on quark-model estimates
(see, for example, Ref. [102]). The importance of the hadronic form factors can be
appreciated by considering the extreme case in which gS,T � 1, which would dilute
the sensitivity of beta decays to new physics. We will use new estimates of these
form factors to asses the real constraining power of present and future low energy
experiments.

The chapter is organized as follows. In Section 5.1 we present the effective
theory description of low-energy charged-current processes and briefly discuss how
the coefficients may be constrained. In Section 5.2 we explain our notation for the
matrix elements required to describe the neutron beta decay and discuss how this
decay constrains the parameters in the effective field theory. In Section 7.1, we
discuss the low-energy phenomenological constraints on chirality-violating scalar
and tensor operators in the effective Lagrangian. In Section 5.4 we provide the
first estimate of gS from lattice QCD and a new average of existing calculations
of gT . In Section 5.5 we summarize the impact of lattice estimates of gS,T on the
phenomenology of scalar and tensor BSM interactions. In Section 7.3 we present
the constraints on the short-distance couplings obtained from an analysis of high-
energy scattering experiments and discuss the improvement expected in the next
few years. We present the concluding remarks on the chapter in Section 5.7.

5.1. Effective description of low-energy charged-
current processes

The model independent effective theory setup we described in Chapter 2 can
be easily applied to the study of neutron decay observables and other related low-
energy and collider measurements. Following Ref. [71], we describe new physics
contributions to low-energy charged-current (CC) processes using an effective La-
grangian derived from the general basis in Section 2.1. We truncate the expansion

1The EFT analysis of collider searches is valid as long as the particles that mediate the
new interactions are above threshold for production at colliders.
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of the effective Lagrangian to the lowest non-trivial order, given by dimension-six
operators.

Effective Lagrangian
In Ref. [71] a minimal basis of SU(2)×U(1) invariant dimension-six operators

contributing to low-energy charged-current processes was identified. In this frame-
work one can derive the low-scale O(1 GeV) effective Lagrangian for semi-leptonic
transitions. It receives contributions from both W -exchange diagrams (with mod-
ified W -fermion couplings) and the four-fermion operators O(3)

lq , Oqde, Olq, Otlq
defined in Section 2.1. This matching procedure leads to [71]:

LCC =
−g2

2M2
W

Vij

[(
1 + [vL]``ij

)
¯̀
Lγµν`L ū

i
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µdjL + [vR]``ij ¯̀
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i
Rγ

µdjR
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j
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j
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]
+ h.c. , (5.1)

where we explicitly use chiral fields to distinguish them from the non-chiral fields
we will use in other formulas of this chapter and we defined:

Vij · [vL]``ij = 2Vij

[
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]
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− 2Vim

[
α̂

(3)
lq

]
``mj

, (5.2a)

Vij · [vR]``ij = − [α̂ϕϕ]ij , (5.2b)

Vij · [sL]``ij = − [α̂lq]
∗
``ji , (5.2c)

Vij · [sR]``ij = −Vim [α̂qde]
∗
``jm , (5.2d)

Vij · [tL]``ij = −
[
α̂tlq
]∗
``ji

. (5.2e)

Here V ≡ VCKM and we use the notation α̂X ≡ αXv
2/Λ2

NP . The SM effective
Lagrangian corresponds to vL = vR = sL = sR = tL = 0. We want to stress two
important features of these coupling constants:

vL involves a linear combination of three weak-scale effective couplings: a
quark-gauge boson vertex correction, a lepton-gauge boson vertex correc-
tion, and a four-fermion operator coupling left-handed quarks and leptons
(same chirality structure as the SM). An important consequence is that by
SU(2)×U(1) gauge invariance, vL is related to Z0 fermion-antifermion vertex
corrections and neutral-current four-fermion vertices.

vR and sL, sR, tL are in one-to-one correspondence with weak-scale effec-
tive couplings. vR describes a right-handed charged-current quark cou-
pling, while sL, sR, tL correspond to scalar and tensor four-quark operators.
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Again, SU(2) gauge invariance implies that these couplings mediate not only
charged-currrent processes but also processes such as ēe↔ ūu, d̄d, with scalar
or tensor Dirac structure.

In what follows, we will work in the limit in which the effective non-standard
couplings vL,R, sL,R, and tL are real and we will focus only on CP-even observ-
ables (for a discussion of CP-odd observables refer to Ref. [102]). To simplify the
notation, we will omit flavor indices, e.g. [vL]eeud → vL. In addition, we will use
the tree-level definition of the Fermi constant g2/(8M2

W ) ≡ G
(0)
F /
√

2. Working to
linear order in the non-standard couplings, and focusing on the ij = ud component,
the semi-leptonic effective Lagrangian can be written in the following useful form:

Ld→u`−ν̄` = −
G

(0)
F Vud√

2

(
1 + εL + εR

)
×

×

[
¯̀γµ(1− γ5)ν` · ū

[
γµ −

(
1− 2εR

)
γµγ5

]
d

+¯̀(1− γ5)ν` · ū
[
εS − εPγ5

]
d

+εT ¯̀σµν(1− γ5)ν` · ūσµν(1− γ5)d

]
+ h.c., (5.3)

where we use non-chiral fields and we have defined the effective scalar, pseudoscalar,
and tensor couplings as follows:

εL,R ≡ vL,R , εS ≡ sL + sR , εP ≡ sL − sR , εT ≡ tL . (5.4)

While the physical amplitudes are renormalization scale and scheme independent,
the individual effective couplings εi and hadronic matrix elements can display a
strong scale dependence. Throughout the paper, we will quote estimates and
bounds for the εi at the renormalization scale µ = 2 GeV in the MS scheme,
unless otherwise specified.

The Lagrangian (5.3) mediates all low-energy charged-current weak processes
involving up and down quarks. For a recent analysis of flavor-dependent con-
straints, see Ref. [103]. In some of the charged-current processes involving first-
generation quarks the theoretical and experimental precision has reached or will
reach in the near future a level that allows stringent bounds on the new-physics
effective couplings. In this work we are interested in assessing the sensitivity of
neutron decay to new physics in the context of (i) other low-energy constraints
from nuclear beta decays and pion decays; and (ii) constraints from high-energy
colliders (LEP, Tevatron, LHC). To set the stage for the discussion, we summarize
the observables that give us access to the couplings appearing in Eq. (5.3) (we will
come back in detail to these in following sections):

The combination (εL + εR) affects the overall normalization of the effective
Fermi constant. This is phenomenologically accessible through quark-lepton
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universality tests (precise determination of Vud from 0+ → 0+ nuclear de-
cays under the assumption that GF = Gµ, where Gµ is the Fermi constant
extracted from muon decay). An extensive analysis of the constraints on
(εL + εR) from universality tests and precision electroweak observables from
the Z-pole was performed in Ref. [71], within BSM scenarios with minimal
flavor violation. In this context it was shown that constraints from low-
energy are at the same level or stronger (depending on the operator) than
from Z-pole observables and e+e− → qq̄ cross-section measurements at LEP.

The right-handed coupling εR affects the relative normalization of the axial
and vector currents. In neutron decay εR can be reabsorbed in a redefinition
of the axial coupling and experiments are only sensitive to the combination
(1 − 2εR)gA/gV (gV and gA are the vector and axial form factors at zero
momentum transfer, to be precisely defined below). Disentangling εR re-
quires precision measurements of (1− 2εR)gA/gV and precision calculations
of gA/gV in LQCD.

The effective pseudoscalar combination εP ≡ sL− sR contributes to leptonic
decays of the pion. It is strongly constrained by the helicity-suppressed ratio
Rπ ≡ Γ(π → eν[γ])/Γ(π → µν[γ]). Moreover, as discussed in Refs. [104,
105, 106], the low-energy coupling εP receives contributions proportional to
εS,T through electroweak radiative corrections. We will discuss the resulting
constraints on εS,P,T in Section 5.3.1.

Both the scalar combination εS ≡ sL + sR and the tensor coupling εT ≡ tL
contribute at linear order to the Fierz interference terms in beta decays
of neutrons and nuclei, and the neutrino-asymmetry correlation coefficient
B in polarized neutron and nuclear decay (see Appendix A for notation).
Because of the peculiar way in which the Fierz interference term appears in
many asymmetry measurements, bounds on εS and εT can also be obtained
by observation of the beta-asymmetry correlation coefficient A, electron-
neutrino correlation a, and positron polarization measurements in various
nuclear beta decays. Finally, the tensor coupling εT can also be constrained
through Dalitz-plot studies of the radiative pion decay π → eνγ.

All of the above operators can provide signatures at colliders. Currently there
are no competitive collider bounds on the chirality-flipping scalar and tensor
couplings εS,P,T , because their interference with the SM amplitude carries
factors of mf/Ef (where mf is a light fermion mass, f ∈ {e, u, d}), which
at collider energies strongly suppresses the whole effect. So we immediately
see that low-energy physics provides a unique opportunity to probe these
couplings, to which collider searches are sensitive only quadratically (i.e. via
non-interference terms). We will derive in Section 7.3 the current bounds on
εS,T from searches at the LHC, and we will show that with higher center-
of-mass energy and integrated luminosity they will become competitive with
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low-energy searches.

Next, we review the analysis of neutron decay in the SM and beyond within
the EFT framework described above.

5.2. Neutron β decay
The amplitude for neutron decay n(pn) → p(pp)e

−(pe)ν̄e(pν) mediated by the
effective Lagrangian (5.3) involves in principle the matrix elements between the
neutron and proton of all possible quark bilinears. These can be parameterized in
terms of Lorentz-invariant form factors as follows [107]:

〈p(pp)| ūγµd |n(pn)〉 = ūp(pp)

[
gV (q2) γµ +

g̃T (V )(q
2)

2MN
σµνq

ν +
g̃S(q2)

2MN
qµ

]
un(pn) ,

(5.5a)

〈p(pp)| ūγµγ5d |n(pn)〉 = ūp(pp)

[
gA(q2)γµ+

g̃T (A)(q
2)

2MN
σµνq

ν +
g̃P (q2)

2MN
qµ

]
γ5un(pn) ,

(5.5b)
〈p(pp)| ū d |n(pn)〉 = gS(q2) ūp(pp)un(pn) , (5.5c)
〈p(pp)| ū γ5 d |n(pn)〉 = gP (q2) ūp(pp) γ5 un(pn) , (5.5d)

〈p(pp)| ū σµν d |n(pn)〉 = ūp(pp)
[
gT (q2)σµν + g

(1)
T (q2) (qµγν − qνγµ)

+ g
(2)
T (q2) (qµPν − qνPµ) + g

(3)
T (q2)

(
γµ/qγν − γν/qγµ

)]
un(pn) , (5.5e)

where up,n are the proton and neutron spinor amplitudes, P = pn+pp, q = pn−pp
is the momentum transfer, andMN = Mn = Mp denotes a common nucleon mass.2

Note that all the above spinor contractions are O(1), except for ūpγ5un which is
O(q/MN ). Moreover, as discussed below, second-class current contributions g̃S and
g̃T (A) affect the amplitude at levels below the expected experimental sensitivities.

Our goal here is to identify TeV-induced new physics contaminations to the
amplitude of typical size εP,S,T ∼ (v/ΛBSM)2 ∼ 10−3. The effect we are after is of
the same size as recoil corrections q/MN ∼ 10−3 as well as radiative corrections
α/π. So in our analysis we perform a simultaneous expansion in new physics
contributions, recoil, and radiative corrections keeping terms up to first order and
neglecting higher-order terms, as they are smaller than the current and planned
experimental sensitivity. In light of this simultaneous expansion in εP,S,T , q/MN ,
and α/π, we now discuss contributions from all quark-bilinear operators:

2In the case of vector and axial bilinears, the induced tensor term proportional to σµνqν
can be traded for an independent “scalar" form factor proportional to Pµ. Here we choose
to follow the parameterization of Ref. [107].
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Vector current: The form factor gV (0) contributes at O(1) to the ampli-
tude and g̃T (V )(0) contributes at first order in q/MN . Also, up to isospin-
breaking corrections of order (Mn−Mp)/MN ∼ q/MN , the weak magnetism
form factor g̃T (V )(0) can be related to the difference of proton and neutron
magnetic moments, that are well known. On the other hand, the induced-
scalar form factor g̃S(q2) vanishes in the isospin limit [107], so it is of order
(Mn −Mp)/MN ∼ q/MN . Since it multiplies one power of qµ/MN , its con-
tribution to the amplitude is effectively second order in the recoil expansion,
so we drop it.

Axial current: From the axial current only gA(0) contributes up to first
order. The induced-tensor form factor g̃T (A)(q

2) vanishes in the isospin limit
[107], and since it multiplies one power of qµ/MN its contribution to the am-
plitude is of second order in q/MN , so we drop it. Similarly, the contribution
associated with the induced-pseudoscalar form factor g̃P is quadratic in our
counting, because the pseudoscalar bilinear is itself of order q/MN , and it
comes with an explicit q/MN suppression, so we neglect it.3

Pseudoscalar bilinear: The pseudoscalar bilinear ūpγ5un is itself of order
q/MN . Since it necessarily multiplies a new-physics effective coupling εP
(there is no pseudoscalar coupling in the SM), this term is also of second
order in our expansion, and we drop it.

Scalar and tensor bilinears: These bilinears enter into the analysis multi-
plied by new-physics effective couplings εS,T . So we need the matrix elements
to zeroth order in the recoil expansion, which leaves us with gS(0) and gT (0).
g

(1,2,3)
T (q2) are all multiplied by one power of q and g(3)

T vanishes in the isospin
limit [107].

In summary, to the order we are working, the amplitudes depend only on
gi ≡ gi(0) (i ∈ {V,A, S, T}) and g̃T (V )(0). Up to second-order corrections in
isospin breaking, one has gV = 1 [109, 110]. For notational convenience, it is also
useful to define the ratio of the axial to vector form factors as λ ≡ gA/gV . As noted
earlier, in presence of non-standard right-handed interactions the axial form factor
is always multiplied by the correction factor (1 − 2εR), so that the neutron-decay
amplitude is actually a function of λ̃ ≡ λ(1− 2εR).

Finally, in order to make contact with the existing standard references on neu-
tron and nuclear beta-decay phenomenology [111, 112, 87], let us note here that
Eq. (5.5) can be viewed as the matching conditions from our quark-level effec-
tive theory Eq. (5.3) to a nucleon-level effective theory, such as the one originally

3This effect is, however, enhanced. Using partially conserved axial current one can
show that the form factor g̃P is of order MN/mq ∼ 100, making the contribution to the
amplitude of order 10−4. The effect of g̃P on the neutron beta-decay rate has been worked
out in Ref. [108], and it should be included when the experiments reach that level of
precision.
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written down by Lee and Yang [111]. The Lee-Yang effective couplings Ci, C ′i
(i ∈ {V,A, S, T}) can be expressed in terms of our parameters as

Ci =
GF√

2
Vud C̄i , (5.6a)

C̄V = gV (1 + εL + εR) , (5.6b)
C̄A = −gA (1 + εL − εR) , (5.6c)
C̄S = gS εS , (5.6d)
C̄T = 4 gT εT , (5.6e)

with C ′i = Ci, since we only have left-handed neutrinos in our low-energy effective
theory. Operators involving right-handed neutrinos do not interfere with the SM
amplitude and therefore contribute at second order to all observables. Finally,
notice that Ref. [102] defines the couplings CA, C ′V,S,T with an overall minus sign
compared to ours.

5.2.1. Differential decay distribution
Including the effect of recoil corrections, radiative corrections, and BSM cou-

plings, the differential decay rate for polarized neutrons reads [113, 114, 115, 116]:

dΓ

dEedΩedΩν
=

(G
(0)
F )2 |Vud|2

(2π)5
(1 + 2εL + 2εR)

(
1 + 3 λ̃2

)
×

×w(Ee) D(Ee,pe,pν ,σn) , (5.7)

where pe and pν denote the electron and neutrino three-momenta, while σn denotes
the neutron polarization. The bulk of the electron spectrum is described by:

w(Ee) = peEe(E0 − Ee)2 F (Z = 1, Ee)
(

1 +
α

2π
eRV +

α

2π
δ(1)
α (Ee)

)
, (5.8)

where E0 = ∆− (∆2 −m2
e)/(2Mn) (with ∆ = Mn −Mp) is the electron endpoint

energy, me is the electron mass, and F (Z,Ee) is the Fermi function that captures
the Coulomb radiative corrections (Z denotes the charge of the daughter nucleus,
which coincides with the proton in this case). The function δ

(1)
α (Ee) [115, 116]

captures model-independent (“outer") radiative corrections, while the coupling eRV
is sensitive to the short-distance (“inner") radiative correction [117, 115]. The
differential decay distribution function D(Ee,pe,pν ,σn) is given by [115, 116]:

D(Ee,pe,pν ,σn) = 1 + c0 + c1
Ee
MN

+
me

Ee
b̄+ ā(Ee)

pe · pν
EeEν

+ Ā(Ee)
σn · pe
Ee

+ B̄(Ee)
σn · pν
Eν

+ C̄(aa)(Ee)

(
pe · pν
EeEν

)2

(5.9)

+ C̄(aA)(Ee)
pe · pν
EeEν

σn · pe
Ee

+ C̄(aB)(Ee)
pe · pν
EeEν

σn · pν
Eν

,
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where b̄ is an effective Fierz interference term and ā(Ee), Ā(Ee), B̄(Ee) and
C̄aa,aA,aB(Ee) are effective energy-dependent correlation coefficients, whose full
expressions [115, 116, 118] we report in Appendix A, where one can also find
the coefficients c0,1 generated by recoil corrections. In absence of radiative correc-
tions, recoil corrections and BSM contributions, the effective correlation coefficients
ā(Ee), Ā(Ee) and B̄(Ee) reduce to the following well-known leading-order expres-
sions:

ā(Ee)→
1− λ2

1 + 3λ2
, Ā(Ee)→

2λ(1− λ)

1 + 3λ2
, B̄(Ee)→

2λ(1 + λ)

1 + 3λ2
, (5.10)

with the rest of coefficients (c0,1, b̄, C̄(aa,aA,aB)(Ee)) vanishing in this limit.
The impact of new-physics contributions can be summarized as follows:

The effect of εL/R was already evident from the effective Lagrangian of
Eq. 5.3: they induce (i) an overall correction proportional to (1+2εL+2εR),
and (ii) the shift λ → λ̃ = λ(1 − 2εR). As a consequence of this second
effect, working to linear order in new-physics contributions, the measure-
ments of different correlation coefficients by themselves cannot disentangle
λ and εR; they simply provide independent measures of λ̃. In order to probe
εR from correlation measurements, one needs to independently know gA/gV
from LQCD calculations.

The scalar and tensor interactions εS,T appear to linear order only through
the Fierz interference term b̄ and the analogue term bν in the neutrino-
asymmetry parameter (bν is the part of B̄(Ee) proportional to me/Ee, see
Appendix A for a precise definition):

bBSM =
2

1 + 3λ2

[
gS εS − 12λ gT εT

]
≈ 0.34 gS εS − 5.22 gT εT , (5.11a)

bBSM
ν =

2

1 + 3λ2

[
gS εS λ− 4gT εT (1 + 2λ)

]
≈ 0.44 gS εS − 4.85 gT εT .

(5.11b)

To the order we are working, in the above expressions we can use either λ or
λ̃.

Experimentally, one can probe the new-physics contributions in λ̃, bBSM, and
bBSM
ν through (i) measurements of the electron spectrum, aimed to isolate the term
b̄ in Eq. (5.9); or (ii) correlation measurements, aimed to isolate ā(Ee), Ā(Ee), and
B̄(Ee) in the same equation. Correlation measurements involve the construction
of asymmetry ratios [114]. For example, in order to isolate Ā(Ee) one constructs
the ratio Aexp(Ee) = (N+(Ee)−N−(Ee))/(N+(Ee) +N−(Ee)) where N±(Ee) are
the spectra corresponding to events with σn · pe > 0 and σn · pe < 0. Similarly,
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in order to isolate B̄(Ee) one can use the simple ratio Bexp(Ee) = (Q++(Ee) −
Q−−(Ee))/(Q++(Ee)+Q−−(Ee)), where Q++(Ee) and Q−−(Ee) are the spectra of
events with σn·pe > 0, σn·pp > 0 and σn·pe < 0, σn·pp < 0, respectively. One can
immediately see that through the total spectra in the denominator, both Aexp(Ee)
and Bexp(Ee) are sensitive to the Fierz interference term b̄, so that asymmetry
measurements involving simple ratios as described above really measure:

Ỹ (Ee) =
Ȳ (Ee)

1 + b̄ me/Ee
, (5.12)

where Y ∈ {A,B, a, ...}. Moreover, each individual experiment applies optimiza-
tion cuts in Ee, thus mesuring a specific weighted average of Eq. (5.12).

The above observation has important consequences for the phenomenology of
neutron decay:

The me/Ee component of Bexp(Ee) is sensitive not to bBSM
ν but rather to the

combination:

(1 + 3λ2)/(2λ(1 + λ)) bBSM
ν − bBSM ≈ bBSM

ν − bBSM . (5.13)

Besides Bexp(Ee), it might be possible to construct a set of observables that
disentangle the contribution of bBSM and bBSM

ν . In this case the BSM sensi-
tivity of bBSM

ν alone is of interest. In our phenomenological analysis we will
study both cases (constraints from bBSM

ν − bBSM and bBSM
ν ).

More generally, correlation coefficients measurements traditionally used to
determine λ = gA/gV within the SM (εL/R = 0, b = bν = 0), provide infor-
mation on three independent parameters in our EFT setup: λ̃ = λ(1− 2εR),
bBSM, and bBSM

ν . In other words, if εS,T are larger than the experimental er-
rors, one has to observe an unexpected energy dependence of the form m/E
in the measurements of the correlation coefficients (in addition to the var-
ious expected energy dependences due to sub-leading standard effects that
are detailed in Appendix A). Thus, for a certain energy, a determination of
λ from a(A) would be actually extracting the quantity:

λ̃
(
1 + na(A)b

BSMm/E
)
, (5.14)

whereas in a B-based determination of λ, we would have:

λ̃
(
1 + nB(bBSM

ν − bBSM)m/E
)
, (5.15)

where:

na =
(1− λ2)(1 + 3λ2)

8λ2
≈ −0.28 ,

nA = −(1− λ)(1 + 3λ2)

(1 + λ)(1− 3λ)
≈ −0.25 ,

nB =
(1 + λ)(1 + 3λ2)

(1− λ)(1 + 3λ)
≈ −10.2 . (5.16)
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A fit to the current data [119, 120, 121, 122] (with precision δA/A ∼ 0.005,
δa/a ∼ 0.05, δB/B ∼ 0.005) yields −0.3 < bBSM, bBSM

ν < 0.5 at the 95%
C.L. [17], which, as we will see, is not competitive with other bounds. It will
be interesting, however, to explore the implications of future experimental
improvements in the combined extraction of λ̃, bBSM and bBSM

ν from a, A,
and B measurements, along the lines described in Refs. [17, 123].

The main conclusion from the above discussion is that measurements of the differ-
ential neutron-decay distribution are mostly sensitive to new physics through bBSM

and bBSM
ν , which depend on the scalar and tensor couplings, εS and εT , to linear

order. Therefore, apart from the next section, which we include for completeness,
in the rest of this chapter we restrict our discussion on these exotic scalar and ten-
sor interactions, comparing the physics reach of neutron decay to other low-energy
and collider probes.

5.2.2. Total decay rate and determination of |Vud|
For completeness, we discuss here the BSM corrections to the neutron decay

rate and the extraction of |Vud| from neutron decay. Expressing G
(0)
F in terms

of the Fermi constant determined in muon decay Gµ (this involves non-standard
contributions to the purely leptonic charged-current interaction encoded in the
coefficient ṽL [71]) and performing the phase-space integrations, the total decay
rate reads:

Γ =
G2
µ|Vud|2m5

e

2π3

(
1 + 3λ̃2

)
· f · (1 + ∆RC)

[
1 + 2εL − 2ṽL + 2εR + bBSM I1(x0)

I0(x0)

]
.

(5.17)
In the above expression, the corrections from BSM physics are encoded in λ̃ and
the terms in square brackets. ∆RC = 3.90(8)×10−2 is the SM electroweak radiative
correction [117], and the phase-space integrals are defined by:

Ik(x0) =

∫ x0

1
x1−k (x0 − x)2

√
x2 − 1 dx , f = I0(x0)(1 + ∆f ) , (5.18)

where x0 = E0/me and ∆f encodes Coulomb and recoil corrections that are nu-
merically quite important, I0(x0) = 1.629, f = 1.6887, I1(x0)/I0(x0) = 0.652 (see
Ref. [117] for details). In order to extract |Vud| from neutron decays one needs (see
Eq. 5.17) experimental input on the neutron lifetime 1/Γ [124, 125] and λ̃, which
is usually extracted from beta-asymmetry Aexp(Ee) measurements [119, 120] (after
accounting for recoil and radiative corrections). Taking into account Eq. (5.12), the
usual method for extracting λ̃ actually determines λ̃

(
1 + c bBSM

)
, where c is a cer-

tain O(1) number that depends on the specific experimental analysis. In summary
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what we really extract from neutron beta decay is not |Vud| but the combination:

|Vud|2
∣∣∣
n→peν̄

= |Vud|2
[

1 + 2εL − 2ṽL + 2εR + bBSM

(
I1(x0)

I0(x0)
− 6λ2

1 + 3λ2
c

)]

≈ |Vud|2
[

1 + 2εL − 2ṽL + 2εR + bBSM (0.65− 1.66 c)

]
. (5.19)

5.3. Low-energy phenomenology of scalar and
tensor interactions

5.3.1. Other probes of scalar and tensor interactions
In order to assess the discovery potential of experiments planning to measure

b̄ and B̃ at the level of 10−3 and 10−4, it is crucial to identify existing constraints
on new scalar and tensor operators. As we discuss below in some detail, the
most stringent constraint on the scalar coupling εS arises from 0+ → 0+ nuclear
beta decays. On the other hand, the most stringent bound on the tensor effective
coupling εT arises from the Dalitz-plot study of the radiative pion decay π →
eνγ. For completeness, we will also briefly review (i) constraints on εS,T from
other nuclear beta-decay observables, showing that they are not competitive at the
moment; and (ii) constraints on εS,P,T arising from the helicity-suppressed π → eν
decay. As we will show, the latter provides potentially the strongest constraints
on εS,T , once the flavor structure of the underlying theory is known. This provides
very stringent constraints on model building.

0+ → 0+ transitions and scalar interactions

At leading order within the SM and new physics, the differential decay rate for
an unpolarized nucleus is [112]:

dΓ0+→0+

dEedΩedΩν
= 2

(G
(0)
F )2 |Vud|2

(2π)5
(1 + 2εL + 2εR) peEe(Ẽ0 − Ee)2F (−Z,Ee)

×
{

1 + a0+
pe · pν
EeEν

+ b0+
me

Ee

}
, (5.20)

where Ẽ0 = MP −MD is the electron endpoint energy expressed in terms of the
masses of parent and daughter nuclei, F (−Z,Ee) is the Fermi function, Z is the
atomic number of the daughter nucleus (the minus sign applies to β+ emitters
for which the most precise measurements exist). For 0+ → 0+ transitions the
coefficients: a, b are

a0+ = 1 , (5.21a)

b0+ = −2γ gS εS with γ =
√

1− α2Z2 , (5.21b)
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and the total rate is given by:

Γ0+→0+ =
G2
µ|Vud|2m5

e

π3
f0+→0+

(
1 + ∆

(0+→0+)
RC

)[
1+2εL−2ṽL+2εR+b0+

I1(x̃0)

I0(x̃0)

]
,

(5.22)
where x̃0 = Ẽ0/me. In this last expression, the SM sub-effects have been included
through ∆

(0+→0+)
RC and also inside f0+→0+ , that up to Coulomb, nuclear distortion

and recoil effects, is f0+→0+ = I0(x̃0), similarly to what happens in the neutron-
decay case. The various radiative corrections (including ∆

(0+→0+)
RC ) are discussed

in detail in Refs. [126, 127]. Comparing the values of Vud as extracted from neutron
and nuclear decays, we find (see Eq. (5.19) and the preceding discussion):

|V 0+→0+

ud |2

|V n→peν̄
ud |2

= 1 + bBSM
0+

I1(x̃0)

I0(x̃0)
− bBSM

n

(
I1(x0)

I0(x0)
− 6λ2

1 + 3λ2
c

)
, (5.23)

which in principle provides another handle on scalar and tensor interactions.
Let us now come to the point of greatest interest for this paper’s discussion.

From a comparison of precisely known half-lives corrected by phase-space factors
f0+→0+ , Hardy and Towner [127] found b0+ = −0.0022(26), which translates into
the following bound on the product of nucleon scalar form factor and short-distance
scalar coupling:

− 1.0× 10−3 < gS εS < 3.2× 10−3 (90% C.L.) . (5.24)

This is the most stringent bound on scalar interactions from low-energy probes.

Radiative pion decay and the tensor interaction

An analysis of the Dalitz plot of the radiative pion decay π+ → e+νeγ is
sensitive to the same tensor operator that can be probed in beta decays. The
experimental results from the PIBETA collaboration [128] put constraints on the
product εT × fT of the short-distance coupling εT and the hadronic form factor fT
defined by [129]

〈γ(ε, p)|ūσµνγ5d|π+〉 = −e
2
fT (pµεν − pνεµ) , (5.25)

where pµ and εµ are the photon four-momentum and polarization vector, respec-
tively. The analysis of Ref. [129], based on a large-Nc-inspired resonance-saturation
model provides fT = 0.24(4) at the renormalization scale µ = 1 GeV, with paramet-
ric uncertainty induced by the uncertainty in the quark condensate. The 90%-C.L.
experimental constraint4 −2.0× 10−4 < εT × fT < 2.6× 10−4, when combined
with the above estimate for fT run to 2 GeV implies:

− 1.1× 10−3 < εT < 1.36× 10−3 (90% C.L.) . (5.26)
4Note that there is a factor of 2 difference in the normalization of the tensor coupling

εT compared to what was used in Refs. [105, 128].
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Again, this is the most stringent constraint on the tensor coupling from low-energy
experiments. The next best constraints, which we report in the next section, arise
from measurements of nuclear beta decays.

Bounds on scalar and tensor structures from other nuclear beta
decays

Bounds on scalar and tensor interactions can be obtained from a number of
observables in nuclear beta decays, other than 0+ → 0+ transitions. Although these
bounds are currently not competitive, we summarize them here for completeness.

The leading sensitivity to scalar and tensor operators appears through the Fierz
interference term b, which in the limit of pure Gamow-Teller transitions is propor-
tional to the tensor coupling (bGT = −(8γgT εT )/λ), while in pure Fermi transitions
is proportional to the scalar coupling (bF = 2γgSεS). Significant constraints on b
arise from electron-polarization observables [112] as well as in measurements of Ã
and ã in both Fermi and Gamow-Teller transitions. Here is a summary of current
bounds on εS,T :

The most stringent constraint from the beta asymmetry in pure Gamow-
Teller transitions (ÃGT) arises from 60Co measurements and implies [130]

− 2.9× 10−3 < gT εT < 1.5× 10−2 (90% C.L.) . (5.27)

Similar bounds can be obtained from measurements of ÃGT in 114In de-
cay [131]: −2.2× 10−2 < gT εT < 1.3× 10−2 (90 % C.L.).

Measurements of the ratio PF/PGT of longitudinal polarization in the positron
emitted in pure Fermi and Gamow-Teller transitions [132, 133] imply:

−0.76×10−2 < gS εS+
4

λ
gT εT < 1.0×10−2 (90% C.L.) . (5.28)

Preliminary results have been reported on the measurement of the longitudi-
nal polarization of positrons emitted by polarized 107In nuclei [134]. The cor-
responding 90 % C.L. sensitivity to tensor interactions, |gT εT | < 3.1× 10−3,
is quite promising although not yet competitive with the radiative pion decay.

Finally, the beta-neutrino correlation a has been measured in a number of
nuclear transitions [135, 136, 137, 138]. The resulting constraints on scalar
and tensor interactions are nicely summarized in Figure 7 of Ref. [135]. In
terms of the coupling constants used here, the 90 % C.L. combined bound on
the tensor interaction reads |gT εT | < 5 × 10−3, again not competitive with
the radiative pion decay.

We observe that in order to improve on the existing bound on εT from π → eνγ,
future measurements sensitive to bGT should aim at sensitivities of δbGT ∼< 6.3 ×
gT × 10−3. For example, a 10−3 measurement of bGT would probe gT εT at the
2× 10−4-level, providing a very competitive bound.
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Constraints on εS,P,T from π → eν

The ratio Rπ ≡ Γ(π → eν[γ])/Γ(π → µν[γ]) probes more than just the effective
low-energy pseudoscalar coupling εP defined earlier as the coefficient of the operator
ē(1− γ5)νe · ūγ5d. In fact, since (i) Rπ is defined as the ratio of electron-to-muon
decay and (ii) the neutrino flavor in both the decays is not observed, this observable
is sensitive to the whole set of parameters εαβP defined by:

Leff ⊃ GF√
2
Vud ε

αβ
P ēα(1− γ5)νβ · ūγ5d , (5.29)

where α ∈ {e, µ} refers to the flavor of the charged lepton and β ∈ {e, µ, τ}
refers to the neutrino flavor. One generically expects SM extensions to generate
non-diagonal components in εαβP,S,T , In the new notation the previously defined
pseudoscalar, scalar, and tensor couplings reads εP,S,T ≡ εeeP,S,T . It is important to
note here that only εeeP and εµµP can interfere with the SM amplitudes, while the
remaining εαβP contribute incoherently to both the numerator and denominator in
Rπ.5 In summary, allowing for non-standard interactions and factoring out the SM
prediction for Rπ, one can write:

Rπ
RSM
π

=

[(
1− B0

me
εeeP

)2
+
(
B0
me
εeµP

)2
+
(
B0
me
εeτP

)2
]

[(
1− B0

mµ
εµµP

)2
+
(
B0
mµ
εµeP

)2
+
(
B0
mµ
εµτP

)2
] . (5.30)

Here we are neglecting the overall effect of vL/R, not enhanced by helicity argu-
ments. In the above equation the factors of B0/me,µεP represent the ratio of new-
physics amplitude over SM amplitude. The latter is proportional to the charged-
lepton mass due to angular-momentum conservation arguments, while the former
is proportional to 〈0|ūγ5d|π〉, characterized by the scale- and scheme-dependent
parameter:

B0(µ) ≡ M2
π

mu(µ) +md(µ)
. (5.31)

Note that the scale and scheme dependence of B0(µ) is compensated in physical
quantities by the scale and scheme dependence of the Wilson coefficients εαβP . Since
BMS

0 (µ = 1 GeV) = 1.85 GeV and consequently B0/me = 3.6 × 103, Rπ has
enhanced sensitivity to εαβP , and one needs to keep quadratic terms in these new
physics coefficients. This feature is specific to purely leptonic decays of pseudoscalar
mesons. In beta decays one never encounters relative enhancement factors such as
B/me, because εP is always multiplied by nucleon velocity factors and the SM

5 While in our setup the incoherent contribution arises from “wrong-flavor” neutrinos,
in general it could have a different nature. For example, the incoherent contribution to
Rπ discussed in Refs. [105, 102] is due to a right-handed light neutrino.
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amplitude does not suffer anomalous suppression (as the helicity argument implies
in the case of π → eν).

Inspection of Eq. (5.30) reveals that if the new-physics couplings respect εeαP /me =
εµαP /mµ, then Rπ/RSM

π = 1, and there are no constraints on these couplings. On the
other hand, if the effective couplings εαβP are all of similar size, one can neglect the
entire denominator in Eq. (5.30), as it is suppressed with respect to the numerator
by powers of me/mµ. We will assume to be in this second scenario. In this case the
constraint in Eq. (5.30) forces the couplings εeeP , ε

eµ
P , ε

eτ
P to live in a spherical shell of

radius me/B0

√
Rexp
π /RSM

π ≈ 2.75× 10−4 centered at εeeP = me/B0 ≈ 2.75× 10−4,
εeµP = εeτP = 0. The thickness of the shell is numerically 1.38 × 10−6 and is deter-
mined by the current combined uncertainty in Rexp

π [139, 140] and RSM
π [141, 142]:

Rexp
π /RSM

π = 0.996(5) (90% C.L.). This is illustrated in Figure 5.1, where we
plot the allowed region in the two-dimensional plane given by εeeP and a generic
“wrong-flavor” coupling denoted by εexP . Note that the allowed region is given by
the thickness of the curve in the figure, thus enforcing a strong correlation between
εeeP and εexP . Since εα 6=βP are essentially unconstrained by other measurements and
can be of order 10−3, we can marginalize over either one of the couplings to obtain
a bound on the other. The resulting 90%-C.L. bounds are:

− 1.4× 10−7 < εeeP < 5.5× 10−4 , (5.32)

or, if α 6= e

− 2.75× 10−4 < εeαP < 2.75× 10−4 (α 6= e) , (5.33)

in qualitative agreement with the findings of Refs. [105, 102].

As originally discussed in Refs. [104, 105, 106], the pseudoscalar coupling εeeP can
be radiatively generated starting from nonzero εS,T . Hence, the stringent constraint
in Eq. (5.32) puts constraints on the same εS,T that can be probed in beta decays.
The physics of this effect is very simple: once the scalar, pseudoscalar, and tensor
operators are generated by some non-standard physics at the matching scale Λ,
electroweak radiative corrections induce mixing among these three operators. So
even if one engineers a small pseudoscalar contribution εP (Λ) at the matching
scale, known SM physics generates a nonzero εP (µ) at some lower energy scale µ
via loop diagrams. The general form of the constraint can be worked out by using
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Figure 5.1: The allowed region in the two-dimensional plane εeeP -εexP determined by Rπ
is given by an annulus of thickness 1.38× 10−6. In the absence of information on εexP , the
90 % C.L. bound on εeeP is −1.4× 10−7 < εeeP < 5.5× 10−4.

the three-operator mixing results from Ref. [106]6. The leading-order result is:

εαβP (µ) = εαβP (Λ)

(
1 + γPP log

Λ

µ

)
+ εαβS (Λ) γSP log

Λ

µ

+εαβT (Λ) γTP log
Λ

µ
, (5.34a)

γPP =
3

4

α2

π
+

113

72

α1

π
≈ 1.3× 10−2 , (5.34b)

γSP =
15

72

α1

π
≈ 6.7× 10−4 , (5.34c)

γTP = −9

2

α2

π
− 15

2

α1

π
≈ −7.3× 10−2 , (5.34d)

where α1 = α/ cos2 θW and α2 = α/ sin2 θW are the U(1) and SU(2) weak cou-
plings, expressed in terms of the fine-structure constant and the weak mixing angle.
Setting εeeP (Λ) = 0 and neglecting the small O(α/π) fractional difference between
εS,T (Λ) and the observable εS,T (µ) at the low scale, the 90% C.L. constraint on the
εS-εT plane reads

−1.4× 10−7

log(Λ/µ)
< γSP εS + γTP εT <

5.5× 10−4

log(Λ/µ)
. (5.35)

6The authors of Ref. [106] focused only on the phenomenology of scalar-to-pseudoscalar
mixing.
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Even assuming log(Λ/µ) ∼ 10 (e.g. Λ ∼ 10 TeV and µ ∼ 1 GeV), using the
numerical values of γSP,TP , one can verify that the individual constraints are at
the level of |εS | ∼< 8 × 10−2 and |εT | ∼< 10−3, implying that this constraint on εT
is roughly equivalent to the one arising from π → eνγ. Of course, these bounds
become logarithmically more stringent as the new-physics scale Λ grows.
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Figure 5.2: 90% C.L. allowed regions in the εS-εT plane implied by (i) the existing
bound on b0+ (green horizontal band); (ii) projected 10−3-level limits on b (red band),
bν − b (blue band, left panel), and bν (blue band, right panel). The hadronic form factors
are taken to be gS = gT = 1 in the ideal scenario of no uncertainty. The impact of hadronic
uncertainties is discussed in Section 5.5.
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Figure 5.3: 90% C.L. allowed regions in the εS-εT plane implied by (i) the existing
bound on b0+ (green horizontal band); (ii) projected 10−4-level limits on b (red band),
bν − b (blue band, left panel), and bν (blue band, right panel). The hadronic form factors
are taken to be gS = gT = 1 in the ideal scenario of no uncertainty. The impact of hadronic
uncertainties is discussed in Section 5.5.
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5.3.2. The impact of future b and B neutron measure-
ments

The discussion in the preceding subsection has shown that currently the most
stringent low-energy constraints on novel scalar and tensor interactions arise, re-
spectively, from the Fierz interference term in 0+ → 0+ nuclear beta decays
(Eq. (5.24)) and from the radiative pion decay π → eνγ (Eq. (5.26)). It is im-
portant to realize that the allowed εS interval derived from Eq. (5.24) depends
on the nucleon form factor gS (as do all the constraints arising from neutron and
nuclear beta decays). For a given experimental accuracy, the constraint on the
short-distance couplings εS,T becomes stronger as δgS,T /gS,T → 0. In this sec-
tion, we will first explore the maximal constraining power of nuclear and neutron
measurements in the ideal scenario of no uncertainty on gS,T , and for illustrative
purposes we assume the central values gS = gT = 1. We will quantify the implica-
tions of finite uncertainties on gS,T on the εS,T constraints in Section 5.5.

With the above assumptions on gS,T , the currently allowed region (at 90% C.L.)
on the εS-εT plane is given by the green horizontal band in Figures 5.2 and 5.3.
The vertical (εS) boundaries of this region are determined by the constraint from
b0+ , while essentially the entire horizontal (εT ) range on the scale of these plots is
allowed by the π → eνγ limit (see Eq. (5.26)).

In this ideal scenario of no uncertainty on gS,T , we can quantify the impact of
future neutron measurements by plotting the 90% C.L. allowed region in the εS-εT
plane implied by projected limits on b, bν − b, and bν . The neutron constraints
are derived using Eqs. (5.11) and in generating the plots we use the central value
λ = 1.269. In Figure 5.2 we focus on the case in which the experimental sensitivity
on b, bν − b, and bν is at the 10−3 level. In the left panel we show the constraints
from the existing b0+ limit (green horizontal band) and 10−3-level limits on b and
bν − b, (red and blue bands, respectively). In the right panel we replace the 10−3-
level limit on bν − b with the 10−3 limit on bν , which in principle can be isolated
experimentally [143]. In Figure 5.3 we plot the constraints resulting from projected
limits on b, bν − b, and bν at the 10−4 level. The intersection of the various bands
in Figures 5.2 and 5.3 denotes the combined allowed region in the εS-εT plane that
would result after future neutron measurements. Two important remarks are in
order here:

For a given experimental sensitivity, the combination bν − b gives weaker
constraints on εS,T than b or bν . This is easily understood: by taking the
difference of Eqs. (5.11) one sees that bν − b ∝ λ − 1, which for λ ≈ 1.27
provides a suppression factor.

There is an almost exact “degeneracy" in the constraints from b and bν , again
controlled by the form of Eqs. (5.11) and the numerical value of λ. For the
purposes of constraining εS,T , an upper limit on b is essentially equivalent
to an upper limit on bν . This provides strong motivation to pursue exper-
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imental determinations of both bν − b and bν via neutrino asymmetry (B)
measurements. From the theoretical point of view, we can use either b or bν ,
and in subsequent sections we will use b for illustrative purposes.

Figure 5.2 clearly illustrates that with experimental sensitivity in neutron decay
at the 10−3 level, the most stringent constraint arises from a combination of b0+
and b or b0+ and bν . The complementarity of these measurements would lead to
a significant (four-fold) improvement in the bound on εT , compared to Eq. (5.26).
The impact of 10−4 measurements of b, bν , and bν−b in neutron decay is even more
dramatic (Figure 5.3), as in that case the constraint from b0+ would become irrele-
vant and the combination of b and bν − b or b and bν would imply an improvement
of one order of magnitude in the bound on εT and a factor of two in εS .

In Section 5.5 we will revisit the impact of proposed neutron measurements on
εS,T in light of nonzero uncertainties in the hadronic matrix elements gS,T .

5.4. Lattice calculation of matrix elements
To connect the measurements of b and bν in neutron decays to new physics at

the TeV scale requires precision measurements of the matrix elements of isovector
bilinear quark operators (the scalar operator ūd and the tensor operator ūσµνd)
between an initial neutron and final proton state, in particular of the scalar and
tensor operators. Lattice QCD is a path-integral formulation of QCD on a discrete,
four-dimensional Euclidean spacetime, and numerical simulations of it provide the
best nonperturbative method for evaluating these matrix elements. It has been
successfully employed to calculate hadron masses and their decay properties, such
as matrix elements, with control over statistical and all systematic errors, in many
cases at higher precision than can be measured experimentally [144, 145].

To obtain continuum results, estimates from LQCD obtained at a number of
values of lattice spacing a and spacetime volume L3×T are extrapolated to a→ 0
and L → ∞ to eliminate the artifacts introduced by formulating QCD in a fi-
nite discretized box. Another source of systematic uncertainty is introduced when
estimates obtained at multiple values of u and d quark masses heavier than in
nature are extrapolated to the physical point. One typically uses chiral perturba-
tion theory to carry out this extrapolation, with low-energy constants determined
by over-constraining the fits using experimental and lattice data [146]. Current
state-of-the-art simulations are beginning to provide results at physical light-quark
masses obviating the need for a chiral extrapolation.

A lattice calculation proceeds in two steps: First, a Monte-Carlo sampling of
the QCD vacuum, called an “ensemble of gauge-field configurations”, is generated
using an appropriate discretization of the gauge and fermion actions. The particular
choices of the actions have important implications for the computational cost of
the calculation, for the size of the discretization errors and for which symmetries
are violated at finite lattice spacing. The second step is to calculate expectation
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values on these ensembles of gauge configurations and from these extract estimates
of the desired observables.

It is interesting to stress that the matrix elements we are looking at have some
simplifying features that allow us to make certain approximations:

Current lattice simulations are done with degenerate u, d quarks, at zero
momentum transfer, and do not include electromagnetic effects. The mo-
mentum transfer in neutron decay, q2 = 1.7 MeV2 is sufficiently small that
the matrix elements can be calculated at qµ = 0. Also, the isospin-breaking
and electromagnetic contributions are expected to be smaller than the sta-
tistical errors;

Protons and neutrons are both stable asymptotic states of strong interac-
tions, so there are no other hadronic final states that complicate the calcu-
lations.

Based on the analysis presented in [18], preliminary LQCD estimates are:

gT (MS, µ=2 GeV) = 1.05(35) , gS(MS, µ=2 GeV) = 0.8(4). (5.36)

These values are used in the next section to explore bounds on new physics at
the TeV scale. We emphasize that our focus at this point, given the preliminary
nature of the estimates, is on the variation in the bounds under different scenarios
of reduction of errors in lattice calculations.

5.5. Impact of lattice results on phenomenol-
ogy

In Section 5.3.2, while studying the low-energy phenomenology of εS,T , we
ignored the uncertainty in the charges gS,T . Clearly, the impact on εS,T of future
10−3-level neutron measurements of b, bν , and bν− b depends on how well we know
the nucleon matrix elements gS,T . Since gS,T always multiply factors of the short-
distance couplings in physical amplitudes, they determine the slope of the bands
on the εS-εT plane represented in Figures 5.2 and 5.3. Moreover, if one accounts
for the uncertainty in gS,T the bands Figures 5.2 and 5.3 acquire additional theory-
induced thickness and their boundaries are mapped into characteristic “bow-tie”
shapes. We illustrate this in Figure 5.4, assuming experimental sensitivities in b
and bν − b at the 10−3 level. For the scalar and tensor charges we use in the left
panel the ranges quoted in Ref. [102] (based on earlier quark-model estimates):
0.25 < gS < 1.0, 0.6 < gT < 2.3; while in the right panel we use the lattice
estimates in Eq. (5.36) gS = 0.8(4) and gT = 1.05(35), corresponding to δgS/gS ∼
50% and δgT /gT ∼ 35%. Comparing these plots to the ones in Figure 5.2 the loss
of constraining power is quite evident. Especially in the left panel one sees that
the impact of neutron measurements is greatly diluted.
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In Figure 5.5 we summarize the low-energy constraints on εS,T , taking into
account the effects of hadronic uncertainties. We plot the combined 90% C.L. re-
gions in the εS-εT plane allowed by the current limit on b0+ and future 10−3-level
measurements of b and bν − b in neutron decay. The different curves reflect four
different scenarios for the hadronic matrix elements: the outer-most curve corre-
sponds the range of Ref. [102], while the three inner curves correspond to lattice
results with current central values from Eq. (5.36) and three different uncertain-
ties: δgS/gS ∈ {50%, 20%, 10%} with δgT /gT = 2/3 δgS/gS (this choice assumes
that the ratio of fractional uncertainties in gS and gT will remain approximately
constant as these uncertainties decrease).

The confidence intervals on εS,T are obtained using the so-called R-Fit method,
as described in Ref. [147]. In this approach the QCD parameters gS,T are bound to
remain within allowed ranges determined by the lattice calculations and estimates
of systematic uncertainties (in the case at hand the ranges are 0.4 ≤ gS ≤ 1.2 and
0.7 ≤ gT ≤ 1.4). The chi-squared function

χ2(εS , εT , gS , gT ) =

Nobs∑
i=1

(
Oexp
i −Oth

i (εS , εT , gS , gT )

σexp
i

)2

, (5.37)

is then minimized with respect to gS,T (varying gS,T in their allowed ranges), leading
to

χ̄2(εS , εT ) = mingS,T χ
2(εS , εT , gS , gT ) . (5.38)

Finally, the confidence intervals on εS,T are deduced applying the standard pro-
cedure [38] to χ̄2(εS , εT ), with an effective number of degrees of freedom given by
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Figure 5.4: Left panel: 90% C.L. allowed regions in the εS-εT plane implied by (i) the
existing bound on b0+ (green horizontal band); (ii) projected measurements of b and bν−b
in neutron decay (red and blue bow-tie shapes) at the 10−3 level; (iii) hadronic matrix
elements taken in the ranges 0.25 < gS < 1.0, 0.6 < gT < 2.3 [102]. Right panel: same
as left panel but with scalar and tensor charges taken from lattice QCD: gS = 0.8(4) and
gT = 1.05(35). The effective couplings εS,T are defined in the MS scheme at 2 GeV.
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min(Nobs−Ng, Nε), where Nobs is the number of experimental constraints, Ng = 2
is the number of QCD parameters (gS,T ), and Nε = 2 is the number of parameters
we wish to constrain (εS,T ).

From Figure 5.5 several clear messages emerge:

Hadronic uncertainties in gS,T strongly dilute the significance of new 10−3-
level experiments. Experimental progress without theoretical progress will
not lead to competitive constraints on the short-distance scalar and tensor
interactions.

Our preliminary lattice results (curve labeled by δgS/gS = 50%) already pro-
vide a significant improvement over previous knowledge of gS,T summarized
in Ref. [102].

In order to fully exploit the constraining power of planned 10−3 measure-
ments of b and bν , the uncertainty on gS should be reduced to 20%. Im-
provement beyond this level would not significantly increase the constrain-
ing power (see difference between the curves labeled as δgS/gS = 20% and
δgS/gS = 10%).

5.6. Collider limits
The contact interactions probed at low energy can also be directly probed

at high-energy colliders. The rate, however, depends on whether the particles
that generate the 4-fermi interaction are kinematically accessible at the collider
energies. We begin in Section 5.6.1 under the assumption that the scalar and
tensor interactions remain point-like at TeV scale energies. Then in Section 5.6.2 we
derive a relation between εS and the production cross-section, Eq. 5.52 , when the
scalar interaction is generated by the exchange of a resonance that is kinematically
accessible at the LHC.

5.6.1. Model-independent limits
Assuming that the scalar and tensor interactions remain point-like at TeV-scale

energies, we can employ the operator formalism to put bounds on εS,T,P from col-
lider physics. SU(2) gauge invariance implies that εS,T,P control not only charged-
currrent processes but also the corresponding neutral-current versions, as the weak-
scale effective Lagrangian includes terms proportional to (εS−εP )ēReLd̄LdR, (εS +
εP )ēReLūRuL, and εT ēRσ

µνeLūRσµνuL. Exploiting this property, from an early
CDF analysis [148] of contact interactions in pp̄ → e+e− + X, after matching
the different conventions for the effective couplings, we obtain the 90% C.L. limit
|εS | < 0.135. There are a number of LHC searches for contact interactions, specif-
ically in dijet [149, 150, 151] and dimuon [152] final states. All of these studies,
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Figure 5.5: Combined 90% C.L. allowed regions in the εS-εT plane based on: (i) exist-
ing limit on b0+ from 0+ → 0+ nuclear decays; (ii) future neutron decay measurements
with projected sensitivity of 10−3 in b and bν − b. The four curves correspond to four
different scenarios for the hadronic matrix elements: 0.25 < gS < 1.0, 0.6 < gT < 2.3
as quoted in Ref. [102]; lattice results with current central values from Eq. (5.36) and
δgS/gS = 50%, 20%, 10% with δgT /gT = 2/3 δgS/gS (this choice assumes that the ra-
tio of fractional uncertainties in gS and gT will remain approximately constant as these
uncertainties decrease). The effective couplings εS,T are defined in the MS scheme at
2 GeV.

however, focus only on specific vector-like interactions and do not consider scalar
(i.e, helicity flipping) contact interactions.

Here we focus for definiteness on the charged-current part of the scalar and
tensor effective operators. These contact interactions fall into the signature class
of collider searches for an exotic W ′ gauge boson, since they both can contribute
to the signature pp→ eν +X. We will use the analyses and results of searches for
this process to obtain bounds on εS and εT . In the limit ml = 0 the analysis is
simplified, since these operators do not interfere with SM processes. We do include
the interference between the scalar and tensor interactions, which does not vanish
in the chiral limit. The relevant part of the effective Lagrangian is given by

L = − ηS
Λ2
S

Vud(ud)(ePLνe)−
ηT
Λ2
T

Vud(uσ
µνPLd)(eσµνPLνe) , (5.39)

where σµν = i[γµ, γν ]/2, and ηS , ηT = ± denotes the sign of the coefficients of
the scalar and tensor operators. The relations between ΛS,T and the effective
couplings εS,T at µ = 1 TeV are given by εS ≡ 2ηSv

2/Λ2
S and εT ≡ ηT v

2/Λ2
T .

Note that since collider searches set limits on the effective couplings εS,T at the
high renormalization scale µ = 1 TeV, a direct comparison with the low-energy
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constraints requires an appropriate rescaling down to the hadronic scale. Using
the one-loop anomalous dimensions for scalar and tensor operators (see [153] and
references therein), the one-loop beta function for the strong coupling constant,
and including the appropriate heavy quark thresholds, we find in the MS scheme
εS(1 TeV)/εS(2 GeV) = 0.56 and εT (1 TeV)/εT (2 GeV) = 1.21. We will use
these factors to rescale the collider limits and compare them to low-energy limits
in Figures 5.6 and 5.7.

To determine the transverse mass distribution of the electron–neutrino pair we
start with [154]

d3σ

dy dy′ dm2
T

=
1

64πs2

∑
ij

fi(x1)

x1

fj(x2)

x2
〈|M|2〉 , (5.40)

where i and j are summed over the initial partons (with parton distribution func-
tions (PDF) fi,j and momentum fractions x1,2), and y, y′ are the rapidities of the
electron and neutrino. One finds x1 = mT (ey+ey

′
)/2
√
s, x2 = mT (e−y+e−y

′
)/2
√
s.

We also used the observation that the transverse mass of the electron and neutrino,
mT ≡

√
2EeTE

ν
T (1− cos ∆φeν) (where Ee,νT is the transverse energy of the electron

or neutrino, and ∆φeν is the azimuthal angle between the two leptons), is simply
mT = 2pT at leading order, where pT is the transverse momentum of the electron.

To leading order (LO), the contributions of the color- and spin-averaged scalar
and tensor matrix elements to pp→ eν +X, including the interference term, is

〈|M|2〉
|Vud|2

=
2

3

1

Λ4
S

(p · p′)(k · k′)− 8

3

ηSηT
Λ2
SΛ2

T

[
(p · k)(p′ · k′)− (p · k′)(p′ · k)

]
+

16

3

1

Λ4
T

[
2(p · k)(p′ · k′) + 2(p · k′)(p′ · k)− (p · p′)(k · k′)

]
, (5.41)

where p, p′ are the momenta of the incoming partons, and k, k′ are the momenta of
the electron and neutrino. The interference term is antisymmetric under k ←→ k′,
so it does not contribute to the transverse mass distribution obtained by integrating
over y and y′. After some substitutions this expression becomes

〈|M|2〉
|Vud|2

=
1

6

ŝ2

Λ4
S

− ηSηT
3

m2
T ŝ

Λ2
SΛ2

T

sinh(y − y′) +
4

3

ŝ2

Λ4
T

(
1−

m2
T

ŝ

)
, (5.42)

with ŝ = x1x2s and mT is the transverse mass of the lepton-neutrino pair.
Next we need the cross-section with mT greater than a threshold mT,cut. Using

(5.40) and (5.42), one finds

σ(mT > mT,cut) =

s

48π

∫ 1

m2
T,cut/s

dτ
√
τ

 |Vud|2
Λ4
S

√
τ −m2

T,cut/s+
8

3

|Vud|2

τΛ4
T

(
τ −

m2
T,cut

s

)3/2


×
∫ − 1

2
ln τ

1
2

ln τ
dyP

[
fu(
√
τeyP )fd(

√
τe−yP ) + (u, d)→ (u, d)

]
, (5.43)
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where the sum over i, j = u, d and i, j = u, d has been done, τ = x1x2, and
yP = 0.5 ln(x1/x2).

The ATLAS and CMS experiments have searched for new physics in pp →
eν +X by looking for an excess of events at large transverse mass [155, 156]. The
CMS study analyzes 1.03 fb−1 of data for the electron final state, and we begin
by following their analysis in setting limits on the scalar and tensor interactions.
The CMS search window is defined by specifying a cut on mT and counting the
number of events detected with transverse mass larger than the cut. Specifically,
they looked for the production of a heavyW ′ with decayW ′ → eν by searching for
events having transverse mass above a variable threshold mT,cut, finding 1 event
for mT,cut = 1 TeV and 1 event for mT,cut = 1.1 TeV. In general the limit on
the number of expected signal events depends on the expected background, nb,
which for this search is quoted to be nb = 2.2± 1.1 events for mT,cut = 1 TeV and
nb = 1.4± 0.80 events for mT,cut = 1.1 TeV 7.

To set a limit we follow Ref. [156] and use Bayesian statistics with a flat prior in
the signal ns. The likelihood function L(n|ns) is given by the Poisson distribution
for n detected events with ns signal and nb background events expected. The
expected number of signal events is given by ns = εσL, where σ is given by (5.43),
L is the integrated luminosity, and ε is the detection efficiency times the geometric
acceptance. Ref. [156] quotes the signal efficiency for a W ′ to be 80%. Their
earlier analysis (Ref. [157]), based on 36 pb−1 of data, quotes the product of the
geometric acceptance and detection efficiency as being greater than 64% in the
W ′ mass range of interest. In the absence of a detector simulation for our signal,
in what follows we will assume our signal has a 80% detection times geometric
acceptance efficiency.

The credibility level 1−α for a flat prior in the signal is then derived from [38]

1− α =

∫ sup
0 dns L(n|ns)∫∞
0 dns L(n|ns)

, (5.44)

which is equivalent to [38]

α = e−sup
∑n

m=0
1
m!(sup + nb)m∑n
m=0

1
m!n

m
b

. (5.45)

To set a limit on sup, we choose the lower value of mT,cut = 1 TeV in order
to maximize the signal rate. Then for nb = 2.2 expected background events and
n = 1 event detected, one finds that sup = 3.0 at the 90% credibility level. Dividing
by ε, we obtain a 90% upper credibility limit of 3.7 produced signal events.

In Figure 5.6 we show the corresponding limits on εS and εT (red, solid curve),
using Eq. (5.43) with 1.03 fb−1 of integrated luminosity at

√
s = 7 TeV. LO MSTW

7 These nb values are taken from Table 1 of Ref. [156]. Different central values for nb
appear in Figure 2 of Ref. [156]: for example nb = 1.15 for mT,cut = 1 TeV. The two sets
of nb are consistent within the quoted error bars and lead to minor (5%) differences in the
bounds on εS,T .
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2008 [158] PDFs are used and evaluated at Q2 = 1 TeV2. We also checked that
limits obtained using the CTEQ6 PDF set [159] are quantitatively in good agree-
ment. When only one of these operators is present, the bounds on εS,T correspond
to ΛS > 2.5 TeV and ΛT > 2.7 TeV. As illustrated by Figure 5.6, our LHC bound
on εS is a factor of 7 stronger than the old CDF limit, but about 4 times weaker
than the bound from nuclear beta decay. Similarly, our new collider bound on εT
is a factor of 3 weaker than the bound from radiative pion decay.

We have performed a parallel analysis using the ATLAS results [155] on W ′

search. Use of the ATLAS results requires an extra step, since their quoted ef-
ficiency for a given mT,cut includes the fraction of total W ′ → eν events with
mT > mT,cut. After determining this fraction with a leading-order calculation, we
infer the ATLAS detection times geometric acceptance efficiency formT,cut = 1 TeV
to be 80%, the same as quoted by CMS for their experiment. Using then the fact
that for mT > 1 TeV ATLAS observes n = 1 event with an expected number of
background events nb = 0.89(20), we find that the ATLAS limits on εS,T differ
from the CMS ones only at the 5% level, well within the uncertainties of our lead-
ing order calculation. We also estimate that the bounds on εS,T can be reduced by
at least a factor of 2 once the full data set collected at

√
s = 7 TeV is analyzed (see

dotted, gold line in Figure 5.6). We expect that stronger limits can be obtained by
a combined analysis of the ATLAS and CMS data, which goes beyond the scope
of this work.

To obtain projected limits at higher luminosities and
√
s = 7 TeV or

√
s =

14 TeV, we repeat the same LO analysis, assuming the same 80% detection times
acceptance efficiency for the signal as before. We choose an aggressive cut to
make the expected background small. The location of the cut on the transverse
mass mT,cut ∼ TeV is estimated by computing at tree-level the transverse mass
distribution of the dominant SM physics background, due to the production of a
high-pT lepton from an off-shellW , and finding the value above which the expected
background is less than 1 event. At

√
s = 7 TeV and with an integrated luminosity

of 10 fb−1, we find that the number of background events drops below one for
mT,cut = 1.5 TeV. At

√
s = 14 TeV, with mT,cut = 2.5 TeV and an integrated

luminosity of 10 fb−1 we find 0.5 background events expected above the cut. We
also consider an ultimate luminosity of 300 fb−1, finding that for mT > 4 TeV
there are 0.3 expected background events. We therefore impose mT,cut = 2.5 TeV
(4 TeV), and assume an integrated luminosity of 10 fb−1 (300 fb−1). To set a
limit we will assume that no events are found, which is consistent with less than
1 background event expected. From Eqs. (5.44) and (5.45) we then obtain a 90%
Credibility Limit of 3 produced events. The anticipated joint 90% credibility level
limits on εS and εT from LHC at

√
s = 14 TeV are shown in Figure 5.7.

From an inspection of Figure 5.7 we find that at high luminosity and center-of-
mass energy the expected improvement in the limits are nearly an order of magni-
tude compared to the existing collider limits. Even with only 10 fb−1 taken at 14
TeV we expect the limits to improve substantially from the current collider limit.
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At these energies and luminosities the bound on εS from the LHC will become
stronger than anticipated future bounds from low-energy experiments. This con-
clusion is illustrated in Figure 5.7, where we also overlay the projected low-energy
bounds presented in Figure 5.5.

We expect these projected limits can be tightened, since we have chosen hard
cuts to reduce the expected leading background to below one event, at the cost of
significantly cutting into the signal. Optimizing the choice of the cut to maximize
the sensitivity to the contact interactions will require including additional back-
grounds, such as QCD and top quarks, and more generally, a better understanding
of the systematic errors involved.

Our analyses can certainly be improved. Our estimate of the detection times
acceptance efficiency was borrowed from the estimate for a W ′ signal from [156].
Obviously a detector simulation of the signal will provide a better estimate of this
factor. The theoretical error on the signal rate will be further reduced once the
next-leading-order QCD contributions are known.

Finally, the interaction Lagrangian (5.39) can be generalized to include inter-
actions of the electron with neutrinos of all flavors, with a corresponding general-
ization of εS,T → εαS,T where α ∈ {e, µ, τ}. Because the final states with different
neutrino flavors do not interfere and neither do the scalar and tensor interactions
after integrating over the rapidity distributions, the derived and projected bounds
shown in Figures 5.6 and 5.7 now apply to the quantities

√∑
α(εαS,T )2.

5.6.2. Scalar resonance
A larger signal rate is obtained if the particle that generates the scalar inter-

action is kinematically accessible at the LHC. In this case there can be a direct
relationship between εS and the production cross-section and mass of the resonance,
as we now demonstrate.

We assume that after electroweak symmetry breaking there is a charged scalar
φ+ of mass m, with the following couplings to first-generation quarks and leptons:

L = λSVudφ
+ud+ λPVudφ

+uγ5d+ λlφ
−ePLνe + h.c. , (5.46)

where φ− ≡ (φ+)∗. At low energies the exchange of φ+ generates a scalar operator
with

εS = 2λSλl
v2

m2
, (5.47)

and a pseudoscalar operator with

εP = 2λPλl
v2

m2
. (5.48)

To proceed, at leading order the cross-section for the on-shell production of φ,
which then decays to lν (of a given sign), is given in the narrow-width approxima-
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Figure 5.6: Joint 90% CL limit on εS and εT implied by: (i) current bounds
from nuclear β decay 0+ → 0+ and radiative pion decay (blue, dashed); (ii) CMS
search [156] in the channel pp→ eν+X at

√
s = 7 TeV with 1.03 fb−1 of data. The

limit is obtained by requiring less than 3.7 eν-produced events having mT > 1 TeV
(red, solid). LO MSTW 2008 [158] parton distribution functions are used; (iii)
projected LHC searches in the channel pp→ eν +X at

√
s = 7 TeV with 10 fb−1

of data (gold, dotted). The limit is obtained by requiring less than 3 eν-produced
signal events with mT > 1.5 TeV and assuming that no events are observed. The
cut is chosen to reduce the expected leading background to be below 1 event. The
effective couplings εS,T are defined in the MS scheme at 2 GeV.
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Figure 5.7: Projected joint 90% credibility level limit on εS and εT from the LHC
at
√
s = 14 TeV, obtained from requiring less than 3 eν-produced signal events

with: (i) mT > 2.5 TeV and 10 fb−1 of integrated luminosity (solid, red ellipse);
and (ii) mT > 4 TeV and 300 fb−1 (dashed, yellow ellipse). Cuts are chosen
to reduce the expected leading background to be below 1 event. To obtain the
projection it is assumed no events are found. Same PDFs are used as in Figure 5.6.
Note the change in scale between these two figures. Anticipated bounds from low-
energy experiments and reduced LQCD uncertainties, redrawn from Figure 5.5, are
shown for comparison. The effective couplings εS,T are defined in the MS scheme
at 2 GeV.
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tion by

σ · BR = λ2
l

(
λ2
S + λ2

P

)
|Vud|2

m

48sΓφ
L(τ) , (5.49)

with τ = m2/s, L(τ) =
∫ 1
τ dxfq(x)f ′q(τ/x)/x, and where Γφ is the total decay

width of φ. Next, note that since φ may decay to other particles (not just to lν
and ud) ,

Γφ ≥ Γl + Γq =
(
λ2
l + 2Nc(λ

2
S + λ2

P )|Vud|2
) m

16π
, (5.50)

with Nc = 3. Next note that m/Γφ ≤ 16π/(λ2
l + 2Nc(λ

2
S + λ2

P )|Vud|2), and then
use the arithmetic-geometric inequality

√
2Ncλφλl <

1
2(λ2

l + 2Nc(λ
2
S + λ2

P )|Vud|2),

where λφ =
√
λ2
S + λ2

P |Vud|, to finally obtain our main result of this subsection,

σ · BR ≤ |Vud|
12v2

π√
2Nc

(√
ε2S + ε2P

)
τL(τ) . (5.51)

Because of the severe constraint imposed by π → eν, the coupling λP of φ to the
pseudoscalar quark scalar density must be significantly suppressed. In the limit
εP � εS one then has

σ · BR ≤ |Vud|
12v2

π√
2Nc
|εS |τL(τ) (5.52)

This expression can be rearranged to obtain a lower bound on εS , that is stronger
after summing in L over both charged-particle final states. The bound depends
only on τ and σ · BR. Figure 5.8 shows the bound as a function of τ for several
choices of σ · BR that will be probed by the LHC. Equivalent limits are shown in
Figures 5.9 and 5.10, where we show the dependence of the bound on the mass of
the resonance, for several values of σ ·BR and at

√
s = 7 and 14 TeV. LO CTEQ6

[159] parton distribution functions are used for all these figures.
We have shown that if a signal is observed in pp→ e+missing energy (MET)+

X, then a lower bound on εS can be obtained, provided the signal is due to the
on-shell production of a scalar, which decays to an electron and missing energy
provided by an electron neutrino, and whose pseudoscalar coupling to quarks is
suppressed compared to its scalar coupling. That the resonance couples to an
electron neutrino is important in deriving the above relation to εS , since at lin-
ear order in the ε’s, neutron-decay experiments do not probe couplings to other
neutrino flavors εα∈{µ,τ}S .

Further confidence that the signal is due to the production of an on-shell particle
can be established by the detection of an edge in the transverse electron-neutrino
mass distribution, and through the detection of a resonance in dijets. The only
additional theoretical assumption used to obtain the lower limit (5.52) is that the
charged resonance φ is interpreted as a scalar and not as a vector or a tensor.
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Figure 5.8: Projected lower bound on |εS | (at µ = 2 GeV), for a discovery cross-section
of σ(pp → e + MET + X) = 10 fb (blue, solid), 1 fb (red, dashed) and 0.1 fb (black,
dotted), as a function of τ = m2/s. Shaded region (green) shows the current experimental
exclusion on εS from 0+ → 0+ nuclear β decay.
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Figure 5.9: Projected lower bound on |εS | (at µ = 2 GeV) for
√
s = 7 TeV and a discovery

cross-section of σ(pp → e + MET + X) = 5 fb (blue, solid), 1 fb (red, dashed) and 0.5
fb (black, dotted). Shaded region (green) shows the current experimental exclusion on εS
from 0+ → 0+ nuclear β decay. The bound scales linearly with σ · BR.
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Figure 5.10: Same as Figure 5.9 but for
√
s = 14 TeV and σ ·BR = 100 fb (blue, solid),

10 fb (red, dashed) and 2 fb (black, dotted).

Measurements of the rapidity distribution of the electron should determine the
spin of φ.

If a signal is discovered in pp → e + MET + X then neutron and nuclear β-
experiments will be crucial in order to pin down the properties of the resonance and
of the MET. As an illustration, suppose the measured cross-section and mass imply
an εS in excess of existing neutron decay bounds, then either: (i) the resonance
does not have spin 0; or (ii) as already described above, since the outgoing neutrino
flavor is not identified, the relationship between the cross-section and εS can be
undone simply if the scalar φ couples preferentially to muon and tau neutrinos
rather than to the electron neutrino; or (iii) there are additional scalars at the
TeV scale or a scalar contact interaction, such that partial cancellations occur in
summing the multiple contributions to εS .

5.7. Conclusions
It is anticipated that the next generation of neutron β-decay experiments will

increase their sensitivity to BSM scalar and tensor interactions by an order of
magnitude, through improved measurements of the neutrino asymmetry parameter
B and the Fierz interference term b (see Figures 5.2, 5.3, and 5.5). In order to
assess the impact of these future experiments, we have performed a comprehensive
analysis of constraints on scalar and tensor BSM interactions from a broad range of
low-energy probes (neutron decay, nuclear decays, pion decays) as well as collider
searches.

Extracting bounds on scalar and tensor BSM couplings from neutron and nu-
clear beta decays requires knowledge of the nucleon scalar and tensor form factors
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at zero momentum transfer. Using the first lattice-QCD estimate of the scalar
form-factor, gS = 0.8(4), and a new average of existing tensor form-factor results,
gT = 1.05(35) published in [18], we find that to fully exploit the increased ex-
perimental sensitivity will require understanding the lattice-QCD estimates of the
proton-to-neutron matrix elements at the level of 10–20% (see Figure 5.5). With
the anticipated increase in computing power and resources, calculations should
reach this precision in 2–4 years [18].

In our survey of probes of BSM scalar and tensor interactions, we have found
that the currently strongest bounds arise from nuclear β decay (εS) and radiative
pion decay (εT ), probing effective scales ΛS > 4.7 TeV and ΛT > 5 TeV, respec-
tively. We also find that within a specific model for the lepton flavor structure of
the scalar and tensor interactions, significantly stronger bounds arise from π → eν
decay, a conclusion in agreement with previous literature.

We have used LHC data to obtain constraints on the scalar and tensor inter-
actions, finding bounds within sight of current limits obtained from low-energy
measurements (see Figure 5.6). We have also provided a preliminary estimate
of expected future bounds from the LHC, finding that an order of magnitude
improvement should ultimately be achievable and that the future collider con-
straints (associated with effective scales ΛS,T ∼ 7 TeV) will compete with improved
neutron-decay constraints based on experimental sensitivities δb, δbν ∼ 10−3 (see
Figure 5.7). Finally, if a charged resonance decaying to an electron plus miss-
ing energy is discovered at the LHC, we have shown how, with some theoretical
assumptions, the production cross-section provides a lower bound on the scalar
interaction probed at low energy (see Figures 5.8, 5.9, and 5.10).

Our analysis shows that in order to compete with upcoming collider bounds
on scalar and tensor interactions, future neutron-decay experiments should aim
at the very least to sensitivities δb, δbν ∼ 10−3 in the Fierz interference term
and neutrino asymmetry. Moreover, experiments aiming for δb, δbν ∼ 10−4 would
provide an unmatched discovery potential for new scalar and tensor interactions,
and therefore should be vigorously pursued.



Chapter 6

EFT: The Higgsless scenario

We will focus now on a scenario that is in some way complementary to the
one presented in Chapter 2, analyzing the possibility that the particle spectrum
of the SM does not contain a light Higgs. In order to study this new picture we
will need a different description of the symmetry breaking sector of the SM and,
as long as we are interested in processes with a typical energy well below the Higgs
mass, we can use an effective description based on the symmetry breaking pattern
of the SM. Indeed, whereas the details of the SM Higgs potential are still only
theoretical hypotheses, the existing phenomenological tests have already confirmed
the pattern of symmetry breaking. It can be demonstrated that the most general
effective theory responding to these symmetry requirements is a non-linear sigma
model coupled in a gauge invariant manner to the SM [39]. We can understand
this fact rewriting the SM Higss sector using the 2× 2 matrix field defined as:

M(x) =
√

2
(
h̃(x) , h(x)

)
= σ(x) + i~τ · ~π(x) , (6.1)

where ~τ are the Pauli matrices, the Higgs field is now σ(x) and ~π = (π1, π2, π3) is
a triplet of would-be Goldstone bosons fields that, trough the Higgs mechanism,
will give masses to the gauge bosons. The most general scalar sector consistent
with the requirements of renormalizability and SU(2)L × U(1)Y gauge invariance
is then [19]:

Lh =
1

4
〈DµM

†DµM〉 −
1

4
λ

[
1

2
〈M †M〉+

µ2

λ

]2

. (6.2)

Here and in the following 〈...〉 denotes the trace in the SU(2) space and the covari-
ant derivative reads:

DµM(x) = ∂µM(x) + i
g

2
τ IW I

µ(x)M(x)− ig
′

2
Bµ(x)M(x)τ3 . (6.3)

The Lagrangian in Eq (6.2) is exactly the one of a linear σ model. In the g′ = 0
limit, it is invariant under G = SU(2)L × SU(2)R global transformations:

Σ → gL Σ g†R, gL,R ∈ SU(2)L,R . (6.4)
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In the SM only the SU(2)L×U(1)Y subgroup is gauged. The Lagrangian Lh breaks
the group G down to the SU(2)L+R global group, usually called the custodial
symmetry group. This remaining symmetry ensures that the corrections to the ρ
parameter, which measure the relative strength of the charged and neutral weak
currents and that at tree level reads ρ = M2

W /(M
2
Z cos2 θW ), are small, i.e. ρ =

1 +O(g′2), as required by the phenomenology.
We want now to explore the limit in which the Higgs mass is taken to infinity:

M2
h = 2λv2 →∞ , (6.5)

that is equivalent to keep v fixed, taking λ→∞, exploring in this way the strongly
interacting range of the theory. In this limit the Higgs is effectively removed from
the physical spectrum and the resulting non-renormalizable theory is a non-linear
sigma model coupled to the SM. Taking to the infinity the Higgs mass formally
corresponds to apply to the Lagrangian in Eq. (6.2) the constraint:

MM † = M †M = σ2 + ~π2 ≡ v2 . (6.6)

The scalar part of this Lagrangian then becomes:

Lscalar =
1

2
(∂µ~π)2 +

1

2

(~π · ∂µ~π)2

v2 − ~π2

=
1

2
(∂µ~π)2 +

1

2v2
(~π · ∂µ~π)2

(
1 +

~π2

v2
+O

[(
~π2

v2

)2
])

, (6.7)

where the non-linear character of the model can be explicitly seen. At this point the
symmetry breaking dynamics is described only in terms of the Goldstone bosons.

We want to stress that, even if we developed the present scenario starting
from the SM Higgs sector and taking the Higgs mass to infinity, the same effective
theory can describe the low-energy behavior of a theory in which the electroweak
symmetry breaking is related to a strongly interacting sector, without the need of
introducing an explicit scalar field. In fact in this scenario we are specifying only
the Goldstone symmetry structure, independently of the specific implementation
of the symmetry breaking.

Our phenomenological analysis based on the Higgsless scenario will be dealing
exclusively with the gauge symmetry breaking sector of the SM. For this reason
in what follows we will focus only on the Lagrangian describing this sector of the
theory.

6.1. The Electroweak Chiral Lagrangian
As we saw in the introduction of this chapter, in the absence of a light Higgs,

a strongly interacting sector responsible for providing masses to the electroweak
gauge bosons is described by Goldstone bosons πI , I = 1, 2, 3, associated to the
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SU(2)L⊗U(1)Y −→ U(1)em spontaneous symmetry breaking (SSB), which become
the longitudinal components of the electroweak gauge bosons. The corresponding
Higgsless electroweak chiral effective theory (EChET) Lagrangian is then described
by a non-linear sigma model based on the coset:

SU(2)L ⊗ SU(2)R/SU(2)L+R , (6.8)

where SU(2)L ⊗ U(1)Y is gauged. Interestingly enough the Lagrangian that de-
scribes it is the one of two-flavor Chiral Perturbation Theory (ChPT) [160, 161]
with pions substituted by the Goldstone bosons associated to the SSB of the elec-
troweak symmetry. ChPT is an effective field theory of Quantum Chromodynamics
(QCD) at very low-energy, driven by the chiral symmetry of massless QCD, per-
turbative in momenta and valid for p2 � (4πFπ)2 (being Fπ the decay constant of
the pion), and renormalizable order by order in its perturbative expansion. In the
same way EChET is valid for p2 � (4

√
2πv)2 ∼ (3TeV)2 [20, 19, 21] (note that

the
√

2 factor depends on the convention used for the vev v). It is worth to stress
that, as in the ChPT case, LEChET involves a perturbative derivative expansion,
driven by the scale ΛEW = 4

√
2πv, i.e. an expansion in powers of (p2,M2

V )/Λ2
EW,

where MV is the mass of a SM gauge boson.
A convenient parametrization of the Goldstone fields is given by:

U(x) = exp

(
i

v
πIτ I

)
, (6.9)

with τ I the Pauli matrices. This transforms as LUR†, with L ∈ SU(2)L and R ∈
U(1)Y , under the gauge group. Up to dimension four operators, the most general
SU(2)L ⊗ U(1)Y gauge invariant and CP-invariant Lagrangian which implements
the global symmetry breaking SU(2)L⊗SU(2)R into SU(2)L+R in the limit when
g′ vanishes is given by the terms [19, 20, 21]:

LEChET =
v2

4
〈(DµU)†DµU〉+

∑
i=0,...5

aiOi . (6.10)

Due to the non-renormalizable character of the theory, at each order in the per-
turbative expansion we need to add at the tree level non-linear Lagrangian (the
first term in Eq. (6.10)) a sufficient number of counterterms. At O(p4) the needed
counterterms are the operators Oi of Eq. (6.10). They explicitly read:

O0 = g′2
v2

4
〈T Vµ〉2 ,

O1 =
igg′

2
Bµν〈T Wµν〉 ,

O2 =
ig′

2
Bµν〈T [V µ, V ν ]〉 ,

O3 = i g 〈Wµν [V µ, V ν ]〉 ,
O4 = 〈VµVν〉2 ,
O5 = 〈VµV µ〉2 , (6.11)
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where Vµ = (DµU)U †, T = U τ3 U †. The covariant derivative takes the form:

DµU = ∂µU +
i

2
g τ IW I

µU −
i

2
g′ τ3 UBµ , (6.12)

with Wµν = τ IW I
µν/2, and being W I

µν and Bµν the gauge field strength tensors.
The first term in the Lagrangian (6.10) has dimension two, and provides the SM
mass terms for the gauge bosons. The rest of terms are dimension 4 operators,
and only O3−5 are relevant for the purposes of the work presented in the next
chapter. O3 represents an anomalous triple gauge-boson coupling while O4 and O5

give anomalous quartic gauge-boson interactions. The corresponding low-energy
couplings a3, a4 and a5 encode the information of the heavier spectrum that has
been integrated out in order to get LEChET.

There are other eight operators that respect gauge and CP symmetry, namely:

O6 = 〈VµVν〉〈TV µ〉〈TV ν〉

O7 = 〈VµV µ〉〈TV ν〉2

O8 =
g2

4
〈TWµν〉2

O9 =
g

2
〈TWµν〉〈T [V µ, V ν ]〉

O10 = [〈TVµ〉〈TVν〉]2

O12 = 〈TDµDνV
ν〉〈TV µ〉

O13 =
1

2
〈TDµVν〉2 . (6.13)

It can be easily proven that every operator containing the T factor actually violates
custodial symmetry. As the operators in Eq. (6.13) do not vanish when g′ → 0 they
would introduce an explicit violation of this symmetry and then we will neglect
them in the analysis presented in this thesis. We need to consider one last gauge
invariant operator:

O11 = 〈(DµV
µ)2〉 (6.14)

As we are in practice only interest in calculating on-shell S matrix elements obtained
from the first term of LEChET at one loop, plus the counterterms considered at
tree level, we can neglect this operator, that vanishes on-shell [39].



Chapter 7

WLZL→ WLZL scattering: where
vector resonances stand

The search for the dynamics of the spontaneous breaking of the electroweak
gauge symmetry is certainly a crucial goal of the high-energy physics research. On
July 4th 2012, ATLAS and CMS experiments at CERN announced the discovery
of a new boson with a mass around 125 GeV that could eventually be identified
with the SM Higgs boson. If this would be the case, we would have a hint on the
mechanism that Nature has chosen to break spontaneously the gauge symmetry
of the SM. On the other hand, ignoring for now the nature of the boson recently
discovered, there is no reason to exclude different possibilities.

A Higgsless world or a scenario that includes a light composite Higgs would be
most probably characterized by the presence of a new physics scale associated to a
strong interacting sector lying around E ∼ 1TeV and related with the spontaneous
breaking of the electroweak symmetry [162, 163]. A reasonable assumption, based
on our knowledge of low-energy hadron physics, is that such a non-perturbative
dynamics would lead to resonances that can be at the reach of future runs at the
LHC or at an envisaged Linear Collider. It has also been argued that without a light
Higgs the violation of perturbative partial-wave unitarity in the elastic scattering
of the longitudinal components of those W or Z gauge bosons could be prevented
by those spin-1 resonances [164] though this is by no means compulsory [163]. In
this chapter we plan to investigate the possible existence of those vector resonances
contributing to the WLZL →WLZL scattering process.

The symmetry breaking sector of the Standard Model without a Higgs be-
comes a non-linear sigma model and it is described by the effective Lagrangian in
Eq. (6.10), that, as we already noted, resembles the one of the two-flavor ChPT.
Let us recall some interesting features of ChPT that will be extremely useful also
in the electroweak case. As in any effective field theory the low-energy coupling
constants (LECs) of ChPT carry the information of the heavier spectra that has
been left out in the procedure of constructing the low-energy theory. Indeed it
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has been shown that, at O(p4), the LECs are saturated by the lightest hadron
resonances [165]. In particular the two relevant LECs that appear in the two-flavor
amplitude of the elastic pion-pion scattering are given by the contribution of the
ρ(770). Hence one can wonder if it would be possible to obtain the mass of this
resonance from the values of those LECs. Of course it is not possible to establish
the existence and properties of resonances using a perturbative framework. How-
ever one can provide procedures to resummate the perturbative contributions to
the amplitude. We will translate one of these methods from the well studied QCD
framework to the electroweak sector.

The procedure that we devise in order to explore the occurrence of spin-1
resonances in the E ∼ 1TeV region is based on the information about the spin-J
resonances (J ≥ 1) provided by the zeros of the scattering amplitude. This method
goes back to the study of the zeros in ππ → ππ [166]. In Ref. [22] it was shown in
the framework of ChPT that the zeros of the O(p4) I = 1 ππ → ππ amplitude (I
is short for the isospin quantum number) predict the mass of the ρ(770) resonance
when the chiral LECs are supposed to be saturated by the resonance contributions.
This shows that, though the ChPT amplitude is only valid for p2 � M2

ρ , the
extrapolation provided by its zeros is to be trusted up to E ∼Mρ.

The method can be applied to the electroweak sector employing the two fol-
lowing ingredients. First, the fact that the elastic scattering amplitude of the
longitudinal components of the gauge bosons is given, at E �MW , by the ampli-
tude of the elastic scattering of the Goldstone bosons associated to the spontaneous
electroweak symmetry breaking. This is known as the equivalence theorem and was
devised originally to study those processes with a very heavy Higgs [167, 168, 163].
The equivalence theorem thus allow us to trade the dynamics of the longitudinally
polarized gauge bosons by the one of the corresponding Goldstone modes. And
the second ingredient, already commented above, is the fact that the interactions
among Goldstone bosons in the Higgsless electroweak theory is described, at least
at leading order, by the two-flavor ChPT Lagrangian where now the multiplet of pi-
ons is substituted by the Goldstone fields that provide masses to the gauge bosons.
The obvious difference is the relevant scale that rules the perturbative expansion of
the amplitude. Taking into account the equivalence theorem, the perturbative ex-
pansion and the EChET discussed in Chapter 6, our working region is determined
by MW � E � 4

√
2πv.

We therefore exploit in this work the analogies between ChPT and Higgsless
EChET and study the elastic scattering of the longitudinal components of the
electroweak gauge bosons as described by the latter. Then, assuming that the
LECs of the effective theory are saturated by the lightest vector resonances (if
these exist) we determine the zeros of the amplitude and we explore the parameter
space of the two only LECs that appear in the two-flavor scattering amplitude,
obtaining important information on the possible resonances.

The contents of this chapter are the following. In Section 7.1 we revisit the role
of the zeros of an amplitude and its relation with the resonances of the theory. We
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will focus on the well known case of ππ → ππ scattering and the ρ(770). In Section
7.2 we briefly review theWLZL →WLZL scattering amplitude in the framework of
the Higgsless electroweak effective theory reviewed in Chapter 6. Section 7.3 will
be devoted to the analysis of the zeros of that amplitude and their interpretation
as vector resonances. We will also discuss our results and the possibility left for
LHC to disentangle the presence of these vector resonances in Section 7.4. Our
conclusions will be given in Section 7.5.

7.1. The role of the zeros of the scattering am-
plitude

We will now develop our method using QCD as the reference framework, taking
advantage of the precise experimental data available and the good knowledge of
the LEC values of O(p4) ChPT used to describe the low-energy processes like ππ
scattering. No conceptual changes will be needed to apply the method to the
electroweak case.

The low-energy dynamics of elastic ππ scattering is determined by the existence
of the lightest meson resonances contributing to that amplitude, σ(600) and ρ(770).
Though the σ(600) is mainly related with the chiral logs (it appears at next-to-
leading order in the large number of colours (NC) expansion), the information of
the ρ(770), leading in 1/NC , is encoded in the low-energy couplings at O(p4) in the
chiral expansion [165]. Within a quantum field theory approach, one can determine
the resonance contributions to the chiral LECs starting from a Lagrangian with
explicit resonance fields and then integrating them out. Typically those LECs are
given in terms of the resonance couplings to the pions and inverse powers of the
resonance masses.

One can wonder if the opposite procedure is viable. That is, if it would be
possible to determine the mass of the resonances from the phenomenological deter-
mination of the LECs. As the ChPT amplitudes provide a perturbative expansion
in momenta it is clear that the poles of resonances are not a feature of chiral sym-
metry. However a link between chiral dynamics and resonance contributions can
be provided employing some ad-hoc resummation techniques like Padé approxi-
mants, the inverse amplitude method or the N/D construction [39, 169, 170]. We
will propose an alternative procedure based on the zeros of the scattering ampli-
tude [22, 166, 171, 172, 173] as given by ChPT at O(p4) (we will also comment on
the next O(p6) contribution).

Consider the amplitude F (s, t) for π−(p1)π0(p2)→ π−π0 in the s-channel:

s = (p1 + p2)2, t =
1

2
(s− 4M2

π)(cos θ − 1). (7.1)

This amplitude has no I = 0 component, and from the phenomenology we know
that the isovector P-wave is large whereas the I = 2 (exotic) S-wave is small. We
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can anticipate that these features are essential for our method. The P-wave is
dominated by the ρ(770) resonance and therefore around this energy region we can
write the partial-wave expansion of the amplitude as:

F (s, t) = 16πf2
0 (s) +

48π

σ

MρΓρ(s)

M2
ρ − s− iMρΓρ(s)

cos θ + . . . , (7.2)

where σ =
√

1− 4M2
π/s and f I` (s) is the partial-wave with isospin I and angular

momentum `, defined through the partial-wave expansion of the s-channel ampli-
tude with defined isospin:

F I(s, t) = 32π
∞∑
`=0

(2`+ 1)f I` (s)P`(cos θ) , (7.3)

with P`(z) the Legendre polynomial of degree `. Unitarity imposes severe con-
straints on the structure of the partial-waves f I` (s). A description consistent with
unitarity is given by

f I` (s) =
1

σ
eiδ

I
` sin δI` , (7.4)

with δI` the phase shift of isospin I and angular momentum `, that is real for elastic
scattering.

The remaining terms not quoted in Eq. (7.2) amount to numerically suppressed
higher partial waves. Taking into account the small size of the S-wave component,
the angular distribution associated to F (s, t) would have a marked dip at cos θ = 0,
where also F (s, t) ' 0. This reflects the spin-1 nature of the ρ(770). Due to the
properties of the Legendre polynomials these dips in the angular distribution (or
zeros of the amplitude) will appear for ` > 0 and their number in the physical
region, cos θ ∈ [−1, 1], will be given by the angular momentum of the partial-wave.
These zeros can be considered as dynamical features which give the spin to the
resonance.

This observation gives us a possible path to analyze the spectrum of J ≥ 1 res-
onances integrated out and hidden in the couplings of the effective field theory. Let
us specify several features of the zeros of the amplitude and give precise definitions
that will help to fix our procedure.

Being analytical functions of more than one variable the zeros of the amplitude
are not isolated but continuous, defining a one-dimensional manifold for real s and
complex t. Using Eq. (7.1) the F (s, t) amplitude in the s-channel may be expressed
as F (s, z) with z ≡ cos θ. Then the solution of F (s, z0) = 0 for physical values of
the s variable is defined by z = z0(s). Though the zeros of the function happen
at complex values of the z variable, we define the zero contour as the real part
of the zeros (Re z0(s)). It is also phenomenologically observed [174, 175] that this
contour continues smoothly from one region to another in the Mandelstam plane1.

1There is one known situation where this is not the case and the contours wiggle. This
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Using Eqs. (7.2,7.4) we get:

z0(s) = − eiδ
2
0 sin δ2

0

3Mρ Γρ(s)

(
M2
ρ − s− iMρΓρ(s)

)
, (7.5)

and we have:

Re z0(s) = − sin 2δ2
0

6Mρ Γρ(s)

(
M2
ρ − s

)
− 1

3
sin2 δ2

0 , (7.6)

that satisfies
∣∣Re z(M2

ρ )
∣∣ ≤ 1

3 . In fact, and due to the exotic character of the S-wave
I = 2 background

(
Imf2

0 (s)� Ref2
0 (s)

)
and to the absence of the S-wave I = 0

channel, we know that
∣∣Re z(M2

ρ )
∣∣� 1

3 .
Hence, for a generic amplitude where the P-wave contribution dominates and

is saturated by a vector resonance, the resonance mass MR should be found as the
solution of:

Re z0(M2
R) ' 0 , (7.7)

where z0(s) is the zero contour obtained from that amplitude. We will take this
condition as our source of information on the resonances given by F (s, t). It is
clear, from Eq. (7.2), that how deep is the dip of the angular distribution will also
depend on the size of the imaginary part of the zeros. We will comment further on
this point in Section 7.3.

The zero contours provide also an alternative unitarization procedure for the
ChPT amplitude. Indeed assuming that the amplitude satisfies the partial-wave
expansion (7.3) and neglecting ` ≥ 2 partial waves one obtains:

tan δ1
1(s) =

−1
2 sin 2δ2

0(s)

3Re z0(s) + sin2 δ2
0(s)

. (7.8)

Note that, if the S-wave I = 2 phase-shift is small, the P-wave phase shift δ1
1 will

pass through π/2 when Re z0(s)→ 0, thus indicating the presence of a resonance.
The zero contour provided by the O(p4) ChPT amplitude could then be employed
to obtain the contribution of the lightest vector resonance (the ρ(770) in the QCD
case) to the δ1

1(s) phase shift. This is by no means evident. The chiral expansion
provides an accurate description at very low energies only, namely for E � Mρ.
Hence the fact that the zero contour is able to unitarize the theory at E ∼Mρ has
to rely on the properties of those zero contours.

7.1.1. Applying the zero contour method to the ρ(770)
case

Let us repeat (and update) now the procedure in Ref. [22], showing how the
method developed works in a real case. The O(p4) amplitude of π−π0 → π−π0 ,

happens when they pass a threshold that opens strongly in the S-wave. One such example
is the KK threshold in I = 0 ππ scattering [176]. As we consider here the π−π0 channel,
which has no isoscalar component, we expect the zero contour to be quite smooth well
beyond the ρ(770) mass.
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with the variables defined in Eq. (7.1), is given by [161]:

A(t, s, u) =
t−M2

F 2
+

1

6F 4

[
3(t2 −M2) J̄(t)

+[s(s− u)− 2M2 s+ 4M2 u− 2M4] J̄(s)

+[u(u− s)− 2M2 u+ 4M2 s− 2M4] J̄(u)

]

+
1

96π2 F 4

[
2

(
`1 −

4

3

)
(t− 2M2 )2 +

(
`2 −

5

6

)
(t2 + (s− u)2)

−12M2 t+ 15M4
]
, (7.9)

where F is the decay constant of the pion in the chiral limit, F ' Fπ ' 92.4MeV
and M 'Mπ ' 138MeV. In Eq. (7.9), J̄(x) = {σ ln [(σ − 1)/(σ + 1)]+2}/(16π2),
with σ =

√
1− 4M2/x, is the two-point one-loop integral for equal masses. `1

and `2 are a priori unknown low-energy couplings related with those of the O(p4)
ChPT Lagrangian with two flavors, `ri (µ) (i = 1, 2), through:

`r1(µ) =
1

96π2

(
`1 + ln

M2
π

µ2

)
,

`r2(µ) =
1

48π2

(
`2 + ln

M2
π

µ2

)
. (7.10)

Here µ is the renormalization scale. With these definitions the `i couplings are, but
for a factor, equal to `ri (M

2
π) and thus scale independent. It is well known [165] that

the O(p4) chiral LECs are saturated by the contribution of the lightest resonances
that have been integrated out. In fact, `r1(µ) and `r2(µ) are saturated by the lightest
multiplet of vector resonances. Upon resonance integration at tree level one gets
the three-flavor LECs Lri (µ). Using the O(p4) matching with the two-flavor `ri (µ)
[177], the resonance contributions to the latter read `r1(µ) = −G2

V /M
2
V −νK/24 and

`r2(µ) = G2
V /M

2
V −νK/12. HereMV 'Mρ is the mass of the lightest nonet of vector

resonances, and GV is a coupling of the Resonance Chiral Theory phenomenological
Lagrangian [165].

Its value is estimated as GV ∈ [40, 50]MeV [178, 179] and we take GV ' 45MeV
for the numerical evaluation. In addition νK =

(
ln
(
M2
K/µ

2
)

+ 1
)
/(32π2). The

constants `i become µ−dependent if we substitute the `ri (µ) in Eq. (7.10) by the
tree-level estimates above. It is generally assumed that vector resonance saturation
of the low-energy constants implies that the resonance contributions determine the
LECs quite well for a scale µ of the order of the mass of the resonance. Within
the interval µ ∈ [0.6, 0.9] GeV, the couplings `1 and `2 take the values shown in
Table 7.1; for the central value, µ = Mρ, one gets `1 = 0.25, `2 = 5.03. With these
estimates, we can readily evaluate the zero contour from the O(p4) ChPT, and



WLZL → WLZL scattering: where vector resonances stand 109

µ(GeV) 0.6 0.77 0.9

`1 −0.33 0.25 0.58

`2 4.46 5.03 5.37
105rV5 5.55 4.96 4.78
105rV6 0.67 0.86 0.94

Table 7.1: Renormalization scale dependence of the LECs determinations relevant for
the evaluation of the zero contours at O(p4) and O(p6) in ChPT.

su

t
s= M

Ρ

2

Figure 7.1: Zero contours of π−π0 → π−π0 at O(p4) (light colour) and O(p6) (dark
colour) in the Mandelstam plane. The bands correspond to the range of LECs for µ =
0.6GeV and µ = 0.9GeV as given in Table 7.1. The zero contours connect with the
Weinberg’s projection of the Adler zero inside the Mandelstam triangle [180].

obtain the ρ(770) mass through Eq. (7.7). In the Mandelstam plane the outcome
for the zero contours takes the form of the lighter band in Figure 7.1, whose limits
are given by the extreme values of `1 and `2 in Table 7.1. These zero contours
intersect the Re z-axis for MR ∈ [0.69, 0.91] GeV. The estimate is particularly
good for the central value µ = Mρ, which yields MR = 0.75 GeV. Let us note
that the µ-dependence of the zero contour prediction for the ρ(770) mass does not
reflect any uncertainty intrinsic to the method, but is just a consequence of the
incomplete knowledge of the resonance estimates of the LECs.

Zero contours at O(p6)

We would like next to show how the zero contour in Figure 7.1 changes when
the next chiral order is considered. The π−π0 → π−π0 amplitude up to O(p6)
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has been computed in Ref. [181]. At this order the result depends on 6 low-energy
couplings rri (µ), i = 1, . . . 6. Assuming that the values of the latter are saturated
by vector resonance contributions, one can get estimates for rri (µ) ' rVi [181] in
the same way as for the `ri (µ). We took the formulas for rVi , i = 1, 2, 3, 4, as given
in [181], updating the values of the dimensionless coupling constants gV and fχ.
Using the present experimental values for the widths of the processes ρ→ ππ and
K∗ → Kπ [38], we found gV = 0.0892 and fχ = −0.0238. The resulting values
for rVi , i = 1, 2, 3, 4, are summarized in Table 7.2. For rVi with i = 5, 6 we have an
updated evaluation, obtained as follows:

1. We use the definition of rV5 and rV6 in terms of the O(p6) two-flavor LECs
cri (µ) [182],

2. Then we employ the relation of the two-flavor LECs with the three-flavor
ones Cri (µ) [183],

3. And finally we determine the latter by integrating the resonance fields at
tree-level [184].

Incidentally only vector resonances contribute to rV5 and rV6 . The numerical values
of rV5 and rV6 that we get, shown in Table 7.1, are typically a factor of 2 to 4
smaller than the ones quoted in Ref. [181]. This procedure cannot be applied, at
the moment, for rVi , i = 1, 2, 3, 4, because the conversion between the corresponding
LECs with two and three flavors has not been made available yet. However we have
updated the numerical values of these constants given in Ref. [181].

The obtained O(p6) zero contours are displayed by the darker band of Fig-
ure 7.1, that is defined by the µ-dependent values of the LECs given in Ta-
ble 7.1. The ρ(770) mass estimates from these O(p6) zero contours read MR ∈
[0.80, 0.86] GeV, and significantly decrease the renormalization-scale ambiguity seen
in the O(p4) contours. These determinations depend mostly on the values of rr5(µ)
and rr6(µ), which are the coefficients of O(p6) polynomial terms in s/(4πFπ)2 that
become thus of order M2

ρ/(4πFπ)2 close to the resonance. They depend somewhat
less on rr4(µ), since the latter multiplies a polynomial term suppressed by a power
of M2

π/(4πFπ)2, and very little on rri (µ) for i = 1, 2, 3. We notice that the res-
onance estimate of rr4(µ) from Ref. [181] involves a cancellation of two different

LEC Value
rV1 −1.09× 10−4

rV2 3.03× 10−4

rV3 −2.79× 10−4

rV4 −5.75× 10−5

Table 7.2: Numerical values for the Low Energy Constants rVi i = 1, 2, 3, 4 as given by
the update of those in Ref. [181].
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contributions of similar size. If we, for instance, change the sign of rV4 , the ρ(770)
mass estimates at O(p6) are shifted down to MR ∈ [0.78, 0.82] GeV. An updated
evaluation of the latter would be required before assessing the accuracy of the zero
contour approach at O(p6) for the case of the ρ(770).

Results for the ρ(770) case

In Figure 7.2 we compare the experimental data on the δ1
1(s) phase-shift from

elastic ππ scattering with different theoretical predictions. As expected the pre-
diction given by the ChPT amplitude does not provide the right description for
E ∼ Mρ, as can be seen looking at the dot dashed line that represents the ChPT
result for the P-wave phase-shift, namely δ1

1(s) = σRef1
1 (s) [188]. On the other

hand the δ1
1(s) phase-shift as given by (7.8) is in much better agreement with ex-

perimental data. We plotted the theoretical results for two different I = 2 S-wave
phase-shift representations, the one coming from the O(p4) ChPT result (dashed
line) and the one given by the Schenk parameterization [189] (continuous line). As
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Figure 7.2: δ11(s) phase-shift in elastic ππ scattering. Comparison of experimental
data [185, 186, 187] with the prediction given by Eq. (7.8) for the S-wave given by the
Schenk parameterization (continuous line) and by O(p4) ChPT (dashed line) with ¯̀

1 =
0.25 and ¯̀

2 = 5.03. The O(p4) ChPT result for the P-wave phase-shift, namely δ11(s) =
σRef11 (s), is also shown (dot-dashed line).
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it can be seen the latter provides a much better agreement to the data in the low-
energy region, however the pass through π/2 depends little on the parameterization
used for δ2

0(s).
In summary, we have seen that the zeros of the amplitude of elastic ππ scat-

tering carry important dynamical information on the structure of the interaction,
in particular the role of vector resonances. This information, encoded in the low-
energy couplings of O(p4) ChPT, emerges through the zero contour definition and
the condition in Eq. (7.7). Alternatively the unitarization in Eq. (7.8) is able to
show the mark of the ρ(770) in the δ1

1(s) phase-shift, as we demonstrated in Fig-
ure 7.2. This is not a trivial exercise because the results of ChPT are only valid
for E � Mρ, however the smoothness of the zero contour and its stability under
unitarization procedures [173, 190], collaborate to disentangle the information of
the LECs, at least in the channel we are considering.

7.2. Longitudinally polarized gauge boson scat-
tering

In this work we are interested in the scattering of vector bosons with longitudi-
nal polarization because is the one linked, through the Higgs mechanism, with the
Goldstone bosons of the electroweak symmetry breaking sector. The exact relation
is provided by the equivalence theorem [163, 168]:

A
(
V a
LV

b
L → V c

LV
d
L

)
= A

(
πaπb → πcπd

)
+O

(
MV

E

)
, (7.11)

which states that, at center of mass energies E � MV , the amplitude for the
elastic scattering of longitudinally polarized vector bosons (V a

L ) equals the ampli-
tude where the gauge fields have been replaced by their corresponding Goldstone
bosons (πa). Now, we can use the electroweak effective Lagrangian (6.10) to calcu-
late the amplitude of Goldstone boson scattering of Eq. (7.11). Since the effective
Lagrangian formalism is a low-energy expansion, some care is needed to apply the
equivalence theorem, which is valid in the high-energy limit. The restricted version
of the theorem which applies to the gauge boson scattering amplitude calculated
at O(p4) reads [191]:

A
(
V a
LV

b
L → V c

LV
d
L

)
= A(4)

(
πaπb → πcπd

)
+O

(
MV

E

)
+O(g, g′) +O

(
E5

Λ5
EW

)
, (7.12)

where A(4) is the amplitude of Goldstone boson scattering at lowest order in
the electroweak couplings (g and g′) as obtained from the effective Lagrangian
LEChET. Therefore only the operators O4 and O5 in Eq. (6.11) contribute to
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Figure 7.3: Upper panels: Zero contours from the O(p4) amplitude for, from left to
right, (ā4, ā5) = (10, 10), (ā4, ā5) = (8.5, 10) and (ā4, ā5) = (7.7, 10). The dashed line
are the amplitude zeros obtained from the lowest order chiral amplitude. Lower panels:
Corresponding O(p4) amplitudes |F (M2

R)| ≡ |A(4)(M2
R, z0(M2

R))| (in logarithmic scale) for
the upper panel cases, using the partial-wave expansion up to order `.

that amplitude, which is linear in the a4 and a5 couplings. Let us remark that at
O(g0, g′0) the masses of the gauge bosons vanish and the equivalence theorem, as
given by Eq. (7.12), indicates that the Goldstone boson scattering amplitude has
to be calculated in the zero mass limit. Mass corrections appear in the neglected
terms.

Notice that the restricted version given by Eq. (7.12) is valid in the energy
range given by MV � E � ΛEW. Since the EChET framework is analogous
to ChPT, and the latter works reasonably well up to 500 MeV ' 2πFπ , we can
assume that the effective formalism for the electroweak theory is limited at about
2
√

2πv ' 1.5 TeV. Given the success of the zero-contour method for the case of
the ρ(770) resonance, whose mass is larger than the limit of validity of the theory,
the range above may be extended up to E ∼< 2 TeV, at least for what concerns the
determination of the resonance mass through the zero contours.

7.3. Analysis of the zeros of the WLZL → WLZL
amplitude

The equivalence theorem pointed out in the last section can be used to relate, at
leading order, the amplitude of WLZL →WLZL with the one of the corresponding
Goldstone bosons, which is analogous to the π−π0 → π−π0 amplitude described in
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Section 7.1. Notice that the physical system provided by the Higgsless Lagrangian
in Eq. (6.10) is, but for the change of scale (Fπ → v), the same than the one of the
ChPT. Therefore one would expect a similar dynamics if the P-wave contribution is
saturated by a vector resonance. Consequently we could apply the same procedure
and study the occurrence of I = 1 vector resonances 2 in the scattering WLZL →
WLZL through the analysis of the zero contours of the EChET amplitude. As
explained in Section 7.1, zero contours cross the resonance location close to where
the Legendre polynomial vanishes, which for vector resonances amounts to the
condition (7.7).

By virtue of the equivalence theorem, the amplitude for WLZL → WLZL is
equal, up to O(p4) terms, to A(4)

(
π−π0 → π−π0

)
= A(t, s, u) in Eq. (7.9), with

the trivial replacements:

F → v , (¯̀
1, ¯̀

2)→ (ā5, ā4) .

In addition, the limitM → 0 has to be performed, according to the restricted form
of the theorem. This amounts to writing M = 0 in the polynomial contributions
in A(t, s, u). Care has to be taken in the one-loop functions, where keeping the
leading order in that limit leaves a mass dependence in the logarithms. The scale-
independent āi couplings are related to their renormalized counterparts in the MS
scheme as:

ar4(µ) =
1

4

1

48π2

(
a4 − 1 + ln

M2
W

µ2

)
,

ar5(µ) =
1

4

1

96π2

(
a5 − 1 + ln

M2
W

µ2

)
. (7.13)

This definition for ar4(µ) and ar5(µ) differs from that of Eq. (7.10) that relates the
`ri (µ) to the ¯̀

i; it matches though the definition used in recent literature [192, 193]
for these couplings, so it is adopted here to make contact with those results. The
natural order of magnitude of the couplings is ā4,5 ∼ O(1), so we can expect that
ari ∼ O(10−3).

Recalling the procedure that we used in Section 7.1, we will look for the zero
contours of the amplitude, A(4)(s, z0) = 0, and identify the vector resonances with
solutions of Re z0(M2

R) = 0. However we still need to impose another constraint on
this result to ensure that the assumptions leading to condition (7.7) are fulfilled. As
it was seen in Section 7.1, our procedure depends crucially, after neglecting higher
partial waves, on having a dominant resonance-saturated P-wave and a small, non-
vanishing, S-wave contribution. We can translate this requirement to a numerical
bound in the following way. Writing the equation A(4)(s, z0) = 0 in terms of its
partial-wave series, one gets:

f2
0 (s) + 3 f1

1 (s) z0(s) ' 0 , (7.14)

2Isospin, in the context of the Lagrangian (6.10), indicates the quantum number asso-
ciated to the unbroken SU(2)L+R custodial symmetry.
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if higher-order partial waves are neglected. At the resonance location, s = M2
R,

the latter equation relates the size of the imaginary part of the zero with the ratio
between the S- and the P-wave contributions:

∣∣z0(M2
R)
∣∣ =

∣∣Im z0(M2
R)
∣∣ =

∣∣∣∣ f2
0 (M2

R)

3 f1
1 (M2

R)

∣∣∣∣ < λ . (7.15)

The bound λ then defines the range of applicability of our method: zeros of the
amplitude with imaginary part smaller than λ can be considered positive results
in the search for vector resonances. The zeros which pass this condition bear a
similarity to the near-by zeros introduced in the pioneering works on zero contours,
characterized by small imaginary parts. A reference value for λ can be inferred
from the ρ(770) case studied in Section 7.1, where one gets |Im z0(M2

ρ )| ' 0.36 (for
µ = 0.77 GeV; see Table 7.1). For values of λ larger than 1/2 we cannot consider
the S-wave to be significantly smaller than the P-wave, and we therefore choose
λ = 1/2 as a limiting value for the identification of resonances in the zero contours.
The dependence of our results on this cut is discussed later.

The λ-cut in Eq. (7.15) is also related with the convergence of the partial-wave
expansion of the amplitude. For the zero mass case the partial-wave expansion is
convergent only in the physical region, i.e. for z ≡ cos θ ∈ [−1, 1] (see Appendix B).
The partial-wave series continued to complex values of z is at best asymptotically
convergent. Hence smaller imaginary parts of the zeros imply a better behaviour of
the series. In the lower panels of Figure 7.3 we show the convergence of the partial-
wave series at s = M2

R for three representative examples, corresponding (from left
to right) to (ā4, ā5) = (10, 10), (8.5, 10), (7.7, 10), with non-zero imaginary parts
given by |Im z0(M2

R)| ' 0.26, 0.39 and 0.56, respectively. As can be seen there is a
direct correlation between the size of the imaginary part of z0(M2

R) and the conver-
gence of the expansion. Note also that the minimal value of the amplitude at the
resonance location gets closer to zero for smaller |Im z0(M2

R)|. The corresponding
zero contours, obtained from the amplitude (7.9) (now keeping only the leading
order in the M → 0 limit), are smooth lines in the (Re z, s) plane, as shown in
the upper panels of Figure 7.3. The dashed line are the amplitude zeros obtained
from the lowest order chiral amplitude, which are simply given by t = 0 and thus
lie on a straight line in the Mandelstam plane. In terms of z the O(p2) zeros are
given by z0(s) = 1 and have no imaginary part because the O(p2) amplitude is
real. The O(p4) corrections induce an imaginary part in the zero trajectories, and
are essential to bend down the zero contour towards Re z = 0. The crossing, from
left to right in Figure 7.3, takes place at MR ' 1.28, 1.49 and 1.67 TeV.

A final note is needed to interpret correctly the results we will discuss in the next
section. Although the ChPT and EChPT cases seem to be identical and related by
a simple rescaling (F → v), in evaluating the zeros of the amplitude there are some
details we need to take into account. Let us rewrite the π−π0 → π−π0 amplitude
A(t, s, u) (7.9), in the limitM → 0, in terms of the dimensionless variables ŝ ≡ s/F 2
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and z. It is immediate to see that it can be split into two terms,

A(t, s, u) = A1(ŝ, z) +A2(ŝ, z) , (7.16)

with:

A1(ŝ, z) = − ŝ
2

(1− z) +
ŝ2

192π2

{
13

2
+ z +

11

6
z2 + ¯̀

1 (1− z)2 + ¯̀
2 (5 + 2z + z2)

−(3 + z) ln(−ŝ)− 3

2
(1− z)2 ln

[ ŝ
2

(1− z)
]

−1

2
(1 + z)(3 + z) ln

[ ŝ
2

(1 + z)
]}

, (7.17)

A2(ŝ, z) =
ŝ2

48π2
(3 + z2) ln

(
M

F

)
. (7.18)

Note that the dependence of the second term on the Goldstone boson mass is
just a consequence of having written the amplitude in terms of the “bar” LECs,
¯̀
1, ¯̀

2, which correspond to the renormalized ones with µ = M . The zero contours
obtained from A1(ŝ, z) alone depend only on the values of the LECs, and the
corresponding resonance masses are located at MR = F

√
ŝR; in order to switch

from QCD to the electroweak case we would only need to rescale the value of the
resonance masses obtained from the zero contour method, making the substitution
F → v. However, the second term in the amplitude, A2(ŝ, z), gives a contribution
to the zero contour that depends on the ratio M/F , which is very different in
the QCD (Mπ/Fπ ' 1.5) and the EW (MW /v ' 0.33) cases. In conclusion, the
values of the resonance masses found using the zero contour method in the QCD
and electroweak can be in general not related by a simple rescaling, giving rise to
possibly very different patterns.

7.4. Results and discussion
Figure 7.4 is the central result of our work. The shaded areas show where

resonances, defined by the conditions (7.7) and (7.15) with λ = 1/3, are found in
the (ā4, ā5)-plane. The contour lines drawn correspond to pairs of (ā4, ā5) which
yield the same resonance mass. Though the validity of the approach cannot be
trusted beyond E ' 2 TeV, we have displayed in the plot resonances found with
masses up to 2.5 TeV. In order to show how dependent are the solutions from
Eq. (7.7) to the cut (7.15) on the imaginary part of the zeros, we have also drawn in
Figure 7.4 (outer dashed line) the boundary of the region yielding resonances when
λ = 1/2. The hatched region in the left and lower parts of the plot corresponds
to values of ā4 and ā5 forbidden by positivity conditions on the ππ scattering
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Figure 7.4: Resonance masses as a function of the low-energy couplings ā4 and ā5. The
scales in terms of the renormalized couplings ar4(µ) and ar5(µ) at µ = 2 TeV are also drawn.
The shaded areas show where resonances defined by the conditions (7.7) and (7.15) with
λ = 1/3 are found in the (ā4, ā5)-plane. The contour lines drawn correspond to pairs of
(ā4, ā5) which yield the same resonance mass. The hatched region in the left and lower
parts of the plot, given by Eq. (7.19), corresponds to values of ā4 and ā5 forbidden by
positivity conditions on the ππ scattering amplitudes. The outermost dashed lines mark
the boundary of the resonance region corresponding to λ = 1/2.

amplitudes. These bounds were obtained in Ref. [22], and slightly improved in
Ref. [194]. Translated to ā4 and ā5 they read:

ā5 + 2 ā4 ≥
157

40
, ā4 ≥

27

20
. (7.19)

Let us comment the most relevant features of the results of Figure 7.4:

i/ No vector resonances are found for ā4 . 8 and ā5 . 25. This would exclude
to a large extent Higgsless models with vector resonances which saturate the
low-energy couplings to the expected natural order of magnitude (ā4,5 ∼ 1).
Since in QCD one does find the ρ meson for natural values of the LECs
(namely ¯̀ρ

1 ∼ 0 and ¯̀ρ
2 ∼ 5), one could naively expect an EW “ρ-like” res-

onance to be found for (ā4, ā5) = (¯̀ρ
2 ,

¯̀ρ
1) with a mass MEW

ρ = (v/Fπ)Mρ.
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The ππ scattering amplitudes obtained from ChPT and EChPT are however
not simply related by a rescaling of the energy variables, but depend also
on the (unequal) ratios Fπ/Mπ and v/MW through logarithmic terms, as we
have seen at the end of Section 7.3.

ii/ Masses above 1.8 TeV are confined to a thin slice in the lower-left and upper-
left parts of the shaded regions and are mostly excluded by the positivity
constraints. Conversely, light resonances (. 0.8 TeV) require values of either
ā4 or ā5 larger than 20. The validity of the EChET Lagrangian for such
large values of the LECs is nevertheless questionable and could indicate that
additional degrees of freedom linked to the Goldstone boson dynamics are
missing in the effective description.

iii/ The dependence on the λ-cut is visible in the upper part (ā5 ∼> 0) of the
boundary of the allowed region for resonances, where the λ = 1/2 contour
departs from the λ = 1/3 one, which defines the shaded region. Making the
cut smaller would further constrain the region where resonances are found.
We nevertheless think that the value λ = 1/3 is a realistic one, since it
provides a reasonable suppression of S-waves and it is also found in the QCD
case for the ρ(770) resonance.

iv/ For resonance masses MR . 0.8TeV, where either ā4 or ā5 are large, the
formula:

MR = v

(
192π2

−11 + 10 ā4 + 2 ā5

)1/2

, (7.20)

provides an approximation to the resonance masses in Figure 7.4 with an
accuracy better than 10%. The formula (7.20) corresponds to the zero con-
tours obtained by setting the loop functions J̄(x) in A(t, s, u) to zero, and
further neglecting the mass M .

v/ A final consistency check for our method is provided by the Eq. (7.8) for the
I = 1 P-wave phase-shift δ1

1 . We evaluated the energy at which δ1
1 = π/2 for

each value of the parameters ā4, ā5 in the shaded region of Figure 7.4 and we
found that the result is basically the same we obtained from the condition
in Eq. (7.7). Indeed, if we allow for at most a 10% deviation between both
mass determinations, only the points in a tiny slice lying exactly on the
boundary of the lower-half part of the big shaded region (in fact mostly
excluded already by the positivity constraints) fail to pass the test. This
result confirms that the S-wave background is indeed small, and therefore
that the condition Re z0(M2

R) ' 0 is a characteristic signature for vector
resonances. As it was commented in relation with Figure 7.2, this result
does not depend, essentially, on our knowledge of the δ2

0(s) phase shift. It is
enough that this is small with respect to the δ1

1(s) phase shift at E 'MR.
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The LHC sensitivity to explore the values of the coefficients a4 and a5 has been
investigated in Ref. [192]. The reported limits imply that in the combined region
ā4 ∼< 35 and −38 < ā5 < 45 no deviation from the SM prediction could be observed
at the LHC. The prospects of measuring these parameters with improved accuracy
in a high-luminosity e+e− collider operating at 1 TeV are slightly better [195]. On
the other hand, present limits on new vector resonances could be used in combi-
nation with our results in Figure 7.4 to constrain the allowed regions of ā4 and ā5

which can accommodate a vector-saturated model. Using ATLAS and CMS data,
the most recent bounds on the mass of new charged vector resonances have been
obtained analyzing `ν` (` = µ, e) [196] orWZ [197, 198] final states. Depending on
the model assumed to interpret the data, it is possible to exclude resonances with a
mass as heavy as 1.14 and 2.5 TeV, in the WZ and leptonic case respectively. The
present bounds on new neutral vector resonances obtained recently [199] exclude
masses up to 1-2.3 TeV depending on their couplings and widths.

A systematic study of resonance masses in the parametric space spanned by
ar4(µ) and ar5(µ) using the Inverse Amplitude Method (IAM) has also been per-
formed [200, 201]. Their results, compared with our Figure 7.4, look rather differ-
ent. From the pole of the Padé-improved P-wave they find for the vector resonance
masses the result:

M IAM
R = v

(
144π2

3 ā4 − 3 ā5 + 1

)1/2

, (7.21)

that can be compared with our Eq. (7.20), though the latter is only valid for large
values of ā4, ā5, i.e. for MR . 0.8TeV. The slope of the lines of equal mass
do not agree. Moreover, formula (7.21) forbids vector resonances in the region
defined by ā5 > ā4 + 1/3, where their existence is consistent with our conditions.
Also we note that the results of [200, 201] predict resonances in the region of
ā4,5 ∼ 1, that contradicts our findings. As emphasized in the IAM works (see for
instance Ref. [39], p. 159) the LEC constants in the IAM amplitude are not to
be identified with the chiral LECs of ChPT. Therefore the ā4 and ā5 in Eq. (7.21)
do not correspond to our ā4, ā5 defined in Eq. (7.13). However this mishap alone
cannot explain the very different results obtained from both procedures. A detailed
comparative analysis between both methods in order to trace the origin of the
discrepancies shall be carried out elsewhere.

7.5. Conclusions
In this work we have investigated a method to identify vector resonances orig-

inated from a strong electroweak symmetry-breaking sector in the 1 TeV energy
region. These resonances could be a possible alternative to the SM Higgs in prevent-
ing the seeming loss of perturbative partial-wave unitarity in the elastic scattering
of the longitudinal components of W and Z gauge bosons. More important is that
those resonances would provide a clear signal that a strong interacting dynamics
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is responsible for the spontaneous breaking of the electroweak symmetry.
We have focused, in particular, on the resonances that could contribute to the

WLZL → WLZL scattering. This channel has the appropriate characteristics to
implement our approach, that searches for vector resonances dominating the ampli-
tude. Assuming resonance saturation of the LECs of the effective chiral Lagrangian
describing the interaction among Goldstone bosons, we could extract relevant in-
formation on the lightest vector resonances from the zeros of the elastic scattering
amplitude. We first applied our method to the well known case of the ρ(770) res-
onance and the O(p4) chiral π−π0 → π−π0 amplitude and considered the impact
of introducing the next order in the chiral expansion.

Turning to the electroweak case we exploited the fact that, at leading order
in the expansion provided by the equivalence theorem, the dynamics of the longi-
tudinally polarized gauge boson scattering is described by the electroweak chiral
Lagrangian (6.10), which is identical to the one that generates the ρ(770) in elastic
ππ scattering upon the obvious change of scale Fπ → v. Within this approach
we have explored the parameter space of the two low-energy couplings ā4 and ā5

needed to describe the WLZL → WLZL scattering amplitude, in order to identify
the region where a vector resonance can dominate the amplitude, and provide an
estimate of its mass. The outcome has been shown in Figure 7.4 as a contour plot
in the (ā4,ā5)-plane. Our main conclusion is that no vector resonances are found
for ā4 . 8 and ā5 . 25, indicating that Higgsless models with vector resonances
which saturate the low-energy couplings to the expected natural order of magnitude
(ā4,5 ∼ 1) would be excluded to a large extent. If we consider the neighborhood
outside that natural order of magnitude, we see that the first resonances, appearing
for ā4 ∼> 8, have masses above 1TeV. Lighter vector resonance masses appear for
rather unnatural values of the parameters.

The improvement of our method by the inclusion of the O(p6) contributions
will entail a few technical difficulties, since it carries many new couplings (as it was
seen in the QCD case in Section 7.1) that make an analogous treatment to the one
proposed here rather cumbersome. Nevertheless, if LHC confirms that there is no
light Higgs, the study of the zeros of the gauge boson scattering amplitudes with
the use of effective field theories driven by the spontaneous symmetry breaking
pattern could provide a model-independent tool to explore the role of the reso-
nances emerging from the new strong dynamics and shall therefore be pursued, for
instance, through the search for higher spin states.



Conclusions

The LHC made a big step ahead in the search for the SM Higgs boson with
the discovery of a new boson announced on July 4th, 2012. It is in fact the first
strong indication that the symmetry breaking picture of SM could be actually
realized in Nature through a Higgs mechanism. Awaiting further confirmations,
from a theoretical point of view it is interesting to consider both the SM scenario
and the possibility that a strongly interacting sector would be responsible for the
electroweak symmerry breaking. In this second case, as we have seen in Chapter 7,
it is possible to include the boson discovered by LHC as a light pseudo-Goldstone
boson related to the strong sector.

In this thesis we developed analyses based on both Higgs and Higgsless sce-
narios, analyzing the present phenomenology and the possible role of upcoming
experimental tests, with the aim of extracting valuable information to build a
coherent description of beyond SM physics. Throughout the thesis we used an
effective field theory approach that allowed us to deliver results valid for a broad
range of models and to treat very different issues in a unified and simple language.

The first part of the thesis has been dedicated to the light Higgs scenario,
in which we assumed that the electroweak symmetry breaking is associated to a
non-zero vacuum expectation value of a Higgs boson with a mass well below the
TeV scale. The possibility of uncovering NP effects involving flavor violation using
leptonic decays of pseudoscalar mesons has been analyzed in Chapter 3. These
processes are a perfect test-bench due to their strong helicity suppression and
the extreme precision of the current experimental data, in particular on π and
K decays. Taking advantage of the high accuracy within which it is possible to
predict the lepton-flavor universality ratios R``′P = B(P → `ν)/B(P → `′ν), in
this work we have analyzed the deviations from the SM in these ratios using a
general effective theory approach and employing different ansätze about the flavor-
symmetry breaking structures of physics beyond the SM. We found that, assuming
a minimal breaking of the lepton flavor symmetry, the effects are too small to
be observed in the next generations of experiments in all relevant meson systems
(P = π,K,B). On the other hand, if we take into account a Grand Unified
framework, large violations of lepton-flavor universality are possible in theB system
(see Table 3.3). These are possible mainly because of the enhancement of the flavor-
violating B → eντ rate. This result can be extremely interesting in view of the
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future precision improvement of heavy-meson decay data expected at the Super-B
factories.

The apparent discrepancy between the SM predictions and the latest results
from the LEP2 experiment about the universality of the coupling of leptons to the
gauge bosons was the subject of Chapter 4. In fact the most recent data showed
a deviation from universality in the W`ν` coupling of more than two sigmas when
comparing the third leptonic family with the two light ones, as shown in Eq. (4.1).
We then tested the possibility that this deviation represents a real NP effect, per-
forming an Effective Field Theory analysis in which we assumed different flavor
symmetries where the third family plays a special role. Within this framework
we have found that EW precision observables (EWPO) represent such a strong
constraint that not even in a global analysis where all the effective dimension-six
operators affecting the third family are present one can accommodate the anomaly
(see Eq. 4.37). So, if this departure from universality would be confirmed by new
data, our analysis inevitably points toward a different description of NP that could
involve new light degrees of freedom, like a charged Higgs, or a strongly interacting
sector with flavor dependent couplings to leptons.

In Chapter 5 we analyzed the impact of the next generation of neutron β-decay
experiments in constraining beyond SM scalar and tensor interactions. We per-
formed a comprehensive analysis of the constraints coming from a broad range of
low-energy probes (neutron decay, nuclear decays, pion decays) as well as collider
searches. Using the last lattice-QCD estimates of the scalar and tensor form-
factors, we found that to fully exploit the increased experimental sensitivity will
require understanding the lattice-QCD estimates of the proton-to-neutron matrix
elements at the level of 10–20% (see Figure 5.5). We have then provided a prelim-
inary estimate of expected future bounds from the LHC, finding that the future
collider constraints (associated with effective scales ΛS,T ∼ 7 TeV, for scalar (S)
and tensor (T) interactions) will compete with improved neutron-decay constraints
based on experimental sensitivities δb, δbν ∼ 10−3 in the Fierz interference term
and neutrino asymmetry (see Figure 5.7). On the other hand experiments aiming
for δb, δbν ∼ 10−4 would provide an unmatched discovery potential for new scalar
and tensor interactions. Finally, if a charged resonance decaying to an electron
plus missing energy is discovered at the LHC, we have shown how, with some the-
oretical assumptions, the production cross-section provides a lower bound on the
scalar interaction probed at low energy (see Figures 5.8, 5.9, and 5.10).

In the second part of the thesis we considered a Higgsless scenario, in which the
electroweak symmetry breaking sector was described through a non-linear sigma
model. Some details on the construction of theO(p4) electroweak chiral Lagrangian
has been given in Chapter 6. In this framework we could exploit the similarities
between the Higgsless electroweak effective theory and Chiral Perturbation Theory
to investigate a method to identify vector resonances originated from a strong
electroweak symmetry-breaking sector standing in the 1 TeV energy region. We
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focused, in particular, on the WLZL → WLZL scattering channel, appropriate
to implement our approach, that searches for vector resonances dominating the
amplitude and assumes resonance saturation of the LECs of the effective chiral
Lagrangian.

In order to demonstrate how the method worked, we applied it to the well known
case of the ρ(770) resonance and the O(p4) chiral π−π0 → π−π0 amplitude and we
considered also the impact of introducing the next order in the chiral expansion.
In the electroweak case we explored the parameter space of the two low-energy
couplings ā4 and ā5 needed to describe the WLZL →WLZL scattering amplitude,
in order to identify the region where a vector resonance can dominate the amplitude,
and provide an estimate of its mass. The outcome has been shown in Figure 7.4 as a
contour plot in the (ā4,ā5)-plane. Our main conclusion is that no vector resonances
are found for ā4 . 8 and ā5 . 25, indicating that Higgsless models with vector
resonances which saturate the low-energy couplings to the expected natural order of
magnitude (ā4,5 ∼ 1) would be excluded to a large extent. On the other hand lighter
vector resonance masses appear for rather unnatural values of the parameters. If
LHC would hint for the presence of a strongly interacting sector at the TeV scale,
the study of the zeros of the gauge boson scattering amplitudes with the use of
effective field theories driven by the spontaneous symmetry breaking pattern could
provide a model-independent tool to explore the role of the resonances emerging
from the new strong dynamics.





Appendix A

Details of neutron decay
distribution

The effective Fierz interference term b̄ and effective energy-dependent corre-
lation coefficients ā(Ee), Ā(Ee), B̄(Ee) and C̄(aa,aA,aB)(Ee) introduced in Eq. 5.9
are [115, 116]:

b̄ = bSM + bBSM (A.1a)
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1

Ee
MN

)
. (A.1g)

In these expressions the subscript LO indicates the well-known leading-order con-
tributions that survive if we neglect the radiative corrections, recoil effects and
new-physics contributions1

aLO(λ) =
1− λ2

1 + 3λ2
, ALO(λ) =

2λ(1− λ)

1 + 3λ2
, BLO(λ) =

2λ(1 + λ)

1 + 3λ2
. (A.2)

As discussed in the main text, the linear new-physics effect due to the εR coupling
has been included in the replacement λ → λ̃ = λ(1 − 2εR). The only other linear

1In that limit, of course λ̃→ λ in aLO, ALO and BLO.
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BSM effects in the differential distribution are bBSM and bBSM
ν , whose expressions

are shown in the main text, Eqs. (5.11).
Radiative corrections are encoded in the function δ

(2)
α (Ee) [115], while recoil

corrections are encoded in the coefficients ca,A,B,aa,aA,aB0,1 , bSM and bSM
ν , whose ex-

plicit expressions are [116]
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In the above relations µV represents the difference between the proton and neutron
magnetic moments. Numerically, one has bSM = −1.35(1) × 10−3 and bSM

ν =
−1.27(1)× 10−3.



Appendix B

Convergence of the partial-wave
expansion in ππ scattering

The partial-wave expansion of the elastic ππ scattering amplitude for a fixed
s is defined in the real interval z = [−1, 1], but it can be analytically continued
to a larger region in the complex z-plane, according to a well-known theorem by
K. Neumann (see e.g. Ref. [202]). The theorem states that the expansion of a
function f(z) in a series of Legendre polynomials is absolutely convergent in the
interior of the largest ellipse with foci at z = ±1 in which f(z) is analytic, and
divergent in the exterior of the ellipse. In our case f(z) is theO(p4) chiral amplitude
A(t(s, z), s, u(s, z)), Eq. (7.9), which for a fixed s has branch discontinuities at the
t-channel and u-channel thresholds, i.e. at t = 4M2 and u = 4M2. In the complex
z-plane this translates to branch cuts extending from z+ = 1 + 8M2/(s − 4M2)

z

1-1

z-

z+
Re z

Im z

Figure B.1: Ellipse of convergence of the partial-wave expansion in Eq. (7.3). See text
for a detailed explanation.
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to +∞ and from (−z+) to −∞. The region of convergence of the partial-wave
expansion for A(t(s, z), s, u(s, z)) is thus an ellipse with foci at z = ±1 and semi-
major axis z+ and is sketched graphically in Figure B.1. The semi-minor axis of
the ellipse of convergence is equal to

z− =
√
z2

+ − 1 =
4M
√
s

s− 4M2
, (B.1)

and limits the size of the imaginary part of z for which the partial-wave series
converges. Incidentally, for M = 0 the ellipses contracts to the interval z = [−1, 1]
and, hence, the partial-wave expansion is not convergent for Im z 6= 0.
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