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ABSTRACT

It will be presented the principles behind the use of the Standard Model Effective Field Theory as
a consistent method to parametrize New Physics. The concepts of Matching and Power Counting
are covered and a Covariant Derivative Expansion introduced to the construction of the operators
set coming from the particular integrated UV model. The technique is applied in examples
including the SM with a new Scalar Triplet and for different sectors of the 3-3-1 model in the
presence of Heavy Leptons. Finally, the Wilson coefficient for a dimension-6 operator generated
from the integration of a heavy J-quark is then compared with the measurements of the oblique
Y parameter.

Keywords: Covariant Derivative Expansion, Standard Model Effective Field Theory, 3-3-1 Models,

Triplet Scalar, Oblique Parameters.
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RESUMO

O Modelo Padrao Efetivo é apresentado como um método consistente de parametrizar Fisica
Nova. Os conceitos de Matching e Power Counting séo tratados, assim como a Expansio em
Derivadas Covariantes introduzida como alternativa a construcéo do conjunto de operadores
efetivos resultante de um modelo UV particular. A técnica de integracio funcional é aplicada
em casos que incluem o MP com Tripleto de Escalares e diferentes setores do modelo 3-3-1 na
presenca de Leptons pesados. Finalmente, o coeficiente de Wilson de dimenséo-6 gerado a partir
da integracio de um quark-J pesado é limitado pelos valores recentes do parametro obliquo Y.

Palavras-Chave: Expansiao em Derivadas Covariantes, Modelo Padriao Efetivo, Modelos 3-3-1,

Tripleto Escalar, Parametros Obliquos.
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PREFACE

Some time ago I lived the circumstance of having to search for a place on a map. I was with Prof.
Pleitez. After a few minutes we were not even close to realize where we were or about the point
we were trying to reach. Then he told me something that I will probably never forget - “This is
the problem with the maps, you never know where you are going”.

Well, the purpose of a map should be exactly the opposite, of course. It is true, in fact, that
some of them may require a small experience as a scout. However, the point about my supervisor’s
conclusion was that it remounted me a memory of my first year in college. At that time I was
used to think about Physics exactly as a map, but a map made from a previous knowledge on the
treasure. The treasure of Higgs phenomenology, of dark matter, neutrino and flavor physics, etc.

After studying the topic of the present work I have realized about our problem that day. The
scale of that map was not the approprite one. The place we were looking for was not too close, but
not too far. Most of those symbols and lines were indeed not necessary, and we did not need the
information about places that we were not able to reach in any case. At the other hand if the map
had only our current street and something about the neighbor, it would be still useless. What we
needed was a map in an intermediary scale, a simplified one, an effective map.

The present work is about maps and is my ackowledgment to Prof. Vicente Pleitez.
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Introduction






CHAPTER 1

THE METHOD IN HIGH ENERGY PHYSICS

The title of this chapter remounts a complex and diverse area that will not be entirely, or even
approximately, covered by the present work. It has been chosen, however, because the set of
elements defining a methodology for particle physics will contain (i) a complete quantum field
theory (or UV, for short), (i1) how to extract predictions from it and (iii) and how to connect it with
the experiment.

Here, these three topics are introduced in a specific form. The starting point consists in a
technique for simplifying the computation from the UV model, redefining it like an Effective Field
Theory (EFT). It will be seen that the use of an EFT must preserve the overall of quantum field
theory paradigms and it can be better considered as a tool, a very consistent one, appropriate
for many branches of theoretical physics. In High Energy Physics this technique will play an
important role in the context where new degrees of freedom do not emerge asymptotically in the
experiments, what is the current status of the measurements coming from the Large Hadron
Collider since the discovery of the Higgs boson.

The construction of an EFT may be performed by two approaches of integration - functional
methods or Feynman diagrams - followed by two views of matching - subtraction or integration
by regions. The term integration, or to integrate a model, express the procedure of cutting a
heavy sector of the model out of the set of external particles. As mentioned, it follows from the
phenomenological fact that new physics have not emerged in this form yet. The term matching
express the correspondence into the both modes of describing the physical process - At a given
scale the EFT implies the same predictions as the UV complete theory.

The content of the Chapter 2 covers one combination of the points above. The purpose is to
present a technique of integration that rewrites the UV theory directly into its Effective form
by preserving the original symmetries. The method is called Covariant Derivative Expansion,
a concept revealing its own meaning. The presentation is supported by two recent works of B.
Henning et al. ([32] and [33]) and it involves the task of writing a series from the non-local
components of the UV theory after the heavy particles have been integrated out. The series must
preserve the covariant derivative intact.

The functional that must be expanded consists of the first quantum correction to the Effective
Action of both theories. These determinants are a more general result than those from a perturba-
tive expansion and they will be called Log corrections, in contrast to the term I-loop corrections.
Since the generators of one-particle-irreducible graphs are the fundamental objects for defining
the analytical structure of a theory, the matching is performed by equating the Effective Actions,

denoted by I', and solving to the so-called Wilson coefficients. It will be seen that the equations
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CHAPTER 1. THE METHOD IN HIGH ENERGY PHYSICS

are defined order-by-order, what permits the construction of the EFT in a systematic manner. In
addition, the matching equations emerge with an important conceptual meaning - the Wilson
coefficients, c;, receives contributions from the difference of I'yy and I'gr7 Log corrections. Since,
by definition, the EFT must agree with the UV in the soft region of momentum scales, the c; is
corrected at this level with the information about the heavy line in the hard region. By matching
through subtraction is meant to perform the Log computation in both theories and then to identify
the difference between them. At the other, during the match through integration by regions,
the many loop integrals are computed already considering g2 ~ A inside the integrand, with A
denoting a heavy scale. The methods are equivalent and must lead to the same results.

In the literature the combination of Feynman diagrams plus subtractions is present, for
example, in the work about QCD corrections to weak interactions of Buchalla et. all in [8].
For integration by regions it can be mentioned the textbook of J.Donoghue et. al, [21]. To the
functional approach plus integration by regions it follows the recent work of Fuentes-Martin
et.al, [28]. As mentioned before, the second article of B.Henning et al. [33] presents the last
combination, i.e. functional methods followed by the subtraction, but does not contain a final
expression to the case where both light and heavy particles run into the loops. The Chapter 2

propose a complement to this topic.

1.0.1 Renormalizability

The Top-Down approach described above is confirming the statement that the effective the-
ory comprises the principles of a quantum field theory and is in fact addressing any possible
controversy about non-renormalizability. The EFT composes an alternative on searching for
New Physics through the virtual effects of particles that cannot be produced as free states, and
explores how they may enhance the Standard Model parameters. The Chapter 3 develops three
fundamental results that may support these assertions - the Operator Product Expansion, the
Weinberg Theorem and the Decoupling Theorem.

The presentation about infinities and renormalizability will not intend to saturate or repeat
the original fonts, namely the works of Bogolyubov and Shirkov [5], Peskin and Schroeder [42]
and more recently Matthew Schwartz [49]. The aim is to explore the total of components behind
the EFT technique, thus composing a consistent chain.

The acceptance of the presence of infinities is specially a consequence of a better conceptual
comprehension of the theory. If the computation of a divergent loop resulted in a non-analytical
piece on the external momentum, this would require an insertion of a non-local term in the
Lagrangian, thus violating the locality of the theory. The Weinberg theorem will prove, however,
that any divergent piece emerging from the theory must be proportional to polynomials in the
external momenta, what is translated into the locality of the counterterms. The presence of
divergent terms with a non-analytical structure on the external momenta could be, perhaps,

a better definition of non-renormalizability. The fact of having to include terms consistently,
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although an indefinite number of times, which are suppressed by the completion scale of the
theory and that can handle with the divergences is, at the most, a practical issue. If such an
infinite, but discrete, set of operators are proposed a priori, this final theory, of no definite form
and preserving the symmetries of its complete version, would still be predictive.

It is important to remark that the presence of infinities occurs at the very beginning in
quantum field theory. By placing a harmonic oscillator to every point in space-time, for example,
at the same time an infinity amount of energy is associated to the universe [49]. The result must
not be inconvenient since every measurement in nature is only meaningful once it is performed
through a comparison, a difference. Every number should correspond a variation.

At some cases, to perform a variation (or subtraction) can be something trivial, like estimating
the position of a body from some reference point. However, this variation in quantum field theory,
although very systematic, is not direct. It must occur for every parameter and fields through
the renormalization procedure. The variables performing the subtraction are the counterterms
and rely on the above mentioned feature of the theory - the infinities appears as polynomials in
the external momenta, a property connected to the local aspect of the quantum theory. During
the renormalization procedure the choice for the subtraction scale must be done, and the final
result is independent from it. It is important to emphasize that to state that some piece of the
Lagrangian is independent of the renormalization scale is not to say that the couplings does
not depend on the physical scale. What is being changed, in truth, is the starting point, the
reference where the subtraction was chosen to be performed. That is equivalent to say that the
first measurement of the fine-structure constant a could have been done at a larger scale than
~ m, - This single measurement would be sufficient to provide exactly the same predictions of
QED. In other words, the renormalization group equations does not come from a hypothesis
of independence of a physical process on the energy, but from the independence of the object
(correlation functions) associated with the given process under the change of the scale that defines
its components (couplings and operators). A Green’s function is invariant under translation as a
physical process will also be. Finally, the functional form of a running coupling on the energy

scale as well as its Landau pole can contribute to define the properties of a given phenomena.

1.0.2 Top-down approach and Precision Observables

The previous discussion may clarify the question about when the perturbative analysis is impor-
tant. The answer is - when the scale of the process computed is not exactly the scale where the
coupling constant were extracted. If it was, only the tree-level computation would be necessary,
although this would not mean that there would not be a subtraction present. The subtraction for
tree-level exact results was implicit during the fitting of the constants with the data.

The renormalization group equations will then perform the sum of corrections at once and
will transfer them to the couplings, leaving the last task of computing a tree-level matrix element.

The point about this discussion, therefore, is that the matching procedure provides the boundary
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CHAPTER 1. THE METHOD IN HIGH ENERGY PHYSICS

conditions for solving the RGE. The running of the Wilson coefficients will be associated with
the many corrections from the light-particles present in the renormalizable sector of the theory,
namely the Standard Model. These assertions reveal the advantage of working in a top-down
approach. It is clear since the starting point that the aim of making an effective model is nothing
more than simplifying the analysis of the original UltraViolet theory. By the correspondence
principle one extracts the couplings at the heavy scale that can be run down to the electroweak
scale. The final set of operators will then be considered for an arbitrary number of process and

through a tree-level analysis.

According to the Decoupling Theorem, the error committed on working exclusively in a Stan-
dard Model framework must be proportional to #, being m a heavy-scale and a approximately
two. The aim of raising an SMEFT is exactly to reduce this error by including new local inter-
actions suppressed by the same power. What is going to be shown in the Chapter 3, therefore,
precedes the matching procedure and can be summarized as follows - (i) Consider the initial UV
complete theory as a large set of interactions containing those of the Standard Model as a subset,
ie.

I'yv =Tsm+Tsm+m (1.1

where H is meant to be a heavy sector. (ii) To explore the consequences of proposing a low-energy
version of the UV model consisting in the SM theory with changed couplings and masses, emerged

by cutting out 'y from the graphs generated by I'yy:
I'yy — r87M (1.2)

such that the 1LPI graph, i.e. 1PI graphs in the light-fields, generated by l"(l'}‘), will be

1
1+0(_a)
m

The first task is to prove that exists a simplified theory at low energies which is able to provide

(1.3)

(n) _ )
FUV = FSW X

the same results as the complete theory, at some level of precision. Next, the error is inserted
as local operators into the low-energy renormalizable theory, representing the value of the
coupling constant in the heavy scale. Since the exchange of light particles involves renormalizable
couplings, the coefficients will be run down to the low-energy scale through these light corrections.
One comment, the differential equation will also be coupled, which corresponds a dependence of
the anomalous dimension for the higher-dimension operators on the SM parameters.

Finally, the Decoupling Theorem confirms that the purpose of constructing an EFT is not
of defending the use of non-renormalizable theories as a final description of the nature, but to
develop a technique for studying it. The SM is, by hypothesis, a renormalizable low-energy sector

of a more complex complete theory.



The present work develops the principles discussed above. The Part II consist of a literature
review about the functional methods of matching and fundamentals of Effective Field Theories.
The Part III contains the introduction of gauge theories with spontaneously symmetry breaking,
where the 3-3-1 models with Heavy leptons have been chosen as the main example. The choice
was motivated by the possibility of exploring features that are not present in the Standard
Model. Apart from that, it is in general alleged that these theories present a pattern of symmetry
breaking following strictly the path 3 3®1 - 3®2®1 — U(1), which includes the Standard
Model. Thus, a SMEFT can be extracted from it, leading to a entire connection with the rest of
the work. The Chapter 5 apply the results of Part II to a set of models, including some specific
sectors of the 3-3-1HL. The defined set of Wilson coefficients must be run down and face some
Electroweak Precision Observables in Chapter 6, thus informing about how far the experimental

measurements are from being sensible to the theories at the loop level.
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CHAPTER 2

THE COVARIANT DERIVATIVE EXPANSION

Consider an UltraViolet complete theory (UV for short) formulated in order to present two sectors
separated by different scales. The light sector can be generically denoted by ¢ and the heavy
sector by ®. The generating functional is expressed like [53]

Zyvlde,dyl = f DOD et [ LovI®PleIopd+To®) 2.1)

On what follows the Effective Action for the Light-UV theory is given by the following
Legendre transform
I'Luvlpl=—ilogZyvlde =0,Jy] —thp(/) (2.2)
X

i.e. the source for heavy fields must be equal to zero. In other words the sector @ are not allowed
to emerge as external particles and the solution for I' can be obtained through the saddle-point

approximation by expanding the integrand around the classical solutions:

6Syvl®, ¢l ~0 6SyvI®,¢1 _

= 0 2.3
0D Jo=0 ’ 6(P ( )

such that I'z, yv[¢p] =I'r yv[Plpl, ¢l after the replacement of ®[¢p] as an implicit functional of the

light fields. The UV Effective Action expressed in terms of background fields at the Log order is

given by

52Syv )

50, D)2 (2.4)

Tyvigp,®1=Syvip, @1+ ialogdet (

2.1 Locality

The concept of locality will be present in some of the most important steps of the matching
procedure and defines, for example, the correct mode of performing the loop counting in the
Effective and in the Light-UV theory.

Consider a theory for two scalar fields defined by the Lagrangian [49]:

££:—%¢(D+M2)cp—%H(D+m2)n+g¢n2 2.5)

The equations of motion for ¢, when applied back to £, may convert it into a theory for the light

fields 7. In other words,
oS

30"

where the solution may be given in terms of the Green functions to the Klein-Gordon operator

0o - —(D+M2)(p+gn2:0 (2.6)

(O0+M?) GY,) = 6.y @.7)

11



CHAPTER 2. THE COVARIANT DERIVATIVE EXPANSION

and here the continuous index is a shorthand for the variables defining functions and operators
or, for example, 6, = 6(x —y). Besides, the upper index denote the dependence on M and will be

omitted on what follows. The above expression implies
A A
$x =S (Gayn2y == f Guyms (2.8)
2 2Jy

where it was used a shorthand notation (by [48]) that will frequently be evoked along this work -
Repeated space-time indices inside brackets < ... > are being integrated over the total volume. By
plugging Eq.(2.8) back into Eq.(2.5), it follows

A2 1 A
£ = —§<zen§)(D+M2)x<nyn§,)—§H(D+m2)n+Z(nyﬂ§,)ﬂg2c
Az 2 2 1 2
= gﬂx(Gmnz)—ﬁn(D+m)n (2.9)

and, thus, the function £ on a particular x is now being simultaneously affected by the total
field configuration from the integral inside the brackets. This new quality is what defines the

Lagrangian as a non-local object. The Fourier transform of G, is given by

—iq(x—y)
_ —ig(x—y) Eq.(2.7) iq
ny—que =g, = Gy = dq B YD (2.10)
by abbreviating dg = (2n)4 In a more symbolic form, Eq.(2.7) can be rewritten as!

G2, = (0+ M%) b,y 2.11)

It is known from the Feynman rules in coordinate space that, at tree-level, the momentum
running in Eq.(2.10) must collapse into the momenta p? of the external particles. Thus, motivated
by the scenario where O ~ p2 <« M2, the r.h.s. may be expanded [49] into local terms through
¢ 1 O 0 2
Gl = (I_W ) Oy 2.12)
which turns even more spurious when the propagator runs inside loops. As it will repeatedly
explored, to force this expansion is in fact what is behind the necessity of a consistent matching
procedure.
Finally, the replacement of ¢ by the respective e.o.m. solution encodes its influence to the
Green function. The field is out of the set of asymptotic particles, but is certainly present through

virtual effects.

2.2 On the Effective Action

The Effective Action will always be denoted by the Greek letter I'. In order to perform the

Legendre transformation in the beginning of this chapter it is first needed to solve the set of

10r =10 =1, for a generic operator €. Formally, it is equivalent to @x_le = fy GyxyAy, where OxGyy = 0xy.

12



2.2. ON THE EFFECTIVE ACTION

classical equations in terms of the sources and then replace the solutions in the functional
generator formula, commonly obtained in the saddle point approximation. The classical result for
the Effective Action (i.e. the first term in the expansion) is composed by the classical action given
in terms of the field-sources, here denoted by the sub-index ‘¢, like in ¢, and v [48]. The aim of
this section is to provide both a qualitative and formal explanation about the Effective Action as

a generating functional and its role during the construction of Effective Field Theories.

It may be assumed as known the quality of I'[¢p] as the generator of amputated one-particle
irreducible (1PI) diagrams. In a theory composed by a single self-interacting field, this means
that the corrections coming from the Log in Eq.(2.4), diagrammatically, are represented by loops
without external lines and such that it cannot be decomposed into independent graphs through a

single cut of propagator.

The saddle-point approximation [48], commonly adopted in order to solve a closed form to the
functional generators, consists in a Taylor expansion on the Action made by assuming that the

~a(®) ig given by the region around the minimum of a(x).

leading contribution to integrals like /[ e
Therefore, the procedure is an independent method compared with a perturbation expansion for a
quantum field theory. In other words, the Log may enclose simultaneously the quantum correction
in different orders of the small parameter of the theory, i.e. it can associate different n-point
functions. This assertion will turn clearer when the Universal Formula for the determinant

computation is presented (see Section 2.3).

It is still important to distinguish about two concepts already present at this point. Again,
from the Effective Action definition it can be seen that it corresponds to an object that can
be written in an arbitrarily higher dimension on the classical fields. The term ‘effective’ here
is rather clear - its components are in fact what is connected with physical processes, whose
effect is weighted by the coefficient of the correspondent n-point function. In summary, the set of
higher-dimension operators defines a set of physical processes. A given operator is accompanied
by a coefficient informing the importance (or suppression) of the correspondent scattering, for
example. In this sense, the Effective Action is an object able to provide physical intuition about the
considered phenomena. Along this work there will be rarely found mention to Feynman diagrams,
but it might be important to include some comments. The Effective Action generate n-point
functions containing exclusively internal lines or, equivalently, amputated Green’s function. Thus,
the diagrams are composed by dots and propagators running in loops. By integrate out a field, i.e.
by replacing it into the theory through the solution of its classical equation of motion, the field
will then be forbidden to represent asymptotic degrees of freedom. This new theory must be called
UV-Light and its respective I't,yv will generate 1-Light Particle Irreducible diagrams (or 1-LPI,
for short) - Irreducible graphs only on the light internal lines. Therefore, in this framework I't,yy
may generate diagrams containing heavy internal lines. This may be seen, for example, from the
first term of Eq.(2.9). One Effective Field Theory consists on bringing the 1LUV theory into a local

description of the interactions. Here, the respective action for the EFT will again generate dots

13



CHAPTER 2. THE COVARIANT DERIVATIVE EXPANSION

(a) (b)

FIGURE 2.1. In a A¢? theory, for example, the effective action can generate the 4-point
function (a) but not (b), where ¢ and o denote an insertion of one and two external
lines, respectively.

(a) (b)

& <

FIGURE 2.2. In a A¢* theory, the determinant can generate a set of 4-point functions
containing graphs of different order in perturbation theory. Above, the « and o
denote an insertion of one and two external lines, respectively.

(a) (b)
FIGURE 2.3. The Effective Action for the 1LUV of Eq.(2.9) may generate the 4-point

functions above, where the dashed and full lines represent the propagation of the
light 7 and the heavy ¢, respectively.

(a) (b)

O—O ]

FIGURE 2.4. One effective vertex (b) from the local expansion of the LUV theory (a).

and loops, although the former is commonly considered sufficient for a well accurate analysis.

In an Effective Theory for n’s of the Eq.(2.9) only the classical term, or the linear contribution
on the Wilson coefficients, are present. The n-point function in this approximation will be

represented only by c,, in reference to the operator ©,, and a box O (or ®).

14



2.2. ON THE EFFECTIVE ACTION

(a) (b)

' o
. o

FIGURE 2.5. In a theory containing self- or mixed interactions of light-fields, the 1LUV
(a) and the EFT (b) may present the above graphs. The O represents an effective
vertex;

2.2.1 On the sign of determinant for real, complex scalars and fermions

Along the development of an Universal Formula to the first quantum correction of the Effective
Action, the authors in [32] first sought for a general expression? related to graphs which include

solely heavy lines. The first step consisted in defining a generic expression for the Log piece:
I, =icsTr log(—P2 + m? + Uy) (2.13)

with P# =iD# = id,, + A, the covariant derivative and U(x) a function representing constant
configurations of light fields. One important point observation, therefore, relies on the extraction
of the constant cg, holding the information about the specie of particles being integrated. The
following lines are intended to treat this topic and concern fermions, real and complex scalars.
The Eq.(2.13) is derived from the first correction to the generating functional on the saddle

point approximation. For a theory containing real and spinor fields [48], it implies the expression
oI Sel® VW1 _ f GDDW P i STOY W] (2.14)

In fact this expression is already assuming the final result for the Effective Action which will be
fully demonstrated in the coming text. The action in the r.h.s. must be rotated to the Euclidean
space and then expanded through

g

S = 8 =
Al

oS oS
c>+<5_\y c”>+<5—q> J’>

1 58 58
+§{<px 5000, a) 2(0! sWisw,

)

py>}+--- (2.15)

2005 | )+ 2(nl—ao—
Px 5@356‘113; c’ly Nx 5‘?15(133,

where p=®—-®, and n =¥ — V.. The sub-index ‘¢’ stands for the fields on the solution of the
classical equations of motion, which eliminate the first derivatives. Moreover, the factor of two
inside the brackets accounts for the second derivative of mixed terms. As mentioned before,

repeated space-time indices inside < --- > are being integrated over.

2The notation will be consistently preserved.
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CHAPTER 2. THE COVARIANT DERIVATIVE EXPANSION

It was left implicit in Eq.(2.15) that the action is defined in Euclidean space. At the end of a
functional integration, the fields must be rotated back to Minkowski variables, what in summary
will imply an overall multiplication by the factor —i. The extraction of ¢; concerns only the second

line and for real scalars it should come from

eiSer :f@q) exp

—if%@(—P2+M2+Ux)<D] (2.16)

When the expansion (2.15) is performed the corrections are in fact being integrated over Euclidean
(or ‘bar’) variables, such that
1 _
sEzf SO(-P*+ M2+ U0 @.17)
T 2
Note that the minus sign is preserved in the definition just to follow —P2 > —(iau)2 =0%= —52. By
replacing the expansion Sg =Sg|. + % < px&iz%py > +--- back into Eq.(2.16):
xO0%y

528
-Se _ p=Sele [ 9 ZOF 2.18
e e X,[ exp 50,50, ( )

1
_§<px Py>

Since [2® o2 {PA®)

space the Effective Action at loop order must be given by

= (detA)_% = exp[- %Tr log Al, after rotating the expressions back to Minkowski

elSeﬁ' — elS|C X exp

1
-5 Tr log(—P? + M? +Ux)] (2.19)

or
Ser=S|, + %Tr log(~P%+ M2 +U,) (2.20)

which leads to ¢; = % (real scalars). It turns out that this half factor, just in front of the trace,
originates from the Taylor expansion instead of the Lagrangian. Thus, although the procedure for
complex scalars must follow in the same way, now the Taylor coefficient acquires an additional

(o
factor of two from mixed terms, as already recorded in Eq.(2.15). From [ 209D e (@la®) _
(detA)_l, it follows that c; = 1 (complex scalars).

Finally, the constant for fermions must consider the inverse relation for a Gaussian integration

—(yt
of Grassmann fields, i.e. [2VTDV e (riay) _ (detA). Moreover, this result would still lead to
Sefr =S|, —iTr log(—P +M +F,) (2.21)

where F, is denoting constant light fields. In order to convert the above result into the desired
quadratic form of Eq.(2.20) one may resort to the invariance of this trace under flipping the signs

of gamma matrices:
Si}% = —%Tr[log(—ilb +M+Fy)+log(—iD + M + F,)]
= —%Tr[log(—ilb +M +Fy)+1ogiD + M + F,)]

- —%Tr [log (D% +(M + F,)? —i[D,F,])] (2.22)
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2.3. EVALUATING THE FUNCTIONAL DETERMINANT - ON THE UNIVERSAL FORMULA

Proceeding according to the notation in [33], from the identity D2 = D2 — %U“VG;W and G;“, =
[D,,D,], it follows that

S =~ 5 Tr[log (D” + M + Uperm)] (2.23)

where )
Userm = —%UWG;W —i[D,Fy]+2MF, + F2 (2.24)

and cs = —% (fermions).

2.3 Evaluating the Functional Determinant - On the Universal Formula

The task of determining the first quantum corrections for the Effective Action involves a solid
comprehension to the meaning of a functional trace. One complete treatment on this topic was
developed by the authors HLM? in [32] and, for completeness, it will be summarized in this
subsection.

In a general case, the loop correction consists of
Tr f(%,4G) (2.25)

where the hats refer to the operators form. The representation for the arguments will recline on
the choice of a basis, either in momentum or position space. To the former case, the trace can be
defined as

Tr £(3,)= f dq tr (qlf G, d)la) (2.26)

with the small ‘tr’ now accounting exclusively for internal indices. The representation ¢ in the

position basis is given by ¢ = i0,, thus corresponding the commutation relation
[X,q]=—1 (2.27)

Moreover, the plane wave convention follows from the product (x|g) = e lax, By proceeding with
the notation of HLM, the differentials must always hide the 274 factor like dq = d'q and dx = d*x.

274

Finally, the representation for £ and ¢ on the aforementioned basis is such that
A A . ~ A (2.27) .
(xlf®,9)=f(x,i0x),  (qlf(%,9) "= f(-idq,q) (2.28)
Next, a complete set of position eigenstates?, 1= J;.1x) (x|, is inserted in Eq.(2.26), what implies

Tr f(£,9) = fdxdqtr<QIx><xlf(£,é)Iq>

- f dxdq tr e'?* f(x,id,) e 1% (2.29)

3 Abbreviation for B. Henning, X. Lu and H. Murayama,;
4Remark that, analogously, the identity for the discrete case arises like | =Y; |e;)(e;[, from the set of generators
{e;} defining an orthonormal basis of a n-dimensional vectorial space.
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CHAPTER 2. THE COVARIANT DERIVATIVE EXPANSION

From the Baker-Campbell-Hausdorff formula, the momentum operator is in fact being translated

into® i, — i0, + ¢. By flipping the momentum sign, the final result may be written as
Tr f(,q) =/dxdq tr f(x,i0x —q) (2.30)

The Effective Field Theory, under development, is marked by the matching procedure, one

2
i 5‘;‘5", noted in HLM as the term defining the

set of Wilson coefficients coming from the exclusive case of heavy fields running in the loops. This

equation that must in general reveal a piece like

portion can be expressed like

S(l)

(3 o icsTrlog(—P%+m?+Uy) (2.31)

whose components were already presented in Section (2.2.1). From Eq.(2.29) it is translated into

s 5 icsfdxdq tr €9 log(—P2 + m2 + U,) e719*

= ics f dxdq tr log[-(P, — qu)? +m? +Uy] (2.32)

One interesting approach for treating the above expression was proposed by Mary Gaillard
in [29] and reproduced in [32] with the intent of reaching a closed formula. The author in [29]
proposed a general matrix-valued function g, dependent on the derivatives (0,,0,) and under the

initial condition

g(0,0)=1 (2.33)

such that its expansion around (0,0) would be given by
g=1+g%0+g%+-- (2.34)

Once g~ ! acts in the right, it is in fact acting on the identity. Moreover, since the g@’s are at least
of first order in derivatives, it follows that it should be equal to the unit. On acting in the left,
the situation would not be different. The expansion of g leaves total derivatives of the operator,
what should vanish by the boundary conditions of the integrand. Thus, only g(0,0) acts, and the
insertion of g in both sides of Eq.(2.32) is trivial. At the end, the function is assumed with the

form

5This follows from the analyticity of f(&,¢), resulting that the BCH formula may in fact be applied on the identity
vicinity, being sufficient to verify only e'?* § e7'7%;
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2.3. EVALUATING THE FUNCTIONAL DETERMINANT - ON THE UNIVERSAL FORMULA

or

feP-Oqu—P-aq _ fep'an(e‘P'an])

fep’an
P.o,)"
\/‘(14‘4)/&, n=1
n:
fA+uE|‘j°oo

f A (2.36)

By applying the Gaillard procedure to Eq.(2.32), the task converts into simplifying the

expression
$9 = e, [ dada tr " Hlog [P, - g, + P+ U P -
by requesting the BCH formula once more:

eBAe = Z L” where  LpA=[B,A] (2.38)

The first component, (P, — q,,), may be translated after one brief observation:

[P~6q,q#] = P-0qlgu—quP-0q
= P8} +quP-0,-quP-0,
= P, (2.39)
and, thus

P9 P9 o 1
e %(Py—que % = ) ﬁ(LPa )P, — Z (LPa) qu

n=0

1 x 1 .
= Z (Lps,)"Py +y = 1(Lpo,)"qp (2.40)
n—On n=1 n

where the last sum can be rewritten as

o 1 (2.39) < 1 _
> E(Lpaq)"qp =7 Pu+ ) E(Lpaq)" p,
n=1"" n=2"""
= Pty L (Lps )P (2.41)
B ) I A '
and, in Eq.(2.40),
Poyp _ oy ye PO - _ - 1
e “1(P,—qule = Q,Lt+z (LPa)P Z( )(Pa)Pu
n=1
o § T e 2
= du = n+1) Po, u .
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CHAPTER 2. THE COVARIANT DERIVATIVE EXPANSION

The sum can still be simplified via

o _ S n+1
nzl( +1)‘( po,)"Py = nZO 2)‘(L ro)" Py
= Z ‘(Lpa Y*(Lpo,Py)
= 2)
S n+l in
= Z ( +2)' { Po, [DV’DH]}6QV (243)

where it has been considered
Lpy, Py = PyPudg, +Py(0,,P,)—P,P,d,,
= [Pv,Pyu]0q, (2.44)

since P, is momentum-independent. Finally, by strictly following the HLM notation, all the

momentum derivatives inside Lpy, can be placed to the right, what implies

oo
Po _Pa3, _ n+1
PP, —q)e PO = —qy—nZ:O—(n”)'{Lga[DV,D#]}a;;aaqv
X n+1
-y _ = P D,,D —
q'u r;)(n+2)7 [ [ ap 7[ Vs u]]]]aqa ”aqanaqv
= ~(ap+ Gy 2.45)

where Gvu is thus referring a general form to the field-strength.

The same analysis can proceed for the simpler case of the U component inside the determi-

nant:
P-0 U P-0 i 1 P P U an 3
el %o % = J— ,I:...I: - ]] - EU (246)
!0 * 0qa, 0qa,
These previous expressions permit to represent S &% in a simplified form
SS{% csfdxdq tr log[—(q#+évuaqv)2+m2+U]
- (1)
= [duzd (2.47)
where the second line remark that the correction can be expressed equivalently in terms of a
Lagrangian.
For moving to the Log calculation, the prescription first consists in convert it into an integral
over m2, i.e.
~ -1
2D - icsqudmz tr [~ (qu+Gupudy,)* +m?+T| (2.48)
and then to expand the squared terms:
2P = —icsqudm2 tr [A "1 +{q,Gogt + (Gt -U]

- —icsqudmz tr {A7 14 A[ ~(Goy)* - {g,Go} + T ]]}_1 (2.49)
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2.3. EVALUATING THE FUNCTIONAL DETERMINANT - ON THE UNIVERSAL FORMULA

where the omitted Lorentz indices are contracted according to Eq.(2.48). Moreover, A = (¢2—m?2)~1

and may be considered as the variable for a matrix expansion like

(1-AB)'A

[

(Ala-4B)™"

(AB)"A (2.50)
n=0

which converts the quantum correction to the effective Lagrangian into a sum of integrals, or
(e,0)
L =—ic, Yy I, (2.51)
n=0

where®
Tn Equdmz tr [A[ ~(Go?~{g,G}0,+U || A (2.54)

Above it was also considered the identity”’

{qp,évuav} = {CI,u,Gv,u}av"‘va [(I,u,av] (2.55)

and, from [g,0y] = -0,y and the antisymmetry of G, it follows that {g,,Gvu0v} = {gu, Gvy} 0y.

Thus, the effective Lagrangian at Log level is represented by the expression of Eq.(2.51).
There, the J,, consists basically in operations on A. As it will be recurrently emphasized, a series
expansion is always present during the matching procedure and must be truncated up to the
desired order in the fields dimension after a power counting at the level of Gvu and U, both
containing higher-dimension operators (or HDO’s for short). In other words, the ffgf) is a series of
Jn, which turns out to be a series in HDO’s. By interrupting the sum at some order in the fields,
it is established a number n for Eq.(2.51), implying a set that in fact composes the theory. One
example - It is known a priori that Gvu and U are at least linear in the light fields. Then, if the

expansion is chosen to cease at dim-6 operators, it follows that no J, will contribute for n > 6.

2.3.1 Evaluation of Integrals

The formula Eq.(2.51) implies the task of calculating seven integrals. In this section the main

tools for achieving this are completely developed. The final result will be, as presented by HLM,

6There is one additional information behind the integral after the power series conversion of the log. Being F the
primitive of fy, i.e. fyx = 0xFy, the transformation is in fact given by

2
Fond)-Fnd)= [, dm?fim?) (2.52)
mo

and mg can be chosen such that F(m2) = 0. In the context, Fx =log(a +x), the primitive of 3. Since the final result
must given in terms of a truncated series, the integrand becomes f = gy, or
2

" dm?g(m?) = Gm?) - Gm?) @253)

mo

such that F, = G,. In other words, the primitive for the truncation must still be zero in the inferior limit of the
integral,
"The lower-upper convention for Lorentz indices will not be followed henceforth;

21



CHAPTER 2. THE COVARIANT DERIVATIVE EXPANSION

one Universal Formula for the matching of quantum corrections from process involving only
heavy internal lines. As demonstrated in last section, this formula must not entail the total set
of operators behind a loop calculation, since it does not include process with light internal lines.
However, from its simplicity and clarity it might be sufficient in some contexts. The next part of
this work will turn this argument clear through some examples of application.

The reason of only seven integrals has been mentioned before and is justified by the truncation
of the series up to dimension-six operators. Since the functions inside J,, are at least linear in the
fields, it follows that it must be interrupted at n = 6.

Although apparently n = 6 is a small number, the final amount of integrals may be large and
arduous to be computed. In HLM all the fundamental elements to for this task were presented
and the result for J; completely described. Here this result will be complemented with three new
integrals, the most complex ones related with Jso.

The choice for what integrals to consider is motivated by the presence of different techniques
during the computation, including, for instance, counting of divergences, subtraction scheme, Wick
rotation, Gamma functions and master integrals, etc. In summary, it is important to identify the
complete set of conceptual and technical manipulations which compose the method for treating
these objects before the task of writing a final expression.

As mentioned, the first criteria corresponds the counting of divergences and the integration

on m? can be very informative on this part. For n = 1 it automatically arises like

2 Ap ! 2 2y-1
fdm AP = p=2 and A=(q°—-m*)” (2.56)
where p is at least of order two, since the effect of a ¢ derivation is to increase the A degree:
0q,AF = —2F x g#AFT! (2.57)

Next, the counting is performed for the integral in ¢ which, due to momentum derivatives,

must arise like
f d*q A*g?%e (2.58)

where a € N and, in Euclidean space

3+2a
fd4quq2a x i(= 1)k+af d_(q+—m2)k where 62634‘62
B .(_1)k+a 00 62(‘“—1)
= 1 du
2 m2 uk
(_1)k+a o) (u— m2)(a+1)
C ey e
2 m2 uk
iaetlfg41 . ) (a+1-))
- —Z( _)(—1)k+a+f(m2yf du—— (2.59)
m? u

which is convergent whenever & + j — (a + 1) > 1 and, since its minimum occurs for j =0, it follows

E>2+a (2.60)
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The above expression is a central criteria and will be constantly required. By looking at the
definition of J, of Eq.(2.54), the object inside the brackets is operating on the outside A with
an arbitrary number of g-derivatives. The counting can be directly made by first excluding one
propagator from the integral on m? effect, as Eq.(2.56). If at some point the integrand for q is
in the form of A* such that % > 2, from Eq.(2.57), by applying (2a) additional derivatives over A
implies the final power & =k +2a > 2+ 2a > 2 + a, and the integrand remains convergent. This
last conclusion is therefore sufficient to conclude that no divergence should be found in J,, for
n > 2. Moreover, even for Jg all the pieces with derivatives must imply 2 with a minimum %, =4
with @ = 1, such that only the coefficient for trU? must be regulated. This and other examples are
completely worked in Appendix (A.3).

The integral J; was completed calculated in HLM and here only one of its components were
chosen to be registered. Nevertheless, the rest of divergent terms will be calculated in detail,
namely Jo and Jo, thus supplementing the evaluation section of [32]. The finite part will consist,
in general, of systematic application of the master integrals and here the equivalent pieces

present in Jg will saturate the examples at this topic.

2.3.1.1 Evaluating Jg

From the formula Eq.(2.54) it is clear that Jy is a constant factor and does not play any role in

the theory although it can be one important object of illustration. It follows that
Jo = f dgdm®A (2.61)

For this sort of function it is adequate to first perform the integral on the variable ¢, calculated
in Appendix A.1 and given by Eq.(A.21). Thus®

; 2
i m
e )1
fm (4n)2m og 2
; 4 4 4
= ;{m—logm2—m7(logp2+l)—m—}

Jo

(4n)? | 2 4
. 3 4 2
_ {__m4+m_logm_} (2.63)
4n? | 4 2 w2
2.3.1.2 Evaluating J;
To recapitulate, the J; is given by®
Iy = f dgdm? tr A[ ~(Gd,)? —{q,G}9,+T | A (2.64)
8From b 9 9
f xlogx = % logx|z - xz (2.62)

9Along the rest of the work the notation A has been chosen for denoting any matrix under internal indices.
However, for simplicity this must not be followed in this chapter;
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where
an

O — (2.65a)
aqoq e aqan

5]
<

I
18

! Pfll’["'[Pa’n’[DV’D#]”

<
i
P18

Py, |-+ [P, U] ] ﬁ (2.65b)

an
and P, =iD,,.

By assuming that m? commutes with the fields present both in G and U, the trace can be
completely separated from the integrals, thus resulting in just a factor to the operators. The
generalization for non-commuting m? was performed by [22] and, for simplicity, will not be

reproduced here. The authors in [32] then start with U by noting that

(0, [+A) U U (0, +A)
(0x,U) +[A,U] (2.66)

[0., +A,U]

such that, whenever the internal indices are retained in a single commutator, the trace operation
results a total derivative and therefore must vanish!®. Thus, from Eq.(2.65), only n = 0 must

remain in the series such that

J;1 o /alqdm2 tr AUA

= trUx f dgdm?®A®
@50 U xquA
= trUxI? (2.67)
and, finally, from Eq.(A.21)!:
2 2
.m m
jl DLW (log(ﬁ)—l) xtr U (268)

The authors then move to the anti-commutator piece which, for being a linear function with a

commutator, must also be zero, leaving the final term to be

- o~ 02
J1o —qudm2 tr A GWGVUWA (2.69)
qu~qv

The above formula may provide the first example of power counting. The evaluation of Jj,
as well as any other integral, has been truncated to include operators only up to dim-6 in the
fields. During the expansion, it is important to emphasize that the covariant derivative must be
counted as dim-1 object, a condition for achieving a covariant formula. Thus, G, is dim-2 and,
from Eq.(2.65a), both G must cease at n =2, i.e.

~ 1 1
G po = §G po t §
10This will certainly not be the case for the product of traceless terms;

Hhe following result differs in sign with [32], but is correct in their Universal Formula;

o 1 9* :
Pa,Gpo | 5=+ g [Pas [P, Gy S og TOWmD @70
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such that the product G2, up to dim-6, implies:

< 1 1 1
GuoGods, = {ZGWGWOfW+EGW[PQZ,[PQI,GW] a§1a2aﬁv+§[Pa,GW][Pﬁ,GW]a§ﬁaﬁv+
1
oo Paz,[Pal,GW]]Gwailazaiv} (2.71)

where it was made implicit that d,, stands for 4-momentum indices. Moreover, the O(P%) vanish
since they are odd under the integrated momentum!?.

From the criteria for convergence of Eq.(2.60) all the terms with four derivatives would
correspond at most to 2 =5 and a = 2, being therefore convergent. Thus, only the dim-4 operator
above must present a regulated coefficient. The next result is similarly presented in HLM and

here reproduced for a matter of fixing the notation for the Appendix. Thus,

1., 1
qudmZAafwA @56 2g,wqu(—§A2+§q2A3)

1 . 1 .
429 9g (——qu) + —(LAQ))
2 3
&
3

Ay (2.72)

It must be noted that the replacement q,q, — %Zg,w must only be performed at the stage of
integration. From Eq.(A.15) the A, is given by

I‘(E) 471.”2 2
Ag= 2 2.73
? (4n)2( m?2 ) 2.73)
which can be expanded into
——(g+ 2)+1o (4””2)) 2.74)
27 e e TV T8 e '

Since in the MS scheme the pole is subtracted along with log(4r) and the Euler-Mascheroni
constant y present in y(2) = 1 -7, it follows, finally, that

s 1 m?
or
3 :Li(l—l (m—Q))xtr(G Gu) (2.76)
Va2 120 %2 Ty '

After the J; analysis, the authors of HLM simplify the above results through systematic

application of the covariant derivative properties that are partially reproduced in Appendix A.2.

12For Lorentz violating dim-5 operators, see [6].
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2.3.1.3 Evaluation of Jg

This section intents to extract the last divergent part of the formula for dim-6 operators in an

effective Lagrangian at quantum level. From Eq.(2.54) the Js can be expressed like,
Js Equdmz tr A[ ~(Gay)? —1{q,G}o,+U |A[ ~(Gd,)* - {q,G}a,+U | A (2.77)

By power counting under the dim-6 criteria the following items can be selected

Jp o qudmz tr{A (Gay)? A {q,G}a, A~ (2.78a)
~A(Gag)PAUA+ (2.78Db)
+A {q,G}a,1 A (Ga,)? A+ (2.78¢)
+A {g,G} 4 A {q,G}o, A- (2.78d)
~A {q,G} o, AU A- (2.78e)
-AU A {q,G}d, A- (2.780)
—~AU A(Go)* A+ (2.78g)
+AUATU A} (2.78h)

In summary, only one term must be neglected a priori, namely, (Gaq)2(éaq)2, for producing
operators of, at least, dim-8. On the task of extracting divergences it is worthy to argue the above

items in separate:

a. The criteria Eq.(2.60) must be applied after the observation of Eq.(2.56), i.e. the mass
integration, that is equivalent to exclude one of the A’s during the counting. For dim-6
implies that only the n = 0 in the series of both G is being taken into account. From
Eq.(2.57), the final power for the propagators must be 2 = 5, while a = 2. Therefore, the

term is convergent;

b. Here, by power counting, both the n = 0,1 in the expansion for U must be taken. For n =1,
however, the integral of ¢ has an old integrand and a vanishing result. For n = 0, the

counting leads to a =1 and k2 =4 and no divergence will be present here;
¢. The same conclusions for the first line are made to this case;

d. This is a potentially divergent term that will require a more particular treatment over the
anti-commutator piece. From power counting, the series for both G must run for m,n €[0,1],

simultaneously!®. For (m,n) = (0,0), the integrand presents a = 2 and % = 4, thus breaking

13 A requirement from the parity on ¢ and disallowance of dim-5 operators;
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the convergence criteria. Nevertheless, explicitly it is given by

2.78d = A {q,G10,1A [¢"Grud” Al
= A{q,G}0q| A [-2Guq"q" A
0 (2.79)

as a consequence of the G, antisymmetry. This result might suggest one incorrect conclu-
sion that the anti-commutators would always vanish for the same field-strength property.
To elucidate it, the complete case for (m,n) = (1,1) is treated in Appendix A.3 and may
provide an useful intuition on the application of the series expansion during the matching.

For completeness, here a =1 and % =4, i.e. the integral is finite;

e. This is also a potentially divergent piece. From power counting, the powers to be analyzed
where m,n € {0,1} in the G and U series. Here, if m +n is an odd number they should vanish
from the parity of ¢'*. For (m,n) = (1,1), the convergence criteria reads with a =2, k =5,
the coefficient is finite and has been computed in Appendix A.3 . The term for (m,n)=(0,0)

vanishes from G, anti-symmetry;
f. Equivalent to the previous case;
g. Equivalent to item 2.78b;

h. Finally, this is the term that could render divergences. Again, from q-parity, each term in
the series must run simultaneously. The (m,n) = (0,0) is certainly divergent, since a = 0 and

k =2.For (m,n)=(1,1), it follows a =1 and % =4, thus corresponding a finite coefficient.

Therefore, to the total J2, only the Wilson coefficient for tr(U2) must be renormalized, what is

extracted straightforwardly from the identities of Appendix A.1 and results:
Jo o tr(U?) x f dgdm? A3

2
(2.56) tr(;f )>< f dgA?

Alda) tr(U?)

i X A2 (280)
Finally'®,
~ L m? 2

141f the number of momentum and derivatives is odd then, by simple counting in the power of g, the total integrand
emerges like an odd function;
15The result does not agree with the universal formula in HLM, but is corrected in [53];
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2.3.2 The Universal Formula

The previous section presented the totality of Wilson coefficients whose divergences were regu-
larized and then subtracted via the MS scheme. In order to recapitulate, the work on those
integrals involves the search for a final expression to the quantum correction of the Effective

Action whenever it can be expressed in the form
S0 o icTrlog(~P2 +m?*+Uy,) (2.82)

which in general corresponds to non-mixed terms of heavy particles in the original UV theory.
It is worthy to note the above choice for the symbol S instead of I'. Such conversion will be
clarified in the next section.

Along the derivation, a power-counting over the fields was consistently performed and the
series truncated at dimension-six operators, one condition that will be made clear at the next
chapter. From the definition of a Covariant Derivative Expansion, P* = iD* was preserved intact
along the derivation and counted like an one-dimensional field. At the other hand, the piece Uy,
an arbitrary function of SM fields, can assume order one or two, depending on the nature of the
correspondent vertex. Furthermore, the mass matrix m? has been presumed to commute with
both U and the field-strength.

On what follows, the formula is presented including the notation and results registered in the
updated version [33]. The finite coefficients are assumed to be correct and have been reproduced

in subsequent extensions like [28] and [53]. Finally,

e {m_4 g—log(”Z—;) ?|[2- 10g(m—2))

59(1)
eff (4m)? r
1 m2 1 m
0 2 v
Z(1-1log| = ——(1-1 Iz
+m [2( og( 2))U 12( og( ))GWG

2 1 Lo, L PP

+W[E[ uaU] __UG,quHV_EU +E[DIJ,G”V] QOGIJG G

1 4 1
+EU2GHVG‘” + % [U,Gw] [U,G*]

1 1
6 [%U2 [DM,U] ——U5+—U[DH,U]

v } (2.83)

120

where it is important to remark the minus sign in the definition of Eq.(2.51).
One important conclusion immediately extracted from the above expression is invariance
under the symmetry of the original Lagrangian. As a brief review, for a theory based on arbitrary

fields ¥ and symmetric under the transformation

Y9 =vV¥y (2.84)
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the covariant derivative is defined such that
D,¥)— DY) =VD,¥) or D,— D;t = VDMV_1 (2.85)
The commutator of these objects defines de gauge-field strength
[Dy,Dyv] x Fy, and, from Eq.(2.85), F, — F;W = VFWV_1 (2.86)

At this point, therefore, the presence of a trace over the internal indices is sufficient to demon-

strate the invariance of Eq.(2.83) under V:
tr[VAV 1] =trA (2.87)

Apart from that, the Universal Formula express the real meaning of quantum corrections to
the Effective Action. Although the independent powers for the heavy mass exclusively represents
a 1-loop computation, it may be noted that the arbitrary function U is present at different levels
of the expansion. This function is what in fact contains the small perturbative parameter and,
therefore, the formula contain corrections associated with different n-point functions.

As emphasized during the power counting, the covariant derivative is necessarily of dimension
one and the function U can be of dim-2, for example, in the scalar sector. In this context, the
formula breaks in an even more simplified version. The most complete case, at the other hand,
will certainly occur with trilinear vertex of scalars, what forces the presence of couplings with
positive dimension and these functions to be of order one.

Despite of its closed and model-independent form, the UF is limited to the case where the
internal lines defining the Effective Action contain exclusively the same field. Nevertheless, a
priori there is not a decisive argument that could avoid the additional Wilson coefficients coming
from mixed heavy and light internal lines. This scenario motivated the authors of HLM to update
their original work into a new version including this topic, namely in [33] and improved in [28]
and [53]. As it can be seen, therefore, it has been a very recent and interesting topic of discussion.

The next section is centered on the matter of mixed corrections and the attempt of performing

a similar matching through a covariant expansion.

2.4 Evaluating the Functional Determinant - On the Mixed Terms

The last section has tried to elucidate some technical aspects behind the computation of a
functional determinant, but did not clarify the conceptual meaning behind the term Effective
Theory. One example is the constant lack of consistency on calling the Log correction as an
action. The present section develops a more formal presentation to the logical path before the
construction of an EFT and its correct connection with Effective Actions. To achieve this task it is
important to consider the general case where corrections from both light and internal lines are

equally present.
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It has been shown that the first term defining the Effective Action is just composed by the
classical action, i.e. by the functional which defines the theory. Thus, the action is already a
generator functional. Although the One-Particle Irreducible graphs are fundamental elements for
the analytical properties of a given model, they do not comprise the overall set of n-point functions
present in the S-matrix - the classical action can be considered for a tree-level analysis, i.e. for
representing any type of process exclusively through tree-level diagrams. The Log correction,
therefore, will be used as a source of more accurate predictions, then including in the description
the independent elements of the ultraviolet structure of the theory. The 1PI are generated by
the Effective Action and the Effective Theory will be constructed by taking advantage on the

theoretical strength of this functional generator.

The Lagrangian for the EFT is by definition written as a general series over a set of operators.
Their coefficients are just weights on that specific process represented by the matrix element. If
the series is defined a priori this would be a model independent Effective Theory, a bottom-up
proposal emerged from principles that will follow a previous knowledge or a primary assumption
about the particular phenomena. In many contexts this effective proposal is considered sufficient
to the specific analysis - All the operators, for example, that could be generated through Log cor-
rections are then assumed to be out of the current precision. However, the quantum correction to
the EFT Effective Action can be computed with no restriction. Analogously, this would correspond

to improve the predictions in higher orders for the Wilson coefficients, turn them more accurate.

Here, however, the treatment follows a different direction. The Effective Theory will be built
from a previous hypothesis on the Ultra-Violet (UV for short) complete model. The purpose is
still to raise a series of higher-dimension operators, but now from a different perspective - The
hypothesis of a UV complete model, more general than the SM, is necessarily accompanied by
the phenomenological fact that any new heavy field, with independent properties, has appeared
asymptotically in the experiments. Since these UV versions are in general more complicated,
it is important to develop a technique to simplify their analysis. By considering them entirely
during the computation of a particular process would represent a large step compared with the
experiments achievement, apart from the expected complexity likely to be required. The EFT at
this level arises as one attempt to reach new physics information in a more gradual manner. This

will define a method and the Effective Actions the most important tool.

From the Decoupling Theorem (see Chapter 3) it is known a priori that if a theory intrinsically
contains a heavy sector, this can be eliminated of the complete model by just cutting these heavy
lines out of any graph, i.e. by considering exclusively its renormalizable low-energy sector. The
procedure consists in a redefinition of fields and couplings of the low sector and - the most
important feature - is such that the error committed decreases with the heavy scale. Now,
assuming one particular UV theory is to assume the Standard Model as this low-energy model.
Since the Effective Action is related with the ultraviolet property of the complete theory, it is

therefore the adequate object to translate any information about these heavy particles to inside
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the constant couplings of these first corrections. Thus, to propose dim-6 operators is to propose
a representation to the error committed in assuming the Standard Model as a final theory for
describing process at intermediary energy scales.

The composition of Zgrr must change as the matching between the Effective Actions I'gpr
and I't,yv is done in different order from the saddle-point expansion. These previous sentences
are then stating a clear separation into an Effective Theory and a Light-UV Theory. The latter,
however, will be definitely present during the rise of the former, following a type of recursive
construction.

In summary, there are present two important and distinct concepts for the method:

¢ T'ryv: The Effective Action for the Light-UV model, i.e. the theory where heavy degrees of

freedom are disallowed to appear as external fields, is constructed by following the steps:

1. Make the Effective Action for the UV theory, including all the fields at the same level
and by following, for example, the method of saddle point approximation for extracting

corrections, expanding all the fields around their background.

2. Afterwards, replace the heavy fields by their classical, and non-local, solution. At this

context, there will not be an expansion into local terms.

3. In this sense, the Effective Action at classical level!® for the theory of Eq.(2.5) will just
be given by Eq.(2.9).

4. The final and unique model is still the UV theory, but the Effective Action may be
represented exclusively by a particular set of fields. The first correction for I't,yy
will not be constructed from the Lagrangian in Eq.(2.9) but from the correspondent
correction for the effective action of the complete Eq.(2.5). Again, after this resolution,

the heavy fields are then replaced by their classical and non-local representation.

¢ I'gpr: The matching is performed at the level of Effective Actions and, therefore, the
Effective Field Theory must emerge recursively, according to the desired level of accuracy
for the Wilson coefficients. In other words, each level for the matching, either at classical or

at quantum level, will imply different and independent theories.

1. The first theory, i.e. the starting point, will certainly be present in any of the improved

0[] with T [®.[¢],¢] when the classical

fields @, are made local ®, — ., employing the notation from [53]. Since T'? is just

versions and is defined by equating the

r® . In
LUV
the example of Section 2.1, the ffe((f)f) is given by Eq.(2.9) after the insertion of the

the classical action, the theory of Sgg will be the local version of Siyy =

expansion Eq.(2.12). This theory may be represented, for instance, as the SM plus n

16; . with no determinants;
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higher-dimension operators:

n

L9 = Lo + 26'50)@- (2.88)
1=

Regardless its origin, jfégf) must be phenomenologically constrained and theoretically

explored at any order in its coupling constants .

2. The next theory will certainly entail the previous one but now including a new set of
operators apart from additional contributions to the zeroth coefficients. Since this will
be considered the ultimate effective theory, it can be written without superscript:

n p
e A+ 2= Lo 3 (O P)ois o s
=1 Jj=n+1
As mentioned before, Sféflf) is obtained recursively by equating the quantum correction
F(Ll) [D.[], ], expanded into local terms after the Trace computation and truncated

uv
by power counting, with the equivalent FEEI%T[QD], which now includes a determinant of

2 Q(0)
5 (p;“, i.e. the quantum correction to the Effective Action of the theory ffégf).

The formal clarification, the consequences and points on how the matching is performed will

be treated in detail along the next section.

2.4.1 The Matching Procedure

Before moving to the first application of matching by functional methods, one final procedure
must also be developed and, if possible, by involving the same transparent steps as those behind
the universal formula. The work [33] was dedicated to address this topic and, although it has
been later extended by the authors in [28] and [25], here most of their method must be preserved,
apart from one unpretentious attempt to leave the formulas with a simpler aspect. It will be seen
that the task of performing a Covariant Derivative Expansion, i.e. of matching while maintaining
the covariant derivative intact, is achieved through the expansion of the 1ILUV Effective Action
into a series of local operators after the Trace computation, being the truncation defined according
to a power counting fixed a priori.

On what follows, first it will be done a brief but complete presentation of the entire set of
Wilson coefficients from the formalism developed in [33]. At this point, the review is general but
covers in particular the Chapter 3 of the referred article. Once the coefficients related to the
Universal Formula are fully identified, the focus are then directed to the additional terms, there
called mixed terms, by manifest reasons. At this point it will be argued that the final form of
mixed operators remains in a sense obscure in their work, with a general trace that, although
correct, is exhibited without a consistent support.

The present section is in fully agreement on the incontestable importance of all the concepts

and results presented in [33], apart from their accuracy. Here, however, is aimed to find the
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same universality as in Eq.(2.83), via one additional formula, preserving at the same time the

conceptual richness contained in both HLM articles.

The Matching procedure may be considered as the Correspondence Principle for Effective
Theories - The Ultra-Violet complete model and its Effective variant must agree at some scale pu.

In general the matching scale is assumed to be determined by the mass of the particles that
were integrated out of the UV theory, since it is being considered excessively heavy to emerge as
external degrees of freedom. The procedure consists on equating both theories represented by
their respective Effective Actions. If the ¢ is chosen to represent the complete set of Standard
Model fields, i.e. those present as asymptotic particles, then ® will be denoting the counterpart, a
set of fields running exclusively through virtual processes. In the context of this Standard Model

Effective Field Theory the actions will be represented by

Syvle,®]
Serrlel

Ssulpl+Sole, @] (2.90a)
Ssule] +Zci(ll) 0;l¢] (2.90b)

At u= M, the heavy scale, the ‘Light’ version of the UV must define the EFT, order-by-order, at
the level of Effective Actions:

Topplpl = TP lpl, at p=M (2.91)
Torrlel = Toyylel, at p=M (2.92)

The UV Effective Action, at the Log order is given by

2
6" Svv ) (2.93)

I'yvle,®1=Syvlep,®l+ialogdet (5((,0, o)

and, by definition, is being expressed in terms of background fields.
The I', yv is then constructed after I'yy and through the replacement of ® as an implicit

functional of the light fields, from the solution of the classical equation of motion

o0Syvle, @]

= 2.94
50 0 (2.94)

D[]

Here it will be chosen a representation for ®. motivated by both the notation in [33] and the

general aspect of phenomenologically relevant Lagrangians, with a tree-level piece like
1 1
Lyy > 5@ o® o + 39 0% ¢ — ®B, + Qo (2.95)

where Q@, a ‘quartic’ operator may depend on N-power of heavy fields, with N € [3,4]. The
operator @® may also be a function of the light fields, @® = ©®(¢) and, as one example, in the

case of a Scalar Fields it would be
0% =[A"17 - A(y), A% =[P% - M2 (2.96)
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As before, P* = iD*. The equation defining the classical ®., Eq.(2.94), is chosen to be solved

linearly, discarding the contribution from @, which results in
-1
@.[p]=[0®] "B, (2.97)

The Effective Action for the LUV, the fundamental object behind the construction of a
Effective Theory, will be given by

I'puvlel =Tyvie, @l¢l] (2.98)

At the EFT side the Effective Action requires a thorough conceptual analysis. The action
in Eq.(2.90Db) is the final representation of a theory which is being constructed recursively and,
therefore, remains as an symbolic object. At the quantum level , the correspondent Effective

Action is given by the familiar formula

2
9" Serrlel T[")]) (2.99)

S 2

Terrlel=SErTlE]+ ialogdet( ’

Since the Wilson coefficients are determined after the local expansion of I', 7y, order-by-order, the

(1),

inclusion of the Log term in the equation for the still undetermined c;""s is only meaningful once

it contains only the zeroth-order action, S L) emerged after the tree-level matching. It is crucial

EFT>
to remark that in terms of the action for the EFT - instead of the Effective Action - the upper-index

is denoting the order in which the matching and the Wilson coefficients were extracted. That is

to say that the theory is being constructed by steps and following Sgrr = S(L?}T + Sgl)«‘T --. The

logical significance of Eq.(2.99) is acquired by
2 0) [(,0]
Ierrlel = Serrlel+ ialogdet(%)

(2.90) N .
=7 Ssmlel+ ) ci(w) O;lgpl+ialogdet

i=1

p N
= Ssulpl+ Y. () +cD) Onlpl+ Y ¢ 0,lg]

m=1 j=p+1

2S(0) T[(p]
5 2

ZS(O)
—Tm) (2.100)

+ialogdet (
¢p?

where the split of the Wilson coefficients is just turning explicit that the matching at quantum

level can originate a new set of operators. Finally, at zeroth-order the Effective Action for the

EFT is given by

p
Torrl@l=S0nr =Ssulel+ Y ¢y Onle] (2.101)
m=1
and, at the Log order,
N 2 (0) [(p]
T olel=Y ¢V 0ilpl +ialogdet (%) (2.102)
i=1
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where N = p. Note, therefore, that the presence of Sg},T in the above expression provides the

equation for the Log correction of the EFT, such that the matching Fgl),T[(p] = F(LDUV[(p], is now

represented by
N 8210 o] 528 D
Zc(il) O;lpl+ialogdet E—FzT(p =ialogdet L(p;] (2.103)
i=1 5(/) 5((p,(1)) D[]

) once the r.h.s is expanded through a covariant series of local terms.

which must be solved for C(il
Having found the corrections to c(io), and possible new operators, the EFT is then redefined and
corresponds a new and independent theory, more accurate than that raised by the tree-level
matching.

The Effective Field Theory is, in general, experimentally constrained only at linear order
on the final ¢;. That is to say that the action defining the final EFT is explored like a classical

generator functional. Thus, the n-point function behind the process of interest is given by the

correspondent Feynman diagram with a single dot, usually expressed like ®, i.el”
6"SErT
———=¢;® for O;=¢q1--- (2.106)
(5([))” i i= @1 Pn

The reason for not considering higher perturbative corrections on c;, for a specific process,
is comprehensible - given the observable, the matching at quantum level is assumed to be
sufficient precise, and the loop corrections including light particles can be summarized from the
Renormalization Group Equations. The ¢;(M) provide the initial condition to the RGE, which
then provide their appropriate evolution to the scale where the matrix element (O;) is in fact
evaluated.

As clarified in the Section 3.1, the separation into high and low energy regimes for coefficients
and operators, respectively, is one of the most important step composing the method for investigate
phenomenology via the EFT approach. Here, it corresponds to the fact that the information about
the propagation of the heavy particles is all contained in the Wilson coefficients to the local
operators. The evaluation of (O;) is usually performed by non-perturbative methods and, even
for classical processes'®, like Kaon decays, still retain large uncertainties.

The task of running c;(M) down to the scale p is motivated by the following hypothesis -
The improvement of non-perturbative techniques in the determination of the matrix element

(0O;) will not be sufficient to fully explain the particular anomaly being analyzed. The possible

1" The Feynman rule can be more transparent in the momentum space:

0"SgrT 2
—— X Cj O(x; —x1) (2.104)
5o i L1

which converts into

. n n
G cifdx e IPX Ha(xi—xl):ciﬁ(z pi (2.105)
iz i=1

where a= (a1, --,a,) and the final delta is therefore representing the momentum conservation;

18Here, by classical it is meant historically relevant;
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disagreement between observable and theory should be explained by a precise determination
of the Wilson coefficients. The persistence of a anomaly might be a sign of New Physics and
the current AI/2 rule from the QCD corrections for meson decays is one of the most important

examples of this philosophy [21].

The main topic of this section consists on solving the Eq.(2.103) to the c(il), what involves one

2
additional step related to the fact that now % is an Hessian matrix including field indices,
ie. ) )
2 -8 o°S
— 6 SUV[(p7q)] _ o0DOD 5@5(,0 (2 107)
- 5(¢ )2 | 8% 528 :
’ Spd®  Spdy

In the Appendix of [33], however, the authors have shown one important identity that permits
J€ to be written as a sum of two independent logarithms, what finally provides a very logical
meaning to the form of Eq.(2.103). It follows:

(0)
82Syvlp,® 52Syylp, @ 8Ty yylel
logdet(L(p’z] )zlogdet(% )+logdet — LV | (2108
0, @Y g1 00 ot o
where l"g))UV[(p] =Syvle,®lell. Thus, the matching equation, at Log level, converts into
N 528 ®
Y P 0ilp] = ialogdet O"Suvly, @l +
i 4 6(1)2
i=1 D [¢]
52r(0) [(p] 62F(0) (o]
+ia < logdet LoV —logdet 2 prr?¥ (2.109)
b2 52

The above equation implies a strong simplification on the procedure. The first line can be
promptly identified with the matter of the previous section and its relative operators will then be
extracted from the Universal Formula of Eq.(2.83). The correspondent coefficients was denoted
by the authors of [33] like c; heavy, since they are connected with diagrams including only heavy
internal lines.

The second term, inside the brackets in Eq.(2.109), is a new object and the correspondent
Wilson coefficients were called c; mixea by HLM. Here, none of these terminology will be adopted,
despite of their importance in a conceptual level. Notwithstanding, the main question to be
addressed is what is the real difference between these two similar Logs.

As has been stated recurrently, the determination of ¢; is done through a local expansion of

()
T v

power counted truncation performed at the linear level. Notwithstanding, now the expansion,

in Eq.(2.109) up to some predetermined power in the fields. The Fg},T is originated by a

made a posteriori, is in a non-linear context. This justify the fact that the difference inside the
brackets does not trivially vanishes - F(Z?)UV is intact a priori and only expanded as the argument
of a Log function. The correspondent series will certainly contain the Fg}T piece, but in such a

way that the cancellation still have operators on the desired field dimension. In summary, the
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power counting at the quantum level is independent of that performed linearly, what in these
terms sounds like a reasonable statement.

The precise cancellation of common terms and the counting in this framework can be explicitly
achieved by considering a generic representation for the UV Lagrangian as Eq.(2.95). The classical

Effective Action for the LUV corresponds simply to the action Syv @, ®[¢]], or:

1 1
F(I?,)UV zf (E(I)C @A) CDC+§(p (a4 P — q)cB(p + Qq)c) (2.110)
x

and, from Eq.(2.97), it follows that
1 1 -1
0 )
Iy :fx (§<p 0% ¢ - 5B, [0°] " B, + Q(pc) (2.111)

The series to be truncated during the raising of Fg)l),T usually comes exclusively from [@q’] _1,
since the Q¢, is expected to break the adopted power counting up dim-6. Here this truncation
will be denoted like:

[6°] " =Gy + 8, (2.112)

. . . =0 .
where the ‘bar’ in the r.h.s is referring to local operators The O, is the part that saturates the

power counting during the matching at tree-level and & ) is the reminiscent non-local part that

1
might be present to the power counting during the Log inatching.

Since the importance of I'z, ;yv is based entirely on providing one equation for the Effective
Theory construction, the inverse operator can be replaced by ‘bar’ operators without loss of
generality. In other words [6"1’]_1 can always be expanded exactly into local and non-local
operators via a recursive formula. For example, if A(¢) =0 in the representation of Eq.(2.96):

1 1 Pz 1 ]
B w2 M ME-p?
1 p? ( 1 P2 1 )]
P2

(6%t =

[l

"\ T R e
n 1 .\ P2 .\ .\ (P2)n—l . (P2)n 1 ]
- M2 (MZ)Z (M2)n (M2)n M2 - P2
1 P2 (P2)n—1 (P2)n 1
_ __(1+_+...+_) LB (2.113)
M2 MZ (M2)n—1 local (MZ)” P2 M2

where it also has been assumed commutation into D and M components.
In order to simplify the analysis, the quartic self-interaction term ¢, will be assumed to not
enter at this level of the matching. Thus, from the previous arguments, the Eq.(2.111) can be

rewritten as

1 1 —®
o) @
oy _fx (5(,) 0% ¢ ~ 5By 010+ 00| Bq,) (2.114)
At the other hand, the Fgl)rT, by definition, corresponds to the same form, although containing
the ‘zeroth-order’ piece, i.e.
1 1. —o
Ty —f (é(p 0" ¢ - 5B,y 0, Bq,) (2.115)
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Back to the brackets of Eq.(2.109), it follows that
521‘*(0) [(p] 62F(0) (0]
c(il) Oilpl > ia{logdet (% —logdet (%g(p)
= ia{Trlog (0% — [#0) + #1)]) — Trlog (0 — )} (2.116)

M=

=1

where #;) is now denoting the Hessian matrix of %B(p 6(‘?) B, over light-fields, i.e. #[.] = %[.].
Note that minus sign has been factorized out of the bracket. Moreover, the sum of the first term
is then exploring the fact that # is a linear application®.

Next, the trace of the light operator can be subtracted through the identity

u

Noa
Z C(i ) O;lpl

) ia{Trlog(1-[0%] " [#o) + #r)) )| - Trlog (1 - [07] " #0))}

ia{Trlog(l— [£¢(0)+52¢(1)])—Tr10g(1—52¢(0))} (2.117)

and for future references the definition of «/;) must be registered explicitly:

_ 1
iy =[0°)" 7| 5By O3y By (2.118)
The power counting will finally be made transparent through a series for the logarithm:
T 1
Y P 0ilpl o iaTr Zl—){d(ﬁ) ~ %o +g¢(1)]P} (2.119)
i=1 p

The cancellation of «/g), remembering that these are the diagrams coming exclusively from the

EFT, can then be directly identified after a binomial expansion of the last bracket:

St , L) o (P ok b
.Zlci Oilel = ‘“Tr§l_, 'Qf(O)_Zb L | Zo
i= =
: L& (P ok i
= —iaTr %;{Zl(k)°‘*<’3> A (2.120)

The above formula is the final complement to the matching at the log-level and was introduced
in [33] in a generic form, without mentioning the dependence of the coefficients. It is important
to mention that the binomial may be expressed in its canonical formula once the operators
;) commute. In a more specific case, the binomial coefficients are informing the number of

combinations to the non-commuting objects, like for example:

(A+B)*>56A%B% or 6A%B?2— A°B?2+ ABAB+BA?B+AB?A+BABA +B%A%? (2.121)

19Consider f(x) and g(x) two functions of multi-variables x, then:
T af(x)+ fg(x)] = aFl[f (®)]+ B [g(x)]

for constants a and f.
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Thus, although in a compact form, the result of Eq.(2.120) can be very arduous to compute, even

for the simplest dim-6 criteria.

In summary, the final formula to the matching at log-level will be given by

82Syvlep, @]

N
W 0;lpl=iaTr 1
i:zicl ilpl=iaTr og( 502

aTr Y 113 [Pzt ot 2.122
+iaTr ) =4 ). R (2.122)
D[] p p k=1

The first trace will be computed through the Universal Formula Eq.(2.83) and represents the set
of process containing heavy internal lines only. The second piece, from its complexity, requires

additional comments:

¢ The trace is complementing the set of operators from processes containing both light and

heavy internal lines inside the loop;

¢ The only simplification that has been done on the UV theory concerns the omission of
quartic self-interactions represented by Q¢ in Eq.(2.95). In fact these terms will be more
suppressed at this level, since the derivatives are being taken, a posteriori, in the Higgs
fields. The Wilson coefficients dependent on the @ ¢ parameters are then being left to the
first part of the matching, with heavy-lines only. Nevertheless, in order to be complete,
the dependence in Ag corresponds to an additional piece in the Hessian .#77) and does not

imply any change in the derivation of Eq.(2.122);

* As it was mentioned for Eq.(2.96), the generic operator @® may still contain a function on
the light fields, so-called A(¢). Remembering that

0® =A% - Ag), A® =[P2% - M1 (2.123)

In the framework where A(¢p) # 0, the expansion of [0®]1! will require one additional step

given by
1
6;(13 -1
1671 P2-M2-A
~ AP+APAAY ... (2.124)

where the A operator, which includes the covariant derivative, is opened on the right.
The two terms in the above series are usually sufficient and, then the local expansion of
Eq.(2.113) can be taken. All the steps for the derivation of Eq.(2.120) follows in the same
way, although now the 53) is complemented with terms in the form 53) ) A?())) A Ag) +

D D D ()]
Aqy A D +Ag) A Ag)

¢ Since the main purpose of the present work is to clarify the light-heavy matching as
represented in Eq.(2.122), the A(g) parameters will not be included at this level and their

contribution to the Wilson coefficients will be left exclusively to the Universal Formula
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CHAPTER 2. THE COVARIANT DERIVATIVE EXPANSION

application. Notwithstanding, the previous item was completely covered by [33], [28] and
[25] for the example of the Electroweak Theory with a Triplet Scalar. In order to compare
their results with those coming from the application of the formula Eq.(2.122), the model
will also be treated in the Chapter 5.

2.4.2 Summary

In their presentation of mixing terms, the authors of HLM chose a subtraction a posteriori, made
inside the functional trace, what may render a lack a clarity. Here it was intended to separate
the pieces at the beginning, resulting in a series that can then be used in an algorithmic form. In

summary,

e It was first supposed a generic Lagrangian to the UV theory, in Eq.(2.95), considering
both tre-level pieces as quartic self-interactions. Although the aspect resembles the scalar
case, at principle no additional complexity should be found in the fermionic case, already

discussed in Appendix of [33];

¢ The formula for subtraction at the Log-level, Eq.(2.109), was then applied for both the
generic UV and the EFT action;

¢ The LUV theory was split into local and non-local parts according to the definition of the

EFT at tree-level. This marks where the series must be recovered;

¢ The Log is expanded and the linear local piece is extracted. The Eq.(2.120) is the final

expression.

Comments on the last section:

¢ It is not necessary to carry two calculations, the Eq.(2.120) is already including the subtrac-

tion;

¢ The Hessian matrix is also unique, for both local or non-local parts, what will be illustrated
in Chapter 5 and can actually be noted in the definition of Eq.(2.118). Thus, even the

Hessian is carried just once;

¢ When the operators @ contains additional functions of the light fields they may be replaced
by the series:

[6°17! =

! = Oo[ ! A]n ! (2.125)
P2-m2-A ‘= |P2-m? P2-m? ‘
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2.4.3 On the Meaning of the Subtraction

During these computations some questions must arise in a very natural way: (i) Why is this
subtraction needed since the UV theory is known? or in other terms - (ii) Since the real purpose
is to integrate out a heavy field, what results in the I'z, v theory, why it is not sufficient to just
plug this non-local object into the equation for the Effective Action, Eq.(2.93), and perform the
local expansion a posteriori? Finally, (iii) what is the importance of the matching?

All of these questions are very logical. In fact, one starts with the UV theory and extracts
the 1PI generator functional at the Log-level via the Effective Action. Every step can be done
once and for all, resulting in a sum of operators informing on the significance for a given physical
process. The answer for the above questions relies on a single statement - The Effective Action
has the status of a Generating Functional, not of a Theory. This consists in an independent and
very different perspective.

The Effective Theory will assume the complete set of operators generated by the Effective
Action, at leading or Log-level, as the action of a new and independent model, valid and very
precise at low-energies according to a definite scale. For being a new model, the associate
generator functional of 1PI vertex is given by the usual Log correction, of Eq.(2.99). Thus, if
this theory was emerged by the LUV only, its Log correction would result in coefficients for the
n-point functions which was in reality counted twice. The subtraction is preventing this double
counting and making the process consistent.

The previous paragraph can cover the question (i) and leads to a rectification of question (ii) -
The procedure of integrating out a field does not resolve the ‘real purpose’ to the construction
of an EFT, but the necessity of calculating complex processes, often involving a large number of
particles or events. If it is then feasible to propose a theory with a reduced number of degrees of
freedom, it is certain that this would be technically significant.

Finally, the third question is reached. This new theory is by definition an approximate variant
of something more universal. It is therefore required a correspondence principle, some coherent

argument that guarantees its limit of validity - the principle is the matching procedure.
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CHAPTER 3

FUNDAMENTALS OF EFFECTIVE FIELD THEORIES

One of the most important tools during the extraction of physical predictions from a quantum
field theory is the set of differential equations composing the renormalization group, and not
only for practical purposes, but for its conceptual relevance. The running coupling analysis is a
fundamental part of the applicability of Effective Field Theories. The EFT Lagrangian is defined
after the replacement of the set composed by non-local product of operators for a sum of local
terms whose coefficients will carry all the information about the original small distance of a
heavy particle propagation. As mentioned before, the renormalization procedure is based in a
fundamental principle which can be stated in many equivalent forms, and in this work it will
be chosen as - any measurement in physics consist on variations. In other words, a number
may not have any meaning unless it is giving through a comparison and such that the final and
relevant physical result do not depend on the reference for the subtraction. This invariance on a
‘translation of references’ is what gives origin to the renormalization group equations and results
in a strong simplification of calculations in perturbation theory.

For illustrating these statements, consider a generic interaction in the form
Sint > eyyo (3.1)

Here, a mention to the physical nature of the fields y and o is not necessary. Assume that the
coupling constant e has been measured at some reference scale p% from the fitting of a particular
set of data to the scattering yy — yxx. The S-matrix element is associated with the time-ordered
correlation function S® ~ QT {x(x1)x(x2) x(x3) ¥ (x4} Q), with |Q) and y the vacuum and fields
in the interacting scenario, respectively. For perturbative QFT this object is better to be rewritten

in terms of correlation functions in the free theory, like
S@ ~ OIT (1 (@) (x2)x*(xa)x *(x4) ST }j0) (3.2)

where S7 denotes the interacting action and the sub-index zero the free fields operators. The
operators on the external points create the free asymptotic particles while, diagrammatically,
the fields on Sy represent internal lines connecting these points. In other words, the interaction
can be represented by a set of free fields allowed to virtually play a role during the short amount
of time that the process occurs. By considering the reduced notation S@ < (¢i51y the simplest

non-trivial term from the interaction with o is the tree-level piece
SW ~ (ie)? X000y = (ie)? O (3.3)
0 0
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where the small line is just denoting a tree-level computation. The higher-order terms in the
expansion of S; will correspond to Feynman diagrams, for example, from all the products of

1-loop interactions such that, by factorizing e?, can be represented like:

S(4) - (ie)Z

[(—} + (ie)2(o) +(ie)4(o X O) 4o+ (ie)2n<o X oo X o)] = (ie)2| (leading log) bo 3.4)
Po Po P

Along the summation of the first loops, the fields will get rescaled such that the matrix element
may contain a dependence in the reference scale pg. Suppose the process occurs on the physical

scale p? and that the dependence of the brackets on the subtraction scale can be written like
1

(leading log) Po —
» T el

X <_>’p (3.5)

|"ts

T 1222

o

where again (—)| is just representing a simple matrix element of a tree-level diagram. It is clear
that if the first nfeasurement of e had been performed in a different value pg, instead of pg, the
correspondent change in e(p) would be compensated by a change in the log, such that the total
S®, would remain invariant on the particular choice of reference!.

The Renormalization Group Equations emerge as technique for summing logs in a direct
manner, by taking advantage of this feature - physical quantities will not depend on the choice of
subtraction point. In general, for representing this arbitrariness for the renormalization scale, the
symbol y is preferred instead of pg [49]. By replacing Eq.(3.5) in Eq.(3.4), S can be represented
like

S@ < (ie(p?)® <—>]p (3.6)

with the effective coupling constant absorbing the rescaling factor. Thus, the solution of the RGE’s
will correspond to an efficient way to perform perturbative corrections, turning the predictions
more accurate. It is certain, therefore, that if the physical scale of the process was the same of
the first measurement, i.e. pg, there would be no need for calculating corrections. In fact, as it
will be treated in more detail, once the renormalization parameters for the fields involved in
the desired process are known, there is no necessity for calculating loops at all - It is sufficient
to solve the set of differential equations composing the RGE. The final problem will consist on
calculating the remaining tree-level matrix element, what is straightforward if the assumption of
free fields at asymptotic times holds, but challenging when one uses a theory of quarks to create
and annihilate mesons, for example.

Finally, this introductory discussion is clearly supported by the QED and the electric charge,
but the same principles and interpretation are valid for other scenarios. The EFT can then be
viewed as technique that explores this philosophy. As mentioned, the solution of the differen-
tial equation for the coupling constants will require a initial, or boundary, condition. In the

EFT approach, for example, the form of extracting this information can define two different

L Although this effective coupling is invariant under a change of the subtraction scale it is in fact dependent on the
subtraction scheme (see [15], [52]);
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perspectives - if the extraction is made via an experimental measurement the Effective Theory is
being constructed in a bottom-up approach such that the new operators are inserted by following
the experimental hints. At the other hand, if a complete theory is assumed a priori, the initial
condition is extracted via a correspondence principle which states that the both theories must
match at a decoupling scale. The procedure in this case will provide the initial condition for the

coefficients by following the hints of the complete theory.

+ Power counting only makes sense if the higher-dimension terms in the expansion are in fact
gradually suppressed. This is a property that requires a proof. Here, supported by the work of
John Collins in [14] it will be treated the elements for demonstrating the validity of this criteria.
If it can be shown that the heavy particle can decouple of the theory, whose effects are given by
powers of its mass (decoupling theorem), any prediction coming from these vertices will certainly

be equally suppressed.

The predictive strength of the EFT must count still with one important aspect of non-
renormalizable theories - the locality of the counterterms. This condition can be translated
into pattern of the divergences which arises a polynomial in the external momenta. In other
words, a given vertex can be renormalized through a derivative interaction, associated with a
new divergent vertex and, thus, with a new counterterm etc.. By considering one infinity, but
countable, set of derivative interactions the EFT is renormalized, such that any new prediction

turns gradually smaller according to the dimension of the respective operator.

+ On what follows, the heavy mass will be generically denoted by “m”. Any light mass will
receive the correspondent index. It has been present in any step of the previous chapter that the
making of an EFT occurs through a local expansion of the operators inside the Effective Action
for the Light-UV theory. All the information about the heavy field propagator must be contained
in an operator like in Eq.(2.125)

1 ‘i[ 1 A]" 1
P2-m2-A ‘)| P2-m?2 P2 —m?

n=

[0®1! = (2.125)

The correlation functions generated by I'zyy will contain products of operators on the light fields
at different space-time points, connected through this functional propagator. The matching will
then be performed, in covariant form, by an operator product expansion, such that the subtraction
with the I'gpr contributions implies an explicit step of how the information about the presence of

a heavy particle is being retained.

Along the construction of the EFT it is fundamental that the global symmetry of the renormal-
izable sector of the expansion is still preserved by its higher-dimension elements. In general, this
feature is present from the integration of gauge-bosons and singlets of the original UV theory, one

aspect that produce simplifications, like for the RGE of Wilson coefficients of conserved currents.
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3.1 The Operator Product Expansion

The expansion of the effective action for the so-called Light-UV theory during the matching
procedure condense the information about the heavy fields into the coefficients of local operators.
This method summarizes the role of the Operator Product Expansion. This section introduces the

topic and follows the presentation by Peskin & Scroeder [42] and Collins [14].

The clearest technical benefit of making an EFT from a Top-Down approach consists in
rewriting the a set of more complex interactions into a single vertex of a new action. one
additional motivation comes from the experimental fact that new heavy degrees of freedom, once
the scale of the process is not sufficient to produce it on-shell, will propagate by virtual lines with
a short range, of order (x—y) ~ % Suppose, for example, a process consisting in the scattering of
light fields, here represented like {]'[i.e ¢(y;)} and y; denoting the asymptotic region. The S-matrix
piece is extracted from a series of matrix elements connecting these external fields with the
interacting points. This connection may be given by a product of operators O,,0} separated by a

distance x such that:

k
Gap (x;{y2)) = (0o (x)05(0) [ | i) (3.7)
i=1

According to Wilson’s hypothesis, this product may be replaced by a sum of local operators
defining a basis and preserving the same global symmetry of the original product. The coefficients
of this linearly independent operators must retain the information about the small distance x.

These sentences may be converted into

k k
Gap (6 (k) = (00O [T i) — Y %) (0,0 [] iy =Y c?2x) Goliyrh)  (3.8)
i=1 n i=1 n

Looking in the opposite direction, this new basis of local operators could have been assumed in
the original Lagrangian a priori, once the criteria of small distance is valid. Any computation
from this new theory should then follow the same basic premises that have led to Eq.(3.4), this
time for the coefficients ¢??. Both the matrix elements and the ¢’s are defined according to a
renormalization scale. The knowledge of the variables at a given subtraction point will provide
an initial condition for solving the renormalization group equations.

As mentioned before, the solution for the RGE’s provides a direct computation of higher-order
terms in perturbation theory, generally expressed as a direct log summation. The solution must
give a form for the an effective coupling c,p.

The bare Green’s function for the original product can be given by
k
GO (x; (ya) = (0L ()02 (0) 1‘[1¢§°’> (3.9)
1=
with the index indicating bare fields. The relation with the renormalized G, can be written like
GO =252,2,G (3.10)
ab — albTab .
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with Z's the field-strength for the respective field. The invariance of the bare functions on the

subtraction scale u will lead to the differential equation:

dG? kpudzZ updz u dzZ 0
ab k a b g
u =0—->2227.,7 - b — ——— 4+ 10 +“_a G =0 3.11
du “ b{QZdﬂ Zg du  Zp du o %ou g} ab ( )

with Z; denoting the possible combinations of field-strength coming from the operators. Analo-
gously, the coupling constant g is representing the presence of all the light-fields behind these
corrections.

By definition, the anomalous matrix and the S-function are given by

u dZ; dg
=277 == 3.12

what provides the usual representation for the Callan-Symanzik equation:
k
HOu+POg + Y +Ya + 75| Gap(i) =0 (3.13)

The same derivation may be performed for G, such that

k
”au+ﬁag+§Y+7n)Gn(#):O (3.14)

It is common that the operators can mix via log corrections through one anomalous dinesion
matrix y;j. In this context, the Callan-Symanzik equations is better represented by a general

form for the coefficients. In short notation, consider the OPE written like:

Gij=c};Gn (3.15)
with a sum in repeated indices. Besides,
k
(10, + BOg] Gap = —5YGab - [Yaibjb +Vb0ia] Gij (3.16)
and .
[/‘taﬂ+ﬁag]Gn = __YGn_anGp (3.17)
2
From Eq.(3.15) in Eq.(3.16):
k
(10 + Bdg] (cpy Grn) = —§Y(CZbGn) ~[Yai0jb +Yb;0ia] (c];Gn) (3.18)
or
n n k n n
G [(H0u+Pog)cy,] = —coy [(HOu+Pg)Gn] - 5 (€apGn) = [Yai®jb +7b;0ia] (c};Gn)
(3.17)
=7 e YnpGP = [Yaibjb +Ybj0ial (c},Gn) (3.19)
and, finally,
(MO + Bdg) iy = €l Y in = iy Yai = €4 Vbj (3.20)
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The operators in the product are commonly found to be currents from a global symmetry also
preserved by O,,, what implies a zero anomalous matrix. Therefore, the renormalization group

equations can be summarized like
(O, + BOg) gy, = coyYin (3.21)

Since the initial product which gave origin to the local set of operators is general, the indices ab
can just be hidden. Moreover, the Wilson coefficients will depend explicitly on u or implicitly via
the coupling constants, such that the derivatives inside the brackets can be replaced by a total

derivative. By redefining the y by its transpose, it follows a reduced representation for the RGE:

dce;(u) 1
where the leﬂ factor represents the first-log correction. The anomalous matrix will be determined

from the renormalization of every operator inside the basis and will depend on the subtraction
scale through the constant couplings. However, as explained in Chapter 6, these matrix are in
general assumed to be fixed at the electroweak scale and their couplings do not run. The matrix
equation of Eq.(3.22) can be solved in a first approximation by disentangling the correlated
coefficients, fixing them at pu = A, the heavy-scale, and solving for ¢;. The procedure results in?

1 A
ci(mw) = Ci(A)—;@YijCj(A)log(m—W) (3.25)

a solution that will be repeatedly used in Chapter 6. The total anomalous dimension matrix for
the Standard Model Effective Field Theory, at dim-6, has been computed in [1], [34] and [35].

3.2 The Weinberg Theorem

This section presents a fundamental theoretical element behind the use of Effective Field Theories
- The locality of the counterterms and how it serves as strong support for the consideration of
non-renormalizable theories as a predictive tool. The proofis given by the Weinberg’s theorem

and is fully presented in J.Collins [14]. Here the essential aspects of the proof will be presented by

()
2For completeness, the solution to % =ay+b can be achieved by first assuming y = e J;_b , which corresponds to
d .
D~ of o Lo~ oh) ) piag) = ate—x0) (3.29)
x a

such that

eBxo)+alx—xo) _p

y(x)
a

b
_ y(xo) ea(x—xo) + = [ea(x—xo) _ 1] (3.24)
a

In the present case: x =logp, y(xg) = c;(N), a = #Yii: b =Yz %Cj(/\), and the exponential expanded at
first-order in a.
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including Collins notation and during the development a classification of quantum field theories

renormalizability must be performed.

The kernel for Weinberg’s theorem involves the observation that the degree of divergence
6(I') = 0 of a 1PI graph I', with no subgraphs, can be gradually reduced by one unit through the

application of a derivative 0 in the external momenta, i.e.:
6 =06I)-1 (3.26)

which implies that 0* with A = 8(I') + 1 may leave M(I') finite. By defining R(I') equals to the sum
of the 1PI I with its counterterms C(I'), it follows that

RI)=T+C(T)—oR() oI +oC(T)
or'+C(r)

R(oT) (3.27)

where the second equality is equivalent to assert that since OR(I') corresponds to a finite term,
then 0C(T') is actually renormalizing 0I', and therefore can be made equal to C(dT'). To ensure the
commutation relation dC(I') = C(0l') implies C(I') as a polynomial of degree 6(I') on the external
momenta. In fact,

R(3T) =0T +3C(I') — R(3'T) = o' +a*C(I) (3.28)

Thus, since A =6(I') + 1 make or finite, it follows that
e =0 (3.29)

and C(I') is a polynomial of order &(I').

This introduction may sound trivial but the complete argument requires the analysis of I’
when it includes divergent sub-diagrams 1PI, which has been entirely treated in Collins (Chapter
5).

The meaning of Weinberg’s theorem will lead to a set of important conclusions for the analysis
of a field theory renormalizability. Again, by following J.Collins, if I is a one-particle irreducible
graph with degree of divergence &(I), it follows that its mass dimension d(I') plus the dimension

of its correspondent couplings, here denoted A(T'), is such that
dT) =6 +A) (3.30)

i.e. given the specific vertex, the degree 6(I') associated with the integrals is connected with the
mass dimension of couplings. The counterterms, being polynomials in the external momenta, can
then be written through new couplings and derivatives with a correspondent dependence on the

fields according to the particular I'. In other words, if C is the counterterm to I', then
6(C)+A(C)=d(T) (3.31)
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where 6(C) is the number of derivatives and A(C) the mass dimension of the couplings. Once the
order of the polynomial is the degree of divergence of I', the maximum number of derivatives is
given by 6(I'), such that

AC) = dI)-6(0)
d(I) -6 =A) (3.32)

\%

Thus, if the couplings do not have a negative mass dimension, this aspect must be preserved by

the couplings of the counterterms. The importance of this statement remounts Eq.(3.30)
o) =d()—A) (3.33)

Since d(I') must be fixed by the particular process, i.e. n-point function, of interest, the insertion
of internal lines in the 1PI graph with couplings of negative dimension will turn the graph
increasingly divergent. At the order hand, d(I') must decrease by recovering the LSZ reduction
formula ([49]):

b f s
s pr ~ Hfd4xieipiximi~~H[d4yjeipfyfdj-~ Hfd‘lzkeipkzkmkmx
i=1 j=1 k=1
X YrBy---Bpy--ps) (3.34)

which implies:

d)

gf+b+s—2b—3f—23+4
= 4—(gf+b+s) (3.35)

If the couplings have positive mass dimension, from Eq.3.33, the I will be finite after some
number of couplings insertions (relevant interactions). At the other hand, couplings with null
dimension may present divergent n-point functions for some values of n (marginal). Finally, as
stated before, couplings with negative dimension may turn the graph arbitrarily divergent. For

illustrating this, one example from M. Schwartz can be picked [49]:
_ 1 2 g 2 .9
3——§¢(D+m )b+ Zd) d¢ (3.36)
with [g] = —2. The first loop for I'® will present, from Eq.(3.35),
dT®)=4-4=0 (3.37)

and A(g?) = —4, implying 6(F(4))1_100p =4. This could be directly confirmed, once 6 comes from the

integral:

P

k4
= f @tk = O )i =4 (3.38)
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By inserting new couplings in I'(4):
> (k2)*

~ A=A =-8or [@H 5y

— 8(T™)3.100p = 8 (3.39)
which could have been shown through d(I'(4)) =0 — 6(F(4))3_100p =0+8.

The relevant consequence of the above discussion can be read from Eq.(3.32). The countert-
erms must preserve the renormalizability of the theory, once they are limited by the dimension
of the n-point graph. If the original Lagrangian contain couplings up to null mass-dimension,
the theory will preserve its functional form, with a definite number of counterterms. In the
non-renormalizable scenario, the counterterms must preserve the global and discrete symmetries
of the starting theory, thus permitting to count the number of new interactions emerging. From
the above example, A(T') = g2 = —4. In order to preserve the ¢-parity, the non-renormalizable
interactions inserted corresponds to A(C) € {—4, —2,0}, what will certainly lead to new divergences,
renormalized systematically by the same procedure.

In summary, the set of counterterms for a non-renormalizable theory, although infinite,
is definitely countable and with well-defined local properties. Their insertion a priori in the
Lagrangian would compose a theory with a valuable predictive power. Nevertheless, the use
of N.R. theories remains under the hypothesis that there must be a finite and closed theory
up to some scale. To consider N.R. models it is not a manner to abandon the important field
theory paradigms and claims, but, instead, it is a part of a strong reasonable technique to find
New physics directions gradually, avoiding the common complexity of the Ultra-Violet theories.
According to this principle the next section will show that the N.R. sector inserted into the SM is

indeed suppressed by powers of the UV completion scale.

3.3 The Decoupling Theorem

Among the theoretical apparatus previously discussed, perhaps the most related to the perspective
present in this work is the Decoupling Theorem [2].

The Operator Product Expansion reveals about the procedure and the validity on transforming
a non-local product of operators into a single local operator. The unique assumption - the distance
x where the interaction occurs is around to zero compared with the masses involved (free-
fields scale). Process involving hard-momentum scattering are examples of application and the
Decoupling Theorem must explore the opposite scenario. The distance x of interaction is small
because it corresponds to the duration of propagation of a highly off-shell particle, too massive
compared with the physical scale. The perspective of the OPE follows equivalently and Wilson
coefficients are defined from the extraction of the heavy lines from the totality of 1PI graphs.

Although the theorem will not be fully demonstrated here, a chosen example must certainly

contain the necessary components for this. The presentation follows the work of John Collins
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([14] - Chapter 8) and is based in the demonstration by T. Appelquist and J. Carazzone [2], who
originally stated the theorem like:

“For any 1PI Feynman graph with external momenta are small relative to m, then
apart from coupling-constant and field-strength renormalization the graph will be
suppressed by some power of momentum m relative to a graph with the same number

of vector mesons but no internal fermions”

The specific nature of the fields involved is irrelevant to the result. According to J.Collins,
whenever the physical scale is smaller than the masses from a specific sector of the full theory,
these degrees of freedom may simply be eliminated through the rescaling of fields and couplings
of the renormalizable sub-set of operators, composing the so-called effective Lagrangian. The
error is proportional to the power % with a close to two. In summary the complete theory is
simplified into its renormalizable sub-sector including only light fields.

On what follows, the principles supporting the theorem are developed through the same
model chosen by J.Collins, namely, the ¢ theory including a heavy scalar in dimension-six
space-time. The main purpose is to illustrate the suppression factor representing the error in
considering a low-energy renormalizable version for light-fields, in comparison with the result for
the same process computed in the complete theory. The example may also contain two aspects

about renormalizability contained in the previous section.

The chosen model contains two scalars, assumed to be one light, ¢, and one with a heavy
mass, ®. The procedure involves to rewrite a simplified renormalizable version of the complete
model including only one light rescaled field and a new subset of parameters. The theorem will
ensure that a particular process involving only light-fields, at low-energies, can be equivalently
predicted by this low-effective theory, whose accuracy must differ from the prediction of from the
full theory only by powers of %, a>0.

The constant couplings in both theories have positive or null mass dimension. Thus, for a
Green’s function whose d(I') is negative, the insertion of internal lines cannot change their overall
degree of divergence. The possible divergent subdiagrams will be renormalized by the same
counterterms defined a priori, during the renormalization of the initial Lagrangian, constant in
its form. It is then clear the importance for proving the decoupling: If the final contribution from
a graph with d(I') <0, including a divergent subdiagram with heavy-lines, results to be the finite

part of the subdiagram times the overall convergent diagram plus a finite piece suppressed by

1

—a, then the low-energy effective theory would give the same result, unless the suppressed term.

The previous paragraph will be clarified in detail. Despite the fact of consider a specific
case, the followed steps will just reproduce the arguments of J.Collins [14] in his complete
demonstration of the decoupling theorem. As mentioned before, the model consist in the ¢3 theory
at dimension six. The chosen graph will be the I'(4) at second order, with a subgraph of heavy
lines, like in Fig.3.1(a). The process also include, at first order, the graph of Fig.3.1(b). These
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3.3. THE DECOUPLING THEOREM

J— I

FIGURE 3.1. The Effective Action for the 1LUV of Eq.(2.9) may generate the 4-point

function (figure 5) where the dashed line represents the propagation of the heavy
.

diagrams will be first computed in the context of the full theory:

R R

(p3 q)2
m
2 2 ¢ 2 2

gy 3 +go ('DT + counterterms (3.40)

<

The subdiagram in Fig.3.1(a) must be renormalized and leads to

P %1 1 1
@2n) k2 -m2 (k- p)2-m?2 (k+p)2—m?

1"(3) - . I(3) — (lgq))3

(3.41)

or,

I(3)

1 pl-x
—2(gq>)3f0 fo dxdyfdk [x(E2 = m?) + y((k +p)2—m2)+(1—x—y)((k—p)2—m2)]_3

1 pl—x
—Z(g@)sfo /0 dxdyqu [qz—A]_3 (3.42)

where A =m?—m2[(x+y) - (x - y)*]. Finally, from Appendix A.1:

1 pl—x
® = —2(gq))3ff dxdng
0 Jo

B i(g(b)g 1 pl-x € 47[”2 2
- (471)3/0 0 dxdyr(ﬁ)( A )

( )3 1 pl—x 9 A
- l(f,zs fo fo dxdy (E—log(4nu2)—y) (3.43)

In the MS subtraction scheme, the divergence would be canceled by the counterterm

3
g 1
6‘3’=—‘D( —) 3.44
® @np\ e (344)
and the renormalized vertex would be given by
@ (v (L[ m? - m3l(e 4 )~ 7]
R@®) = - —ff dxdy 1
™ (4m)3 2" 0 Jo ray o8 4 p?
. 2
i(go)’ [y 1 (m2) My
~ = = +=1 -— 3.45
@m? (2+2 Blam2)” am? (8.45)
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The above result is useful both for the definition of the counterterm as for the identification of
a finite term that vanishes in the limit m — oco. The original problem, however, consists in the
computation of the 4-point function in Fig.3.1.

Analogously to Eq.(3.35), in six dimensions the mass dimension of a correlation function is

given by
d(F):G—(gf+b+s) (3.46)

Since the coupling constants are dimensionless, the graphs of Fig.3.1 have overall divergence
degree equals to 6(I'(4)) = —2. Thus, the Fig.3.1(b) must be UV finite. Moreover, no divergences
must arise from the subdiagram in 3.1(a) when the diagram for the counterterm of Eq.(3.44) is

also considered. For simplicity, the graph of Fig.3.1(b) will be just denoted like:
131001 = g x | Tuthip) (3.47)

such that the graph including the counterterm will be given by

g (1
I'éol =g2 (4;3 (—;) X fll4(l;p) (3.48)

Next, the complete Fig.3.1(a) must be computed and the integral on & follows like in the previous

way, resulting into

I[3.1(a)] =g’ (3.49)

3 2\ 5
8o ) €\ (4mpu“)?
Mmsxﬁuﬂdﬁxfdxxl(éy( A )

where m — oo has been considered for neglecting the momentum p inside the heavy loop. In the

above expression, A = [12(x? — x) + m?], with  in Minkowski space. Finally, it can be written like

1 A
-—1d 1
o e e

The divergent term exactly cancels with the contribution from the counterterm, as expected.

£

e (3.50)

I3.1(a)] = g5

><fI4(l;p)><
l

Apart from that, one additional step for the analysis about the renormalizability of a theory
consists on proving that the insertion of divergent subdiagrams in an generic 1PI convergent
graph cannot change its degree of divergence. This present example will serve to illustrate
this situation. However, the objective here is to verify that that the finite piece will in fact be
suppressed by powers of # in the limit m — oo, the hypothesis of the decoupling theorem. In
fact, after the subtraction from the counterterm, the renormalized expression can be summarized
like:

3
_ 38 v L[ m f D) —
R@3.1(a)) = g(p(4n)3 x{ [2 + 2log(4nu2)] lI4(l,p)

—fdx xfI4(l;p)><log
1
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At this point the first observation is that the finite term of Eq.(3.45) is entirely present as a
coefficient in the first line. Thus, the task is to identify the factor of suppression in the second

line. After one integration by parts, it can be put in the form

2, 1t x?2x—-1)x1?
fdxxlog m(x —x)+1 — iﬁ de (352)
such that
3
el bR e |1
1 = g2 22 11+ 14(;p) -
R(3.1(a)) g(p(4ﬁ)3><“2+2 og wi2) | ) 4(;p)
1 d?l 12
R . P _1f 3.53
2[ xx“(2x—-1) @i [2f, —m2I% — i (3.53)

with fy = x —x2. As usual, the integral on momentum can be simplified via the introduction of

Feynman parameters, like:

1 1 nyn—l
= 54
AB" fo (1= A+ B (8.54)

which implies

d?l 12 Lo 12
@ (2 — 2= —»4[0 dyy /l—lzgxy_Ay (3.55)
where now A, = miy +m2(1-y)and 8xy =y +fx(1-y). After a change of variables®, the second
line of Eq.(3.53) follows

3 1 1 2 3
) [ [ e
R(3.1(a)):>Lg(,,4(4n)6 (m2 0 dx 0 dy[y+(x—x2)(1—y)]4[y(2<p_1)+1]

(3.57)

2
where z, = — Z2 For 2y ~ 0 the integrals result in

1 1 x?(2x —1)y3 2—0 5 1
fodxfo T a—PA- PG, -D+1 | 36 6 B (368

In summary, the factor of suppression is smaller than two by the log term.

_ 80 [[r,1 m f D) —
RG.1@) = -g 5 {[2+210g(47w2)] | Lat;p)

i 1\(5 1 m?2
_4(4_7[)3(?)(36 610g( w)) (3.59)

Thus, from the results of Eq.(3.45) and the first line of Eq.(3.59), it can be seen that a theory
containing only the light-fields and a redefinition of the self-interaction coupling g, like

! (g(D)B (Y ; ( - ))
Ev " 8p= 8y 4m)3\2 2 o8 4 p? (8.60)
3The change of variables leads to
1 —(4+1) u?
4 3 f v .
fo dyy gxy W @2 —A,P (3.56)
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would imply the same results as the original one, with an error suppressed by the factors
of a heavy-mass. The complete demonstration for the Decoupling Theorem is evidently more
general and complex than this single example here, but it is based on the same principles.
Every parameter of the original Lagrangian may be redefined - including those like the mass
parameter related with divergent 1PI graphs with divergent subdiagrams - and such that the
error committed will vanish in the limit m — oco. The suppression factor is slightly smaller than
two, compensated by a large log including the infrared regulator, i.e. the light mass. By proving
that the infrared structure of the original theory cannot overcome its mass suppression, the
heavy particle must in fact decouple. When the experiments are performed in a regime which
does not reach the large scale, all the process can be equivalently described by the simplified

model:
0p*)? 9™ 4 4
= -m

2 v 2

L3
8973

<L + counterterms (3.61)
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CHAPTER 4

THE 3-3-1 MODEL WITH HEAVY LEPTONS

4.1 Introduction

The new gauge-structure defining the electroweak sector of 3-3-1 models [44], namely SU(3);, ®
U(1)x, can render important phenomenological consequences and has been object of attention
along the last years. Among some recent analysis, it can be mentioned those based on the context
of collider [13] and low-energy physics [10-12, 17, 36, 501, WIMPs [39, 47] and different possible

extensions [16].

The model has a total of six versions, two of which filling the lepton content with a conjugate of
standard particles, thus defining the minimal 3-3-1 (see [27] and references therein). The present
work is a brief review of the variant including new Heavy-Leptons [19, 40, 45, 46], here denoted
like 3-3-1HL. It will be shown that a different particle content may be defined according to a
discrete variable § limited to a set of four possible values [13, 20]. The total Lagrangian, divided
into boson and fermion sectors, is then explored by first introducing the totality of f-independent
terms. At this point it is expected to conclude about the presence of stable charged particles,
as stated in [13]. These features arise whenever only the universal potential is considered, i.e.
when the scalar self-interactions are assumed to be defined exclusively from some generic terms
present in all versions of the model. The omission of -specific interactions will retain the mixing
from the potential following the same pattern as that present in the gauge-fixing Lagrangian.
Next, the complete case is developed and a method that explore our previous knowledge on the

gauge-dependent sector is introduced in order to simplify the search for the mass eigenstates.

The review composes the first part of a work in progress that intends to apply a general
integration method for these sort of models, resulting in an Effective Theory that might be
directly tested through precision observables. Thus, the first task involves the development of a
consistent notation followed by a systematic classification of the interactions among new and
standard terms. Those pieces that can generate 6-dimension operators at tree and loop-level
must be ultimately selected. Apart from that, one exclusive assumption is consistently considered
along this analysis - The first breaking scale must be much larger than the second one, with the

notation translated into u > v,,v;,.

Finally, the same steps of the authors in [7] along their presentation of the Standard Model are
freely followed. Like any gauge theory with spontaneous symmetry breaking, the total Lagrangian
is composed by the gauge-kinetic interactions of scalars and fermions, self-interactions of bosons

and a Yukawa, and the chapter has been organized according to this structure.
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4.2 Gauge Structure and Scalars in the 3-3-1HL

The root of electroweak interactions is expressed by the structure of the covariant derivative. In

the context of a SU(3);, ® U(1)x gauge group it can be represented like:
Dy=0,+igW, - T+igxXWI (4.1)

where the bold letter express a simple vector A = (Al,A2, . ,AS) and I% = % are the generators
of SU(3). By expanding the gauge piece of D, explicitly it can be divided into complex (or

non-diagonal) and real interactions

0 Wi—iW: Wi—iWw)
DFO=iS|Wiviw2 0 Wi-iW] (4.2a)
4, sW5 6 w7
W, +iW, W, +iW, 0
and
£(W3+15)+ Xw? 0 0
2 [T 8x U
NC . 8
g 8 0
0 0 ~EW, +gx X W)

The assertion that the fields presented in Eq.(4.2a) will be associated with charged currents
would be a first sign on how to construct both the particle content of the theory and the pattern
of the symmetry breaking. Nevertheless, as it is shown in Section 4.2.1, there are in effect two
different variants of the model where Neutral Currents may also reside in non-diagonal vertices.

The following representation to the fermionic fields is going to be considered:

* Leptons yo: ((va o) Ea); (1,3,X,)
T —
* Quarks Q:: ((d; u) Ji),,  (83,Xq)

* Quarks Q3: ((u3 ds) Jg);, 3,3,X3)

L uff:(3,1,2)
e df:(3,1,-3)
e I1B:(1,1,-1)

o JE:(3,1,X))
o JR:(3,1,X,,)
e ER:(1,1,Xp)
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4.2. GAUGE STRUCTURE AND SCALARS IN THE 3-3-1HL

where a = [e,p1,7], @ =[1,2,3] and i = [1,2]. The brackets inside the triplets are denoting that
these are in reality doublets of SU(2) or, implicitly, that the gauge group will follow a hierarchy
under the symmetry breaking such that, in one of its steps, these objects compose a new symmetric
Lagrangian comprising the Standard Model. Apart from that, some of the hypercharges were
omitted and their derivation left to the following subsection.

The above mentioned hierarchy is endowing the model with a new scale represented by
the letter u and present for the breaking of SU(3);, ® U(1)x into SU(2);, ® U(1)y. The scale
is introduced via the vacuum expectation value of a new neutral scalar y° singlet of SU(2),
composing the triplet

=" 1Y) )

The next sections will discuss that the 3-3-1HL must also include two additional scalar
triplets which may appear in an intermediate scale via Higgs interactions. Nevertheless, for a
matter of clarity and driven by a current phenomenology that disallow new degrees of freedom to
show up at low energies, the task of separating the model into standard and new exotic sectors
will be performed by considering only the first breaking. In other words, the classical electroweak
symmetry breaking can be placed aside, enclosed in a £sjs function. Thus, here the primary
focus is about an universe ruled by nine interactions, where five of them are mediated by massive
and four by massless vector particles. The former acquire their masses when y° presents a v.e.v.
()(O) =u, or {x)x (0 0 u)T, leading the theory to £331 — ZLsy + NP.

Inside the set of nine SU(3);, ®U(1)x generators, the following four leave the vacuum unbroken
and may define a basis for the group SU(2);, ® U(1)y [12]

T1(0) =Ta(p) =Ts(p) = (BT + XD{x) =0 4.3)

From our knowledge on the SM symmetry breaking it can be extracted a connection between

electromagnetism and weak interactions represented by the so called Gell-Mann-Nishima relation

Y
Q=Ts+ 3 (4.4a)
where, in the present case,
Y
5= PTg+ Xl (4.4b)

i.e. a diagonal generator for the SM symmetry group defining the particles hypercharge and the
respective conserved currents.

The Eq.(4.4b) introduces a new and decisive variable. The parameter f may completely
alter the model phenomenology and is an element of a set limited to four numbers, namely
{+ V3, i%} As presented in [13], this set is generated by a series of factors which includes the
integer nature of the electric charge for asymptotic states and the positiveness for variables
of mass. For illustration, this section is concluded with the demonstration of some results and

identities in the context of f = —v/3 (or X ¢ = —1). This version contains a single charged heavy
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CHAPTER 4. THE 3-3-1 MODEL WITH HEAVY LEPTONS

lepton and the previous relations may provide us, for example, the charges of exotic quarks inside
the triplets.
Since the quarks J are singlet of SU(2), it follows

U3 2
Qs3=|d3 - Qg, = _% (4.5)
J3 QJ3
2
3 = (T3)11 - V3(Te)11 + X3
= X3 (4.6)
The J3 electric charge will then be given by
2 5
qJ,=-V3(Tg)gg+ === 4.7)

3 3

The gauge boson (W* — iW?), for instance, will couple with the current
B =TarvHeT
'](uJ) S ULy JsL
thus corresponding to a particle charged by (—1). Similarly,
it =daryte.
J(dg) = 43LY 3L

coupled to the so-denoted U-boson and whose charge, in this case, must be equal to (—2).
By considering the three SU(2) subalgebras of SU(3) defined by the raising and lowering

operators:
I, = Tli—\/gﬂb, I3=Ts (4.8)
Jo = mi—\/;r‘r’, ng??g—% (4.9
L. = “i—\/zi“ [ng‘/;wrw% (4.10)
and also the gauge bosons (note the changes on the signs for V and U compared with W):
Wizwl:LiW2 Vt=W4iiW5 UiiZWGJ_riW7 @1

vz vz V2

the charged sector of D, can be expressed in a short notation as
DO = igW L + WL+ V J + VI I_+U L+ UML) (4.12)

In order to obtain the interactions in the conjugate representation the raising and lowering

operators are just changed in sign:
Dy = —igW I +W L +V J_+V I, +U L. +U""L,) (4.13)
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It is common to present the quark representations with a minus sign in the definition of @;, in
general, aiming to recover the exact aspect of the SM Lagrangian. Nevertheless, such phase

insertion does not have any phenomenological implications.

* Note: To find the Gell-Mann-Nishima relation to the fields in conjugate representation it

must be recovered that the conjugation of the generators T3 and Tg is defined as
Ti=-Ts, Ti=-Tg (4.14)

and, therefore,
Q=-T3+V3Tg+XI (4.15)

Consider, for example, Xg and q,:

_1
3
2
Qg, = % - 3 = (—=T3)2a + V3(Tg)az + Xg
qJ;
1 1
= —+=-+X
9 g @
Thus,
Xo=—1 =V/3(Ts) 1__4 (4.16)
Q=3 qJ; = 833 =3 =3 .

Now the diagonal terms of the covariant derivative, those corresponding to the neutral current

interactions, are

DO = ig(TsW?+ TgW®) +igx XIW® (4.17)
After the first breaking by (y), W° will mix with W8 and can be rotated into the mass eigenstates
by
wo —s.|(B
NE Cx  ~Sx (4.18)
w sy c¢x ) \Z'
which implies
DIN® = igTsW?+igTg(Bsy+Z'cy)+igxXW(Bey—Z'sy)
= i(gwsW° +gpB+gz 2" (4.19)
where it has been defined
gws =gTs, gp =gTgs, +gxXley, gz =Tgcy —gxXlsy (4.20)

The mixing between B and W3 after the second symmetry breaking can also be anticipated

)
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or, finally,
DO = i(gsA+gzZ +g7Z)) (4.22)

where,

8A =Sw8ws3 + Cuw8B, 8Z =Cw8w3 —Sw8B (4.23)

In order to require that electromagnetic interactions be reproduced, it follows

ga=eQ (4.24)

or

eQ=gT3s, +8Tgsccy +gxXleycy (4.25)

The Eq.(4.25) when applied for different quarks and leptons may result in some important
relations to the coupling constants. For instance, to the quark-d; (¢4 = —%,XQ = —%):

e 8 g 8XxX
5= (G g Tgeeee) - Gresen “20

From the following Eq.(4.28) and by assuming e = gs,,:

=325

——QCxCw — 8XCxCy=e6€

3
or, finally, if g’ = %,
gxcx=g (4.27)

which connects the hypercharge sectors of the Standard Model and the 3-3-1HL. Besides, from
the results of the next section, derived for a generic version of the model, it can be shown that
the Eq.(4.27) is in fact independent of . It must be observed, however, that the same relations
raised in the context of the Standard Model were considered, what is to assert both angles and
couplings as equivalent.

By repeating the use of Eq. (4.25) to the case of neutrinos (g, = 0, Xy = 0) it follows that

gsw + isxcw =0 — Sy = —\/§tan0w (or s, = ftanf,) (4.28)

2 2V3
which provides a connection between the Weinberg angle and the mixing on the first breaking.
From the identities proved in the next section it is straightforward to obtain the general formula
inside the brackets.
Here the rotation of (B, W?) into (A4, Z) is in reality neglecting the mixing with Z’ emerged
after the second breaking. This assumption is also motivated by the large difference between the

scales, u > v.
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The Eqs. (4.28) and (4.27) will also induce a set of simplified expressions for the Z and Z’

couplings. For instance,

g7 = gl3cy —(gTgsy + gxXley)sy
4.27
( = ) gTscy, —(gTgsy +g,Xﬂ)3w
(4.28) gcw1]'3+\/§gtan9w3w—[rS_g,SwX”
s2 s%
= gcw1]'3+\/§g—w1]—8_g_wX"
Cw Cw

2
= gcwv3+g§ﬂ(V3vs—Xm
w

2
=  geuT3+g—(T3-Q)
Cw
= E(13-0s2) (4.29)
Cw

i.e. the well-known coupling of Z with the SM particles. The fourth and sixth equality sign
consider g’ = gtan6,, and Eq.(4.15), respectively, and the identity is f-independent. A similar
expression can also be achieved for Z’ through

gz = 8glgcy —gxXlsy
/

gTgcy — gX[st
Cx

= g(Tgcy—tanf,tanb,X1I)
29 & (142 4 3 'tan26,,X1) (4.30)
Cy
The relation (4.29) also exhibits the massless nature of Z after the first breaking
£ (T3)33-0%2)=0
Cw
i.e. there is no coupling with the neutral scalar in y.

Thus, the section may be concluded with the total covariant derivative expressed under a

simplified notation,

D, = 0,+ilgW 'l +WTIL)+gzZ +eQAl+
+ilgV I+ VI +U L+ U™ L)+ gz Z'] (4.31)

The first line reproduces exactly the Standard Model contribution and will make simpler the task
of dividing the 3-3-1HL into SM and New Physics elements.

As mentioned previously, this work discuss how the different sectors of the Lagrangian will
connect the new degrees of freedom with the standard fields at tree- and loop-level. In order to
be consistent and provide an independent review, some of the main aspects of the model can
be registered, being however substantially supported by previous works like [13], [44] and [12].
When the context allows, the first breaking SU(3)r, ® U(1)x — SU(2)r, ® U(1)y is considered with

priority. In the next section some identities for a general 3-3-1HL version are extracted.
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4.2.1 Particle Content in Different Versions

First, recall the electric charge operator:
Q=Ts+pTg+XI (4.32)

First consider to find the f-dependence of the electric charges. From the first line of Dy, for
example, it follows gy, = 1+ g4, = qv, which can also justify why the first entry of y has been
defined as yv. Besides, the second line would give qu = q,, and is denoted like y2 = yp.

The neutral third component of y implies X, = %, i.e.

R S 3
v 2 23 V3
V31 V31
= 7‘34—5 — QU—7,B_§ (4.33)

By repeating this simple procedure to the quarks and leptons representations one obtain

their respective hypercharges. For example, the value of X, defined in conjugate representation,

will be given by
1 1 V3
e=g*Py s — 4imgtg P (4.30)
or, for the triplet in fundamental representation,
1 B 1 V3
Xo= = _ N Y2 4.35

As mentioned before, the electric charges of the new gauge bosons, as well as the Z’' mass,

prevent f of assuming any possible value [13], restricting it to the set

Be (4.36)

1
+— +V3
V3

From Eq.(4.34) and Eq.(4.35) it is clear the effect of a + sign for quarks is merely of inverting the

electric charges into different representations. For |B| = v/3 the possible values are ¢ € [—%, g]

and for |B] = %, qJ€ [—%,% )

Similarly, for the leptons:

. ;a X __(1+_ﬁ ) (4.37)
’(//a' a v — 2 2\/§ .
E.),
or \/_‘
1 V3
qE = —(5 + 7.3) (4.38)
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Thus, depending on the selected f among the four possible values, the model may include from
neutral to doubled charged heavy leptons:
qr =[-2,-1,0,+1] for f it _ L 5 (4.39)
E=174,—1U, = s T =T T = .
VERERVE)

From phenomenological reasons the heavy neutral particles must also be analyzed in detail.
The Section 4.2.2 resolve, in the context of Scalars, that the most general potential can be
formulated regardless the sign of B, i.e. it is sufficient to consider each of the two possible
modulus. Thus, in the remaining of this work those models with = [—\/5 , —%] are taken with
priority.

Finally, the general hypercharge of triplets and anti-triplets can be summarized like:
¢ Leptons v,: (1,3,— (% + i))

¢ Quarks @;: (3,5,%+ i)

2V3
* Quarks Q3: (3’3’%_%)
* uff:(3,1,3)
* dB:(3,1,-1)
. JR (3,1,%"‘[3\/??)

e I1B:(1,1,-1)

ER: (1,1, (3+5%))

where a = [e, 1, 7], @ =[1,2,3] and i =[1,2].

As a brief comment on the Scalar triplets, the gauge-fixing Lagrangian, discussed in Section
4.2.4, in general is defined from the kinetic sector of the Scalars and contain terms proportional
to their product with a correspondent gauge boson. For example, the first line of the product D*y
contains the sum 0*yy +uV such that its squared will produce the bilinear uVdyy. Therefore,

the following notation intends to leave explicit how the gauge-structure of the model will connect
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the Scalars with Vector Bosons:

B

X = X ) (173? (4.403)
iz V3

V2

oW

vot+Hp+ipg 1 p )

= | et 1,3,- - ——

p \/i‘ ’ ( ) b 2 2 /—13
p—U

vy +H,+ing

v L
= -w I T A
n n : (1,3, (2+2 ﬁ)) (4.40¢)

TI—V

(4.40b)

where the minus sign indicates that their charges are in opposite sign as those defined in Eq.(4.33).
As will be repeatedly explored, when these connections are not broken by f-dependent terms,
they may control the pattern of scalar mixing and correspond to residual symmetries that avoid
the heavy leptons to decay. These features, along with their phenomenological consequences, have
been addressed by the authors in [13], and here it must be complemented by exposing the vertices
allowed by the gauge symmetry that could create decaying channels into the light asymptotic
fields. Therefore, the complete set of elements for the potential are considered and a Zy symmetry
is not assumed a priori. It can be demonstrated that the pattern of scalar mixing present in the
incomplete and universal® potential eliminates the totality of tree-level interactions, leaving the

heavy-lepton stable.

4.2.2 Self-Interactions of Scalars

Here is examined the algebraic path followed by the symmetry breaking of a generic potential
which may conduce the gauge theories to their correct spectra. It starts by presenting some

aspects of this sector in the Standard Model, where:
V(D) = u® @ + 10T D)? (4.41)

and
(4.42)

o=(p; %)

The subindex ‘g’ on some of the above fields is referring to the Goldstone bosons. In fact, an
intermediate step along the development of the Goldstone theorem is supported by the condition
that the vacuum of the theory is located on the point where one of the neutral fields, namely ¢°,
assume a value different from zero. This Vacuum Stability Condition (VSC) will correspond to
one or a set of equations that, when applied back to Eq.(4.41), cancel the mass terms for these

‘g’ degrees of freedom. The contribution to the mass of this particles will be gauge-dependent

IThe term ‘universal’ refers to the components present in all versions of the model.
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and comes from the insertion of a gauge-fixing Lagrangian. That is what was called the path for
identifying these massless particles, effectively traced by the theorem.
The vacuum expectation value (v.e.v) is usually denoted by v, such that the vacuum condition

can be read like

0
V®) =0 (4.43)
0 1(p)=v

The minimum point represented as (¢°) = v denotes that the derivative is being taken on the
fields vacuum expectation value. The ¢° is then expanded around its v.e.v, (po =v+H, and the

above condition rewritten as:

O0H oV

WO_H (H)=0 =0, or, shortly, ogV Heo o 0 (4.44)

=0
The potential V(H) is a polynomial and the Eq.(4.44) implies, therefore, that its linear term on H

must vanish, or
p+Av?=0 (4.45)

which enable to rewrite Eq.(4.41) like

2 2
V(@) =21 (cDTcD - %) (4.46)

Thus, the zeroth order term vanishes inside the brackets, leaving only the Higgs with a mass
term in the function.

The VSC defines a set of equations which will lead to the correct mass matrix coming from
the potential. This is seen, for example, in the simplest one dimensional case of the SM. The
rotation to the mass eigenstates must also include the contribution coming from quadratic mixed
terms present in the gauge-kinetic scalar Lagrangian. These terms are strictly correlated to the
gauge-fixing piece, whose treatment leads to the correct mass of the Goldstone bosons. Finally,
the Goldstone theorem is essentially based on the vacuum stability and reveal, as a corollary,
that these mass matrices, i.e. those coming from the potential and the gauge-fixing, must reside
in orthogonal subspaces. On what follows, this result is treated in detail.

By focusing on the potential, it might be important to consider the whole spectra of scalar
fields. In order to the standard quarks and leptons acquire their masses, two additional triplets

are introduced with the following components:

P o
p=-V3: p:( +"+) (1,3,1), n:( f) (1,3,0) (4.47)
Py %

where @, and q~),7 are just denoting that these fields have a similar structure to the doublet in
Eq.(4.42) and its conjugate. The expansion of y° around its v.e.v, y* = u + H, introduces the new
heavy Higgs, H. As a matter of counting, it will be properly identified those eight scalar fields

which are connected, as additional degrees of freedom, to the vectors V¥ U** W*,Z' and Z .
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It has been emphasized in (4.2.4) that the choice of a specific gauge can be made independently
for each gauge interaction. Through their couplings with the SM gauge bosons, the fields in
®, and CT>,, settle a pattern of mixing that will be followed by the composition of the potential
presented below. Thus, it may be more elucidative to keep developing the model under an arbitrary
gauge. For = —v/3,

+ (vy+Hp)+ing
(vp+§g+ipg _ \/_5
—w | n= e (4.48)
[ Ny
and finally introduce the most general S-independent potential [12]
Ve = ey x+ A 0%+ mnn+ Ay + pppto+ A0 " 0)% +
+Aon(0" X0 M + A0y 0T )X ) + Ay () +
+ o0 0" 0) + A0y ("0 ) + Ay 0 ) +
+V20 (e po'n xF +hc) (4.49)

The first two entries of each triplet define a SU(2) doublet, such that any of the above terms are
SU@3),SU2),U(1)x,U(1)y invariant. In addition, from the definitions of Eq.(4.40), there can also
exist a set of new terms added to Eq.(4.49), in the context of specific values for §. In other words,

depending on the specific model being regarded, new elements might emerge to the potential.

4.2.3 Vacuum Stability Condition

In this framework, the vacuum stability condition is given by

v (x°, %1% oV (x°,0°%n% vV (x°,0%n%

ay° = ap? |(PO)=U,, ’ om0 =0 (4.50)

<T]0>:Un

where p° and 11° denote the neutral component of the respective triplet. The relations above are

translated into
o5V (H, Hy,Hy| =0, aHpV(ﬁ,Hp,H,,)|Hp:0 =0, aHnV(E,Hp,H,,)‘HUZO =0 @51

i.e. the coefficient of linear terms must vanish. For illustration, a geometrical picture can be

drawn to the potential vacuum as follows. First, rewrite Eq.(4.49) as

Vix,0.m) = Vipp=0+Vlign=0+Vlyp=0+
+Aon(0 X0 M + A2 0 ) ) + Ay (X ) +
+Aon(0 @ )+ A2 (0" 0) + Ay (0 ) M) +
+V2(e;jrp'n xF +h.c) (4.52)
The first line of Eq.(4.52) is composed by the three functions defining the scenario where the

symmetry breaking occur independently, i.e. when just one of the triplets are present in the theory.
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The V|, ;=0, for instance, comprises the piece regarding solely the breaking SU(3), ® U(1)x —
SU(2);, ® U(1)y. The vacuum condition to it provides

07 (Vippo)| . =0 — my+au?=0 (4.53)

Now, when the VSC is also assumed for the second and third terms of the first line, it implies
2
3s1, (Vly=0) |sz0 = 0 — pptAp?=0 (4.54a)

aHn(Vu,,,:O)(Hq:O = 0 — pytAp2=0 (4.54b)

When both Eq.(4.53) and Eq.(4.54) are taken, it is in fact being assumed that the points
(x°, 0% ¢° = [(,0,0),(0,v,,0),(0,0,v,)] are either local or global minimum of V(y,p,n), along
with the point (u,v,,v,). Thus, the vacuum could be described by the following ellipsoid

242 (e2 +v?) (e2 +v?)
(e”+u )x— P y— T re2=0 (4.55)

O+’ + 22 vxy+xz+yz—

Uv,+v,vp+uUv
where e2 = %

and (x,y,2) € [(&,0,0),(0,v,,0),(0,0,v,),(u,v,,0,)| defines a subset of
possible solutions.

Finally, by applying Eq.(4.51) simultaneously to the total potential it follows the final equa-

tions .2 .2 .
ogV]. =0 - A+ A+ LAy = 0= 0 (4.562)
5 U vy Uvy
aHpV|Hp:0=0 A A R Y e il (4.56b)
and , )
aHnV)Hn:():o - un+anv,§+%anx+v§papn—uv—l;”c:o (4.56¢)

As will be detailed, these three conditions are sufficient to leave the model with a well defined

mass spectrum to the scalars.

4.2.4 Gauge-Fixing Lagrangian
The gauge interactions of the scalars come from the invariant kinetic term
ZLs > D) (D*y) (4.57)

For 8 = —\/3,, the scalar can be defined as

0 i T
1=tz 10 X“;;g) (4.58)

and the g index emphasizes that those states are exactly the Goldstone bosons in the context
of a single breaking scale. The Gell-Mann-Nishima relation of Eq.(4.4a) also promptly implies
X,=-1

71



CHAPTER 4. THE 3-3-1 MODEL WITH HEAVY LEPTONS

The covariant derivative (4.31), in matrix form, is given by

(+s2) .
0o Wt V- —e Eifw gt VBig,te,) | (A
1
D=0, +i-S|Wo 0 U |+idiag||-ze B (o Big g || 2| [459
V2 + ++ c 2v3 o '
v u 0 0 0 g(— v \/§tgwtgx) Z

where ‘diag’ requires the vector inside the brackets to define a diagonal 3 x 3 matrix. The Eq.
(4.31) provides a direct representation whence can be seen how the gauge interactions play with
the isospin components of the triplets, aside from the manifest separation into the SM and New
Physics terms, one of the main purposes of this work. Nevertheless, in this section the complete
vertices concerning scalars and vectors are searched, and the expansion in Eq. (4.59) can make
their identification simpler.

From the complete result of Eq.(4.57) only the terms that will be indeed related in the coming
analysis must be selected. First, they include those canceled out by the gauge-fixing Lagrangian.
Since each factor in Dy is at least linear in the fields, it can be set up the quadratic parts plus
all the Xg dependent ones, which yield mass to the gauge bosons and introduce the new physical

Higgs H. This corresponds to
1 . . . .
D Dy = 5(6)(2 —i0x0 — inss X9 Z)NOx0 +idxo +inssy9Z') +
Oy, + igxgv—)(axg —i§x2V+)+
.8 0y g
+0yg + zEXgU oxs* —L§X2U++)+

+0(non-quadratic terms) B= -V3) (4.60)
where ngg3=g (—c—\/% -3 tgwtgx). The final vertices will be given by:

D DF) = @x2Or) +@xNOXD) +Ox )0 +(Ox g )Ox: )+
g g n}
RV TV U T U+ 2 a2 2 + nss O 2 +
i orpiv -y +ifeg i - i U+
+0(non-quadratic terms) B= —V3) (4.61)

The gauge-fixing factor {gg may be defined independently for each gauge-boson and the
entire analysis will be considered in the arbitrary t'Hooft gauge. The total Lagrangian to the
scalars is given by

ZLs =D D) + D (D*n) + (D) (D p) (4.62)

and accounts for the gauge-bosons acquisition of mass. At this point it appears one of the possible
arguments to explain the absence of connection with the SM through non-diagonal interactions.
First, designate the pairs 12,13,23 of the triplet entries in Eq.(4.40) as the first, second and

third doublets, respectively. Now, since the generators . will act only in the first doublet, the
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above Lagrangian always present the vertices with the 3-component in pairs of exotic particles,
forbidding all the tree-level contributions.

From Eq.(4.61) one quadratic mixed term is extracted as
%o ug(ax;)v— - ug(ax;,)w (4.63)

These interactions, in general, are related to a transversal propagator for the gauge-bosons and
can be equivalently replaced via the insertion of a gauge-fixing Lagrangian. Apart from that, the
scalars involved in the second breaking will also contribute to the mass of V and U, including a

similar momentum-dependent vertex
%> vng(an{,)V+ - un‘g(an;)v— (4.64)

The Goldstones will be identified after the rotation of the correlated degrees of freedom inside

x and 7. To the above case, it can be achieved via the orthogonal matrix

1|u -v
\4 n -
Ry, = o3 ( ) uy=\/u?+v} (4.65)

vy u
or
XV, — _ vl -
u, —vpl|o V™ —|u, 0|0|""|V (4.66)
) i ke 5
where
(f") -R), (XV) (4.67)
Ny nv

From Eq.(4.66) the Yy can be identified as the Goldstone of the theory. The procedure thus
described follows from the group structure and is independent of 8. In Section 4.2.7 it will be seen
that the rotation Eq.(4.67) defines a larger block diagonal matrix that plays an important role on
the diagonalization of the total mass matrix. After the insertion of additional self-interactions,
the potential acquires a new structure of mixing that differs from the gauge-fixing mass matrix.
However, one may consistently make use of a general consequence of the Goldstone theorem
which constrains these two components to lie on orthogonal subspaces, and then verify that the
previous knowledge about the rotation of M¢ can simplify the procedure of finding the total mass
matrix, M, diagonal.

In the context of Eq.(4.52), the new matrix on the basis (yv nv) will appear like
T .

My + A+ 5 Ay + g Any + 5 Apy 5 Ay + 0o

5 Ay +0p¢ i+ Aquy + 5 Ay
which can be simplified by applying the VSC of Eq.(4.56) to

2
Ly UpUy Uiy ™y
g Ay +=¢ Ay +0pC
p

Vaeem= (v ny) ( ¢
(XV) (4.69)

Uup > u‘y
= Ay +vel FAny
2

+
_Mv ( * * vTI Uy
=% )
2 \4 14 uv, u2
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where B
A A v
v _ A vl 470)
2 2 uvy
The matrix in Eq.(4.69) can also be directly diagonalized via R,‘;X, leading to
> v v —2||= - my;=Avu (4.71)
2 ( ) 0 u% My n U]

The Goldstone theorem is then being manifest. The quadratic mass coming from the gauge-

fixing Lagrangian is

2 2
u —uv 1% uv
M?=5V( 2”) - M?'( ! 2n) =0 4.72)
—uvn U,7 uvn u

and its orthogonality to the matrix in Eq.(4.69) has been registered.

4.2.5 Gauge-Boson Masses

The gauge-dependent mass matrix is sufficient to exhibit the gauge-boson masses which, for
completeness, are presented here as extracted from the Scalar Lagrangian:

2 2 2 2

m%v = g—ﬁz, m%, = m% == (4.73)

4

In order to be general one distinguish the U and V masses above. However, on the assumption
u > v,, Uy, their values would be equal and different of the Z’ via a f dependent factor. For
B = —+/3 it follows
2
m%, = %u%i (B=-v3) (4.74)

The bilinears for neutral vectors are given by

Cx

V3

corresponding, after the £, ¢ insertion, to the correct {-dependent Z,Z’ propagators and a new

1 v
LD —g—0ygZ —8—0p,Z + g —0nyZ (4.75)
2¢y 2¢y

mass matrix to the scalars:
2
M2| =%\ v, 02 (4.76)
nUp .
2
ot Eztec?

on the basis (74,0, Xg)- It can be verified that the above result is in fact orthogonal to the P

matrix presented in the next section.
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4.2.6 Scalar Masses

This section is introduced by approaching the masses for the remaining scalars. The expansion
of Eq.(4.52) reveals the pattern of mixing between the charged particles and a result similar to

Eq.(4.71) must arise. For the U-type scalars on the basis (yu pv) it follows

2_ 2 2 _
ﬂx+/17cu2+v2_%px+v2_n’1nx+%pflpx Aoy +unl @77
— 2— 2 2 :
Aoy +ugl Hp + Apv® + 5 Mgy + 5 Aoy + 5 Apy
such that, with the help of Eq.(4.56), it can be simplified to
Ay vy vy (v Ay _ Aoy | vnd
ZU(yx pr - ot (4.78)
2 (XU PU) (uvp w2 |\ ow 2 2 uy,
or
Ay —%  —% 0 0 %U 2 _ —2
2 (XU PU) (0 ﬁ%) (m] - mp=Auy, (4.79)

where the rotation matrix is given by
v_1[w —v - 2.2
Ry == - Up=\/utug (4.80)
Up Up u

To conclude the non-diagonal sector, there are those scalars coupled with the SM gauge

bosons: _
2 (e o) v vota)(mw) _ Aw A u (4.81)
2 Uw W VpUy v% ow 2 2 vpuy
or
Aw —. —.\[0 O} [7w 2 _ ., =2
9 (nW Pw) (0 52) (ﬁW = Moy = Awv (4.82)
Equivalently,
1(vy, -v _
RE; == e - U= v% + v,27 (4.83)
vivpy vy
where
ﬁW w [TwW
(_ ) :an( ) (4.84)
Pw Pw

From the beginning of this review, the Z' has been assumed to not mix with Z and Photon, a
claim justified from the hierarchy between the breaking scales. one may expect, therefore, the
same pattern to be also present in the neutral scalar sector. On what follows this feature is
identified in detail.

First consider the mass matrix of pseudo-scalars on the following basis

Ng
(ng Pg Xg)lp Pg (4.85)
Xg
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such that the entries of P are given by

2 vy v,
3y + Aquyy + 55 Ay + 5 Apn) 5 , 5
: : vl
5 5o+ Apvp + %5 Aoy + 5 Apy) %2 ,
v,C vl 1 v v
= R E(:“x‘”lxuz"‘imnx“‘?mpx)
(4.86)
or, simply,
v v v
ut ﬁ 1 £ ur v—z 1 0 1o v2  wvpuy O
- Up U | 22 Un = 2
P= 2 UZ 1| = 5 1 vz 0= o |vevn vy 0 (4.87)
wdm) Plo o o) Pl 0o

The second signal is representing the absence of contribution from the low-energy breaking to
the Z’ mass and must not be understood as a formal limit. The constant is given by

Ap = (4.88)

UpUp

Thus the pseudo-scalars are diagonalized to their mass eigenstates by the same matrix RZ‘,’7
that the standard charged scalars. Finally, the potential introduces a single pseudo-scalar, here

denoted pp, such that
pp:  m3=Apv” (4.89)

The presence of this particle is f-independent.

The real scalars follow a similar analysis. In the basis

H;
(e, H, H)s|H, (4.90)
H
and after the Eq.(4.56) insertion, the S entries are
Anvrzz"‘(lzt_x Apn™5"~5 0
S=| gy~ 102 g0 0 (4.91)
0 0 Au?+(Le

The above result includes that, in the context of u > v,v;), the third non-diagonal elements are
small compared with the remaining and thus give a neglected contribution to the eigenvalues.

Their original values are:

2
1% U, U
Siz L=yt Agup) = Ay gu” (4.92)
2
Up Up Une
§23 CE— (/.tp+/1pvp) /1,371 on (4.93)
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The matrix S can be diagonalized by

cs —Ss O

Rg=|ss ¢s O (4.94)
0 o0 1
and their simplified eigenvalues are:
m?, = L(7L 030, + A,030,)
H, vy, nUnVp T ApUpUn
= Agi+Apvs (4.95)
1
m%p = m(lnvgvp + /lpvgvn + u((v% + v,zl))
(2 +v?)
= A2+ Al +ul—— (4.96)
UnUp
2 _ 2, ,Unlp
my = 24 u +(—u 4.97)
Note, therefore, an approximate relation between the scalar and pseudo-scalar masses:
2 _ 2 2
my =my +mp (4.98)

Thus, as in the Standard Model, the Vacuum Stability Condition prevents the mass terms
of some charged scalars to arise in the potential, leaving their contribution exclusively in the
gauge-fixing Lagrangian. In the previous discussion one identified this feature occurring for
the version-independent 3-3-1HL potential and the VSC leading the model to a correct scalar
spectrum. Nevertheless, it has not been mentioned yet about the allowed S-dependent pieces,

like for example

V(}(,p,n))ﬁ:_\/§ > Vg(n E/ll),fn()(Tn)(an)+h.c. (4.99)

which could connect the scalars (nw,pw) with (yv,nv). Along the rest of this work it will be
verified that the omission of a term like Eq.(4.99) may imply a complete dissociation of the
charged exotic sector with standard particles at tree-level, leaving the Yukawa interactions as the
ultimate chance to connect them. In Section (4.2.8) this possibility is disclosed and one conclude
that assuming Eq.(4.99) equal to zero is equivalent to assume a discrete symmetry for this variant
of the 3-3-1HL.

4.2.7 The Potential for particular models

As mentioned previously, the term /1%,]( )(Tn)(an) could a priori be included in the potential® for
B =—V3, creating a leading order connection with the SM from one additional mixing between

the four charged scalars.

2For = +v/3 the new term is similar to Eq.(4.99), with p — 7.
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First, the mass matrix will emerge in the basis like (77W ow  nv )(V) after this insertion:

2
Aw Up UpUn AX UVp Unplp
9 2 UpUp 1)2 P Ulp U2
ME, =

1 n (4.100)
o [wee wen| u?  uvy
P vgo, vy % \uw, vy

The determinant of M%, above is in fact zero, a necessary condition to leave the theory with a
well-defined spectrum.

The gauge-fixing Lagrangian also contributes with a gauge-dependent squared mass-matrix
with:

9 (4.101)
v;  —uby
0 v 9
—uv, u
As mentioned before, one important consequence of Goldstone theorem requires that these
two matrices must lie in orthogonal subspaces, such that

MP-MF=0 (MM =0) (4.102)

This can be checked directly by requesting a simple identity for matrix products. Consider a

M= (Ml Mz) (4.103)

general even n x n matrix:

Mg My

where My, are 5 x 5. Then, it follows that

A-B= (4.104)

(A1-B1+Ag-B3) (Ar-B2+Ag '[534))
(Ag-B1+Ayg-Bg) (Ag-Bo+Ay-By)
which can be proved by considering a single element

My, i€ll,...gljell,...5]

Mg, i€ll,...5l,jelg+1,...n]

Ms, ielZ+1,..nljell,...2]

My, i€lg+1,...nl,jelg+1,...n]
and the general rule for matrix products, (A-B);; = A;pB; +A;B;;, with & € [1,...%] and / €
[§ +1,...n]. For instance, if (ij) € M then (A-B);; = (A1 -Bg + Az [EB4)L-(J~_%).

Finally, the Eq.(4.104), for By = B3 = 0, implies

A-B= (4.106)

(A1-B1) (Az-m))
(Ag-B1) (Ag-By)

and the demonstration of Eq.(4.102) follows straightforwardly.
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® The result of Eq.(4.104) can be also extended for odd matrices, and to the 3 x 3 case we

register one useful identity. First, consider the generic matrix

M; mg
M= 7 (4.107)
m3 my
where m are two-dimensional vectors and m4 is a c-number. Thus,
A1-Bi+ag-bl) (A1-by+agh
AB= (Ar-Br+az-bl) (A1-bz+asby) (4.108)
(ag-[EBl +a4b;) ag'bg +a4by
Now, define the total squared mass
MZ = M3, + M (4.109)
From Eq.(4.102) it follows that
2 nn2 a2 na2 _ (Rn2y2
M2 M = M3 M2 = (M) (4.110)
(4.111)

i.e. these matrices must commute:
2 an2
[MS,M E] =0

and, therefore, there must be a matrix U able to diagonalize them simultaneously. Apart from

that, as already seen the matrix

v bt V)
L ( " p) o
p=| Vo Un (4.112)
1| % U
n
is such that
DM?DT = x? (4.113)

with X? diagonal. Thus, from Eq.(4.111), it follows that D [ME,M?] DT =0, or
(4.114)

[W,x?] =0, where Mi = DMZDT
i.e. the rotation of the total mass matrix by D will commute with the diagonal mass matrix of the
Goldstone bosons. In terms of components the above result can be written as
—2 —2
> (M )ik(xg)kj = Z(X?)ik(Ms )k j (4.115)
k k
or
T2 2 72 2
2 [(Ms)ik(skj(xg)jj - 6ik(Ms)kj(Xg)ii] =0 (4.116)
k
and, finally,
—2
(Ms)ij{(xg)ii_(X?)jj} =0 (4.117)
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Thus, the M? must emerge into a block diagonal form, whose dimension will agree with the
number of eigenvalues inside X? with multiplicity one.

The second step consists on finding a matrix D to diagonalize M? and, in general, simple to
define. Again, from Eq.(4.114), the matrix X? would remain block-diagonal after a rotation by D,
such that

ODMZDD)T =X and (DDMZDD)T = X? (4.118)

with X2 diagonal.

In other words, the matrix that can simultaneously diagonalize the total and the gauge-
fixing mass matrices is being constructed by parts, after claiming a general Goldstone theorem
corollary. It is certainly necessary to look only at the total M2, However, the direct identification
of the Goldstone bosons becomes clear and definitive through these steps since one requires the
gauge-dependent sector to play a role during the process.

The conclusions can be applied in this particular case, from Eq.(4.100) and Eq.(4.101). The X?

was previously obtained and is given by

72
: ( )
2 0
X% = 4.119)

and, from Eq.(4.117), one must expect ([D)I\/[I?(ID))T to contain a 2 x 2 block. In fact,

Ewv®
Aw =2 X ==
o AU u
DMZ(D)T = ( S, ’7) (4.120)
Appvuy  Fuy

1
_ A, vu
D= %( “ P"””") (4.121)
/1/),7vu,7 a4
1
1 Aw_ Av_ Ao Av_o)2 .
1{Av_y Aw_ Mo Av_o)2 .
7 = AL, T a2 +a? (4.124)
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and, finally,
Ewo®
— — m2
X2 = (DD)M2(DD)T = e (4.125)
my
Evur
where
1 Aw_y Av_ AWy Av_o)\2 .
R | R

:.310
|

1 Aw_ Av_ Mo Av_o)2 L
(e (e e o

In summary, the B-independent potential follows a mixing pattern in precise accordance with
the SU(2) subalgebras, i.e. by pairs of the scalars entailed by the same gauge-interactions. In
the notation of Eq.(4.40) it corresponds to (v V), (xY V) and (% n"). When this pattern is
broken by the insertion of specific allowed terms, the physical fields inside these pairs can be
connected through an additional rotation, leaving the gauge-sector unchanged.

The previous analysis on the additional term in the potential holds for |§| = V3. In addition,
from Eq.(4.40), for |B| = % one of the triplets p or 17 has the same hypercharge as y. The authors
in [51] introduce a new non-Zs piece in the context of neutral heavy leptons, i.e for = —%,

where y and 1 share the same X. These new contributions are given by

V(x,p,m) oot 2 Vin = ot 0+ A, ma ' + A%, me o) + A4, (T ) + he. (4.126)

V3

In this version of the model, the gauge-boson V has electric charge equals to zero. The above
expression presents a linear term in the complex neutral field )((‘),, whose coefficient must be

zero in order to leave V(y,p,n) with a lower limit at ()(?,) = 0. This condition converts into the

equation:
2 2 2
v v
Han+ Ayt + A+ Ny =0 (4.127)

Nevertheless, the bilinear (y'n) in Eq. (4.126) turns factorized by the rh.s of the above
expression, implying that the u,, portion along with the mixing terms for the charged scalars

(xu nw) will vanish. The Eq.(4.126) is rewritten like
Vin = gm0 ] 2o + A0 M7 P 2o + i MO D2 + Bec (4.128)

and emphasize that the notation excludes only the quadratic v.e.v’s, preserving the trilinear
interactions.
Thus far the exotic sector is still connected to the SM particles through tree-level interactions

with real Higgs bosons. There will still be remaining bilinears involving the real scalars and the

81



CHAPTER 4. THE 3-3-1 MODEL WITH HEAVY LEPTONS

neutral (yv,nv):

1 _
Vig 2 ﬁ (/lznuv,, nvH,+ /lﬁnuvp nvH,+ )L%nu2 nvH + h.c.) +
1 n 2 o X T
+ (Av2 v Hy + Abyogup xvHp + Myuvy xvH +hec.) (4.129)

For real A's, these couplings mix the Higgs sector with the real part of the V-scalars, here denoted
as (17, 1y)-

The gauge-fixing Lagrangian to the complex neutral boson V will arise similarly to Eq.(4.63)
and Eq.(4.64), now with complex conjugates. Thus, on the basis ( Xv ny Hy Hp H), only the first
block of M differs from zero and is equal to the result of Eq.(4.72):

fv( u? —u2v,7) @)

Mg, = —uvy  v; (4.130)
0 0
The contribution from V(y, p,n) is given by
My, M Al AL AL u®
My| |, = ( o 2) where MQE\/E( A (4.131)
B==7 M, Aypuy  Aypuvp  Ajpu

and My, is defined from Eq.(4.69). In order to build an invertible matrix D for the diagonalization
of Mg, one can fill it with the rotation matrices as presented in Eq.(4.65) and Eq.(4.94). Finally,
from the previous discussion, by applying a rotation for the total mass matrix M = Mg, + My
through D results a block-diagonal matrix, here represented by 4 x4, that can be fully diagonalized

after the insertion of an additional D.

4.2.8 Self-Interactions of Gauge Bosons

The self-interactions of the gauge-bosons are mediated by

Lab. = —iww WHY — iWﬁvW(éw (4.132)
where W, = (WI}V,W’%V, ‘e ,Wﬁv), and
WS, =0, W —0,W5 +gf* WrW, (4.133)
or, in a simplified notation,
W, =0, W -3, W - gTr [F*- W, | (4.134)

with (F%);; = %/ the structure constants, and (WH");; = W/ W

Before perform the sum in Eq.(4.132), a set of transformations to the non-diagonal fields may

4 6 +qv +qu
BT e

be applied:
W wWh) V2 \l-i i)\v v (U-w)
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Wl):i(l 1)(W+) (4.130
w?) ve'lli -i)\w- '
and, finally,

wo -8y CxCw —CxSwl\([Z'

W3l=l 0 sy cw ||A (4.137)

w8 Cx SxCw —SxSw|\Z

One important feature of £, ;. is the absence of Z " interactions with standard vectors at tree-
and loop-level. On the other hand, the charged bosons will couple with SM at loop-level and, for
illustration, the vertices for VW and the triple VZA are:

2
VW: Zgp. 2 —% (V;V”W,;WW +V, WHV W™ — 2VJW—/~‘V;W+V) (4.138)

VZA: %4p. > %2(ﬁsx(1—233)+cwsw(1—3s§)) x
x (Vo AV ZH - VAV, ZH - 24V 2V, VoK) (4.139)

Additional Feynman rules can be extracted from [13].

4.3 Fermions in the 3-3-1HL

This section is a brief description of the fermions in the 3-3-1HL. Among four possible versions,
those models with || = % might require a special attention. This because they introduce heavy
quarks and leptons with the same electric charges as the standard particles (see Eq.(4.34) -
Eq.(4.38)), corresponding a new pattern of mixing among different generations and then to a

large set of original vertices at leading order [45]. Their fermion content can be summarized like:
- Three additional neutral heavy leptons (or right-handed neutrinos);

e = —% :4 - Two additional flavors for D quarks;

- One new flavor for U quarks.

- Three additional heavy leptons with the electron charge;
* p= % :{ - Two additional flavors for U quarks;

- One new flavor for D quarks.

4.3.1 Gauge interactions of the Fermions

The gauge interactions for fermions may be better represented in a short notation if their

left-handed triplets are written like

vi=(L B9 QF=(a )5 Qf=(as ), (4.140)
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where the index a = [e, 1, 7], i =[1,2], and the boldface is just indicating the separation between
SM doublets and exotic singlets. The right-handed fields follow the usual notation for the SM,
i.e. qff,lg for quarks and leptons, Jf,Eg for the new particles. Thus, the total gauge-kinetic
Lagrangian can be written as

. _ —L —L
Zan = i ¥ eDvi+ Y QiDQI+Q;DQY+

a=e,u,t i=1,2

Y dipdf+ Y @BDuf+ Y TiDJE+TiDIE

=123 a=1273 i=1,2

-R —R
Y LD+ Y E,DEE (4.141)
a=e,u,7 a=e,u,t

and each field associates its correspondent covariant derivative.
The following identity might be useful during the task of dividing the 3-3-1 interactions into
SM and New Physics::
A x||[a
—a'Aa+a’xb+b*x"a+b"2b (4.142)
x' z|\b

[a" o)

such that the 2 x 2 matrix A for the covariant derivative will be given by

A=DM yigZ , (4.143)

Apart from that, it can be defined define a vector of gauge bosons

X, X % (V# U'U)T

where the proportionality corresponds to the complex number i, for both x and x'. The b compo-
nent represents the new heavy degrees of freedom, like in the field definition of Eq.(4.140). By
applying Eq.(4.142) in Eq.(4.141) it follows

Sin = L DLL+GLDQL +1,DIR +d, DR +TE DR} +
+i{Lyigp AL+ LoxBL + B X UL + B0 +igz4' +igzZ +ieQAEL} +
+ilghigy 2'aF +ahx LT+ T (@+ng,Z’+ngZ+zeQA)JL}
+il@higz 2'ol + @xTE + Texlok +T5@+igpd +igsZ + ieQA)TL} +
+1{E DEE + 7, DJR+J31»JR} (4.144)
and note:

¢ The first bracket corresponds to the SM gauge kinetic piece and the meaningless difference
in this piece due to the conjugate representation has been ignored. Thus, all the indices are

running through the total three generations;
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* The second contains the interactions for the heavy leptons, in addition to a tree-level term
with Z';

¢ The third contains new exotic quarks and the Z’ at tree-level. After the rotation of SM
fields to their mass eigenstates, the matrix components of g’ give rise to flavor changing
currents due to a distinct coupling with the third generation. The couplings must take into
account the properties of the Gell-Mann matrices under conjugation and indices cover the

first two generations;
¢ The fourth bracket, in the fundamental representation, is similar to the previous line;

¢ The last bracket contains the right-handed exotic fields. The leptonic indices cover the three

generations while the following term contains the first two heavy quarks;

¢ The breaking of SU(3);, ® U(1)x does not lead exactly to a theory invariant under SU(2);, ®
U(1)y, unless the mass of the vectors inside the doublet x are equal, valid only in the limit

U > vp,Up.

Moreover, the next section discuss the presence of f-dependent Yukawas that mix standard
and exotic fermions, thus expanding the first line into additional tree-level contributions. The
Eq.(4.144) can be symbolically written as
Lin= LM LBy Ty gl PR (4.145)
A brief digression on the described vertices - The present chapter composes the first part
of a work that intends to cover the complete integration of these new heavy fields. Thus, the
method will result into an effective version of the Standard Model raised through the 3-3-1 gauge
structure. As one example, the only gauge-interactions generated at leading order are those with
Z'. In the next chapter, it must also be explored the contributions of mixed terms involving exotic
fields, loop-suppressed in the expansion of dimension-six operators. Thus, the complete set of
terms involving x only contribute at this level, concealing the interactions with the non-diagonal
gauge bosons. The one-loop sector of this Effective Theory will contain only the electromagnetic
covariant derivative, i.e. the U(1) invariant piece, apart from the interactions with Z. The terms
with three exotic particles must be discarded. Finally, as mentioned in the previous paragraph,
for specific f-dependent interactions, the model suppression is reduced from the appearance of

linear vertices on the heavy quarks.

4.3.2 Yukawa Lagrangian

The last section discussed the division of Yukawa interactions into those pieces independent of

the 3-3-1HL version and those only valid for a particular value of 8. In the general case, the
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interactions are extracted from
Py = (A4, Quntd+ AL, Qppds+AY, QLo*ul
Yy = ia QLN dp+A3, Qredp+A;, QLo up+
—3 p— k i =3 3
+/11§’a QL"”?% +/l£,k QLX*JR +;LJ3,3 QryJg +

dx 5% 1Ai L ads 59 A3 — ;
+AL: dpnTQy +AS: dppQF + MY uhoTQ) +

,a

* * —k ] * —=3
FA T Q) + A7y TpaTQ) + A5 Tpr'@} )+
— « 3@ « =0
(Afz’b Veplh +AE, g yEY + AL, Tpptyt + 255 By x*w‘i) (4.146)

where it was tried to unify the notation presented in [44], [12] and [27]. The indices run as
a,b =1,2,3 and i,k = 1,2. On what follows it is clarified the reason for changing the lepton
notation.

There are a few important comments about the above B-independent Yukawa. Note that both
the heavy leptons and the new exotic quarks couples only with the first breaking triplet y. If the
Scalar, Vector and Kinetic Lagrangian cannot connect the high sector with the SM at leading
order, the forced absence of mixing between the y components and standard scalars may compel
the new physics to emerge always by pairs of exotic fields, leaving the heavy leptons stable.

One additional form to contour this feature is by considering the complete set of allowed

Yukawa terms in the framework of specific versions. For the leptons:

* ypEg and ypxlg :

The total hypercharge for these terms is X = % - ﬁ@ and would be invariant for = %, ie.

in the version with a neutral U gauge boson and where the heavy leptons have the same

charge as the electron. The (Ee) mixing creates decay channels £, — SM via Eq.(4.144).

* YnER:

Since Xy, = X, the total hypercharge is equal to the H.L. electric charge, or X = g, which
1
7
portal comes from the mixing with neutrino, (Ev).

is neutral for f=— Apart from that, V is the complex neutral gauge-boson and the SM

Since both triplets are in the fundamental representation, terms with conjugated scalars are

forbidden for the gauge symmetry.

1
\/g‘?
quarks have the same electric charges as the standard fermions. For |8| = V3, however, the

These additional lepton interactions appeared in the context of || = where the new
quarks J have exotic charges and cannot mix with the U or D type. Thus, whenever the -
dependent interactions are omitted from the potential, one may not expect new decay channels
for the leptons in these type of 3-3-1 models. Since the Yukawa is the last component of the total
Lagrangian, from Eq.(4.39) these stable particles would be electrically charged with —2 or +1.
Similarly, new vertices can also be extracted for the quarks. The remaining ¥y components

are finally classified in terms of the g sign:
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. foil.
ﬁ_+¢?
2y > AMQ Q. 1'u o+ A% Qrydy+ A% Qro* Il +
AT QU T +A8% Qrpdd + AL Qundl + hec. (4.147)
. fo_1.
p= 7

Py > NQrtdg+ A Qg+ A% QuoIh+
AT QU T+ AL Qo+ AL% Qund +hc. (4.148)

As before, the indices run as ¢ =1,2,3 and i,k =1,2.

There is one important remark on the Yukawa components above - By returning to the high-
energy scenario where the symmetry breaking is given exclusively by y, there will still be one
generation of standard leptons and quarks that acquire mass from their mixing with the new
heavy fields. In other words, the two first terms of Eq.(4.148), for example, is breaking the
SU@3)L, ® U(1)x directly into U(1), leaving the bottom and the top-quark massive along with «/;
and J3. On the basis (u ¢ t J3) this feature can be illustrated as:

a4 0
@) a94 0
—_—
as4 my
* * *
Ay1q Q9q Qgq Q44 myg

Thus, the theory suggests that a mass hierarchy might be originated from the presence of at least
two distinct breaking scales.

The splitting of ¥y into SM and new terms is almost trivial, in the sense that only the
mass Lagrangian of U and D quarks will contribute to the standard part. Notwithstanding, the
diagonalization matrices VLU and Vg , in order to consent with the recent Higgs phenomenology,
might strongly constrain the parameters of these new Higgs sector. In the universal 3-3-1HL,
i.e. in the context of only -independent processes, the exotic quarks oJ;, for i =[1,2], must mix

through a similar pattern as the standard quarks.

4.4 Conclusions

In this brief presentation of the 3-3-1HL components it was intended to arrange a detailed
separation between Standard terms and New Physics in order to prepare a model integration.
In other words, one focused on the task of select the totality of pieces that must compose a set
of effective operators generated at tree- and loop-level. It has been stressed the importance of

the variable § to define a particle content and paid a special attention on an universal context
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defined by the p-independent vertices. Since, in principle, there is not a strong reason for a
specific 3-3-1HL choice, it has been claimed that the first step to test its original gauge-structure
is by considering those processes present in all possible variants of the model. In this scenario
the Yukawa sector, for example, is loop-supressed due to the exclusive presence of exotic mixed
terms3.

The work intended to be complementary to the review section of [13] and it was considered
the most general scalar self-interactions by including new f-specific allowed terms, as present in
[51]. Finally, one concluded that the omission of these particular contributions is equivalent to
assume a discrete symmetry for the variant where |B| = v/3,, leaving the theory in the presence of

stable particles.

3Namely, by vertices in pairs of new fields.
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CHAPTER 5

MATCHING IN THE FUNCTIONAL FORMALISM

Once developed the concepts and results supporting the Covariant Derivative Expansion, this
chapter intends to provide the first examples of application and comparison with different

approaches adopted before.

The previous part of the present work has brought a good amount of new concepts and
techniques that must be accompanied by some specific applications. The present chapter will
mark a progressive transition, from a review to a minor set of original results. By ‘minor’ it refers

to a small improvement on the examples already present in the main adopted references.

The method behind the construction of an EFT was proposed by defining the matching
procedure at tree- and quantum-level. This was performed in two independent scenarios. In the
simplest one, the quantum corrected Wilson coefficients were extracted by an Universal Formula,
thus called for having been raised in a model independent form and without focusing on any
particular statistics. The formula applies whenever the covariant propagator assumes a standard
form but is still limited to the case where only the same heavy fields are present in the internal
lines. The generalization for heavy and light fields follows directly, although it requires the power
counting to be performed depending on the particular context. This condition comes from the
various combinations of operators found during the expansion of the Ligth-UV theory into a local
Lagrangian. A Covariant Derivative Expansion consists essentially in preserving the covariant

derivative untouched during this expansion.

As mentioned before, the case of mixed Wilson coefficients was recently a theme of intense
debate in the literature, like in [28] and [53]. The necessity of these terms is present, for example,
during the classical matching for the QCD corrections to meson decays, completely developed
in [8] and that persists as one important example for the strength of the Effective Field Theory

approach to the theoretical analysis of precision observables.

The EFT methodology is equally encompassed by perturbative corrections to the Wilson
coefficients coming from the light fields and mediated by the Renormalization Group Equations.
The running analysis requires the choice of an operator basis, what occurs according to different
criteria. In general, only in the framework of a theory generating multiple coefficients at tree-
level that the choice for the complete Warsaw basis of the SMEFT at dim-6 [31] is required. The
examples present in this chapter are most related with Higgs phenomenology and Electroweak
Precision Observables, whose analysis may be performed for the smaller subset of Bosonic
operators of Table 5.1, assuming the remaining Wilson coefficients equal to zero at the electroweak

scale.
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Table 5.1: The set of dimension-six Bosonic operators. The basis must be complemented by CP-odd
operators treated in the Appendix A.4. (see [32])

O = 1@, 1HP? Owp =2gg'H t*HW, B
Or = @' D H)’ Ow = ig(H 7" D "H)D" W,
Og =|H* D H? Op=ig'Yu(H' D"H)3"B,,
Op = D*H/? O3 = &8s GHGY G
O¢=H|° O3w = L8> Wyt Wb W

Oce = gHHIGS,GMY | 0y = -LD*Gy,)?

Oww = g IHP Wi, W' | Opyy = ~1(DFWE, )2

Opp =g”|HPBuwB" | 0.5 =-1(0"B2 )

5.1 Triplet Scalar

One of the most interesting models picked by HLM as an application source of the CDE technique
consists in the Electroweak Theory supplemented with a triplet scalar. This model was chosen in
the subsequent works [28] and [25]. In this section it will be considered with the aim of exploring
the total formula for the Wilson coefficients and to compare the use of Eq.(2.122) with the results
in HLM.

From a phenomenological point of view the model also offers a set of contributions to precision
observables, perhaps the most important those related with the T" oblique parameter. A careful

analysis is left to the Chapter 5.
In the context of an Electroweak Triplet Scalar, the UV Lagrangian is given by
1
210, H] = tr [(D,®) (D, ®)] - m?tr [0 0] + 2xH'OH - 25 H *tr [ 07 0] - 5 hotr” o'e] 1)

where ® = ¢p*1¢ is a real triplet with Y =0, 7% = %2 and o the Pauli matrices. The Covariant

Derivative is defined as D, ® = [D,®] = (D ,¢?)7?, since ® transforms in the adjoint representa-

9]
tion!. From tr(t,75) = %b, the Eq.(5.1) can be rewritten in a more direct form

1 1 1
LI0,H] = §(D#¢“)2 - §m2¢“¢a +2xH 1" Hep, — | H ¢ P — 2o [¢6%pa]” (5.4)
IIn fact,
®—a = UU! _
= (ei"‘ﬂjrae’i“lﬂ]({)a — (T“ +iajejacrc)¢a (5.2)
such that _ _
Ted® —T¢ (4)0 + iaj(TJ)ca(pa) or §—+ia; T (5.3)

where ¢ = (¢p1,¢2,$%) and T the SU(2) generators in the adjoint representation.
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For comparison with the results in [33], it is important to connect their notation with that

introduced in the Chapter 2, which is achieved through
1. o 2 - oz 1l ooy
Lyy = 5¢TP*=m* - A)p + $-B = LA ) (5.5)

with
A=2nH? and B=2xH'tH (5.6)

The classical equation of motion defining ¢, is then providing

Buvl o be = -[0°17B (5.7)
o e

such that, by neglecting quartic terms, at this moment, the Effective Action at leading order can

be expressed like?
la 15 St 0115
rOyH > SBTO*T'B-BTI0"1'B
1 "
= —§BT[@"”]_1B (5.8)

The EFT Effective Action at tree-level is constructed by the dim-6 local expansion of I’ (l?)UV. Since

B is of dim-2 in the Higgs field, the series must also break at dim-2 termes, i.e.

2
and, by replacing it in Eq.(5.8):
rO (H= -~ B.B+ - B-(P*~ A)B +dim-8 (5.10)
EFT om2 omA
From the property
T%@TZZZ% 5il®6jk—%6ij®5lk (5.11)
the B-B may be converted into
B°B* = a*H't"H)H't"H)
= x*H* (5.12)

and, analogously, B*AB® = 2n«?|H|%. By recovering the notation P* = iD* it follows that B-P2B =

B-(-D®»B=D ME)Q. Moreover, from the properties of covariant derivatives in A.2:

D,B* 2kD (H'1°H)

2k |(D H)H + H'v*(D ,H) (5.13)

2The space-time integral is implicit;
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which, from Eq.(5.11), will lead to?
a a 2 2 2 1 + + 2
(DB*)YDuB®) = 2«* {2AD, HI*|HI* + S (D, HOH ~ H' (D, H)] (5.15)

By defining H' D H = [(D (HYH-H'(D,H)] and the operators Or = %(HTBH)Z, Og =D HI?|H|?
and Og = |H|%, the tree-level EFT will be given by

2

2 nK
+—4(OT +2OR)__406 (5.16)
m m

2
K K
S = ——IH*
EFT — 9,2

5.1.1 Matching at the Log-Level

This section proposes to apply the Universal Formula for the Triplet Scalar action. As developed
in the last chapter, the formula was derived for the log in the matching equation strictly connected

with heavy fields inside the loop, which in this context is given by

N 528 [0) '
Y ¢V 0ilp] > iaTr log (% ) = ZTrlog{-P? + m? + U] (5.17)
3 6@ D, [p]
where now
U=A+0[P] P +2d. P11 (5.18)

and the notation for Eq.(2.83) is recovered, with ¢s = % Next, since U is at least order two in
the fields, the formula provides terms up to the order # Moreover, ¢° is of dim-2, such that the

brackets in Eq.(5.18) will enter only in the m? and m?° lines.

® The first piece is for tr U, or
m2
félF),Tsz (l—log(j))trU (5.19)

where
trU = trA + Aotrlp! ¢e + 2h. P11 (5.20)

As a comment on notation, all the capital letters without an arrow are 3 x 3 matrices, in
contrast with the vectors. Thus, BBT is a normal matrix product such that tr[BBT] = B°B®.
To the above case ¢, = (¢!, ¢p?,$>)T and the trace over the brackets can be rewritten like

tr[(];l(z;c + 29_50(2;1-] = 59_5-0[(,_50 (5.21)

or, finally,
trU = trA + 5A0tr[[6®171B]-[[6°171B] (5.22)

3For example, the first term of the expansion corresponds to

1
(DuB*YDuB*) > [(D uH*)r?jH][HTrgl(D uH1 =D, HD HIH? - 5[(D,JHT)H][HT(DHH)] (5.14)
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and the expansion of the second term is settled to stop at dim-6 operator, i.e.
. - 1 2
[[6®17'B]-[[0®1"'B]= —B“B" + —[B“(P*B") - AB"B"| (5.23)
m m
From Eq.(5.14),
tr[B4(P2B%)] = 2k%(O1 +20g), tr[B°B*1=x%H|*, tr[AB*B%]=2nx?0¢ (5.24)

Since trA = 6n|H 12 it follows that

A 4nx? 4x?
6 = 6nHP? +5-2 [« 2| H|* - 2506 + =201 +20g) (5.25)
m m m

* The next piece is trU2. From power counting only the terms below must contribute:

trU? tr[A% + 2A o[l e + 2P Pr 1]

= trA%+104¢%?

u

10
= trA®+ —AB"B"+0(dim-8)
m
274, 20 2
= 12n°|H|" + — Aonx“Os (5.26)
m
* Next, the first trace involving field-strength. For remind, G, = [D,,D,], where D, =

0, —1gW;T%, being T the generators on the respective representation of the fields under

application, i.e. the adjoint in the actual context. In other words, [D,,D,] = —igWﬁvT“

where
Wi, = 0, Wy -0, W + ge®* Wi Wy (5.27)
Finally,
trGG* = —g®Wi,WoH tr(T°T?)
-28*(WS,)? (5.28)

since (T%T?) =26 45.

e tr[D,,U 12: Again, from power counting, only the A inside the definition of U must contribute.
Besides, since A is a singlet, [D,,A] — d,A, or

tr[D,, U? = 120(0,1H|?)?
= 2470y (5.29)
* tr(UG,G") > —g2 AWS, WO+ tr(T*T?), or
tr(UG W GH") > —4ng® (W5, )?|HI? = Oww (5.30)
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o trU3:
trU2 > trA3 = 247%04 (5.31)

o tr[DH,G 1%
tr[D*,Gn > = tr(ID*,G D%, Gav))
= —gD*, W2 D%, Wb tr[TT*]
= -2g°[D*, WS, 1? = 4g°Ogw (5.32)
* Finally, tr(G},G}G)):
t(GYGIGY) = g Wy W) Wt te (T TP T¢)
= gl W WIPWH = —6g%03w (5.33)

The above results can then be collected in a final expression through Eq.(2.83):

x2 K2

LD = o )2{6nm \H? +5A<p |H| —1017/1q>—06+20/1q)—(OT+2OR)+617 \H|* +

3 2 2
n

& (e \2 M i A g
+6(W#V) +2-50y +g° OWW 4 306+ 7 —50my — 750w (5.34)

with ¢ = % and at u=m.

5.1.2 Wilson Coefficients from Mixed Loops

The derivation of Eq.(2.120) was supported by a very general definition of light-fields’, denoted
by ¢, comprising the entire set of Standard Model particles. The Hessian matrix present in <f;
in reality is counting with contributions of all interactions present in the SM. This is coherent,
since those results are present in the scenario with both heavy and light fields running in the
loops. Notwithstanding, the computation of this large matrix can be a very arduous task and the
choice of which sector to include in the analysis is something commonly done in practice. The
main argument behind this selection might be related with the search of operators which were
already produced at tree-level. As it must be discussed in detail on the following sections, the
Wilson coefficients generated at leading order will be significant at the level of running them
down to low-energy scales and will be presented inside a pre-selected subset of the SMEFT
operator basis. Therefore, on what follows the analysis of mixed terms will focus specifically on
Higgs operators and thus consider only the H sector as the light-fields. For simplicity, the quartic
and self-interactions of heavy fields will be left out of the computation, being their influence
represented by the previous results.

The UV theory will usually contain tri- or quartic interactions, such the operator ¢ inside
Eq.(2.116) may be accompanied by a new Hessian over the SM action. Here this additional matrix

will be denoted like )

5
SAZI 6%+ 7, (5.35)
o
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with a clear reference of the Higgs self-couplings. The inverse [6¥]7! in the definition of <;) in
Eq.(2.118) must then be shifted by

(6917 =107+ 761" (5.36)
which, according to Eq.(2.125), will expand like
[0+ 1L =AY — AP FONY + - (5.37)

and for the coming computations these first two parts must saturate the dim-6 criteria.
The main purpose of this section concerns the application of Eq.(2.120), registered below,

what goes in a algorithmically mode.

% D 0,lpl > iaTrY ~ { 3 (p)dpkdk } (5.38)
b R 7o ik @ 70 ‘

As mentioned before the Eq.(2.116) is a exact representation of the subtraction and ;)
can actually differ in form from its local counterpart .#(p when quartic self-interactions of
heavy-fields are included. Nevertheless, these terms are more suppressed at this part of the
matching than in the previous one, with exclusive heavy fields, and can be assumed to not enter
on the computation. This implies that the both matrices are equivalent in their dependence with
light-fields, i.e. with

iy =07

1 0]
584 0 By (5.39)

and the derivations can then be taken once, independent if it is for local or non-local operators.

The steps to determine Eq.(5.38) can be summarized like:
* Computation of A;) = A [%Bw @qi)) B<p]:

A Hessian matrix for complex-valued functions g(z4,23) is given by*

2 2 2 2
azaEa azaEb 5HHT 6HH 5 40)
?_ 9% 52 52 '
2524 2528 HiHT H'H

where the second one is the functional representation for the present case.
The By, as defined in Eq.(5.6), is given by §¢ = 2xH'7H, thus converting JE) into®

10 H 1o H) + @ H)O((H ' 14) (H'1,)T0;\(H'1,)

(T*H)O;)(t*H)T T)TOGHH 1, H) +(H 14)T6 ;) (1, H)T
(5.44)

R0) =4K2(

4In order to convert it into the real-components of z = x + iy, the Wirting derivatives 0, = %(ax —idy) and
0z = %(036 +10y) must be applied;

5For clarity, the notation considers the usual product with line-vectors on the right and column-vectors on the left,
implying a final 2 x 2 matrix. Apart from that, the operator will commute with the Higgs fields through two integration
by parts. In fact, the derivatives are performed a priori, at the level of action. For instance,

if S[¢] = f #P2¢, thus 95 _ f SxyP2p+ P65,y =2 f R (5.41)
x 6¢y x x
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* Definition of G;):

From Eq.2.112 the definition of 5?())) remounts the local-expansion of [6®]7! up to dim-6

operators at tree-level. For the purpose of this section, the series is given by Eq.2.113

1 P2 P2 n-1 P2 n 1
[@"1’]—1:——(1+—+...+L) Ciin S (5.45)
M2 M2 (Mz)n—1 local (M2)n P _M2
and ran up to n =2, which implies:
—o 1 P? o (PH»? 1

Computation of [0¥]71:
As asserted before, for comparison with HLM®, the SM Higgs self-interactions was the
sector of light fields chosen to be explored here, i.e.
tp2 2 A i
Lsy>H'(P —mH)H—Z(H H) (5.47)
where mg has been taken as a matter of convenience with the notation and can be set to
zero at the end of the calculation.

The presence of A will shift ¥ by a Hessian denoted as /) and given by

(H'H)I+HH' H*HT
SO =2 (5.48)
HHT (H'H)I+H*HT
such that 6% — 6% + #) in the formula for ;). By recovering Eq.(2.125)
1 x 1 n 1
61! = ———— = [ 2.125)
P2_m2_A n;o P2_m?2 P2_m?2 (
at first order in A it implies
1 A 1 1
(01! — + = 76, (5.49)
Pz—m%{ 4P2—m?{ P2—m%1
As one example for .%;), the last entry is determined like:
H'THOG)HTH) = (Hy 7j H)OG)(H] 5 Hp) (5.42)
such that
Sp; = 20w, (g H)OGH] 15 Hp)
= 2[r} O H] ], Hp)+ (xf H )OS H] 75,
oyt = 2| TOQE T+ H ) TORCH)T] (5.43)

6The abbreviation ‘HLM’ may refer either to [32] or to [33], since both compose a work on the general topic of

SMEFT,
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* Computation of «;):

Finally, from the above expression it follows that
A
sty = A T + 5 M N ) (5.50)

In order to estimate in which point the series Eq.(5.38) should be interrupted, the power
criteria cannot be used yet. The reason is that, once the Covariant Derivative is still present
inside a functional trace, from the method presented in Section 2.3, D* must acquire a shift
D — D + g and thus does not correspond to a dim-1 object. Nevertheless, it is still possible to
conclude that both <7; will be at least of dim-2, such that:

. 1(& . 1
laTr;I—){Z( )ﬁ(g)kd(’g)} - LaTr{af(l)+§[2,sz¢(0),sz¢(1)+a¢(21)]+
1[3%% A gyt M] di 8} (5.51)
*3 ( W T 0 (1))+ (1] T dim- :

Before continuing with the examples, some comments could prevent any apparent peculiarity
over all these steps. At principle, it may seem that this entire algorithm are comparable in
complexity with the Feynman diagrams approach. It may be emphasized, however, that these
corrections are being performed in a covariant mode and can cover a large set of process from the
single criteria of dimension-6 operators.

For comparison and illustration, here it must be traced the first and second elements of the

series Eq.(5.51), with the results present in [33] properly identified:

* Tr [yl
From Eq.(5.50) it follows that

A
sty = A Ty + 7 N7 N A (5.52)

where A is given Eq.(5.44) and
o (P2)2 1

o - (m2)2 P2 —m?2 (5.46)
The first contribution implies
Tr A7 7)) = Tr (AP +Tr [AT 7|
4 2 P2 2 P2 2
> =1y [AHT‘I{L(HTTGH)} +AH (G “H)L(HT @)
m p2
47( H/ a ( 2)2 t._a
= —TIr |A" (@ H) (H ) (5.53)
m

where the first piece vanish by the traceless Pauli matrices. The above result is precisely
what [33] defined as Sg. The next step consist in the functional trace and will be performed

in the next section.
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The second contribution is given by

A A
Ze (A ey AE 72,| = T N 7T H \H gpHH  \H zpHH \H ZplHT
4 1) (1) (1)

+ AP e H N ZeHE o NH zoHHT NH ZeHHT| (5 54)

where the /), components are written in Eq.(5.48). Considering one term

U

Pl i
2o [AE 2y AE 72, Zrr |AH 2 H A 76T H
4 (6] 4 (1)

= 2;u<2Tr[AH [(HTH)+H H'
A0 (H 1, H) + (*H) Oy (H'10)]| (5.55)

or

22
iTr A 76, AH Jf(l)]:) Tr[AH (HTEN+H HA" (2 “H)L(Hua)l] (5.56)
m

thus corresponding to the piece denoted as S1 by [33] in their Eq.(D7)8. All the results must
certainly be equivalent. The only difference between the techniques explored here and that
of HLM concerns the stage where the subtraction is chosen to be done - In [33] it has been
performed at the level of the Trace computation and here at the level of the Log expansion,

finally summarized through a series (namely Eq.(2.120)).
For concluding the examples, the first crossed piece of Eq.(5.51) may also be drawn:
* Tr Lol
Trioy ] = Tr [AHJL”(O) At ff(l)]
= Tr (AT AT A | e ATl AT AT +
+ Tr [ A7 A 1| 4 Tr [ AT 768 AT | (5.57)
Before to proceed, it may important to remark that A¥ is a open operator, acting to the
right, while the ./ is closed. Next, from the first piece,
Trlstoyty] > 16x* Tr [AH {196 0)(H 1, H) + (1*H) Gy (H'1,)}
x A (7964 (H 1, H) + (:°H) G (H’fra)}]

16x* 2

1+ P—) (H'1,)} x

*Tr [AH (z°H)
(P2)?
PZ _ m2

As alast explanation the above expression presents a higher suppression compared with

« A2 (7 H) ( ) (HHa)}] (5.58)

the expected > due to the presence of the dim-1 constant «. Finally, it corresponds the
term Sy in [33].

7Unlike the previous result, the Pauli matrices will not imply a vanishing term in this expression, due the product
with HHT;
8With the difference of the factor cg, still not included in the expression;
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5.1.2.1 Functional Traces

In order to complete one example of computation for the Wilson coefficients in mixed diagrams,

the functional trace will be performed on the result of Eq.(5.56):

2 2\2
Tr [ofy)] o 21’; Tr| A7 [(H EN -+ H HIAT (G H) (2P ) 5 (H'1,)]]
m P2—m
2/17(2 H H a (Pz)2 +
> ST | A HP A G ) S (H 1) (5.59)

In Section 2.3 it has been developed the formal technique of computation of a functional trace,

resulting into an integral over momenta and space-time coordinates in the form
Tr f(%,§) = fdxdq tr f(x,i0, —q) (5.60)

dq*

@t For the common cases in

where at the r.h.s the trace runs over internal indices and dq =

this section, it converts into

1

PP_me (5.61)

1
At this stage, the covariant expansion is defined from the series on local terms of the denominator,

like

1

_1 _ _ _1
—(P_q)z_mzB]_’[Pz—ZCI'P+q2—m2] B=A[1+A(P%-2¢-P)] B (5.62)

with A = (g2 —m?)~L. Since the operator inside the brackets is not acting on A, it follows that
(P-q2-m

1 = n
[—23]—>A;0[A(2q-P—P2)] B (5.63)

which will then be used for power counting. By replacing it in Eq.(5.59):

2Ax2
ma

Tr [«4y] = fdxdq tr[((AH)2A‘D) x OZO" [AH(Qq.P—P2)]T |H|? x
n=0

x iO[AH(Zq-P—P2)

" X

L

x [*H) Y [A®@2q-P-P?)" (Pﬂ—q“)“(HTra)]] (5.64)
p=0

where the symbol | is just remarking that the operators associate with the light Higgs act on

the right. By picking the zeroth order components of the series and, from the dim-6 criteria, the
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2¢%P2 of (P — q)*, one of the generated operators is?
40 2, AH\2 R D 2 a 2 gyt
Tr [o] > 3 fdxdq(q (AH)2A ) xtr [|H|X(rH) P2(H Ta)]+c.c.
42 @) 2, p2yyt a 2,77t ap2
= " fdxl(b X [IHI (P°H'ty)-+"H) + | HI*"(H'ty)-z°P H)]
3 i @) 21127yt t N2
= - fde(D « |[H?[(D?H"-H + H'-(D?H)) (5.66)
m

where P* — iD* and the last piece of Eq.(5.54) was included in the second line. The I g) is one
element of a set of master integrals registered for a large number of cases in [53]. In the MS

scheme it is given by

2 1(3 m?2
1® = f dq d 22 1og—2 (5.67)
0] (q2_m%[)2(q2_m(2b) 412 Hz

where p is the renormalization scale and and the Higgs mass was already set to zero. To conclude,

the operator part of the result can be rewritten in terms of the generators for the chosen CP

conserving basis of bosonic operators:
\H?[(D?*H")-H + H'-(D?H)] — -2(0g+Og) (5.68)

as demonstrated in Appendix (A.2). Finally,

31x2
2m*

3 2

5.2 Comments on the Triplet Case

The treatment about the constant c; was not discussed up to this point, since it requires an
additional comment. As mentioned before, in the case where mixed fields are coupled, a rotation
is performed at the level of the Gaussian integration, and then the c; is identified. This allow
the above results to receive cs = 1, as in the case of complex scalars demonstrated in Section
2.2.1, and which disagree with the choice in HLM. A rotation must also be performed in order to
disentangle vertex including mixed statistics. This feature is present in Yukawa interactions, for

example, and has been discussed in detail in [33].

9For illustration, the trace on internal indices in this case follows

trl(tg H)H 1)1 = Y (o H)i(H10);
i=1,2

= (H'1y)-(14H)
_ 3.2
= L= (5.65)

since Y. %1% = %;
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5.3 Theories with Kinetic Mixing of Gauge-Bosons

Influenced by HLM, this section starts a new set of applications of the results in the Chapter 2.
The theory presents a kinetic-mixing term with U(1)y from a new heavy U(1) boson, denoted by

K, and mass m:

1 1
‘ZD_ZBI“/B”V_Z

From A*Y =9HAY — 0¥ A* some identities can be directly recovered, like:

1 A
K, K" + §m2K”Ku - 5B K" (5.70)

KB" = (0,K,-0,K,)B"

0u(K,B"") - K,0,B"" +K,0,B"" —0,(K,,B"") (5.71)

and, by eliminating total derivatives:
K, ,B" =2K,(6,B"") (5.72)
Now, to the squared terms it is useful to continuing from Eq.(5.71):

K K" = 2K, (0,K")
2K ,(0,0"K" - 0,0"K*") (5.73)

such that
1 1
£ EK”(g“"(02 +m?) - "oV K, + 5B u(g"' 9% - 0"3")B, — AK ,(0,B*") (5.74)
thus reproducing the generic representation of Eq.(2.118):
1 @ 1
$UV3§<I>6’ D + 3¢ 0% ¢ — ®PB, + Qo (2.118)

with B, a function of light fields, here given by B, — A1(d,B""). It is also possible to conclude that

the computation of the determinant will lead to ¢, = 2, similarly to the case of real scalars.

9

The procedure of integrating out K* follows the usual prescription, namely, to replace in

Eq.(5.70) the solution of the classical equation of motion

0SyvIB,K]
_— = 5.75
0K K.[B] ( )
or
(g"v (0% + m?) - 0"8")K,, = A8, B*) (5.76)
i.e. the Proca equation with a conserved source j* = A(3,B*"). By taking one derivative
A
0,KH=—0,5"=0 (5.77)

m2
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providing a second equation for K as:
0% +mAHKH = j# (5.78)
The UV theory at the classical solution can then be rewritten like
Loy O % @2 +mH i+ %B#(gWa2 -0"3")B, — jH(3* +m*) 1,
= %B (g% —9"8")B, - % @ +m*1j, (5.79)

and reproducing the generic form of Eq.(2.111). Here, at dim-6, the tree-level piece for the
Effective Lagrangian emerges from the first term in the expansion of the non-local operator, and

results in:
2

1 p)
Lrrr = 5B,l(g*”a2 —9"3%)B, + FO% (5.80)

with Ogp = —(8,BH)2.

The absence of loop contributions may be seen directly from the non-invariance of triple-
gauge couplings. Technically, this may be seen from U =0 and G, =[9,,0,] = 0 in the Universal
Formula of Eq.(2.83).

5.4 Integrating the Z’ of the 3-3-1HL

The subject of gauge-bosons can be continued now by considering the new neutral weak-boson of
the 3-3-1HL. Motivated by the notation of [31], the subset of interactions considered here can be

given by:
1 _ 3 _
L3312 §ZL (g"0%+m*-0"0")Z,+q,Pqu— Y. 8% [TaY"4) Z}, (5.81)

a=1

here, for simplicity, only the left-handed sector will be consider and the index L was made implicit.
Moreover, the matrix notation for the coupling gz was altered to a simple number since the first
two entries of T® is proportional to the identity. The index a is then for assigning the fields in
the fundamental or conjugated representation. Indeed, it originates from this distinction the
presence of Flavor Changing Neutral Currents in these sort of 3-3-1 models. Since g7, # gz,
the first two generations will acquire a coefficient distinct from the third one, such that, after
the second symmetry breaking, the rotation to the mass-eigenstates results will not retain the
interactions diagonal.

The couplings can also be estimated in terms of the weak-coupling g and according to the
3-3-1HL variant, i.e. to the particular choice of 8. In the Chapter 4 it was demonstrated that (see
Eq.(4.30))

B Cx p

Cx 1 1
¥, =—g|—=+tan6,tan0 (— + —)), r= (— —tan@, tan6 (— - —)) (4.30)
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Moreover, the angle 0, is related to the weak-angle through Eq.(4.28), i.e.

1
sy =ftanf,, and fe iﬁ,i\/g] (4.28)
Thus, by replacing it into the Z’ coupling, it follows that
g5, =-gl0.64, 0.27, 0.33, 1.19];  for f= [—\/§ I VY respectively.  (5.82)
yA . » Ve y Ve y e ’ ’ \/gu \/ga ’ . .

with s%u =023latu=mgz (W, see [41]). To the fields in the fundamental representation, the

values are reversed along the sign of S.

5.4.1 At tree-level
The tree-level integration follows similarly to the case of Section 5.3. The classical equation

0S331

T = 5.83
0Z' 1zlq,q) ( )
corresponds to

Z, =10>+m’T" ;J‘z, —  Je=8%q,vuq4] (5.84)

After replacing it back into Eq.(5.81):

— 1 ) 1.
2133129, Pqa— 3 > [JZ[OZ +m?2]71 il (5.85)
a,b

The field-dimension of j, is three. Thus, at dim-6 the operator must be truncated at the first

order. The EFT at tree-level results in:

_ 11
Lo 2 TaPaa—5—5 Y ¢ NQus; (5.86)

2
2m ab

where, from Grzadkowski at al.[31] notation, @q» =[q,Yuq.1lq,Y"qs] and cflob) = g%,g%,.

5.4.2 At Loop-Level: Mixed Terms

The Z' may also be taken as a source of application for the matching at the log-level involving

mixed heavy-light particles. The formula was computed in Section 2.4 and is based in objects like

BE!
=09 7 [EB(p 63 B, (2.118)

where ¢ and ® denotes light and heavy fields, respectively, and [G¥]7! is, for the overall La-
grangian representations, a light covariant propagator. Apart from that, the indices (i) indicates

(0) local or (1) non-local operators, such that @) is the truncated part during the tree-level
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matching of the heavy propagator expansion, while the &) is the remaining non-local term. The

power-counting is performed through

YW : L& (P ok i
Y.c; Oilpl>—iaTr 3 —4 3 Lo (5.87)
=1 p P (k=1
Finally, the light operators B, are given by the current
By —j,=871q%vuq"] (5.88)

where ¢ are quark doublets and gz the coupling constant. For simplifying the notation, here

only one generation will be considered, what implies

Ay = [PT

1.
571 O J”] (5.89)

From the tree-level integration it is also clear that the truncated 5(0) is defined by

1

Z'1-1 =2z

which implies from Eq.(2.113)

2 1

Z'1-1 Z' _
17 Een)

(5.91)

The Hessian matrix follows similarly to the Scalar Triplet case, despite the fact that the
current is already a gauge-covariant object. From the linearity of the trace, for illustration only
the operators coming from the first entry of # will be considered:

1
Hiy> 562

2%aq ~ g% Yo @rud) + )0 @y (5.92)

The first term in the series Eq.(5.87) consists of «3), i.e.

g%r P p2 2
s <= ——(qy*q) + ——(qy* 5.93
where now the small p =id. To the trace,
2 2
87 pt P —
Tr[&i(l)] D 4@'1‘1‘{]:72 [(pz_—m2)((IYpQ) (5.94)

where try*yY = 4g"¥ has been used. The next step involves the functional trace and the prescrip-
tion of Eq.(5.61)

2 o
Trle/1] o 4g—Z2' f dxdk{A " [AQE-P — P (PH - k) x
m n=0

«AZ Y [EZ'(zk.p_pz)]m(pﬂ_kﬂ)%ay#q)} (5.95)

m=0
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—Z' - . . . .
and, as before A~ =[k? - mQZ,]_1 and A =[E2]71. At the zeroth-order in the series expansion it
can be seen that the total covariant acting on an invariant term will leave a total derivative and

must vanish. The only even integral in the integrated momentum is
g —z
Trlef(1)] > 4—Z2fdxdk{AA k”kv[2pv(67#q)]} (5.96)
m

and, again, since after integration £*kY — g"", the final result converts into a total derivative of
the current.

The previous result may be interpreted as a zero correction to the quark masses, as well as
those from the remaining terms'?. The derivative over the quark fields inside G;) reveals that
every correction should be proportional to the fermion mass, which remains zero at the end.

The next term for the series in Eq.(5.87) will be partially performed as one attempt to verify
the type of integrals present during the matching and the information in fact translated to the

Wilson coefficients during the subtraction. The product is given by
¢VQup > Trled(o)#1)] (5.98)

The /) is can be constructed as in Eq.(5.93), via the replacement &) — O(p). By taking the first
product in o)1), it follows that

4 2
gZ/ P — u P p
Trlto ] => "7 Tr { pau@y q)ﬁyv(pz_—mg)

To perform the functional trace, again only the zeroth-order element of each propagator expansion

(Eyvq)} (5.99)

will be taken:

4
Trledoytiay] > % f dxdktr [AB (P~ " @rug)P - Dyu(p — k@1 9)} (5.100)

Now the above expression contains different degrees of divergence. This degree can be count from

the number of momentum in the numerator like
#£€{0,2,4}) andthus ST®)=#k+4-6 or 6(T?)e{-2,0,2} (5.101)

The result reproduces the degree of divergence of the diagrams in Fig. In summary, the subtraction
discussed in Chapter 2 involving the quantum corrections to the Effective Theory and to the
Light-UV theory indeed presents different regions for the integrated momenta, from the low-,

where the Z' lines can just be cut-off, to the hard- region where the heavy lines must be activated.

0oy completeness, the second trace for ;) can also be performed:
2

g5 (P _ _ _
Trlsf1)]> Trm—zz {ﬁ ((rp@)O 1) @r" )]} — Tr{Pyy" (yu@lO)(@y")l} Py )ab(rp@)sl0)@r)la

= Py a0 weiqil01qlj(0")ja
Py(yuy'v"iqil0q)q1;

or
Tr{Pyy [(yuq)0 1)@y} = —2Py[qy" 6(1)q] (5.97)
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(a) (b) (©)
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FIGURE 5.1. The degree of divergence of the above graphs are in fact present in the
mixed heavy-light matching formula.

5.5 The J-quarks in the 3-3-1HL

The Chapter 4 tried to elucidate the circumstances when the 3-3-1HL model may comprise the
Standard Model. After the triplet y acquire a vacuum expectation value, the SU(3)r, ® U(1)x
symmetry breaks into SU(2)r, ® U(1)y due to a there called f-independent scalar interactions, i.e.
a potential whose form is present in all possible variants of the model. It has also been shown that,
in this single breaking scenario, the non-standard particles, apart from the previous neutral Z’,
completely decouples with the SM at tree-level, a consequence of the pattern of gauge interactions

settled by the structure of SU(3). Under these assumptions, the criteria of separation
Z331=ZLsm + LsM+NP (5.102)

is then satisfied and the Universal Formula developed in Chapter 2 appropriate for the 3-3-1HL
integration.

It has also been argued that the f-independent scenario, the same of considering a Zo
parity, is a reasonable assumption once one is primarily interested on testing this new SU(3)
gauge-structure.

The Section 3.3 has developed one of the basic principles for defining the EFT technique, valid
whenever the complete theory intrinsically presents very separated energy scales. At a first level

the integration of the 3-3-1HL would imply a redefinition of the renormalizable SM like

L331= L +0 (u—la) (5.103)
with rescaled fields and couplings. Here u denotes de heavy scale.

As soon the experiments reach larger scales, the suppressed part must start to be filled
with higher-dimension operators. The aim of this section is to accomplish part of this task, now
through the integration of the heavy J-quarks in the conjugated representation, independently of
the specific model, i.e. regardless the value of S.

As mentioned before, the quarks «J; are singlets of SU(2);, and charged under hypercharge
according to the coupling gz with the field B¥. The Covariant Derivative is given by

P=iD=i@+igpB) (5.104)
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where, in terms of the original couplings

Y 1 B ) (1 BV3
= + _t —— = -+ 5.105
gp \/gsx gx(6 Vol 3 I ( )
and 0, the 3-3-1HL mixing angle. To the application of the Universal Formula, Eq.(2.83), the

vertex
J(P—m)J? (5.106)

is better to be rewritten after the trick of Section 2.2.1, namely
—iTrlog(-P +m) — —%Trlog[DQ +m?2+Uy] (5.107)

where now Uy = —%O’“V[D w>Dv]. For the Abelian case [D,,D,] = igEB wv- Thus, the total compo-
nents for the application of the Eq.(2.83) are done. Since U is of dim-2 in the fields, the sum
must break at # From tr[o,y]1=0, the m? piece vanishes. In fact, any piece with a single U
must vanish. In the m° term, the U3 term also vanishes by the antisymmetry of B m,ll. The

remaining operator is just proportional to the kinetic term:

*2 2
(1) Cg gB m
EEFTD (4]_[)25(1_10:‘3(?))3#«/3”‘/ (5108)

At dim-6 operators, the triple interaction vanishes by the antisymmetry of B, 12 as well as

the pieces containing U. The single contribution comes from

*2
P _Cs &g O3B

5.109
EFT (47.[)2 m2 30 ( )

where Ogp = —%(auBﬁ”’)2.

UHere, trU% o trlo®™oF"1BoyuBg, = 4lg*P g + g% gP1B o B g, = 0;
12Unlike in the non-Abelian case, where triWyy WyqWeyl = Wﬁva,’an# x tr[TeToTC]. Here, ByyBygBay =
~ByuBuaBay =0
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CHAPTER 6

PRECISION OBSERVABLES

The last part of the work is dedicated to apply not only the formulas developed in the previous
chapters, but mainly the conceptual ideas contributing to the strength of Effective Field Theories.
The source taken is the Lagrangian raised after the integration of the heavy quarks in the
3-3-1HL. It will be seen that, although a single Wilson coefficient has been generated, its
effects can be translated into many distinct observables through the mixing implied by the
anomalous dimension matrix. After running down the operators to the electroweak scale, a linear
combination of the coefficients may define an observable basis, following the Elias-Mir6 et al.
terminology [24]. In other words, a linear combination will affect the same observable such that,
as the experimental measurements acquires more precision, more narrow become the correlations
among the many parameters of the original UV model. This methodology will be verified through
the new class of oblique parameters presented by Barbieri et al. [4] and currently measured at

per-mille level [3].

6.1 Operator Mixing and Anomalous Matrix

This Section provides a brief review about the origin of the anomalous matrix and the consequent
operator mixing, and is supported on the historical example of the QCD corrections to the Fermi
operator O; (see [8], [49]-Chap. 31):

01 =leLy"brlldry url, (6.1)

where ‘x’ indicates a local product and the brackets a color contraction. This operator is then

complementing a low-energy Lagrangian given by:

&L= —iFﬁv— i(GZV)2+;§(iD—mq)q—;CnOn (6.2)
The introduction of the operator in Eq.(6.1) is clearly motivated by the phenomenology of hadronic
process like B — D decays, supposed to be well represented by the channel b — cud. As mentioned
before, a theory which creates and annihilates quarks applied for hadronic process will in general
imply large uncertainties from the matrix elements evaluation. Therefore, any attempt to make
the perturbative computation more precise is proper to be considered.

At tree-level the Low-energy Lagrangian is given by:
£L = ZLpin—C101 (6.3)
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with C; = 4G—\/% vV, in terms of CKM matrix elements. The Chapter 3 has shown that the
matching procedure constitute a form of adding information from a heavy particle (or, of the
complete theory) to the Wilson coefficients. Thus, the matching at 1-loop will complement these in-
formations through higher-order process involving the integrated particles. This task is, therefore,
independent of the running analysis for the effective operators. as clarified before, the running
will sum up perturbative corrections that, in the case of the EFT, originates from the many
exchange of light-particles. The matching, i.e. the equivalent of a Correspondence Principle, will
provide the initial condition to the set of renormalization group equations. Therefore, a clearly
benefit of the matching procedure is that, since the renormalization of the operators is already
performed in this context, it may directly provide the anomalous matrix to be used during the
running analysis.

Back to the QCD corrections, the first step, that of the matching, is fully performed in many
textbooks and articles, like in Buchalla et al. [8], Peskin and Schroeder [42] and J. Donoghue et
al. [21]. In the last case the authors have also provided an example of matching by integration by
regions. In the case of M.Schwartz [49], the procedure is performed like detailed in Chapter 2,
namely, by equating the full computation, including a W-line, with the EFT calculation including,
as the effective vertex, only the Wilson coefficient at tree-level.

The problem of QCD corrections to heavy-quark channels is the first to illustrate an oper-
ator mixing. The many gluons exchange will generate Oy = [cry*u L][Emf”b L] such that the

Lagrangian after the 1-loop matching will turn into
&L = Lhin—C1Z101-C2Z309 (6.4)

with the operator strength Z; = 1+ 6;. It is important to emphasize that the renormalized
operators O; are already depending on the renormalized fields. Again, the boundary conditions to
the renormalization group equations of the C;’s are extracted from matching at the subtraction

scale fi = mw and are given by:

1 > 3
Ci = G 1—% —log'u—+— (6.5a)
2m\2 “m2, 4
3as (1 i 3
Cy = Fs (210 42 (6.5b)
2m \2 ~m2, 4

with G just denoting the tree-level coefficient. At the matching scale, the log function above
must vanish. In general, these expressions are written preserving these functions in order to
represent the summation performed by the RGE. However, the above results are not functions of
1, but numbers defined before the correspondence principle - the EFT and the UV must agree at
fi=mwyt.

Now, the normalization of the effective operators were already given by the computation of
QCD corrections in the context of the EFT. Here the highlighted sentence is just to clarifying that

LAll the couplings a,G are indeed dependent on the renormalization scale;
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the running analysis is in fact independent of the matching procedure, although this last one will
already imply the extraction of the anomalous matrix. From [49], the operator-strength resulted

in

Zy =

C 11
(3_2__

7=
2-3) =

Cy 11
g 3———) 6.6
Zne( C: 3 6.6)

Since the quark-fields defining O; were already the renormalized fields, in terms of bare fields,

the vertex can be given by:

C.Z
Cizi0i — —3 Z g Oy g gy, g @] (6.7)
q

Being the bare fields independent on the renormalization scale, the group equations can be

summarized like

d Z;
Ci—|=0 6.8
m Z2 ©8
To solve it in detail, first consider Z; = (C + 20;;6( %Ci)). Thus
d [C; ag ( 11 ) 1
—|=+—(3C;,-—C;|=|=0 6.9
'udu (Z?I one\~ 7 37! Ve 69
dC; d 1 d 11 1
L G P (3Cj——ci)—2 (6.10)
Zg dp d,uZ du | 2me 3 Z
the first term in the r.h.s, at order a; corresponds to
l“duzg B Z3 3me
= ——+0(a3) (6.11)
3nZ2 s
where it has been used f(a;) ~ —eas + O(a?). Finally,
dC; dag B ( 11 )
— = Ci—-—13C;—-—C;
'ud,u 3nZg " 2me T
dag as( 11 )
= Ci+—|3C;——C;
3nZ, 2r\"7 37!
= “—( C; +3C;) (6.12)

and in the last equal sign Z, at tree-level has been taken. The above equation will then represent

the mixture between C; and Cy via:

dcC; as (—1 3 )

O — = 6.13
”d/.l YijCj Yij = o 3 _1 ( )

The previous discussion has tried to elucidate the methodology behind the extraction of the

anomalous matrix. In fact, y;; will appear from any light particle exchange which is able to
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Table 6.1: The set of dimension-six Bosonic operators. The basis must be complemented by CP-odd
operators treated in the Appendix A.4. (see [32])

Op = 1(0,1H?)? Owp =2gg'H t*HW, B
Or=LH DFHY Ow =ig(H't1* DFH)D"W?,
Og =|H* D H? Op=ig'Yu(H' D"H)3"B,,
Op =|D*H|? O3 = &8s GHGY G
O¢ = |H|® Osw = %ge“b”WS”WﬁvWVcP
Oca =g3HI’GyL, G | 046 = -L(DFGS, )2
Oww = g IHP Wi, W' | Opyy = ~1(DFWE, )2
Opp=g"|H’BWwB" | 0s5=-10"BS,)

correct a given operator. The total matrix for the entire basis of the Standard Model Effective
Field Theory, at dimension-six has been presented in the literature as, for example, in the Jenkins
et al. work [34], [35] and [1], or for the subset of bosonic-operators in Elias-Miré et al. [24].
In the Chapter 3, the running equation for the Wilson Coefficients, at leading-order, was
obtained like
ci(mw)=ci(m)—Tlnz;YijCj(m)log(miW) (6.14)

and represents the translation of the coupling at the heavy scale m to the electroweak scale myy.
Since the total basis of the SMEFT is too large to turn the above relation simple to be considered,
some plausible assumptions can be adopted [32]. First, a coefficient that was generated from
a loop with a heavy particle is likely to give a negligible correction for a formula representing
loop corrections from light particles (i.e. a two-loop size correction). In other words, the index “;”
can be closed to the coefficients generated at tree-level only. Second, if on the other hand ¢; was
generated at tree-level a loop correction is likely to be negligible and as a first approximation
ci(m) ~ c;(mw). The use of Eq.(6.14) is then motivated by the attempt to improve loop-level
results from tree-level terms?, a perspective that reduces y; ;j into a smaller sub-basis.

For models whose phenomenology is centered in Higgs physics, it is common to adopt the set
of Bosonic operators of Table 6.1. This set can also be complemented by a few of CP-odd operators
discussed in Appendix A.4.

The Standard Model with a Triplet Scalar introduced in Chapter 5 is indeed closed in this
subset and can be taken for illustrating the use of Eq.(6.14). Following the aforementioned
criteria, from Eq.(5.16), the operators generated at tree-level were

2

'Kz Kz K
s —|H|4+F(OT+20R)—:’71—406 — O4pee € {O7,05,06} (5.16)

EFT ~ 9,2
which reduce the index 4’ for three values. At one-loop level it was generated

O1-100p €107,0R,06,01,02w,03w} (6.15)

21t is also motivated whenever the observable has been measured with high precision;
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In the work of J.Elias-Mir¢ et al. [23] the authors have registered the anomalous matrix for the
operators of Table 6.1, from which one can conclude that only czy must be corrected, from czr and
cr (see Table 7 in [24]):

3 2x2 3 5.2k2
—(28%+ g% - 4N —5 +(BL-6g" - ~gD)—
2 m 2 m

1og(miw) (6.16)

cg(mw)=2n- 1622

since cy(m) = 2n. Besides, (1, g’, g) are quartic Higgs coupling, the hypercharge and the weak
coupling, respectively. For simplification, once the coefficients for mixed heavy-light loops were

not fully computed, only the results from Eq.5.34 were considered.

6.2 Running the Wilson Coefficients - Considerations

It has been argued hitherto that the equations for running the Wilson coefficients down to
the electroweak scale may be reduced depending on the specific process under consideration.
Equivalently, some elements inside the set of 59 dim-6 operators of the SMEFT, listed in [31],
can just be assumed a priori to not provide any measurable effect. The operators of Table 6.1, for
instance, are privileged in the sense that they can serve to test the electroweak symmetry sector.

In the example for the running of the Triplet Scalar operators only the correlations between
coefficients generated at tree-level into those at loop level was accounted. However, this simplifi-
cation must in fact depend on the precision level for the observable and on what follows it will be
relaxed. Moreover, since the running corresponds to the sum many light particles exchange, the
anomalous matrix must depend on the Standard Model parameters in a very intricate form, as
can be noted in Eq.(6.16). These couplings are still scale dependent. Notwithstanding, the values
of the SM couplings at high energies are in general not considered and their running has already
not entered in the solution of the renormalization equations.

Finally, the equation considered for the running analysis, namely Eq.6.14, was achieved at the
leading log, one valid simplification whenever the difference between the UV and the electroweak

scale is not very large. Usually, m ~ O(TeV).

6.3 dJ-quarks and Electroweak Precision Observables

This Section presents a brief introduction on how to constrain the UV model parameters through
Electroweak Precision Observables. In the last chapter the integration of the J-quark resulted in
two contributions. The first is a consequence of a single loop inside the gauge-boson propagator,

and was given by:

* 2

Cg gB
Zs 28 p.  BHY 6.17
féEFTD(4n)2 19 Buv (6.17)

at the heavy scale A = m and with
«_ 8 1 ,3) (1 BV3

= ——g,+ —+—|=g[=+— 6.18
&p =5 chx(G 3 gl (6.18)
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and 60, the 3-3-1HL mixing angle. At dimension-six there was also a single operator, namely Ogp:

* 2
¢cs 8p Oz

> @n)? m? 30 (6.19)

ZLEFT

On what follows the meaning of the kinetic term must be addressed. Next, motivated by the
analysis of J.Elias-Mir6 et.al [24], the single Wilson coefficient cop must be tested under a new

class of oblique parameters.

Despite the fact that just one dimension-six operator was generated during the integration
of J-quarks, the coupling evolution, down to the electroweak scale, may spread the information
about their presence to different classes of observables. On what follows, it is presented a brief
review on the analysis introduced by J.Elias-Mir6 et al. in [24], whose anomalous matrix for the

set of operators below was entirely computed:
Odim-6 €{0n,071,0w,08,02w,028,0ww,Ows,0BB,03w} (6.20)

Based on their results, some coefficients like cg or cwp, zero at A ~m may assume a non-zero
value at u ~ myw. These coefficients are then two-loop suppressed and will produce reasonable
bounds as the observables related to them turn more precise.

The analysis will follow a general assumption that the Wilson coefficients must not exceed
their respective bounds. The cop, for example, is directly associated with a new class of oblique
parameters, namely Y, associated with higher-order corrections of the B* propagator. The bounds
on cy are currently measured at the per-mille level [4], as well as those from different Electroweak
Precision Observables (EWPO for short), like the remaining oblique parameters S, 7, U and
Triple Gauge Couplings. Notwithstanding, since the propagation of cy into different W.C’s occurs
only through v;;, its direct bound may be considered sufficiently strong to constrain the J mass.

Thus, here the running is performed as a matter of illustration.

In the work of J.Elias-Mir6 et al. the authors have defined a new class of constants by
considering, instead of a single Wilson coefficient, a linear combination of the overall terms
that may contribute to a particular observable. Preserving their notation, the method can be

represented like

(obs); =x; +w;jcj=x; +¢; (6.21)

The x; sum up the Standard Model part. The é; represents any possible disagreement and
comprises, linearly, the total of Wilson coefficients enhancing the same observable. The authors
have called these ‘hat’ numbers observable couplings composing an observable basis. These
redefinitions permit to obtain the correct anomalous matrix for the hat coefficients and each
operator in this basis can be directly bounded from the ‘strength’ of its coupling. In other words,

the w;; will define a basis transformation from y;; into a new ¥;;. As illustrated in [24], the
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Table 6.2: The column cop of the anomalous dimension matrix for the dim-6 Bosonic operators,
according to J.Elias-Miré et al in [24].

Yer, Yes,: Yew, Yean, Yeaw,: Yews,:
4,9 42 9 2 | 59 2 29 53g7) 2 | 94 2 53 53g°) 2
3¢ +gg g +31g” | 78 (?‘ 7 )8 | 38 | |19 178 0

observable coupling ¢,z can parametrize corrections to the process 4 — yZ through the sum

2
m
éYZ = A—‘;V (203WCWW - 2S§W CBB — (C%W - S%W )CWB) (6.22)

which composes the matrix line wyz ;. One important observation is that the entries of w is
dependent on SM parameters and therefore run with the scale through the evolution of g,g’
and v. As mentioned before, the authors state a reasonable argument already followed in the
derivation of the approximate evolution equation - the UV values of SM parameters are in general
considered constant around their values aat the electroweak scale. In summary, w;; — w;j(mp).

Finally, the scale-dependent coupling ¢;(u) = w;j(mp)c;(u) is correlated with the complete set

of observables through:
. . 1 o m
8(obs);| = ¢éilmp) = éi(m) =73 ;Yijcj'(m)logm—h (6.23)

with
Yij = Wik(Mh)Yklw[jl(mh) (6.24)

In the Table 6.2 is registered the column y. ., computed in the basis of Eq.(6.20), extracted from

[24], and revealing the dependence on the set of SM parameters

g g Myt — ULy, SUQ)L, Lriiggs, Ly (top)} (6.25)

with y; the top Yukawa coupling. The Table also clarify how the anomalous matrix indeed depends
on the entire configuration of light particles correcting the operator.
After solving the Eq.(6.23), ¢; can then be tested before the criteria

0(obs); - = él(mh) = ;wij(mh)cj-(mh) € [€£OW,€?p] (6.26)
being ¢; the lower and upper bounds from the measurements to the observable i.

Therefore, the analysis remains essentially the same - To translate, in a direct manner,
informations from one measured sector to another. As in the Triplet scalar example, a tree-level
Wilson coefficient which may not be well limited can propagate its effects into a perhaps more
constrained process. However, the method will be useful when the final values have about the
same size. On what follows, this possibility for the quark-dJ is explored, first by clarifying the
meaning of its contribution to the kinetic term B, B*". Next, the effective operator Oz must

face the class of electroweak parameters S, T and Y, all measured at the per-mille level.
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6.3.1 Scaled Fields

In the Chapter 5 it was shown that the J-quark integration resulted in a shift of the kinetic
term B,,,B*". It provides, therefore, the first example of the field redefinition presented during
the Decoupling Theorem analysis of Chapter 3. Although the top-down approach chosen for
constructing the Effective Field Theory implies the previous knowledge on the Ultra-Violet
complete theory, the application of the final EFT is definitely independent. Once it is assumed
that the physical universe is ruled by the UV model and that, for experimental reasons, a space
of new particles has not been discovered yet, the philosophy is to state that the experiments
have seen only the ‘bar’ Standard Model, or the Standard Model Effective Field Theory (SMEFT),

whose couplings and fields already include the parameters of the complete theory. Symbolically,
L331=ZLsmu + ZLNp (6.27)

where an abstract expression, the #331, has been divided in a renormalizable piece, Zsus, plus
some undiscovered properties, Zyp. The physical process, at low-energies, have known about the

New Physics parameters only through virtual lines, such that what is in fact measured is

Lsurrr=Lsu+ Y, ¢i0; (6.28)
dim-6
i.e. when one assumes the existence of a full theory that is to assert all the SM as a set of Effective
operators. Being the 3-3-1HL the final theory, what the experiments have seen at low-energies
consists in the SM with shifted fields and couplings. In summary, no additional information can
be extracted from a heavy-particle integration which results in operators of the renormalizable
low-energy theory.

The contribution to the kinetic term has been originated from one piece of the 1-loop result for
these exotic particles to the B, propagator. The oblique parameter S [43] is a quantity defined as
a zeroth-order natural relation [42], i.e. from relations involving the Lagrangian parameters that
can result in predictions of the theory. As discussed in Chapter 3 the final form of a renormalizable
Lagrangian remains intact under renormalization and thus any possible tree-level connection
into its parameters. The zeroth-order natural variables are UV finite. In other words, any relation
emerged at tree-level and involving observables may render predictions when the number of
parameters necessary to define the theory is smaller than its overall set. The UV finiteness of
loop corrections to natural relations, although logical is difficult to verify explicitly. One example
for the W-mass was fully performed in M. Schwartz [49], chapter 31.

Thus, the S parameter constitute an observable of the Standard Model, identically equals to
zero, and relates the contributions to the neutral bosons propagators from New Physics models.
Once the 1-loop piece from the J-quark to the SMEFT can be absorbed by rescaling the gauge-
boson By, there is no deformation in the SM Lagrangian and S must persist equals to zero.

Nevertheless, this conclusion does not imply that the J-quark cannot change the value of S - it
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does, at higher-loop level. In the next section it will be shown that cop will run down to mw and
contribute to the Wilson coefficient cg.

The fact that S will change due to exotic quarks can be interpreted both in the context of the
UV theory as in the SMEFT. In the 3-3-1HL the natural relation behind the definition of S is
being altered by the presence of new parameters. It seems a logical statement. In the SMEFT
scenario, the insertion of Ogg deforms the analytical property of the SM Lagrangian, a criteria to
the definition of S. The non-renormalizability of the SMEFT avoids the appearance of natural

relations®.

6.3.2 The Y Parameter

The previous section stated that the oblique parameter S may receive corrections from J-quarks
at higher-loop level, induced by the operator Osg. The authors of [24] have parametrized the

Lagrangian for Electroweak Precision Observables through:

T m3 S ggv? s 4 32 Y 2
gEWPO = —§7ZHZ’H - 4m%V 2 (W'M,B/'W)_ W(O“WM) - Zm%V (O“B,W) (633)
such that
A v? . my

T=¢ér(mw) = WCT(mW); S =és(mw) = W[CW(mW)"‘ cp(mw)+4cwp(mw)l  (6.34a)

m2 m2
Y =¢éy(mw) = _VZVCZB(mW); W =éw(mw) = —Vzvczw(mw) (6.34b)

m m

The J-quark is directly enhancing the parameter Y, measured at per-mille level [26]. Now, from
Table 6.2 it can be seen that, although the c¢;(m) are zero for the remaining observables, they are
in fact different from zero at u ~ mw. Recovering the evolving equation:

1

c;(mw)=c;(m)— W

m
Z)/ijcj-(m)log— (6.35)
J mw

3The argument follows - (i) The parameter S is zero in the SM. (ii) The 1-loop corrections from J-quarks does not
alter the SM Lagrangian. (iii) Thus, the 1-loop from J’s cannot alter the S parameter. By definition [49] it follows:

2_ .2

S |Tzz(m%)~Tzz(0)~ ———Tiz,(m%) - Ty, (m%) (6.29)

cs
§ =gy - In order to prove S = 0 from J-quarks it is important to preserve the couplings in terms of AF and Zy;:

gz = —eqtgw, 8A =¢eq (6.30)

with ¢ the electric charge. By the singlet isospin structure of JJ; (T's = 0), the many vaccum polarization amplitudes
will be given by (N is the number of colors):

Ns 52
My (p?) = Ng*Tyy (p?), Tz =-==¢*Tyy(p?), Tzz(p*=Ng*~5Tlyy(p?) (6.31)
with [Ty y the sum of the overall chiralities (ITyy(0) = 0). Replacing it in S:

=0 (6.32)

Now, higher-order loop corrections from < does not imply the SM - The S parameter may receive a correction.
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Table 6.3: The 95 % CL measurement to the Precision Observables [24].

¢s(m;) [3] ¢r(my) [3] Cy(m;) [4]
[-1,2]1x1073 | [-1,2]x 1073 | [-3,3]x 1073

the ¢ would be given by

9 m
cr(mw)=— o 2[3g + gg’2g2+3ﬂtg/2]023(m)log—m (6.36)
w
with*
c g f
cop(m) = 33 (43)2, gp = gtang, (E + —ﬁ2 ) (6.37)

where the relation sg. = ftang, has been considered. The cg(mw), entering in the S, it will not

be so suppressed:
59

cp(mw) = —i—g czB(m)logi (6.38)

1672 mw
The Table 6.2 brings the y; op column to the remaining Wilson coefficients entering in the EWPOs.
Despite the fact that the renormalization group equations were then able to propagate the
cop into new observables, from Table 6.3, the measurements are equivalent in precision and the

analysis can be performed exclusively to ¢y (m;):

2

. _my 94 2 m
Cy(my) = mczB(m) 1- ?mg ogE (6.39)
which can be tested in the interval (see [4])
éy(m;)e[-3,3]x 1073 (6.40)

For completeness, as mentioned by J.Elias-Mir¢ et al., it must be expected to future measurements

not to include the zero in the allowed interval, such that
0 < €% < |5(obs)|; < €lo™ (6.41)

The Eq.(6.39) will then be testing how much tune is necessary to accommodate the heavy mass m

inside the interval. In terms of § the final equation must be

(6.42)

¢y (m¢) =cs

2 12 2
m 1 V3 94 1
e 8 ~+ p (1———g’210g—
m2 30(4r)2 2 3 1672 m;

with g’ = gtang,,, g = 0.65, singw(mz) = 0.231 and m; = 173GeV (from Particle Data Group

Review [41]). Thus, the correction to cop is second order in g’ 2,

4Here c; is the coefficient coming from the functional determinant and is not related with the Wislon coefficient
cs.-
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6.3.3 The Role of the c,

The last three equations are crucial to the final conclusions. The first observation is that, despite
the fact that the constant cg, coming from a Gaussian integral, was already computed in Section
2.2.1, it has been left intact at this point. The reason is that the chosen observable, namely the
Y parameter, is sensible to the sign of the Wilson coefficient. This can be interpreted as the
potential associated with the many exchange of B-bosons may be either attractive or repulsive.
Second, the entire content of the present work is based on the importance of Log corrections
to Effective Theories. The results, therefore, may inform what is the level of precision required
to the experiments in order to some particular sectors of models beyond the Standard Model
can be indeed tested. The case of the J-quarks in the 3-3-1HL serves as one example. These
heavy particles are already model suppressed, not coupled with SM fields at tree-level. The first
loop suppression in the result of Eq.(6.42), the factorized piece, is already of order O(107°) for
m ~ my, thus corresponding a safe result compared with the level of precision of Eq.(6.40). The
cs, however, is negative for quarks (cs = —%), a quality that must be flipped by the Log inside
the brackets. The sign for the Y parameter is then testing the type of particles correcting the
propagator. If the chosen case was a scalar particle, the situation could be the opposite.
Therefore, the condition of Eq.(6.41) can be very informative to these sort of models. For
instance, if only quarks generated the coefficient cop, a closure in the positive side would be very
constraining. In fact, even when cop is generated from both fermions and bosons there may be no
possibility to accommodate both signs in the tune. The 3-3-1HL may also provide one example
of this. After the first breaking, the model presents a new heavy Higgs, H singlet of SU(2);, but
neutral under hypercharge, gé = 0. The additional triplets p and 1 could also be applied before
the second breaking, since now their singlet components are charged under gp. By considering

the scalar pU of Eq.(4.40), with g% =g (% - @)tbe formula for ¢y (m;) will be corrected to:

2
~ m 94 1 m
erlmo) = m_;[ch”gB](1_?16n2g,210g5t)
2
my 1 PP o *2 ( 94 1 m)
= _— + ]____ 1 -
m2 30(47)2 [CSgB csgB] 3 16725 %%,
2
my 1 02 %2 ( 9 1 , m)
= It _ 1-22_ 2 210e ™ 6.43
m2 60(47)2 Erria 3 16725 8, (6.43)

where it has been assumed, for simplicity, both particles with the same mass m. It turns out
that, for variants of the model with positive §, the [géz - g?] is still negative, while the sign
changes for § negative. From Chapter 4, the entire phenomenology of the 3-3-1HL depends on
the particular choice of the § parameter. Thus, the exclusion of the zero in the allowed region of

Y could be informative to these sort of models.
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CHAPTER 7

CONCLUSIONS

The work was a brief presentation about the principles behind the Standard Model Effective

Field Theory and has been separated in two parts:
Part 11

* One Effective Field Theory consists on bringing the 1LUV theory into a local description of
the interactions. The expansion can be made in a covariant form via the CDE method. An
universal formula was registered to the case where loop graphs involves heavy particles

only. For mixed heavy-light terms a new expression has been presented.

* The introduction of new terms in order to deal with divergences of a specific Green’s
function can be performed systematically. The presence of field strength-, mass- and charge
renormalization factors is the conceptual manner in QFT to provide predictions consisting

of variations.

¢ The matching procedure will also contain one independent concept of subtraction. The
procedure is such that it preserves the “hard” modes of propagation of the heavy particle.
This is to say that the Wilson coefficients will carry the information about the integrated

degree of freedom along a small distance of propagation (information of non-locality).

* The heavy mass propagate exclusively in the internal lines and during a short amount
of time compared with the length of the whole interaction. The product of operators at

different points can be replaced by a sum of local operators.

¢ The use of new non-renormalizable theory is legitimate both by the Weinberg’s and the
decoupling theorem. If the EFT is computed at higher-level, the possible divergences must
always be accompanied by polinomials in the external momenta, thus corresponding to local
counterterms that could be inserted a priori [49]. These insertions leads to new interactions
from higher-dim operators, also gradually more suppressed by powers of the heavy scale. In
summary, close to the decoupling limit, the finite terms will correspond to small corrections.

The theory is predictive.

¢ The Decoupling theorem states that a renormalizable theory including heavy degrees of
freedom will provide the same predictions at low energies as an equivalent renormalizable
theory obtained by just cutting out the heavy field and redefining its couplings. The error
for a graph I" will be proportional to #
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* The dim-6 truncation is one attempt to gradually insert corrections to a renormalizable low-
energy theory, thus reducing the error when one eliminates heavy particles of a complete

theory.

* The Decoupling theorem presents a very coherent argument about the validity of trans-
forming a large UV complete theory into a simplified and renormalizable variant - The
corrections are suppressed by powers of the heavy sector integrated out. It must be expected,
therefore, that as soon as the experiments can achieve larger scales, these corrections can
become gradually more important and predictions from the low-effective theory less ac-
curate. It is important to emphasize that both, full and low theories, are renormalizable
and differ for a change in the couplings of the effective variant which includes a finite shift
after the renormalization of the original vertices. In the present scenario, it is assumed
that the experiments can in fact reach these suppressed corrections, but the energies are

not sufficient yet to produce the heavy particles asymptotically.

* The operators added to the low theory are not completely arbitrary but must follow the
symmetry of the original theory. In the case of the Standard Model, for example, the
complete set of dimension-six operators was first classified by W. Buchmiiller and D.Wyler
in 1986 [9], and recently improved in B. Grzadkowski et al., whose work establish the [31]
so-called Warsaw basis for the dim-6 SMEFT operators.

¢ The claims in favor of Effective Field Theories also justify a choice for the top-down approach.
The structure of the model, i.e. gauge symmetry, representation, particle-content.., will
conduct the emerging set of operators and eventually accentuate a subset of elements
in the Warsaw basis. This can give an important hint on where the experiments should

concentrate their searches.

* The examples to the Decoupling theorem in Chapter 3 illustrated the procedure for con-
struction of the Effective Theory as a recursive logic. The weight of the new local terms, i.e.
their couplings, must correspond to the difference between the complete and the previous
EFT, at the heavy scale. Thus, the matching is present as a form of introducing a Correspon-
dence Principle into the two theories and to control the presence of large logs. The resulting
coefficients will finally compose a set of boundary conditions to the Renormalization Group

Equations.

¢ Effective Field Theories are in fact dotted of all the fundamental concepts behind a QFT
and can be seen as a robust technique for simplifying the phenomenological analysis of

complex UV complete models.
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Part I11

The particle content for the 3-3-1 model with heavy-leptons arises according to the so-
denoted variable . For f-independent interactions, i.e. for vertices present in any variant
of the model, the SU(3)® U(1) can be broken into the Standard Model via a new scalar
triplet.

In the above scenario, all the heavy sector turns loop-suppressed, apart from a neutral

gauge-boson, Z'.

The integration of heavy-quarks resulted in a contribution to the kinetic-term of the

gauge-boson B*, in addition to the dim-6 operator Ogp;

The kinetic term is just rescaling a piece already present in the SM Lagrangian, like in the
example for the decoupling theorem, and must not alter any natural relation emerged in the
SM framework. This correction comes from 1-loop with J-quarks to the boson propagator.
The oblique parameter S is a ultraviolet finite defined as a natural relation and identically
zero in the SM. Having the contributions from J-quarks resulted in B, B*" cannot imply a

contribution to it.

In fact, the S parameter may be corrected by the presence of these exotic quarks as higher-
loop effect and it can be shown through the mixing of the operator Ogp during the coupling
evolution. Thus, the changing in tree-level relations will appear in the EF'T scenario as a
deformation in the analytical structure of the theory, while in the UV complete framework

it will be given due to the presence of a new sector for the SM Lagrangian.

The loop contribution of cop to the Y parameter is two order of magnitude (0(107°)) smaller
than the current precision (O(10~2)). However, the fermion loops implies a negative sign to

the observable, a feature that cannot be tuned by running the coupling.

The inclusion of a Bosonic loop, through a heavy Higgs, may flip the sign of ¢y for negative
values of the B-parameter. The verification of a region for the Y parameter which eliminates

the zero value would be very informative to the phenomenology of 3-3-1HL models.
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APPENDIX A

FORMULAE

A.1 On Gamma Functions and MS scheme

This section presents some of the properties of Gamma functions that originate the constants
subtracted during the M S scheme.

The Gamma function is defined like

o0
[(z)= f dt t* et (A1)
0
such that, by a changing of variables,
U A t?
[(z)=—e* +f dt—e™t — 2I(2)=T(z+1) (A.2)
z 0 z

It is worthy to extract some identities for these objects from a series expansion [37]. First,

T'(2+¢) Q+e)TA+e)

1+e)e(1-€)T(e-1) (A.3)

Apart from that, by Taylor expanding I'(2 +¢) around € = 0:

[(2+¢) [(2)+T'(2) e+ %r”(z) 2 +0°

I'2+e) 112) 4 5
T2 1+1//(2)e+2 T2 e+0

(A.4)

where
I'(z)

I'(z)

y(z) = (A.5)

and thus, with (dz = %),

w(z) = dylogl'(z)
= d;logl(z—1I'(z-1)]
= d,logl(z—1)]+d,log[l'(z - 1)]
. B e

or

+y'(z-1) (A7)

v 1
v'(z) = 17
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Besides, from the definition of v of Eq.(A.5):

@ - e (re)
ET Te) e
@5 TR 9
= - A.
) y(2) (A.8)
Thus corresponding, through Eq.(A.6), to
Iz 1 9
= -1)- A9
%) vi(z-1) 12 +y(2) (A.9)
This last formula can be placed back to the power series Eq.(A.4), leading to
F@2+e) 1o 2y 2. 3
o) = 1+w(2)e+2(u/(1) 1+y(2)°) €+ 0
(A=.7)

1+yp(2) e+ % (v' @)+ w(2)?) 2+ 03 (A.10)

From these results it is possible to extract some frequently required values present in loop-

integrals calculation. The final expressions for this part of the treatment are, from Eq.(A.3),

I'2+e)
requiring
w2 AP 1 y(), v'@)“E"y)-1 (A.12)
The constants w(1) and ¥'(1) are known and given by
2
w(1)= -y =0.578, y'(1) = 5 (A.13)

and y the so-called Euler-Mascheroni constant.
The fundamental formula for the matching procedure at quantum level, namely Eq.(2.51),

will generally result in d-dimensional loop integrals in the form

ddq 1 (_1)n
I = =i Ap Al4
’ el (@-m?)" T (A.14a)
dlqg ¢ (-1 ld
2 = = J—
I = ) G (@-m2)" Tk g An-1) (A.14b)

where the A, piece is be given by (with e =4—d):

A = neLd/z) (i)n—d&
t Am)@2 \m2
N r((n_2)+£) 2-n) 4nu2 5
en-p LN ZHT5) 2 ampe?
@ M) ( = ) s

and the mass parameter u is inserted in order to leave the coupling constants of the theory in
their correct dimension. It must be noted, therefore, that the presence of u”* refers to insertion of

n external points for each loop-diagram.
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A.1. ON GAMMA FUNCTIONS AND MS SCHEME

Next, a power series can be performed for ¢ around zero by requesting the result

f(x) = a® =1+d(a")|, x+O0?) (A.16)
and
b
ifa*=b—xloga=b — _ =loga (A.17)
or, in summary,
d(a®)=a"loga (A.18)
such that, when applied back to Eq.(A.16) implies
a® =1+xloga +0(x>) (A.19)

The previous formulas can finally be applied for some examples. The first is chosen to be the

simplest 19, which then requires

A
1 (47)? m2

a1y m* 2. 6 (

)

)
2]
e[ )

2
K )) (A.20)

(471)2
(A.19)

(47r)2

@410 m?

@n? % (1 +w(2) 5) 1+

2

m< (2 4n
= @ ( +(2) +log

In the second line, higher order terms over € were just neglected as well as those remaining in
the expansion of I'(2 +¢), since they must vanish in the limit ¢ — 0. Apart from that, in the MS
scheme both the pole and the Euler-Mascheroni constant present in ¥(2) = 1 —y are subtracted

along with log4x. Finally, by replacing A; back to the expression for (1), it follows

2 2
=i " (1og(m—2) —1) (A.21)
n r

Additional results are presented in the main text.
In general, the evaluation of these master integrals requires the integrand to be Wick rotated

into Euclidean space as an intermediate step, what corresponds to the redefinition
¢°—ig°, -7 (A.22)
such that the inner product for bar variables goes with the Cartesian metric.
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For concluding, the integrals of Eq.(A.14) can be complemented with the fourth and sixth
order, both present during the evaluation of the various J,’s. Here, the former case is presented
according to [42] like

dlq  (¢*? (-1)" d(d+2)
It = =i Ag- A.23
n (27‘[)d (q2 _m2)n l l—,(n) 4 (n 2) ( a)
d%q qq"q’q° .(-D"1

G (2w Ty 2 & & rETE e e ) Any) (A23D)

4
e

For the analysis of higher-order integrals see the Appendix of [32] and [53].

A.2 Properties for Covariant Derivatives

The Covariant Derivative! is a conceptual object able to generate translation both in space-time
and in the internal space. These infinitesimal gauge transformations are performed by the Wilson

line, whose property under a internal rotation U, is defined like
W(x,y) = Wy — U Wey U, (A.24)

If the fields ¢ and y transform like
p—¢'=U¢ (A.25)

the Covariant Derivative on ¢ is then defined like

Wx —WPx
D¢ =lim Wayby — b=

A.26
y=x (y—x) (4.26)

with ¢, = ¢(x). A general product like ¢y would transform like ¢y — ¢y’ = (Up)(Uw) such that

Wiy @y Way Wy — pxtps

D, (py) =;1ll}c -2 (A.27)
which can be factorized like
Wx Wx xWx - xWx “PxVx
Dyy) = lim yPy Wiy Wy + P Way Wy — px Wiy Wy — Py
y—x (y—x)
- lim (ny(/)y - (/)x)nyWy + (Px(nywy B 1//x)
y—x (y—x)
= DuP)y +¢PD ) (A.28)

where it has been considered the property of limit for products and W, = 1. The above result,
namely the product rule, is one of the important properties adopted along the main text.
From a general notation
D,=0,-W, (A.29)

IReview based in the Chapter 12 - Nikhef notes https: //www.nikhef .nl/~t45/ftip/Ch12.pdf;
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A.2. PROPERTIES FOR COVARIANT DERIVATIVES

with W, =t*W; and ¢* antisymmetric, it has also been defined the field-strength as
[Dy,Dy]=-Gpy (A.30)
where G, = (0,W,)—(0,W,)—[W,,W,]. In terms of components, it follows
G =Gt with G%, =0,W) - @0,W) - fLIWE, W (A.31)
Now, the G, property of transformation under U, i.e.
G — Gy =UGLU™! (A.32)

will imply a new, but equivalent, definition for the action of D . In fact, for any function with the

transformation rule of Eq.(A.32), the Covariant Derivative must be given by

Wx x+6xG'uv Wx+6x x G,uv
J7A72 K ’ x+0x » X
D,G" = (31;1110 Sr (A.33)
such that, since Wy, — UxnyUy_1
D,G—-UD,GU™! (A.34)

If the Wilson line for infinitesimal transformation around Wy, = 1 is given by

W(x,x +6x) =1 - W,6x% + 0(6x2)
W(x,x+6x) =1+ Wy6x% + 0(5x?) (A.35)

where W% are the gauge-fields, in Eq.(A.33) it follows:

. WobxM)GE o (1+Webx%) -G
6x—0 OxH
(0,G*)-[W,,GM] (A.36)

D,GM

which is therefore the Covariant Derivative for matrices. It may be noted that this property can
be equivalently written like
D,G" =[D,,G"] (A.37)

a choice frequently adopted along the main text.
In practice, however, the gauge fields are rescaled with the presence of a coupling constant

and hermitian generators, such that
D,=0,-1igW, (A.38)
This justify, for example, the prime index in G;W, i.e.
G;W =[Dy,Dy]1=-igGuy (A.39)
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and Gy = (0,W,)—(0,W,) —ig[W,,W,], with components wa =(0,Wy) - (OVW;f) +gf§c[Wle,WVC].
Some examples often encountered are:
~tr[D, D, = g*r(GuG*)
= &G4, GOMtr(T°T®)
= §°G%,G"T(R) (A.40)

and T'(R) the index of the representation, where T'(F') = % in the fundamental and T(A) = N in
the adjoint of SU(N). Another case:

~tr[D,,[ID*,D"1* = g*tr[D,,G""]?
= g%tr(D,G")?
= gD, G DG )tr(T*T?)
= g(D,G“"VPT(R) (A.41)

where (D ,G**") follows from Eq.(A.36) as

D,G" = (3,G")-igIW,,G"]
= (0,G")-iglT*, T"IW?,G>
= (0,G")-igf* T Wi, G (A.42)
D G = (0,G“) + g P W2, G (A.43)

Thus, although the commutators in the Universal Formula have been preserved, they can be
replaced by an equivalent notation [D,,G]— (D,G), with Eq.(A.43) implicit. For completeness,
the action of D, on the field-strength of an Abelian theory reduces to a partial derivative.

Two additional examples may also be useful along the application of the results in the
text. The first involves the covariant derivative of a function A instead of a field-strength, like
for example the generic matrix of light fields inside the covariant propagator P2 —m? + A,.
Again, the rule D,G = (0,G) —ig[W,,G] is general, whenever the function G transforms like
G — G' =UGUL. as illustrated in Chapter 5, there are some cases where the matrix under
consideration is composed by the fields in a particular way. Consider, for instance, A = HH', with
H the Higgs doublet. It follows that,

DA = (3,A)-iglW,,Al
= (0,A)-ig(W,HH'~HH'W,)
= O,HMH"+H0,H)+(~igW,H)H" + H(~igW,H)'
= (D,DH'+H(D H) (A.44)

now, D, H being just the usual application. The last form of the above relation can make the trace

computation clearer.
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The last example consists in the case where the CD acts in a product of matrices AB. Thus,
W, =-igW,)

D(AB)

0(AB) +[W,,AB]
0(AB)+[W,,AlB + A[W,,B]
(DA)B +A(DB) (A.45)

Then, from the product rule

f(DA)B ftrD(AB)—ftrA(DB)

f(ON(AB)+tr[Wu,AB])—fA(DB) (A.46)

X X

Since the trace of a commutator vanishes

f(DA)B = —fA(DB) (A.47)
X X

and follows the chain rule.

In Section 5.1.2.1 it was considered the identity
\H?[(D?*H)"-H + H'-(D?H)] — -2(0g+Og) (A.48)
which follows from the product rule like
D% H|*=0 — D*|H>D,H*+|HI*?D*|H*=0 (A.49)

or, from Oy = 3(D*|H|?*)? and O = |H|?|D H|?,

20y = -IHP’D*HP?
= —|HPD*|(D,H) -H+H'-(D,H)|
= -|H?|(0*W)'-H+H'-(D*H)| - 21H "D H* (A.50)
and, finally,
\H2[(D?*H")-H + H'-(D?>H)| = -2(0g +Og) (A51)

A.3 Finite Components of J,

To work with the finite components of Eq.(2.78d) and (2.78e) is important to restore some
conventions on the Lorentz indices and remark that ¢ and d,; necessarily commute with the fields

present in G,U. The terms are expressed like

(2.78d)
(2.78e)

A {q,G}o,4L A {q,G} o, A
A {q,G}o,l AT A
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and both tilde fields are being evaluated in the second order of the series expansion, i.e.
Gy = %[PQ,GW]%, U =[P,,Uld,, (A.52)
For the (2.78d) case, first consider the last commutator, that can be rewritten as
{q,G}d4 A= (2[Ps,GyulgH0% +[P*,Gy 1) 0" A (A.53)

where it was made implicit 4, = 0“. Moreover, from 9"AP = -2 pg’AP+D,

{9,G}oq A -2 (2[Pq,Gvyulg"d” +[P*,Gyyl) g A?
= —2¢"A% [PH,Gyul-4¢"0%(q"A?) [Po, Gyl

= 2¢"A?[P*,Gy,]+16q%q"q"A® [Py, Gyl (A.54)

Next, this result must be plugged back at Eq.(2.78d), such that

@.78d) 57 24 (2Pp,Gerlg 0P +1PP,Gegl) O (¢7A%) [P, Gyl

= 4A g"0P5° (¥ A3)[Pp,GeAllPH, Gyl +2A 6° (¢ A%)[PP,G cpIIPH, Gy
both convergent, with (a,%) =(2,5) and (a, k) = (1,4) for Eq.(2.60). By considering
aﬁae‘ (qVA3) — aﬁ (gE‘VA3_6A4q€qV)
—6qP g% A* + 48A%qPq¢cq” (A.55)

it follows
2.78d) > 4A (48A5q,3qeq/1qv ~ Gq,ﬁq/tgevA4) X [P, GerllP™, Gl +
+2A (g7 A% - 6A%¢°q") [PP,GeplIP*, Gyl
Finally, from the second operator in Eq.(A.54), it follows
(2.78d) > 16A (2P5,Gerlg 0” + (PP, Gepl) 0 (4" g#A*) [P, Gyl
= 324 ¢19P0°(q9q" g A*)[Pp,GerllPy, Gyl + 16A 0° (g q" A*) [PP,G cpl[Po, Gyl

which is finite and requires an integral over sixth power to the momentum. Once the convergence
is stated it must be mentioned that, for a carefully reading, a set of useful identities for large
dervatives were already presented in [32].

In the case of (2.78¢) it follows that

(2.78¢) = A {q,G}o,l A[Pp,UIPA
2
429 =34 (2[Pa,Gylg 0 +[P¥,Guyl) 0" (7 2%) 1Py, U
2 v
= —g(Aa (qﬁA3)[P”,GW][Pﬁ,U]+
+ 20 ¢#9%0" (qP ) [Py, Gy P, UT) (A.56)
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Again, from Eq.(A.55), the first line becomes
2
(2.78¢)> —2 (gVﬁA‘1 - 6q"qﬁA5) [PH,G.,1[Pp, U1 (A.57)

and, finally,
2
(2.78¢)> (48q“q“qvqﬁA6 - 6gvﬁq'“q“A5) [Py, Gy I[P, U1 (A.58)

A.4 On CP-odd Operators

This section introduces the remaining CP-odd components for the set of Bosonic operators. In
order to remark how to extract the properties of these operators under CP transformations, it is

sufficient to consider that the vector-fields are such that [7]:
PGLPT=G*,  CGLCT=-sGY (A.59)

where s, =+1 for a €[1,3,4,6,8] and —1 for the remaining. These rules follow from the properties
of the bilinears under C and P. Apart from that, it also includes our previous knowledge about the

symmetries of the strong interactions. From the field-strength GZV and sps, = —s, for fupe #0:
pgL P =g, €G%C'=-5GY, (A.60)

Above, the change on the spacial coordinates does not contain additional information once one

integral is taken over all the space-time. The dual of sz, ie. GZV = %ewaﬁG“ﬁ’“ defines a new

gauge-invariant operator of the type
~ 1
a Apv,e _ — puvafra oo
GG = 26‘ G,quaﬁ (A.61)
Since the total antisymmetric tensor satisfies ehvab = —€uvap, it follows that

< 1
apt  _ B i
PG;’WG’“’ “P' = 26’”“ PGZVGZﬁP

%euvaﬁPG,uv,aGaﬁ,aPT

1
—5emﬁpG”V’ac;‘?‘ﬁvapT
-G-G (A.62)

i.e. the product is odd under parity. Since C is preserved, the operator is also CP-odd. A
similar analysis can be performed to prove that Oyz = (D¥H) T(DYH )Euv is also such that
(CP)Oy5(CP) =-0yp.
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APPENDIX B

EXAMPLE FROM A DISCRETE PICTURE

This section aims to cover the concepts behind the construction of an Effective Action from a
discrete framework. The components parts of this analysis, however, will not reach the reason-
ableness expected for a physical theory and, thus, the following text and the overall expressions
must be seen merely as an alternative source of intuition.

The first object of analysis must be called a ‘discrete’ energy functional, denoted as E[J] on
the source </, and related with processes extracted from a theory of two fields, namely ® and ¢. It
must be reinforced the importance on not associating these symbols with any specific physical
object. Here they just represent two independent quantities.

On this idealized discrete scenario, the universe is arranged into a lattice form, and here it
is considered in the simplest case of a two points for the space-time, denoted as x, and x;. The
fields on these points are the independent variables denoted in the set {®y, Py, g, Pp}.

The discrete functional E[J/] is defined from the expression (where J; = J(x;)):

Z[J]:e_E[J]:f[ I1 d(l)i]

i=a,b

[T do;

i=a,b

X exp

Slp, @1+ Jnpn (B.1)

where the absence of index corresponds to a vector over a,b, like ¢ — (¢4, ¢p). Note, moreover,
that there are not sources for ®.
For an illustrative model, the functional S will be given by

Ll

3
3 Ol7) (B.2)

Slp,®1= 3. %q)n@’ff@n + %‘Pn@r(zp(pn -
n=a,b
Here the 0,,’s are numbers that, in a more reliable theory, would contain information on the
vicinity of x,. It is also worthy noting that all the products involve the same space-time point ,
representing then a local function to the discrete case.
Now, through a Legendre transformation on E[/] it may be defined a new functional denoted
by I' and so-referred Effective Action, such that

Tlp°1=-E[J]1- ). Jn¢l (B.3)
n=a,b
and the classical field
OE[J] c
=— B.4

implying then a functional dependence of J[¢°].
The previous expression will certainly need a clarification or an appropriate definition for

the operation %. Since the exponent in the r.h.s. of Eq.(B.1) is in fact composed by a sum, it is
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natural to require
6,

0dJ;

with 67 a Kronecker delta, resulting straightforwardly to the same standard rules for functional

=5¢ (B.5)

derivatives. Therefore,

OE[J] 51nZ
0d,

(B.6)

[T do:

i=a,b

[] do;

i=a,b

X Pn€Xp

S[¢,@]+ZJi<Pi

or, the vacuum expectation value for ¢,. Apart from that, the Effective Action is in fact indepen-

dent on the source J:

or oE

_ (4

od,  og,
@ (B.7)

and satisfies

or
oph 5<pn - Z&pn ‘
0dJ; OE
= Z .
i (Pn 5J 1
B4 _ J, (B.8)

The computation of I'[¢p°], following [42], may proceed for instance from the saddle point
approximation over the exponent in Eq.(B.1). The expansion is performed around ¢°¢ and ®¢, the

latter raised from the solution of

O0S[p, ] _
e LD:CDC - (B.9)
Finally, by defining §[(p,®, J1=8Slp, 0]+ - @, it follows
Q Q- HC c c 6§
Slp,®,J1 = S[p%,0%, 01+ ¥ @-0)=—| + ¥ (pn-pi)e]| +
n=a,b n=ab O¢pn lc
1 528 528
+= Dy — D )——— | (D — DE) + (P — P, ) ———— — %)+
PO R S A L o T S
528 528
+(P,, - P ) ——— —pS)+ - )————| (D, —D° B.10
(P, m)5®m5<,0n . @)+ (Pm (pm)&pm@@n c( n—, ( )

where the |, is indicating derivatives at the classical fields. Moreover, as it was detailed in the
main text, the ¢, implies

=0 or E +J=0 (B.11)
ople

58
ople
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to hold exactly. Thus, the linear terms Eq.(B.10) vanish and the integral over [H d(pi] [TdD;]
converts the approximation for Z[/] into a Gaussian integral. At this order the correction is then
given by

Z[J]= S YT« det[ ]2 (B.12)

where the Hessian ¢ matrix here is composed by 2 x 2 blocks like

528 5%S
= opdp  ODPog

525 525 (B.13)
5p0®  5POD

c

Besides, the blocks on the diagonal of .77 are, by the local structure of S, already in diagonal
form.

The connected functional generator E[J] may be written as
— 1
—E[J]= S[p°,®°,J] - §logdet[%] (B.14)
corresponding to a first correction to the Effective Action like

[[p¢,®°1 =  S[p¢,@°,J] — %1ogdet[%] - dJ-p
BD - Slpe, ¢ - %logdet[%ﬂ] (B.15)

This is the final formula for a field theory including quantum corrections and, on what
follows, it will be the basis for constructing two distinct theories, namely the Light-UV and the
correspondent EFT.

Every step leading to I' could similarly have been taken from the realistic continuous case,
by replacing [1d — 2 and ¥, — [,. The choice for a discrete scenario might provide a simple
algebraic form to the calculation of determinants and, as commented before, was chosen with
an illustrative intent. Rigorously, the expression of Eq.(B.2) is dimensionally incorrect, since it
does not include a factor correspondent to the size of the space-time lattice. In other words, the
expression for the vacuum amplitude, including for simplicity only ¢ (see [30]), should be given
by

Z101= lim f[ﬂd(pi] [[Tdm:] % exp eZnnM +H (my, 220 (B.16)

2

where n + 1 refers to the grid point in time for #,,.1 = £, + €. Furthermore, the canonical momenta

is defined as 7, = (p(t”J“ee)_‘p(t”) = (p"“e_(p". Thus far, only the time has been fragmented into a

discrete set of points. In general, a last step for the functional generator definition consists in
writing the Lagrangian function on ¢ as a weighted average of a new set of fields, ¢, on the space

lattice: R
}j
on =) ajty) = (B.17)
~ N

where the index j runs over the points in space. The expression draws a picture of the space

filled with a constant, but not necessarily uniform, field whose points may be pondered with a
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time-dependent sequence of weights {a;} in order to define a new field on ¢. In fact, since the
functional form of these entities does not a play an important role in quantum field theory, the

expression can be rearranged in a simpler form like
Pn— &) @j(tn) (B.18)
J

where ¢ is a constant for the grid size in space. For a more details see [30].

The above discussion was made for fields but must be directly extended to the Lagrangians,
what leads to the concept of density Lagrangian. In the example of Eq.(B.2) the constant of
volume dimension has been absorbed by the functions, an option that implies a change on their
dimension. Thus, for consistency, the numbers @ have dimension of mass squared and assume
the representation

6®=a,-b®,  06f=a,-b¥ where [0]=2 (B.19)

and b are constants associated to the respective fields. Finally, in order to leave the action

dimensionless, it follows that

[p] = [®] = -1, [ul=4 (B.20)

Moving forward on the conceptual treatment of this section, the theories I';;yy and I'gpr can
finally be constructed. As treated along the main text, at leading order the Fi%v = Suvle, @ l¢ll

where ®°[¢] is given as an implicit functional on ¢ after solving Eq.(B.9). For the present model

¢ = W) 1p3 (B.21)
such that, after replaced in Eq.(B.2):
0) L 0 B3 o1 3
Loy = 2 500 @n = 5 0n(@) " ¢y (B.22)
n

thus defining the final and exact LUV theory. As mentioned before, the presence of (@,? Y lina
realistic physical context represents a non-local aspect of the theory and in practice is associated

with internal propagation of the integrated-out degrees of freedom.

The Effective Field Theory, on the other hand, is raised through the so-called procedure of
(i)

LUV"
The local series must run up to the preferred order on the fields dimension, what in general

matching, performed order-by-order on the effective action and after a local expansion of I’

corresponds to an equivalent order on the suppression parameter b, for operators in the form of
Eq.(B.19).
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In fact, by considering ordinary numbers for simplicity, the series can always be written as

1 a
(@’f)_l i - Z -
2 _[l,a 1 e )
B b b\b bb
2 1,2, +an_l+an !
h b b2 b®  b*b-a
1 a an—l a” 1
= —— 14—+ 4+ — + — B.23
b ( b bnl) local b"a-b ( )

It follows that the local part of the series will converge to the exact result in the low-energy
region where a < b. On the matter of matching, the EFT will emerge from the truncation of I';,yy
resolved by a power counting, eventually taking into account the field dimension of the factor
a.

The log contribution for I'zyy is given by Eq.(B.15) with the replacement ® — ®.[¢] made a
posteriori. It might be clearer, therefore, if the Hessian could be separated into disjoint second
derivatives of heavy and light fields. This task was performed in [33] and will be fully reproduced

here, resulting in the expression

82Suv[®clol, @]
(6¢)?

82SyvI@, ¢l
5(D, )2

82SyvI®, ¢l

logdet
ogde 5D)?

logdet (B.24)

=logdet [

D, @,

where in the second term in the r.h.s. the ®.[¢] must be replaced a priori, and the derivative on
the light fields finally taken. In order to derive the above identity, the first observation involves

the properties of determinants in a block form matrix:
(A B
e |C D

From the equation defining the classical =55 o

52Syvi®, ¢l

et(5ZSUV[¢>,<P]
5(D,p)?

8(®, )

) = det(D)det(A - BD~1C) (B.25)

=0 it follows that

0 = i(5SUV[q),‘P] )
o oD @,
82Syvl® 5D, 62SyvI®,
uvi®, ¢l L 9% uvI®, ¢l (B.26)
5po® o, 8p  o®2 o,
where it has been considered the chain rule!
1 ) 6D, 6
2 2 ¢ (B.28)
dp Splo, dp 5D,
1Here the lo, denotes a partial functional derivative. Analogously, for functions:
d dx
f ),y — o f=0yf+ Eax f (B.27)
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Thus, back to Eq.(B.25) it follows

-1
A-BD-lC = 8*Syv| _6°Suv| (8°Suv ) §%Syv
6?2 o, Spd® o\ D2 o) 5DSg @,
20 6°Syv +5®c525UV
62 lo.  b¢p 6D o,
528 P
B2 UV;Z; clell (B.29)

which, by replacing in Eq.(B.25), proves the Eq.(B.24). Since, by definition, Syv[g, . [¢l]l =

F}?)Uv[qo], the expression for F(LI)UV is clearer expressed like
21(0)
1 82SyvI®,¢] 6° Ty yvlel
w __1 5 Suv(®,¢] 2 Luv®
My =-3 {logdet [ o [, | *+logdet Gy (B.30)

As mentioned in the Chapter 2, the construction of the EFT will follow from the matching
procedure at the level of Effective Actions through

21(0)
6" T ppple] D

G2 lLov at u=M (B.31)

1
D =¥ D0, - Zlogdet
EFT ;cz 1T 5080

where here the = M is just remarking the scale where the equality holds. Finally, the Wilson

coefficients can extracted from

1 82t [p] 621 ([?) L] 1 528 vI®, ¢l

(6))] EFT ,UV uvi®,p

E 0; = -1 logd ———— | —log _— ——logdet | ———

: c; 0] 2{ 0 et[ (6(,0)2 ogdet (6(p)2 2 o) et[ D)2 )
(B.32)

In HLM the coefficients extracted from the first bracket were called mixed terms, since they
are related with loops containing both light and heavy particles. The above expression also clarify
the correct mode of performing the power counting - During the subtraction of equivalent terms
present in the log corrections for the EFT and the LUV theories.

After this point, since the trace computation from a discrete to a continuous point of view

may substantially differ, the rest of the computation must be left to the main text.
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