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Abstract

Many BSM theories include extensions of the fermionic content of the Standard
Model. Typically the new particles are very heavy, so that a smart way to deal with
them is by means of the effective theory approach. In this thesis we are interested in
new fermions admitting Yukawa-like couplings W H ¢ between the Higgs doublet and any
Standard Model fermion. After a general overview of the possible extensions compatible
with SU(3). x SU(2)w x U(1)y gauge invariance, we’ll focus on a particular vector-like
quark of charges (3., 2w, 7/6y). For this model we’ll first perform a review of the known
results present in literature and then move towards the derivation of the effective theory,
which will be computed up to 1-loop by means of the functional integral method. Finally
by confronting the obtained Wilson coefficients with their experimental constraints we
will obtain new bounds on the coupling constants of this model.
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Introduction

The Standard Model of particle physics is one of the best tested theories not only
of physics, but of all science. It has successfully passed all the experimental tests of the
past fifty years, finding its coronation with the discovery of the Higgs boson in 2012.
However there are still several open problems which suggest that the Standard Model is
not the ultimate theory of particle physics, but more probably just a piece of a broader
story. The certainly most known issues are the impossibility to include gravity in a
coherent way, the origin of dark matter and the mistery of neutrino masses, but there are
also many other questions which has not found yet a satisfactory answer. This has made
the research in the field of physics Beyond the Standard Model one of most the active
branches in the last years: both experimentally, with the increasing number of proposal
for more and more advanced high energy colliders, but also of a more theoretical nature.
Among the many theories that aim to extend and solve some of the open problems a
recurring presence is that of new, exotic fermions coupling with the Standard Model
particles.

The heaviest particle known today is the top quark, for which its big mass m; ~ 173
GeV [1] makes it natural to guess that the new fermions should be at least heavier than
that, placing themselves in the TeV range. No such particles have been discovered yet
in high energy colliders, also because of the high suppression in the production of such
massive states, so an alternative way to check for the presence of this kind of new physics
is by means of an effective theory approach. Effective field theories have been widely used
in the past (Fermi theory, in the context of particle physics, is the most known example)
and have always provided important insight about the underlying ”complete” model.
Indeed thanks to them it is possible to make predictions for low energy observables,
which are typically precisely measured and any discrepancy between the theoretical and
the experimental value put stringent constraints on the model of interest.

This is exactly the procedure we will adopt throughout this work. In chapter 1,
after a qualitative discussion about the models that predict this kind of new particles,
we will make a brief review of the Standard Model. Employing a phenomenological
approach, then, we will see what kind of new fermions can be introduced that both
respect SU(3).x SU(2)w xU(1)y gauge invariance and couple to the SM matter content.
Once this classification will be completed a particularly interesting exotic fermion will
be picked and studied in detail: a vector-like quark which charges (3., 2w, 7/6y). In
chapter 2 we will recap the studies present in literature about this particle, justifying the
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need of an effective theory approach. After a general review of Effective Field Theories
we will derive the tree-level EFT for that model, thanks to which the known bounds
on the new coupling constants will be improved. To proceed further we will need some
operators that are generated only at 1-loop. The relevant ones will be selected thanks to
an estimate that makes use of the powerful method of spurion analysis combined with
h—counting. Also, in this chapter we will discuss how this model relates to CP violation.

Chapter 3 will be devoted to the computation of the 1-loop operators. We will adopt
the functional integral method, using the new technique of Covariant Derivative Ex-
pansion to calculate the functional traces. Having computed the Wilson coefficients at
1-loop, we will make use of the Renormalization Group Equation to bring the coefficients
to the scale at which the experimental constraints are given. Through this comparison
we will be able to obtain new, improved bounds on the couplings of this model that will
be summarized in the Conclusions, 4.



Chapter 1

Fermionic extensions

1.1 Motivations

As of today, the Standard Model has passed all the experimental tests to which it
has been subjected. Incredibly high precision measurements have been performed, and
the result have almost always been in agreement with the theoretical predictions.
Nevertheless there is still a number of open problems that demand for a solution. Many
theoretical attempts have been made to solve these issues, and a typical way to do so
is to incorporate the Standard Model in a wider scenario. In fact, a way to explain
how the SM makes such accurate predictions is that there exist new physics at a scale
Ay > Apw, undergoing then some kind of mechanism at lower energies such that it
reduces to the ordinary SM enriched however with a set of new particles interacting with
the matter content known today. These states are usually very heavy, but lighter ones
are possible provided they don’t modify too much the precision observables currently
measured. In this context fermions are favoured candidates, since chiral symmetries
make it possible for them to have smaller masses with respect to the scale Ayy .

Actually many extensions predict for the new sector the presence of exotic fermions,
which can have very different properties with respect to the usual SM ones.

This is the case, for example, for the neutrino mass problem. Experimentally the mass
of the neutrinos is found to be not null, contrary to the SM prediction. A well known
solution that avoids the necessity of an unnaturally small Yukawa coupling is given by
the see-saw mechanism, which introduces a right-handed majorana fermion interacting
with the Higgs and lepton doublets through a Yukawa term.

Another set of theories in which new fermions are typically found are the ones that aim
to solve the naturalness problem. One way to avoid fine tunings of the Higgs mass is
to introduce new physics around the TeV scale. These theories usually include a large
spectrum of new particles, among which also fermions. In many Composite Higgs Mod-
els, for instance, a number of vector-like fermions are predicted.

Even solutions to the strong CP problem consider the addition of new fermions: other
than the Peccei-Quinn solution with the well known scalar axion, mechanisms such as
the Nelson-Barr one need the introduction of vectorlike quarks coupling to the Higgs
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1.2. THE STANDARD MODEL CHAPTER 1. FERMIONIC EXTENSIONS

doublet and the SM quarks.
Finally new fermions are often found also in flavor models, which try to explain the
origin of the fermion masses hierarchy, and in supersymmetric extensions of the SM.

From these qualitative examples it’s clear that new fermions are a commonly shared
feature of BSM theories. Without specifying any UV completion, in this work we will
just assume the existence of new fermions at the TeV scale and study their phenomenol-
ogy. In this way our study can be used as a reference for any UV completion that
predicts this kind of particles.

Before starting the quantitative discussion about the possible fermionic extensions, how-
ever, it is useful to perform a general review of the main principles that guide the con-
struction of the Standard Model.

1.2 The Standard Model

The Standard Model is a quantum field theory invariant under the gauge group
SU(?))C X SU(Q)W X U(l)y.
Let’s start analysing the properties of the particle content under the SU(2)w group.
The fermionic content is chiral, so the left and rights components transform in different
representations. We define the quark and lepton left handed doublets to be

Qr; = <ZZ> , Lp;= (2) . (1.1)

These are in the two dimensional representation of SU(2)y. The index ¢ = 1,2,3 is
the flavor index and distinguishes between different generations of fermions. The right
handed counterparts

URi, dri, LR (1.2)

are in the singlet representation. Note that neutrinos do not have a right handed com-
ponent.
We have an additional complex scalar field doublet, the Higgs boson doublet

H= <I;;> ) (1.3)

Finally the gauge bosons live in the adjoint representation of the corresponding
gauge group, and these are B, for the U(1)y group, Wﬁ(z = 1,2,3) for SU(2)w and
Af(a=1...8) for SU(3).. In this way the covariant derivative of a field f is given by

Dyf = (0 — igs ALt — igWity —ig'YyBy,) f (1.4)

where ¢§ = (A%, 0) if f is in the triplet or singlet representation of SU(3)c; ¢ are the
Gell-Mann matrices. Then t; = (¢/2,0) for the doublet or singlet representation of
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CHAPTER 1. FERMIONIC EXTENSIONS 1.2. THE STANDARD MODEL

SU(2)w, o' being the Pauli matrices. Yy is called hypercharge and labels the U(1)y
representation of f.

The transformation properties of the previously introduced fields are summarized in
table 1.1.

Field SU(3) SU(2) Yyu)

QL 3 2 1/6
ug 3 1 2/3
dg 3 1 -1/3
Ly 1 2 -1/2
(R 1 1 -1
H 1 2 1/2

Table 1.1: Transformation properties of the Standard Model matter fields.

Now we can introduce the full lagrangian, split in three different parts:
ESM = ﬁbosonic + Efermionic + Eyukawa (15>

e the bosonic part contains the kinetic terms for the gauge bosons and the Higgs,
and also the Higgs potential

1 1 1
[’bosonic == —§t1“G,WG“V — itl"WMwa’ — 1 BHVB'LLV
+ D, H'D*H + >H'H — N(H'H)? (1.6)
with the field strength for a gauge field f defined as
i .
fow = g*[DuaDv} = Outfv = Oufu — igel fus 1] (1.7)

where g, = g, ¢, g5 for W;i’BwAZ%
e the fermionic part is simply given by the sum of the kinetic terms of all the fermions

L fermionic = QriDuy "' Qr + uriDyy"ug + driDyy*dr + LiDyy" Ly + (riDyy"lg.
(1.8)

Note that explicitling the covariant derivates we can readily see the interactions
between the fermions and the gauge bosons of the Standard Model,;

e the Yukawa sector is
Lyukawa = — <aRyu£ﬁQL +dryaH'Qr + CryeH' Ly + h-C-) (1.9)

The sum over the flavor indices is implicitly understood. The field H = ioc?(H")T

has been introduced, and y, ¢ are generic 3x3 complex matrices in the flavor
space.
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The Standard Model undergoes a phase transition, called spontaneous symmetry
breaking. The Higgs field chooses a value of the vacuum manifold, breaking the SU (2)y x
U(1)y symmetry into an electromagnetic U(1)gys. Explicitly, in the unitary gauge the
Higgs field can be written as

0
H = <v+h(z)> , 2 = MQ. (1.10)
NG)

The kinetic term of the Higgs then provides mass to the gauge bosons, and redefining
them as the physical fields we have

_ Wl ¥ T2
= NG ,

ZH Co  —Suw\ [(WH3 9 P +9%\ 2
D D) () e

where the Weinberg angle has been introduced, ¢, = g/+/ g% + ¢’2.

This mechanism provides mass not only to the gauge bosons , but also to the fermions
via the Yukawa sector. The mass of the fermions is given by ms = §sv/ V2, where Uy are
the eigenvalues of the complex matrices appearing in the Yukawa sector. To diagonalise
these matrices we must perform a different, unitary rotation for every fermion

2.2
+ 2 g-v
W=+# my, = .

dL—>DLdL, uL—>ULdL, dR—>DRdR, uR—>URuR
VL—>LLVL, EL_>LL€L; ER%LRKR. (1.12)

In this way we have given mass to all the fermions, except for the neutrinos. The fact
that neutrinos are massless makes it possible to have flavor diagonal interactions between
the bosons W=, A, Z and the leptons, for we have made the same rotation between £,
and vp,.

In the quark sector this is not possible, and the interactions provide a mixing between
different generations of quarks'. The mixing is regulated by the matrix Vog s = UzD L.
In the three flavor case this matrix has three angles and one phase, that phase being
responsible for the violation of the CP symmetry. In Wolfenstein parametrization, to
order A3 the matrix reads

2 .
1-2 A . AX3(p — in)
Verm = -\ -2 AN? (1.13)
AN(1 — p—in) —AN? 1

where experimentally A ~ 0.22, A ~ 0.81,p ~ 0.13, ~ 0.35.

!Note that the mixing is present only for the W mediated interactions.
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CHAPTER 1. FERMIONIC EXTENSIONS 1.3. EXOTIC FERMIONS

For future reference it is convenient to report the complete form of the Standard
Model lagrangian density after the symmetry breaking

_ 1
Lo =Y, Up(id —mp)s + 50,h0"h — p*h*~

fermions
1 . _ 72
1 (0,4, — 0,A, — ie(W, W — WJWV )]

1 , _ —\12
~1 [0uZy — 8,2y + i cow (W W = WIW,)]

1 1
=5 [0uW =W, —ie(W,S A, = WAL +igcw(W, 2, - W,tz,)]” - 5 G G
— %(WJQL’VﬂVCKMdL + WJDL'YHEL + h.C.) — Z Qf&fAl/}f
fermions
Tz ST (3 - QNG s — S2Q bR )

Cw -
fermions

h 2 2 + _ 1 2 yf 7 3 )\ 4
- <1+ U) <mWW MW+ QmZZMZ”> - Y Eiu/;fwf — \wh?® = Th

fermions

(1.14)

where e = gs,, and t:} is the value of the t3 component of the fermion relative to its
SU (2) representation.
For further reading about the Standard Model an excellent reference is [2].

1.3 Exotic fermions

Having reviewed the main features of the Standard Model we will now have a look
at its possible fermionic extensions. As a guiding principle we will rely on SU(3). X
SU(2)w x U(1)y gauge invariance, since there’s no evidence that this should not be
respected in BSM theories.
Experiments suggest that generic flavor and CP violating new physics can be present
only at scales Ayy > Agw. However non-generic models may admit particles of mass
m < Ayy, even of TeV order. This is the case we will consider throughout this work.
We will look for renormalizable BSM lagrangians, since any term of mass dimension
greater than four would be suppressed from the new scale Ayy and so would induce
effects too small to be detected.

The first kind of extensions includes models where the new fermions do not couple
at all with the SM. This means that they must be gauge singlets and there must be
no term in the lagrangian involving them and any other SM fermion or boson. These
fermions are ”invisible” and the only constraints on these kind of models can come from
cosmological consideration. In this work we will mainly discuss bounds coming from low
energy experiments where the new particles must leave a detectable trace, and therefore
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1.3. EXOTIC FERMIONS CHAPTER 1. FERMIONIC EXTENSIONS

must have some kind of interaction with the SM content; since no information about
invisible particles is available here, we’re not discussing further these kind of models.

Focusing our attention, then, on a scenario with non-vanishing couplings with the
SM, the number of possibilities is rather constrained. At renormalizable level the inter-
actions with the gauge bosons can only appear through the covariant derivative. Indeed
gauge invariance implies that different kind of terms must necessarily include f,, and
putting this together with Lorentz invariance, which imposes the presence of at least two
fermions, the "minimal” interaction must be of the form ~ 1o, x f*” that has already
mass dimension 2 + % -2 =5 and is not renormalizable.

Besides interactions with the gauge bosons the only other renormalizable coupling
between the new fermion and the SM must be of Yukawa type. On general ground the
terms without the Higgs doublet must be of the form ~ W¢q, where V¥ is the new fermion
and ¢ any SM fermion. Here ¥ must be "mirror-like” to g, meaning the charges under
the gauge group must be the same but for opposite chiralities. This kind of interaction
basically represents a mass mixing term.

Terms with only the Higgs doublet H /ﬁ and two new fermions must be of the type
W HU, W HY. For these models there are many possibilities; two Dirac fermions (see
1.3.2) can be in an arbitrary SU(3). representation and in any SU(2)y X (1)y such that
dimggr(9) (V') = dimgy(o)(¥) + 1, Yy = Yy + %; for two chiral fermions the mechanism
is the same as for the SM; one Dirac and one Majorana fermion is also admitted upon
specific requirements for the gauge group representations of these particles (the usual
for Majorana and consistently for the Dirac to allow the coupling); and so on. A feature
of this kind of interactions is the presence of a Z; symmetry (¥, ') — — (¥, ¥’) which
forbids any decay of the new fermions to SM particles. This strongly constraints the
models in which this is the only renormalizable interaction to the SM.

We will therefore focus our attention on fermions whose couplings involve both the Higgs
doublet and any already present SM fermion:

ALpsy ~ VHgq, UHg. (1.15)

To proceed quantitatively in the classification of the new particles allowing the interac-
tions (1.15) a distinction must be made between two classes of U: it can either be chiral
or vector-like (non-chiral) with respect to the SM gauge group. In the following sections
we will explore these two possibilities and their compatibility with the experimental
results present at today.

1.3.1 Chiral extensions

A chiral fermion is a fermion for which the left and right component behave differently
under the gauge group. This kind of particles can acquire mass only through the Higgs
mechanism, which is what the new interaction is providing. This means that they should
be present already around the EW scale. New physics in that range is ruled out from
low energy precision tests and direct searches at LHC, closing any possibility for the
realization of these models.
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As a concrete example to show how much chiral extensions are bound to be excluded
let’s consider the addition of a fourth generation of quarks and leptons. To analyse this
model we just need to extend the flavor index ¢ = 1,...3 — ¢ = 1,...4 for any flavor
multiplet already present in the Standard Model. Now y,,, ¥4, y¢ will be 4x4 matrices in
the flavor space, referring to equation (1.9).

Figure 1.1: Anomaly diagram.

A first important observation that can be made is that we can’t introduce a new
generation of quarks without a new generation of leptons and vice-versa. This bound
comes from anomaly cancellation ([3], [4]). Diagrams like the one in figure 1.1, with two
SU(2) gauge bosons and one U(1) gauge boson, would generate local anomalies if the
condition

TrQ = 0 (1.16)

is not fullfilled. @ is the electric charge of the particles circulating in the loops, so
exploiting the values for the up-type and down-type quarks and for the charged leptons
this condition can be written

2 1
N, - (3 — 3) X N&, — N}, =0 NL, =N}, (1.17)

The strongest bounds that exclude this extension come from the Higgs boson searches.
There are many reviews summarizing the experimental results that lead to this conclu-
sion, as [5]. However it is worth exploring a particular ”historical” bound coming from
the cross-section for the Higgs production via the gluon-gluon fusion mechanism , com-

puted first in [6]. At the leading order the cross-section for the diagram in figure 1.2 is
given by

dL99  oZ(Hg) 3N 4m g2
oro(pp = h) =T i 'G“288\/§7r 4;A1/2(7f)| (1.18)

where the first part involves the parton distrubution function; then we have the variable
TQ =m3/ 4mfc, for which A{I/2 — 4/3 when 74 — 0 and is null in the opposite limit.
We can safely assume that the particles circulating in the loop coming from the new
quark generation (¢',b") must be heavier than the top quark, for which already 7y — 0.
If this wasn’t the case, these particles should already have been observed.

9
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p

Figure 1.2: Gluon-gluon fusion process for the Higgs production. Only coloured fermions enter
in the loop.

In this limit the main contributions to (1.18) come from the ¢,¢',b’ quarks and the
deviation with respect to the Standard Model prediction reads

. oro.psu(pp = h) —orosulpp = h) DR TS (1.19)
oro,sm(pp — h) ot -

This cross-section has been studied in great detail at LHC, and it has been found to be

compatible with the Standard Model expectation within 10% [7]. From (1.19) we see

that the deviation induced by a fourth generation of flavor would be far too big and

incompatible with LHC results.

Other processes that would be significantly affected by this fourth generation are
the Higgs decays [5]. The channel h — ~ is very much constrained (40) and would be
modified by a factor of five with respect to the SM prediction. Also the h — 77 has
a similar constrain and would be hugely modified, as well as the Higgs-strahlung process.

Putting all these informations together, the addition of chiral fermions is severely
excluded both from theoretical consistency of the theory and experimental evidences.
The most reasonable thing to do is then to consider the addition of non-chiral fermions
to the Standard Model particle content.

1.3.2 Vector-like extensions

Vector-like fermions are fermions for which a mass term in the lagrangian is allowed
before the spontaneous symmetry breaking, meaning they must be non-chiral under the

10
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SM gauge group. These particles can be of two types: Majorana fermions and Dirac
fermions.

Majorana fermions

From the Dirac point of view, a Majorana fermion is a fermion for which the left
and right component are present. Basically, a Majorana fermion has the same degrees
of freedom a single massive Weyl spinor. The existence of such a fermion is perfectly
possible and its non-interacting lagrangian in the two-components notation reads

L m _
Linaj = ixo"Dyx — 5 (xx + xx) (1.20)

with xx = X%Xa = eo‘ﬁxaxg, Xa = Xl and oM = (1, —Ui). The mass m can always be
chosen real?.

Without having introduced yet the interaction, the invariance of the lagrangian (1.20)
under the Standard Model gauge group already strongly constraints the possible charges
of x:

1. U(1)y: since this symmetry is realized as xy — ¢@(@)Yxy  the mass term imposes
Y, =0
X )

2. SU(2)w: only representations of odd dimension are allowed (Ryw ~ 1,3,5,...).
Indeed the mass term is symmetric, thus the tensor product of the representations
must give symmetric singlets;

3. SU(3)¢: the representation must be real, so R, ~ 1,8,....

Once the interaction with the Higgs doublet and the SM fermion xHq is introduced,
only two possibilities are left:

X ~ (1c,1w,0y), X ~ (1c, 3w, 0y). (1.21)

The first possibility represents a sterile particle, while the second is in the triplet repre-
sentation of SU(2)y . In both cases the only allowed coupling is with the lepton doublet

Lint = —GXH'Ly + he (1.22)

and gives origin to the well known see-saw mechanism (type I and III). This extension
can explain the smallness of neutrino masses while keeping their Yukawa couplings of
order one, but only provided that the mass of the new Majorana fermion is around
10 GeV. This means that any low-energy effect would be too much suppressed to be
detectable, since it would be proportional to the inverse of that mass. For this reason we
shall not investigate further this model. An excellent comprehensive review about the
full theoretical scenario of this mechanism and the status of the experimental searches
is given in [8].

*Indeed the more general mass term (mxx +m*x¥) can always be cast in the form of (1.20) upon
redefining the field x = exp(—iy/2)x/ for m = |m|exp(i7).
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Dirac fermions

Dirac fermions are fermions whose left and right components behave in the same way
under the Standard Model gauge group. This opens up the possibility for the addition
of a Dirac mass term?® to the Standard Model lagrangian in the pre-SSB phase:

Ly =1V (Z]p — m) U+ Lint. (1.23)

The fact the mass is not originated by the Higgs mechanism leaves m unconstrained,
and as such it can take arbitrarily big values.

At this point ¥ can have any charge of the gauge group, so in order to classify the
possibilities the interaction must be introduced. The interaction of interest is again the
Yukawa’s WHgq. Since H is an SU(2)y doublet and ¢ can be either a singlet or a doublet,
the possible SU(2)w representations for the Dirac fermions are 1,2, 3. Furthermore, the
Higgs is colorless while g can be a lepton or a quark. This fixes the SU(3). representation
to be 1 or 3. The hypercharge Y has no constraints and depends on the specific fermion
q involved in the interaction.

The possible models have been listed in two different tables. In the classifica-
tion procedure, first the SU(3). representation has been fixed, distinguishing between
coloured and colorless fermions. Then also the SU(2)y one has been selected. Once
the compatible interactions have been written down, the hypercharge was finally fixed
by forcing the U(1)y invariance. With this procedure, the lists below have been de-
rived. Table 1.2 contains the so called vector-like leptons, table 1.3 the vector-like
quarks. In the tables, the SU(2)p-multiplet components of ¥ have been explicited;
they have electric charges Q(X) = 5/3,Q(T) = 2/3,Q(B) = —1/3,Q(Y) = —4/3 and
QN) = 0,Q(E) = —1,Q(F) = —2.

2 SU(3) SU(2) Yyay Interaction

(N,E,F) 1 3 -1 L HY
(N, E) 1 2 ~1/2  (gH'VU
(E,F) 1 2 -3/2 (RH'U

N 1 1 0 L HV
E 1 1 -1 L HY

Table 1.2: Vector-like leptons that provide a consistent extension of the Standard Model.

Some of the multiplets are actually copies of the Standard Model ones, with the
only difference that these fermions are non-chiral. This means that for these particles
also a coupling with its SM relative and without the Higgs, q¥, is possible. These are
Li(N,E)T, IRE for the leptons and Q(T, B)”, ugT,drB for the quarks. The new ones,
instead, contain the exotic fermions X, Y, F' which have unusual electric charges; these
particles, therefore, do not mix with the SM fermions after the spontaneous symmetry
breaking.

3 Again, modulo a field redefinition m can always be chosen to be real.

12
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oT SU(3) SU((2) Yyu Interaction

(X,T,B) 3 3 2/3 QLHY

(T,B,Y) 3 3 —1/3 QLHY

(X,T) 3 2 7/6 upH'W
(T, B) 3 2 1/6 apH'V,dgH'W

(B,Y) 3 2 —5/6 drH'W

3 1 2/3 QrLHU

B 3 1 -1/3 QLHY

Table 1.3: Vector-like quarks that provide a consistent extension of the Standard Model.

Some of these fermions have already been studied in detail, in particular the vector-
like leptons ([9]) for which flavor changing processes like p~ — e+, that would be
induced from the interactions in table 1.2, put important constraints.

The quark sector, instead, is the one which is more interesting. Here we have bounds
both from flavor violation and LHC. The most relevant bounds for flavor violation come
from BY, Bg, KV meson oscillations for the down-quark, and D° meson oscillations for
the up quarks. In particular the up-quark sector has the weakest experimental con-
straints, and as such is the perfect environment in which new approaches should be
tried. For this reason in the rest of this work the attention will be entirely focused on
a particularly interesting and yet not much explored model: the vector-like quark (X, 7).

13
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Chapter 2

Vector-like quark (X, 7T

In chapter one the possibilities for non-chiral fermionic extensions of the Standard
Model have been listed. The new fermion ¥ can have different combination of charges
under the SM gauge group, and each representation will provide a different Yukawa
interaction.

Even if general ground considerations on this class of models can be done in a qualitative
fashion, a quantitative analysis is needed to obtain meaningful physical considerations.
This kind of analysis is possible only upon choosing between one of the vector-like
fermions listed in the tables 1.2 and 1.3.

In this chapter the focus will be on a particular vector-like quark.

The first part contains an overview of the results from high-energy physics experiments.
This will give the possibility to justify the necessity of an effective field theory approach,
that will be derived at tree-level and discussed in the second part of this chapter.

2.1 The model of interest

The model that has been selected to be studied is the one involving a new vector-
like quark of charges ¥ ~ (3., 2y, 7/6y), so actually a doublet of particles (X,T") with
electric charges @ = +5/3,+2/3.

The full ultraviolet lagrangian for this model is

Lov = Lon + T (B —m) ¥~ (any:H'Y + UHylup:) (2.1)
This model appears to be simple but already shows some interesting features:

e the new interaction in (2.1) is the only one compatible with the Standard Model
gauge group for ¥ having the charges listed above. With this interaction the lepton
number conservation is automatically ensured. This is not the case for the baryon
number, for which we can recover the symmetry by implying the transformation
U — exp (ia/3) ¥ under U(1)p;
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e the number of new parameters introduced is minimal: m can always be chosen
to be a real scalar number, while y is generally a 3-dimensional complex vector
in the flavor space. However, through a rotation of ¥, one of the phases can be
eliminated. In this way the total number of newly introduced parameters is 6.
Looking at the tables 1.2 and 1.3, it’s straightforward to see that any other possible
fermion must bring at least this number of new variables, if not even more;

e the fact that y is a complex, three dimensional vector has many fundamental im-

plications. First, the two physical phases give a new source of CP violation that
adds up to the already present Standard Model one.
Secondly it provides flavor violation even at tree-level, so we are dealing with a
model that does not respect the Minimal Flavor Violation assumption. This could
be very dangerous since there are strong bounds on flavor violation in the leptonic
and down-quark sector. However ¥ does not couple to any lepton nor directly to
any down quark, so this model does not suffer particularly from these constraints.
Indeed, that’s one of the reasons for which this fermion has been selected to be
studied;

e after the Spontaneous Symmetry Breaking, the UV lagrangian reads

L3P = Loy + X (i@ — m)X + TidT

5\ % 2\ .7 crx I (1 52\, 7pp9 (1 2,
+<3>6XAX+<3>6TAT+XZch <2 35w>+TZTcw< 5 3w>

g Rt ran YR — v A%.a = AQ,a
+E<XW T+TW X)+g5XAtX+gsTAtT
_mTT_(v—i—h)

V2

The new Yukawa interaction in the last row provides a mass mixing term between
the Standard Model up quarks and the T fermion:

(ﬂRyT + TyTuR> . (2.2)

w g
mm (g Ty | Y2 “R)+h. 2.3
-t 1 (4 ) () o e

In principle this term should be diagonalized in order to move to the mass eigen-
states of this matrix, slightly splitting X and 7’s masses.

However we will see later that |y|v/m < 1. In this limit the mixing can be ignored,
as will be proved now, and we can treat the interaction as an usual perturbative
term.

Indeed, considering a simplified case with ¥ interacting only with the top quark,
the mixing (2.3) is described by a 2 x 2 matrix that can be diagonalized with two
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unitary matrices, M = Uy M U;LL, as shown in [10]. The eigenvectors of this matrix
are a mixture of tg, Tg,tr, T regulated basically by one angle

V2 m? 2

2,2 2,2
2_ 2 y-v 1 2 _ 2 y“v 1
My = T <1 2m?2 1 —mf/m%) ’ i = 1 <1 TR mf/m2) (24)

2\ 2 2,2\ /2 /
sinc91q:’y|v(m2 <l—mt) +yv ) , sinHL:&sinGR
m

where the physical, observable parameters are mj), mp and 6z /L-

The diagonalization of the mass matrix in the more general case of eq. (2.1) is
just computationally more involved, but the qualitative reasoning is the same: in
the limit |y|v/m < 1 the mixing angle becomes null, justifying the perturbative
expansion in the calculations that will follow.

The fact that the mass mixing term can be treated as a small perturbation has an
important consequence regarding the possible values that y can assume. As quantified in
the works [11], [12] the rotation to the mass basis would induce already at tree-level many
processes not present in the Standard Model, among which also flavor changing in the
neutral Z and higgs currents that are severely suppressed from experimental evidence.
These constraints are usually used to set the coupling between the new fermion and the
up and charm quarks to zero, for the interaction with the top quark has the weakest
constraints. Actually, as we can see from (2.4), the mixing angle is suppressed as m,/m
in the left-handed sector. This would be sufficient to argue that it is not needed to put
y1,2 = 0 to respect flavor violation bounds. The problems may actually come from the
right handed sector that is suppressed ”only” as |y|v/m. However, the peculiarity of the
model we’ve chosen is that it only affects up-quark physics. This means that the bounds
on flavor violation coming from Kaon and B-mesons mixing, which are the strongest
ones, are avoided.

In [12] a full tree-level analysis of the effects induced by the mixing has been developed.
Since it is a quite comprehensive work, the main results that they obtained will be
schematically reported here:

e the most stringent constraint comes from the measurements in the D meson sector.
The oscillation Dg— Dg gets modified by the FCNC generated from the presence of
the new (X, T') quarks, and it has been found out that the most important bound
reads

2

v _ _ m 2
[yillyel 5 < 32 107" = [yallya]| < 1.02x 1072 (ﬁ) . (25)

Later on we will show that a stronger bound can be obtained from the study of
the four fermions operators generated at tree-level and 1-loop;
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e a milder bound comes from atomic parity violation. The mass basis rotation
modifies also the diagonal coupling of the u quark to the Z, which is experimentally
well known by the measurements of the weak charge of the 133Cs, [13].

The derived result is

|y1|v —2 1 m
<7.8%x1072 = |yi| <44 x 1071 (—) : 2.6
V2m . ol 8 TeV (2:6)

e the modifications of the up-quarks couplings to the Z are constrained also from
the measurements of the Z partial widths at LEP [14]. We will perform the same
analysis in section 2.3 using the LHC value for my, [1], not known at the time, so
the results will be reported directly there.

These values are the most stringent constraints on the couplings of this model present
at today; still, it’s definitely not enough to justify the common choice y; = yo = 0.
Later in this work the effective field theory will be derived in a pre SSB form, in which
the basis is not the mass one and we can look for complementary bounds on y directly
from there.

Direct searches for this kind of vector-like quarks in high-energy experiments have

been performed extensively during the last years, particularly in ATLAS and CMS ex-
periments at LHC.
From the lagrangian (2.1) we see that W couples to all the Standard Model gauge bosons.
This means that in a pp collission, such as at LHC, an important production mechanism
is pair production through the exchange of gluons. Pair production is a particularly
interesting mechanism since it does not depend on the strength of the newly introduced
Yukawa coupling, making it possible to obtain complementary informations about the
mass m and y. In figure 2.1 it’s reported a representative diagram for this process, where
also the possible decay modes

T—Wty, T —Ht, T 7t (2.7)

are shown, assuming a mixing with the third generation only. In high energy experiments
this is the standard assumption.

This very process has been studied at ATLAS, [15], using the LHC data of 2015 and
2016 runs at /s = 13 TeV: the results of the analysis are shown in figure 2.2. The
analysis has been done separately for every decay channel, which is directly written in
the graph, and then the results have been put together. From this figure it is evident that
the production cross-section decreases very rapidly with the mass of the new fermion,
becoming undetectable for masses above 1.4 TeV. In particular, assuming the branching
ratios B(T' — Ht) + B(T — Zt) + B(T' — Wb) = 1, a lower limit on the mass of T" has
been found:

mr > 1.3 TeV. (2.8)
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bt t
g
T W+, Z,h
W=, Z,h
g T
bt t

Figure 2.1: Pair production of the T fermion via gluon-gluon fusion, along with the possible
decay modes, studied in [15].
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Figure 2.2: Pair production cross-section as a function of T' quark’s mass found in [15].

Also searches for the associated single production of the T" quark have been performed
at LHC; however these studies always assume a model for which 7" is an SU(2) singlet,
instead of being pared with X in the (X,7") doublet. This induces a difference in the
possible decay channels of T, since in the doublet model also the channel T'— XW ™ is
present and this would clearly have an impact on the analysis of the experimental data.
Even if this may seem an important difference, actually it is not so big: the almost equal

19



2.1. MODEL OF INTEREST CHAPTER 2. VECTOR-LIKE QUARK (X, T)

masses of X and T give a huge suppression on this decay, such that we can still obtain
relevant informations from these experiments.

In [16] the flavor-violating single production process in figure 2.3 has been studied.
Again, in this work it is assumed that the new physics couples only to the top quark.
The results of this paper are reported in figure 2.4, where the value of the mixing angle is

Figure 2.3: Single production of T studied in [16].

drawn as a function of mp. Also the already known bounds coming from S, T electroweak
precision parameters are shown together with the new results, making it clear that these
observations are compatible.
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Figure 2.4: Mixing angle vs mass of T found in [16] in the limit of mixing with the third generation
only.

We can use this plot to get an approximate bound on ys3, since it’s the only parameter
which has not yet been constrained. Using the formulae (2.4) with my = 1.3 TeV and
sinfr ~ 0.3!, we get the reference value |ys| < 0.7. Although this is not the result of a

"We are using an opposite convention with respect to [16], so their sin 6y, is actually our sinfg.
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precise simulation, it gives an idea about the magnitude of the constraints on the mixing
with the third generation.

Allin all, for large values of m the production cross-section becomes virtually null and
there is no hope for this particle to be directly detected at the energies available today.
The bounds coming from single production searches are for very specific models that
slightly differ from the one of interest, and anyway give a weak bound which is still not
satisfactory. The most interesting constraints come from the study of flavor violation,
which however are all mixing-induced tree-level results and basically tell nothing about
Ys3-

This suggests the use of a completely different kind of approach: look for indirect
effects induced at low energy by the presence of this particle. Low energy observables
are measured with a very high degree of accuracy and thus can be important sources of
information. This strategy is well known and brings us to the realm of Effective Field
Theories.

In the next sections the concept of EFT will be introduced and applied to the (X,T)
model.

2.2 Effective field theories

The idea behind effective field theories is to be able to perform calculations for a pro-
cess without using or even knowing the exact ”full theory”. This allows us to compute
experimentally measurable quantities with a finite, improvable degree of accuracy. In-
deed an EFT is typically given in terms of a small parameter, ¢, for which the expansion
is truncated at some order n; in this way the "error” is of order §”*! and the precision
at which observables are computed can be controlled.

In the contex of quantum field field theories, if the EFT is the low-energy limit of
a complete ultraviolet theory, as we are interested in, the parameter ¢ is usually the
inverse of a mass scale A. At that scale the physics is described by a full microscopic
theory that we call fundamental. Moving to an energy scale F < A, we should be able
to describe the interactions in terms of an effective action. In general this will contain
non-renormalizable operators, which will be suppressed by the scale A. Therefore in a
four-dimensional spacetime we can write

.
Srr(A) = / da | Logat 3 12500 (2.9)

d>4,j

where the index j lists the possible operators of dimension d, each one coming with its
dimensionless coefficient c¢;, called Wilson coefficient.
By dimensional analysis we can see that the amplitude for a dimension d operator is

scaling as
B\ a4
A~ (A) (2.10)
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from which it is evident that at small energy scales the contribution from higher-
dimension operators is more and more suppressed. For this reason the operators with
d < 4 are called relevant, with d = 4 marginal and with d > 4 irrelevant. In this way
the expansion in terms of A is well defined and we can truncate it at some order n > 4
for which the effects of the underlying UV theory become negligible.

The case of our interest is when the microscopic effects are due to a heavy field with
mass m > my, where my is the EW scale at which the light fields are defined. The EFT
is built out of the light fields only, so we can determine a priori what kind of operators
can appear at a definite order of the expansion. This is done imposing the symmetries
that we want our effective theory to respect, and looking for the operators of dimension
d compatible with these symmetries. In this way the operators expansion is reduced to
the determination of the Wilson coefficients. The computation of these is generally very
involved, and can be performed in two ways:

1. amplitudes matching. This is the most intuitive approach and in this way it’s
possible to clearly see what is happening.
In this procedure a particular process that is present both in the UV theory and
in the EFT is chosen. Since we want to integrate out the heavy field, the process
must involve it in some way that is not as a final state or initial state, i.e. it must
appear only via a propagator. The procedure is composed of three steps:

e first, the amplitude of the process is computed in the effective theory. This
will give something depending on the scale A and on the Wilson coefficients
G5

E
Agrr = f(cj, X)'

. . i d) . d
At tree level f is given by frr(c;, ¥) = dodj +a=z (f] (’)j(- ) |i), where OJ(- ) are
defined in (2.9). However when considering loop diagrams the amplitude can
involve more complicated functions of ¢;, E/A;

(2.11)

e the amplitude is computed in the full UV theory and is expanded in powers
of 1/A;

e the results of the two calculations are matched order by order
AUV = Agrr (2.12)
the hat meaning the expansion in terms of the new physics scale.

By considering a sufficient number of processes a system of equations will be ob-
tained, from which it possible to read the values for the Wilson coefficients c;.
This method is the most straightforward and direct one, although it can be lengthy
in some cases and requires special care for the selection of the most convenient ba-
sis of operators and observables.
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2. functional integral. This is the most formal approach and requires some techni-

calities. However it can be much faster than matching amplitudes, in particular
for cases where the contributions for a process are given by many diagrams and
it can be difficult to exactly identify and compute each one of these contribution
in the right way. In fact the effective operators are directly generated from the
evaluation of functional determinants, so it is not required to identify them before
starting the calculation.
The formalism for the computation of the operators generated at 1-loop will be
fully developed in chapter 3; however the tree-level result in this approach is sim-
ple and well-known. Calling the set of heavy and light fields ®, ¢, the effective
lagrangian at this order is simply obtained by substituting ® with its classical
solution, i.e. the value for which it satisfies the classical equation of motion:

L£0(6) = Luv(e, Do(6)). (2.13)

The hat, again, signifies the expansion in terms of the new physics scale A. Indeed
the classical solution ®.(¢) is usually given in terms of non-local operators, that
must be expanded in order to get the right Wilson coefficients.

Now that the general formalism of effective field theories is known, the application of
all this to the case of our interest is straightforward. The key point is that the number of
the possible operators of a given dimension is fixed, and these are determined a priori and
independently of the underlying UV theory generating them. Once this set of operators
is found, it is possible to make predictions in terms of their Wilson coefficients. Finally,
the comparison between experimental results and these predictions constrains the values
of the Wilson coefficients.

Since we are proceeding in a top-down approach, the ¢;’s are given in terms of the new
physics parameters. In this way the constraints are translated in bounds on the UV
model, that is what we are ultimately interested in.

2.3 Tree-level EFT

Using the concepts of section 2.2 we are now ready to derive the EFT for the (X, T)
model. The computation will generate both relevant, marginal and irrelevant operators.
New physics effects are mostly included in the last class, which however get less and
less important as energy decreases, according to the scaling in equation (2.10). For this
reason the expansion will be stopped at dimension six operators.

Furthermore we need to set the limits in which the expansion is defined:

1. E < m. We are interested in physics at energies well below the mass of the new
fermions (m > 1.31 TeV). This is the limit on which a general effective field theory
relies on;
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2. |y|* < 1672, This limit states that we are in a perturbative regime, so loop expan-
sion is well defined. This is a reasonable assumption that will be also confirmed
later;

3. |ylv/m < 1. This is the null-mixing limit already described in section 2.1, and
will be verified a fortiori. Note that this limit is perfectly coherent with 1. and 2..
In particular it would make no sense to diagonalize the interaction while stopping
the expansion at 1-loop: the order of magnitude of the two processes is the same,
so it would be equivalent to evaluate ”all the loops” in one side, while stopping at
the first order on the other side.

Having set the limits of validity of our effective theory, we can finally begin its
computation. We start by substituting ¥ with its classical value in the UV lagrangian.
The equations of motion for ¥ can be read from the lagrangian (2.1)%:

{ (i) —m)¥ = Hylup (2.14)

U(iD +m)=—uryH".

Defining O = (iI) —m), the solution is formally given by ¥ = O~ Hy'up. Substituting
this in the original lagrangian we get the non-local form:

Lrr, = Lsy — ﬂRyHTO_l (HyTuR) . (2.15)

To get the effective lagrangian we need to expand (2.15) in powers of 1/m, coherently
with the limits in which we are deriving the effective theory. As such we can write

0—1:—<1++...>. (2.16)

The 0th order is null upon substitution because of the projectors product PrPr = 0.
Thus the effective lagrangian at tree level is given by:

1 . 1 _
E(g}pT =Lsym + WﬂRny(zEuR)HTH + WuRy'y“yTuRHTDHH. (2.17)

At this point, in order to confront the coefficients of these dimension six operators
with their experimental values, a specific basis needs to be chosen. The most common
choices are the Warsaw [17] and the SILH [18] bases. In this work we will stick to the
last one, since the constraints that are interesting for our model are usually given in that
basis. Indeed, that basis has been built specifically for the study of the Higgs physics.
The SILH lagrangian is actually just a piece of the most general dimension six lagrangian
compatible with the Standard Model gauge symmetries. In fact the full lagrangian® can
be split into

2From now on the compact notation @r;y; = %iry will be used.

3Actually Lsrom, Ly contain only CP-even operators. The most general lagrangian should include
also odd operators, however later on we will show these are not generated at 1-loop, so we are not
reporting them.
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Li—¢ = Lsira + Lec + Laipole + Lv + Lay (2.18)

with

c Co
Csrun =5 OulHPY + 30y (DL =ty

+( — | H URHTQLJr yd|H\ 2pHIQL + < Z/Z|H|2€RHTLL+hC)

+ZCW9 (HT ip’ H> D, | 1eBY (HTF) H) 8, B
2mW 2mW

/
+ZCHW9 <D HieiD H) Wik 4 1CHZBQ (DHHTDVH) BH
m

mW w
S9% 2B, B + 95 oG 2.19
+ 2 ’ ’ 124 =+ 2 ‘ ‘ uv ( . )
mW mW
Lo _ZCH QL’Y#QL (HTﬁH> QLO' ’Y#QL <H’r ZF)H) ZCHu Gry up (HTﬁ;H)

+chd(im“d3 (HTWMH) + (ZCH; upy'dp (ﬁTﬁuH> + hc)

ZCUHL Ly Ly, (HTﬁ> H) + CHLE gl L, (HT iD, H> %ZHMR <HTFMH)
(2.20)

c

/ _
Ldipole zﬁ;gyuﬂRaijTQLB /WHTO'ZQLWZU/ + C;f#yuﬁRaHVHT)‘aQLGZV

mw mW W
4B é _
R l/dd " H1Q1 By + "9y ydpot” Hio'Q W, + dGQQSyddRUMVHU\aQLGZV
mW mW My
+C7f;l yelro" HT LB, o' LW, (2.21)
% miy

) = 2
£y =" (0w, (D) + P (00, (9,8) + P50 (DG (0,6

miy my myy
LI gyt yyveyhe 4 GG g e (2.22)
myy myy

and L7 includes all the operators involving 4 fermions, which we are not going to list

explicitly here.
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The coefficients cx and the Yukawa’s y, /¢ are matrices in flavor space?, and the la-
grangian has been split in a way that the operators belonging to different classes have
different primary effects. Indeed, Lgrrp affects mainly Higgs physics, £.. modifies the
couplings of the fermions to the vector bosons, Lgpee includes all the dipole operators
and Ly is made of pure gauge operators that give oblique corrections.

Since we have chosen to stay in this basis, we must convert the tree-level lagrangian
(2.17). To do so it is just needed to perform the local field redefinition

n..
O . 2)” up H'H. (2.23)
m

From S-matrix equivalence theorem the amplitudes won’t be affected by this change,
and with this substitution we can rewrite the tree-level result in the SILH format:

0 T
%}T =Lsm + TmQuRy’V“ ylup(H TﬁuH )

1 ) i .
- ﬁlﬂl2 (UR(nyyu)HTQL + QLH(yLny)UR> : (2.24)

In this form the corresponding coefficients can be read immediately:

i 2 i 2
_ Yy v _ vy v
CHu = "5 (m2> C =y <m2> - (2:25)

Now we can start to analyse the experimental constraints on the tree-level EFT. The
operator Op, of (2.24) modifies the coupling of the up-quarks to the Z boson:

ssp v’ g _

A . T _ T t t
Onu = 5 uryy"y ur(H Dy 255, 92 a“RyZy UR+ ... (2.26)

This has been studied accurately at LEP, where they found [1]

I'(Z — hadrons)
D(Z = ptp™)

Ry™ = = 20.785 £ 0.033. (2.27)

We can obtain an approximate bound on |y; 2| by computing this observable in our
model. At tree-level this is given by

I'(Z — q;q;
Ri= Y (Z = 4igy)

+ —
i,j=d,s,b,u,c F(Z R )
2,2 2,2 4,4 4,4 2 2,4
aur IR \y;LQv _,_gRulyiLQv + |y411\n}11 + |y427\n: + \y1|2|7%/114| v
= Rh + N, 5 5 (2.28)
9Te + IRe

4The notation here is a bit sloppy, but for the sake of clarity all the coefficients have been moved in
front of the operators omitting the flavor indices.
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where gru, gre,gre are the SM coupling of the Z to the up-quarks and the leptons
and can be read off from (1.14). The comparison with the experimental result at 20
constraints the parameters to lie in circles whose radius grows with m, as depicted in
figure 2.5. On the axes the bounds read

ly1| < 5.4 x 1071 ( m

ﬁ) lys| < 5.4 % 101 - ( m ) (2.29)

TeV

ly2l

il

Figure 2.5: Regions allowed by R;™” for the new couplings.

A more sophisticated analysis has been performed in the work [19], in which they found
—0.008 < Cy(11) < 0.02,—0.01 < Cpry(22) < 0.02. This translates into the bounds

ly1| < 4.4 x 1071 ( m

) el < a0t () (2.30)

TeV
which are slightly better than the results (2.29) of our raw analysis, as expected.
The interaction (2.26) generates also four fermions operators inducing AF = 2 transi-
tions. Indeed integrating out at the lowest order the Z boson from the diagram in figure
2.6 we obtain an effective vertex in the lagrangian:
4 2 2
1 v* g= 1 1w t ) .

0) _ _ _ _ )
Lippr D 2w (uRyv”yTUR> (URZJ'Y,uyTUR> =5 (URZ/'Y“QTUR) (uaywy ug
(2.31)
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UR UR

Figure 2.6: Diagram generating the effective four fermions interaction (2.31).

The constraints on this operator can be found in the work [20], which uses the data
coming from AF = 2 processes involving BY, BS,K 0 and D° mesons oscillations. The
strongest constrain on (2.31) is on the mixing between the w and ¢ quarks and reads
01(1212) < (28Re, 0.8311) x 1078 TeV~2. By confronting with our coefficient we obtain the
bounds

’U2 m 2
Re {(y1y§)2} o < 28 x 1078 TeV 2 = |y1||ya|v/| cos 2(¢1 — ¢o)] < 3.0 x 1073 (ﬁ)
N v2 _ _ - _ m \2
Im{(y1y2)2} o < 8.3 x 1072 TeV~2 = |y1||y2|v/|sin2(p1 — ¢o)| < 5.2 x 10~* (ﬁ)
(2.32)

These bounds are stronger than the ones (2.5) from the work [12]. This is due to the
fact that in that paper they did not use the data about CP violation in D° — D° mixing.
Indeed in the last years the measurements in the D mixing sector have become more
accurate, and this is the reason for which our result (2.32) is more tight.

The operator O, of the tree-level EFT (2.24) can generate AF = 1 and AF = 2
transitions in the Higgs mediated processes. However these will not improve the bounds
obtained from Oy, as we will show now.

ur fr

Figure 2.7: Diagram generating a AF = 1 process. The u-quark vertex is given by O, the other
by a usual SM Yukawa coupling.

The AF = 1 processes are given by diagrams like the one in figure 2.7, where the u-quark
vertex is given by O, and the other is a usual Yukawa coupling of a SM fermion. If we
integrate out the virtual Higgs boson we are left with an effective four fermion AF =1
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_ _ )2 .
operator of the form urur, frfr, with coefficient ciAﬂZ*I = (yi\%z;v . # (y\%’” (obtained
h

for example from amplitudes matching), and is clearly diagonal in the indices (kl). The
bounds present in literature for the AF = 1 operators usually constrain m to be in the
TeV range; this translated on ¢*F=! implies 7%%‘)%[ STx 1071 <1 TeV!
always satisfied using the known bounds on y from the O, analysis (2.30), (2.32) and
from direct searches (y3 < 0.7), and thus brings no new information.
The AF = 2 processes are generated when in the diagram of figure 2.7 we use two O,
vertexes mediated by the Higgs boson. In this case the coefficient of the effective four
AF=2 _ (ylyw)iiylyvw)m v* 1

fermion operator reads Cokl = % T 2 For the ¢ — u mixing we have

, which is

0?2{2:2 = (194 )ng?);)’\%, which is basically the coefficient of (2.31) multiplying the fac-
A

161 ¢
bound coming by AF = 2 transitions is still the one from Op,, (2.32).

tor This factor gives a ~ 104 suppression to the coefficient, meaning that the best

In order to proceed further in the determination of new constraints on this model we

should carry on and look for the next terms in the effective field theory. This means we
should start the derivation of the operators generated at 1-loop.
Before even introducing the formalism needed for the loop computations, it’s important
to first understand what terms will really be relevant and could bring improved bounds
with respect to the ones already derived. Indeed an enormous quantity of operators will
be generated, and the mechanical calculation of all of them would be meaningless. To
understand what will be the relevant terms, an estimate of the order of magnitude of
the coefficients must be given. This can be performed in two ways:

1. diagrammatically. With this method the operation is easily done simply by using
the rules of the UV lagrangian (2.1) and drawing the diagram that generates the
concerned operator. Apart from numerical coefficients of order one, the couplings
appearing in the vertexes are the ones that will be found in the coefficient. Putting
this together with the usual loop suppression factor 1/1672 and placing enough
powers of m (that is, the only relevant UV scale in this model) to correct the
dimensionality of the lagrangian, the rough estimate of the coefficient is given;

2. by combining the A-counting with the spurion analysis.

The A-counting basically consists in checking that the dimensionality of the term
of interest is correct. In fact, the condition [S] = & together with ¢ = 1 imposes
the dimension of the scalar fields to be [¢] = A/2¢~1 and of the fermionic ones
to be [1)] = h'/2¢=3/2. From this it’s possible to read that the dimensions of the
gauge couplings and of the Yukawa couplings must be [g.] = [y.] = A~'/2, while
the Higgs quartic interaction must have [A\] = A~!. The last piece of information
comes from the fact that the loop expansion is actually an expansion in A, and as
such each loop factor brings /1672. In this way, depending on the kind of the
fields appearing in the operator, it’s possible to determine the number of couplings
that must enter in the coefficient.
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As an example, let’s consider a four fermions operator. The four fermionic fields
bring 2. If the operator is generated at 1-loop then an additional % is present,
making the term of dimension /3. This implies that the coefficient must go as 772,
and this is possible for y?g™\* with n +m + k/2 = 4.

This method alone, however, does not fix the structure of the coefficient. Indeed,
this must be integrated with the spurion analysis.

The concept of spurion analysis is simple: it consists in promoting the coupling
constants to fields that transform in a very specific way, in order to have an ad-
ditional symmetry in the lagrangian. The coefficient of the operator of interest,
then, must respect this new symmetry and as such is very much constrained.

For example, by promoting the Standard Model leptons’ Yukawa to a field trans-
forming as Ury,U g we get an additional U(3)r x U(3)g global symmetry:
LiHyilr — I_/LHU}[ULygUgUMR = Ly Hy,/lr. In this way every operator con-
taining Ly ,fr must have a coefficient respecting this symmetry, and this together
with the informations from the h-counting basically fixes the term.

The spurion analysis relevant for our model concerns the Yukawa couplings; in this
case the couplings transformations are

ye = UryeUL,  yu = UuU, ya — UagaUh, y— Uy (2:33)
with the fields transforming as

QL —>UQQL, uR—>UuuR, dR—> UddR, LL—> ULLL, ﬁR—>Ug£R. (2.34)

Once the coefficient has been fixed, apart from order one factors, with either one
of the two methods above, the numerical estimate is given by substituting y with the
saturated bounds (2.30). If the constraints present in literature on this coefficient are
weaker than its estimated value, no new information is added and its exact computation
would be pointless.

Proceeding in this direction, we should give an estimate of all the coefficients of

the general dimension six lagrangian (2.18). These must be generated from processes
in which W is present, and this already rules out many of these operators. In fact the
new interaction involves only ugr, ¥ and H and the new fermion can only be present as
virtual. This is sufficient to exclude most of the operators involving leptons, since there
is no way they can be generated at 1-loop.
Anyway a more specific analysis is necessary, so in the rest of this section every term
of (2.18) will be separately analysed and depending of the outcome of the order-of-
magnitude estimate the operators worth to be derived will be chosen. Particular atten-
tion will be paid on the possible improvements of the bounds on y3, since for the moment
is the less constrained quantity.
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B Lgrrp: the terms in this lagrangian have relevant constraints since they modify
Higgs physics. For the flavor invariant operators, spurion analysis allows the co-
efficients to be of the form |y]p)\qgi(tryjcyf)5,yTyuyLy, ... A direct estimate of

lyl = /Iy1]% + [y2]> + |y3|? has not yet been given, so it’s definitely worth deriving
every single one of the terms with this structure.

Now let’s consider the flavor violating Ou, Od, Og. O, is already present at tree-
level, so the bounds from the 1-loop analysis would be of the same kind but weaker.
For Od, Oy by h-counting we get that the combination of couplings in ¢4, ¢, must
have dimension A2, since the &4, & are defined to be adimensional. In fact if the
operators are generated at one loop then it must be ¢ ~ :1—22 X 16)3}2 x [h]~2, where
[A]~2 denotes the function of the couplings with dimension A~2. Here we used
[v?] = Al, obtained from A° = [m?] = [Av?].

From now on we will go back to natural units where A = 1, but the reason-
ing just exposed still holds. Exploiting the spurion analysis, the two poten-
tially relevant possibilities for the coefficient of the operator involving leptons are
Gy~ %ﬁ@\‘l, ;’TQQ 161%2 ly|2X. These come from the non 1PI diagrams of figure 2.8:
it’s just either one of the 4-Higgs operators described above for which an external
leg is attached to the SM Yukawa vertex y; or a process already present in the SM
in which the self-energies corrections are applied to the Higgs propagator. Since
these operators are not 1PI they are not directly generated from the EFT compu-
tation, but can emerge in the process of change of basis (in particular eliminating
some two Higgs operators as D2HTD?H, see section 3.2.3). Anyway we can use
the bound on ¢, in [21], obtained by looking at the modification induced by this
operator to the Higgs couplings to the fermions, vector bosons and itself. This

4
reads ¢ < 107!, The strongest inequality we can get is 1073 m2|(yT‘ev) < 107! which
doesn’t give an interesting bound on |y|.
The situation for Oy is analogous, but there is an additional possibility: also the

non-trivial flavor structure ¢4 ~ %ﬁyﬂyywu is admitted. This case is similar to

the one at the beginning of this section for O, that was however generated at tree
level, meaning the constraints now will be even weaker. Indeed with this structure
the final term in front of the operator Oy is yaca/v? = (py2Vipy?/m?) - 1072 ~
10~4( TeV~2), while the typical values in literature are ~ 1072( TeV~2), so no
new informations can be inferred from this coefficient.

Summing up, all the operators in Lgrr 7 except Ou, Od, Og are worth to be studied
and will be derived in the next chapter.

B L. in this sector the situation for the leptonic operators is similar as for Lgrrg:

_ 2
CHL,HL',H ™~ #16;2 (|y\4, ly2\, ]y|2y§, ly|2g2, . ) These operators are not 1PI,

and their flavor structure is diagonal. The constraints in literature [19] are at best

of order 1072 and thus in the less suppressed case give, exploiting the analysis of

ly|*
> m2(TeV)
This analysis holds also for ¢pg, for which the situation is the same (even the

the Lgrrg discussion < 1. Better bounds will be provided by Lsrrg.
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Ly,
uR
ho---n-- -
Ty Ay
,,,,,, . . LR
h > h

(a) 4-Higgs irreducible diagram with attached a
Yukawa vertex y, to one of the external Higgs.

(b) Diagram already present in the SM with the 1-loop cor-
rection to the Higgs propagator coming from W.

Figure 2.8: Diagrams generating the operator Oy.

constraints are of the same order).

The operator Oy is already present at tree-level, and shall not be derived at 1-
loop.

The other operators are responsible for AF = 1 transitions at tree-level, and
thus can be potentially relevant. The only possible flavor violating coefficients
are ¢rq, E}{Q ~ %ﬁyiyywu and Cyyg ~ %ﬁyywuy;. However we already
stated that constraints from AF = 1 transitions are weak, so the 1-loop study of
these effects wouldn’t give any new information. Indeed, in [22] the best experi-

mental bound on FV is |5 32| /v? < 1.4x1072 TeV 2. In our model |eg ¢ 32|/v? ~
m

lyeyeysys| /16m%m?, so we get the ridiculous bound |yzys| < 10% (ﬁ)2 Deriving
this operator would be useless, since we already got stronger bounds from tree-level
considerations.

In conclusion, no operator in L. is worth to be derived at 1-loop.

B Lgipole: this lagrangian includes (chromo)electric and (chromo)magnetic dipole op-
erators.
In this term the operators involving leptons can, again, only have the flavor in-
variant invariant structure as in Lgrrm, Lc. and thus are not interesting. Indeed,
as shown later in section 2.4, the potentially relevant leptonic electric dipoles are
related to CP violation that can occur only at three or four-loops.
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A simple spurion analysis shows that also the ones involving down quarks must have
that same structure. This means that the only possibly relevant dipoles are the

2
ones with up quarks, for which flavor violation is allowed: ¢,y ~ ";—V{#yyt From
the analysis in [23], the coefficient of chromo-magnetic dipole operator of the top
quark has been found to be |fi;|m: < 0.05. After SSB this gets contributions from

miv =

YU CuG 33 ~ ly3|>m? /16+/27%m?, from which we can read |y3| < 2.1 (%) This

2
w
is not an improvement with respect to the result from direct searches |ys| < 0.7.

Also bounds on the flavor violating component are present in literature, particu-

larly for the top mixing. However, the work [22] provides |G, 32| < 0.15, which

gives |ysya| < 24 ( "17“7;\/)2 and again is not an improvement.

Because of these estimates, then, no dipole operator will be computed at 1-loop.

B Ly : the "pure gauge” term. These operators involve only the gauge fields and give
oblique corrections to their propagators. These corrections are tightly constrained,
since they can be linked to the Y, W, Z parameters ([24]) that are severely bounded
from the electroweak precision tests.

Diagrammatically these terms are given by self-energy diagrams that involve only
the couplings of the heavy fermion with the gauge bosons, so they are always
present. As such, the coefficient of these operators will not involve y. This is
extremely useful because in this way it’s possible to obtain bounds on m that are
independent on the new Yukawa coupling.

Needless to say, these operators are fundamental and will be derived in the next
chapter. In particular the (X,T) model is charged both under SU(3)., SU(2)w
and U(1)y, so every term of (2.22) will be generated.

B L,;: this term hasn’t been written explicitly because of its length, but it’s actually
very important.
It contains the operators involving four fermions, so of the form ﬁvL/foR/Lfk,L/Rfl,R/L
and f; r/rY" fj.L RSk, R/ L VS, R/ With all the possible colour index contractions
and the possible insertions of the generators A\%/2, 0" /2 between the fermions.
The coeflicients ‘%‘kl are typically much constrained (note that these are not de-

fined in an adimensional way, L4¢ D CfJ{-klOAff.kl). They can have arbitrary flavor
indices, therefore generating AF = 2 processes which have been experimentally
much investigated, as we’ve seen in the tree-level analysis.

In our model the generated 1PI operators are O%’;l = U RY" W5 R fre,L/RVuS 1,0 R

and from spurion analysis the possible flavor violating coefficients must be c?j];l ~

(ny),-j(yfy})kl /m? . From works like [20] we see that the constraints are strong
on the real and on the imaginary part of these coefficients. This makes it worth
the derivation of these terms, so also this lagrangian will be computed.

All in all, thanks to this analysis we have identified the operators which could give
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new, interesting bounds. These are the ones in Lgrrm (except Ou, Od, Og), Ly, Lap. At
this point everything is ready to perform the exact calculation at 1-loop, that will be
the subject of the next chapter.

2.4 CP violation

Before jumping in the 1-loop computation of the EFT, let’s justify an assumption
we made in section 2.3.
In writing the most general dimension 6 lagrangian (2.18) the CP-odd operators of
Lsirg, Ly have been omitted upon the claim that they are not generated at 1-loop.
Indeed, thanks to the A—counting and the spurion analysis tools introduced in section
2.3, we can prove this statement in a quantitative way.

First let’s review how CP acts. An explicit form of the charge-conjugation and the
parity operators’ action on fermions is given by

C:— iv2y%*, Py — A%, (2.35)

so a fermionic bilinear transforms as®

- P _
Yix; — Xj¥i- (2.36)

If a model contains this kind of interactions the check for the presence of CP violation
is easily done: calling A;; the coupling and X a generic CP-invariant scalar field, the
lagrangian transforms as

(VAx+xAly) X D (xATv + 9 ANTX) X

= (Bl +x(AY) X. (2.37)

From this it is clear that the general requisite for the CP symmetry to be violated is
A #£ A
This is indeed the case for the Standard Model, where the Yukawa interactions are re-
sponsible for the violation since y,, ¥4, y¢ are general complex matrices.

In the (X, T) model the coefficient y is a complex vector, meaning that CP violation
is allowed in principle. The lowest order CP violating and flavor invariant observable 6
can be found from the condition 6 # 676, where # must be a combination of ¥y, Y., yd, ye
that must be invariant when the coupling constants are promoted to spurion fields.
In pure Standard Model that observable is proportional to the Jarlskog invariant [25] and
is given by C = det[yuy}:,ydy;rl], however since now also y is present new combinations

*Proof: ix; — (ify21/1i)Ti’y2xj*- = — iT'sz’yO’yzxj*- = — Z-T'yox; = X;¥i, where it has been used

{v*,x""} =0 and (*)* = -1.
5Since # must be a scalar the CP violating condition @ # #* is the same as 0 # 0.
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are possible. Indeed it’s easy to see that the minimal CP-odd quantity involving y is
given by

0=y [yuyl, yuyflydyﬂ y. (2.38)

In the interaction basis this quantity can be written as

0 =yl |32, VermidVix | uy

= Guith (02 — 92 ;) Wiy Bij — viv} BY;) (2.39)
1<j

where B = Vo M@ng - Using Wolfenstein parametrization for the CKM matrix, an
estimate of this quantity (assuming Yiy; — y;y; is approximately the same for all the
three generations) is given by

0 ~ yiyeys AN (yiy; — yivs) ~ 10~ (yiy; — ;). (2.40)

As we can see 0 is very small (Jarlskog invariant is ~ 3 x 107%), meaning CP violation
in this model is highly suppressed.

This result can be used to determine at how many loop the electron dipole moment
operator is generated. This is a quantity that is experimentally very much constrained,
so it’s important to check if the theory prediction is consistent with the data.

With a slightly improper notation, this operator is given by

Oppum = i#?R’yE’o“”HTLLFW. (2.41)

From spurion analysis and NDA the CP-odd coefficient ¢ can only be 7 ¢ ~ ey,f, up to
O(1) constants.

Then h-counting implies [¢] = h. Since [ey,] = h~! and [f] = h~* we need a factor
(h/1672)*, meaning that the EDM is generated at four loops.

Note that this reasoning holds only in the limits mq/m < 1, with m, the mass of SM
quarks, and y—ﬂfb’ < 1. We have already seen that these conditions are respected from this
model. If the second assumption would not be satisfied then y could enter through the
adimensional combination yv/m, so the operator would be generated already at three
loops. The first condition, instead, ensures that the SM Yukawa’s in # don’t come from
the adimensional ratio mq/m = yrv/m.

"This is true because we are working in an EFT, where the infrared divergences of the loop integral
generating the operator get cancelled in the matching procedure (they are the same in both the theories).
In this way the only term of the integral that survives is the one analytic in the light masses (and so
in the Yukawa’s yf). This can be expanded, meaning that the CP violating coefficient can always be
written as a polynomial in the couplings.
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Thanks to this result it’s possible to give an estimate of the numerical prediction of
the EDM in this model, which is proportional to the coefficient of the EDM operator:

me |0
do| ~ e
de] “m (1672)4

_ TeV \ 2 .
=100 (28]l lsinGe — e om (242

The most recent measurement [26] gives the bound |de"’| < 1.1 x 10~%?¢ - cm, which is
by far respected plugging the saturated values of m,y in (2.42).

Coming back to the general question about the possible CP odd operators generated
at 1-loop, the answer is readily given following the reasoning just exposed.
The operators not involving fermions (as HHGG, GGG, ...) must contain  and are
therefore excluded. For the other ones, either they have a trivial flavor structure (as
the ones involving leptons) and so they are generated at three or four loops, or the non-
trivial possible structures have already been listed with the help of spurion analysis and
it has been shown that the bounds they provide are not particularly interesting.
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Chapter 3

EFT at 1-loop

In chapter 2 the operators generated at 1-loop that can give improvements to the
already known bounds on this model have been selected.
In order to get quantitative results, the exact computation of these operators is needed.
For this reason this chapter is dedicated to that calculation. In section 3.1 the formalism
for the EFT derivation by means of the functional integral method is introduced, and it
will be concretely applied to the case of interest in the remaining sections.

3.1 Functional integral method

In order to introduce the functional integral method for the EF'T computation, let’s
have a short review of the necessary formalism of the path integral in the context of
quantum field theories.

Given a set of fields [¢], an ensemble of currents [J] is introduced in the generating
functional

Z[J] = / [Dg] el | H'#(L(@)+T8), (3.1)

In this way the correlation functions are computed by differentiation

(B(x1)...d(xn)) = <—i5fo1)) . <_¢5J(5xn)> log Z[J]| 7—o. (3.2)

All the building blocks needed to compute any amplitude are actually encoded in the
1-particle irreducible diagrams, that are not generated by (3.1), but from its Legendre
transform. This functional is defined in terms of the classical field ¢y:

0log Z[J]

o = _lT(SU)- (3.3)
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Then the quantum 1PI action is given by
Dign) = ~ilog 2] ~ [ d'aI(@)én(a) (3.4)

where J(x) must be given as a function of ¢y(x): J(z) = J(¢p(x)). The 1PI diagrams
can be computed by differentiation

5"T'[¢]

At this point we have all the necessary informations needed to build an EFT given
a UV theory using the functional integral. Let’s consider a theory with two sets of light
and heavy particles (¢, ®) and with a lagrangian Ly (¢, ®). The task is to compute an
effective theory valid for energies much smaller than the heavy particles’ masses. This
will give a lagrangian Lgpr(¢) valid for low energies and given in terms of the light
particles only. We say that ® has been integrated out.
The matching between the UV theory and the EFT can be given entirely in terms of
the 1PI quantum action. Given the partition function for both the theories

((x1) ... ¢(l‘n)>1P1 = i(; (3.5)

Zuv Iy, Ja] = / [DG][D®] ¢t d'2(Luv (6:8)+ 756+ Tu®)
Zprr|J) = /[Dqﬂ ot [ d*2(LerT($)+750) (3.6)

the correlation functions for the light fields in the UV theory are entirely given in terms
of Zyv[Js, 0], while in the EFT by means of Zgpr[Jy]. For practical reasons it is more
convenient to consider the 1PI quantum action. Therefore, following the reasoning just
exposed, the matching condition simply reads

Luv([¢,0] = Lerr(é). (3.7)

The condition (3.7) is actually stronger than we need, since we only need S-matrix
element equivalence and not both on and off-shell correlation functions; thus field redef-
initions will be allowed once Lgpr will be evaluated.

The key point is that the condition (3.7) must be satisfied only up to some order 1/A.
This allows to perform a perturbative expansion and match the condition order by order.
In this work we are interested in computing the EFT up to 1-loop, so let’s see how to
match the condition in this case.

Let’s consider first the EFT. First, we perform the change of variables ¢ = ¢y, + ¢/,
where ¢y, is defined as in (3.3). Note that since ¢ solves the equation of motion with
an arbitrary source Jy, the terms linear in ¢ are absent (at tree level). Then the 1-loop
partition function reads

ZpprlJy) = ¢t 'e(Lern(an)tloo) / (DY) e 5 J @'2FQurrd’ (3.8)
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where a generic notation ¢ has been used, since no assumption were made about the
nature of the fields. What has been done is basically an approximation of the action at
the second order, where the functional appearing at the exponent is defined as

82 Lprr

Whﬁ:%- (3.9)

Qprr = —
The formula for the gaussian integral at the exponent is well known, and depends on the

kind of the field that needs to be integrated. Labeling the appropriate coefficient with
¢ the result is

Zgpr|Jy) = e[ Vo (Lerr@)tIote) (det Qppr]™F + ...

—T'gpr = /d433»CEFT + %Cs logdet Qppr + .. .. (310)

with ¢; = 1 for scalar fields ¢; = —2 for fermionic fields.

On the UV side the calculation is similar. However since the source relative to the
heavy fields has been set to zero, Jp = 0, the equation of motion for ® are exactly
the classical ones and thus it becomes a function of the light fields only: &, = ®.(¢).
Therefore the quantum 1PI functional is given by

l
FUV[(ZS] = /d4x£UV|<I>—<I>C(¢) + 503 IOg det QUV + ... (311)

Ordering the EFT side in terms of loop expansion, Lgpr = ESEO}T + ES}T +..., the
matching condition (3.7) immediately tells us the tree-level EFT

L£0).1(8) = Luv (d, (6)) (3.12)

where the hat means the expansion of Ly in 1/A. This is the well known result for the
tree-level EF'T, which has been used also in chapter 2, 2.2.

For the 1-loop matching some care is required in evaluating the functional determinant
on the EFT side. If we want to get a 1-loop result we must take into account only
‘C(EO’}‘T in the functional determinant, otherwise we would get results at 2 or more loops.
Explicitly, this means taking

2 ~(0)
(1) O“Lppr
Q E——— 5 3.13
EFT 53¢ |¢>—¢b ( )

In this way it’s straightforward to obtain the formula for the effective lagrangian up to
1-loop:

/ diz Ll lor = / Az Loy (6, Bo(d)) + %cs log det Qury — %cs logdet QM. (3.14)
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The result (3.14) is reliable and very general. The tree-level piece, again, is well known
and widely used; on the contrary the 1-loop result is seldom found. It involves the
calculation of functional determinants that can turn out to be a quite complex task.

The formula of equation (3.14) is not so straightforward to apply in case fields of
different nature are present. Nevertheless, it is possible to obtain a usable expression.
In a completely general way, let’s write the second order lagrangian as

(52£ = (gTAé + ﬁBn o nTBTﬁT + ng\n . an\Tg + ﬁré - gT]_—\TT—]T) (315)

N

where £, 1 are collections of bosonic and fermionic fields. The quantities A, B are bosonic
operators, while I', T are fermionic operators in the relative spaces and depend on the
classical solution of the fields.

We would like to evaluate the functional integral

[1DgDu et s =5 .16

to get the explicit expression to plug in (3.14); however the Hessian 3.15 is not diagonal
in the two kind of fields, so the integral is not well defined. In order to disentangle these
two, we square the second order lagrangian

5L :% (7+€'TB~Y) B (n+ B~'r¢) + % [(7+¢"TB™) B (n+ B~'T¢)]"
+ %fT (A-TB'r+ 7B ITT) ¢, (3.17)

At this point we first integrate over the fermionic fields. By shifting n — n — B~'T'¢ we
are left with a simple gaussian integral, which yields the expression’

/[DE][DTI] [Dﬁ]ef%fd‘lz(pﬁ —c. detB/[Dg]e—éfd“xﬁT(A—FB1F+FTBlTFT)§
—c-det B [det (A— BT+ 17 B-1TTT)]7'? (3.18)

where we finally integrated also over the bosonic fields &, and c is an irrelevant constant.
This is the familiar result found for example in [27], [28].
Applying this to (3.14), the final expression for the 1-loop EFT lagrangian is given by

/ d*z L) o = / d*zLyy (¢, ®.(¢)) — i[log det Byy — log det Brpr]

+ 5 [logdet (A— BT+ 17 B7TLT)

—logdet (A —TB~'T + 7B 1TT) (3.19)

EFT] :

'In evaluating the integral we have moved to the Euclidean space. In this way can use the expression
for the Gaussian integrals and the result is well defined. Then we can move back to the usual Minkowski
space through a Wick rotation.

40



CHAPTER 3. EFT AT 1-LOOP 3.2. COMPUTATION OF THE OPERATORS

Equation (3.19) is the starting point for the calculation of our 1-loop EFT and will be
used all throughout this chapter. It includes fluctuations of scalar, vector and fermionic
fields; since we are studying a new fermion in addition to the SM particles, we will need
to integrate all over these fields. In this regard, gauge bosons will be considered as
collections of scalar fields.

3.2 Computation of the operators

Before jumping in the concrete derivation there are some very useful considerations
that can be done in the case of this particular model, thanks to which the calculations
will become more doable.

First, it is convenient to perform a field redefinition for W:

U=y +60 =0 'Hylug+ 6T (3.20)
where O~! is given by (2.16). In this way the lagrangian (2.1) becomes

Luv =Lsn + 000V, + U, 000 — apyH 60 — 6V Hy up + 6005V
+ U0,y — gy’ Wy — Uy Hylup
=Lsy — uryH O Y (Hy ug) + 60060, (3.21)

This manipulation is extremely useful because in this way the ¥ contribution to the
Hessian is separated from the rest of the Standard Model particles. Indeed let’s imme-
diately see this by starting the computation of the UV action at the second order.

We begin by evaluating the fermionic piece. With the redefined UV lagrangian (3.21)
the part involving the new fermion is factorized, meaning Byy = (le —m) ®BUV, where
Byy includes the variations with respect to the SM fermions. Indeed Byy reads

ow 6uR 5dR (SQL (%R (5LL

o0 [ip—m 0 0 0 0 0
SuR 0 uu 0 -y H 0 0
Byy — 5CZ_R 0 2 ) Z? —deT 0 0 (3.22)
0Qr 0 —yuH  —y,H i) 0 0
5lr 0 0 0 0 ip  —yH'
5Ly 0 0 0 0 —yH D

UU =ilp —yH'O Yy H.

Next we have to write down Ayv,Tyv,Tyy. We will consider only the Higgs contri-
bution because none of the operators that we consider are generated by diagrams with
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virtual gauge bosons. Under this approximation Ay becomes

0H SHIT
T _2A T
Ayv = oH ¢ 2HH (3:23)
SHT \ -3 HITHT a®
2 2 A T T = 1 T
a=-D*+p*—S(H'H+ HH") — tigy- y'ug.
2 le—m

Similar considerations apply to I', I'. With the redefined lagrangian (3.21) ¥ is factorized
with respect to the SM particles, so the matrices read

5UR 5dR 5QL (%R 5LL

¢ / g 7
P, _ OH (UH 0 dpyg O fRyg> (3.24)

SHT\ 0 —QL,iy,E URYuE —EL,z-y} 0
0H SHT
OuR UH 0
Sdp 0 —YaQr,i
Fvv = 6Q; —y;rldR —5yLuR (3.25)

MR 0 _yELL,i
5L \ —yilr 0

UH = yuQr.icji — Hiy—1—yfug

iD—m
UH' = —<jQriyl — iy 75 a —Hy'. (3.26)

where the index i refers to the SU(2) components.

Now that the UV action at the second order has been computed we should derive
also the EFT action at second order. However there is smart observation that can be
made, stated also in [27], thanks to which we won’t need that Hessian. Indeed, after
the field redefinition for ¥ the UV lagrangian reads (3.21). We can note that the EFT
at tree level is simply obtained by expanding the non-local operator O~ and setting
ov =0:

_ 1
Loy = Lsy + 5‘11(le — m)(NJ — ERHTy <> HyTuR
i) —m

_ 1 i
E(bgl)v’T =Lsm — URHTy <_m + m2) HyTUR (3.27)
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Now, the UV action at second order is factorized between 0¥ and the SM particles.
This means that the difference between the UV and the EFT functional determinants
is entirely given by the difference between O~! and its expansion, so its non-local part
ONL:

1 1 ip 1 (ip)?
m2

=—— 5 +Onp — OnL =
m2 i) —m

i) —m m

The practical relevance of this consideration is that we don’t need to compute separately
the two functional determinants of the UV and the EFT actions and then subtract them.
We can just compute the determinant of the UV action and drop the local counterparts of
O~!. This is equivalent to computing the UV and EFT determinants and then subtract
them. Concretely this means substituting any O~! with Oy, in the functional traces we
must compute. In our case we will encounter only two kind of traces, so lets see explicitly
how that applies. We will indicate the operation of dropping the local counterparts with
the subscript d. So for generic function of the fields P(z), Q(x), R(x) the d operation
reads

R Tl R p );Q(w)}
yu{Pe)Stew ko) — L {ro S 0w ko)
L P e ) S T L e iz(x)}).
3.29

(3.28)

The second relation can be derived by explicitly computing the difference between the
trace with O~! and the one with its expansion.

At this point we have all the tools that are needed to start the computation. We
will look at the traces coming from the UV functional determinant and apply the d
prescription, as explained above, to obtain the EFT at 1-loop. The next sections we will
be devoted to the complete derivation of the operators marked in chapter 2 as relevant.

3.2.1 Pure gauge

The first class of operators to be derived is the one of the pure gauge dimension six
operators, present in Ly. As already stated these affect the gauge bosons self-energies,
which are constrained by the electroweak precision tests.

Diagrammatically, these operators are generated by loops where only the heavy fermion
is present, as in figure 3.1, and many external gauge bosons can be attached to the
propagators entering the loop.

This class is entirely encoded in the variations of the action with respect to the new
fermion ¥ only. From the central formula (3.19) only —i(logdet Byy — logdet Bgpr)
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VK

Figure 3.1: Example of a diagram generating the pure gauge operators. V* is a generic vector
boson. Many external gauge bosons can be attached to the ¥ propagators.

generate these operators, since double variations with respect to fermions are present
only in B. Besides Brgpr does not contain variations with respect to ¥, so we just
have to look at Byy. From the explicit form of Byy (3.22) we see that the pure gauge
operators are simply included in the factorized (i) —m):

/d4xﬁv C —ilogdet(ilp — m). (3.30)

To proceed with the evaluation of this functional determinant we have to handle a
little bit this expression. The determinant is invariant under flipping the sign of the ~*
matrices, so we can write

/d4xﬁv C = —ilogdet(ilp +m)

= _% log det [(—il) +m)(il) +m)] .

= —%logdet (D*+m?+U). (3.31)

Here we have used
(—il) +m)(il) + m) = D> + m? = D*> + m® — %a’“’GiW (3.32)
where o/ = —%[7“,7” | and the properties of the «* matrices have been exploited:

YAy =t —ioh”. Finally G,/uu = [D/u DV] = —igsGm, - igW,W - iYg,BMV’ Y = 7/6'
Functional determinants like the one in (3.31) are not new and the result is well known
in literature, [29]. The formula is obtained through the Covariant Derivative Expansion
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technique, explained in appendix A. The full expression truncated at dimension six reads

. 1 2
log det(D?* +m? + U) D /d4x <— 1627r2> tr {mQ [(1 + - + log % + log 41 — v)U]

ol 1 :UQ 2

+m” |5 (= +1log —5 +logdr — y)U
2€ m

1 1 w 12

—(1+ = +log = + log4n —
+12( + - +log 5 +logdnm G

1 U1 1 1

— |—— + = (DU)? -~ —-UG?, + —(D'G!,)?
+m2{ 6 +12( ) 12 ””+60( )

1 !/ v !
—%GWG PGPM]} (3.33)

and has been computed in dimensional regularization with ¢ = (4 — d)/2. The trace
must be taken in the space where the heavy field used to live: we have a trace over the
spinorial space, SU(2) and SU(3).

We immediately see that trU oc tro®¥ = 0. Then we must trace also U2, U? over the
spinorial indices:

1 1
trU? = —ZtrG;WwatrJ“”a""’ = —Z(StrG;WG”“’) = —2trG,, G (3.34)
(P = £trG), Go Gl gtro™ 0707 = <(=32itrC, G GY) = 46xG, GGl (3.35)

Finally the operators not involving any ¢ are proportional to the identity in the spino-
rial space; this gives a factor trl x4 = 4.

The next trace to be taken is the one on the internal gauge group?. Since tro! =
0,trA® = 0 the surviving terms after this operation are, ignoring for a moment how they
are Lorentz contracted,

trG'G’ = —g2G*G* — ;QQWiWi —6Y%¢?BB (3.36)
trG'G'G! = —%g? fleqeGhbae — Zg%ij’fwiwj Wk (3.37)
where the SU(N) identities trGG*t9t® = G*G®/2 and trG*GPGettbt¢ = i fabeGeGbGe

have been used (for W we just exchange f¢ — £20¢),
We can then compute the traces of all the terms contained in (3.33):

o StrU? = g2GUGY, + SPWH Wi, + 6Y2g2 B By,;
2 . .
o 5trG2 = -GG, — SPWIHW], — Y292 B B,,;

nz

o LtrD ,UDU = %DQG‘W”D“wa + & D W DOWi, 4 Y2920, B* 0% B,y

2 As for the trace over the spinorial space, operators not involing directly generators of the gauge group
are meant to be proportional to the identity in that space. This gives a factor trl sy (2) = 2, trlgy(s) = 3.
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o &tr(D,G")? = —4g2D, G D G — 6g> D, Wi D, W — 24Y %40, B 8, BL;
° —tl"U3 95 facha GbquCN g’ 5ijkGL,,Gj”pGIZ“;
° —%HG;WG/VPG;H facha GbquCM + g ’L]kGl GijGkM

Looking at the list above it is immediate to see that we have three kind of operators of
dimension six:

DMGZVDPGga? DanuDaGan’ facha Gbqucu (338)

and the same holds for W, while for B the triple field strength interaction is not present.
However only two out of the three operators in (3.38) are really independent. The
decision is to eliminate DyG, D*G*: this is simply dictated by the fact that in the
Ly lagrangian (2.22) this operator is not present.
We can eliminate that operator exploiting Bianchi identity: it can be proved that the
following relation holds for any SU(N) gauge field:
v b by

D ol DOF = D, Fj, Dy F)* — g f*F, FPPEJE. (3.39)
This expression holds also for By, by setting f2 = 0 (U(1) is Abelian, the structure
constants are null).

By making use of all the considerations reported above the final result is obtained
just by a straightforward sum of the traces of all the terms contained in the expression
(3.33). The pure gauge effective lagrangian at 1-loop then reads

1] 2 m? 1
‘C(El';'T,V = — 1 1— 1g 3 <10g F — log 4T — — + Yy + ):| Gf“,Ga'uV
1 - 2 2 1 1
~ 1 1-— 8g7r <logTZ log47r—f+’y+ )} Wy, W
1T v2,2 2 1
-1 1-— 2752 <10g7}2—log47r—+’y+2>] B, B"
1 1 2 2 a av gs abc bup e 1 2 a av
~T62m? 159 gsD'GL, DP Gy + f GG pGp“—i—gg DWW, DPW
w2 m
3 4
+%gabcwa WhPWer 4+ = —¢?Y?9, B‘“jﬁpBl’,’} . (3.40)

The divergences in the corrections to the kinetic terms are reported to make explicit
the contribution of the new fermion to the beta function of the coupling constants, and
may be eliminated by adding the usual counterterms. Also, the matching between the
UV theory and the EFT is performed at ;4 = m; in this way the logarithms in the ex-
pression above are null.
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3.2.2 Four fermions

The next set of operators that is going to be derived is the one comprehending four
fermions operators.
These operators are generated from the diagrams in figure 3.2, that are of two kinds:
they may have four y vertices or two y and two Standard Model y; vertices. In both
cases the flavor structure is non-trivial.

UR ——F - - - - - - —»—— UR UR ——T = - =~ —»—— [r/L
vy Ay A Afr/r
UR —€—------ L —<—— UR UR —€—— - -~~~ —<— [Rr/L
(a) 4-fermions operator involing four y (b) 4-fermions operator involving two y and
vertices. two SM’s yy vertices.

Figure 3.2: Diagrams generating the 4-fermions operators.

With reference to the formula (3.19) and looking at the matrices By, Auv, Ty, Doy
we note that these operators are encapsulated in the bosonic term:

/ d*Ly; C S logdet (Avy — B Ty + Ty Byl Ty )

= S logdet(Auy)a + 5 logdet (1— AgyTuy Byl Tov + Ag%/FEVB(}‘l/TF[T]V>d
(3.41)

where we used the d for the UV-EFT difference, as explained in section 3.2.

The first term in (3.41), log det(Ayy )g4, generates the y* operator OA4f7y4. The matrix
Ayy can be rewritten as

.y Lt
1 URY p_ Y UR
AUvz(—D2—m}2l) ]l—f‘ﬁ me B 1 T +
—D* —mj 0 - (URyup,myTuR>
1
— 2 2
where the ... contain terms involving the Higgs boson that do not contribute to the four

fermions operators, and we defined 2 4. Exploiting the logarithm properties we have
log det Ay = logdet(—D? — m}) + logdet(1 + (—=D?* —m3) ™1 Q).

Since we are working in a perturbative regime, the coupling constants are supposed to
be small. In this way, using the well known equality logdet M = trlog M, we have
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something of the form log(1 + z) which can be expanded.
Indeed, the determinant of Ayy becomes

1 1 1 1
log det Apyy = logdet(—D? —m3) + tr 584 — Str Q4

D% —m3 2 D? — m,% —-D2 —

3 QA + ...
my
(3.43)

The y* four fermion operator is part of the ~ Q% trace:

2
R i1 (_Dzl_mi (ﬂRyiml_myTuR>) 0

yt = ' T\ 2
- " (D;mi (w50 un) )
d

i 1 1, 1 1,

= ——tr¢{ ——5 | Utpy———y'u 0] U

2 ==z \"ip = ) T2 \"Yip = )
(3.44)

where the property trM = trM” has been exploited together with the antisymmetry of
the fermionic operators.

Now we just need to apply the d prescription explained in section 3.2. In particular we
need the formula (3.29) for P(z) = 1, Q(z) = R(x) , which is even simpler®: we can just
evaluate one piece containing Oy and multiply it by two, and then subtract the two
On 1, contribution.

The evaluation of this trace is performed by means of the CDE technique, as explained
in appendix A. Since the four fermionic fields already sum up to mass dimension six, we
must stop the expansion at the lowest order. In this way the one-On term gives

i 1 _ (@D 1 = 1
Ospara =02\ “p2 2 \"™ip — ¥ %) “p2 — 2 \"ip ¥ "

e (Y ) e )
4 P’ ! i

1
=——tr [ d*zd* U fu U U
3 / P m? RY 5 ¥ VR m? RY 3 2 UR

Ai i ) Pupvp’
= —mztr/d‘*:c (URy’Y“yTURURy’YV?JTUR> /d4p 2 ZM . 2

p

(p? —mj)2(p* — m?)?
1 1 (1—6m,21/m2+m%/m4 +2mi (3 —mj/m?) 1 <m2>

_ Lz vV log | —5
1672m? 2 (1 —m2/m)? m* (1 —mj /m2)3 > \'mj,

12

2
+ —+2log <2> — 27+ 2log 47T) X tr (ﬂRy'y“yTURﬂRpryTuR) : (3.45)
€ m

The factor of 4 in the third lines comes from the fact that we must apply (—D? — m,zl)_l

to all the fields, giving that combinatorial factor. Finally, the momentum integral has

3Thanks to the cyclicity of the trace trOx.Q(z)0 *Q(z) = trO ' Q(z)ONn1Q(x).
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been performed in dimensional regularization with e = (4 — d)/2.
The two-Onp, term coming by (3.44) has a similar expression:

. i 1 (ih)? 1 (i)?
O - ——t v J z f
Ayt b 2mA r{—DQ—m}QL (uRyi]Z)—my UR —D2—mf2l uRyilD—my UR
— { : (ﬂRy D+ m)(m)ZzﬂuR> : <ﬁRy(HD +m) y*uR) }
4i / w1 2 1 ’
=———tr [ d*xd’p URY yTuR URY yTuR
24 pr—m2 T pr 2 p2—m2 Y pr 2
. 4
_ _ PubuvP
= / d'z (URyv“yTURURy'V”yTUR) / d'p ;
m? (p* —mj)2(p* — m?)?

1 1 (2—3m2/m? — 3m}/m* + 2m$ /mS +2m2 (2 —m3/m?) 1 m?
© 1672m?2 2 (1 —m2/m*)? mS (1 —m3/m?)3

mj,
2 2
+ (1 + m,%/mZ) <€ + 2log <H > — 27+ 2log 477)) X tr (ﬂRy’y“yTuRﬂRywyTuR> .

m?
(3.46)

Finally we must evaluate the last trace over the remaining degrees of freedom SU(2),
that gives just a factor of two (the only degree of freedom of the Higgs field, since we
are taking the variation with respect to it).

By subtracting the second piece from the first and stopping at the lowest order in
(my,/m)? we obtain the expression for the first 4-fermion operator:

1

- T
1672m2

Opyr = (ﬂRyV“y URﬂRy’)/uyTuR) - (3.47)
Note that the matching has been performed at the scale y1 = m and we employed the
MS scheme, subtracting then (% — v + log4r).

The y2y]2c operators are enclosed in the right term of (3.41). To compute this deter-

minant we need Aa%, and Ba‘l/ 4. Exploiting the perturbativity, AE%/ can be written

as

1 -1 1 1
AL = ((-D*-m®) [1+ ———— QO =(1— —=0Q ) —
uv <( M) + —-D? — m% 4 —-D? — m}% At —-D? — mi

(3.48)

-1
~ 1 1 1
Byv = (D) (1+ =05 =(1-—=Qp+... ) —. 3.49
4Since Byy is factorized between the variations with respect to the new fermion and the SM fermions
we we only need Byy.
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Expanding the right determinant of (3.41), the first order already contains the operators
we are interested in:

. i L B . =
Oupyoy C 5 logdet (1— Agh Loy Byl Tuv + Agl Ty By rgv)d
P e B e
=5 (AU%/FUVBU%/FUV + AU%/FEVBU%/TFEV>(1 +...
i e o
= =25t (AgvTuvByyTuv) =+ - (3.50)

where the property A = AT has been used. By making use of the explicit expressions for
the UV matrices (3.22),(3.23), (3 25) in the formulae above with A, at the 1st order
and Byi, at the O0-th order (i.e. By = (i0)~!) we get

1 1 - 1
Oyp 2 C i tr {uRy ylug <fRy .nyR>}
4vyg sz];R D —m -D? —m? Tip™t d

1 1 - 1
tr < @ f L— 3.51
+ 1 r{uRyUp —VUR o (fLnyDyffL>}d (3.51)

with fr r being the Standard Model fermions (we are working in the pre SSB phase)
and yy the relative Yukawa coupling.
The evaluation of these terms is straightforward. The d prescription (3.29) here just
consists in substituting O~! — Opp.Furthermore we just need the CDE at the lowest
order, so that for the right handed fermions we have

0A4f7y2y12“fR C#tl‘ {uRy( lD__l;mi(;?) R7D217 m <fRyf ggyffR>}

2i 1 pp? LI
= —tr [ d*zd* 7 f Lyt
m2 I'/ T pp2 — m%uRyp2 — m2y Usz _ m% fRyfp2 yffR
27 _ = Pup
= ot [ (ot n v ) [t B
1 31—m3/3m?> mi 1—m}/2m? 1 m?
= — _— 10 —_
1672m2? \4 1 —m2/m?>  m? (1 —m?/m?)?

2
my,

+i+110g ﬁ —1+llog47r ><<ay“yTu frY ny)
5t 5 3 513 RYY RIRYfVuYyJR | -
(3.52)

Now again we keep the lowest order in (my,/m)?, we take the final trace and we match
at = m, subtracting the divergences with the MS scheme. The operator then becomes

1

A 3/ B
Osrapvzsn = 16222 3 (uRy’YuyTuRfRyf’Yuy}fR) : (3.53)
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The expression for the left-handed SM fermions is identical upon the substitution fr —
fr and inverting the order of y¢, y;rc in the expression above.

In the end, the final 4-fermions lagrangian at 1-loop reads

1 3
Ly = 167r2m2 ( yy' ny+2ny yuyl> TRV URTRYUR

+ <2ny ydl/:;) UrY urdry,dr

3 3 ) _
+ <2ny by + §ny - yiyd) urY"urQry, QL

r. y}?/z) upy"urLry,LL

(3.54)

vy

3 ~ _ 3
+ (2ny : yzle) urY"'urlrY LR + (2

The flavor structure is the same of (3.47),(3.53) but for brevity the coefficient has been
moved in front of the operator.

3.2.3 Two Higgs

This and the next section will be dedicated to the derivation of the relevant operators
in Lgrrm- In this section the focus will be on the operators involving two Higgs, while
in the next one we will compute the four Higgs fields terms.

VH
R (N SRR h s (N EEEEees h
(a) Diagram involving only two external (b) Diagram involving two external Higgs
Higgs. and one vector boson.

Figure 3.3: Example of diagrams contributing to the 2 Higgs operators.

The two Higgs operators are generated from diagrams like the ones in figure 3.3.
The ones involving two external Higgs and one or more gauge bosons are obtained by
inserting the external leg of the vector field between the ur or ¥ propagators.
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With reference to the formula (3.19), these operators are encoded in the first order of the

—1 <10g det Byy — log det BUV) term of (3.19) since we need two external Higgs boson:

Ogh C —1 <log det BUV — log det BUV) = —itrlog {Zﬁ(l + (iw)_IQB)}d

~ —itr (i)' 2p) , + ...
. i (1 (i)
— Ogp, C —5tr{ — ( Hly—"—y'H 3.55
2h mQr{Zﬁ( Vg —mY (3.55)
where the d prescription (3.29) has already been applied. Since we have a gauge singlet
in the brackets the external covariant derivative has been substituted with a partial
derivative D,, — 0.
In order to obtain all the operators up to dimension six we must apply the CDE to
the denominators of (3.55). To do this, first we bring the v# matrices to the numerator
O, C —5t ot Tt 3.56
2hcm2r{(i8)2< ny27m2fU(Up)y (3.56)
The operator U comes from —lD2 =-D?>-U,U= —%O"LWG;W.
Then the formalism of the CDE must be applied. The consequences of the shift 1) —

i) — p are

(ip)* = p? — 2ip*D,, — D* —U
ﬁ =3, W (2ipt0,, + 0%)" (3.57)
T = Lon GEyer (2004 Dy + D2+ U)"
where n labels the order of the denominator’s expansion. Also, the shift in the numera-
tors reads (i) — (i@ — p), (i) +m) — (i) — p+m).
The full calculation of all the traces resulting from this expansion is lengthy, so the

derivation will be reported only schematically. Indeed, let’s have a closer look at the
equation 3.56. First we focus on the term with two p’s at the numerator % where the

slashed momentum comes from the shift described above. We call this term OAQhJ. A
compact notation will be employed, including [ d*zd*p in the definition of trace. In this
way we must compute the operators up to dimension six generated by ©

Oy = 2Ly {p (nyp(pQ — 2Dy — D* U)yTH> } . (3.58)

T m? (iD — p)? (iD—p)2—m?2-U

The various orders of the denominators’ expansion can be labelled by n = ny+ng, where
ny, and ngr are the orders at which the left and the right denominators are expanded.
Then we can look at the generated operators at fixed n:

®The term with the m from (iI) — m) at the numerator will never contribute, since with this term
one would always have tr#oddy, = 0.

5The factor of 2 comes from the Leibniz rule. In fact actually the CDE must be performed after
applying the operator (il0)™' to ~ (HTONLH), bringing two identical terms with the p in front of
everything. So we explicitly opened the derivative, performed the CDE, and resummed.
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e n = 0: here we obtain H'H and HTD?H, without gauge fields since trppU =
trp?U = 0;

e n = 1: we can have either ny, =1 or ng = 1:

' 2 —2iptD, — D?* - U

m2 P2 — m2
2 2iphD,, + D%+ U) (p? — 2ip"D,, — D?> — U

—l——ztr £ HTyp( P u )(p P Zn )yTH .
m2 p2 (p2 _m2)2

(3.59)

It is immediate to see that the left expansion is useless: the numerator (Qip“au + 82)
always generates terms that are total derivatives, that can be neglected in the [ diz
of the action. For this reason we can always keep n; = 0, and focus only on the
expansion of the right denominator.

Having in mind that, this term then generates Hf D2H, H' D*H and also trHIUUH =

—2trH'G), G H;

e n = 2: in this case we have, keeping n; = 0 as explained before,

P’ (p? —m?)3

; { ; (H 1, P @IPDy+ D+ U) 20Dy + D2+ U) (¢ = 2ip" Dy = D* = U)
(3.60)

generating H' D*H, H'D*H, H' D, D*D"H, H'G,,,G'* H. The operator with D,U
is not present since tr#odd p* = 0;

e n = 3: at these orders we can generate only operators of dimension six or greater:

2 |y HTyp (2ip" Dy, + D* + U) (2ip*D,, + D* 4+ U)
m2 2 (p2 _ m2)3

. (2ip" D, + D>+ U) (p* — 2ip" D, — D* — U)yTH)} . (3.61)

The possible combinations of the expansions are many. They generate HTD*H,
but also the new operator H TDMD,,DMD,,H . This comes from

g, PPPPPT
/ d pWHTDHD,,DPDUH

which provides two metric tensors gg with all the possible symmetric permutation
of the indices;
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e n = 4: this is the last order of the expansion that is needed:

m2 )| p? (p? — m2)

2 {p ( Ay # (2ip"D,, + D? +U) (2ip* Dy, + D>+ U)
—F5 r
- (2" Dy + D* + U) (2" Dy + D+ U) (9 — 2ip" D, — D>~ U)y'H ) |

(3.62)

The only contribution comes from the p*p”pPp?, since all the other combinations
generate operators of dimension eight or greater.

The next and last term to evaluate is the one involving i) at the right numerator of
(3.56). Indeed, keeping i@ at the left numerator would mean having again total derivative
terms, which are to be ignored upon the spacetime integration. For the same reason we
must still keep ny, = 0. So we just need to evaluate

s 2 P (g iP(p® = 2ip Dy — D> =U)
02}1’2 = ’I?’L2t {p (H (ZD p) m2 U Yy H . (363)

till dimension six. In this case the expansion stops at n = 3, since we already have
~ HY'DH at zero-th order; indeed, the lowest order generated operator here is HY D2H.
The calculations are similar to the previous case, so providing the terms HTD*H, H' D*H,
HTD#DQD“H, HTDHDZ,D”D“H. However in this case there are also some new opera-
tors involving one gauge boson field strength. Indeed, these kind of contributions must

pass by the trace over the spinorial space tr (7“7” af ) tr (ngGgﬁ>, where X includes

all the Higgs fields and the covariant derivatives. In the case with two p at the numerator
the quantity X had to be symmetric in the Lorentz indices because the gamma matri-
ces come from *p,v'p,. Then using %itr (7“7”00‘5) Gug = 4G2‘}V we are left with
the contraction trG:fl,X v which is null because the field strength is antisymmetric by
definition. This does not hold for the case with i) at the right numerator, for which
X, 1s not symmetric: consequently, in this computation also the terms H TDHG’ "wD,H,

H'D,D,G'"H, H'G'"*D,,D,H are present.

Once the computation of the two cases are completed the results must be added up.
The "raw” terms that we get are:

- 15y
Ogh = (u + = lyl’m )HTH+ (1+ SLQ >DMHTD“H

\y|2 t 5 t 2 2 1
- trs H'D'H (-= )+ H'D,D,D*D"H ( -= ) + H'D"D?D,H ( -
1672m2 g ) T Pub 9) " #\9
+H'G,,G"H(1)+ H'D,D,G" H(-1) + H'G" D,D,H(-2)

+HTDVG”“’DMH(1)} . (3.64)

54



CHAPTER 3. EFT AT 1-LOOP 3.2. COMPUTATION OF THE OPERATORS

Here the matching has been performed at p = m, so all the log(u?/m?) factors coming
from the divergent integrals are null. Also, the divergences have already been eliminated
using the MS scheme.
Now this result must be converted in the SILH basis. First we notice that in (3.64)
a lot of operators are redundant, and can be eliminated by means of the following
identities”
{HTDMDZ,D#DZ,H = D*H'D?H + D, H'G'"" D, H

. Do (3.65)
H'D*D?D,H =2D,H'G'""D,H + D,H'D,G'""H + D*H'D*H

together with integration by parts.
Then the operators (HT D H)D,G"™ can be obtained using the following decomposition

ax + by = %(a+b)(x+y) + %(a—b)(af—y)

¢ =D,H'D,G'"™H, y=H'D,G'"D,H,
1
(v +y) = —5 H'Du, DG H = HIGL, G H,  (x—y) = (H' ‘DaH)D,Gw.
(3.66)

where the result for (x 4+ y) comes from integration by parts:
D,H'D,G'"H = -H'D,D,G'"H — H'D,G'" D, H and D,D,G'"" = G, G".
Putting this together with the final trace we obtain the following dimension six operators:

- 2|y[>
Osn\dim.6 = — 16722

rid (DMHTDVH> BY (—6Y) + ig (HTgiﬁzH) D, Wit (_2)

{DQHT D*H (—2) + ig (DMHTaiDVH) Wi (—3)

5 (1
+ig (HTF;H) d,B" (—3Y> + g HPWH W, <—24>

1 . . 1
+ ¢?|H|*B,, B" (—6Y2) + gg’(HTalH)W;Z,B“” <—12y>
1
+gHP GG, (—36) } . (3.67)

The parameter Y is the new fermion hypercharge, Y = 7/6.
Three operators not belonging to SILH basis are left: |H |2W“”iWZV, Hic'HW* B,

and D2HTD2?H. The first two can be converted using the identities
9 (Hio' Dl ) DWW = ig (D, Hig' D, H) Wi
+5 (PIHPWHW], + g¢ (Ho'H) Wi, BH)
Y (HIDH) 0,8 = ig (D, HID,H) B '
+5 (¢*H*B" B, + g9’ (H'o'H) W}, B")

(3.68)

"These can be derived using integration by parts and [Du, D] =G,
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The last one, instead, can be eliminated using the equations of motion of the Higgs field
D?’H = IUQH — 2)\H|H|2 +Jg, Jg = —CZRdeL - l_RylLl + Q’Z‘jeijyz’nmuRn. (3.69)

However the substitution in D2HTD?H generates operators classified as non relevant in
section 2.3. This means that this term can be dropped. Also, the corrections to the
Higgs mass and to the quartic interaction A can be reabsorbed in the definition of the
EFT parameters.

All in all, the final expression for the two Higgs operators in the SILH basis reads

. 3 15]y|?
Ogp, = <,u,2 + 271_2’y|2m2> H'H + <1 + SZJJ

" {ig (#io'Dutr) DW (E) +ig (H'D,H ) 0,B" (1315/ - 1)

> D, H'D'H

1672m? 6
‘ . /35 35 1
. P Nz i T % -
+ig (DuH'o' D H) W (6 ) +ig (D H'D,H) B (3 Y + 6)
1 Y 1 1
2 2 py [ = 2 - 2 2 yuva a
+¢?|H|*B,, B <3> <Y S+ 4> + G| HPGHeGe,, (18>}. (3.70)

3.2.4 Four Higgs

The last operators left to be derived are the ones involving four Higgs fields. These
come from diagrams like the ones in the figures 3.4, from which it is clear that there are
two kind of contributions. These contributions have coefficients proportional either to
y* or to y?y2 and must be summed: Oy, = OA4h’y4 + OA4h’y2y3.

UR UR
ho------ -« h ho------ -« h
vy Ay Uy Aup
ho------ IR h ho------ P h
(a) Diagram involving only two exter- (b) Diagram involving two external
nal Higgs. Higgs and one vector boson.

Figure 3.4: Example of diagrams contributing to the 4 Higgs operators.

The |y|* operators are encoded in —i <log det Byy — log det BEFT> of (3.19). Indeed

the determinant expansion is identical to the Oy, one (3.55), but this time the second
order must be considered:

Oyt © gt {(iD) 2 (i) 251},

c 2%2& {(up)—l <HTnyTH> (i)~ (ny“z) L myTH) }d. (3.71)
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Using the ”d” prescription (3.29) to remove the local counterparts and exploiting the
cyclicity of the trace the expression that must be evaluated becomes
A i . (i1p)? . 1
Oypyt C2+ —t "WHYy "y H L HT TH
ot €2 g { @) (it 5Pyt o) (st
gz famy (U2 )y (U2 ) L
Zﬁ m llﬁ m

= 0A4h7y4,a + O4h,y4,b (372)

Also in this case the calculations are fairly involved. Focusing on the first term, once we
apply the CDE we must compute

(i0 — p)? (iD — p)2 — m?
| m (HTZ’ (z'(;)m—_p?;—n;; v ) } (3.73)

where the property iJ)(HTH) = i@(H'H) has been exploited.

We can already tell that no operators involving G;W will appear: we start already with a
dimension four H*, so the field strength might appear only as G = 0. This shortens the
computations since it means that the term U can be neglected in both the numerators
and the denominators.

From now on the calculations are identical to the two Higgs case, except this time

more combinations are possible since we have four denominators to be expanded and
many 1D, p alternatives for the numerators can be picked. We can also keep both m in
the round brackets of (3.73), generating a oc m? trace.
Anyway, the expansion of the denominators must be carried out only up to second order
to get dimension six operators. The generated terms will be of the kind H* and DDH?,
i.e. all the possible permutations of two covariant derivatives applied to the four Higgs
field. The same reasoning applies for OA4h7y47b, whose calculation is a little bit longer since
we have another set of possible combinations from the CDE of (i[))? at the numerator.
All in all, the raw result obtained from evaluating (3.72) is

e | |4 Tr7\2 |y\4 T2 1 1
Ounys =155 (D tr(HH)? — 25— tr S HID*HHH ( —2
2
+ H'D,HH'D"H (é’)} (3.74)

The operators appearing in (3.74) are to be manipulated a little bit. To move to
SILH basis, we first write the D? operator using integration by parts

H'D*HH'H = -D,H'D"HH'H — H'D,HD"H'H — H'D,HH'D"H  (3.75)

The non-Hermitian piece HDHHDH is present since we used the Dirac Lagrangian
for the fermions; indeed we started from a non-Hermitian quantity (3.71). However it is
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known that the Dirac lagrangian can be rewritten as a symmetric lagrangian, up to total
derivatives. As a consequence, also the apparently problematic term must be written in
terms of total derivatives and therefore it can be neglected.

The operator H TDMH D*HTH can be eliminated by making use of the following identity,
which be easily derived using integration by parts

A\HID,H|? = (9,|H?)” — (HTEHf. (3.76)

Plugging this relation in the lagrangian (3.74) and performing the last trace what is left
is

5 12yt
Ayt T 62

4
(H1H)? - 16|y2| . {1)#}1*1)“}1}1T (1)
T=m

(9,H]?)? (;) + (HTﬁuHY (—i) } (3.77)

In this expression it is possible to recognize the ¢, ¢g’s operators of the SILH lagrangian.
The additional D, H TDEFHHTH is not independent and can be eliminated exploiting the
equations of motion for H, that provide

1 1 1
D, H'D*HH'H = <282\H\2 — W?[H|? + 2\ H|* - 5HU‘H - 2;‘},}1) |H2.  (3.78)

The first term contributes to ¢g and is therefore relevant. The other ones can be ne-
glected. Those proportional to jz have been argued to provide negligible constraints,
the p? enters in the redefinition of the quartic interaction in the EFT and finally H
contributes to the coefficient ¢g. The experimental constraints on ¢g are very weak since
it involves Higgs self-interactions, and for this reason we will ignore it. Finally, then, the
y* lagrangian reads

s 8 el tr2)2 (1 t 2( 1
Ounyt == g (HUH) = 3650 <a“’HH‘> 4 +<Hﬁ“H) 4

(3.79)

Now the only contribution left to be computed is the one from the diagram 3.4(b).
This term involves one ¥ and three ug propagators, therefore it is again encapsulated in

—1 <log det Byy — log det BEFT> of (3.19). Indeed, the third order of the determinant

expansion contains exactly this term

0A4h7y2y7zl C —t <log det BUV — log det BEFT)
= —ilogdet {il) (1 + (ilp)_lﬁB) }d

= i3m>2tr {3 : JD (HTy“(;I?);yTH> Z;yu NTJDyL}Y} +... (3.80)
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Applying the CDE this expression reads

. i
Oy C WyTyuyly

id—p (P —p+m)p®—_2ip-D - D? ip—p . iD—p
xtr{( <H H) DR T T

i0—p)? (iD — p)? — m?

(3.81)

where it has been used HTH = —HTee(HY)T = H'H. The U terms have already been
dropped for the same reason as for the y* case.

The calculations are very similar to the first case, except here no term involving m
at the numerator is present. The denominator must be expanded up to n = 2 , and the
the same kind of operators are generated. In the end, the raw result in MS scheme is

ol ol
5 _ Y'yuyuy > Y'Yubuy
Ounyoyy = — T (@yer(HH)? — 200 tr{D,AHTD“HHTH(—B)
+ H'D,HH'D"H (3) + H'D,HD"H'H (—4)
+ (OuHI?) (=8)} - (3.82)

Now applying the identities (3.75), (3.76),(3.78) and tracing over the gauge group this
term reads

A Sytyasdy e ylvaly 22 L9
Oy == =P HHHY = {8 ls { (ATHE) (43

+ (hﬁﬁ,ﬂ)2 (—9)} . (3.83)

At this point the two results (3.79), (3.83) can be put together, leading to the final
expression for the four Higgs operators lagrangian:

. 3
Om=—175 [Iy!4 + yTyuyly] (H'H)?

1 (1 2/ 1
— HTHQ) —Zyl* — 9yTyuyt
t Torem2 {2 ( [ HH| 519" =9y yuyny

1 2 /1
+3 (HTS;H) (2|y|4 + 18yTyuyLy> } : (3.84)

We conveniently summarize the coefficients obtained from the tree-level and 1-loop
computations in the tables 3.1, 3.2. The notation for the coefficients of the four fermions
operators is obvious and refers to (3.54). Note that these are not defined to be adimen-
sional, and the subscripts represent the flavor indices.
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Coefficient Value Coefficient Value

Il 2 Il
m-a Yy m-a _Yy
»2 CHu D) 22 Cu D)

Table 3.1: Coefficients obtained at tree-level. The basis is the SILH one, (2.18).

Coefficient Value x 1672 Coefficient Value x 1672
2 2 _
men —3y* = 9ytyuyly e Syl + 18yTyayly
2 _ 2 _
el LY y|? e (BY —3) [y]?
2 _ 2 _
e Llyl? meens (BY +3)
2 _ Y2 Y 2 _
ey (5 -5+ &)bP g ol
m2 = 1 m2 = 1
@ 3W 60 @ 3G 90
e, C2W -3 5-C2B —1y?
m‘/g = 2 W
@@G 15
(1
m2cy, =Dy + 3Dy abn m2 3Dy way)m
1
ch?jZl( ) 3 (yy)ij Whya ) + 2 (wyh) i (Whya)
m?cl SN Wiy m2cy Sy (e

Table 3.2: Coefficients obtained at 1-loop. The basis is the SILH one, (2.18). The first two
blocks of the table comprehend operators that are part of Lg;r g, the third of Ly and the fourth
of [:4]0.

3.3 Experimental bounds

In the previous section all the 1-loop operators classified in 2.3 as potentially relevant
have been derived, meaning we should be ready to compare the obtained results with
the constraints present in literature in order to get some new insights about the coupling
and the mass of the new fermion. However the coefficients have been found by matching
the UV theory and the EFT at the new scale u = m, so one last step needs to be
done before performing that comparison. Indeed the constraints are obtained from low
energy observables (E ~ my), so we should first translate the EFT to that energy scale.
This can be done thanks to the Renormalization Group Equation, which tells us how
the renormalized quantities vary with the renormalization scale p. In particular we are
interested in seeing how the coefficients of dimension six operators change while moving
through the Renormalization Group flow, and so moving from a higher to a lower energy
scale. The effect of this scaling is not only a ”diagonal” change in the values of the
Wilson coefficients but also a mixing between different operators, generating non-trivial
combinations of the C;’s and the appearance of new dimension six terms.
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In dimensional regularization the running is described by the equation

i =G (3.85)
where ;5 is the anomalous dimension matriz. The computation of ;; (a 59 x 59 matrix,
not counting flavor indices) is quite a hard task and has been entirely performed at
1-loop in the huge works [30], [31], [32] where the results are given in the Warsaw basis,
while only partially in the SILH basis in [33]

In the case of our interest, however, we don’t need to run all the coefficients. In fact the
operators obtained in this chapter come from a 1-loop computation, so evaluating the
running would mean going for a 2-loop result. What we should run, instead, are the two
operators obtained at tree-level 2.24 to get a consistent 1-loop analysis. Since this would
be a quite involved computation we are going to first see when actually it is the case to
perform the running, and then eventually evaluate it thanks to the equation (3.85).

The first bound we’re going to look for is on |y|/m, to see if there’s any improvement
with respect to the results that we obtained at tree-level (2.30). These kind of bounds
can be obtained from the two-Higgs terms (3.70) and from the four fermions ones.
Let’s focus on the first ones. The constraints on the coefficients of all these operators
can be found in the recent work [21], which uses electroweak precision data from LEP
together with data from LHC Run 1 & 2. The strongest bound is on the Higgs-gluon
operator |H[2G*G yq, for which |¢4| < 1075,

This operator is present in both SILH and Warsaw basis, and the conversion from one

basis to the other leaves it untouched. Since also our tree level operators are present in

both the bases® we can directly look at the RGE from the works [30]- [32], in which the

running for Cyg (the equivalent of ¢, in Warsaw) does not involve O Hu, 0,°

This means that the running of that coefficient doesn’t need t20 be done at this order,
2

thus we can directly use the result from (3.70): |¢4| = %8 1|g7|r2 %

Comparing that with the constraint reported above we obtain

ly| <2.1- ( (3.86)

m
TeV) ’
Although not very stringent, this is the best result we can get from the two Higgs opera-
tors computed at 1-loop. Since |y| = v/|y1]2 + [y2]2 + |y3]? a conservative bound for |ys|
can be obtained by using the limit y,yo — 0: |ys| < 2.1- (%) This is comparable
with the bound coming from direct searches on |ys3| (< 0.7). It is interesting that the

two result are very similar despite the completely different ways they have been obtained

8(Clearly even if the operator is the same the coefficient would be different since in eliminating some
SILH operators (as d,B"") this term is generated. However this would induce a 2-loop RGE, and as
such can be neglected.

9We stick to the SILH notation for clarity, however the operator \H|211RHTQL is called O,y in that
paper.
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(high energy direct searches and low energy indirect measurements).

Now let’s move to the analysis of the four fermions operators (3.54).
The constraints on these terms will be read from the work [20], as for the tree-level
analysis. The most relevant bounds for the operators we have generated are

clio1z) < (28,0.83) x 1075 TeV ™2 et < (13,0.4) x 107° Tev 2

where the brackets distinguish between the real and the imaginary part of the coeflicients,
and these values are valid only in the y,-diagonal basis.

These operators have a running that involves the tree-level O Hus Oy, so in principle we
should compute the RGE for their coefficients. However the evolution can only add
contributions with the structures (ny)ij(yuyL)kl to O% and (yjlyd)ij(ny)kl to OQu(1),
since a ~ y* would be an higher-order result (diagrammatically we would need two tree
level operators attached in a loop, which means the coefficient would scale as m3 /m?).
Once we move to the y,-diagonal mass basis, as for the bounds given above, we have
that vy, — 9, and yq — y4Voxn and so the two structures change:

i) ()i (vl — ()i (02
This is diagonal in the indices (kl), so it doesn’t contribute to l1212)-

Therefore we don’t need to compute the RGE for O%, since (3.87) constraints only
the (ny)ij(ny)kl piece of the O coefficient obtained in the 1-loop computation

mo
TeV
_m.
TeV

(3.54).
Following this reasoning, then, we can directly exploit the values (3.87) from which
we get:

* — m 2 —
Re{(ylyQ)Q} <44%x107° (ﬁ) — y1l|y2| /| cos 2(p1 — ¢2)] < 6.6 x 1073 <

N _ m 2 - _
i { (193)° } < 1.3 % 107 (252)" = Iyallyel v/ Tsin 261 — 62)] < 11 x 107

(3.88)
i) (yhya)ij vy — (VCT'KM?ﬁVC’KM?iJ)'(yy]L)kZ-
Qu(l

This structure contributes to C(1212)> SO in this case the running should be com-
puted. However let’s see if that calculation is worth to be performed. If we
estimate the bound using only the 1-loop EFT result, we get

151;3;12 (Vg‘KM@§VCKM)12 < 1078 TeV—2
Y195 _ )
1672 (rn/2T<e\/)2 [(1=N2/2)Ayd — A1 = N?/2)yd — A2X°(1 = p— in)yy] £107°
B e < g .
(m/TeV)
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By exploiting the tree level bounds (2.32) this inequality reads 10713 < 1078,
by far satisfied and thus bringing no new informations. The contribution coming
from the RGE has the same structure multiplying a numerical factor of order one
(see [31]), therefore the computation of the running would not change what seen
qualitatively above and the calculation is not worth to be pursued.

All in all the constraints on the four fermions operators have brought the relations
(3.88). These are very interesting bounds: the quantity y?/m has never been directly
constrained, so this is a real new result. In addition that bound is quite strong and
justifies in a more quantitative way the common assumption y; = y2 = 0 if added to the
one obtained at tree-level (2.32).

The four Higgs operators generated at 1-loop (3.83) have as coefficient a quantity
proportional to |y|*/m? from which we can indirectly get the last, missing bound cited

2
above. We focus our attention on the operator (H TE)H ) for which the bound is the

strongest: ér < 1.3 x 1073 [18]. Indeed the bound on ¢y can be read off for example
from [21], that gives just g < 1071,

The RGE of O involves the tree-level operators (2.24), so this running needs to be
evaluated. The exact computation is an hard task, but we can guess what will be the
most relevant contribution. Indeed, similarly to the four fermions case, the possible
terms coming from the RGE must be of the form yQy%M /m?2, for which the strongest
one involves the top Yukawa coupling y;. The RGE for ¢z under these assumptions has
been calculated in [33], that keeping only the contribution from the terms present in our
tree-level lagrangian (¢gy,,) reads

0 _ _
167r2,u£cT = 4Ncyt20Hu(33). (3.90)

We can solve this equation at first order using the tree-level values, ignoring the evolution
of ¢, that would lead to a 2-loops result. So, the coefficient at the scale my reads

 3y7lys[*v? log <m2>
2

1672m2 Z

2}2 (’y|4 < m2
v (B (15510 ()) y2|y\2> (3.91)
1672m?2 2 m2Z t

Now we can finally compare this with the experimental bound. The slowly varying
logarithm can be approximated as log(m?/m%) = log10? ~ 5 since m is in the TeV
range. Thus, the approximated relation we get in the end is

ET(mz) = ET(m)

lyl* Jr6?/1t2|y3|2

m? m?

<4.1x 107" TeV~2, (3.92)

Now, we know that the bounds on |y; 2|®®)/m are much more tight than on |y3|/m
(see (2.30), (2.32), (3.88)). Then in the left hand side of the equation above we can
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approximate |y|*/m? ~ |ys|*/m?. In this way we see that the dominant term of (3.92)
is the one which receives corrections from the RGE, so neglecting the y* and exploiting
Yy ~ 0.98 we get

lys| < 2.5 x 1071 - (TT:—V) : (3.93)
This is a new and very interesting result, which improves the bound previously obtained
from ¢, (3.86) and from direct searches of one order of magnitude. Even if we haven’t
been able to obtain direct informations about |y3|?/m, the relation above indirectly pro-
vides the constraint |y3|?/m(TeV) < |ys|/m(TeV) < 2.5 x 10~! since now we known that
lys|/m(TeV) must be smaller that unity while m(Tev) > 1.3 .

The only operators left to be discussed are the pure gauge ones, which don’t contain
any y and thus can provide a complementary, independent bound on m. In fact in our
basis it is evident that at 1-loop the RGE can’t include OHU, so we can directly look at
the coefficients of (3.40).

The major constraints on these operators come from electroweak precisions tests and
LEP2 data. Indeed gauge boson self energies are modified by these operators, so their
coefficients can be linked to the precision parameters. The relations ([18]) for O, Oap
are very simple

W =¢ow, Y =cap (394)

and for these parameters we can use the data from [24]: W < 1.2x 1073,V < 2.5 x 1073
(at 20). Plugging these in the relation above with ¢y, éop from the 1-loop computation
the strongest bound comes from Osp:

m > 2.0my — m = 0.16 TeV. (3.95)

This is the best value for m that we can get from the EFT. The coefficients c3w, ¢34
have similar constraints ([21]), but from the 1-loop calculation they get an additional
~ 107! suppression factor which makes the corresponding bound weaker.

This result is extremely important: it exists even when the Yukawa interaction is
turned off, y; = 0, meaning this bound is always present and any mass greater than that
respects EWPT constraints. That being so, with the current experimental precision the
best bound on the mass of U is still the one from direct searches (2.8).
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Chapter 4

Conclusions

In this thesis we have derived the effective theory at 1-loop for a Standard Model
extension with a vector-like fermion (X,7') and, thanks to the constraints coming from
low-energy experiments, we obtained some new bounds on the coupling constants of this
model.

The first part of the work has been devoted to a general analysis of the possible
fermionic SM extensions. Here we focused our attention on models with the presence
of an interaction involving the new fermion, a SM fermion and the Higgs doublet. We
saw that chiral extension are experimentally ruled out, exploring in detail the particular
case of a fourth generation of quarks and leptons. Then we moved toward vector-
like extensions, for which the new fermion can be of Majorana or Dirac type. The
introduction of Majorana fermions leads to the type-I and type-11I see-saw mechanism,
which needs masses too big to produce relevant effects at the EW scale. Dirac fermions
are interesting possibilities predicted in many SM UV completions. We classified these
particles by looking at the allowed terms in the lagrangian having fixed their charges
under the SM gauge group, dividing them in the two categories of vector-like leptons and
vector-like quarks. VLL mainly have constraints coming from flavor mixing processes,
while VL.Q have strong constraints also from LHC. For this reason we decided to focus
on the latter.

In the second part, then, we picked a picked the particular (X,T) ~ (3., 2w, 7/6y)
VLQ and we studied this model in detail. The choice has been dictated from the fact
that the bounds on the up-quark sector are the weakest, together with the realization
that the number of parameters that this fermion introduces is minimal.

For this model we reviewed the constraints already present in literature, that bound
only the mixing with the u, ¢ quarks, and the ones coming from high energy experiments,
which essentially set the mass to be m = 1.3 TeV. For this reason we decided to adopt an
effective field theory approach and look for bounds coming from low-energy experiments.
We introduced the concept of EFT, and we derived the tree-level effective theory for the
model of interest thanks to which we obtained the bounds (2.30), (2.32): |y1 2] < 4.4
1071 (m/ TeV), |y1y2|/| sin(2(¢1 — ¢2))| < 5.2 x 1074, To go on further we needed the
EFT at 1-loop , so we decided what terms were worth to be derived using considerations
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from A-counting, spurion analysis and the tree-level bounds, confronting the order-of-
magnitude estimate with the data present in literature. We saw that the most interesting
operators are the two Higgs, four Higgs, pure gauge and four fermions one.

Finally, the third part has been devoted to the 1-loop derivation and analysis of
the EFT. We introduced the formalism and the tools needed for this computation, and
subsequently applied them to the model of interest. In particular we adopted the func-
tional integral approach, exploiting the new Covariant Derivative Expansion technique
(explained in Appendix A). In this way all the operators marked as interesting in the
second chapter have been evaluated, and when possible we explicitly reported the vari-
ous steps of the calculation.

Once all these terms had been worked out, the last step to do before the comparison
with the experimental data was to evaluate the running of Wilson coefficients. This
has been done through the RGE where the entries of the anomalous dimension matrix
have been taken from literature. Fortunately we only had to compute the running of
Or, from which we obtained the relation (3.92). The known bounds on y; 2/m allowed
us to approximate that inequality, from which we got an interesting explicit bound on
the third component of the new coupling: |y3| < 2.5 x 107! - (m/Tev). From the four
fermions operators we have derived the relations (3.88), which give a bound on y%Q /m.
Putting the tree-level and 1-loop results together, the common (qualitative) assumption
Y12 = 0 is now quantified by the ratio (y12/m(TeV)) < 1072 coming from the analysis
above.

The pure gauge operators did not improve the bound on m from high energy experi-
ments, giving however the universal result m 2 160 GeV.

In summary, thanks to EF'T approach we’ve been able to study the space of param-

eters of the (X,T) model in detail. We determined what are the possible values that
y; can take, and the result that we found is quite astonishing: a coloured particle that
induces flavor violation at tree level is allowed already in the TeV range with Yukawa
couplings of the same order as the Standard Model ones. Models with such properties
are usually strongly forbidden at that energy scale. This means that new physics with
quite big couplings could be just around the corner.
The EFT we obtained can be used as a reference for future studies, either to improve the
actual bounds with data coming from the next generation of high energy colliders and
precision tests or to describe the new particle low-energy interactions in case someday
it will actually be found. An interesting extension of this work would be to derive also
Lee, Laipole at 1-loop and compute the RGE to bring all the terms of E%},T matched at
1 = m to the scale of interest for the experiments.
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Appendix A

Covariant Derivative Expansion

The Covariant Derivative Expansion is a very powerful technique that allows the
computation of functional traces in a gauge invariant way. This method has been fully
developed in the work [29] as an upgrade of the more traditional Partial Derivative
Expansion, for which the covariant derivatives must explicitly be opened and carefully
resummed after the trace evaluation. The CDE method allows to keep D, intact, mak-
ing the calculations faster and greatly reducing the probabilities of making mistakes in
the resummation process.

In this appendix we will show what is a functional trace and what are the basis of the
CDE.

Given a a generic functional f(Z,p) the evaluation of its trace begins by formally
writing it in the momentum operator basis: (p'| f(Z,p) [p'). The trace, then, is simply
given by the sum of the diagonal matrix elements (p = p’), that for the continuous case
is given by

e (4, ) = / d*p (o] £(2.5) ). (A1)

For the PDE method one should simply stop there and use p|p) = p|p). However this
would require to split the covariant derivative D,, = i0,, — ig+V},, and then to recombine
the various vector fields in a gauge invariant expression after the p integral has been
computed. This is an annoying and definitely not straightforward process which can be
avoided thanks to the CDE.

Indeed, let’s insert a complete set of eigenstates of the position operator

tef(2.9) = [ d'zd'p (plo) (a] £2.5) )
/d4xd4p e f(x,i0,)e” P, (A.2)
Then using the BCH formula for the momentum operator

ePTide P = id, +p (A.3)
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and flipping the sign of p in the integral, the trace reads
trf(z,p) = /d4xd4p f(x,i0, — p). (A4)

Since D, = i0,, — ig«V,, the shift is the same also for the covariant derivative: D, —
iD,, — p. In this way the functional can be expanded in term of D,,, keeping its gauge
invariant structure.

The term ”expansion” has been used because usually the covariant derivatives are present
at the denominators, coming either from the perturbative computation of A1, B~ or
from the non local form of Ly .

To see explicitly how CDE works, let’s consider a typical case:

1

f(&,p) = L(a:)_D2 —m?2 —U(x)

R(x) (A.5)

where L(x), R(x),U(x) do not contain any covariant derivative and m is a real number.
Applying the formalism developed above, its trace is given by

1
(iD= p)? = m? ~ U(2)
1
= /d4xd4pL($)p2 —m?2— (2ip- D+ D2 4+ U(x))

trf(i,p) = / d*zd*pL(z) R(x)

R(z)

n

- / dlad'pL () _1m2 3 [pQ _1m2 (2ip- D+ D* + U@))| R(z) (A.6)
n=0

where the expression (p?

—m?)~! has been factorized and the geometric series > =
(1 — 2)~! has been exploited.

From now on the procedure is mechanical: one just need to perform all the inte-
grals till the desired order n = n*. Note that for n > 1 some care is needed if

[D,,,U(x)],[m,U(x)] # 0 since the various terms would not commute.

To conclude with the explanation of the CDE technique, let’s explicitly compute
(A.6) till n = 2:

e n=0: this term has no derivatives acting on R(x). Performing the momentum
integral in dimensional regularization, this order gives

/ 2 L(x)R(z) / d4pr_1m2
2

1 1 %
= /d4$167r2m2 [1 + - + log <m2> — v+ log 47r} L(z)R(x); (A.7)
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e n=1: here ip - D does not contribute since [ dppH/(p*> —m?*)™ = 0, so we have

/d4 /d4 D2+U(2)3R(x)

- [atai, [Hul@g (512) _~y+1og4ﬂ] (L(x)D?R(z) + L(x)U () R(x)) ;
(A.8)

e n=2: this calculation is less trivial; besides, operators of different dimension will
be generated. In a real case one would keep only the operators up to a fixed
dimension, however let’s pedagogically keep all the terms:

2 ipt T 2 i’ 5 -
/d4x/d4pL(g;)(D + 2ip Du+?p(2)_)(£2):2p D, +U(z))

_ / iy [ / d4p(pQ_1mQ)3 (L(x)D*R(z) + L(x)DU (x)R(x)

R(z)

R(z)) + d4pL(x)MDMDVR($)

)2
_ / dr { 16;2 <—2;2> [L(z)D'R(x) + L(z)D*U(x)R(x)
+2 L(2)U(2)D*R(z) + L(2)U*(z)R(z)]

i (o () o) somma). o

+2L(2)U(z)D*R(x) + L(x)U(x

In the end one should sum the result of the various orders, keeping only the desired
operators. Some care is needed in considering till what order the denominator needs
to be expanded: in the example above, dimension four operators are generated in both
n =1 and n = 2. If we wanted to keep only these kind of terms, stopping at n = 1
would have meant to lose some contributions.

One final note: in this example it has been assumed that there were no internal
indices to trace on. In a more general case the trace over these degrees of freedom must
be performed together with the functional one.
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