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Introduction

About to reach a history of fourty years, the Standard Model has proven itself as an
outstanding description of the processes in the elementary particle physics. There is little
doubt nowadays that a local quantum field theory based on the SU(3).® SU(2), @ U(1)y
gauge group describes with an amazing precision all the experimental results obtained at
the energies available in the current particle accelerators. The main theoretical predictions
of the theory were confirmed one by one: the existence of the charm quark (foreseen in
the GIM mechanism), the existence of the neutral currents, the physical evidence for the
W and Z bosons and the quantitative relation between the corresponding masses, and
many others. With high energy e™ — e~ colliders it was possible to study also the quantum
structure of the theory. Running at the Z° resonance, the Large Electron-Positron Collider
(LEP) at CERN was sensitive to the different loop-corrections, starting the era of the
precision tests of the Standard Model.

With all these successes, the model still faces serious challenges. One of the most seri-
ous difficulties encountered is the theoretical description for the hadronic spectrum, strongly
related to the problem of quark confinement in Quantum Chromodynamics (QCD), the
gauge theory of strongly interacting quarks and gluons. Although an intuitive qualitative
description was given by the discovery of asymptotic freedom in the strong interactions,

quantitative results for the non-perturbative regime of QCD are still hard to obtain.

In the electroweak sector the origin of different particle masses is of crucial importance.
In the Standard Model it is assumed that the initial gauge symmetry of the theory is
spontaneously broken by the non-vanishing vacuum expectation value of a neutral scalar
Higgs field. The peculiarity of the Higgs particle is that its mass is an independent para-

meter of the theory (at least at tree level) and up to now it has evaded detection. Precision
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Introduction 7

tests of the Standard Model taking into account radiative corrections impose only vague
limits on its mass. After the discovery of the sixth (top) quark, the Higgs boson remained
the last fundamental constituent of the model to be found. It will be the task of the next
generation of high energy accelerators, in particular the Large Hadron Collider (LHC) at
CERN, to detect this particle.

It is generally accepted that the Standard Model provides only an effective description
of the fundamental interactions at the currently observable energies, and that it originates in
a more fundamental theory. There is an intensive search for signals indicating the presence
of this theory, mainly via discrepancies compared to the predictions of the Standard Model.
The presence of “new physics” would manifest itself in new types of elementary particles,
detected directly or through their effects in radiative corrections. A good example for such
“new physics” are supersymmetric theories, and the search for the supersymmetric partners

of the presently known particles is very seriously pursued at the different colliders.

An indirect way for detecting interactions of a new type is the search for evidence
of processes forbidden or strongly suppressed in the Standard Model. The allowed rare
processes usually are not possible at tree level and they are governed by loop-corrections.
A significant departure of the experimental results from the range allowed by the theory
could be seen as an effect of “new physics”. For processes entirely forbidden in the Standard
Model it would suffice merely their detection in order to conclude about the presence of

“new physics”.

We will dedicate this thesis to the study of such rare processes, in particular the
leptonic decay K — ep. The peculiarity of this process is that the lepton number corres-
ponding to a given leptonic family is not conserved, as it happens in the Standard Model.
This forbids the given decay to take place within the realm of the present theory. However,
the conservation of leptonic number does not correspond to any gauge symmetry present in
the theory and one has no reason to consider it a fundamental property. Given, however,
the level of accuracy of the Standard Model, we will restrict ourselves to considering only
minimal extensions of it. This will enable us to have new types of interactions present in
our models, but on the other hand it will keep the necessarily arising complexity of the

theory at an acceptable level.

We will adopt two particular models for completing our investigation. The first one
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to be considered represents an extension of the Standard Model when heavy right-handed
neutrinos are present, preserving the initial gauge structure. The second one is the result
of more general considerations, a left-right symmetric theory based on the gauge group
SU(2), ® SU(2)r @ U(1)p_r, also in the presence of heavy right-handed neutrinos, more
natural in this particular model. It will be shown that both models can predict substantially
increased values for the branching ratio of the chosen decay compared to previous results

and in some cases these can reach the region of the presently observed experimental limit.

In this work we will stress also the necessary model-building in order to study rare
decays in minimal extensions of the Standard Model. The particular left-right symmetric
model is outlined, and although there will be no new results obtained in this domain,
we stress the motivations of the particular choices for the different parameters occurring
in the theory. The reason behind this detailed outline of the model is to offer a clear
distinction between the mandatory aspects required by the particular symmetries and the
several choices available for other parameters. Here we will single out a particular model
which corresponds to fairly general and at the same time sufficiently realistic relations
between the different available parameters, mainly concerning the vacuum expectation
values of the different symmetry-breaking scalar multiplets. In the second chapter the
question of non-vanishing neutrino masses is discussed, with explicit attention given to
a model with two neutrino generations. This model will be shown to be consistent with
additional heavy neutrinos having masses as light as ~ 100 GeV. Mixings between the
different massive neutrino families are also discussed and many useful relationships between

the corresponding mixing matrix-elements are presented.

The main part of our work is dedicated to the study of the decay K — ep in the
framework of the models outlined in the first two chapters. The third chapter is devoted
to the study of this decay in an SU(2), ® U(1)y model with heavy neutrinos, the fourth
chapter applies the SU(2) ,®SU (2) g@U (1) p—, model to the study of the same process. Our
results will underline the dominant role played by the top quark appearing in the internal
lines of the 1-loop Feynman diagrams contributing to the decay and also the considerable
enhancement of the branching ratio obtained through chirality-changing interactions in the
left-right symmetric model, leading to non-decoupling effects due to the presence of the

heavy neutrinos. Our study is completed by addressing the question of gauge invariance
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in the last chapter. To substantiate our results, a particular attention is paid to the gauge
independence of this decay process at one loop level. Analogously with earlier studies
on the K% — K° mixing, it is explicitly shown how restoration of gauge invariance occurs
in the decay amplitude containing the box diagrams, when the relevant Higgs-dependent
self-energy and vertex graphs are taken into account. An on-shell skeleton renormalization
scheme is adopted in order to achieve the first complete analysis of gauge invariance for
K — eu. As a striking difference compared to the K° — K° mixing, it is found that in
the Feynman-"t Hooft gauge, the gauge dependent complements may become dominant for

a large range of parameters, an aspect that was not addressed in detail before.



Chapter 1

Left-right symmetric model of the

weak interaction

The Standard Model of the elementary particle physics [1] based on the SU(3).® SU(2),®
U(1)y symmetry has proved itself extremely successful in providing a theoretical framework
for the description of the low-energy weak phenomena. The present status of this model is
still very robust, the high precision experiments carried out at LEP, being sensitive to the
radiative corrections to the tree-level theory, are up to now in good coincidence with the

theoretical expectations.

In spite of all the successes in the last decades, the Standard Model leaves a lot of
questions unanswered. One of the unsolved problems is understanding the origin of parity
violation in low-energy particle physics. In the Standard Model the parity violation is
introduced “by hand” in the sense that the Lagrangian of the theory is constructed in a
way that it violates parity because only the left-handed components of the fermions are
subjected to the gauge interactions. One can have a different approach assuming that
the dynamics is intrinsically left-right symmetric, the asymmetry observed in nature (like
in [-decay and pu-decay, etc.) arising from the vacuum being non-invariant under parity
symmetry. Within the framework of gauge theories this idea has found its realization
in the SU(2), ® SU(2)r ® U(1)p— models [2] constructed in 1973-1974. An important
characteristic of those models is that at low energies they reproduce all the features of

the SU(2), ® U(1)y model, and as we move higher in energies new effects associated
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with parity invariance of the Lagrangian (such as a second neutral Z-boson, right-handed

charged currents, right-handed neutrino) are supposed to appear.

Another concept concerning the weak interactions that finds its place naturally in
a left-right symmetric model rather than the Standard Model is the neutrino mass. Re-
cent results in solar and atmospheric neutrino oscillation experiments at Sudbury (SNO)
[3,4] and Super-Kamiokande [5,6] provide strong evidence of non-vanishing masses for the
neutrinos, ruling out non-standard solutions for the solar neutrino anomaly. There exist
also astrophysical considerations [7] having to do with the missing mass of the universe,
galactic clusters and galactic formation, which are easily understood if the neutrino has a
non-vanishing mass in the eV range. The left-right symmetric models provide a natural

framework to understand the existence of neutrinos with m, # 0 in this range.

The lack of any physical meaning of the U(1) generator in the conventional theory
is yet another deficiency eliminated by the left-right symmetric models. In the latter, the
U(1) generator becomes the B — L quantum number [8] and then all the weak interaction
symmetry generators have physical meaning. As if suggesting a deeper symmetry structure
in the SU(2), ® U(1)y model the only anomaly-free quantum number left ungauged is
B — L, and once B — L is included as a gauge generator the weak group becomes SU(2) ®
SU((2)r @ U(1)p—r, and the electric charge is given by

B—-L
Q:IL3+[R3+T . (11)

One can comment also on the status of C' P-violation in gauge theories. It is interesting
that in the standard SU(2); ® U(1)y model, three generations are required to have non-
trivial C'P-violation and all C'P-violations are parameterized by only one phase, d ks, the
Kobayashi-Maskawa phase [9]. But the model provides no hint as to why the observed C P-
violation has milliweak strength. The left-right symmetric models provide a more appealing

alternative [10], where the smallness of C'P-violation is related to the suppression of V' 4 A

My, \* .
o~ — ) 1.2

where the coefficients 7;; are defined in the K decays [11] as

currents, i.e.,

i = (mim ;| Hur| K7)
Y (mm | HIKS)

(1.3)
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and i, j = (+,—) or (0,0). If both parity and C' P-violations owe their origin to spontaneous
breakdown of gauge symmetries, Eq. (1.3) can be proved [12] for three generations and

becomes valid regardless of the contribution of the Higgs sectors.

After outlining all these general reasons for the interest in left-right symmetric models,
in the present chapter we will provide a closer insight in their structure, particularly focusing
our attention to realistic vacuum expectation value scenarios. We will see that in such
scenarios family lepton number violating processes can occur at a level close to their present

experimental limit.

1.1 Fermion content of the theory

Choosing SU(2), ® SU(2)g ® U(1)p_1 as the gauge group for the left-right symmetric

model of the weak interaction, we can define the lepton and quark multiplets as

!/ /

!/ U”L . /: Vl;
o= )= (14)
(2 VR

where u}, d are the u- and d-type quark flavors corresponding to the i-th generation (u; =
u, ¢, t; di = d,s,b), l; and v}, being the negatively charged lepton and its corresponding
J

neutrino of the j-th generation.

With this definition one can make the following assignments to the representations

of the gauge group

1 1 11
/ . - _ I —
QL . (2a0a3) 9 QR(07273) )
1 1
LIL (5707 _1> ) L/R : (07 57_1) ) (15)

where the U(1) generator corresponds to the B — L quantum numbers of the multiplet.

The formula for the electric charge then reads [§]

B—-L
Q:[L3+IR3‘|‘—2 : (1.6)
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1.2 Gauge bosons of the theory

The gauge fields are introduced through the covariant derivative
D, = 0, —igtWi, T —igrWg, T —ig'B,S (1.7)

where T, Tr and S are the generators of the SU(2)., SU(2)g and U(1)p_1, gauge groups,

respectively.

This actually means that in addition to the three “left-handed” gauge bosons of
the weak interaction present in the Standard Model there will be three additional “right-
handed” gauge bosons corresponding to the new SU(2)g group. As the starting point for
the model was the initially unbroken left-right symmetry, one must require equal strength

for the left- and right-handed couplings,

9L = 9r = gu(=9) . (1.8)

1.3 Higgs content of the theory

The Higgs multiplets of the minimal model are dictated by the intuitive dynamical require-
ment that they should be bilinear in the basic fermionic multiplets [13,14]. This leads to

the scalar fields
1 1~

2'27
where the SU(2), SU(2)g and B — L quantum numbers are indicated in parentheses. It

D ( 0); Ar:(1,0,2); Agr:(0,1,2), (1.9)

is convenient to represent these fields as 2 x 2 matrices

0 +

-(23)
(04 5+

A, = \/05 | (1.11)
Bk
E_%+

Ap— ;/05 st (1.12)
-

V2
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In order to work with correctly normalized fields, the neutral Higgs field ¢° should
be written in terms of correctly normalized real and imaginary components as

o_i or 0i
¢ —ﬂ(cb +¢7) . (1.13)

The scalar fields will transform according to the relation

> — UU, , & — ULUL,
A, — UAUL AL — uAlo) (1.14)
Ar — UpARUL , Al — UzALUL |

where Uy g are the general SU(2), and SU(2)g unitary transformations, and P = 1, P 1y,
that is

¢ —d

—¢r o

KA
Il

(1.15)

1.4 The Higgs potential

According to the present approach, the scalar field potential must satisfy the left-right

symmetry, which requires the potential to be invariant under the transformation
Ap —— Ap, & o, (1.16)

The most general scalar field potential can not have any trilinear terms. That is because
the Ay and Apg triplets have nonzero B — L quantum numbers, so these must always appear
in the quadratic combinations ATLA I, AEA R ATLA R Or AEA 1. But one can not combine
these quadratic expressions with a single bidoublet ® field in a way to form a SU(2), or
SU(2)g singlet. Analogously, one can not combine three bidoublets to form a singlet. The

most general scalar field potential will take then the form

2 2
Vo= =) mle;+ > A Te(0]0;) Tr(0f &)
,j=1 i,9,k,0=1
2
+ ) N Tre[0, 0] @ — S Tr(A] AL + AL AR)

ivjvkal:]-
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o [(TrALAL)? + (TrALAR)?
oo (TrAT AL AT AL + TrALARALAR) + ps(TrAL ALY (TrALAR)
+os(TrA AL TEALAL + TrAT AT TrARAR)
2
+ ) oy Tr®l®(TrAL Ap + TrARAR)

ij=1

2
+ ) By (TrA] &, 0TA L + TrAL®[®))Ag

,j=1

2

ij=1
where ®; = ® and ®, = . In order to satisfy the required symmetry transformations,
the following constraints are imposed on the Higgs-particle couplings (some of them being

equivalent to conditions for hermicity of the potential):

Hij = Mg, M212 = Aa121 5 Niijk = Aiikj
_ - / !/ RV !/
Nijek = Ajikk igkl = gk — “\klig — jkli o

o= iy By =By Y = Vi - (1.18)

As one can immediately see, there are combinations proportional to TrA}q)iA RCD}L- which
are in general allowed by the left-right symmetry. However, in order to derive realistic
scenarios for the symmetry breaking, one should eliminate such terms. To achieve this, we

can impose invariance under an additional discrete symmetry
AL—>AL y AR%—AR. (119)

Another important observation is that we should eliminate terms in the potential of the

form

Tr('®) 4 Tr(01D) | (1.20)

in order to avoid problems with flavor changing neutral currents in phenomenologically
natural scenarios. This can be performed if we require invariance under the additional

discrete symmetry

O i . (1.21)
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Taking into account all these requirements, we can write the most general form of the scalar
Higgs potential [15]
V=Vy+Va+Voa, (1.22)

where

Vi = —p2Trd'd + A\ (Trdfd)? + N\, Tro' oo d

+%/\3(Tr<I>T<i> + Trdfd)? + %M(Tr(l)@ — Trdfp)?

A Tr o oD D + %AG(T@@@@ + TrdTddTd) | (1.23)
Va = p(TrATALD)? + (TrALAR)?

+oo(TrAT AL AT AL + TrALARALAR)

+p3(TrAL AL (TrALAR)

+oa(TrALA L TrALAL + TrAT AT TrARAR) | (1.24)

Voa = aTrdfo(TrAT AL + TrALAR)
+an(TrAL @dT A, + TrALO DA R)
+ah(TrAT @DTA, + TrALO BAR) . (1.25)

In our investigations we can safely consider that the scalar potential conserves C'P and

take all occurring parameters to be real.

1.5 The pattern of symmetry breaking

Since we assume the weak interaction symmetry to be SU(2);, ® SU2)g @ U(1)p_ ® P,
we can break it down to the SU(2); ® U(1); model in two stages [16]:

Mp

SU(Q)L®SU(2)R®U(1)B_L®P — SU(?)L®SU(2)R®U(1)B_L,

SU2)L®SUR R0 UM s 1 S SUQ) L @U1)L 5 U(1)un .
At the first stage only the parity symmetry is broken and weak gauge symmetry is unbroken,
leaving the W and Wg massless, their masses arise at the subsequent stages of symmetry
breaking. The parity breaking at the first stage would manifest itself as different gauge
couplings gy, # gr at u 2 My,,. Often the choice of Higgs multiplets breaks both parity and
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SU(2)g at the same scale. In what follows we will assume this happening, i.e. Mp = My,

which happens with the minimal choice of the Higgs multiplets in Sec. 1.3.

The original parity-conserving SU(2);, @ SU(2)g ® U(1)p_r, symmetry of the theory
is spontaneously broken by the vacuum expectation values of the Higgs fields. The most
general form of v.e.v. of these fields consistent with electromagnetic invariance given by

the gauge group U(1) is

0 0

Br) = | wm | (1.26)
V2
0 0

(Br) = | ve | (1.27)
V2
Moy

@ = | V2 .|, (1.28)
'
2

(?) = *éi w |- (1.29)

The parameters vy, vg, kK1 and kg above can be chosen to be real and non-negative. This
means that only the real parts of the neutral fields can acquire vacuum expectation values

and we can equivalently write the previous relations as

o) = s =% (1.30)
0h) = 0 = 2 (1.31)
@) = st = (1.32)
@ = st =t (1.33)

There are certain relationships between the parameters in the Higgs potential and the
vacuum expectation values of the neutral fields. An important source for such correlations
is the requirement that the scalar potential must have a minimum when evaluated in the

vacuum state, where the neutral fields possess their vacuum expectation values. Necessary
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conditions for this are the vanishing partial derivatives

ov. oV oV oV
= pu— = == 1 . 4
aUL aUR 8%1 8/12 0 ’ ( 3 )

where the derivatives are evaluated in the vacuum state.

In order to illustrate this, we give a few details in what follows. The scalar potential

evaluated in the vacuum state has the value

Visowm = =303 + 1) = S1B(03 + 1) + Pl + )
%AQ(%‘ + #3) + %<4A3 + A5 + o)
3001+ )+ 3) + Josedi
+i[0&1(/€% + K3) + s + apki] (v + %) (1.35)

Taking the derivative with respect to vz r and subtracting the two resulting equations we

get the condition
pais (Vg —v) =0, (1.36)
where pg;r denotes the combination
paif = p3 — 2(p1 + p2) . (1.37)
Using the same strategy considering the derivatives with respect to x; 2 we are led to

YA(K] — K3) = Aa(v: +v%) (1.38)

where we have defined

ay — o

Z)\E)\Q—(4>\3+)\5—|—)\6), Aa = 5

(1.39)

Above we considered all the parameters vy, vg, k1 and kg non-vanishing. A short glimpse
at the expression of the potential in (1.35) convinces us that the necessary minimization

condition is satisfied alternatively when any of the before-mentioned parameters vanishes.

Actually, vanishing parameters are somewhat more preferred in what we should call
“realistic” symmetry breaking scenarios. This choice could eliminate some of the con-

straints imposed on the scalar field couplings and the vacuum expectation values, escaping



1.6. Gauge boson masses 19

the necessity of highly correlated values, which is a more natural behavior for a model

constructed on fairly general principles.

The different vacuum expectation value scenarios will not be discussed here, but we
can make some general comments. First of all, it appears natural to have a non-vanishing
value for vg, because this value sets the scale for the right-handed weak interactions which
restore the left-right symmetry. In a different line of reasoning, without restricting gener-
ality we can alway suppose k1 > kg, however with both x; and ko nonzero the light neutral
Higgs boson will have strong FCNC coupling and its existence is phenomenologically not

allowed.

These remarks lead us to devote our further investigations to the situation when
VR, k1 # 0, kg = 0. It is preferred that we also have v;, = 0, eliminating in such way one
more correlation among the coupling constants, however we should point out that the phe-
nomenology of the model is more realistic when the coupling constants are approximately
satisfying the before-mentioned relation. In other words, non-vanishing vy, requires pg;5 = 0

in (1.36), while v;, = 0 offers the best results provided pg;s is small.

1.6 Gauge boson masses

The interaction between the Higgs fields and the gauge bosons originates in the Lagrangian
Ly = Tr(D,®) (D"®) + Tr(D,AL) (DFAL) + Tr(D,AR) (DFAR) | (1.40)

where the covariant derivatives for the different Higgs multiplets are given by the expres-

sions
1 B}
D@ = 8,®+ ig (?WL@ - (I)FWRM> +ig'B,S (1.41)
]_ g -
DL = 0,51+ 5ig (FWepdr = AL7W, ) +ig BuSAL | (1.42)
1. /o )
DAr = 0,05+ Sig (?WRMAR - ARFWRM> +ig'BuSAR | (1.43)

7 being the usual 2 x 2 Pauli matrices.

During the symmetry breaking, out of the 20 real degrees of freedom present in the

scalar sector, 6 will be absorbed in giving mass to the gauge bosons of the theory, the
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charged Wf and W}j%[ and the neutral Z; and Z,. The photon field A will remain massless,

as expected.

1.6.1 Charged sector

The mass term for the charged gauge bosons arises from the following interactions with the

scalar fields:

1 0o Wit 0o Wit
P:—g*x | L — R Pl x
2 Wt 0 Wy* 0
0o W; 0o W
e le—o Ry : (1.44)
Wi, 0 Wg, 0
[ 0 W+u 0 W+M
Ap:og® X AT ) - I AN
0o W, 0o W
el AL — AL b : (1.45)
Wi, 0 Wi, 0
_ 0o Wit 0o wpt
Ap:5g* % Al T R AL x
0 Wy 0 Wy
[l Ap— Ag fin (1.46)
W;{u 0 W,‘{M 0
In the above expressions we have denoted
Wi r—iWER _ Wi g+ iWE R
WIj_,R = : — ] WL,R = —" (1.47)

V2 V2

The actual mass terms in the Lagrangian arise from the non-vanishing vacuum expectation

values (1.26, 1.27, 1.28), and for the charged gauge bosons they take the form

e, = d+ S Sy 4 e ¢ S Sy,
—ig%m(wjﬂwgu +Wi'WE )+ He. (1.48)
or in a matrix notation
Wi,

_rw

mass

1
= 50" (W, Wg") Mw +He. (1.49)

Jr
We,
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with the charged gauge boson mass matrix

2 2

K+ K
1 'U2 + 1 2 —KR1R2
MW = 5 L 2 l€2 4 fiQ (150)
—KR1R2 'U2R -+ 1 ) 2

The mass eigenstates of the gauge bosons, W™ and W, can be obtained by applying

a 2-dimensional rotation on the initial weak eigenstates

W, _ cosé  siné Wi, (151)
Wy, —siné cosé Wi,

One can find the corresponding angle £ for this rotation demanding that the mass matrix

of the new fields,

Moy — cosé  siné My cosé —siné 7 (1.52)

—siné cosé siné  cosé

be diagonal. We can easily see that this condition can be written as
Miyis = My =0, (1.53)

or explicitly
(v% — v7)sin€ cos € — kiky(cos® € —sin?€) =0 . (1.54)
Finally we find that the mixing angle between the weak eigenstates in the physical fields

is given by the relation

2/1152
tan 2§ = " (1.55)

At this point we should recall the discussion in Sec. 1.5 about realistic symmetry breaking
scenarios. There it was established that a vanishing vacuum expectation value k9 is pre-
ferred in order to have an acceptable model. This condition actually translates into the fact
that there is no mixing at all among the left- and right-handed charged gauge bosons, and
in the following we should disregard the possibility of its occurrence. Eq. (1.55) also tells
us that even in the most general model the mixing between the charged weak eigenstates
is small enough not to be taken into account, a direct consequence of the natural scales for

the different vacuum expectation values.

From the matrix relation in Eq. (1.52) we can finally read off the expression for the

charged W, and Wg bosons (having convinced ourselves that there can be only a very
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small mixing among the left- and right-handed fields, we can use the same name as before

for the weak eigenstates) in the general case

M} =

ME =

1
192(2’0% + K2 + K2 — 2K Ky sin 2€) |

1
192(21]12% + K] + K3 — 2Kk sin 2€) |

(1.56)

(1.57)

or, taking into account our interest in realistic models of the left-right symmetric interac-

tion,
M?

My,

1.6.2 Neutral sector

1
192<2v% + R%) )

1
L@

(1.58)

(1.59)

The mass term for the neutral gauge bosons arises from the following interactions with the

scalar fields:

S P w0 B w0 ot
’ 49 3p 3p
X Wi, 0 O — b Wi 0 (1.60)
0 —Wgu 0 —Wg#
1 | w0 w0 ] '
AL g x { | Al L I I e IR ENY -7
4 L 3u 3u L L
(W 0 w3 0 ] '
X L AL—AL Ly —i‘2g—ALB‘u ,
0o w3, 0o -Wi, g
(1.61)
1 Wi 0 w0 /
Ap:-g®x{|aL| TR I | Akl 2%l
4 0o —wy 0o Wy g
(W 0 w3 0 '
X By AR—AR By +29_ARBu .
0 -wj, 0 -wj, g

(1.62)
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Using the vacuum expectation values given in Eqs. (1.26-1.28), we obtain the following

mass term for the neutral gauge bosons in the Lagrangian:

1
~Liass = 90T KA WWWE, + 2g* (51 + 5 + ) W' W, +
1 1
L0+ BB, — g ) (WIWR, + W)
1 1
— 590 BB, + BUWE,) = g0 (Wi B+ BYWE,) . (163)
or in an equivalent matrix notation,
Wi,
1
~Liass = 59" (W WS B Mz | Wi, | (1.64)
By,
where the neutral boson mass matrix is
2 2 2 2 /
K]t K K]+ K
1 2 4 v% _ M 1 2 _%U%
2 2 2 2 /
My = ¢? K1 Z"fz K1 Z Ko 0% —%v% ) (1.65)
gl 9 g/ 9 g/2 9 9
—qlL ~GVr ?(UL +vg)

The physical fields can be obtained by applying an orthogonal transformation to the initial

neutral weak eigenstates

AX W
| =Uz | wr |, (1.66)
zy BH

where Uy is a 3 x 3 orthogonal matrix to be determined.

Even before having the exact expression for the matrix Uz we can make some pre-
liminary remarks. First, the left-right symmetry which constrained the coupling constants
gr, and gg to be equal, imposes that W and Wg can be present in the photon field only

in the linear combination W 4+ Wg. This allows us to write the electromagnetic field as
AP = sin Oy (WH + W) + (cos 20w )2 B* . (1.67)

Because A* couples to the electromagnetic current and the strength of this coupling is
given by the electric charge, we immediately see that 6y, satisfies the same relation as the

well-known Weinberg angle of the SU(2), ® U(1)y model,

: (1.68)

sin QW = E
9
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with e being the elementary electric charge.

We can write one more analogous relation,

e
(cos 20y) /% = 7 (1.69)
and finally arrive at the expression of the Weinberg angle in the left-right symmetric model,

/

9

The second remark is that it is natural to suppose that the heavy neutral gauge boson 7,

tan Oy = (1.70)

doesn’t mix with the light gauge sector and in consequence it can be written as
Z = byWil + ¢, B* (1.71)

with by and ¢, two real coefficients with b3 + 2 = 1.

The third remark is similar to the second one and consist in the requirement that the

mass term of the light neutral gauge boson, written as
=W+ W +eB* . a4+ =1, (1.72)

receives no contribution from the heavy mass scale vg.

The orthogonality of the Uz matrix then provides us with the corresponding values of
the mixing coefficients aq,by, ¢1, b and ¢y, and we can list the expressions for the physical

mass eigenstates in the neutral sector:

AP = sin Oy (W + W) + (cos 20) 2B

7! = cos Oy W — sin Oy tan Oy W' — tan Oy (cos 20y ) /2B | (1.73)
20 1/2
— ngﬂ — tan Oy B" .
cos Oy
One can immediately check that the above expression for the neutral gauge boson mixing
matrix Uy indeed provides the physical fields, keeps the photon field massless (m4 = 0)

and assures for the massive bosons

92

1
4 cos? Oy,

1
M%Q = 192 sin® Oy tan® Oy (k7 + K3) + g% tan® Oyvy, + (g° + g% . (1.75)

My = (k2 + K2+ 4v7) (1.74)
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In realistic models, with negligible W;—W§g mixing, our final result for these masses can be

written as
M2 = liw +d0?) (1.76)
Z 4 cos? Oy L L7 )
M%Q ~ (¢*+ g%y . (1.77)

Comparing Eq. (1.58) and (1.76) one can see that the well-known prediction of the Standard
Model at tree level MVQVL =M %1 cos? Oy is preserved to the lowest order. It gets corrections
of order v%/k? but these corrections will be small. Actually, writing the tree-level py,
parameter as

My, KT+ 207

= = , 1.78
pw cos? Oy M %1 ki +4v? (1.78)

we can readily impose some experimental constraints, noting that |1—py| < 0.01, implying

vy < 0.07K . (1.79)

1.7 The Higgs spectrum

The spectrum of the Higgs bosons present in the theory can be studied starting from the
general expression of the quartic potential (1.22), replacing the fields which develop vacuum

expectation values with their corresponding shift from this value, namely

68— Vv, (1.80)
& — Y +ug, (1.81)
o — A R, (1.82)
o Y+ ks (1.83)

In the subsequent analysis we will dedicate ourselves to the phenomenologically realistic
scenarios and will neglect terms of order vy, /vg while retaining terms of relative order vy /k;

and k1 /vg, considering an overall vanishing k.

Since both vg and k1 must be nonzero, we can give the nontrivial conditions from
Eq. (1.34) resulting from the derivative conditions in these two variables. These two con-

ditions can be written as

1
it = (n = BNRE + Sas(v] + vg) + Ak (1.84)
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for the x; derivative and

1 1
py = §(sz‘f + 2ps)v; + psvf + 5(042’<0§ + o4k7) (1.85)

from the vg derivative. In addition to Eq. (1.37) and (1.39) we used the following notations

for the different parameter combinations:

)\E = )\1 + )\2 s
P = p1t+p2, (1.86)
ay = ajtay, s =ap+a,.

1.7.1 The neutral scalar fields

The mass term for the real parts of the neutral Higgs fields is characterized by the 4 x 4

mass matrix M2, which can be explicitly written in a ¢{7-¢9"-0%"-§%" basis as

2K\ 2K1 Ko As—2N) VRK1O VLK1 O
2616 As—2N) 262 As+A VRKaQL VL Koy
M = 1K As—2N) 2As T2 RK2Qs, LRoOx s
VRpK1 O VRKoOs 20%,px; VLURRPsHPdif)
VK104 VI KoOls, VLURRPsHPdif) 2v%p2+%(vl2{—v%)pdif

where we defined

Agy = Aa(v: +v3) — (K] — K3)ZN . (1.88)

Neglecting terms with relative order of vy /vg and setting ko = 0, this matrix simplifies to

253 s 0 VRK10% 0
0 Aav? — K2X\ 0 0
M2, = / o ) . (1.89)
VRK1 0% 0 NS 0
0 0 0 %U?zﬂdz‘f

In this approximation one can immediately see that ¢3" and 69" are pure mass eigenstates,

with the corresponding masses

ngr = Aavy — KX\, (1.90)
1
mg(g = Epdifvlg% . (1.91)
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The other two states mix together, yielding the mass eigenstates

R’ = cosa@d|” —sinady
(1.92)
H® = sina@y + cosady |
where the mixing angle « is given by the expression similar to that in Eq. (1.55),
VRK104%
tan 2a = — (1.93)

-
VRPx — KiAs

For a very heavy right handed mass scale it is reasonable to consider vgps > k1af and

then we arrive at the expressions for the masses which read
12

a
mioe = 2vpps — 2K \s + /@%p—z , (1.94)
>
CY/2
m;QLo = /i% <2/\E_ Qpi)) s (195)

and the mixing angle o between ¢9" and §7" is small.

1.7.2 The neutral pseudo-scalar fields

For the imaginary part of the neutral Higgs fields the 4 x 4 mass matrix has a much more

simplified form in the ¢¥-@3"-0%-0% basis, namely

0 0 0 0
0 Aa(v? +v%)+ X &2 0 0
MG = WL+ ) ! , (1.96)
0 0 0 0
0 0 0 %pdiﬂ}%

where we defined the parameter
YAN= X5 — Ao — 4N — Xg . (1.97)

The physical pseudo-scalar particles are pure ¢9 and 6% states with the corresponding

masses (neglecting terms of order vy /vg)

ngi = Aavh + KX\, (1.98)
1
My = ipdifvj%z' (1.99)

The ¢ and 0% fields combine in forming the two neutral Goldstone bosons absorbed by

Z1 and Z,.
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1.7.3 The singly charged scalar fields

The four singly charged Higgs fields mix together in the mass term through the following

mixing matrix (given in the ¢ -¢3-05-07 basis):

Aav?, 0 %/(—;’URIQ 0
) 0 Aav? 0 %vyﬁ
M= A s . (1.100)
W’URK& 0 —2—/431 0
0 A—\/%’ULKJI 0 p%if (v% —v?) + Aalil

One can immediately see that given ro = 0, ¢ mixes only with d;; and in the same manner
¢5 mixes only with 6} . We should recall also the discussion in Sec. 1.5 where we have seen
that realistic vacuum expectation value scenarios required vy, = 0 and pg;; adjustable,
but preferably small or vy, # 0 and pgy = 0. In the formulas listed below both of these

possibilities are contained.

The mass matrix M? has two vanishing eigenvalues, corresponding to the two charged
Goldstone boson states absorbed by the W, and W, . The simply charged physical Higgs

fields will then be the orthogonal combinations

o + s
+ \/_UR
ht = ﬁ , (1.101)
1 il
(1 5)
- o + f”b%
()
Ky
having the corresponding masses
1
mi. = Aa(vy+ 5/1%) : (1.103)
1 1
m?z = SPaif + 5AO&(/€% +207) . (1.104)
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1.7.4 The doubly charged scalar fields

Since there are only two doubly charged Higgs fields, their mass matrix will be 2 x 2 and

will be expressed in the 670" basis as

—pav¥ + Aak? 204V VR

M2 = (1.105)

2p4VL VR —pav} + %Pdifvfz + Aokt
Neglecting again terms of relative order vy, /vg we can see that 63" and §7 are pure mass

eigenstates with the corresponding masses

Msre = —pavk + Aaky (1.106)

1
Mg+ = ipdifvl%i — pgv% + Acm% . (1.107)

A consequence is that for vz, # 0 the mass of 6; 7 does not receive any contribution from

the heavy mass scale vg, whereas for v, = 0 it can only be light if pg;¢ is small.

1.8 The unphysical Goldstone bosons

Working in a general R, gauge leads to the presence of unphysical particles in the theory,
the Goldstone bosons. For our further investigations only the Goldstone bosons associated

to the charged gauge bosons are of interest, so we will give only their expressions.

The scalar G associated to W, turns out to be a pure @5 state in the case v, = 0.
The situation of the G}, associated to W is a little bit more complex. In principle G %
and the charged Higgs field h* will be given by a mixing between the weak eigenstates ¢
and &7
ht s S N
e Ao =p gbi , (1.108)
G —S6 Cp O
where the sine of the mixing angle is expressed via the different vacuum expectation values

as
K1 ML

_ — 1.109
W20 2 T My (1.109)
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One can see that Eq. (1.101) is obtained from here also, and we can give the similar

expression for GF:
K1 o+ +
¢1 — O

Gt = \/ivR

R= o 77 - (1.110)
(1 5k)
1.9 Fermion masses
The Yukawa interaction of the lepton and quark fields has the expression
—Ly = hLp®Ly+ hoLi®L; + hsQOQ, + haQ Q
i <L/LTCT2ALL/L + L}%’CTQARL’R) 4 He. . (1.111)

In the above expression C' is the charge conjugation matrix and 7, is the corresponding

Pauli matrix
0 —i
Ty = . (1.112)
t 0
Only the neutrino fields in the leptonic doublets can develop a Majorana mass term. The

expression of this mass term has the form

ng
- ]V\/[aj = Z hij <V_/€iULVLj + l;’gile/Rj> . (1.113)

4,3
An important observation is in order at this moment. In the framework of realistic vacuum
expectation value scenarios vy, = 0, which means that only the right-handed neutrinos will
develop Majorana mass. As we will see in the next chapter, such a pattern is preferred in

order to have heavy neutrinos as light as 100 GeV in the theory.

1.10 Interactions of the Higgs scalars

In the previous sections it has been shown that the left-right symmetric model based on the
SU(2),®@SU(2)r@U(1)p—1 gauge group has a much more complex Higgs sector compared
to the Standard Model. The presence of the supplementary scalars makes the description

of different processes more involved, however their interactions are easily derived using the
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properties of the model. In this section we will summarize these interactions, listing the
corresponding terms from the Lagrangian. The Feynman rules can then be easily read off

these expressions, and their diagrammatic representation will be provided in the Appendix.

1.10.1 The flavor-changing scalars ¢5"'
In contrast with the Standard Model, flavor-changing interactions are present in the theory
already at tree level, through the neutral @2“’ particles. Their coupling to the charged

leptons is given by the Lagrangian

2ng

¢07l Juw r7 * *

Eith - - 2ML Z ng ll [BII;aBllzamnaPR + Bl?aBleamnaPL} l2

a=1
. 2ng

9w 17 * *

- 2].?4—11 Z ¢g Zl [Bl[{aBl];LamnaPR - BllfaBl[Q/amnaPL} l2 ) (1114)

a=1

where BY and B® are the leptonic mixing matrices, to be discussed in more detail in

Chapter 2, Py, and Pg being the left- and right-handed projectors.

The similar expression for quarks is obtained by introducing the corresponding V
and V¥ mixing matrices, which diagonalize the quark mass matrix and lead to the mass

eigenstates.

The initial Lagrangian also leads to the observation that there is no ¢3 — W, — W,
respectively ¢ — W7 — Wg vertex in the theory. However, the coupling to charged gauge

bosons with different chirality is possible, and it is given by

Lo = g My (3 Wi Wi+ i3 Wi W) + Hec. (1.115)

int

Following this result, there will exist vertices containing one or two Goldstone bosons:

$)—Gr—W, 1w (1

Loy 70 = VAL (035G} — #50"GT) + H.c. (1.116)
$3-Wi—G Zgw - * *

Ly 57" = ﬂsﬁWw (045" GL — ¢3'0"GE) + H.c. | (1.117)
$9-GL—G G RN o

choen o gu (m2y oy GLGR +im2p ¥ GLGR) +He.  (1118)

Also, from the underlying symmetry it follows that there will be no ¢9 — h™ — W vertex,

the corresponding coupling with the left-handed gauge sector reading as

O_W.—h Zgw — —
o o 5% (650" h~ W, — "¢Sh" W) + H.c. (1.119)
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#3—Gr—h Juw 2 2 or | . 2 2 0i -
L2 " = 2MLCﬁ [(mh — m¢gr> 5 +1 <mh — m(bgi) ¢2:| Gih

+He. . (1.120)

The vertex ¢ — ht — h™ will vanish as well, and with this we exhausted the possible
interactions of the flavor changing Higgs scalars which could present interest for our further

investigations.

1.10.2 The charged Higgs scalars h*

The vertices containing h* were partly described in the previous subsection. As we have
no interest in our work in the neutral gauge boson couplings, these will be omitted. This
means that the only supplementary interaction is that with the fermions. The Lagrangian

describing the interaction with leptons has the expression

2ng Rx
G Ty Cha
ﬁ?nt = mcﬁh l BllimlPR — BZIZ (d}cﬂ — é) mnﬁPL Ng + H.C. s (1121)
Ol7ﬁ:1

C’fﬁ being the neutrino mixing matrix, to be introduced in the next chapter.



Chapter 2

Neutrino masses and mixing

Since their existence was postulated by Pauli [17], the neutrinos continued to be regarded
by many as somewhat “mysterious” particles. The main reason for this was that until now
the masses of these particles escaped experimental measurements. Although initially there
were introduced as truly massless particles, the later point of view was that a relatively
small mass for the three known neutrinos, the electron-neutrino (v.), the muon-neutrino
(v,) and the tau-neutrino (v,) would be consistent with all experimental data. In the light
of recent experimental results [3-6] one can safely conclude that this insight proved to be

correct.

There was no a priori theoretical reason for the masslessness of the neutrinos. As
neutral fermions, one should have expected that their mass would originate in the same way
as for the other observed fermions (leptons and quarks). In the Standard Model of particle
interaction however the neutrino masses vanished due to the fact that only the left-handed
components of the different neutrino fields were given physical existence. In principle the

same considerations assured the existence of parity violation in particle interactions.

In this chapter we will try to present some minimal differences compared to the Stan-
dard Model regarding the neutrino masses. All this attempt is justified by the belief that
the Standard Model is not the ultimate description of the basic particle interactions, but
merely an effective theory with its applicability limited to our present experimental boun-
daries in reaching higher energies in our experiments. As the present model accommodates

astonishingly well most of the available experimental data, it is reasonable to expect that at

33
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energies not much higher than the currently available ones, but reachable in the foreseeable
future, the differences compared to the Standard Model will be small. This is the main

reason for restricting ourselves only to minimal extensions of the present model.

Among the various scenarios describing the origin of neutrino masses, the “see-saw”
mechanism, conceived within the framework of SO(10) or left-right symmetric models
turned out to be the most attractive [18]. If this mechanism is really the one chosen by na-
ture, then heavy Majorana neutrinos, /N, may manifest themselves in L-violating processes
at high-energy ee [19-21], ep [22], and pp colliders [23—-27], in possible lepton-flavor-violating
decays of the Z [28] and Higgs particles (H) [29,30] or through universality-breaking ef-
fects in leptonic diagonal Z-boson decays [31]. Their existence may also influence [32-34]
a number of electroweak oblique parameters given in [35-38] or specific Higgs observables
considered recently [39,40]. Finally, there are many other places scanned by exhaustive com-
bined analysis of charged-current-universality effects in leptonic 7 decays, neutral-current
interactions in neutrino-nucleon scatterings, T-polarization asymmetries, neutrino-counting
experiments at the CERN Large Electron Positron Collider (LEP), etc. [41-45], in which
Majorana neutrinos could also manifest their presence. Another possible solution of the
neutrino-mass problem has been contemplated in the framework of heterotic superstring

models [46-48] or certain scenarios of SO(10) models [49].

2.1 Neutrinos in the SU(2); ® U(1)y model

First we will concern ourselves with the SU(2);, ® U(1)y gauge group. This group is the
same as that of the Standard Model, compared to which the only difference we consider is
the existence of the right-handed neutrino fields. Analogously to the Standard Model, we
consider that fermions acquire their mass during the spontaneous symmetry breaking of
the local SU(2), ® U(1)y symmetry down to the U(1).,, symmetry of electromagnetism.
The relevant mass term in the Lagrangian will contain a supplementary Majorana mass
term compared to the expression for the charged fermions. Following [25] this term can be

written as

1 1
v _ 50 1 .0 —0 0 —0C 0 =0 1 0C
—L;, =Vpmp, vy + VL, mp, Vg, + VR MM Vi, - SVRMa, VR, (2.1)
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where the indices ¢ and j take the values i,j = 1..ng, ng being the number of neutrino
generations present in the theory. The left- and right-handed Weyl spinors which describe
the neutrino field were denoted with v and v%, mp and m; being the Dirac, respectively
Majorana mass matrices (of dimension ng X ng). This is the most general form compatible

with invariance under SU(2), ® U(1)y gauge transformations.

The previous mass Lagrangian can be expressed through the Majorana fields defined

as
fo= b+ )",
(2.2)
F == VR + (VR)C .
Using this definition we get
1.,- =
—Lr, =3 (fo, Fr), Mg I + H.c., (2.3)
Fg
B
with the corresponding matrix
0 m
MY = I (2.4)
mg mas

The fact that MY is generally a complex symmetric matrix (with M* = M*T) follows

directly from the general properties of Majorana fields.

One can diagonalize the matrix M" with a 2ng X 2ng unitary matrix U"as follows:
UrtMYUY = MY (2.5)

While diagonalizing M"¥, the Majorana fields are subjected themselves to the transforma-

tions
Ir — VR 7
Fr Ng
(2.6)
A (2.7)
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After the diagonalization of M* and the corresponding transformation of the Majorana
fields we obtain ng light neutrino mass eigenstates (v;) and ng heavy neutrino mass eigen-
states (IV;). Using these fields one can write the interaction between the Majorana neutrinos
and the gauge, respectively Higgs bosons in terms of mass eigenstates:

LV = %W‘“ [l PLByw,v; + 17, PLBin,N;| + Hec. | (2.8)

where [;,7 = 1..ng denote the corresponding charged lepton fields, and the left handed

projector P is defined as

I—7s

PL=—

(2.9)

This is the expression we will use from now on in our work, for completeness however let

us list the other expressions also:

L2 = — ﬁZO” (7, [iIm(C.,,) — 5Re(Cuy)] v
cos Oy
(7 [ilm(C, ;) — v5Re(Cyn,)] Ny + Hoc)
N’)/M [ZIIH( N; N ) '75Re(CNiN]-)] N]] s (210)
[(

[7; [(mo, + my,)Re(Cl,u,)

+ o+

nt = 4MW
75 (M, — my,)Im(Cy,i,) | v
20; [(mu, + mn;, )Re(Cy,n;,)
iys(my, — my,)Im(Cy,x,)] N
N; [(mNi +mny; )Re(Ch,n;)

s (M, — mNZ.)Im(CNiNj)] Nj] . (2.11)

+ + 4+ + o+

The B and C' matrices in the above expressions are obtained from the matrix U”, and they

are defined in accordance with the expressions below:

ng

Bio = Y ViUp: with a=1,..2n¢ and i=1,..ng, (2.12)
ne

Cop = > ULUY with o,f=1,..,2n¢ . (2.13)
k=1

In these definitions V! is the corresponding Kobayashi-Maskawa mixing matrix for the

leptonic sector.
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In the equations 2.12 and 2.13 one must note that the indices o and 3 refer to the
light neutrino fields v, or vg when «, 8 =1, ..., ng and to the heavy neutrino fields Nqo_p,,

and Ng_,, when o, 8 =ng + 1, ..., 2ng.

In order to calculate different processes one usually fixes a definite gauge for the
theory. In general, a renormalizable R, gauge will contain the unphysical Goldstone bosons,
so it is of interest to give their interactions with the leptonic sector as well (in fact, our

interest is restricted to the charged Goldstone particles G*):

+ gw —I17
‘C’Slt - - ﬁ |:l’L [mliBlil/]’PL - Blilljml/]’PR] l/j
+ [mliBliN]-PL - BliijVjPR} Nj] +H.c., (2.14)
with
1
P = 275 . (2.15)

2.2 Expressing the neutrino masses

The considerations presented in the previous section have treated the neutrinos as nonzero
mass particles and therefore they are fairly general in nature. In practice, it is known that
the light neutrinos have a very small mass compared to other particles. For this reason it
is of interest to investigate models which assure such values for the masses. We can note

that a light neutrino becomes massless at the tree level if the condition

2ng

> MjUY =0 for each 8=1,....2ng (2.16)
a=1

is satisfied. In the equation above i denotes the corresponding massless neutrino, so one

can have i =1, ..., ng.

When all light neutrinos v; are massless, one can easily see that all the couplings in the
Lagrangians proportional to m,, disappear. However, about the structure of M" allowed
by the masslessness condition (refmassless) one can have definite predictions only in the
context of certain models. A two-generation model with ng = 2 will be briefly discussed

in the next section.
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To get a better feeling of the relative sizes of the resulting expressions for the neutrino
masses one can expand the unitary matrix U" in a power series of the matrix parameter
¢ = mpm,; following [51],[22], including the constraint &;; < 1. Up to third order of &, U

can be written as

—5T(1—T> (1_T)‘]

In the above expression .J is a ng X ng diagonal unitary matrix, having as elements

41 and =+, and it guarantees that all the nonzero mass eigenvalues turn out to be positive.

With this expansion one can give the resulting neutrino masses up to next to leading

order in &:
m, = mpé’ =€&mb =0, (2.18)
i = Jiag |14 o (€l + i) + O(€)] T (219)
M

In this approximation one can obtain also the expressions of the mixing matrices B and C"

Blil/]- = |:Vl (1 - %@L)] ) Bl,‘N]' = |:Vl§ <1 - ST;) ‘]*:| ) (220>
livj I N;

Couy = (1= €€1),,, » Cuy = [€(1—€10) ], (2.21)

Onon, = (JEET") y v, - (2.22)

A global analysis of the mixing parameters ;; based on charged-current universality, neutral
current effects and other experimental constraints has been performed in [52]. It has been
shown that these parameters have maximal values of order 0.1 — 0.2, the larger bound
being safely applicable to the e-7, u—7 . The larger mixings seem to be preferred by some
neutrino-mass schemes [53-55] for resolving the solar neutrino problem through the MSW
mechanism [56-59]. The heavy neutrinos with large mixings, on the other hand, must be
heavier than the Z° boson, since otherwise they could have already been produced in Z°

decays at LEP.
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2.3 The model with two generations (ng = 2)

In this section we consider the case of two massless neutrinos present in the theory. The

matrices mp and my; have the general form, as parameterized in [60],

a b

mp = , (2.23)
c d
A 0

my = , (2.24)
0 B

where mp is a general complex matrix and mj; can be chosen to be real. In order to have

two massless neutrinos, the conditions

[[m = det(mrm)=o0, (2.25)

4

1 ‘
> mimimp = E[Tr3(M”M”T)+2Tr(M”M”T)3
1<j<k

—3Tr(MY M) Te(M*M")?] =0, (2.26)
must be satisfied. From the first one we can immediately obtain the constraint
detmp =0 . (2.27)

Without loss of generality we can assume that a # 0, so we have

2
i oty (2.28)

a a?
It turns out that the parameters a, b, ¢, d should be either purely real or purely imaginary

numbers. For example, taking them real, the masses of the heavy neutrinos turn out to be

_ é 1_ﬁ+ 14_5 1_|_47a2 1+§ a_2
my, = 9 o2 a2 a? + b2 a2 ] A2
1
— A —
+0(3)
A b? b? 4a2 2\ a?
) 1‘@‘(”@)\/”@?52(”@)@
b? 1

= SA+0(5). (2.29)
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In this scheme we obtain the matrix J as being

J = . (2.30)
0 i

From these results one can immediately draw some conclusions. We notice that even in
the case a = b = ¢, we have B = —A, which means that models with family independent
mixings can naturally account for massless neutrinos already at tree level. A more careful
analysis actually shows that in order to achieve this goal, one has to assume that the
Dirac mass terms are described by a universal Yukawa coupling a and the two right-handed
eigenstates 1/%1’2 possess opposite C'P quantum numbers. Such patterns with “democratic”-
type mixing between quark families have also been proposed [61,62] in order to explain the

structure of the usual Cabbibo-Kobayashi-Maskawa mixing matrix.

To our present knowledge, the “see-saw” mechanism [18,63] is the only scheme which
naturally generates small, non-vanishing neutrino masses. According to this mechanism,
the Majorana mass terms (my; ~ A ~ my) in Eq. (2.24) can be regarded as remnant parts
of a more fundamental theory. Such theories could be the left-right symmetric models [2],
grand unified (GUT) models (e.g. SO(10) [64]), or superstring models with an Eg symmetry
[46]. In all these models it is possible to have TeV-mass scales determined by the breaking
mechanism itself, as the symmetry of the original gauge group breaks spontaneously down
to SU(2), @ U(1)y. If the Dirac mass term mp is of the order of a typical charged-lepton
or quark mass, as dictated by GUT relations [65], and the Majorana-mass scale m; is
sufficiently large, one can obtain a very light neutrino with m, ~ m%/mjy,, and for the

< 1-—10 eV for mp ~ 1 GeV

~

heavy neutrino my =~ my;. Thus, in order to have m,,
through the see-saw mechanism, one must require that very heavy neutrinos with masses
my, 2 107 —10% GeV are present. It turned out, however, that in a two generational model

small neutrino masses can be naturally induced by radiative corrections with my, ~ 100

GeV and &; ~ 0.1.

2.4 Neutrinos in the SU(2); ® SU(2)r ® U(1)p_1 model

Left-right symmetric models based on the gauge group SU(2), ® SU(2)gr ® U(1)p_1, were

motivated from the fact that the spontaneous breakdown of gauge and discrete symmetries
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can be accomplished on the same footing. Such models can naturally arise from SO(10)

grand unified theories via the breaking pattern

SO(10) — SUA)ps® SU(2); @ SU(2)n
— SU(S)C(X)SU(Q)L®SU(2)R®U(1)B_L—>SM. (2.31)

The assignment of quantum numbers to leptons under the gauge group SU(2);, @ SU(2)gr®

U(1)p_y is arranged as follows:

L, = . (0,1/2,-1) , (2.32)

L, = ©(1/2,0,-1) (2.33)
R

where the prime superscript of the leptonic fields simply denotes the weak eigenstates.

In a minimal left-right symmetric model baryon-lepton number (B — L) violating
operators are allowed in the Yukawa sector. Such (B — L) violating interactions are intro-
duced by certain Higgs multiplets (A g as we have seen in Chapter 1) and give rise to a
Majorana mass term myy,; in the following way:

G \/im - _ _
ﬁ.B—L = — Z 7]\4” <hz’leLC;5ijALLle + L/I%;‘CEUARL/RJ-) -+ H.c. (234)

wnt 21)
ij=1 R

Here, €;; is the usual Levi-Civita tensor and the parameters h;; = 1 if the left-right sym-
metry is explicitly imposed. A phenomenological analysis of 4 and 7 decays shows that
h;j < 1 [15]. In the equation above vg is the vacuum expectation value of Ag and it sets

the mass of the right-handed gauge bosons.

In the case when the vacuum expectation values of the symmetry-breaking Higgs
scalars satisfy certain natural scenarios, the neutrino mass matrix takes the general see-
saw-type form, as in Sec. 2.1. The mass matrix M" can be diagonalized in the same
manner as presented there. The interaction of the leptons with the right-handed W and

the corresponding Goldstone bosons GF, can be written as

Lot = — W BlyPrna + He. (2.35)
£on = 9 GeBEI(mPg — ma,Pr)na + He. (2.36)

int \/iML
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Here [ and n,, are the mass eigenstates of the charged and neutral leptons, respectively, and
the parameter sg is defined via the masses of the W, and W as being s% = M?/M3. One
can write the expressions of the right-handed neutrino mixing matrices similar to Eq. (2.12)
and (2.13):

2ng

BE = Z RUY  with a=1,....2ng and i=1,..,n¢g , (2.37)

lia «
k= ng+1
2ng

Cly = ) ULUps with a,8=1,...2n¢ . (2.38)
k:nc—i-l
One can easily conclude that the matrices BY and C* correspond to those discussed in

Sec. 2.1.

The flavor-mixing matrices BY and CT satisfy a number of identities, which are
derived by using the information of SU(2);, ® U(1)y invariance of the Yukawa interaction
L? . These identities, forced by the renormalizability of the inter family see-saw-type model,

are listed below [25,28-30,50]:

2ng
> Bl Bly =0y, with i,j=1,..n¢, (2.39)
a=1
ng
> Bl.BLy=Cly with a,8=1,...2n¢ , (2.40)
2ng
ZCL Chr=CEy with o ,3=1,...,2nc. (2.41)
2ng
L L L
2ng
> maCj,Cl, =0, (2.43)
a=1
2ng
> maBL,Cls =0, (2.44)
2ng
> moBl Bl =0. (2.45)

a=1
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In addition, the existence of the right-handed mixing matrices leads to the following addi-

tional identities:

2ng

Z BF,Bf, =0, (2.46)
Z BlkozBllﬁ aﬁ ) (247)

CLt 4 CR = G (2.48)

In a two generation mixing model one can use these relations to obtain compact expressions
for the corresponding matrix elements. These turn out to be

1/4 l/z g
Bh =—£_°L_ gL - L (2.49)

L
/1+p1/2 AE /1_|_p1/2 ’

where p = m3,/m3, (> 1) is the mass ratio of the two heavy neutrinos present in the

model, and s} is the lepton number violating mixing defined as

2ng 1
= Y 1Bk P () (2.50)
i

2
a=ng+1 M
Furthermore,
L Pl/2 = 2
CYN1N1 = 1+p1/2 Z‘Z:;(SL%) ) (251)
1
L . vi\2
CNzNz — 1+p1/2 Z‘Z:;(SL) ) (252)
c1/4 NG
L L Lp viy2
Chvivy = —Com, = T4 ;(SL) : (2.53)

Similar, but somewhat more involved expressions can be written for the corresponding
matrix elements of B and CF. The important feature to be noticed here is that the
leptonic sector of the two generation model depends only on five parameters: the masses
of the two heavy neutrinos my, and my, (or equivalently my, and p), the mixing angles
(s71)2, which are constrained by low-energy data, and an unconstrained Cabbibo-type angle

Or entering the expressions for Bf and C*.

Having made these remarks about the neutrino masses, we will assume in what follows

that the see-saw-type scenario with two heavy neutrinos is in effect.



Chapter 3

K; — en in the Standard Model with

heavy neutrinos

The Standard Model of particle interactions based on the invariance under SU(2), isospin
and U(1)y hypercharge gauge transformations provides a sufficiently accurate description
of the subatomic particles to incorporate all the presently available experimental data. One
of the basic characteristics of this model is that the separate leptonic quantum numbers
are conserved to all orders of perturbation theory. If the Standard Model is considered as
an effective theory, the low-energy limit of a more fundamental theory (e.g., superstrings
or grand unified theories), one may then have to worry about large flavor-changing-neutral
current (FCNC) effects that could violate experimental data. Among the possible FCNC
decays forbidden in the SM, the decay K — eu can play a central role either to constrain
or establish new physics beyond the Standard Model. This process is interesting because
it involves both the quark (hadronic) and the leptonic sector of the given model via flavor

changing interactions.

From a theoretical point of view one can distinguish two mechanisms by which the
decay K — eu can occur in extensions of the Standard Model. First, one can consider new
lepton-flavor-violating interactions. K — eu has been studied in models based on techni-
color [66], supersymmetry [68], compositeness [69,70], horizontal symmetry [71], extended
scalar sectors [72], exotic leptoquarks [73] or superstrings [74]. An alternative approach is

to consider non-vanishing and non-degenerate neutrino masses within the Standard Model

44
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and minimal extensions of it, such as the SU(2), ® SU(2)r ® U(1)p_, model.

The latter approach was adopted in [75,76], where the effect of Dirac neutrino masses
in the above mentioned models was studied. Taking into account the stringent upper
limits on the masses of the three observed neutrinos, the K; — ey rate turns out to be
unmeasurably small unless a fourth family with significant mixings with the v, and v, is
postulated. However, such a model is highly unnatural and can only be obtained by an

extreme fine-tuning of the Yukawa couplings.

It was argued in the literature that extensions of the Standard Model containing
more than one neutral isosinglet can dramatically relax the severe constraints on the mix-
ings between light and heavy neutrinos [49,46,60,21,25], which are dictated by usual see-saw
scenarios [18]. Such models with enhanced light-heavy neutrino mixings are also associated
with large Dirac mass terms in the general neutrino mass matrix [25]. As an immediate
phenomenological consequence, non-decoupling virtual effects originating from heavy neu-
trinos can considerably enhance the decay rates H — (I [29], Z — II' [28], T — eee [50],

and the values of other observables [31] to an experimentally accessible level.

In this chapter we will see how the presence of the heavy neutrinos enhances the
branching ratio for the rare decay K — ey, due to non-decoupling effects arising from
chirality difference between left-handed and right-handed couplings. The anticipated result
may be related to the observation made by Paschos in [66] for the K — K¢ mass difference
in the context of left-right symmetric models. The treatment will bear close resemblance
to the one presented in [67], but in the present work a more detailed discussion will be

carried out.

3.1 The process K; — ey

In order to briefly describe the electroweak sector of the SM with one right-handed neutrino
per family, we will adopt the notations given in Chapter 2, inspired by [25]. To be specific,
we will first consider an SU(2), ® U(1)y symmetric model with ng generations of charged

leptons I; (i = 1,... ,ng) and light (heavy) Majorana neutrinos v, (N,). The charged-
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Figure 3.1: Feynman diagrams contributing to K; — eu in Majorana neutrino models

relying on the gauge groups SU(2), ® U(1)y in the Feynman—"t Hooft gauge

current interaction of this model is then governed by the Lagrangian given in Eq. (2.8)

ng 2ng
EZV;L/t - __W #Zzll/y,uPLBl alla + H.c. 5 (31)
i=1 a=1

where g,, is the SU(2);, weak coupling constant, Pr(Pg) = (1 — (+)75)/2, and BZ is an

ng X 2ng matrix obeying a number of useful identities given in Eq. (2.39-2.45).

In Eq. (3.1), we have collectively defined the mass eigenstates of the light and heavy

neutrinos as follows: n, = v, fora=1,... ,ng and ny = Ny_p, fora =ng+1,... ,2n¢.

In the model under consideration, there are no tree level FCNC interactions in the
theory, which means that the decay K — eu can occur only at the 1-loop level, induced by
the diagrams shown in Fig. 3.1. In Fig. 3.1, the field G describes the would-be Goldstone
boson in the Feynman—'t Hooft gauge, which is related to the longitudinal polarization of
the W, boson in the unitary gauge. In the applicable limit of vanishing external momenta,

the amplitude of the decay process K — ey takes the general form

1

4
Jw 7, O\~ K 1
A = — 0|dv.Prs| K Prvo———
(\/ﬁ) < ‘ Y LS’ >u,u7 Lv (477')2 MI% X
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2ng

x > VEV, ZB[;aBeL;I)\ Aa) s (3.2)

u;=u,c,t
where A\, =m2 /My, \i =m2 /M}, V" is the usual Cabbibo-Kobayashi-Maskawa (CKM)
matrix, and the loop function [ is obtained from the Feynman graphs in Fig. 3.1 [78]. The

function I is analytically given by the relation

1
[(}\Z, )\a) = (1 + Z)\Z)\a) [1()\1', >\a) + 2)\1)\01[2()\1', >\a) , (33)
where the corresponding box functions I; and I5 are defined by the loop integrals
L, N) = l(4 )M2/ dk K (3.4)
R T ] ()t (R =l ) (R — ek )8 — M) |
1 d*k 1
L\, N) = =(4m)*M} , 3.5
X) = M e ©9
leading to the expressions
A 1n )\ A21n A
Li(Ais Aa) = — NEYER
) = [ e
1
_ 3.6
=) &0
A In ) Ao In A
I )\i’)\a . % 7 « e’
Do) = = | B
1
e ermi &0

Tracing back the origin of these functions to the corresponding Feynman diagrams,
we can immediately see that the diagram d) in Fig. 3.1, with the non-physical would-be
Goldstone bosons in the loop, contributes significantly more to the decay amplitude in the
Feynman—"t Hooft gauge than the diagram containing the physical particles. The reason
for this is the presence of the large neutrino mass in the coupling to the leptons. These
large neutrino masses will be responsible for the non-decoupling effects revealed in this

decay.

3.2 The reduced amplitude A

Following closely Ref. [79], we define a reduced amplitude A through the expression

1 1 -

G (3.8)

4
Guw 7, 70\ — K
A= "— 0ldv.Prs| K" Yu,v*Prv.
(\/5) <’7 L’ >/L'7 L
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where
2ng

A= 3 Vi3 BLBEIO). (39)

i=u,c,t

The advantage of this definition is that A is a dimensionless quantity carrying the whole

electroweak physics.

As we have seen in Eq. (2.39), the matrix BY obeys a generalized GIM identity [80]

2ng

Z BllljaBll;(; = 5l1l2 ) (310)

similar to the known one satisfied by the CKM matrix V. A double GIM mechanism is
then operative both for the intermediate u-type quarks and neutral leptons, which allows

us to rewrite Eq. (3.9) as

2ng

A=) deZBL BE[I(M\i, M) — 1(0, M) — I(X\;, 0) + 1(0,0)] . (3.11)

i=u,c,t

The pseudounitarity relation (2.39) allows us to finally express A in a simplified manner as

2ng
A=) "ViVie > BLBLE( M), (3.12)
i=c,t a=ng+1

with

13 1 3 1 In A,
* [Z‘ha—fi(xa—n?} )\a—)\i} ’ (313)

In Eq. (3.12), we have considered that the up quark w and the light neutrinos v., v, and v,

are massless. Only the virtual ¢ and ¢ quarks, and the ng heavy Majorana neutrinos will
then contribute to A. Using the double GIM reduced form for the loop function given in
Eq. (3.13) guarantees that the amplitude is not proportional to small differences of large

numbers.

For definite results, we have restricted ourselves to a model with ng = 2 (neglecting

mixings due to v, ), where the mixings By, and the two heavy neutrino masses, my, and
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my,, satisfy the relation [28]

mN

mN2
The branching ratio for K — ep may conveniently be calculated by using isospin invariance
relations between the decay amplitudes of K — p~e* and K~ — p~v,. Setting m. = 0

relative to m,, in the phase space factors, one finds

12
B(Ky, — ep) = 4.1 x 10~ A‘ . (3.15)

3.3 Phenomenological aspects

The process K; — ep can not be considered independently from the other low energy
processes which involve the same leptonic mixing matrix B*. Experimental bounds coming
from the non-observation of the decay u — ey will constrain the parameter space of our

theory and impose severe limits on the decay K — ey.
The decay width for u — e~y is given by the expression

Qe GEm
F(p™ —ey) = Tﬁ | By 7 (3.16)

with the corresponding electromagnetic fine structure constant a.,, = # and Fermi con-

stant Gp = #}W. In Majorana neutrino models, the transition amplitude F, can be

expressed as
2ng

F, = ZBL BYF(\,) , (3.17)

and after taking into account the GIM-mechanism for the neutrinos, for the branching

L(p~—e" )

ratio of p — ey, defined as B(u — ey) = T e e obtain in the model with two

generations the expression

6 em 2
B(p—ey) = a ’ Z B F(\)| (3.18)

a=1,2

where the loop function F' calculated in [78,81] is given by

203 + 52 — A\, N 323 In )\,
41— A3 2(1 = Xo)*

F(\) = (3.19)
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The present experimental upper limit B(u — ey) < 1.2 x 107 together with Eqgs. (3.14)
and (3.18) can be used to obtain combined constraints on the mixings By, and heavy
neutrino masses. These constraints are quite useful in order to individually evaluate the
contribution of the charm and top quark to B(K; — ep). In our numerical analysis, we
have used the maximally allowed values V;y = 0.018 and V;, = 0.054, and the central value

for the top-quark m; = 175 GeV as reported by the CDF collaboration [82].

Contrary to [83] where only one heavy neutrino family with mass not much heavier
than My, was considered, we find that the charm-quark contribution is negligible and only

top-quark loop effects are of interest here for heavy neutrino masses larger than 150 GeV.

Of course, the mass of the heavy neutrinos should not exceed an upper limit that
invalidates perturbative unitarity. This mass limit is qualitatively estimated to be no bigger
than 50 TeV [25]. The condition for preserving perturbative unitarity can be suggestively
imposed as the requirement that the total decay width of the heavy neutrinos should not

exceed one half the mass of the heavy neutrino,

FN 1
- .2

The total decay width of the heavy neutrino will be given by summing up the partial decay

rates corresponding to the different allowed decay modes:
Ty, = > (TN, = "W+ T(N; — I"WH))

7

+ > (P(N; = vZ°) + T(N; — vH")) . (3.21)

For the case my; > My, Mz, My, we obtain for the total decay width

aw 3 2 2
Iy, = ijv (22 | BlN | +QZ | Cun; | ) (3.22)

In our model with two right-handed vz and three left-handed v, neutrino fields, and using
the expressions given in Egs. (2.49-2.53), one can arrive starting from Eq. (3.20) at the

inequalities

my, < p1/4m]mvfx. (3.24)



3.3. Phenomenological aspects 51

10

BR
(x10™)

l ! L L L : L III! L L L Ll IIII L L L

.02 A 1 10 50
my (TeV)

Figure 3.2: B(Kp — eu) as a function of the heavy neutrino mass my in the SM with

right-handed neutrinos (my ~ my, ~ my,, m; = 175 GeV).

Choosing p and my, as free parameters, the two inequalities (3.23) and (3.24) can be

combined in a single relation

i < P e ) ezt @29)
Qyy P

In our process only the heavy neutrino mixings with the electrons and muons are relevant
and we can safely consider (s7)? = 0 in the previous condition. From Fig. 3.2, we see that
the branching ratio takes the maximum value B(K; — eu) = 5.5 x 1071, which is still
rather far from the present experimental sensitivity B(K; — eu) < 4.7 x 10712 at 90%
C.L. [84]. In Fig. 3.2, we have further assumed that the two heavy neutrinos, N7 and Na,
have about the same mass my. Nevertheless, in Fig. 3.3 we have plotted the dependence

of the branching ratio as a function of the value p = my,/my, for selected values of my;.

The solid curve in Fig. 3.3 determines an upper limit of the allowed region for B(K — eu)
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Figure 3.3: B(Kp — ep) versus p = my,/my, in the SU(2); ® U(1)y model with neutral

singlets.

by taking into account the combined constraints arising from the neutrino mixings B ﬁ\,a

and the validity of perturbative unitarity.

One of the novelties found investigating the decay K — pe in the Standard Model
with right-handed neutrinos is the dominance of the contribution of the virtual top-quark
over the contribution of the virtual charm-quark. In the literature it was repeatedly argued,
that the charm-quark contribution is the relevant one to the process described by the box

diagrams in Fig. 3.1.

There were many reasons to promote this point of view. One of them was the smallness
of the mixing between the top-quark and the d-, respectively s-quark compared to the same
mixings with the charm-quark. The measure of this smallness is given by the ratio between
the corresponding products of Cabbibo-Kobayashi-Maskawa matrix elements,

| Vi Vs |
| Ve Ves |
using the allowed values [84] | V.L |~ 0.224, | VL |~ 0.975, | Vi% |~ 0.014 and | V. |~ 0.044.

~32x1077, (3.26)

Based on this, the authors of [83] considered the relation for the branching ratio given in

Eq. (3.15), using the definition of the reduced amplitude in Eq. (3.9), as being bounded from
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above by the limiting case V,5*V,X — 0. Computing then the charm-quark contribution, an
upper limit of 2 x 107! for B(K; — eu) was obtained. This result is actually consistent
with the result presented in our work, with the necessary remark that this is not the

dominant contribution to be considered.

The very heavy top quark is another reason why its contribution becomes dominant
due to the non-decoupling effects. This argument is based mainly on the evolution of the
direct experimental limit on the top-quark mass over the years. One can see the influence
of this limit in a previous study of K, — eu [79]. There the authors argue that the
contribution of the top-quark to the decay amplitude can be at most of the same order
of magnitude as the contribution of the charm-quark. To substantiate this, it is correctly
stated that for light neutrinos the top-quark contribution is negligible, for heavy neutrinos

the relation between the two different contributions is qualitatively estimated as being

A(top)

————| ~sin* O (my/me)? ~ (my/20m.)? (3.27)
A(Charm)

where ¢ is the Cabbibo mixing angle (sinfs ~ 0.223). Using m. = 1.35 GeV for the
charm-quark mass, it turns out that the relation above provides a ratio of the order of
unity using the experimental limit considered in [79], namely m,; > 55 GeV. However,
using the presently accepted value of 180 GeV for the top mass, we obtain a ratio of ~ 40,

which means again that the top-quark contribution will be overwhelming.

Using the doubly GIM reduced loop function for A in Eq. (3.12), in Fig. 3.3 we
represented both the top- and the charm-quark contributions to the decay rate B(K; —
ep). From this plot one can see that for the heavy neutrino mass below my ~ 50 GeV
the charm contribution dominates, as correctly stated in [79]. However, when the heavy
neutrino mass increases, the non-decoupling effects associated with them start to dominate,
and for my =~ 150 GeV the top contribution will be an order of magnitude greater than

the corresponding charm contribution.

We stress again that the dominance of the top quark in this decay was previously
overlooked in the literature. A closer investigation of Fig. 3.3 reveals that the curve repre-
senting the contribution of the charm-quark to the decay rate for the various heavy neutrino
masses my is actually identical to the curve presented in Fig. 2. of Ref. [83]. However,

this contribution is only the smaller part of the story, the more interesting part is the one
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Figure 3.4: Top- and charm-quark contribution to B(K; — eu) for increasing heavy neu-

trino mass my

corresponding to the top-quark. The interest is motivated basically by the fact that this
contribution is the dominant one, however it is of interest to point out the non-decoupling
behavior reflected in the increase of the branching ratio with the increase of the mass of
the heavy neutrino, as one can see in Fig. 3.2. To the contrary of this behavior, the charm-
quark contribution displays a monotonous decrease when one goes to regions with more

massive heavy neutrinos.

We argued that the heavy top mass plays an important role in giving the dominant
contribution to the process under scrutiny. The most relevant aspect is that nature seemed
to prefer a top quark significantly heavier than the W and Z bosons. This property is
sufficient to place the virtual top quarks to the origin of the decay K — eu. In the given
range, however, the exact value of m; does not have a critical influence on the decay rate.
This question was quantitatively studied giving m; values in the range ~ 140-200 GeV,
and the results are displayed in Fig. 3.3. Although the increase of the branching ratio with
the increasing of the top quark mass is obvious, it is also clear that this increase is not at all
dramatic, and in no way could lead to observable rates for K — eu within the boundaries

of the present model.
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Figure 3.5: The effect of the top mass on the decay rate B(K — eu)

The main conclusion of this chapter is that the SU(2), ® U(1)y model can not
accommodate branching ratios comparable with the existing experimental limit for the
process K — eu, even in the presence of supplementary right-handed neutrinos compared
to the Standard Model. However, the presence of non-decoupling effects characteristic to
the heavy neutrinos in the model presented led to a value of the branching ratio higher
than the one obtained in previous works presented in the literature. An important source

for this enhancement proved to be the very heavy top-quark mass.

Presuming that the rare decay K — eu will be detected in the foreseeable future
with a branching ratio not very far below the present experimental limit, it is absolutely
necessary to adopt a different model to provide a theoretical understanding of such a
result. In this work we have chosen a left-right symmetric model based on the gauge group
SU((2), ® SU(2),U(1)p_1 to carry out our calculation. This model constitutes a more
complex extension of the Standard Model, with a much richer particle content. In the
following chapter we will see that due to the presence of the right-handed gauge interaction
the non-decoupling effects are amplified, the model representing a possible framework to

provide an observable branching ratio for K — epu.



Chapter 4

Kj; — ep in the left-right symmetric

model

We have seen in the previous chapter that the Standard Model based on the SU(2) ,®U(1)y
gauge group can not provide an observable branching ratio for the process K — eu, even in
the presence of heavy right-handed neutrinos in the model. One can understand this result
as a consequence of the severe constraints imposed on the mixings in the leptonic sector
by other low energy processes, in particular the non-observation of the radiative muon
decay p — ev. It is therefore unavoidable to consider interactions beyond the scope of the
Standard Model in order to be able to accommodate an eventual evidence for K, — eu

with a branching ratio not far below the present experimental limit.

In this work we have chosen a general left-right symmetric model based on the gauge
group SU(2), ® SU(2)g @ U(1)p—r. The main characteristics of this model were presented
in Chapter 1. We recall here that this model predicts two charged gauge bosons W and
Wg, which are generally not mass eigenstates, but the relevant mixing angle is proportional
to the vacuum expectation value (vy) of the left-handed Higgs triplet Ay, with quantum
numbers (0,1,2). For simplicity, we will work out the realistic scenario of the vacuum
expectation values stressed in Chapter 1, which actually corresponds to the case (d) of
Ref. [15], in which v, = 0. In this case, the W, and Wx bosons become mass eigenstates
with masses M; = My and Mpg, respectively. As a general feature of the extensions to

the Standard Model, in the left-right symmetric model flavor-changing neutral scalar fields
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will be also present. They were identified in Chapter 1 as the fields ¢9" and ¢5'. The mass
of these particles must be heavy enough to evade the constraints on the flavor-changing

neutral current (FCNC) effects.

As a direct consequence of the FCNC couplings of the Higgs particles to the fermions,
in the SU(2);, ® SU(2)g ® U(1)p_1 model the process K — eu can appear already at
tree level, and not only at the level of loop contributions. As we will see however, the
tree level contribution is suppressed by the heavy Higgs masses, and the one-loop graphs
become dominant. It will turn out, that there are graphs at the one-loop level which do not
vanish in the infinite Higgs mass limit m4 — oo and which can produce branching ratios
for K — ep of the same order of magnitude as the present experimental limit. Given
the perspectives of the new experimental facilities, and particularly the measurements at
DAPHNE, it is realistic to expect that the statistics needed for improved results will be
achieved and that evidence could be found for decays with branching ratios not much below

the presently excluded values.

We will start our discussion with considerations about the hadronic matrix elements
relevant to our process. Here we will make use of the PCAC theorem to relate the different
matrix elements in order to present the results corresponding to different diagrams in a
similar way. Then we will discuss briefly the tree level process via flavor changing neutral
Higgs particles. As the tree level contribution is suppressed by the mass of these Higgs
particles, we will evaluate the one-loop contributions to this process. In order to do this,
we will take into account all relevant diagrams, which will have additional right-handed
charged gauge bosons (Wﬁ) and additional charged Higgs bosons h* present on the internal
lines, compared to the SU(2); ® U(1)y model where only the left-handed charged gauge
bosons (W;") were relevant. Following other works [79] we will evaluate first the relevant
box-type diagrams in the Feynman—"t Hooft gauge. We will show how chirality changing
diagrams lead to results for the branching ratio B(K; — eu) comparable with the present
experimental limit. Then we will dedicate a chapter to questions regarding gauge invariance
and renormalization, and will evaluate the contribution of the gauge complements to the
corresponding box diagrams in the Feynman—"t Hooft gauge. The results first obtained in

[85] are presented providing a few more details.
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4.1 Hadronic matrix elements for K; — eu

In Chapter 3 we introduced the reduced amplitude A for the process K — e through the
defining relation given in Eq. (3.8)

1 1 -

4
g'w 7 T — K
A= (—> <O’d’)/,€PL8‘KO>UN’}/ PL'UeWM—‘%V

V2
The term (0|dv,Prs|K°)a,y"P v, arose from the Lorentz structure present in the expres-
sions for the diagrams given in Fig. 3.1. Adopting the SU(2), ® SU(2)g ® U(1)p—r model
we will encounter various Lorentz structures as we have new interactions present in the
theory. The left-handed gauge interaction will have a right-handed counterpart and flavor
changing scalar interactions will also be present. It is mandatory then to relate the different

hadronic matrix elements if we intend to express our results in an unambiguous way.

In order to relate the different matrix elements we will make use of the ideas of the
extended PCAC (“partially conserved axial-vector current”) hypothesis, outlined in the

following.

In the limit m, = myg = m, = 0 the Lagrangian of full QCD can be written in the
form

»CQCD = »Cchiral - (muﬂu + ded + ms§s) + »cht s (41)

where L. contains terms pertaining only to the quarks ¢, b and ¢, and the chiral Lagrangian

is expressed as
1 <.
Echiral = _ZGZWGa/w + W@l/) . (42>

In this expression G** is the gluon field tensor, the light quarks forming a triplet

Yv=1\4d |, (4.3)

and the color indices have been suppressed.

L eniral 18 invariant under the following global symmetry transformations:

SUB)y : & — e*i)\awa/2,l/} :
Uy : ¢ —e ™,
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SU@B)a = ¢ — e N2y,
UL)g : b — e Py, (4.4)
where w,, 0,, a and [ are arbitrary real constants, and A\, stand for the usual Gell-Mann

matrices. The subscripts V and A stand respectively for “vector” and “axial-vector”. The

corresponding Noether currents are respectively

Jllj = Yy M (k=1,8) (isospin current) ,

ju = Uy, (baryonic current)

Ji, = vyt (k=1.8),

Jou = VY- (4.5)
The baryonic current is conserved even in the perturbed system defined by Locp. The
SU(3) flavor isospin is conserved as long as m, = mg = ms. The axial-vector currents are

conserved only in the chiral symmetric limit apart from possible anomalies, not discussed

here.

These symmetries manifest themselves differently in nature. SU(3)y is realized di-
rectly in the well-known “eight-fold way” suggested by Gell-Mann, i.e. hadrons fall into
easy recognizable flavor multiplets. U(1)y is manifested directly as baryon number conser-

vation in the strong interactions.

On the other hand, a direct manifestation of SU(3)4 would require that each flavor
multiplet be accompanied by a mirror multiplet of the same mass, but with opposite par-
ity. There is no hint for this in the hadronic spectrum. For example, there is not even
an approximate mirror image of the nucleon iso-doublet. Assuming that the real world is
well approximated by the chiral symmetric limit, we must conclude that SU(3) 4 is sponta-
neously broken. This calls for pseudoscalar Goldstone bosons, which we can identify with
the “unperturbed” light pseudoscalar mesons. The physical mesons then correspond to the

perturbed states of the Goldstone bosons, whose masses come from m,, mg and my.

Having made these remarks, we can proceed to express the different hadronic matrix
elements. As we are interested in particular in the neutral kaon, we can write, using Lorentz
invariance and flavor isospin conservation, the only non-vanishing matrix element for the

axial-vector current

(OTE (2)| K (p)) = i freppe ™ (4.6)
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where fx is the kaon decay constant, p, is the kaon 4-momentum and the corresponding

axial-vector current has the expression
T3y (x) = d(z)y"ys5(x) - (4.7)
We can immediately obtain
(010" T3, ()| K°(p)) = fremice™™* . (48)

This is consistent with the view that the kaon is a Goldstone boson in the chiral limit, for

8,“]5[20 = 0 implies mg = 0.

We can define

0 1 0
A o fKaﬂjglj (z) . (4.9)
Then
(0[¢"" (2)| K°(p)) = e . (4.10)

Thus, qﬁf(o () can be used as a kaon field operator. It is composed of quark operators,
reflecting the bound-state nature of the kaon. The whole content of PCAC is a rule for
using ¢X" (z) in the chiral limit (mg — 0).

Using Eq. (4.7) for the expression of the axial-vector current, we can evaluate the

kaon field operator as being

1

m%{fK

o (1) = (d(x) 7 ss(a) - d(scmas(x)) . (4.11)

Using the equations of motion

(i —m,) s(z) =0 d(@)(i P +ma) =0, (4.12)
we can write
o) = I G os(o). (1.13

The expression above supplies us with the result for the matrix element

(0ld(2)7s5(x)| K°(p)):

(0]d(z)55(x) | K°(p)) = WmKifM . (4.14)
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With this result we can continue to evaluate also matrix elements of different Lorentz
structure. In our work it will be important to have the matrix elements with a rank 2 tensor
structure. Parity conservation implies that only the (0|dy*y7vs5s|K°) matrix element will
be non-vanishing. Furthermore, Lorentz invariance implies that this matrix element should
be constructed from the only available 4-vector p, of the kaon momentum. This means
that the matrix element will not have an antisymmetric component in £ and o, and the
symmetric part then can be written using the well-known anticommutation relations of the
Dirac y-matrices

(0ldy"y7 58| K°) = g™ (0|dyss| K7) . (4.15)

In the study of the decay K — epu expressions containing the hadronic matrix elements
and the leptonic spinors appear in the decay amplitude. To evaluate them, we can remark

that
—ipT, K

(01dy" 58| K°) iy, (D) Vi ¥50e (pe) = i frce™ "D U (pp) Ve y5ve (De) - (4.16)

As a consequence of momentum conservation, we will have p = p, + p. and we can take

advantage of the equations of motion for the leptonic spinors in the momentum space

au(]?u)(léu —my) =05 (B, +me)ve(pe) =0, (4.17)
writing
p”ﬁu(pﬂ)q/n%@e(pe) = (mu + me)au(pu)%ve@e) . (4.18)
Finally we can write our result as
<0‘J’YN%S|f(0>ﬂu(pu)7n75“e(pe) = Z.fl(e_ipm(mu + me)ﬂu(pu)%ve(pe) . (4.19)

In the decay amplitude for K — eu we will encounter the following expressions (in the

following we neglect the electron mass compared to that of the muon as m. < m,,):

- _ 1. i —
(0]dy*P L8| K, (p)1x P Lve (pe) = —§@mey6 P () PLve(pe) - (4.20)
Similarly,
T KA 0\ — 1 m%{fK —ipT g
(0ldy"™ v P rs| K7)tt, (p) kP Lve(pe) = §W€ 41, (pp) P Lve(pe) (4.21)

where we used for the Dirac v matrices

9 Ye ="V =4 . (4.22)



62 K — ep in the left-right symmetric model

Now we can evaluate the hadronic enhancement factor 1 used in Eq. (16) of Ref. [67] that
results from the different type of operator describing the kaon-to-vacuum matrix element

and is defined as
(0]dy7 P rs| K°) 1,757 P Lve

= — — 4.23
T O P s )P v (429)
Using the expressions given in Eq. (4.20) and (4.21) we obtain for this factor
4M?
K ~ 50 , (4.24)

= (ms + ma)my,

and one can readily see that the kaon decay constant fx does not actually appear in the

final expression.

Taking into account also Eq. (4.14) we can define a second hadronic enhancement

factor 1’ as
r= _{0ldPrs| KOyt Prve (4.25)
(0ldy*Prs| KOty vaP Lve
and we can write it as
MQ
W=—>r_ 1 (4.26)
(ms +mg)m, 4

The two hadronic enhancement factors defined in Egs. (4.23) and (4.25) (and, as we have
seen their expressions, actually the factor n suffices) allow us to express all decay amplitudes
in the decay K — ep relative to the common factor of the external particles encountered
in the case of the SU(2);, ® U(1)y model, namely (0|dv,Prs|K°)u,y*Prv.. The strong
feature of this procedure is that we can take the advantage of expressing the branching
ratio B(K — eu) by using isospin invariance relations between the decay amplitudes of
K% — p~et and K~ — p v, as done in Chapter 3, being able to use also the very simple

relation given in Eq. (3.15).

The ideas of the extended PCAC used in this section are based mainly on the SU(3)
flavor symmetry. One can do a similar discussion for the matrix elements of the pion, and
then one has to rely only on the SU(2) isospin symmetry (the “usual” PCAC treatment),
which is much less broken in nature, and as a consequence the results obtained are much
more exact. For our purposes, however, the analysis performed here provides an acceptable

result with a sufficient degree of precision.
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4.2 K; — eun at tree level

In the left-right symmetric model chosen by us based on the gauge group SU(2) ,®SU(2) p®
U(1)p_r the process K — eu can occur already at tree level. The reason for this are the
neutral scalars with flavor-changing couplings to fermions present in the theory. We have
seen in Chapter 1 that these Higgs scalars arise from the much more involved symmetry-
breaking sector of the theory. If in the case of the Standard Model a single Higgs doublet
suffices to break the SU(2), ® U(1)y symmetry, in the left-right symmetric model one
has to consider 20 real degrees of freedom (grouped in one bi-doublet and two triplets
of different chirality) in order to provide a minimal, but still general pattern’ for the
symmetry breaking. The flavor-changing neutral scalars arise from that neutral component
of the Higgs bidoublet which does not develop a vacuum expectation value in the scenarios
labeled as “realistic” in Chapter 1, in our convention these are the physically distinct ¢y

and ¢y’ fields with their corresponding masses given in Egs. (1.90) and (1.98)

2 2 2
My, = Aavg — KIXA,

2 2 2y
Mg = Aavy + K7X'A .
d e’
(p0r,i
s M

Figure 4.1: Tree level graph for the decay K; — eu

The Feynman diagram corresponding to the tree level K — ep decay is depicted in

Fig. 4.1. The corresponding decay amplitude can be written as

1 1 -

—_— . 4.2
(47’()2 MI?V Atree ( 7)

4
Juw 7 0\ — K
Aee = | =—= 0|dv.Prs| K" Yu,v"Pro,
t (\/5) <"Y L’ >M’y L

tThe given pattern is the minimal one which exhibits the general left-right nature of the original

Ssymietry.
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Of course, this expression should not be misleading, as the process is naturally only of order
(gw)?, writing it forcing an explicit (g,,)* serves only the goal of an easier comparison with
the result in the SU(2), ® U(1)y model and a more straightforward numerical evaluation.

2 N
A compensating <l) factor then should be included in the expression of Ai.. Using the

Guw
Feynman rules given in Appendix A. the dominant contribution to the reduced amplitude

corresponding to the exchange of ¢9" at tree level is

ir (4m\? / & (Aida)'/? Lxy/RpL pRx
Atree =1 (g_w) n ZZTVTM Vjis B,uaBea ) (428>

i=c,t a=1
where the contribution of the u-quark has been neglected due to its very small mass and
The flavor-changing coupling of ¢9" to the d-type quarks and the charged lepton is
proportional to the mass of the different u-type quarks and neutrinos, respectively. The fac-
tor of proportionality is given by the corresponding left- and right-handed mixing matrices

both in the quark and the leptonic sector.

To determine the dominant contribution, we used the maximally allowed values for
the Kobayashi-Maskawa matrix elements of the top quark, V;5 = 0.015 and V;% = 0.048,
and take the values V5 = 0.220 and V.t = 0.975 for the corresponding matrix elements of

the charm quark. Taking the masses m,. = 1.35 GeV and m; = 180 GeV we obtain

A = 5.03 A PVE =0.034 APVE =0.108 (4.29)
Ae = 28-107% MN/2vL=37.10" A/2VE=0.016. (4.30)

If we work in a non-explicitly left-right symmetric model, the right-handed quark mixing
matrix elements can evade some constraints and can be taken close to unity. In this case
it is clear that the dominant contribution comes from those parts of the flavor-changing

coupling to the quarks which are proportional to the top-quark mass.

The non-observation of the decay u — ey imposes a constraint on the leptonic mixing
matrix elements, which will obey the relation
1.18-107*

VB

The physics contained in this relation is that the heavier the right-handed gauge boson

|BraBea| <

Q

(4.31)

Wg gets, the weaker the constraints on the right-handed leptonic mixings B become
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(we should remember that the constraints on the left-handed mixings B are essentially

independent of Mg).

Using the presently accepted experimental limit for B(K; — eu) < 4.7 -107!2 we
can try to impose constraints on the mass of the flavor changing Higgs scalar. In order
to compare our result to other values given in the literature, we will consider the case of
an explicitly left-right symmetric model with V' = V¥, With the presumption that the
flavor-changing scalars are nearly degenerate mgr ~ mgy ~ my and considering typical
values for the heavy neutrino mass my = 10 TeV and the right-handed gauge boson mass

Mpgr =1 TeV, we obtain

Vi 2 2 m 2/ M 27 s \?
A2 > 45108 [ ts ( N ) i i I 4.32
s 4510 (0.015 0.048) \10 TeV/ \1 TeV/ \0.01 (4:32)

This result allows us to impose a lower bound on the flavor-changing Higgs mass of m, >

12 TeV. In fact we can display the dependence of this bound on the heavy neutrino mass

my and the right-handed gauge boson mass Mg:

Vs 1/2 V.. 1/2 my N2 [ Mp 12 7w \1/2
> 12 ( ) ) Tev. (433
el = <0.015) 0.048 10 TeV 1 TeV 0.01 ¢ (433)

In is interesting to note here that this bound on m is much more constraining that the one

resulting from the observed K — Kg mass difference. The authors of Ref. [86] argue that
using the vacuum-insertion method to calculate the K° — K° transition-matrix element of
the (dvss)(dvss) operator in a diagram similar to that presented in Fig. 4.1, the smallness
of the K — K mass difference will set a lower bound on the exchanged flavor-changing

Higgs mass of
mg > 8.5 TeV . (4.34)

We must stress, however, that the bound on m, derived from K — ey is just an approxi-
mate one, as we based our estimates on maximally allowed values of the mixing parameters.
A lighter flavor changing neutral Higgs particle could be easily accommodated in the theory
by smaller values for these mixings. This being said, we will take more seriously the bound

derived from the observed K — K mass difference.

There is, however, no physical reason why the flavor changing Higgses should not

be considerably heavier than their lower bound. For m, ~ 20 TeV the allowed branching
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ratio is already suppressed by two additional orders of magnitude, decreasing to a value of

~ 10713,

Our main conclusion at this point is that the decay K — e is not the right place
to look in order to place a lower bound on the masses of the participating Higgs scalars,
as more reliable constraints exist from the smallness of the K — K¢ mass difference. As
heavy scalars are not at all excluded from the theory (we must be aware that even the
formal limit mg4 — oo makes sense) one can conclude that one loop corrections can play an
important role in the description of K — eu. In what follows we will turn our attention

to such contributions.

4.3 K — eu at one loop level

In Chapter 3 the branching ratio of the decay K — eu was calculated in the Standard
Model with heavy neutrinos. There the process could occur only at the one-loop level
through the non-vanishing mixings between the leptons. In the left-right symmetric model
the decay can take place already at tree level, but as we have seen in the previous section,
the heavy flavor-changing neutral Higgs particles suppress the branching ratio by orders
of magnitude below the present experimental limit. It is of interest therefore to study the

one-loop contributions also in the left-right symmetric model.

The theory based on the SU(2), ® SU(2)r ® U(1)p_1 gauge group has new, right-
handed gauge interactions and an extended Higgs sector, correspondingly there will be an
increased number of one-loop diagrams contributing to K — eu. In order to keep track of
all possible diagrams it is convenient to place them in distinct groups and to study them
separately. Our choice is to study gauge independent sets of diagrams. In the following we

will display these sets in the unitary gauge (i.e. only the diagrams with physical particles).

The diagrams in the group A. are displayed in Fig. 4.2. One can immediately recognize
that diagram (a) corresponds to the one present in the Standard Model. Diagram (b) can be
obtained from (a) simply replacing everywhere W ;& with W3 and it is a direct consequence
of the left-right symmetry. Finally diagram (c) arises due to the presence of the charged
Higgs scalars h™ in the theory.
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Figure 4.2: Gauge invariant set of diagrams contributing to K, — ep in the SU(2); ®
SU((2)r @ U(1)p—r, model. Group A.

The diagrams in group A. are gauge independent by themselves. The physical reason
for this is that diagram (a) represents a physical quantity and it gives the decay amplitude
in the limit Mr — oco. That diagram (b) is gauge invariant follows then from the left-right

symmetry. Finally, diagram (c¢) has no gauge dependence at all.

On a different line of reasoning, in a renormalizable R, gauge one always has the
freedom to choose different gauge parameters &, and &g for the left- and right-handed
gauge bosons. Diagrams (a) and (b) will then involve propagators with different gauge
parameters, i.e. unrelated to each other. As these are the only diagrams with two W-s

with the same chirality, their final gauge independence follows.

In Fig. 4.3 a second set of diagrams is displayed. These diagrams contain two charged
gauge bosons of different chirality in the internal lines. This group has actually two sym-

metrical subsets, obtained simply by interchanging W «—— Whg.

Group B. tells us a little bit more about the complexity of the model. Besides the
usual box-diagrams (a and b) there will be vertex-type diagrams (c—f) and self-energy type

diagrams (g and k). The latter two arise from the non-vanishing ¢ — Wy, — Wg coupling.

TThere is no ¢y — Wy, — Wy, or ¢ — Wr — Wg coupling in the theory
2 2
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Figure 4.3: Gauge invariant set of diagrams contributing to K, — ep in the SU(2), ®
SU((2)r @ U(1)p_r, model. Group B.
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Diagrams (c—h) of group B. are divergent, as they represent contributions to the
vertex- and neutral Higgs self-energy counterterms in the theory. This means that we will
need to go through a renormalization procedure in order to obtain finite results. The most
interesting feature is that this renormalization procedure is needed also to show that group
B. is actually a gauge invariant subset of diagrams. If the gauge invariance of group A.
was more or less a trivial problem, in this case one could worry about the diagrams (c¢—h),
which contain the flavor-changing neutral Higgs bosons not present in the box-graphs (a)
and (b). At the first glance one could think that the vertex- and self-energy type diagrams
are suppressed by one, correspondingly two heavy scalar propagators and that they could
not cancel the gauge dependence of the box graphs. However, in a renormalizable 2, gauge
the coupling of the scalars to the left- and right-handed unphysical Goldstone bosons is
itself proportional to mi, this coupling canceling in the p = 0 limit of the momentum
transfer the suppression coming from the heavy propagators. The exact mechanism of the

gauge cancelations will be outlined in the next chapter.

We have seen in the discussion of the first group of diagrams that one can freely choose
independent gauge parameters £, and &g for the left- and right-handed gauge interactions
in a general renormalizable gauge ;. Then we can be sure that there will be no gauge-
dependent contributions coming from other sets of diagrams depending on both £, and &g,

as only the diagrams in group B. will have W and W5 appearing simultaneously.

Fig. 4.4 displays a set of diagrams specific to our left-right symmetric model. The
box-diagrams of group A. with the identical gauge bosons as well as the entire set of
diagrams in Fig. 4.3 are mandatory for all such models, as their presence is required by
the existence of the W, and Wy bosons. Diagrams with charged Higgs particles h* on the
other hand are required by the particular pattern of the symmetry breaking in our case.
The SU(2); ® SU(2)gp ® U(1)p_r symmetry can be broken with a simpler Higgs sector
compared to the one presented in Chapter 1, so that no such charged scalars are present.
Our realistic scenario however is much more consistent with the presence of heavy neutrinos

in the theory.

Similarly to group B., the non-vanishing ¢3 — W — h coupling leads to the existence
of the vertex- and self-energy type graphs (c—h). As a further similarity, our discussion in

the previous case about divergences, renormalization and gauge independence stands valid
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in this case too. The only remark one should make is that the gauge cancelations in this
case will turn out to be more cumbersome, mainly because the coupling to the unphysical
Goldstone boson ¢35 — G, — h will be proportional to mj —mj, instead of m7, and the Higgs
propagator will not disappear in the p = 0 momentum transfer limit. We will see however
that with a proper renormalization procedure this inconvenience can be passed and the

gauge invariance of this set of graphs can be proved.

It is again easy to convince ourselves that the gauge structure which appears in this
group of diagrams can be cancelled only by diagrams with one internal W, (because of
the gauge parameter £7) and an internal charged Higgs h (because of the m;, dependence).

However, there are no other diagrams besides the ones depicted in Fig. 4.4.

W3R — h*
d—AANNANANN~— € Tt === == = = = 4 —— €'
ui)\ \Vna ui‘\ N nG
S - mm - m - VT o VaVaVaVaVaVaVab o i

a) h b) Wr

Figure 4.5: Gauge invariant set of diagrams contributing to K, — ep in the SU(2), ®
SU((2)r @ U(1)p_r, model. Group D.

The last type of diagrams considered will be those in Fig. 4.5. They correspond
to the diagrams of group C., when one substitutes W with Wg. However, the coupling
¢9—Wgr—h vanishes in our model, which means that there will be no vertex- and self-energy

type diagrams present in this group, only the finite box-graphs will contribute.

The graphs presented in Fig. 4.2-4.5 will give the leading contribution to one-loop
level to K; — eu. We are aware of the fact that at one loop level there are also other
possible graphs present. Fig. 4.6 shows some examples of them. Diagram (a) represents
a tadpole contribution to the neutral Higgs mass counterterm. There are effectively hun-
dreds of possible tadpole graphs in an arbitrary gauge. Strictly speaking these graphs
should belong either to group B. or C. and then these would become gauge independent

before renormalization. It is more convenient however to require gauge invariance after
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Wi _
d _ 2:§ | e d . e
qj,l \ qj’,l ,

R S ) S W,

a) b)

Figure 4.6: Additional one-loop diagrams: tadpoles (a) and corrections on external legs (b)

renormalization, as the momentum-independent tadpoles vanish during the corresponding

subtractions. This means that one can forget the tadpoles from the very beginning.

Diagram (b) on the other hand is representative for radiative corrections applied on
the external legs of the tree-level diagram. Beside the vertex corrections there exist also
the fermion self-energies, not shown here. After proper renormalization these diagrams
contribute only to the physical vertex coupling and the masses of the fermions respectively,

and the corresponding diagrams will be suppressed by the heavy neutral Higgs mass.

One could also consider diagrams contributing to the neutral Higgs self-energy
through fermionic loops. These diagrams are gauge independent by themselves, but they
will also be suppressed by the heavy mass of the scalar, as the coupling to the fermions is

proportional to the fermion masses.

At this point we have identified all possible one-loop contributions to K — eu. The

one-loop decay amplitude for the process will be given then by the sum of all relevant

diagrams,
4
Avroop = (22} (01dePos| KO,y Prow—— A (4.35)
1-loop \/5 w1 L o L 6(471')2 Mgv 1-loop > .
where the reduced 1-loop amplitude is
Atsoop = Ap + A+ Ac + Ap | (4.36)

containing the corresponding contributions from the different groups of diagrams.
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4.4 Box diagrams

In a general left-right symmetric model based on the gauge group SU(2)r ® SU(2); ®
U(1)p-r an enhancement for the process K — eu can be obtained compared to the
Standard Model. In the literature usually the contribution of the box-graphs is evaluated
[79], and then the contribution of the gauge complement graphs is estimated. In order to

compare our results with the previously obtained ones, we will follow this procedure.

The advantage of this treatment is that the box diagrams are finite and one does not
need to take into account any renormalization procedure. The diagrams can be evaluated
in the Feynman—"t Hooft gauge. Compared to the diagrams depicted in the unitary gauge,
diagrams with additional non-physical Goldstone bosons replacing the gauge bosons in the
internal lines must be taken into account, which means that the number of diagrams will
increase compared to the ones presented in Fig. 4.2-4.5, but with the advantage of an easier

computation for the relevant loop functions.

4.4.1 Box diagrams. Group A.
The contributions to A4 come from the three diagrams in Fig 4.2:
Ay = As + AY + A5 (4.37)

fljﬁx corresponds to the amplitude evaluated in Chapter 3. In Eq. (3.12) we obtained the

expression
2ng
Ax=) ViVie Y BBLEMN ),
i=c,t a=ng+1
with
3 1
E )\i;)\a - )\i)\a -
(isAe) B e

13 1 3 1 In\;
4 20—-1 4(N—12] A= Ao

o8 31 In )\,
4 2Xx—1 40a—-1D2| A= N]J
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AY, corresponds to the amplitude Agzg given in Eq. (19) of Ref. [67], and it can be expressed

in terms of the same loop function FE as

2ng
Ay=0") VirVid Y BB E(BALBA) (4.38)
i=c,t a=ng+1

where we recall the definition 3 = M?/M3.

fli‘ was previously not given in the literature and it can be written as

2ng 2ng 2ng
DOVAVE Y D D BuBENAA)Y
i=u,c,t a=ng+1y=ng+1 d=ng+1
X (83050 — CL) (82050 — CETG (s Aas Mn) (4.39)

where we defined A, = m? /M3, and the loop integral I is

dey 1(4m)% / d*k k?
15O A ) & 280 , 14
al n) 4 4 L (2m)4 (k2 — mgi)(k‘2 —m2 )(k? — m3)? (4.40)

leading to

A2In ) . A2In A,
A= A2 — M) e — A2 — A

1 )\h In )\h )\z B )\a
D=2 e =) \ M =X da— M

Ah
i (An = Xi)(An — )\a)] ’ (4.41)

1
[j<>\i7)\a7)\h) = _Z |:(

We can apply the GIM mechanism to the amplitude given in Eq. (4.39). Then we can

neglect the contribution of the internal u-quark, and write

2ng 2ng 2ng
DVAVE L 2L 2L BLBEN(OW)
i=c,t a=ng+1vy=ng+1d=ng+1
X (550ya — C2) (55050 — C32)E™"(Aiy Aay An) (4.42)

with the GIM-reduced loop function given by the relation

1 { Al Ao In A,
(

E™M(N\i, Aoy A —=
(i Aas An) 100 =2 0n =) T 0w 0w — )

X In )\h /\h o )\a
M =2)Aa =) \ A=A Ao — A\

1
A — Aa)] | (4.43)
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4.4.2 Box diagrams. Group B.

The box-graphs belonging to group B. are presented in diagrams (a) and (b) of Fig. 4.3. In
consequence we can write

Ap =A%+ A . (4.44)
In the Feynman—"t Hooft gauge the non-physical Goldstone bosons will also appear in the
internal lines, increasing the number of diagrams to be considered. As group B. presents
the richest gauge structure with both W and Wpg involved, we present the box-graphs
including the non-physical particles in Fig. 4.7.

Summing all the individual contributions we obtain:

2ng
Ay = By VirvE Y BLBEOA)Y?
1=c,t a=ng+1
X |:< ﬁ)\i/\a> Jl()\ia/\omﬁ) - 1ZﬁJ2()\z>/\omﬁ):| ) (445)
2ng
Ay = B ViEviE > BLBE(A)Y?
i=c,t a=ng+1
<( ﬁAfC‘) R ) =m0 ] - e
The box functions J; and J are given by
A In Ao In A,
J )\ia)\aa = +
R S T W T W W I (RS W 1§ B W W W
n fInp
(1=58)1 = BN)(1—BAa)
Al1n )\ A2 1ln )\
Jo(Ai, A, - - a2
A S T ) WG W W R G W T B W W W
+ o 5 . (4.47)

(1=8)(1 = BA)(1 = BAa)
The resulting expression for Ap corresponds to the expression given to Arr in Eq. (15)
of Ref. [67], if one identifies the quantity 8, = (¢&/97)M7 /M3 with 8, which can be
performed by choosing the coupling constants related to the gauge groups SU(2), and
SU(2)r, g1 = guw and gg respectively, to be equal, as it was done in Chapter 1. We can
also see that the hadronic enhancement factor 7 introduced in Sec. 4.1 appears in the final
expression. The main reason for this is the presence of the gauge interactions with mixed

chirality.
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Figure 4.7: Box diagrams of group B. in the Feynman—"t Hooft gauge
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4.4.3 Box diagrams. Group C.

Following our notation, we have

Ao = A% + AL (4.48)

The corresponding expressions for the two contributions are

2ng 2ng
Ay = D VEVE ST > BEBL (M) (5565 — CL)
i=c,t a=ng+1vy=ng+1
1
X {Ilc(Ai,)\a,)\h) — ZAiAaIQC(AZ-,)\a,)\h)} , (4.49)
~ 2ng 2ng
A= g VEVE S Y BLBEOA) (530 — CF)
i=c,t a=ng+1y=ng+1
1
X {Ilo()\i,)\a,)\h) — Z)\Z-)\alf()\i,)\a,)\h)} , (4.50)
where the loop integrals are defined as
ef 1(47)2 dik k2
IO das \y) 2 M2/ 451
PO A ) = ML i e ) — e ) — e o) (Y
def (4m)? d*k 1
IE Ny Aoy M) = s M4/ 4.52
isds ) = eyt =) — iy ) a0
leading to the expressions
1 A2 1n )\ A2 In A
IS N, Aas A) = —= e a2
Fodeh) = 5 [t B D
A21n )\,
n , 4.53
On— 1D = A) O — Aa) (4.53)
M I\, Ao In A
I3 (Nis Aoy M) = — - > ‘o
2 ( ) i =2 — D — A) - a = M) (Aa = D(a — i)
A In A
+ n A . (4.54)

(A= D) (A= A) (A — o)
In Egs. (4.49) and (4.50) we kept an explicit 1/4 factor in front of the second loop integral

I$ in order to remember it originates from the hadronic enhancement factor 7’ = n/4.

4.4.4 Box diagrams. Group D.

The two box diagrams in Fig. 4.5 will give a total contribution

Ap = A% 4 Ab . (4.55)
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For the individual diagrams we will obtain

2ng 2ng
Ay = Y VEVE ST Y BEBENOGA) (550 — CL)
i=c,t a=ng+1y=ng+1
X[S3IP (N, Aas An) = 13" (Ais Aoy An)] (4.56)
2ng 2ng
Ay = S VEVE ST > BEBEA(AA) (55050 — CL)
1=c,t a=ng+1y=ng+1
X[S3IP (N, Aas An) = I3 (Ais Aas An)] (4.57)

with the loop integrals I and I defined as

o SR [ 2 ) mzf;(k? T v
0w B / éw]; (R — ) (%" mzjw —apyE =) Y
where we have taken into account that s3 = (.
From the definitions we can readily obtain the expressions of the loop integrals:
(o e B e T ey
T - 1)(1’21E AAhm ) - 1><ﬁinf (B — 1)]  (4:60)
B0 = 8| e e o
T e s T Rl v s e R

At this point we have all the results relevant to the possible box-diagrams describing the
decay K — ep in the left-right symmetric model. Some of these results were already
presented in [67], others were obtained here for the first time. We stress again that all box
graphs are finite and their contribution can be given analytically. With all these results at

hand one can proceed to make numerical estimates for the branching ratio B(K — epu).
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4.5 Phenomenological results derived from the box

diagrams

Before evaluating the branching ratio B(Kj — eu) a few remarks are necessary. The first
one concerns the mixing matrix elements which appear in the expressions for the decay
amplitudes given in the previous section. In Sec. 3.3 the constrains imposed on B¥ by
other low-energy processes (in particular the decay u — e7y) were discussed in some detail.
In the left-right symmetric model the mixing matrix B is also present in the expression
for the amplitude. Following a similar procedure to the one outlined in Sec. 3.3 in the case
of BY, we can extract constraints on B from the experimental limit of the decay u — ey
that can be mediated by right-handed currents. In particular, if the mixings BﬁNa are
assumed to be extremely suppressed or vanish, then only Wx bosons can provide a nonzero
value to the decay p — ev. In the presence of the right-handed currents, the transition
amplitude F, given in Eq. (3.17) will have the expression

2ng

E, = ﬁZBRBR*F o) s (4.62)

where the loop-function F'()\,) has the same expression as the one displayed by Eq. (3.19).

The constraint imposed on B® can be written then from the expression of the branch-

ing ratio
6 em 2
B(i — e) = B2 ‘ S BE B FM)| (4.63)

a=1,2

For neutrinos much heavier than W (i.e Ay > 1) the loop function F'(Ay) will have a
constant value and can be factorized out of the summation. Considering the experimental

upper limit B(u — ey) < 1.2 x 107! leads to the constraint

) Z BuNa eNa i

a=1,2

2x 1078

5 (4.64)

In our calculations we will evaluate only separate terms containing the combinations

derived from Eq. (4.64), which is

By B or By B , applying the constraint on ‘BR
a rather conservative approach.

In the left-right symmetric model we encounter also a new quark mixing matrix, V %,

which plays the same role in the right-handed gauge interactions of the different quarks as
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the usual Kobayashi-Maskawa mixing matrix V¥ for the left-handed ones. In case of no
manifest or pseudo-manifest left-right symmetry, there are no experimental constraints on
the elements of V' and they are limited simply by unitarity. In fact, for specific forms of
V' given in Table IT of Ref. [79], the K — K¢ mass difference imposes a lower bound on the

Wr-boson mass My 2 400 GeV, not very much different from the experimental one [84].

We should give the possible ranges for the masses of the particles appearing in the
different diagrams. We would definitely favor very heavy neutrinos, close to their pertur-
bative limit of approximately 50 TeV. So in order to enhance the non-decoupling effects we
will consider my ~ 20 — 30 TeV. For the charged Higgs particles it would be an obvious
choice to set their mass close to the mass of the flavor changing neutral scalars. This means
that my ~ 10 TeV is a natural value. For the right-handed gauge boson we will use the

assumption Mg > Mp, a typical value used in our estimates will be Mz =1 TeV.

In the previously defined range of the parameter space for the particle masses a certain
mass hierarchy is present. We can conclude that in this region the hierarchy Ay > A\, >
1/6 > 1 is valid. Using this assumption, we can write the analytical results obtained in

Sec. 4.4 in an asymptotic form, which will make much easier the comparison between them.

4.5.1 Leading contributions to the box diagrams

All diagrams in Fig. 4.2 contain different particles, so we give the leading contributions to

all of them:
A%~ 175 x 107°VEVEN [342In ), +4In)y] | (4.65)
A~ 35 x 107762\ [3 -3 B+ In(An/N)] | (4.66)
A9 &~ 3.5 x107°8%\ [In(An /M) — 1] . (4.67)

The asymptotic behavior for the box diagrams of group B. will have a similar form to
the expression given in Eq. (18) of Ref. [67], with the only difference being that with our
present assumptions about the masses the we will have SA; < 1. The leading contribution,
which can be traced back to diagram (c) in Fig. 4.7, can be expressed as

)\t ln)\t
N—1)

Ap ~ 3 x 1075V 332\ 2 )\ 12 (mﬁ + (4.68)
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For group C. we evaluate first the leading contributions to the two loop integrals, which

gives
1
I, das An) = —In(An/Mn) | (4.69)
A\y
In A
IS0 Aas ) A~ (4.70)
AN A

Using this result we can identify the leading contribution originating from diagram (a) in

Fig.4.4

) \3/2\1/2
Ac ~ 3 x 10‘577%%1/2% In A, . (4.71)
h
In a similar manner we evaluate the leading contributions to the loop integrals for the
group D.
D . b
[1 ()\Z, )\a, )\h) ~ —— ln()\N/)\h) y (472)
AN
]c ~ ﬁ )\h
2 (Ai;)\a;)\h) ~ —ln/\N — lIIﬁ)\h y (473)
ANAL [ AN
which leads to
Ap ~ 3.5 x 107262\ In(Ay/Ap) - (4.74)

4.5.2 Non-decoupling effects in the box diagrams

The main reason for displaying the leading contributions of the different type of box dia-
grams is that it offers a clear insight in the behavior of the decay amplitude for very heavy
neutrino masses. One can remark at a glance that the box diagrams of group B. and C. dis-
play a non-decoupling effect manifested in the proportionality of the corresponding reduced
amplitudes to the mass of the heavy neutrino my ~ /\]1\{2. This effects originates in the
chirality-changing interactions of the left- and right-handed gauge bosons with the leptons,
the same type of interaction existing also in the presence of the charged Higgs boson h.

Despite of this similarity, the two amplitudes are not of the same order of magnitude, as

we have y i
A In 5 + 222
A_B ~ ﬁlT,meh ~ 107 . (4.75)
C

This result means, that from all the box diagrams actually those of group B. can contribute

most to the decay amplitude.
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All along our analysis we have considered (s%)* = (s7*)? < 10~ in our numerical
estimates, in agreement with a global analysis of low-energy and LEP data [87]. We have
identified (s7')? = nZG | Bl |7, where [ stands for an electron or a muon. Nevertheless, one
may have to Worr(;/:tlhat diagrams similar to (d) and (h) in Fig. 4.7, which are present
in the decay u — eee, could lead to a violation of the experimental bound expressed in
B(pu — eee) < 107'2 [84]. Considering only the dominant non-decoupling terms, we have
estimated that this happens when nm;Viq/(s7my) < 1 for Mp ~ 1 TeV. Unless the mass of
heavy neutrinos my > 10 TeV for Mr < 1 TeV, the limits derived from the non-observation

of y — ey will be rather sufficient to perform our combined analysis.

10000
BR 5 my = 20 TeV
(x1077)
000+ ST my = 10 TeV
rrrrrr my= 5Tev
100 +
— my = 25TeV
— my= 1Tev
Exp. limit
1 III:IIII! L II:IIII! L II:IIII! III:I
.00001 .0001 .001 .01

B

Figure 4.8: B(K[ — eu) as a function of 3 = M?/M% in an SU(2)r @ SU((2), @ U(1)p_1,

model, assuming that all heavy neutrinos are approximately degenerate with mass m .

As can be seen from Fig. 4.8, B(K | — epu) depends strongly on Mg via the parameter
(. Taking the constraints coming from p — e7 into account, we find that heavy neutrinos

with few TeV masses can give rise to branching ratios of the order of 1072 close to the
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present experimental limit. Note that there is a local maximum in Fig. 4.8 for smaller values
of 3, where Wg bosons with several TeV masses can also account for B(Kj — ep) ~ 10712,
The origin of this local maximum can be traced back to Eq. (4.63), where the mathematical
formulation of the constraints coming from p — ey is displayed. Asymptotically, for very
heavy neutrino masses, this leads to the result given in Eq. (4.64). The unitarity limit
imposed on the mixing matrix B will be eventually reached for sufficiently heavy W (or,
equivalently, for sufficiently small (3), which means that further increase in M can not be
compensated by an increase in the magnitude of the B and the branching ratio will start
to decrease monotonically. The local maxima in the plot of Fig. 4.8 mark the transition
between these two regions, the first defined by constraints on B from low-energy processes,

the second defined by the unitarity constraints on the same matrix.

100000 _ T T T T T T T T T T T T T T T T

10000

1000

B(Kp — pe)

10 mpy = 20 TeV ]
my = 20 TeV (asympt.) — ]
Exp. limit - - - - |
1 =
0.1 S
0.001 0.01 0.1

Figure 4.9: Validity check for the asymptotic formula in the case of two degenerate heavy

neutrinos with mass my = 20 TeV

It is interesting to compare our asymptotic formula 4.68 with the complete result
originating from Eq. (4.45). To illustrate the relationship between the two expressions, the

branching ratio is calculated based on these formulas. The two curves shown in Fig 4.9
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indicate that our approximation works surprisingly well in an appreciable region of the
mass parameters. Note, however, that the heavier Wg gets (i.e. the smaller the parameter
), the discrepancies between the two results increase. One can see this feature as a direct
consequence of the fact that the assumption my/Mg > 1 is less and less valid in that
case. On the other hand, for M ~ 1 TeV both curves yield a value close to 1072 for the

branching ratio.

With these results at hand and increased confidence in our approximate formulas, we
can estimate the level of suppression of the various different type box diagrams. This can

be most conveniently done estimating the ratios

19 L34 In) +4In)

ZAl & af@3+llﬂzlgfvzoo3, (4.76)
Ap no A AY

ib 1/2 9 4

A4~ 04”2 L3 SHMijﬁﬁAN/A” ~14x107°, (4.77)
Ap NVid AN

A V2 In(An/An) — 1

Al o oﬂgLn(féﬁL ~6x107° (4.78)
Ap WV NN

A In A

0~ 03220 ~ 003, (4.79)
AB ﬁ>\h

A 2In(An /A

=2 IS (1461;1“ N s 10 (4.80)
Ap Vi )\i/ 2)\%2

In the above expressions we used the value obtained for my = 30 TeV and Mz =1 TeV,

)\t In /\t
A —1

Pnﬁ+ ~3. (4.81)

The results of Eq. (4.76-4.80) demonstrate conclusively that diagrams where non-
decoupling effects do not occur, could contribute only insignificantly to the branching ratio

for the decay K — epu.



Chapter 5

Gauge cancellations and

renormalization

In this chapter we will focus our attention on the gauge structure of our results. Our dis-
cussion will bear many similarities with the case encountered in the analysis of the K — Ky
mass difference in the left-right symmetric model. Diagrams similar to diagrams (a) and (b)
in Fig. 4.3 have been used to derive a stringent lower bound on My based on the smallness
of Amy [88-91]. The authors of Ref. [92] pointed out for the first time in the literature that
these one-loop diagrams are not gauge-invariant in the left-right symmetric model, contrary
to the usual expectation, although a similar property was recognized earlier in the case of
i — 3e [93]. By extensive use of Ward identities and quite general assumptions about the
left- and right handed couplings they have found the general structure for the additional
1-loop graphs needed in order to restore gauge invariance. For these additional graphs it
was shown that they must contain the flavor-changing neutral Higgs boson, namely the
the self-energy and vertex-type graphs in diagrams (c)—(h) in Fig. 4.3. As these graphs
present ultraviolet divergences, a renormalization procedure was needed. This study was
successfully carried out in [86,94]. We note that the results obtained in [86] are completely
transferable for the diagrams in Fig. 4.3, constituting the proof that they represent a gauge

invariant subset.

We will gain some insight in this procedure when applying it to the diagrams shown

in Fig. 4.4. The motivation for this resides in the fact that in order to find the gauge

85
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complements of the box graphs, an important hint was the proportionality of the coupling
$3 — G, — G to the flavor-changing neutral Higgs mass mig. For our group C. of diagrams
this argument is not valid any more, the coupling ¢ — G —h being proportional to the mass
difference m? — mig. The mass factor from the propagator in the vanishing momentum
transfer limit is not canceled by this coupling. We will closely follow the method presented

in Ref. [86] in order to derive the gauge invariance of the new type of diagrams of Fig. 4.4.

5.1 Gauge dependence of the box diagrams

The amplitude for diagram (a) in Fig. 5.1 can be written, omitting the integration over the

loop momentum k, as

Mo =T,/ (ph, iy, )T (pr, pa, —R)IAY ™ (k)iDy (k') . (5.1)

k>
U 4 Y Ny U 4 Y Ny
s—)—----k’-_-’----—>,— W s—»—;/vv@_\’/vw—g—u‘
P2 h P P2 W P2
p i G.* ’ p & h* pi
- 1 L pl. + 1 4+
d ----k-_-)----—(—e d ----k7_-)----—(—e
U 4 Y Ng U 4 Y Ny
s—)—----k’-_-’----—>,—u‘ S—)—----k-_-)----—)’—u‘
P2 C) h P2 p2 d) GL-

Figure 5.1: Box diagrams of group C. in a renormalizable 7, gauge

In this expressions 7" and ThW represent the contribution of the different fermion
lines, k is the internal loop momentum, chosen to be the momentum of Wy, k' is the

momentum carried by the charged Higgs, pi1, p2, p| and p), are respectively the momenta
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of the external s, d, et and p~ particles and iDj, (k) is the charged Higgs propagator with

1

Du(k) = ——
k* —m3

(5.2)

The contribution of the fermion lines can be evaluated using the Feynman rules listed in

Appendix A. These give

. . 2
TWh AW k _ —1 25& — / BR P
Ju (P}, 3, k) sy (\/5 ; uu(pz) [Cﬁmu pal R

(5507 = Cra) mn, B P

1 *
X IW—_W%BeLa PL%(P&)} ) (5.3)

. . 2
- 1
T k) = — (—Zg“’> > {— Vi ——
12 <p1’p2 ) ML \/5 Ud(p2)’7ﬂ id 161 +%_mu2

%

X cg (my,Pr —msPpr) Vifus(pl) ) (5.4)

We can decompose the gauge-boson propagator in Eq. (5.1) in the R gauge [95] as

k. k,
AE{/(/{:) = Auu(k) - ]1\22 Aﬁ(k)a (5'5)
L
where
1 k,k,
A (k)= m (—QW + ;4—%> (5.6)
is the gauge boson propagator for W, in the unitary gauge and
1
Ae(k) = ——— .

is the part which has the dependence on the gauge parameter £ and has the same form as

the propagator of the unphysical Goldstone boson GG corresponding to Wr.

Using this decomposition one can write
My =M, +M,, , (5.8)
with
May = T, 05 )T (1, pa, —k)iA™ (R)iDi(K') (5.9)

7 —k kl/ .
My, = Tlth(pll,p’Q,k)T,fLW(pl,pg,—k)( Mg )zAg(k)Dh(k’). (5.10)
L




88 Gauge cancellations and renormalization

Here we note that M,, is independent of the gauge parameter ¢ and is the result of the

box diagram in the unitary gauge where the unphysical Goldstone bosons are absent.

The contributions of the fermion lines satisfy the Ward identities

ot g\’ ¢

TV ph, k) = =T (ph, ph, k) — ﬂQEL(pllap/Q) , (5.11)
M, \/5 M;

kH Juw

—T,ilw(Phpz,k) = 7" (p1;p2,l€)—l— (

o ) . G2

V2
where TC" and Ty are the corresponding contributions of the fermion lines when Wy, is

replaced by G, and we have defined
EL(py,ps) = Z U, (p BfaBeL;mnaPLve(pll) ) (5.13)

Er(p1,p2) = Z@d(p2)vid*vifmuiPRUs(P1)~ (5.14)

7

The amplitude for diagram (a) can be written then as
Ma:Mal_Nal_NQQ_Na3 +Na4 ) (5.15)

or explicitly

Mll = Mal + ZAg(k)ZDhU{‘J) _TGh(pllap/% k)ThG(plap27 _k)

2

_q g_w Gh ~ PN B
2

Z<¢§> M2 (7" (01, 2 &) En(p1,22) + B (0}, 25) Thce (01, 22, — )

+ (%)4 (AZ—%)QEL(JDLP’Q)ER(phm) : (5.16)

Following a similar procedure for diagram (b), we obtain
Mb - Mbl _J\/’bl _-/\/’1)2 _-/\/’bg +-/\/’b4 ) (517>

with the result

My = My, +ile(k)iDy (k) | =T"C (0, phy, k) Tan(p1, pa, —k)

2
. Guw & n [
B (ﬁ) e (7" (04, b, k) B (91, 22) + Er(th, 95)Tn(pr, pa, =)

+(%) (&—%)QER(JDLP’Q)EL(M,M) > (5.18)
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where we have defined

Er(p,ph) = ) uu(ph) Bl B ma, Proc(p)) | (5.19)

Er(prp2) = Ba(p2)ViViEm, Prug(pr) - (5.20)
Adding the mutually correspondent terms in Eq. (5.16) and 5.18, the contribution of the
box graphs takes the form

Mpox = My — N7 = Ny = N3+ Ny . (5.21)

Here M; = M,, + M;, and N; = N,, + N;,. M; will have no gauge dependency, being
the result of the two box diagrams in the unitary gauge. The gauge dependence in N; will
be canceled by the box diagrams involving the unphysical Goldstone bosons. However, the
presence of the terms Ny, N3 and Ny, being proportional to the gauge dependent propagator
A¢(k), implies that the two box diagrams do not form a gauge-invariant set. To find out
which extra diagrams are needed to restore gauge invariance, one can look at the structure
of these terms, which contain factors Ey(p),p}), Er(p1,p2) and the corresponding factors
obtained interchanging L < R. Taking into account the Feynman rules given in Appendix
A. we can convince ourselves that the Yukawa couplings of ¢J" and ¢%, when combined,
are proportional to these factors. This provides us a hint which suggests that diagrams
involving flavor-changing neutral Higgs scalars ¢9", ¢% should be taken into account. We
will see that diagrams of the type (¢ — f) in Fig. 4.4, where W, is replaced by the non-
physical Goldstone boson GG, when added together, will have the same structure as the
terms N, and N3, proportional to the factor Ep g(p),ph) or ELR(pl?pz). For the term
Ny, which is proportional to Er g(p},ph) and ELR(pl,pg), it is not hard to see that the
self-energy corrections to the flavor-changing neutral Higgs scalars ¢, ¢, coming from
diagrams (g — h) in Fig. 4.4 with W, replaced by G, can generate similar contributions.
Here we note that both M; and Nj in Eq. (5.21) are divergent. But it is easy to see that

the combination M; + N} is finite as it should be because each box diagram is convergent

in the renormalizable ¢ gauge.

Even though the diagrams (¢ — h) in Fig. 4.4 have the right structure to cancel
the gauge-dependent terms N5, A3 and N in Eq. (5.21), the self-energy contribution is

logarithmically divergent while the total contribution of box diagrams My is finite. This
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means that the vertex and self-energy graphs must be renormalized before being added to
the box diagrams to cancel the gauge dependence. The renormalization prescription will

be outlined in the following section.

5.2 Renormalization procedure

In general one has the freedom of choosing the subtraction points in the renormalization
of the divergent Green’s functions. Different subtraction points reflect themselves in giving
different meanings to the parameters in the original Lagrangian and the physical results
should be independent of the subtraction points. In theories with local gauge symmetries
only the on-shell Green’s functions are gauge invariant and thus have physical meaning. In
the SU(2), ® SU(2)r ® U(1)p—r, model this is the case, therefore it is more convenient to
choose the on-shell renormalization scheme, so that parameters after renormalization are
gauge invariant and hence have direct physical interpretation. If we would decide for a

subtraction not on-shell, the parameters might not be gauge invariant.

We can consider, for example, the renormalized scalar propagator given in the form
B 1
p? —p? = Xgr(p?)’

where p? is the tree level mass of the scalar and X (p?) is the renormalized self-energy

Ar(p?) (5.22)

coming from higher-order contributions. If ¥ g(p?) is obtained from the unrenormalized
self-energy by subtraction at p? = p?, then Y g(u?) = 0 and it is easy to see that Agr(p?)
in Eq. (5.22) has a pole at p? = p2. In this case p? is the physical mass of the scalar and
it is gauge invariant because it is a physically measurable quantity. On the other hand, if
the subtraction is done at p*> = 0, then ¥(0) = 0 and the physical mass of the scalar, 2,

will satisfy the equation
e — 1 = Sp(pl) =0 (5.23)

Since in general X R(pf)) # (0 and is gauge dependent, the parameter 2 in this case is not the
same as the physical mass ui and has no reason to be gauge invariant. Thus to study the
gauge invariance of a certain amplitude it is more convenient to use on-shell renormalization
to avoid the implicit gauge dependence of the parameters. The procedure outlined in the

next sections is equivalent with an on-shell skeleton-renormalization scheme.
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5.3 On-shell renormalization of self-energy diagrams

The self-energy graphs of the scalar fields ¢37, ¢3' are at most quadratically divergent,
therefore we need to make two subtractions. If we denote the unrenormalized self-energy
of ¢J" by X (p?), the renormalized one is given by the R2 operation defined as in Eq. (29)
of Ref. [86]:

EO)] ™ = 20?) - 20 m?) — (- m2) O (m?) (5.24)

where m, = mgg and X')(m?) denotes dX)(p?)/dp* evaluated at p? = m?. A similar
definition applies for ¥ (p?), the self-energy of ¢3'. The Feynman rules derived for our
model assure that there will be no one-loop contribution to the mixed propagator of ¢y

and @Y.

W *

Q|
S
e
@,
Ql
<
s \
V=
1
. 4
<
CD+

a) h : b) W * :
d . _G Ei e d ) _h +. N e
(El*l \’- (-p” (E"-‘l \’- q !
oo L! oo L!
> 0) ;1— oo d) .G—L a

Figure 5.2: Self-energy diagrams of group C. in a renormalizable R, gauge

We can write the contribution of the self-energy graphs in Fig. 5.2 as

Ms = ZAAfﬁ (D] (5.25)

where p is the momentum carried by the scalar particle and A; contains all the fermion

spinors and their couplings to the flavor-changing scalars and can be written as

. 2
— 19w -
A = (i) Esthsh) Bt ) (5.20



92 Gauge cancellations and renormalization

2
Gw -
A = <2ML> Ep(ph, 05)Ep(p1,p2) (5.27)
where we have defined
Es(p1,p3) = Er(py,ph) + Er(py,ph) (5.28)
Ep(py,p5) = Er(p),ps) — Ev(py,rh) | (5.29)
Es(ph]h) = ER(pl;pQ) + ~L(171,p2) ) (5.30)
Ep(phm) = ER(P17P2) — E(p1,p2) - (5.31)
The self-energy of the scalars can be separated as in
2N (%) =29 (p?) + 2D (p?) (5.32)
where Y (p2) and £ (p?) are the graphs with G, or Wy, in the loop. Using the identity
2 _ 2) — (p2 — m2
- <(p f2) (p2 h)> (5.33)

we can write

S0 (?) = (p* —m3)* = 2(p* — m3)(p* —m3) + (p* — mi)ng)(ﬁ)‘ (5.34)

(7 — P

The renormalized self-energy will be then

2

[Eg)(ﬁ)]m = (M) = (p?)

2 2

9 9 R2
(ﬂ) zé”(p?)] , (5.35)

where the R1 operation is defined as a simple subtraction

D] = PP = fD(m}) . (5.36)

Then the total contribution from the self-energy graphs is given by

}Rl

R2
2 2
P’ =mi \ s (1)
(m% - m;) Sa' () + Dy (pz)] . (5.37)
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The explicit expressions for the different self-energies can be obtained using the derived

Feynman rules, and apart from the loop integration they read:

. 2¢% (igw )\’ . .
S0 = 5 (92) nd - mPidiDAK)
L
% 262 Gu 2 . .
200 = =75 (%) (mh —md%AR)DAK) |
L

(5.38)

Eg’)(pQ) - 26% (%) U (AW(k) - ?}?Ag(kﬁo iDL(KN(p+ K (p+ k),

S00Y) = SR .

These expressions make clear that the self-energies Eg ) (p?) are proportional to (m3 — m?c)2

so we can evaluate the first term in Eq. (5.37) using the forms for A given in Eq. (5.26-5.27)
and the Ward identities:

> (024

f=ri

1 (), 2 2 (19w ! . .
e )| = 72| 57 ) i8dkIiDu(K)
X [Es(pi,p’g)ﬁs(pl,pz) - Ep(p’l,p’g)Ep(pl,pz)]
2 [ 19w ! . . /
= _40[3 (—) ’LAg(k)’th(k‘)
2
X [ER(Z?LP/Q)EL(PhM) + EL(piaplz)ER(plapz)} . (5.39)
Comparing this result with Eq. (5.16) and (5.18) it is clear that

> (%4

f=ri

1
(mj, —m%)

QEg)(pQ)] = —Noy =Ny, = =N . (5.40)

Thus, this term cancels the gauge-dependent term N of the box graphs.

For the last term in Eq. (5.37) we can write

2 2
p-—my (r) (2 ()2 _
(L= 5009+ 500" =

. 2
2¢5 Z%) i (k)DL (K (p + k) (p + K"

25 <9_w>2 [2<p2 —m2) — (k2 —m})| Ac(k) . (5.41)
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The second term in Eq. (5.41), being linear in p?, will vanish after the R2 operation defined
in Eq. (5.24), which requires two subtractions. Then we obtain

(27 st +sipen] - =

[2c; (%")2 A (k) Dy () (p + K )"(p + k')"] - , (5.42)

which is clearly gauge-invariant. The similar result can be obtained also for ¢Y'.
The second term in Eq. (5.37) can be written, using the expressions in Eq. (5.38) as
Ms, =237 Ay 1 o -m)sd o] . (a3)
: (= ) = i)

f=ri

which gives
M _ 2 Juw ! 2 2 A k)iD k’/ R1
s = %S\ L, [(p* — mj)ide(R)iDy(K')]

. 1 ~ 1
X [ES(PLP;)ES(Phpz)]m - EP(P/MP/z)EP(pl,m)m} - (5.44)

As we will see, this contribution will combine with that of the vertex graphs to give a

gauge-invariant result.

5.4 On-shell renormalization of the vertex diagrams

The contribution of the vertex diagrams in Fig.5.3 can be written as

i . R1
M, = Y {Bf(p’l,p’z)ﬁ [F(f)(pl,pg,pQ)]
f=ri p mf
R1 1 ~
+ [T, vy, p*)] ﬁBf(ppr)} 7 (5.45)
p my
where we have defined
B(// —_Z‘gwE//'B‘,,—gwE /7 5.46
rp17p2) = 9M, S(plap2)a z(p1ap2)—2ML P(p1;p2)a ( . )
~ —Zgw ~ ~ gw r-
BT(P17P2) = oM, Es(pbpz); Bi<p17p2) = MEP(Z?DPQ) ) (5-47>
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Figure 5.3: Vertex diagrams of group C. in a renormalizable R, gauge
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and the R1 operation of I'Y) is defined as

R1
[P(f)(p17p27p2):| = F(f)(plapZap2) - F(f)<p1ap2a m?) : (548>

Separating again the diagrams with non-physical Goldstone bosons and gauge bosons

in the R, gauge, one can write

T (py, p2, p°) = TL (p1, po, p2) + T (01, 2. 97) - (5.49)

Using again the identity from Eq. (5.33) results

R1 p2 — m?

() 2] () 2
G (plap27p ) m%—mfc G (p17p27p)
) ) R1
Db —mp () 2
— | =——=T , D2, 5.50
[m%_m; G(p1p2p) ( )
Using this result we will decompose M, in two terms, M, = M,, + M,,, with
7 ~
M”Ul = Z Bf<p/17p/2)p2 _ mirg)(p17p27p2)
f=ryi
+F(f)< ;o 2) i B ( ) (5 51)
G P1,P2, P p2—7713c f P1, P2 ) .
: 2 2 Rl
¢ s P~ — My =(5) 2
M'U - B ,7 : ) F(f) 7 7 2 - 7F Y Y
2 ;Z (1 pQ)pQ —m% [ w (P1, D2, p%) m2 —mfc ¢ (p1,p2,p7)
) ) R1 .
() 2 D™= My (f) 2 L 5
+ | T3 (1, 95, P7) — m2 — m}FG (Ph, 1o p )] me(pl,pQ)
(5.52)

The expressions of the vertex diagrams can be obtained using the Feynman rules of Ap-

pendix A.:

r 10w : :
CEWhphp?) = cogyp(mi — mD)ile(k)iDa(K)

x [T (pl, ply, k) + T (7, 95, K)] (5.53)
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% Juw . .
TEWhrh?) = —cogqr(mh = mDiAck)iDA(K)

x [T (p)y, vy, k) — T (P, v )] (5.54)

~ 1w : :
F& i p?) = cogyr(mh = md)idg(R)iDu(K)

X |7 (01, 2, =) + T (o1, p2, —h)| (5.55)

fg) <p17p2ap2) = _Cﬁ 2?&[/ <mi - mZQ)ZAf(k)ZDh<k/)

x ThG<plap27_k>_TGh<p17p27k)] , (5.56)
i o R o
en' o i (&) = A ) D44
L

ThW p17p27 k)(k/ +p)u + Tz}/l/h(pllapga k)(k, + p)u} ) (557)

= =i (A7 (6) — S Al ) iD4(8)

p’)
-
)
< [T (P vy, B (K + p) e+ TV (9, 0, K) (K + )] (5.58)
)
) =

2

F(T) (ph an

X

2

(p17p2a

10w _ ) kHEY , ,
= et - )i (&)~ S At ) D)

X [ThW (p1, P2, —k) (K + p)y — T " (p1, po, — k) (K’ +p)u] : (5.59)

<p17p2a ?

Juw 2 2\ n% k*EY . !
—cpy (my, —my)i | A (k) — 7 Ag(k) | iDn(K')

T (1o =) (K 4 9) = T propo, K )| - (5:60)

2

<p17p2a

With these expressions we obtain, after some algebra and using the defining relations of

Bf and Bfl

2
M, = ics < 2“3’\2) iAe(k)iDy(K)
x| T (01, 2, =) (Es(ph, ph) — Ep(ph, )
+T (pr, pa, —k) (Es(p}, pb) + Ep(py, 15))
+ThG(p/1ap/2a k) (ES(plap2) - EP(p17p2)>

+ T (), ply, k) <Es(p1,p2) + EP(pMPQ))} . (5.61)
From Eq. (5.61) we can see that M,, takes the form
M, =Ny + N3 (5.62)

and it will cancel the corresponding terms from the box diagrams.
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If we define

2 2
_ p-—m
F(f)<p17p27p2) = F%)(plap%pz) - 2 hzrg)(plap%pz) ) (563>
my — mf

we can evaluate, using Eq. (5.53-5.60) and the corresponding Ward identities

IO php®) = T (0, ph,p?) —

_652?\2 [ThG<p 7p 7k) +TGh(p17p27k)] ZAE(k>
9 10w
Es( JiA
+c 62ML <\/_ML) S p17p2 t §(k)

2 Guw 2 .
_C”BQML (\/_ML) (p* — m})Es(p}, py)ile(k)iDy(K). (5.64)
Here Fg; (p}, ph, p*) is the corresponding vertex contribution in the unitary gauge, and by
definition it has no gauge dependence. The second and the third term vanish under the

R1 operation, as they do not depend on p*. Then we can obtain the renormalized vertex

function as

= (r R1 - R1
[T ph 0] = [T (05 Py p?)]
e Jw 2E5(p' ) [ — m2)ide(k)iDn(k)]™ . (5.65)
B2ML \/ﬁML 1) M2 h
In a similar manner we can obtain
=i R1 i R1
[TO,ph, 0" = [T9 (01, ph, p*)]
. 2
gw Zgw . . R1
~digte (e ) Enthh) [0 - midd0iD )" (500
R
=(r) . R1
|:F (p17p27p2):| = [Fu,;(pl>p2>p2):|
— w ( w )QES(pl,pg) (P> — m2)ide(k)iDy(K)]™ (5.67)
2Mp \\2M;
= (i) ~ (i R1
|:F (p17p27p2)1 = |:Fu_)g(p17p27p2>:|
. 2
2 Ju 10w ~ 2 2\ - . nR1
E - Ac(k)iD,, (k . .
g () Bl pe) 07 — iR K) (5.68)

Now we are enabled to write

M, = M + MP)

vy )

(5.69)
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where /\/l7(,12) is the contribution of the terms given in the unitary gauge, hence with no

dependency on the gauge parameter &, M%) representing the contribution given by the

remaining terms in Eq. (5.52) and which will have the expression

M = ﬂ(ézw) (v = m3)itse(k)iDy (k)] ™
1

i 1 N
X [—ES(pﬁ,plz)ES(th)m + EP(PLP/Q)EP(M;M)W ~ (5.70)

Turning back to Eq. (5.44) we can see that this contribution will cancel the gauge dependent

part of the self-energy diagrams contained in Mg, .

This result concludes our study of the gauge-invariance of the diagrams presented in
Fig. 4.4. We have seen that the box diagrams are not independent of the gauge parameter
§ in the renormalizable R gauge. In order to obtain physical results we had to include the
self-energy ant the vertex diagrams. The gauge independence is restored at the end through

a subtle interplay between the general Ward identities and on-shell renormalization.

5.5 Gauge complement contributions

In Chapter 4. the contributions of the box diagrams to the decay amplitude for the process
K — ep were studied in detail. In the present chapter we have seen that these diagrams
are not gauge-independent, and in order to restore gauge-invariance additional Feynman
diagrams containing flavor-changing neutral Higgs particles must be taken into account.
In order to complete our study we will evaluate the contributions of the additional gauge-

complement diagrams.

5.5.1 Self-energy complements

To estimate the order of magnitude for the contributions originating in the self-energy
diagrams, we will evaluate in the Feynman—"t Hooft gauge one of the diagrams (g) or (h)
in Fig. 4.3, namely when the gauge bosons are replaced with the corresponding unphysical
Goldstone scalars Gy and Ggr. The motivation for this choice is that this diagram will
cancel the suppression by the heavy Higgs mass in the low momentum transfer limit, as

the coupling ¢ — G, — Gp is proportional to the same heavy mass mi.
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The scalar self-energy can be calculated using Eq. (B.21) of Ref. [96]. The result

presented there for the corresponding loop function can be written in our case as

M(p) = # {OUV _ /0 1d:vln(D2(:v))] | (5.71)

where Cpy is the ultraviolet divergent part in the dimensional regularization
1
Cov =-—~v+1Indn ,
€
~y is the Euler constant and the function Ds(x) is defined as
Dy(z) = Ma(1 —2) + Mix — p*x(1 — ) , (5.72)

when p is the momentum flowing through the diagram. The self-energy (p) is obtained
by multiplying with the relevant couplings.

We are interested in the regime of heavy right-handed gauge boson, when the condi-

tion M < Mp is satisfied, so we can define the relevant loop function as

1
Bo(p*,0,0*) = Cyy — / drIn[b*(1 — 2) — p*x(1 — 2)] . (5.73)
0
Using this definition, we obtain also
! 1—2x)
BY(p*,0, b :/d 2l . 5.74
O(p y YUy ) o $b2(1—$)—p2$(1—$) ( )
The above defined integrals can be evaluated analytically, yielding:
B0(07 0, M}%) = CUV + ID(MIQ%) —1 s (575)
2 2 2 M}% P’
BO(p ,0, MR) = CUV — 2 + ].H(MR) + 1 — ? lIl ]_ — W s (576)
R

1 M2 p2

} . (5.77)
The renormalized self-energy will then be given by

[Bo(0,0, M3)]™ = By(0,0, M2) — Bo(m2,0, M%) + m3By(m2,0, M%)  (5.78)
M3 mj
(12822

my My,

where mi is identified with the mass of the flavor-changing Higgs particle.

: (5.79)
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Using this result we can estimate

‘ Aself

1 /gw)? mg
T = e (5 B0 ™ 555 (5.50)

(4m)2 \ 2 M2

The expression above tells us that unless the the mass of the flavor-changing Higgs is
unnaturally close to the mass of Wg, the self-energy graph will have a negligible contribution

compared to that of the tree level diagram.

Our interest is to compare this self-energy contribution to other contributions at one-
loop level. The most relevant comparison is the one with the dominant contribution of the

box-diagrams. Based on the results obtained in the previous chapter we can write
_ [B0<070>M12%)]R2
B (In g+ 2z

(5.81)

A numerical evaluation convinces us that when 3.35Mp < m, < 3.6Mpg, the box graphs
play the leading role among the loop corrections. Outside this limit, however, the self-energy
graphs become dominant and they can not be neglected in a complete analysis. This result
contradicts the common assumption in the literature that the gauge complement graphs
can be safely neglected. This assumption was made in Ref. [79] using the results obtained
in [86]. We must stress that in the context of K — Kg mixing studied in Ref. [86] this
conclusion remains valid. The main reason for the different situation in the K — ey decay
occurs due to the different structure of the box integrals resulting from the presence of the
heavy neutrinos. The main conclusion of this section is that the gauge complements of
self-energy type can contribute substantially to a branching ratio B(K — eu) close to the
present experimental limit without violating the perturbative bound on the mass of the

flavor-changing neutral Higgs particles.

5.5.2 Vertex complements

Using a similar motivation as in the previous section, we will evaluate diagrams similar to
diagrams (¢ — f) in Fig. 4.3, with the left- and right-handed gauge bosons being replaced
by the corresponding unphysical Goldstone bosons GG and Gg. In our case there are very
heavy fermions present on the fermionic lines, and therefore we will consider only this

limiting case as one cannot obtain exact analytical expressions for the integrals involved.



102 Gauge cancellations and renormalization

The vertex diagram can be calculated using Eq. (B.36) of Ref. [96]. Neglecting safely

the external momenta of the fermions, the result will be proportional to

1 1 pr1 y
I'(p?) ~ — 2 dad 82
) MMQ[;A Brededy (5.82)

where

Ds(x,y) = (1 — y)Mf +y [MZ —p?x(1 — :Jc)} (5.83)

can be defined with M2 = (1 — z)M2 +xM? and M; being the mass of the fermion in the
loop.

Neglecting My, compared to Mg, my and mg, we can define

1,1
Co(0,p?,0,m%,0, M3 E// dxdy i . 5.84
o WOMR= S T e 00— O
We will have then ) ,
1 M
Co(0.0,0,m3 0, arf) = /) (5.85)
R
In the limit my > Mpg this leads to
1 m
Co(0,0,0,m3%,0, M3) = m—l (Mfg) : (5.86)

The renormalized vertex function has different expressions for the various relationships

between the heavy masses:

1
- —] for m%, ~mj > Mz, (5.87)

Q

[Co(0,0,0,m%,0, M2)]™ -

[00(07 Oa 07 m?\ﬁ 07 MIQ%)} o

Q

S
gw
\_/\/

1} for my > m? > M, (5.88)

[\

[Co(0,0,0,m%, 0, M2)]™
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(5.89)
In contrast to the self-energy contribution, the contribution of the vertex diagrams is always

suppressed by the heavy fermion mass. Hence we can conclude that their contribution to

the one-loop effects in the K — eu decay can be safely neglected.



Conclusions

In this thesis several aspects related to physics beyond the Standard Model were presented.
Our attention was focused on rare processes, forbidden in the aforementioned model, par-
ticularly the lepton family number violating decay K — eu. In order to accommodate
the possibility of such a decay, we have adopted two minimal extensions of the Standard
Model. In this sense, the most important part of our work was presented in the framework
of the left-right symmetric model based on the gauge group SU(2), ® SU(2)r @ U(1)p_1.
Particularities about the adopted model were presented in Chapter 1, with stress on the
particular choice of a realistic scenario for the different vacuum expectation values of the
symmetry-breaking scalar Higgs multiplets. The model chosen leads to particular expres-
sions for the masses of the left- and right-handed gauge bosons as well as for the scalar
particles, in terms of the gauge coupling constants and the different vacuum expectation

values.

In addition to the gauge structure of the model one has to present considerations about
the fermions, in particular the neutrinos. In a left-right symmetric model the natural choice
is to have both left- and right-handed neutrinos present in the theory, and this further leads
to the existence of neutrino mass terms in the Lagrangian. The neutrino masses will arise
then from mass matrices with certain structure. Chapter 2 was dedicated to the study of
a particular model for the massive neutrinos. Usual “see-saw” type scenarios constrain the
heavy partners of the currently known light neutrinos to have a very large mass, however
in the model adopted in this work these heavy neutrinos can be present with masses as
low as few hundred GeV. One must keep in mind that this is possible only when more
than one generation of heavy neutrinos are present. The model with two generations was

of particular interest for our work, this model was used to obtain the corresponding matrix
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elements for the neutrino mixing.

The main topic of this thesis, the study of the decay Kj; — eu, provided some
interesting results. In the model still based on the SU(2), ® U(1l)y gauge group with
heavy right-handed neutrinos present, it was shown that a branching ratio of the order
~ 5.5 x 107% is possible. This result is still orders of magnitudes below the present
experimental limit of 4.7 x 1072, however it displays a serious enhancement compared to

previous results in the literature [79,83].

Beside this value, new aspects related to the process were revealed. It has been shown
that the main contribution to the decay amplitude in our model originates in the diagram
with virtual top-quark present, the contribution of the charm-quark being negligible for the
most regions of the parameter space of interest. Previously the charm-quark contribution
was considered dominant, and the top-quark contribution treated as being at most of
the same order. Our result originates partly from the large value of the measured top-
quark mass, but an important role is played also by the new structure of the loop-function
describing the corresponding box graph. The structure of the loop-function is providing
the other important new aspect, namely the presence of the non-decoupling effects in the
decay K — eu. The fact that heavy neutrinos with masses of phenomenological interest
are present in the theory, in correspondence with the particular structure of the neutrino
mixing matrices lead to this effect. The consequence is that the branching ratio would
increase with the increase of the heavy neutrino masses, the latter being constrained from

above by perturbative unitarity considerations.

In the left-right symmetric model the decay K — eu requires a treatment of increased
complexity. First of all, the process is allowed already at tree level due to the presence
of flavour-changing neutral Higgs particles. It was important to notice that constrains
from other low-energy processes (as the Ky — K, mixing) on the flavor-changing scalar
masses do not suppress exceedingly the value of the branching ratio, actually one can
impose new constrains on these masses based on the tree-level amplitude. At one-loop
level a multitude of diagrams must be taken into account, and it turned out that there
will be one-loop contributions to the decay amplitude which are not suppressed by the
heavy FCNC scalars. Our study has concluded that diagrams with virtual gauge bosons

of different chirality will give the dominant contribution to the decay amplitude, and this
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contribution will exhibit the same non-decoupling behaviour. From a phenomenological
point of view we concluded that a branching ratio close to the present experimental limit

can be well accommodated in the framework of our model.

The fact that the box diagrams contributing to the K; — eu decay amplitude in
the left-right symmetric model are not gauge invariant was previously pointed out in the
literature. In our work the first complete study dedicated to this particular question was
performed. Although there exist many similarities with the well-known case of Ky — K
mixing, we have performed our analysis taking into account the presence of the charged
Higgs particles. Our result provides a comprehensive treatment of the different gauge-
complements to the box diagrams, and we arrived to the new conclusion that these gauge
complements can become dominant compared to the box graphs. This conclusion differ
from the point of view presented generally in the literature, where these gauge-complements
were considered to be at least of the same order as the box graph contributions, mainly
based on the results obtained in the study of Ky — K, mixing. Our result is based again
on the different structure of the box diagrams compared to the ones present in the case of
Ky — K, mixing. In our case the presence of neutrinos heavier than the right-handed gauge

boson leads to the new behaviour described above.

The main motivation for our study was to provide a theoretical framework which
can accommodate a branching ratio for the decay K; — eu not far below the present
experimental limit. We have presented a complete study of this decay in the left-right
symmetric model and have obtained interesting new results. Should this decay be detected
at DAPHNE or in other kaon factories, the left-right symmetric model would gain serious

support, as it is the only model which predict a branching ratio for K — ep at this level.



Appendix A

Feynman rules of the model

Feynman rules for the SU(2), x SU(2)g x U(1)p_1 model with heavy Majorana neutrinos
are given. If not explicitly stated otherwise (as for e.g. fermions), all particles are considered

to enter the vertex.
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