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Abstract We propose a minimal extension of the Standard
Model where an up-type vector-like quark, denoted T, is
introduced and provides a simple solution to the CKM uni-
tarity problem. We adopt the Botella-Chau parametrization
in order to extract the 4 x 3 quark mixing matrix which con-
tains the three angles of the 3 x 3 CKM matrix plus three
new angles denoted 014, 624, 634. It is assumed that the mix-
ing of T with standard quarks is dominated by ;4. Imposing
a recently derived, and much more restrictive, upper-bound
on the New Physics contributions to €g, we find, in the limit
of exact 14 dominance where the other extra angles vanish,
that e%P is too large. However, if one relaxes the exact 04
dominance limit, there exists a parameter region, where one
may obtain eIN<P in agreement with experiment while main-
taining the novel pattern of 7 decays with the heavy quark
decaying predominantly to the light quarks d and u. We also
find a reduction in the decay rate of K; — 70vv.

1 Introduction

The normalisation of the first row of VXM provides one of
the most stringent tests of 3 x 3 unitarity of the quark mixing
matrix of the Standard Model (SM). This results from the
fact that the elements |V,,4| and | V5| are measured with high
accuracy and |V,| is known to be very small. Recently, new
theoretical calculations [1-9] of V4 and V,; indicate that
one may have |Vud|2 + |Vus|2 + |Vu;,|2 < 1, thus implying a
violation of 3 x 3 unitarity. If confirmed, this would be a major
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result, providing evidence for New Physics (NP) beyond the
SM.

It has been pointed out that one of the simplest extensions
of the SM which can account for this NP, consists of the
addition of either one down-type [10] or one up-type [11]
vector-like quark (VLQ) isosinglet. In [12,13] both of these
possibilities were explored, as well as scenarios with other
VLQ representations. In the case of a down-type VLQ isos-
inglet the CKM matrix consists of the first 3 rows of a unitary
4 x 4 matrix, while in the case of an up-type VLQ isosinglet,
it consists of the first 3 columns of a 4 x 4 unitary matrix.
In both cases, the parameter space is very large, involving
six mixing angles and three CP violating phases. There are
some common features in all models with VLQs, such as the
appearance of Flavour-Changing-Neutral-Currents (FCNC)
at tree level [14-23]. This is a clear violation of the dogma
which states that no FCNC should exist at tree level. It should
be stressed that models with VLQs predict the appearance of
these dangerous currents, but provide a natural mechanism
for their suppression. Models with VLQs have a rich phe-
nomenology due to the large enhancement of the parameter
space.

In this paper, we propose a specific up-type VLQ isosinglet
model which solves the unitarity problem of the first row of
vV CEM and makes some striking predictions for the dominant
decays of the heavy top quark 7 and for the pattern of NP
contributions for meson mixings. We adopt the Botella-Chau
[23] parametrization where the new angles are denoted 614,
64 and 634, and assume that s14 = sin(f4) is the dominant
new contribution. In the exact s;4 dominance limit, when
s24 = s34 = 0, the model predicts:

(1) No tree level contributions to DO — 50 mixing.

(i1) The NP contributions to Bg —Eg and B‘Q —E? mixings
are negligible, when compared to the SM contributions.
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(iii) The new quark 7 decays predominantly to the light
quarks d and u, contrary to the usual wisdom.

(iv) There are important restrictions arising from NP con-
tributions to €k, specially taking into account the recent
results [24] in constraining the allowed range for NP contri-
butions to €g. In particular, it was shown that it is no longer
allowed to have a NP contribution to € of the same size as
the SM contribution. In this paper we show that the exact
s14 dominance limit is excluded since it leads to a too large
contribution to € . However, we later show that the 514 domi-
nance is viable if we allow for small but non-vanishing values
for 574 and s34. The introduction of small but non-vanishing
values for so4 and s34 avoids the conflict with ex while at
the same time maintaining the distinctive features of the s14
limit.

2 The s14 dominance hypothesis: a minimal
implementation with one up-type VLQ.

We consider the SM with the minimal addition of one up-type
(Q = +2/3) isosinglet VLQ, denoted by Ug and Ulg.

2.1 Framework: a minimal extension of the SM with one
up-type VLQ

The relevant part of the Lagrangian, in the flavour basis, con-
tains the Yukawa couplings and gauge invariant mass terms
for the quarks:

—0 o~ —i —0 ~ —i 0
— Ly =Y,/ QLi¢"‘(I)€j +Y 00U+ M Upuf,
—0 ji =0
+MU, Uy + Y] QLi¢d?2j+h‘C M

where Y, 4 are the SM up and down quark Yukawa couplings,
¢ denotes the Higgs doublet (¢ = € ¢*), Q%i = (u%l dgi)T
are the SM quark doublets and 1%, d%; (i, j = 1,2, 3) the
up- and down-type SM right-handed quark singlets. Here,
the Y’ represent the Yukawa couplings to the extra right-
handed field U}%’ while M and M correspond, at this stage to
bare mass terms. The right-handed VLQ field U 2 is, a priori,
indistinguishable from the SM fermion singlets u%i , since it
possess the same quantum numbers.

After the spontaneous breakdown of the electroweak
gauge symmetry, the terms in Eq. (1) give rise to a 3 x 3 mass
matrix m = % Y, and to a 3 x 1 mass matrix m = %7

for the up-type quarks, with v ~ 246 GeV. Together with M
and M, they make up the full 4 x 4 mass matrix,

m m

One is allowed, without loss of generality, to work in a weak
basis (WB) where the 3 x 3 down-quark mass matrix My =

@ Springer

% Y, is diagonal, and in what follows we take My = Dy =
diag(mgy, mg, mp).

The matrix M, can be diagonalized by a bi-unitary trans-
formation

Vi M, W=D, (3)

with D, = diag(my, m., m;, mg), where m7 is the mass of
the heavy up-type quark 7. The unitary rotations VV, W relate
the flavour basis to the physical basis.

When one transforms the quark field from the flavour to
the physical basis, the charged current part of the Lagrangian
becomes

8
tw =t ()

_igL (
V2
where the u; and dy are now in the physical basis. Notice
that the down quark mass matrix is already diagonal. Thus,
we find that the charged current quark mixing V&M corre-

sponds to the 4 x 3 block of the matrix V7 specified in Eq.
3)

YPCEM _ (VT>(4X3) (5)

The couplings to the Z boson can be written as

yew) (V) d @)

1 _
L7 = izu[— (ﬁLF“y“uL —dLFd]/MdL)
Cw 2

2 1-
—s% <§Ey“u - 5dy"d> ] (6)

with Fd = (VCKM)TYCRM gng pu — KM (yCKM)T,
Moreover, one has cyy = cosfy and sy = sin Oy, where
Ow 1is the Weinberg angle.

2.2 Quark mixing: the Botella—Chau parametrization

In order to parametrize the 4 x 4 mixing, we use the Botella-
Chau (BC) parametrization [23] of a4 x4 unitary matrix. This
parametrization can be readily related to the SM usual 3 x 3
Particle Data Group (PDG) parametrization [25] VPG and
is given in terms of 6 mixing angles and 3 phases. Defining

0
[VPDG](3><3) 0
0
000 1

PDG _
V4 —_

we can denote the BC parametrization as:

Vi = 034VayVig - VFPC

10 0 O 1 0 0 0
{01 0 0|0 s 0spueion
00 c34 s34 0 0 1 0

00 —s34 C34 0 —sp4€%24 0 cog
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Cl4 00 sjge 014

0 10 0

0 01 0
—514€%14 00 s
1 0 00 c;3 0s;3¢70 cr2 s1200
0 ¢33 5330 0 1 0 0 —s12¢1200
0 —s523¢230 7sl3ei‘S 0 c¢3 O 0 010
0 0 01 o 0 0 1 0 001

(N

where ¢;; = cosf;; and s;; = sin6;;, with 6;; € [0, /2],
5,’j € [0, 27‘[].
The BC parametrization is such that

IVial® + WVis > + Vi > = 1 — 53, ®)

making it evident that, in this context, a solution for the
observed 3 x 3 CKM unitarity violation implies that the angle
s14 # 0.

2.3 Salient features of s14— dominance

Let us consider the limit, which we define as the exact 514
dominance, where s14 # 0, while sp4 = s33 = 0. Then
from the general Botella-Chau parametrization in Eq. (7),
and from Eq. (5), we may write for the 4 x 3 CKM mixing
matrix VEKM

vCKM —
C12€13C14 512€13C14 si3crae”0
—s12¢23 — €cia513823  c12c23 — 0512513523 C13523
is i5
512823 — €'°C12813C23  —C12523 — €'°85128513¢C23  €13C23
. _is
—C12C13514 —512C13514 —s13814€"

€))

where, due to the fact that sop4 = s34 = 0, the phases 624
and 814 may be factored out and absorbed by quark field
redefinitions. A salient feature of this matrix is that the second
and third rows of V€M exactly coincide with those of the
SM VEEM T the limit s;4 — O one recovers the exact SM
standard PDG parametrization.

Following [11], we propose here a solution for CKM uni-
tary problem where it is assumed that 514 = 0(\3), with
A= Vsl

The introduction of vector-like quarks leads to New
Physics and consequently to new contributions in some very
important physical observables. However, since in the model
considered here with a minimal deviation of the SM solving
the unitarity problem, one has a mixing where the two angles

. 0 =0 .
524 = s34 = 0, some processes, as for instance D” — D, will
now have no contributions at tree level. This is also clear from
the expressions for the Flavour Changing Neutral Currents,
where from Eq. (9), one concludes that the FCNC-mixing

matrices reduce to

Fd = (VEEM)T Yega = Taxs

2
cia 0 0 —s14c14

u _ yCKM (yCKM\T _ 0 10 0
=V (V ) - 0 0 1 0
—S814C14 0 O S%4

(10)

Next, we summarize some of the most salient features of
FCNC, in this model:

(i) There is no D° — D" mixing at tree level, since the
uy, yu cr Z" coupling does not exist.

(ii) The unique FCNC:s at tree level appear in T — u
transitions, coming from the Lagrangian term proportional to
UL Yu Fl"4 Tr Z", which leads to the decay T — u Z, and
the term proportional to u;, F}, Tg hleadingto T — u h:

u u
—514C14 —514C14
T T g

~
~

N
N
~

VA h
(iii) The charged current couplings of the T quark are
dj
—t14V1
T
wt

where t14 = tan(6;4) and the entries ( py inEq. (9) are
denoted by V;; withi, j = 1,2, 3sothatd; = (dy, da, d3) =
d,s,b).

The most salient feature is the dominant coupling of T to
the d and u quarks and the weakest to the b and top respec-
tively in the channels with W and Z or Higgs. This is quite
different from the usual “wisdom”. Experimental bounds on
the mass mr of the heavy up-quark are less constraining if
one does not assume that 7 quark couples dominantly to b
and top quarks respectively in the decays with W and Z or
Higgs.

VCKM)

Let us now consider the new contributions to B) — B,

BSO — B, mixing, assuming, as stated, that s14 = O(Az) and
the known orders in A for the V;;.

Bg - Eg mixing
The NP piece for BY — ES is associated with

@ Springer
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t14aViz ~ A
b ———Pp— N W=

\ AV — A7 suppression

d——4— w+
t1aVi ~ A2
while the SM piece is associated with
V33 ~1
b———P»——— w—
\ A — A3 suppression
d——4— w+

V31 ~ A3
so that the dominant contribution to these mixings comes
from the SM.

0 50 . .
B — B, mixing

In this case the NP piece is related to
s14Viz ~ A
b———P——

w-

\ i — A8 suppression

§ ———————— N W+
s14Vip ~ A3
whereas for the SM piece one has
V33 ~1
b ——p— N W

\ &3 — A% suppression

§————
V3o ~ A2
and again, the dominant contribution arises from the SM.
In the next section, we shall analyse in detail the new
contributions to some of these physical observables

W+

3 Detailed phenomenological analysis and new insights
on e from vector-like quarks

In this section, we give a more detailed analysis of the pre-
vious arguments and other new insights, especially focusing
on new contributions to €x from vector-like Quarks.
Because Vip, V43 = 0, there will be no enhancement of
the rates of rare decays of the top quark into the lighter gen-
erations (see Sect. 4.2). Therefore, in what follows, we shall
focus mostly on the contributions to the neutral meson mix-

@ Springer

ings KO — X and 32 o= Eg’s, but we shall also study the
dominant heavy top décays.

The dominant contributions to some of these processes
will depend on m7. We restrict our analysis to mr > 685
GeV, taking into account the CMS lower bound for the mass
of a heavy top T which couples predominantly to the first
generation [26].

3.1 New physics effects in K° — K- and By — E?LS
mixing
For K — K" and BY, — ES’S mixings, and given the fact

that the valence quarks of these neutral mesons are all down-
type, there will be no NP tree-level contributions to their
mixing. Nonetheless, there are loop-level diagrams which
may compete with the SM contributions. These box diagrams
are presented in Figs. 1 and 2. The off-diagonal component
of the dispersive part of their amplitudes can be written as
(27]

MY~ "N G 3B N Z AN S(xi. x)),
3ﬁ j=c,t, T

(11)

with the values of the bag parameters By, the decay constants
fn and the average masses my for each meson presented
in Table 1 and G r being the Fermi constant. Then, for the
Bg ¢ system, the mass differences can be approximated as

Amy =~ 2|M |, where the SM contributions are given by
(28]
G%M‘%ijvf[% By '
672 (12)
Ao Se (o) 4 20 Sed X0+ mpy Si O

SM
Amy

The NP contribution is given by

2 2 2
AmNP ~ GFMWmeNBN_
N — 6 2
T
x 1208 Ser AN AN + 20D S A Ay
+ S (). (13)

In Egs. (11-13) we have defined

A= VisVia,
A= Vi Vi, (14)
M= Vi

and introduced the Inami-Lim functions [29] S;; = S(x;, x;)
and S; = S(x;) with x; = (m;/m W)z. The explicit expres-
sions for these functions are presented in Appendix B. We
also use the approximation x,, >~ 0 and the conditions

AN Ay N 108 =0, (15)
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which arise from the unitarity of the columns of VKM,

allowing one, from this expression, to substitute the up-quark
contributions.

The masses m; which enter these expressions are the MS
masses m; (i = m;). For the SM quarks in these processes,
we use the central values [30,31] of

me(me) = 1.279 £0.013 GeV,
(16)
my(m;) = 162.6 £ 0.4 GeV.

The factors nf\]{ account for O(1) QCD corrections to these
electroweak interactions. Henceforth, we use the central val-
ues presented in [32—-34]

nK =0.5765 & 0.0065,
nK =0.496 +0.04,
nE =0.55+0.01. (17

For the remaining correction factors associated with the
Bg,s systems we use 775 ~ 1, which should not be problem-
atic, given that the terms in Eq. (12) and Eq. (13) to which
they are associated, are not relevant in calculations. In fact,
in these processes, the terms in (Afv )2 will dominate the SM
contribution, whereas the term in AV )»1}] will dominate the NP
contribution. Following [32], the QCD corrections involving
T shall be approximated as

K . K
Ner = Net>

K K K
M =077 = Ny » (18)

B .. B ._._B
Ner = Nrr = Myt -

Assuming that sp4 = s34 = 0, we now obtain for the ratio
of the NP-contribution versus of the SM-contribution:

2 ST Vil [V |
S Vil Vi
(19)

Amlr 285 APl
dmp, = ~

CoAamPt ] sk

withi = d, s and c14 >~ 1. Then, inserting in this expression
a value for s14 >~ 0.04 and the current best-fit values for the
moduli of the CKM entries (for the case of non-unitarity [25])
one finds each §m g, to be a very slowly growing function with
mr,and even at extremely large masses, the NP contributions
will be very suppressed. For instance at m7 = 10 TeV, one
hasémp, >~ 0.681% and 6m g, =~ 0.032%. Hence, our model
is safe with regard to both Amp, and Amp,.

Am%M is long-distance dominated and up to now, still,
there is no definite calculation of this quantity. Nevertheless
the NP contribution is short-distance dominated and we can
use Eq. (13). A reasonable constrain is therefore

§—4— " N—— 44— ]

|

NN

"

d > > >

N

Fig. 1 Leading contributions to K% — x° mixing, including the effect
of the new heavy quark, with u; = u,c,t, T

Fig. 2 As Fig. 1, the leading contributions to Bg_s - Eg

8

AmRY < Am%Y, (20)
which for s14 >~ 0.04 implies that m7 < 3.2 TeV ~ 20m;.
Thus, below this very large upper bound for m7, we may
consider the model safe with regard to Amg.

3.2 New insights on €g in the decay K; — mm and new
physics

In this subsection, we focus on the parameter €g, which
describes indirect CP violation in the neutral kaon system. We
propose a more retrictive upper-bound on the contributions
to ex from New Physics. This upper-bound poses serious
constraints on New Physics models.

This parameter is associated [37] with M {g through
lex] = —=—— [Im M. @21

\/EAmK

@ Springer
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Table 1 Mass and mixing

exp
parameters [25] and decay N my [MeV] Amy~ [MeV] fy [MeV] By
constants and bag parameters K 497.611 +0.013 (3.484 + 0.006) x 10~12 155.7+0.3 0.717 + 0.024
[36] for the neutral meson
systems By 5279.65 + 0.12 (3.334 +0.013) x 1010 190.0 + 1.3 1304 0.10
B, 5366.88 + 0.14 (1.1683 4 0.0013) x 10~8 2303+ 1.3 1.35 4 0.06

with ke >~ 0.92 + 0.02 [38].
The NP contribution is essentially given by

G%M%,meI%BKKE
12272 Amg

NP,
|6K | >~

Im[znfT Sera Kok
(22)

’

+ 20K S A KAK 4 K sy (x?)ﬂ

which is a valid expression for parametrizations with real A X,

as in our BC parametrization. In the sequel, when computing
the quantities in Eq. (22) numerically, we use the experimen-
tal value of Amg in Table 1.

From Egs. (9, 22), one can easily obtain the exact expres-
sion for the exact 5|4 dominance case:

2 agq2 2
P| _ GFMWmeKBKKe

lek
12272 Amg

F, (23)
with
F =k Sir — 0% Ser) craciycassinsizsasiysind. (24)

A new upper-bound for |€2P|

At this point, we introduce a new upper-bound for |€%P B
which is far more restrictive than one used until recently

leX] < lex Tl (25)

In a recent paper by Brod, Gorbahn and Stamou (BGS)
[39] it was shown that through manifest CKM unitarity it
was possible to circumvent the large uncertainties related
to the charm-quark contribution to €g, allowing for an SM
prediction of |ek |,

leM| = (2.16 £ 0.18) x 1073, (26)

which is very compatible with the experimental value |e IEXP|

= (2.228 £0.011) x 1073, with a relative error of the order
of 10%. Thus,

lexP| — [exM] ~ (0.68 + 1.80) x 1074, (27)

which we will use in the global analysis of section 4.2.

At 1o one may establish a new upper-bound for the NP
contribution to |ex| such that |61§P| < O.1|6?p|, or more
concretely

leRP11 < A =248 x 1074, (28)

@ Springer

which severely restricts various models, including the present
one with exact s14 dominance.

Using this, in Fig. 3 we present a plot of Eq. (23) as a
function of m¢ for various values of 514 and

012 >~ 0.2264, 613 >~ 0.0037,
(29)

63 >~ 0.0405, & ~1.215.

Note that only when s14 < 0.03 is one able to obtain |egp|
< |e?p |. For larger values of 514, one has mostly that |E%P| >
|e?p| . We conclude that our 1o upper-bound on |61§P| in Eq.
(28) is only achieved in experimentally ruled out regions
for mr and is incompatible with s14 ~ 0.04. Thus, we find
that the parameter region of exact s14 dominance, where we
strictly have that so4 = s34 = 0, is not safe with regard to
lex |-

However, in the next section, we will show that a small
|61§P| obeying |eIN<P| < A, is achievable, if the strict sp4 =
s34 = 0 imposition is dropped and replaced by a more real-
istic one, where 524, s34 7% 0, but with 524, s34 < s14. This
slightly different framework, however, shares the same rele-
vant features as the exact s14 dominance case, without chang-
ing the pattern of decays and predictions for the heavy top.

3.3 Heavy T — decays

As long as we have that, from all three extra angles, only the
angle 514 differs from zero, the new heavy T quarks get mixed
with the u quark. In the neutral currents, we have ’F 1“4 | ~ S14
controlling the decays T —> u Z and T — u h. In the
charged currents, we have |Vrg| ~ s14, |Vrg| ~ s14A and
|Vrp| ~ s 1423, from which one concludes that the dominant
decay channel is T —> d W. For the range of masses we
consider, one has, to a very good approximation [40]

C(T —> d W) ~20 (T — uZ) =2 (T —> uh)

For experimental purposes, these three decay channels to
the light quarks dominate the total decay width. This dom-
inance to light quark channels is a distinctive feature of the
s14 dominance scenario and is the origin of the fact that we
can consider masses as light as m7 = 685 GeV [26]. Note
that major experimental searches correspond to the channels
rTc—»ow),I'(T — tZ2),I' (T — th),herehighly
suppressed.



Eur. Phys. J. C (2022) 82:360

Page 7 of 16 360

4 Solving the e problem while maintaining the main
features of the s;4— dominance case

As stated above, the strict imposition of s24 = s34 = 0 above
might be considered somewhat unnatural. A possible more
realistic scenario would be one, with small, but non-zero
524 and s34. In this section, we give an analysis of the pre-
vious electroweak-precision-measurements (EWPM) related
quantities allowing for small values s24, §34 < S14

s34, 524 SA° (30)

while still keeping our solution for CKM unitarity problem
with s14 >~ 0.04. We show that it is possible to find a suit-
able solution for the |eg| problem described in the previ-
ous Sect. 3.2 , while preserving all the important features
of the model, i.e. without significantly affecting predictions
for other observables. In addition, we also point out that
other important CP-violation quantities, in particular €’ /¢
and Br (K L —> novi), require new attention.

4.1 Modifications to the NP contributions in neutral meson
mixings

Using the Botella-Chau parametrization, with c13, ¢23, ¢24,
c34 =~ 1 and rephasing the left-handed heavy top quark field
asTy — ¢ d14 T, we parametrize the CKM matrix, in leading
order, as presented in Eq. (31) where the V;; represent the
(i, j) entries of YCEM in Eq. (9). Here, we relax one of the
upper-bounds in Eq. (30) and assume even that |s34] < e
while |s24] < A* We have also defined the difference 8’ =
824 — 814 of the extra phases, which play a role futher on.

Vi1 Viz
Va1 — cras1asaae ™0 Vay — sias145046
V31 — cios1asaae’®4 Vi
Vi + s12524¢

i8
VCKM —

Vip — c12524€’® — c12503534e 701 Vi3 — 503504

Note that this leading order contribution to |6§P| is only
dependent on the phase combination 8’ = 8§34 — 814 and is
independent of s34, because we chose s34 < 3. In fact, this
also true for the next-leading order terms.

From Eq. (33), it is already clear that |e%P | may become
small in certain regions of parameter-space, if the two terms
in the expression can cancel each other. Moreover, if we
restrict ourselves to a region of the mass mr (of the extra
heavy quark) between Sm; < mr < 12m;, then with Egs.
(17,18), we find that n%. S;7 and nX . S77 inEq. (33) behave,

in a good approximation, as linear functions of k = 'r"n—f

nK.Sir ~2.492 +0.1492 k,
(34
nK . Srr ~ —36.613 + 10.232 k.

With this simplification and with the PDG values for 513, 523
as well as our proposed value for s;4 =~ 0.04, one finds that
there exists a fairly large parameter region (depending on
0»4) which is allowed for §’ and where 8§’ € [1.0, 2.0]. Thus,
we find that this new phase 8’ assumes values, in this context,
which are very similar to the usual CP-violating phase §.

In Fig. 4, we plot Eq. (32) for various values of sp4 , using
Eq. (29) with s14 = 0.04 and a central value for sin§’ = 1.
From the plot we conclude that small values of |egp| can
be achieved, e.g. for my = 0.685 TeV by having soq <
1.2 x 1073, or e.g. for my = 1.0 TeV by having sp4 <
6x 10~*. Thus, we find a region where the problem discussed
in Sect. 3.2 can be fixed. In addition, one can see that having
$24 < 2 x 107* is undesirable as it would require very large
heavy top masses (mr > 2 TeV) to achieve |ex | < A.

+ 008, (31)

i S24€7i6]4

Instead of the expression given in Eq. (23), the overall NP
contribution to |€g | is now approximated by

G%M?ymk f2 Bxke
124272 Amg

)

(32)

leR¥| ~ |\F—F|=qx |F-F

with F, being an extra contribution to |eXF| coming from
the fact that 504, 534 7# O.

Itis worthwhile to give an approximate expression for this
new |ex |N?, in terms of our BC parametrization in Egs. (9,
31). In leading order, one finds for Eq. (32),

NP 2
lex | =2qks1257y
Ks ins —nk.§ ind’ &=
07 Si13523 $in 8 — Ny STTS14824 I8 |

The NP contributions to Am g, will also be modified, with

all changes coming essentially from AIT;’ . From Eq. (31) one
finds for s34 ~ A%, in leading order

M~ Vv <1 - :/ijef514> :
43 (35)
k?s o~ V42Vf3 <1 — Sv3—iei814) ,
43
so that now, we have an extra term for each quantity which
competes with the absolute dominance result. For s34 ~
|Vaz| ~ A7 the new term will be of the order of the old one,
which should not be problematic given how insignificant the
NP contributions to Amp, are in the absolute dominance
framework.

@ Springer
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Fig. 3 |e§P\ as a function of | &P |
. . K

my in the framework of strict ,
S14 dorpinance (524 = s34 = 0), 0.008} %:
for various values of s14. The = 0.0%0
vertical line represents the §: 544 ==
experimental lower bound for o)
the mass of the heavy top, 0.006 1 u _0.045
my > 0.685 TeV. The black : i
horizontal line corresponds to 1 0
|e¥P| = | 7|, whereas the 1 =0.04
green one corresponds to :
|e}}1p\ = A. In green we 0.004} ] 14 = 0.035
represent the region inside the ]
range of interest for m7 where ] 5., =0.03
the model might be safe L 1_“__________________|€K_e’_‘p_|____

0.002 - :

______________ L A=2asa0”
1 o 1 1 .} L L L 1 m Tev
0.0 0.5 1.0 1.5 2.0 r(TeV)
Fig. 4 Analogous plot to that T
of Fig. 3 but for realistic i
dominance with ;4 = 0.04 and =t 52420
8 = 7 /2. Various values of sy4 '.,_,E
are spanned in steps of 2 x 10~4 0.004F 3:
o

for s24 € [0, 1.2 x 1073]. The
curve for so4 = 0 (in red) is the
thicker one in Fig. 3. The region
lex INP < A is highlighted in
green for mr > 0.685 TeV

0.002

-0.002

Still, if one requires that in this alternative framework the
predictions for Amgp do not differ significantly from the
ones of absolute dominance, then Eq. (35) seems to favor
s34 < |Va3| ~ A7 and we are able to recover the results of
absolute dominance. This fact, when coupled with the inde-
pendence of Eq. (33) on s34 suggests that the s14 dominance
framework might be viable even with s34 < s24. On the
other hand, the observable Amg will not be meaningfully
altered when switching to Eq. (30) as the new terms in Eq.
(31) which contribute to X? are dominated by | V41| ~ A2
and V| ~ A3.

4.2 Emergence of more new physics

Having non-zero sp4 and s34 implies non-zero Vs, and Va3

which in turn will induce NP contributions to D° — 50 mix-
ing and allow rare decays of the top quark into the lighter
generations, which was not true before. We now will briefly

@ Springer

0%y

study these processes, as well as others!, like K L — T
and the CP violation observable ¢’ /e.

p®—D° mixing

The NP tree-level contribution to the DO — D" mixing is
described by the effective Lagrangian (Fig. 5) [42]

LY = NG VEEVI? @y er)@Lyucy), (36)

This results in a contribution to the D® mixing parameter
xp = Amp/T'p given by [43]

NP ﬁmD
b 3Tp

where r(m., Mz) >~ 0.778 is a factor that accounts for RG
effects. The remaining constants are mp = 1864.83 £ 0.05

Gr f§ Bp r(me, Mz) [ViEVSIE. (37)

' For more possible effects see also [41].
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Fig. 5 NP contribution to D° — D’ mixing via Z-mediated FCNC

MeV, I'p = 1/tp with tp = (410.1 £+ 1.5) x 10715 s [25],
Bp = 1.18%007 [44] and fp = 212.0 £ 0.7 MeV [36].
Requiring s24 < A° yields an upper bound for the NP contri-
bution of xgp < 0.015%, which is negligible when compared
to the experimental value, xgp = 0.39f8:}é% [45].

Rare r — gZ decays

With s34 # 0, the mixing of the VLQ with the lighter gen-
erations will result in rates for the processes t — ¢;Z,
(gi = u, ¢) which may differ significantly from the ones pre-
dicted by the SM. In fact, the leading-order NP contribution
occurs at tree-level and is given by [46]

2
3 2
m M

I'(t — qiZ)np |Vfi*V4'f3|2_tz (1 - g) '

o
2 2
32sycw M3
M2
: (1 + 2—§> .
mi

Approximating the total decay width of the top-quark by
I, ~ I'(t — bWT), the branching ratio is

(38)

\Zra%ak M
Br(t — q; Z)np ~ —L "4 1 - £
(t = qiZ)np 21Vis 2

(39)

However, for sp4, s34 < A3, it will never come close to
exceed the experimental upper bounds: Br(t — uZ)exp <
1.7x 1074, Br(t — CL)exp < 24X 10~*(95% CL) [47]. For
534 ~ 1077, one might even conceivably achieve NP contri-
butions lower than the SM predictions Br(r — uZ)sm ~

10710, Br(t — ¢Z) sm ~ 10714 [46].

The decay K; — 7%%v
For this process, it is relevant to study the quantity L propor-

tional to the decay amplitude, which in the SM and using the

standard PDG parametrization, can be written as [28]

Lo = Im [ 25 X (xo) + 25 X (x| 2, (40)
where we have introduced an extra Inami-Lim function
X (x;), presented in Eq. (71) of Appendix B.

When the heavy-top is introduced two new terms should
be added to Eq. (40), leading to

L =|Im [,\f X (xe) + 1K X () + 15 X (xr) + Ads] 1%
41)

The first term is a simple generalisation of the terms in
Eq. (40) which is to be expected from the introduction of
a new quark, whereas the last one accounts for the decou-
pling behaviour that arises from the fact that this new quark
is an isosinglet and is responsible for generating FCNC’s
at tree level in the electroweak sector. Note that the gauge-
invariant function in Eq. (71) is obtained by considering all
diagrams that contribute to processes such as K; — 7%9v,
with some of these diagrams being Z-exchange penguin dia-
grams where we can have up-type quarks running inside a
loop coupled to a Z-boson, i.e where the new FCNC’s effects
in the up quark sector have to be taken into account. The role
of Ayy is, therefore, to account for these effects.

With regard to Ay, we have [52-56]

Ags = Z Vi (F* = I)ij ViaN(xi, xj), (42)
i,j=c,1,T
with
xix; (logx; —logx;
N(xi, xj) = l8'l < gxl. _x.g j>’
i J
(43)

N(xivxi) = Xh~>nlx N()Cl‘,x]‘) = gl
J L

For 524 # 0 and in the limit s34 = 0, the FCNC-matrix
F" in Eq. ( 10) gets modified into

2 i —ié
cia —c14514524€"° 0 —cr4c24514€7 101
—is 2 2 2 —ié
—C14814524€7" I —ciys5y 0 —cjycoa804e 1024

u _
= 0 0 1 0 ’

—c1ac4s514€M —cl o504 0 1 —c}c3,
(44)
So that to a very good approximation one can write
Ags =~ —%c%4c§4xlf . (45)
Thus, we obtain
L~ [Im [,\fX(xc) +aKX () +A7’§f((xr)] 2, (46)
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where, with ¢4, ¢4 >~ 1, we have defined

X(xr) = X(x7) — %

47)
XT 3xT -6 (
- 3 I ,
8Crr — 1) ( R ngT)

which shows the logarithmic behaviour of the NP piece'.
From Eq. (9) it is clear that in the limit sp4 = O there is
essentially no NP piece, given that ImAX = 0. However, if
one takes so4 # 0 in order to fix the ex problem, this is no
longer true as ImrE ~ —c%2s14sz4 siné’. In the considered
range of parameters, we can get, in general, an important
reduction of the branching ratio of the CP violation decay
K; — 7%

L N Br(KL—>7rOUv) <08 48)

Lsm  Br(Kp — noﬁv)SM ~

02<

The decay K+ — n v

Similarly, this process is studied analysing the ratio

LT  Br(Kt — 7o)
Léy  Br(KT — ntvv)su

2
CREXNNE (o) + A8 X () + 4K X (xr) + Aug

MEXNNL (x) + A E X (xy)

3

(49)

where, here, the charm contribution cannot be overlooked,
because, even though XMLy ) « X(x,), one has that
2K > AK. Also, instead of the previous charm contribu-
tion X (x.), we now use the NNLO [57] charm contribution
XNNL(x ) ~ 1.04 x 1073 (see Appendix B).

Current measurements of this decay yield Br(K™ —
T ey = (10673 4£09) x 10711, whereas the SM

prediction is Br(K+ — 7 Dv)sm = (8.4 £ 1.0) x 10711
[58]. One may establish the following rough 1o range for the
ratio in Eq. (49)

Lt
— | =126+051, (50)
LSM

which has a significant uncertainty due to considerable exper-
imental errors for the branching ratio. However, it may still
set constraints on VLQ-extensions of the SM, as is the case of
the s14 dominance limit. For our model, it seems that larger

I The piece linear in x7 in X (x7) (see Eq. (71)) is not completely
eliminated, but what survives the cancellation with Ay is suppressed
by a factor of 5124, making it only relevant at very large masses.

@ Springer

values of s14 are favoured and smaller values for m dis-
favoured, as can be seen from the plots in Fig. 6 . We consider
a 95% CL region where s14 € [0.03, 0.05].

Evaluation of ¢/¢

The parameter €’ /¢ measures direct CP violation in K; —
i decays. The SM contribution can be described by the
simplified expression [49]

€

(6_) ~ F(x)Im(nX)
SM
with

F(x;) = Po+ PxX(x;) + PyY (x;) + PzZ(x;) + PEE(x;),
(5D

where the Inami-Lim functions and the associated constants
are detailed in Appendix B.

In a similar fashion as was done in the previous subsection,
we will now estimate the NP contribution, with

(%) ~ F(x7) Im(A%) + (Px + Py + Pz) Im(Agy),
NP
(52)

where the second term accounts for the decoupling associated
with the EW penguin diagrams from which the Inami-Lim
functions X (x;), Y (x;) and Z(x;) are obtained [48]. In this
expression, we assume that the constants present in F (x;)
and F(x7) have the same values.

Using Eq. (45) and ¢4, c24 =~ 1, one can write

7\ NP
<—> ~ F(x)Im(K) ~ —F(x;)elys1as04sin ', (53)
€

where F(x7) = F(x7) — %T (Px + Py + Pz) evolves log-
arithmically with x7. Once more it obvious that in the strict
514 dominance limit there is no NP contribution.

For 574 # 0, one may use [51]

/

NP
—4x107* < (6—) <10 x 1074, (54)
€

as a rough lo range for (e/ / e)NP. Taking into account that
sin§” > 0 is needed to solve the ek problem, one can easily
fulfil the condition in Eq. (54) for s54 < 7.5 x 10~ in the
mass range mr € [0.685, 15] TeV, with this allowed range
becoming larger as so4 decreases. Therefore, the realistic 514
dominance limit should be safe with regard to (¢'/e).
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Fig. 6 Plot of Eq. (49) as a Br(K* > mt*vv)
function of mr for various Br(K* - 1t" Vv)gy
values of s14 > 0.04 with 25l :
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Global analysis

Finally, we find it instructive to present a global analysis of
the most relevant phenomenological restrictions of parameter
space which apply to our s14—dominance model, in particu-
lar, the allowed parameter range for si4, 524, 8" and mr.

In Fig. 7, we present several slice-projections of the
allowed parameter region combining the most important
parameters. The values for sj4 are in accordance with the
solution proposed for the CKM unitarity problem, and
$24, §34 are within our assumptions for s14-dominance. More
concretely the parameter range for these parameters are

mr € [0.685,2.5] TeV,

s14 € [0.03, 0.05],

(35
524, 534 € [0, 0.001],
814, 824 € [0, 2],
and we impose the constraint
AmRY < AmGP (56)

on the model. We also look for regions that may be accessible
to upcoming generations of accelerators and therefore restrict
ourselves to the study of models with masses lower than
mr = 2.5 TeV. This is in agreement with the upper-bound
presented in [12] for models with an heavy-top where [ V41| =~
0.04.

The points displayed in Fig. 7 correspond to points that
not only verify Eq. (56) but also deviate less than 3o from

current experimental data, with no defined as no = / x2
and

2 2
’ |Vij|_|vij|c) (V—Vc)
=Y (FE) (B
. ( Oij Oy

i,j

+(wfwwﬁmj2+<u+uao—uﬁmam>z

O¢ oL

(57)

+Cwaw—&%ﬁ32

O¢' /e

where for |V;;| we take the most relevant moduli of the SM
mixing matrix entries, given by the PDG [25], as well as
the value of the rephasing invariant phase y = arg(—V,4 Ve
V' V). The measurement of this quantity is associated with
SM tree-level dominated B-meson physics and is, therefore,
expected to remain unaffected in a model like ours, as referred
also in [25]. Taking into account the current value of y =

<72.1fi:;) we consider a central value for y, = 72.1° and

o, = 4.5° for the standard deviation.

We use a similar methodology to the one presented in
[11], but now adding more terms to x2. E.g. we include
the NP contribution to g and the new insights discussed
in Eq. (3.2), with regions of parameter space where |e%P| <
|e?p| — |EIS{M| ~ 6.8 x 107. We also take into account
the NP contributions associated to the decay K+ — 7 +vv
and the parameter &’/¢. The constraints set by these observ-
ables lead to the lower-bound for a heavy-top mass of around
mr ~ 800 GeV apparent from Fig. 7. Additionally, the
kaon decay in particular restricts the allowed range of s4 to
roughly s14 € [0.035, 0.050] as Fig. 6 previously suggested.

Note that we do not include constraints associated with
other observables, such as Amp » and xp, because, as it
was shown, their NP contributions are extremely suppressed
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Fig. 7 Results for the allowed parameter regions of our model verifying the conditions in Egs. (55, 56) and 1/ x2 < 3

in the limit of 514 dominance. Furthermore, plots involving
s34 are omitted as, within the range in Eq. (55), there is no
noticeable influence of importance on the outcome of the
allowed parameter region.

In the Example II of Appendix A we present a numerical
case with a mass mr = 1477 GeV for the extra heavy up-
quark and

612 = 0.22579,
63 = 0.039524,
614 = 0.045334, 6y =7.412 x 1074,
B34 =2.346 x 1074,

8§ =0.382m, 814 = 18727,

013 = 0.0038275,

824 = 1.9797.
(58)

leading to /x2 =~ 2.25.

5 Conclusions

We have shown that there is a minimal extension of the SM
involving the introduction of an up-type vector-like quark 7',
which provides a simple solution to the CKM unitarity prob-
lem. The heavy quark T decays dominantly to light quarks,
in contrast with the usual assumption that 7' decays predom-
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inantly to the b quark. Therefore, these unusual 7" decay pat-
terns should be taken into account in the experimental search
for vector-like quarks. We have adopted the Botella-Chau
parametrization of a 4 x 4 unitary matrix which, in contrast
to the PDG parametrization, has three more angles s14, $24
and s34 and two extra phases.

We have shown that New Physics contributions e.g. to
K- K" and BS,S — Eg,s mixing or in the decays K; —
79, KT — 77Dy and new contributions to €’ /€ can be
well within the limits of EWPM’s.

We have also used a recently introduced upper-bound on
|E%P |, which severely restricts various models, to test our own
model with exact 514 dominance.

We have pointed out that, in the limit of exact s14 domi-
nance, the new contribution to € is too large. When this limit
is relaxed, allowing for a non-vanishing angle s»4, we then
show that the leading order terms of |E%P | can be expressed
as the sum of terms proportional to the usual CP-violating
PDG phase § and terms that are proportional to a new phase
8" = 84— 814, 1.€. to the difference of the other two phases of
the BC parametrization. One can then check that there exists a
reasonable parameter region, where these two terms may can-
cel each other, and that allows for the mass of the T" quark to
vary between around 800 GeV and 2.5 TeV. Thus, we find that
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the New Physics contribution to €x can be agreement with
the set upper-bound, and therefore with experiment, without
changing the main predictions of the model, in particular the
predicted pattern of 7' decays.

Acknowledgements This work was partially supported by Fundagdo
para a Ciéncia e a Tecnologia (FCT, Portugal) through the projects
CFTP-FCT Unit 777 (UIDB/00777/2020 and UIDP/00777/2020),
PTDC/FIS-PAR/29436/2017, and CERN/FIS-PAR/0008/2019, which
are partially funded through POCTI (FEDER), COMPETE, QREN
and EU. G.C.B. and M.N.R. benefited from discussions that were
prompted through the HARMONIA project of the National Science
Centre, Poland, under contract UMO-2015/18/M/ST2/00518 (2016~
2019), which has been extended. F.J.B. research was founded by the
Spanish grant PID2019- 106448GB-C33 (AEI/FEDER, UE) and by
Generalitat Valenciana, under grant PROMETEO 2019-113.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: This research
paper is a theoretical study of physics beyond the Standard Model and
so no publishable data is involved.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.

A Numerical examples

To stress and exemplify the claims made here, we give, in
this Appendix, two exact numerical examples.

Example I: Absolute dominance

As an example of exact s14 dominance, consider the follow-
ing up-sector mass matrix

M,
0 0 0 65.2612
— 0 0 7.09671 14.848¢1-94715i
B 0 19.3662 172,739 3.82017¢156%% |~
0.0397187 1.63395 32.6789¢~ 1514281 147532

(59)
given in GeV at the Mz scale. The up-type quark masses are

then, at this scale,

my =0.0018 GeV, m. = 0.77 GeV,
m; =174 GeV, mr = 1477 GeV. (60)

In the basis where the down sector mass matrix is diagonal,
the matrix V' which diagonalizes M, on the left will have
absolute value

0.973609 0.223644 0.00382359 0.0453188
0.223754 0.973844 0.0395133 0.
0.008257 0.03883  0.999212 0.
0.0441681 0.0101457 0.000173458 0.998973

V|~ (61)

Recall that VEXM is given by a 4 x 3 matrix of the first three
columns of this matrix.
We obtain also for the rephasing invariant phases

sin(2B8) = sin [2 arg (—Vchtb s ;;)] ~ 0.764,
y =arg (— Viud Veb u*b VCZ) ~ 68.7°,
Bs = arg (—VepVis Vi Vi) = 0.0206,

Bk = arg (_Vus Vea u*d Vct) > 6.464 x 10_4’ (62)
and the CP-violation invariant, defined as
J=1Im (Vus Ve Vi, Vis) 63)

has absolute value |J| = 3.070 x 107>.
For the EWPMs related quantities discussed above, we
obtain the following NP contributions

Amlgh ~ 1726 x 10712 MeV,
AmlF ~2.892 x 10712 MeV,
AmR =~ 1.192 x 1071 MeV,
|eRP| =~ 5.889 x 1073, (64)

which, as stated, clearly emphasises the problem with the
limit so4 = s34 = 0 and the value for the parameter |eg|.

Example II: Realistic dominance with very small 524, 534

To exemplify a more realistic case near to our exact s14 domi-
nance, but with very small s24, 534, we now consider a slightly
different up-mass matrix (in GeV at the Mz scale)

MLI
0 0 0 65.033
_ 0 0 7.12124 15.8436¢ 192462
N 0 19.3672 172.73 4.21828¢1:56762i | -
0.0397187  1.63403  32.7938¢ 1315517 1475.32

(65)

which leads to the same mass spectrum as the one in Eq. (60)
and to

0.973609  0.223644 0.00382359 0.0453188

0.223785 0.973837 0.0395133 0.000740405
0.00824668 0.0388324 0.999212  0.000234355
0.0440136 0.010821 0.000312045 0.998972

V|~

(66)
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The rephasing invariant phases are very similar

sin(28) ~0.764, y ~68.7°,
Bs =~ 0.0206, Bx ~5.950 x 1074, (67)
as is the CP-violating invariant |J| = 3.070 x 1077,
The observables associated with the EWPMs have the fol-
lowing NP contributions
AmlF ~3.119 x 10712 MeV,
AmlF ~ 5,547 x 10712 MeV,
AmRF ~ 1356 x 10712 MeV,
|e’P] >~ 6.592 x 107, (68)
As it is clear, the problem with ex is now successfully
solved. Comparing Eq. (64) and Eq. (68) one also sees that
although noticeable changes to AmNP and AmNP took place,

these are still small and in no way compromlse the safety of
the model.

B Inami-Lim functions

The Inami-Lim functions used throughout this paper are
given by [29,48]

Sij =S, xj)

2
log x; <1 —2x; + %’)

- (i —xj)(1 —x;)? e x)
_ 3xixj ’ (69)
4(1 —x)(1 — x;)
S; =8(x;) = lim S(xi, xj) =
Xj—>Xi h
X; 11 x2 3 x3logx,
=" _(1-—x+= L =0 (70
(1—xi>2< 4x’+4) FRTEERER
-6
X(x;) = 8(x, —l) xl+2+ — logx; |, (71)
Y (xi logx; |, 72
(xi) = 8(x,—1)< ogxz> (72)
Z(x) = logx;  18x} —163xi +259xi2—108xi
T =" 144(x; — 1)3
32x} —38x} — 15x2 + 18x;
log x;, 73
72(x; — 1)} o8t 73)
2logx;  xi(18 — 11x; — x?
3 12(1 — x;)
2 2
x7 (15 — 16x; + 4x7)
log x;. 74
6 —x)? 0g X (74)

All these functions are gauge invariant, however, X (x;),
Y (x;) and Z (x;) correspond to linear combinations of gauge-
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Fig. 8 Box diagram contributing to K; — 7%%v and K+ — 7+vv,
from which X (x;) in Eq. (71) is obtained, with u; ; = u,c,t, T and

t=e 7

dependent functions. X (x;) and Y (x;) are obtained by com-
bining box functions with Z penguin functions, whereas
Z (x;) is obtained by combining photon and Z penguin func-
tions. S(x;, x;) is a box diagram function that is relevant in
meson mixings and E (x;) is associated with gluon penguins.

The function F(x;) in Eq. (51), relevant to the study
of €’/e, is a linear combination of X (x;), Y (x;), Z(x;) and
E(x;). We use the following values for the constants entering
this expression [50]

Py ~—3.392+15.3037 B"? + 1.7111 B{?,

Px ~0.655+0.02902 B'/?,

Py ~0.451+0.1141 B{'/?,

Pz ~0.406 —0.0220 B{'/? — 13.4434 B>,

Pg ~0.229 — 1.7612 B{"/? +0.6525 BY'?, (75)

as well as the central values of Bél/ 2 — 1.11 £ 0.20 and
BY? =0.70 +0.04 [51].

The correction X™NE(x,) used in Eq. (49) is important
because, as mentioned above, the Inami-Lim function X (x;)
is obtained from combining the contributions of penguin and
box diagrams to neutrino decays of mesons. For the kaon
case, the relevant box diagrams are the ones presented in
Fig. 8.

The expression for X (x;) in Eq. (71) is obtained by tak-
ing the limit of vanishing masses for the leptons involved
in the loop so that this function involves solely the mass of
the up-type quark running inside the loop. This is a good
approximation for the top and heavy top contributions given
that m;, mr > m, however for the charm quark one has
m,. < m, and Eq. (71) is no longer valid. Hence, it should
be replaced by
XM (o) = XS (xe) + 8 X (xe), (76)

where § X (x.) is the long-distance contribution. The short-
distance piece is, at NNLO, given by

X5 (xe) = XNNL( O+ = XNNL(xa (77)
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so that the contributions involving the lepton T and the
remaining lighter leptons are considered separately. Follow-
ing [57] one can approximate this quantity with XNl (x,.) ~
1.04 x 1073.
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