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The flavor changing neutral current (FCNC) transitions t — ¢’H and t — ¢'V; (V; = v, g, Z) are
studied in the context of the effective Lagrangian approach. We focus on the scenario in which these
decays are predominantly induced by new physics effects arising from the Yukawa sector extended with
dimension-six SU;(2) X Uy(1)-invariant operators, which generate the most general CP-even and
CP-o0dd tq’'H vertex at the tree level. For the unknown coefficients, we assume a slightly modified
version of the Cheng-Sher ansatz. We found that the branching ratio for the Higgs-mediated FCNC
t — ¢'V; decays are enhanced by two or 3 orders of magnitude with respect to the results expected in
models with extended Higgs sectors, such as the general two-Higgs doublet model. We discuss the
possibilities of detecting this class of decays at the large hadron collider (LHC).
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L. INTRODUCTION

The fact that the top quark is the only known fermion
whose mass is comparable to the electroweak symmetry
breaking scale suggests that it may be more sensitive to
new physics effects than the remaining known fermions.
Furthermore, the new dynamic effects are likely to be
more evident in those top quark processes that are forbid-
den or strongly suppressed in the standard model (SM).
Therefore, the study of the flavor changing neutral current
(FCNC) transitions of the top quark could be the clue to
detect new physics effects [1]. In the SM, the t — ¢y, t —
c¢Z,and t — cH decays have branching ratios of the order
of 10713 [2,3], which are too small to be detected at
collider experiments. Any signal of such transitions will
thus represent a neat evidence of new physics. So far, most
studies on FCNC top quark transitions have focused on
the t — ¢V, decays, with V; = vy, Z, g. However, since the
Higgs boson H may be as heavy as the top quark, the
electroweak symmetry would also be maximally broken
by this particle, thereby opening the possibility that some
Higgs-mediated FCNC effects could be observed in fu-
ture experiments. The study of this scenario is encouraged
by the possibility of a common source responsible for
both symmetry breaking and flavor changing effects,
along with the experimental prospects: a copious produc-
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tion of top quark events is expected at the CERN large
hadron collider (LHC).

Although scalar-mediated FCNC effects are strongly
suppressed in the SM, they may be more significant in
some of its extensions. For instance, the general two-
Higgs doublet model (THDM-III) has the simplest ex-
tended Higgs sector that naturally introduces scalar-
mediated FCNC effects at the tree level [4,5]. As a result,
in that model the scalar-mediated top quark transitions
may have branching ratios several orders of magnitude
larger that those predicted by the SM [6-9]. A similar
conclusion was reached in the case of Higgs-mediated
lepton-flavor violating processes [10,11]. Large Higgs-
mediated FCNC effects can also be naturally induced in
other SM extensions, such as the minimal supersymmet-
ric standard model [12].

As already mentioned, FCNC effects can be induced in
theories with an extended scalar sector or a larger gauge
group [4,7,10]. In the present work we are interested in
those new physics effects that induce FCNC top quark
transitions predominantly mediated by the SM Higgs
boson. We will take a similar approach to that used in
Ref. [11] to study Higgs boson-mediated lepton-flavor
violating effects. We found it convenient to perform a
model-independent study by means of the effective
Lagrangian approach (ELA), which is appropriate to in-
vestigate new physics effects in processes that are forbid-
den or strongly suppressed in the SM [13,14]. In this
scheme no new degrees of freedom are introduced but
the SM ones. We will assume an effective Lagrangian
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composed of only one Higgs doublet,' which will be taken
as the one responsible for FCNCs, which in turn may
arise from virtual effects of heavy particles lying beyond
the Fermi scale. Moreover, motivated by the role played
by the Yukawa sector in flavor physics, we will assume
that the main source of Higgs-mediated FCNC top quark
transitions is the Yukawa sector extended with dimension-
six operators. We would like to emphasize that the sce-
nario that we are interested in is different to that arising
in models with extended scalar sectors [5,9], in which the
scalar FCNCs are induced at the tree level by the presence
of additional Higgs multiplets rather than by virtual
heavy particles.

In the scenario already described, the #q'V; vertices
(¢’ = u, ¢) would be necessarily induced at the one-loop
level via the anomalous tg’H coupling. In fact, all of the
tq'V; couplings but the ¢g’Z one can only arise at the one-
loop level in any renormalizable theory. They can be
conveniently parametrized through the following effec-
tive Lagrangian [16]

_[ ie -
L= t{z—ynt (Ktq”y + lK’}/s)O'MVF'u'V

igs . A
+2—mt(K,ng + lK)O'Iu,,TGa
8

+ 2— |:7M(th’Z + azq’ZVS)Z'u
Cw

(kg + ikys)a'WZ“”Mq’ +He (D)
2m,

The main goal of this work is to assess the impact of the
tq'H vertex on the tq'V; vertices and thus on the rare t —
q'V; decays. Since the effective Yukawa sector can gen-
erate the most general ¢’ H coupling, it would induce both
the CP-even and CP-odd #q'V; couplings at the one-loop
level. We believe that this is an interesting scenario as it is
expected that the Higgs-top dynamics is sensitive to new
physics effects. In particular, FCNC effects would be
favored by the involved mass scales: we will show below
that even though the t — ¢'V; decays are induced at the
one-loop level by the tg’H vertex, the corresponding
amplitudes are unsuppressed because both the external
and the internal scales, m, and my, are expected to be of
the same order of magnitude. The most general tq’'H
vertex involves two unknown parameters: a CP-even
one, €.y, and a CP-odd one, €y, whose order of mag-
nitude can be constrained from low-energy data. Since
the bounds on these parameters turn out to be somewhat
loose, we will adopt a slightly modified version of the

'We may also consider an effective Lagrangian composed of
an extended scalar sector [15], but the corresponding FCNC
effects would have a rather different origin to the one of those
described in this work.
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Cheng-Sher ansatz to estimate them and predict the rates
of the FCNC top quark decays.

The rest of this paper has been organized as follows. In
Sec. II we will derive the rq’H vertex from the most
general effective Yukawa-type operators of dimension-
six, which simultaneously incorporate both FCNC and
CP-violating effects. Section III is devoted to the calcu-
lation of the tq'H contribution to the 7g'V; couplings. In
Sec. IV, we evaluate the rates of the FCNC top quark
decays and discuss the results. Particular attention will be
paid to emphasize the differences between the scenario
discussed in this work and some specific models. Finally,
the conclusions are presented in Sec. V.

IL EFFECTIVE YUKAWA SECTOR AND
HIGG-MEDIATED FCNC EFFECTS

It is well known that the SM Yukawa sector is both
flavor- and CP-conserving. FCNC effects can arise at tree
level in any renormalizable Yukawa sector if more scalar
fields are incorporated. However, it is not necessary to
introduce new degrees of freedom to generate both FCNC
and CP-violating effects if Dyson power counting crite-
rion of renormalizability is not granted as a fundamental
principle when constructing the Lagrangian. Indeed, it
is only necessary to extend the Yukawa sector with
dimension-six operators to induce the most general cou-
plings of the Higgs boson to the quarks. A Yukawa sector
with those features, which respects the SU;(2) X Uy(1)
symmetry, has the following structure [17]

LY = —YL0,dd,) — Y“(Q;Pu;) — aij(tbfcb)
eff AL Al A2 i) A2

X (Q,®d)) — i—%(@@)(@ﬁm,) +Hc, (2)

where Y;;, O, ®, d;, and u; stand for the usual Yukawa
constants, the left-handed quark doublet, the Higgs dou-
blet, and the right-handed quark singlets of down and up
type, respectively. The «;; constants, which parametrize
the details of the underlying physics, could be determined
once the fundamental theory is known. Since the
dimension-six operators can be generated at the tree level
in the fundamental theory [14], they would not be sup-
pressed by the loop factors as it occurs with those opera-
tors that generate the gluon- and photon-mediated FCNC
top quark transitions at the tree level [16,18].

After spontaneous symmetry breaking, .Efff can be

diagonalized as usual via the unitary matrices VZ’d and
V,l{,'d, which relate gauge states to mass eigenstates. The
diagonalized Lagrangian can be written in the unitary
gauge as follows:
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HY - i
LY, =- (1 - 2g—>(DM"-'D + UM"U)

myy

gH
-H1+—(3+=—
[ O 2

X [D(Q4Pg + Q4P )D + TU(Q"Pg + Q1 P,)U],

3

where M%* are diagonal mass matrices, whereas UT =
(u, ¢, t) and DT = (d, s, b) are vectors in flavor space. The
first term in this expression corresponds to the usual
Yukawa sector of the SM. The Q““ matrices, which
represent the new physics effects, are given by

1 /v\2
Qud = ypd f( ) avdy e, 4)
To generate scalar-mediated FCNC effects at the tree
level it is assumed that neither Y*“ nor a*¢ are diago-
nalized by the V¢ and V¢ matrices, which should only
diagonalize the sum Y*? + ¢, Under this assumption,
mass and interaction terms would not be simultaneously
diagonalized as it occurs in the renormalizable sector. In
addition, if Q%4T # Q"¢ the Lagrangian (3) would in-
duce both the CP-even and CP-odd couplings of the
Higgs boson to quark pairs. The corresponding
Lagrangian for the up sector can be written as

L U,UH = _HUi(fU,-U-H + lg'yS)U] + H.C., (5)

= Re(Q),) and &yypy = Im(Qf). In the
following, only the first order terms in €U,UH and

where €y, UH =

€v.un will be retained in the transition amplitudes.

To estimate the FCNC top quark decays we need to
assume some values for €,y and &,,. It turns out that
the bounds that can be obtained from experimental data
are somewhat loose. For instance, the €, parameter can
be bounded using the experimental data on the «,,, and
v,z parameters [19]. The explicit calculation leads to the
bound |€,, ;| < O(10), which would yield overestimated
predictions for the rates of the FCNC top quark decays.
We will adopt instead the Cheng-Sher ansatz, which will
be slightly modified by introducing the new physics scale
A instead of the Fermi one v. We will assume that

€ =\ M (6)
tq'H tq' A ’

~ m.,m.,
&g = Ay [; . (7

In this way, a hierarchy given by the relevant scales is
automatically introduced, which incorporates the two
quark masses and the new physics scale. As usual, we
will take A, ~ X,q/ ~ 1. We find it natural to introduce
the new physics scale A in order to consider the most
general scenario, including those cases that could arise
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beyond renormalizable theories. After using this ansatz
for €, and €.y, the only free parameters are the SM
Higgs boson mass and the A scale. Although effective
field theories require A to be larger than v, it needs not to
be much larger. This means that the inclusion of higher
dimension operators is necessary if a high precision is to
be achieved. The scenario in which A is close to v is
interesting and will be explored when analyzing the
FCNC top quark transitions.

IIL t¢'H CONTRIBUTION TO THE ¢q'V;
COUPLINGS

In the my, = 0 approximation, which will be used
whenever possible, the rq'V vertex arises from the
Feynman diagrams shown in Fig. 1. The tq¢'y and tg'g
couplings are induced by the (i)—(iii) diagrams, whereas
the rq'Z vertex receives additional contributions from the
(iv) and (v) graphs. The contributions to the «,,,, and &/,
coefficients can be written as follows:

20/

Kig'y = (477_)3/2 6tq’HA(y) (8)

2
(47;)%2\/— X th’HA()’), (9)

with Q, =2/3, x = my/m,,
loop function given by

A(y) =5+ 2miCo + (2 — y))[Bo(2) —

K tq'y =

y = my/m,, and A(y) the

By(1)]  (10)

where Co = C()(mt; 0,0, mty mt» 2) By(1) =
BO(O’ mt2’ Iy2)’ and BO(Z) BO(mt’ mtz’ mt2y2) are
_H _H>
! . + ! ® -
¢ t % ¢ d ¢ %t t d
Vi Vi
(i) (i)
H

(iv)

FIG. 1. Feynman diagrams contributing to the on shell
tq'Vi(V; = v, 8 Z and q' = u, ¢) vertices in the m, = 0 ap-
proximation. The diagrams (iv) and (v), which only contribute
to the 1q'Z vertex, were evaluated using the unitary gauge.
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Passarino-Veltman scalar functions written in the usual
notation.

The contributions to k,,, and &,;,, follow easily after
the g;A%/2 factor is included into the k., and &,
coefficients. As for the coefficients associated with the
tq'Z vertex, they are

Ja

Vg = —— Y7 [e%e, A (x,
1q'Z (477)3/2)CS2W[gV tq'H 1( y)
—igh & ynAsr(x, )] (11)
. Ja Ly
Qg7 = m[&x €ynA2(x, y)
— igy &guAi(x, )] (12)

. [8V €ynAs(x, y) + igh & nAs(x, y)],
2w

13)

. _ iJa J
Kigz = m[&; th’HA4(x’ y)

+igh & nAs(x )] (14)

where g4 = 1/2 — (4/3)s3, and g = 1/2. The A, func-
tions are given by

2 8 3
A(x,y) = ?[f(l) + z fIBy(i) + m? Zg}co(i)}
=

i=1,7%3,6
(15)

1 8 3
Aol y) = 5| £+ 3 fEBli) + mt 3 3Coli) | (16
=1 =1

8 3
awy) =3[+ S FBD + Y giCulo |
=i

X i=Ti#3
(17)

1 8 3
Auley) = 5| £+ 3 FHBD) + mt 3 giColi) | (19
i=1 i=1

with y =1 — x. The By(i) and Cy(i) scalar functions
together with the f{ and g¢ coefficients are presented in
an Appendix. As a crosscheck, we have verified that the
amplitude for the t — ¢'Z decay reproduces that associ-
ated with 1 — ¢’y when g% =1, g7 =0, and x = 0.

It is straightforward to show that 3% | f/ = 0 for j =
1...4, which means that all of the amplitudes are free of
ultraviolet divergences. Thus, after introducing the
Yukawa-like operators it is not necessary to use a renor-
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FIG. 2. The behavior of the t — cV; loop amplitudes for a
very heavy Higgs boson.

malization scheme. This is due to the fact that the tq'H
vertex has a renormalizable structure.

It is interesting to analyze the dependence of the loop
amplitudes on the Higgs boson mass my. They are shown
in Fig. 2 for very large my and in Fig. 3 in the inter-
mediate my regime. The decoupling nature of the loop
amplitudes is evident in Fig. 2. Also, since these ampli-
tudes vary smoothly with increasing my, as observed in
Fig. 3, the corresponding decay widths will show the
same behavior. We can also infer the sensitivity of the
tq'V; vertices to the tq'H coupling. From Fig. 3 we can
observe that |A;| ~ 4|Al, |A,] ~6|A|, |A;] ~ |Al, and
|A4] ~ |Al/2, with |A| ranging from 0.5 to 0.42. This
means that the coefficients a,,; and v, associated
with the tg'Z vertex are the most sensitive to the rq'H
vertex.

1Asl

1Al

10’2 L L L 1 L L L L 1
120 125 130 135 140 145 150 155 160 165 170
mH(Gev)
FIG. 3. The same as in Fig. 2, but for 120 = my = 170 GeV.
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IV. NUMERICAL RESULTS AND DISCUSSION

We turn to the numerical results for the t — ¢'V; and
t — ¢'H branching ratios. In terms of the coefficients of
the effective Lagrangian (1), the branching ratios can be
written as

19)

a/m 5
Brit = q') = 5 (T )i + 17 P

20

3

m -
Br(t - qlg) = <F:>(|Ktq/g|2 + |K[q/g|2)’ (20)
where I, is the total top quark width.
As for the t — ¢'Z decay, its branching ratio can be
written as

@ (m 1+ 2x?
Brit—¢2) = 35 (F)0 = PR (v
t

2
4s5w

+layzl*) — 6Re(v,q/zqu,z + atq/zk;"q,z)

+@ + )kl + |f~<zq/z|2)}- 1)

whereas for the t — ¢’H decay we have

1 /m ~
Br(t— q'H) = E(ﬁ)“ — 2l ewnl? + 1eul®.
t

(22)

which is a tree level prediction in the effective theory.
The t — cV; and t — cH branching ratios depend on
my and A, for which we will consider the ranges 120 <
my = 170 GeV and 400 = A = 1000 GeV. In Fig. 4, we
show the t — ¢V, and t — cH branching ratios versus the
Higgs boson mass in the scenario in which A = 400 GeV.
Since they are proportional to 1/A?2, the results for other
values of A can be easily obtained from this figure. We

3.5 T T T T T T T T T

A=400GeV

120 125 130 135 140 145 150 155 160 165 170
mH(Gev)
FIG. 4. t— ¢V, and t — cH branching ratios as functions of

my for A = 400 GeV.
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can see that all these branching ratios, but Br(r — cH),
vary smoothly in the range considered for the Higgs
boson mass. The most pronounced variation of this chan-
nel is due to phase space. We can also observe that the
branching ratios for the t — cg, t — ¢y, t — cZ,and t —
cH channels can reach the maximal values 3.4 X 1079,
1.7X 1077, 24X 107>, and 2 X 1073, respectively.
Finally, Figs. 5 and 6 show these branching ratios as
functions of A for my = 120 GeV and my = 170 GeV.
It is worth comparing our results with those obtained
in some specific models. Although in the SM the FCNC
top quark decays are strongly suppressed, they may be
considerably enhanced in some of its extensions [20]. For
instance, in the THDM-III the t — ¢V, and t — cH (with
H a SM-like Higgs boson) decays can have large branch-
ing ratios [7,9], which are several orders of magnitude
above the SM ones. Supersymmetry (SUSY) models with
universal soft breaking predict branching ratios which are
of the same order of magnitude than the SM ones, but this
situation is improved when the universality is relaxed by
allowing a large flavor mixing between the second and
third families, in which case branching ratios as large
as Br(t— cg) ~ 1075, Br(t— cy) ~ 1078, and Br(t —
¢Z) ~ 1078 can be reached [21], which however are still
too small to be detected. On the contrary, SUSY models
with broken R-parity may yield enhanced FCNC top
quark decays [12,22]. This has been summarized in
Table I, where we show our predictions for the FCNC
top quark decays along with those obtained in some
specific models. Compared with the THDM-III predic-
tions, the ELA prediction for the t — cg branching ratio
is almost 2 orders of magnitude lower, whereas Br(r —
cy) is of the same order, and Br(t — c¢Z) is larger by more
than 1 order of magnitude. In contrast, the ELA prediction
for Br(r — cH) is 3 orders of magnitude larger than in the

35

m,=120GeV

L L . . L
400 500 600 700 800 900 1000
A(Gev)

FIG. 5. t— ¢V, and t — cH branching ratios as functions of
A for my = 120 GeV.
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25

m, =170GeV

400 500 600 700 800 900 1000
AGev)

FIG. 6. The same as in Fig. 5 but for myz = 170 GeV.

THDM-IIL. As far as SUSY models with broken R-parity
are concerned, their predictions for the t — ¢V, decays
are all higher than the ELA results, but the respective
prediction for the Br(r — cH) is below.

It is important to comment on the main differences
between the scenario arising in those models with an
extended scalar sector and that scenario considered so
far, in which Higgs-mediated FCNCs arise from virtual
effects of heavy particles. As already mentioned, the
most popular example of those models with extended
scalar sectors is the THDM considered in Ref. [6]. In
that model, dubbed THDM-III, it is assumed that the
SM-like Higgs boson couples diagonally to the fermions
at the tree level, so the t — c¢H decay proceeds at the one-
loop level due to the exchange of virtual h, A and H*
Higgs bosons, which in turn do have nondiagonal cou-
plings to the fermions. As a consequence, the respective
branching ratio for the t — cH decay is lower than in the
scenario considered in this work. Although in the
THDM-III the t — ch and t — cA decays can arise at
tree level and may have large branching ratios, it is
possible that the &7 and A Higgs bosons were so heavy
that these decays would not be kinematically allowed. As
for the t — ¢V, decays, they are induced by loops carry-
ing the 4 and A Higgs bosons. The Feynman diagrams are

TABLE L
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similar to those shown in Fig. 1, although there is no
contribution from the (iv) and (v) diagrams, which are not
induced in the model considered in Ref. [6] because the
neutral Higgs bosons responsible for FCNC effects do
not couple to the Z boson at tree level as they do not
receive a VEV.

We now would like to discuss on the possible detection
of the FCNC top quark decays at the LHC, which will
operate as a top quark factory, with a production of about
108 7 events per year. The dominant mechanism for top
quark pair production is through gg or gg annihilation,
whereas single top quark events can be produced through
electroweak processes such as Wg fusion or the produc-
tion of a virtual W boson decaying into tb. In this case,
the cross section is about 1/3 that of #f production.
Although the observability of a particular channel decay
depends on several factors, in a purely statistical basis
those channels with branching ratios larger than about
107% — 1077 do have the chance of being detected. How-
ever, background problems and systematics may reduce
this value by several orders of magnitude depending on
the particular signature. For instance, the t — cg mode
would require a large branching ratio in order to be
detected as it is swamped by hadronic backgrounds. As
far as the t — cy, t — ¢Z, and t — cH decays are con-
cerned, they could be detected even with relatively small
branching ratios because they would be produced in a
cleaner environment. The LHC will have a sensitivity of
about 2 X 10™*and 3.4 X 107> tothe t — cZ and t — cy
decays, respectively [20], whereas the sensitivity to  —
cH can be up to 6.5 X 107> [23]. From the results pre-
sented in Fig. 4 and Table I we can conclude that the r —
cy and t — c¢Z decays would hardly be detected at the
LHC. A similar situation is expected for the t — cg mode
due to background problems, but the t — cH decay seems
to be more promising. As far as the FCNC top transitions
involving the u quark are concerned, they are suppressed
by a factor of m,/m, and are far from the reach of
the LHC.

Finally, we consider that our estimation for the
strength of the rq’H vertex, in which the A scale was
introduced instead of the Fermi one, is realistic since it
describes more appropriately any possible scenario aris-
ing from the underlying physics responsible for FCNC

Branching ratios for the t — cH and t — cV; decays in the SM and some of its extensions. The effective Lagrangian

predictions are displayed in the last two columns for A = 400 and 1000 GeV. The values shown in each column correspond to

my = 120 GeV and my = 170 GeV, respectively.

Decay SM THDM-III SUSY ELA (A = 400) ELA (A = 1000)

t—cg 5x 1071 1074 — 1078 ~1073 3.4 X107 —23x107° 54X1077 =37 %1077
t—cy 5x 10713 1077 — 10712 ~107° 1.7%x 1077 — 1.1 x 1077 26X 1078 — 1.8 X 1078
t—cZ ~10713 1076 — 1078 ~107* 24X107° - 14X 1073 39X 1076 —23x107°
t— cH 10714 —10"13 ~107° ~107* 2X 1073 —-22X1073 31 X107 =35x10°°
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effects. We believe that this is an interesting situation as a
deep link between flavor physics and symmetry breaking
is possible, thereby favoring this type of processes.

V. CONCLUSIONS

The copious production of top quark events expected at
the LHC, together with the possibility of detecting the
Higgs boson at this collider, constitute an incentive for
studying Higgs-mediated FCNC top transitions. Because
of the large mass of the top quark and the Higgs boson,
the top-Higgs dynamics is expected to provide a unique
scenario to probe the physics beyond the electroweak
scale. This possibility has been explored in a model-
independent manner using the effective Lagrangian tech-
nique. Under the assumption that FCNC top transitions
are predominantly induced by the Higgs boson, the most
general Yukawa sector extended with dimension-six op-
erators, which generates the most general CP-even and
CP-odd rq’'H vertex, was studied. We adopted a slightly
modified version of the Cheng-Sher ansatz to estimate the
size of the tq’H vertex. This ansatz comprises three
scales: mg, m,, and the new physics scale A. The most
promising results are obtained when A is close to the
Fermi scale. The main differences with the scenario aris-
ing in models with extended scalar sectors were empha-
sized. One of the most remarkable features of the scenario
considered in this work is the fact that the t — ¢'H decay‘

PHYSICAL REVIEW D 70 074003

(with H the SM Higgs boson) arises at the tree level. It
turns out that the top quark decay widths depend only on
the Higgs boson mass and the new physics scale, and for
intermediate values of A they do not change appreciably
when my ranges from 120 to 170 GeV. In such a scenario,
the t — cg, t = ¢y, and t — ¢Z decays have branching
ratios several orders of magnitude larger than the ones
predicted by the SM, but not large enough to be detected
at the LHC. As far as the t — c¢H decay is concerned, its
branching ratio may be up to 1073, which is at the reach of
the LHC. This result is 3 orders of magnitude larger than
the THDM-III prediction and one order larger than in
SUSY models with broken R-parity. As for the decays
with the ¢ quark replaced by the u one, the respective
branching ratios are smaller by a factor of m,/m,, and
thus they would be out of the LHC reach.
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APPENDIX: ¢tq'Z LOOP AMPLITUDES

The scalar functions and the coefficients f¢ and g¢
appearing in the 7q’Z loop amplitudes are

By(1) = By(0, 0, m}x?), By(2) = By(m?, 0, m}y?), By(3) = By(0, m}, m} 2)
30(4) = BO(Oy mty mt) BO(S) Bo(mrx mt: mt) BO(6) Bo(mn mtr 2) (AD)
By(7) = BO(mtx mzy mtzxz): By(8) = Bo(mt, mty mt)
Co(l) = Co(m,z,O mtx mt: mty mt) Co(2) = Co(m 0, mtx2 mrzxz mt’ mty ) (A2)
Co(3) = CO(mt’ 0, mtx s mtyzr 0, m? 2):
fi=w% fi=2x% fi=20-x%  fi=—-4% = X[ (y* — 3) — 2(2y* - 3)], (A3)
=3 = (2y* + 5% = 2(2y* = 5)], fo =307 —4) + x(14 = 3y?) + 8(y* — 2)],
gl =2 + X201+ 27 =) +207 2% g =2x  gh = 2xx(x* + xp* ), (A4)
1 =3x% 1= 2% ;=20 - 1), =X,
fi= =207 =3 +2207 = +20° + D] f3= (P 427 -2+ 1),
2 44 2042 2 2 6 _ A(\2 2.2 (AS)
fo = —3x"+x°(4y* = 3) + 2y, f7=4x° —x*(y* — 2) — 5x%y
f3 =3x00% = 4) + x*(14 = 3y?) — 2x%2(y* + 4) —20* — 2)]
gt = =25 + Xt =2y +7) + 220 - 2y? —2) + 2, (A6)
g3 =2[—x® + X007 + 3) — 4xty? + X2(2y* = 32 + 1) +y4] g3 = =232 x(x* + x2y? — 2 + 1),
=% fi=22  fi=4% fi=200 fi= 0P+ 1) +207-2)] (A7)

fi=3205x2 +6y* —11),  fi=—4x'y,

= [x*(y? — 4) + x2(6 — 5y — 2(* — 2)],

074003-7
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g3
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=2x*(2y* — 1) + X*(3y* — 10y* + 3) + 2, g =230 — Dx? g =2x[x*(* + 1) —y* + 1], (A8)
fo==-x% fi=22  fi=42x  fi=-x"  fi=uP0P+ 1) 202y - 1)
f3=—3x* + x*(6y* — 11) + 4], fi=—x+3x* =222 - 2) — 4%, (A9)
f7= =8+ (55> +2) + 7, ¢ = 0?7 —4) — X2(5y* — 14) — 20* + 2)],
1=—02 D2 + Gy =7 +2] g3 =207 — Dx® =20 = 2x* + y2(* — 5)x* + 2] (AL0)

g3 = 22xF°(° + 1) —y* + 1]

Note added in proof—After the submission of this work, we became aware of Ref. [24], where a general analysis of
the effective Lagrangian accounting for FCNC and CKM unitary violation in the quark sector (mostly for the top
quark) is performed.
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