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We consider in the 3-3-1 model with heavy leptons the box contributions to the mass difference in K and
B neutral mesons induced by neutral (pseudo)scalars, exotic charged quarks, singly and doubly charged
scalar and gauge bosons. In particular, we include the effects of a real scalar with mass near 125 GeV but
with nondiagonal couplings to quarks. We show that, as in the tree level case, there are ranges of the
parameters in which these contributions can be suppressed enough by negative interference among several
amplitudes. Hence, in this model these AF = 2 processes may be dominated by the standard model
contributions. Our results are valid in the minimal 3-3-1 model without the sextet.
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I. INTRODUCTION

Nowadays all the predictions of the Standard Model
(SM) have been experimentally tested and are in agreement
with the model’s predictions at a given order in perturbation
theory. However, there are reasons for expecting the
existence of new particles. Among others, the existence
of dark matter [1] and the neutrino masses [2] need, for
their implementation in any model, particles that do not
belong to the degrees of freedom in the SM. These new
particles, if any, can be observed by the direct search at
colliders like the LHC, or by their effects on rare decays
that are suppressed, by several reasons, in the SM [3]. For
instance, the rare BY — y*u~ decay has been recently
observed at CERN [4] with a branching ratio compatible
with the SM model prediction.

Almost all the extensions of the electroweak standard
model (ESM) have a rich scalar sector. Some of them
introduce new quarks and/or leptons along with neutral and
charged extra scalars and vector bosons. All these cases
occur in models whose gauge symmetry is larger than the
SM symmetries, in particular in the minimal 3-3-1 model
(m331 as shorthand) [5-7], and in the 3-3-1 model with
heavy leptons (331HL) [8]. Moreover, the extra neutral
vector (generically denoted by Z') and scalar bosons induce
flavor changing neutral current (FCNC) processes at tree
level which are supposed to be the dominant extra con-
tributions (besides that of the SM). In 331 models, as in
many extensions of the SM, such processes are induced by
neutral (pseudo)scalars and, since the discovery of a spin-0
resonance with mass 125 GeV [9,10], it is mandatory to
take its effects into account.

The FCNC at the tree level were revisited in the context
of the m331 model [11] for two reasons: First, usually when
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considering the Z' phenomenology in this model, the
contributions of the (pseudo)scalars are neglected
[12-20]. Second, as we said before, the scalar sector of
any model beyond the SM (BSM) must contain a scalar
field with the mass around 125 GeV and diagonal couplings
compatible, within the experimental error, with those of the
ESM Higgs boson at least with the third quark generation.
However, generally this ESM-like Higgs scalar also medi-
ates FCNC at tree level and its effects have to be computed.
See for instance [21]. From the experimental point of view,
the CMS has reported measured of 7 — uz which is 2.5¢
different from zero [22]. Recall that in the ESM, FCNC
processes occur only at the one-loop level [23].

The conclusions of Ref. [11] establish that in AF =1, 2
FCNC processes, when the CP even SM-like neutral Higgs
boson and one of the CP odd scalars are considered, there is
positive and negative interference among these fields and
the Z' in such a way that the previous constraints on the
mass of the Z' boson are avoided. For instance, the
measured value of strange and bottom mesons, AM g B>
a lower limit M, > 1.8 TeV is still possible and is also
compatible with the constraints coming from weak decays.
Depending on the values of the unitary matrices in the
neutral scalar and pseudoscalar sectors, even lower values
may be allowed.

The value of the lower limit for the Z’ mass depends not
only on the projections of the neutral scalars over the SM-
like Higgs but also on the unitary matrices which rotate
quarks and leptons symmetry eigenstates to the respective
mass eigenstates, VZ‘,? . Numerical values for the latter
matrices were obtained in [11]. This reduces the number
of free parameters in the model. In fact, the only free
parameters remaining are the unitary matrices that diago-
nalize the scalar mass matrices. These results are valid in
the m331 and in 331HL models since both have the same
quark content. However the scalar mass spectra are differ-
ent in both models, the former needs a scalar sextet for

© 2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.92.113006
http://dx.doi.org/10.1103/PhysRevD.92.113006
http://dx.doi.org/10.1103/PhysRevD.92.113006
http://dx.doi.org/10.1103/PhysRevD.92.113006

F.C. CORREIA and V. PLEITEZ

generating the charged leptons masses, and the later one
does not.

Here we will concentrate only in the 331HL model. Our
results are valid in the m331 when the sextet is avoided and
the charged lepton masses need the contributions of a
dimension five operator built with two triplets [24]. We
emphasize that the entries of the matrices VZ’,? obtained in
[11] are not unique and different solutions imply different
phenomenology.

In Ref. [11] it was reasonable to consider only the tree
level amplitudes because certainly these are the main extra
contributions to the AF = 1, 2 processes in the m331 model
and in addition, these amplitudes involve only the Z’, neutral
scalars and pseudoscalars. However, there are also one-loop
diagrams, for instance boxes and penguin, which include not
only the neutral scalar and vector bosons, but all the particle
spectrum of the model: exotic charged quarks, singly and
double charged scalar and vector bosons. Accordingly, we
have to evaluate their effects in order to see if there is, or not,
some values of the parameters of the model in which the
constraints on the mass of Z' obtained at tree level are not
spoiled by one-loop corrections. Hence, it is necessary to
quantify the effects of all these particles in FCNC processes
and this is the aim of the present paper.

The outline of this paper is as follows. In Sec. Il we present
the representation content of the model. In Secs. I A
and II B we show the Yukawa and the quark-vector boson
interactions, respectively. In Sec. III we give the effective
Hamiltonian which arises from the boxes with at least one
of the extra particles in the 331HL model. In Sec. III A we
consider the amplitudes involving two (pseudo)scalars,
while boxes with two vector bosons are considered in
Sec. I C. Those with one scalar and one vector bosons
are shown in Sec. III B. Boxes involving one photon or one Z
is shown in Secs. I[II D and IIT E, respectively. Our results are
summarized in Sec. IV while the last section is devoted to
our conclusions. In Appendix A we write explicitly the
matrices appearing in Secs. III A-III C. In Appendix B we
show the types of integrals which arise from the boxes
considered. The scalar mass spectra and mass eigenstates are
summarized in Appendix C; while the matrix elements in the
vacuum insertion approximation are given in Appendix D.
Finally, in Appendix E we give four examples of the
amplitudes that have been calculated in this paper: the
case of the exchange of Y| and a Goldstone boson Gy in
Appendix E 1, the exchange of a Y7 and a W~ in
Appendix E2, and that of the exchange of two charged
vector bosons is shown in Appendix E 3. In Sec. E4 we
show that the penguinlike diagrams are negligible, at least

with the values of VZ’,? used in this paper.

II. THE MODEL

In the 331HL model [8] the left-handed quark fields are
chosen to form two antitriplets Q',, = (D}, — U, J,)F ~
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(3*,—1/3) with m = 1, 2 and we define D, = d', D}, = §';
Uy =u', U, = c';and a triplet Q5;, = (¢'b'J3)! ~(3,2/3)
and the right-handed ones are in singlets: U/, ~ (1,2/3),
Dp~(1,-1/3), a=1, 2, 3, where D, =d, s/, D,
U,=u', ¢, ¢, and in the exotic sector: J p~
(1,-4/3), and Jzz ~(1,5/3). Below we will use
J3 = J. The numbers between parentheses mean the trans-
formation properties under SU(3), and U(1)y, respec-
tively. We have omitted the SU(3). factor because all
quarks are triplets of SU(3). Lepton generations are all in
triplets ¥; = (v,7E,)! ~(3,0) and right-handed charged
lepton fields £ ~ (1,—1) and E g ~ (1,+1). In the scalar
sector we have three triplets: n = (n°77n7)" ~ (3,0),
p=(pp’p* ) ~(3.1), x = (G2 x")" ~(3.~1). Only
the three scalar triplets are needed to break the gauge
symmetries and generate all the fermion masses. The model
has, besides the photon, Wff and Z,, an extra neutral vector
boson, Z,, and single and doubly charged bileptons,
generically denoted by Vi and U;* when they are vectors,
and Y, and Y**, when they are scalars.

A. Yukawa interactions

The Yukawa interactions in the quark sector are given by

_[:;]/ =C :nL [GmaU/aRp* + GmaD/aRﬂ*]
+ Q/3L [F301U:1R7] + F3aD:1Rp}
+ Q;nLGinanR)(* + Q%LQJJR)( + H.C., (1)

where we omitted the suminm,n =1, 2, and a = 1, 2, 3,

' = (Wc't)gand D) g = (d's'D)g. Gras Gouas Faas F3a
are the coupling constants whose values were obtained in
Ref. [11] and are reproduced in Appendix A. The 2 x 2
matrix GJ,, and g; are all free Yukawa couplings which
determine the mass of the exotic quarks once v, is fixed.
The mass matrix of the quarks with electric charge —4/3,
Jy, J,, is diagonalized by an orthogonal matrix and

<J1> ( cos 0 sin&)(h) 2)
Jsy - \—sinf cosf A

where 0 is a new mixing angle in the model and j, , are
mass eigenstates.

From Eq. (1), we obtain the interactions involving quarks
and charged scalars are

—Ls =], [K\Gy+ K Y5 1D+ D [K2 Y5 +K G ljg
+ T L[K;G T+ KyY T Dr+ D [KyY ™+ K5Gy )T x
+ D, [KsGy+KeYT|Up+U, [KeY{ +KsGyy]Dg +H.c.,
)

where j, = (J;J,0), and J;r=(00J),z Ulp=

(uct),p and D] = (dsb),, are quarks mass
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eigenstates. The symmetry eigenstates (primed fields) are
related with the mass eigenstates (unprimed fields) by

unitary transformations D} , = Vf}D 1.r and similarly for

the u-type quarks. The matrices K, I~(a, a=1,...,6
appearing in (3) are defined in Egs. (A2) and (A3) in
Appendix A. We write the vertices in terms of the
symmetry eigenstates J,, but the decomposition in
Eq. (2) has been considered. Our calculations are per-
formed in the Feynman—"t Hooft gauge. Thus, in Eq. (3),
Gy y.w denote the would-be Goldstone bosons related to
VE, U and W, respectively.

Analogously, the interaction of quarks and neutral scalar
can be written as

—CSO = DLICQDR]/[O —+ ZDLICEDRAO + H.c. (4)

The matrices K7 and 7 in (4) are shown in Eq. (A4) and
are defined as KU = VYV ZUVY" and KP = VP ZPVET We
have arranged, for simplicity, the interactions in matrix
form (in the quark mass eigenstates basis):

PHYSICAL REVIEW D 92, 113006 (2015)

Gup® Gup® Gisp®
2V = | Gup® Gypp° G23P0 ’
Fan®  Faon®  Fan®
Gnﬂo 612’70 G13ﬂ0
zZP = 621770 622'70 G23’70 J (5)
F 510° F 320" F 330"

where 7° and p° are still symmetry eigenstates, they are
written as x° = (1/v/2)(v, + Rex® 4 ilmx°), x = n, p, y.
In terms of the mass eigenstates these fields are written as
Rex? = >, U,;h? and Imx® = >7,V,,A% In Ref. [11] it
was shown that, if U, = 0.42, this scalar has the same
couplings with the top and b-quark as in the SM. Hence we
assume that 9 is the neutral scalar with mass about
125 GeV (here denoted h(l)) and in Eq. (4) we have assumed
p° = U, hY, where the other fields are considered heavy for
the sake of simplicity.

The respective vertices are obtained as usual by sepa-
rating the constants in i£ and represented in Figs. 1 and 2.
The generic vertex is written as in Fig. 3.

Dy J; L Dy, J; -
= —i[(K1)iPr + (K1)ii Pr = —i[(K2)uPr + (K2)i; Pr
e oy e v,
Dy, J = . Dy, J = .
= —i[(K3)31.Pr + (13)33] = —i[(K4)31Pr + (Ka)isPr]
rd /G;'+ > /y++
Ji Dy, T Ji Dy, o~
= —i[(K1);.Pp + (K1) PR] = —i[(K2)},.Pr + (K2)i PRl
~ G - vy
J Dy, R AN J Dy, T e
= —i[(K3)5. P + (I3)k3Pp] = —i[(K4)3 P + (K4)13PR]
> /G[7 - /Y”
Dy Ui L Dy, Ui L ,
= —i[(I5)aPr + (K5)j PL] = —i[(Ke)aLr + (Ko)ji PL]
x /Ga, x /Y#
f Dy e Ui Dy P
= —i[(K5)jPr + (55)5iPrl = —i[(Ke)j P + (Ko)rir]
e "o e v
FIG. 1. Vertices of quarks and charged scalars. Here J;, i = 1, 2 denotes the symmetry eigenstates in Eq. (2).
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Dy D; Dy D .
' = —i[(KP)Pr + (KP):, Py ' = [(KR)inPr + (K2)iiPL]
re /},0 x /AU
(a) (b)
FIG. 2. Vertices of quarks and neutral scalars.
Dj 4 s 4 D; o
= —i[(K.)ijPa+ (Ko 1) = —il(Ka)i; P+ (Ka)silH
e s e s,
(a) (b)
FIG. 3. The generic vertices to quarks and scalars.
B. Fermion-vector boson interactions | 1.04793  0.08905  0.00004
The interactions between vector bosons V;,, U,~, Z, K ~———— 0.08905 —1.12718 10-6 .
with quarks are V2eoshu | o004 10-0  —1.13088
9
Lyg = 7§ [Ly + Ly + Ly], (6) | 1.05154 0.00140  0.00826
KP zﬂ 0.00140 —1.13082 5x 1076
where CONTW N 000826 5% 1076 —1.13078

Ly =Dy"Pr(VD)iwd Vi + 1y PrL(VE)inDiVy

im™iY o

Ly ==[Diy*Pr (VD) U™ + Iy P (VD) DU,
(7)

and the matrix V? is shown in Eq. (A6). In Ly we have to
sumoveri =1,2,3;m=1,2,in Ly wesumoveri = 1,2,
3. As before, U] = (uct), g, D] = (dsb), g and P; =
(I —y5)/2 and Pgr = (1 +y5)/2 are the chiral projectors.

The interactions of Z' to quarks are given by the
Lagrangian

Lz = Z 7" K7 a1 + Grr* KzqrlZ,. (8)
q=U.D

where we have defined

K{ =Vvivivi', Ki=Vivivi. g¢=U.D; (9)
with
1
YV =YD = —— — diag[-2(1 —2x), =2(1 = 2x), 1],
[ =P = = G201 = 20,2201 = 20,1
(10)
and
4x 2x
Y= — 1, YR =" 1,.,. 11
R \/§h(x) 3x3 R \/§h(x) 3x3 ( )

Here h(x) = (1 —4x)'/2, x = sin’0y,.

Using the numerical values of the V¥ matrices given in
(A6), (A7), (10) and (11), in (9) we obtain for the K%
matrices appearing in (8):

(12)

Since Yg’D are proportional to the identity matrix, there are
no FCNCs in the right-handed currents coupled to the Z/,
and using the matrices above, we obtain K§ ~ 1.56815,3
and KB ~ —0.78415,5. At this stage all quarks are already
mass eigenstates (unprimed fields). The interactions of the
right-handed quarks with Z’ conserve the flavor, however,
there are diagrams with two Z’ in which one of them has
right-handed vertices and the second left-handed ones. We
note finally that Kf U are not unitary matrices.

The respective vertices are given in Figs. 4 and 5. The
generic vertex is shown in Fig. 7.

III. EFFECTIVE HAMILTONIAN

The new particle content in the 331HL model implies
hundreds of box diagrams and, at first, our main task will be
to sort them in an irreducible way.

The vertices derived from Egs. (3) and (4) are written in
terms of the mass eigenstates and some matrices. We see
from Figs. 1 and 2 that there is a pattern which prevails
about all the interactions and can be summarized as in
Fig. 3. The K,, K, matrices will denote the matrices given
in Egs. (A2)-(A4), and are linked with the respective
charged or neutral scalar, generically denoted by S,,.

The next step is to find a general expression also for
quark-gauge boson interactions. As before, from Eq. (6),
we extract Figs. 4 and 5, and the results are shown in Fig. 7.
The matrix V denotes the matrices V? or K?, in Eqgs. (A6)
and (12), whenever VB is a charged vector boson or the Z’,
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D; J/L' . %
! = ’L%WPL(VLD)]{

= —i%’YuPL(VLD);3

Ut
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J,' D .
L =i PV

= =i PLVE)js

U--

FIG. 4. Vertices of quarks and gauge bosons. Here J;, i = 1, 2 denotes the symmetry eigenstates in Eq. (2).

respectively. The remaining terms due to K% will be
explicitly written in Eq. (20).

Hence, there are only two different generic vertices and
their respective conjugates for all new interactions of
331HL. The laborious task of setting up a lot of new
diagrams now reduces to figuring out five independent
diagrams, namely:

(i) those with two scalars denoted by S,S,, where S, ;,

run over all the (pseudo)scalars, neutral or charged
[see Fig. 8(a)l;
(ii) diagrams with one vector boson VB = Vi, Ui*, Z'
and one scalar S,, denoted by VBS [see Fig. 8(b)];
(iii) with two vector bosons [see Fig. 9];
(iv) with one photon, y, and one neutral (pseudo)scalar
or Z' [see Fig. 10(b)].
We must remark that once the scalar or gauge boson are
defined, the quarks in the internal lines are also fixed. For

example, if S, = S, = Y the quarks will be ¢;; = J;, />,
if S, =S, = h° then ¢,; = D;;, and so on.

We are interested in the effective interactions contribut-
ing to the mass difference of the pseudoscalar mesons K
and B, ;. Therefore, after obtaining the amplitudes from our
four kinds of diagrams we must sum over all the matrices:

Hege > =~ (ZMSHS,, + ZMVBS + ZMVB + M,,> )

S.Sp VB,S VB
(13)

where M, denote the box diagrams involving one photon
and one Z' or one photon and one (pseudo)scalar. The
minus sign arises from the usual relation Hepp = —Legt-
Before providing the results we need to clarify some
assumptions. First, once we are dealing with heavy degrees

D; D: . of freedom, the four-momenta for all external particles can
. i ;9 Dy .. Dy . . .
Zﬁ[%PL(KL Jii + 7uPr(KE):i] be consider to be zero [25]. Second, diagrams obtained by
those in Figs. 8 and 9 where the boson and quark lines are
7 interchanged also do exist. We can show that the effective
Hamiltonian derived from Figs. 8(a) and 9 is the same for
the two sorts of diagrams, i.e., the action of rotating the
FIG. 5. Interaction vertex of quarks and Z'. internal lines does not change the final result to the
D; D; . 5 D; D; .
= _7127%%(9\9 - QAP'YJ) = idswy,
Z v
FIG. 6. Interaction vertices of Z and photon, where ¢ = —1+2s}, and g = -1
D; g L . g D, '
> > = Z\/i'YMPL(V)jz’ > > = Z*\/%’Y”PL(V)jz
VB VB

(a)

(b)

FIG. 7. The generic vertices of quarks and vector bosons.
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Dy.(p1) S, D;(ps) Di(p1) S Dj(ps3)
> - — — > 3> — ——~ — 3>
94 y IR q y £ q
i —_ > — < _: —
D;(p2) S Dy.(p4) Dj(p2) VB Dy(p4)
(a) (b)
FIG. 8. The general diagrams with (a) two scalars S,S, and (b) with one vector boson and one scalar VBS.

amplitude and we have a 2 factor in our final result.
Although the same is not true for those in Fig. 8(b), we will
anticipate a consequence for vacuum insertion and give
only the terms that will not be zero.

Moreover, we will use the following notation:

[/ Pelilr" Pel i =[D;(p3)7* PeDi(pa)l[D(p2)r* PeDi(p1)).
[Pe]i[Peljn=D;(p3)P:Di(pa)][D;(p2) PeDi(p1)].
CE=L.R. (14)
|

For the case of neutral kaons we have k = 1 and j = 2; B,
are obtained when k = 2, j = 3,and B, whenk =1, j = 3.
See Figs. 8—10 for the momenta assignment.

A. Boxes with two scalar bosons

The first set of boxes are those in Fig. 8(a), in which two
charged or neutral scalars, denoted by S,S, and two
quarks, denoted ¢; and ¢,, are involved. For fixed scalar
indices, a, b, this large number of amplitudes are summa-
rized as follows:

iMsasb = 22{(1§:sb)i1[_ P%)Vﬂ{(K )Jl(Kb)klPL +( )/,(Kb)lkPR}Dk(IM)H (pQ)J/u{(Kb)ji(Ka)ltiPL
il
+ (Kb)fj(ﬁa)ikPR}Dk(pl)} +mm(Ig s, )ula(p ){(Ka)jl(f(b)lkPR
+ (Ko)j (Kp)i Py o(pa)|[0(p2){(Kp) ji(Ko) aPr + (K5 (Ko i P u(po)]}, (15)
[
where K, K, are the matrices related to the scalar boson We can rewrite Eq. (15) by defining
S, and run over the matrices shown in Egs. (A2) and (A3).
The indices j, k relate to K, B, or B; mesons, according to .
the convention discussed below Eq. (14). On the other X absjikm = (Ka)jl<Kb)km’
hand, i, / run over exotic or usual internal quarks. f(ab,ﬂkm - (f( )ﬂ(f(b);: ,
Yab;jlkm = (K )]I(Kb)km’ (16)

Dy (p1) VB Dj(ps)

e AVAVAVAVAVEE S

q; y A Q

pm e AVAVAVAVAV s

Di(p2) VB Dy.(pa)

FIG. 9. The general diagram with vector bosons, VB.

and the notation in Eq. (14) is now manifest:

iMs,s, = 22{ 1¢s) it Xavsjia 1P je + Xoaauaj 7uPr) )

x (Xba;jiki[hPL]jk+Xab;ijik[7yPR]jk)
+mimy(Is,s,)it(Yavsjin[Prl e+ Ypaar [P i)
X (Yopasjiie [Prlje + Yapiij [Pl ji) (17)

where (I’ );; and (Ig,s,); denote the integrals

113006-6
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23
mi)(k* =

" d*k
(IS S,,) /(277)4(](2—11112)(](2—

d*k 1
(ISaSb)il_/(27;)4(k2—m2)(k2—m12)(k2—m§ )(kZ_méb).

i

If in Eq. (17), S, = h° and S, = A° we have an overall
minus sign. We recall that the complete amplitude for two
scalars (physical or Goldstone, charged or neutral) and two

|

PHYSICAL REVIEW D 92, 113006 (2015)

quarks (known or exotic) will be obtained by summing
over S,S,.

The integrals written in Eq. (18) define new Inami-Lim
functions [26] and the complete results, after the integra-
tions being performed, are presented in Appendix B.

B. Boxes with one vector boson and one (pseudo)scalar

When vector and scalar bosons are in the box, see
Fig. 8(b), the amplitude is written as

ZMVBS =49 2{2 VBS, )11 ) (V)zl[yuPL]jk{Xaa;jlki[VUPL]jk + Xaa;iklj[vaR}jk}

+ mim;(Iygs, ) i X aasjii VPl [V" Prljx + gﬂu(ﬂ{’DBSa)iliaa;iklj[PR]jk[PL]jk}'

(19)

The matrix V depends on the vector boson in the box and the integral %y VBS, is defined according to (18) by replacing one of
the scalar masses for one of the vector bosons. There is a 2 factor that takes into account Mygs, = Mg, vg. Again, if
VB = 7' and S, = A” we have an overall minus sign. We note that there is no sum in VB and S

C. Boxes with two heavy vector bosons

Here for massive vector bosons we consider Z,,, V,jf and U,jfi. The typical box is shown in Fig. 9. For two fixed vector

bosons we have

iMyg = 2942(1/33)1'1(‘7)1‘1(V)Z/(V)ji(v)/ti[VﬂPL]jk[VDPL]jk
il

+ 94(I”U)1k(KD)]k(KD)kk(K )i (uPLliklro PRl + [vuPrljlr Pl i)

and again (I{y); is defined as in (18) with the vector
masses instead of the scalar masses. The matrix V will be,
for example, V7 when one Vi or U;= appears in the box.
When VB = Z’ the matrix V must be only KP, since we
have already included the constant right-handed part of the
vertex. The matrix K% is proportional to the unit matrix, as
shown in Sec. II B. As before, we have included a 2 factor
for the rotated diagram.

(20)

I
Examples of the amplitudes in Egs. (17), (19) and (20)
are shown in Appendix E for some selected cases.

D. Boxes with photon

The vertices in this kind of diagram are the usual ones,
see Figs. 6 and 10. Most of the bilinear are canceled out by
symmetry after vacuum insertion. Moreover, some terms

Dy(p1) ho, A? Dj(ps) Dy (p1) v, Z Dj(ps)
> —_— —— — > > S
D;} L Dk Dyy LD
Dij(p2) v.Z Di(ps) D;(p2) 7 Dy.(pa)
(a) (b)

FIG. 10. The diagrams with photons (a) and scalars and (b) with Z’.
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are negligible because they are proportional to the ratio iMy, = Mz + My = Mya, (21)
o ;:f, with m; ; the mass of a d-type quark and 33 the mass
of Z' or h°, AO. The amplitude is where
4g SW Hv D\2
M,z = 9 (I}'Z’)jk(KL )jk[}'MPL]jk[y"PL]jk’
92S%V Hv D D\ x
M,, = T{g;w(lyh)jk[(lch )jkPR + (K5 )ijL]jk[(IC ) wPr + (K7 )k/PL]’k}
22
gs v * *
My = Tw{gﬂu(I;lA)jk[(Kg)jkPR + (K5 PLIal(CR) aPr + (KR)iPLl e} (22)

Here sy, = sin 0y, and the indices j, k are fixed depending
of the meson considered. With the matrices in Eq. (A4) and
the input parameters in (28) below, there is a negative
interference between M,, and M,,, hence it is much
smaller than M,z

E. Boxes with one Z

In the SM limit of 331HL the Z boson preserves flavors
[11]. Despite this feature, we can also have a few box
diagrams with scalars or Z’, just as the previous case. The
amplitude is

iMy = Myy + Mg, — Mgy, (23)
where
7
Mzy = CTfl( )(I;yz’)]k(KE)ik [yﬂPL}jk[vaL]jk’
W
My, = 2 f2(SW)g/w(IZh)]k(K€>jk<,C€)ltj[PR]jk [PL]jk’
W
Mza = 2 fz( W) (174) je (R 1 (IR 1 [P R) [P L
(24)
with
1 2 2
fi = (1-35%) + (1-3%).
1 2
i) = (1-35%) (25)

and we are already considering the rotated diagram.

IV. MASS DIFFERENCE IN THE
PSEUDOSCALAR MESONS

We assume that the boxes involving only the SM
particles are well known. Then, the main purpose of this
paper is to verify in which realistic scenario the extra

[
contributions coming from the new 331HL particles fulfill

the requirement

full

tree
Amy |331

- AmM|331 - AmM|SM

— Amy |39 < 10715,10713,10°1 GeV,  (26)

for M = K, B, B, respectively. The conditions above are
enough to put a lower limit on the mass of the extra
particles in the model. We will consider the amplitude
M°® — M° (where M° = D, D)) arising such that, as usual,

Amyy = 2Re (MO [H2;2 M), (27)

where ‘HAE™ is the full effective Hamiltonian given
by (13).

In order to obtain our final results we must be supported
by some hints [11] and choose possible values to the
remaining free parameters:

Uy

m;=gqg;—=, a;=dag=dg=2, muyo =125 GeV,
J =9 /2 7 8 9 "o
g; = 3.07 v, =54 GeV, v, = 240 GeV,
U, =0.1, U, =042, (28)

where v,, v, are the vacuum expectation values for the
scalars p, 1, respectively, and we have assumed m; ~ m;,.
Appendix C introduces the constants a;, ag, dg from the
scalar potential. U ,(,); are matrix elements of the prO_]eCtIOII
over the 125 GeV Higgs scalar of Rep’ and Ren’,
respectively (In the case of m331 these matrices would
be parametrized by general orthogonal matrices.) As we
said below Eq. (4), the choice of U,; = 0.42 means that p°
has the largest projection on the 125 GeV SM-like Higgs.

We note that due to the relation between the mass
and symmetry eigenstate of quarks J;, in Eq. (2) the
amplitudes involving two j;, are proportional to
cos’6?sin*6(m3 — m7 ). Hence, there is a GIM-like mecha-
nism in that sector and, under the conditions above, these
contributions are negligible so that they do not impose
strong constraints on the masses of j; and j,.
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Dy.(p1)

D;(ps)

Dk(])l) D]-<p3)

7'

FIG. 11.

The gauge boson masses depend on v, and the scalar
ones depend mainly on v, and on the trilinear f in the scalar
potential that we have chosen equals 150 TeV. The mass
dependence on these constants in the scalar sector is also
presented in Appendix C. Furthermore, on the gauge

bosons we have
g
m}, ~=— (v

and

z 20%[, 1- 4s%4, S

02 102
where vy, z# We have shown these masses as
functions of v, in Figs. 13 and 14 and, from Eq. (30),

v, must be greater than 67.3 GeV. Once we have performed

Di(p1) Dj(ps) Dy.(p1) Dj(ps)

Di(ps) Dj(p2) Di(ps)

(a) (b)

FIG. 12. The loop corrections to the propagator of neutral
scalars and Z'.

The penguin diagrams. These contributions are also negligible by (AM,,)

PHYSICAL REVIEW D 92, 113006 (2015)

Dy(p1) Dj(ps)
Sa
- — > — A
Dj(p2) Di(ps)
(b)
Dk(])l) D]-<p3)
Sa \
> } Sy
EJ(])Z) Dy (ps)
(d)
< 10718 GeV.

penguin

the sum in Eq. (13) and put it in Eq. (27), the Am,, could be
obtained by using the matrix elements in Appendix D.

The final results are plotted in Figs. 15-17. The
respective upper limit in Eq. (26) to the three neutral
mesons is reached, simultaneously, under the condition
v, > 820 GeV, which is depicted by the vertical red line.
Converted to the masses, we have (in TeV)

my > 027, my > 028, myz > 24,
myl > 201, mY2 > 47,
My > 197, mp > 202., (31)

We do not have to be concerned about negative values in
Fig. 15, since the conditions (26) take into account only the
boxes. Our purpose is to find just an example in which the
one-loop corrections are more suppressed than the tree level
amplitudes and also suppressed with respect to the one-
loop SM. However, the results are obtained using the
matrices VZ‘,? from Ref. [11], reproduced in Appendix A.
These matrices are not unique and a distinct set could
provide, at the same time, the correct quark masses and the
Cabibbo-Kobayashi-Maskawa (CKM), which would imply
another range of parameter and, finally, a different position
to the vertical red line in Figs. 15-17.

There are still some loop diagrams of the same order as
the boxes, see Figs. 12. Nevertheless, these diagrams will
be negligible and a result is presented in Appendix E 4.
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12000 - R

10000} 1
8000 1
6000} i —Z

Ut
4000} 1
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oF ]
0 1000 2000 3000 4000
vy [GeV]

FIG. 13 (color online). The gauge boson masses as a function of v,. The vertical red line is a constraint from K% - KO,

40000} 1
30000} 1
> —nh
<) [
2 20000} ] —h
= [ oyt
I — 40
10000} \////—
ol ]
0 1000 2000 3000 4000

v, [GeV]

FIG. 14 (color online). The scalar masses as a function of v,. The vertical red line is a constraint from K% — K9,

6.x10715F 3
5.x10715¢ 1
4.x10715} .

3.x10715¢ ]

AM [GeV]

2.x10715¢ 1

1.x10715} .

0f 1

0 1000 2000 3000 4000
vy [GeV]

FIG. 15 (color online). The contributions from box diagrams in the 331HL model to the mass difference of the K° as a function of v,. The
vertical red line at v, = 820 GeV corresponds to a lower limit in order to obtain the experimental limit 107> GeV to Am in K — K°.
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T

7.x10714L
6.x10714L
5.x10714}

4.x10714}

AM [GeV]

3.x10714}
2.x 10714}

1.x 1071}

T T T T T T T T ™

0 1000

2000 3000 4000

vy [GeV]

FIG. 16 (color online). The contributions to the mass difference of the Bg as a function of »,. The vertical red line corresponds to a

X

lower limit in order to obtain the experimental limit experimental limit 10~15 GeV to Am in K° — K°.

2.x107 1}

1.5x1071t

AM [GeV]

1.x107}

5.x10712¢+

0 1000

2000 3000 4000

v, [GeV]

FIG. 17 (color online). The contributions to the mass difference in B, — B; as a function of v,. The vertical red line corresponds to the

experimental limit 10715 GeV from Am in K* — K°.

V. CONCLUSIONS

Almost all the extensions of the ESM have plenty of new
free parameters. One important issue is to obtain the
SU(2) @ U(1) limit of a given extended model. This
(trivial) limit occurs in the 3-3-1 models in the setting of
infinite mass of the extra particles i.e., when |v,| — oo, the
SU3), ® U(1) and the SU(2), ® U(1), theories are
equivalent. However, in Ref. [27] was discovered another
(nontrivial) SU(2) ® U(1) scenario to these models in
such a way that there is no dependence on the VEV v, and
the values of the v, = 54 GeV and v, ~ 240 GeV are fixed.

It was in this context that in Ref. [11] numerical values of
the VZ’,? matrices were obtained by fitting the quark masses

and the CKM entries. As we said before they are not unique
and it is possible to obtain other values for them giving the
correct inputs. Hence, we would like to stress that our
results depend on this nontrivial SM limit of the model and
on the numerical values obtained in [11] which assume that
the sextet is not important to generate the lepton masses.
Some authors follow the inverse way, accepting the Z' mass
as an input and considering experimental data, say CP
violation and rare decays, in order to obtain the allowed
values of the entries of VZ’,? [14].

In Eq. (28) we have used g; = 3.07 such that m; >
1.78 TeV for the mass of the exotic quark with electric
charge of 5/3|e|. The lower limit of 800 GeV for the mass
of this sort of quarks is obtained by experiment [28]
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assuming that they decay as T — W' rand then r > W+b.
However, in the m331 and 331HL models, the J-quark
decays as J — tV*, bUT". We note that in the former case
the signature is two jets or missing energy, while in the
latter case, the signature is two leptons with the same sign,
U't — [T]'". Similarly, a top quark with —4/3 decaying
as T — bW~ was ruled out by CDF [29]. In the present
model nonetheless quarks with charge —4/3, denoted by
J12, decay as jj, — tU™", bV~. In conclusion, the
experimental lower limit does not apply, at least in a
straightforward way, to our case.

Experimental searches for W’ have also been performed
searching for W' — tb — ly;bb implying that My, >
1.84 TeV [30]. The singly charged extra vector field in
m331 and 331HL models decays, for instance, as
Vo —j 1,213. Concerning the searching for Z’, we note that
this vector boson also has decays that are different from
other models with this sort of neutral boson. Furthermore,
the neutral (pseudo)scalars may interfere positively or
negatively and have to be considered.

Although there are more than three hundred new box
diagrams (with respect to their number in the SM) for
meson mixing in the framework of 331HL model, we have
classified them in four types. After setting up the remaining
free parameters according to recent works [11,31], we left
the box contributions to Am,, depending by a single VEV,
namely v,. The results plotted in Figs. 15-17 show that
there is a lower bound v, > 820 GeV which implies a
corresponding limit to the masses of all new particles, as
presented in Eq. (31). We have shown, therefore, that the
effective interaction provided by 331HL can be suppressed
compared to the SM prediction.

G G Gp
Ki=Ni| Gy Gy G [(VR),

0 0 0

Gl] GIZ 613
Ky=Ny| Gy Gy Go | (VR

0 0 0

0 0 0
Ksy=Ny| 0 0 0 |(VB),

F31 ﬁ32 F33

0 0 0
K,=N, 0 0 0 |(VR),

F31 F32 F33
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APPENDIX A: MATRICES

In the 331HL, there are several matrices in the flavor
space. In this Appendix we write them explicitly and also
show the numerical values using the parameters that give
the quark masses and the CKM matrix obtained
in Ref. [11].

From Eq. (1) the Yukawa interactions between quarks
and charged scalar in Eq. (3) involve the matrices from (A2)
to (A3). Defining

N = 1 N v, N — 1 ~1
b ol 1ol t o
T T e
1 |v,| 1
M= M
T+ BT
1
N5 == 5 (Al)
R
we have
m; 0 0
\/E b J1
Kl = |’U |N2(VL) 0 1’)’l]2 0 5
“ 0 0 0
m; 0o o0
\/5 b J1
K2 le(VL) O mJZ 0 .
“ 0 0 0
0 0 (VD)
Ky=-=Ns{0 0 (VD) |.
0 0 (VD)3
0 0 (VD)
Ky=N3[ 0 0 (VD) (A2)
0 0 (VD)
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Defining 4 = I:i‘l,
AGy AGy, Gy —-0.003 0.001 —0.003
Ks=Ns(VP)| 2Gyy 4Gy Gy |(V) = | 012  —0.053 0.143 |,
—F; —F3 —Fy —-0.406 0.183 —0.498
G, Gp Gy 0.013 —0.005 0.015
Ko =Ns(VP)| Gy Gy Gy |(V) = | 0534 0234 -0.638 |,
AFs3 AFs, AFs 1.803 —0.813 2214
G, Gpp Gy 2x 1073 3x1075 —89x107°
Ks=-Ns(V)| Gy Gp Gy |(VR)Im| 69x10° 33x10%* -32x10* |,
AFy AF3  AFs —24x1075 -38x107% 1.1x1072
—AG,, —1G;, -Gy 1 x 104 2x 1074 —1x10
Ko =Ns(VI)| =1Gy, =Gy —4Gy |(VR)I = [ =5.9x 1076 —5.6x10° 6x107° |.  (A3)
Fy Fs Fi 546x107° 85x10™* —24x1073

In the matrices above we have used G;; =1.08, G, =297, G;3=0.09, G, =0.0681, Gy, =0.2169,
Gy =0.1x1072,  F3 =9x10°  F; =6x10"°  F;3=12x105,  G;; =0.0119, G, =6x1075,
Gi3=23x1075, Gy =(32-662)x10"%,  Gp=213x10",  Gypy=7x107%,  Fy =22x107%
F3 =1.95x 1074, F3; = 1.312 x 10*. We emphasize that these parameters, as in any model with FCNC, may be
not unique and it is possible that there exist other sets of values with which the quark masses and the CKM mixing matrices
are obtained.

The matrices appearing in Eq. (4) are
107*U, -10°U,, 107*U, —107°U,; —107*U, +107°U,,
,Cf ~ 10_6Up1 + 10_4U,,]1 10_5Up1 + 10_3U,]1 —10_6Up1 + 10_2U,71 s
10°%v, -107°U,, 10°%U, -107°U,; -10°U, +0.011U,,
1074V, = 107%V,;  107*V,; —107V,; -107*V,, +107°V,,
KR~ | 107V, +107*V,; 1075V, + 107V, —107°V, +1072V,; [, (A4)
107V, = 107°V,; 107°V,; —1073V,; —107%V,; +0.011V,,

where

v 1 < 1 . 1 N 1 )“/2 v 1 ( 1 . 1 N 1 >—‘/2 (A5)
1 = — N 1 = .

B AN S U S A SR CA RN N A M

The matrices in the vector boson-quark interactions in Eq. (6) are given by

—0.00032 0.07163 —0.99743
VUa | 000433 —0.99742 —0.07163 |,
0.99999  0.00434  —0.00001
0.00273 — 0.00562 (0.03 > 0.03682)  —(0.99952 — 0.99953)
VP~ [ =(0.19700 — 0.22293) —(0.97436 — 0.97993) —0.03052 . (A6)
0.97483 — 0.98039  —(0.19708 — 0.22291) —(0.00415 — 0.00418)

In the same way we obtain the VIL;’D matrices which will appear in the Yukawa interactions:
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—0.45440 0.82278 —0.34139
Vi~ | 013857 —-0.31329 -0.93949
0.87996  0.47421 —0.02834

’

—(0.000178 — 0.000185) (0.005968 — 0.005984) —0.999982
VB~ —(0.32512 - 0.32559)  —(0.94549 — 0.94566) —(0.00558 — 0.00560) |. (A7)
0.94551 — 0.94567 —(0.32511 - 0.32558)  —(0.00211 — 0.00212)
With these matrices the correct quark masses at the d*k 1
Z-pole and the CKM matrix were obtained in Ref. [11]. 1a(yp) = / (2”)4 (k2 _ m%)2<k2 _ m%)z
APPENDIX B: INTEGRALS _ i 2=+ U typ)lnyg g
167%m} (vg—1)°

The integrals defined in Eq. (18) vary according the
quarks and bosons in the internal lines. Thus, there are

integrals with one, two and three variables. with
(1) One variable: ,
yp =8 (B3)
Y (vp) = / d'k s m3
5) =
! (27)* (k* = m3)? (k* — m)?

ig¥ 1—y%+2xlny
=- 3 2m2 2 (l; — 1)3 £ (B1) This sort of functions will appear, for example, in
A B diagrams with two quarks and two physical scalars.
(2) Two variables:

IﬁU(XB,YC) :/ d4k4 2 2 2k”k”2 2 232
(27)* (k* = m3) (k> — mg)(k* — m¢.)
ig" 1

=- 32772’"/24 20yc - l)z(yc _ XB)Z(XB —1) Velxs = D(ye = D) (ye = xp) = (ve + (ye = 2)x5) Iny(]

+ (yo = 1)*x3 Inxg],
d*k 1
Iy (xp,yc) = / () (1% = mi)(kz —m3) (k2 = mzc)z
i 1
N 16”2mi (e — 1)2()’c —xp)(xp = 1)
+ (ye = 1)xg Inxgl], (B4)

[()% —xg)(xg = 1)Inyc — (ye = D[(ye — xp)(xg — 1)

KX

. m2
w1tth:éeyC:m
(3) Three variables:

Finally, we have the most general integral. As we have assumed m; = m;, , only diagrams with usual quarks will
give rise to these sorts of functions. Nevertheless, the scalar functions 7, (xg, x¢, xp) will be suppressed by a

m;m;/ m§‘31 factor, where ms3; is the typical mass of some new 33 1HL particles, always heavier than any SM quarks:

)

" (xp, xc, Xp) = / d*k kM kY
AVETCTDIT ] 2r)t (k2 = m3) (K2 — m) (K2 = m2) (k2 — m3)
igt 1
= _32ﬂ2mi (xAvast) [x%?(xc - 1)(xC - xD)(xD - 1) lan
- xzc(xB —1)(xg = xp)(xp = 1) Inxc + x%)(xB = 1)(xp — x¢)(xc = 1) Inxp], (BS)
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where we have defined

f(xa.xp.xc) = 2(xp — 1)(xp — xc)(xc = 1) (xp — xp)(xc —xp)(xp — 1), (B6)
with x, = 2,Ot—B C, D.
We can obtain the previous functions taking the limit

lim 7% (x5, v xp) = 15 (vg.v)  Jim 1% (g, v¢) = 13 (vc). (B7)
B—)

Xc—=>Xp

APPENDIX C: THE SCALAR SECTOR FOR THE 331HL MODEL

The most general scalar potential, invariant under CP transformations, for the scalars is

V(z.n.p) = Zu2¢¢,+z rn) +ZZam¢* )(#)b))

m4l/1

9

3
+D Y anld ) (ble) + (fepipmi + He.), (C1)

n="7 ij=1
i>]
where we have used ¢; = y, ¢ = 1 and ¢35 = p, except in the trilinear term.
The mass spectra of the model has been obtained in Ref. [31]. Here we will summarize it. The doubly charged scalars
pTT, ¥t are related to the mass eigenstates as follows:

1 ‘”1‘ e~

ptt B 1 ool Gﬁ* o
) ﬁ _lnl s, | y++ )’ (C2)
1 + |1} ‘2 |1/l‘ e

and the masses are
1 2
|2 (I 7+ 10,07), (C3)

1
mé++ =0, m%/++ =A <—2 +
DA

where A = |’I}I||U;1||U/,Hf|/\/§'

The singly charged scalars carrying no lepton number 77;, p™ are related to the mass eigenstates as follows:

|v,l
(W) _ 1w (G%) )
p* ol \ —lel o Ny

L+or

with masses

1 1
mio=0, md —A< 2+2> + 2 (]2 + [0, ). (C5)
! EA 2

In the singly charged scalars carrying lepton number 775, * we have

lv | ig

+ 1 1 U—”e' x G+
(’72 ) _ vy ( 1% >’ (C6)
e o\ oo\

1+W \1|
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with masses

mé‘t =0,
2 1 1 2
Uy
Finally, in the neutral CP-odd scalars we have
Na _ Nhl"r]””}(l N(-
n o] (o, [0, P40, P) - Toal | [ GY
0 o & N.
I | = o] nl || G2 ] (C8)
12 _& _ Nb‘”n|2 N(- AO
[v,] v, ([oy P+, %) Ty
with the respective masses
mé}) = még =0,
1 1 1
m2, = A < + + > . (C9)
A’ A UA R TN
Above, we have defined
N < 1 1 )—1/2
BN |2 |vy|? ’
|U |2 -1/2
Nb ( 1 ’
lv |2 |0, (v [* + [, *)
1 1 1 \-1/2
N, = < + + ) . (C10)
AN S A S M

For the CP-even scalars the mass matrix is real and
symmetric and we know that it can be diagonalized by an
orthogonal matrix. Therefore, XJ =3 ,ULH}, where
v=ynp i=1,2 3, H? are the mass eigenstates and
U is an orthogonal matrix.

We observe that in the minimal 3-3-1 model with the
scalar sextet, there are four doubly charged scalars, six
singly charged scalars and five neutral scalars. Hence, the
mass matrices are diagonalized by 4 x4, 6 x 6 and 5 x 5
orthogonal matrices, respectively. If the lepton number is
not explicitly violated in the potential, the singly charged
scalar mass matrix is the direct sum of two 3 x 3 blocks,
one in the 7, p~, o5 sector and another in the 77, y~, o7 . It
means that our results do not apply, at least in a straightfor-
ward way, to that model.

APPENDIX D: VACUUM INSERTION
APPROXIMATION

The final result to the mass difference of neutral mesons
depends on the expectation value of the product of two
bilinears as those shown in Eq. (14). Following [25], these
matrix elements can be given in vacuum insertion approxi-
mation by

PHYSICAL REVIEW D 92, 113006 (2015)

(W07 Pq) (@, P..q) M%) =5 Figmyy, (D)
(V7] (ay* Prq) @1, Pag) M) = 5 fiymys. (D2)
_ m3 1
(M°|(ay"PLq)(ay,Prq)|M°) = me_Zf%/]va
(D3)
; 1
(¥1°| @y Prq) (ay, PLa)|M°) = mﬁ—ﬁm%
(D4)
(119 (aPyq) @Pyg) M%) = 2 foy 0 (DS)
L L 24 (mq +m,)?’
3
(¥°|(aPq)(aPrg) M) = wa'jiMma)Z, (D6)
_ 1 3
(1| (@PL) @PRa) M) = 53 Fymw =3y o
(D7)
3
(1| (@Pra) @PLa) M) = 5y =3 Fy o
(D8)

APPENDIX E: EXAMPLES OF AMPLITUDES

As we explain in Sec. IIl, we have classified the
amplitudes according to the internal boson lines. First of
all we recall that the type of the bosons in the internal lines
fix the type of the quark in the internal lines. To write all
amplitudes explicitly is not appropriate for the sake of
space, hence we will show some of them in order to make
our calculations clearer.

1. Charged scalar Y, and charged Goldstone boson Gy,

Here we present the amplitudes arisen when the singly
charged scalar Y5 and the would-be Goldstone boson
related to the vector V:[, denoted by Gy, are in a box
diagram. In this case the fermions in the internal lines are
those with charge —4/3, i.e., j; ». We have assumed equal
masses for the exotic quarks jy, j,, i.e. m; = =m. All
contributions are summarized as follows:

=mj,
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2 2
iMgyy, = Z{zwxyz,y,»]>[<1<1>,~1<K2>z,<1<2>,~i<1<1>z,-[y,,PL1,~kaL1,~k

ielVuPLlinlyoPrlj + (151)Tj(lgz)lk(Kz)ji(Kl)Zi[}’ﬂPR}jk[nPL]jk
; Igl)zk[YyPR}' [v.Prljl + mZIV(xYQ’yjl)[(Kl)jl(IEZ)Zk(KZ)ji(IEI)ik{PR]jk[PR]jk
(K1) ilPrlj[Prlj + (K )Ij(KZ)ItZ(K2)ji(K~1)ik[PL]jk[PR]jk

il

The matrices K, I~(1, K,, IN(Z are given in Eq. (A3).

2. Charged scalar Y7 and W~ boson

Next, we will show the amplitude when a singly charged scalar Y7 and a W~ is exchanged in the box. In this case the
fermions in the internal lines are the SM u-type ones. Besides the CKM matrix, the matrices K4 and K, given in Eq. (A3),
appear:

3 3
lMWY, 92 Z”Zl{zIY xuxhxW)(VCKM)]z(VCKM)kl[J/yPL]
1= B

x {(K¢) ji(Ke)jilroPrljw + (Kﬁ)zk(K6)l/[7uPR]/k}}

As we said in Appendix B, there are no terms proportional to Iy, (x;, x;, Xy ) once they would be suppressed by a m;m,;/ mis,
factor, where m;, m; are the masses of the U-quarks.

3. Two charged gauge bosons V~

Finally, the most common expression, appearing for instance with W bosons in the framework of SM:

|}

;;I i)V (VD) (V) i (V) kil Pl iy Prl i (ED)

iMV =

where V? is given in Eq. (A6).

4. Penguin diagrams

We can still estimate how relevant the penguin diagrams shown in Fig. 11 are. From the matrices K? and K%, the
diagrams with neutral scalars will be negligible, just as their box diagrams were. At first, the same could not be said in the
case of the diagram in Fig. 11(a) which involves two Z’, once the (N7));;’s are not small. To estimate it we will neglect the

factors proportional to "r’nﬁ'” (i, I are D-quark indices), just as we have done throughout the paper. The remaining
Z/
contributions can be written as

: 244" /1 /l—x
Moy == —5—5 VPl il?*PL); dxdylog A, E2
LML 0(a) ; (4”)2m%/ [7;4 L]jk[}’ L]/k 0 Jo Xxdylog (E2)
where A = m?x + m?y + ng,(l —x—y)>0andp; = (K?) i (K?);i(KD) (K7 ) - In (E2) we have omitted the terms that
should be subtracted in the M S renormalization scheme. Finally, for a M of 2.4 TeV, we obtain (AM),, < 10~'® GeV for
all K, B, mesons.
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