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We study a few AF = 2 and AF = 1 flavor-changing neutral current processes in the minimal 3-3-1
model by considering, besides the neutral vector bosons Z', the effects due to one CP-even and one
CP-odd scalar. We find that there are processes in which the interference among all the neutral bosons is
constructive or destructive and in others the interference is negligible. We first obtain numerical values for
all the unitary matrices that rotate the left- and right-handed quarks and give the correct mass of all the
quarks in each charge sector and the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix.
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I. INTRODUCTION

The so-called 3-3-1 models with gauge symmetry
SUB)-®SU(3), ® U(1)x are interesting extensions of
the standard model (SM). The main feature of these models
is that, by choosing appropriately the representation con-
tent, the triangle anomalies cancel out, and the number of
families has to be a multiple of three. Moreover, because of
the asymptotic freedom, this number is just three [1-3]. In
particular, the minimal version of this class of models (m3-
3-1 for short) [1] has other interesting predictions: It ex-
plains why sin?6y, < 1/4 is observed, and at the same
time, when sin’6y, = 1/4, it implies the existence of a
Landau-like pole at energies of the order of a few TeVs [4].
The existence of this Landau-like pole also stabilizes the
electroweak scale avoiding the hierarchy problem [5], and
the model allows the quantization of electric charge inde-
pendently of the nature of the massive neutrinos [6,7]. It
also has an almost automatic Peccei-Quinn symmetry if the
trilinear term in the scalar potential becomes a dynamical
degree of freedom [8], there are also new sources of CP
violations which allow to obtain € and €’/e even without
the Cabibbo-Kobayashi-Maskawa (CKM) phase; i.e., if we
put 6 = 0[9]. And, probably, it could explain CP violation
in the BB mesons as well. One important feature that
distinguishes the model from any other one is the predic-
tion of extra singly charged and doubly charged gauge
boson bileptons [10] and also exotic charged quarks, while
the lepton sector is the same as that of the SM. Right-
handed neutrinos are optional in the model. They are
not needed to generate light active neutrinos or the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing ma-
trix. Those exotic charged particles may have an effect on
the two photon decay of the SM-like Higgs scalar [11].
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A common feature of all 3-3-1 models is that two of the
quark triplets transform differently from the third one, and
this implies flavor-changing neutral currents (FCNC) at
tree level mediated by the extra neutral vector boson, Z’
[12-14] and also by neutral scalar and pseudoscalar fields.
However, in these models it is not straightforward to put
constraints on the Z’' boson mass from the analysis of the
FCNC processes because the relevant observables depend
on unknown unitary matrices that are needed to diagonal-
ize the quark mass matrices. Those matrices, here denoted
by VZ’RD , survive in some parts of the Lagrangian, in
addition to their combination appearing in the CKM ma-
trix, here defined as Vegy = VI VPT.

A possibility, as in Ref. [15], is not to attempt to place
lower bounds on the Z' mass, but rather set its mass at
several fixed values and try to obtain some information
about the structure of the VZ  matrices. Moreover, usually
it is considered that the dominant contribution, by far, to
the FCNC is the one mediated by the Z’, since the con-
tributions of the (pseudo)scalars are assumed to be negli-
gible. Notwithstanding, we show here that this is not the
most general case, and there is a range of the parameters
that allows interference between the Z' and, at least, one
neutral scalar which we assume as being the SM-like Higgs
with a mass around 125 GeV [16] and, at least, one
pseudoscalar field. At the LHC energies, heavy (pseudo)
scalars may interfere with the Z’ near the resonance, but
this will be considered elsewhere.

Our analysis implies in a new range of the parameters of
3-3-1 models that have not been taken into account yet
[15,17,18]. Another difference of our analysis from those
in the literature is that we first calculate the quark masses
and all the unitary matrices appearing in the model, Vg ',? ,
and which appear, besides the usual combination Vg in
the charged currents with W=, in the Yukawa interactions.
Then, we calculate the contributions of the Z' and the
neutral (pseudo)scalar to the FCNC processes. Here we
will not consider CP violation.
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We would like to emphasize that the values for the
matrices Vg’,? should be valid at the energy scale of the
m3-3-1 model, say, 4 = w33;. However, since we do not
know this energy, we use instead u = M,. We also assume
that as in the standard model, the CKM matrix elements do
not change with the energy, but this has to be proven in the
3-3-1 model, and probably it is not the case, but its com-
putation is beyond the scope of the present work. Hence,
our results should be considered only as a first illustration
of the sort of analysis that has to be down in most of the
extensions of the SM.

The outline of the paper is as follows. In Sec. II we show
how to obtain the Vg‘,? matrices by using the known quark
masses and the CKM mixing matrix. In Sec. III we show
the FCNC processes arising at the tree level in the m3-3-1
model: those related to the Z' in Sec. Il A and those related
to neutral (pesudo)scalars in Sec. III B. Neutral processes
with AF = 2 are considered in Sec. IV: in Sec. IVA we
consider the AMy and in Sec. IV B the AM g mass differ-
ences. Then, in Sec. V, we show the conditions under
which the Yukawa interaction of the neutral scalar with
mass of 125 GeV has the same coupling to the top quark as
in the SM, implying that the Higgs production mechanism
is, for all practical purposes, the same in both models.
AF =1 processes are considered in Sec. VI. The last
section is devoted to our conclusions.

II. QUARK MASSES AND MIXING MATRICES
IN THE MINIMAL 3-3-1 MODEL

In the 3-3-1 models of Refs. [1,2], the left-handed quark
fields are chosen to form two antitriplets Q!, =
(dyy =ty ju)T ~ (3%, —1/3), m=1, 2, and a triplet
0%, = (u3, ds, J)T ~(3,2/3). The right-handed ones are
in singlets: uy g ~ (1,2/3), dyg ~ 1, —1/3), a = 1, 2, 3,
Jjmr ~ (1, —4/3), and Jg ~ (1, 5/3). The scalar sector that
couples to quarks is composed by three triplets: 1 =
% 7, )T ~3,0), p=(p*,p°% p" ") ~(3,1), and
x=0"x . x9T ~ (3, —1). Above, the numbers be-
tween parentheses mean the transformation properties
under SU(3); and U(1)y, respectively.

The model also needs a scalar sextet that gives mass to
the charged leptons and neutrinos. However, it is also
possible to obtain these masses considering only the three
triplets above and nonrenormalizable interactions, for de-
tails, see Ref. [19]. Here the effects of the sextet are in the
leptonic vertex of semileptonic meson decays, see Sec. VI.
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With the fields above, the Yukawa interactions using the
quark symmetry eigenstates are

—Ly = 0,1 [GpaUlrp™ + GmaDian*]
+ 04 [F3,Ulgm + F3,Dlgp] + He. (1)

From Eq. (1), we obtain the following mass matrices in the
/

basis U} ) = (—u1, —up, u3)(x) and D} =(dy, dy,d3) ()

(G 1Gp 1G
MY =| rGy rGy rGy |lv,l,
\ Fyy Fp  Fy @
r Gy Gy Gy
MP =\ r1Gy 1 'Gy r'Gy |lv,l
Fy Fs Fy

By choosing |v,| =54 GeV and |v,| =240 GeV, r =
lv,|/lv,| = 0.225, the mixing between Z and Z' vanishes
independently of the value of |v Xl (see the next section and
Ref. [20] for details). For simplicity, we will consider all
vacuum expectation values (VEVs) and Yukawa couplings as
being real numbers.

The symmetry eigenstates U} p, D} p and the mass
eigenstates Uy g, Dy g (unprimed fields) are related by
Uy r = (VIR)TULg and D} p = (VP ) D, g, where V'
are unitary matrices such that VVMUVYT = MU and
VPMPVET = MP, where MY = diag(m,, m,, m,) and
MP = diag(my, m,, my,). The notation in these matrices is

VDaa VDas (VD)aw
Vl? = (Vf)sd (V[l,))\s (V]?)sb ’ (3)
VDba VDos (VD)ps

for instance, and similarly for VR and V.
In order to obtain these four unitary matrices, we have to
solve the matrix equations:

VIMIMITVIT = viMatmavit = (9?2, g =U,D.

“4)

Solving numerically Egs. (4), we find the matrices VE ',? ,
which give the correct quark mass square values and, at the
same time, the Cabibbo-Kobayashi-Maskawa quark mix-
ing matrix (here defined as Vegy = VY V,? T). We get

/ —0.00032  0.07163  —0.99743
VvV=1 0.00433 —0.99742 —0.07163 |,
0.99999 0.00434  —0.00001 (5)
0.00273 — 0.00562 (0.03 — 0.03682) —(0.99952 — 0.99953)
Vb =1 —(0.19700 — 0.22293) —(0.97436 — 0.97993) —0.03052 ,
0.97483 — 0.98039 —(0.19708 — 0.22291) —(0.00415 — 0.00418)
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and the CKM matrix

0.97385 — 0.97952
0.20116 — 0.22679
0.00849 — 0.01324

[Vexml =

which is in agreement with the data [21]. In the same way, we obtain the Vg’D
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0.20134 — 0.22714 0.00021 — 0.00399
0.97307 — 0.97869 0.04116 — 0.04118 |, 6)
0.03919 — 0.04028 0.99914 — 0.99915

matrices:

—0.45440 0.82278  —0.34139

Vvl =1 0.13857 —0.31329 —0.93949 |,
0.87996 047421 —0.02834 @)
—(0.000178 — 0.000185) (0.005968 — 0.005984) —0.999982

VR =] —(0.32512 - 0.32559)  —(0.94549 — 0.94566) —(0.00558 — 0.00560)

0.94551 — 0.94567

The values for the coupling constants in Eq. (2), which
give the numerical values for the matrix entries in
Egs. 5)—(7)are G;;=1.08, G|, =2.97,G;3 = 0.09, G, =
0.0681, G2, =0.2169, G»3=0.1X1072, F5; =9 X 107,
Fyp=6X107% F33=12X107°, G,;=0.0119, G, =
6X1075, G5 =23 X 107, Gy = (3.62-6.62) X 1074,
G, =213X 10*4, Gy =7 X 1073, F3 =22X107%,
Fyp = 195X 1074, F33=1.312X 107*. With the values
above, we obtain from Eq. (4) the masses at the Z pole (in
GeV): m,=0.00175, m.=0.6194, m,=171.163, and
my=(33.6-39.3) X 1074, = (0.0544-0.0547), m, =
(2.8537-2.8574), which are in agreement with the values
given in Ref. [22]. For the sake of simplicity, we are only
allowing the d-type quark masses to vary within the 30
experimental error range. These results are valid for the
models in Refs. [1,2], but other 3-3-1 models can be
similarly studied.

III. NEUTRAL CURRENT INTERACTIONS

It is usually considered that 3-3-1 models reduce to the SM
only at high energies. If v, is the VEV that breaks the 3-3-1
symmetry down to the 3-2-1 one, then v, > vgy =
(1/42Gp)/2 = 246 GeV. In this limit, the lightest neutral
vector boson, Z;, whose mass is My , has for all practical
purposes the same couplings with fermions of the SM Z,
since in this case the mixing among Z and Z’ is less than 103
[14]. This mixing is small due to the existence of an approxi-
mate SU(2); +x custodial global symmetry, see Ref. [20].

However, there is another solution which also reprodu-
ces the SM model couplings for the lightest neutral vector
boson, Z;, without imposing v, >> vgy at the very star.
This is a nontrivial solution that implies that Z and Z' do
not mix at the tree level independently of the value of v, as
it was shown in Ref. [20]. There, the p; parameter is
defined as p; = cj,M3 /My, where M, has a compli-
cated dependence on all the VEVs and sin26y,. In general,
p1 = lsince M; = Mj.In the SM context, it is defined as

—(0.32511 — 0.32558)

—(0.00211 — 0.00212)

|

po = ciyM%/M?,. We define the SM limit of the 3-3-1
model at the tree level, imposing the condition p; = pg =
1. We find that this condition is satisfied in two cases: First,
the usual one when v, — o0o. A second nontrivial solution
for satisfying this condition can be found by solving
for v,= V2(p®), given the solution vs=[(1—4s3,)/
23, 1dy, where 7, = v, /v, and Dgy = vgm/v,. As vp
and v, (v = /2(n®)) are constrained by vgy as v +
v% = USM, in order to give the correct mass to My, we ﬁnd
o5 = [(1 + 25,)/2c}, 105y, where o, = v, /v,. It im-
phes that the VEVs of the triplets n and p must have the
values considered in the previous section, ie., |v,| =
54 GeV and |v,| =240 GeV, while leaving v, com-
pletely free, and it may be even of the order of the elec-
troweak scale unless there are constraints coming from
specific experimental data. This justifies the values for
these VEVs used in Egs. (2) and (4).

The nontrivial solution above is in fact the SM limit of
the 3-3-1 model: When the expressions of v, and v, are
used in the full expression of M7 , we obtain that M =
M. This also happens with the couplings of Zl to the
known fermions denoted generically by i, say, gV ", which
in this model are also complicated functions of all VEVs
and sin 26y,. It is found that they are exactly the same as the
respective couplings of the SM’s Z, gV' A’ — géiM "
Moreover, this SM limit is obtained regardless of the v,
scale, since it factorizes in both sides of the relations
defining #,. In any case, the Z’ with a mass that depends
mainly on v, may be lighter than what we thought before if
v, = vgy. From this SM limit, it results that M; = M,
Z, = Z,and Z, = 7', and there is no mixing at all between
Z and Z' at the tree level. See Ref. [20] for details.

A light Z' is then a theoretical possibility. However,
the phenomenology of the FCNC may impose strong
lower bounds on M. Here we will consider FCNC pro-
cesses induced by both Z’ and neutral scalars and pseudo-
scalars. In some of these processes, there is non-negligible
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interference among all neutral particle contributions and,
depending on a given range of the parameters, the inter-
ference may be constructive or destructive. This sort of
interference happens when at least one neutral scalar with
mass of the order of the 125 GeV and/or a pseudoscalar
with a mass larger than the scalar one are considered. The
(pseudo)scalars have to be included since their interactions
with quarks are not proportional to the quark masses. In the
next subsections, we show explicitly the quark neutral
current interactions which induce the FCNC for both the
7' and scalar fields.

A. Neutral currents mediated by the Z'

As it is well known [12—14], the neutral vector boson Z’
induces the FCNC at the tree level. In fact, its interactions
to quarks are given by the Lagrangian

Ly = - 2cogs o, qzzw[c?w“KZqL + qry"KpqrlZ,,
(8)

where we have defined

K =Vviv{vi', Ki=Vivivil, q=uUD (9

with Vg ',? given in Egs. (5) and (7), and

1

YU=YP = ———  diag[—2(1 — 2x), —2(1 — 2x), 1
L L 2\/§h(x) gl —2( ) ( ), 1]
(10)

and
dx 2x

YU=——"""1,.,, ) 42— 11
R \/gh(x) 3X3 R \/gh(x) 3X3 ( )

and h(x) = (1 — 4x)"/2, x = sin20y,. See Ref. [23].
Using the matrices in Egs. (5), (10), and (11), we obtain
for the K} defined in Egs. (9)

—1.04793  —0.08905 —0.00004
KV ~ [ —0.08005 112718 —10° |,
\—0.00004 —10°  1.13088
~1.05154 —0.00140  —0.00826 12)
KP =1 —0.00140 1.13082 —5X107°
\ —0.00826 —5Xx10"° 1.13078
|
10740 — 10670
KP=110°p% + 1074n°

10—6p0 _ 10—5 ,,70

where we have shown only the order of magnitude of each
entry. As many multi-Higgs extensions of the SM, in the
m3-3-1 model there are other scalars that mix with the
SM-like Higgs boson. These scenarios may be tested

1074p0 — 1075770
1075p% + 1073 7"
10—6p0 — 10—3770
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Since Y, g’D are proportional to the identity matrix, there are
no FCNCs in the right-handed currents coupled to the Z/,
and using the matrices in Eqgs. (7), we obtain K§ =
—1.94465 1353 and K& =~ 0.97232 15.

B. Neutral currents mediated by scalars
and pseudoscalars

As we said before, there are also FCNCs at the tree level
in the scalar sector. From Eq. (1), we obtain the following
neutral scalar-quark interactions:

~ Lo = Z G Kiqp + mass terms + H.c,, (13)

q=U,D

where we have defined KV = VVZUVYt and KD =
VP ZPVRT and we have arranged, for simplicity, the in-
teractions in matrix form (in the quark mass eigenstates
basis):

[Gip® Gpp® Gi3p°
ZV = Gyp® Gunp® Gup° |

Fyn’ Fpn® Fun®

(611770 Glzno G13770 (14
ZP =1 Gun® Gun® Gun’ |

F31/JO F32P0 F33P0

where 1° and p° are still symmetry eigenstates. These
neutral symmetry eigenstates may be written as V2x0 =
Rex” + iImx?, with x® = 5%, p°, and their relations to
mass eigenstates are defined as Ren® = YU, ;h?, Rep® =
Y. U,hY. The real scalars h) are mass eigenstates with
mass m;, and similarly for the imaginary part pseudoscalar
fields, Imn° = ¥;V,;A? and Imp® = ¥,V ,,A?, with A?
including two Goldstone bosons and at least one CP-odd
mass eigenstate. The physical CP-odd pseudoscalars have
a mass denoted as my_. Notice that, besides the matrices
U, and U, the matrices Vg ‘,? survive in the interactions
given in Egs. (13) and (14).

Using in Eq. (14) the values of G, F, G, F written below
Eq. (7), and the matrices VP and VE given in Egs. (5) and
(7), respectively, the matrix K? in Eq. (13) is given by

—1074p% + 10739
_10—6p0 + 10—2770 ,
—10%p° + 0.0117°

(15)

|
experimentally if the couplings of the 125 GeV Higgs are
measured [24,25].

In the present model, the interaction vertex h?VV, V=
W, Z includes all the scalar components of the neutral
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scalars and pseudoscalars which couple to the known
quarks and leptons; i.e., this vertex is proportional to
ywS Ui, i = m, p, 02, o Where o and o, denote the
neutral components in the scalar sextet, and yy is the
respective vertex in the SM. If 3 ;U;; < 1, we can have
agreement with the SM strength. On the other hand, the
interactions with fermions have additional reducing factors
given by the numbers :Krmv in Egs. (15) and (43). In this
case, the strength of the couplings are given, for instance,
by the matrix elements of K” in Eq. (15), with
n —>U7,1h0 and p®—U, ). We will denote KP% =

9192
Zququ =n,p, where IKD denotes the number in

the respectlve entries in KP, and 51milarly with the pseu-
doscalar A(l), although the latter one has no counterpart in
the SM. Notice that in the present model, the diagonal
elements are (K??);; = 107U 1, (KP7) = 107U,
and (KP7),, =~ 1.1 X 10’2U,71

In the SM, the neutral scalar has only a diagonal interac-

tion to a fermion f: y, = mf 2 , hence, we have the following
Yukawa couplings y,; = 2. 8 X 10 3y, =5.5X 1074 and
y, = 2.7 X 1072, Therefore, since |U,,| = 1, forx = 7, p,
we see that the quarks d and s can have the same numerical
Yukawa couplings as in the SM, but this is not the case for
the b quark since (KP7),, <y, even if |U, | =1. We
recall that this happens at the energy scale u = M, and it is
not obvious that in this model these couplings do not change
enough between this energy and 125 GeV.
Notwithstanding, at present we have to compare this
value not with the SM one but with the measured value
and the respective errors. Denoting y,,, = y,(1 + A,), the
experimental data still allow 1.04 X 1072 < y,,, < 4.6 X
1072 [26], and we see that y,,), is still compatible with the
value of (XKP7),, above. Recently, the first indication of
the H — bb decay at the LHC has been obtained by the
CMS Collaboration. It has an excess of 2.10 relative to that
of the SM Higgs boson [27]. On the other hand, fermio-
phobic scalars have been excluded in the mass ranges
110.0-118.0 and 119.5-121.0 GeV [28] but, in fact, the
important coupling of a Higgs with mass of the order of
125 GeV is that with the 7 quark, see also Sec. V. The
present model corresponds under the SU(2); ® U(1)y sub-
group to a model with three-Higgs doublets ¥ = +1, a
neutral scalar singlet ¥ = 0, and a non-Hermitian triplet
Y = 2 which couples to leptons. The latter Higgs with Y =
2 belongs to an SU(3) sextet. We will consider only the two
triplets which couple to quarks, and assume that one of the
scalar mass eigenstates has a mass consistent with the
recent results from the LHC, m; = 125 GeV [16] and a
pseudoscalar with mass m4. We use some FCNC processes
to get constraints on My, U, V1 (x = m, p), and my.

IV. AF = 2 PROCESSES

In 3-3-1 models, AF = 2 transitions (F = S, B, C) at
tree and loop level arise. In this section, we will consider
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only the strange and beauty cases. The D, — D° will be
considered in Sec. V. The main contributions to these
processes are those at the tree level, and they are mediated
by Z' and neutral (pseudo)scalars.

A. AMy

In the SM context, the AM g mass difference in the neutral
kaon system is given by AMM = SM(KO|(5d)3_,K"),
where using only the c-quark contribution, we have

SM Grme
sd 167 2

and we have neglected QCD corrections, and in the vacuum
insertion approximation we have (K°|(sd)}_,|K°) =
FMifi [29].

Let us consider first the contributions of the extra neutral
vector boson. From Eq. (8), the effective Z' interaction
Hamiltonian inducing the K® — K° transition at the tree
level is given by

HE?, =

S (Verm)ia(Verm)es F = 10714 GeV=2, (16)

2
4c 2 M2 [SL(KL sd'y'udL:l2 (17)

and we obtain the following extra contribution to AM:

MMl = 2Re(RO|H 35721, |K0)

= RelZ(K°|(3d)%_,1K?), (18)
where
) Gy M-? M2
Re{j; = Re ﬁFz MEV [(KP) 42 = M;V 101 Gev~2,
(19)

since, from Eq. (12), we have (K¢),; = —1.4 X 1073, If
this were the only contribution to AMy, and imposing
{7 < SM, we must have that M, > 2.5 TeV.

Next let us consider the scalar contributions to AMg.
From Eq. (13), the scalar interactions between the d and s
quarks mediated by /Y are given by

1 o o
Ly = ﬁZ[(I}()dssLdRh? + (I¥)sqdysgh? + H.c.]

(13 as(ds) + (I ) 45 (dyss)]n? + Hec.,

1
N2
(20)

where (I}),,,, = (KP),,4, Ui Withx = m, p and gy, g, =
d, s for the real scalars and quarks, respectively. i runs over
the neutral scalar mass eigenstates, and the matrix XKP is
defined in Eq. (15). In the second line of Eq. (20), we have
defined (I¥) 4 = (I%)y4s = (I¥),q. For CP-0dd fields, the
Lagrangian is similar to that in Eq. (20) but with 29 — A?
and (I%),.,, — ()4 4, = (KP), 4, Vs For the definition
of U,; and V;, see the discussion below Eq. (14). Then,
using the numbers in Eq. (15), we have
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(I )d = 10 4(] - IO_SU.,”',

21
(IK)Sd = 10" GUpi + 1074U7]i' ( )

The pseudoscalar contributions (I}'()A are the same as in
Eq. (21) but with U,; = V,; and U,; = V ;.

The effective Hamiltonian induced by Eq. (20) and the
respective contribution of the pseudoscalar AY to the K* —

K° transition is

HAS=2|h+A

= 28 S[R30 + (U355

Z 2[[(1’+ 4 PG + [ FGysd)™
(22)
Defining as usual
AMglya = 2RO\ HEF2], 41K
= Re{(K°|(3d)3_4|KP), (23)
and using the matrix elements [29]
e - - 25
RIUGDGAIKY = = 3| 1= K
X (K°|(5d)? _,|K®),
< ll(s )V Al >M 24)
70|(< < 0y — |1 — K
ROl ysd) sk = 5[ 1= 112
X (K°|(5d)7,_4 1K),
we find
M2
l+ 2
Redd, = Rez3z 2( a1 (ms+md)2]
i-\2 |1 1My ]) -2
+ (I dSI:I .+ P GeV™-, (25)
and
(1) [(IOU* - 2U* )U* + (IOU* - U DU i
+10(U,,)*] X 107°. (26)

Then, Eq. (25) becomes

Rel! = Rez [24[(10U%, — 2U% U,

32m?
+ (10U, — U DU, + 10(U,)?]
- 272[(10U;l- —2U,)U,, — (10U}, — U, )Uy;
+ 10(U,,i)2] X 107 GeV 2. 27
We have similar expressions for the pseudoscalar con-

tributions by making in Eq. (27) I — (I'*)4, with U,

V"ll’ Upl — Vpl’ and m; — My;. Thus, the AMK in the
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present model includes Z' and neutral scalar and pseudo-
scalar contributions,

AMylsz = AMM + AM |7 + AMg|" + AMg|

= £331(K°(5d)}_4|K®), (28)

with &3 = ¢SM + (7 + ¢4+ ¢4, and we impose that
ho T G < §§SM , hence,

Re(Z7; + i + ¢4) <1071 GeV ™2 (29)

Using Egs. (19) and (27) in Eq. (29), and assuming that
only one of the SM-like neutral Higgs (pseudo)scalar con-
tributes, say, h‘l) and A(1) (the others are considered too heavy
and their contributions can be neglected), Eq. (29) becomes

—2M‘2’V 1 * £y
10 M;+ o 2{24([(100 —2U;)U;,
+(10U3, - ',II)U,71+10(U,,1)2

—272[(10U;, —2U; ) U3,
—(10U5, = U3 YUy +10(U1)* ]} — A <107 GeV ™2,
(30)

where A is the amplitude induced by the pseudoscalar A?,
which is similar to the scalar one in Eq. (30) but with m; —
mp, Upyy — Vi, and U, — V1. Once we are considering
a SM-like neutral scalar its mass m; is fixed in 125 GeV
and my is free. Hence, in Eq. (30) the only free parameters
are the masses of Z' and A? and the matrix elements U
U, and V., V,

First, we will not consider in Eq. (30) the pseudoscalar
A?, assuming that U, and U, are real and within the
interval [—1, 1]. Next, we will keep U, fixed, and varying
U, we obtain the corresponding Z' mass which satisfies
Eq. (30) that runs from GeVs to a few TeVs. See the curves
in Figs. 1-3 and the discussion in Sec. VII.

nl>

Mz(GeV)
= AMg(U,=0.1)
2000 " AMUn=04)
1500 0
= AMpq(U,=0.42)
o oo
.
! :\\ AMg(U,=0.42)
[N
/l 500 - \\\
.—_af """""""""" ~\‘~
- -..-...-‘.7.—:ru-n-'--'-
Uni
210 -0.5 02 v

FIG. 1 (color online). Z' mass values satisfying Egs. (30) and
(42), simultaneously, but not including the pseudoscalar contri-
bution, for a fixed value of the element U, (U,,;) and the other
U, (U,)) running in the range [—1, 1].

113002-6



FLAVOR-CHANGING NEUTRAL CURRENTS IN THE ...

Mz(GeV)
e e = =500 — — —
2000
1500 F AMg (U,1=0.42)
= AMgy(U,=0.42)
1000
AMgy(U,1=0.42)
500
gt S Skl Palafalabrbalebrd=l L Upni
-1.0 -0.5 0.5 1

FIG. 2 (color online). Same as Fig. 1 but now with U,,; = 0.42
(the value that ensures that the coupling of ho with the top quark
is equal to the SM) and U, running in the mterval [—1,1]

In the next subsection, we will consider FCNC
processes as in the previous one but now involving the b
quark.

B.AM,

We can also consider the BY — BY mass difference
AM,SRM = g“bs[l}A(BOI(Ed)%,_AIBO), where (Bol(bd)%/_AlB()) =
Mpg f%/ 3 [30], and, as before, we factorized the model-
independent factors

G2 M}
= = — L S0 (e[ (Verm)ig(Verm) i I
~ 1.0329 X 1072 GeV 2, 31)
where x, = m?/M3, and we have used Sy(x) = 0.784x9-76

[31].
From Eqgs. (8)—(11), the effective Hamiltonian contrib-
uting to the BY — BY transition is given by

2
AB=2 D 2
HEE=2, = 2 (b (KD)pay*d P, (32)
4c wM
300F T T
] ] )
] I l'
] I
L I J ) ]
250 . ! — — — AM(Vyy=Uy;=0.2)
1 !
— I /
E 200f v / - = - AMg(Vy=Uy=0.1)
<) /I l;
5 ro) /) AMg(V, -0.2)
7 / k(Vy=Uy=-0.
150 ,’ )/ 0
/,
S — AMg(Vy=Uy=—0.1)
4 // //
100 S .
/ // 1 ,/ 1 1 1
100 150 200 250 300
My (GeV)

FIG. 3 (color online). Considering Eq. (30) with the contribu-
tion of the pseudoscalar. The allowed region for the Z' mass and
the pseudoscalar mass M, were obtained by setting values for
U,1 = V1. The smallest value to the Z' mass is when U, =
Vp1 = 0.2 and the biggest when U,y = V,; = —0.2.
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and we obtain the following extra contributions to AMy ,
using here and below, appropriate matrix elements as in
Eq. (24) for the kaon system,

= Rel7(B°|(bd)}_,|B®), (33)

where we have not considered the QCD corrections and the
bag parameter By = 1. We obtain

Gr Mj M3
- [(KD)pal = 10707

Res e 2 M2,

Rel?Z, = GeV 2,

(34)

where we have used Eq. (12), i.e., (KP),, = —8.3 X 1073.
Similarly, we have the scalar contributions in the Bg —

BY system (¢ = d, s). From Egs. (13) and (15), the scalar
interactions between the b, d quarks mediated by the
scalars h) are given by

1 . _ ) -
_quh = —Z[(I;gd)bqudR + (Igd)hqubR]h? + H.c.

J_Z[(I;;)bq(bd) + (I )pg(bysd)]n) + Hee,
(35)

where (I )44, = (KP)g,4,Unis @ = m, p,and q;, ¢, = b,
d. The respective entries of the matrix K can be obtained

from Eq. (15). We have defined (I5"),, = (I3 )py *
(]?d)qh' For the case when ¢ = d, we obtain
i ~ 10-677 . — 10
(Iiy Jpa = 1076U,,; — 10750, G6)

(Iéd)db =~ _1074Upi + 1075U7]i‘

The contributions of the pseudoscalar fields are similar to
those of the scalar 4 but making 49 — A? in Eq. (35) and
U,i— Vyiand U,; — V,; in Eq. (36).

The effective Hamiltonian induced by Eq. (35) contrib-

uting to the B} — BY transitions is

H G hea = Zs 3 105 152, (bq)* + (I5)3,(bysq)?]
- Z ) [[(15 )5, P (bg)?
¥ [(IB_)bq]z(bYSCI)zl (37)

and as usual, we define

AMp |4 = 2 Re(B| H 55=2],1B®)

= Rel! (B°|(bd)?}_ 1B, (38)

where
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1
32m?

Rel), = Rez [0.6(15 )2, — 16.5(I)3,] GeV ™2,
(39)

and

(153, =[(U,; —02U%)U,,; £0.2U,,U,,;] X 1075, (40)

then
1
Regjy =Red = {0.6((U; = 02U3) Ui +0.2U,:U,0)
—16.5((U,,; —0.2U;)U,; — 0.2U,;U,,)} X 1078,
41)

Assuming that only one of the scalars contributes in
Eq. (25), we obtain a constraint on the contributions of
Z', one scalar 49 and one pseudoscalar AJ to AMp, like that
in Eq. (30) for the kaon system:

M3 1 .
1071 M‘2/V + 327’"%{06[(Up1 - O2U;1)Up1 + 0.2U7]1Up1]
7!
- 165[(Up1 _OZUZI)UPI _O'ZUT]]Up]]_ ﬂl}
<107* GeV 2, 42)

where A’ is the pseudoscalar contribution which is also
similar to that of the scalar one in Eq. (41) but with
my —my and U, — V,; and U, — V. The analysis
of the B; — B, system follows the same procedure.

As can be seen from Figs. 1, 2, and 4, the constraints
coming from B, — B, are stronger than those in the K° — K°
and B; — B,. Moreover, in the B, system the interference
of the Z' with the pseudoscalar is what matters, although
this is not as important as in the kaon system. See Sec. VII
for discussions. We will see in the next section that the

interference is more dramatic in the AM, case.
|

0.0099p° — 10~67°
—0.13846p° + 10~ 77°
1.9228p° — 10~ 11 7°

KV =

A. AM)p

Let us now consider a AC = 2 process: the mass differ-
ence between charmed neutral mesons, AM,. We use the
numbers in Egs. (12) and (43) for the transition D° < D°.
(KY)e ~ 8.9 X 1072 and (I'*),,. = [0.0034 0.138]U 1,
that is, (1'*),. = —0.057 and (1'7),. = 0.06. Hence, we

obtain

MZ
AM), = (1.3M;V - 4.05) X 107° GeV,  (44)
Z/

0.00340p° — 105 7°
0.0556p° + 10~67°
0.8656p° — 1071070

PHYSICAL REVIEW D 88, 113002 (2013)

300F o
NH
1]
250f H
I I" == = AMp (V1 =U,1=0.2)
I
o I
s 1
3 200 1l |- - - AMy(V=Up=0.1)
S 1
5] 1
I
= o [l AMyy(Vy=Up==02)
7 1
/
//' /,// = = = AMp(Vy =U;=—0.1)
7
100} oot
=" 7~

2300 2350 2400 2450 2500
M7 (GeV)

FIG. 4 (color online). Considering Eq. (42) with the contribu-
tions of the pseudoscalar. The allowed region for the Z' mass and
the pseudoscalar mass M, were obtained by setting values for
U, = V. The smallest value to the Z’ mass is when U

Vo1 = —0.2 and the biggest when U,; = V,; = 0.2.

nl =

V. WHAT HIGGS BOSON IS THIS?

We have assumed that the mass of the lightest scalar is
equal to that of the resonance found at the LHC [16]. We see
from Fig. 1 that the values of the M, allowed by AF = 2
processes depend on the U ,; and U,,; matrix elements in the

neutral scalar sector. The other factor denoted by j<f[1]1xqz has
already been fixed. Assuming that the production processes
are the same as those of the SM (new sources should be
suppressed by the masses of the extra particles of the model),
the neutral scalar 49 must couple to fermions, at least to the
top quark, with a similar strength to that in the SM, in order
to have a compatible Higgs boson production rate. The latter
point is important since the new resonance discovery at the
LHC [16] is still compatible with the SM expectation, and it
has couplings to fermion and vector bosons compatible with
the SM Higgs [32]. In the d-type quark sector, we have
already seen that only the b quark has a coupling to that
resonance that can be smaller than the SM one.

From Egs. (13) and (14), the u-type quark-neutral-scalar
couplings are

0.0109p° — 105 7°
—0.1521p° — 1067° |. (43)
2.3569p° — 1071070

and we see that M, > 43 GeV gives agreement with the
experimental value already, but with the Z' alone, we
would obtain M, > 27 TeV.

B. Higgs-u-quark couplings

The Yukawa couplings in the SM are y, = 1.3 X 1072,
ye = 73X 1073, and y, = 0.997. In the present model,
these values correspond to the diagonal entries in the
matrix (43). From the latter, we see that the couplings of
the u, ¢ quarks are dominated by the neutral scalar p°, and
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it may be compatible with the SM values depending of the
values of U,;. From Eq. (43), we see that the larger
coupling of Y is with the top quark and can be numerically
equal to the coupling in the SM if U,; = 0.42, regardless
the value of U, i.e., (XY?),U,, = 2m,/v ~0.9974.In
this case, we have that (KY?),,U o1 = 0.0042 and
(KY?)..U »1 = 0.0233. These values are larger than the
respective ones in the SM. However, this is not a problem
now. With the present data, it is not possible to measure y..
directly.

Nevertheless, this may not be the full history. In 3-3-1
models, there are extra heavy quarks, and hence, the gluon
fusion can produce the SM-like Higgs throughout new
diagrams involving the extra quarks. These exotic quarks
are singlet nonquiral quarks under the gauge symmetry of
the SM. However, they are quiral quarks under the 3-3-1
symmetry and couple to the neutral scalar x°, which is a
singlet under the SM gauge symmetries and has a projec-
tion on the SM-like neutral scalar given by U,,. Hence,
gg — hY may have contributions from these exotic quarks
that are proportional to Uf(l, but independent of the exotic
quark masses, they would be smaller than U, and U,
since the y must have its main projection on a heavy
neutral scalar. These parameters together can still mimic
the SM Higgs production unless the exotic quarks are too
heavy or U, is very small, as we are assuming here.
However, if the exotic quarks are not too heavy or U, is
larger than we thought, these quarks will contribute sig-
nificantly to the h‘l) production, but, since at the same time
the rates will be reduced, it is possible that some observ-
ables will not change. In the latter case, we could consider
U, again as a free parameter and the hY does not neces-
sarily is the SM-like Higgs. It can be one of the extra Higgs
in the model; i.e., it is not the resonance that was discov-
ered at the LHC.

As we said before, the couplings of the 125 GeV Higgs
boson to W, Z and fermions may have strength that can be
smaller than the respective couplings in the SM [24] since
these couplings are modified by the matrix elements like
U, and U,,. However, the Yukawa couplings, as in
Egs. (15) and (43), may be larger or smaller than the SM
couplings [33]. For instance, the top quark decay t — ch
is now possible, and written the respective couplings by
¢(a + iysh)t, we have from Eq. (42) that a = [(KY),, +
(KU, /2) and b =[(KY). — (K JU,1/2).
Using the numerical values in Eq. (42), we see that a =
0.15 and b = 0.21. The value of (a + b)/2 = 0.18 may be
considered consistent with the recent upper limit for the
coupling of the vertex éth? obtained by the ATLAS
Collaboration: a < 0.17 [34]. Having fixed the values of
U, and allowing U to run over the range [ 0.2, 0.2] and
the other numbers in Eq. (43), we do not have any freedom
with the AMp observable. In this case, the interference
between the neutral scalar and the Z' contributions are

PHYSICAL REVIEW D 88, 113002 (2013)

more dramatic. Only the Z' implies M, > 27 TeV, and
the scalar contributions alone give a large contribution;
however, both imply M, > 42.5 GeV. Here we have not
considered the pseudoscalar contributions to AM},. Once
again, we would like to emphasize that all of this is at
n=M;.

In the next, section we consider the |AF| = 1 forbidden
processes.

VI. AF = 1 PROCESSES

Concerning the |AF| = 1, F = S, B processes, we con-
sider as an illustration the leptonic decays of neutral me-
sons, M°, ie., M°— [TI'", with [, I' = e, u, and M° a
strange or a beauty meson. We recall that these processes at
the tree level involve only one vertex in the quark sector,
and the Z’ has natural flavor conservation in the lepton
sector. When a (pseudo)scalar is exchanged, the other
vertex involves the interactions of the charged leptons
that do not conserve the lepton flavor. This is parametrized
by the arbitrary matrix U;; as discussed below.

In the m3-3-1 model, the partial width of the decay
M°(q,G,) — I"I'"" where M° = K, B has contributions
at tree level, which are given by

By
_ { GrM2, (KP). P 12,M%m? M3 fi
163/2¢2, L'aa: M3, 2(m,, +my,)?
X[ In)gia Ui |2 | U5, Ui Z:I
m‘}” mi
_ (N2GeMR): My fm
6dcy  (m, + qu)M%'M%,

4m2\2
(-

2
M

4

D * *
X (KL )41612 (IM)ql 753 Ull’}
where 7, is the meson M° half-life, M, its mass, and we
have used the meson matrix elements

01G Y, Y59 IM°) = ifyphy 46)
My,

my +mg,

017 ;ysq:iM°) = —ify

and py = p; t ps.

The matrix Uy in Eq. (45) arises as follows. The three
lepton generations transform under the 3-3-1 symmetry as
Y, = (v, ~ (1, 3,0), and we do not introduce right-
handed neutrinos. The Yukawa interactions in the lepton
sector are

Lo =€) GV ,m, + (‘I’ia)cGib‘I’ijfk +H.c,
47

where a, b are generations indices, i, j, k are SU(3) indices,
and G (G%) is an antisymmetric (symmetric) matrix. In
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Eq. (47), m is the same triplet which couples to quarks, and
S is a sextet S ~ (1, 6, 0) which does not couple to quarks.
Under SU(2); ® U(1)y, the sextet transforms as S = 1 +
2 + 3, and we see that there is a doublet and a non-
Hermitian triplet which gives mass to charged leptons
and active left-handed neutrinos, respectively. However,
although the sextet is enough to give to neutrinos a
Majorana mass and a Dirac mass to the charged leptons,
it does not give a PMNS matrix Vpyns = UILT Uy, since
when only the sextet is the source of lepton masses we have
that U, = U”. Hence, the interaction with the 7 triplet is
mandatory. In this case, the mass matrices of the neutrinos
and charge leptons are

—2 4+ H.c,

L, =1 14 s, L +H
M — ltiaL uh\/_ ub\/_ /bR .C.,

where o) and ¢ are the neutral components of the triplet
and doublet in the sextet, respectively. In terms of the mass
eigenstates we have Redd = ¥, Ug;h?, Rea'g =3, Up;h?,
Imo!) = 3, VgAY, and Imo) = ¥,V A0

G’7 3_ + G5, 2%

We have M?, = G5, U\/-‘ and M!, ab ab 5

These mass matrices are dlagonallzed as follows: M” =
UTM*U? and M' = UL M'U}, and the relation between
symmetry elgenstates (prlmed) and mass (unprimed) fields
are lj p=U} plp g and vj = Ujv,, where [} =
(6 Iu‘ T/)L R ZLR (e M T)LR and yL (VeV,u,VT){
and v, = (v v,v3)L.

The interactions of the neutral scalars and pseudoscalars
with the leptons are

_£ (VaL) Gab VbL

\/_.
Z (VnL) VaL o (USzh + lVSzA )
iin=1,23 Ty

+ S L UNGLU,: + G,
il

+ G

- Lleptons =
Usilh?

Vi + Gy

where I, I’ = e, u, 7. For one scalar h? and one pseudo-
scalar A9, we have

Ull’ - UL [Gll’ IZ/UDI]URr
U‘?I’ = [Gll’ 7l + G[[’VDl]URr

(50)

respectively. To be consistent with our previous analysis,
Up; and V; have to be smaller than the other entries of the
U and V matrices and can be neglected. It is the arbitrary
matrix in Eq. (50) which appears in Eq. (45). Notice that it
is the sum of two products involving four matrices each.
The FCNC effects in the charged lepton sector can be
avoided only by fine-tuning as G/, UZ + GS "2 = 0, etc.
Otherwise, we have processes like [ — l’y, =1,
where [ = u, 7and I, I = e, w. For instance, experimen-
tally it is found B,,_,., <5.7 X 107" [35], a value still
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well above the SM prediction ~107>2 [36]. In the present
model, this decay occurs at the one-loop level, too. On the
other hand, decays like u* — eTe e with branching
ratio <10'2 [37] occur at the tree level mediated by neutral
scalars, in particular, by the h?. The branching ratio of this

decay in the m3-3-1 model is proportional to
(1/GzmHIU,. U, ,I* ~3 x1073|U,,[* and constrains
mainly the nondiagonal matrix element U,,, which we

recall is the arbitrary matrix defined in Eq. (50). Since
U,, < 1072 with the larger values corresponding to the
case when we consider also the pseudoscalar (see Fig. 11),
we have that |U, Mlz < 1075. We can see from the defini-
tion of the U matrix in Eq. (50) that it is not a too-strong
constraint since this matrix is the sum of two products of
four matrices with two of them being (G7, G5) arbitrary
ones. Decays like 79 — u* 7~ can be observed at the LHC
[38]. More details on this will appear elsewhere.

It is worth calling attention to the fact that the m3-3-1
does not need the introduction of singlet right-handed
neutrinos for having massive (light) active Majorana neu-
trinos and also accommodated the PMNS mixing matrix. If
we add right-handed neutrinos and avoid by an appropriate
symmetry the coupling of n to leptons, we have M}, =

v

G, UT + Gab 7 andM!, = G3 % and the FCNC arises

in the neutrino sector. In the most general case, the FCNC
occurs in both sectors. The 3-3-1 model with right-handed
neutrinos transforming nontrivially under SU(3); was first
put forward by Montero et al. in Ref. [3]. If sterile right-
handed neutrinos (with respect to the SM interactions) do
exist, they can be accommodated in an SU(4), ® U(1)y
model, see Ref. [39]. Summarizing, the m3-3-1 model
ought to have a FCNC in the scalar-charged lepton inter-
actions if no right-handed neutrinos [transforming as sin-
glets under SU(3), ] are added to the matter content of the
model.

Now, we are able to discuss the leptonic decay of neutral
mesons.

A K, — 1t~

The experimental data are Bg, .+~ <10~ 12 and
B,y = (6.84£0.11) X 1072 [21]. Using g, = s
and g, =d, My =My, fy = fx, we obtain from
Eq. (45) that the decay into electrons imposes a strong
bond on the values of U, but not on M. This is shown in
Fig. 5 for the K; — e"e¢~ decay. We have an additional
free parameter U,, that weakens this bond, see Fig. 6. For
the K;, — u* u~ decay, see Fig. 7. On the other hand, the
bound from the two muon decay on the Z' mass is less

restrictive than K; — e*e™. See also the discussion in
Sec. VIL

B.B,— ptp”
Next we consider the AB = 1 processes. Recently, it has

been observed the branching ratio Byo_, ,+,- =3.2X 107°
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FIG. 5 (color online). Allowed region for My and U, for
fixed U,, = 107* by the K, — ee decay using Eq. (45) with [ =
! =e and M = K. The red (dashed) vertical line is the con-
tribution of Z’ only, and the allowed range is to the right of the
curve. The region within the blue (dashed) horizontal lines is the
allowed region for the scalar contribution only. The total con-
tribution is given by the green (continuous) curve, and the
allowed region is the area within this curve. Notice that we are
not considering the pseudoscalar yet.

and TBBgﬂﬁlf = 8 X 10719 [40]. In both cases, there is

not a constraint in U s
constraint from the BBS

however, U, has the biggest
s decay, as can be seen in
Fig. 8 (the solid gray curve), with the allowed interval
around [—0.5, 0.5]. The constraint on M, for both cases
is weaker than those coming from the other processes. In
fact, these decays allow a rather light Z’ as is shown in
Fig. 9. In the latter figure, we show also the constraint
coming from the K; decays and AM.
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1= . Uee=0.001
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FIG. 6 (color online). Same as Fig. 5 but now showing the
dependence on U,,. The red (continuous) line is with U,, =
1074, U,, = 5 X 10™* black (thin dashed) line, and U,, = 1073
green (thick green) line. The allowed region is always to the right
and bounded by the curves.
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FIG. 7 (color online). Constraints on My and U, from the
K, — pu decay fixed U, , = 0.01 using Eq. (45) with [ = I’ =
p and M = K. The allowed regions are those to the right of the
curves for Mz and U,,. The red (solid) vertical line is the
contributions of the Z' only. The blue (dashed) curved line is
the total contribution to the decay. We consider only the Z’ and
the scalar contributions.
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FIG. 8 (color online). Same as Fig. 7 but now for B; — u* u~
and B, — ut u~ decays.
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FIG. 9 (color online). This figure summarizes all the previous
results for KO — K%, B® — B® mass differences and the K°, B,,
and B, decays.
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VII. RESULTS

Here we will discuss in more details the constraints on
the Z' mass taking into account both the scalar and pseu-
doscalar contributions to the processes discussed above.
First, let us consider the AM,,, M = K, B, cases. In each
case, we first consider only the scalar 4 contribution by
considering the pseudoscalar to be very heavy (m, — ).
In practice, we have used m, = 100 TeV when we want to
decouple the pseudoscalar A(l) from Egs. (30), (42), and
(45). For the sake of simplicity, we consider that the mixing
matrix elements in the scalar and pseudoscalar sector have
the same numerical values, ie., U, =V, and U, =
V,i. We are also assuming that the other scalars and
pseudoscalars in the model, even if their projections on
hY, AY are large, are heavy enough to give no observable
effects in the processes considered above. It implies that
even if we use U, =V, =042, U, and V,, are still
free parameters, but we will consider them to be equal, i.e.,
U, = V1, just for simplicity. We would like to recall that
all our results are consequences of the mixing matrices
Vg -2 obtained in Sec. II.

The scalar contribution (when the pseudoscalar is con-
sidered too heavy) to the AM,, mass differences is shown in
Fig. 1. In this figure, we show the values of M, as a function
of U, (Uy) for fixed U, (Up,), which are allowed by
solving simultaneously Egs. (30) and (42). In principle, both
U, and U, are allowed to vary in the interval (—1, 1). We
see from this figure that a large range for the Z’ mass values
is allowed by K mesons but not by the B, and B; mesons.
Notice also that under our conditions in Sec. II, AMp does
not constrain my at all. However, AMp, does: my >
2.5 TeV. On the other hand, by demanding that p° be
equivalent to the SM Higgs, implies from Eq. (43) that
U, = 0.42, see Sec. V. In this case, the only variable is
Ui, and the Z' mass can still be of the order of the
electroweak scale or even lower. Figure 2 shows the same
as Fig. 1 but now with U,; = 0.42. There is negative
interference in the K-mesons system between the Z' and
h? amplitudes: Without the scalar contribution, AMy im-
plies also mz > 2.5 TeV. In the B, systems, the interfer-
ence is not important. If we allow the A)’s mass to be a free
parameter, we show in Figs. 3 and 4 the effects of this
pseudoscalar in the K and B, systems. Those figures
show the allowed values for the masses m, and my. Uy,
versus my. For obtaining Figs. 3 and 4, we have assumed
that U, =V, and U,; =V, = 0.42. Notice that now
there is negative interference between Z’' and the pseudo-
scalar A? implying a smaller lower bound on m in the By
system: my > 2.3 TeV. In the case of the B system, the
scalar and pseudoscalar are not important, and the constraint
on the Z' mass is weaker than in the other mesons.

From Fig. 5 we see that in the case of the K; — e e”
decay, the interference between Z' and h(l) 1s constructive,
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assuming the contribution of the A? is negligible. We use
Eq. (45) with [ = I' = e and M® = K. The value of the M,/
mass change, from 440 GeV when only the Z’ contribution
is consider, to 460 GeV when both the Z’ and h? contribu-
tions are taken into account. The pseudoscalar contribution
is omitted in this figure. The figure shows the allowed
values for My and U, for fixed U, = 107% [see
Eq. (50)] by this decay. The red (dashed) vertical line is
the contribution of Z’ only, and the allowed range is to the
right of the curve. The minimal value allowed by this decay
is around 445 GeV. The blue (dashed) horizontal lines are
the contributions of the scalar only and the allowed range
for Uy, i.e., —0.2 < U,; <0.2 for any value of M. The
total contribution is given by the green (continuous) curve,
the allowed region is inside that curve, and the minimal
value for M, has moved to 500 GeV. Figure 6 shows the
total contribution (the green curve in Fig. 5) for several
values of U,,. Notice that U, is constrained, |U nl | <0.2.

For the decay K; — uu, we use Eq. (45) with [ = [ =
pmand M = K.InFig. 7, as in Fig. 5, the red (solid) vertical
line is the contribution of the Z’ only, and the lower bound
on the Z' mass is around 705 GeV. As can be seen from
Fig. 8, the scalar contribution does not constrain U,;. The
total contribution is given by the blue (dashed) curved line
and M, > 740 GeV. Notice from Fig. 7 that this decay has
a destructive interference for 0.01 < U,; <0.1 and con-
structive for U, outside this region. Finally, see from
Fig. 8 that the decay B; — uu does not constrain these
parameters anymore. In Fig. 9, we summarize all con-
straints when only Z’ and h{ are considered.

The pseudoscalar effects in the leptonic meson decays
are shown in Figs. 10 and 11 under the assumption
that Uy = Uj, in Eq. (45), ie., that V,; = U, and

V,i = U, = 0.42 in Eq. (50). From the latter equation,
0.2F
0.1r
= 00 — = BBy )z (U,=0.1)
— BB~ i 7)z(Uy,=0.1)
—0.1t B(K,~ e*¢")7(Uee=0.01)
— B(Kp~ 1 1)z (Upy=0.1)
-02h L L L ‘
0 200 400 600 800
Mz (GeV)

FIG. 10 (color online). Here we consider the contribution of
the pseudoscalar to the semileptonic decays. We are assuming
that U,; =V, and U,; = V,;, which implies U,, = U4, and
Uy = Uﬁ « 0 Eq. (45). The allowed region for the Z' mass and
U, for fixed values to the pseudoscalar mass at m, = 80 GeV.
The allowed region is always to the right and bounded by the
curves and the biggest constraint comes from K; — utu™.
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FIG. 11 (color online). Considering the meson semileptonic
decays including now the contribution of the pseudoscalar, the
allowed region for the Z’, and the pseudoscalar A(l) masses for a
fixed value of U, =V,; =0.1 and U, =V, = 0.42. The
allowed region is always to the right and bounded by the curves
and the biggest constraint came from K; — utu~.

we see that this is not the more general case, but we used it
just for the sake of simplicity.

When the nontrivial SM limit discussed in Sec. III is
satisfied, Z and Z' decouple; i.e., the respective mixing
angle, say, 0, is zero at the tree level. In this case, the
masses of the neutral vector bosons are given by

2 g 2 2
1= o vw=Mz
4¢3,
»_ & (1254403 +sy—oy) 5 _ 06
22 1 — 453 Va = Mz
w w
(51)

where v§, = v} + v5 + 2v3, Uy = vy /v, and vy is the

VEV of the sextet that we can neglect here. A lower limit of
2.3 TeV for Mz implies v, > 1.6 TeV from Eq. (51). On
the other hand, since the mass of the charged vector bosons
W, V., U, are given by

2 2
M3, = gzv%‘,, M = %(v% + 202 + v2),
) _ 8, 2 2 (52)
My = Z(vp + 25 + vy),

with v, > 1.6 TeV, we have My > 532 GeV and My >
527 GeV using g*> = 4wa(Z). These values satisfy the
upper bound [20]

MZ _ M2
VoV < Srtanby, (53)

My

and not My, = My, as is the case when we assume v Y >
v,, v, from the very start. Notice that the exotic charged
quarks, whose masses are of the formm; = g;v, / V2, may

have masses of the order of 200-300 GeV for reasonable
values of the dimensionless Yukawa couplings g;.

PHYSICAL REVIEW D 88, 113002 (2013)
VIII. CONCLUSIONS

Here we have considered constraints coming from
FCNC processes, AMg pp, K, — ee, ppu and B, —
e, on the mass of the Z' neutral vector boson in the
m3-3-1 model, taking into account, besides the Z', the
contributions of the lightest scalar field h?, which we
assumed had a mass of 125 GeV and a pseudoscalar with
arbitrary mass, my. We first calculated all entries of the
Vg 2 matrices which modified the Yukawa couplings in
the quarks sector. Next, the matrix elements that related the
symmetry and mass eigenstates in the (pseudo)scalar sec-
tor (V,1, V1) Uy, Uy were fixed by imposing the agree-
ment with the measured mass differences and branching
ratios on the assumption that V,; = U,; and V,; = U,,;.
We also have assumed that the couplings of the scalar A9 to
the top quark were numerically equal to the coupling of the
Higgs and the top quark in the SM and that the production
mechanism was, for all practical purposes, the same as that
of the SM Higgs as it was discussed in Sec. V. In most
multi-Higgs models, the couplings of 9 to other fermions
and to W and Z are not all full strength (i.e., the SM ones)
because of the mixing among all the scalar fields (for an
exception see Ref. [33]). In the present model, some of
these couplings may be larger and other smaller than the
respective SM values, at least at u = M.

The amplitude of some of the neutral scalars interferes
sometimes destructively, as in AMg p, and sometimes
constructively, as in the K; — [l decay. If only Z' is
considered, the lower bound on M, from AMy is M, >
2.5 TeV and >27 TeV in AMp. When the neutral scalar is
considered as well, the constraint is weaker, allowing a
rather light Z/, see Secs. IVA, IV B, and VA. The strongest
constraint on the Z' mass comes from AB, which is
insensible to the scalar contributions and implies m, >
2.5 TeV, but when one pseudoscalar is considered, it be-
comes my > 2.3 TeV if the pseudoscalar has a mass of
around 180 GeV and under the conditions defined above.
However, the latter upper limit depends on the conditions
Vi = U, and V,; = U,;. If this is not the case, i.e., if
Vo1 and V, are considered free parameters, a smaller
bound on the Z' mass is obtained: M, > 1.8 TeV, as can
be seen in Fig. 12, which implies v, > 1.27 TeV, My >
412 GeV, and My > 419 GeV. The leptonic kaon decay
into two leptons implies a lower bound for this mass of
740 GeV, see Sec. VI for a discussion.

A final remark is in order here. From Eqgs. (13), (15), and
(43), we see that the constraints depend on the matrix
elements of VZ, r given in Eqgs. (5) and (7). These matrices
have to diagonalize the quark mass matrices, and hence,
they depend on the input parameters G, G, G, F, and VEVs
in these mass matrices. In this work, we found a set of
parameters that was compatible with the quark masses at
m = M, and the CKM matrix. There could exist a differ-
ent set, i.e., a different quark mass matrix, showing the
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FIG. 12 (color online). Same as Fig. 4 but now considering
V1 and V,,; independently of V,,, and V,,;. Notice that the lower
limit is smaller than in Fig. 4.

same compatibility, which will be diagonalized by differ-
ent VY, matrices and, therefore, resulting in different
values for the Z' mass constraint. The set we found is
shown below Eq. (7). We tried to find a different one
without success. It seems that finding another set is not a
trivial task, but it can, in principle, exist. There may be
solutions with a heavy Z' when there is no destructive
interference in the AMy amplitude but there is in AMpg ,
and so on. The main result of our work is that the interfer-
ence between Z' and (pseudo)scalar fields exists in some
range of the parameters. Hence, the effects considered here
may be at work in Z’ searches at the LHC as well, but the
interference will be with heavy (pseudo)scalars, different
from h.

It is well known that the magnetic dipole transitions b —
s + y or b — d + vy have branching ratios of the order of
10~* and are in agreement with the SM predictions [41].

PHYSICAL REVIEW D 88, 113002 (2013)

For a recent analysis, see Ref. [42]. In the present model,
this sort of decay and CP violation also arise at the one-
loop order through penguin and box diagrams. However, in
the present case there are contributions of the singly and
doubly charged scalars, exotic quarks, and singly and
doubly charged vector bosons present in the model. The
same happens with the AF = 2 processes since there are
box diagrams involving singly and doubly charged scalar
and vector bosons and exotic quarks as well. These con-
tributions to |AF| = 1, 2 will be considered elsewhere.

The search for a Z'-like resonance has been done at the
LHC. However, as in previous searches, the results are
usually obtained in the context of a given model. For
instance, in a top color assisted spontaneous symmetry
breaking scenario, this sort of (Ieptophobic) resonance has
been excluded for M, < 1.3 TeV if I',;=0.012M,, and
M, <19TeV, if I';;=0.10M, [43]. Notwithstanding,
the application of these bounds to the model considered
here is not straightforward and has to be done in a separate
work.

Last but not least, we would like to say that the m3-3-1
solution that we have presented here can be falsifiable in
the near future: When the strength of the VVA), V = W, Z
where measured, given at least upper limits for U, and
U1, then we can check if all the couplings of the 125 GeV
Higgs boson with the gauge bosons and all the fermions,
when measured with sufficient precision, agree or not with
those in Eqgs. (15) and (43) when 1° and p° are projected
on AY.
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