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Abstract The recent precision measurement of the W-
boson mass reveals an exciting hint for the new physics as
of the 3-3-1 model. We indicate that the 3-3-1 model con-
tains distinct sources by itself that may cause the W-mass
deviation, as measured, such as the tree-level Z-Z' mixing,
the tree-level W-Y and Z-Z’-X mixings, as well as the non-
degenerate gauge vector (X, Y) and new Higgs doublets. We
point out that the gauge vector doublet negligibly contributes
to this mass shift, whereas the rest of the effects with tree-
level mixings governed by Z-Z’ and new Higgs doublets are
significant. A discussion of scalar sextet contributions is also
given.

1 Introduction

The CDF collaboration has recently announced a new result
of W-boson mass mwy|cpr = 80.4335 £ 0.0094 GeV [1]
which deviates from the standard model prediction mwy |sm =
80.357 £ 0.006 GeV [2] at 7. Such a high precision mea-
surement of W mass may be a significant indication for the
new physics beyond the standard model.

On theoretical grounds, the CDF W-mass anomaly pos-
sibly originates from (i) a non-minimal Higgs sector that
contains the standard model Higgs field and directly con-
tributes to this mass deviation via relevant Higgs mecha-
nism, (ii) tree level mixings of the standard model Z and
even W bosons with new particles that cause the W mass
as shifted, and/or (iii) loop-level quantum corrections due to
the presence of new particles to gauge boson self-energies
that modify the Peskin—Takeuchi parameters S, T, U [3-5].
Several efforts have been made in the literature to provide
possible solutions to this puzzle, see Refs. [6-53] for an
incomplete list. In this work, we show that the model based
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upon SU(B)c ® SU3)r ® U (1)x (called 3-3-1) gauge sym-
metry [54-59] manifestly accommodates the CDF W-mass
anomaly. The reason for this model choice is that all the
effects dedicated above of the new physics are actually dic-
tated by the 3-3-1 gauge principle, and thus they are very
predictive.

One of the fundamental motivations for the 3-3-1 gauge
symmetry extension is that it can address the number of
fermion families naturally. Indeed, in the standard model,
the number of fermion families on the theoretical ground is
left arbitrarily. The reason may come from a fact that the
gauge anomalies are cancelled out for every fermion fam-
ily; no correlation between families is needed. This is due to
the weak isospin symmetry with the relevant SU (2) trace
Tr[{T;, T;}Tx] = O for any fermion representation. The sim-
plest extension of SU (2), to SU (3), yields the correspond-
ing trace nontrivially, which does not vanish for complex
representations. With enlargement of respective fermion rep-
resentations under SU(3)r, each family now depends on
anomaly. The [SU (3) Ik anomaly vanishes if all the fam-
ilies must be taken into account, implying that the number of
families is a multiple of color number (cf. [55]). The QCD
asymptotic freedom demands that the number of families is
smaller than or equal to five. It follows that the family number
is just three, coinciding with experiment. Hence, the core of
the 3-3-1 extension is to signify a higher weak isospin sym-
metry, SU(3), directly enlarged from SU (2) . It is noted
that the new U (1)x group necessarily included ensures an
algebraic closure between electric charge and SU (3) 1, anal-
ogously to the standard model that requires the hypercharge.
The remaining anomalies associated with U (1) x vanish too.
Interestingly, besides the fermion family number, this new
gauge principle yields a potential solution to the profound
questions of electric charge quantization [60-64], discrep-
ancy of third quark family [65-67], and strong CP conserva-
tion [68-71]. Additionally, it naturally addresses the issues
of neutrino mass generation [72—87], flavor physics [88-94],
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dark matter stability [95-113], as well as cosmic inflation
and baryon asymmetry [114-116].

The 3-3-1 model can be classified, based upon the embed-
ding of electric charge operator in the new gauge sym-
metry, say QO = T3 + BTg + X, through the B parame-
ter, where 7; (j = 1,2,3,...,8) and X are SU(3), and
U(1)x charges, respectively. Generally, the 3-3-1 model
possesses a lepton triplet of form (vz, ey, EZ) where E is
some field with electric charge ¢, related to the B param-
eter as B = —(1 + 2¢)/~/3. Notice that switching repre-
sentations with conjugated representations of SU(3), e.g.
(v, er, EZ) — (er, —vr, EZ),changes,B — —pf andleads
to a version with rather similar phenomenology, including
the W mass, thus not interpreted in this work. There are
two typical variants of the 3-3-1 model as far as the lep-
ton sectors are relevant. The minimal 3-3-1 model combines
known leptons into a triplet (v, er, e%) for each family, thus
B = —+/3[54-56], whereas the 3-3-1 model with right-hand
neutrinos introduces three right-handed neutrinos (vg’s) to
perform (v, ey, er) for each family, thus g = —1/«/3 [57-
59]. Particularly-interested theories that modify the minimal
3-3-1 model but keep 8 = —+/3 consist of the 3-3-1 model
with exotic charged leptons [117], the reduced 3-3-1 model
[118], and the simple 3-3-1 model [105]. Also, the theo-
ries that modify the 3-3-1 model with right-handed neutri-
nos but keep B = —1/+/3 include the economical 3-3-1
model [119,120] and the 3-3-1 model with neutral (heavy)
fermions [77—79,99].1 Alternatively, the 3-3-1 model with-
out exotic charge proposes new copies of charged leptons,
called heavy charged leptons, forming (v, er, E; ) for each
family, thus 8 = l/\/g [122,123]. And, the flipped 3-3-1
model presents a distinct arrangement for fermion represen-
tations with g = 1/ V3 [124,125]. From this point of view,
the variants of the 3-3-1 model mainly differ in fermion con-
tent and Higgs sector, besides S that specifies the gauge spec-
trum. Although the fermion content is fixed by the anomaly
cancelation, the QCD asymptotic freedom, and the electric
charge embedding, the Higgs sector is actually arbitrary, hav-
ing plenty of multiplets by contrast, as seen from the modified
models of the typical 3-3-1 models. According to the exist-
ing 3-3-1 theories, each of which may possess two Higgs
triplets, three Higgs triplets, three Higgs triplets plus one
Higgs sextet, or even many Higgs multiplets if given a flavor
symmetry.

It is noted that the same electric charge embedding, i.e.
B (or g), cannot distinguish alternative particle contents and
vacuum structures, e.g. the 3-3-1 model with right-handed
neutrinos vs. the 3-3-1 model with neutral fermions, as well

! Here the third entry of a lepton triplet is a new neutral fermion different
from the usual right-handed neutrino as proposed long ago [121], and
especially flavor symmetries that determine lepton mixing naturally
work in this kind of the 3-3-1 model.
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as unwanted Higgs vacuum alignments in these models. The
behavior of baryon number minus lepton number (B — L)
symmetry put forward in [104,105,107,109] for this kind of
the model may provide insight in signifying the alternative
particle contents as well as classifying the nontrivial Higgs
vacuum structures. Hence, the 3-3-1 model can be character-
ized by B (or ¢) and B — L behavior, which are important
for analysing the sources of the W-mass shift. As a matter of
fact, the 3-3-1 models possibly contain new neutral (Z’, X)
and charged (Y') gauge bosons presenting interesting mixing
phenomena with usual W, Z bosons, which along with the
Higgs vacuum structures cause the W-mass shift at tree level.
Additionally, the new non-Hermitian gauge vector doublet
(X, Y) and inert Higgs multiplets presented in 3-3-1 models
for neutrino mass and/or dark matter also contribute to this
mass shift at loop level.

The rest of this work is organized as follows. In Sect. 2
we set up a generic 3-3-1 model in which relevant Higgs
mechanism important for the W-mass shift is determined
and classified by electric charge conservation and B — L
behavior. In Sect. 3, we investigate various novel contribu-
tions of the model to the W-mass shift. A remark of scalar
sextet contribution to the W-mass shiftis givenin Sect. 4. The
extra important constraints for 3-3-1 model are discussed in
Sect. 5. We make a conclusion in Sect. 6.

2 Description of the model

We first present the necessary features of the 3-3-1 model
with arbitrary § embedding (or g charge) parameter. We then
determine distinct gauge-boson mass spectra according to
profiles of Higgs vacuum structures, which affect differently
to the W-mass anomaly.

2.1 Particle content
The 3-3-1 gauge symmetry is given by
SUB)c®SUB)L®U(Dx, ey

where the first factor is the usual color group, while the
last two are directly extended from the electroweak group,
as mentioned. The decomposition scheme of the extended
gauge sector into the usual gauge groups takes the form,

SUGB) LU x - SUQR)L®U)1, @ U(1)x
- SUQR)L®U()y - U()g, )

where T; (j = 1,2,3,...,8) and X stand for SU(3). and
U (1)x charges, respectively. Additionally, the hypercharge
Y and the electric charge Q are embedded, respectively, as

Y =BTy + X, 3)
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OQ=T:3+Y =T;+BTs + X. )

In other words, when the 3-3-1 symmetry is broken down to
the standard model symmetry, the hypercharge is composed
of the two new diagonal charges, T3 and X, as broken. When
the electroweak symmetry is broken down to electromag-
netic symmetry, the electric charge is composed of the third
weak-isospin component and the hypercharge, as usual. The
coefficient f is related to a basic charge parameter g that is
the electric charge of the third component (E) of a lepton
triplet, such as 8 = —(1+2¢q)/ /3.1t is noted that the 3-3-1
model can possess variants that differ by corresponding  (or
q) values, as imposed in Table 1.

The fermion content transforms under the gauge symme-
try in (1) as

ValL
YaL = | eaL

EaL
ear ~ (1,1, =1),
daL
—UgL
JoL

~(1,3,—-1/3+4+¢q/3), (5)
EaR ~ (1$ 17 Q)v (6)

Qo{L = ~ (37 3*7 _q/3)s (7)

usp
Q3L = | dsL
J3L
UgR ™ (3’ 19 2/3)7 daR ~ (3s 11 _1/3)7 (9)

Jar ~ (3,1, =1/3—¢q), JHr~@G,1,2/3+¢q), (0)

~(3,3,1/34+¢q/3), ®)

where a = 1, 2,3 and o = 1, 2 are family indices. The new
fields E,, Jy, and J3 have been introduced necessarily for
completing the fermion representations and canceling all the
anomalies. Notice that they possess electric charges, such as
Q(Eq) = q, Qo) = —1/3 — g, and Q(J3) = 2/3 + 4.
If ¢ = 1, we achieve the 3-3-1 model with exotic charged
leptons, and we denote P, = E [117]. If ¢ = 0, the 3-3-1
model with neutral (heavy) fermions arises, and we define
N, = Eg [121]. For the typical versions, the minimal 3-3-
1 model [the 3-3-1 model with right-handed neutrinos] are
obtained by replacing E,1 by (e,r)¢ [(var)€, if imposed],
whereas E,g is suppressed, which possess ¢ = 1 [¢ = 0],
respectively. This replacement does not apply for quarks,
since the color and spacetime symmetries commute. Despite
of the same ¢, the relevant models have alternative phe-
nomenologies. Specially for ¢ = 0, N, may gain a charge
B — L = 0 different from that of v,g, revealing a theory
for dark matter [99,107]. For ¢ = —1, we obtain the 3-3-1
model with heavy charged leptons (£,7) [122,123]. Interest-
ingly, this version also implies dark matter stability if E
have B — L = 0 different from that of the usual charged
leptons (see, e.g., that in [109]). Along the line for ¢ = —1,
the flipped 3-3-1 model puts all quark families in antitriplets,
while two lepton families in triplets and the remaining lep-

ton family in sextet, which differs from the above arrange-
ment [124,125]. This kind of the model has an extra chiral
fermion triplet resided in the sextet, but it is highly degen-
erate in mass, negligibly contributing to W mass. The other
sources that affect W mass are identical to the unflipped ver-
sion with ¢ = —1. That said, it is able to collect all the viable
lepton sectors (family and left-handed indices omitted, right-
handed counterparts if viable are in singlet) in Table 1, while
the corresponding quark sectors are not listed, since they have
a common form differing only in electric charge for exotic
quarks.
Three scalar triplets are generally introduced as

Py
p=| r
p;}]-i—l
n)

n=\mn

n

xi !
x=x | ~ .3, -1/3-2g/3), (13)
X3

~(1,3,2/3+4q/3), an

~(1,3,-1/34+q/3), (12)

for which x breaks the 3-3-1 symmetry down to the stan-
dard model, giving mass for new particles, while p, n break
the standard model symmetry down to SU(3)c ® U(1)o,
providing mass for ordinary particles. It is noted that one of
the triplets p, n may be excluded [105,118]. By contrast, in
flavor symmetry theories [77-79], a large amount of scalar
triplets may be introduced. Furthermore, scalar sextets may
also be added to the present content [56,76-79]. However, the
following investigation does not depend on such changes of
scalar multiplet number; instead, it results from the vacuum
structure of scalar fields. As shown in [126], it is sufficient to
consider three triplets (given above) and one sextet, where in
this work the sextet will be separately treated, without loss
of generality. This vacuum structure depends on g as well as
B — L behavior, studied below in order, along with implied
gauge boson masses.

Concerning B — L, it is stressed that E,, J, in fermion
multiplets generically have B — L charge differently from
that of the usual leptons and quarks, respectively. Let [B —
LI(E,) = n. We obtain B — L = diag(—1, —1,n) for
lepton triplets, which neither commutes nor closes alge-
braically with SU3)r. If B — L is conserved, an extra
U (1)ar group is required by symmetry principles such that
B—L = B'Tyg + N, where g/ = —2(1 + n)//3. We
achieve [B — L](J3) =n+4/3,[B— L](Jy) = —n —2/3,
and [B — LI(X, Y, x12) = —[B — LI(n3, p3) = —n — 1,
while the rest of fields takes usual value. Since T3 is gauged,
B — L and N must be gauged. We impose v,z for can-
celling U(1)n anomalies and a superheavy scalar singlet
¢p—r with B — L = 2 that couples to vgvg and breaks

@ Springer
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Table 1 A roadmap for 3-3-1 versions and relevant vacuum structures.
Minimal: The minimal 3-3-1 model and its variants for § = —\/§ (or
g = 1); RHNs: The 3-3-1 model with right-handed neutrinos and its
variantsfor 8 = —1/ V3 (org = 0); HCLs: The 3-3-1 model with heavy
charged leptons and its flipped 3-3-1 variant (see [124,125] in detail) for
B=1/ V3 (or g = —1); Generic: The generic 3-3-1 model whose 8 (or
q) satisfies | 8| < 1.824 (or —2.08 < ¢ < 1.08), except for the previous

L

cases. [ Verify Sect. 5 for the 8 range and Landau pole.] A star “«” shows
a vacuum expectation value viably for the corresponding scalar compo-
nent. For ¢ = 0, —1, the standard vacuum applies for N, E~ versions
with [B — L](N, E7) = 0, protected by Py, whereas the abnormal
vacuum happens for v¢, E~ versions with [B — L](v, E7) = 1, not
protected by Py

3-3-1 model Minimal RHNs HCLs Generic
q 1 0 -1 q #1,0,—1
B -3 —1/4/3 1/V/3 B #—/3.F1/V3
v v v v v v
Lepton content e|vs.|e e |vs.|e e | vs. Flip. e
e P ve N E~ E4
oy X [ o ) x? RN oMot
Scalar structure /ﬁr '72; Xzfof pg_ n% X% p% ny x% 0 ny xy !
Pz M3 X3 LP3 73 X3 LP3 M3 X3 ,0§1+] 77(31 Xé)
00 (00 (00 0x0
Standard vacuum *00 *00 *00 *00
00 % _0 0 * _O 0 * 00 %
[0 % % [0%0
Abnormal vacuum No * 00 * 0 % No
| 0% % | * 0 *
Landau pole 4-5TeV > Mp > Mp Exist for large |B|

U (1) or. After symmetry breaking, the neutrinos gain a small
mass via canonical seesaw, while there exists a residual mat-
ter parity Py = (— 1)3B=L)+25 not commuted with SU (3) .
[107,109]. The 3-3-1 model with n = 0, as mentioned, pos-
sesses a nontrivial matter parity for new fields, E,, J,, 13,
p3, X1.2, X, and Y, such as

Vg dy u3 [+ + +
Pyl e —ugds |=|+++1, (14)
_Ea Jo I3 | — — —
P ox ! + 4 -
Pul o9 ny x| =++- 1| (15)
AR AT B e
((y,Zz,2)) Wt X1 ++ -
Py W= (.Z,Z) YTl =]+ 4 -
X4 yitt (v, z,2) -—+
(16)
Hence, in spite of ¢ = 0 (g = —1), the relevant scalars

N3, X1 (03, x2) cannot develop a vacuum expectation value
(VEV) due to the matter parity conservation. Alternatively,
the 3-3-1 model with n = 1, including the minimal 3-3-
1 model, the 3-3-1 model with right-handed neutrinos, and
even the 3-3-1 model with heavy charged leptons, transform
trivially under Py, i.e. Pyy = 1 for every field. In this case,
the scalars 13, x1 (03, x2) if electrically neutral can develop
a VEV, not protected by Py, actually governed by B — L (or
Pyy) violating interactions. With the aid of Py, a summary

@ Springer

of possible vacuum structures for 3-3-1 variants is given in
Table 1.

If the B — L symmetry is approximate, we avoid a U (1) n/
extension as given above. In this case, the interactions vio-
lating B — L enter, such as

5% 031 xuar + 5%, Oar x*dur + 5330310 J3R
+S0{5 Oar*Jgr + 54, 0310 Jar + 53 0ur0* 3R
+iPn x4+ Gan'x + 2an'n
+230"p + Aax T xOn x + 25T p) (0T x) + Hee.,  (17)

for the 3-3-1 model with right-handed neutrinos (g = 0,n =

1), besides the normal Yukawa couplings (4’s) and scalar

self-couplings (1’s and A’s) — as in the usual theory — which

conserve B — L. It is easily verified that all these violat-
ing couplings violate L by 2 units, except for 1| by 4 units,
while preserve B and a lepton parity (—1)~. Thus, the pro-
ton stability is protected by B and (—1)%. Furthermore, the
violating couplings must be small, e.g. © < u, A < A, and

s < h, since by contrast L-conservation sets i, A, s = 0 but

uw, A, h # 0. In this case, the potential minimization gives

L-violating VEVs, (3, x1) ~ j1*/w, as suppressed, where

w is the 3-3-1 breaking scale (cf. [127]). If discarding the

unwanted coupling Y7 ¥ p by a symmetry p — —p, the

neutrinos gain a naturally small mass via L-violating effec-
tive interaction, $-¥, ¥y, to be m, ~ s'u”/w, doubly
suppressed by s' « h and u < w, where u is a weak scale.

The presence of small (13, x1) and s’s lead to a small mix-
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ing between usual quarks and exotic quarks causing flavor
changing Z-currents, as studied below (Sect. 5).

2.2 Gauge spectrum for g # 0, —1 or B — L conservation

For ¢ # 0 and ¢ # —1, the scalar components that are
electrically neutral can develop VEVs, such as

<>—L § ()—L g ()—L 8
=17 8 ;=7 o) 0="175 o)

(18)

Since w breaks the 3-3-1 symmetry, while u, v break the
standard model symmetry, we impose w >> v, u for consis-
tency. This standard vacuum alignment has been extensively
studied in the literature, even applying for the 3-3-1 model
with arbitrary g (see Table 1). However, notice that for the
model with ¢ = 0 (g = —1), an extra symmetry such as
B — L and its residual matter parity is needed to prevent
the other neutral scalars n3, x1 (p3, x2) from developing a
VEYV, ensuring the standard vacuum structure, as mentioned
[107,109]. Particularly for ¢ = 0, this section applies for the
3-3-1 model with neutral (heavy) fermions, not for the 3-3-1
model with right-handed neutrinos.
The mass spectrum of the gauge bosons is given by

£ Y (@) (D, (@), (19)
[}

where ® runs over the scalar triplets, and the covariant deriva-
tiveis Dy = 90, +igstjGj, +igTjAj, +igxXB,. Here
(85, &, 8x) and (Gj, Aj, B) are the gauge couplings and
gauge bosons of 3-3-1 subgroups, respectively, and ¢; is
SU (3)¢ charges.

Define non-Hermitian gauge bosons,

_ Al FiA X A4 FiAs yF+a) Ac FiA7
(20)

W:t

which are coupled to the weight-raising and -lowering oper-
ators,

T T +iT» U Ty £iTs v T £iTH
i= —’ :I:=—, :I:=—7
(2D

respectively. W+, X9, and Y ¥+ are physical fields by
themselves with masses

'S 'S 'S
my = j(v2 +u?), my = Z(w2 +u?), m} = ?(w2 +v?),

(22)

respectively. W is identical to that of the standard model,
while (X, Y) form a new, heavy gauge vector doublet with a
mass splitting |m% - m§(| < m%v

Consider neutral gauge bosons. The photon field A that
is coupled to the electric charge Q with coupling e is given
by A/e = (A3 + BAg)/g + B/gx, which is determined
from Q = T3 + BT3 + X by substituting each generator
with corresponding gauge field over coupling. This is a direct
result of electric charge conservation, neither depending on
VEVsnor necessarily diagonalizing the relevant mass matrix,
as proved in [126]. The normalization of photon field implies

sw = e/g = gx/ /&> + (1 + g%, which matches the
sine of the Weinberg angle in the standard model. Hence, the
photon field A can be rewritten as

A =swAsz +cw (ﬂtWAg +.,/1— ﬂ2z3VB> , (23)

where the expression in the parentheses is just the hyper-
charge field defined by (3). The standard model Z field is
given orthogonally to A,

Z =cwAz —sw (ﬁtWAg +.,/1— ,3%3) , (24)

as usual, while a new Z’ field is obtained orthogonally to the
hypercharge field,

Z' = /1 — B2}, Ag — BtwB. (25)

The photon A is massless and decoupled, as a physical
field, while Z and Z’ mix via a symmetric mass matrix with
elements, given by

2 & 2. 2
= e O, (26)
. @B - v+ (V3B + i
m%, = , 27)

43cw /1 — 23,
¢ [4w? + (V3BIE, — 2% + (V3B + 1
12(1 — B2t3) '

(28)

Diagonalizing the Z-Z’ mass matrix, we obtain two physical
fields,

Zy=coZ—5,Z', Zr=s,Z+c,Z, (29)

where the Z-Z’ mixing angle (¢) and Z; » masses are

2m?

ZQW = —
2 2
My, —myz

J3( = B22) | (V3BrE, — DV + (V3Brd, + Du?
N w [ w v w u ] (30)

n 2wl

@ Springer
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4
1 m .,
mZZ1 = — |:mzz +m22/ — \/(mzz — mzz,)2 +4méz,j| ~ mZZ _ 4z

2 mzZ/
2
2 _ 2 2 2
2 L [(ﬁﬁtw D2 + (V3Br3, + Du ]
N 4C%V 4w? ’
(31)
1
mZZ2 =5 |:m22 + mZZ, + \/(mzz — mzz,)2 +4méZ,i| ~ mZZ,. (32)

The mixing angle ¢ is small, suppressed by (v, u)?/w?.
Additionally, Z; has a mass approximating that of Z, called
the standard model Z-like boson, while Z» is a new, heavy
gauge boson with mass proportional to w.

2.3 Gauge spectrum for ¢ = 0, —1 and B — L violation

For ¢ = 0 (¢ = —1), the other scalars n3, x1 (03, x2) are
electrically neutral and possibly develop a VEV in addition
tothe VEVs u, v, w, given above [80,116,120]. In this case,

we impose u’ <« u and w’ < w, in addition to u, v K w
[76].
Substituting the VEVs in (33) to the Lagrangian, we get

Lo W=y ) M2 (W r )T £ £ @? 4+ u? + w2 +u?)A2
+3 (A3 As B Ag) M3 (A3 Ay B Ag)" (34)

where WE = (A] FiAs)/v2and YF = (Ag £ iA7)/v/2
defined as before mix, while the real and imaginary parts of
X0-0% — (A4 F i As)/+/2 behave differently, i.e. A4 mixes
with A3 g and B, whereas As does not. That said, As is decou-
pled, as physical field, with mass,

2
m, = ‘%(w2 +u? +w? +u?). (35)

The mass matrices of the charged and neutral gauge bosons
are given, respectively, by

M2=g_2<v2+u2+u’2 wu' + uw’ > 36)
c 4 wu' + uw’ w2+v2+w/2 ’
v 4 u? 4+ u? uz—f/2§+u’2 _2(2v2+u32+u’2)tx wi' + uw'
g2 u?—v4u”? 4w2+v2+u§+4w’2+u’2 22w v twH—u?—ulty  wituw’
Mg = 4 _2(21;2;/32%’2):)( 22w +v2 4wy —u—u?tx 4(w2+4v2+3u£w’2+u/2)t§ _4(wu’ﬁw’)tx ’ (37
wi' _:uw/ _ wi%w’ . 4(wu’?§uw’)tx ;_2m31245

the B — L symmetry as mentioned is necessarily violated
[104,105], since 13, x1 (p3, x2) have nonzero B — L number.
This yields a vacuum structure, called abnormal vacuum,
different from the previous model (see Table 1). Particularly
for ¢ = 0, this section applies for the 3-3-1 model with
right-handed neutrinos, not for the 3-3-1 model with neutral
(heavy) fermions. Because the physics obtained is the same
independent of ¢ = 0 or —1 for phenomena interested in this
work, we consideronly ¢ = 0, thus 8 = —1/+/3. Inthis case,
although both n and y transform the same under the gauge
symmetry, they differ in B — L numbers, possibly obtaining
VEVs at the first and third components. That said, the vacuum
alignment under consideration is generically given by

\/‘ OU ’ n \/‘ wO ) X \/‘ w() .

In contrast to u, v, and w that conserve B — L, the remaining
VEVs i/, w’ break this number, suppressed by relevant vio-
lation interactions. To be consistent with the standard model,

@ Springer

where rxy = gx/g. It is noteworthy that both the mixing of
W and Y and the mixing of (A3, Ag, B) and A4 are caused
by u’, w'.

Diagonalizing M, 3, we obtain two physical fields

Wi =coW —sgY, Y =50W 4+ cp?Y, (38)
where the W-Y mixing angle (0) is given by

2(wu’ + uw’)
w2 _u2+w/2 _u/2’

ey = (39

which implies that 6 >~ u'/w + (u/w)(w’/w) is very small,
because of u’ <« u and u, w’ < w. The Wy, Y1 masses are

2
my, = %[ 24207+ u’ +w”
—V(W? —u? + w? —u?)? + 4(wu’ + uw’)z]
2 Iany/ 2,72
2
L8 (g2 2w wTwT 40)
4 w w?

2
m%,l :%[ 24202 42+ w? 4+
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VW2 — w2+ w? — u?)?2 + 4w’ + uw’)z]

82 2 2 17) 2
~ & (w0 ). @1)
W is the standard model W-like boson, whereas Y] is a new,
heavy charged gauge boson.
To diagonalize Mg, we define the photon A, the usual Z,
and the new Z' as in the previous model, but for 8 = —1/+/3,
such as

2

tw Ly

A =swA3z +cw —ﬁAg-F 1—?3 , 42)
tw 1%

Z = CWA3 —Sw _ﬁAS + 1-— ?B 5 (43)

2
t tw

7' =1 - Y A3+ —=B, (44)
3 V3

where sy = «/ggx/,/3g2 + 4g§(. In the new basis (A, Z,

Z', Ay), the photon A is massless and decoupled, as usual,
while Z, Z’, and A4 mix by themselves via the mass matrix,

v24u4u” W +u")cyw —v? wiu'+uw’
2 C%V c%v«/l+202W cw
M(/)Zzgi Wqu)ery—1? AW +wHel, +vP+w+u?)edy, __wiuw’
4 AN T+2ew 2 (14+2c2w) cw /120w
wi' +uw’ __wu'tuw’ 42
cw cwA/ 1200w g2 As
(45)

It is easily verified that M(’)2 (thus Mg) contains an exact
eigenvalue,

2
8
miu = Z(w2 +u? +w?+u?), (46)

with a corresponding exact eigenstate,

A4=Wz+%«éw3—M@Z+ 1—@@—@%M0,

(47)

where sy = s09/2cw is very small as 6 is, hence A4 >~ Ay.
It is noteworthy that A4 and As always have equal masses.”
Hence, we identify

§0.05 _ Ay FiAs

48
1 NG (48)

2 This occurs for generic vacuum structure — including 1’ # 0 and
w’ # 0 — that conserves the electric charge in spite of the fact that A4
mixes with Z, Z'.

to be a physical non-Hermitian field, with the common mass,

2
my, = 5@+ w4 u). (49)

To diagonalize M/?, we choose two gauge vectors orthog-
onally to A4, such as

z=@z—w(w/&4ﬁzwwﬁ—@a—m@mo,

(50)

V1—123—4s3)Z —19\/3 — 453, Ay, (51)

where Z ~ Z and Z’ ~ Z’ similar to A4 >~ Ay, since |0'| <
1. In the new basis (Z, Z', Ay), the field A4 is decoupled,
while Z and Z’ mix by themselves via a symmetric mass
matrix with elements, given by

Z/

&[40 + (W + w3 + 3p) — (w? + w?)sy,]
4(4ck, — 53y) '

2{W? + u)eaw — v 1ero — (wi' + uw')(1 + 2cow)soco}

(52)

2
m ;= )
22 VT 2c2w (4c2, — 535
(53)
2 Gl (6cy —s3) +4vic, + 0 +u) (edy =53]
z 4(142c2w) (4cy —53)
(54)

Diagonalizing this mass matrix, we obtain physical fields,

Zy=cpZ — 5,2, Zy=5,Z+c,Z, (55)

where the Z-Z’ mixing angle (¢) and Z, Z, masses are

o, (o lar - Ny
hy = —5 7 = 2.4 ’ (56)
M, —myz 2w Cyy
2 1T 5 2 2 2 2 4] ) Mig
mz, :E mz+mz — (mZ—mZ,) +4mZZ’ Xmy — —5—
L - mZ/
g2 5 5 2un’w uzw/z (”2C2W _ v2)2
>~ —— ("t u" — - >~ 7 . (57)
dcyy w w 4CWw2
T -
m2ZZ =5 mzz + mzz/ + \/(mzz — mzz,)2 +4m%z, ~ mZZ,. (58)

The ¢ angle is small, suppressed by (u, v)%/w?. Additionally,
the field Z; is the standard model Z-like boson, while Z5 is
a new, heavy gauge boson with mass at w.

3 Sources of the W-mass shift
The W-mass shift in the 3-3-1 model arises from various

new physics sources, Z-Z' mixing, X-Y and Z-Z’-X mix-
ings, a gauge vector doublet as well as a new Higgs doublet
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Fig. 1 Viable (v, w) regimes bounded by the CDF W-boson mass at
lo, 20, and 30 ranges (in cyans), according to the 3-3-1 model with

B = 1//3 (left panel), 8 = —1/+/3 (middle panel), and 8 = —+/3

that are not degenerate in mass. They are newly recognized,
depending on relevant 3-3-1 model.

Let us remind the reader that as already done in the lit-
erature of electroweak precision fit [6,10,11,13,14,18,20,
22,31], a positive and dominant contribution of the Peskin-
Takeuchi T-parameter can generate an enhancement of the
W -boson mass consistent with the recent CDF measurement.

3.1 Z-Z’ mixing in the model withg # 0, —1 or B — L
conservation

The 3-3-1 model under consideration reveals a tree-level mix-
ing of Z with Z’, while W is retained. Because of the Z-Z'
mixing, the observed Zi-boson mass (mz,) is reduced in
comparison with the standard model Z-boson mass (myz).
This gives rise to a positive contribution to the 7' parameter
at tree level,

2 2
m

O‘sz_lzzwz _1—_22_
cymy, my,

[(ﬁﬁtﬁv — ? + (3B} + 1)142]2

- 4w? (12 4+ u?)

, (59)

where note that my = mzcw [128]. Since mz, is precisely
measured and fixed, this enhances the mass of W boson pro-
portionally to «T', such as [3-5]

4 2 2
‘whz (™Mz _4
2 2 2

Cw —Sw

2 _
Amy, =

2
chmy (3B — Do + (V3 + D

2 2 20,2 2
Cw — Sy 4w*(v® + u?)

(60)

We input the parameters as « ~ 1/127.955, s%v ~ 0.231,
and u? + v? = 2462 GeV2. Additionally, we consider the
three 3-3-1 models according to f = 1/3/3, B = —1//3,
and B = —+/3, where the last two are identical to the 3-
3-1 model with neutral (heavy) fermions and the minimal

@ Springer

v [GeV]

150 200 0 50 100 150 200
v [GeV]

(right panel), where the FCNC (lower light-red) and Landau pole (upper
light-red, if applied) bounds are also included

3-3-1 model, respectively. We make a contour of Am%v =
80.4335% — 80.357%> GeV? taking central values [1,2] as
function of v and w for the mentioned models as in Fig. 1.
Here, the black line is for the central value. Additionally, the
lo, 20, and 30 ranges are also shown (in cyans). Besides,
the excluded region (light red) by the FCNCs and the Landau
pole limit if it applies (taken as 5 TeV) have appropriately
been included to plot (cf. Sect. 5).

From Fig. 1, we obtain the viable ranges for the new
physics and weak scales, namely, (3.9 TeV < w < 4.4 TeV
and 0 GeV < v < 65.7GeV),(3.9TeV < w < 4.4TeV and
237.1 GeV < v < 246 GeV), and 3.9 TeV < w < 5 TeV
and 195.2 GeV < v < 219.1 GeV) according to the 3-3-
1 model with B = 1//3, B = —1/4/3, and B = —/3,

respectively. Note that the weak scale u depends on v as

u = /(246 GeV)2 — v2.

3.2 W-Y and Z-Z’-X mixings in the model with ¢ = 0 and
B — L violation

It is clear that when ¢ = 0, thus 8 = —1/+/3, the scalar
triplets, n and y, in the 3-3-1 model with right-handed neu-
trinos have two electrically-neutral entries at the top and bot-
tom and they can all develop VEVs. However, the VEVs u/,w’
violate lepton number and should be small, i.e. u’ < u and
w’ <« w, as given. These u’, w’ cause the mixings between
the usual W boson and new charged gauge boson Y as well
as among Z, Z' and new neutral gauge boson X. Whereas,
the normal VEVs u, v, w induce Z—Z' mixing similarly to
the previous model.

Because of the mixings, both physical masses of W and
Z bosons, i.e. Wi and Z; respectively, are reduced in com-
parison with the standard model values, such as

2

8
m%V: Z(v2+u2+u/2)%m%vl
2 2un’w' 2,72
:i 2+u2— uww'utw ’ 61)
4 w w?
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2
2 _ 72 2
mZ—4C2 (v +ul+u )—>le
g2 5 5 2un’w' uzw/Z (u202W _ U2)2
=aa (v Te o T2 1 :
4cW w 4ch2

(62)

a phenomenon occurs similarly to the economical 3-3-1
model [120]. New observation is that the reduction of Z mass
is bigger than that of W mass. Correspondingly, this produces
a p-parameter bigger than 1, causing the CDF W-mass shift,
as measured.

That said, from (61) and (62) we obtain a positive contri-
bution to the T parameter at tree level, such as

2 2 2,2
m —
o =p—1=—5"1 —1:(262‘”—”). (63)
My, 4cyy w? + vHw?

It is noteworthy that the three terms that do change the W, Z
masses in (61) and (62) are at the same order, because of
w'/u ~ w/w ~ (u,v)/w. Additionally, the first two of
these terms caused by u’, w’ come from W-Y and (Z, Z')-X
mixings, while the last term suppressed by (u, v)?/w? arises
from the Z—Z’ mixing. Although both kinds of the mixings
reduce the W, Z masses, only the Z—Z’ mixing governs the p-
parameter deviation which subsequently affects the W mass
as shifted, similar to the previous model.

That said, the enhancement of the W-boson mass is simply
given by [3-5],

(ulcaw — v?)?

4 2 2

Cwhz ( Wi ) csz

2 _ 2 2 2 -2 _ 2
Cy =Sy \cymyz, Cw sW 4cW(u +v2Hw?’

Am%v =
(64)

The result in the previous sector for 8 = —1/+/3 applies
to this model without change, however. Although the phe-
nomenologies of the two mentioned models are distinct, char-
acterized by B — L conservation or violation, the Z—Z’ mix-
ing is crucial to set the CDF W-mass anomaly. The mixing
effects caused by u’, w’ effectively not contributing to the
W-mass shift as observed are probably due to the fact that
u’, w’ break lepton number, associated with Majoron fields
that are eaten by the corresponding non-Hermitian gauge
bosons (X, Y). Hence, u’, w’ only affect the X, Y observ-
ables.

3.3 Oblique contributions of the non-degenerate vector
doublet

At one-loop level, the two new non-Hermitian gauge bosons
predicted by the 3-3-1 model X*¢ and Y*U+9  which
form an SU (2)1 doublet according to the decomposition of
SU3)r gauge adjoint 8 = 3 & 2 @ 2* @ 1, contribute to

the oblique parameters S, 7', and U, through transverse self-
energies. The W-boson mass shift induced by these oblique
corrections can be expressed as follows [3-5]

2 2 2 2

ch,m5o S

Am}, = P~ (—— + T + WU) (65)
= Sw 2 4sW

For the 3-3-1 model with right-handed neutrinos, i.e. 8 =
—1/+/3, the oblique corrections have already been computed,
given by [129],

| m am?
S = 51n—+ 5—|—— F(m ,my,my)
47_[ mx 3mz o\nz, my Y

4m2
1+7 Fom%.mx,mx) |, (66)
3mZ
372G 2m2m? m2
- f(m+m Tnlt
1674a my —my  my
2 2
1 +m my
2<2§1 ——2—|—th ;), (67)
47'rsW my —my mX my

2

1 3 m _

U= {(4 T % +2S€V> Fo(m%, my, my)
Z

2
3
+ <4 + ;‘) Fo(m%, mx . my)
myz
2 2 252
3 +m2 (m3, —m%,)
-5+ My XY TN ) Ryl my s mx)
myy 2mW
2 2 2 252
my +m S(m3, —my,) _
_( Y 2 X Y 4 X +2> FO(OamY7mX)
2mW 2mW
_S(m%, +m§()
2
4mW
3 2(m%—m§()2_ m%,—m%( _m;‘,—m‘)‘(
m“tv 2m%v m%v
4 4 2
_ dStmy +my) n& (68)
4m%}v(m%, —mg() mg(
while for the minimal 3-3-1 model, i.e. 8 = -3, they are

[130,131]
s=2| T
T r |4 m my,

3 l—4s%v m%( =,
- -+ - Fo(mz,mx,m ,
<4 3 mZZ o(mz, mx,my)

_ 3«/§GF< 2 2 2mymy In m%)

2 2 2
3 2(1+2sy,) m -
%i + (4 + % — 1;) Fo(m227mY1mY)

y TMx =5 2 2

2
167°a y—my my

2
pend — 2432 L (70)
4

2 )
my _mx mX mX

1 3 ZmY -,
U=— 7——+49W Fo(my, my, my)
T 4 mZ

1 (my+’"X1
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Fig. 2 S, T, and U parameters plotted as functions of v, where the upper panels (the lower panels) correspond to the 3-3-1 model with 8 = —1/+/3
(B = —+/3), and w is free to float in the range 3.9-10 TeV (3.9-5 TeV), as appropriate
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Fig. 3 Contribution of the non-degenerate gauge vector doublet to the W mass shift
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mx
Above, the function Fy is defined as in Ref. [129].
In Fig. 2, we plot the S, T, U parameters as functions of

v (where u is followed by u = /(246 GeV)2 — v2), where

three upper panels correspond to the 3-3-1 model with g =

(7D

Zm%‘,(m%, - mgf)

@ Springer

-1/ /3 for w in the range of 3.9 — 10 TeV, while three lower
panels correspond to the 3-3-1 model with 8 = —+/3 for
w in the range of 3.9—5 TeV since this model is limited
by the Landau pole (cf. Sect. 5). It is clear that the values of
S, T, U can be negative or positive (except for the rightmost
upper panel), depending on the value of v as well as the sign
and magnitude of X and Y mass splitting. Additionally, the
magnitudes of S, 7', U parameters are very small compared
with the value of the T' parameter (T ~ 0.18) in the case
of tree-level Z-Z' and Z-Z'-X mixings. Hence, the oblique
contributions due to the X, Y gauge vector doublet are not
significant, i.e. not enough to accommodate the CDF W-
boson mass anomaly if the tree-level sources of mixing are
not included.

Indeed, substituting (66)—(68) [(69)—(71)] into (65) and
taking v = 0-246 GeV and w = 3.9-10 TeV (w = 3.9-
5 TeV) for the 3-3-1 model with 8 = —1//3 (B = —/3),
we obtain the enhancement of the W-boson mass caused by
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the oblique corrections to be too small, namely, Amy <
0.00042 GeV (Amwy < 0.00192 GeV), as explicitly shown
in Fig. 3, incompatible with the experimental measurement.

3.4 Oblique contributions of a non-degenerate scalar
doublet

Under the standard model symmetry, the three scalar triplets
as given correspondingly contain three SU (2) scalar dou-
blets, since each triplet is decomposed as 3 = 2 @ 1. One of
the doublets is eaten by W, Z leaving only the usual physical
Higgs field, other one of the doublets is completely eaten by
the X, Y gauge vector doublet. The remaining scalar doublet
isreally anew physical Higgs doublet, which potentially con-
tributes to the W-boson mass via S, T, U parameters, partly
noted in [132]. Such a physical Higgs doublet also exits in the
3-3-1 models for dark matter as the first and second entries
of inert scalar triplets [104,105], or in 3-3-1 models with
flavor symmetries as contained in scalar flavon triplets [77—
79]. Even if one includes a scalar sextet [56,76-79], a new
Higgs doublet correspondingly arises, since 6 = 3@ 2 @ 1
under SU(2),. In this case, the SU(2) scalar triplet also
contributes to S, T, U parameters, but this contribution is
neglected because of its significant tree-level contribution as
discussed below.

That said, a new physical Higgs doublet in addition to
the usual Higgs doublet is popularly presented in the 3-3-
1 model. Without loss of generality, we consider a generic
scalar triplet,

¢ = (1, ¢, 9307 ~ (1,3, Xy), (72)

which contains the new SU (2) Higgs doublet, i.e. (¢1, ¢2),
as desirable. Here ¢ can have an arbitrary X-charge, making
a significant contribution to the oblique parameters indepen-
dent of electric charge. It is easily shown that the contribu-
tions of ¢ to S, U parameters are more smaller than that to
T, if the scalar fields are radically heavier than W, Z masses.
Indeed, in the 3-3-1 model, both ¢; > are typically heavy at
TeV scale, while the mass-squared splitting of ¢ 2 is only
proportional to the weak scale [104,105]. In this case, the
W-boson mass shift is governed by the T parameter, such as

4 2 2.2 2
cyym Gr 2mim m
Am%‘, =_WVZ (m% 712 1) ,

-5 +m5 —
2 2 2 2 2 2
CW—SWS\/EJTZ m

where m » are the masses of ¢ 2, respectively.

Taking the central values of W mass from the CDF exper-
iment [1] and the standard model prediction [2], respectively,
in Fig. 4 we contour Am%v as function of dm = my — m
and m by the black line. We obtain the viable value, §m ~

10

8 30
S 6
)]
=
£ 4t

2.

60 80 100 120 140
om [GeV]

Fig. 4 CDF-allowed regions contoured in §m—m plane

98 GeV, as appropriate. Further, the contributions to Am%,v
depend only on the mass splitting §m, nearly insensitive to
m. For clarity, the 1o, 20, and 30 ranges of the measured
W mass are also shown (in cyans).

Last, but not least, itis clear thatm ~ Ay_p v2/8m where
Ap—p relates to the coupling of ¢ to the usual Higgs field.
Hence, ¢ obtains amass at TeV, i.e. m; ~TeV, only if Ay_p
is at the perturbative limit [52].

4 Tree-level contribution of a sextet

A scalar sextet of type,

Sp Sk
V2 :

s= |52 s 5% 74
=% sy 2. (74)

2q
S33

S

often studied in the 3-3-1 models [56,57,72,76,133], can
develop a vacuum value such as

k00

(S)=—1000]. (75)
V2 \p 00

Other fields if electrically neutral can also have a VEV. But
they belong to a SU(2)1 doublet or singlet, giving a contri-
bution similar to the above cases of scalar triplets, and are
not interested. Here, the nontrivial vacuum structure is asso-
ciated with the SU(2), scalar triplet, (S11, S12, S22), con-
tained in the sextet, unlike those in the cases of scalar triplets.
Unfortunately, this sextet gives a negative contribution to the
p-parameter,

2ic2

p =1

@ Springer



56 Page 12 of 19

Eur. Phys. J. C (2023) 83:56

as shown in [76], incompatible with the experiment. This case
is similar to a scalar triplet in the type II seesaw mechanism
added to the standard model.

However, if we consider an alternative scalar sextet of

type,

0 q+1
ot % 913
11 ﬁ D
o=| %2 o= (77)
01‘13 ﬁ 2g+1
NGRGIEE

studied in the 3-3-1 model for dark matter [105], the SU (2),
scalar triplet (o711, 012, 022) contained in the sextet develops
a VEV in different way, such as

0
0]. (78)
0

It gives a positive contribution to the p-parameter, such as

4”2

~14 7.
p=lt+ 55

(79

Comparing to the W-mass shift, «” is about 4.5 GeV, similarly
in size to u’ bounded above. This case is similar to a scalar
triplet with Y = 0 added to the standard model [134].

It is stressed that the mentioned scalar sextets contribute
to the gauge boson mass spectra differently from the scalar
triplets in previous sections. However, the results obtained
according to the scalar triplets are easily generalized for the
sextets with the aid of [126].

5 Existing bounds

We now present the running coupling and Landau pole limit
which place a constraint on 8, ¢ parameters. We also dis-
cuss FCNCs which reveal important information on B — L-
violating VEVs and new physics scale. Last, but not least, we
examine collider bounds, validating the previous constraints,
as well as we summarize the relevant bounds used for model
classification and updated with W-mass measurement.

5.1 Running coupling and Landau pole

A gauge coupling commonly denoted as g = {gs, g, gx}
changes with renormalization scale u through the RG equa-
tion,

& by (80)
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where the 1-loop beta function is given by

where V, L/R, S indicate vector, left/right fermion, and
scalar field representations under the relevant gauge group,
respectively. For SU(3),Cy =3andCyp = Cr = Cs = 1/2
for (anti)triplets, while for U(1)x, Cy = 0 and Cr g s =
X % R.S for L, R, S fields, respectively. We obtain by, =5 >
Oandbg = 13/2 > 0.Thus, g;, g decrease when p increases.
There is no Landau pole associated with g;, g. However,
because of Cy = 0and Cp g s = X% r.s > 0, we always
have bg, < 0. Hence, gx increases when JL increases.

In contrast to the standard model and grand unification,
a finite Landau pole associated with gx potentially arises
because of U (1)x along with SU (3);, embedded in U(1).
Indeed, as given before, the electric charge operator defines
the photon field that couples to it and that the normalization
of the photon field implies

g% 1
2 (I +pY) 1+
g +egx(1+8%) B

S‘2/V = (82)

where note that g is always finitely nonzero. When the energy
scale increases, gx /g increases as long as s%V approaches the
r.h.s of the inequality. The model encounters a Landau pole u
at which szw(u) = H;Z’ or equivalently gy (u) = oo, where
the scale of u depends heavily on g value. It is stressed that
the model is valid only if the Landau pole p is larger than
the new physics scale, i.e. & > w, thus than the weak scale

u, v. Correspondingly, we have s%v(u) = # > s%v (u, v).

This yields | 8] < cotw (u, v) ~ 1.824 for 53, (u, v) ~ 0.231,
which translates to —2.08 < g < 1.08, dueto 8 = —(1 +

29)/V/3.
The electric charge of E is very constrained, taking g =
—2,—1,0, 1 for integer charges. For ¢ = —2, 1, we have

|l = /3 and s3,(n) = 1/4 just above that at the weak
scale. In this case, the model presents a low Landau pole at
u = 4-5 TeV, as shown in [135,136] for the minimal 3-3-
1 model. However, if ¢ = —1, 0, which include the 3-3-1
model with heavy charged leptons and the 3-3-1 model with
right-handed neutrinos, we have |8| = 1/«/5 and s%[,(,u) =
3/4 that is much beyond the typical value s2W = 3/8 at the
grand unification scale, close to the Planck regime. In this
case, the model still possesses a Landau pole, but this pole is
beyond the Planck scale.

5.2 FCNCs
There are two sources for FCNCs in the 3-3-1 model that

come from the nonuniversality of quark families under the
gauge group and the possible mixing of ordinary quarks and
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exotic quarks, respectively. The former occurs for every ¢
associated with Z’ current, while the latter arises only if ¢ =
0 or —1 concerning Z current. Particularly for ¢ = 0, it
happens with the 3-3-1 model with right-handed neutrinos
but not with the 3-3-1 model with neutral (heavy) fermions.
These FCNCs are actually induced at tree-level and indeed
dangerous. The model with ¢ = —1 happening similarly
to the case ¢ = 0, as well as the FCNCs that are possibly
arisen/coupled to the Higgs and new Higgs fields, will not be
discussed.

In the 3-3-1 model with ¢ = 0, the ordinary and exotic
quarks of up-type (u4, J3) and of down-type (d,, Jo) each
mix by themselves due to the lepton-number violating VEVs
of 13, x1 as well as the lepton-number violating Yukawa
couplings (called s’s) that like ordinary Yukawa couplings
(called h’s) but appropriately interchange the right-handed
components of ordinary and exotic quarks, as supplied above
[76]. We define mixing matrices, (141 uz u3 J3)£R =
Vur.r et T)] pand (dy dyds Jy )] g = Var.r(d s b
B Bz)z > such that the 4 x 4 mass matrix of (#,, J3) and the
5 x 5 mass matrix of (dg, Jy) are diagonalized. Because the
ordinary and exotic quarks have different 73 weak isospin,
the tree-level FCNCs of Z boson arise, such as

£ @5 =Giy" 4 V)i Vo) 152 (83)
cw

i.e. the standard model CKM mechanism does not work
[108]. Here, we denote g as either u for up-type or d for
down-type quarks, which should not be confused with the ¢
charge parameter used throughout, 7, j = 1, 2, 3 label ordi-
nary physical quarks, and I = J3 and plus sign applies for
V.., while I = J, and minus sign applies for V;. Integrating
Z out as well as using m2Z ~ (g2/4c%v)(u2 + vz), we obtain
effective interactions,

5 1
HeNf? D (q;Ly“q.;L)z[(v;L),i(qu),j]2m

O ACz (drytsp)* + -, (84)

where ACy, = [(Vi)11(Var)2)?/(? + v?), and -7
indicates its conjugate as well as other four-quark systems.
The strongest bound comes from the K°—K° mixing that
requires the relevant coupling, ACjy,, to be smaller than
(10* TeV)~2 [2], implying

(Vi (Va) ] <1075 (85)

The mixing of ordinary and exotic quarks is much smaller
than the smallest mixing element of CKM matrix (around
5 x 1073), which may be understood in the 3-3-1-1 model

[107]. For the present model, we safely assume (Vy1)7i ~
w'ju~wjw~s/h~1072-10733

It is noted that the model with ¢ # 0, —1 has only
FCNCs associated with nonuniversal Z’ couplings, because
the ordinary and exotic quarks do not mix. The following
computation would apply for all cases of g-charge, since
for ¢ = 0 (or —1) the ordinary and exotic quark mix-
ing negligibly contributes to this kind of the FCNCs, as
shown in [108]. Because the third family of quarks trans-
forms under SU(3); ® U(1)x differently from the first
two, there must be tree-level FCNCs. Indeed, using X =
Q — T3 — BTg, the interaction of the neutral current is £ D
—gFyH[T3As3, + Ty As, +tx(Q — Ts — BTs) B, 1F, where
F runs over fermion multiplets. It is clear that the terms of 73
and Q, as well as all terms of v,, ¢4, E,, Ju, and J3, do not
flavor change. The relevant part includes only 73 with ordi-
nary quarks, such as £ O —gqry*Tgyqr(Ag, — BtxB,) =

_gCYLVMT&{CILZ//L/w /11— ,th%V, where g denotes either up-
type or down-type quarks and Tg, = ﬁgdiag(—l, —-1,1)
combines their 73 charge. Changing to the mass basis,
garL.R = (V4L,R)aiqiL,R, WE have

g -
W‘]m?%n(%‘ﬁﬁ(%ﬁy Z,,
— Pty

which implies FCNCs fori # j. Integrating Z’ out and using
m%, =~ g?w?/3(1 — *},), we obtain effective interactions,

L>— (86)

_ 1
Heyr D (‘]iLVMCIjL)Z[(V;L),%i(VqL)3j]2ﬁ
D ACLGLy" L) + -, (87)

where ACY, = [(Vd*L)32(VdL)33]2/u}2, and ¢ - - stands for
its conjugate and other four-quark systems. The strongest
bound comes from the BS - BS system, given by [2]

1

i 1
[(VdL)32(VdL)33]2F < 100 Tev )"

(33)
Assuming V,,; = 1, the CKM factor is [(V};)32(Var)33| =
3.9 x 1072, which translates to w > 3.9 TeV. This bound
is independent of B, i.e. applying for every 3-3-1 model.
Last, notice that the K%—K?© mixing gives a bound, w >

3.6 TeV, slightly smaller than the given one, which has not
been signified.

5.3 Collider searches

The LEPII studied the process ete™ — f f, where f is an
ordinary fermion, through exchange of a new heavy gauge

3 A basis changing so that either (n3) = O or (x;) = 0 as studied in the
literature also changes quark states, as a result. Hence, this condition is
generically applied.
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Table 2 A summary of existing bounds and their updates with W-mass result

Parameter Existing bounds Special values (respectively) Updated with W-mass

q (—2.08, 1.08) -2, —1, 0, 1 B = +/3 excluded, since w >
— _l+2q _ [ -1 _ 1 _ /3

p=-"7 (—1.824,1.824) V3, 5 7 V3 =TT /3 interested

Landau pole Weak/TeV to much 4-5TeV, > Mp;, > Mpj, 4-5 TeV =5 TeV suitably applied to

() beyond Planck scale Figs. 1,2, and 3

Normal VEVs u? +v> =46 GeV)?, pu>w>39TeVforp < % w = 3.9 TeV bounds actually

(u, v, w) or > w > 3(1 ++/3pt2) > 3.9 TeV for f > % included to Figs. 1, 2, and 3

Violating param. “7/ ~ % ~ g~ 1072-1073 Used appropriately to Sect. 2.3

', w,s) as well as Eqgs. (61) and (62)

boson Z’, described by effective interactions,

L £
eff O C%szz/

[ev"@? @ PL+af @ Prye]
x [ Fyutaf (fPL+af (PRIf]. (89)

where af:R (f) = % [gg/ fH igil ()1, as usual. Considering
f = u, 7, the charged leptons have equal couplings, and we
rewrite

2[a? ()2

Lesp D E50 @y" PLe)(fy PLf)
w71

+(LR) + (RL) + (RR), (90)
where the successive terms differ from the first one only in

chiral structure, and

, 3 t / t
a? (e):M, % (e):S—‘ 91)
2V/3,/1 - B2, z

The LEPII supplied bounds for such chiral couplings, typ-
ically [137]

2147 (e)]? 1

Flferf 1 o)
Cyms (6 TeV)

Using m2Z, ~ g?w?/[3(1 — ﬂztﬁ,)], we get

w >3 x (14++/3p13) TeV, (93)

whichare 5.7 TeV,3.9TeV, 2.1 TeV,and 0.3 TeV, forg = —2,
—1, 0, and 1, respectively. The first case is ruled out by the
Landau pole, while the last case means that Z’ negligibly
contributes to the process, since w would be at TeV due to
the FCNCs above. That said, the 3-3-1 model with ¢ = 0
and £1 would be viable, as taken into account.

The LHC searched for dilepton signals through the pro-
cess pp — ff€ thatis contributed by Z’, supplying a bound
my ~ 4 TeV for Z' couplings identical to those of the usual

@ Springer

Z boson [138]. It is noticed that Z’ in our model couples sim-
ilarly to Z, governed by the common g coupling but having
a small difference due to S. Therefore, the bound as given
applies to our model with some extent since the couplings are
not identical. The Z’ mass limit thus converts to a w bound
comparable to the LEPII.

5.4 Summary of the existing bounds with updates for
model building and W mass

The viable range of 8, ¢ and the Landau pole limit deter-
mined in Sect. 5.1 have appropriately been supplied to Table 1
for classifying 3-3-1 versions. Additionally, all the relevant,
existing bounds of this section, i.e. Sects. 5.1, 5.2, and 5.3,
have appropriately been combined with the W-mass mea-
surement in the previous sections.

For convenience in reading, we give a summary of all the
bounds obtained in this section as well as their application to
the W-mass deviation in the previous sections, as in Table 2.
That said, the constraints previously given concerning the W
mass, such as (w, v) that results from Figs. 1, 2, and 3, are
indeed the updated bounds, while the conditions u” < u and
w’ <« w which are obviously used for the gauge spectrum
and the W-mass shift are suitable to the bound in this section.

6 Conclusion

We have examined a variety of variants of the 3-3-1 model,
characterized by a basic charge parameter ¢ and the behavior
of B — L symmetry through its residual matter parity Py.
The 3-3-1 model generally has a standard vacuum structure,
except for the 3-3-1 variant with right-handed neutrinos or
with heavy charged leptons which can develop an abnormal
vacuum structure, not protected by Py;. We have diagonal-
ized the gauge spectra according to the two kinds of vacuum
in detail.
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There are two kinds of constraints for this model, which
are jointly considered and consistently updated:
New experiment: We have investigated the various contribu-
tions of the 3-3-1 model to the CDF W-mass anomaly, and we
conclude that the Z—Z’ mixing due to the 3-3-1 breakdown
by the normal VEVs u, v, w and a non-degenerate physical
Higgs doublet popularly existed in the model can explain this
anomaly, separately. Additionally, a scalar sextet that con-
tains a SU (2) Higgs triplet with Y = 0 can also solve this
puzzle. Furthermore, considering the special 3-3-1 versions
with ¢ = 0, 1, the viable regimes of u, v, w have been
derived, obeying the FCNC, collider, and relevant Landau-
pole limits. For the case of the heavy non-degenerate Higgs
doublet, its mass splitting should be at 98 GeV, whereas for
the case of the scalar sextet, the tiny VEV should be about
4.5 GeV.
Existing bounds: The running coupling and Landau pole limit
imply a bound for ¢, i.e. —2.08 < ¢ < 1.08. The minimal
3-3-1 model (¢ = 1) and the 3-3-1 model with ¢ = —2
have a Landau pole at TeV scale, while the 3-3-1 model
with right-handed neutrinos/neutral fermions (g = 0) and
the 3-3-1 model with heavy charged leptons (g = —1) pos-
sess a Landau pole beyond the Planck scale. The FCNCs
set a constraint on B — L violating parameters, such as
w/u ~ w/jw ~ s/h ~ 1072-1073, for the 3-3-1 model
with right-handed neutrinos, while they imply a bound for
the new physics scale w > 3.9 TeV, valid for every 3-3-1
version. The LEPII gives a strong bound for the 3-3-1 model
with ¢ = —2,i.e. w > 5.7 TeV, which is bigger than its
Landau pole, u ~ 4-5 TeV, hence this version is ruled out.
The collider bounds for 3-3-1 versions with g = 0, =1 are
appropriate to the FCNCs.

Acknowledgements This research is funded by Vietnam National
Foundation for Science and Technology Development (NAFOSTED)
under grant number 103.01-2019.353.

Data availability statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: This is a theoretical
research project and no data has been used.]

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

Funded by SCOAP3. SCOAP? supports the goals of the International
Year of Basic Sciences for Sustainable Development.

References

1. CDF Collaboration, High-precision measurement of the W boson
mass with the CDF II detector. Science 376, 170 (2022). https://
doi.org/10.1126/science.abk1781

2. Particle Data Group Collaboration, Review of particle physics.
PTEP 2020, 083CO01 (2020). https://doi.org/10.1093/ptep/
ptaalO4

3. ML.E. Peskin, T. Takeuchi, A new constraint on a strongly inter-
acting Higgs sector. Phys. Rev. Lett. 65, 964 (1990). https://doi.
org/10.1103/PhysRevLett.65.964

4. M.E. Peskin, T. Takeuchi, Estimation of oblique electroweak cor-
rections. Phys. Rev. D 46, 381 (1992). https://doi.org/10.1103/
PhysRevD.46.381

5. I. Maksymyk, C.P. Burgess, D. London, Beyond S, T and U.
Phys. Rev. D 50, 529 (1994). https://doi.org/10.1103/PhysRevD.
50.529. arXiv:hep-ph/9306267

6. C.-T. Lu, L. Wu, Y. Wu, B. Zhu, Electroweak precision fit
and new physics in light of W boson mass. Phys. Rev. D 106,
035034 (2022). https://doi.org/10.1103/PhysRevD.106.035034.
arXiv:2204.03796

7. X.K.Du, Z. Li, F. Wang, Y.K. Zhang, Explaining the muon g —2
anomaly and new CDF II W-boson mass in the framework of
(extra)ordinary gauge mediation. arXiv:2204.04286

8. J. de Blas, M. Pierini, L. Reina, L. Silvestrini, Impact
of the recent measurements of the top-quark and W-
boson masses on electroweak precision fits. Phys. Rev. Lett.
129, 271801 (2022). https://doi.org/10.1103/PhysRevLett.129.
271801. arXiv:2204.04204

9. P. Athron, A.Fowlie, C.-T.Lu, L. Wu, Y. Wu, B. Zhu, The W boson
mass and muon g — 2: hadronic uncertainties or new physics?
arXiv:2204.03996

10. A. Strumia, Interpreting electroweak precision data including the
W-mass CDF anomaly. JHEP 08, 248 (2022). https://doi.org/10.
1007/JHEP08(2022)248. arXiv:2204.04191

11. G. Cacciapaglia, F. Sannino, The W boson mass weighs in on the
non-standard Higgs. arXiv:2204.04514

12. X. Liu, S.-Y. Guo, B. Zhu, Y. Li, Correlating gravitational waves
with W boson, FIMP dark matter, and Majorana Seesaw mecha-
nism. Sci. Bull. 67, 1437-1442 (2022). https://doi.org/10.1016/].
s¢ib.2022.06.011. arXiv:2204.04834

13. E. Bagnaschi, J. Ellis, M. Madigan, K. Mimasu, V. Sanz, T. You,
SMEFT analysis of my . JHEP 08, 308 (2022). https://doi.org/10.
1007/JHEP08(2022)308. arXiv:2204.05260

14. P. Asadi, C. Cesarotti, K. Fraser, S. Homiller, A. Parikh,
Oblique lessons from the W mass measurement at CDF II.
arXiv:2204.05283

15. P. Athron, M. Bach, D.H.J. Jacob, W. Kotlarski, D. Stockinger,
A. Voigt, Precise calculation of the W boson pole mass beyond
the Standard Model with FlexibleSUSY. Phys. Rev. D 106,
095023 (2022). https://doi.org/10.1103/PhysRevD.106.095023.
arXiv:2204.05285

16. L. Di Luzio, R. Grober, P. Paradisi, Higgs physics confronts the
My anomaly. Phys. Lett. B 832, 137250 (2022). https://doi.org/
10.1016/j.physletb.2022.137250. arXiv:2204.05284

17. H. Song, W. Su, M. Zhang, Electroweak phase transition in
2HDM under Higgs, Z-pole, and W precision measurements.
JHEP 10, 048 (2022). https://doi.org/10.1007/JHEP10(2022)048.
arXiv:2204.05085

18. J. Gu, Z. Liu, T. Ma, J. Shu, Speculations on the W-mass mea-
surement at CDF. Chin. Phys. C 46, 123107 (2022). https://doi.
org/10.1088/1674-1137/ac8cd5. arXiv:2204.05296

19. K.S. Babu, S. Jana, PK. Vishnu, Correlating W-boson mass
shift with muon g — 2 in the 2HDM. Phys. Rev. Lett.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevLett.65.964
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.46.381
https://doi.org/10.1103/PhysRevD.50.529
https://doi.org/10.1103/PhysRevD.50.529
http://arxiv.org/abs/hep-ph/9306267
https://doi.org/10.1103/PhysRevD.106.035034
http://arxiv.org/abs/2204.03796
http://arxiv.org/abs/2204.04286
https://doi.org/10.1103/PhysRevLett.129.271801
https://doi.org/10.1103/PhysRevLett.129.271801
http://arxiv.org/abs/2204.04204
http://arxiv.org/abs/2204.03996
https://doi.org/10.1007/JHEP08(2022)248
https://doi.org/10.1007/JHEP08(2022)248
http://arxiv.org/abs/2204.04191
http://arxiv.org/abs/2204.04514
https://doi.org/10.1016/j.scib.2022.06.011
https://doi.org/10.1016/j.scib.2022.06.011
http://arxiv.org/abs/2204.04834
https://doi.org/10.1007/JHEP08(2022)308
https://doi.org/10.1007/JHEP08(2022)308
http://arxiv.org/abs/2204.05260
http://arxiv.org/abs/2204.05283
https://doi.org/10.1103/PhysRevD.106.095023
http://arxiv.org/abs/2204.05285
https://doi.org/10.1016/j.physletb.2022.137250
https://doi.org/10.1016/j.physletb.2022.137250
http://arxiv.org/abs/2204.05284
https://doi.org/10.1007/JHEP10(2022)048
http://arxiv.org/abs/2204.05085
https://doi.org/10.1088/1674-1137/ac8cd5
https://doi.org/10.1088/1674-1137/ac8cd5
http://arxiv.org/abs/2204.05296

56 Page 16 of 19

Eur. Phys. J. C (2023) 83:56

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

129, 121803 (2022). https://doi.org/10.1103/PhysRevLett.129.
121803. arXiv:2204.05303

A. Paul, M. Valli, Violation of custodial symmetry from W-boson
mass measurements. Phys. Rev. D 106, 013008 (2022). https://
doi.org/10.1103/PhysRevD.106.013008. arXiv:2204.05267

T. Biekotter, S. Heinemeyer, G. Weiglein, Excesses in the low-
mass Higgs-boson search and the W-boson mass measurement.
arXiv:2204.05975

R. Balkin, E. Madge, T. Menzo, G. Perez, Y. Soreq, J. Zupan, On
the implications of positive W mass shift. JHEP 05, 133 (2022).
https://doi.org/10.1007/JHEP05(2022)133. arXiv:2204.05992
K. Cheung, W.-Y. Keung, P-Y. Tseng, Iso-doublet vector lepto-
quark solution to the muon g — 2, Rk kx+, Rp p+, and W-mass
anomalies. Phys. Rev. D 106, 015029 (2022). https://doi.org/10.
1103/PhysRevD.106.015029. arXiv:2204.05942

X.K.Du, Z. Li, F. Wang, Y.K. Zhang, Explaining the new CDF II
W-boson mass data in the Georgi—-Machacek extension models.
arXiv:2204.05760

Y. Heo, D.-W. Jung, J.S. Lee, Impact of the CDF W-mass
anomaly on two Higgs doublet model. Phys. Lett. B 833,
137274 (2022). https://doi.org/10.1016/j.physletb.2022.137274.
arXiv:2204.05728

Y.H. Ahn, S.K. Kang, R. Ramos, Implications of new CDF-II
W boson mass on two Higgs doublet model. Phys. Rev. D 106,
055038 (2022). https://doi.org/10.1103/PhysRevD.106.055038.
arXiv:2204.06485

J. Kawamura, S. Okawa, Y. Omura, W boson mass and muon
g — 2 in a lepton portal dark matter model. Phys. Rev. D 106,
015005 (2022). https://doi.org/10.1103/PhysRevD.106.015005.
arXiv:2204.07022

S. Kanemura, K. Yagyu, Implication of the W boson mass
anomaly at CDF II in the Higgs triplet model with a mass dif-
ference. arXiv:2204.07511

K.I. Nagao, T. Nomura, H. Okada, A model explaining the new
CDF II W boson mass linking to muon g — 2 and dark matter.
arXiv:2204.07411

P. Mondal, Enhancement of the W boson mass in the Georgi—
Machacek model. Phys. Lett. B 833, 137357 (2022). https://doi.
org/10.1016/j.physletb.2022.137357. arXiv:2204.07844

L.M. Carpenter, T. Murphy, M.J. Smylie, Changing patterns in
electroweak precision with new color-charged states: oblique cor-
rections and the W boson mass. arXiv:2204.08546

K.-Y.Zhang, W.-Z. Feng, Explaining W boson mass anomaly and
dark matter with a U (1) dark sector. arXiv:2204.08067

O. Popov, R. Srivastava, The triplet Dirac seesaw in the view of
the recent CDF-II W mass anomaly. arXiv:2204.08568

G. Arcadi, A. Djouadi, The 2HD+a model for a combined
explanation of the possible excesses in the CDF My mea-
surement and (¢ — 2), with Dark Matter. Phys. Rev. D 106,
095008 (2022). https://doi.org/10.1103/PhysRevD.106.095008.
arXiv:2204.08406

T.A. Chowdhury, J. Heeck, S. Saad, A. Thapa, W boson mass
shift and muon magnetic moment in the Zee model. Phys. Rev.
D 106, 035004 (2022). https://doi.org/10.1103/PhysRevD.106.
035004. arXiv:2204.08390

D. Borah, S. Mahapatra, D. Nanda, N. Sahu, Type II Dirac seesaw
with observable AN,y in the light of W-mass anomaly. Phys.
Lett. B 833, 137297 (2022). https://doi.org/10.1016/j.physletb.
2022.137297. arXiv:2204.08266

Y.-P. Zeng, C. Cai, Y.-H. Su, H.-H. Zhang, Extra boson mix with
Z boson explaining the mass of W boson. arXiv:2204.09487

K. Ghorbani, P. Ghorbani, W-boson mass anomaly from scale
invariant 2HDM. Nucl. Phys. B 984, 115980 (2022). https://doi.
org/10.1016/j.nuclphysb.2022.115980. arXiv:2204.09001

S. Baek, Implications of CDF W-mass and (§—2),,onU (1), L,
model. arXiv:2204.09585

@ Springer

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

J. Cao, L. Meng, L. Shang, S. Wang, B. Yang, Interpreting the W
mass anomaly in the vectorlike quark models. arXiv:2204.09477
D. Borah, S. Mahapatra, N. Sahu, Singlet-doublet fermion origin
of dark matter, neutrino mass and W-mass anomaly. Phys. Lett.
B 831, 137196 (2022). https://doi.org/10.1016/j.physletb.2022.
137196. arXiv:2204.09671

E. da Silva Almeida, A. Alves, O.J.P. Eboli, M.C. Gonzalez-
Garcia, Impact of CDF-II measurement of My on the electroweak
legacy of the LHC Run II. arXiv:2204.10130

Y. Cheng, X.-G. He, F. Huang, J. Sun, Z.-P. Xing, Dark pho-
ton kinetic mixing effects for CDF W mass excess. Phys. Rev.
D 106, 055011 (2022). https://doi.org/10.1103/PhysRevD.106.
055011. arXiv:2204.10156

A. Addazi, A. Marciano, A.P. Morais, R. Pasechnik, H. Yang, CDF
II W-mass anomaly faces first-order electroweak phase transition.
arXiv:2204.10315

J. Heeck, W-boson mass in the triplet seesaw model. Phys. Rev.
D 106, 015004 (2022). https://doi.org/10.1103/PhysRevD.106.
015004. arXiv:2204.10274

C. Cai, D. Qiu, Y.-L. Tang, Z.-H. Yu, H.-H. Zhang, Corrections
to electroweak precision observables from mixings of an exotic
vector boson in light of the CDF W -mass anomaly. Phys. Rev.
D 106, 095003 (2022). https://doi.org/10.1103/PhysRevD.106.
095003. arXiv:2204.11570

A. Batra, K.A. ShivaSankar, S. Mandal, H. Prajapati, R. Srivas-
tava, CDF-1I W boson mass anomaly in the canonical scotogenic
neutrino-dark matter model. arXiv:2204.11945

R. Benbrik, M. Boukidi, B. Manaut, W-mass and 96 GeV excess
in type-III 2HDM. arXiv:2204.11755

R.S. Gupta, Running away from the T-parameter solution to the
W mass anomaly, arXiv:2204.13690

S. Lee, K. Cheung, J. Kim, C.-T. Lu, J. Song, Status of the
two-Higgs-doublet model in light of the CDF my measurement.
arXiv:2204.10338

J.-W. Wang, X.-J. Bi, P-F. Yin, Z.-H. Yu, Electroweak dark
matter model accounting for the CDF W-mass anomaly.
arXiv:2205.00783

P. Van Dong, Physics implication from a Z3 symmetry of hadrons.
arXiv:2205.04253

M.C. Rodriguez, The W-boson mass anomaly and supersymmet-
ric SUQB)e ® SUB)r ® U(1)y model. arXiv:2205.09109

F. Pisano, V. Pleitez, An SU(3) x U(1) model for electroweak
interactions. Phys. Rev. D 46,410 (1992). https://doi.org/10.1103/
PhysRevD.46.410. arXiv:hep-ph/9206242

P.H. Frampton, Chiral dilepton model and the flavor ques-
tion. Phys. Rev. Lett. 69, 2889 (1992). https://doi.org/10.1103/
PhysRevLett.69.2889

R. Foot, O.F. Hernandez, F. Pisano, V. Pleitez, Lepton
masses in an SU3)-L x U(1)-N gauge model. Rev. D 47,
4158 (1993). https://doi.org/10.1103/PhysRevD.47.4158Phys.
arXiv:hep-ph/9207264

J.W.E. Valle, M. Singer, Lepton number violation with quasi
Dirac neutrinos. Rev. D 28, 540 (1983). https://doi.org/10.1103/
PhysRevD.28.540Phys

J.C. Montero, F. Pisano, V. Pleitez, Neutral currents and GIM
mechanism in SU(3)-L x U(1)-N models for electroweak inter-
actions. Phys. Rev. D 47, 2918 (1993). https://doi.org/10.1103/
PhysRevD.47.2918. arXiv:hep-ph/9212271

R. Foot, H.N. Long, T.A. Tran, SU(3), @ U(1)y and SU(4)1 ®
U(1)y gauge models with right-handed neutrinos. Phys. Rev.
D 50, R34 (1994). https://doi.org/10.1103/PhysRevD.50.R34.
arXiv:hep-ph/9402243

F. Pisano, A simple solution for the flavor question. Mod.
Phys. Lett. A 11, 2639 (1996). https://doi.org/10.1142/
S0217732396002630. arXiv:hep-ph/9609358


https://doi.org/10.1103/PhysRevLett.129.121803
https://doi.org/10.1103/PhysRevLett.129.121803
http://arxiv.org/abs/2204.05303
https://doi.org/10.1103/PhysRevD.106.013008
https://doi.org/10.1103/PhysRevD.106.013008
http://arxiv.org/abs/2204.05267
http://arxiv.org/abs/2204.05975
https://doi.org/10.1007/JHEP05(2022)133
http://arxiv.org/abs/2204.05992
https://doi.org/10.1103/PhysRevD.106.015029
https://doi.org/10.1103/PhysRevD.106.015029
http://arxiv.org/abs/2204.05942
http://arxiv.org/abs/2204.05760
https://doi.org/10.1016/j.physletb.2022.137274
http://arxiv.org/abs/2204.05728
https://doi.org/10.1103/PhysRevD.106.055038
http://arxiv.org/abs/2204.06485
https://doi.org/10.1103/PhysRevD.106.015005
http://arxiv.org/abs/2204.07022
http://arxiv.org/abs/2204.07511
http://arxiv.org/abs/2204.07411
https://doi.org/10.1016/j.physletb.2022.137357
https://doi.org/10.1016/j.physletb.2022.137357
http://arxiv.org/abs/2204.07844
http://arxiv.org/abs/2204.08546
http://arxiv.org/abs/2204.08067
http://arxiv.org/abs/2204.08568
https://doi.org/10.1103/PhysRevD.106.095008
http://arxiv.org/abs/2204.08406
https://doi.org/10.1103/PhysRevD.106.035004
https://doi.org/10.1103/PhysRevD.106.035004
http://arxiv.org/abs/2204.08390
https://doi.org/10.1016/j.physletb.2022.137297
https://doi.org/10.1016/j.physletb.2022.137297
http://arxiv.org/abs/2204.08266
http://arxiv.org/abs/2204.09487
https://doi.org/10.1016/j.nuclphysb.2022.115980
https://doi.org/10.1016/j.nuclphysb.2022.115980
http://arxiv.org/abs/2204.09001
http://arxiv.org/abs/2204.09585
http://arxiv.org/abs/2204.09477
https://doi.org/10.1016/j.physletb.2022.137196
https://doi.org/10.1016/j.physletb.2022.137196
http://arxiv.org/abs/2204.09671
http://arxiv.org/abs/2204.10130
https://doi.org/10.1103/PhysRevD.106.055011
https://doi.org/10.1103/PhysRevD.106.055011
http://arxiv.org/abs/2204.10156
http://arxiv.org/abs/2204.10315
https://doi.org/10.1103/PhysRevD.106.015004
https://doi.org/10.1103/PhysRevD.106.015004
http://arxiv.org/abs/2204.10274
https://doi.org/10.1103/PhysRevD.106.095003
https://doi.org/10.1103/PhysRevD.106.095003
http://arxiv.org/abs/2204.11570
http://arxiv.org/abs/2204.11945
http://arxiv.org/abs/2204.11755
http://arxiv.org/abs/2204.13690
http://arxiv.org/abs/2204.10338
http://arxiv.org/abs/2205.00783
http://arxiv.org/abs/2205.04253
http://arxiv.org/abs/2205.09109
https://doi.org/10.1103/PhysRevD.46.410
https://doi.org/10.1103/PhysRevD.46.410
http://arxiv.org/abs/hep-ph/9206242
https://doi.org/10.1103/PhysRevLett.69.2889
https://doi.org/10.1103/PhysRevLett.69.2889
https://doi.org/10.1103/PhysRevD.47.4158Phys
http://arxiv.org/abs/hep-ph/9207264
https://doi.org/10.1103/PhysRevD.28.540Phys
https://doi.org/10.1103/PhysRevD.28.540Phys
https://doi.org/10.1103/PhysRevD.47.2918
https://doi.org/10.1103/PhysRevD.47.2918
http://arxiv.org/abs/hep-ph/9212271
https://doi.org/10.1103/PhysRevD.50.R34
http://arxiv.org/abs/hep-ph/9402243
https://doi.org/10.1142/S0217732396002630
https://doi.org/10.1142/S0217732396002630
http://arxiv.org/abs/hep-ph/9609358

Eur. Phys. J. C (2023) 83:56

Page 17 0f 19 56

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

A. Doff, F. Pisano, Charge quantization in the largest lepto-
quark bilepton chiral electroweak scheme. Mod. Phys. Lett. A
14, 1133 (1999). https://doi.org/10.1142/S0217732399001218.
arXiv:hep-ph/9812303

C.A. de Sousa Pires, O.P. Ravinez, Charge quantization in a chiral
bilepton gauge model. Phys. Rev. D 58, 035008 (1998). https://
doi.org/10.1103/PhysRevD.58.035008. arXiv:hep-ph/9803409
C.A. de Sousa Pires, Remark on the vector-like nature of the
electromagnetism and the electric charge quantization. Phys.
Rev. D 60, 075013 (1999). https://doi.org/10.1103/PhysRevD.60.
075013. arXiv:hep-ph/9902406

P.V. Dong, H.N. Long, Electric charge quantization in SU(3)(C)
x SUB)L) x U()X) models. Int. J. Mod. Phys. A
21, 6677 (2006). https://doi.org/10.1142/S0217751X06035191.
arXiv:hep-ph/0507155

D. Ng, The electroweak theory of SU(3) x U(1). Phys. Rev.
D 49, 4805 (1994). https://doi.org/10.1103/PhysRevD.49.4805.
arXiv:hep-ph/9212284

D. Gomez Dumm, F. Pisano, V. Pleitez, Flavor changing neu-
tral currents in SU(3) x U(l) models. Mod. Phys. Lett. A
9, 1609 (1994). https://doi.org/10.1142/S0217732394001441.
arXiv:hep-ph/9307265

H.N. Long, V.T. Van, Quark family discrimination and fla-
vor changing neutral currents in the SU(3)(C) x SUQ3)(L)
x U(l) model with right-handed neutrinos. J. Phys. G
25, 2319 (1999). https://doi.org/10.1088/0954-3899/25/12/302.
arXiv:hep-ph/9909302

PB. Pal, The strong CP question in SU(3)(C) x SUQB)(L) x
U(1)(N) models. Phys. Rev. D 52, 1659 (1995). https://doi.org/
10.1103/PhysRevD.52.1659. arXiv:hep-ph/9411406

A.G. Dias, C.A. de S. Pires, P.S. Rodrigues da Silva, Discrete
symmetries, invisible axion and lepton number symmetry in an
economic 3 3 1 model. Phys. Rev. D 68, 115009 (2003). https://
doi.org/10.1103/PhysRevD.68.115009. arXiv:hep-ph/0309058
A.G. Dias, V. Pleitez, Stabilizing the invisible axion in 3-3-1
models. Phys. Rev. D 69, 077702 (2004). https://doi.org/10.1103/
PhysRevD.69.077702. arXiv:hep-ph/0308037

P.V. Dong, H.N. Long, H.T. Hung, Question of Peccei—-Quinn
symmetry and quark masses in the economical 3-3-1 model. Phys.
Rev. D 86, 033002 (2012). https://doi.org/10.1103/PhysRevD.86.
033002. arXiv:1205.5648

M.B. Tully, G.C. Joshi, Generating neutrino mass in the 331
model. Phys. Rev. D 64, 011301 (2001). https://doi.org/10.1103/
PhysRevD.64.011301. arXiv:hep-ph/0011172

A.G. Dias, C.A. de S. Pires, P.S. Rodrigues da Silva, Naturally
light right-handed neutrinos in a 3-3-1 model. Phys. Lett. B
628, 85 (2005). https://doi.org/10.1016/j.physletb.2005.09.028.
arXiv:hep-ph/0508186

D. Chang, H.N. Long, Interesting radiative patterns of neutrino
mass in an SU(3)(C) x SUB)(L) x U(1)(X) model with right-
handed neutrinos. Phys. Rev. D 73, 053006 (2006). https://doi.
org/10.1103/PhysRevD.73.053006. arXiv:hep-ph/0603098
P.V.Dong, H.N. Long, D.V. Soa, Neutrino masses in the econom-
ical 3-3-1 model. Phys. Rev. D 75, 073006 (2007). https://doi.org/
10.1103/PhysRevD.75.073006. arXiv:hep-ph/0610381

P.V. Dong, H.N. Long, Neutrino masses and lepton flavor vio-
lation in the 3-3-1 model with right-handed neutrinos. Phys.
Rev. D 77,057302 (2008). https://doi.org/10.1103/PhysRevD.77.
057302. arXiv:0801.4196

P.V. Dong, L.T. Hue, H.N. Long, D.V. Soa, The 3-3-1 model with
A4 flavor symmetry. Phys. Rev. D 81, 053004 (2010). https://doi.
org/10.1103/PhysRevD.81.053004. arXiv:1001.4625

P.V.Dong, H.N. Long, D.V. Soa, V.V. Vien, The 3-3-1 model with
S4 flavor symmetry. Eur. Phys. J. C 71, 1544 (2011). https://doi.
org/10.1140/epjc/s10052-011-1544-2. arXiv:1009.2328

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

P.V. Dong, H.N. Long, C.H. Nam, V.V. Vien, The S5 flavor sym-
metry in 3-3-1 models. Phys. Rev. D 85, 053001 (2012). https://
doi.org/10.1103/PhysRevD.85.053001. arXiv:1111.6360

S.M. Boucenna, S. Morisi, J.W.E. Valle, Radiative neutrino mass
in 3-3-1 scheme. Phys. Rev. D 90, 013005 (2014). https://doi.org/
10.1103/PhysRevD.90.013005. arXiv:1405.2332

S.M. Boucenna, R.M. Fonseca, F. Gonzalez-Canales, J. W.F. Valle,
Small neutrino masses and gauge coupling unification. Phys.
Rev. D91, 031702 (2015). https://doi.org/10.1103/PhysRevD.91.
031702. arXiv:1411.0566

S.M. Boucenna, JJW.E. Valle, A. Vicente, Predicting charged
lepton flavor violation from 3-3-1 gauge symmetry. Phys.
Rev. D 92,053001 (2015). https://doi.org/10.1103/PhysRevD.92.
053001. arXiv:1502.07546

H. Okada, N. Okada, Y. Orikasa, Radiative seesaw mechanism in
a minimal 3-3-1 model. Phys. Rev. D 93, 073006 (2016). https://
doi.org/10.1103/PhysRevD.93.073006. arXiv:1504.01204

C.A. d. S. Pires, Neutrino mass mechanisms in 3-3-1 models: a
short review. Phys. Int. 6, 33 (2015). https://doi.org/10.3844/pisp.
2015.33.41. arXiv:1412.1002

A.G. Dias, C.A. de S. Pires, P.S. Rodrigues da Silva, The left-right
SUB)L)xSUB)(R)xU(1)(X) model with light, keV and heavy
neutrinos. Phys. Rev. D 82, 035013 (2010). https://doi.org/10.
1103/PhysRevD.82.035013. arXiv:1003.3260

D.T. Huong, P.V. Dong, Left-right asymmetry and 750 GeV dipho-
ton excess. Phys. Rev. D 93, 095019 (2016). https://doi.org/10.
1103/PhysRevD.93.095019. arXiv:1603.05146

M. Reig, JW.E. Valle, C.A. Vaquera-Araujo, Unifying left-
right symmetry and 331 electroweak theories. Phys. Lett. B
766, 35 (2017). https://doi.org/10.1016/j.physletb.2016.12.049.
arXiv:1611.02066

F. Pisano, D. Gomez Dumm, F. Pisano, V. Pleitez, Flavor chang-
ing neutral currents in SU(3) x U(1) models. Mod. Phys. Lett.
A9, 1609 (1994). https://doi.org/10.1142/S0217732394001441.
arXiv:hep-ph/9307265

A.J. Buras, F. De Fazio, J. Girrbach, M. V. Carlucci, The anatomy
of quark flavour observables in 331 models in the flavour
precision era. JHEP 02, 023 (2013). https://doi.org/10.1007/
JHEP02(2013)023. arXiv:1211.1237

AlJ. Buras, F. De Fazio, J. Girrbach, 331 models facing new
b — s~ data. JHEP 02, 112 (2014). https://doi.org/10.1007/
JHEP02(2014)112. arXiv:1311.6729

R. Gauld, F. Goertz, U. Haisch, An explicit Z’-boson explanation
of the B — K*u*u~ anomaly. JHEP 01, 069 (2014). https:/
doi.org/10.1007/JHEP01(2014)069. arXiv:1310.1082

AJ. Buras, F. De Fazio, J. Girrbach-Noe, Z-Z’ mixing and
Z-mediated FCNCs in SU@3)¢c x SU3); x U(1)x models.
JHEP 08, 039 (2014). https://doi.org/10.1007/JHEP08(2014)039.
arXiv:1405.3850

A.J. Buras, F. De Fazio, ¢’ /¢ in 331 models. JHEP 03,010 (2016).
https://doi.org/10.1007/JHEP03(2016)010. arXiv:1512.02869

P. Van Dong, N.T.K. Ngan, T. Tham, L. Thien, N. Thuy, Phe-
nomenology of the simple 3-3-1 model with inert scalars. Phys.
Rev. D 99, 095031 (2019). https://doi.org/10.1103/PhysRevD.99.
095031. arXiv:1512.09073

D. Fregolente, M.D. Tonasse, Self-interacting dark matter from
an SUQB)L) x U(1)(N) electroweak model. Phys. Lett. B
555, 7 (2003). https://doi.org/10.1016/S0370-2693(03)00037-6.
arXiv:hep-ph/0209119

H.N. Long, N.Q. Lan, Self-interacting dark matter and Higgs
bosons in the SU(3)(C) x SU3)(L) x U(1)(N) model with right-
handed neutrinos. Europhys. Lett. 64, 571 (2003). https://doi.org/
10.1209/epl/i2003-00267-5. arXiv:hep-ph/0309038

S. Filippi, W.A. Ponce, L.A. Sanchez, Dark matter from the scalar
sector of 3-3-1 models without exotic electric charges. Europhys.

@ Springer


https://doi.org/10.1142/S0217732399001218
http://arxiv.org/abs/hep-ph/9812303
https://doi.org/10.1103/PhysRevD.58.035008
https://doi.org/10.1103/PhysRevD.58.035008
http://arxiv.org/abs/hep-ph/9803409
https://doi.org/10.1103/PhysRevD.60.075013
https://doi.org/10.1103/PhysRevD.60.075013
http://arxiv.org/abs/hep-ph/9902406
https://doi.org/10.1142/S0217751X06035191
http://arxiv.org/abs/hep-ph/0507155
https://doi.org/10.1103/PhysRevD.49.4805
http://arxiv.org/abs/hep-ph/9212284
https://doi.org/10.1142/S0217732394001441
http://arxiv.org/abs/hep-ph/9307265
https://doi.org/10.1088/0954-3899/25/12/302
http://arxiv.org/abs/hep-ph/9909302
https://doi.org/10.1103/PhysRevD.52.1659
https://doi.org/10.1103/PhysRevD.52.1659
http://arxiv.org/abs/hep-ph/9411406
https://doi.org/10.1103/PhysRevD.68.115009
https://doi.org/10.1103/PhysRevD.68.115009
http://arxiv.org/abs/hep-ph/0309058
https://doi.org/10.1103/PhysRevD.69.077702
https://doi.org/10.1103/PhysRevD.69.077702
http://arxiv.org/abs/hep-ph/0308037
https://doi.org/10.1103/PhysRevD.86.033002
https://doi.org/10.1103/PhysRevD.86.033002
http://arxiv.org/abs/1205.5648
https://doi.org/10.1103/PhysRevD.64.011301
https://doi.org/10.1103/PhysRevD.64.011301
http://arxiv.org/abs/hep-ph/0011172
https://doi.org/10.1016/j.physletb.2005.09.028
http://arxiv.org/abs/hep-ph/0508186
https://doi.org/10.1103/PhysRevD.73.053006
https://doi.org/10.1103/PhysRevD.73.053006
http://arxiv.org/abs/hep-ph/0603098
https://doi.org/10.1103/PhysRevD.75.073006
https://doi.org/10.1103/PhysRevD.75.073006
http://arxiv.org/abs/hep-ph/0610381
https://doi.org/10.1103/PhysRevD.77.057302
https://doi.org/10.1103/PhysRevD.77.057302
http://arxiv.org/abs/0801.4196
https://doi.org/10.1103/PhysRevD.81.053004
https://doi.org/10.1103/PhysRevD.81.053004
http://arxiv.org/abs/1001.4625
https://doi.org/10.1140/epjc/s10052-011-1544-2
https://doi.org/10.1140/epjc/s10052-011-1544-2
http://arxiv.org/abs/1009.2328
https://doi.org/10.1103/PhysRevD.85.053001
https://doi.org/10.1103/PhysRevD.85.053001
http://arxiv.org/abs/1111.6360
https://doi.org/10.1103/PhysRevD.90.013005
https://doi.org/10.1103/PhysRevD.90.013005
http://arxiv.org/abs/1405.2332
https://doi.org/10.1103/PhysRevD.91.031702
https://doi.org/10.1103/PhysRevD.91.031702
http://arxiv.org/abs/1411.0566
https://doi.org/10.1103/PhysRevD.92.053001
https://doi.org/10.1103/PhysRevD.92.053001
http://arxiv.org/abs/1502.07546
https://doi.org/10.1103/PhysRevD.93.073006
https://doi.org/10.1103/PhysRevD.93.073006
http://arxiv.org/abs/1504.01204
https://doi.org/10.3844/pisp.2015.33.41
https://doi.org/10.3844/pisp.2015.33.41
http://arxiv.org/abs/1412.1002
https://doi.org/10.1103/PhysRevD.82.035013
https://doi.org/10.1103/PhysRevD.82.035013
http://arxiv.org/abs/1003.3260
https://doi.org/10.1103/PhysRevD.93.095019
https://doi.org/10.1103/PhysRevD.93.095019
http://arxiv.org/abs/1603.05146
https://doi.org/10.1016/j.physletb.2016.12.049
http://arxiv.org/abs/1611.02066
https://doi.org/10.1142/S0217732394001441
http://arxiv.org/abs/hep-ph/9307265
https://doi.org/10.1007/JHEP02(2013)023
https://doi.org/10.1007/JHEP02(2013)023
http://arxiv.org/abs/1211.1237
https://doi.org/10.1007/JHEP02(2014)112
https://doi.org/10.1007/JHEP02(2014)112
http://arxiv.org/abs/1311.6729
https://doi.org/10.1007/JHEP01(2014)069
https://doi.org/10.1007/JHEP01(2014)069
http://arxiv.org/abs/1310.1082
https://doi.org/10.1007/JHEP08(2014)039
http://arxiv.org/abs/1405.3850
https://doi.org/10.1007/JHEP03(2016)010
http://arxiv.org/abs/1512.02869
https://doi.org/10.1103/PhysRevD.99.095031
https://doi.org/10.1103/PhysRevD.99.095031
http://arxiv.org/abs/1512.09073
https://doi.org/10.1016/S0370-2693(03)00037-6
http://arxiv.org/abs/hep-ph/0209119
https://doi.org/10.1209/epl/i2003-00267-5
https://doi.org/10.1209/epl/i2003-00267-5
http://arxiv.org/abs/hep-ph/0309038

56 Page 18 of 19

Eur. Phys. J. C (2023) 83:56

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Lett. 73, 142 (2006). https://doi.org/10.1209/epl/i2005- 10349-x.
arXiv:hep-ph/0509173

C.A.deS. Pires, P.S. Rodrigues da Silva, Scalar bilepton dark mat-
ter. JCAP 0712, 012 (2007). https://doi.org/10.1088/1475-7516/
2007/12/012. arXiv:0710.2104

J.K. Mizukoshi, C.A. de S. Pires, E.S. Queiroz, P.S. Rodrigues da
Silva, WIMPs in a 3-3-1 model with heavy Sterile neutrinos. Phys.
Rev. D 83, 065024 (2011). https://doi.org/10.1103/PhysRevD.83.
065024. arXiv:1010.4097

J.D.Ruiz-Alvarez, C.A. de S. Pires, E.S. Queiroz, D. Restrepo, P.S.
Rodrigues da Silva, On the connection of gamma-rays, dark matter
and Higgs searches at LHC. Phys. Rev. D 86, 075011 (2012).
https://doi.org/10.1103/PhysRevD.86.075011. arXiv:1206.5779
S. Profumo, ES. Queiroz, Constraining the Z’ mass in 331
models using direct dark matter detection. Eur. Phys. J. C 74,
2960 (2014). https://doi.org/10.1140/epjc/s10052-014-2960-x.
arXiv:1307.7802

C. Kelso, C.A. de S. Pires, S. Profumo, ES. Queiroz, P.S.
Rodrigues da Silva, A 331 WIMPy dark radiation model.
Eur. Phys. J. C 74, 2797 (2014). https://doi.org/10.1140/epjc/
$10052-014-2797-3. arXiv:1308.6630

P.S. Rodrigues da Silva, A brief review on WIMPs in 331 elec-
troweak gauge models. Phys. Int. 7, 15 (2016). https://doi.org/10.
3844/pisp.2016.15.27. arXiv:1412.8633

P.V. Dong, T.P. Nguyen, D.V. Soa, 3-3-1 model with inert scalar
triplet. Phys. Rev. D 88, 095014 (2013). https://doi.org/10.1103/
PhysRevD.88.095014. arXiv:1308.4097

P.V.Dong, N.T.K. Ngan, D.V. Soa, Simple 3-3-1 model and impli-
cation for dark matter. Phys. Rev. D 90, 075019 (2014). https://
doi.org/10.1103/PhysRevD.90.075019. arXiv:1407.3839

PV. Dong, C.S. Kim, D.V. Soa, N.T. Thuy, Investigation
of dark matter in minimal 3-3-1 models. Phys. Rev. D 91,
115019 (2015). https://doi.org/10.1103/PhysRevD.91.115019.
arXiv:1501.04385

P.V. Dong, H.T. Hung, T.D. Tham, 3-3-1-1 model for dark mat-
ter. Phys. Rev. D 87, 115003 (2013). https://doi.org/10.1103/
PhysRevD.87.115003. arXiv:1305.0369

P.V.Dong, D.T. Huong, E.S. Queiroz, N.T. Thuy, Phenomenology
of the 3-3-1-1 model. Phys. Rev. D 90, 075021 (2014). https://doi.
org/10.1103/PhysRevD.90.075021. arXiv:1405.2591

P.V. Dong, Unifying the electroweak and B-L interactions. Phys.
Rev. D 92, 055026 (2015). https://doi.org/10.1103/PhysRevD.92.
055026. arXiv:1505.06469

D.T. Huong, P.V. Dong, Neutrino masses and superheavy dark
matter in the 3-3-1-1 model. Eur. Phys. J. C 77,204 (2017). https://
doi.org/10.1140/epjc/s10052-017-4763-3. arXiv:1605.01216

A. Alves, G. Arcadi, PV. Dong, L. Duarte, F.S. Queiroz,
J.WEF. Valle, Matter-parity as a residual gauge symmetry:
probing a theory of cosmological dark matter. Phys. Lett. B
772, 825 (2017). https://doi.org/10.1016/j.physletb.2017.07.056.
arXiv:1612.04383

C.P. Ferreira, M.M. Guzzo, P.C. de Holanda, Cosmologi-
cal bounds of sterile neutrinos in a SUQ3)c ® SUQB), ®
SU3)g ® U (1)y model as dark matter candidates. Braz. J. Phys.
46, 453 (2016). https://doi.org/10.1007/s13538-016-0427-2.
arXiv:1509.02977

P.V. Dong, D.T. Huong, ES. Queiroz, JJW.E. Valle, C.A.
Vaquera-Araujo, The dark side of flipped trinification. JHEP
04, 143 (2018). https://doi.org/10.1007/JTHEP04(2018)143.
arXiv:1710.06951

D.T. Huong, P.V. Dong, C.S. Kim, N.T. Thuy, Inflation
and leptogenesis in the 3-3-1-1 model. Phys. Rev. D 91,
055023 (2015). https://doi.org/10.1103/PhysRevD.91.055023.
arXiv:1501.00543

P. Van Dong, D.T. Huong, D.A. Camargo, ES. Queiroz,
J.W.E. Valle, Asymmetric dark matter, inflation and leptoge-

@ Springer

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

nesis from B — L symmetry breaking. Phys. Rev. D 99,
055040 (2019). https://doi.org/10.1103/PhysRevD.99.055040.
arXiv:1805.08251

P.V. Dong, D.Q. Phong, D.V. Soa, N.C. Thao, The economical
3-3-1 model revisited. Eur. Phys. J. C 78, 653 (2018). https://doi.
org/10.1140/epjc/s10052-018-6110-8. arXiv:1706.06152

V. Pleitez, M.D. Tonasse, Heavy charged leptons in an SU(3)-L x
U(1)-N model. Phys. Rev. D 48, 2353 (1993). https://doi.org/10.
1103/PhysRevD.48.2353. arXiv:hep-ph/9301232

J.G. Ferreira, Jr, PR.D. Pinheiro, C.A. d. S. Pires, P.S.R. da Silva,
The minimal 3-3-1 model with only two Higgs triplets. Phys.
Rev. D 84,095019 (2011). https://doi.org/10.1103/PhysRevD.84.
095019. arXiv:1109.0031

W.A. Ponce, Y. Giraldo, L.A. Sanchez, Minimal scalar sec-
tor of 3-3-1 models without exotic electric charges. Phys.
Rev. D 67,075001 (2003). https://doi.org/10.1103/PhysRevD.67.
075001. arXiv:hep-ph/0210026

P.V. Dong, HN. Long, D.T. Nhung, D.V. Soa, SU(3)(C) x
SUB)L) x U()(X) model with two Higgs triplets. Phys.
Rev. D 73, 035004 (2006). https://doi.org/10.1103/PhysRevD.73.
035004. arXiv:hep-ph/0601046

M. Singer, J.W.E. Valle, J. Schechter, Canonical neutral current
predictions from the weak electromagnetic gauge group SU(3)
X u(1). Phys. Rev. D 22, 738 (1980). https://doi.org/10.1103/
PhysRevD.22.738

V. Pleitez, New fermions and a vector-like third generation
in SUB3) (C) x SU@B) (L) x U(l) (N) models. Phys. Rev.
D 53, 514 (1996). https://doi.org/10.1103/PhysRevD.53.514.
arXiv:hep-ph/9412304

M. Ozer, SU(3)-L x U(1)-x model of the electroweak interactions
without exotic quarks. Phys. Rev. D 54, 1143 (1996). https://doi.
org/10.1103/PhysRevD.54.1143

R.M. Fonseca, M. Hirsch, A flipped 331 model. JHEP
08, 003 (2016). https://doi.org/10.1007/JHEP08(2016)003.
arXiv:1606.01109

D.T. Huong, D.N. Dinh, L.D. Thien, P. Van Dong, Dark matter and
flavor changing in the flipped 3-3-1 model. JHEP 08, 051 (2019).
https://doi.org/10.1007/JHEP08(2019)051. arXiv:1906.05240
P.V. Dong, H.N. Long, U(1)(Q) invariance and SU(3)(C) x
SUB)L) x U(1)(X) models with beta arbitrary. Eur. Phys. J.
C 42, 325 (2005). https://doi.org/10.1140/epjc/s2005-02314-x.
arXiv:hep-ph/0506022

D. Van Loi, P. Van Dong, D. Van Soa, Neutrino mass and dark mat-
ter from an approximate B—L symmetry. JHEP 05, 090 (2020).
https://doi.org/10.1007/JHEP05(2020)090. arXiv:1911.04902
B. Holdom, Oblique electroweak corrections and an extra gauge
boson. Phys. Lett. B 259, 329 (1991). https://doi.org/10.1016/
0370-2693(91)90836-F

H.N. Long, T. Inami, S, T, U parameters in SUQ3)(C) x
SUB)L) x U(l) model with right-handed neutrinos. Phys.
Rev. D 61, 075002 (2000). https://doi.org/10.1103/PhysRevD.61.
075002. arXiv:hep-ph/9902475

K. Sasaki, Effects of dilepton gauge bosons on electroweak param-
eters S, T and U. Phys. Lett. B 308, 297 (1993). https://doi.org/
10.1016/0370-2693(93)91288-X

PH. Frampton, M. Harada, Constraints from precision elec-
troweak data on leptoquarks and bileptons. Phys. Rev. D 58,
095013 (1998). https://doi.org/10.1103/PhysRevD.58.095013.
arXiv:hep-ph/9711448

P. Van Dong, N.T.K. Ngan, T.D. Tham, L.D. Thien, N.T.
Thuy, Phenomenology of the simple 3-3-1 model with inert
scalars. Phys. Rev. D 99, 095031 (2019). https://doi.org/10.1103/
PhysRevD.99.095031. arXiv:1512.09073

N.A. Ky, N.T.H. Van, Scalar sextet in the 331 model with right-
handed neutrinos. Phys. Rev. D 72, 115017 (2005). https://doi.
org/10.1103/PhysRevD.72.115017. arXiv:hep-ph/0512096


https://doi.org/10.1209/epl/i2005-10349-x
http://arxiv.org/abs/hep-ph/0509173
https://doi.org/10.1088/1475-7516/2007/12/012
https://doi.org/10.1088/1475-7516/2007/12/012
http://arxiv.org/abs/0710.2104
https://doi.org/10.1103/PhysRevD.83.065024
https://doi.org/10.1103/PhysRevD.83.065024
http://arxiv.org/abs/1010.4097
https://doi.org/10.1103/PhysRevD.86.075011
http://arxiv.org/abs/1206.5779
https://doi.org/10.1140/epjc/s10052-014-2960-x
http://arxiv.org/abs/1307.7802
https://doi.org/10.1140/epjc/s10052-014-2797-3
https://doi.org/10.1140/epjc/s10052-014-2797-3
http://arxiv.org/abs/1308.6630
https://doi.org/10.3844/pisp.2016.15.27
https://doi.org/10.3844/pisp.2016.15.27
http://arxiv.org/abs/1412.8633
https://doi.org/10.1103/PhysRevD.88.095014
https://doi.org/10.1103/PhysRevD.88.095014
http://arxiv.org/abs/1308.4097
https://doi.org/10.1103/PhysRevD.90.075019
https://doi.org/10.1103/PhysRevD.90.075019
http://arxiv.org/abs/1407.3839
https://doi.org/10.1103/PhysRevD.91.115019
http://arxiv.org/abs/1501.04385
https://doi.org/10.1103/PhysRevD.87.115003
https://doi.org/10.1103/PhysRevD.87.115003
http://arxiv.org/abs/1305.0369
https://doi.org/10.1103/PhysRevD.90.075021
https://doi.org/10.1103/PhysRevD.90.075021
http://arxiv.org/abs/1405.2591
https://doi.org/10.1103/PhysRevD.92.055026
https://doi.org/10.1103/PhysRevD.92.055026
http://arxiv.org/abs/1505.06469
https://doi.org/10.1140/epjc/s10052-017-4763-3
https://doi.org/10.1140/epjc/s10052-017-4763-3
http://arxiv.org/abs/1605.01216
https://doi.org/10.1016/j.physletb.2017.07.056
http://arxiv.org/abs/1612.04383
https://doi.org/10.1007/s13538-016-0427-2
http://arxiv.org/abs/1509.02977
https://doi.org/10.1007/JHEP04(2018)143
http://arxiv.org/abs/1710.06951
https://doi.org/10.1103/PhysRevD.91.055023
http://arxiv.org/abs/1501.00543
https://doi.org/10.1103/PhysRevD.99.055040
http://arxiv.org/abs/1805.08251
https://doi.org/10.1140/epjc/s10052-018-6110-8
https://doi.org/10.1140/epjc/s10052-018-6110-8
http://arxiv.org/abs/1706.06152
https://doi.org/10.1103/PhysRevD.48.2353
https://doi.org/10.1103/PhysRevD.48.2353
http://arxiv.org/abs/hep-ph/9301232
https://doi.org/10.1103/PhysRevD.84.095019
https://doi.org/10.1103/PhysRevD.84.095019
http://arxiv.org/abs/1109.0031
https://doi.org/10.1103/PhysRevD.67.075001
https://doi.org/10.1103/PhysRevD.67.075001
http://arxiv.org/abs/hep-ph/0210026
https://doi.org/10.1103/PhysRevD.73.035004
https://doi.org/10.1103/PhysRevD.73.035004
http://arxiv.org/abs/hep-ph/0601046
https://doi.org/10.1103/PhysRevD.22.738
https://doi.org/10.1103/PhysRevD.22.738
https://doi.org/10.1103/PhysRevD.53.514
http://arxiv.org/abs/hep-ph/9412304
https://doi.org/10.1103/PhysRevD.54.1143
https://doi.org/10.1103/PhysRevD.54.1143
https://doi.org/10.1007/JHEP08(2016)003
http://arxiv.org/abs/1606.01109
https://doi.org/10.1007/JHEP08(2019)051
http://arxiv.org/abs/1906.05240
https://doi.org/10.1140/epjc/s2005-02314-x
http://arxiv.org/abs/hep-ph/0506022
https://doi.org/10.1007/JHEP05(2020)090
http://arxiv.org/abs/1911.04902
https://doi.org/10.1016/0370-2693(91)90836-F
https://doi.org/10.1016/0370-2693(91)90836-F
https://doi.org/10.1103/PhysRevD.61.075002
https://doi.org/10.1103/PhysRevD.61.075002
http://arxiv.org/abs/hep-ph/9902475
https://doi.org/10.1016/0370-2693(93)91288-X
https://doi.org/10.1016/0370-2693(93)91288-X
https://doi.org/10.1103/PhysRevD.58.095013
http://arxiv.org/abs/hep-ph/9711448
https://doi.org/10.1103/PhysRevD.99.095031
https://doi.org/10.1103/PhysRevD.99.095031
http://arxiv.org/abs/1512.09073
https://doi.org/10.1103/PhysRevD.72.115017
https://doi.org/10.1103/PhysRevD.72.115017
http://arxiv.org/abs/hep-ph/0512096

Eur. Phys. J. C (2023) 83:56

Page 190f 19 56

134.

135.

136.

Y. Cheng, X.-G. He, Z.-L. Huang, M.-W. Li, Type-II seesaw triplet
scalar effects on neutrino trident scattering. Phys. Lett. B 831,
137218 (2022). https://doi.org/10.1016/j.physletb.2022.137218.
arXiv:2204.05031

A.G. Dias, R. Martinez, V. Pleitez, Concerning the Landau pole
in 3-3-1 models. Eur. Phys. J. C 39, 101 (2005). https://doi.org/
10.1140/epjc/s2004-02083-0. arXiv:hep-ph/0407141

A.G. Dias, Evading the few TeV perturbative limit in 3-3-1 mod-
els. Phys. Rev. D 71, 015009 (2005). https://doi.org/10.1103/
PhysRevD.71.015009. arXiv:hep-ph/0412163

137.

138.

ALEPH, DELPHI, L3, OPAL, LEP Electroweak Working
Group Collaboration, A combination of preliminary elec-
troweak measurements and constraints on the standard model.
arXiv:hep-ex/0612034

ATLAS Collaboration, Search for new high-mass phenomena
in the dilepton final state using 36 fb~! of proton—proton
collision data at /s = 13 TeV with the ATLAS detector.
JHEP 10, 182 (2017). https://doi.org/10.1007/JHEP10(2017)182.
arXiv:1707.02424

@ Springer


https://doi.org/10.1016/j.physletb.2022.137218
http://arxiv.org/abs/2204.05031
https://doi.org/10.1140/epjc/s2004-02083-0
https://doi.org/10.1140/epjc/s2004-02083-0
http://arxiv.org/abs/hep-ph/0407141
https://doi.org/10.1103/PhysRevD.71.015009
https://doi.org/10.1103/PhysRevD.71.015009
http://arxiv.org/abs/hep-ph/0412163
http://arxiv.org/abs/hep-ex/0612034
https://doi.org/10.1007/JHEP10(2017)182
http://arxiv.org/abs/1707.02424

	Novel effects of the W-boson mass shift in the 3-3-1 model
	Abstract 
	1 Introduction
	2 Description of the model
	2.1 Particle content
	2.2 Gauge spectrum for qneq0,-1 or B-L conservation
	2.3 Gauge spectrum for q= 0,-1 and B-L violation

	3 Sources of the W-mass shift
	3.1 Z-Z' mixing in the model with qneq0,-1 or B-L conservation
	3.2 W-Y and Z-Z'-X mixings in the model with q=0 and B-L violation
	3.3 Oblique contributions of the non-degenerate vector doublet
	3.4 Oblique contributions of a non-degenerate scalar doublet

	4 Tree-level contribution of a sextet
	5 Existing bounds
	5.1 Running coupling and Landau pole
	5.2 FCNCs
	5.3 Collider searches
	5.4 Summary of the existing bounds with updates for model building and W mass

	6 Conclusion
	Acknowledgements
	References




