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Kinetic mixing effect in the 3-3-1-1 model
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We show that the mixing effect of the neutral gauge bosons in the 3-3-1-1 model comes from two
sources. The first one is due to the 3-3-1-1 gauge symmetry breaking as usual, whereas the second one
results from the kinetic mixing between the gauge bosons of U(1)y and U(1), groups, which are used to
determine the electric charge and baryon minus lepton numbers, respectively. Such mixings modify the
p-parameter and the known couplings of Z with fermions. The constraints that arise from flavor-changing
neutral currents due to the gauge boson mixings and nonuniversal fermion generations are also given.
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I. INTRODUCTION

The standard model is incomplete since it leaves crucial
questions of the nature unsolved, namely the neutrino
masses, dark matter, matter-antimatter asymmetry, cosmic
inflation, and so on [1]. Many such difficulties of the
standard model can be solved by the recently proposed
SUB)c®SUB), @ U(1)y ® U(1)y (3-3-1-1) gauge
model, where SU(3). is the ordinary color group,
SU(3), is an extension of the weak-isospin symmetry
(SU(2),), and the last two factors correspondingly define
the electric charge (Q) and baryon-minus-lepton charge
(B — L), respectively [2,3]. This is the most simple frame-
work that unifies the electroweak and B — L interactions in
a nontrivial way, analogously to the electroweak theory.
The new model also provides insights in the electric charge
quantization (which is due to the B — L dynamics in
general [3], while only the minimal 3-3-1-1 versions have
additional quantization condition that results from specific
fermion contents like the 3-3-1 models [4]) and flavor
questions (where the dangerous FCNCs due to the
unwanted vacuums and interactions are suppressed by
W-parity conservation [2], whereas the contribution of
U(1)y gauge boson including the kinetic mixing effect
discussed below could relax those 3-3-1 model’s bounds
for the B physics anomalies [5]).

The 3-3-1-1 model contains four neutral gauge bosons,
the photon, Z, and new Z’, Z". Their mixing effects due to
the 3-3-1-1 gauge symmetry breaking have been studied
[2,3]. However, since this theory includes two U(1) factor
groups, the kinetic mixing [6] between the corresponding
gauge bosons is unavoidable, which might cause significant
effects and modify the well-measured parameters/
observables. It has not been examined yet. In this work,
we interpret this mixing and investigate its corrections to
the known parameters and constraints. The correlation
between the two kinds of mixings is also evaluated.

fpvdong@iop.vast.ac.vn
"dtsi@grad.iop.vast.ac.vn

2470-0010/2016,/93(11)/115003(11)

115003-1

II. THE 3-3-1-1 MODEL AND KINETIC MIXING

Assume that all the left-handed fermion doublets of
SU(2), are enlarged to the fundamental representations of
SU(3), (.e., triplets or antitriplets), while all the
right-handed fermion singlets of SU(2), by themselves
transform as singlets of SU(3),. The SU(3), anomaly
cancellation requires the number of fermion triplets is equal
that of fermion antitriplets. Thus, the fermion content of the
3-3-1-1 model under consideration is given by [3]
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where a = 1, 2, 3 and @ = 1, 2 are generation indices, the
quantum numbers in the parentheses are defined upon the
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3-3-1-1 symmetries, respectively, and the new fields k,; g,
JaL.r» and v, have been included to complete the repre-
sentations and cancel the other anomalies. For special
cases, k,p are excluded while k,; are replaced by either
(eqr)¢ or (v,p)¢, called minimal 3-3-1-1 versions, respec-
tively. But, this does not work for quarks since the
symmetries, SU(3)., SU(3),, and space-time, commute.
Hence, j, are necessarily introduced. Note also that the
following discussions generally apply for all cases. The Q
and B — L charges of the new fermions are

O(vg) =0, Q(k) =g,

) =5+4.  QU)=-3-4 ()
B-Lw)=-1.  [B-LE)=n
B-LiG) =53 +n  B-Lli)=-3-n ()

We see that (¢, n) are those charges defined for &, fields,
which satisty —2.08011 < ¢ < 1.08011 in order to have a
correct, effective Weinberg angle as explicitly shown
below, and n # (2m — 1)/3 for any integer m to have a
nontrivial, residual, discrete symmetry of the gauge sym-
metry, which stabilizes the dark matter candidates.

To break the 3-3-1-1 symmetry and generate appropriate
masses for the particles, the scalar content contains [3]

3
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where the superscripts define (Q, B — L) values respec-
tively, while the subscripts indicate SU(3), component
fields. The corresponding vacuum expectation values
(VEV5s) are obtained as

PHYSICAL REVIEW D 93, 115003 (2016)

u 0
1 1
(n) = \ﬁ 8 s (p) = % )
1 0 1
() =/ S} . (¢) :EA- (10)

The VEVs w, u, v break the 3-3-1-1 symmetry to

UB)e®U(l)y ® U(1)p_, while the VEV A breaks
B — L to a discrete symmetry, U(1),z_, — P. The residual
operators can be identified as

Q - T3 +ﬁT8 + Xv
B—L=pTg+N,
P = (_1)3(/}’T3+N)+2s7 (11)

where # = —(1 +2¢)/V/3, p/ = =2(1 +n)/+/3, and s is
spin. Note that f is bounded by —1.82455 < f < 1.82455
due to the ¢ constraint, and p’ ;é dm = for any m integer. The

weak hypercharge is ¥ = fTg + X Furthermore, because
w, A give the masses for the new particles, whereas u, v are
for the ordinary particles, to be consistent with the standard
model, we assume u, v < w, A.

Up to the gauge fixing and ghost terms, the total
Lagrangian takes the form,

L= ZF: Fiy"D,F + ES:(DﬂS)T(DMS)

+ [/Yukawa - V(’?a PsXs ¢)
v 1 v 1 ”
4 GWG” 1 A,WA” 1 —B,, B"
n 4 1/
- ZCMDC EBIWC (12)

where F and S run over all fermion multiplets and scalar
multiplets respectively, and ¢ is a dimensionless parameter.
Lywawa and V(n,p,x,¢) are Yukawa Lagrangian and
scalar potential respectively, which their explicit forms
are easily obtained. The covariant derivative and field
strength tensors are given by

D,=0,+ig,t;G;, +igTA;,+igxXB,+igyNC,, (13)

z;w =0 Gw - a w Yfl]kGJ}lel/’ (14)
Ai/w = aMAiv - al/Ai[l - gfijkAjﬂAkL/’ (15)

BW/ = (9”BD - 81,3”7 C;u/ = aycl/ - 6DC;U (16)

where {g.9.9x.9v}, {#;.T;.X. N}, and {G;,A;,B,C}
stand for coupling constants, generators, and gauge bosons
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of the 3-3-1-1 groups, respectively. Notably, the & term,
called kinetic mixing, was omitted in the previous studies,
in spite of the fact that it is gauge invariant and also cannot
be transformed away by rescaling the gauge fields. Even if
its tree-level value vanishes, it can be radiatively induced.
The existence of the ¢ term is a new observation of this
work. We should impose [§| <1 in order to have a
definitely positive kinetic energy.

Because of the kinetic mixing term, the two U(1) gauge
bosons B, and C, are generally not orthogonal and
normalized. Let us rewrite the kinetic terms of B, and

CM as

1 o
- .. 2 __B CH
;C 4 ﬂl/ 4C 2 /“/C
1
:"'_Z(B””+5C””)2__( -&8)Ch,.  (17)

which takes the canonical form by a nonunitary trans-
formation (B,,C,) — (B,.C,) as
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Substituting, C = \/TC/ and B=B' — \/1‘5_7 , into the
covariant derivative, it becomes
Dﬂ = 3ﬂ + igs‘tiGiﬂ + igTiAiﬂ + ngXB;,
i

which is given in terms of the physical (orthogonal and
normalized) fields (B, C},).

The 3-3-1-1 gauge symmetry breaking also leads to
mixings among Az, Ag, B’, and C’. Their mass Lagrangian
arises from Y ¢(D,(S))"(D#(S)), which yields

A3

Ag
B/
C/

1
Lot =S (A | 0| (20)

where the mass matrix M? is symmetric and its elements

B=B+5C,  C=VI-8C. (18 32— (w2} are given by
|
2 _ 90, 2 2 g 2 2 gtx
m3, :Z(u + %), mi, = 4\f(u - v?), miy = 4\/_[(f+ﬂ)u +(f LR
P
mi, = 4\[\/1—_35{[ (V34 B)tx = fiy|u® + [6(V3 = B)ty + Bty]v?},
m3, = 1g_2 (u? + v + 4w?), mi, = g 2 [(\/_—f—ﬁ)u — (V3= p)v? +4pw?],
s = 12@“ (‘@ + B)ty — Biy]u* — [5<\/§ — B)tx + Piy|v* +4(8P1y — flty)w?},
ity = L[4 i+ (V3= o2 + a0,

2 th

m
T 12\/1 —

miy = — {6t (V3+ ) —

12(1 ) ﬁ/tN]ZMZ

where we have defined ty = gx/g and ty = gy/g.

It is easily obtained that M? has a zero eigenvalue (the
photon mass) with corresponding eigenstate (the photon
field), given by

A = swA;z + ey (PryAs + /1 = 1y B),

where sy = e/g = tx/+\/1 + (1 + ?)t% is the sine of the
Weinberg angle, which can explicitly be identified from
electromagnetic interaction vertices [7]. The last relation
further implies s2, < 1/(1+ #*) or |B| < coty, which

(21)

+ [6tx (V3 = B) + Bty

{(f +B6(V3 + B)tx — Btylu* + (V3 = B)[8(V3 = B)tx + B'ty]v? + 4B(6Btx — B'tx)w?},

+ 4(8pty — B'ty)*w? +48(1 — 82) 13, A%},

yields the mentioned ¢ bounds, since f=—(1+2q)/ V3
and 5%, = 0.231, effectively given at the weak scales (u, v)
[3]. Note that the field in the parenthesis of (21) is properly
coupled to the weak hypercharge Y = 75 + X. Therefore,
we can define the standard model Z and new Z' as follows

Z = cyAs — sy (BtywAg + /1 = fP3,B),  (22)
= /1= p*t3,Ag — ptyB', (23)
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which are given orthogonally to A, as usual. At this stage, C’ is always orthogonal to A, Z, Z'.
Let us change to the new basis (A3,Ag,B',C') — (A,Z,Z',C'),

Az A Sw Cwy 0 0

Ag Z ﬁSW _ﬁsWtW \/ 1 —ﬁzt%/v 0

B | v 7z v = / 272 "% ) (24)
Cw 1 —ﬁ tW —Sw 1 —ﬂ tW _ﬂtW 0

o o 0 0 0 1

The mass matrix M? becomes then

2 2 2
mz mz mZC,

0 O
M”? =UM*U, = (0 M’2>’ M?l=|mi, my mi.|. (25)
§ 2 2 2

mZC[ mZ/C/ mC’

We see that the photon field is physical and decoupled, while Z, Z’, C' mix via the 3 x 3 mass submatrix M’> with the
elements given by

2 21(1 23,2 _ (1 — 2y,2
m% = 9_2(u2 +o?), n, = G+ V3pty)u® = (1 = V3p15)0] ’
4ey 4/Bey/1 - p13,

' Stw (V3 + B) ] [5ZW(\/§_ﬂ) ] }

2 - 2 / 2

mZC’4\5cW\/1—5Z{[ V1-p1, Piv |+ V1 =51, oy
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2 _ gz { 2 |:5tW(\/§+ﬂ)_ / :| 2
e T A=) - pay) (15 V3pti) Vi

3 —
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, 7 5tw(\/§+ﬁ)_ ’ ]2 ) |:5ZW(\/§_,H) / :|2 2
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opt 17
I |

Because of the condition u, v < w, A, we have m%,m%z,,méc, < m%,,méc/,mzc,. The mass matrix M’> can be

diagonalized by using the seesaw formula [8] to separate the light state Z from the heavy states Z’, C’, which is given by

A A

p p 0 O 0

o A B R T K 26)
o o 0 0 MP?

1 0 0 .
2 mzl mZ,CI

U,=10 1 €&, &= (mzymyo)| 5 . (27)
0 =&T 1 mze me
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2 2 2
m a m d m ol
m} = m} —5( fl > M2 = ( e ) (28)

mye My Mg

Further, we approximate &; = 6’? + Ef due to u, v < w, A again, where i = 1, 2, and

V1 =p
&) = Vo vy (VBI04 VAR = (1= V3RR)AL + 26 0 + 1)), 29)
L O W Vi V) U o)
2 16cytyA2 I 1-¢2 16y, A2 ’
o 5 w1 =P, (u? +0?) N 5 P, (u* + v?) . (31)
V=& 16y 13, A 1+VI=F =5 16cytyA?

The parameters £9 determine the mixings of Z with Z’, C' due to the gauge symmetry breaking, which are like those in the
ordinary 3-3-1-1 model without the kinetic mixing [2,3]. Whereas, the parameters £ characterize those mixings coming
from the kinetic mixing term. Because & is finite, the magnitudes of the two &Y and &9 contributions are equivalent.
However, all of them, 8? and 5}5, are negligibly small due to u, v < w, A.

Finally, it is easily to diagonalize the mass matrix M"? to yield two remaining physical gauge bosons, called Z, and Z5,
such that

A A 1 0 0 O
Z, Z 01 0

=U , U, = , M = U'M"™U, = diag(0, m% ,m%2 ,m%). (32
Z 3 Z 3 00 c s 3 3 g( z,»Mz, 23) (32)
C, Z3 0 O —Sé Cé

The Z' — C’ mixing angle and Z,, Z3 masses are given by

o 2V = & (8ptw — f'\/ 1 — Byt )W?
(1= 8)(1 = PRYNE, + (5Bt — Bin /1 — BB)? — (1= &) w?

(33)

1
my, 5. = 3 [m%, +m?% F \/(mé —mZ%)?* + 4mb, ). (34)

I
eigenstates, (A3AgBC)! = U(AZ,Z,Z5)", by the nonuni-
tary matrix U = UsU’, where

It is clear that the kinetic mixing term also contributes to the
Z’ and C' mixing angle with a magnitude equivalent to that
due to the gauge symmetry breaking. Unlike the previous

case, these mixings are radically large, supposed that 1 0 0 0
A ~w. However, the mixing effects on the new neutral 01 0 0
gauge bosons will cancel when & = 0, or U. — 36
=10 0 1 -2 (36)
1-5
't 1
s_P N (35) 000
Ptx

The fields A, Z; can be identified like those of the standard

where note that ty = ty,/+/1 — f*13,. model, whereas Z, and Z5 are the new, heavy neutral gauge

At this stage, let us summarize that the canonical gauge
states are related to the mass eigenstates, (A3AgB'C')T =
U'(AZ,Z,Z5)", by the unitary matrix U’ = U,U,Uj, while
the original gauge states are connected to the mass

bosons, originating from Z’ of the 3-3-1 model [9,10] and C
of U(1), symmetry. The mixings of the standard model
gauge bosons with the new gauge particles are small due to
|€15] < 1 or u, v < w, A, while the mixings within the
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new gauge bosons Z’ and C may be large since £ is finite,
provided that w ~ A.

IIL. p AND £, , PARAMETERS

The p-parameter (or Ap = p — 1 used below) that is due
to the contribution of the new physics comes from two
distinct sources, denoted as Ap = (Ap) e + (Ap)™9,
|

2 2

m m
Ay = MW 7
( p)tree C%Vm%l m% - g(méz’méc’)T

(1 +V3pe3 ) — (1 = V3pr5, o)

PHYSICAL REVIEW D 93, 115003 (2016)

where the first term results from the tree-level mixing of
Z with Z' and C’, while the second term originates from the
dominant, radiative correction of a heavy non-Hermitian
gauge doublet (X~ = A—4\_/%A5 Sy lmamlon — A—ﬁ\;g“),
similarly to the 3-3-1 model case [11]. The two kinds of
these contributions are suppressed by (u?,v?)/(w?, A?),
which can become comparable, and are given by

—1=E&mZ,mi.)"/m%

PPty (w? + v°) Sty

4(u* 4 v*)w? 16(1 — 5%)A2 16vV/3(1 = &)ewty
" { \/5(1 n ﬂlﬂ’_tv;tth%V) 2 A+2 2 <ﬁ_ P ﬂzlﬂjv;;%v) uzA_jZ}’ -
(Ap)md = % <m2y +m - % Z—?y) + 4ﬂ°;%V (%mz—;i ~2-\3p8, 1n:1’—;i>, (38)
where  m2, = %(uz +02), m}= %(uz +w?), md= IAlthough these two models possess the distinct new

94—2(1;2 +w?), V2Gp = 1/(u® +1?), and a = ¢*s3,/(4x).
Note that the mass of W boson implies u® + 1> =
v2, = (246 GeV)?.

We first remark that if A > w, Ap depends only on f and
w, not on A, ty, #/, and 8, which is analogous to that of the
corresponding 3-3-1 model. If A ~w, all the mentioned
parameters contribute to Ap. In this case, without loss of
generality, we will take A = 2w and f, = 0.5 into account.
To set other inputs, we are primarily interested in the
3-3-1-1 models that provide dark matter candidates, so
g=0org=—1,ie f=—1/v3 or f=1//3, respectively
[3]. Also, the candidates are stabilized if P is nontrivial, as
mentioned, so let n = 0, thus ' = -2/ V/3, for simplicity.
Furthermore, we would also be concerned with the 3-3-1-1
models that have a low Landau pole [12], such that ¢ = 1

or g=-2, thus = —/3 or p= V3, respectively.

B=—1p B=1/

3,A»w

physics regimes, we will only investigate the one with
g = 1, 50 f = —/3. From the global fit, the p-parameter is
bounded by 0.00016 < Ap < 0.00064 [1]. Since
u? + v> = (246 GeV)?, u will vary from 0 to 246 GeV,
while v is followed.

In Fig. 1, we contour Ap as a function of two variables
(u, w) for the case A > w. It is clear from the figure that the
bounds are independent of the new physics associated with
U(1)y and the kinetic mixing term, which coincide with
those of the 3-3-1 models. The cases of A ~ w are given in
Figs.2,3,and 4 forf = —1/+/3, = 1//3,and f = —\/3,
respectively. We see that the bounds on the new physics
scales w, A increase when & increase. Therefore, the kinetic
mixing effect is important when the new physics is
considered. It is noteworthy that in all cases of f =

—/3 (also valid for the models of a seminal large |f])

3,A»w

w[TeV]
w[TeV)

w[TeV]

u[GeV]

u[GeV] u[GeV]

FIG. 1. The (u,w) regime that is bounded by the p parameter for f# = —1/ V3, A>w (left panel), p =1/ V3, A>w (middle panel),
and f = —/3, A > w (right panel). For the last case, the Landau pole, e.g. w = 5 TeV, should be imposed.
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B3, B =203 1y =05 A=2w,5=09 B=IN3 . B =231y =05, A=2w,5=-0.1

20

w[TeV]
w[TeV]
w[TeV]

150 200 246
u[GeV] u[GeV] u[GeV]

p=-IN3, F=-203, 15 =05, A=2w,5=01 pemtn3 . 5 =-203 .1y =05, A=2w,5=09

20

w[TeV]
w[TeV)
w[TeV]

0 50 100 150 200 246 0 50 100 150 200 246

u[GeV] u[GeV] u[GeV]

FIG.2. The (u,w) regime that is bounded by the p parameter for § = —1/v/3, f/ = =2/+/3, ty = 0.5, and A = 2w, where the panels,
ordering from left to right in raws and then from the top raw down to the bottom raw, correspond to 6 = —0.9, 0.5, —0.1, 0.1, 0.5, and
0.9, respectively.

the weak scales u, v are very constrained since the new
physics regime is limited below a low Landau pole (see also
[12]). Furthermore, the new physics scales w, A from the
mentioned figures are also subjected to other constraints,
e.g. see the one in the next section, by which they would be
larger than some TeV. These two extra bounds if applied

p=IN3, =

B-IN3, p=-2N3 .0y =05 A= 2w, 6= -09

3,0y =05,A=2w,6=-05

will be neglected, which should be understood, for the
following discussion to keep a simplicity.

Further, the constraints from the p-parameter on the
3-3-1-1 breaking scales w, A also depend significantly on u
and can even approach zero for certain values of u, when
is small and negative. Correspondingly, since Ap is

B=IN3. p=-2n3.1y =05, A=2w.6=-01

w[TeV]
w[TeV]

w[TeV]

u[GeV]

u[GeV] u[GeV]

B=IN3, F=-23 .0y =05 A=2w,6=05

w[TeV]
w[TeV]

w[TeV]

u[GeV]

0 50 100

150 200 246 0 50 100 150 200 246

u[GeV] u[GeV]

FIG.3. The (u, w) regime that is bounded by the p parameter for f = 1/ V3,8 =-2/V/3,ty = 0.5, and A = 2w, in which the panels,
reading from left to right in raws and from the top raw down to the bottom raw, are for § = —0.9,-0.5,-0.1, 0.1, 0.5, and 0.9,

respectively.
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po3. B =23 1y =05, A= 2w, 5 =011

20
15 15
Ap = 0.00016
z 10 § 10
< N |4 = 000()64
Ap = 0.00064
s s

——__| A = 0.00016

w [TeV]
‘ S
B
"
HE
/|E

u [GeV]

/1=—\/§,/J‘=—2/ 3,08 =05A=2w,6=01

200 246 0 50 100

uGeV] u[GeVl

B3, B =203 .1y =05, A =2w,6=05

20 20

Ap = 0.00016 4p = 0.00016 AN Ap = 0.00016
15 15 15 N\
= s = o N\
=10 ST £ 10 h
= | & = 0.00064 = Ap = 0.00064 = \
E z z N
s 5 5 ~

g3 =23 1y =05, A= 2w, 5209

0 50 100 150 200 246 0 50 100

ulGev]

u(GeV)

150 o 50 100 150 200 246

u[GeV]

FIG. 4. The (u,w) regime that is bounded by the p parameter for f = —/3, f/ = =2/+/3, ty = 0.5, and A = 2w. Here, the panels,
arranging from left to right in raws and then from the top raw down to the bottom raw, are for 6 = —0.8, -0.3, -0.1, 0.1, 0.5, and 0.9,
respectively. In this case, the Landau pole, which is roundly w = 5 TeV, is imposed.

proportional to £&—the mixing of Z with Z' and C'—at the
tree-level, the new physics is always decoupled from the
standard model when w, A tend to the weak scales and then
to zero, where we see that the mixing effects and Z-
coupling corrections vanish. Apparently, this property is
always protected at loop levels since this regime of the
theory preserves a good custodial symmetry, SU(2), ., g, as
in the standard model. Therefore, we can close the 3-3-1-1
symmetry at the weak scales, which is similar to the 3-3-1
models studied in [13], as also seen from Fig. 1. The
conclusion is valid for any /3, f#/, and w — A relation. Only if
the kinetic mixing parameter is positive and large (6 — 1),
such closing effects are relaxed and even lost.
Generalizing the results in the second article of [2], we
obtain the standard model Higgs boson H = (uS; + vS,)/
Vu? +v°, given at the leading order, u,v < w, A, —pu,
where S; = v2Re(n;) — u, S, = V/2Re(p,) — v, and p is
the triple coupling of 7, p, y. The other scalars include nine
massless Goldstone bosons as eaten by nine massive gauge
bosons and ten new heavy Higgs bosons with masses in w,

\/|uw|, or A scale. The mass of H can fit 125 GeV
independent of v/u ratio. At the leading order, the H
couplings coincide with those of the standard model,

— 2
LD =FLFfH + = (WiW ™ + 55 2,20)(H + 51 H?),
where mf:_hf\/Lf for f:t, d, s, I’nf:—hf\}—;§ for

f=b, e, u, v, and my = hf% for f = u, c. The mod-

ifications to those couplings due to the mixing of H with
new scalars are easily evaded since they are suppressed by
(u, v)/(w, A, —p) [2]. We conclude that the standard model
Higgs couplings and Higgs and fermion masses can be

recovered at the leading order, without imposing any
constraint on the ratio of the weak scales v/u, which is
unlike the minimal supersymmetric standard model. The
constraint on »/u can only come from some of the
following sources: (i) the p-parameter; (ii) when pu is
low, by contrast; (iii) the perturbative limit of quark
couplings with new scalars relevant to the top coupling,
e.g. 7-L7tH, and —%%BLIRHQ +H.c., where H, is
orthogonal to H while H, is a combination of p;, #,;
and (iv) collider bounds on the new Yukawa, gauge, and
scalar couplings. The last three cases are merely assump-
tions, which will be not considered in this work.

The mixing of the standard model Z boson with the new
neutral gauge bosons will modify the well-measured
couplings of the Z with fermions. In the aforementioned
basses,wehave Z =7, + £, 2' + &,C, 7' = =&, Z, + Z,
and C'=-&,Z, +C'. Hence, the couplings of Z; to
fermions include the corrections that come from the
beginning Z’, C' couplings, which are proportional to &,
and &,, and obviously independent of the Z’ and C’ mixing
angle. The various ffZ, couplings have been examined
[1], and the new physics contributions are safe if the mixing
parameters are typically proportional to 1073, by which we
will take the bound |£;,| = 1073 into account.

We observe that the sensitivity of the mixing parameters
to the weak scales u, v is only one term in &, that is identical
to the corresponding 3-3-1 model, since u?+ v? =
(246 GeV)? is fixed. Also, if A>w, & = 0, while &,
becomes that of the corresponding 3-3-1 model, &Y.
Therefore, these two cases are not investigated in this
work, which should be well understood. Our concern is the
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FIG. 5. The bounds on the new physics scales as functions of 8, contoured by | ,| = 1073, for the three kinds of the models

p=—1/V3, p=1/V3, and = —/3, respectively.

change of the new physics scales in terms of the kinetic
mixing contribution, and for this case we can set u = v. The
previous inputs, A = 2w, ty, 3, # are also used. In Fig. 5,
the viable new physics region is given above both lines of
&1,. Notably, the case of = —+/3 is subjected to the
Landau pole limit, which implies that the new physics
regime is very narrow.

IV. FLAVOR-CHANGING NEUTRAL CURRENTS

The fermion generations are generally not repeated (or
universal) under the SU(3), ® U(1)y ® U(1)y sym-
metry, therefore there could be FCNCs. With the aid of
X=Q-T3—pTg and N=B—L - f'Tg, the neutral
currents take the form

Lnc = —gFy*[TAs, + TgAg, + 1x(Q — T5 — fTs)B,

+ty(B—L—p'Tg)C,JF, (39)
where F is summed on all the fermion multiplets.
It is clear that the leptons, including new particles vg
and k, and the exotic quarks do not flavor change,
because the corresponding flavors that potentially mix
such as (vip,vy,v31), (eirsexrsesr), (eir,ear,esr)s
(irvar.V3r)s (ki kap,ksp), (Kig.korskag), (Jizsjor)s
and (jig,jor) are identical under the gauge charges,
respectively. (Note that j; does not mix with j;, due to
the difference of electric charges). Additionally, the terms
of T3, Q, and B — L are also not flavor changing, because
all the repetitive flavor structures, including the mentioned
ones and (uy, Uy, us), (g, Uag, Usg)s (dip.dyr. dsp),
and (d\g,d>g,dsg), are identical under those charges,
respectively. Hence, the FCNCs are only associated with
the ordinary quarks and 7g, by which we come with
concerned interactions,

£NC 2 _gZ]LyHTSqu(ASy _.BZXBM _ﬁ/tNC/l)’ (40)
where ¢ denotes either up-type quarks g = (uy, u,, u3)
or down-type quarks ¢ = (dy,d,.d3), and Tg, =

ﬁdiag(—l, —1,1) is the corresponding Tg values.

Let us work in the mass eigenstates, g, g = V1 4r4] >
qd = (u,c,t) or ¢ =(d s,b), and (A3AgBC)! =
U(A, Zl , Zz, Z3)T, which ylelds
Lne D _q/Lyﬂ(V:;LTSqVqL)q/L(glzlu + 9225, + 93Z3,),

1 - *
= _ﬁQ;L}/ﬂqs‘L(VqL)3i(VqL)3j(glzl/4

+ 92y, + 93Z3,). (41)
which implies the FCNCs for i # j. We also see that the
photon always conserves flavors. The couplings of Z; ;3
are given by

1 1
g1 = g|:_ mé‘l + m(ﬂ/tN —5ﬁtx)52:|,

(42)
1 /
(43)
g3 = gz(sg = —Cg Ce Sz;)- (44)

The meson mixings are determined by the effective
Lagrangian after integrating out Z, ; 3,

1 . *
%féNC = g(q?Lyﬂq;L)z[(VqL)31‘(qu)3]‘]2

2
mz,

It is easily verified that the Z; contribution is negligible,
because (g7/m3 )/(g5/m3, 4+ g3/m3,) is proportional to
(u?,v%)/(w?, A?) that is suppressed at the leading order.
Therefore, only Z, and Z; govern the FCNCs, which

leads to

L

g

2
mZ3

B

2
mzz

+2 (45)
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eff

L =_(a +"qg V[(V* \% 2 g_% g_%
FCNC (@' d) (Vi )3i(Var)s)l >t

(USRI

The strongest bound comes from the B? — BY mixing,
which is given by [1]

1 (% 5
3 [( dL)32( dL)33] (méz + m%3> < (100 TeV)2 ( )

Supposing that the up-type quarks are flavor diagonal, we
have the Cabibbo-Kobayashi-Maskawa (CKM) factor
|(Vi)32(Var )33 = 3.9 x 1072 [1]. Hence, it follows

2 2
9 9 !
S+ S5 <= 48
mi i m%3 2.25 TeV (48)

which yields mz, >2.25x g, TeV and my, >2.25x g3 TeV,
which are in the TeV order, assumed that the g, 5 couplings
are proportional to unity.

Considering two conditions:

(1) Z; is more superheavy than Z,, i.e. A>w. We

_ gzw2
3(1-p13,)°
9/ T= P8, and gy = —g(f'ty — 8f1)/V1 = 5.
The above bound becomes w > 3.9 TeV, which is
given independent of S, #, g, gx, gy and 8. This is
also the common bound for every 3-3-1 model with
arbitrary f.
Z3 and Z, are comparable in mass, so we take
A = 2w. The other inputs as given previously, ty, /3,
and f#, are also used for this case. Since u, v < w, A,
the left-hand side of (48) depends only on the new
physics scales, not on the weak scales. Additionally,
the constraint (48) obeys the dependence of w, A
bounds in terms of the kinetic mixing parameter, J,
which is depicted in Fig. 6. The figure shows that the
new physics regime changes (although, slightly in a
large region of ¢ for the left and middle panels),

have m7, my, =4gy N2, £=0, g, =

(@)

when ¢ varies. Those bounds are obviously lower
than that given by the A > w case above.

V. CONCLUSION

Generally, if a theory contains two U(1) gauge groups,
the corresponding kinetic mixing term arises. Such term
for the 3-3-1-1 model has been investigated, which is
between the gauge bosons of U(1)y and U(1), where
these groups are used to define the electric charge Q and
baryon-minus-lepton charge B — L as well as the necessary
algebraic closure of these charges with SU(3),, respec-
tively. The kinetic mixing modifies the neutral gauge boson
spectrum of the original 3-3-1-1 model, which has been
diagonalized in detail. The physical photon and Z; boson
that belong to the standard model have been identified. The
new physical neutral gauge bosons Z,, Z5 that mainly relate
to those of the 3-3-1 model and U(1), have been achieved,
which all are heavy in w, A scales, where w is the 3-3-1
breaking scale, while A is the B — L breaking scale. The
mixing of Z boson with new Z’, C’ neutral gauge bosons are
small, as governed by a seesaw-like mechanism, in spite of
the fact that the kinetic mixing parameter 6 contributes and
is finite. By contrast, the mixing between the new neutral
gauge bosons Z', C' is generally large, supplied by both
sources, the 3-3-1-1 symmetry breaking and kinetic mixing
term. In particular, the Z' — C' mixing effect disappears
when such contributions are canceled out, implying an
interesting relation, 5 = (#'gn)/(Bgx), where gy and gy are
the gauge couplings of U(1), and U(1)y, while ' and
are used to determine the B — L and Q embedding in the
3-3-1-1 symmetry, respectively.

The new physics regime is changed when the kinetic
mixing contributes. The well-measured couplings of the
standard model Z boson are modified by the mixing
parameters &;,, which come from both the sources of
the mixings, and they are properly suppressed by the
mentioned seesaw like mechanism. The numerical inves-
tigation for the typical bounds, £, = 1073, with a par-
ticular choice of the input parameters yields a solution for
w= A/2 around 3 TeV, as given in the most range of
—1 < 6 < 1. The Z — Z' mixing (&,) is slightly varying in
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8, whereas the Z — C' mixing (&,) is strongly sensitive to §.
The new physics contribution to the p-parameter results
from the tree-level mixings of Z with Z’, C’ bosons (due to
both the sources, the 3-3-1-1 breaking and the kinetic
mixing) as well as from the dominant one-loop corrections
of the new non-Hermitian gauge bosons. Using the exper-
imental data on p-parameter, the viable (u, w) regions have
been given, which are more sensitive to d too. The new
physics scale, w, is typically in TeV scale, while the weak
scale, u, is correspondingly restricted. When |j| is large,
close to its bounds, the Landau pole might approach the
weak scales, and in this case the VEVs u, v are strongly
definite, since their viable regimes are very narrow. Note
that in this case, the new physics may be still decoupled
from the standard model due to a good custodial sym-
metry SU(2); g

We have calculated the flavor-changing neutral currents
due to the discrimination of the third generation quarks
from the first two as well as due to the mixing of the neutral
gauge bosons. These currents are dominantly governed by
the new Z, ; bosons, whereas the contribution of Z; boson
is negligible. The experimental constraint on the B? — BY

PHYSICAL REVIEW D 93, 115003 (2016)

mixing sets the strongest bound on the new physics scales
(w, A). If A > w, the 3-3-1 breaking scale is bounded by
w> 3.9 TeV. If A =2w, the 3-3-1 breaking scale w is
around 3-3.5 TeV. The new physics scales are obviously
changed when ¢ varies. When f is large so that the Landau
pole is presented, close to TeV scale, the new physics
regime due to both the constraints (the Landau pole and
BY — BY mixing) may be very narrowed, as already seen
for p = —\/37.

Finally, we emphasize that the kinetic mixing effect must
be taken into account when the new physics in the 3-3-1-1
model is examined. With the implication for dark matter,
neutrino masses, cosmological inflation, and leptogenesis
as well as the theoretical advantages over the known 3-3-1
models [2,3], the current 3-3-1-1 model warrants further
studies.
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