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1 Introduction

The standard model of fundamental particles and interactions has been very successful
in describing the observed phenomena, but it is incomplete. First of all, the experimental
evidences of neutrino oscillations caused by nonzero small neutrino masses and flavor mixing
require new physics beyond the standard model [1, 2]. Additionally, the cosmological
challenges of particle physics such as inflation, dark matter, and baryon asymmetry also
acquire the standard model extension [3]. Hence, it is worthwhile to look for a theory that
addresses all these puzzles.

The standard model actually contains a hidden/accident symmetry U(1)p_r. If one
includes, e.g., three right-handed neutrinos it behaves as a gauge symmetry free from all



the anomalies. The resulting theory based on SU(3)¢ ® SU(2) ® U(1)y ® U(1)p—_y, can
provide consistent neutrino masses via induced seesaw mechanism [4-12]. This theory also
generates suitable baryon asymmetry converted from the leptogenesis resulting from the
seesaw mechanism [13]. However, within this framework, it is not naturally to understand
dark matter. Indeed, a matter parity can be induced as residual gauge symmetry due to
the U(1)p_1, breaking. However, the theory does not contain any odd field responsible for
dark matter candidate. Let us note that the Majoron associated with B — L breaking is
actually eaten by the new neutral gauge boson, which should rapidly decay into quarks
and leptons. The B — L Higgs field and right-handed neutrinos are also unstable, since
they decay to ordinary particles.

In this work, we discuss a class of models based upon gauge symmetry, SU(3)¢c ®
SU(P)L®U(1)x ®U(1) N, called 3-P-1-1, for P = 3,4. Here, SU(2), is extended to SU(P)[,
which offers a natural solution for the question of generation number [14-19]. It is easily
verified that the electric charge ) and baryon-minus-lepton charge B — L neither commute
nor close algebraically with SU(P), [20-25]. Hence, the two Abelian factors U(1)x n are
resulted from algebraic closure condition, in which the new charges X and N are related
to @ and B — L via the Cartan generators of SU(P), respectively. Besides the answer of
generation number, the model manifestly accommodates dark matter which is unified with
normal matter to form SU(P), multiplets. This is a consequence of the noncommutative
B — L symmetry and matter partiy as a residual gauge symmetry. Such dark fields have
“wrong” B— L charge in comparison to the standard model definition, that is old under the
matter parity, providing dark matter candidates. They may be a fermion, scalar or gauge
boson. The abundance of dark matter observed today can either be thermally produced as
a WIMP or results from a standard leptogenesis similarly to the baryon asymmetry [26].
Therefore, in the second case both the dark and normal matter asymmetries are produced
due to the CP-violating decay of the lightest right-handed neutrino. In a scenario, the
U(1)n breaking field successfully inflates the early universe, and its decay reheats the
universe producing such right-handed neutrinos, as desirable [26].

The 3-3-1-1 model has been extensively investigated in the literature [20-26], but the
3-4-1-1 model has not considered yet. In this work, we construct the 3-4-1-1 model with gen-
eral fermion and scalar contents, obtain the matter parity, and interpret dark matter can-
didates. Since the theory contains two U(1) factors, the kinetic mixing between the corre-
sponding gauge bosons is not avoidable [27-32]. Therefore, we diagonalize the gauge boson
sector when including the kinetic mixing term. The effect of the kinetic mixing is present in
the p parameter and the coupling of Z with fermions, which can alter the electroweak pre-
cision test. It significantly modifies the neutral meson mixings and rare meson decays. The
last aim of this work is to probe the new physics of the model at the LHC. This work also
revisits the kinetic mixing effect in the 3-3-1-1 model, which was previously studied [33].

The rest of this work is organized as follows. In section 2, we introduce the model and
show dark matter. In section 3, we diagonalize the gauge sector. In section 4, we examine
the p parameter, mixing parameters, and the Z couplings. In section 5, we investigate the
FCNCs. The search for the new physics is presented in section 6. In section 7, the kinetic
mixing effect in a previous study is revisited. Finally, we conclude this work in section 8.



2 The model

In this section we propose the 3-4-1-1 model, while the 3-3-1-1 model [25, 33] was well
established and skipped.

2.1 Gauge symmetry

As stated, the gauge symmetry is given by
SUB)c®SUM4)r®U(1)x ® U(1)n. (2.1)
The electric and baryon-minus-lepton charges are embedded as

Q = T3+ pTs + 915 + X,
B—-L =0blg+cli5+ N,

where T; (1 = 1,2,3,...,15), X, and N are SU(4)z, U(1) x, and U(1)y charges, respectively.
Nontrivial commutation relations are obtained by

Q. T) +iTy] = +(T) +iTy), (2.4)
(Q, Ty £ iT5] = Fq(Ty £iT5), (25)

(Q, Ts +iT7] = F(1 + ¢q)(T6 £ iT7), (2.6)

[Q, Ty £ iT10] = Fp(To £ iT10), (2.7)

(Q, T £ iTh2] = F(1 +p)(Th1 £ iT12), (2.8)

(Q, T13 +iT14] = F(p — q)(T13 £ iT14), (2.9)
(B — L, Ty +iTs] = F(1 + n)(Ty + iTy), (2.10)
(B — L, Ts +iTy] = F(1 + n)(Ts + iTy), (2.11)
[B — L, Ty + iTio] = F(1 +m)(Ty =+ iTyo), (2.12)
(B — L, Tiy + iThs] = F(1 +m)(Th1 + iTha), (2.13)
(B — L, Tis + iTwa] = F(m — n)(Tiz £ iTia), (2.14)

where we define the basic electric charges as ¢ = —(1+v/33)/2 and p = —(1+ v6v—q)/3
and the basic baryon-minus-lepton charges as n = —(2 + v/3b)/2 and m = —(2 + v/6¢ —
n)/3. Hence, (¢,p) and (n,m) will determine the ) and B — L charges of new particles,
respectively.

2.2 Particle presentation

The fermions transform under the 3-4-1-1 gauge symmetry as

v
. e p+q—1 m+n—2
1/}aL = Ean ~ <1747 4 ) 4 > ) (215)
FP



QaL =

Q31 =

Var ~
EaR
UagR ™~
JaR

J3R ~

d

—u 3 4% p+q+1/3 m+n+2/3
J—q—l/S,—n—2/3 ~ T 4 T 4 ’
—p—1/3,—m—2/3
K—p-1/ / L
U
d p+q+5/3 m+n+10/3
Jq+2/3,n+4/3 ~ |34 4 ’ 4 ’
12/3,m+4/3
K Pt+2/3:m+4/ .
(1,1,0,-1), ear ~ (1,1,-1,-1),
(1 1 ,q,mn ), aRN (1717p7m)7
(3,1,2/3 1/3), dor ~ (3,1,-1/3,1/3),
(3,1,—q—1/3,—n—-2/3), Kur~(3,1,-p—1/3,—m —2/3),
(3,1,q+2/3 n+4/3), Ksp ~ (3,1,p+2/3,m+4/3),

(2.16)

where a = 1,2,3 and a = 1,2 denote generation indices. Additionally, vg, E, F,J, and K

are new fields, included to complete the representations. This fermion content is indepen-

dent of all the anomalies (cf. appendix A).

In order for gauge symmetry breaking and mass generation, we introduce the scalar

content,

[1]

¢ ~

7751’0 N 14p—i—q—1 m+mn+ 2
)y 4 Y 4 9y

po° p+q+3 m+n+2
g+1,n+1 ~ 1747 4 ) 4 )

3
pp+1,m+1

4

—q,—n—1

—q—1,—n—1 o o _ _
_ | x N 1’471) 3q 17m 3n —2 7
4 4

CR g Spta—1 “3mtn -2
9 ) 4 b 4 )

(17 17 O? 2)’

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

where the superscipts stand for (@), B— L) respectively, while the subscripts indicate SU(4),

components. The scalars obtain such quantum numbers, provided that they couple left-

handed fermions to corresponding right-handed counterparts, except that ¢ couples to

VvRrVR (see below).



2.3 Total Lagrangian

The total Lagrangian has the form,
L= Ekinetic + EYukawa - ‘/a (228)

where the first part combines kinetic terms and gauge interactions, given by

Liinetic = »_ Fiy" Dy F + > (D"S)1(D,.8)
F S

1 1 5
(BB = CuwC" — B, O (2.29)

1 1
_ZGT',LLI/GﬁV - ZAi,uuAéw - A

The covariant derivative is
D, =0, +i9sT,Gry + 19T Aiy +igx X By + ignNCy, (2.30)

and we denote the coupling constants (gs, g, gx,gn), generators (T, T;, X, N), and gauge
bosons (G, A;, B, C) corresponding to the 3-4-1-1 subgroups, respectively. Above, F' and
S run over the fermion and scalar multiplets, while the parameter § is dimensionless, called
kinetic mixing.!

The second and last parts are the Yukawa interactions and scalar potential, given
respectively by

Lyukawa = hoplarVor + hoyarpesr + hiar X Evr + hlyar EFor + b5 pvord
+hisQ3x T3 + hisQ3LEKsk + hlsQarX Jsr + hlsQarE* Kgr  (2.31)
+h,Q31nUar + hteQarp tar + M Qsrpdar + heqQarn dor + H.c.,

Vo= pintn+ u3p’p+ m3xTx + piETE + 12T + Ai(nfn)® + A2 (pfp)?
FA3(XX)? + M(ETE)? + As(079)” + Xs (') (p7p) + A(n'n) (xTx)
+As(n'm)(ETE) + Ao (') (670) + Aio(p!p) (xx) + M (p'p) (ETE)

+12(p"p) (976) + Ms(X ) (ETE) + Ma(xTX) (67¢) + M5 (ETE) (079)

+A16(n' ) (0'n) + Az (1) (xT1) + A1s(nTE) (ETn) + Mo (o' x) (X p)

+220(p E)ETD) + Aot (XT2) (BT ) + (M\pxE + H.c.), (2.32)

where the Yukawa (h’s) and scalar (\’s) couplings are dimensionless, while the u’s param-
eters have the mass dimension.

I This kinetic mixing term is always presented due to the gauge invariance and cannot be removed by
rescaling the corresponding fields. Even if its tree-level value vanishes, it can be radiatively induced [27-32].



2.4 Matter parity

Since @) is conserved, only the neutral components 71, p2, 3,24, and ¢ develop vacuum
expectation values (VEVs),

U 0
1 0 1 v
() = 7ol (p) = 5ol (2.33)
0 0
0 0
Lo o Lo L
0 \%4

The VEVs V,w, u, v break the 3-4-1-1 symmetry to SU(3)c ® U(1)g ® U(1) p—r, while
the VEV A breaks B — L to the matter parity, U(1)p_1, — P, where

P = (_1)3(B—L)+25 _ (_1)3(ng+CT15+N)+25 (2‘35)

is multiplied by the spin parity (—1)2* as conserved by the Lorentz symmetry, similar to
the 3-3-1-1 model [20-25].2

Because w, V, A provide the masses of new particles, whereas u, v do so for the ordinary
particles, we assume u,v < w, V, A, to keep a consistency with the standard model.

The matter parity P divides particles into two types:

1. Normal particles according to P =1 (even): v, e, u, d, m1.2, p12, X3, =4, ¢, 7, W,
212,34, which include the standard model particles.

2. Wrong particles according to P = Pf = (—=1)*6Gt) or P = P = (—1)*@m+1).
- 1 1 1 1
E, F, J, K, M4, P34, X125 Z12, WIZE‘L:F(”"F )7 Wipﬂz(m‘i‘ )’ W;;(‘H‘ ), F(n+ )7
Wi +1)’¢(m+1), where the W’s fields are non-Hermitian gauge bosons which cou-
24
ple to the mentioned weight-raising/lowering operators. The remainders y4, =3, and

Wi(qu)i(”*m) have P = P;F P, or conjugated.

Generally, the wrong fields transform nontrivially under the matter parity for n,m #
(2k—1)/3 and n —m # 2k/3 for every k integer. However, an alternative case is that both
P, ;m = —1 are odd, i.e. n,m = 2k/3. In this case all the wrong fields are odd, except that
X4, =3, and W3y are even which belong to the first type of normal particles.

2.5 Dark matter

It is easy to prove that the wrong particles are always coupled in pairs or self-interacted
due to the matter parity conservation, which is analogous to superparticles in supersym-
metry [25] (see also Dong and Huong in [34-39]). Hence, the lightest wrong particle (LWP)
is stabilized, responsible for dark matter.

2This kind of the matter parity is also recognized in the class of the left-right extensions [34-39].



Indeed, there is no single wrong-field in interactions since P is conserved. If an inter-
action possesses 1, of Pf-fields and s, of P -fields for z = n,m and y = n,m, where r,
and s, are integer, the P conservation leads to >, ro(3z +1) — >_ s,(3y +1) = 2k for k
integer. This happens for any z,y parameter only if z = y and r, = s, i.e. P} and P,
always appear in pairs. If an interaction contains ¢, of P, P, -fields of this kind, we have
ny tey(3z — 3y) = 2k, leading to tyy = tyy, i.e. PT P~ and its conjugate always appear in
pairs. Last, a P, P, -field self-interacts with two P, and P, fields.

In other words, the matter parity can be factorized into two single parities, P = P, P,
for P, = {1, P} and P,, = {1, P}, such that each of them is separately conserved. Here,
the normal particles have P, = Py, = 1, the singly wrong fields possess parities (P, 1) or
(1, PE), and those of doubly wrong fields are (P, P,.) or (P, Pt).

Since the candidate must be color and electrically neutral, we have several dark matter
models: (i) ¢ = 0 including EY, 19, x§, Ws; (ii) p = 0 including F°, 9, =0, W; (iii)
q = —1 consisting of p3, X3, W; (iv) p = —1 consisting of p}, X3, W2,. In each case, the
remaining basic electric charge is left arbitrary.

The specific dark matter models that combine above cases are

1. ¢ = p = —1: the candidate is a scalar combination of p34, X2, and Z2, or a gauge
boson combination of Ws3 and Way.

2. ¢ = —1,p = 0: the candidate is a fermion combination of F} 2 3, a scalar combination
of n4, p3, x2, and =1, or a gauge boson combination of Wiy and Was.

3. ¢ =0,p = —1: the candidate is a fermion combination of Ej 2 3, a scalar combination
of n3, p4, X1, and Zo, or a gauge boson combination of Wi3 and Way.

4. ¢ = p = 0: the candidate is a fermion combination of Ej23 and Fj 23, a scalar
combination of 134, x1, and =1, or a gauge boson combination of Wi3 and Wi4.

The last model is for p = ¢ # 0, —1. The candidate includes a scalar combination of
XY and 2§, or a vector W,.

The key-difference between the 3-4-1-1 model and the previous 3-3-1-1 [20-26] and 3-
3-1 [40-51] models is that the present proposal can contain multicomponent dark matter.
This is because the matter parity actually contains two single matter parities, characterized
by (n,m) parameters, which do not exit in the previous studies.

Take, for instance, the new leptons F, F' which are only coupled via W34, x4 and =s3
fields. A combination of these scalars is the Goldstone boson of W34, while the orthogonal
field is a new Higgs boson. If this new Higgs and W34 bosons are heavier than the net mass of
E, F, these lightest lepton fields act as two component dark matter. We expect that the Z’
resonance sets the F candidate relic, while the Z” resonance governs the F one. Here Z’, Z"
denote two lightest new neutral gauge bosons among the three Z» 3 4 as identified below.

2.6 Fermion mass

When the scalars develop VEVs, the fermions gain masses and we write Dirac masses as
—fmefR + H.c. and Majorana masses as —%ff Rm]Lc’RfLR + H.c.



The mass matrices of new fermions E,, F,, J,, and K, are given by

w |4
[mE]ab = —hﬂﬁy [mF]ab = _hanﬁa (2-36)
[m)ss = —hjs—= mlas = —hls—= (2.37)
J]33 — 33\/57 mj aff — aﬁﬁ? .
Vv \%4

which all have masses at w, V scale.
The mass matrices of charged-leptons and quarks e, u, and d, are obtained as

v
[melap = — Zbﬁ7 (2.39)
uw U uw U
[Myl3e = — 3aﬁv [Mulaa = h‘aaﬁ? (2.40)
da v d U
[masa = —h3a$» [Ma)aa = —haa\ﬁa (2.41)
which provide appropriate masses at u, v scale.

For the neutrinos, v4r, r, the Dirac and Majorana masses are [my]qp = —hgb% and
m% e = —ﬂthbA, respectively. Since u < A, the observed neutrinos (~ v,) achieve
masses via the type I seesaw mechanism,

mE ~ —m,(mE) " (m,)T ~ u?/A, (2.42)

which is small, as expected. The sterile neutrinos (~ v,r) obtain large masses, such as
R

m; .

3 Kinetic mixing

3.1 Canonical basis
Let us write down the kinetic terms of the two U(1) gauge fields as

1 1 5 1 1
—iBfw - ZCZV - 5BWCW = —Z(Bw, +0C,,)? — 1(1 — 52)%,

where B, = 0,B, — 0,B, and C,,, = 9,C, — 0,C,, are the corresponding field strength
tensors.

Ekinetic D (3 1)

Because of the kinetic mixing term (d), the two gauge bosons B,, and C), are generally
not orthonormalized. We change to the canonical basis by a nonunitary transformation
(Bu, Cu) — (By,,C},), where

B'=B+46C, C'=+/1-4C. (3.2)

We substitute B, C' in terms of B’,C’ into the covariant derivative. It becomes

D, DigxX B, +ignNC), = igx X B, + (gnN — gx X0)C,,, (3.3)

i
V1— 62

which is given in terms of the orthonormalized (canonical) fields (B;,, C},).



3.2 (Gauge boson mass

The 3-4-1-1 symmetry breaking leads to mixings among As, Ag, A5, B’, and C’. Their
mass Lagrangian arises from > (D, (S))T(D*(S)), such that
mass

£neutral :1 Ag Ag Ags B ' M2 Az Ag Aqs B C' T, (34)
2

where the mass matrix M? = {mfj} is symmetric, possessing the elements,
2 2

g* g g
mi, = Z(U2+U2)v m§2:4—\/§(u2—v2), m%:m(u?f&)’
2
m3, = f%wlu%(m—m)ﬁ,
2
m2, = ﬁ{[dﬁﬁx—(ﬁb+c)tN]u2+[5(2\/6— B)tx + (V2o +c)tn]v?),
92 g2
ma, = ﬁ( 2o 4 4uw?),  mis= 12\/§(u2—i-v2—2u)2)7
2
my = —%[ﬁﬂf—(2\/5—51)v2+2(2\/56—7)w2],
2
m2s = m{[éﬁltx—(\/ﬁb—kc)t]v]ug—[5(2\/6—51)tx+(\/§b+c)t1v]v2
+2[6(2v28—7)tx — (2V2b— ¢)ty]w?},
2 2
iy = S0+ w? 19V, k=LK (B (V6 1)u? - (V2B — ) +99V?)
2
m§5 = W%{[éﬁltx—(\/ﬁb—i—c)t]v]f—[5(2\/6—ﬂ1)tx+(\@b+c)t1v}v2

—[0(2v2B8 =)t x — (2V2b— ¢)tn|w? +9(dytx —ctn)V?},

2t2
mi, = 9 'x X[ 12u2—|—(2\/6—,6’1)21124-(2\/5&—7)211)2—!—972‘/2],

24
mi5 = —24\9/2%{[5511?;(—(\/§b+c)tN],81u2+[5(2\/6—61)75)(+(\/§b+c)t]v](2\/6—ﬁl)v2
+[0(2v28 —7)tx — (2V20— o)t §](2V2B —7)w® + 9y (5ytx —ctn)V?},
mzy = ﬁ{[éﬂﬂx—(\/§b+c)tN]2u2—|—[5(2\/6—ﬂ1)tx+(\/§b+c)t1v]2@2

+[6(2v28 =)t x — (2V2b—e)tn]2w? +9(5vt x — ctn )2V + 9613, A%},

where we have defined tx = gx /g, tnv = gn/g, and f1 = V6 + V23 + 7.
The mass matrix always provides a zero eigenvalue with corresponding eigenstate (pho-
ton field),

t
A=swAs+cw <ﬁtwA8 + ytw Ais + tWB/> , (3.5)
X

where sy = e/g = tX/\/l + (1 4 82 + ~2)t% is the sine of the Weinberg’s angle [52]. Since
the field in parentheses of (3.5) is properly the hypercharge field coupled to Y = @ — T3,
we define the standard model Z as

t
Z =cwAs — sw (BtwAs + ytwAis + tVVB/) . (3.6)
X



The new neutral gauge bosons, called Z5, Z}, orthogonal to the hypercharge field take the
forms,

1 t
Zy = ——— [(1 — B*tiy) As — Bty Ars — Py ) (3.7)
N E
1
Zé = (A15 - ’}/th,) . (38)

/142t

At this stage, C' is always orthogonal to A, Z, Z}, Z5.
Let us change to the new basis A, Z, Z, Z}, and C’, such that (A Ag A;5 B'C")T =
Ui(AZ Z, 75 C")T' | where

Sw cw 0 0 0
Bsw —Bswiw /1 — %3, 0 0
Uy = | vsw —vswiw —— 2 L 3.9
1= W WIW T i, i, (3.9)
sw _swiw Bty __ 7ix
x B /126, V1625
0 0 0 0 1
The mass matrix M? is correspondingly changed to
2 2 2 2
Mz Mzzy, Mzzy Mzc
2 2 2 2
s —utar = (0 0)) . e | s T aa e | g
0 M Mgz, Mzyzi Mz Mzicr
2 2 2 2
Mzcr Mgicr Mo Mer
where
2 2 2
2 g 2 2 2 _ 49 1_(52+’Y2)tw 2 2 2
M = e, ) M= e, O+ (V3R — ),
2
2 g 2y 2 2 2
/ 1 t 2v6—pP)tx —1
Mmzz; 4\/50w\/m{( +Bitx )’ +[(2v6 - B1)tx — 1]0%},
2
2 g 2 2
mzcr W{[@Blb{*(ﬁbﬁLC)tﬂu +[6(2V6— B)tx + (V2b+o)tnv?},
2 2 2\,2
g [1= (8" +7")tw]
m, B0 E) e T (2VBB = B) " 4L+ (87 )R e
2
2 9" V1= (B2+2)ty, 2 2 2 2 2
Mz 2z, 12v3(1+262.) {(1+7B1t%) Bau® + [¥(2V6 — Bu)t5 —1](2V/3Bt% — Ba)v
+2[1(2V28 =)tk —1][1+ (8 +)tx]w’},
2 1=(B2 2)¢2
w2y = IV (155,10 (ot )] Bau + 526~ B1)ix + (Vab+c)in]

my;

12V2,/1- %) (1 + 3

X (2V3Bt% — B2)v” +2[6(2V28—7)tx — (2V2b— o)t ] [1+ (8% +77)tx |w?},

92

24(1+~2t%)
+9(1+~%t%)*V?},

~10 -

{(L+B185) "0 + [y(2V6 = B1)tx — 170" + [1(2V28 — )% — 1]*w?



2 = 92 - C)TN 1 2 u2 —P1)lX C)TN
mzer = o (1_52)(1+72t§<){[6,81tx (V2b+ o)t n](1+7B1t% )u” +[6(2V6 — B1)tx + (V2b+c)tn]
x[y(2V6 — Bt — 1]v° 4+ [6(2V2B8 — )t x — (2V2b— ¢)in][v(2V28 —y)t% — 1]w®

+9(§'ytx—ctN)(1+72t§()V2},

2 2
mgr = Mss,

where we have defined 8y = 1+ (V38 + 8% + v?)t%.

Since u,v < w,V, A, the first row and first column of M f consist of the elements
much smaller than those of the remaining entries. We diagonalize M!? using the seesaw
formula [4-12] that separates Z from the heavy fields, given by

(zzy 7, = Uy (2125 250\, M"™ =UIMPU, = "z 0 (3.11)
243 — U2 1 <2 <3 ) ) - Y2 s Y2 — 0 M//2 ) .
S

where Z; is physical as decoupled, while 2}, Z} and C’ mix via M2, such that

1 aees m2zg mzzgzg mQZéC’
- 100 172 2 3 2
U2 >~ s MS >~ mZ/Z/ mZ/ mz/c/ 5 (312)
- 010 5273 B 3
—e30 0 1 Mzycr Mzgor Mo
2 2 2 2 2
mZI ~my — flmZZé — EQmZZé —€3Mycy- (313)

We further separate €123 = 6?,273 + 6(1;’273, where 6(1)7273 are the mixing of Z with Z}, Z},
and C’ due to the symmetry breaking, whereas 6{7273 determine those mixings due to the
kinetic mixing,

9 = 1 { VB(1+721%)[Bou® + (2v/3Bt5 — B2)v?]

dew /T2 1+ (B2 +42)t%]3/2 w?

+(,6+2\/5v)[1+v(v—2ﬂﬂ)t?x}t§<(u2+v2)+\/3[1—V(Q\ﬁﬁ—v)&][lﬂﬁg+72)t§<](u2—v2)

312

& = 1 {(5+2\@'y)t§((u2+v2)+\/§[1+(52+’y2)t§(](u2—v2)

ew/T+v2% [1+ (B2 +92)t%] 3212

c(bB+ etk (u? +0?)

+ 1612 } (3.15)
o _  (BB+entk (v’ +07)
“ T Toew 1+ (87 +79) N A2’ (3.16)
o = OO +1%) — BB+ 2cy)t]tn — 0Btx Hx (u” +v%) (3.17)
1 16ew v IFPB [+ (B +7)BIPGRA '
66 — 6[(CtN_5’th)_’Y(bﬁd"c’y)tg(tN]tX(uQ_FvQ) (3 18)
: 16cw /1+720% [1+ (B2 +2)t% 13,02 '
o Stx (U +0?) {\/ﬁ B 6(bﬂ+c7)tx} (3.19)
5T 16ew[1+ (B2 +2)t%)tnA2 | iy 1+v1i-a2 J° '

Because €123 ~ (u?,v%)/(w?, V2, A?), the mixings are very small.

Next, the symmetry breaking is done through three possible ways, corresponding to
the assumptions: w,V <« A, w < V, A, or w,A <« V. Let us consider the first case,
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w,V < A. We have the element m%, much larger than the remainders. The mass matrix
M!"? can be diagonalized by using the seesaw formula, which yields

M2
(25 23C)T = Us(22 23 Z4)7, M"* =Uj M{*Us = ( - m02 ) : (3.20)
Zy

where Z, is physical as decoupled, while Z9, Z3 mix via M22X2. We obtain

1 0 G o
Us~| 0 1 G|, Mi,= (mg my) , m%, ~mb, (3.21)
- ¢ 1 12 722
— 0 )
where (1,2 = (g + (79,
24/2b — c)w?
S— ) (3.22)

24y2,/1- B2, ty A2
CS _ _9V2(1+72t%()c—w2[1—7(2\/56—7)@(](2\/@)—6) (3'23)
96/T+~2t% tx A2 ’
¢ = Sw?[(1 =62 +/1—02)(2v28 —7)tx +8(2v2b—c)ty] (3.24)
247/2/1— 322, (1+/1—52)t3, A2 ’
= 96\/1+72t§<(1(:-\/1—52)t?vA2 {9V2(1+72t§<)[7(1—52+ 1-02)tx +dcty] (3.25)

—w?[1—(2V28 —NtX][(1 - 6% +/1-62)(2V2B —7)tx +6(2\@b—c)tN]} , (3.26)

which are very small, and

2 2 2 2

miy ~ my; — QMg o > My, (3.27)
2 2 2 oo

Miy ~ My z = QMg cr ~ My 1, (3.28)
2 2 2 2

My ~ Mg — Mg cr = M. (3.29)

Last, we diagonalize M3, , to yield two remaining physical gauge bosons,
oy = CL‘DZQ — 8¢Z3, 3 = S@ZQ + 0@23. (330)
The Z5 — Z3 mixing angle and Z3, Z3 masses are given by

/30?1 = 1(2V28 )1+ (B2 172

to, ™~ ,  (3.31

ST R IO T T W e AT T R T S D
1

MYz, = S+ my Ty () —m3y)? + A (3:32)

Now we consider two other cases, w < V,A and w,A < V. Because mZZ,, m2Z, g1
2 2“3

m2ZéC, < mZZé, mzzgc" mZ,, the mass matrix M/? can be diagonalized, obeying

2
(22 23C)" = Us(2: 25C),  M"™ = Ugt MU = (mOZ? M% ) : (3.33)
2x2
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where Z is physical as decoupled, while Z3 and C mix via Mézxz, and

1

1 & & m2, m2, .
U; & 10 |, MZ,~ ( S AC ) (3.34)
—-& 0 1

2 2 2 2
mZ2 ~ mZé — ElmZéZé - (S’széc/. (335)

Further for the case w < V, A, we achieve &1 o = 5?72 + 5{572, where

o _ VIHPHPI5” [ay(2v28 00 —1) _ [b(141°t3) —cBrte (3.36)

L 3(1+92%)2 3v/212 4A? ’ ‘
L+ (B2 +2)t5 [ (eB — b7tk —bw?

&9 = (3.37)

12(1+~2t3% )32ty A2 ’
. 5¢th[b’y(l+’}/2t§()t]v+cﬁ(l—72t§()tN—(557tX]w2 5 38
L 12(1472t%) 2%, A2 ’ (3.38)
2 .,,2
o _ 5\ 1+ (B +92)B0? [ §lb 4y (by— B2 ] | VI=9tx (5.39)
2T 12(1 4422 )3/ 2t N A2 1+1-62 tn ’

which are very small. Otherwise, for the case w, A < V, we have

c 1+ (B24+92)t% (07t x —ctn) [B(O +evtxtn)tx —b(1+7%15 )ty |w? )
- _ 3.40
! [B(6+evtxtn)tx —b(1+72t5% ) tn 2w +12(1 4425 ) 23,42 (3.40)

V=02 (1+23) [+ (B2 492 BB+ evtctn)tx — (14213 wu?
[B(6+cytxtn)tx —b(1+72t% ) tn]?w? +12(1+ 2% )23, A2 ’

& =

(3.41)

which may be large.
We diagonalize the mass matrix M52, to get two remaining physical gauge bosons,
such that
Zs = Cng — Sé‘C, Zy = 8523 + c£C. (3.42)

The Z3 — C mixing angle for the case w < V, A is given by

6v1 — 624/1 4+ 2% (Sytx — cty)V?
tor =~ 3.43
% 3l —cw)E— (1= (1 + 2V + BB AT (349

which may be large. For the case w, A < V, the Z3 — C mixing angle is defined similarly
to (3.43), but the term associated to A should be omitted. In particular, all the two cases
imply & = 0 when § = ¢ty /vtx, the condition by which the kinetic mixing and symmetry
breaking effects cancels out. Besides, the Z3, Z4 masses are given by

1
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In summary, the original fields are related to the mass eigenstates by
(A3 Ag A1s BC)T = U(AZy Zy Z3 Z4)T. TFor the first case, w,V < A, we have U =
UsUUxU3U,, ~ UsU1U3U,. For the second case, w < V, A, we obtain U = U5U1U2U§U§ ~
UsU1UaUg. For the last case, w, A < V, the mixing matrix is U = UsUUsU3U¢. Here we
define

1000 0 10 0 00 100 0 0
0100 0 01 0 00 010 0 0
Us=]0010 0 . Uy=1|00¢ s,0[, Us=[001 0 o0
0001—# 00 —s, ¢y 0 000 ce s¢
0000 —Ls 00 0 01 000 —s¢ ¢

(3.45)
The fields A, Z; are identical to the standard model, whereas Zs, Z3 and Z4 are new, heavy
gauge bosons. The mixings of the standard model gauge bosons with the new gauge bosons
are very small, while the mixing within the new gauge bosons may be large.

4 Electroweak precision test

4.1 p parameter

The new physics that contributes to the p-parameter starts from the tree-level. This is
caused by the mixing of the Z boson with the new neutral gauge bosons. We evaluate

A m2, ) m3, ) 1My gy + €M7 71 + €My e

P dmy, T mi—aml, —em?, —embo nZ

= (Ap)°+(Ap)’, (4.1)

where

(Ap)° ~ 1 [Bou? + (2v/3Bt5% — B2)v?]?

Py = A1+ (B2 + 72)75%(]2 (u? + v2)w?

G +2VNE 02 + )+ VB + (5 + B2 = )
3(u? +v?2)V?2
bB + cy)*ts (u? + v?
2 (12 2

(Ap) ~ 010 +2(bB + cy)txtnts (u® + v*) (4.3)

T6[1 + (52 + 12)13 265, A2

This tree-level contribution is appropriately suppressed due to u,v < w, V, A.

Further, the p parameter at one-loop level is important because its deviation from the
standard model prediction is proportional to Ap = p — 1 ~ oT', where the self-energy
parameter 7' includes (sensitive to) all new sources that are used to break the vector
part of weak SU(2), such as heavy non-degenerate multiplets including non-standard Higgs
representations, which often lead to a decrease in the value of myz/myy, i.e. p > 1. However,
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such contributions are only significant if the new physics scale is not too high, compared
to the weak scale [3].

In this model, the p deviation may receive one-loop corrections dominantly by non-
degenerate vector multiplets, such as (Wi3, Was) and (W4, Wag, Way), similar to the 3-3-1
model [53-56]. However, this source can be neglected if the new gauge bosons are heavy
at TeV. In this analysis, we consider only the tree-level contribution.

Let us note that 8% +~2 < 1/s%, — 1 ~ 3.329, which fixes |y|,|3| < 1.82456. The
condition ¢ = —(1++/33)/2 leads to —2.08012 < ¢ < 1.08012. Considering ¢ to be integer
implies ¢ = —2,—1,0, and 1. When ¢ = —2, i.e. 8 = /3, we obtain |v| < 0.57359. The
condition p = —(1 + V6y — q)/3 provides —1.46833 < p < —0.53167, thus p = —1, i.e.
v = 0, given that p is integer. When ¢ = —1, i.e. 8 = 1/4/3, we get p = —2, —1,0, thus
v =4/v6,1/v6,—v/2/V/3, respectively. When ¢ = 0, i.e. 8 = —1/+/3, we gain p = —1,0, 1,
thus v = v2/v/3, —1/v6, —4/1/6, respectively. When ¢ = 1, i.e. 8 = —v/3, we have p = 0,
thus v = 0.

However, we are interested in the four models for dark matter, such that ¢ = p = —1
(or B =1/V3,v=1/V6), ¢ = -1,p=0 (or 8 =1/V3,7v = =v2/V3), ¢ = 0,p = -1
(or B = —1/V3,y = 2/V3),and ¢ =p =0 (or B = —1/V/3,7 = —1/1/6).> Besides,
we take n = m = 0, thus b = —2/\/3, c = —\/i/\/g, for brevity. This case implies that
the wrong particles are old. On the other hand, the W mass, m%/v = %(u2 +v?), implies

u? +v? = (246 GeV)2. We will take u in the range (0,246) GeV, while v is related to u.

The p deviation is given from the global fit by 0.0002 < Ap < 0.00058 [3]. For the
cases, w,V <« A and w <« V, A, Ap is independent of §. Additionally, in the latter case
(w < V,A), Ap is independent of 7. However, in the case w,A < V, all the parameters
contribute to Ap, except for V. Without loss of generality, we impose V = 2w for the case
w,V < A while A = 2w for the case w, A < V. Besides, we put ¢y = 0.5.

In figure 1, we make a contour of Ap as the function of (u,w) concerning the first
case of VEV arrangement. Here, the panels arranging from left to right correspond to
the four dark matter models such as (8 = 1/v3,vy = 1/v6), (8 = 1/V3,7 = —v/2/V/3),
(B=—-1/v3,y=+2/V/3), and (B = —1/v/3,v = —1//6), respectively.

In figure 2, we make a contour of Ap as the function of (u,w) for the second case of
VEV arrangement. Here, we have only two viable cases, the left panel for 8 = 1/1/3 and
the right panel for 5 = —1//3.

The third case depending on the kinetic mixing parameter is given in figures 3, 4, 5,
and 6 according to the dark matter models (8 = 1/v3,y = 1/V6), (3 = 1/V/3,7 =
—V2/V3), (B = —1/V3,y = v/2//3), and (8 = —1//3,7 = —1//6), respectively. It is
clear that the new physics scale bound is increased, when |§| increases. The effect of § is
strong, when u reaches values near 145 GeV for the first dark matter model. By contrast,
when u approaches 0 or 246 GeV, the effect is negligible. In summary, the kinetic mixing
effect is important when the new physics is considered.

3In these cases, the Landau pole is high enough, such that the new physics is viable [57, 58].
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B=1N3,y=16,w=05V <A

B=1W3,y=—~V2N3, w=05V<A

w [TeV]
w [TeV]

[ | Ap=0.00058
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B=-1W3,y=vV2N3,w=05V<A B=-1W3,y=-16,w=05V <A
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Ap=0.00058
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u[GeV] u[GeV]

Figure 1. The (u,w) regime that is bounded by the p parameter for w = 0.5V < A, where the
panels from left to right and top to bottom correspond to the four dark matter models.

B=13, w<V,A B=-1W3,w<V,A

w [TeV]
w [TeV]

0 50 100 150 200
u[GeV] u[GeV]

Figure 2. The (u,w) regime that is bounded by the p parameter for w <« V, A, where the left and
right panels correspond to 8 = 1/v/3 and 8 = —1//3.

4.2 Zy,ff couplings

As stated, the considering model has the mixing of the Z boson with the new neutral gauge
bosons. From (3.11) and (3.12), we get Z = Z1 + €125 + €225 + e3C’, Z) = —e1Z1 + 2},
Zh = —eaZ1+ 25, and C" = —e3Z1+C'. Hence, the couplings of Z; to fermions are modified
by the mixing parameters € 2 3. Fitting the standard model precision test, the room for
the mixing parameters is only 1072 order. Hence, we impose the bound |e; 23| = 1073.

It is observed that in the first case (w,V < A), e3 = 0 while €; 2 are independent of
J,A. In the second case (w < V,A), €23 = 0 while ¢; is independent of §, V, A. In the last
case (w, A < V), all the parameters contribute to € 2 3, except for V. Hence, we consider
only the sensitivity of the new physics scales in terms of the kinetic mixing parameter for
the last case. Since the effect of kinetic mixing does not depend on the u, v relation, we
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B=1W3,y=1V6,6=-09 B=1W3,y=16,6=0
- - : -
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w[TeV]

Ap=0.00058
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B=1W3,y=116,6=03 B=1W3,y=116,6=09

PR
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Ap=0.00058 Ap=0.00058
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Figure 3. The (u,w) regime that is bounded by the p parameter for (8 = 1/v/3,v = 1/v/6,b =
—2/4/3, ¢ = —v/2/4/3) and w = 0.5A < V, where the panels from left to right and top to bottom
correspond to § = —0.9, 0, 0.3, and 0.9.

B=1W3,y=—V2W3,6=-09 B=1W3,y=~2N3,56=0 B=1W3,y==~2W3,6=09

w [TeV]
wTeV]
wTeV]

Ap=0.00058

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

Figure 4. The (u,w) regime that is bounded by the p parameter for (8 = 1/v/3,7 = —v/2/v/3,b =
—2/4/3, ¢ = —v/2//3) and w = 0.5A < V, where the panels from left to right are for § = —0.9, 0,
and 0.9, respectively.

B=-1W3,y=V2HW3,6=-09 B=-1W3,y=V2H3,6=0 B=-1W3,y=V2H3,6=09

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

Ap=0.00058

u[GeV]

Figure 5. The (u,w) regime that is bounded by the p parameter for (8 = —1/v/3,v = v/2/V/3,b =
—2/\/3, c= —\/ﬁ/\/g) and w = 0.5A <V, where the panels from left to right are for § = —0.9, 0,
and 0.9, respectively.
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B=-1N3,y=-1N6,6=-09 B=-1W3,y=-1"86,6=-03
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B=-1W3,y=-116,6=0 B=-1W3,y=-1"6,6=09
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Figure 6. The (u,w) regime that is bounded by the p parameter for (8 = —1/V/3,y =
—1/\/6,b = —2/\/5, c = —\/5/\/3) and w = 0.5A <« V, where the panels ordered correspond
to 6 = —0.9, —0.3, 0, and 0.9, respectively.

impose u = v = 246/ V2GeV and use also the previous inputs. The results are given in
figure 7. It indicates that the new physics regime changes when § varies.

5 FCNCs

Because the fermion generations transform differently under the gauge symmetry SU(4) 1 ®
U(1)x ® U(1)n, the tree-level FCNCs are present. Indeed, the neutral currents arise from

Lnc = —gFy*[T3As;, + Ty Asy + Ti5A1sy + tx X By, + tyNC,|F
= —gFy*[T3As, + T3 Asy + Ti5A15,
+tX(Q — T3 — BT — ’)/T15)BM + tN(B — L —blg— CT15)CH]F. (51)

It is clear that the leptons and exotic quarks do not flavor-change. Furthermore, the
terms of T3, @, and B — L also conserve flavors. Hence, the FCNCs couple only the ordinary
quarks to Ty 15, such that

Lne D —glay*Tdqr(As, — Btx B, — binCy) + qry* T qr (Ais, — vix By — ctnCl)), (5.2)
where ¢ is denoted either ¢ = (u1,u2, us) or ¢ = (di,ds,ds), Ty = 2—\1/§diag(—1, —1,1), and
T = ;%diag(—l, —1,1). Changing to the mass basis, ¢ r = VqL,qRq}J’R where either
¢ = (u,c,t) or ¢ =d,s,b, and (A3 Ag A15 BO)T = U(A Zy Zy Z3 Z4), this yields

Lrene = =G ' G (Var)3i(Var)35(90Au+ 9121+ 92 2oy + 93235+ 94 Zay) - (i 7 5). (5.3)
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B=1N3,y=1"86 B=1W3,y=~2N3
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Sl
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o
=Y

B=-1W3,y=V2HW3

Figure 7. The bounds on new physics scales as the functions of § for |€1 2 3] = 1073, where the red,
blue, and black lines correspond to €1, €2, €3 for the four kinds of dark matter models (8 = 1/v/3,7 =
1/V6), (B = 1/V/3,7 = =v2/V3), (B8 = =1/v/3,7 = V2/V3), and (8 = —1/V3,7 = —1/V6),

respectively.

It is noted that the photon always conserves flavors, gy = 0. In the first case (w, V <
A), the couplings g1 234 are

2 p—
9= —% V2 61+1+7(\/§ﬁ+7)tX62+5(\/§/6+7)tX (2\/§b+c)tN€3 , (5.4)
6|\ /1-p22, 14723 1-6
92 = g V2 Co— 1+7(\/§ﬁ+7)t‘2xs (5.5)
G \/1-B%t2, ’ \/ 17283
g3 = 92(C¢_>3Lp73<p_>_c<p)7 (5.6)
_ 9 d(V2B+y)tx — (V2btolty (5.7)
94 NG /102 . .

In the third case (w, A < V), the coupling ¢; is identical to (5.4), while

V2 1+y(V28+9)t% . 6(V2B4+7)tx —(V2b+c)ty
+ &+

J1-822, 14422 1-42

g2 = — 82 ) (58)
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g = Lo V2 51+1+v(ﬂ5+7)t§<
V6 1/1—5%%, \/1+72t3%
V2 §(V2B+7)tx —(V2b+c)ty
_35 82+ W ) (59)
\/1-P%t%, -
ga = g3(ce—>8¢,5¢ = —ce). (5.10)

In the second case (w < V, A), the couplings can be obtained from those in the third case
by 5172 — 0.

The contribution of the new physics to the meson mixing is given after integrating
Z1,2,3,4 out,

i 9 of 91, % . 9 | g
—/ ! *
Lyene = (%’L’Y“%’L) [(VqL)?ﬂ'(‘/:]L)iaj} m2 t—5t =5+

2 2
~ (@ )2V )s (Var)sg)? | -2 + B 4 9 5.11
(@i q]L) [( qL)3l( qL)3J} <m2Z2 m223 m2Z4 ’ ( )
where the Z; contribution is small and omitted.
The strongest bound comes from BY — BY mixing, implying [3]

2 2 2 1
Vi Ve (Var)s)? [ 22— 4 934 94 ) . 5.12
[(Vir)32(Var)s3] <’m222 + -y + -y (100 TeV )2 (5.12)

We assume the sector of up quarks to be flavor diagonal, i.e. Voxy = VJ 1 Var = Var. We
have |(V};)32(Var)ss| = 3.9 x 1072 [3], which leads to

2 2 2
95 g3 gi 1
< . 5.13
\/m2Z2 + m2Z3 + m2Z4 3.9 TeV ( )

Our remark is that since u, v < w, V, A, the L.h.s. of (5.13) depends only on the new physics
scales, not on the weak scales.

In the first case (w,V < A), the Z; contribution is negligible. The Lh.s. of (5.13)
is independent of §. The other inputs given previously are used, implying the bound for
w > 4.36 TeV for all the four dark matter models.

In the second case (w < V, A), the Z3 4 contributions are negligible. The Lh.s. of (5.13)
is independent of 3, v, and . The bound yields w > 3.9 TeV for all the four models.

In the third case (w, A < V), since the mixing angles & o are finite, the Lh.s. of (5.13)
depends on 3, v, and §, and is depicted in figure 8. The figure yields that the new physics
regime changes when § varies. Furthermore, those bounds are obviously lower than that
given by the two case above.

6 Collider bounds

Since the new neutral gauge bosons couple to leptons and quarks, they contribute to the
Drell-Yan and dijet processes at colliders.
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Figure 8. The bounds on the new physics scales as functions of § from the FCNCs for w = 0.5A <«
V', where the panels from left to right and top to bottom are for the four dark matter models,
respectively.

The LEPII searches for ete™ — u™p~ happen similarly to the case of the 3-3-1-1
model, where all the new gauge bosons Z3 3 4 mediate the process. Assuming that all the
new physics scales are the same order, they are bounded in the TeV scale [20-24].

The LHC searches for dijet and dilepton final states can be studied. Using the above
condition, the new physics scales are also in TeV, similarly to [59, 60].

Indeed, at the LHC, the cross-section for producing a lepton or quark pair as mediated
by a new neutral gauge boson (commonly called Z’) can be computed, using narrow width
approximation [61],

alpp— 2" = ff) = % > j:gff(qci — Z)Br(Z' = []), (6.1)
q

where dLqg/dm?%, is parton luminosity [62], and the peak cross-section and branching ratio

Br(Z' = ff)=T(Z" — ff)/Tz take the form,

s 2 / /
ot = 2') = -llof (@) + (6 (@) (6.2)
2m / ’ !
D2 = 1) = fgrer Nellgl (D) + 6 (1)) (6.3)
2m / ’ ’
Tz = Samen, 2 Nolla? (D) + (o (1)), (6.4)
!

assuming that Z’ decays only to fermions. [In fact, it is verified that the other Z’ decay
modes such as to ordinary Higgs and gauge bosons are small, compared to the Z’ width.]
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If V> A, w, all the Z’ couplings in eqs. (6.2), (6.3) and (6.4) coincide with those in the 3-
3-1-1 model, except for the last new one Z, that is so heavy and thus does not contribute.?
If V.~ A, w, there is a finite mixing between Z4 and Z» 3, and in this case Z; contributes so
that the mentioned couplings as well as the Z4 couplings are shifted (or modified) by the
cosine and sine of the mixing angle. All such contributions are necessarily proportional to
that in the 3-3-1-1 model, since SU(4);, D SU(3), and these groups have the gauge coupling
as matched. The difference from the previous 3-3-1 and 3-3-1-1 models is only the additional
contribution of Z4, which all yield equivalent amounts. Therefore, Z; is in or beyond TeV
scale as those in the 3-3-1-1 model (Z5 3) do under the light of the LHC experiments [63, 64].

7 The 3-3-1-1 model revisited

The 3-3-1-1 model is based upon the gauge symmetry SU(3)c ® SU(3), ® U(1)x @ U(1)n.
Thus it contains four neutral gauge bosons A3 g, B, and C according to the last three gauge
groups, in which B, C' has a kinetic mixing term, —(6/2)B,,,C*”. The kinetic mixing effect
in the 3-3-1-1 model was explicitly studied in [33]. Here we present only new results beyond
the previous investigation.

Changing to the canonical basis, A3, Ag, B’, and C’, the corresponding mass matrix
M? = {mfj} is given by

2 92 2 9 2 92 2 9 2 QQtX 2 2
mip = Z(“ +v9), m12:47\/§(u —v7), m13:_m (V34 B)u” + (V3 - B)v?,
2
mi, = Wﬁ{wﬁwmfth]u%[6<x/§—ﬂ>tx+bm]v2},
2 2
mi = L@t aw?),  mly=— L (VB4 B - (VE— B0 +4pu),
77134 = W%{[é(ﬁ—Fﬂ)tx—th}UQ—[5(\/§—ﬂ)tx+bt1v}1)2+4(5ﬂtx—th)wz},
2,2
iy = LEX[(V5+6)%u + (V3—5) 0 +45%?),
2
m3, = %{(\/@Jrﬁ)[t;(\/ﬂﬁ)tx*th}uz+(\/§fﬁ)[5(\/§fﬁ)tx+th}v2+46(56txfth)w2},
2
miy = ﬁ{[é(\f%rﬁ)txfth]2u2+[6(\/§—ﬁ)tx+th}2v2+4(6ﬂtX—th)2w2+48t?VA2},

This result is similar to that in [33], except for the last element, m?2,, that differs in the
coefficient of A%2. Note that tx = gx/g, tx = gn/g, B, b, u, v, and w are those parameters

belonging to the 3-3-1-1 model and in this case we have sy =e/g = tx/1/1+ (1 + 52)t%.
Changing to the electroweak basis, (A3AgB'CT = U (AZZ' C")T, where
C’" is orthogonal to A = swdAs + cw (BtWAg +4/1— ﬁzt%VB’>, 7 = cwAsz —

“Note that the VEV V breaks the 3-4-1-1 symmetry down to the ordinary 3-3-1-1 symmetry, where the
residual U(1) groups have charges X' = vT15 + X and N’ = ¢T15 + N, and thus the corresponding gauge
bosons, respectively, which should not be confused.
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W (mWAg v 1- 52t§VB'), and Z' = /1 — B2, (Ag — Bty B'), thus
Sw Cw 0 0
—Bswt 1 - B3,
Bswitw V1-58 7 (7.1)
cwa/ 1l — B2L‘2 —swa/1l— ﬁ2t2 —ﬂtw 0

1
the mass matrix M? changes to
2 2 2
M? =UlM*U, = 0 M7 MZ=|m%, m% mZo |, (7.2)
S

2 2 2
Mzer Mzicr Mey

which has the elements as given in [33], in which m2, = mj,.
The light state Z can be separated by using the seesaw approximation,

2

(zzc =ty (z2'C)", M7?=UfMPU,= "D 2 , (7.3)

0 M2><2

where
1 €1 €2 m2 m2
Uy~ |- 10|, M~ <m22/ 752'0') . (7.4)
—e2 0 1 zor T

My, ~ My — €My, — e2myen. (7.5)

We separate €12 = 6(1)72 + 6(1572, where 6(1)72 are the mixing parameters due to the symmetry
breaking [20-25], while 6({,2 determine the kinetic mixing effect,

o V- B2t {\/§[u2 — 0’ 4 VBB (u? +0?)] | DBt (4 0?) } e

—O

4CW w2 4A2

_ bBtE, (U + v?)

2= 16yt A2 (7.7)
Sty [b(1 — 2822t N — 6Bt /1 — B2t3, ] (u? + v?)
d = v ; v , (7.8)
166WtNA2
s Stw(u+o?) (VI 1=B  spany 79)
€ = — .
2 16cyty A2 tn 141 =62 ’

where € , differ from those in [33].
We diagonalize M2, , to obtain mass eigenstates,

Zy = CEZ/ — SEC/, Z3 = SfZ/ + 05C’, (7.10)
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in which the Z’ — C’ mixing angle and masses are

2v'1 — 82(6Btw — btny/1 — B33, )w?

boe = ., (7.11)
[(08tw — thMP — (1= 6%)]w? + 12(1 — B2t3,)t%,A?
1
My 2, = 5 [mQZ, +mé, F \/(m2z, —mZ,)? + 4m‘§,c,] : (7.12)

Generally, ¢ is finite if w ~ A. The kinetic mixing and symmetry breaking effects cancel
out if & = bty /Ptx, which takes place between § and b/8 — the embedding coefficients
of Tg. Whereas, in the 3-4-1-1 model, it happens between § and ¢/y — the embedding
coefficients of T75.

Hence, the gauge states are connected to the physical states by (A3 Ag BC)T =
UsU UxUg (A Zy Z Z3)T, where

100 0 10 0 0
010 0 1
Us = A 7 e (7.13)
001 ——=2— £ 00
V1-52 Ce S¢
000 s 00 —s¢ ¢

The p deviation starts from the tree-level contribution,

2 2
m m
(Ap)tree = 55— — 1= — e 7 1
Cymy, my — €1m%,, — €2my e,
2 2
€Mz + 2Mzcr _ 0 5
= = (Ap>tree + (Ap)treev (714)

my
where
[u? — v? + \/gﬁt%V(UQ +v?)]? b252tév(u2 +v?)
4(u? + v?)w? 16A2 ’
5\/1 - 5215%,[,(6\/1 — B2, + 20Btwin )t (u? +v?)
16¢3,A2 '

(Ap)gree =

(7.15)

(AP)free =

tree

(7.16)

In this computation, we also include one-loop contributions by the gauge vector doublet
(X,Y), as supplied in [33].

If A > w, Ap does not depend on A, ¢y, b, and 8. If A ~ w, all the parameters modify
Ap. Comparing to [33], the difference is only expressions related to §. Hence, the first case
is not investigated in this work. To finalize the result, we use the parameter values similar
to those in [33], namely A = 2w, ty = 0.5, n = 0 (thus b = —2/4/3), and ¢ = —1,0,1 (thus
B =1/v3,—1/V3, —\/3, respectively).

We make a contour of Ap as the function of (u,w), as depicted in figures 9, 10, and 11
for 8 = —1/v/3, B = 1/V/3, and B = —+/3, respectively. The effect of § is quite similar to
the 3-4-1-1 model and obviously different from [33].

The new physics contribution is safe, given that |e; 2| = 1073, Without loss of gener-
ality, we impose u = v = 246/\@ as well as the given values of A = 2w, ty, 3, b are used.
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Figure 9. The (u,w) regime constrained by Ap for f = —1/v/3, b = —2//3, ty = 0.5, and

A = 2w, where the panels correspond to § = —0.9, —0.2, 0, and 0.9.

B=1W3,6=
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12F
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Figure 10. The (u,w) regime constrained by Ap for 8 = 1/v/3, b= —2//3, txy = 0.5, and A = 2w,

where the panels correspond to § = —0.9, 0, 0.2, and 0.9.
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B=—V3,6=-09 B=—3,6=0 B=—/3,6=09

wTev]

Ap=0.00058 Ap=0.00058
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Figure 11. The (u,w) regime that is bounded by the p parameter for 3 = —/3, b = —2//3,
ty = 0.5, and A = 2w, where the panels, ordering from left to right, correspond to § = —0.9, 0,
and 0.9, respectively. In this case, the Landau pole, which is roundly w = 5TeV, is imposed.

B=-1W3 B=1W3

Figure 12. The bounds on the new physics scales as functions of &, contour by |e1 2| = 1073, for
the three kinds of the models 8 = —1//3, 8 = 1/V/3, and 3 = —/3, respectively.

In figure 12, €12 are contoured as the functions of (w,§) for B = —1/v/3, B = 1/4/3, and
B = —/3. Tt is clear that the new physics regime significantly changes when § varies, in
contradiction to [33].

The meson mixing is described via the effective interaction [33]

2 2
. * g g
L¥Ene = (@™ din)*1(Ver)si(Var)ss)? (—S + —S’) ; (7.17)
Zy, Mg,
where
g 1 bty — 0Bt x
92 = — = ce + se |, (7.18)
\/g 1— B2t%/v ¢ 1-— 52 ¢
93 = g2(ce = s¢, 8¢ = —c¢). (7.19)

The B? — BY bound leads to [33]

2 2
93 93 1
. 7.20
m2 | m2 " 3.9 TeV (7.20)
2 3

When w < A, the above bound translates to w > 3.9 TeV, independent of 5, b, g, gx, gn,
and 0. When w ~ A, using the existing values of parameters, the bound for both scales is
similar to the previous case, which is quite in agreement with the conclusion in [33].
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8 Conclusion

We have proved that the 3-4-1-1 model provides dark matter candidates naturally, besides
supplying small neutrino masses via the seesaw mechanism induced by the gauge symmetry
breaking.

The kinetic mixing effects are evaluated, yielding the new physics scales at TeV scale,
in agreement with the collision bound. The kinetic mixing and symmetry breaking effects
are canceled out only in the new gauge sector and differs between the 3-4-1-1 and 3-3-1-1
models.

Similar to the 3-3-1-1 model [26], the 3-4-1-1 model can address the question of cosmic
inflation as well as asymmetric dark and normal matter, which attracts much attention.

A Anomaly checking

The anomalies that cause troublesome include [SU(3)c]?U(1)y, [SU(3)c]?U(1)w,
[SU4)]2U(1)x, [SUM4)L])?U(1)y, [Gravity]?U(1)y, [Gravity]?U(1)y, [U(1)x]?U(1)y,
U(1)x[U(1)n])%, [U(1)x]3, and [U(1)x]3. Let us verify each of them.

[SUB)CIPUM)x ~ Y (Xg, = Xgp)

quarks

:4XQ3+2X4XQ(,*3Xua*3Xda*XJ3*XK3*2XJW*QXKQ
_ o, (ptats/3 _pHatL/3Y g (2 (21 (2
_4< ; >+8< . 3(3)-3(5 0+
2 1 1
(p+Z)—2(—g—2)-2(-p-2)=0. Al
(r+5) 2 (-o=3) 2 (--5) -0 &1

SUB)CPPUM)N ~ Y (Ng, —Nyg)

quarks

= 4Ng, +2x4Ng, —3N,, —3N,, — Nj, — Ni, — 2N, — 2Nk,
m+n+10/3 m+n+2/3 1 1 4
= 4 _— —_—_ — —_ —_ —_ — —_
() 5 (5) 9 (0) (3
4 2 2
()22 2 (D)o ws)

[SU(4)L]2U(1)X ~ Z X, =3Xy, +3Xq, +2x3Xq,
(anti)quadruplets
(PRIl g (2RaRY g (_prat/E) (A.3)
4 4 4
[SUM@)LIPU1) N ~ S Np, =3Ny, +3Ng,+2x3Ng,
(anti)quadruplets
-2 1 2
_g(mtn 43 mtnt 0/3 46 ~m+n+2/3 o, (AA)
4 4 4
[Gravity]*U(1) x ~ Z (X —Xpn)
fermions

= 3x4Xy, +3x4Xq, +2x3x4Xq, —3%x3X,, —3x3Xq4,
—3X.]3—3XK3—2X3XJQ—QXSXKQ—3XEa—3XFa—3Xea—3Xya
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[Gravity]*U(1) 5

() () (25122) o
o(2) (ool o) o)

—3¢—3p—3(—1)—3(0)=0. (A5)
Z (NfL 7NfR)

fermions

3x4N,, +3x4Ng, +2x3x4Ng, —3x 3N, —3x 3N,
—SNJ3—3NK3—2X3NJa—2X3NKQ—3NEQ—3NFQ—3N60—SNya

-2 1 2
12(m+n )+12(m+n—|— O/3)+24(_m—|—n+ /3>

4 4 4
“0(3)0(5) -2 (r5) s () o) o (-0 =5)
—3n—3m—3(—1)—3(~1)=0. (A.6)

> (X7, Ny, — X3, Np,) =3x4X7 Ny, +3x4X3 No,
fermions
+2x3x4X3 Nq,—3x3X. Ny, —3%x3X] Ng, —3X7 Ny, —3Xj, Nk,
—2x3X3 N, —2x3Xj Ng,—3X; Ng, —3Xp Np, —3XZ N, —3X. N,

12(p+i—1>2(m+r—2)+12(p+q+5/3> <m+n+10/3>
e (e ROJORON0
o) (3) 2 (08) () o (m3) (3)

—6 <p1> <m§)3q2n3p2m3(1)2(1)3(0)2(1)0. (A.7)

3
> (Xp, N}, = Xp, N7 ) =3x4Xy, Np +3x4Xq,NJ,

fermions
+2x3x4Xo, Nj —3x3X,,N; —3x3X4,Nj, —3X;,Nj, —3X,Ni,
—2x3X;, N3 —2x3Xg, N —3Xp,Np —3Xp,Np —3X., N2 —3X,, N,

a(PE) (25 e () ()
() (2 (5 () () ()
(03 (r45) 5 (03) (m5) —o(om5) (-5)

—6 <—p—;> <—m—§>2—3qn2—3pm2—3(—1)(—1)2—3(0)(—1)2:O. (A.8)

Z (X3, — X3 )=3x4X} +3x4X} +2x3x4X} —3x3X]
fermions

—3x3X} —3X5 —3X}, —2x3X) —2x3X} —3Xp —3X} —3X) —3X]

3 3 3 3
— 12(“31) 12 (p+q4+5/3) +24<p+q4+1/3) 9@)
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() (o) o) el oo d)

—3¢> —3p® —3(—1)*-3(-0)*=0. (A.9)
[UMNP = > (N}, —N?)=3x4N] +3x4N3, +2x3x4N§ —3x 3N},
fermions

—3x3Nj —3Nj —3Ny, —2x3N3 —2x3Ng_ —3Np —3Nj —3N2 —3N;

3 3 3 3
_ 12(m+:—2) +12<m+n;10/3> +24<_m+n4+2/3) _9(;>

o3) (o) o) o) o)

—3n% —3m3 —3(—~1)>-3(-1)>=0. (A.10)

This again confirms that the embedding coefficients (3, +, b, c) are independent of the

anomalies.
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