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1 Introduction

A new right-handed gauge symmetry U(1)g [1-7] is one of the promising candidates nat-
urally to accommodate the three right-handed neutrinos to achieve the anomaly cancella-
tions, whose nature is the same as a theory of B — L gauge symmetry [8]. In addition, it is
a verifiable and characteristic candidate to be tested by phenomena at current and future
collider experiments such as international linear collider (ILC) [9] by measuring several dif-
ferential cross sections for purely polarized initial states as well as the large hadron collider
(LHC). In particular, the new gauge interaction of U(1)g can be distinguished from that
of U(1)p_r, models [6]. This arises from the chiral asymmetry between right-handed and
left-handed fermions in the new gauge interactions of a theory. However one might think
why only the U(1)g gauge symmetry is there, and/or what about the left-handed type
gauge symmetry U(1); under which only left-handed fermions are charged. Actually the
minimal U(1)r model requires its rather large breaking scale ~ O(20) TeV, due to a few
number of parameters in the gauge sector [6, 7], which can be relaxed considering U(1)y,
gauge symmetry. It is thus interesting to consider U(1); gauge symmetry together with
the U(1)g symmetry and discuss how to distinguish the two types of gauge interactions at
the collider experiments.

Multiple new massive neutral gauge bosons often appear in models extending gauge
symmetries from the SM one. For example, models with left-right symmetry provide two
extra neutral gauge bosons which come from SU(2)r x U(1l)p_1 gauge sector [10-15].
Gauge interactions from SU(2) g are associated with right-handed fermions in the SM and
those from U(1)p_j, are vector-like for the SM fermions. We then have non-trivial chiral
structure of neutral gauge boson interactions with the SM fermions taking into account
mixing among neutral gauge bosons. Also models with SU(2)7, x SU(2)r x U(1)y, x U(1)yy,



Qp | ug | dp | Ly | ek | va| QF | Q| LT | Ly
SUB)c | 3 3 3 1 1|1 1 1
SU2). | 2 1 1 2 1|1 2 2 2 2
vy | & [ 3 |4l lof 4|4 4]
U(l), | ¢ 0 0 1 0| 0 0 1 0 14
Ul)gr 0 r —r | 0 | —=r| r 0 0 0
Zo + + + |+ | + | + — — — —

Table 1. Charge assignments of the our fields under SU(3)¢ x SU(2)r x U(l)y x U(1)r x U(1)g
with r, ¢ # 0, where their upper indices a are the number of family that run over 1 — 3.

gauge extension give two extra neutral gauge bosons in which right-handed partner of the
SM fermions are introduced [16-18]; similar structure is also found in a model in ref. [19]

In these models the SM fermions are not charged under SU(2)r x U(1)y, but exotic
neutral gauge bosons can interact with the SM fermions with non-trivial chiral structure
from neutral gauge boson mixing. It is therefore important to investigate how to test chiral
structure of the gauge interactions associated with extra neural gauge bosons to distinguish
models at the collider experiments. Then investigation of U(1)z x U(1)r gauge interactions
can show a specific example where the left-handed and right-handed SM fermions interact
with neutral gauge bosons from U(1);, and U(1)pg respectively.

In this paper, we extend the minimal U(1)r gauge symmetry into the U(1), x U(1)gr
and construct a consistent model in a minimal way. Then we need exotic quarks and leptons
in order to cancel the new gauge anomalies, two Higgs doublet fields to induce nonzero SM
fermion masses, and two SM singlet scalar fields with new U(1) charges to break the new
gauge symmetries and to provide masses of exotic fermions. As a result, breaking scale of
U(1)r xU(1)g can be lower than the case with only U(1) g due to additional parameters and
degrees of freedom in the gauge boson sector. Then we formulate each of fermion sector,
Higgs boson sector, vector gauged boson sector, as well as neutrino sector. We show that
the Yukawa interaction among two Higgs doublets and SM fermions is that of the type-II
two Higgs doublet model (THDM) due to the new gauge symmetry. In addition we discuss
the possibility of testing the new gauge interactions at current and future collider such as
LHC and ILC and of distinguishing differences between our model and the others.

This letter is organized as follows. In section II, we introduce our model, and formulate
Higgs sector, neutral gauge sector, neutrino sector, and interacting terms. In section III,
we discuss phenomenologies of new neutral gauge boson at colliders. Finally we devote the
summary of our results and the conclusion in section IV.

2 Model setup and constraints

In this section we review our model based on U(1)r, x U(1)z symmetry where the left- and
right-handed SM fermions are charged under U(1);, and U(1)p respectively. In the fermion



Bosons | H, Hy YL | ¥R
SUB)e | 1 1 1 1
SU@2), | 2 2 1 1
U(l)y i i 0 0
Ul —/ 14 14 0
U(1l)r r r 0 2r
Zy + + + +

Table 2. Charge assignments in scalar sector.

sector, we add three families of right-handed Majorana fermions v§(a = 1 — 3) to cancel
the U(1)g anomalies among SM fermions, which are the same assignments as refs. [6, 7]
due to their zero charges for the other exotic fermions; ' and L’. Three Q' and L' are
also introduced to cancel the U(1); anomalies among SM fermions, whose assignments
are similar to the one of ref. [20]. The other nontrivial anomalies between U(1); and
U(1)g arise from [U(1)g]?U(1)z, U(1)gr[U(1)L]?, and U(1)yU(1)gU(1)z, but these are
automatically anomaly free because all the fermions have zero charge under either U(1)y,
or U(1)g. All the fermion contents and their assignments are summarized in table 1. In
the scalar sector, we have to extend Higgs sector as THDM in order to provide the SM
fermion masses for up- and down-type quark sector, which is a direct consequence of the
extension to U(1); gauge symmetry. In addition, we introduce two isospin singlet scalar
fields ¢ and @pg to induce the spontaneously symmetry breaking of U(1); and U(1)g,
respectively. These singlet scalar fields also play a role in providing the masses for @’ and
L’'. All the scalar contents and their assignments are summarized in table 2.Note that
Zo symmetry is assigned in order to evade mixing mass terms between the SM fermions
and exotic fermions such as QLQ’, and Lp L', just for simplicity.! The relevant Yukawa
interactions under these symmetries are given by

—Ly = Yu)avQF Hut'g + (Ya)avQF Hadg + (ye)av LG Hae'k + (yp)ab L Huv'h
+ (W)aalit ViR T (Y0)aaQLQRPL + (Y1 )aa LELE0L +hoc., (2.1)
where H = ioyH, and upper indices (a,b) = 1-3 are the number of families, and v, yb,
and y; can be diagonal matrix without loss of generality due to the phase redefinitions
of corresponding fermions. Notice that our Yukawa interactions for the SM fermions are

the same as that in the Type-II THDM. In addition, the scalar potential in our model is
written as

V =mi[H, | +m3|Hal> + m2, |oL]* + m2, lorl?

A1 A2
+ ?\Hu\4 + ?\Hd|4 + A3 Hu*[Hal? + Ma|HIHal* + Arlor|* + Aglor[*

In this sense, Z» is not so important, and one can remove this symmetry without conflict of crucial
experimental constraints.
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where the last term is non-trivial in the potential and we assume all the couplings are real.
Here we note that H{H, and (H;EHd)2 terms are absent in the THD sector due to the
exotic U(1)7 gauge symmetry.

2.1 Scalar sector

The scalar fields are parameterized as

wl w’ . .
H, = ' Hy = ! _vhritee o VRFTRY 2R
U vurgizg |0 T | watrgtizg |0 PE T NG » PR = NG ;
V2 V2
(2.3)
+

where the singly charged sector w, 4 can be considered as the same manner in the
THDM [21]. In the singly charged boson sector, we have two by two mass matrix squared
M2, and diagonalized by orthogonal mixing matrix O¢ as (Mgi‘rig[mal)2 = OcMZOL, there-
fore [w*, H*]T = OL[w, w(ﬂT, where w¥ is absorbed by charged gauge boson W*. These
analytical forms are also found to be as follows:

B vd()\ov%+/\4vuvd) )\Ov%+/\4vuvd
9 B 20y, 2
MC = on%+)\4vuvd _vu(/\ovi+)\4vuvd) ) (2'4)
2 2uq
v
O¢ = 6 SB] , tanp = =%, (2.5)
—Sg Cg Vd
i /\01}2 U2

MAaeenal)2 _ yiag |0, - 0L 2\, | 2.6
( ¢ ) & 2sgc3 g ™M (2:6)

where cg(sg) = cos B(sin 8) and v = y/v2 + v2.

As for the CP-even sector in the basis of [ry, rq, 71, 7r]!, we have four by four mass ma-
trix squared MI%, and diagonalized by orthogonal mixing matrix Or as DIhq, ha, h3, ha] =
OrMZEOEL, therefore [ry,rq, 7, 7R])" = O%[h1, ho, hs, ha]'. Here we identify hy = hgy.

In the similar way for the CP-even sector, we have four by four mass matrix squared
M12 Since we do not have quHd and (quHd)2 terms in the THD sector, the non-zero
physical CP-odd mass term comes from (Hq_TLHd)@’z2 + c.c., associated with coupling Ag.
Then the mass matrix is diagonalized by orthogonal mixing matrix O as D]z, 29, 23, 24] =
OrM2OYF, therefore [zy, 24, 21, 2r]' = Og [21, 22, 23, 24]", where 21, 22, 23 are massless bosons.
These are analytically found to be as follows:

2 2
Vv v
- 2vuL TL —VdVL
2 _ v2 Vu 02
Mp=Xo| %= - R (2.7)

—VIUL VUL, —2VyV4g
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2 2.2 3,2
O = \/v’2 (vZv? +vZv'2) \/vﬁvLJrvdv/z) \/U/Q(U%UL+Udv’2) 7 (28)
VUL, VUL, 2v4,V4

\/4v5v(2i+v%v2 \/41) v3+v? v? \/4v%v§+v%v2
v2v? 4 vl

2.9
2040y, ’ (2.9)

z1? z27 z37

Diag[m? ,m2,,m2 ,m? | = Diag [0 0,0, —Xo

where v/ = \/v% + 4v2. Then they are respectively absorbed by neutral gauge bosons;
ZsM, 241, ZRr. In this model, the nature of THD sector is similar to that of type-II THDM.
We thus omit detailed analysis of phenomenology in the scalar sector and focus on gauge
sector in our analysis below.

2.2 Neutral gauge boson sector

Zsm-Z1-Zp mixing: since H, 4 has nonzero U(1)r and U(1) charges, there is mixing
among Zgsm, Z1,, Zr. The resulting mass matrix in basis of (Zsm, Z1,, Zr) is given by

v _ tggr(vi—v) _ rggrv?
1 2 2
2 _ 1 22
Monzizn = | LG 2202 ) rlgrgr(] - o) | - (2.10)
2
g (03— 02) P2gR(0? 4 4uR)
2 2
where g% = g7 + g3, Mz = W ~ 91.18 GeV, g1, g2, g1, and ggr are gauge coupling

of U(1)y, SU(2)r, U(1)r, and U(1)g, respectively. Then its mass matrix is diagonalized
by the three by three mixing matrix V as VmZZSM7 21 Zn VT = Diag(mQZ1 , mQZQ,m2Z3), where
mQZ1 is identified as the measured neutral gauge boson. Here we find that Z; does not mix
with the others when v, = v4. Note that mixing between Zg\r and the other neutral gauge
bosons are strongly constrained. We thus assume the mixings are negligibly small. This
can be realized when mz, < mgz,,. On the other hand mixing between Z, and Zg can be

sizable if their masses are same order and we take the mixings
Vit~ 1, {Vig,Van} <1, Vap=Vig=cosA, Voz3=—V3 =sinA, (2.11)

where @’ = 2,3 and we have introduced mixing angle A. For the case of myz, (~ my,,) <
mz, ; the mixing angle A is roughly given by
rﬁngR(fug —v2)

sin2A ~ SRR (2.12)
my, —my,

Thus mixing is typically small unless mz, ~ mz,. In addition, precise measurement of
Z boson mass would give strong constraint. Since the ambiguity of the Z boson mass is
around 0.0021 [23], one has to require

Mz, —mz, | < 0.0021 GeV. (2.13)



Therefore stringent constraint in terms of mass parameters would be induced by mass
eigenvalue of myz, and (2.13). Note that we can tune parameters in the model to satisfy
the condition in contrast to the case with only U(1)g [6] and the constraint on the new
gauge boson masses is less stringent. In this paper, we thus just assume mz, ~ mzgy,
for simplicity.

2.3 Fermion sector

Fermion masses: after spontaneous symmetry breaking, we find fermion masses as m,, =
Vu(Yu)ab/ V2 Ma = va(Ya)ap/ V2, and my = va(ye)ap/v/2. The exotic fermions are also found
to be mo (= my = ma) = yorvr/V2 and mp (= my = me) = ypvr/V/2, where we define
Q' = [u,d] and L' = [0/, €]t respectively.

In the neutral sector, we have the six by six mass mass matrix in basis of (vp,vg) as
given by

0 mp

My = [ : (2.14)

mb, My

and My is diagonalized by (D,,,D,,) = ONMNO%, where mp = yDv/\/i, My =
Y, vr/V2, and Oy is six by six unitary matrix. Assuming mp < M, one finds the following
mass eigenvalues and their mixing Oy [22]:

Dy, = Vansmu Vains & —2Vansmp M~ 'm [, Vs, (2.15)

Vs 0] | =16
2.16
0 1] leT 1]’ (2.16)

where 8 = mpM !, Vyng and D,, are observable and fixed by the current neutrino oscil-

D,, ~My, Ony~=

lation data [23]. One also finds the following relation between flavor- and mass-eigenstate:
v = _VﬁNSVl + QI/H, VR ~ —HTVI\J;[NSVZ +vy. (2.17)

Gauge interactions for neutral fermions: now that we formulate the masses and
their mixings for the fermions, one can write down the interactions from the kinetic term
in Lagrangian under SU(2);, x U(1)y x U(1)r x U(1)r gauge symmetry. First of all, let
us focus on neutral fermion sector. Then one can write down their interactions in terms of
mass eigenstate as

)~ % (W, 0y Py (—Valnsi + Ovir) + hic.] (2.18)

g -
+ Z Zét |:<2Vv1%¢1 + EQLVQJ;> (VZVMNSVMQPLVH + hC)

a=1

+ (rgrVsy) (mVans0y. Prve + hc.) |,

where we do not consider the neutral component of L', since it does not mix each other.



The Z, interactions with charged fermions in the SM: the interactions associated
with neutral gauge bosons and charged fermions in the SM are given by

3
3 g2
Loy = Y P (-2 0% - Qv+ QuanVE) P
a=1
- (f;(sﬁvcwﬂ + QngR‘@E) PR] fzy

=Pl (- - o)) rs (Lehan) szt a9

cw
+ v [QL,9LVes PL + Qr, grVay Pr) f 24
+ v [Qr,9LVas P + Qr,9rVas PR f 2,

where f indicates charged leptons and quarks in the SM, Q) is the electric charge of f,
Qr,(r,) is the U(1) (g charge of f, sw(cw) = sinfy (cos Oy ) with Weinberg angle Oy
and we have applied the approximation Vi1 ~ 1(Vi2,1321,31 < 1) in the second equality.

The Z, interactions with exotic fermions: furthermore, the interactions associated
with the exotic fermions are respectively given by

3
- 1
Ly=> [n”m (CQVQVV@ + fgLVQEPR> n'+0y, (—92 <2—S%V> Vi + szVQEPR> e’} ZM,

a=1 ‘w
3
Lo = Z 'y g2 (1 23‘24, Vi 4+ bgr Vi Pr | o
) ’ Cw 2 3 “ “
- 1 1
—dy (24258 ) VE g VEPR ) d | 20 (2.20)
Cw 2 3

In addition, electromagnetic interactions are the same structure as the SM one; ﬁv =
—ellyl' A, + %eﬂ”y“u’AM — Sdytd A,

3 Z’ bosons at colliders

In this section, we discuss collider physics of Z’ bosons focusing on interactions with the
SM fermions.

3.1 Z’ boson productions in proton-proton collider

Our exotic neutral gauge bosons Z» 3 can be produced at the LHC through the gg — Z> 3
process, since they couple to the SM quarks. The gauge interactions among Z 3 and SM
quarks are given by

—L D uy, [lgr, cos APy, + rggsin APRlu®ZY — a®y, [¢gr, sin APy, + rgg cos APplu®ZY
+ cza’yu [€gr, cos APL, — rgrsin APg| d*Z — J‘WH (gL, sin APy, — rgp cos APg| d*Z,
(3.1)



where we have used eq. (2.11) for mixing matrix V. We note that interaction for SM
charged leptons is the same form as that of d-quarks. The Z;3 decay into quarks and
leptons with BRs as BR(Z23 — qq) ~ 3BR(Z23 — ¢*¢~) due to universal couplings to

quark and lepton sectors.?

The strongest constraint on the Z 3 masses and couplings is
derived by searching for pp — Za g — (70~ ({* = e*, ) processes. Estimating the cross
section with CalcHEP [24] implementing relevant interactions and using the CTEQ6 parton
distribution functions (PDFs) [25], we obtain the cross section of the processes as ~ 0.06 fb
with M7y = 4TeV, grry = 0.1 and sin A < 1. This cross section is marginal to the
current constraint and the masses of Z 3 should be TeV scale or larger when g7, r > O0(0.1).
Note that chiral structure of the gauge interactions could be investigated by measuring
angular distributions of lepton plus jets final states coming from t¢ pair via Za 3 [26].
Here we also note that exotic fermions @', L’ as well as vr can be produced through
interaction with Z»3. In this paper we just assume these particles are sufficiently heavy

and further discussion is left in future work since we focus on signal of Z3 3 bosons.

3.2 Test of Z, 3 interaction at etTe™ collider

At the eTe™ collider, on-shell Z 3 bosons will not be directly produced if the mass of Zs 3
are few TeV scale or heavier. However we can test the interactions among Z3 3 and charged
leptons by measuring deviation from the SM prediction in the scattering processes ete™ —
¢+~ . These scattering processes can be considered using effective operator approach for
s K m2Z2’3. In our model, effective operators can be written by

1 _
= 5 (&7 Pxe)(('y, Pxl')
Le Z Z Z 1 _|_5€£, [ Aé{X/)Q H

U'=e,u,r X=L,R X'=

y 1 cos2 A sin® A
A )= grl + )
(ALL) 27 (1 + Oepr) m2Z2 mQZ3
’ 1 sinfA  cos? A
Agr) ' = grr + :
(Akr) 27 (1 + Oepr) m2Z2 mQZ3

(ALp) ™ = (M) = (32

1 1
rlgrgr cos Asin A (2 — 2)

my, my,

1
27T(]. + 56(’)

where dop is the Kronecker delta, and we have applied interactions in eq. (2.20) and
used eq. (2.11) for mixing matrix V. Here we note that (A%,R)_1 is suppressed by

\/MngR(US —w2)/mg,, compared to A‘L/L(RR) due to the mixing angle A given by
eq. (2.12); either |sin A| or |1/m2Z2 - 1/m223] factor is small in the square root. Thus
we ignore AEL'R( RL) in the following analysis as an approximation. Furthermore we take
¢ =r =1 to reduce the number of free parameter.

2Here we assume exotic fermions are heavier than Mz, 5 /2 to forbid Z2 3 from decaying into them for
simplicity.



We can test dependence of scattering processes on left-handed and right-handed types
of interactions by an analysis with polarized initial state at the ILC. To apply the method
discussed in ref. [27], we consider the processes

67(]61, O’1)€+(k2, 0'2) — ei(kg, 0'3)€+(k‘4, 0'4), (33)

where k; indicates 4-momentum of each particle and we explicitly show the helicities of
initial- and final-state leptons o; = +. Combining the SM and Z3 3 contributions, helicity
amplitudes M,, = M(c1020304) for the process of e (o1)et(02) — e (03)e™ (04) are

given by
L S, 2(85 8 _ 2
M(+ —+-) = —€*(1 + cosf) [l—i-t—i-cR( +tZ>+a(A%R)2}, (3.4)
4 S 8\, 2
M+ ——4)=M(—++-) =€ (1 —cosh) [1+CRCLSS} ) (3.6)
z
t
M(++++4) = M(= = ——) = 2¢* [HCRCLt] (37)
z

where t = (k1 — k3)? = (k2 — k4)? = —s(1 —cos0)/2, s = (k1 + k2)? = (k3 + k4)?,
Sy =8— mQZ +imygly, tz; =1 — m2Z +imzTy, €2 = 4ra with o being the QED coupling
constant, cg = tan Oy, c;, = — cot 20y, and cos 0 is the scattering polar angle. The helicity

*t77) are obtained by removing terms with 1/t and 1/ty

amplitudes for ete™ — utu= (7
and replacing AeL’ Rr by ﬂA’i(g Note also that, in the following analysis, we omit the case
of 777~ final state since it is less sensitive compared to the others.

Applying the amplitudes, the differential cross-section for purely-polarized initial-state

012 = £1, is obtained as

daolag 1 2
= My, 3.8
dcos®  32ms Z | {oi} (3:8)

03,04
Then we define partially-polarized differential cross section such that
dU(Pef,Pe+) _ Z 1+0—6*Pe* 1—|—O’6+Pe— do—oe_oe+’ (39)
dcost 2 2 dcosf
O,— 0 +=%

where P, (.+) is the degree of polarization for the electron(positron) beam and the helicity
of final states is summed up. Polarized cross sections oy, g are also defined by the following
two cases as realistic values at the ILC [28]:

dor  do(0.8,-0.3) doyp  do(—0.8,0.3)
dcosf dcosf ' dcosf dcosf

(3.10)

We apply the polarized cross sections to study the sensitivity to Zs 3 bosons in ete™ — ¢4~
scattering via the measurement of a forward-backward asymmetry at the ILC, which is
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Figure 1. The contours of AApp defined as eq. (3.12) on the mz,/gr-mz,/gr plane for ete™ —
eTe™ process where we have assumed sin A < 1 and applied the polarized cross section or and
or for (a) and (b). The statistical error in the SM, 5. given by eq. (3.13), is estimated to be
3.67 x 1073 and 3.58 x 1072 for o and o, respectively.

given by
Ao — Np — Np
"8 Np+Np’
Cmax(o) do-
N =eL dcosf 3.11
by =<l [ T deos0 (3.11)

where L is an integrated luminosity, a kinematical cut cpax is chosen to maximize the
sensitivity, and € is an efficiency depending on the final states. In our analysis we assume
e = 1 for electron and muon final states, and cmax = 0.5(0.95) is taken for electron(muon)
final state [30]. Then the forward-backward asymmetry is estimated for cases with only
the SM gauge boson contributions, and with both SM and Zs3 boson contributions, in
order to investigate the sensitivity to Zs 3. Therefore the former case gives Ngl(\/][g) and A%\g
while the latter case lepl(\/;zﬁ% and A%%JFZQJFZ?’. The sensitivity to Z3 3 interaction is thus
estimated by

Adpp(orr) = [APE7 2 (0 p) — AS (o1 R)]. (3.12)

We compare this quantity with a statistical error of the asymmetry, assuming only SM
contribution

5SM _ - (A%l\é)Q

Arp lemM +NEM’ (3.13)

where both o;, and og cases are considered separately.
Figure 1(a) and 1(b) show the contours of AAprg(or) and AArp(or) for the eTe™ —
ete™ process applying sin A < 1, /s = 250 GeV and integrated luminosity of 1000 fb~!.

~10 -
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Figure 2. The contours of AArp for the process et e™ — pTp~ where the other settings are
the same as figure 1. The statistical error in the SM, 531\;[]3 given by eq. (3.13), is estimated to be
6.53 x 1073 and 5.73 x 1073 for o and o, respectively.

The contours show the values 55{%1\;[}3, 2531;/[3 and 5%1\213 ~ 3.67(3.58) x 1072 for og(oy).
From the contour plots we clearly see that my,/gr, and mz,/gr are respectively sensitive
to the forward-backward asymmetry obtained from o7 and og. We thus use the analysis
with polarized beam to test the two types of gauge couplings by comparing the results
from oy, and opr. Also the effective coupling up to scale of M7y /9r(ry ~ 10 TeV can be
tested with 20 level by data from sufficient integrated luminosity. Remarkably if the gauge
couplings are not so small we can even test Z33 masses heavier than the mass which can
be directly produced at the LHC. In addition, we show the case of ete™ — u™pu™ process
in figure 2 where 5%1\;[}3 ~ 6.23(5.73) x 1073 for op(oy) is estimated in this case. These
plots indicate the sensitivity that is stronger than the case of ete™ — ete™ scattering and
the scale of m Zos) /9r(ry ~ 20TeV can be tested with 20 level. Here we also consider the
case of large mixing sin A ~ 1/v/2 with mz, = m 7. In such a case, we obtain the same
figure as figures 1 and 2 by taking mz, = mz, = M. In any cases, gauge couplings g7, and
gr are respectively sensitive to analysis with o, and op.

4 Summary and conclusions

We have proposed a model with the left-handed and right-handed continuous Abelian gauge
symmetry U(1)z x U(1) g introducing several exotic field contents as a minimal construction
of such gauge theory. Then we have introduced exotic quarks and leptons in order to cancel
the new gauge anomalies, two Higgs doublet fields to induce nonzero SM fermion masses
and two SM singlet scalar fields with new U(1) charges to break the additional U(1) gauge
symmetries and to provide masses of exotic fermions. Then we have formulated each of
fermion sector, Higgs boson sector, vector gauged boson sector, as well as neutrino sector.
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We have found the Yukawa interaction among two Higgs doublets and the SM fermions
is that of type-II two Higgs doublet model. Also active neutrino masses can be obtained
after spontaneous gauge symmetry breaking as the same way as type-I seesaw mechanism.

As a direct result of two gauge symmetries, their breaking scales can be within several
TeV which is lower than the case of only U(1)r symmetry; this is due to additional pa-
rameters and degrees of freedom in the gauge boson sector. In addition we have discussed
the possibility of testing the new gauge interactions associated with new gauge bosons,
Z3, at current and future collider such as the LHC and the ILC and of distinguishing
differences between our model and the others. The exotic neutral gauge bosons can be
directly produced at the LHC, since they couple to the SM quarks. Then the strongest
constraint is obtained from the mode in which produced Z; 3 decays into SM charged lep-
tons, and Z 3 should be heavier than ~ 4 TeV when the new gauge coupling is more than
0(0.1). In particular, we have shown that the chiral structure of gauge interactions can
be investigated by the analysis of forward-backward asymmetry based on polarized elec-
tron(positron) beam at the ILC. It is found that ~ 10 — 20TeV scale of mz, /gL r can
be tested with the ILC data from /s = 250 GeV and integrated luminosity of 1000 fb~!.
Furthermore since sensitivity to left- and right-handed types of gauge interactions depends
on type of polarized beam, we can distinguish which types of interaction is stronger than
the others.
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