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Abstract. We investigate an extension of the standard model with vector-like fermions and an ex-
tra Abelian gauge symmetry. The particle mass spectrum is calculated explicitly. The Lagrangian
terms for all the gauge interactions of leptons and quarks in the model are derived. We observe
that while there is no new mixing in the lepton sector, the quark mixing plays an important role
in the magnitudes of gauge interactions for quarks, particularly the interactions with massive W,
Z and Z' bosons. We calculate the contributions of the new vector-like leptons and quarks to the
Peskin-Takeuchi parameters as well as the p parameter of the electroweak precision tests, and
show that the model is realistic.
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I. INTRODUCTION

The standard model (SM) has been continuously tested since it was born. Although many
experiment results have shown good agreements with the SM predictions, there are evidences that
new physics might exist. Examples of those include the neutrino oscillation, rare decay processes
of B-mesons, the dark matter observation, and the muon anomalous magnetic moment. There are
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various possibilities to extend the SM. New physics might come from additional symmetries, or
new particles and interactions, see Refs. [1,2] for examples.

In this paper, we are interested in a class of models with vector-like fermions and an addi-
tional Abelian symmetry. In particular, we consider the model proposed in Refs. [3,4]. Vector-like
fermions are particles whose left-handed and right-handed components transform in the same way
under the symmetry group of the model [5]. Due to this property, vector-like fermions do not inter-
act with the W and Z bosons as V — A currents like the SM chiral fermions, but as pure vector (V)
currents. These fermions can play an important role to realize the gauge coupling unification [6,7].
They also help to stabilize the electroweak vacuum [8], or explain observed discrepancies between
experimental data and SM predictions [9]. Beside the SM gauge group SU (3)¢ x SU(2), x U(1)y,
the considered model include an additional Abelian symmetry U(1)x under which only new par-
tices are charged. Such symmetry was also investigated in many other scenarios resulting in
interesting phenomenology [10, 11]. Recently, Belle-II Collaboration has published new results in
the search for the gauge boson Z’ of this new Abelian symmetry [12]. In this context, we explicitly
derive the analytic formulas for the new particle masses in the model. Refs. [3,4] considered a
simple version of the mixing for left-handed quarks. In particular, Ref. [3] only considered the
mass mixing for the second and third generations of SM quarks in the calculation, and the mixing
for first generation was neglected. In this paper, the full mixings between the SM fermions and
the vector-like fermions are taken into account in our calculation leading to their modified gauge
interactions.

Structure of the paper is as follows. In Section II, we briefly describe all the ingredients of
the model. In Section III, the formulas for new particle masses are derived. The modified gauge
interactions for fermions are investigated in Section IV. In Section V, we briefly discuss a few
phenomenological aspects of the model and show that the model is realistic. Finally, Section VI is
devoted to conclusions.

II. THE MODEL

Beside the ordinary SM particles which have been observed experimentally, the model
we consider consists of heavy vector-like leptons (L;,Lg) and quarks (Q,QOg) that transform as

SU(2)r, doublets:
NLr ULr
Lig= DERY — (YR |
LR ( EL,R) OLr ( DL,R) (1

In this model, two complex scalars ¥ and ¢ are also introduced. They are singlets under the
SM gauge groups. The SM symmetry is extended in this model by introducing an extra Abelian
symmetry denoted as U(1)x. These above new particles are charged under U(1)x, while the
SM particles are neutral under this symmetry. This is essential to ensure that the SM sector is
consistent with experimental data. The properties of these new particles are given in Table 1.

The Lagrangian of the model consists of two parts:
L = ZLm+ A, ()

where the first part is the usual Lagrangian of the SM, and the second one describes new physics
beyond the SM. Since the vector-like fermions transform in the same way as SM left-handed
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Table 1. Properties of new particles introduced in the model [3].

Particles | Spin | SU(3)c | SU2)L | U(1)y | U(1)x
Lp,Lg 172 1 2 -1/2 1
OL,0r | 12 3 2 1 | 2

X 0 1 1 0 N
¢ 0 1 1 0 2

fermion doublets, they can interact with the SM gauge bosons. Other interaction terms involving
the new particles are given as

A D = Aol IH? — Ay | x P1H | — [ylLLrX +WqrOr® +hc.] —Vo(9,%),  (3)
where H is the SM Higgs doublet, and /;, and ¢;, are the SM left-handed leptons and quarks:

i Vi i .
&—(;)_, qL—(Zj), (i=1.23). )

W is the scalar potential related to the new scalar fields ¢ and . Its explicit form is as follows

Vo(x,0) = Aglol* +mg| o + Ay |2 |* +my |2 > + 2oy [0 |21* + (rox® +hec) . (5)

The SM fermion mass terms are forbidden at the beginning due to the SU(2), gauge symmetry.
They obtain their masses only after the spontaneously breaking of the gauge group SU(2). X
U(1)y. The situation for vector-like fermions is different because of the symmetry between their
left-handed and right-handed components. Therefore, their mass terms can be introduced directly
in the original Lagrangian:

e D — (ML Lr+MpQLQOr + h.c.), (6)

where M; and Mg are the vector-like fermion masses supposed to be large.
In a model with two Abelian symmetries, the kinetic mixing term is allowed in general,

.XNP D) kBIJvXIJV, (7)

where k is the kinetic mixing coefficient. Here, we assume k = O for simplicity. For the treatment
of the non-zero kinetic mixing, we refer the readers to Ref. [13] where it was studied in details.

III. NEW PARTICLE MASSES

III.1. Scalar bosons

The SM Higgs’ vacuum expectation value (VEV), (H) = 174 GeV, plays a central role in
generating the SM fermion and weak gauge boson masses. In our considered model, it induces
two new quadratic terms in addition to the scalar potential (5):

Ao (H)? |9 + Ay (H) . @®)
The new scalar potential for ¢ and y can be written as

V(X.0) = Alo*+my o1+ Aylx|* +my x>+ Aoy |0 x ] + (réx* +hec), (9
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where
my = mg+Aou(H)?, (10)
my = my+Am(H). (11)

We assume that m? < 0 and m;? > 0. Hence, only the scalar field ¢ can develops a VEV,

—m?
@) =\ 25, (12)

leading to the spontaneous breaking of the U(1)x group. Substituting'

1 .
o = <¢>+\ﬁ(¢r+z¢i) (13)

into Eq. (9), where ¢, and ¢; are real scalar fields, we find the masses of these scalar fields as

mo. = 2\/24(0), (14)
g — 0. (1)

i

While ¢, is a massive scalar boson, ¢; is a massless Nambu-Goldstone boson that can be absorbed
by the U(1)x gauge field in the unitary gauge.

Similarly, after the spontaneous breaking of the U(1)x group, the induced potential for the
other scalar field ¥ now reads:

V() = lal*+mZ x>+ (r(9)x* +hc.), (16)
where
i = mi}+ Aoy (9)% = miy + Ay (H)? + Mgy (9)2. 17)

The coefficients of this potential are assumed such that they do not result in a non-zero VEV for
% . Substituting

1
= —_— r | i 1
X ﬁ(x +ixi) (18)

into Eq. (16), we obtain the mass terms relating to these field components as

1 (%) _ ] w24 (k)6 =) (2

~ r i M = A r i . * * (1

2(% X) ){<Xl> 2(% X)< l(l"—r)<¢> m//2_(r+r )<¢> Xz ( 9)
The matrix M% is symmetric, and can be diagonalized by an orthogonal matrix. In the case where

the coupling r is real, the squared mass matrix M, is diagonal. The masses of x, and yx; are
respectively

my, = m"+2r(¢), (20)

r

my, = m'"”?—2r(¢). 1)

i

We see that the mass splitting between these real scalar fields is proportional to the VEV of ¢.

IThe factor % is crucial for the canonical kinetic terms of the real scalar fields, ¢, and ;.
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IIL.2. U(1)x gauge boson

Due to the U(1)x gauge symmetry, the mass term of the corresponding gauge field Z’ is
forbidden in the original Lagrangian. After the scalar field ¢ develops a non-zero VEV, (¢),
the group U(1)y is spontaneously broken. Because the field ¢ is invariant under the SM gauge
symmetry, the covariant derivative of this scalar field is

D¢ = (" —igxXoZ")0, (22)

where Xy = 2 is the U(1)x charge of ¢ given in Table 1. Using Eq. (13) in the kinetic term with
the above covariant derivative, we can extract the mass term for Z’:

(D“0)'Dup = (9% +2igy2™) <¢>+é<<pr—i<pi>] (3 —2igxZ)) [<¢>+é<¢r+i¢i>

1
O 4gx(9)’Z%z, = 2m%/Z’”ZL. (23)

From the last identity, we obtain the mass of the Z’ boson as
my = 2V2gx(¢9). (24)
II1.3. Vector-like fermions

Since the scalar field y does not develop a VEYV, the vector-like lepton mass only comes
from M, and there is no mass mixing with the SM leptons. In general, My, is a 2 X 2 diagonal

matrix:
M, = (™ 0 (25)
L — 0 mg )

where my and mg are the masses of the upper and lower components (N, E) of the vector-like
lepton doublet L. The off-diagonal elements are forbidden by the charge conservation.

The vector-like quark masses are more involved because the scalar field ¢ acquires a non-
zero VEV, leading to their mixing with the SM quarks. The pure vector-like quark mass has a

form similar to Eq. (25):
o my 0
Mo = ( 0 mB) ; (26)

where my and mp are the masses of the upper and lower components (U, D) of the vector-like
quark doublet Q. The mass mixing between the vector-like quarks and the SM ones is controlled
by the new Yukawa interaction shown in Eq. (3):

*ZYukawa D) WQTQR¢ = WLTLUR‘P +WdiLl)R(P- 27

After the gauge group U (1)y is spontaneously broken, the quark mass terms in the Lagrangian are
given by

— L YUH Ul u+ Y (H) d} dy +wi(9)ul U +wi(9)d} Dg + MyUrUg +MpDL D
g dy
=l w W w M| (@ @ T )M | (28)
up uy up L 4x4 I/t13€ L L I L 4x4 d13€ )

Ur D
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where, Y* and Y are the up-type and down-type Yukawa coupling matrices in the SM. The two
4 x 4 mass matrices, M" and M, are written in the basis of quark gauge eigenstates as follows

M* =

M = |2

Yi5(H)

Y35 (H)

Y3 (H)
0

h<
U
T T

)
)
)

2
b
{

2
0

h<

2
32

h<

Y5 (H)

Y35(H)

Y35 (H)
0

d
12

{
3
{
0

P~<
(98]

T T

)
)
)

PN

3

wi(¢)
w2(¢)
w3 (¢)
my
wi(¢)
w2(¢)
wi(9)

mp

(29)

(30)

We observe that there are three distinct scales exist in each mass matrices, i.e. ((H),(¢),my) for

M*, and ((H),{¢),mp) for M?.

Each of these matrices can be diagonalized by a pair of unitary matrices:

u
Mdiag

u
Mdiag

VMU (V)
VM (V)T

€29
(32)

These unitary matrices act as rotations of the basis transforming the quark gauge eigenstates,

(u',u?,u,U) and (d',d?,d* D), into the mass eigenstates, (u,c,t,% ) and (d,s,b, D):

UL R ”%,R

CLR u Urr
' = (VLr ’

LR ( ; )4><4 uE‘R

%L,R U, LR

IV. GAUGE INTERACTIONS

IV.1. Gauge interactions for leptons

dr.r

SLR
brr

DLR

(33)

Since the SM leptons do not mix with the vector-like leptons, their interactions with the
gauge bosons (W*, Z-bosons, and photon) remain the same as in the SM. Because the SM leptons

have no charge under U (1)y, they do not interact with the new gauge boson Z'.

The vector-like lepton interactions with gauge bosons can be derived from the kinetic terms:

£ D L y"DyLp+iLgy*DyLg,

where the covariant derivatives of the vector-like leptons are given as

)
Dulip — [8u—gz(r+W;+T_Wu_)—

V2

— igxXZy | Li,

where the 2 x 2 matrices T+ are defined as

(0 _(00
“loo) F T\1 o)

ig2

cos Oy

(Is —sin® 6w Q) Z, — ieQA,,

(34)

(35

(36)
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Ow is the Weinberg angle, and the electric charge Q is determined by the Gell-Mann—Nishijima
formula:

Q0 = L+Y. (37)

The U(1)x charges of the vector-like leptons are given in Table 1 as X, , = 1.
As a result, the interaction terms between the vector-like leptons and the model’s gauge
bosons are

LEse w2 Luw + Lzt Lua+ Lz, (38)
where
Lw = SENHEWS + SLEMNWL (39)
V2 SERYS)
Luz = 3 fsz o NVNZ+ conOW (—; +sin ew) EV'EZ,, (40)
ZLua = —eEYWEA,, (41)
describe the interaction with the ordinary SM gauge bosons, and
Lz = gXNY”NZL +8XEY“EZL7 (42)
describes the interaction with the new massive gauge boson Z'. Here, we denote
N=Np+Ng, E=E;+Eg, (43)

as Dirac spinors for the upper and lower components of the vector-like lepton doublet L = Ly + Lg.
IV.2. Gauge interactions for quarks

Due to the mixing among the SM and the vector-like quarks (see Eq. (33)), the gauge
interactions of the SM quarks are modified in comparison to those in the SM. Noting that the SM
quarks are neutral under the U (1)x group, their covariant derivatives are

; . A ig2 N ig> - . ;
Duq; = [3;1 — lg3?aGfL — \ﬁ (‘LTJ“W,jr +T W, ) ~ cos Oy (13 —sin GWQ) Zy —ieQAy | q;,
i . A ig2 .2 . i
Dy(u,d)y = {a,i —zg370Gﬁ ~ cos 6y (—sin® 0w Q) Z, — ieQA, | (u,d)k. (44)

In the meanwhile, the vector-like quarks have non-zero U (1)x charges. Therefore, their covariant
derivatives are

A ig2 S ig2 2 .
DyQLr = {aﬂ—lg%“(;ﬁ—ﬁ(ﬁwjﬂ W“)_cosew (I —sin” 6w Q) Z, — ieQA,

— igxXZ, | OL R (45)
Substituting these equations into the Dirac Lagrangian:
L D iq Y Dudl + iy Y Dyuly + idi Y Dydy +iQr YDy Qr + iOrY* Dy Qr,  (46)
we obtain the various gauge interaction terms for the model’s quarks:

Linterac D Zyg+ ZLygw + Lygz + Loga + Lygz- @7

interaction
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Decomposing the quark doublets into different charged states, the interactions between
these quarks and gluons are described by

Ly = g3ulL?a’y#”lLGZ+g3dL YHdLGa+83UL V“ULG +g3DL Y“DLGa
—l—gwk%y’lu}eGa +g3dR ’)/‘udRGa +83UR ’)/”URG +g3DR }/MDRGQ
= off “WFLG“+g3F" “WFRG“+g3Fd “WFLG“+g3Fd ”y“ i (48)

where F}' ’1‘; are used to denote the quark gauge eigenstates:

1

1
ULk dlé,R
u d
u _ | LR d _ | 9LR
Frr= R E Fir= o 49)
LR L,R
ULr Dyr

The interactions between quarks and W-bosons are found to be

g2 — 827 i
Loy = 7 u YAy W + \[d’Ly“u’LW#
+%UMD Wi+ wa”ULW + fURy“D W*+%17RWURW,;
_ igr— w dyp+ b 4 dypr+
= \ﬁFL"y“ (CL) 4 s FEW, +ﬁF,§‘y“ (CR ) 4a FRW, +hoc., (50)
where
¢y =Diag(1,1,1,1), Cy = Diag(0,0,0,1), (51)

are 4 x 4 diagonal matrices acting on the generation space.
The interaction terms of quarks and Z-bosons are

82 2 82 7 1 1. ;
Lz = cosGWuLy” (—3s1n 6W> uj u+ GWdLy“ (—2+31n29w> diZ,

& 2

COSQWuky“( 3 sin 6W> ”RZu+ ewd;ey“ < sin 9W> diZ,,

c0s 0 UL’)/” (2 3 ew> ULZ‘u L')/” < > + 3 S GW DLZ'u
8 g (L2 G000 ) Urze + —22 Dpy* [~ 4+ Lsin2ay ) Dez

cos Oy k 2 3 Reu cos OBy RY 2 3 ke

_ 82 +u z d d
COSGWFLMYM (Cu )4><4FLMZ#+ SQ F yu(CdL)4><4FLZ/~‘

82 82 T4 d

COSGW R (C )4><4Fllgzli+ 9WF 'Y# (CdR)4><4FRZua (52)
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where
A 1 2 -2 .
% = 5~ 3sin Ow | -Diag(1,1,1,1), (53)
S 1., .
Ci = _§+§Sm 0w | -Diag(1,1,1,1), (54)
—%sin29w 0 0 0
0 —25in? 6 0 0
z 3 w
Cir 0 0 —%sin” By 0 ’ 43
0 0 0 1 —2sin” 6y
Lsin? Oy 0 0 0
z 0 1 sin” Oy 0 0
Car = 0 0 ysin’6y 0 ’ (56)
0 0 0 — 1+ 1 sin’ Oy

are 4 x 4 diagonal matrices acting on the generation space. From Eqgs. (50) and (52), we can see
that the SM quark weak currents are V — A type, while the vector-like quark weak currents are

purely V type.
The interaction terms between quarks and photons are written as
Lygh = geuzy“u’LA” - geczlﬂ’”d}ﬁu + ge”}eW”kAu - ged;e}/‘”d}gAu
2 1 — 2 [
+ geUL’)/‘uULA” — geDL'yﬂDLA/.L + geURY‘uURA“ — geDRY”DRAIJ
2 1 — 2 1 —
= ?WWWM—yWW#M+?%W¢M—f%W¢M- (57)
Note that Xy, , = —2 as given in Table 1, the interaction terms between quarks and the
Z'-boson are
Lz = —2gxULy*ULZ), —2gxDry* D1.Z), — 2gxURY* UrZ,, — 2¢x DrY" DrZ),
= = 26xF/'V" (Cz)as Fi'Zy — 28x V" (C2) s L Z,,
— 28xFR " (CZ/>4x4F1?Z;¢ - ZgXFgW (CZ/>4><4FRdZ;/i ) (58)
where
Cy = Diag(0,0,0,1). (59)

is a 4 x 4 diagonal matrix acting on the generation space.
Next, we rewrite these above interaction terms in the basis of quark mass eigenstates (33),

ULRr dL,R
CLR d SL,R d rd
Flr= T =VIRE Fir= T =ViREb 60
LR R LRFLR s LR by g LRIL R (60)
U r DLR
that are physical states to be observed experimentally. In the calculation, we use the fact that the

i
rotation matrices are unitary, namely (VL” ’,?) V4 — 14,4 = Diag(1,1,1,1), in places where it can
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be applied. To translate the Lagrangian from Weyl spinors for chiral states to Dirac spinor, we use
the following relations:

1
yfg = PLRﬁu’dv PLr = :;ys, (61)

gl = gy gid (62)
i. Quark—quark—gluon interaction
LG = g3yLu a}’” uTmu a+g3yu aY#VR MTO“M a

+g3.7f ”yﬂvg’v‘” Gy + 83T “WVRV,?T/’G“
= 5.7 O‘L‘)L“y“J“G“+g3f“ “y“J”G"Jrggﬂ*d “y”/’G“ g3 Fd “y“JdG“
= ggﬁu y”P TGy +g3§” y“P F'Gy

+ g3ﬁ§}/"PL3ﬂl Go + g3ﬁ§y“PRﬁdGﬁ
= g3w%W9uGﬁ+g3w7§yﬂﬁdGﬁ. (63)

From this equation, we see that, due to the unitarity of the rotation matrices V' ’1‘;, the strong inter-
action for quarks in this model is the same as that in the SM.

ii. Quark—quark—W interaction

182 — Wy dt gdyy+ 182 —4 7 ucWydt grdyy+
Z = FH V“C V W + —=Fgy Vi Cp V W +h.c.. 64
qqW \/i 'Y# L \/j 'Y# R ( )

Noting that CZV is the identity matrix (see Eq. (51)), the relevant term becomes simpler:
(51) ig dT L, 82— u Wy di grdyy+
< = TPV FIWT + == FEPVECEVE FRW, + hec.
aqW Nl YLV V2 R RV VR CR
= B2 gup (VL"VL‘”PL + V,?C,EVV,?TPR) FWS +he.
V2
g [(Vuvd'l‘ +Vucwvd-r> P
202 L'L RERVYR ), 4
- (VL"VL‘” - V,::C,ZVV,?*>4 ) yﬂﬂ FWS +hee.. (65)
X
In the SM, only left-handed quarks involve in the charged current. Due to the existence of the

vector-like quarks and their mixing with SM quarks in this model, both left-handed and right-
handed quarks take parts in the charged current.
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iii. Quark—quark—Z interaction

Lz = —2FEPVICE Vg‘*ﬁgzu

d T ogd
ct vy 7lz
COSG dL¥L L&

9w
FEPMVECE VY f,gz#

Z x;d7 ord
-~ GW FAPVECE VS Zd7, . (66)

Because C%, and C%, are proportional to the identity matrix, they commute with V/* and V. How-
ever, CZ, and C%, do not commute with V* and V. Using the unitarity of V;"“, we have

(53) 4 82 7d d
< = C5 Fi'Z, + c? 7iz
q9Z (54) osGW 7’” ul? Ly + cos Oy 7“ dLZ L4&u
Z 1 82 d d{
o 9 TR VRCRVE TRz, + ewf,g’y”vR CoLRVe TRz,
- 82 g ( P+ VCE, V”TP) FZ,
cosew Fup (CoPL+ Vi R IR
+ 52 gy <C§LPL +V,§C§RVI§TPR) Fi7,
cos Oy
- & [(c Vic? V“T) _ (cz _vEC V“T) } FZ
2cosOW VR 4x4y# ul 'y H
82 =i z dZ vrdt Z d dt d
2cos Oy F [(CdL+vRCdRVR )4X4yu B (CdL_vRCdRVR )4X4y“y5} T Ly

(67)
In the SM, since the Z-boson can only interact with quarks of a same generation, there is no flavor
changing neutral current at the tree level. The situation in the considered model is different. We
observe that, although the interaction of left-handed quarks with the Z-boson is similar to that
in the SM, the right-handed quarks contribute to the flavor changing neutral current at tree level.
Therefore, the mixing matrices Vg “4 must be suppressed.
iv. Quark—quark—photon interaction
2 YAy MT 1 grd il d?‘
+ eJ”y”VRV,;”ﬁ‘};A - fede“VR V,?*WA
2 1
= JeFLVTiAu - geﬂyﬂﬂdA” += eﬂy”WA“ ﬁdyudA”
2 2 —— 1 1
= geﬁuy“PLﬁ“Au + gey*uy“PRﬁ“A“ — geﬁdy“PLydA“ — geydWPRydA#

2 1 —
= geﬂ’“y“ﬁuA#—geﬁdy“ﬁdA#. (68)

Due to the unitarity of the rotation matrices V' ’g, the electromagnetic interaction of quarks is the
same as that in the SM.
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v. Quark—quark—Z’ interaction

Lo = —2xTIPVICIVIFLZ, — 2ex T VECVE i,
— 2 FRVVECH VY FHZ), — 2gx FRYVECVE T2,
= = 2x FYPVICHV PLF Z), — 2gx FAPVIC VI PLFZ,,
— 2gx FUPVRCH VY Pe T 2, — 285 TP VECH VY R FZ,,
N [(VLL‘CZ,VL“*Jr\/,s‘cz/v,;”)4 R
X
_ (VL”CZ/VL” _ V,gfczlv,g‘*>4 4)/“)/5} 7'z,
X
—ex7? | (ViCo VT +ViC V)
X
~ (vicpvt - V,gfczlv,g”)étx4 Y7z, ©9)

At the beginning, the Z’-boson only interacts with vector-like quarks, but not with SM quarks. Be-
cause Cz does not commute with the rotation matrices V;' ;3’, after changing to the mass eigenstate
representation, quarks of all flavors can interact with Z’-bosons due to the quark mixing.

V.  PHENOMENOLOGICAL DISCUSSIONS

It is worth noting that the SM model can be recovered in the limit where the new couplings
in Egs. (3) and (22) tend to zero, and the new mass scales in Eqgs. (6) and (24) tend to infinity in
the model’s Lagrangian. Therefore, in principle, all the experimental results consistent with the
SM predictions can be explained in the considered model when these new parameters are close
enough to such limits. Here, we briefly discuss several important phenomenological points.

e In Eq. (67), there are flavor changing neutral currents (FCNCs) at the tree level. They
can be suppressed by small quark mixing, which implies small coupling w; >3 and
large vector-like quark masses my p. In the limit of zero vector-like quark mixing, we
have no tree-level FCNCs.

e Regarding to the unitarity of the CKM matrix, small values of wy 3 result in small
quark mixings, while small U(1)x coupling and large Z'-boson mass lead to negligible
loop corrections of this new gauge boson. Therefore, we can set the unitarity violation
of the CKM matrix to stay within the experimental errors with suitable choices of these
parameters.

e The W and Z production at the LHC via gluon-gluon fusion can be within experimen-
tal limits because the additional corrections due to the new vector-like fermion loops
can be suppressed by their large mass scales, (Mo, My).

e The Peskin-Takeuchi parameters (S, 7, and U) [14, 15] and the p parameter [16]
are important parameters for the electroweak precision tests. The contributions of
the vector-like leptons and quarks to the Peskin-Takeuchi parameters have been cal-
culated in an approximation of small mixing and large vector-like fermion masses,
my g, my p > my. The results read
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4 1\ A 1\ A 2 /A A
S o~ (o)A g (L) AMe| 2 (2 QMo (70)
R¥/1 2 my 6 my R¥/1 my my
1 Am? + 3Am?>
T =~ —x L 1)
671 sin” By myy,
11 [(Am2 _Am?
U ~ L2, (72)
30w my; my,

where Amj, = my —mg and Amg = my — mp are the mass splittings between the upper
and the lower components of the vector-like lepton doublet and the vector-like quark
doublet. The contribution of the new vector-like fermion doublets to the p parameter
is proportional to the T parameter:
o Am3? + 3Am2Q
67 sin’ Oy 8 ms, '
We can see that these parameters depend on the mass splittings, Amy o, between the
upper and lower components of the vector-like doublets. Therefore, when vector-like
fermions are heavy enough and nearly degenerate, the constraints on these parameters
can be satisfied.

e Magnitudes of new scales my, mp, my, mg, (¢) in the model must be large enough
to be consistent with experimental data. From the above calculation, we find that
the scales of these parameters of ¢(TeV) can well satisfy the constraints from the
precision tests [16].

e The neutrino oscillation is a different aspect related to the neutrino masses and mixing.
To address this problem, new heavy right-handed neutrino states can be introduced
such that the left-handed neutrinos receive tiny masses via the see-saw mechanism.

e The new physics introduced in this model results in rich phenomenology, for example
those related to the new vector-like quark mixing that are beyond the SM. The new
effects of the model are important criteria to test the model, and therefore deserve
further investigation in the future.

Ap = o T

(73)

VI. CONCLUSIONS

In the SM extension with vector-like fermions and additional Abelian symmetry, we have
calculated the new particles’ masses that define their mass eigenstates. After the U(1)x breaking,
the vector-like and SM quarks are mixed together, while there is no such mixing in the lepton
sector. We have extended the simple quark mixing picture in previous studies to consider the full
mixing between all the three generations of SM quarks and the vector-like quarks. This mixing
pattern results in a distinct picture of gauge interactions, especially for those involving quarks. The
gauge interaction terms of quarks and leptons have been explicitly derived for the model. We have
found that although the strong and electromagnetic interactions are the same as those in the SM,
the weak interactions with W and Z bosons are modified in comparison to those in the SM due to
the quark mixing effect. Relating to the U(1)x gauge group, the interaction terms of Z’'-bosons
with leptons and quarks have been obtained. We have shown that, in the mass eigenstate basis,
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while only vector-like leptons interact with Z’-boson, quarks of all flavors can interact with this
new massive gauge boson. Since the SM is recovered in the limit where the new mass scales are
large and the new couplings are small, the model is viable. The contributions of the new vector-like
doublets to the Peskin-Takeuchi parameters as well as the p parameters have been calculated in the
limit of small mass mixing and large vector-like fermion masses. The results of this paper suggest
interesting phenomenology relevant to the model’s typical structure and new physics beyond the
SM. This topic is beyond the scope of this paper, and will be investigated in the near future [17].
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