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Strongly established with interesting shortcomings

Over the decades experiments
and every missing pieces

Verified the facts that
they belong to this family

have found each

Finally at the Large Hadron collider
Higgs has been observed

Its properties must be verified

Few of the very interesting anomalies :
Tiny neutrino mass and flavor mixings
Relic abundance of dark matter . . .

H

SM can not explain them

Neutrino oscillation experiment :
SNO, Super − K, etc .

Nature : Majorana/ Dirac
Ordering : Normal/Inverted
Nature of the mixing between the
mass and the flavor eigenstates

Unkown

Introduction
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3 generations of 
SM singlet right handed  
neutrinos (anomaly free)

SU(3)c SU(2)L U(1)Y U(1)X
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Table 1. The particle content of the model including the three generations of the right-handed
neutrinos (N i

R, i = 1, 2, 3) and a new scalar field (�).

The Yukawa sector of the model can be written in a gauge invariant way as
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where H̃ ⌘ i⌧
2
H

⇤ and C is the charge conjugate. Due to the gauge invariance the Yukawa

interactions impose

x
0
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Further more using Eq. 2.1 the solutions to these conditions are listed in Table 1. Finally

we obtain that the charges of the particles are controlled by the two parameters, xH

and x� only. Hence we conclude that the U(1)X gauge group can be defined as a linear

combination of the SM U(1)Y and the U(1)B�L. Putting xH = 0 and x� = 1 we can

be reduced to the B�L scenario. Therefore without the loss of generality we fix x� = 1

in our analysis through out the paper. The fourth and the fifth terms in Eq. 2.2 are the

Dirac and Majorana Yukawa terms. Without the loss of generality we use a diagonal basis

for the Majorana Yukawa coupling. After the breaking of theU(1)X and the electroweak

symmetries, the U(1)X gauge boson (Z 0) mass, Majorana masses of the RHNs and neutrino

Dirac masses are generated:
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Charges before  
the anomaly cancellations

Charges after 
Imposing the  

anomaly 
cancellations

mZ′ 
= 2 g′ vΦ

xH, xΦ will appear
the coupling with Z′ 
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Table 1: Particle content of the minimal U(1)X model, where i, j = 1, 2, 3 are the generation
indices. Without loss of generality, we fix x� = 1.

group, SU(3)c⇥SU(2)L⇥U(1)Y⇥U(1)X , where U(1)X is realized as a linear combination of the
SM U(1)Y and U(1)B�L symmetry (the so-called non-exotic U(1) extension of the SM [21]).
The particle content of the model is listed in Table 1. The structure of the model is the same
as the minimal B � L model except for the U(1)X charge assignment. In addition to the SM
particle content, this model includes three generations of RHNs required for the cancellation
of the gauge and the mixed-gravitational anomalies, a new Higgs field (�) which breaks the
U(1)X gauge symmetry, and a U(1)X gauge boson (Z 0). The U(1)X charges are defined in
terms of two real parameters xH and x�, which are the U(1)X charges associated with H and
�, respectively. In this model x� always appears as a product with the U(1)X gauge coupling
and is not an independent free parameter, which we fix to be x� = 1 throughout this letter.
Hence, U(1)X charges of the particles are defined by a single free parameter xH . Note that this
model is identical to the minimal B � L model in the limit of xH = 0.

The Yukawa sector of the SM is then extended to include
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where the first and second terms are the Dirac and Majorana Yukawa couplings. Here we
use a diagonal basis for the Majorana Yukawa coupling without loss of generality. After the
U(1)X and the EW symmetry breakings, U(1)X gauge boson mass, the Majorana masses for
the RHNs, and neutrino Dirac masses are generated:
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where gX is the U(1)X gauge coupling, v� is the � VEV, vh = 246 GeV is the SM Higgs VEV,
and we have used the LEP constraint [23, 24] v�2

� vh2.
Let us now consider the RHN production via Z 0 decay. The Z 0 boson partial decay widths

into a pair of SM chiral fermions (fL) and a pair of the Majorana RHNs, respectively, are given
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0 is the U(1)X gauge coupling, v� is the VEV of � and vSM = 246 GeV is the

SM Higgs VEV. Using the LEP constraints from [37, 38] we use v� >> vSM. In this

model through the U(1)X symmetry breaking, the Majorana mass terms of the RHNs are

generated which induce the seesaw mechanism to generate the light neutrino mass. Hence

the neutrino mass matrix is obtained as
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| << 1 and diagonalizing the neutrino mass matrix in Eq. 2.5 we

obtain the light neutrino mass eigenvalue as
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Due to the nonzero U(1)X charges the Z 0 boson interacts with the particles in the same way

as it does in the B�L scenario [22, 25, 29, 34, 39–44], however, the CV and CA components

of the interactions between the Z
0 and the other particles in the model will depend upon

the xH and x� parameters. As we have already used x� = 1, the corresponding partial

decay widths of Z 0 into the fermions will depend upon xH .

The interaction between the Z
0 with the quarks can be written as
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) is the U(1)X charge

for the left (right) handed lepton. All these charges are given in Tab. 2.1. After writing

the model under the U(1)X and B�L frameworks respectively in the UFO [45] format,

we study the pp ! Z
0 ! `

+
`
� for ` = e, µ process where the U(1)X coupling g

0 is

involved. Validating our analysis with the observed CMS [9] and ATLAS [10] bounds of

heavy resonance production under the SSM scenario [46], we recast the bounds on the g
0

for the U(1)X (xH = �1.2, x� = 1) and B�L (xH = 0, x� = 1) scenarios respectively.

The corresponding bounds are given in Fig. 1. We finally use these bounds for the further

analysis of the heavy neutrino production from Z
0 in our work. A diagram showing sterile

neutrino production and decay at the LHC considered can be seen in Figure 2. The

production cross-section of the heavy neutrino pair and the decay can be seen in Figure 3.

3 LHC sensitivity with displaced vertex searches (initial part of this

section has to be modified later)

For our study, we produce two UFO [45] models, based on the B�Lmodel in [8]. We adapt

it so that the light-heavy neutrino mixing and the sterile neutrino masses are treated as
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U(1)X  breaking

Seesaw mechnism

Dobrescu, Fox; AD, Okada, Raut;Cox, Han, Yanagida; AD, Dev, Okada;
Chiang, Cottin, AD, Mandal; AD, Takahashi, Oda, Okada
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Higgs potential

Yukawa interactions we can write the following conditions from the U(1)X neutrality
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Solving Eqs.1 and 3 we can calculate the individual charges of the fermions in the model

in terms of xH and x�. The charges are written in Tab. I. We can find that xH = 0 and

x� = 1 will reproduce the B�L scenario. From the structure of the individual charges we

can confer that the U(1)X gauge group can be considered as a linear combination of the

U(1)Y gauge group of the SM and the U(1)B�L gauge group. The U(1)X gauge coupling g0

is a free parameter of our model which appears as either g0xH or g0x�. Without the loss of

generality we fix x� = 1 in the further analysis of this paper. As a result xH acts an angle

between the U(1)Y and U(1)B�L directions. In the limits xH ! �1, U(1)X is aligned to

the U(1)Y direction and consequently in the limit xH ! 1, U(1)X is anti-aligned to the

U(1)Y direction, respectively.

The renormalizable Higgs potential of this model is given by
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The scalar fields H and � can be approximated separately in the analysis of the scalar

potential in the limit of �0 to be very small [114–119]. After the breaking of the electroweak

and the U(1)X gauge symmetries the scalar fields H and � potentially develop their vacuum

expectation values
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TABLE I. Particle content of the minimal U(1)X model where i(= 1, 2, 3) represents the family

index. The scalar charges xH , x� are the real parameters. The U(1)X gauge coupling is a free

parameter in this model. The B�L case can be obtained with the choice xH = 0 and x� = 1.

charges to deduce the gauge and mixed gauge-gravity anomaly cancelation conditions:

U(1)X ⌦ [SU(3)c]
2 : 2x0

q
� x0

u
� x0

d
= 0,

U(1)X ⌦ [SU(2)L]
2 : 3x0

q
+ x0

`
= 0,

U(1)X ⌦ [U(1)Y ]
2 : x0

q
� 8x0

u
� 2x0

d
+ 3x0

`
� 6x0

e
= 0,

[U(1)X ]
2 ⌦ U(1)Y : x0

q

2 � 2x0
u

2 + x0
d

2 � x0
`

2 + x0
e

2 = 0,

[U(1)X ]
3 : 6x0

q

3 � 3x0
u

3 � 3x0
d

3 + 2x0
`

3 � x0
⌫

3 � x0
e

3 = 0,

U(1)X ⌦ [grav.]2 : 6x0
q
� 3x0

u
� 3x0

d
+ 2x0

`
� x0

⌫
� x0

e
= 0. (1)

To introduce the fermion mass terms and the flavor mixings we introduce the Yukawa inter-

actions as

LYukawa = �Y ↵�

u
q↵
L
Hu�

R
� Y ↵�

d
q↵
L
H̃d�

R
� Y ↵�

e
`↵
L
H̃e�

R
� Y ↵�

⌫
`↵
L
HN�

R
� Y ↵

N
�N↵c

R
N↵

R
+ h.c., (2)

where H̃ ⌘ i⌧ 2H⇤. The fourth and fifth terms of the Eq. 2 are responsible for the seesaw

mechanism- after the symmetry breaking- to generate the light neutrino mass. From the
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respectively to generate the light neutrino mass though the seesaw mechanism. The neutrino

mass mixing can be written as

m⌫ =

0

@ 0 mD

mT

D
mN

1

A (8)

Diagonalizing Eq. 8 we get the light neutrino mass as �mDm
�1

N
mT

D
which is the so-called

seesaw mechanism, however, in this paper the neutrino mass generation is not the main

motivation. Therefore we are not investigating the properties of the light and heavy neutrinos

in this article. The mass of the Z 0 and the U(1)X gauge coupling are constrained by the

previous studies of LEP [120], Tevatron [121] and LHC [122]. These studies imply that a

bound MZ0/g0 & 6.9 TeV at 95% CL for the B�L case assuming v2
�
� v2.

Due to the presence of the general U(1)X charges, the Z 0 boson interacts with the fermions

of the model. The interaction Lagrangian between the Z 0 and the quarks can be written as

Lq = �g0(q�µq
q

xL
PLq + q�µq

q

xR
PRq)Z

0
µ
, (9)

where PL and PR are the left and right projections and defined as 1+�5

2
and 1��5

2
respectively.

The corresponding interaction Lagrangian between the lepton sector and Z 0 can be written

as

L` = �g0(`�µq
`

xL
PL`+ e�µq

`

xR
PRe)Z

0
µ
, (10)

The quantities qq,`
xL

and qq,`
xR

are the corresponding U(1)X charges of the up, down type quarks

and leptons which are given in Tab. I. Using Eq. 9 and 10 we can calculate the partial decay

widths of Z 0 into the SM fermions. The partial decay width of the Z 0 into a pair of a single

generation of charged fermions can be written as

�(Z 0 ! 2f) = Nc

MZ0

24⇡

⇣
gf
L

h
g0, xH , x�

i2
+ gf

R

h
g0, xH , x�

i2⌘
(11)

where Nc = 1 for the leptons and 3 for the quarks and gf
L(R)

h
g0, xH , x�

i
is the coupling of

the Z 0 with left (right) handed charged fermions of the model. The partial decay width of

the Z 0 into a pair of single generation light neutrinos can be written as

�(Z 0 ! 2⌫) =
MZ0

24⇡
g⌫
L

h
g0, xH , x�

i2
(12)

g⌫
L(R)

h
g0, xH , x�

i
is the coupling of the Z 0 with left handed neutrinos of the model. 1 The

couplings between the Z 0 and the left handed and right handed SM fermions can be defined as

1 The partial decay width of the Z 0 into a pair of heavy neutrinos can be written as

�(Z 0 ! 2N) =
MZ0

24⇡
gNR

h
g0, x�

i2⇣
1� 4

m2
N

M2
Z0

⌘ 3
2

(13)
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Diagonalizing Eq. 8 we get the light neutrino mass as �mDm
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N
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D
which is the so-called

seesaw mechanism, however, in this paper the neutrino mass generation is not the main

motivation. Therefore we are not investigating the properties of the light and heavy neutrinos

in this article. The mass of the Z 0 and the U(1)X gauge coupling are constrained by the

previous studies of LEP [120], Tevatron [121] and LHC [122]. These studies imply that a

bound MZ0/g0 & 6.9 TeV at 95% CL for the B�L case assuming v2
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� v2.

Due to the presence of the general U(1)X charges, the Z 0 boson interacts with the fermions

of the model. The interaction Lagrangian between the Z 0 and the quarks can be written as

Lq = �g0(q�µq
q

xL
PLq + q�µq

q

xR
PRq)Z

0
µ
, (9)
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TABLE II. Particle content of the minimal U(1)X model for di↵erent values of xH =�2, �1, �0.5,

0, 0.5, 1 and 2 respectively and x� = 1 where i represents the family index for three generations

of the fermions. Here xH = �2 and 0 are the U(1)R and the B�L cases respectively.

LHC considering �

m
= 3%. We calculate the bound on the U(1)X coupling g0 using

g0 =

s

g2
Model

⇣�Obs.

ATLAS

�Model

⌘
(15)

where gModel is the coupling considered to calculate �Model for di↵erent xH . We show the

bounds on the g0-MZ0 plane in the left panel of Fig. 3 for xH =�2 (blue, dot-dashed), �1

(red, dashed) and �0.5 (green, dashed) respectively. In the right panel of Fig. 3 the bounds

on the g0-MZ0 plane are shown for xH = 2 (blue, dashed), 1 (red, dot-dashed) and 0.5 (green,

dashed) respectively. In both of the panels we show the xH = 0, i. e., the B�L scenario

with dotted purple line as a reference.

To estimate the bounds on g0 for di↵erent MZ0 , now we consider the latest CMS result

[90] where dilepton final state is considered. The electrons are considered as the final state

at 137 fb�1 and the muons are considered at 140 fb�1. In this analysis CMS considered the

ratio R� of the pp ! Z 0+X ! 2`+X to pp ! Z+X ! 2`+X. Taking R� for the electron

11

Implications of the choices of xH keeping

No interaction with left handed fermions

No interaction with eR

No interaction with uR

No interaction with dR

xΦ = 1

6



Phenomenological aspects of the model
New particles Z′ boson Heavy Majorana Neutrino U(1)X Higgs boson
Phenomenology Z′ boson production and decay Heavy neutrino production

U(1)XHiggs phenoemenology : Vacuum StabilitycolliderDark Matter
Leptogenesis and many more

Fermionic pair production form the Z′ 

FIG. 7. The s-channel fermion pair production process at the e�e+ collider. Vi stands for the

photon and Z boson in SM and photon, Z and Z 0 in the U(1)X scenario. f stands for the charged

fermions like muon, bottom quark and top quark respectively.

IV. FERMION PAIR PRODUCTION

In this model the quarks and leptons are di↵erently charged under the U(1)X group. That

is manifested in their interaction with the Z 0. Another important feature of this model is

the left and right handed fermions are also di↵erently charged under the U(1)X group. For

example, under the U(1)X group the left and right handed quarks are di↵erently charged.

Same property is observed for the left and right handed charged leptons. As a result, the

production cross sections of the left handed fermions will be di↵erent from those of the

right handed fermions. In this model the U(1)X charge and the U(1)X gauge coupling of

the fermions do not depend on the generation of the fermions, which is a family universal

scenario. For example, qi
L
has the U(1)X charge 1

6
xH + 1

3
x� which is same for all three

generations of the quarks. This property is same for all the leptons of this model. Therefore

we consider f = µ as the leptonic final state and f = b and t for the colored final states.

Further we consider xH = �2, �1, 1 and 2. In this analysis we consider three choices of the

polarization of the electron and positron as:

(i) P�
e

= 0, P+

e
= 0

23

FIG. 51. Feynman diagram for the Bhabha scattering process: e�e+ ! e�e+. The propagator Vi

includes photon, Z boson in the SM case. An additional contribution from the Z 0 boson comes in

the U(1)X scenario.

FIG. 52. s|qXY
| as a function of

p
s for the Bhabha scattering for SM (top left), for U(1)X with

xH = �2 (top middle), xH = �1 (top right), xH = �0.5 (bottom left), xH = 1 (bottom middle)

and xH = 2 (bottom right) respectively. We consider MZ0 = 7.5 TeV and g0 = 0.4.

63

Bhabha scatteringe−e+ → ff, f ≠ e
V i

=
{γ

,Z
,Z

′ }
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Limits on the model parameters Considering the limit MZ′ > > s and appling effective theory we find the limits on
MZ′ 

g′ using LEP − II (1302.3415) and (prospective) ILC (1908.11299) :

Shows limits on MZ′ 
vs g′ for

LEP − II, ILC250, ILC500 and ILC1000

FIG. 2. Total decay width of Z 0 as a function of xH (upper left), total decay width of Z 0 as a

function of MZ0 (upper right) and the branching ratio of Z 0 (bottom) into the single generation

charged fermions as a function of xH for MZ0 = 7.5 TeV. In the first two cases we normalize the

total decay width by g02. In this analysis we fix x� = 1.

LHC considering �

m
= 3%. We calculate the bound on the U(1)X coupling g0 using

g0 =

s

g2
Model

⇣�Obs.

ATLAS

�Model

⌘
(15)

where gModel is the coupling considered to calculate �Model for di↵erent xH .

To estimate the bounds on g0 for di↵erent MZ0 , now we consider the latest CMS result

[91] where dilepton final state is considered. The electrons are considered as the final state

at 137 fb�1 and the muons are considered at 140 fb�1. In this analysis CMS considered the

ratio R� of the pp ! Z 0+X ! 2`+X to pp ! Z+X ! 2`+X. Taking R� for the electron

and muon final states and calculating pp ! Z +X ! 2`+X for 60 GeV< m`` < 120 GeV

we obtain the Z 0 production cross section in the dilepton mode for the SSM scenario. Hence

using Eq. 15 we calculate the bounds on the g0 vs MZ0 plane replacing the observed ATLAS

cross section with the observed CMS cross section using RObs

�
⇤ �(pp ! Z +X ! 2`+X).

10

Limits on MZ′ 
and g′ can also be obtained from dilepton and dijet searches at the LHC

Indicates a large VEV scale can be probed
from LEP − II to ILC1000 via ILC250 and ILC500

from [137]. Following [127, 138] we calculate the Z 0 exchange matrix element for our process

(g0)2

MZ0
2
� s

[e�µ(x`
0PL + xe

0PR)e][f�µ(xfL
PL + xfR

PR)f ] (17)

where x`
0 and xe

0 are the U(1)X charges of eL and eR which can be found in Tab. II. Similarly

xfL
and xfR

are the U(1)X charges of fL and fR. Matching Eqs. 16 and 17 we find the bounds

as

M2

Z0 � s �
g02

4⇡
|xeA

xfB
|(⇤f±

AB
)2 (18)

taking the case M2

Z0 >> s where
p
s is the LEP-II center of mass energy (209 GeV), we

calculate the bounds on in the g0 �MZ0 plane for di↵erent xH with A,B = L,R. The limits

from the dilepton, dijet, LEP and ATLAS are shown in Figs. 4 for xH  0 and in Fig. 5 for

xH > 0. Following [139, 140] and using Eqs. 16 and 18 we estimate the bounds on MZ0/g0

as a function of xH for the LEP-II using the limits on the composite scale from Tab. III in

Fig. 3 which is represented by the blue solid line and the gray shaded region is ruled out the

LEP-II. Similarly we estimate the prospective reach at the ILC with
p
s = 250 GeV, 500

GeV and 1 TeV by red dotted, purple dashed and green dot-dashed lines. The corresponding

prospective limits on the composite scales are shown in Tab. IV.

Model ⇤�
`+`� (TeV) ⇤+

`+`�(TeV) ⇤�
qq
(TeV) ⇤+

qq
(TeV)

LL 11.8 13.8 4.2 7.2

RR 11.3 13.2 6.3 4.3

LR 10.0 13.5 5.7 4.9

RL 10.0 13.5 8.4 10.8

VV 20.0 24.6 9.4 5.8

AA 18.1 17.8 6.9 10.7

TABLE III. The 95% CL on the scale for constructive (⇤+) and destructive interferences (⇤�)

with the SM, for the contact interaction models from LEP-II [137]. We consider the universal

limits (strongest limits) on the dilepton (`+`�) and diquark (qq) productions from e�e+ ! ff .

Finally we discuss about the prospective limits on g0 as a function of MZ0 could be

obtained from the future e�e+ collider. We consider a
p
s = 250 GeV, 500 GeV and 1 TeV

e�e+ collider. We find the limits MZ0/g0 > 7.0 TeV, 48.24 TeV, 81.6 TeV and 137.2 TeV at
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TABLE II. Particle content of the minimal U(1)X model for di↵erent values of xH =�2, �1, �0.5,

0, 0.5, 1 and 2 respectively and x� = 1 where i represents the family index for three generations

of the fermions. Here xH = �2 and 0 are the U(1)R and the B�L cases respectively.

The corresponding bounds can be found in Figs. 4 and 5 for xH  0 and xH > 0 respectively.

We show the bounds on the g0-MZ0 plane for 1 TeV  MZ0 comparing with the dilepton

searches from ATLAS [90], ATLAS-technical design report (TDR) [134] and CMS [91]. We

also calculate the bounds comparing with the dijet searches from the ATLAS [135] and CMS

[136] with 58% and 70% acceptance respectively using Eq. 15. The bounds for xH  0 are

shown in Fig. 4 and those for xH > 0 are shown in Fig. 5.

In this analysis we have calculated the limits from LEP considering MZ0 greater than the

center of mass energy of LEP-II. The LEP electroweak working group has parametrized the

interactions as [126, 137]

±4⇡

(1 + �ef )(⇤
f±
AB

)2
(e�µPAe)(f�µPBf) (16)

where A,B = L,R for the chirality, �ef = 1, 0 for f = e, f 6= e respectively which can

constrain the high mass e↵ect beyond the SM for s

M
2
Z0

<< 1. The quantities ⇤f±
AB

are taken

11

from [137]. Following [127, 138] we calculate the Z 0 exchange matrix element for our process

(g0)2

MZ0
2
� s

[e�µ(x`
0PL + xe

0PR)e][f�µ(xfL
PL + xfR

PR)f ] (17)

where x`
0 and xe

0 are the U(1)X charges of eL and eR which can be found in Tab. II. Similarly

xfL
and xfR

are the U(1)X charges of fL and fR. Matching Eqs. 16 and 17 we find the bounds

as

M2

Z0 � s �
g02

4⇡
|xeA

xfB
|(⇤f±

AB
)2 (18)

taking the case M2

Z0 >> s where
p
s is the LEP-II center of mass energy (209 GeV), we

calculate the bounds on in the g0 �MZ0 plane for di↵erent xH with A,B = L,R. The limits

from the dilepton, dijet, LEP and ATLAS are shown in Figs. 4 for xH  0 and in Fig. 5 for

xH > 0. Following [139, 140] and using Eqs. 16 and 18 we estimate the bounds on MZ0/g0

as a function of xH for the LEP-II using the limits on the composite scale from Tab. III in

Fig. 3 which is represented by the blue solid line and the gray shaded region is ruled out the

LEP-II. Similarly we estimate the prospective reach at the ILC with
p
s = 250 GeV, 500

GeV and 1 TeV by red dotted, purple dashed and green dot-dashed lines. The corresponding

prospective limits on the composite scales are shown in Tab. IV.

Model ⇤�
`+`� (TeV) ⇤+

`+`�(TeV) ⇤�
qq
(TeV) ⇤+

qq
(TeV)

LL 11.8 13.8 4.2 7.2

RR 11.3 13.2 6.3 4.3

LR 10.0 13.5 5.7 4.9

RL 10.0 13.5 8.4 10.8

VV 20.0 24.6 9.4 5.8

AA 18.1 17.8 6.9 10.7

TABLE III. The 95% CL on the scale for constructive (⇤+) and destructive interferences (⇤�)

with the SM, for the contact interaction models from LEP-II [137]. We consider the universal

limits (strongest limits) on the dilepton (`+`�) and diquark (qq) productions from e�e+ ! ff .

Finally we discuss about the prospective limits on g0 as a function of MZ0 could be

obtained from the future e�e+ collider. We consider a
p
s = 250 GeV, 500 GeV and 1 TeV

e�e+ collider. We find the limits MZ0/g0 > 7.0 TeV, 48.24 TeV, 81.6 TeV and 137.2 TeV at

12

from [137]. Following [127, 138] we calculate the Z 0 exchange matrix element for our process

(g0)2

MZ0
2
� s

[e�µ(x`
0PL + xe

0PR)e][f�µ(xfL
PL + xfR

PR)f ] (17)

where x`
0 and xe

0 are the U(1)X charges of eL and eR which can be found in Tab. II. Similarly

xfL
and xfR

are the U(1)X charges of fL and fR. Matching Eqs. 16 and 17 we find the bounds

as

M2

Z0 � s �
g02

4⇡
|xeA

xfB
|(⇤f±

AB
)2 (18)

taking the case M2

Z0 >> s where
p
s is the LEP-II center of mass energy (209 GeV), we

calculate the bounds on in the g0 �MZ0 plane for di↵erent xH with A,B = L,R. The limits

from the dilepton, dijet, LEP and ATLAS are shown in Figs. 4 for xH  0 and in Fig. 5 for

xH > 0. Following [139, 140] and using Eqs. 16 and 18 we estimate the bounds on MZ0/g0

as a function of xH for the LEP-II using the limits on the composite scale from Tab. III in

Fig. 3 which is represented by the blue solid line and the gray shaded region is ruled out the

LEP-II. Similarly we estimate the prospective reach at the ILC with
p
s = 250 GeV, 500

GeV and 1 TeV by red dotted, purple dashed and green dot-dashed lines. The corresponding

prospective limits on the composite scales are shown in Tab. IV.

Model ⇤�
`+`� (TeV) ⇤+

`+`�(TeV) ⇤�
qq
(TeV) ⇤+

qq
(TeV)

LL 11.8 13.8 4.2 7.2

RR 11.3 13.2 6.3 4.3

LR 10.0 13.5 5.7 4.9

RL 10.0 13.5 8.4 10.8

VV 20.0 24.6 9.4 5.8

AA 18.1 17.8 6.9 10.7

TABLE III. The 95% CL on the scale for constructive (⇤+) and destructive interferences (⇤�)

with the SM, for the contact interaction models from LEP-II [137]. We consider the universal

limits (strongest limits) on the dilepton (`+`�) and diquark (qq) productions from e�e+ ! ff .

Finally we discuss about the prospective limits on g0 as a function of MZ0 could be

obtained from the future e�e+ collider. We consider a
p
s = 250 GeV, 500 GeV and 1 TeV

e�e+ collider. We find the limits MZ0/g0 > 7.0 TeV, 48.24 TeV, 81.6 TeV and 137.2 TeV at

12

Matching the above equations we obtain
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xH = �2, � 1, � 0.5, 0 and in Fig. 5 for xH = 0.5, 1, 2 respectively. The prospective

bounds from the e�e+ collider can be stronger than the LHC bounds for the heavier Z 0

which is beyond the LHC reach.

FIG. 4. Limits on the g0 vs MZ0 plane for xH  0 with x� = 1. We show the bounds from the

dilepton channels studied by ATLAS data [90], CMS [91], ATLAS-TDR [134], the dijet studies

from ATLAS [135] and CMS [136]. Finally we compare the bounds obtained from the LEP-II data

[137]. The shaded regions are ruled out by the current experimental data.

For the rest of this paper we consider xH = �2, �1, 1, 2 with two benchmark choices for

the Z 0 mass which satisfy the bounds shown in Figs. 4 and 5:

(i) MZ0 = 7.5 TeV with g0 = 0.4 for all the xH taken under the consideration.

(ii) MZ0 = 5.0 TeV where g0 = 0.13 for xH = �2, g0 = 0.34 for xH = �1, g0 = 0.075 for

xH = 1 and g0 = 0.048 for xH = 2 respectively

keeping x� fixed at 1.

14

For heavier Z′ , the limits from e−e+ colliders are stronger than the current LHC results

xH ≤ 0
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FIG. 5. Limits on the g0 vs MZ0 plane for xH > 0 with x� = 1. We show the bounds from the

dilepton channels studied by ATLAS data [90], CMS [91], ATLAS-TDR [134], the dijet studies

from ATLAS [135] and CMS [136]. Finally we compare the bounds obtained from the LEP-II data

[137]. The shaded regions are ruled out by the current experimental data.

III. OBSERVABLES AT THE ELECTRON POSITRON COLLIDER FOR THE

e�e+ ! ff (f 6= e) PROCESS:

We summarize several formulas of a variety of observables for the s-channel scattering

processes of the fermions at the electron positron collider, namely, e�e+ ! ff̄ . In this

analysis we concentrate only on the s-channel process through the neutral gauge bosons

Vi including � and Z for the SM and �, Z, Z 0 for the U(1)X model where the additional

Z 0 contribution will have significance to test the new physics process at the future e�e+

colliders. We consider f as di↵erent SM charged fermions excluding the electrons, to avoid

the t-channel processes for the final state electrons.
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Deviations in total cross sections from SM is more than 100 % for xH ≥ 1
for s = 3 TeV . For s < 3TeV the deviation is also sizable .
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Integrated Forward − Backward Asymmetry (e−e+ → μ−μ+) : 𝒜FB MZ′ 
= 7.5 TeV

Theoretically using cos ✓max = 1 we get

�LR = =
�s

32⇡

h⇣
2 +

2

3
�2

⌘
(|qeLfL |

2

+ |qeLfR |
2

) + 16
m2

f

s
Re

⇣
qeLfLqeLfR

⇤
⌘i

,

�RL = =
�s

32⇡

h⇣
2 +

2

3
�2

⌘
(|qeRfR |

2

+ |qeRfL |
2

) + 16
m2

f

s
Re

⇣
qeRfLqeRfR

⇤
⌘i

.

(24)

Furthermore considering mf ⌧
p
s

�LR
'

s

12⇡

h
|qeLfL |

2

+ |qeLfR |
2
i

�RL
'

s

12⇡

h
|qeRfR |

2

+ |qeRfL |
2
i

(25)

The theoretically estimated statistical error of the cross section �� can be written as

��
⇣
Pe� , Pe+ ,� cos ✓max, cos ✓max

⌘
=

�(Pe� , Pe+ ,� cos ✓max, cos ✓max)
p
N

(26)

where N = Lint �
⇣
Pe� , Pe+ ,� cos ✓max, cos ✓max

⌘
with Lint as the integrated luminosity.

Finally we calculate the deviation of the di↵erential fermion production cross section from

the SM as

�d�

⇣
Pe� , Pe+ , cos ✓

⌘
=

d�
U(1)X

d cos ✓

d�SM

d cos ✓

(Pe� , Pe+ , cos ✓)� 1 (27)

whereas the deviation of the total fermion production cross section can be written as

��

⇣
Pe� , Pe+

⌘
=

�U(1)X

�SM
(Pe� , Pe+)� 1 (28)

B. Forward-backward asymmetry (AFB)

The Forward-backward (FB) asymmetry (AFB) is an interesting feature of this model

which can be observed at the e�e+ collider [142–144] and can be defined as

AFB(Pe� , Pe+) =
�F (P

e� ,P
e+ )��B(P

e� ,P
e+ )

�F (P
e� ,P

e+ )+�B(P
e� ,P

e+ )
(29)

where the cross sections in the forward (F) and backward (B) directions can be defined as

�F (Pe� , Pe+) = �(Pe� , Pe+ , [0,+cos ✓max])

�B(Pe� , Pe+) = �(Pe� , Pe+ , [� cos ✓max, 0]) (30)
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and ✓max depends on the experimental set up. For mf ⌧
p
s and cos ✓max = 1 Eq. 29 is

reduced to

AFB(Pe� , Pe+) '
3

4

B1 � B2

B1 +B2

,

(31)

where the coupling dependent quantities B1 and B2 can be defined as

B1 = (1 + Pe↵)|q
eRfR |

2 + (1� Pe↵)|q
eLfL |

2

B2 = (1 + Pe↵)|q
eRfL |

2 + (1� Pe↵)|q
eLfR |

2 (32)

The statistical error of the AFB can be denoted by the quantity �AFB and it is defined

as

�AFB = 2

p
n1n2

�p
n1 +

p
n2

�

(n1 + n2)2
=

2
p
n1n2

(n1 + n2)
�p

n1 �
p
n2

� AFB (33)

We define (n1, n2) = (NF , NB) where NF (B) = Lint�F (B)(Pe� , Pe+) is the number of events

in the forward (backward) direction. The amount of the deviation from the SM results can

be defined as

�AFB
=

A
U(1)X

FB

ASM

FB

� 1. (34)

C. Left-right asymmetry (ALR)

The left-right (LR) asymmetry (ALR) is another important aspect which can be tested

at the e�e+ collider [142, 143, 145–147]. The di↵erential ALR can be given by

ALR(cos ✓) =
d�LR
d cos ✓

(cos ✓)� d�RL
d cos ✓

(cos ✓)
d�LR
d cos ✓

(cos ✓) + d�RL
d cos ✓

(cos ✓)
(35)

For mf ⌧
p
s, the Eq. 35 reduces to

ALR(cos ✓) '
(1 + cos ✓)2

�
|qeLfL |2 � |qeRfR |

2
�
+ (1� cos ✓)2

�
|qeLfR |2 � |qeRfL |

2
�

(1 + cos ✓)2 (|qeLfL |2 + |qeRfR |2) + (1� cos ✓)2 (|qeLfR |2 + |qeRfL |2)
. (36)

The observable di↵erential ALR in terms of the polarized incoming electron and positron

can be written as

ALR(Pe� , Pe+ , cos ✓) =
d�

d cos ✓
(Pe� , Pe+ , cos ✓)�

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

d�

d cos ✓
(Pe� , Pe+ , cos ✓) +

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

(37)
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FIG. 27. The integrated forward-backward asymmetry for MZ0 = 7.5 TeV as a function of the

center of mass energy for e�e+ ! ff process considering µµ (top panel), bb (middle panel) and tt

(bottom panel) respectively with the three sets of polarizations for the electron and positron from

left to right columns: (Pe� , Pe+) = (0, 0), (Pe� , Pe+) = (0.8,�0.3) and (Pe� , Pe+) = (�0.8, 0.3)

respectively. The SM result is sown by the solid black line.

V. BHABHA SCATTERING

The e�e+ ! e�e+ process in Fig. 51, known as the Bhabha scattering, has s-channel and

t-channel contributions. In the SM, the Bhabha scattering is induced by the photon and

Z mediated channels where as in the U(1)X model an additional contribution from the Z 0

boson is obtained along with the photon and Z mediated channels. These three channels

also interfere as they have same initial and final sates. The coupling between Z 0 and the

electron contains the U(1)X charge. In this scenario the e↵ect of xH will be manifested in

the Bhabha scattering process from the coupling. For the longitudinally polarized initial
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FIG. 29. The deviation in the integrated forward-backward asymmetry as a function of P�
e for the

process e�e+ ! µ�µ+ taking Pe+ = 0 for MZ0 = 7.5 TeV. The theoretically estimated statistical

error has been represented by the gray shaded band. The integrated luminosity has been considered

as Lint = 1 ab�1.

FIG. 30. The deviation in the integrated forward-backward asymmetry as a function of P�
e for the

process e�e+ ! bb taking Pe+ = 0 for MZ0 = 7.5 TeV. The theoretically estimated statistical error

has been represented by the gray shaded band. The integrated luminosity has been considered as

Lint = 1 ab�1.
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and ✓max depends on the experimental set up. For mf ⌧
p
s and cos ✓max = 1 Eq. 29 is

reduced to

AFB(Pe� , Pe+) '
3

4

B1 � B2

B1 +B2

,

(31)

where the coupling dependent quantities B1 and B2 can be defined as

B1 = (1 + Pe↵)|q
eRfR |

2 + (1� Pe↵)|q
eLfL |

2

B2 = (1 + Pe↵)|q
eRfL |

2 + (1� Pe↵)|q
eLfR |

2 (32)

The statistical error of the AFB can be denoted by the quantity �AFB and it is defined

as

�AFB = 2

p
n1n2

�p
n1 +

p
n2

�

(n1 + n2)2
=

2
p
n1n2

(n1 + n2)
�p

n1 �
p
n2

� AFB (33)

We define (n1, n2) = (NF , NB) where NF (B) = Lint�F (B)(Pe� , Pe+) is the number of events

in the forward (backward) direction. The amount of the deviation from the SM results can

be defined as

�AFB
=

A
U(1)X

FB

ASM

FB

� 1. (34)

C. Left-right asymmetry (ALR)

The left-right (LR) asymmetry (ALR) is another important aspect which can be tested

at the e�e+ collider [142, 143, 145–147]. The di↵erential ALR can be given by

ALR(cos ✓) =
d�LR
d cos ✓

(cos ✓)� d�RL
d cos ✓

(cos ✓)
d�LR
d cos ✓

(cos ✓) + d�RL
d cos ✓

(cos ✓)
(35)

For mf ⌧
p
s, the Eq. 35 reduces to

ALR(cos ✓) '
(1 + cos ✓)2

�
|qeLfL |2 � |qeRfR |

2
�
+ (1� cos ✓)2

�
|qeLfR |2 � |qeRfL |

2
�

(1 + cos ✓)2 (|qeLfL |2 + |qeRfR |2) + (1� cos ✓)2 (|qeLfR |2 + |qeRfL |2)
. (36)

The observable di↵erential ALR in terms of the polarized incoming electron and positron

can be written as

ALR(Pe� , Pe+ , cos ✓) =
d�

d cos ✓
(Pe� , Pe+ , cos ✓)�

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

d�

d cos ✓
(Pe� , Pe+ , cos ✓) +

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

(37)
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The left-right (LR) asymmetry (ALR) is another important aspect which can be tested

at the e�e+ collider [142, 143, 145–147]. The di↵erential ALR can be given by

ALR(cos ✓) =
d�LR
d cos ✓

(cos ✓)� d�RL
d cos ✓

(cos ✓)
d�LR
d cos ✓

(cos ✓) + d�RL
d cos ✓

(cos ✓)
(35)

For mf ⌧
p
s, the Eq. 35 reduces to

ALR(cos ✓) '
(1 + cos ✓)2

�
|qeLfL |2 � |qeRfR |

2
�
+ (1� cos ✓)2

�
|qeLfR |2 � |qeRfL |

2
�

(1 + cos ✓)2 (|qeLfL |2 + |qeRfR |2) + (1� cos ✓)2 (|qeLfR |2 + |qeRfL |2)
. (36)

The observable di↵erential ALR in terms of the polarized incoming electron and positron

can be written as

ALR(Pe� , Pe+ , cos ✓) =
d�

d cos ✓
(Pe� , Pe+ , cos ✓)�

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

d�

d cos ✓
(Pe� , Pe+ , cos ✓) +

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

(37)
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Integrated

Deviation from the SM

Statistical error

xH = 2 : 3.8 % for Pe− = − 0.8 at 500 GeV
xH = 1 : 79 % for Pe− = − 0.8 at 1 TeV
xH = − 1 : 20 % for Pe− = 0.3 at 3 TeV

12
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FIG. 41. The integrated left-right asymmetry for the process e�e+ ! ff as a function of the

center of mass energy for MZ0 = 7.5 TeV. The contribution from the SM has been represented by

the black solid line.

=
2
p
N1N2

(N1 +N2)
�p

N1 �
p
N2

�ALR, (68)

where N1 = Lint �(Pe� = �P�, Pe+ = �P+) and N2 = Lint �(Pe� = +P�, Pe+ = +P+) are

the numbers of the events.

The production cross section of the Bhabha scattering for the SM process has been

compared with the U(1)X process in Fig. 53 where the SM shows the peak at the Z boson

mass and the contribution from the U(1)X scenario shows peaks at the Z and Z 0 boson

masses. The Z 0 mediated process has interference with the Z and � mediated processes. As

a benchmark we consider MZ0 = 7.5 TeV, g0 = 0.4 and xH = �2. We consider unpolarized

initial states.

The total production cross sections of the e�e+ final state for the three choices of the

polarization states and di↵erent xH with MZ0 = 7.5 TeV have been shown in the left column

of the Fig. 54 where as the corresponding deviations from the SM production process are
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FIG. 33. The di↵erential left-right asymmetry for the process e�e+ ! µ�µ+ as a function of cos ✓

for MZ0 = 7.5 TeV. The contribution from the SM has been represented by the black solid line.

and those for the t channel process are

qt(s, ✓)
LL =

e2

t
+

g2
L

t�M2

Z
+ iMZ�Z

+
g0
L

2

t�M2

Z0 + iMZ0�Z0

qt(s, ✓)
RR =

e2

t
+

g2
R

t�M2

Z
+ iMZ�Z

+
g0
R

2

t�M2

Z0 + iMZ0�Z0

qt(s, ✓)
LR = qt(s, ✓)

RL =
e2

t
+

gLgR
t�M2

Z
+ iMZ�Z

+
g0
L
g0
R

t�M2

Z0 + iMZ0�Z0
(56)

respectively. In Eqs. 55 and 56 gL, gR are the left and right handed couplings of the electron

with the Z boson, g0
L
, g0

R
are the left and right handed couplings of the electron with the Z 0

boson, e =
p
4⇡↵ and ↵ = 1

137.035
[166]. The first term reflects the photon mediated (QED),

second term reflects the Z mediated and the third term reflects the Z 0 mediated processes

respectively in Eqs. 55 and 56. Hence we define the following quantities

s|qLL| = s|qs(s)
LL + qt(s, ✓)

LL
|

s|qLR| = s|qs(s)
LR + qt(s, ✓)

LR
|

s|qRL
| = s|qs(s)

RL + qt(s, ✓)
RL

|

s|qRR
| = s|qs(s)

RR + qt(s, ✓)
RR

| (57)
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FIG. 37. The deviation in the di↵erential left-right asymmetry for the process e�e+ ! µ�µ+

as a function of cos ✓ for MZ0 = 7.5 TeV. The theoretically estimated statistical error has been

represented by the gray shaded band. The integrated luminosity has been considered as Lint = 1

ab�1.

FIG. 38. The deviation in the di↵erential left-right asymmetry for the process e�e+ ! bb as

a function of cos ✓ for MZ0 = 7.5 TeV. The theoretically estimated statistical error has been

represented by the gray shaded band. The integrated luminosity has been considered as Lint = 1

ab�1.

52

MZ′ 
= 7.5 TeV

and ✓max depends on the experimental set up. For mf ⌧
p
s and cos ✓max = 1 Eq. 29 is

reduced to

AFB(Pe� , Pe+) '
3

4

B1 � B2

B1 +B2

,

(31)

where the coupling dependent quantities B1 and B2 can be defined as

B1 = (1 + Pe↵)|q
eRfR |

2 + (1� Pe↵)|q
eLfL |

2

B2 = (1 + Pe↵)|q
eRfL |

2 + (1� Pe↵)|q
eLfR |

2 (32)

The statistical error of the AFB can be denoted by the quantity �AFB and it is defined

as

�AFB = 2

p
n1n2

�p
n1 +

p
n2

�

(n1 + n2)2
=

2
p
n1n2

(n1 + n2)
�p

n1 �
p
n2

� AFB (33)

We define (n1, n2) = (NF , NB) where NF (B) = Lint�F (B)(Pe� , Pe+) is the number of events

in the forward (backward) direction. The amount of the deviation from the SM results can

be defined as

�AFB
=

A
U(1)X

FB

ASM

FB

� 1. (34)

C. Left-right asymmetry (ALR)

The left-right (LR) asymmetry (ALR) is another important aspect which can be tested

at the e�e+ collider [142, 143, 145–147]. The di↵erential ALR can be given by

ALR(cos ✓) =
d�LR
d cos ✓

(cos ✓)� d�RL
d cos ✓

(cos ✓)
d�LR
d cos ✓

(cos ✓) + d�RL
d cos ✓

(cos ✓)
(35)

For mf ⌧
p
s, the Eq. 35 reduces to

ALR(cos ✓) '
(1 + cos ✓)2

�
|qeLfL |2 � |qeRfR |

2
�
+ (1� cos ✓)2

�
|qeLfR |2 � |qeRfL |

2
�

(1 + cos ✓)2 (|qeLfL |2 + |qeRfR |2) + (1� cos ✓)2 (|qeLfR |2 + |qeRfL |2)
. (36)

The observable di↵erential ALR in terms of the polarized incoming electron and positron

can be written as

ALR(Pe� , Pe+ , cos ✓) =
d�

d cos ✓
(Pe� , Pe+ , cos ✓)�

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

d�

d cos ✓
(Pe� , Pe+ , cos ✓) +

d�

d cos ✓
(�Pe� ,�Pe+ , cos ✓)

(37)
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for Pe� < 0 and |Pe� | > |Pe+ |. Hence we find that Eq. 37 is related to Eq. 36 by

ALR(cos ✓) =
1

Pe↵

ALR(Pe� , Pe+ , cos ✓) . (38)

Finally we calculate the integrated left-right asymmetry after the integration over the scat-

tering angle as

ALR =
�LR

� �RL

�LR + �RL
. (39)

In terms of the couplings of the fermions with the Vi, we write Eq. 39 as

ALR =

⇣
1 + 1

3
�2

⌘h�
|qeLfL |2 + |qeLfR |2

�
�
�
|qeRfR |

2 + |qeRfL |
2
�i

+ 8
m

2
f

s

h
Re(qeLfLqeLfR

⇤
)�Re(qeRfRqeRfL

⇤
)
i

⇣
1 + 1

3
�2

⌘h�
|qeLfL |2 + |qeLfR |2

�
+
�
|qeRfR |

2 + |qeRfL |
2
�i

+ 8
m

2
f

s

h
Re(qeLfLqeLfR

⇤
) +Re(qeRfRqeRfL

⇤
)
i

(40)

In the limit mf ⌧
p
s,

ALR '
(|qeLfL |2 + |qeLfR |2)� (|qeRfR |

2 + |qeRfL |
2)

(|qeLfL |2 + |qeLfR |2) + (|qeRfR |2 + |qeRfL |2)
. (41)

The observable integrated left-right asymmetry is given by

ALR(Pe� , Pe+) =
�(Pe� , Pe+)� �(�Pe� ,�Pe+)

�(Pe� , Pe+) + �(�Pe� ,�Pe+)
(42)

for Pe� < 0 and |Pe� | > |Pe+ | and this is related to Eq.39 by

ALR =
1

Pe↵

ALR(Pe� , Pe+). (43)

The statistical error of the left-right asymmetry, �Aff̄

LR
is defined as

�ALR = 2

p
NLRNRL

�p
NLR +

p
NRL

�

(NLR +NRL)2

=
2
p
NLRNRL

(NLR +NRL)
�p

NLR �
p
NRL

�ALR, (44)

where NLR = Lint �LR and NRL = Lint �RL are the numbers of the events. The amount of

deviation from the SM in the di↵erential and integrated LR asymmetries can be characterized

from Eqs. 42 and 43 as

�ALR
(cos ✓) =

A
U(1)X

LR
(cos ✓)

ASM

LR
(cos ✓)

� 1 ,

�ALR
=

A
U(1)X

LR

ASM

LR

� 1 (45)

respectively.
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Differential

Integral

for Pe� < 0 and |Pe� | > |Pe+ |. Hence we find that Eq. 37 is related to Eq. 36 by

ALR(cos ✓) =
1

Pe↵

ALR(Pe� , Pe+ , cos ✓) . (38)

Finally we calculate the integrated left-right asymmetry after the integration over the scat-

tering angle as

ALR =
�LR

� �RL

�LR + �RL
. (39)

In terms of the couplings of the fermions with the Vi, we write Eq. 39 as

ALR =

⇣
1 + 1

3
�2

⌘h�
|qeLfL |2 + |qeLfR |2

�
�
�
|qeRfR |

2 + |qeRfL |
2
�i

+ 8
m

2
f

s

h
Re(qeLfLqeLfR

⇤
)�Re(qeRfRqeRfL

⇤
)
i

⇣
1 + 1

3
�2

⌘h�
|qeLfL |2 + |qeLfR |2

�
+
�
|qeRfR |

2 + |qeRfL |
2
�i

+ 8
m

2
f

s

h
Re(qeLfLqeLfR

⇤
) +Re(qeRfRqeRfL

⇤
)
i

(40)

In the limit mf ⌧
p
s,

ALR '
(|qeLfL |2 + |qeLfR |2)� (|qeRfR |

2 + |qeRfL |
2)

(|qeLfL |2 + |qeLfR |2) + (|qeRfR |2 + |qeRfL |2)
. (41)

The observable integrated left-right asymmetry is given by

ALR(Pe� , Pe+) =
�(Pe� , Pe+)� �(�Pe� ,�Pe+)

�(Pe� , Pe+) + �(�Pe� ,�Pe+)
(42)

for Pe� < 0 and |Pe� | > |Pe+ | and this is related to Eq.39 by

ALR =
1

Pe↵

ALR(Pe� , Pe+). (43)

The statistical error of the left-right asymmetry, �Aff̄

LR
is defined as

�ALR = 2

p
NLRNRL

�p
NLR +

p
NRL

�

(NLR +NRL)2

=
2
p
NLRNRL

(NLR +NRL)
�p

NLR �
p
NRL

�ALR, (44)

where NLR = Lint �LR and NRL = Lint �RL are the numbers of the events. The amount of

deviation from the SM in the di↵erential and integrated LR asymmetries can be characterized

from Eqs. 42 and 43 as

�ALR
(cos ✓) =

A
U(1)X

LR
(cos ✓)

ASM

LR
(cos ✓)

� 1 ,

�ALR
=

A
U(1)X

LR

ASM

LR

� 1 (45)

respectively.
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Deviation from the SM xH = 2 : 10 % for at 250 GeV
xH = 1 : 20 % for at 500 GeV
xH = − 2 : 8 % for at 500 GeV

13



Differential Left − Right, Forward − Backward Asymmetry (e−e+ → μ−μ+) : 𝒜LR, FB
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FIG. 43. The di↵erential LR-FB asymmetry for the e�e+ ! µ�µ+ process as a function of cos ✓

considering MZ0 = 7.5 TeV. The SM result is shown by the black solid line.

The deviations of the total cross sections from the SM for di↵erent xH can be obtained

from Eq. 64. Fixing the center of mass energy the deviations for the electron polarization

(P�
e
) are shown in Fig. 56 for MZ0 = 7.5 TeV and in Fig. 57 for MZ0 = 5 TeV. We set the

polarization of the positron (Pe+) at zero for this analysis. For MZ0 = 7.5 TeV we show the

deviation for
p
s = 250 GeV, 500 GeV, 1 TeV and 3 TeV respectively. The deviation for

xH = �1 decreases with the increase in Pe� as the coupling of eR with Z 0 vanishes where

as for the other choices the deviation increases with the increase in Pe� . The maximum

deviation can be attained for xH = 2 for all the values of
p
s. At

p
s = 250 GeV, the

deviation can reach up to 0.5% whereas that can go to nearly 2.5% at
p
s = 500 GeV, 10%

at
p
s = 1 TeV and more high value at

p
s = 3 TeV. The deviation for MZ0 = 5 TeV is

comparatively small due to the small U(1)X coupling. The maximum deviation can reach

up to 3.5% for xH = 1 for
p
s = 3 TeV and the very small for

p
s < 3 TeV. The theoretically

estimated statistical error from Eq. 65 has been shown with the gray bands in all the figures

which decreases with the center of mass energy.

The deviation in the di↵erential scattering cross section from Eq. 63 for the three di↵erent

choices of the polarization combinations are shown in Fig. 58 for MZ0 = 7.5 TeV with respect

to cos ✓ where ✓ is the scattering angle. In this case we show the two choices of the xH as

57

MZ′ 
= 7.5 TeV

D. Left-right forward-backward asymmetry (ALR,FB)

The left-right forward-backward (LR, FB) asymmetry (ALR,FB) [148–151] can be defined

as

ALR,FB(cos ✓) =
[�LR(cos ✓)� �RL(cos ✓)]� [�LR(� cos ✓)� �RL(� cos ✓)]

[�LR(cos ✓) + �RL(cos ✓)] + [�LR(� cos ✓) + �RL(� cos ✓)]
. (46)

In terms of the interaction between the fermions and the vector bosons Vi we write ALR,FB

as

ALR,FB(cos ✓)

=
2� cos ✓

��
|qeLfL |2 + |qeRfL |

2
�
�
�
|qeLfR |2 + |qeRfR |

2
� 

(1 + �2 cos2 ✓)
��

|qeLfL |2 + |qeRfL |
2
�
+
�
|qeLfR |2 + |qeRfR |

2
� 

+ 8
m

2
f

s

⇥
Re(qeLfLqeLfR

⇤
) +Re(qeRfRqeRfL

⇤
)
⇤
,

(47)

for mf ⌧
p
s,

ALR,FB(cos ✓) '
h 2 cos ✓

1 + cos2 ✓

i�
|qeLfL |2 + |qeRfL |

2
�
�
�
|qeLfR |2 + |qeRfR |

2
�

�
|qeLfL |2 + |qeRfL |2

�
+
�
|qeLfR |2 + |qeRfR |2

� (48)

The observable left-right forward-backward asymmetry can be written as

ALR,FB(Pe� , Pe+ , cos ✓) =

⇥
�(Pe� , Pe+ , cos ✓) + �(�Pe� ,�Pe+ ,� cos ✓)

⇤

�
⇥
�(�Pe� ,�Pe+ , cos ✓) + �(Pe� , Pe+ ,� cos ✓)

⇤
⇥
�(Pe� , Pe+ , cos ✓) + �(�Pe� ,�Pe+ ,� cos ✓)

⇤

+
⇥
�(�Pe� ,�Pe+ , cos ✓) + �(Pe� , Pe+ ,� cos ✓)

⇤
, (49)

for Pe� < 0 and |Pe� | > |Pe+ |. The relation between ALR,FB(cos ✓) in Eq. 46 and

ALR,FB(Pe� , Pe+ , cos ✓) in Eq. 49 is given by

ALR,FB(cos ✓) =
1

Pe↵

ALR,FB(Pe� , Pe+ , cos ✓) . (50)

The statistical error of the left-right forward-backward asymmetry (�ALR,FB) can be

given by

�ALR,FB = 2
(n3 + n2)

�p
n1 +

p
n4

�
+ (n1 + n4)

�p
n3 +

p
n2

�

(n1 + n3 + n2 + n4)2

= 2
(n3 + n2)

�p
n1 +

p
n4

�
+ (n1 + n4)

�p
n3 +

p
n2

�

(n1 + n4)2 � (n3 + n2)2
ALR,FB ,
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FIG. 47. The deviation in the di↵erential LR-FB asymmetry for the e�e+ ! µ�µ+ process as a

function of cos ✓ considering MZ0 = 7.5 TeV. The theoretically estimated statistical error has been

shown by the gray shaded region. The integrated luminosity has been considered as Lint = 1 ab�1.

FIG. 48. The deviation in the di↵erential LR-FB asymmetry for the e�e+ ! bb process as a

function of cos ✓ considering MZ0 = 7.5 TeV. The theoretically estimated statistical error has been

shown by the gray shaded region. The integrated luminosity has been considered as Lint = 1 ab�1.

60

(51)

where (n1, n2, n3, n4) = (NLRF , NRLF , NLRB, NRLB), NiF = Lint �i([cos ✓1, cos ✓2]) and NiB =

Lint �i([� cos ✓2,� cos ✓1]) (i = LR,RL; 0 < cos ✓1 < cos ✓2) are the numbers of the events.

The amount of the deviation in ALR,FB from the SM is characterized by

�ALR,FB
(cos ✓) =

ALR,FB

U(1)X(cos ✓)

ALR,FB

SM(cos ✓)
� 1. (52)

In this context we want to mention that to study some benchmark scenarios we fix the

collider energies at
p
s = 250 GeV, 500 GeV, 1 TeV and 3 TeV. We consider the integrated

luminosities as 1 ab�1 for all the center of mass energies under consideration. Recently the

study of the future e�e+ colliders have been performed for Future Circular Collider electron

positron (FCC-ee) in [152]. Similar study for the Compact Linear Collider (CLiC) has been

performed in [153]. Recent developments on the Circular Electron Positron Collider (CEPC)

have depicted in [154, 155]. Recent reports on the International Linear Collider (ILC) for

the e�e+ initial states can be found in [141, 156–158]. Using the Fig.1.2 and Sec.2.9.2 of the

Physics Goals from [152] we find the possible integrated luminosities at di↵erent center of

mass energies.

The run time, expected integrated luminosity and at the center of mass energy for the

FCC-ee are given in the Fig. 6 from
p
s = 91 GeV to

p
s = 365 GeV for 15-year running

plan. We have prepared for the run time, expected integrated luminosity and at the center

of mass energy for the CLiC. These are given in the Fig. 6 from
p
s = 350 GeV to

p
s = 3

TeV. We find the information from Tab. 1 in Sec.2.1 of ’CLIC physics exploration at three

energy stages, Staging and polarization’ from [153]. The estimated plan for the run time is

25-30 years.

From the Tab. 3.1 of the CEPC conceptual design report [154], depicting the ten-year

operation plan, we pictorially represent the run time, expected total integrated luminosity

and at the center of mass energy for the CEPC in Fig. 6 for
p
s = 240 GeV, 91 GeV and 160

GeV respectively. Finally we show the run time, expected total integrated luminosity and

the center of mass energyies for the ILC in the Fig. 6 considering
p
s = 250 GeV, 350 GeV

and 500 GeV respectively. We find the information from Fig. 19 and Tab. III of Sec. 3 (ILC

Running Scenarios) and Sec. 3.1 (Center-of-mass energies and integrated luminosities) from

[156] for the 22-year running program. In the ILC case, a further prospective 1 TeV center

21

Deviation from the SM
xH = 2 : 8.2 % for at 250 GeV
xH = 1 : 15 % for at 500 GeV
xH = − 2 : 7.5 % for at 500 GeV

D. Left-right forward-backward asymmetry (ALR,FB)

The left-right forward-backward (LR, FB) asymmetry (ALR,FB) [148–151] can be defined

as

ALR,FB(cos ✓) =
[�LR(cos ✓)� �RL(cos ✓)]� [�LR(� cos ✓)� �RL(� cos ✓)]

[�LR(cos ✓) + �RL(cos ✓)] + [�LR(� cos ✓) + �RL(� cos ✓)]
. (46)

In terms of the interaction between the fermions and the vector bosons Vi we write ALR,FB

as

ALR,FB(cos ✓)

=
2� cos ✓
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+ 8
m

2
f

s

⇥
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⇤
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⇤
)
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,

(47)

for mf ⌧
p
s,

ALR,FB(cos ✓) '
h 2 cos ✓

1 + cos2 ✓

i�
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2
�
�
�
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2
�
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+
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The observable left-right forward-backward asymmetry can be written as

ALR,FB(Pe� , Pe+ , cos ✓) =

⇥
�(Pe� , Pe+ , cos ✓) + �(�Pe� ,�Pe+ ,� cos ✓)

⇤

�
⇥
�(�Pe� ,�Pe+ , cos ✓) + �(Pe� , Pe+ ,� cos ✓)
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⇤

+
⇥
�(�Pe� ,�Pe+ , cos ✓) + �(Pe� , Pe+ ,� cos ✓)

⇤
, (49)

for Pe� < 0 and |Pe� | > |Pe+ |. The relation between ALR,FB(cos ✓) in Eq. 46 and

ALR,FB(Pe� , Pe+ , cos ✓) in Eq. 49 is given by

ALR,FB(cos ✓) =
1

Pe↵

ALR,FB(Pe� , Pe+ , cos ✓) . (50)

The statistical error of the left-right forward-backward asymmetry (�ALR,FB) can be

given by

�ALR,FB = 2
(n3 + n2)

�p
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p
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�
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Statistical error

14



Conclusions :
We are looking for a scenario where which can explain a variety
of beyond the SM sceanrios .
The proposal for the generation of the tiny neutrino mass, from
the seesaw mechanism, under investigation at the energy frontier .

The motovation of this work is to find a new particle and/or
a new force carrier as a part of the of the new physics searches
including a variety of BSM aspects .

We study 𝒜FB, 𝒜LR, 𝒜LR, FB . The asymmetries are sizable at the
250 GeV and 500 GeV e−e+ colliders or higher in the near future .
Such a model can be studied at muon colliders with high CM energy .
This allows us to probe heavier Z′ .

For more detail including the Bhabha scattering at e−e+ colliders see 2104.10902
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Effulgent as the sun beyond darkness

(YV 31.18)
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