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Stronglyestablished with interestingshortcomings

Over the decadesexperiments

andeverymissingpieces
VeriÞedthe facts that
they belongto this family

havefound each

Finally at the LargeHadroncollider
Higgs hasbeenobserved

Its propertiesmustbe veriÞed

Few of the very interestinganomalies:
Tiny neutrinomassandßavormixings
Relic abundanceof dark matter. . .

H
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Neutrinooscillationexperiment:
SNO, Super! K,etc.

Nature: Majorana/ Dirac
Ordering: Normal/Inverted
Natureof the mixing betweenthe
massandthe ßavoreigenstates
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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

qi
L 3 2 +1 / 6 xq = 1

6xH + 1
3x!

ui
R 3 1 +2 / 3 xu = 2

3xH + 1
3x!

di
R 3 1 ! 1/ 3 xd = ! 1

3xH + 1
3x!

! i
L 1 2 ! 1/ 2 x! = ! 1

2xH ! x!

ei
R 1 1 ! 1 xe = ! xH ! x!

H 1 2 +1 / 2 x!
H = 1

2xH

N i
R 1 1 0 x" = ! x!

! 1 1 0 x!
! = 2x!

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 Þeld (! ).

The Yukawa sector of the model can be written in a gauge invariant way as
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where ÷H " i " 2H " and C is the charge conjugate. Due to the gauge invariance the Yukawa
interactions impose

x!
H = ! xq + xu = xq ! xd = ! x! + x" = x! ! xe,

x!
! = ! 2x" . (2.3)

Further more using Eq. 2.1 the solutions to these conditions are listed in Table1. Finally
we obtain that the charges of the particles are controlled by the two parameters,xH

and x! only. Hence we conclude that theU(1)X gauge group can be deÞned 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 Þxx! = 1
in our analysis through out the paper. The fourth and the Þfth 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, theU(1)X gauge boson (Z !) mass, Majorana masses of the RHNs and neutrino
Dirac masses are generated:
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1
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Charges  before   
the anomaly cancellations

Charges after 
Imposing the  

anomaly 
cancellations

mZ" 
= 2 g" v#

xH, x# will appear
the couplingwith Z" 

SU(3)c SU(2)L U(1)Y U(1)X

qi
L 3 2 1/ 6 (1/ 6)xH + (1 / 3)x!
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R 3 1 2/ 3 (2/ 3)xH + (1 / 3)x!

di
R 3 1 ! 1/ 3 ! (1/ 3)xH + (1 / 3)x!
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ei
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H 1 2 ! 1/ 2 (! 1/ 2)xH

N j
R 1 1 0 ! x!

! 1 1 0 +2x!

Table 1: Particle content of the minimal U(1)X model, wherei, j = 1, 2, 3 are the generation
indices. Without loss of generality, we Þxx! = 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 Þeld (! ) which breaks the
U(1)X gauge symmetry, and a U(1)X gauge boson (Z "). The U(1)X charges are deÞned in
terms of two real parametersxH and x! , which are the U(1)X charges associated withH and
! , respectively. In this modelx! always appears as a product with the U(1)X gauge coupling
and is not an independent free parameter, which we Þx to bex! = 1 throughout this letter.
Hence, U(1)X charges of the particles are deÞned by a single free parameterxH . Note that this
model is identical to the minimalB ! L model in the limit of xH = 0.

The Yukawa sector of the SM is then extended to include
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Y k
N ! N k c
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where the Þrst 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:

mZ ! = gX
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wheregX 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 & vh
2.

Let us now consider the RHN production viaZ " decay. TheZ " boson partial decay widths
into a pair of SM chiral fermions (f L ) and a pair of the Majorana RHNs, respectively, are given
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where g! 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 usev! >> v SM. 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

m! =

!
0 M D

M T
D M N

"

(2.5)

Considering |M "#
D /M "

N | << 1 and diagonalizing the neutrino mass matrix in Eq. 2.5 we
obtain the light neutrino mass eigenvalue as

m! ! " M D M " 1
N M T

D (2.6)

Due to the nonzeroU(1)X charges theZ ! boson interacts with the particles in the same way
as it does in the B" L scenario [22, 25, 29, 34, 39Ð44], however, theCV and CA components
of the interactions between theZ ! and the other particles in the model will depend upon
the xH and x! parameters. As we have already usedx! = 1, the corresponding partial
decay widths of Z ! into the fermions will depend upon xH .

The interaction between the Z ! with the quarks can be written as

L int = " g!(qL ! µQq
xL

qL + qR! µQq
xR

qR)Z !
µ (2.7)

where qL (qR) is the left (right) handed quark and Qq
xL (Qq

xR ) is the U(1)X charge for the
left (right) handed quark. The corresponding interaction between the lepton sector andZ !

can be written as

L int = " g!("L ! µQ$
xL

"L + eR! µQ$
xR

eR)Z !
µ (2.8)

where "L (eR) is the left (right) handed lepton and the Q$
xL

(Q$
xL

) 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 ! # "+ "" for " = e, µ process where theU(1)X coupling g! 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 theg!

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 Þnally use these bounds for the further
analysis of the heavy neutrino production fromZ ! in our work. A diagram showing sterile
neutrino production and decay at the LHC considered can be seen in Figure2. The
production cross-section of the heavy neutrino pair and the decay can be seen in Figure3.

3 LHC sensitivity with displaced vertex searches (initial part of this
section has to be modiÞed later)

For our study, we produce twoUFO [45] models, based on theB " L model in [8]. We adapt
it so that the light-heavy neutrino mixing and the sterile neutrino masses are treated as

Ð 4 Ð
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U(1)X  breaking

Seesawmechnism

Dobrescu, Fox; AD, Okada,Raut;Cox,Han,Yanagida; AD,Dev,Okada;

Chiang, Cottin, AD,Mandal; AD,Takahashi, Oda, Okada
ParticleContent
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Higgs potential

Yukawa interactions we can write the following conditions from the U(1)X neutrality

!
xH

2
= ! x!

q + x!
u = x!

q ! x!
d = x!

! ! x!
e = ! x!

! + x!
"

2x! = ! 2x!
" . (3)

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 Þnd 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 couplingg!

is a free parameter of our model which appears as eitherg!xH or g!x! . Without the loss of

generality we Þxx! = 1 in the further analysis of this paper. As a resultxH acts an angle

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

the U(1)Y direction and consequently in the limitxH " # , U(1)X is anti-aligned to the

U(1)Y direction, respectively.

The renormalizable Higgs potential of this model is given by

V = m2
h(H   H ) + ! (H   H )2 + m2

! (!   ! ) + ! ! (!   ! )2 + ! !(H   H )(!   ! ) . (4)

The scalar ÞeldsH and ! can be approximated separately in the analysis of the scalar

potential in the limit of ! ! to be very small [114Ð119]. After the breaking of the electroweak

and the U(1)X gauge symmetries the scalar ÞeldsH and ! potentially develop their vacuum

expectation values

$H %=
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&
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0

#
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v! + "

&
2

. (5)

At the potential minimum where electroweak scale is marked withv ' 246 GeV, v! is

considered to be a free parameter. After the breaking of the symmetry, the mass of the

U(1)X gauge boson-Z ! is generated

MZ ! = g!
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4v2
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1
4

x2
H v2

h ' 2g!v! . (6)

The U(1)X symmetry breaking generates the Majorana mass term for the RHNs from the

Þfth term of the Eq. 2 and followed by the electroweak symmetry breaking the neutrino

Dirac mass term is generated from the fourth term of Eq.2 and can be written as
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v. (7)
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SU(3)c SU(2)L U(1)Y U(1)X

qi
L 3 2 1

6 x!
q = 1

6xH + 1
3x!

ui
R 3 1 2

3 x!
u = 2

3xH + 1
3x!

di
R 3 1 ! 1

3 x!
d = ! 1

3xH + 1
3x!

! i
L 1 2 ! 1

2 x!
! = ! 1

2xH ! x!

ei
R 1 1 ! 1 x!

e = ! xH ! x!

N i
R 1 1 0 x!

" = ! x!

H 1 2 ! 1
2 ! xH

2 = ! xH
2

! 1 1 0 2x! = 2x!

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

index. The scalar chargesxH , 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 choicexH = 0 and x! = 1.

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

U(1)X " [SU(3)c]
2 : 2x!

q ! x!
u ! x!

d = 0,

U(1)X " [SU(2)L ]2 : 3x!
q + x!

! = 0,

U(1)X " [U(1)Y ]2 : x!
q ! 8x!

u ! 2x!
d + 3x!

! ! 6x!
e = 0,

[U(1)X ]2 " U(1)Y : x!
q

2 ! 2x!
u

2 + x!
d

2 ! x!
!
2 + x!

e
2 = 0,

[U(1)X ]3 : 6x!
q

3 ! 3x!
u

3 ! 3x!
d

3 + 2x!
!
3 ! x!

"
3 ! x!

e
3 = 0,

U(1)X " [grav.]2 : 6x!
q ! 3x!

u ! 3x!
d + 2x!

! ! x!
" ! x!

e = 0. (1)

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

actions as

L Yukawa = ! Y #$
u q#

L Hu$
R ! Y #$

d q#
L

÷Hd$
R ! Y #$

e ! #
L

÷He$
R ! Y #$

" ! #
L HN $

R ! Y #
N ! N #c

R N #
R + h .c., (2)

where ÷H # i" 2H " . The fourth and Þfth 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 mD

mT
D mN

#

$ (8)

Diagonalizing Eq.8 we get the light neutrino mass as! mD m! 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 theZ " 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 MZ ! /g " ! 6.9 TeV at 95% CL for the B! L case assumingv2
! " v2.

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

of the model. The interaction Lagrangian between theZ " and the quarks can be written as

L q = ! g"(q! µqq
xL

PL q+ q! µqq
xR

PRq)Z "
µ, (9)

wherePL and PR are the left and right projections and deÞned as1+ " 5
2 and 1! " 5

2 respectively.

The corresponding interaction Lagrangian between the lepton sector andZ " can be written

as

L # = ! g"("! µq#
xL

PL " + e! µq#
xR

PRe)Z "
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 " into the SM fermions. The partial decay width of theZ " into a pair of a single

generation of charged fermions can be written as

! (Z " # 2f ) = Nc
MZ !

24#

%
gf

L

&
g", xH , x!

' 2
+ gf

R

&
g", xH , x!

' 2(
(11)

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

&
g", xH , x!

'
is the coupling of

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

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

! (Z " # 2$) =
MZ !

24#
g!

L

&
g", xH , x!

' 2
(12)

g!
L (R)

&
g", xH , x!

'
is the coupling of theZ " with left handed neutrinos of the model.1 The

couplings between theZ " and the left handed and right handed SM fermions can be deÞned as

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

! (Z ! # 2N ) =
M Z !

24!
gN

R

&
g!, x!

' 2%
1 ! 4

m2
N

M 2
Z !

( 3
2

(13)
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2 x!
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e = ! xH ! x! 1 0 ! 1
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N i
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" = ! x! ! 1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1

H 1 2 ! 1
2 ! xH

2 = ! xH
2 1 1

2
1
2 0 1

4
1
4 1

! 1 1 0 2x! = 2x! 2 2 2 2 2 2 2

TABLE II. Particle content of the minimal U(1) X model for di" erent values ofxH = ! 2, ! 1, ! 0.5,

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

of the fermions. HerexH = ! 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 g! using

g! =

!

g2
Model

" ! Obs.
ATLAS

! Model

#
(15)

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

bounds on theg!-MZ ! 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 g!-MZ ! plane are shown forxH = 2 (blue, dashed), 1 (red, dot-dashed) and 0.5 (green,

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

with dotted purple line as a reference.

To estimate the bounds ong! for di! erent MZ ! , now we consider the latest CMS result

[90] where dilepton Þnal state is considered. The electrons are considered as the Þnal 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 ! + X " 2" + X to pp " Z + X " 2" + X . Taking R# for the electron

11

Implicationsof the choicesof xH keeping

No interactionwith left handedfermions

No interactionwith eR

No interactionwith uR

No interactionwith dR

x# = 1
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Phenomenologicalaspectsof the model

New particles Z" boson HeavyMajoranaNeutrino U(1)X Higgs boson
PhenomenologyZ" bosonproductionanddecay Heavyneutrinoproduction

U(1)XHiggs phenoemenology: VacuumStabilitycolliderDark Matter
Leptogenesisandmanymore

Fermionicpair productionform the Z" 

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

photon and Z boson in SM and photon,Z and Z " 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 ". 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

6xH + 1
3x! which is same for all three

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

we considerf = µ as the leptonic Þnal state andf = b and t for the colored Þnal states.

Further we considerxH = ! 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 " boson comes in

the U(1)X scenario.

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

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 M Z ! = 7 .5 TeV and g" = 0 .4.

63

Bhabhascatteringe! e+ & ff, f ' e

V i
=

{"
,

Z,
Z"

 }
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Limits on the modelparametersConsideringthe limit MZ" 
> > s andapplinge(ective theorywe Þndthe limits on

MZ" 

g" usingLEP! II (1302.3415) and(prospective) ILC (1908.11299) :

Showslimits on MZ" 
vs g" for

LEP! II , ILC250, ILC500 andILC1000

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

function of M Z ! (upper right) and the branching ratio of Z ! (bottom) into the single generation

charged fermions as a function ofxH for M Z ! = 7 .5 TeV. In the Þrst two cases we normalize the

total decay width by g!2. In this analysis we Þxx! = 1.

LHC considering "
m = 3%. We calculate the bound on the U(1)X coupling g! using

g! =

!

g2
Model

" ! Obs.
ATLAS

! Model

#
(15)

wheregModel is the coupling considered to calculate! Model for di! erent xH .

To estimate the bounds ong! for di! erent MZ ! , now we consider the latest CMS result

[91] where dilepton Þnal state is considered. The electrons are considered as the Þnal 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 ! + X ! 2" + X to pp ! Z + X ! 2" + X . Taking R! for the electron

and muon Þnal states and calculatingpp ! Z + X ! 2" + X for 60 GeV< m "" < 120 GeV

we obtain theZ ! production cross section in the dilepton mode for the SSM scenario. Hence

using Eq.15 we calculate the bounds on theg! vs MZ ! plane replacing the observed ATLAS

cross section with the observed CMS cross section usingRObs
! " ! (pp ! Z + X ! 2" + X ).

10

Limits on MZ" 
andg" canalsobe obtainedfrom dileptonanddijet searchesat the LHC

Indicatesa largeVEV scalecanbe probed

from LEP! II to ILC1000via ILC250 andILC500

from [137]. Following [127, 138] we calculate theZ ! exchange matrix element for our process

(g!)2

MZ !
2 ! s

[e! µ(x!
!PL + xe

!PR)e][f ! µ(xf L PL + xf R PR)f ] (17)

wherex!
! and xe

! are the U(1)X charges ofeL and eR which can be found in Tab.II . Similarly

xf L and xf R are the U(1)X charges off L and f R. Matching Eqs.16and 17we Þnd the bounds

as

M 2
Z ! ! s "

g!2

4"
|xeA xf B |(! f ±

AB )2 (18)

taking the caseM 2
Z ! >> s where

#
s is the LEP-II center of mass energy (209 GeV), we

calculate the bounds on in theg! ! MZ ! 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 onMZ ! /g !

as a function ofxH 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
#

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+ % f f .

Finally we discuss about the prospective limits ong! as a function of MZ ! could be

obtained from the future e" e+ collider. We consider a
#

s = 250 GeV, 500 GeV and 1 TeV

e" e+ collider. We Þnd the limitsMZ ! /g ! > 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 ofxH = ! 2, ! 1, ! 0.5,

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

of the fermions. HerexH = ! 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 andxH > 0 respectively.

We show the bounds on theg!-MZ ! plane for 1 TeV" MZ ! 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 forxH " 0 are

shown in Fig. 4 and those forxH > 0 are shown in Fig.5.

In this analysis we have calculated the limits from LEP consideringMZ ! 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#µPA e)(f #µPB f ) (16)

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

constrain the high mass e" ect beyond the SM for s
M 2

Z !
<< 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.
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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
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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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Matchingthe aboveequationswe 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 heavierZ "

which is beyond the LHC reach.

FIG. 4. Limits on the g" vs M Z ! 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 considerxH = ! 2, ! 1, 1, 2 with two benchmark choices for

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

(i) MZ ! = 7.5 TeV with g" = 0.4 for all the xH taken under the consideration.

(ii) MZ ! = 5.0 TeV whereg" = 0.13 for xH = ! 2, g" = 0.34 for xH = ! 1, g" = 0.075 for

xH = 1 and g" = 0.048 forxH = 2 respectively

keepingx! Þxed at 1.

14

For heavierZ" , the limits from e! e+ collidersarestrongerthanthe currentLHC results

xH ) 0
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FIG. 5. Limits on the g! vs M Z ! 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+ ! f f (f "= e) PROCESS:

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

processes of the fermions at the electron positron collider, namely,e" e+ ! f øf . In this

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

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

Z ! contribution will have signiÞcance to test the new physics process at the futuree" e+

colliders. We considerf as di! erent SM charged fermions excluding the electrons, to avoid

the t-channel processes for the Þnal state electrons.

15

For heavierZ" , the limits from e! e+ collidersarestrongerthanthe currentLHC results

xH > 0
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FIG. 9. The total production cross section (left panel) and the deviation of form the SM (right

panel) as the function of
!

s with di ! erent polarizations of the electron and the positron for the

processe! e+ " µ! µ+ for M "
Z = 7 .5 TeV.

(middle panel) and 7.5 TeV (right panel). We study three di! erent charged fermions in

Fig. 15 like muon (top panel), bottom quark (middle panel) and top quark (bottom panel)

respectively. The SM and BSM propagators are same except for the introduction ofZ "

in the BSM propagator. The e! ect of Z " occurs in s|qXY | through the interference when

MZ ! #
!

s. A resonance occurs at
!

s = MZ ! . Due to the bounds ong" vs MZ ! from the

LHC and LEP-II we Þnd that g" for MZ ! = 5 TeV is strongly constrained leading to sharp
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Deviationsin total crosssectionsfrom SM is morethan100% for xH * 1
for s = 3 TeV. For s < 3TeV the deviationis alsosizable.
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IntegratedForward! BackwardAsymmetry(e! e+ & #! #+) : + FB MZ" 
= 7.5 TeV

Theoretically using cos! max = 1 we get
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32$
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Furthermore consideringmf !
"

s

" LR #
s
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2
+ |qeL f R |

2
$

" RL #
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|qeR f R |
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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)
"

N
(26)

where N = L int "
"

Pe! , Pe+ , $ cos! max , cos! max

#
with L int 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 (A FB )

The Forward-backward (FB) asymmetry (A F B ) is an interesting feature of this model

which can be observed at thee" e+ collider [142Ð144] and can be deÞned as

A F B (Pe! , Pe+ ) = ! F (Pe! ,Pe+ )" ! B (Pe! ,Pe+ )
! F (Pe! ,Pe+ )+ ! B (Pe! ,Pe+ ) (29)

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

" F (Pe! , Pe+ ) = " (Pe! , Pe+ , [0, + cos! max ])

" B (Pe! , Pe+ ) = " (Pe! , Pe+ , [$ cos! max , 0]) (30)

17

and ! max depends on the experimental set up. Formf !
"

s and cos! max = 1 Eq. 29 is

reduced to

A F B (Pe! , Pe+ ) #
3
4

B1 $ B2

B1 + B2
,

(31)

where the coupling dependent quantitiesB1 and B2 can be deÞned as

B1 = (1 + Pe! )|qeR f R |2 + (1 $ Pe! )|qeL f L |2

B2 = (1 + Pe! )|qeR f L |2 + (1 $ Pe! )|qeL f R |2 (32)

The statistical error of the A FB can be denoted by the quantity! A FB and it is deÞned

as

! A FB = 2
"

n1n2
! "

n1 +
"

n2
"

(n1 + n2)2
=

2
"

n1n2

(n1 + n2)
! "

n1 $
"

n2
" A F B (33)

We deÞne (n1, n2) = ( NF , NB ) where NF (B ) = L int " 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 deÞned as

! A F B =
A U(1) X

FB

A SM
FB

$ 1. (34)

C. Left-right asymmetry (A LR )

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

at the e! e+ collider [142, 143, 145Ð147]. The di" erential A LR can be given by

A LR (cos! ) =
d! LR
d cos" (cos! ) $ d! RL

d cos" (cos! )
d! LR
d cos" (cos! ) + d! RL

d cos" (cos! )
(35)

For mf !
"

s, the Eq. 35 reduces to

ALR (cos! ) #
(1 + cos! )2

!
|qeL f L |2 $ |qeR f R |2

"
+ (1 $ cos! )2

!
|qeL f R |2 $ |qeR f L |2

"

(1 + cos! )2 (|qeL f L |2 + |qeR f R |2) + (1 $ cos! )2 (|qeL f R |2 + |qeR f L |2)
. (36)

The observable di" erential A LR in terms of the polarized incoming electron and positron

can be written as

A LR (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 M Z ! = 7 .5 TeV as a function of the

center of mass energy fore! e+ ! f f process consideringµµ (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, hass-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 "

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

also interfere as they have same initial and Þnal sates. The coupling betweenZ " 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 ofP !
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processe! e+ ! µ! µ+ taking Pe+ = 0 for M Z ! = 7 .5 TeV. The theoretically estimated statistical

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

as L int = 1 ab! 1.

FIG. 30. The deviation in the integrated forward-backward asymmetry as a function ofP !
e for the

processe! e+ ! bb taking Pe+ = 0 for M Z ! = 7 .5 TeV. The theoretically estimated statistical error

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

L int = 1 ab! 1.
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and ! max depends on the experimental set up. Formf !
"

s and cos! max = 1 Eq. 29 is

reduced to

A F B (Pe! , Pe+ ) #
3
4

B1 $ B2

B1 + B2
,

(31)

where the coupling dependent quantitiesB1 and B2 can be deÞned as

B1 = (1 + Pe! )|qeR f R |2 + (1 $ Pe! )|qeL f L |2

B2 = (1 + Pe! )|qeR f L |2 + (1 $ Pe! )|qeL f R |2 (32)

The statistical error of the A FB can be denoted by the quantity! A FB and it is deÞned

as

! A FB = 2
"

n1n2
! "

n1 +
"

n2
"

(n1 + n2)2
=

2
"

n1n2

(n1 + n2)
! "

n1 $
"

n2
" A F B (33)

We deÞne (n1, n2) = ( NF , NB ) where NF (B ) = L int " 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 deÞned as

! A F B =
A U(1) X

FB

A SM
FB

$ 1. (34)

C. Left-right asymmetry (A LR )

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

at the e! e+ collider [142, 143, 145Ð147]. The di" erential A LR can be given by

A LR (cos! ) =
d! LR
d cos" (cos! ) $ d! RL

d cos" (cos! )
d! LR
d cos" (cos! ) + d! RL

d cos" (cos! )
(35)

For mf !
"

s, the Eq. 35 reduces to

ALR (cos! ) #
(1 + cos! )2

!
|qeL f L |2 $ |qeR f R |2

"
+ (1 $ cos! )2

!
|qeL f R |2 $ |qeR f L |2

"

(1 + cos! )2 (|qeL f L |2 + |qeR f R |2) + (1 $ cos! )2 (|qeL f R |2 + |qeR f L |2)
. (36)

The observable di" erential A LR in terms of the polarized incoming electron and positron

can be written as

A LR (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

Deviationfrom the SM

Statisticalerror

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

center of mass energy forM Z ! = 7 .5 TeV. The contribution from the SM has been represented by

the black solid line.

=
2
"

N1N2

(N1 + N2)
! "

N1 #
"

N2
" ALR , (68)

where N1 = L int ! (Pe" = # P! , Pe+ = # P+ ) and N2 = L int ! (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 theZ boson

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

masses. TheZ " mediated process has interference with theZ and " mediated processes. As

a benchmark we considerMZ ! = 7.5 TeV, g" = 0.4 and xH = # 2. We consider unpolarized

initial states.

The total production cross sections of thee! e+ Þnal state for the three choices of the

polarization states and di! erent xH with MZ ! = 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 M Z ! = 7 .5 TeV. The contribution from the SM has been represented by the black solid line.

and those for thet channel process are

qt (s, ! )LL =
e2

t
+

g2
L

t " M 2
Z + iM Z ! Z

+
g"

L
2

t " M 2
Z ! + iM Z ! ! Z !

qt (s, ! )RR =
e2

t
+

g2
R

t " M 2
Z + iM Z ! Z

+
g"

R
2

t " M 2
Z ! + iM Z ! ! Z !

qt (s, ! )LR = qt (s, ! )RL =
e2

t
+

gL gR

t " M 2
Z + iM Z ! Z

+
g"

L g"
R

t " M 2
Z ! + iM Z ! ! Z !

(56)

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

with the Z boson,g"
L , g"

R are the left and right handed couplings of the electron with theZ "

boson,e =
#

4"# and # = 1
137.035 [166]. The Þrst term reßects the photon mediated (QED),

second term reßects theZ mediated and the third term reßects theZ " mediated processes

respectively in Eqs.55 and 56. Hence we deÞne 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 M Z ! = 7 .5 TeV. The theoretically estimated statistical error has been

represented by the gray shaded band. The integrated luminosity has been considered asL int = 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 M Z ! = 7 .5 TeV. The theoretically estimated statistical error has been

represented by the gray shaded band. The integrated luminosity has been considered asL int = 1

ab! 1.
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MZ" 
= 7.5 TeV

and ! max depends on the experimental set up. Formf !
"

s and cos! max = 1 Eq. 29 is

reduced to

A F B (Pe! , Pe+ ) #
3
4

B1 $ B2

B1 + B2
,

(31)

where the coupling dependent quantitiesB1 and B2 can be deÞned as

B1 = (1 + Pe! )|qeR f R |2 + (1 $ Pe! )|qeL f L |2

B2 = (1 + Pe! )|qeR f L |2 + (1 $ Pe! )|qeL f R |2 (32)

The statistical error of the A FB can be denoted by the quantity! A FB and it is deÞned

as

! A FB = 2
"

n1n2
! "

n1 +
"

n2
"

(n1 + n2)2
=

2
"

n1n2

(n1 + n2)
! "

n1 $
"

n2
" A F B (33)

We deÞne (n1, n2) = ( NF , NB ) where NF (B ) = L int " 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 deÞned as

! A F B =
A U(1) X

FB

A SM
FB

$ 1. (34)

C. Left-right asymmetry (A LR )

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

at the e! e+ collider [142, 143, 145Ð147]. The di" erential A LR can be given by

A LR (cos! ) =
d! LR
d cos" (cos! ) $ d! RL

d cos" (cos! )
d! LR
d cos" (cos! ) + d! RL

d cos" (cos! )
(35)

For mf !
"

s, the Eq. 35 reduces to

ALR (cos! ) #
(1 + cos! )2

!
|qeL f L |2 $ |qeR f R |2

"
+ (1 $ cos! )2

!
|qeL f R |2 $ |qeR f L |2

"

(1 + cos! )2 (|qeL f L |2 + |qeR f R |2) + (1 $ cos! )2 (|qeL f R |2 + |qeR f L |2)
. (36)

The observable di" erential A LR in terms of the polarized incoming electron and positron

can be written as

A LR (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 Þnd that Eq.37 is related to Eq.36 by

A LR (cos! ) =
1

Pe!
A LR (Pe! , Pe+ , cos! ) . (38)

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

tering angle as

A LR =
" LR ! " RL

" LR + " RL
. (39)

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

A LR =

!
1 + 1

3#2
"# $

|qeL f L |2 + |qeL f R |2
%

!
$
|qeR f R |2 + |qeR f L |2

%&

+ 8
m2

f

s

#
Re(qeL f L qeL f R

! ) ! Re(qeR f R qeR f L
! )

&

!
1 + 1

3#2
"# $

|qeL f L |2 + |qeL f R |2
%

+
$
|qeR f R |2 + |qeR f L |2

%&

+ 8
m2

f

s

#
Re(qeL f L qeL f R

! ) + Re(qeR f R qeR f L
! )

&

(40)

In the limit mf "
#

s,

A LR $
(|qeL f L |2 + |qeL f R |2) ! (|qeR f R |2 + |qeR f L |2)
(|qeL f L |2 + |qeL f R |2) + ( |qeR f R |2 + |qeR f L |2)

. (41)

The observable integrated left-right asymmetry is given by

A LR (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

A LR =
1

Pe!
A LR (Pe! , Pe+ ). (43)

The statistical error of the left-right asymmetry, ! Af øf
LR is deÞned as

! A LR = 2

#
NLR NRL

$#
NLR +

#
NRL

%

(NLR + NRL )2

=
2
#

NLR NRL

(NLR + NRL )
$#

NLR !
#

NRL
%ALR , (44)

where NLR = L int " LR and NRL = L int " 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

! A LR (cos! ) =
A U(1) X

LR (cos! )
A SM

LR (cos! )
! 1 ,

! A LR =
A U(1) X

LR

A SM
LR

! 1 (45)

respectively.
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for Pe! < 0 and |Pe! | > |Pe+ |. Hence we Þnd that Eq.37 is related to Eq.36 by

A LR (cos! ) =
1

Pe!
A LR (Pe! , Pe+ , cos! ) . (38)

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

tering angle as

A LR =
" LR ! " RL

" LR + " RL
. (39)

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

A LR =

!
1 + 1

3#2
"# $

|qeL f L |2 + |qeL f R |2
%

!
$
|qeR f R |2 + |qeR f L |2

%&

+ 8
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f

s

#
Re(qeL f L qeL f R

! ) ! Re(qeR f R qeR f L
! )

&
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1 + 1

3#2
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|qeL f L |2 + |qeL f R |2
%
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+ 8
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s
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Re(qeL f L qeL f R

! ) + Re(qeR f R qeR f L
! )

&

(40)

In the limit mf "
#

s,

A LR $
(|qeL f L |2 + |qeL f R |2) ! (|qeR f R |2 + |qeR f L |2)
(|qeL f L |2 + |qeL f R |2) + ( |qeR f R |2 + |qeR f L |2)

. (41)

The observable integrated left-right asymmetry is given by

A LR (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

A LR =
1

Pe!
A LR (Pe! , Pe+ ). (43)

The statistical error of the left-right asymmetry, ! Af øf
LR is deÞned as

! A LR = 2

#
NLR NRL

$#
NLR +

#
NRL

%

(NLR + NRL )2

=
2
#

NLR NRL

(NLR + NRL )
$#

NLR !
#

NRL
%ALR , (44)

where NLR = L int " LR and NRL = L int " 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

! A LR (cos! ) =
A U(1) X

LR (cos! )
A SM

LR (cos! )
! 1 ,

! A LR =
A U(1) X

LR

A SM
LR

! 1 (45)

respectively.
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Deviationfrom the SM
xH = 2 : 10% for at 250 GeV
xH = 1 : 20% for at 500 GeV
xH = ! 2 : 8% for at 500 GeV
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FIG. 43. The di! erential LR-FB asymmetry for the e! e+ ! µ! µ+ process as a function of cos!

consideringM Z ! = 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 MZ ! = 7.5 TeV and in Fig. 57 for MZ ! = 5 TeV. We set the

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

deviation for
"

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

xH = # 1 decreases with the increase inPe" as the coupling ofeR with Z " vanishes where

as for the other choices the deviation increases with the increase inPe" . The maximum

deviation can be attained forxH = 2 for all the values of
"

s. At
"

s = 250 GeV, the

deviation can reach up to 0.5% whereas that can go to nearly 2.5% at
"

s = 500 GeV, 10%

at
"

s = 1 TeV and more high value at
"

s = 3 TeV. The deviation for MZ ! = 5 TeV is

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

up to 3.5% forxH = 1 for
"

s = 3 TeV and the very small for
"

s < 3 TeV. The theoretically

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

which decreases with the center of mass energy.

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

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

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

57

MZ" 
= 7.5 TeV

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

The left-right forward-backward (LR, FB) asymmetry (A LR ,FB ) [148Ð151] can be deÞned

as

A LR,F B (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 bosonsVi we write A LR,F B

as

A LR,F B (cos! )

=
2# cos!

!"
|qeL f L |2 + |qeR f L |2

#
!

"
|qeL f R |2 + |qeR f R |2

#$

(1 + #2 cos2 ! )
!"

|qeL f L |2 + |qeR f L |2
#

+
"
|qeL f R |2 + |qeR f R |2

#$

+ 8
m2

f

s

%
Re(qeL f L qeL f R

! ) + Re(qeR f R qeR f L
! )

&

,

(47)

for mf "
#

s,

A LR,F B (cos! ) $
' 2 cos!

1 + cos2 !

( "
|qeL f L |2 + |qeR f L |2

#
!

"
|qeL f R |2 + |qeR f R |2

#

"
|qeL f L |2 + |qeR f L |2

#
+

"
|qeL f R |2 + |qeR f R |2

# (48)

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

A LR,F B (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 A LR,F B (cos! ) in Eq. 46 and

A LR,F B (Pe! , Pe+ , cos! ) in Eq. 49 is given by

A LR,F B (cos! ) =
1

Pe!
A LR,F B (Pe! , Pe+ , cos! ) . (50)

The statistical error of the left-right forward-backward asymmetry (! A LR,F B ) can be

given by

! A LR,F B = 2
(n3 + n2)

"#
n1 +

#
n4

#
+ ( n1 + n4)

"#
n3 +

#
n2

#

(n1 + n3 + n2 + n4)2

= 2
(n3 + n2)

"#
n1 +

#
n4

#
+ ( n1 + n4)

"#
n3 +

#
n2

#

(n1 + n4)2 ! (n3 + n2)2
ALR,F B ,
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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! consideringM Z ! = 7 .5 TeV. The theoretically estimated statistical error has been

shown by the gray shaded region. The integrated luminosity has been considered asL int = 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! consideringM Z ! = 7 .5 TeV. The theoretically estimated statistical error has been

shown by the gray shaded region. The integrated luminosity has been considered asL int = 1 ab! 1.

60

(51)

where (n1, n2, n3, n4) = ( NLRF , NRLF , NLRB , NRLB ), NiF = L int ! i ([cos"1, cos"2]) and NiB =

L int ! i ([! cos"2, ! cos"1]) ( i = LR, RL ; 0 < cos"1 < cos"2) are the numbers of the events.

The amount of the deviation inA LR,F B from the SM is characterized by

! A LR,F B (cos" ) =
A LR,F B

U(1) X (cos" )
A LR,F B

SM(cos" )
! 1. (52)

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

collider energies at
"

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, 156Ð158]. Using the Fig.1.2 and Sec.2.9.2 of the

Physics Goals from [152] we Þnd 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
"

s = 91 GeV to
"

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
"

s = 350 GeV to
"

s = 3

TeV. We Þnd the information from Tab. 1 in Sec.2.1 of ÕCLIC physics exploration at three

energy stages, Staging and polarizationÕ 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
"

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
"

s = 250 GeV, 350 GeV

and 500 GeV respectively. We Þnd 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

Deviationfrom 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 (A LR ,FB )

The left-right forward-backward (LR, FB) asymmetry (A LR ,FB ) [148Ð151] can be deÞned

as

A LR,F B (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 bosonsVi we write A LR,F B

as

A LR,F B (cos! )

=
2# cos!

��
|qeLf L |2 + |qeRf L |2

�
!
�
|qeLf R |2 + |qeRf R |2

� 

(1 + #2 cos2 ! )
��

|qeLf L |2 + |qeRf L |2
�

+
�
|qeLf R |2 + |qeRf R |2

� 

+ 8
m2

f

s

⇥
Re(qeLf LqeLf R⇤) + Re(qeRf RqeRf L⇤)

⇤
,

(47)

for mf "
#

s,

A LR,F B (cos! ) $
h 2 cos!

1 + cos2 !

i�|qeLf L |2 + |qeRf L |2
�

!
�
|qeLf R |2 + |qeRf R |2

�
�
|qeLf L |2 + |qeRf L |2

�
+
�
|qeLf R |2 + |qeRf R |2

� (48)

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

A LR,F B (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 A LR,F B (cos! ) in Eq. 46 and

A LR,F B (Pe� , Pe+ , cos! ) in Eq. 49 is given by

A LR,F B (cos! ) =
1

Pe↵
A LR,F B (Pe� , Pe+ , cos! ) . (50)

The statistical error of the left-right forward-backward asymmetry (�A LR,F B ) can be

given by

�A LR,F B = 2
(n3 + n2)

�#
n1 +

#
n4
�

+ ( n1 + n4)
�#

n3 +
#

n2
�

(n1 + n3 + n2 + n4)2

= 2
(n3 + n2)

�#
n1 +

#
n4
�

+ ( n1 + n4)
�#

n3 +
#

n2
�

(n1 + n4)2 ! (n3 + n2)2
ALR,F B ,
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D. Left-right forward-backward asymmetry (A LR ,FB )

The left-right forward-backward (LR, FB) asymmetry (A LR ,FB ) [148Ð151] can be deÞned

as

A LR,F B (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 bosonsVi we write A LR,F B

as

A LR,F B (cos! )

=
2# cos!

!"
|qeL f L |2 + |qeR f L |2

#
!

"
|qeL f R |2 + |qeR f R |2

#$

(1 + #2 cos2 ! )
!"

|qeL f L |2 + |qeR f L |2
#

+
"
|qeL f R |2 + |qeR f R |2

#$

+ 8
m2

f

s

%
Re(qeL f L qeL f R

! ) + Re(qeR f R qeR f L
! )

&

,

(47)

for mf "
#

s,

A LR,F B (cos! ) $
' 2 cos!

1 + cos2 !

( "
|qeL f L |2 + |qeR f L |2

#
!

"
|qeL f R |2 + |qeR f R |2

#

"
|qeL f L |2 + |qeR f L |2

#
+

"
|qeL f R |2 + |qeR f R |2

# (48)

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

A LR,F B (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 A LR,F B (cos! ) in Eq. 46 and

A LR,F B (Pe! , Pe+ , cos! ) in Eq. 49 is given by

A LR,F B (cos! ) =
1

Pe!
A LR,F B (Pe! , Pe+ , cos! ) . (50)

The statistical error of the left-right forward-backward asymmetry (! A LR,F B ) can be

given by

! A LR,F B = 2
(n3 + n2)

"#
n1 +

#
n4

#
+ ( n1 + n4)

"#
n3 +

#
n2

#

(n1 + n3 + n2 + n4)2

= 2
(n3 + n2)

"#
n1 +

#
n4

#
+ ( n1 + n4)

"#
n3 +

#
n2

#

(n1 + n4)2 ! (n3 + n2)2
ALR,F B ,

20

Statisticalerror
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Conclusions:
We arelooking for a scenariowherewhich canexplaina variety
of beyondthe SM sceanrios.

The proposalfor the generationof the tiny neutrinomass, from
the seesawmechanism, underinvestigationat the energyfrontier.

The motovationof this work is to Þnda new particleand/or
a new force carrierasa part of the of the new physicssearches
including a variety of BSM aspects.

We study+ FB, + LR, + LR, FB .The asymmetriesaresizableat the
250 GeV and500 GeV e! e+ collidersor higher in the nearfuture.
Sucha modelcanbe studiedat muoncolliderswith high CM energy.
This allows us to probeheavierZ" .

For moredetail including the Bhabhascatteringat e! e+ colliderssee2104.10902
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