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The minimal Uð1ÞX extension of the Standard Model (SM) is a well-motivated new physics scenario,
where anomaly cancellation dictates new neutral gauge boson (Z0) couplings with the SM fermions in terms
of the Uð1ÞX charges of the new scalar fields. We investigate the SM charged fermion pair-production
process for different values of these Uð1ÞX charges at future e−eþ colliders: eþe− → ff̄. Apart from the
standard γ and Z-mediated processes, this model features additional s-channel (or both s and t-channel
when f ¼ e−) Z0 exchange which interferes with the SM processes. We first estimate the bounds on the
Uð1ÞX coupling ðg0Þ and the Z0 mass ðMZ0 Þ considering the latest dilepton and dijet constraints from the
heavy resonance searches at the LHC. Then using the allowed values of g0, we study the angular
distributions, forward-backward ðAFBÞ, left-right ðALRÞ, and left-right forward-backward ðALR;FBÞ
asymmetries of the ff̄ final states. We find that these observables can show substantial deviations from
the SM results in the Uð1ÞX model, thus providing a powerful probe of the multi-TeV Z0 bosons at future
eþe− colliders.

DOI: 10.1103/PhysRevD.105.115030

I. INTRODUCTION

Although the Standard Model (SM) is on a solid
theoretical foundation and has been tested experimentally
to great accuracy, it cannot explain the observations of
nonzero neutrino masses, dark matter relic density, and
matter-antimatter asymmetry in the Universe [1]. These
empirical evidences and other theoretical considerations
indicate the necessity for an extension of the SM.
A simple beyond the SM (BSM) scenario that can in

principle address some of the above-mentioned issues is to
extend the SM gauge group by an additional Uð1Þ gauge
symmetry. The associated neutral gauge boson (known as

Z0) has been extensively studied in the literature due to its
wide range of phenomenological aspects; see Refs. [2,3] for
reviews. There are many ultraviolet-complete scenarios,
where the Z0 boson naturally arises, such as in the left-right
symmetric models [4–6], and in theories of grand uni-
fication based on SO(10) [7,8] and E6 [9,10]. The Z0 bosons
also inevitably appear in the gauge-Higgs unification
scenario where the Higgs boson is identified with a part
of the fifth-dimensional component of the gauge fields, and
the Kaluza-Klein (KK) excited modes of the photon and Z
boson become Z0 bosons [11–16]. Dedicated searches for
the Z0 boson have been previously carried out at LEP [17]
and Tevatron [18,19], but the most stringent bounds on the
Z0 mass and coupling currently come from the LHC
dilepton searches [20,21], which also supersede the low-
energy electroweak constraints [22].
In this paper we investigate the future eþe− collider

prospects of a general but minimal Uð1ÞX extension of the
SM where, in addition to the SM particles, three gener-
ations of right-handed neutrinos (RHNs) and a SM-singlet
Uð1ÞX Higgs field are included. The Uð1ÞX charge assign-
ment for the fermions in this scenario is generation
independent which makes the model free from all gauge
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and mixed gauge-gravitational anomalies. Reproducing the
Yukawa structure of the SM, one finds that the Uð1ÞX
symmetry can be identified as the linear combination of the
Uð1ÞY in the SM and the Uð1ÞB−L gauge groups [23–26].
Hence the Uð1ÞX scenario is the generalization of the
Uð1ÞB−L extension of the SM [27,28].
Due to the presence of the Z0 boson with modest to large

couplings to SM fermions under the gauged Uð1ÞX
extension, the model shows a variety of interesting features
at the eþe− colliders. In particular, the general charge
assignment of the particles after the anomaly cancellations
leads to potentially large parity violation in the fermion
couplings and distinct interference effects in the process
e−eþ → ff̄ (where f stands for the SM fermions). We
investigate this process for both leptonic and hadronic final
states, by analyzing the cross sections as well as different
kinematic observables, including the forward-backward
asymmetry ðAFBÞ, left-right asymmetry ðALRÞ, and left-
right forward-backward asymmetry ðALR;FBÞ. We show that
even if the Z0 boson is sufficiently heavy and off-shell (even
inaccessible at the LHC), large deviations from the SM
expectations in the angular distributions, forward-backward
asymmetries, left-right asymmetries, and left-right forward-
backward asymmetries can be seen at the proposed e−eþ
colliders.1 We consider various center-of-mass energy
values

ffiffiffi
s

p ¼ 250 GeV, 500 GeV, 1 TeV, and 3 TeV to
illustrate this effect. Furthermore, we take special care for
the e−eþ → e−eþ Bhabha process, which can proceed via
either s or t-channel Z0 boson, in addition to the SM γ and Z
exchanges. Here we study the deviations in differential and
total cross sections, and in left-right asymmetry from the
SM results, which are then compared with the theoretically
estimated statistical errors.
It is worth noting here that to obtain the bounds on the Z0

boson at the LHC, the CMS and ATLAS Collaborations use
the so-called sequential SM where the couplings of the Z0
boson with the fermions are exactly the same as those of the
SM Z boson [30]. In our Uð1ÞX scenario, we reinterpret
these bounds, properly taking into account the appropriate
Z0 branching ratios to dileptons, and obtain the updated

limits on theUð1ÞX gauge coupling ðg0Þ as a function of the
Z0 mass, which are then used in our numerical analysis
for eþe− → ff̄.
The paper is organized as follows. We discuss the Uð1ÞX

model, model parameters, and the constraints on the g0 in
Sec. II. We study different observables related to the
e−eþ → ff̄ scattering process for f ≠ e in Sec. III. We
discuss the Bhabha scattering in Sec. IV. Some discussion
on usefulness of the kinematic variables is given in Sec. V.
We finally conclude the paper in Sec. VI.

II. THE Uð1ÞX MODEL

The model we consider here is based on the gauge group
SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗ Uð1ÞX. The particle con-
tent is shown in Table I. In addition to the SM particles,
three generations of the RHNs are introduced to cancel the
gauge and mixed gauge-gravity anomalies. There also
exists a SM-singlet scalar Φ which generates the
Majorana mass term for the RHNs after the Uð1ÞX
symmetry breaking. The RHNs couples to the SM lepton
ðlLÞ and Higgs (H) doublets to generate the Dirac Yukawa
couplings that go into the seesaw mechanism for neutrino
masses [31–35]. To introduce the fermion mass terms and
the flavor mixings, the Yukawa interaction can be written as

LYukawa ¼ −Yαβ
u qαLHuβR − Yαβ

d qαL H̃ dβR − Yαβ
e lα

L H̃ eβR

− Yαβ
ν lα

LHNβ
R − Yα

NΦNαc
R Nα

R þ H:c:; ð1Þ

where H̃ ≡ iτ2H� (τ2 being the second Pauli matrix). The
Uð1ÞX charges of all the particles are shown in Table I after
solving the gauge and mixed gauge-gravity anomalies [25]
and using the Yukawa interaction from Eq. (1). We see that
xH ¼ 0 and xΦ ¼ 1 will reproduce the B − L scenario.
From the structure of the individual charges we can confer
that the Uð1ÞX gauge group can be considered as a linear
combination of the Uð1ÞY and Uð1ÞB−L gauge groups. The
Uð1ÞX gauge coupling g0 is a free parameter of our model
which appears as either g0xH or g0xΦ in the interaction
Lagrangian. Without the loss of generality we fix xΦ ¼ 1 in
this paper. As a result xH acts as an angle between the
Uð1ÞY and Uð1ÞB−L directions. In the limits xH → −∞
(þ∞), Uð1ÞX is (anti-)aligned to the Uð1ÞY direction.
The renormalizable Higgs potential of the model is

given by

TABLE I. Particle content of the minimal Uð1ÞX model where ið¼ 1; 2; 3Þ represents the family index. The scalar
charges xH , xΦ are real parameters. The B − L case is obtained with the choice xH ¼ 0 and xΦ ¼ 1.

Gauge group qiL uiR diR li
L eiR Ni

R H Φ

SUð3ÞC 3 3 3 1 1 1 1 1
SUð2ÞL 2 1 1 2 1 1 2 1
Uð1ÞY 1=6 2=3 −1=3 −1=2 −1 0 1=2 0
Uð1ÞX 1

6
xH þ 1

3
xΦ 2

3
xH þ 1

3
xΦ − 1

3
xH þ 1

3
xΦ − 1

2
xH − xΦ −xH − xΦ −xΦ − xH

2
2xΦ

1Similar consequences have been predicted in the SOð5Þ ×
Uð1Þ × SUð3Þ gauge-Higgs unification formulated in the
Randall-Sundrum warped space in which the KK modes of the
photon, Z boson, and ZR boson play the role of Z0 bosons [29].
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V ¼ −m2
hðH†HÞ þ λðH†HÞ2 þm2

ΦðΦ†ΦÞ þ λΦðΦ†ΦÞ2
þ λ0ðH†HÞðΦ†ΦÞ: ð2Þ

In the limit of small λ0, the mixing between the scalar fields
H and Φ is negligible, so they can be analyzed separately
[25,36]. After the electroweak and Uð1ÞX symmetry break-
ing the scalar fields H and Φ develop their vacuum
expectation values (VEVs)

hHi ¼ 1ffiffiffi
2

p
�
vþ h

0

�
; and hΦi ¼ vΦ þ ϕffiffiffi

2
p : ð3Þ

At the potential minimum where the electroweak scale is
marked with v ≃ 246 GeV, vΦ is considered to be a free
parameter with v2Φ ≫ v2. After the symmetry breaking, the
mass of the Uð1ÞX gauge boson ðZ0Þ can be expressed as

MZ0 ¼ g0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4v2Φ þ 1

4
x2Hv

2

r
≃ 2g0vΦ: ð4Þ

The Uð1ÞX VEV governs the Majorana mass term for the
RHNs from the fifth term of Eq. (1) and the electroweak
VEV generates the Dirac neutrino mass term from the

fourth term of Eq. (1). They can be written as mNα
¼ Yα

Nffiffi
2

p vΦ

and mαβ
D ¼ Yαβ

νffiffi
2

p v, respectively. Hence the full neutrino mass

mixing can be written as

Mν ¼
�

0 mD

mT
D mN

�
: ð5Þ

Diagonalizing Eq. (5) the light neutrino mass can be
generated asmν ≃ −mDm−1

N mT
D in the seesaw limit [31–35].

A. Z0 interactions with fermions

Due to the presence of the general Uð1ÞX charges (qfL;Rx )
shown in Table I, the Z0 interactions with the SM quarks (q)
and leptons ðlÞ can be written as

Lq ¼ −g0ðq̄γμqqLx PLqþ q̄γμqqRx PRqÞZ0
μ

− g0ðl̄γμqlLx PLlþ ēγμqlRx PReÞZ0
μ; ð6Þ

where PL and PR are the left and right projection operators
ð1 ∓ γ5Þ=2, respectively. Using Eq. (6) we can calculate
the partial decay widths of Z0 into the SM fermions. For
charged fermions, we get

ΓðZ0 → ff̄Þ ¼ Nc
MZ0

24π
ðgfL½g0; xH; xΦ�2 þ gfR½g0; xH; xΦ�2Þ;

ð7Þ

where Nc ¼ 3ð1Þ is a color factor for the quarks (leptons)
and gfLðRÞ½g0; xH; xΦ� is the coupling of the Z0 with left-

(right-) handed charged fermions, which depends on the
Uð1ÞX charges. The partial decay width of the Z0 into a pair
of single-generation light neutrinos can be written as

ΓðZ0 → νν̄Þ ¼ MZ0

24π
gνL½g0; xH; xΦ�2: ð8Þ

The partial decay width of the Z0 into a pair of RHNs can be
written as

ΓðZ0 → NNÞ ¼ MZ0

24π
gNR ½g0; xΦ�2

�
1 − 4

m2
N

M2
Z0

�3
2

: ð9Þ

However, in this analysis we assume for simplicity that the
decay of the Z0 into a pair of RHNs is kinematically
disallowed because mN > MZ0 .2

Using the partial decay widths of Z0 from Eqs. (7) and (8)
we show the variation in total decay width of the Z0 (Γ),
normalized by g02, as a function of xH in the left panel of
Fig. 1 forMZ0 ¼ 7.5 TeV and xΦ ¼ 1. The branching ratios
of Z0 into single-generation SM fermions are shown in the
right panel of Fig. 1 as a function of xH. It is clear that the Z0
total decay width and branching ratios depend on the xH

FIG. 1. Total decay width of Z0 (left panel) and its branching ratios into single-generation fermions (right panel) as a function of xH for
MZ0 ¼ 7.5 TeV and xΦ ¼ 1. We normalize the total decay width by g02.

2For the collider phenomenology of TeV scale RHNs in the
general Uð1ÞX model, see, e.g., Refs. [37–41].

PROBING THE MINIMAL Uð1ÞX MODEL AT FUTURE … PHYS. REV. D 105, 115030 (2022)

115030-3



charge. In particular, the total decay width is minimum at
xH ¼ −0.8. Also, the leptonic (or hadronic) branching
ratios can be suppressed for a suitable choice of xH,
thereby relaxing the LHC dilepton (or dijet) bounds on
Z0, as discussed below.

B. Collider bounds

The Uð1ÞX charges of the particles for different values of
xH with xΦ ¼ 1 are given in Table II. We will use these
benchmark xH values in our following analysis. For
xH ¼ −2 there is no interaction of Z0 with left-handed
quarks or leptons. For xH ¼ −1 there is no interaction
between right-handed charged leptons and Z0. Similarly, the
right-handed up- (down)-type quarks have no interaction
with Z0 for xH ¼ −0.5ð1Þ.
First we evaluate the LEP constraints on the model

parameters for different values of xH considering
MZ0 ≫

ffiffiffi
s

p
. Following Refs. [17,42,43] we parametrize

the contact interactions for the process eþe− → ff̄ by an
effective Lagrangian

Leff ¼
g02

ð1þ δefÞðΛf�
ABÞ2

X
A;B¼L;R

ηABðēγμPAeÞðf̄γμPBfÞ;

ð10Þ

where g02=4π is taken to be 1 by convention, δef ¼ 1ð0Þ for
f ¼ e (f ≠ e), ηAB ¼ �1 or 0, and Λf�

AB is the scale of the
contact interaction, having either constructive (þ) or
destructive (−) interference with the SM processes eþe− →
ff̄ [44]. Following Ref. [45] we calculate the Z0 exchange
matrix element for our process as

g02

MZ02 − s
½ēγμðx0lPL þ x0ePRÞe�½f̄γμðxfLPL þ xfRPRÞf�;

ð11Þ

where x0l and x0e are the Uð1ÞX charges of eL and eR,
respectively, and similarly, xfL and xfR are the Uð1ÞX

charges of fL and fR, respectively, all of which can be
found in Table II. Matching Eqs. (10) and (11) we evaluate
the following bound on MZ0 as

M2
Z0 ≳ g02

4π
jxeAxfB jðΛf�

ABÞ2; ð12Þ

considering M2
Z0 ≫ s where

ffiffiffi
s

p ¼ 209 GeV for LEP-II.

Using Eq. (12), we can translate the LEP bounds on Λf�
AB

reported in Ref. [17] to the bounds onMZ0=g0 as a function of
xH, as shown in Fig. 2 by the gray-shaded region.We use the
95% confidence level (C.L.) limits on Λ� from Ref. [17] for
both hadronic and leptonic channels, where for the latter, we
assume universality in the contact interactions.Moreover, for
any given xH value, we consider all possible chirality
structures, i.e., AB ¼ LL; RR;LR; RL; VV, and AA. The
exclusion contour shown in Fig. 2 is obtained by taking the
boundary of the most stringent bounds. Using the same
procedure, we also estimate the prospective reaches at the
ILCwith

ffiffiffi
s

p ¼ 250 GeV, 500GeV, and 1TeV from theΛf�
AB

values reported in Ref. [46], as represented by red dotted,

TABLE II. TheUð1ÞX charges of the particles for different values of xH taking xΦ ¼ 1. Here i ¼ 1, 2, 3 represents
the generation index. xH ¼ −2 and 0 are the Uð1ÞR and B − L cases, respectively. The SM charges are shown in
Table I.

Uð1ÞX qiL uiR diR li
L eiR Ni

R H Φ

xH 1
6
xH þ 1

3
xΦ 2

3
xH þ 1

3
xΦ − 1

3
xH þ 1

3
xΦ − 1

2
xH − xΦ −xH − xΦ −xΦ − xH

2
2xΦ

−2 0 −1 1 0 1 −1 1 2
−1 1

6
− 1

3
2
3

− 1
2

0 −1 1
2

2
− 1

2
1
4

0 1
2

− 3
4

− 1
2

−1 1
4

2
0 1

3
1
3

1
3

−1 −1 −1 0 2
1
2

5
12

1
2

1
6

− 5
4

− 3
2

−1 1
4

2
1 1

2
1 0 − 3

2
−2 −1 1

4
2

2 1
3

5
3

− 1
3

−2 −3 −1 1 2

FIG. 2. Current LEP bound on MZ0=g0 for different xH values
(gray shaded) and the future ILC projections for

ffiffiffi
s

p ¼ 250 GeV
(red shaded), 500 GeV (purple shaded), and 1 TeV (green
shaded).
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purple dashed, and green dot-dashed lines, respectively, in
Fig. 2. Our results are summarized in Table III for some
benchmark values of xH to be used in our subsequent
analysis.
We can easily translate the limits on MZ0

g0 from Fig. 2 for
different xH values onto the MZ0 − g0 plane, as shown in
Fig. 3 for fixed values of xH ¼ −2;−1;−0.5, 0, 0.5, 1, 2.
The LEP exclusion is again shown by the gray-shaded
region, while the future ILC prospects are shown by the
unshaded magenta dot-dashed, dashed, and dotted lines forffiffiffi
s

p ¼ 250 GeV, 500 GeV, and 1 TeV, respectively.
For comparison, we also calculate the hadron collider

bounds in the MZ0 − g0 plane for different xH values by
recasting the current ATLAS and CMS search results for Z0
in both dilepton [20,21] and dijet [47,48] channels, as
shown in Fig. 3 by various shaded regions.In each case, we
calculate the Z0-mediated production cross section in our
model ðσModelÞ for a given MZ0 with fixed xH, properly
taking into account the modified branching ratios, and
compare it to the observed 95% C.L. limit on the cross
section ðσObsÞ to derive an upper bound on the coupling
strength

g0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g02Model

�
σObs
σModel

�s
; ð13Þ

where g0Model is the coupling considered to calculate σModel.
The FeynRules file of the model can be found in [50]. For the
dilepton channel, we consider the electrons and muons
combined to derive the limits shown in Fig. 3. We also
consider the future high-luminosity phase of the LHC (HL-
LHC) at

ffiffiffi
s

p ¼ 14 TeV with 3 ab−1 integrated luminosity
and draw the projected dilepton bounds following the
analysis given in the ATLAS technical design report
(TDR) [49].
From Fig. 3, we find that the LHC dilepton constraints

are the most stringent up to MZ0 ¼ 6 TeV, beyond which
the resonant Z0 production is kinematically limited atffiffiffi
s

p ¼ 13 TeV LHC. For the same kinematic reason, the
mass reach is not expected to improve much with the

ffiffiffi
s

p ¼
14 TeV data, as indicated in Fig. 3 by the green dotted
curve. On the other hand, lepton colliders provide better

sensitivity for heavy Z0 bosons, going well beyond the LHC
reach. As we will show in the subsequent sections, future
lepton colliders are not only sensitive to MZ0 ≫

ffiffiffi
s

p
, but

also provide crucial post-discovery characterization of Z0
via different asymmetry observables. In particular, due to
the different couplings of the Z0 to left- and right-handed
SM fermions for different xH values, these asymmetries can
help us easily distinguish the Uð1ÞX Z0 from the B − L Z0
which has the same couplings to the left- and right-handed
fermions.
To illustrate our point, for the rest of this paper we will

consider a specific benchmark value of MZ0 ¼ 7.5 TeV,
which is just beyond the LHC reach. From Fig. 3, we find
that the strongest limits on g0 for MZ0 ¼ 7.5 TeV comes
from LEP-II, which are 0.9, 0.9, 0.6, and 0.4 for
xH ¼ −2;−1, 1, and 2, respectively. In view of this, we
will consider a common benchmark value of g0 ¼ 0.4 for
xH ¼ −2, −1, 1, 2 to study the kinematic observables at
future e−eþ colliders. It is straightforward to extend our
analysis for other choices of MZ0 , g0, or xH values.
In Table III, we have used ILC with different

ffiffiffi
s

p
options

just as a representative for future eþe− machines. Our
analysis in this work is equally valid for other eþe− collider
proposals. For completeness, we summarize in Fig. 4 the
expected run time, total integrated luminosity, and the center-
of-mass energy options for four future eþe− collider pro-
posals currently being discussed, namely, FCC-ee [51],
CEPC [52], ILC [53], and CLiC [54]. In the following, we
will generically consider the possibilities of

ffiffiffi
s

p ¼ 250 GeV,
500 GeV, 1 TeV, and 3 TeV, all with Lint ¼ 1 ab−1.

III. KINEMATIC OBSERVABLES FOR THE
e − e + → f f̄ ( f ≠ e) PROCESS

First we discuss the case of f ≠ e in the process
e−eþ → ff̄, which only gets s-channel contributions from
neutral gauge bosons, i.e., γ and Z for the SM, and γ, Z, and
Z0 for the Uð1ÞX model. The additional contributions in the
Uð1ÞX case will be observed from the interfere of Z0 with
the γ and Z-mediated processes. In this model, quarks and
leptons are differently charged under Uð1ÞX (cf. Table II)
which can be manifested in their interactions with Z0.
Similarly, the left- and right-handed fermions are differ-
ently charged under Uð1ÞX which affects their interactions

TABLE III. The 95% C.L. lower limits on MZ0=g0 in the Uð1ÞX model from eþe− → ff̄ processes in the contact interaction limit for
different values of xH . These results are obtained by recasting the limits on the scale Λ� quoted in Refs. [17,46] and taking the most
stringent limit out of all the different channels considered there.

Machine
ffiffiffi
s

p
95% C.L. lower limit on MZ0=g0 (in TeV)

xH ¼ −2 xH ¼ −1 xH ¼ −0.5 xH ¼ 0 xH ¼ 0.5 xH ¼ 1 xH ¼ 2

LEP-II 209 GeV 5.0 2.2 4.4 7.0 10.3 11.1 18.0

ILC 250 GeV 31.6 16.3 29.5 48.2 64.3 79.0 113.7
500 GeV 54.4 26.3 50.1 81.6 110.2 139.1 199.7
1 TeV 88.6 47.7 84.8 137.2 185.8 238.2 339.2
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with Z0. Since the Uð1ÞX charge and gauge coupling are
assumed to be family universal, we will consider the
representative case of f ¼ μ for leptonic final states, and
f ¼ b and t, respectively, for the down-type and up-type
quark final states in the process e−eþ → ff̄. Note that in a
realistic detector environment, the top quarks can only be
identified by their decay products, i.e., bottom quarks and
W bosons (which are further characterized depending on
whether they decay leptonically or hadronically). However,
for simplicity, we restrict our study of the Z0 effect in the
e−eþ → ff̄ process to parton level only, which already

illustrates the main points we want to emphasize, and
moreover, all the numerical results presented here can be
understood analytically. A full detector-level simulation,
including systematic effects, detector efficiency for the
leptons, and misidentification of jets or leptons, is beyond
the scope of the current work, and will be pursued else-
where. Such a detailed study will be more relevant when the
actual eþe− collider is built.
We capture the Z0 effects in the process e−eþ → ff̄ by

considering several kinematic observables, as described
below.

FIG. 3. Limits on g0 as a function of MZ0 for different xH values and with xΦ ¼ 1. The shaded regions are ruled out by the current
experimental data from LEP-II [17], and LHC dilepton [20,21], and dijet [47,48] searches. The future HL-LHC [49], as well as the ILC
prospects (this work), are also shown as unshaded curves for comparison. The middle panel with xH ¼ 0 is the B − L case.
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A. Differential cross section

Let us first consider the differential scattering cross
sections for the processes e−Le

þ
R → ff̄ and e−Re

þ
L → ff̄,

which can be, respectively, written as

dσLR

d cos θ
¼ βs

32π

�
ð1þ β2cos2θÞðjqeLfL j2 þ jqeLfR j2Þ

þ 2β cos θðjqeLfL j2 − jqeLfR j2Þ

þ 8
m2

f

s
fReðqeLfLqeLfR�Þg

�
; ð14Þ

dσRL

d cos θ
¼ βs

32π

�
ð1þ β2cos2θÞðjqeRfR j2 þ jqeRfL j2Þ

þ 2β cos θðjqeRfR j2 − jqeRfL j2Þ

þ 8
m2

f

s
fReðqeRfLqeRfR�Þg

�
; ð15Þ

where θ is the scattering angle,mf is the final state fermion

mass and β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
f

s

q
. In the high energy collider limit

whenmf ≪
ffiffiffi
s

p
, we obtain β → 1. In Eqs. (14) and (15) we

use the quantities qeLfL , qeLfR , qeRfL , and qeRfR which can
be defined as

qeLfL ¼
X
i

gVie
L gVif

L

s −m2
Vi
þ imVi

ΓVi

;

qeLfR ¼
X
i

gVie
L gVif

R

s −m2
Vi
þ imVi

ΓVi

;

qeRfL ¼
X
i

gVie
R gVif

L

s −m2
Vi
þ imVi

ΓVi

;

qeRfR ¼
X
i

gVie
R gVif

R

s −m2
Vi
þ imVi

ΓVi

; ð16Þ

where gLðRÞVie=f are the coupling of the left- (right-) handed
electron/fermion to the vector boson Vi ¼ γ; Z; Z0, with
mVi

and ΓVi
being the corresponding vector boson mass

and total decay width.
From Eq. (16) we define a quantity sjqXYj, where the

indices X and Y indicate the handedness of the initial state
electron and final state fermion, respectively. In other
words, we choose quantities like sjqLLj, sjqLRj, sjqRLj,
and sjqRRj in accordance with Eq. (16), which reflect
the nature of the SM and BSM propagators. We first
present the quantities sjqXYj as a function of

ffiffiffi
s

p
for the

SM case in Fig. 5, taking f ¼ μ, b, and t from left to
right, respectively. One can clearly see the Z resonance atffiffiffi
s

p ¼ MZ in all the cases. The additional dips are
caused by the destructive interference between the γ
and Z-mediated processes, and the exact locations of
these dips depend on the chirality structure of the initial
and final state fermions (and also on the top quark mass in
the tt̄ case).
Now we include the Z0 contribution in Eq. (16) and show

the effect on sjqXYj in Fig. 6 for MZ0 ¼ 7.5 TeV and for
xH ¼ −2, −1, 1, and 2, respectively, from the left to right
panels. The three rows are for ff̄ ¼ μþμ− (top), bb̄
(middle), and tt̄ (bottom). The SM and BSM propagators
are the same except for the presence of Z0 in the BSM case.
As a result, a broad resonance now occurs at

ffiffiffi
s

p ¼ MZ0 .
Here we have taken a relatively large g0 ¼ 0.4 for
MZ0 ¼ 7.5 TeV, which helps to produce this broad reso-
nance. An increase in

ffiffiffi
s

p
will not show further resonance

peaks for the SM case; therefore we restrict the SM case up
to 1 TeV only in Fig. 5. However, in the Uð1ÞX case, we
show up to

ffiffiffi
s

p ¼ 100 TeV in Fig. 6. We notice that the
quantity sjqXYj becomes independent of

ffiffiffi
s

p
when

ffiffiffi
s

p
≫

MZ0 and leading to almost flat curves mimicking the nature
of an effective theory for large s. It happens due to the fact

that both
m2

Vi
s ≪ 1 and

mVi
ΓVi
s ≪ 1 in this limit.

FIG. 4. The run time,
ffiffiffi
s

p
, and Lint for different proposed e−eþ colliders.
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From Table II and Eq. (16) it is evident that for xH ¼ −2
the couplings of Z0 with qL and eL are zero. Therefore only
the quantity sjqRRj gives a resonance at MZ0 , as shown in
the left column of Fig. 6. For xH ¼ −1, there is no coupling
between eR and Z0; as a result only sjqLLj contributes to the
Z0 resonance in the e−eþ → μ−μþ process, as shown in the
top row, second column, whereas both sjqLLj and sjqLRj
contribute in the bb̄ and tt̄ cases. In the case of xH ¼ 1 the
coupling between dR and Z0 vanishes; therefore, the Z0

contributions from sjqLLj and sjqRLj only are observed in
the e−eþ → bb̄ process. At xH ¼ 2 all the sjqXY j quantities
contribute to the Z0 resonance in e−eþ → ff̄ because in this
case all the charged fermions have nonvanishing couplings
with Z0.3 The effects of Z0 on the qXY observables depend-
ing on the xH values are summarized in Table IV.

B. Total cross section

An important advantage of lepton colliders is that
the incoming beams can be polarized. Let us consider
the polarized electron and positron beams with the polari-
zation fractions Pe− and Peþ , respectively. The differential
scattering cross section of the process e−eþ → ff̄ can be
written as

FIG. 5. sjqXYj as a function of
ffiffiffi
s

p
in the SM for the e−eþ → ff̄ process.

FIG. 6. sjqXYj as a function of
ffiffiffi
s

p
in the Uð1ÞX model for the e−eþ → ff̄ process considering MZ0 ¼ 7.5 TeV, g0 ¼ 0.4.

TABLE IV. Effect of the Z0-induced interactions on qXY

defined in Eq. (16) due to different values of xH in the e−eþ →
ff̄ process.

xH Interaction Z0 contribution observable for

−2 No interaction between
fL and Z0

qeRfR in e−eþ → μþμ−, bb̄; tt̄

−1
No interaction between

eR and Z0
qeLfL in e−eþ → μþμ−

qeLfL ; qeLfR in e−eþ → bb̄; tt̄

1
No interaction between

dR and Z0
qeLfL ; qeRfL in e−eþ → bb̄
All qXY in μþμ− and tt̄

2 All interactions hold All qXY in e−eþ → ff̄

3For completeness we point out that at xH ¼ −0.5, the
coupling between uR and Z0 is zero. This scenario can be
observed for the process e−eþ → tt̄, where the quantities
sjqLLj and sjqRLj only contribute to the Z0 resonance.

DAS, DEV, HOSOTANI, and MANDAL PHYS. REV. D 105, 115030 (2022)

115030-8



dσ
d cos θ

ðPe− ; Peþ ; cos θÞ

¼ ð1 − Pe−PeþÞ
1

4

�
ð1 − PeffÞ

dσLRðcos θÞ
d cos θ

þ ð1þ PeffÞ
dσRLðcos θÞ

d cos θ

�
; ð17Þ

where Peff ¼ Pe−−Peþ
1−Pe−Peþ

is the effective polarization, and the

differential cross sections dσLR
d cos θ and

dσRL
d cos θ have been defined

in Eqs. (14) and (15), respectively. From Eq. (17) we
calculate the total cross section by integrating over the
scattering angle as

σðPe− ; PeþÞ ¼
Z

cos θmax

− cos θmax

d cos θ
dσ

d cos θ
ðPe− ; Peþ ; cos θÞ;

ð18Þ

where θmax depends upon the experiment. Theoretically
using cos θmax ¼ 1 we get

σðPe− ; PeþÞ ¼ ð1 − Pe−PeþÞ
1

4
½ð1 − PeffÞσLR

þ ð1þ PeffÞσRL�; ð19Þ

where σLR ¼ βs
32π

��
2þ 2

3
β2
�
ðjqeLfL j2 þ jqeLfR j2Þ

þ 16
m2

f

s
ReðqeLfLqeLfR�Þ

�
;

σRL ¼ βs
32π

��
2þ 2

3
β2
�
ðjqeRfR j2 þ jqeRfL j2Þ

þ 16
m2

f

s
ReðqeRfLqeRfR�Þ

�
: ð20Þ

Furthermore, considering mf ≪
ffiffiffi
s

p
we get

σLR ≃
s

12π
½jqeLfL j2 þ jqeLfR j2�;

σRL ≃
s

12π
½jqeRfR j2 þ jqeRfL j2�: ð21Þ

The statistical error of the cross section ΔσstatðPe− ; PeþÞ is
given by

ΔσstatðPe− ; PeþÞ ¼
σðPe− ; PeþÞffiffiffiffi

N
p ; ð22Þ

where N ¼ LintσðPe− ; PeþÞ is the total number of signal
events. The deviation of the total fermion pair-production
cross section can be written as

ΔσðPe− ; PeþÞ ¼
σUð1ÞX

σSM
ðPe− ; PeþÞ − 1: ð23Þ

To study the effect of beam polarization on the cross
section, we consider three polarization choices for the e−

and eþ beams: (i) Unpolarized case with P−
e ¼ 0, Pþ

e ¼ 0;
(ii) P−

e ¼ þ0.8, Pþ
e ¼ −0.3; and (iii) P−

e ¼ −0.8,
Pþ
e ¼ þ0.3. These choices are motivated by the fact that

at the ILC, the baseline design foresees at least 80%
electron beam polarization at the interaction point, whereas
the positron beam can be polarized up to 30% for the
undulator positron source (although up to 60% may be
possible with the addition of a photon collimator) [55]. In
Fig. 7 we show the total production cross section and the
corresponding deviation form the SM as a function of

ffiffiffi
s

p
with these different polarization choices for the processes
e−eþ → μ−μþ (top row), bb̄ (middle row), and tt̄ (bottom
row) with different xH values. The SM case has been
represented by the solid black line in each panel. Due to the
Z0 resonance and its interference with the γ and Z-mediated
processes, the cross section has a distinct peak atffiffiffi
s

p ¼ MZ0 , as can be seen from Fig. 7. We consider MZ0 ¼
7.5 TeV and g0 ¼ 0.4, but larger values of g0 will simply
broaden the width of the Z0 resonance. For the total cross
sections, we vary the

ffiffiffi
s

p
up to 100 TeV to show that even ifffiffiffi

s
p

is not exactly at the Z0 pole, there could still be large
deviations in the total cross section from the SM value.4

The deviations in total cross section ðΔσÞ have been
calculated using Eq. (23). These are shown in the lower
part of each panel in Fig. 7, but we restrict the x axis only
up to

ffiffiffi
s

p ¼ 3 TeV to show the realistic deviations achiev-
able in the future eþe− colliders. Note that Δσ can be large
depending on the choices of xH, MZ0 , and g0.
We first consider the e−eþ → μ−μþ process which is

shown in the top panels of Fig. 7 for different xH values. As
shown in Table IV, for xH ¼ −1 there is no interaction
between eR and Z0, so the cross sections and deviations will
have the BSM effect only from qLL. Similarly, for xH ¼ −2
there is no interaction between lL and Z0; thus the only
BSM effect comes from qRR. These features are manifest in
the e−eþ → μ−μþ cross sections, which only slightly
deviate from the SM case for these xH values, except
exactly at the resonance. On the other hand, for xH ¼ 1 and
2 the BSM contributions will come from all qXY amplitudes
to create larger deviations in the total cross sections by
widening the resonance.
We perform similar analyses for e−eþ → bb̄ and

e−eþ → tt̄ processes which are shown in the middle and
bottom panels of Fig. 7, respectively. The nature of the total
cross section is the same in these two cases; however,
differences appear for different xH values, as can be seen
from Table IV. The bb̄ process will be uniquely affected at

4This feature was also observed in Ref. [56] in a different
model and in the LHC context.
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xH ¼ 1 as there is no interaction between Z0 and dR. As for
the tt̄ final state, we include the top quark mass of 172 GeV,
which is why the cross section goes down when

ffiffiffi
s

p
approaches this value from above and we only considerffiffiffi
s

p
≥ 350 GeV for this process.

As shown in Fig. 7, the deviations in the cross sections
from the SM values also depend on the choice of polari-
zation. Taking the μþμ− case with unpolarized beams, for
example (top left panel), we find that only for xH ¼ 2,
the deviation becomes positive at

ffiffiffi
s

p
> 2.75 TeV, whereas

it remains negative for the other xH values up toffiffiffi
s

p ¼ 3 TeV. If we only consider the magnitudes, the
deviation is roughly 2.2% for xH ¼ −2 and xH ¼ −1, while
it may reach up to 10% and 25% for xH ¼ 1 and xH ¼ 2,
respectively, at

ffiffiffi
s

p ¼ 1 TeV. At smaller
ffiffiffi
s

p ¼ 500 GeV,

the deviations for xH ¼ 2 and 1 are around 8% and 4%,
respectively. On the other hand, at

ffiffiffi
s

p ¼ 3 TeV, the
deviations may reach up to 83% for xH ¼ 1 and 42%
for xH ¼ 2.
For P−

e ¼ 0.8, Pþ
e ¼ −0.3 (top middle panel), the devia-

tions may reach up to 2% for xH ¼ −2, 5% for xH ¼ 1 and
12% for xH ¼ 2 at

ffiffiffi
s

p ¼ 500 GeV. For xH ¼ 2, it rapidly
decreases between

ffiffiffi
s

p ¼ 2 and 2.8 TeV, after which it may
increase up to 100% at

ffiffiffi
s

p ¼ 3 TeV. The deviation for
xH ¼ −1 is almost negligible up to

ffiffiffi
s

p ¼ 3 TeV.
For P−

e ¼ −0.8, Pþ
e ¼ 0.3 (top right panel), the devia-

tions may be around 10% for xH ¼ 2, 8.5% for xH ¼ 1 atffiffiffi
s

p ¼ 500 GeV. It may reach up to 50% for
ffiffiffi
s

p ¼ 2 TeV
and xH ¼ 2. Similarly for xH ¼ 1 the deviation may reach
up to 75% at

ffiffiffi
s

p ¼ 3 TeV.

FIG. 7. The total production cross section (upper part of each panel) and the corresponding deviation from the SM (lower part of each
panel) for different polarization choices (left to right) as a function of

ffiffiffi
s

p
considering M0

Z ¼ 7.5 TeV and g0 ¼ 0.4.
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The deviations for the bb̄ and tt̄ processes are shown in
the middle and bottom rows of Fig. 7, respectively. Just like
the μþμ− case, depending on the choices of xH,

ffiffiffi
s

p
, and

polarizations, the deviations show the nature of the BSM
effects of qXY from Table IV.
To see the effect of other polarization choices on the total

cross section given by Eq. (23), we now set Peþ ¼ 0 and
study the variation of the deviation Δσ as a function of Pe−

in its entire theoretically allowed range of −1 ≤ Pe− ≤ 1, as
shown in Fig. 8. The different rows are for μþμ− (top), bb̄
(middle), and tt̄ (bottom), whereas the different columns
(from left to right) are for

ffiffiffi
s

p ¼ 250 GeV, 500 GeV, 1 TeV,
and 3 TeV. For the tt̄ case, we do not have the

ffiffiffi
s

p ¼
250 GeV option because it is below the tt̄ threshold. Here
we have used Lint ¼ 1 ab−1,MZ0 ¼ 7.5 TeV, and g0 ¼ 0.4.
In each panel, we also show the theoretically estimated
statistical error (gray-shaded region), defined as

Δstat
σ ðPe− ; PeþÞ ¼

ffiffiffi
2

p ΔσstatðPe− ; PeþÞ
σðPe− ; PeþÞ

¼
ffiffiffi
2

pffiffiffiffi
N

p : ð24Þ

Thus the statistical error decreases with increasing cross
sections (or increasing

ffiffiffi
s

p
) for a fixed luminosity.

In the μþμ− process Δσ can reach up to 2.7% for
Pe− ¼ 0.8 and 1.5% for Pe− ¼ −0.8 at

ffiffiffi
s

p ¼ 250 GeV
with xH ¼ 2. The deviations for other xH are comparatively
small. At

ffiffiffi
s

p ¼ 500 GeV these values become 11% and
6% at Pe− ¼ 0.8 and −0.8, respectively, for xH ¼ 2. At the
same

ffiffiffi
s

p
these values become 2.8% and 2.5%, respectively,

for xH ¼ 1. These deviations gradually increase with
ffiffiffi
s

p
,

while the statistical error decreases, as can be seen by
comparing the different columns in Fig. 8. We find that for
some of the xH and Pe− values, the deviations can be larger
than the statistical error, and hence, observable at future
colliders.
At

ffiffiffi
s

p ¼ 250 GeV, Δσ for bb̄ is roughly below 1% for
all xH when Pe− ¼ 0.8 and Pe− ¼ −0.8. The deviations
increase with

ffiffiffi
s

p
and can be within 1%–4% for different

xH except for xH ¼ −2 at Pe− ¼ 0.8 consideringffiffiffi
s

p ¼ 500 GeV. Δσ increases roughly by a factor of 3
for Pe− ¼ 0.8 at

ffiffiffi
s

p ¼ 1 TeV. Similar behavior can be
observed at

ffiffiffi
s

p ¼ 3 TeV; however, the deviations can
become very large depending on the xH and/or Pe− values.
In case of tt̄ production, Δσ at

ffiffiffi
s

p ¼ 500 GeV can be
7% for xH ¼ 2 and 2.5% for xH ¼ 1 at Pe− ¼ 0.8. At
Pe− ¼ −0.8 for the same chargesΔσ can be 3.5% and 1.8%,
respectively. The results for xH ¼ −2 are below 1%.

C. Forward-backward asymmetry ðAFBÞ
The integrated forward-backward (FB) asymmetry

ðAFBÞ is an interesting feature of this model which can
be observed at e−eþ colliders. It is defined as [57–59]

AFBðPe− ; PeþÞ ¼
σFðPe− ; PeþÞ − σBðPe− ; PeþÞ
σFðPe− ; PeþÞ þ σBðPe− ; PeþÞ

; ð25Þ

where the cross sections in the forward (σF) and backward
(σB) directions can be defined by taking the limits of the θ
integration in Eq. (18) as ½0;þ cos θmax� and ½− cos θmax; 0�,

FIG. 8. Deviations of total cross section for the e−eþ → ff̄ process as a function of Pe− keeping Peþ ¼ 0 and M0
Z ¼ 7.5 TeV. The

theoretically estimated statistical error is shown by the gray-shaded region. We consider an integrated luminosity Lint ¼ 1 ab−1.
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respectively. For mf ≪
ffiffiffi
s

p
and cos θmax ¼ 1, Eq. (25) is

reduced to

AFBðPe− ; PeþÞ ≃
3

4

B1 − B2

B1 þ B2

; ð26Þ

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

B1 ¼ ð1þ PeffÞjqeRfR j2 þ ð1 − PeffÞjqeLfL j2; ð27Þ

B2 ¼ ð1þ PeffÞjqeRfL j2 þ ð1 − PeffÞjqeLfR j2: ð28Þ

The integrated FB asymmetry from Eq. (25) is shown in
Fig. 9 forMZ0 ¼ 7.5 TeV as a function of

ffiffiffi
s

p
for μþμ− (top

panel), bb̄ (middle panel), and tt̄ (bottom panel). We
consider three combinations of polarizations for the e−

and eþ as before. Taking xH ¼ −2, −1, 1, and 2 we
compare AFB in the presence of Z0 with that in the SM. In
this analysis AFB is an important observable in s-channel
scattering. For different choices of xH, AFB contains the
BSM effect from qXY according to Table IV. These are
clearly affected by the choice of xH. For e−eþ → μþμ−, the
integrated FB asymmetries for xH ¼ −2 and −1 can be,
respectively, written as

AxH¼−2
FB ðPe− ; PeþÞ ≃

3

4

ð1þ PeffÞfjqeRμR j2 − jqeRμLSM j2g þ ð1 − PeffÞfjqeLμLSM j2 − jqeLfRSM j2g
ð1þ PeffÞfjqeRμR j2 þ jqeRμLSM j2g þ ð1 − PeffÞfjqeLμLSM j2 þ jqeLμRSM j2g ; ð29Þ

AxH¼−1
FB ðPe− ; PeþÞ ≃

3

4

ð1þ PeffÞfjqeRμRSM j2 − jqeRμLSM j2g þ ð1 − PeffÞfjqeLμL j2 − jqeLμRSM j2g
ð1þ PeffÞfjqeRμRSM j2 þ jqeRfLSM j2g þ ð1 − PeffÞfjqeLμL j2 þ jqeLμRSM j2g : ð30Þ

FIG. 9. The integrated FB asymmetry for different choices of xH as a function of the center of mass energy for e−eþ → ff̄ process
with μþμ− (top row), bb̄ (middle row), and tt̄ (bottom row). The columns correspond to three sets of polarizations of incoming electron
and positron beams. We have chosen MZ0 ¼ 7.5 TeV and g0 ¼ 0.4. The SM result is shown by the solid black line in each case.
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For other xH values, the BSM effects come from all qXY

combinations. In Eqs. (29) and (30), the term SM denotes
the SM effects from fZ; γg and the corresponding inter-
ferences with the BSM. Note that for xH ¼ −2 and −1 the
BSM effect in AFB is small for μ−μþ process compared to
the SM (represented by solid black line) in the top panel of
Fig. 9. For the other two charges xH ¼ 1 and 2, AFB is
comparatively higher than the SM result due to the effects
of all qXY for different polarizations. AFB depends on the
quantities ð1 − PeffÞ and ð1þ PeffÞ which will be either

greater or less than 1; however, for our choice of nonzero
polarizations ð1 − PeffÞ and ð1þ PeffÞ are always positive.
Depending on the choice of xH, AFB could be greater or
less than the results of SM.
For the e−eþ → bb̄ process, we notice that for xH ¼ −1

the BSM contributions come from qLL and qLR in the FB
asymmetry, whereas for xH ¼ 1 the BSM contributions
come from qLL and qRL. The expressions for these charges
can be written as

AxH¼−1
FB ðPe− ; PeþÞ ≃

3

4

ð1þ PeffÞfjqeRbRSM j2 − jqeRbLSM j2g þ ð1 − PeffÞfjqeLbL j2 − jqeLfR j2g
ð1þ PeffÞfjqeRbRSM j2 þ jqeRbLSM j2g þ ð1 − PeffÞfjqeLbL j2 þ jqeLbR j2g ; ð31Þ

AxH¼1
FB ðPe− ; PeþÞ ≃

3

4

ð1þ PeffÞfjqeRbRSM j2 − jqeRbL j2g þ ð1 − PeffÞfjqeLbL j2 − jqeLbRSM j2g
ð1þ PeffÞfjqeRbRSM j2 þ jqeRbL j2g þ ð1 − PeffÞfjqeLbL j2 þ jqeLbRSM j2g : ð32Þ

In this case xH ¼ −2 will affect the interaction between
electron and Z0 which will be reflected in the nature ofAFB.
The nature of the asymmetries for bb̄ process is shown in
the middle panels of Fig. 9 for all xH and different
polarizations. For the top quark pair production all qXY

contribute for xH ¼ 2. The rest of the contributions can be
obtained from Eqs. (29)–(32) depending on xH values. The
nature of the FB asymmetry for the tt̄ process is shown in
the bottom panels of Fig. 9 for different values of xH and
different sets of polarizations.

The deviation of the FB asymmetry from the SM result
can be defined as

ΔAFB
¼ AUð1ÞX

FB

ASM
FB

− 1: ð33Þ

ΔAFB
is shown in Fig. 10 for μ−μþ (top panel), bb̄

(middle panel), and tt̄ (bottom panel) using MZ0 ¼
7.5 TeV and keeping Peþ ¼ 0, while varying Pe− from

FIG. 10. The deviation in the integrated FB asymmetry as a function of Pe− for e−eþ → ff̄ process taking Peþ ¼ 0 for
MZ0 ¼ 7.5 TeV. The theoretically estimated statistical error has been represented by the gray-shaded band. The integrated luminosity
is taken to be Lint ¼ 1 ab−1.
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0 to 1. The theoretically estimated statistical error repre-
sented by the gray-shaded band has been calculated as

ΔAstat
FB ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
NFNB

p
ðNF þ NBÞð

ffiffiffiffiffiffiffi
NF

p
−

ffiffiffiffiffiffiffi
NB

p ÞAFB; ð34Þ

where NFðBÞ ¼ LintσFðBÞðPe− ; PeþÞ is the number of events
in the forward (backward) direction. The different columns
correspond to

ffiffiffi
s

p ¼ 250 GeV (except for tt̄), 500 GeV,
1 TeV, and 3 TeV. The nature of the deviations shown here
can be understood from Eqs. (29)–(32). The BSM con-
tributions in differential FB asymmetry for different fer-
mions for different xH are guided by Table IV.
We find that at

ffiffiffi
s

p ¼ 250 GeV the deviations in FB
asymmetry from the SM in the case of μ−μþ is less than 1%
for all xH. For all

ffiffiffi
s

p
, the cases xH ¼ −2 and −1 are within

the theoretically estimated statistical error. Even for
ffiffiffi
s

p ¼
3 TeV and Pe− ¼ 0.8 the deviation is roughly 3% for
xH ¼ −2. In the case of

ffiffiffi
s

p ¼ 500 GeV for Pe− ¼ −0.8 the
deviation is 1.9% and that for Peþ ¼ 0.8 is 1.8% for
xH ¼ 1. The deviations for xH ¼ 2 are 3.9% and 3.4%
for Pe− ¼ −0.8 and Peþ ¼ 0.8, respectively. The deviation
for xH ¼ −2 is nearly 2% for Pe− ¼ 0.8 at

ffiffiffi
s

p ¼ 1 TeV.
For xH ¼ 1 the deviations are 8% and 7% for Pe− ¼ −0.8
and Peþ ¼ 0.8, respectively, at

ffiffiffi
s

p ¼ 1 TeV. At
ffiffiffi
s

p ¼
1 TeV the deviation for xH ¼ 2 at Pe− ¼ −0.8 is roughly
16.5% and at Pe− ¼ 0.8 the deviation is roughly 13%. The

deviations for xH ¼ 2 and 1 at
ffiffiffi
s

p ¼ 3 TeV are very large
compared to the other choices of

ffiffiffi
s

p
.

Studying the bb̄ process we find the deviation is small atffiffiffi
s

p ¼ 250 GeV for Pe− ¼ −0.8 and the deviation at Pe− ¼
0.8 is around 2% for xH ¼ 2. The deviation at Pe− ¼ 0.8 is
below 2% for xH ¼ −2. For xH ¼ 1 and xH ¼ 2 the
deviations are around 3% and 5.5% respectively for

ffiffiffi
s

p ¼
500 GeV at Pe− ¼ 0.8. The deviations for xH ¼ −2, 1 and
2 are enhanced by orders of magnitude at

ffiffiffi
s

p ¼ 1 and
3 TeV. In case of tt̄ we notice that the deviation is large at
Pe− ¼ −0.8 for different xH. At

ffiffiffi
s

p ¼ 500 GeV the devia-
tions are roughly 3% for xH ¼ 2 and 1.4% for xH ¼ 1. The
deviations increase with

ffiffiffi
s

p
by some factor up to an order

of magnitude depending on xH and Pe− .

D. Differential left-right asymmetry ðALRðcos θÞÞ
The left-right (LR) asymmetry ðALRÞ is another impor-

tant observable which can be tested at the e−eþ colliders
[57,58,60–62]. The differential ALR is given by

ALRðcos θÞ ¼
dσLR
d cos θ ðcos θÞ − dσRL

d cos θ ðcos θÞ
dσLR
d cos θ ðcos θÞ þ dσRL

d cos θ ðcos θÞ
; ð35Þ

where dσLR
d cos θ and dσRL

d cos θ are given in Eqs. (14) and (15),
respectively. For mf ≪

ffiffiffi
s

p
, Eq. (35) reduces to

ALRðcos θÞ ≃
ð1þ cos θÞ2ðjqeLfL j2 − jqeRfR j2Þ þ ð1 − cos θÞ2ðjqeLfR j2 − jqeRfL j2Þ
ð1þ cos θÞ2ðjqeLfL j2 þ jqeRfR j2Þ þ ð1 − cos θÞ2ðjqeLfR j2 þ jqeRfL j2Þ : ð36Þ

The observable differential ALR in terms of the e� polarizations can be written as

ALRðPe− ; Peþ ; cos θÞ ¼
dσ

d cos θ ðPe− ; Peþ ; cos θÞ − dσ
d cos θ ð−Pe− ;−Peþ ; cos θÞ

dσ
d cos θ ðPe− ; Peþ ; cos θÞ þ dσ

d cos θ ð−Pe− ;−Peþ ; cos θÞ
: ð37Þ

for Pe− < 0 and jPe− j > jPeþj. Hence we find that Eq. (37)
is related to Eq. (36) by

ALRðcos θÞ ¼
1

Peff
ALRðPe− ; Peþ ; cos θÞ: ð38Þ

The nature of differential LR asymmetry from Eq. (37) is
shown in Fig. 11 for μþμ− (top panel), bb̄ (middle panel),
and tt̄ (bottom panel) usingMZ0 ¼ 7.5 TeV as a function of
cos θ for

ffiffiffi
s

p ¼ 250 GeV (except tt̄), 500 GeV, 1 TeV, and

3 TeV, respectively. We estimate the asymmetry parameter
for the Uð1ÞX scenario considering xH ¼ −2, −1, 1, and 2
and present them along with the SM result (solid black
line). The LR asymmetry depends on xH through the
interactions between the charged fermions and Z0 as shown
in Table IV. According to that, the differential LR asym-
metry for xH ¼ −2 and −1 for the e−eþ → μþμ− process
from Eq. (36) can be written as

ALRðcos θÞxH¼−2 ≃
ð1þ cos θÞ2ðjqeLμLSM j2 − jqeRμR j2Þ þ ð1 − cos θÞ2ðjqeLμRSM j2 − jqeRμLSM j2Þ
ð1þ cos θÞ2ðjqeLμLSM j2 þ jqeRμR j2Þ þ ð1 − cos θÞ2ðjqeLμRSM j2 þ jqeRμLSM j2Þ ; ð39Þ

ALRðcos θÞxH¼−1 ≃
ð1þ cos θÞ2ðjqeLμL j2 − jqeRμRSM j2Þ þ ð1 − cos θÞ2ðjqeLμRSM j2 − jqeRμLSM j2Þ
ð1þ cos θÞ2ðjqeLμL j2 þ jqeRμRSM j2Þ þ ð1 − cos θÞ2ðjqeLμRSM j2 þ jqeRμLSM j2Þ : ð40Þ

The results are shown in the top panels of Fig. 11.
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For the bb̄ process we find the BSM contributions for different xH in the differential LR asymmetry in terms of qXY

following Table IV. Using Eq. (37), the differential LR asymmetry of this process for xH ¼ −1 and 1 can be written as

ALRðcos θÞxH¼−1 ≃
ð1þ cos θÞ2ðjqeLbL j2 − jqeRbRSM j2Þ þ ð1 − cos θÞ2ðjqeLbR j2 − jqeRbLSM j2Þ
ð1þ cos θÞ2ðjqeLbL j2 þ jqeRbRSM j2Þ þ ð1 − cos θÞ2ðjqeLbR j2 þ jqeRbLSM j2Þ ; ð41Þ

ALRðcos θÞxH¼1 ≃
ð1þ cos θÞ2ðjqeLbL j2 − jqeRbRSM j2Þ þ ð1 − cos θÞ2ðjqeLbRSM j2 − jqeRbL j2Þ
ð1þ cos θÞ2ðjqeLbL j2 þ jqeRbRSM j2Þ þ ð1 − cos θÞ2ðjqeLbRSM j2 þ jqeRbL j2Þ : ð42Þ

The results are shown in the middle panels of Fig. 11.
Similarly, we study the LR asymmetry for e−eþ → tt̄
process according to Table IV and Eq. (37) for different
xH. We find that for all three final states, the size of the
differential LR asymmetry increases with the increase inffiffiffi
s

p
from the SM prediction (solid black line). In the

Uð1ÞX case, it is governed by different couplings of the
left- and right-handed fermions with Z0, as summarized in
Table IV.
The amount of deviation from the SM in the differential

asymmetries can be defined as

ΔALR
ðcos θÞ ¼ AUð1ÞX

LR ðcos θÞ
ASM

LR ðcos θÞ
− 1: ð43Þ

We show these deviations using MZ0 ¼ 7.5 TeV in Fig. 12
for μþμ− (top panel), bb̄ (middle panel), and tt̄ (bottom
panel) as a function of cos θ. We use

ffiffiffi
s

p ¼ 250 GeV
(except tt̄), 500 GeV, 1 TeV, and 3 TeV and present the
results for xH ¼ −2, −1, 1, and 2. The theoretically

estimated statistical error, shown as the gray-shaded band
is estimated from

ΔAstat
LR ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLRNRL

p
ðNLR þ NRLÞð

ffiffiffiffiffiffiffiffiffi
NLR

p
−

ffiffiffiffiffiffiffiffiffi
NRL

p ÞALR; ð44Þ

where NLR ¼ LintσLR and NRL ¼ LintσRL.
From Fig. 12, we find that the deviation in differential

LR asymmetry for e−eþ → μþμ− process for xH ¼ −2 is
slightly above the theoretically estimated statistical error
for cos θ > 0.37; however, for xH ¼ −1 it is within the
range of the statistical error. For xH ¼ 1 and 2, the
deviations vary between 5%–3% and 10%–8%, respec-
tively, for −1 ≤ cos θ ≤ 1. The deviations increase with

ffiffiffi
s

p
.

The differential LR asymmetry is negative for xH ¼ 2 atffiffiffi
s

p ¼ 3 TeV which is reflected in the deviation of the
differential LR asymmetry as well.
The deviation in differential LR asymmetry as a function

of cos θ for the process e−eþ → bb̄ has a singularity. This is
because the differential LR asymmetry for the bb̄ process in

FIG. 11. The differential LR asymmetry for e−eþ → ff̄ process as a function of cos θ for MZ0 ¼ 7.5 TeV. The contribution from the
SM has been represented by the black solid line.
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the SM vanishes at cos θ ≃ −0.5594 for
ffiffiffi
s

p ¼ 250 GeV.
Similar behavior can be observed at cos θ ≃ −0.668 forffiffiffi
s

p ¼ 500 GeV, cos θ ≃ −0.7042 for
ffiffiffi
s

p ¼ 1 TeV, and
cos θ ≃ −0.7162 for

ffiffiffi
s

p ¼ 3 TeV for the SM. Around these
angles the differential LR asymmetry for the bb̄ process is
very high and rapidly grows towards 100%. As for the tt̄
process, at

ffiffiffi
s

p ¼ 500 GeV the differential LR asymmetry is
greater than 6% at xH ¼ 2 for cos θ > 0. The deviation is
around 3% for xH ¼ 1 for cos θ > 0. For the rest of the
choices of xH it stays within the theoretically estimated
statistical error. With the increase in

ffiffiffi
s

p
, the deviation

increases with cos θ; however, xH ¼ −1 stays within the
theoretically estimated statistical error throughout.

E. Integrated left-right asymmetry (ALR)

We also calculate the integrated ALR by integrating
Eq. (35) over the scattering angle:

ALR ¼ σLR − σRL

σLR þ σRL
: ð45Þ

In terms of the gauge couplings of the fermions, we can
write Eq. (45) as

ALR ¼ ð1þ 1
3
β2Þ½ðjqeLfL j2 þ jqeLfR j2Þ − ðjqeRfR j2 þ jqeRfL j2Þ� þ 8

m2
f

s ½ReðqeLfLqeLfR�Þ − ReðqeRfRqeRfL�Þ�
ð1þ 1

3
β2Þ½ðjqeLfL j2 þ jqeLfR j2Þ þ ðjqeRfR j2 þ jqeRfL j2Þ� þ 8

m2
f

s ½ReðqeLfLqeLfR�Þ þ ReðqeRfRqeRfL�Þ�
: ð46Þ

In the limit mf ≪
ffiffiffi
s

p
, Eq. (46) is reduced to

ALR ≃
ðjqeLfL j2 þ jqeLfR j2Þ − ðjqeRfR j2 þ jqeRfL j2Þ
ðjqeLfL j2 þ jqeLfR j2Þ þ ðjqeRfR j2 þ jqeRfL j2Þ : ð47Þ

The observable integratedALR as a function of the electron
and positron beam polarizations is given by

ALRðPe− ; PeþÞ ¼
σðPe− ; PeþÞ − σð−Pe− ;−PeþÞ
σðPe− ; PeþÞ þ σð−Pe− ;−PeþÞ

; ð48Þ

for Pe− < 0 and jPe− j > jPeþj. This is related to Eq. (45) by

ALR ¼ 1

Peff
ALRðPe− ; PeþÞ: ð49Þ

The integrated LR asymmetries from Eq. (46) for
e−eþ → μþμ−, bb̄, and tt̄ as a function of

ffiffiffi
s

p
are shown

in Fig. 13 with MZ0 ¼ 7.5 TeV and for different xH
values. The BSM contributions depending on the xH
charges are governed according to Table IV. The SM value
is shown by the solid black line. The integrated LR

FIG. 12. The deviations in the differential LR asymmetry for e−eþ → ff̄ process as a function of cos θ for MZ0 ¼ 7.5 TeV. The
theoretically estimated statistical error has been represented by the gray-shaded band. The integrated luminosity is taken
as Lint ¼ 1 ab−1.
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asymmetry for e−eþ → μþμ− process and xH ¼ −2 and −1
can be written as

AxH¼−2
LR ≃

ðjqeLμLSM j2þjqeLμRSM j2Þ− ðjqeRμR j2þjqeRμLSM j2Þ
ðjqeLμLSM j2þjqeLμRSM j2ÞþðjqeRμR j2þjqeRμLSM j2Þ ; ð50Þ

AxH¼−1
LR ≃

ðjqeLμL j2þjqeLμRSM j2Þ− ðjqeRμRSM j2þjqeRμLSM j2Þ
ðjqeLμL j2þjqeLμRSM j2ÞþðjqeRμR j2þjqeRμLSM j2Þ : ð51Þ

In the case of the other xH charges the BSM contributions
come from all qXY.
From Eq. (46) and Table IV we can write the integrated

LR asymmetry for the e−eþ → bb̄ process at xH ¼ −1 and
1 as

AxH¼−1
LR ≃

ðjqeLbL j2þjqeLbR j2Þ− ðjqeRbRSM j2þjqeRbLSM j2Þ
ðjqeLbL j2þjqeLbR j2ÞþðjqeRbRSM j2þjqeRbLSM j2Þ ; ð52Þ

AxH¼1
LR ≃

ðjqeLbL j2þjqeLbRSM j2Þ− ðjqeRbRSM j2þjqeRbL j2Þ
ðjqeLbL j2þjqeLbRSM j2ÞþðjqeRbRSM j2þjqeRbL j2Þ : ð53Þ

The BSM contributions are from the jqXY j quantities. For
xH ¼ 2 the contribution will come from all jqXYj. Similar
behavior will be observed for the tt̄ process where the BSM
contributions will be associated with the choices of xH
following Table IV. From Fig. 13, we see that for all the
fermion pair-production processes, the xH ¼ −1 case is

close to the SM, whereas other xH charges can lead to
significant differences with respect to the SM prediction.
The amount of deviation from the SM in the integrated

LR asymmetry can be defined as

ΔALR
¼ AUð1ÞX

LR

ASM
LR

− 1; ð54Þ

respectively, which is shown in Fig. 14 as a function of the
center-of-mass energy for the μþμ− (left), bb̄ (middle), and
tt̄ (right) final states. The gray-shaded band shows the
theoretically estimated statistical uncertainty [cf. Eq. (44)].
At

ffiffiffi
s

p ¼ 250 GeV, the deviation in the μþμ− process can
reach up to 1.5%, 3.1%, and 8.3% for xH ¼ −2, 1, 2,
respectively, whereas that for xH ¼ −1 is below 1%. The
deviations for the μþμ− process at 500 GeV can be 6.7%,
1.5%, 14%, and 38% for xH ¼ −2, −1, 1, and 2, respec-
tively. The deviations increase up to 28%, 6.6%, 62%, and
>100% for xH ¼ −2, −1, 1, and 2, respectively, at 1 TeV,
and become very large at 3 TeV. Hence for the μþμ− final
state ΔALR

will be a very useful variable depending on the
choice of xH and

ffiffiffi
s

p
.

The corresponding deviations for the bb̄ process are
much smaller: below 1% at 250 GeV for all xH and within
the theoretically estimated statistical error (similarly for the
500 GeV and 1 TeV colliders). The deviations will be
roughly within 20%–40% at 3 TeV collider for all xH
except xH ¼ −1. As for the tt̄ final state, the deviations can
be 1.7%, 2.4%, and 6.5% for xH ¼ −2, 1, and 2,

FIG. 13. The integrated LR asymmetry for the process e−eþ → ff̄ as a function of
ffiffiffi
s

p
forMZ0 ¼ 7.5 TeV. The contribution from the

SM has been represented by the black solid line.

FIG. 14. The deviations in integrated LR asymmetry for the process e−eþ → ff̄ as a function of
ffiffiffi
s

p
for MZ0 ¼ 7.5 TeV. The

contribution from theoretically estimated statistical deviations are shown by the gray shaded band.
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respectively, at 500 GeV. At 1 TeV these values reach
up to 8.1%, 11%, and 32% for xH ¼ −2, 1, and 2,
respectively. We find the deviation for xH ¼ −1 is through-
out below 1%.

F. Left-right forward-backward
asymmetry ðALR;FBÞ

The left-right forward-backward (LR, FB) asymmetry
ðALR;FBÞ [63–66] can be defined as

ALR;FBðcos θÞ ¼
½σLRðcos θÞ − σRLðcos θÞ� − ½σLRð− cos θÞ − σRLð− cos θÞ�
½σLRðcos θÞ þ σRLðcos θÞ� þ ½σLRð− cos θÞ þ σRLð− cos θÞ� : ð55Þ

In terms of the gauge interactions of the fermions, we write ALR;FB as

ALR;FBðcos θÞ ¼
2β cos θfðjqeLfL j2 þ jqeRfL j2Þ − ðjqeLfR j2 þ jqeRfR j2Þg

ð1þ β2cos2θÞfðjqeLfL j2 þ jqeRfL j2Þ þ ðjqeLfR j2 þ jqeRfR j2Þgþ8
m2

f

s ½ReðqeLfLqeLfR�Þ þ ReðqeRfRqeRfL�Þ�
:

ð56Þ

For mf ≪
ffiffiffi
s

p
the differential LR-FB asymmetry can be written as

ALR;FBðcos θÞ ≃
�

2 cos θ
1þ cos2θ

� ðjqeLfL j2 þ jqeRfL j2Þ − ðjqeLfR j2 þ jqeRfR j2Þ
ðjqeLfL j2 þ jqeRfL j2Þ þ ðjqeLfR j2 þ jqeRfR j2Þ : ð57Þ

The observable LR-FB asymmetry can be written as

ALR;FBðPe− ; Peþ ; cos θÞ ¼
½σðPe− ; Peþ ; cos θÞ þ σð−Pe− ;−Peþ ;− cos θÞ�−½σð−Pe− ;−Peþ ; cos θÞ þ σðPe− ; Peþ ;− cos θÞ�
½σðPe− ; Peþ ; cos θÞ þ σð−Pe− ;−Peþ ;− cos θÞ�þ½σð−Pe− ;−Peþ ; cos θÞ þ σðPe− ; Peþ ;− cos θÞ� ;

ð58Þ

for Pe− < 0 and jPe− j > jPeþj. The relation between
ALR;FBðcos θÞ in Eq. (55) and ALR;FBðPe− ; Peþ ; cos θÞ in
Eq. (58) is given by

ALR;FBðcos θÞ ¼
1

Peff
ALR;FBðPe− ; Peþ ; cos θÞ: ð59Þ

The differential LR-FB asymmetry defined in Eq. (57) as
a function of cos θ for MZ0 ¼ 7.5 TeV is shown in Fig. 15
for μ−μþ (top panel), bb̄ (middle panel), and tt̄ (bottom
panel). We consider four different xH values and compare
with the SM case (solid black line) in each case at

ffiffiffi
s

p ¼
250 GeV (except tt̄), 500 GeV, 1 TeV, and 3 TeV. The shift

from the SM becomes prominent with the increase in
ffiffiffi
s

p
.

For the e−eþ → μ−μþ process, it starts to become notice-
able from

ffiffiffi
s

p ¼ 250 GeV depending on xH and cos θ. The
differential LR-FB asymmetry for bb̄ process also follows
the same behavior from

ffiffiffi
s

p ¼ 1 TeV. For tt̄ process the
asymmetry parameter starts to become different from the
SM results from

ffiffiffi
s

p ¼ 500 GeV depending on xH and
cos θ. The LR-FB asymmetry involves the couplings of the
Z0 with the SM charged fermions which contain BSM
effects governed by Table IV.
From Eqs. (56), (57) and using Table IV the differential

LR-FB asymmetry for the e−eþ → μ−μþ process for xH ¼
−2 and −1 can be written as

ALR;FBðcos θÞxH¼−2 ≃
�

2 cos θ
1þ cos2θ

� ðjqeLμLSM j2 þ jqeRμLSM j2Þ − ðjqeLμRSM j2 þ jqeRμR j2Þ
ðjqeLμLSM j2 þ jqeRμLSM j2Þ þ ðjqeLμRSM j2 þ jqeRμR j2Þ ; ð60Þ

ALR;FBðcos θÞxH¼−1 ≃
�

2 cos θ
1þ cos2θ

� ðjqeLμL j2 þ jqeRμLSM j2Þ − ðjqeLμRSM j2 þ jqeRμRSM j2Þ
ðjqeLμL j2 þ jqeRμLSM j2Þ þ ðjqeLμRSM j2 þ jqeRμRSM j2Þ : ð61Þ
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In the case of the e−eþ → bb̄ process, the differential LR-FB asymmetries for xH ¼ −1 and 1 can be written as

ALR;FBðcos θÞxH¼−1 ≃
�

2 cos θ
1þ cos2θ

� ðjqeLbL j2 þ jqeRbLSM j2Þ − ðjqeLbR j2 þ jqeRbRSM j2Þ
ðjqeLbL j2 þ jqeRbLSM j2Þ þ ðjqeLbR j2 þ jqeRbRSM j2Þ ; ð62Þ

ALR;FBðcos θÞxH¼1 ≃
�

2 cos θ
1þ cos2θ

� ðjqeLbL j2 þ jqeRbL j2Þ − ðjqeLbRSM j2 þ jqeRbRSM j2Þ
ðjqeLbL j2 þ jqeRbL j2Þ þ ðjqeLbRSM j2 þ jqeRbRSM j2Þ : ð63Þ

For xH ¼ 2 all qXY contribute in the differential LR-FB
asymmetry in the bb̄ process. Similar behavior is observed
in case of e−eþ → tt̄ process depending on the choices of
xH and following Table IV. The nature of the differential
LR-FB asymmetry is governed by the term cos θ

1þcos2 θ. In the
case of the μþμ− process the BSM effect is nominal for
xH ¼ 1 and 2 at

ffiffiffi
s

p ¼ 250 GeV for larger values of
j cos θj; however, with the increase in

ffiffiffi
s

p
the differential

LR-FB asymmetry becomes prominently different from the
SM results. Similar behavior can be observed for the bb̄ and
tt̄ processes depending on

ffiffiffi
s

p
and θ.

The deviation in the differential LR-FB asymmetry from
the SM can be defined as

ΔALR;FB
¼ ALR;FB

Uð1ÞXðcos θÞ
ALR;FB

SMðcos θÞ − 1: ð64Þ

This is shown as a function of cos θ in Fig. 16 for μ−μþ (top
panel), bb̄ (middle panel), and tt̄ (bottom panel) taking
MZ0 ¼ 7.5 TeV and xH as −2, −1, 1, 2. The gray-shaded
region in each figure represents the theoretically estimated
statistical error, given by

ΔAstat
LR;FB ¼ 2

ðn3 þ n2Þð ffiffiffiffiffi
n1

p þ ffiffiffiffiffi
n4

p Þ þ ðn1 þ n4Þð ffiffiffiffiffi
n3

p þ ffiffiffiffiffi
n2

p Þ
ðn1 þ n4Þ2 − ðn3 þ n2Þ2

ALR;FB; ð65Þ

where ðn1; n2; n3; n4Þ ¼ ðNLRF; NRLF; NLRB; NRLBÞ,NiF ¼
Lintσið½0; cos θ�Þ and NiB ¼ Lintσið½− cos θ; 0�Þ with
ði ¼ LR;RLÞ.ΔALR;FB

is a ratio between the two differential
LR-FB quantities. As a result the model independent

quantity cos θ
1þcos2 θ gets canceled from the numerator and

denominator. Therefore the deviations in the differential
LR-FB asymmetry are independent of cos θ. The variation
with respect to xH involves the BSM effects from different

FIG. 15. The differential LR-FB asymmetry for the e−eþ → ff̄ process as a function of cos θ considering MZ0 ¼ 7.5 TeV. The SM
result is shown by the black solid line.
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qXY following Table IV. We also comment from Fig. 15 that
ALR;FBðcos θÞ is an antisymmetric function of cos θ, hence
the integrated ALR;FB will be zero. Therefore for the LR-FB
asymmetry, only the differential variables are useful to
study.
From Fig. 16 we obtain that μ−μþ process can have a

sizable deviation around 3.2% and 8.4% for xH ¼ 1 and 2
at

ffiffiffi
s

p ¼ 250 GeV, respectively, from the SM. At
ffiffiffi
s

p ¼
500 GeV the deviation increases up to 6.2%, 14%, and
38% fro xH ¼ −2, 1, and 2, respectively. The correspond-
ing deviations become orders of magnitude higher at

ffiffiffi
s

p ¼
1 and 3 TeV, respectively. We notice similar behavior for
the bb̄ and tt̄ processes, however, the deviations depend onffiffiffi
s

p
and xH. We have noticed that the deviation is negative

in some cases where the observable quantity is subdomi-
nant over the SM case.

IV. OBSERVABLES FOR THE BHABHA
SCATTERING PROCESS

For f ¼ e in the process e−eþ → ff̄, we get the Bhabha
scattering which has both s-channel and t-channel con-
tributions from neutral vector bosons. In the SM, the
Bhabha scattering is induced by γ and Z-mediated chan-
nels, whereas in the Uð1ÞX model an additional contribu-
tion from the Z0 boson is present. These three channels also
interfere due to presence same initial and final sates. The
coupling between Z0 and the electron contains the Uð1ÞX
charge. As a result the effect of xH will be manifest in the
Bhabha scattering.

For the longitudinally polarized initial states the differ-
ential scattering cross section can be written as

dσ
d cos θ

ðPe− ; PeþÞ ¼
1

4

�
ð1 − Pe−Þð1 − PeþÞ

dσe−LeþL
d cos θ

þ ð1þ Pe−Þð1þ PeþÞ
dσe−ReþR
d cos θ

þ ð1 − Pe−Þð1þ PeþÞ
dσe−LeþR
d cos θ

þ ð1þ Pe−Þð1 − PeþÞ
dσe−ReþL
d cos θ

�
: ð66Þ

The corresponding differential scattering cross sections can
be written as

dσe−LeþR
d cos θ

¼ 1

8πs
½u2jqsðsÞLL þ qtðs; θÞLLj2 þ t2jqsðsÞLRj2�;

ð67Þ

dσe−ReþL
d cos θ

¼ 1

8πs
½u2jqsðsÞRR þ qtðs; θÞRRj2 þ t2jqsðsÞLRj2�;

ð68Þ

dσe−LeþL
d cos θ

¼ 1

8πs
½s2jqtðs; θÞLRj2�;

dσe−ReþR
d cos θ

¼ 1

8πs
½s2jqtðs; θÞLRj2�; ð69Þ

FIG. 16. The deviation in the differential LR-FB asymmetry for the e−eþ → ff̄ process as a function of cos θ considering
MZ0 ¼ 7.5 TeV. The theoretically estimated statistical error is shown by the gray-shaded region. The integrated luminosity
Lint ¼ 1 ab−1.
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where s, t, and u are the Mandelstam variables given by
s ¼ ðEe− þ EeþÞ2, t ¼ −s sin2 θ

2
, and u ¼ −s cos2 θ

2
, and

Eeþ , Ee− are the incoming electron and positron energies,
respectively. The quantities qsðtÞ are the corresponding s
(t)-channel propagators. The propagators for the s-channel
process can be written as

qsðsÞLL ¼ e2

s
þ g2L
s −M2

Z þ iMZΓZ
þ g0L

2

s −M2
Z0 þ iMZ0ΓZ0

;

ð70Þ

qsðsÞRR ¼ e2

s
þ g2R
s −M2

Z þ iMZΓZ
þ g0R

2

s −M2
Z0 þ iMZ0ΓZ0

;

ð71Þ

qsðsÞLR ¼ qsðsÞRL

¼ e2

s
þ gLgR
s −M2

Z þ iMZΓZ
þ g0Lg

0
R

s −M2
Z0 þ iMZ0ΓZ0

;

ð72Þ

and those for the t-channel process are

qtðs; θÞLL ¼ e2

t
þ g2L
t −M2

Z þ iMZΓZ
þ g0L

2

t −M2
Z0 þ iMZ0ΓZ0

ð73Þ

qtðs; θÞRR ¼ e2

t
þ g2R
t −M2

Z þ iMZΓZ
þ g0R

2

t −M2
Z0 þ iMZ0ΓZ0

ð74Þ

qtðs; θÞLR ¼ qtðs; θÞRL

¼ e2

t
þ gLgR
t −M2

Z þ iMZΓZ
þ g0Lg

0
R

t −M2
Z0 þ iMZ0ΓZ0

:

ð75Þ

Here e ¼ ffiffiffiffiffiffiffiffi
4πα

p
, α ¼ 1

137
, gL, gR are the left- and right-

handed couplings of the electron with the Z boson, and g0L,
g0R are the left- and right-handed couplings of the electron
with the Z0 boson, respectively. Using the above expres-
sions, we define

sjqLLj ¼ sjqsðsÞLL þ qtðs; θÞLLj;
sjqLRj ¼ sjqsðsÞLR þ qtðs; θÞLRj;
sjqRLj ¼ sjqsðsÞRL þ qtðs; θÞRLj;
sjqRRj ¼ sjqsðsÞRR þ qtðs; θÞRRj; ð76Þ

which are plotted in Fig. 17 for the SM (top left) and also
for the Uð1ÞX model with different xH values. We have
fixed MZ0 ¼ 7.5 TeV and g0 ¼ 0.4. For the t-channel
propagator we consider cos θ ¼ 0.5. For xH ¼ −2 here is
no coupling between lL and Z0 and for xH ¼ −1 there is no
coupling between eR and Z0.

A. Differential and integrated cross sections

The differential scattering cross section from Eq. (66)
can be written as

dσ
d cos θ

¼ dσs

d cos θ
þ dσt

d cos θ
þ dσst

d cos θ
; ð77Þ

FIG. 17. sjqXYj as a function of
ffiffiffi
s

p
for the Bhabha scattering considering MZ0 ¼ 7.5 TeV and g0 ¼ 0.4.
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where the three terms correspond to the s-channel,
t-channel, and interference between them, respectively.
Explicitly,

dσs

d cos θ
¼ 1

32πs
½ð1þ Pe−Þð1 − PeþÞ

× fu2jqsðsÞRRj2 þ t2jqsðsÞLRj2g
þ ð1 − Pe−Þð1þ PeþÞ
× fu2jqsðsÞLLj2 þ t2jqsðsÞLRj2g�; ð78Þ

dσt

d cos θ
¼ 1

32πs
½ð1 − Pe−Þð1þ PeþÞu2jqtðs; θÞLLj2

þ ð1þ Pe−Þð1 − PeþÞu2jqtðs; θÞRRj2
þ ð1 − Pe−Þð1 − PeþÞs2jqtðs; θÞLRj2
þ ð1þ Pe−Þð1þ PeþÞs2jqtðs; θÞLRj2�; ð79Þ

dσst

dcosθ
¼ 1

16πs
u2½ð1−Pe−Þð1þPeþÞReðqsðsÞLLq�t ðs;θÞLLÞ

þð1þPe−Þð1−PeþÞReðqsðsÞRRq�t ðs;θÞRRÞ�: ð80Þ

The deviation from the SM for the differential and
integrated scattering cross sections can, respectively, be
written as

ΔdσðPe− ; Peþ ; cos θÞ ¼
dσUð1ÞX
d cos θ
dσSM
d cos θ

− 1;

ΔσðPe− ; PeþÞ ¼
σUð1ÞX

σSM
− 1: ð81Þ

The estimated statistical error can theoretically be calcu-
lated as

ΔσðPe− ; Peþ ;− cos θmin;þ cos θmaxÞ ¼
σffiffiffiffiffiffiffiffiffiffi
Lintσ

p : ð82Þ

The total production cross sections of the e−eþ → e−eþ
process for three choices of the polarization states and
different xH with MZ0 ¼ 7.5 TeV have been shown in the
upper part of Fig. 18. In this analysis we consider g0 ¼ 0.4.
The corresponding deviations from the SM production
process are shown in the lower part of the same figure. The
SM result is represented by the black solid line. The Uð1ÞX
case has been studied for xH ¼ −2,−1, 1, and 2. The result
depends on the choices ofMZ0 ,

ffiffiffi
s

p
, and g0. Larger values of

g0 can widen the width of the resonance. Depending on the
polarization of the initial states and xH, the deviation in the
total cross section reaches up to a very large margin with
the increase in

ffiffiffi
s

p
, say at

ffiffiffi
s

p ¼ 3 TeV. The deviations
between the SM and the Uð1ÞX cross sections depend on
the Z0-mediated processes and its interference with γ and
Z-mediated processes. In our model setup for xH ¼ −2
there is no coupling between Z0 and lL and for xH ¼ −1
there is no coupling between Z0 and eR. The effect of the
vanishing couplings are manifest in the production cross
sections and the corresponding deviations. The effects for
xH ¼ 1 and 2 are different where both the left- and right-
handed electrons have nonvanishing couplings with Z0. The
largest deviation in the total cross section can reach up to
100% or more for larger

ffiffiffi
s

p
depending on xH and g0.

The deviations in the total cross sections from the SM for
different xH can be obtained from Eq. (81). Fixing

ffiffiffi
s

p
the

deviations as a function of the electron polarization ðPe−Þ
are shown in Fig. 19 for MZ0 ¼ 7.5 TeV. We set positron
polarization ðPeþÞ at zero for this analysis. We show the
deviations for

ffiffiffi
s

p ¼ 250 GeV, 500 GeV, 1 TeV, and 3 TeV.
The deviation for xH ¼ −1 decreases with the increase in
Pe− as the coupling of eR with Z0 vanishes, whereas for the
other choices the deviation increases with the increase in
Pe− . The maximum deviation can be attained for xH ¼ 2 for
all the values of

ffiffiffi
s

p
. At

ffiffiffi
s

p ¼ 250 GeV, the deviation can
reach up to 0.55% whereas that can be nearly 2.5% atffiffiffi
s

p ¼ 500 GeV, 10% at
ffiffiffi
s

p ¼ 1 TeV and more than 100%
at

ffiffiffi
s

p ¼ 3 TeV depending on the choice of Pe− . The

FIG. 18. Total scattering cross sections for the Bhabha scattering (upper part of each panel) and the corresponding deviations from the
SM (lower part of each panel) as a function of

ffiffiffi
s

p
for MZ0 ¼ 7.5 TeV and g0 ¼ 0.4.
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theoretically estimated statistical error from Eq. (82) is
shown by the gray band which becomes narrower with

ffiffiffi
s

p
,

as it is inversely proportional to
ffiffiffi
σ

p
.

B. Differential and integrated LR asymmetries

The e−eþ → e−eþ process contains t-channel scattering;
hence the forward scattering dominates. Therefore the FB

asymmetryAFB is not a well-measured quantity for Bhabha
scattering. On the other hand, the LR asymmetry can be
measured when the initial electron and/or positron is
longitudinally polarized.
The LR asymmetry of the differential cross section for

1 ≥ P− ≥ 0 and 1 ≥ Pþ ≥ −1 can be written as

ALRðP−;Pþ;cosθÞ

¼
dσ

dcosθðPe− ¼−P−;Peþ ¼−PþÞ− dσ
dcosθðPe− ¼þP−;Peþ ¼þPþÞ

dσ
dcosθðPe− ¼−P−;Peþ ¼−PþÞþ dσ

dcosθðPe− ¼þP−;Peþ ¼þPþÞ

¼
ðP−−PþÞ

�
dσe−

L
eþ
R

dcosθ −
dσe−

R
eþ
L

dcosθ

�

ð1þP−PþÞ
�

dσe−
L
eþ
L

dcosθ þ
dσe−

R
eþ
R

dcosθ

�
þð1−P−PþÞ

�
dσe−

L
eþ
R

dcosθ þ
dσe−

R
eþ
L

dcosθ

�

¼
ðP−−PþÞ

�
u2ðjqsðsÞLLþqtðs;θÞLLj2− jqsðsÞRRþqtðs;θÞRRj2Þ

�

ð1þP−PþÞð2s2jqtðs;cosθÞLRj2Þþð1−P−PþÞ
�
u2ðjqsðsÞLLþqtðs;θÞLLj2þjqsðsÞRRþqtðs;θÞRRj2Þþ2t2jqsðsÞLRj2

� :

ð83Þ

The LR asymmetry will vanish if both the initial states are unpolarized.
The integrated LR asymmetry of the polarized cross sections can be given as

FIG. 19. The deviations of the total cross section as a function of electron polarization ðPe−Þ for MZ0 ¼ 7.5 TeV and g0 ¼ 0.4 setting
Peþ ¼ 0 for different

ffiffiffi
s

p
. The gray band shows the theoretically estimated statistical error.
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ALRðP−; PþÞ ¼
σðPe− ¼ −P−; Peþ ¼ −PþÞ − σðPe− ¼ þP−; Peþ ¼ þPþÞ
σðPe− ¼ −P−; Peþ ¼ −PþÞ þ σðPe− ¼ þP−; Peþ ¼ þPþÞ

¼ ðP− þ PþÞðσe−LeþL − σe−ReþR Þ þ ðP− − PþÞðσe−LeþR − σe−ReþL Þ
ð1þ P−PþÞðσe−LeþL þ σe−ReþR Þ þ ð1 − P−PþÞðσe−LeþR þ σe−ReþL Þ

¼ ðP− − PþÞ
σe−LeþR − σe−ReþL

ð1þ P−PþÞðσe−LeþL þ σe−ReþR Þ þ ð1 − P−PþÞðσe−LeþR þ σe−ReþL Þ
; ð84Þ

where the quantity σ can be obtained by integrating over the
scattering angle θ as

σ ¼
Z

cos θmax

cos θmin

dσ
d cos θ

d cos θ: ð85Þ

Due to
dσe−

L
eþ
L

d cos θ ¼
dσe−

R
eþ
R

d cos θ we get σe−LeþL ¼ σe−ReþR .
The deviation from the SM in the differential and

integrated LR asymmetries can be written as

ΔALR
ðcos θÞ ¼ AUð1ÞX

LR ðcos θÞ
ASM

LR ðcos θÞ
− 1; ΔALR

¼ AUð1ÞX
LR

ASM
LR

− 1;

ð86Þ
respectively. The theoretically estimated statistical error can
be estimated as

ΔALR ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
N1N2

p
ðN1 þ N2Þð

ffiffiffiffiffiffi
N1

p
−

ffiffiffiffiffiffi
N2

p ÞALR; ð87Þ

where N1 ¼ LintσðPe− ¼ −P−; Peþ ¼ −PþÞ and N2 ¼
LintσðPe− ¼ þP−; Peþ ¼ þPþÞ.
The differential LR asymmetry from Eq. (83) is shown

with two sets of polarizations ðP−; PþÞ ¼ ð0.8; 0.3Þ and
ð0.8;−0.3Þ in the upper and lower panels of Fig. 20,
respectively, forMZ0 ¼7.5TeV.We consider

ffiffiffi
s

p ¼250GeV,
500 GeV, 1 TeV, and 3 TeV for different xH from left to right
in each panel. Theoretically estimated statistical error is
shown by the gray band using Eq. (87) which becomes
narrower with the increase in the scattering angle and

ffiffiffi
s

p
.

The SM result is shown by the solid black line. For xH ¼ −2
there is no interaction between lL and Z0 and for xH ¼ −1
there is no interaction between eR and Z0. These properties
will affect the LR asymmetry. In the case of xH ¼ −2 the
BSMcontribution comes fromqRR only and for xH ¼ −1 the
BSM contribution comes from qLL only. For the other two
choices of xH the BSM contributions come from all qXY.
From Eq. (83) the differential LR asymmetry for xH ¼ −2
and −1 can be written as

ALRðP−;Pþ;cosθÞxH¼−2

¼ ðP−−PþÞfu2ðjqsðsÞLLSMþqtðs;θÞLLSMj2− jqsðsÞRRþqtðs;θÞRRj2Þg
ð1þP−PþÞð2s2jqtðs;cosθÞLRSMj2Þþð1−P−PþÞfu2ðjqsðsÞLLSMþqtðs;θÞLLSMj2þjqsðsÞRRþqtðs;θÞRRj2Þþ2t2jqsðsÞLRSMj2g

;

ð88Þ

FIG. 20. Polarized differential LR asymmetry as a function of cos θ for fixed
ffiffiffi
s

p
taking different values of xH considering MZ0 ¼

7.5 TeV and g0 ¼ 0.4. The SM result is shown by the black solid line. The theoretically estimated statistical error is represented by the
gray-shaded region.
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ALRðP−;Pþ;cosθÞxH¼−1

¼
ðP−−PþÞ

n
u2ðjqsðsÞLLþqtðs;θÞLLj2− jqsðsÞRRSMþqtðs;θÞRRSMj2

	o
ð1þP−PþÞð2s2jqtðs;cosθÞLRSMj2Þþð1−P−PþÞfu2ðjqsðsÞLLþqtðs;θÞLLj2þjqsðsÞRRSMþqtðs;θÞRRSMj2Þþ2t2jqsðsÞLRSMj2g

:

ð89Þ

The asymmetries are beyond the range of the theoretically
estimated statistical error for cos θ > 0 and xH ¼ 2 for
both sets of polarizations at

ffiffiffi
s

p ¼ 250 GeV. The results
for xH ¼ −2 and 1 are also outside the range of the

statistical error; however, the difference is not large. The
deviations in the asymmetry from the SM result become
more prominent for larger

ffiffiffi
s

p
for both cos θ < 0 and

cos θ > 0.

FIG. 21. Integrated LR asymmetry as a function of
ffiffiffi
s

p
for xH ¼ −2, −1, 1 and 2 considering MZ0 ¼ 7.5 TeV and g0 ¼ 0.4. The SM

result is represented by the black solid line.

FIG. 22. Integrated LR asymmetry as a function of MZ0=g0 for different values of xH and
ffiffiffi
s

p
using the e−eþ → μ−μþ process. The

corresponding upper bounds onMZ0=g0 (vertical lines) from Table III and Fig. 2 estimated from Ref. [46] are also shown for comparison.
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The integrated LR asymmetry is shown in Fig. 21 for two
polarizations ðP−; PþÞ ¼ ð0.8; 0.3Þ and ð0.8;−0.3Þ con-
sidering xH ¼ −2, −1, 1, and 2. We fix MZ0 ¼ 7.5 TeV.
The integrated LR asymmetries for different xH (except
xH ¼ −1) significantly deviate from the SM result with the
increase in

ffiffiffi
s

p
. The xH ¼ 2 case shows the maximum

deviation and is of opposite sign to the SM prediction as we
go to higher

ffiffiffi
s

p
.

V. DISCUSSION

The various kinematic observables discussed in this
work can be used as a postdiscovery tool to distinguish
between different xH charges in our chiral Uð1Þ scenario
where the Z0 differently interacts with the left- and right-
handed fermions. To illustrate this point, let us take the
eþe− → μþμ− process as an example and consider the
deviation of the integrated left-right asymmetryΔALR from
the SM prediction. This is plotted in Fig. 22 as a function of
MZ0=g0 for different xH values and for different

ffiffiffi
s

p
. We find

that the deviations can exceed 2σ (shown by the horizontal
dashed line) for a wide range of MZ0=g0. For comparison,
we also show the corresponding 95% C.L. upper bounds on
MZ0=g0 (vertical lines, cf. Fig. 2 and Table III) derived from
the limits on the effective scales from Ref. [46]. We note
that while a simple recasting of the contact interaction
analysis in Ref. [46] gives a slightly larger reach forMZ0=g0
as compared to ΔALR by itself, the latter can be used as a
precision tool to probe xH once a deviation in the total cross
section is seen for a given MZ0=g0. The other fermion-pair
final states considered in previous sections (bb̄, tt̄, eþe−)
give similar results as in Fig. 22. In principle, all the other
kinematic variables discussed here can be combined into a
multivariate analysis which could potentially enhance the
sensitivity reach in MZ0=g0 as well, but this is beyond the
scope of the current work.

VI. CONCLUSION

We have shown that the general Uð1ÞX scenario can be
effectively probed via the fermion pair production process
at future e−eþ colliders, even when the associated Z0 boson
is well beyond the kinematic reach of the colliders. This
will be possible by precisely measuring the deviations of
the differential and integrated scattering cross sections, as
well as the FB, LR, and LR-FB asymmetries, from their
SM-predicted values. In particular, since the asymmetries
are the ratios of (differential or integral) cross sections, their
deviations from the SM values highly depend on the Uð1ÞX
charges. In fact, we observe significant deviations from the
SM for several choices of the charge xH considering the
limits on the Uð1ÞX gauge coupling depending on MZ0 .
Hence we expect that FB, LR, and LR-FB asymmetries can
be successfully probed in e−eþ colliders to test and
characterize multi-TeV Z0 bosons coupling differently to
left-and right-handed fermions.
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