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The minimal U(1)y extension of the Standard Model (SM) is a well-motivated new physics scenario,
where anomaly cancellation dictates new neutral gauge boson (Z’) couplings with the SM fermions in terms
of the U(1)y charges of the new scalar fields. We investigate the SM charged fermion pair-production
process for different values of these U(1)y charges at future e~e* colliders: e*e™ — ff. Apart from the
standard y and Z-mediated processes, this model features additional s-channel (or both s and ¢-channel
when f = e7) Z' exchange which interferes with the SM processes. We first estimate the bounds on the
U(1)y coupling (¢') and the Z' mass (M) considering the latest dilepton and dijet constraints from the
heavy resonance searches at the LHC. Then using the allowed values of ¢/, we study the angular
distributions, forward-backward (Agg), left-right (A;r), and left-right forward-backward (A gg)
asymmetries of the ff final states. We find that these observables can show substantial deviations from
the SM results in the U(1), model, thus providing a powerful probe of the multi-TeV Z’ bosons at future

et e colliders.
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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 U(1) gauge
symmetry. The associated neutral gauge boson (known as
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7') 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 Z’ 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 Eg4 [9,10]. The Z’ 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 Z’ bosons [11-16]. Dedicated searches for
the Z’ boson have been previously carried out at LEP [17]
and Tevatron [18,19], but the most stringent bounds on the
7' 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 e™e™ collider
prospects of a general but minimal U(1), extension of the
SM where, in addition to the SM particles, three gener-
ations of right-handed neutrinos (RHNs) and a SM-singlet
U(1)y Higgs field are included. The U(1)y charge assign-
ment for the fermions in this scenario is generation
independent which makes the model free from all gauge

Published by the American Physical Society
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TABLE 1. Particle content of the minimal U(1), model where i(= 1,2, 3) represents the family index. The scalar
charges xy, x¢ are real parameters. The B — L case is obtained with the choice xy = 0 and xq = 1.

Gauge group q uh di 4 el N H o)
SUB3), 3 3 3 1 1 1 1 1
SU(2), 2 1 1 2 1 1 2 1
U(l), 1/6 2/3 ~1/3 -1/2 -1 0 12 0
U(1)y Ixp+i¥e  3xptiXe —3xmtire —3Xm—Xe —Xy—Xe —Xo —% 2

and mixed gauge-gravitational anomalies. Reproducing the
Yukawa structure of the SM, one finds that the U(1)y
symmetry can be identified as the linear combination of the
U(1)y in the SM and the U(1)z_; gauge groups [23-26].
Hence the U(1)y scenario is the generalization of the
U(1),_, extension of the SM [27,28].

Due to the presence of the Z' boson with modest to large
couplings to SM fermions under the gauged U(1)y
extension, the model shows a variety of interesting features
at the ete™ 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"et — ff (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 (Agg), left-right asymmetry (A;gr), and left-
right forward-backward asymmetry (A g pg). We show that
even if the Z’ 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~e™
colliders." We consider various center-of-mass energy
values /s = 250 GeV, 500 GeV, 1 TeV, and 3 TeV to
illustrate this effect. Furthermore, we take special care for
the e"e™ — e~ e Bhabha process, which can proceed via
either s or z-channel Z’ boson, in addition to the SM y 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 Z’
boson at the LHC, the CMS and ATLAS Collaborations use
the so-called sequential SM where the couplings of the Z’
boson with the fermions are exactly the same as those of the
SM Z boson [30]. In our U(1)y scenario, we reinterpret
these bounds, properly taking into account the appropriate
7' branching ratios to dileptons, and obtain the updated

'Similar consequences have been predicted in the SO(5) x
U(1) x SU(3) gauge-Higgs unification formulated in the
Randall-Sundrum warped space in which the KK modes of the
photon, Z boson, and Z; boson play the role of Z’ bosons [29].

limits on the U(1) gauge coupling (¢') as a function of the
7' mass, which are then used in our numerical analysis
for ete™ = ff.

The paper is organized as follows. We discuss the U(1)y
model, model parameters, and the constraints on the ¢ in
Sec. II. We study different observables related to the
e"e™ — ff 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.

IL. THE U(1), MODEL

The model we consider here is based on the gauge group
SUB3)®SU(2), ® U(1)y ® U(1)y. The particle con-
tent is shown in Table 1. In addition to the SM particles,
three generations of the RHNSs are introduced to cancel the
gauge and mixed gauge-gravity anomalies. There also
exists a SM-singlet scalar ® which generates the
Majorana mass term for the RHNs after the U(1)y
symmetry breaking. The RHNs couples to the SM lepton
(7;) 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

LYikawa — _y Wl Huly — Y¥qf H dy — YPOT H &

- YP7THN), — YODNENE + Hec., (1)
where H = it>H* (7% being the second Pauli matrix). The
U(1)y 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
xy =0 and xq =1 will reproduce the B — L scenario.
From the structure of the individual charges we can confer
that the U(1)y gauge group can be considered as a linear
combination of the U(1), and U(1),_, gauge groups. The
U(1)y gauge coupling ¢ is a free parameter of our model
which appears as either ¢'xy or ¢xe in the interaction
Lagrangian. Without the loss of generality we fix xo = 1 in
this paper. As a result xy acts as an angle between the
U(1)y and U(1)g_, directions. In the limits x; — —oo0
(+00), U(1)y is (anti-)aligned to the U(1), direction.

The renormalizable Higgs potential of the model is
given by
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FIG. 1.

BR[Z'-ff]

Total decay width of Z’ (left panel) and its branching ratios into single-generation fermions (right panel) as a function of x for

M, =17.5 TeV and xg = 1. We normalize the total decay width by ¢

V=-m2(H' H) + A(H'H)? + m3(®'®) + 1o (D' ®)?

+ X (H'H)(®'0). (2)
In the limit of small /', the mixing between the scalar fields
H and ® is negligible, so they can be analyzed separately
[25,36]. After the electroweak and U(1)y symmetry break-
ing the scalar fields H and ® develop their vacuum
expectation values (VEVs)
1 [v+h
<H>:—< > and ((I)):%—Hb,

V2

. ©

At the potential minimum where the electroweak scale is
marked with v ~ 246 GeV, vg is considered to be a free
parameter with v3 > v2. After the symmetry breaking, the
mass of the U(1)y gauge boson (Z’) can be expressed as

1
M, = g/\/4v§, + Zx%,vz ~2¢ vg.

The U(1)y 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

4)

fourth term of Eq. (1). They can be written as my = % Vo

ap . .
and m‘L’)ﬂ = 1:/”5 v, respectively. Hence the full neutrino mass

mixing can be written as

0 m
M, = ( . D).
mD my
Diagonalizing Eq. (5) the light neutrino mass can be
generated as m,, ~ !

(5)

—mpmy'm? in the seesaw limit [31-35].

A. 7' interactions with fermions

Due to the presence of the general U(1)y charges (¢,"*)
shown in Table I, the Z’ interactions with the SM quarks (g)
and leptons (£) can be written as

L1 = —¢(qr'q? Prg + qr"qi* Prq)Z,

— J(Zy" g5 PLE + eyt g Pre)Z, (6)

where P; and Py are the left and right projection operators
(1 F y5)/2, respectively. Using Eq. (6) we can calculate
the partial decay widths of Z’ into the SM fermions. For
charged fermions, we get

M 5
c24 (gL[éf X, Xo? +gR[g Xy Xp]?).

(7)

where N, = 3(1) is a color factor for the quarks (leptons)
and gf [/, xy, x] is the coupling of the Z' with left-
(right- ) handed charged fermions, which depends on the

U(1)y charges. The partial decay width of the Z' into a pair
of single-generation light neutrinos can be written as

Nz - ff)=

M

I(Z - w)= g

[.é/ 'xH7x¢’]2' (8)
The partial decay width of the Z’ into a pair of RHNs can be
written as

My m%\3
I'(Z' - NN) = Y —Z Ny, x¢]2<1—4 N).

However, in this analysis we assume for simplicity that the
decay of the Z' into a pair of RHNs is kinematically
disallowed because my > M Z/.z

Using the partial decay widths of Z’ from Egs. (7) and (8)
we show the variation in total decay width of the Z' ('),
normalized by ¢, as a function of xj in the left panel of
Fig. 1 for M, = 7.5 TeV and xg = 1. The branching ratios
of Z' into single-generation SM fermions are shown in the
right panel of Fig. 1 as a function of x. It is clear that the Z’
total decay width and branching ratios depend on the xy

*For the collider phenomenology of TeV scale RHNs in the
general U(1), model, see, e.g., Refs. [37-41].
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TABLEIL. The U(1)y charges of the particles for different values of xj taking xg, = 1. Here i = 1, 2, 3 represents
the generation index. x; = —2 and O are the U(1), and B — L cases, respectively. The SM charges are shown in
Table 1.

U(1)y qi. Ui dy ‘L Ck Ny H ®
Xy §xn +i%o Ixg+ixe —3XnwtiXe —3Xg—Xo —Xy—Xo —Xo —4 2xg
-2 0 -1 1 0 1 -1 1 2

1 1

I D D D A
-2 3 ? 2 ~3 —2 -1 i 2
| : % % ~ S 0a 1 3
2 n 2 6 "3 3 -1 3 2
1 ; 1 0 -3 -2 -1 1 2
2 L s -1 -2 -3 -1 1 2

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

B. Collider bounds

The U(1)y charges of the particles for different values of
xy with xo = 1 are given in Table II. We will use these
benchmark xy values in our following analysis. For
xy = —2 there is no interaction of Z' with left-handed
quarks or leptons. For xy = —1 there is no interaction
between right-handed charged leptons and Z’. Similarly, the
right-handed up- (down)-type quarks have no interaction
with Z' for x; = —0.5(1).

First we evaluate the LEP constraints on the model
parameters for different values of xy considering
My > \/s. Following Refs. [17,42,43] we parametrize
the contact interactions for the process ete™ — ff by an
effective Lagrangian

2

g Z nas(€r*Pae)(fr,Psf).

Legp = ————7
(1+ 5ef)(A£:l§>2 AB=L.R

(10)

where ¢?/4r is taken to be 1 by convention, 5, = 1(0) for
f=e(f#e),np==xlor0, and Aﬂf is the scale of the
contact interaction, having either constructive (4) or
destructive (—) interference with the SM processes ete™ —
f]_‘ [44]. Following Ref. [45] we calculate the Z' exchange
matrix element for our process as

12

MZ/2—S

ley* (x,Py + x,Pg)e|[fru(xs, Pr + x7, Pg)f].
(11)

where x/, and x| are the U(1)y charges of ¢; and e,
respectively, and similarly, x;, and x;, are the U(1)y

charges of f; and fj, respectively, all of which can be
found in Table II. Matching Egs. (10) and (11) we evaluate
the following bound on M, as

2

"+
Mz |(Adp)? (12)

E |x€AxfB

considering M2, > s where /s =209 GeV for LEP-IL

Using Eq. (12), we can translate the LEP bounds on Aﬁ
reported in Ref. [17] to the bounds on M,/ ¢ as a function of
Xy, as shown in Fig. 2 by the gray-shaded region. We use the
95% confidence level (C.L.) limits on A* from Ref. [17] for
both hadronic and Ieptonic channels, where for the latter, we
assume universality in the contact interactions. Moreover, for
any given xy value, we consider all possible chirality
structures, i.e., AB=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

ILC with /5 = 250 GeV, 500 GeV, and 1 TeV from the A5
values reported in Ref. [46], as represented by red dotted,

'
=3
S

My/ g [TeV]

FIG. 2. Current LEP bound on M, /g for different x; values
(gray shaded) and the future ILC projections for /s = 250 GeV
(red shaded), 500 GeV (purple shaded), and 1 TeV (green
shaded).
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TABLEIII.  The 95% C.L. lower limits on M, /¢ in the U(1)y model from e*e™ — ff processes in the contact interaction limit for
different values of xj. These results are obtained by recasting the limits on the scale A* quoted in Refs. [17,46] and taking the most

stringent limit out of all the different channels considered there.

95% C.L. lower limit on Mz /¢ (in TeV)

Machine NG Xy =-2 xy=-1 xy = =05 xy =0 xy =05 xy =1 Xy =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 TeVv 88.6 47.7 84.8 137.2 185.8 238.2 339.2

purple dashed, and green dot-dashed lines, respectively, in
Fig. 2. Our results are summarized in Table III for some
benchmark values of xy to be used in our subsequent
analysis.

We can easily translate the limits on % from Fig. 2 for

different x; values onto the M, — ¢ plane, as shown in
Fig. 3 for fixed values of x5z = -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 for
/s =250 GeV, 500 GeV, and 1 TeV, respectively.

For comparison, we also calculate the hadron collider
bounds in the M, — ¢ plane for different x; values by
recasting the current ATLAS and CMS search results for Z’
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 Z’-mediated production cross section in our
model (opoqe1) for a given M, with fixed xp, properly
taking into account the modified branching ratios, and
compare it to the observed 95% C.L. limit on the cross
section (oqps) to derive an upper bound on the coupling
strength

O0bs
g/ = gi\%lodel( : )’ (13)
OModel

where g};.4¢ 1S the coupling considered to calculate oyjoqe)-
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 /s = 14 TeV with 3 ab~! 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 M, = 6 TeV, beyond which
the resonant Z' production is kinematically limited at
\/E — 13 TeV LHC. For the same kinematic reason, the
mass reach is not expected to improve much with the /s =
14 TeV data, as indicated in Fig. 3 by the green dotted
curve. On the other hand, lepton colliders provide better

sensitivity for heavy Z’ bosons, going well beyond the LHC
reach. As we will show in the subsequent sections, future
lepton colliders are not only sensitive to M, > /s, but
also provide crucial post-discovery characterization of Z’
via different asymmetry observables. In particular, due to
the different couplings of the Z’ to left- and right-handed
SM fermions for different x values, these asymmetries can
help us easily distinguish the U(1)y Z' from the B — L Z'
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 M, = 7.5 TeV,
which is just beyond the LHC reach. From Fig. 3, we find
that the strongest limits on ¢ for M, = 7.5 TeV comes
from LEP-II, which are 0.9, 0.9, 0.6, and 0.4 for

xyg =—2,—1, 1, and 2, respectively. In view of this, we
will consider a common benchmark value of ¢ = 0.4 for
xg =—2, —1, 1, 2 to study the kinematic observables at

future e~e™ colliders. It is straightforward to extend our
analysis for other choices of M4, ¢, or xy values.

In Table III, we have used ILC with different /s options
just as a representative for future ete~ machines. Our
analysis in this work is equally valid for other e*e™ 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 e*e™ 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 /s = 250 GeV,
500 GeV, 1 TeV, and 3 TeV, all with £, = 1 ab™!.

III. KINEMATIC OBSERVABLES FOR THE
e“e* = ff (f #e) PROCESS

First we discuss the case of f # e in the process
e"et — ff, which only gets s-channel contributions from
neutral gauge bosons, i.e., y and Z for the SM, and y, Z, and
7' for the U(1)y model. The additional contributions in the
U(1)y case will be observed from the interfere of Z’ with
the y and Z-mediated processes. In this model, quarks and
leptons are differently charged under U(1)y (cf. Table II)
which can be manifested in their interactions with Z'.
Similarly, the left- and right-handed fermions are differ-
ently charged under U(1), which affects their interactions

115030-5
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[ 676"(250 GeV) - 66" (500 GeV) - PO 2 ) N S G ee*(250 GeV) ----- e"e*(500 GeV) - e"e*(1 TeV)
: s ‘ , 0.001 - e e —
0.001 2 4 6 8 10 2 4 6 8
M,[TeV] My[TeV]
1
0.500
., 0.100 -
g 0.050
0.010 =
0.005- [— CMS13(2)) — ATLAS13(2]) - ATLAS-TDR(2))
..... LEP-II - CMS13(2j) - ATLAS13(2j)
------ € e*(250 GeV)

e"e*(500 GeV) - e”e*(1 TeV)

0.001

2

1
0.100
9 0.010

0.001. | CMS13(2l) — ATLAS13(2l) ... ATLAS-TDR(2l)

' - LEP-Il - CMS13(2j) - ATLAS13(2j)

------ e e*(250 GeV) ----- e"e*(500 GeV) - e"e*(1 TeV)
-4 . . .
10 2 4 6 8
M,[TeV]
FIG. 3.

4 6 8 10
M,[TeV]

- CMS13(2l) — ATLAS13(2l) - ATLAS-TDR(2l)
0.001 | LEP-I - CMS13(2j) - ATLAS13(2j)

------ e7e*(250 GeV) ----- e"e*(500 GeV) - e"e*(1 TeV)
2 4 6 8 10
M,[TeV]

Limits on ¢ as a function of M, for different x values and with xq = 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 x; = 0 is the B — L case.

with Z'. Since the U(1)y charge and gauge coupling are
assumed to be family universal, we will consider the
representative case of f = u for leptonic final states, and
f = b and ¢, respectively, for the down-type and up-type
quark final states in the process e"e* — ff. 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 Z’ effect in the
e"et — ff 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 ete™ collider is built.

We capture the Z' effects in the process e”e™ — ff by
considering several kinematic observables, as described
below.

115030-6



PROBING THE MINIMAL U(1)y MODEL AT FUTURE ...

PHYS. REV. D 105, 115030 (2022)

CLiC

[ ]

I /s =340 GeV — 350 GeV
(25 — 30 years) :

1

Z=1ab™!
Run Time : 8 years

FCC —ee
(15 years)

Vs =161 GeV @
=150 ab! &

1 _
. Lo =2 ab™!
Run Time : 10 years

ILC
(20 years)
' Lo =56ab7!
Run Time : 7 years
CEPC Higgs Run
(10 years) Vs =250 GeV

WW Threshold C: nggs Factory C‘
=240 GeV

&z = =10 ab~! é z= 5 ab~!
1 Run Time : 4 years 1-2years |3 3 years

Fine = 200 b1
1 year

\/s =91 GeV Vs =

Vs =15 Tev

\/;=3TeV

F=25ab!
8 years

tf Threshold
= 340 GeV — 350 GeV

&= @(100) fb!
1 year

] 73
| \/s =365 GeV
&

=T
& Vs
8
(=%
o

*

P =8 ab™!

int 1

L =16 ab™! Lo =2.6 ab™!
2 years 1 year
Z Run W-W+

160 GeV

FIG. 4. The run time, /s, and L;, for different proposed e~e™ colliders.

A. Differential cross section

Let us first consider the differential scattering Cross
sections for the processes ejep — f f and egef = f £,
which can be, respectively, written as

dO'LR ﬁs
=—|(1 2c0s20 erfr|2 e fr|2
dcos® 32x [( + preos?0)(lg /L * + |qe/x[?)

+ 205 01 P = |qeuSe)

2
—+ STf {Re(qeLqueLfR*)}] . (14)
d RL ﬁs .
erfr|2 erfr |2
dcos 32z [( + BPeos?0)(|gx[* + |/t ]?)
+ 2B cos O(|ger/=|? — |ger/|?)
)
+ SJ{Re(qeRqueRfR*)}]’ (1s)
s

where @ is the scattering angle, my is the final state fermion

mass and f=1/1— f In the high energy collider limit
when my < /s, we obtalnﬂ — 1. In Egs. (14) and (15) we

use the quantities ¢g¢+/t, g°./x g°*/L and g*/* which can
be defined as

Vie V;
99"

erfL —
g Zs —my +imy Ty,

Vie Vif
qeLfR:Z

g IR
—~ s —my +imy Ty’
Vie V.f

qeRfL — Z g ‘g

9
—s —mV +imy Iy,
Vie Vif

qeRfR ZZ g 9r

’
— 5 — mv,. +imy 'y,

(16)

where g; g)vie/s are the coupling of the left- (right-) handed
electron/fermion to the vector boson V; =y,Z, 7', with
my_ and I'y being the corresponding vector boson mass
and total decay width.

From Eq. (16) we define a quantity s|g*XY|, 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 s|g-t|, s|gLE|, s|q

the nature of the SM and BSM propagators. We first
present the quantities s|¢XY| as a function of /s for the
SM case in Fig. 5, taking f = pu, b, and ¢ from left to
right, respectively. One can clearly see the Z resonance at
/s =M, in all the cases. The additional dips are
caused by the destructive interference between the y
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 tf case).

Now we include the Z’ contribution in Eq. (16) and show
the effect on s|¢XY| in Fig. 6 for M, = 7.5 TeV and for
xy = —2, —1, 1, and 2, respectively, from the left to right
panels. The three rows are for ff = u*u~ (top), bb
(middle), and 7 (bottom). The SM and BSM propagators
are the same except for the presence of Z’ in the BSM case.
As a result, a broad resonance now occurs at /s = M.
Here we have taken a relatively large ¢ = 0.4 for
My =77.5 TeV, which helps to produce this broad reso-
nance. An increase in /s 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 U(1)y case, we
show up to /s = 100 TeV in Fig. 6. We notice that the
quantity s|g*Y| becomes independent of /s when /s >
M 7 and leading to almost flat curves mimicking the nature
of an effective theory for large s. It happens due to the fact

that both % <« 1 and 2 " Yi 1 in this limit.
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FIG. 6. s|g*Y| as a function of /s in the U(1)y model for the e"e™ — ff process considering M, = 7.5 TeV, ¢ = 0.4.

From Table II and Eq. (16) it is evident that for xi; = —2
the couplings of Z’ with g; and e; are zero. Therefore only
the quantity s|gRR| gives a resonance at M, as shown in
the left column of Fig. 6. For x5 = —1, there is no coupling
between ey and Z'; as a result only s|g""| contributes to the
7' resonance in the e~et — p~u™ process, as shown in the
top row, second column, whereas both s|g'| and s|g"R|
contribute in the bb and 77 cases. In the case of x;; = 1 the
coupling between di and Z' vanishes; therefore, the Z’
contributions from s|g"| and s|gR"| only are observed in
the e"e* — bb process. At x;; = 2 all the s|g*" | quantities
contribute to the Z’ resonance in e"e* — ff because in this
case all the charged fermions have nonvanishing couplings
with Z'.> The effects of Z’ on the ¢X¥ observables depend-
ing on the xy values are summarized in Table IV.

*For completeness we point out that at xy = —0.5, the
coupling between up and Z' is zero. This scenario can be
observed for the process e~et — 17, where the quantities
s|g"| and s|g®~| only contribute to the Z’ resonance.

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 P,- and P+, respectively. The differential
scattering cross section of the process e"e* — ff can be
written as

TABLE 1V. Effect of the Z’-induced interactions on ¢*¥
defined in Eq. (16) due to different values of xj in the e"e™ —
ff process.

Xy Interaction Z' contribution observable for

5 No interaction between  g°t/% in e~et — utu~, bb, 11
fr and Z'

No interaction between g°tft in emet — ptu

-1 eg and Z' g°tit, gt /r in e~et — bb, 11

| No interaction between gt g1 in emet — bb
dg and Z' All ¢®Y in pty~ and 17

2 All interactions hold All ¢XY in e"et = ff
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do
dCOSQ(Pef,Pﬁ,cos 0)
1 do™R (cos 6)
= (1 =P, P, )~ (1= Py) 22227
( e e+)4 {( Cff) dCOSH
doRt(cos 0)
| 4 Py) 2007 17
+ 14 Py 220 (1)

P-—Pi . . .
where P = ﬁ is the effective polarization, and the

N
e
. . . LR RL
differential cross sections dd;)g 5 and ddg)g 5 have been defined

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

€08 Opnax
O'(Pe,Pe+):/ d

€08 @ ax

do

0
€08 dcos®

(P,-, P,,cos ),
(18)

where 6,,, depends upon the experiment. Theoretically
using cos O, = 1 we get

1
o(P, Ppr) = (1 _Pe‘Pﬁ)Z[(l _Peff)GLR

+ (1 + Pegr)o™], (19)

2
h LR _ Ps 2425 eLfi|2 eLfr|?
where ¢ 395 +3ﬂ (g > + |get/= %)

I”i’l2 .
+ 16TfRe(ququeLfR*)} :

R _ P 2 5 erfrl2 erfil2
— 2 — RJR RIL
= B (24387 P 4 )

m2
+ 16 —LRe(ger/t qfkfk*)] . (20)
S

Furthermore, considering m; < \V/s we get

LR

o g2 + [geusnP),

|
T 12z

RL

o lgeufo[? + g ) e1)

|
127
The statistical error of the cross section A¢™(P,-, P,+) is
given by

G(Pe"Pﬁ)

N

A (P, P, ) = (22)

where N = L;,6(P,-, P,+) is the total number of signal
events. The deviation of the total fermion pair-production
cross section can be written as

oUx
Ao(Pe"Pf):as—M(Pe"Pﬁ)_l' (23)

To study the effect of beam polarization on the cross
section, we consider three polarization choices for the e~
and e™ beams: (i) Unpolarized case with P; = 0, P/ = 0;
() P, =408, Pf=-0.3; and (i) P; =-0.8,
P} = +0.3. 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 /s
with these different polarization choices for the processes
e~et — uut (top row), bb (middle row), and 7 (bottom
row) with different x; values. The SM case has been
represented by the solid black line in each panel. Due to the
Z' resonance and its interference with the y and Z-mediated
processes, the cross section has a distinct peak at
\/s = M, as can be seen from Fig. 7. We consider M, =
7.5 TeV and ¢ = 0.4, but larger values of ¢ will simply
broaden the width of the Z’ resonance. For the total cross
sections, we vary the /s up to 100 TeV to show that even if
\/s is not exactly at the Z’ pole, there could still be large
deviations in the total cross section from the SM value.”
The deviations in total cross section (A,) 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 /s = 3 TeV to show the realistic deviations achiev-
able in the future e e~ colliders. Note that A, can be large
depending on the choices of xy, M, and ¢'.

We first consider the e~e’™ — u~u™ process which is
shown in the top panels of Fig. 7 for different x; values. As
shown in Table IV, for xy = —1 there is no interaction
between ey and Z’, so the cross sections and deviations will
have the BSM effect only from ¢'*. Similarly, for x;; = —2
there is no interaction between £; and Z’; thus the only
BSM effect comes from gRR. These features are manifest in
the e“et — u~ut cross sections, which only slightly
deviate from the SM case for these xy values, except
exactly at the resonance. On the other hand, for x5 = 1 and
2 the BSM contributions will come from all gX¥ amplitudes
to create larger deviations in the total cross sections by
widening the resonance.

We perform similar analyses for e”e™ — bb and
e~e™ — 1 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 xy values, as can be seen
from Table IV. The bb process will be uniquely affected at

*This feature was also observed in Ref. [56] in a different
model and in the LHC context.
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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 /s considering M’, = 7.5 TeV and ¢ = 0.4.

xpy = 1 as there is no interaction between Z’ and dj. As for
the 77 final state, we include the top quark mass of 172 GeV,
which is why the cross section goes down when /s
approaches this value from above and we only consider
/s > 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 u"u~ case with unpolarized beams, for
example (top left panel), we find that only for xy = 2,
the deviation becomes positive at /s > 2.75 TeV, whereas
it remains negative for the other xy values up to
/s =3 TeV. If we only consider the magnitudes, the
deviation is roughly 2.2% for x; = —2 and x;; = —1, while
it may reach up to 10% and 25% for xy = 1 and xy = 2,
respectively, at /s = 1 TeV. At smaller /s = 500 GeV,

the deviations for x; = 2 and 1 are around 8% and 4%,
respectively. On the other hand, at /s =3 TeV, the
deviations may reach up to 83% for xy =1 and 42%

for xy = 2.
For P; = 0.8, P} = —0.3 (top middle panel), the devia-
tions may reach up to 2% for xy = -2, 5% for x; = 1 and

12% for xy = 2 at /s = 500 GeV. For xy = 2, it rapidly
decreases between /s = 2 and 2.8 TeV, after which it may
increase up to 100% at /s =3 TeV. The deviation for
xy = —1 is almost negligible up to /s = 3 TeV.

For P, = —0.8, P/ = 0.3 (top right panel), the devia-
tions may be around 10% for xy = 2, 8.5% for xy = 1 at
/s = 500 GeV. It may reach up to 50% for /s =2 TeV
and xy = 2. Similarly for x; = 1 the deviation may reach
up to 75% at /s =3 TeV.
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FIG. 8.

Deviations of total cross section for the e~et — ff process as a function of P,- keeping P, = 0 and M/, = 7.5 TeV. The

theoretically estimated statistical error is shown by the gray-shaded region. We consider an integrated luminosity £;, = 1 ab™!.

The deviations for the bb and 77 processes are shown in
the middle and bottom rows of Fig. 7, respectively. Just like
the u"pu~ case, depending on the choices of xy, /s, and
polarizations, the deviations show the nature of the BSM
effects of g*¥ from Table IV.

To see the effect of other polarization choices on the total
cross section given by Eq. (23), we now set P, = 0 and
study the variation of the deviation A, as a function of P,-
in its entire theoretically allowed range of —1 < P,- < 1, as
shown in Fig. 8. The different rows are for u*u~ (top), bb
(middle), and 77 (bottom), whereas the different columns
(from left to right) are for /s = 250 GeV, 500 GeV, 1 TeV,
and 3 TeV. For the 7 case, we do not have the \/E =
250 GeV option because it is below the 7 threshold. Here
we have used £;,, = 1 ab™', M, = 7.5 TeV, and ¢ = 0.4.
In each panel, we also show the theoretically estimated
statistical error (gray-shaded region), defined as

V2

N
Thus the statistical error decreases with increasing cross
sections (or increasing +/s) for a fixed luminosity.

In the utu~ process A, can reach up to 2.7% for
P,-=0.8 and 1.5% for P, = —0.8 at /s =250 GeV
with x; = 2. The deviations for other xy are comparatively
small. At /s =500 GeV these values become 11% and
6% at P,- = 0.8 and —0.8, respectively, for xy = 2. At the
same +/s these values become 2.8% and 2.5%, respectively,
for xz = 1. These deviations gradually increase with /s,

A (P, P,:)

AS (P, Pyr) = V2
o ( e e ) f O-(Pef,Peﬁ»)

(24)

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

At /s = 250 GeV, A, for bb is roughly below 1% for
all xyz when P, = 0.8 and P,- = —0.8. The deviations
increase with /s and can be within 1%-4% for different
xy except for xy=-2 at P, =0.8 considering
/s =500 GeV. A, increases roughly by a factor of 3
for P,- =0.8 at /s =1 TeV. Similar behavior can be
observed at /s =3 TeV; however, the deviations can
become very large depending on the xy and/or P,- values.
In case of 7 production, A, at /s = 500 GeV can be
7% for xy =2 and 2.5% for xy =1 at P,- =0.8. At
P, = —0.8 for the same charges A, can be 3.5% and 1.8%,
respectively. The results for x; = —2 are below 1%.

C. Forward-backward asymmetry (Agg)

The integrated forward-backward (FB) asymmetry
(Agg) is an interesting feature of this model which can
be observed at e~e™ colliders. It is defined as [57-59]

GF(PB_’P€+) - oB(PE_’P€+)
GF(Pe_’Pe+) +GB(P6_7P6+)

AFB(Pe‘vPe+) = s (25)

where the cross sections in the forward (o) and backward
(op) directions can be defined by taking the limits of the 6
integration in Eq. (18) as [0, + c0s 6., ] and [— cos 0,44, 0],
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respectively. For m; < /s and cos 0,,,x = 1, Eq. (25) is
reduced to

3B, -5,

AFB(Pe 4B +BZ

Per) = (26)

where the coupling dependent quantities B; and B, can be
defined as

By = (1+ Pu)lg e +

(1= Pege) g/t (27)

By = (14 Pegr) g2 ? + (1 = Pegy) [g“x 2. (28)

The integrated FB asymmetry from Eq. (25) is shown in
Fig. 9 for M, = 7.5 TeV as a function of /s for u"p~ (top
panel), bb (middle panel), and 7 (bottom panel). We
consider three combinations of polarizations for the e~
and e as before. Taking x; = -2, —1, 1, and 2 we
compare Agg in the presence of Z’ with that in the SM. In
this analysis Apg is an important observable in s-channel
scattering. For different choices of xj, Apg contains the
BSM effect from ¢*¥ according to Table IV. These are
clearly affected by the choice of xj. For e"e™ — ptu~, the
integrated FB asymmetries for x; = —2 and —1 can be,
respectively, written as

2y w3 (0 Per Ml G+ (1 = Par) (6350 = I ) -
o 4(1+ Pee) (g™ > + g P} + (1 = Pege) {lashn” I* + lasna**}
_ 3(1+ €RHR |2 ERUL +(1 - erpr |2 CLUR
A3 O P 5 ) + 0= Pl = ). 0
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FIG. 9. The integrated FB asymmetry for different choices of xj; as a function of the center of mass energy for e~e* — ff process
with gy~ (top row), bb (middle row), and #7 (bottom row). The columns correspond to three sets of polarizations of incoming electron
and positron beams. We have chosen M, = 7.5 TeV and ¢ = 0.4. The SM result is shown by the solid black line in each case.
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For other xj; values, the BSM effects come from all gX¥
combinations. In Egs. (29) and (30), the term SM denotes
the SM effects from {Z,y} and the corresponding inter-
ferences with the BSM. Note that for x; = —2 and —1 the
BSM effect in Agg is small for g~ u™* process compared to
the SM (represented by solid black line) in the top panel of
Fig. 9. For the other two charges x; = 1 and 2, Agg is
comparatively higher than the SM result due to the effects
of all ¢X¥ for different polarizations. Az depends on the
quantities (1 — Pg) and (1 + P) which will be either

A=Y (P, P,.) ~

A;%:l(Pe"Pﬁ) =

greater or less than 1; however, for our choice of nonzero
polarizations (1 — P.g) and (1 + P.) are always positive.
Depending on the choice of xy, Apg could be greater or
less than the results of SM.

For the e~e™ — bb process, we notice that for x;; = —1
the BSM contributions come from ¢’ and ¢*¥ in the FB
asymmetry, whereas for xy =1 the BSM contributions
come from ¢~L and g®t. The expressions for these charges
can be written as

(31)

In this case xz = —2 will affect the interaction between
electron and Z’ which will be reflected in the nature of Agg.
The nature of the asymmetries for bb process is shown in
the middle panels of Fig. 9 for all xy and different
polarizations. For the top quark pair production all g*¥
contribute for x; = 2. The rest of the contributions can be
obtained from Eqgs. (29)—(32) depending on xy values. The
nature of the FB asymmetry for the {7 process is shown in
the bottom panels of Fig. 9 for different values of xz and

different sets of polarizations.

0.05

3(1+ Pet){lasis" > = lgsha* 2} + (1 = Pegr){|q+% | = |g*+/**}
401+ Peff){|qg'§/lfR|Z + |q;'ﬁ/1fL|2} + (1 = Pege) {1 g2 > + |g*+P%|*}
3 (14 Per){lgsh™ 2 = 1g°= 2} + (1 = Pegr){lq“e: 2 = |ggks" P}
41+ Pee) L™ P + 1g=2e P} + (1= Pege) {1q2 | + ggia® 2}

(32)

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

AU(l)x

Ay, = jgg —-1. (33)

Ay, is shown in Fig. 10 for p~u" (top panel), bb
(middle panel), and 7 (bottom panel) using M, =
7.5 TeV and keeping P, = 0, while varying P,- from
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FIG. 10. The deviation in the integrated FB asymmetry as a function of P,- for e~e® — ff process taking P, =0 for
Mz =7.5 TeV. The theoretically estimated statistical error has been represented by the gray-shaded band. The integrated luminosity

is taken to be £;, = 1 ab™!.
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0 to 1. The theoretically estimated statistical error repre-
sented by the gray-shaded band has been calculated as

2/N;Ng
A stat , 34
FB (NF + NB)( /—NF _ r——NB) AFB ( )

where Npg) = Lin0p(p)(Pe-, P,+) is the number of events
in the forward (backward) direction. The different columns
correspond to /s = 250 GeV (except for t7), 500 GeV,
1 TeV, and 3 TeV. The nature of the deviations shown here
can be understood from Egs. (29)—(32). The BSM con-
tributions in differential FB asymmetry for different fer-
mions for different x5 are guided by Table IV.

We find that at /s = 250 GeV the deviations in FB
asymmetry from the SM in the case of y~u™ is less than 1%
for all xy. For all /s, the cases x; = —2 and —1 are within
the theoretically estimated statistical error. Even for /s =
3 TeV and P,- = 0.8 the deviation is roughly 3% for
xy = —2. In the case of /s = 500 GeV for P,- = —0.8 the
deviation is 1.9% and that for P,+ = 0.8 is 1.8% for
xy = 1. The deviations for xy; = 2 are 3.9% and 3.4%
for P,- = —0.8 and P~ = 0.8, respectively. The deviation
for xy = —2 is nearly 2% for P,- = 0.8 at /s = 1 TeV.
For x = 1 the deviations are 8% and 7% for P,- = —0.8
and P, = 0.8, respectively, at /s =1 TeV. At /s =
1 TeV the deviation for xz = 2 at P,- = —0.8 is roughly
16.5% and at P,- = 0.8 the deviation is roughly 13%. The

|

(1 + cos 0)*(|get/t > -

|g“®/*[?) + (1 = cos 0)*(|g+/*|* —

deviations for x; = 2 and 1 at \/s = 3 TeV are very large
compared to the other choices of +/s.

Studying the bb process we find the deviation is small at
/s =250 GeV for P,- = —0.8 and the deviation at P,- =
0.8 is around 2% for xy; = 2. The deviation at P,- = 0.8 is
below 2% for xy = —2. For xy =1 and xy =2 the
deviations are around 3% and 5.5% respectively for /s =
500 GeV at P,- = 0.8. The deviations for xy = —2, 1 and
2 are enhanced by orders of magnitude at /s = 1 and
3 TeV. In case of 7 we notice that the deviation is large at
P,- = —0.8 for different xz. At /s = 500 GeV the devia-
tions are roughly 3% for x5 = 2 and 1.4% for x; = 1. The
deviations increase with /s by some factor up to an order
of magnitude depending on xy and P,-.

D. Differential left-right asymmetry (A g (cos@))

The left-right (LR) asymmetry (A;g) is another impor-
tant observable which can be tested at the e~e™ colliders
[57,58,60-62]. The differential A; i is given by

do, do
LR 6 RL 9
Aulcos ) = 1200 30) ~enp(€050) 5,

do do,
Tk (cos @) + 7R (cos )’
where ddfgg‘g and dd;‘;Lg are given in Egs. (14) and (15),

respectively. For m, < Vs, Eq. (35) reduces to

jg#+/+ )

A Ss@) ~ ' 36
LR(CO ) (1—|—COS€)2(|qeLfL|2—|—|qeRfR|2)+(1—0089)2(|qeLfR|2+ ‘qeRfL|2) ( )
The observable differential A; g in terms of the e* polarizations can be written as
Air(P,-. P, cos ) = Teoxd (Pems Per€086) = 7005 (=P, =Pe+, cos 0) (37)
e e’ .
dcosé‘(Pe P cos0) + dcose( P,,—P,,cos0)

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

Arr(cos0) =

ALR( e* Cos 9) (38)

eff

The nature of differential LR asymmetry from Eq. (37) is
shown in Fig. 11 for y"u~ (top panel), bb (middle panel),
and 7 (bottom panel) using M, = 7.5 TeV as a function of

|
3 TeV, respectively. We estimate the asymmetry parameter
for the U(1)y scenario considering x5 = —2, —1, 1, and 2
and present them along with the SM result (solid black
line). The LR asymmetry depends on xj; through the
interactions between the charged fermions and Z’ as shown
in Table IV. According to that, the differential LR asym-
metry for x; = —2 and —1 for the e~e™ — p*u~ process
from Eq. (36) can be written as

cos @ for /s = 250 GeV (except 7), 500 GeV, 1 TeV, and
|
0 2 eLHL |2 erip |2 1= ] 2 CLHR |2 CRHL |2
Ay (cos )52 = (1 + cos )z(lqem |2 lqe |2) + (1 — cos )Z(ICJMI2 \CIWLIZ) ’ (39)
(14 cos 0)*(|gsr” |* + g« |*) + (1 — cos 0)*(|gsm“|* + lasm“[*)
Uy (cos 0yt 1 E0SOR (g =g )+ (1 = cos 0 g8 = |aSis' ) (40)
(1+cos0)> (g > + lgspi* [*) + (1 = cos 0)*(|gsps” [* + [asii“ [*)

The results are shown in the top panels of Fig. 11.
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The differential LR asymmetry for e~e™ — ff process as a function of cos @ for M, = 7.5 TeV. The contribution from the

For the bb process we find the BSM contributions for different x,; in the differential LR asymmetry in terms of ¢*Y¥
following Table IV. Using Eq. (37), the differential LR asymmetry of this process for x; = —1 and 1 can be written as

(1+ cos0)*(Jg* > -

940" )+ (1 = cos 0 (lq°2% = g3y )

lq

Apg(cos @) =1 ~

92 erby |2 _
Uy (cosgyrint = 10802

(14 cos 0)%(g P + g4 ) + (1 = cos 6)2(1g"™s > + g )’

(41)

erb erb
|gsii"*) + (1 = cos 0)*(|gsh” > = |g°**[*)

The results are shown in the middle panels of Fig. 11.
Similarly, we study the LR asymmetry for e~et — 7
process according to Table IV and Eq. (37) for different
xy. We find that for all three final states, the size of the
differential LR asymmetry increases with the increase in
/s from the SM prediction (solid black line). In the
U(1)y case, it is governed by different couplings of the
left- and right-handed fermions with Z’, as summarized in
Table IV.

The amount of deviation from the SM in the differential
asymmetries can be defined as

Aﬁﬁ”x (cos®)

By (cos0) = APM(cos 0)

(43)

We show these deviations using M, = 7.5 TeV in Fig. 12
for uTu~ (top panel), bb (middle panel), and 7 (bottom
panel) as a function of cosf. We use /s =250 GeV
(except t1), 500 GeV, 1 TeV, and 3 TeV and present the
results for xz = -2, —1, 1, and 2. The theoretically

(14 cos 0)2(|g2: > + |g&as™ 1*) + (1 = cos 0)*(|qghs* |2 + |g=b+?)

(42)

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

2y/N1rNgL
(Nir + Nro)(VNir = v/Nre)

where NLR = EintoLR and NRL = ‘C’intURL'

From Fig. 12, we find that the deviation in differential
LR asymmetry for e~et — utpu~ process for xy = =2 is
slightly above the theoretically estimated statistical error
for cosd > 0.37; however, for x; = —1 it is within the
range of the statistical error. For x; =1 and 2, the
deviations vary between 5%-3% and 10%-8%, respec-
tively, for —1 < cos @ < 1. The deviations increase with \/E .
The differential LR asymmetry is negative for x; = 2 at
/s =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 @ for the process e"e™ — bb has a singularity. This is
because the differential LR asymmetry for the bb process in

stat _
LR —

A

ALR ’ (44)

115030-15



DAS, DEV, HOSOTANI, and MANDAL PHYS. REV. D 105, 115030 (2022)
0.15 06 et > utu- ® e~et - utu~
Xy==2--Xy =1 [ _ 250 GeV S = 500 GeV xy==2 - xpy = sl Js=1Tev K H Vs=3Tev
L ‘_._xu ==1...xy=2 0-5,.._...\__\ e Xy =1 Xy =2 i "N - Xy==2 .- Xy =1
0.10] S 04! el ! Sl e Xg==1o Xy =2 5
] TrTrTrTrTT e et o sl 32 S, H
%0‘05' _________ 8 3 HH ?55, i B
§ i ——————e R Tt R SR S I
0.00 e T | | Sl
s N ittt I SR e Xy==2 Xy =1 T~
S -10 ~.
‘ — e‘e*—»;ﬁ'ﬂ‘ — — o} SR s Xy ==1o Xy =2 —————
-0.08 -05 0.0 05 10 05 1.0 -1.0 -05 0.0 05 1.0 o -05 0.0 05 1.0
cosé cosé cosf
10, 3 "
Vs =250 GeV Vs =500 Gev . 0 Vs=1Tev Vs =3Tev
05/ | il
1 H
s s B s
g Ny g X g
5 00 ) = - = 3 = 5 o —
q e~et — bb A e~et — bb 4 i e~et - bb 4 e~et > bb
—0. —05| v \ 4
oS --Xp=-2 .- Xy =1 08 4 - Xy==2-.- Xy =1 2 o Xy==2 Xy =1 o Xy==2 Xy =1
s Xy =1 Xy =2 Iﬁ oo Xy =1 Xy =2 E: co Xy =1 Xy =2 e Xy =1 Xy =2
_10l | _10l | A - J
00 -05 0.0 05 10 o ~05 0.0 05 10 210 -05 00 05 10 00 05 10
cosé@ cosé cosf cosé@
0.10( 0.5 2 [ E—
| oxy=—2 Xy = e - Xu=2-- Xy -1 w/_ 1Tev Vs =3Tev e
008 =Xy =2 .- 04 Lo Xy ==1 Xy = e . B
0.06/ e _ P P
< VS=50GeV | o3 gt pp . y
S 004 - H - | L -
3 P | < = 0FF / CETR——
002 oD ::‘_Q:W E J‘ I A—
= | < 7 Sl
1 -
-0.02 I Feexy=2 o xy =1 et — i
—oo4| _ et — 1F L./ s Xy ==1- Xy =2
-10 ~05 0.0 05 10 2o -os 00 05 1.0
cosé cosé

FIG. 12. The deviations in the differential LR asymmetry for e~e* — ff process as a function of cos@ for M, = 7.5 TeV. The
theoretically estimated statistical error has been represented by the gray-shaded band. The integrated luminosity is taken

as Ly, = 1 ab™!.

the SM vanishes at cos ~ —0.5594 for /s = 250 GeV.
Similar behavior can be observed at cosf ~ —0.668 for
/s =500 GeV, cosf~—0.7042 for /s =1 TeV, and
cos O ~ —0.7162 for /s = 3 TeV for the SM. Around these
angles the differential LR asymmetry for the bb process is
very high and rapidly grows towards 100%. As for the 77
process, at /s = 500 GeV the differential LR asymmetry is
greater than 6% at xy = 2 for cos @ > 0. The deviation is
around 3% for xy = 1 for cos@ > 0. For the rest of the
choices of xy it stays within the theoretically estimated
statistical error. With the increase in /s, the deviation

(1432 g > + [ge/x )

= (g > + |g*/[*)] +

increases with cos @; however, xy = —1 stays within the
theoretically estimated statistical error throughout.

E. Integrated left-right asymmetry (A g)

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

GLR—G

GLR + O'RL :

RL

Ar = (45)

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

m

[~ o

[ (qeLqueLfR*) — Re(qeRqueRfL*)]

ALR =

In the limit m; < /s, Eq. (46) is reduced to

(lge=/t|? + |gt/=]?) = (|g°»/ %[> + |g°#/t]?)

(T B+ a7 P) (g P+ g ). &7

Ar =

The observable integrated .4; z as a function of the electron
and positron beam polarizations is given by

(48)

P,,P,)— P,,—P,
ALR(Pe 7P ) ( ) G( P P )

0(Pe. Per) + (=P, )’

8
(L+38)[(ge 1P + g = ) + (lge/= [ + g+t )] + 85

(46)

gl

LR (qeLqueLfR*) + Re(qekfkqeRfL*)]

[
for P,- < Oand |P,-| > |P,+|. This is related to Eq. (45) by

1
Aig = P_ALR<Pe’v P.). (49)

eff

The integrated LR asymmetries from Eq. (46) for
e"et — utyu, bb, and 7 as a function of /s are shown
in Fig. 13 with My =7.5 TeV and for different xy
values. The BSM contributions depending on the xy
charges are governed according to Table IV. The SM value
is shown by the solid black line. The integrated LR

115030-16



PROBING THE MINIMAL U(1)y MODEL AT FUTURE ...

PHYS. REV. D 105, 115030 (2022)

1.0

1.0

0.8 0.8

0.6

o e =

o

1.0

PP A 0.8

: \ . 0.6 =
. ’,// \ ] =
o T o S e ]

0.6

0.4 P

- - - & 04
— : X =-1_SM -
0.0 < 0.2 -XZ - e*e” - bb 0.2
-0.2 N 0.0
o4 ete > I~l+ll S 0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0 -02 0.5 1.0 1.5 2.0 25 3.0
Vs [Tev] Vs [Tev] Vs [Tev]
FIG. 13. The integrated LR asymmetry for the process e~e™ — ff as a function of /s for M, = 7.5 TeV. The contribution from the

SM has been represented by the black solid line.

asymmetry for e”e™ — pTu~ process and x; = —2 and —1
can be written as

(lgsia P +lasia”[*) = (g + lqsp“ [*)

AXH=—2
(lgsha™ 1> + lashi®1*) + (Jg=#=[* + [qgip“1*)”

(50)

(g 2+ lqghi®1?) = (g 1> + lasii“ %)
T (gt P+ gt 17) + (lge= = |* + |lggia“ 1*)

A=

(51)

In the case of the other xy charges the BSM contributions
come from all ¢*X¥

From Eq. (46) and Table IV we can write the integrated
LR asymmetry for the e"e* — bb process at x;; = —1 and
1 as

(g2 2 + |ger[?) = (|gek* | + |asir* 1)

A= (52)
(19 F+1q )+ (35" B+ 80" )
erbr |2 erbr |2 erbr 2 erbr |2
g 28 PR~ (g0 P g F) o

(g P+ lggia® )+ (lgsae P + lgees )

The BSM contributions are from the |¢*¥| quantities. For
xy = 2 the contribution will come from all |¢XY|. Similar
behavior will be observed for the #7 process where the BSM
contributions will be associated with the choices of xy
following Table IV. From Fig. 13, we see that for all the

close to the SM, whereas other xy 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

Al
AN

Ay, = -1, (54)

respectively, which is shown in Fig. 14 as a function of the
center-of-mass energy for the u*u~ (left), bb (middle), and
11 (right) final states. The gray-shaded band shows the
theoretically estimated statistical uncertainty [cf. Eq. (44)].
At /s = 250 GeV, the deviation in the " u~ process can
reach up to 1.5%, 3.1%, and 8.3% for xy = -2, 1, 2,
respectively, whereas that for xy = —1 is below 1%. The
deviations for the u*pu~ process at 500 GeV can be 6.7%,
1.5%, 14%, and 38% for xy = -2, —1, 1, and 2, respec-
tively. The deviations increase up to 28%, 6.6%, 62%, and
>100% for xy = =2, —1, 1, and 2, respectively, at 1 TeV,
and become very large at 3 TeV. Hence for the y "y~ final
state A, . will be a very useful variable depending on the
choice of xy and +/s.

The corresponding deviations for the bb process are
much smaller: below 1% at 250 GeV for all x; 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 xy
except xiy = —1. As for the 77 final state, the deviations can
be 1.7%, 2.4%, and 6.5% for xy = -2, 1, and 2,

ete" o tt

fermion pair-production processes, the xy = —1 case is
10 P -
- \ R
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FIG. 14. The deviations in integrated LR asymmetry for the process e~e® — ff as a function of /s for M, = 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 xy = -2, 1, and 2,
respectively. We find the deviation for x5z = —1 is through-
out below 1%.

[oLr(cos ) — ogy (cosO)] —

F. Left-right forward-backward
asymmetry (Apg pp)

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

[oLr(—c0s0) — ogp (—cos6)]

Arr s (cos @) =

[o1r (c08 0) + ogy (cos O)] + [opr(—cos ) + o (—cos )]

(55)

In terms of the gauge interactions of the fermions, we write A;g pp as

Arpg(cos ) =

203 01(lg°t/+[* + |1 2) -

(Ig°/* + lg/=*)}

(1+ pPeos?0){ (I |* + g+t ?) +

(1% + [g*0/#[)}-+8 2 [Re(g*t/rqe/°) + Re(g*s/rges/s*)]

The observable LR-FB asymmetry can be written as

Arrpg(Po-, Po+,cos @) =

(56)
For m; < /s the differential LR-FB asymmetry can be written as
2050 | (1g°/1 P+ lg* ) = (g2 +]gv/e )

A cos0) ~ : 57
leosd) = [ b g (e g 7

[6(P,-,P,+,co80) + 6(—P,-,—P.+,—cos0)]—[6(—P,-, —P,+,c080) + 6(P,-, P+, —cos )]
[6(P,-, Pyr,c080) + 6(=Py-, =P+, — 08 0)|+[6(—P,-, —P,+,c080) + 6(P,~, P+, —cos )]’
(58)

for P,- <0 and |P.,-|> |P.+|. The relation between
Arrpe(cos0) in Eq. (55) and A;g pg(P,-. P,+.cos0) in
Eq. (58) is given by

1
ALR,FB (COS 9) = P— ALR,FB (Pe’ . Pe* , COS 9) . (59)

eff

The differential LR-FB asymmetry defined in Eq. (57) as

a function of cos @ for M, = 7.5 TeV is shown in Fig. 15
for y~u* (top panel), bb (middle panel), and 77 (bottom
panel). We consider four different x values and compare
with the SM case (solid black line) in each case at \/s =
250 GeV (except t7), 500 GeV, 1 TeV, and 3 TeV. The shift
|

from the SM becomes prominent with the increase in /s.
For the e"et — p~u™ process, it starts to become notice-
able from /s = 250 GeV depending on xy and cos 6. The
differential LR-FB asymmetry for bb process also follows
the same behavior from /s = 1 TeV. For 7 process the
asymmetry parameter starts to become different from the
SM results from /s = 500 GeV depending on xy and
cos 0. The LR-FB asymmetry involves the couplings of the
7' with the SM charged fermions which contain BSM
effects governed by Table IV.

From Egs. (56), (57) and using Table IV the differential
LR-FB asymmetry for the e~et — p~u™ process for xy =
—2 and —1 can be written as

ALR,FB (COS H)XH:‘Z ~ |:

A cos @) n="1 ~
LrFB( ) L T 00520

(Igee > + lasha* P) + (lasha*[* + lasia™ ?)

2cosO 1 (lgsii“1* + lasii“ 1*) — (lgsii® 1> + lg == |?) (60)
14 cos?0] (lgghi“|* + lassi“1*) + (lggii™ 1> + |gex#=|?)
2cos 6 ] (lge#e | + |gsii IP) = (g > + lasii* 1?) (61)
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The differential LR-FB asymmetry for the e~e™ — ff process as a function of cos @ considering M, = 7.5 TeV. The SM

In the case of the e"et — bb process, the differential LR-FB asymmetries for x; = —1 and 1 can be written as
2 0 e by |2 erbr 2y _ e bp|2 erbr |2
A (con @1 | 26050 ] (a4 laS5P) = (g + lasi ) )
| Lot cos®0) (jgPe P+ laSiat P) + (g P + lasia )
2cos 6 eLbr|2 erby erbr 2 erbr 12
Aoy (c05 )1 = )] e e ) = (ai* P+ Loy ) .
' 1 + cos=6d (|qeLbL|2+|q9RbL| )+(|qeL R|2+|qeR R| )

For xy; = 2 all ¢*Y¥ contribute in the differential LR-FB
asymmetry in the bb process. Similar behavior is observed
in case of e”e™ — 17 process depending on the choices of
xy and following Table IV. The nature of the differential
LR-FB asymmetry is governed by the term C“e 5 In the

case of the u"u~ process the BSM effect is nomlnal for
xg =1 and 2 at /s =250 GeV for larger values of
| cos 6]; however, with the increase in /s the differential
LR-FB asymmetry becomes prominently different from the
SM results. Similar behavior can be observed for the hb and
17 processes depending on /s and 6.

A statFB ) (n3 +

)i+ Vi) +

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

B ArrrsYVx(cos 0)
Airrs M(COS 9)

AirrsS -1 (64)

This is shown as a function of cos € in Fig. 16 for g~ u™ (top
panel), bb (middle panel), and 7 (bottom panel) taking
M, =7.5 TeV and xy as =2, —1, 1, 2. The gray-shaded
region in each figure represents the theoretically estimated
statistical error, given by

(ny + ny) (V13 + /1)
2

(ny +ny)? —

where (ny, ny, n3,n4) = (Nirp, Nrie: Nirs. Nris)s Nir =
Linoi([0,cos0]) and N,z = L;,0;([-cosh,0]) with
(i =LR,RL). A, is aratio between the two differential
LR-FB quantities. As a result the model independent

(65)

A )
(n3 +n2) e

10059 gets canceled from the numerator and

denominator. Therefore the deviations in the differential
LR-FB asymmetry are independent of cos 6. The variation
with respect to xy involves the BSM effects from different

quantity
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FIG. 16. The deviation in the differential LR-FB asymmetry for the e~et — ff process as a function of cos@ considering
My, =75 TeV. The theoretically estimated statistical error is shown by the gray-shaded region. The integrated luminosity

Eim =1 ab_l.

g*Y following Table IV. We also comment from Fig. 15 that
Arr a(cos0) is an antisymmetric function of cos €, hence
the integrated A g g Will be zero. Therefore for the LR-FB
asymmetry, only the differential variables are useful to
study.

From Fig. 16 we obtain that =™ process can have a
sizable deviation around 3.2% and 8.4% for xy = 1 and 2
at /s =250 GeV, respectively, from the SM. At /s =
500 GeV the deviation increases up to 6.2%, 14%, and
38% fro xy = —2, 1, and 2, respectively. The correspond-
ing deviations become orders of magnitude higher at /s =
1 and 3 TeV, respectively. We notice similar behavior for
the bb and 17 processes, however, the deviations depend on
/s and xy. 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 = e in the process e"e* — ff, we get the Bhabha
scattering which has both s-channel and #-channel con-
tributions from neutral vector bosons. In the SM, the
Bhabha scattering is induced by y and Z-mediated chan-
nels, whereas in the U(1)y model an additional contribu-
tion from the Z’ boson is present. These three channels also
interfere due to presence same initial and final sates. The
coupling between Z’ and the electron contains the U(1)y
charge. As a result the effect of x5 will be manifest in the
Bhabha scattering.

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

do
dcosd

1 Ge_eJr
P_’PeJr - I_Pe— l—Pe+ LL
Perp) = {01- Py =P G50
dgel;e;
dcos@
o,

dcos@
do

dcos

+(14+P,-)(1+P,)

+ (1 =P, )(1+P+)

—
°RCL

9}. (66)

The corresponding differential scattering cross sections can
be written as

+(14+P,-)(1-P,)

do-e’e;g 1
dcoLSH " 8as [1?lq, ()™ + q,(s. 0) P + g, (s) 1],
(67)
do-gEEZ 1 ) RR RR 12 s LR
—dcosaz%[” |g5(s)%% + q,(s, 0)%%|* + 2], ()R],
(68)
—danez 2 LR |2
Toost 8 15 1ai(s: O],
Aye 2 LR |2
Toost 8 15 (s O], (69)
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where s, t, and u are the Mandelstam variables given by
s=(E, +E,)* t=—ssin*%, and u = —scos’*%, and
E,+, E,- are the incoming electron and positron energies,
respectively. The quantities g, are the corresponding s

(t)-channel propagators. The propagators for the s-channel

process can be written as

2 2 )
(S)LL _ i + g1, qr.
@ s S=ML+iM T, s— M+ iMyT,
z 7zl z 7 71z
(70)
qs(s)RR = ¢ + i U/
' s s—ML+iMT,  s—M% +iMT,’
(71)
QS(S)LR = qs(s)RL
_ 9_2 9LYR 919k
S S—M%+1M2FZ S—Mé/‘FiMZ/FZ/’
(72)
and those for the 7-channel process are
(5. 01 = e 9 9’
9O = T iy, T = + M T
Z zlz 7 zlz
(73)
& % g
qt(s’ 9) + 2 . =+ 2 .
t t—MZ+lM2FZ t—MZ/‘l’lMZ/FZ/
(74)

2

919k
t— Mé/ + iMZ/FZr ’
75)

9LIr
t =M%+ iM,I,

q:(s. )% = q,(s.O)%"
e
t

Here e = V4ra, a = ﬁ, g1, gr are the left- and right-
handed couplings of the electron with the Z boson, and ¢,
gk are the left- and right-handed couplings of the electron
with the Z’' boson, respectively. Using the above expres-
sions, we define

slg™t| = slq, ()" + g, (s, 0)"],
LR + qt(s’e)LRL
RL 4 Qt(s’e)RLL
: (76)

(s)
slg™®| = slq,(s)
slg®t| = slq,(s)

(s)

s|g®R| = s]q,(s)®R + g,(s, )RR

which are plotted in Fig. 17 for the SM (top left) and also
for the U(1)y model with different x;; values. We have
fixed My, =7.5TeV and ¢ =0.4. For the t-channel
propagator we consider cos @ = 0.5. For xy = —2 here is
no coupling between #; and Z’ and for x;; = —1 there is no
coupling between ep and Z'.

A. Differential and integrated cross sections

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

do  do’ n do’ N do*!
dcos® dcos® dcos@® dcosO’

(77)

FIG. 17.

s [Tev]

Vs [Tev]

s|gXY| as a function of /s for the Bhabha scattering considering M, = 7.5 TeV and ¢ = 0.4.
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where the three terms correspond to the s-channel,
t-channel, and interference between them, respectively.
Explicitly,

diZSH = 327s (1 Pe)(1 = Pes)
X {121, ()RR + £lq, (s R P}
+ (1 =P,)(1+P,)
X {21, (5)H + Pl ()R P, (78)
OO (1= Po)(1 + Pyl (5,0
+(14+P-)(1- Pe+)u2|q,(s,6’)RR|2
(1= P )(1 = Py )52, (s, 0 R P
+ (14 P (1 + P, )s?|q, (s, 0)R)?], (79)
Ao L 2(1- P, ) (14 Py Re(g,(5) g (5,0))
dcos@ 167zs

+(14P,-) (1= P+ )Re(g,(s)* g7 (5.0)%)]. (80)

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

deVx
dcosf __ 1

do™M ’
dcos @

O'U<1)X
GSM

Ays(Po-, Pyi,cos ) =

Aa(Pe'ﬂPﬁ) = (81)

The estimated statistical error can theoretically be calcu-
lated as

Ac(P,-, P+,

— €08 O i, + €OS Opay ) =

The total production cross sections of the e~e™ — e~e™
process for three choices of the polarization states and
different x; with M, = 7.5 TeV have been shown in the
upper part of Fig. 18. In this analysis we consider ¢ = 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 U(1)y
case has been studied for x; = —2,—1, 1, and 2. The result
depends on the choices of M, \/s, and ¢'. Larger values of
¢ can widen the width of the resonance. Depending on the
polarization of the initial states and x, the deviation in the
total cross section reaches up to a very large margin with
the increase in /s, say at /s = 3 TeV. The deviations
between the SM and the U(1)y cross sections depend on
the Z'-mediated processes and its interference with y and
Z-mediated processes. In our model setup for xy = —2
there is no coupling between Z’ and #; and for x; = —1
there is no coupling between Z’ and ep. The effect of the
vanishing couplings are manifest in the production cross
sections and the corresponding deviations. The effects for
xy = 1 and 2 are different where both the left- and right-
handed electrons have nonvanishing couplings with Z’. The
largest deviation in the total cross section can reach up to
100% or more for larger /s depending on xy and ¢

The deviations in the total cross sections from the SM for
different x can be obtained from Eq. (81). Fixing /s the
deviations as a function of the electron polarization (P,-)
are shown in Fig. 19 for M, = 7.5 TeV. We set positron
polarization (P,+) at zero for this analysis. We show the
deviations for /s = 250 GeV, 500 GeV, 1 TeV, and 3 TeV.
The deviation for x; = —1 decreases with the increase in
P,- as the coupling of ep with Z’ vanishes, whereas for the
other choices the deviation increases with the increase in
P,-. The maximum deviation can be attained for x5 = 2 for
all the values of /s. At /s = 250 GeV, the deviation can
reach up to 0.55% whereas that can be nearly 2.5% at
/s =500 GeV, 10% at /s = 1 TeV and more than 100%
at /s =3 TeV depending on the choice of P,-. The

100 Py-=0.8, P=-0.3

0.010

0.001

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 /s for My = 7.5 TeV and ¢ = 0.4.
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FIG. 19. The deviations of the total cross section as a function of electron polarization (P,-
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) for M, =7.5 TeV and ¢ = 0.4 setting

P, = 0 for different /s. The gray band shows the theoretically estimated statistical error.

theoretically estimated statistical error from Eq. (82) is
shown by the gray band which becomes narrower with /s,
as it is inversely proportional to +/c.

B. Differential and integrated LR asymmetries

The e~e™ — e~e™ process contains 7-channel scattering;
hence the forward scattering dominates. Therefore the FB
|

Air(P_,P,,cos0)

asymmetry Agg 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_>0and 1 > P, > —1 can be written as

—déloﬁw(Pf =—P_ Py =—P,)—j&0,(Pr=+P_,P, =+P,)
7225(Pe = —P_Por = =P, ) + 785 (P = +P_ P =+P,)
dal,—c‘# do _ +
(P PJF) <dcos€ dcgsé)
= do do, . do, .+
(1 +P_P+) <d0059 + dCOS9> + (1 _P—P+) (dcésg dc&é)

(P-=P {12010+ 5 01 Pl 5%+ (5.0 P) |

(14 P_P,)(25%|q,(s.cos0) % |*) + (1 —P-P+){u2(|61s(S)LL +4,(5.0)" P + g, () + q,(5.0)%%?) +2t2|61s(S)LRI2} |

(83)

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
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o(P-=-P_ Py =—P,)—0(P,- = +P_,Pys = +P,)
Ar(P_,Py) =
o(P-=-P_,Py+ =—P,)+06(P,- =+P_,P,- =+P.)
_ (P— + P+)(GeZez - Uege,;) + (P— - P+)<GeZe; - GeEeZ)
(1 + P—P+)(GeZez + GeEeE) + ( - P—PJr)(GeZe; + Ge;eZ)
O oot O oot
:(P_—P) LCR RCL , (84)
* (1 + P—P+)(UEZez + Ge;e;) + (1 - P—P+)(ane;§ + Ge;ezr)
|
where the quantity o can be obtained by integrating overthe ~ where N, = L, 6(P,- = —-P_,P,- = —P,) and N, =
scattering angle € as Lin6(Pp- = +P_, P+ = +P,).
cosd J The differential LR asymmetry from Eq. (83) is shown
c :/ 40 o0 (85)  with two sets of polarizations (P_,P,) = (0.8,0.3) and
cost,, dcosf (0.8,—0.3) in the upper and lower panels of Fig. 20,
do do . respectively, for M, =7.5 TeV. We consider /s =250 GeV,
Due to 75 = Foose We 88t 0ot = 0yt 500 GeV, 1 TeV, and 3 TeV for different x from left to right

The deviation from the SM in the differential and  in each panel. Theoretically estimated statistical error is
integrated LR asymmetries can be written as shown by the gray band using Eq. (87) which becomes
narrower with the increase in the scattering angle and +/s.

Ay (cos8) = Al (cos0) | - AR | The SMresultis shown by the solid black line. For x; = —2
B AFR (cos 6) LR APM there is no interaction between #; and Z’ and for x; = —1
(86) there is no interaction between ey and Z’. These properties
will affect the LR asymmetry. In the case of xy = —2 the
respectively. The theoretically estimated statistical error can ~ BSM contribution comes from ¢"® only and for x;; = —1 the
be estimated as BSM contribution comes from g** only. For the other two
choices of x; the BSM contributions come from all g*Y.
2y/N N, From Eq. (83) the differential LR asymmetry for x5 = -2

AALR = ALR’ (87)

and —1 can be written as

(N1 +N2)(VN1 = V/N2)

Arr(P_, P, cos0)" =2
(P_— P (s3I + (50088 ~ | (5) + (5,00 )}
(14 P_P,)(25%|q,(s.cosO)g|*) + (1= PP ){u*(lq,(s)s51+ 4. (5. 0)sml” + s ()% + g, (5.0) %% [?) + 22| g ()53 [*}
(88)
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0.010

—= Xy =2 Xy =2,
o Xy==1_SM
0006, == Xu =1

e Xy =2 Xy =2
... Xy==1 —_SM
=t

Vs =500 Gev

0.008
0.015

e
2
S

0.004

s =250 GeV

-0.05

Apgr(cos 6)
Ajg(cos 6)
°
2
Ayr(cos 0)

0.00
0.002
-0.10

\.

. =
T s =1Tev

0.000 s — (P, P,)=(0.8,03) ~=.—-"
-0.9 -05 0.0 05 0.9 -0.9 -05 0.0 05 09 "% 05 0.0 o5 09 ™59 —05 o0 05 09
cos cos cos cos
) ) ) [ - 0.2~ — — - -
00251 (p_ P,)=(0.8, -0.3) won (P_, P,)=(0.8, -0.3) 006] |- Xy =2 Xy =2 --Xy==2-..Xy =2/ (P_, P,)=(0.8, -0.3)
0020 . Xy o2y =2 m -1 _ 01| - Xu==1_SM

—= Xy ==2-.. Xy =2
.. Xy==1_SM
=Xy =1

... Xy=-1_—_SM == Xy =1

0.015

00101 7S - 250 GeV

Apg(cos 6)
Aqgr(cos 0)
Arr(cos )

0.005

-0.9 -0.5 0.0 0.5 0.9 -0.9 -0.5 0.0 0.5 0.9 . X . 0.9 ~0.9 =05 0.0 0.5 0.9
cos 6 cos 6 cos 6

FIG. 20. Polarized differential LR asymmetry as a function of cos @ for fixed /s taking different values of xy considering M, =
7.5 TeV and ¢ = 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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Arr(P_, P, cos@) =1
(P_=P ) {u(1a,(5) "+ g (5.0 = |, ()85 + . (.85 P ) |
(PP ) 25714, (5.c0s OB P) + (1= PP ) [ ([, () + (5. 0) "+ |a, ()88 + (5. OOFGP) + 27T, ()BT
(89)

|
The asymmetries are beyond the range of the theoretically statistical error; however, the difference is not large. The
estimated statistical error for cos@ > 0 and xy =2 for  deviations in the asymmetry from the SM result become
both sets of polarizations at /s = 250 GeV. The results ~ more prominent for larger /s for both cos® < 0 and

for x; = —2 and 1 are also outside the range of the  cosé > 0.
0.04
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. 000/ g o g, 000 ( ~i <
- . ~
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_oos| =1 '\.~, _oqo| oXu=T S
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FIG. 21. Integrated LR asymmetry as a function of /s for x; = =2, —1, 1 and 2 considering M, = 7.5 TeV and ¢ = 0.4. The SM
result is represented by the black solid line.
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FIG. 22. Integrated LR asymmetry as a function of M, /¢ for different values of xy and /s using the e"e™ — p~u™ process. The
corresponding upper bounds on M,/ ¢ (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 (P_,P,) = (0.8,0.3) and (0.8,-0.3) con-
sidering xiz = =2, —1, 1, and 2. We fix M, = 7.5 TeV.
The integrated LR asymmetries for different x; (except
xy = —1) significantly deviate from the SM result with the
increase in +/s. The xy = 2 case shows the maximum
deviation and is of opposite sign to the SM prediction as we
go to higher /s.

V. DISCUSSION

The various kinematic observables discussed in this
work can be used as a postdiscovery tool to distinguish
between different x; charges in our chiral U(1) scenario
where the Z' differently interacts with the left- and right-
handed fermions. To illustrate this point, let us take the
eTe™ - utu~ process as an example and consider the
deviation of the integrated left-right asymmetry AA; g from
the SM prediction. This is plotted in Fig. 22 as a function of
My /¢ for different x; values and for different /5. We find
that the deviations can exceed 2¢ (shown by the horizontal
dashed line) for a wide range of M, /¢. For comparison,
we also show the corresponding 95% C.L. upper bounds on
M, /¢ (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 for M, /¢
as compared to AA;r by itself, the latter can be used as a
precision tool to probe xy once a deviation in the total cross
section is seen for a given M, /g. The other fermion-pair
final states considered in previous sections (bl_a, 1, ete™)
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 M, /¢ as well, but this is beyond the
scope of the current work.

VI. CONCLUSION

We have shown that the general U(1)y scenario can be
effectively probed via the fermion pair production process
at future e~e™ colliders, even when the associated Z’' 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 U(1)y
charges. In fact, we observe significant deviations from the
SM for several choices of the charge x, considering the
limits on the U(1)y gauge coupling depending on M.
Hence we expect that FB, LR, and LR-FB asymmetries can
be successfully probed in e~et colliders to test and
characterize multi-TeV Z’ bosons coupling differently to
left-and right-handed fermions.
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