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Vectorlike lepton imprints at lepton g —2 measurements and e* e~ colliders
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A fermion can be chiral or vectorlike with respect to a given symmetry, depending on its coupling to the
corresponding gauge boson. Vectorlike fermions have a distinct property that their left- and right-handed
components behave in the same way under the gauge symmetry. In this paper, we investigate an extension
of the standard model with an SU(2) doublet of vectorlike leptons and two complex scalars. The new
physics effects on the lepton anomalous magnetic moment, as well as the electron and muon pair
production processes at e e colliders are analyzed. Taking into account the updated measurement results
of the electron and muon g — 2, as well as the Large Electron-Positron Collider and the LHC data, the viable
parameter space of the model is identified. We also examine the prospect of testing the model using p*p~
signals from electron-position annihilation at the Future Circular Collider (FCC-ee). The analysis shows
that the FCC-ee will be able to exclude a significant part of the parameter space, pinpointing exiguous
viable regions to be tested in the future due to its high precision.
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I. INTRODUCTION

Fermions can be classified into two categories, chiral
and vectorlike, depending on their couplings with gauge
bosons. Vectorlike fermions are beautiful in the sense that
their left- and right-handed components transform in the
same way under a given symmetry. They possess a special
property that their mass terms can be introduced directly in
the Lagrangian without violating any symmetry. Thus, the
Higgs mechanism is not necessary to generate such terms.
Moreover, a model with vectorlike fermions is safe from
the triangle anomalies [1]. Charged fermions in the stan-
dard model (SM) are chiral with respect to the electroweak
gauge symmetry SU(2), x U(1)y, while they are vector-
like under the color symmetry SU(3). and the remnant
electromagnetic symmetry U(1)gy. Although the SM setup
ensures that the model is anomaly free and results in rather
good agreement with experiments, it still raises a few open
questions: (i) Why is there such a difference in the chiral/
vectorlike behaviors of the SM fermions with respect to
different symmetries? (ii) Is it deeply connected to the fact
that the electroweak symmetry is spontaneously broken and
the color symmetry is preserved? (iii) Is there any other
fermion being vectorlike with respect to the whole gauge
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symmetry of the SM? Answers to these puzzles are indeed
interrelated. Regarding the second question, if it is the case,
fermions must be chiral in a grand unification theory since
the corresponding gauge symmetry is broken at low energy
scales. Regarding the third question, if there exists vector-
like fermions with respect to the whole SM gauge sym-
metry, it immediately implies an answer to the second
question: the vectorlike (chiral) property of SM fermions
is not strictly related to the preserved (broken) gauge
symmetry.

Following the latter direction, many models were built
using vectorlike fermions since they can solve certain
problems [2-23]. It was shown that the vectorlike fermion
contributions to the renormalization group evolution of the
gauge couplings can lead to precise unification of these
couplings at high energy scales [24-30]. Vectorlike fer-
mions also affect the running of the Higgs quartic coupling,
addressing the vacuum stability of the Higgs potential
[31-37]. The effects of vectorlike quarks in flavor physics,
such as the b — s transitions [38—43] and the unitarity of
the Cabibbo-Kobayashi-Maskawa matrix [44-51], were
investigated. While the Large Hadron Collider (LHC)
imposes a strong constraint on vectorlike quarks [52-60],
the constraint on vectorlike leptons is milder [61,62].
However, these constraints are usually not universal. They
are only applied to specific classes of models with certain
simplified assumptions.

The vectorlike lepton contributions to lepton ano-
malous magnetic moments has been investigated inten-
sively for more than a decade [21,63—108]. Recently, the
Muon g — 2 Collaboration at Fermilab announced the final
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measurement result of the muon anomalous magnetic
moment, a, = 3 (g, — 2), with the unprecedented precision
of 127 ppb [109]. Combined with previous results of the
Brookhaven National Laboratory [110], the new world
average value for the muon g — 2 is given by [109]

a,? = (116592071.5 + 14.5) x 107!, (1)

corresponding to the overall precision of 124 ppb. The
experimental uncertainty is expected to be improved further
in the future with the projected measurement of the muon
g — 2 at J-PARC using a different method [111,112]. On the
theoretical side, thanks to the efforts of the lattice QCD
calculation [113—124] of the hadronic vacuum polarization
contributions to the muon g — 2, the SM prediction of a,
[125-145] becomes closer to the experimental value

as™ = (116592033 + 62) x 10711, (2)

Hence, the long-standing discrepancy between the SM
prediction and the experimental measurement of the muon
anomalous magnetic moment has been resolved. Although
the deviation is smaller, there is still a gap for new physics
to play its role, especially when the theoretical uncertainty
is reduced in the future [108]. Meanwhile, the current most
precise measurement of the electron anomalous magnetic
moment, a, = 3 (g, — 2), was reported in Ref. [146], where
the value of this quantity is

a® = (1159652180.59 +0.13) x 10712, (3)

The SM prediction of the electron g —2 was calculated
with five-loop QED contribution [147-152] and hadronic
loop corrections [153-156]. With the fine-structure con-
stant measured most accurately using rubidium atom recoil
[157], the SM prediction of the electron anomalous
magnetic moment reads

aSM(Rb) = (1159652180.252  0.095) x 10712, (4)

which is about 26 away from the above experimental
value.' Together with the muon g —2, the anomalous
magnetic moment of electron play an important role in
constraining new physics that couples to the lepton sector.

To explain the above deviation, a charged vector-
like lepton singlet coupled to a lepton doublet and the

'Notice that there is an unsolved mystery in the large
discrepancy between the fine-structure-constant measurement
utilizing rubidium recoil [157] and the one using cesium recoil
[158]. With the latter experimental result, the SM prediction of
the electron g — 2 is about 3.9¢ deviated from the experimental
value, namely,

aSM(Cs) = (1159652181.61 + 0.23) x 10712, (5)

Higgs of the SM is introduced in the minimal vector-
like lepton extension of the SM [67,70,79,95]. The con-
tribution to g—2 can be enhanced further due to the
chirality flipping effect in a more complicated model
with both a singlet and a doublet of vectorlike leptons
[70,71,76,77,80,85,90,97,103,104,107]. However, the
Yukawa interaction between vectorlike and SM leptons
implies a mass mixing among these particles, which, in
turn, leads to nontrivial flavor changing neutral currents
(FCNCs) at the tree level in the lepton sector. To avoid such
dangerous FCNCs, instead of using the SM Higgs, one can
introduce a new scalar that does not develop a nonzero
vacuum expectation value. In an alternative approach, only
one vectorlike lepton doublet is introduced beside the SM
fermions. While the new physics contribution to lepton
g — 2 has a similar size to that in the minimal model, this
next-to-minimal setup has richer phenomenology since the
new leptons interact with both U(1), and SU(2), gauge
bosons. The new physics contributions of this model to the
scattering and pair creation processes at e* e~ colliders are
distinct from those in the minimal model. Moreover,
the tiny nonzero neutrino masses resulting from neutrino
oscillation experiments imply that there might be some
missing pieces in the lepton singlet sector of the SM,
namely, the right-handed neutrinos. This unsolved problem
obviously shows that the SM itself is still incomplete. From
this point of view, the particle content of the SU(2), fer-
mion doublet sector in the SM seems to be more complete
than that of the singlet one. Therefore, an extension with a
vectorlike lepton doublet, corresponding to a next-to-
minimal setup, has its own attraction.

In this paper, we consider an extension of the SM by
adding a vectorlike lepton doublet and two complex
scalars. One of the scalars develops a nonzero vacuum
expectation value, while the other scalar does not. The
former belongs to a hidden sector that does not directly
couple to SM fermions. The latter interacts with the SM and
the vectorlike leptons via exotic Yukawa couplings. This
setup ensures that there is no mixing between the SM and
the vectorlike leptons. Since the new physics in this model
contributes to the lepton anomalous magnetic moments, the
experimental measurements of these observables impose
essential constraints on the parameter space.

In addition to the lepton anomalous magnetic moments,
the new physics from the lepton sector of the model also
leaves its imprints on observables measured at particle
colliders. In our study, the Large Electron-Positron Collider
(LEP) and the Large Hadron Collider (LHC) data are taken
into account to identify the viable parameter regions. By
using the LEP II data [159] on the electron and muon pair
production processes at the center-of-mass energy of
189 GeV, where the luminosity was highest, we will show
that they play a complimentary role in addition to the
general LEP lower limit for the beyond-SM charged
particle mass. After completing the LHC missions, a next
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generation of particle colliders extending the current energy
and luminosity frontiers [160,161] will be necessary to
explore the details of possible new physics. To reach higher
energy, one option is to use a linear collider. Proposals of
this type include the International Linear Collider [162] and
the Compact Linear Collider [163]. Another option is a
circular collider, of which the advantage is the small
statistical uncertainties due to its large integrated luminos-
ity. Examples of circular e*e™ colliders are the Circular
Electron Positron Collider [164,165] and the LEP3
[166,167]. While hadron colliders are the most useful
for generating and detecting colored particles, lepton
colliders [164,167—173] are especially sensitive to non-
colored particles. The Future Circular Collider (FCC)
[168,174] is one of the promising proposals since it has
the advantage of both types: its first stage is an e*e™
collider (FCC-ee) and its second stage is a hadron collider
[175-178]. It was shown that future e e~ colliders will be
able to probe signals of new physics [179-186] due to their
clean environments and extremely high precision. In our
analysis, we will examine the ability to constrain the
model’s parameters at the FCC-ee.

The structure of this paper is as follows. The model setup
is described in Sec. II. In Sec. III, we investigate the new
physics contributions to the lepton anomalous magnetic
moments and the scattering processes at eTe~ colliders
with final states of e*e™ and p ™. The numerical analysis
is performed in detail to identify the allowed parameter
space, taking into account various constraints from the LEP
and the LHC data, as well as the results of lepton ano-
malous magnetic moment measurements. The prospect of
the FCC-ee in imposing limits on the parameter space using
the muon pair production channel is discussed. Finally,
Sec. IV is devoted to conclusions.

II. MODEL SETUP

In addition to the ordinary SM particle content, we
introduce an SU(2),; doublet of vectorlike leptons with the
U(1)y charge of —1/2,

Lig= (N ) (6)

and two complex scalars y and ¢ being singlets under the
SM gauge symmetry. In this model, the scalar field ¢
belongs to a hidden sector. It does not directly couple to SM
fermions. The interaction between the hidden and the
visible sector can only be realized via the portal of scalar
potential.

The Lagrangian of new physics involves the mass term
of vectorlike leptons, the exotic Yukawa interaction term
between the SM leptons, the vectorlike leptons, and the
new scalar field y, and the scalar potential

Lynp D —(myLiLg +yC Lgy +He.) =V(y,$, H). (7)

The potential relevant to the new scalar fields is given, in
general, as

A A
V.. H) 3 mly P+ 5l + mi gl + = )
+ A2\ HP + dgul P HP
+ Al PIP + (rd? + He). (8)

where H is the SM Higgs doublet. The Lagrangian (7)
respects a Z, symmetry, under which the SM particles and
¢ are even, while the vectorlike lepton doublets L and y
are odd.

Among the two additional scalars, we assume that only
the field ¢ of the hidden sector develops a nonzero vacuum
expectation value (VEV),

_m(/}
= —_, 9
W=\ ©)

where
m;ﬁ? = mé +/1¢H<H>2. (10)

Because the VEV of y is zero, there is no mass mixing
between the SM leptons and the vectorlike leptons. After
the SM Higgs field H and ¢ acquire their VEVs, the mass
term of y can be derived from the scalar potential (8). As the
complex scalar field y can be decomposed into the real and
imaginary components,

X = % : (11)
their masses are found to be
m3, = m? = 2r(g). (12)
m; = m,> +2r(¢p), (13)
where
my* = m2 + A (H)? + A ()% (14)

Note that the above VEV (¢) and the coupling r are the
sources generating a mass splitting between y, and y;.
Supposing that r > 0, y, is lighter than y;. It becomes a
stable particle due to the Z, symmetry of the theory if
m, < my.As we will see later, the mass hierarchy between
X xi» and L is essential when considering the LHC
constraints.
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FIG. 1. New physics contribution to lepton anomalous mag-
netic moment at the leading order involving y, (a) and y; (b),
respectively.

III. NEW PHYSICS IMPRINTS OF THE MODEL

A. Lepton anomalous magnetic moments

Because of the exotic Yukawa interaction in the
Lagrangian (7), the new physics contributes to the lepton
anomalous magnetic moments via the loop diagrams
involving the charged vectorlike lepton Ey and the scalar
field components y,; as shown in Fig. 1. The calculated
result reads [39,40]

2,2 1 T
AP = 200 N p (1) 4 ——F,(—— 15
= 5 PO T\ ) 1Y)

where y, and m, are the exotic Yukawa coupling and the
mass of the SM lepton Z, respectively. The parameters z, J,
and the loop function F(x) are given as

T = 2%4 s 5: /%/i _2 ;r, (16)
m m
X" Zr
Fy(x) = 7 (6xInx 4+ x* — 6x? +3x +2). (17)

6(1—x)

B. Lepton pair productions at e*e~ colliders

In addition to the lepton anomalous magnetic moments,
the new particles introduced in the model also induce extra
contributions to observables measured at particle colliders,
for example, scattering cross sections and forward-
backward asymmetries. Here, we consider the electron
and muon pair production channels at circular e'e”
colliders. The scattering amplitudes of these processes
consist of the SM and the new physics contributions. The
Feynman diagrams for the leading new physics contribu-
tion to the scattering process eTe~ — ete™ are depicted
in Fig. 2. The diagram topologies include corrections to the
s channel [Figs. 2(a)-2(e)], corrections to ¢ channels
[Figs. 2(j)-2(n)], and box diagrams [Figs. 2(f)-2(i)]. The
Feynman diagrams for the leading new physics contribu-
tion to the scattering process e™e™ — uTu~ are depicted in
Fig. 3. Since this process does not have the ¢ channel at the
tree level, the diagram topologies involving new physics

only include corrections to the s channel [Figs. 3(a)-3(e)]
and box diagrams [Figs. 3(f)-3(1)].

In order to calculate the SM contribution to the total
cross section of the process eTe™ — eTe™, we use the
package BHWIDE version 1.06 [187-191]. This package
is a Monte Carlo event generator used for large-angle
Bhabha scattering with O(«) Yennie-Frautschi-Suura
exponentiation. The SM cross section of the process
ete” - utu~ is calculated using the ZFITTER package
version 6.42 [192-195]. ZFITTER is a semianalytical pro-
gram for the calculation of observables in fermion pair
production in eTe~ annihilation, taking into account
complete O(a) radiative corrections. The new physics
corrections to the two processes eTe™ — ete™ and ptu~
are calculated using the package FeynCale version 10.1.0
[196-199]. In this step, after writing the scattering ampli-
tudes, we perform the tensor decomposition of one-loop
integrals into Passarino-Veltman scalar integrals. The
Passarino-Veltman functions are then evaluated numeri-
cally by LoopTools version 2.16 [200,201] with the help of
FeynHelper version 2.0.0 [202]. For the forward-backward
asymmetries of these scattering processes,

OF —0Op

AFB = (18)

O-F+O-B’

we calculate the cross sections in the forward and backward
regions (or and op) separately, then substitute these
quantities in the above definition. The numerical analysis
of cross sections and forward-backward asymmetries of the
electron and muon pair production channels at the LEP and
the FCC-ee will be presented in the next section.

C. Numerical analysis

The deviation between the measured value and the SM
prediction of the muon anomalous magnetic moment is
derived from Eqgs. (1) and (2),

Aa, = a;® —aM = (39 +64) x 107!, (19)

Similarly, the deviation between the experimental value and
the SM value of the electron anomalous magnetic moment
is found from Egs. (3) and (4) to be

Aa,(Rb) = ag® — aSM(Rb) = (34 £16) x 10714, (20)

These deviations impose requirements on the sizes of new
physics contributions to the anomalous magnetic moments.

In addition to the lepton g — 2, the LEP data for the
electron-positron scattering processes to ete™ [203] and
wtu [159] final states at the center-of-mass energy /s =
189 GeV are used to constrain the parameter space of the
model. The luminosity at this energy (170 pb~') was the
highest among other energy points at the LEP II experiment.
For the channel with eTe™ in the final state, according to
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FIG.2. Feynman diagrams for the leading new physics contributions to the cross section of e™ e~ — e™e™; (a)—(e): corrections to the s

channel, (f)—(i): box diagrams, (j)—(n): corrections to the ¢ channel.

Ref. [203], the acollinearity cut was ,.,; < 20°, and the
range of scattering angle was 6 € [44°, 136°]. With the
above acceptance cut, the cross section and the forward-
backward asymmetry of this process are given as

o(ete” > eTe™) =22.73+0.46 (pb), (21)

Apg(ete™) = 0.804 + 0.010. (22)

For the muon pair production process, the acceptance
cut was chosen to be \/s'/s > 0.85. The cross section

and the forward-backward asymmetry of this channel
read [159]
olete” » putu™) =3.150 £0.077 (pb),  (23)

Apg () = 0.571 £0.021. (24)

035025-5



SANG QUANG DINH and HIEU MINH TRAN

PHYS. REV. D 113, 035025 (2026)

qu
e
+ u+ +
N/E
Z Z
N/E
a I I
nt pt
RN XnXL// | : N
Xrs Xi : 1 Xry Xi Xrs Xi /V\ Xry Xi
s XT?XZ Ny | : // \\
_ _ E - _ E -
1 e I e 1

FIG. 3.
channel, (f)—(i): box diagrams.

Regarding the future prospect at the FCC-ee, both
luminosity and colliding energy will be beyond the LEP
limit. We are interested in the new physics effect of the
model on the muon pair production cross section at the
FCC-ee. According to the FCC conceptual design report
[168,174], there are two projected modes with /s being 240
and 365 GeV, which exceed the LEP colliding energies. In
|

o(ete™ — ptu) = 1.89721 +0.00033 (pb),

o(ete™ — ptum) = 0.78920 + 0.00042 (pb),

We anticipate that such high precision measurements will
have a big impact on the parameter space relevant to new
physics.

In our numerical analysis, we consider the 2o allowed
ranges for the current constraints including those from the
electron and muon anomalous magnetic moments, as well
as the LEP data on cross sections and forward-backward
asymmetries. Since the model contains new charged vector-
like leptons and neutral singlet scalars, its signal would be
similar to the case of a supersymmetric model with charged
sleptons and neutralinos in the searches for the electroweak

Feynman diagrams for the leading new physics contributions to the cross section of e e~ — utu~; (a)—(e): corrections to the s
y g g phy

the recent FCC-ee feasibility study report [175,178], the
corresponding integrated luminosities at these two energy
levels are proposed to be 10.8 and 2.7 ab~!, respectively.
Assuming that the center values of cross section measure-
ments are the same as the SM predictions, and that the
statistical and systematic uncertainties are equivalent [184],
the measured cross sections of FCC-ee are expected to be

at /s =

at /s = 365 GeV. (26)

240 GeV, (25)

I
production of these particles. Therefore, the LHC con-
straints at 95% confidence level from the ATLAS [204]
and CMS [205] experiments are considered in the case
BR(L — y,£) = 100%. Since the expected FCC-ee con-
straints are very stringent, the 3¢ allowed ranges of the
muon pair production cross sections are taken into account.
In particular, we have

1.6 x 10714 < Ag, <66.0 x 1074, [20],  (27)

~89x 1070 < Ag, <166 x 1070, [20], (28)
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21.81 pb < o(ete™ = ete™) <23.65 pb,

0.783 < Apg(e*e™) < 0.825,

2.996 pb < o(e*e” — utu~) < 3.304 pb,

0.529 < Apg(u*p~) < 0.613,

1.89623 pb < o(ete™ — utp )pee < 1.89819 pb,

0.78793 pb < o(ete™ = utu )pce < 0.79047 pb.

Moreover, other constraints include

my, = 100 GeV, (35)
my > m, (36)
Veu < Var, (37)

which are due to the general LEP constraint on the mass of
heavy charged particle [206-208], the cosmological re-
quirement that a new stable particle must be neutral, and the
perturbation limit on the exotic Yukawa couplings, respec-
tively. Relevant to the above constraints, the free input
parameters of the model are the vectorlike lepton mass, the
mass of the real component of the scalar y, the relative
difference between the squared masses of the imaginary
and the real components of y, and the exotic Yukawa
couplings of electron and muon,

{mL9m;(,v5vye7yﬂ}' (38)

In our investigation, we choose 6 = 1 as a representative
benchmark.

1. Benchmark investigation

Constraints on (my,, m, ) plane. The LHC constraint on the
pair of parameters (m;,m, ) can be derived from the
ATLAS and CMS search results for the pair production
of sleptons decaying into two leptons with missing energy.
In Fig. 4, the blue region would be excluded by the ATLAS
experiment [204], while the red region would be excluded
by the CMS experiment [205] at 95% confidence level.
However, in these LHC searches for supersymmetry
signals, it was assumed that the slepton decays into the
lightest neutralino and an SM lepton with the branching
ratio of 100%. In our model, the charged vectorlike lepton
E decays to the lightest scalar y, and an SM charged lepton
with this branching fraction only in the case

m, <mp <m,. (39)

(189 GeV, 20], (29)
[189 GeV, 20], (30)
(189 GeV, 20], 31)
[189 GeV, 20], (32)
[FCC-ee, 240 GeV, 30], (33)
[FCC-ee, 365 GeV, 3. (34)

|
This region is highlighted with yellow color in Fig. 4 where
0 =1 1is chosen as a representative benchmark. In the
region below the yellow area, where m, < m, < m, the
charged vectorlike lepton E decays to y, with the branching
ratio less than 100%. Hence, it is not excluded, even for the
parts marked with blue or red colors below the yellow area.
For example, the point corresponding to m; = 140 and
m, = 50 GeV in Fig. 4 is still viable. Therefore, the actual
regions excluded by the LHC results are the red and the
blue portions that overlap with the yellow area. In this plot,
the parameter region with m; < 103.5 GeV is not consid-
ered because it is excluded by the LEP Run-2 experiment.
Meanwhile, the upper-left corner of the plot corresponding
to m;, < m,, is not of interest from the cosmological point
of view as it predicts a stable vectorlike charged lepton.
The current constraints on the (m;,m, ) plane for
ye=13 and y, =0.12 are shown in Fig. 5. The
dotted region satisfies the constraint (27) on the electron

700F ]

| |m CMS PAS SUS-23-003 ]

600 [ |m ATLAS (arXiv:2403.02455) .

[ my <mp<my, i

500F ]
2 400}
.
X 300f
S i
200f
100F

0 e —
100 200 300 400 500 600 700

my (GeV)

FIG. 4. The LHC constraint on (m,,m, ) plane. Assuming
BR(E* - £* + x,) = 100%, the blue and the red regions would
be excluded at 95% confidence level by the ATLAS [204] and the
CMS [205] experiments, respectively. The yellow region satisfies

the condition m, < m; < m, in the case 6 = 1.

035025-7



SANG QUANG DINH and HIEU MINH TRAN

PHYS. REV. D 113, 035025 (2026)

150+

——— 7T

[ Current constraints

1

< r 1 150 i
S 100 Aa, I
(5}
< [ Aps(ee) excluded ~
£ ale"e) O
50 | 7] LHC excluded = 100 4
LEP excluded g t
50 i

FIG. 5. Constraints on (my,m, ) plane for y, =13 and
¥, = 0.12. Dotted and blue hatched regions, allowed by the
constraints (27) and (29) on Aa, and o(ete™ — eTe™). Green,
pink, and yellow regions, excluded by the constraint (30) on
Apg(ete™ = ete™), the LHC search (Fig. 4), and the LEP
data (35).

anomalous magnetic moment. The points with large values
of m;, or m, are not favored since they predict too small
Aa,. Meanwhile, the whole parameter range is allowed by
the constraint (28) on Aa,. The blue hatched region is
consistent with the constraint (29) on the Bhabha scattering
cross section at /s = 189 GeV. The green region is ruled
out by the constraint (30) on the forward-backward
asymmetry of the Bhabha scattering. The pink and yellow
regions are excluded by the LHC search (Fig. 4) and the
LEP data (35), respectively. Our calculation shows that
the constraints (31) and (32) on the cross section and the
forward-backward asymmetry of the process ete™ —
wtpu are satisfied for parameter points outside the yellow
band in Fig. 5. In this case, the LEP data on the cross
section (blue hatched region) and the forward-backward
asymmetry (the green region) of the Bhabha process play a
complementary role alongside the general LEP mass
constraint (35) (the yellow region).

From Fig. 5, three disconnected regions satisfying all the
considered current constraints are identified. They are
plotted separately in Fig. 6 with the green color. The red
solid and the blue hatched strips are determined from the
expected FCC-ee constraints (33) and (34) on the muon
pair production cross section at /s = 240 and 365 GeV,
respectively. These requirements are very stringent due to
the high luminosity at the FCC-ee. We observe that there
exists only a tiny region satisfying both of these future
constraints. The overlapping region from Fig. 6 is extracted
and shown separately in Fig. 7 with the green color.
Combining all the current and the expected FCC-ee
constraints, the viable parameter space on (m,m, ) plane
becomes very narrow. The allowed range for m; is [137.3,
141.6] GeV, while that for m,_is [45.2, 55.5] GeV. In this

200F
I Mo, (240 GeV)
0, (365 GeV)

100 150 200 250 300

my (GeV)
FIG. 6. FCC-ee and current constraints on (m,,, m, ) plane for
ye = 1.3 and y, = 0.12. The solid red and back-hatched blue
regions, allowed by the projected FCC-ee data (33) and (34) on
o(ete™ — utu™) at /s = 240 and 365 GeV, respectively. The
green regions are allowed by all the current constraints in Fig. 5.

56F1

521

m,, (GeV)

50

48

46

1

137 138 139 140 141 142

my (GeV)

FIG. 7. Combined current and expected FCC-ee constraints on
(my,m, ) plane fory, = 1.3 and y, = 0.12. The red solid and the
blue dashed lines are contours of Aa, and Aa,.

figure, the contours of Aa, and Aa,, are drawn by red solid
and blue dashed lines, respectively. With fixed values of the
exotic Yukawa couplings y, and y,, the magnitude of new
physics contributions to the electron and muon anomalous
magnetic moments in such small allowed mass region does
not vary significantly. We find that the average values of
Aa, in this green region are about 1.89 x 10~'* and that of
Aa, is about 6.98 x 107!,
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FIG. 8. Constraints on (y,,y,) plane for m; = 140 and

m, = 50 GeV. Dotted and cyan regions, allowed by the con-
straints on Aa, (27) and Aa, (28). Orange and green regions,
allowed by the LEP data at /s = 189 GeV ono(ete™ = pupu™)
(31) and Apg(eTe™ — utu™) (32). Blue back-hatched and red
hatch regions, allowed by the LEP data at /s = 189 GeV on
olete > ete™) (29) and Apg(ete™ — eTe™) (30). Dashed
horizontal line indicates the perturbation limit (37) on y,.

Constraints on (y,,y,) plane. In Fig. 8, the current con-
straints on the parameter space of (y,,y,) are plotted in the
case of m;, = 140 and m, = 50 GeV. The dotted and cyan
regions are allowed by the constraints (27) and (28) on the
electron and muon anomalous magnetic moments at the 2o
level. These two conditions independently impose restric-
tions on the electron and muon exotic Yukawa couplings.
According to that, the regions with y, smaller than about
1.2 or y, larger than about 1.8 are excluded. The lower limit
on y, (the upper limit on y,) is set by the lower bound on
Aa, (27) [the upper bound on Aa, (28)]. The electron
exotic Yukawa coupling y, is further constrained by the
LEP data on the cross section and the forward-backward
asymmetry of the Bhabha scattering process e e~ — ete™,
namely, Eqgs. (29) and (30). The corresponding regions in
Fig. 8 are drawn as the blue back-hatched and the red
hatched ones. They have the form of vertical bands only
restricting the range of y,, because these observables are
independent of y,. The upper bounds on y, derived from
these data are approximately 1.4 and 2.2, respectively.
Meanwhile, the LEP constraints on the cross section (31)
and the forward-backward asymmetry (32) of the muon
pair production process are depicted in Fig. 8 by the orange
and the green regions. The new physics contribution to the
process e*e” — utu~ depends on both y, and y,, as
shown in Fig. 3. As a consequence, the allowed range for y,,
becomes narrower for larger values of y, and vice versa.
For both processes, the constraints from the cross sections
are more severe than those from the forward-backward

2.043"""""“"“"L
I [ Current constraints ]
| o, (240 GeV) |
15F q g
| g, (365 GeV) ]

Vu 1.0

0.5

FIG. 9. FCC-ee and current constraints on (y,,y,) plane for
my, = 140 and m, = 50 GeV. The solid red and back-hatched
blue regions, allowed by the projected FCC-ee data (33) and (34)
on o(ete” — utu™) at /s =240 and 365 GeV, respectively.
The green region is allowed by all the current constraints
in Fig. 8.

asymmetries. In this case, when the general LEP require-
ment (35) on m; and the LHC constraint from Fig. 4 are
always satisfied, the measured cross sections, Egs. (29)
and (31), turn out to be indispensable.

The expected FCC-ee constraints, Egs. (33) and (34), on
the muon pair production cross section at /s = 240 and
365 GeV lead to the solid red and the back-hatched blue
regions in Fig. 9. In this plot, the masses of the vector-
like lepton L and the scalar y, are fixed to be the same as
those in Fig. 8. Since the designed FCC-ee luminosity at
/s =240 GeV is larger than that at \/s = 365 GeV, the
uncertainty of the former is smaller than the uncertainty of
the latter. It follows that the solid red region is significantly
smaller than the back-hatched blue region. We observe that
the red area is mostly contained inside the back-hatched
blue one, except for the case y, 2 1.6 or y, X 1.6 where the
former extends outside the latter. The green band in this
plot denotes the overlapping region of all the current
constraints (27)—(32) extracted from Fig. 8. According to
that, the allowed ranges of y, and y, are [1.20, 1.39] and [0,
0.7], respectively. Within these allowed ranges, we see that
the perturbation limits (37) on y, and y, are automatically
satisfied. It is clear from this figure that the expected
FCC-ee will be able to exclude a significant part of the
viable parameter space due to its high precision. After
imposing the FCC-ee constraints, the expected allowed
range for y, is approximately reduced to [0.101, 0.138].
The combined region of all current and future constraints is
depicted in Fig. 10 as the green area. In this figure, the
contours of Aa, and Aa, are presented by red lines and
blue dashed lines, respectively. They are vertical and
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FIG. 10. Combined current and expected FCC-ee constraints on
(Ye»¥,) plane for m; = 140 and m, = 50 GeV. The red solid
and the blue dashed lines are contours of Aa, and Aa,,.

horizontal lines because Aa, (Aa,) only depends on y,
(yu), see Eq. (15). In this region, the average values
of the new physics contribution to the electron and muon
anomalous magnetic moments are roughly 1.9 x 10~
and 6.9 x 10712,

Constraints on (my,y,) plane. The constraints on (my, y,)
plane are shown in Fig. 11 with m, =50 GeV and
y, = 1.2. The LEP exclusion on vectorlike lepton mass

4 £
3 |
Aa,
I Aps(uter)
Ye 2! | W o)
Agp(e*e”)
/] a(e*e)
1 L |
D LEP excluded
0 L

0 100 200 300 400 500 600
my (GeV)
FIG. 11. Constraints on (m;,y,) plane for m, = 50 GeV and
¥, = 0.12. The dotted region satisfies the constraint (27) on Aa,.
The orange, green, blue hatched, and red back-hatched regions
are allowed by the LEP constraints (31), (32), (29), and (30) at
/s = 189 GeV on cross sections and forward-backward asym-
metries of scattering channels with the final state of y"u~ and
ete™, respectively. The yellow band is excluded by LEP data
(35). The horizontal dashed line is the perturbation limit on y,.

below about 100 GeV (35) is represented by the yellow
band. For the whole plot ranges of this figure on the right of
the yellow band, the LHC constraint from Fig. 4 and the
condition (28) on Aaq, are always satisfied. The dotted
region satisfies the constraint (27) on Aa,. Combined with
the perturbation limit on y, (the black dashed line), the
allowed ranges specified by these requirement for m; and
y. are approximately [103.5, 460] GeV and [0.9, \/4_71]
respectively. These ranges are further restricted once the
conditions (29)—(32) are taken into account. In Fig. 11,
the blue hatched and the red back-hatched regions satisfy
the constraints on cross section and forward-backward
asymmetry of the Bhabha scattering. The orange and the
green regions satisfy the constraints on cross section and
forward-backward asymmetry of the muon pair production
process. Note that the orange area is plotted on top of the
green one. Applying all these constraints, the allowed
parameter space on (m;, y,) plane is severely narrowed
down. The resulting viable ranges for m; and y, are [103.5,
205] GeV and [0.92, 1.67], respectively.

The overlapping region determined from all the current
constraints is extracted from Fig. 11 and shown in Fig. 12
as the green area. The boundary of this area is specified by
the combination of Eqgs. (27), (29), and (35). The 26 bounds
from the expected FCC-ee results of the muon pair
production cross section at /s = 240 and 365 GeV are
presented in this figure by the solid red and the blue hatched
regions. In the case m, =50 GeV and y, = 0.12, these
two expected regions overlap at three distinct ranges of
the electron exotic Yukawa coupling: (i) 0.45 <y, < 0.61,

3.0_\HH L L A |
[ [ Current constraints |]
95l | (Il 0, (240 GeV)
[ Plo, . (365GeV)

2.0f

ye 1.5F .

1.0}

0.5

= |

50 100 150 200 250 300 350 400
my (GeV)

FIG. 12. FCC-ee and current constraints on (m;,y,) plane for
m, =50 GeV and y, = 0.12. The solid red and the blue hatched
regions are determined by the expected FCC-ee results on the
muon pair production cross section at /s = 240 and 365 GeV.
The green regions are allowed by all the current constraints
in Fig. 11.
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FIG. 13. Combined current and expected FCC-ee constraints on

(my.y.) plane for m, = 50 GeV and y, = 0.12. The red solid
and the blue dashed lines are contours of Aa, and Aa,,.

(i) y, ~0.7, (ii) 1.05 <y, < 1.65. Putting together the
current constraints (the green region), we see that only
the last range of y, is acceptable. This is mainly due to the
measurement of the electron anomalous magnetic moment
(27) that requires relatively large values of y,. Thanks to the
high luminosity of the FCC-ee, precise measurements of
the cross section will be able to single out narrow viable
ranges of m; and y, to be about [137.9, 142] GeV and
[1.195, 1.385]. Combining the current and the FCC-ee
constraints, the overlapping region from Fig. 11 is obtained
and plotted separately in Fig. 13 as the green area. Here,
the contour plots of the new physics contributions to the
electron and muon anomalous magnetic moments (the red
and blue dashed lines) are drawn. While Aa, depends on
both m; and y,, Aa, is independent of y, [see Eq. (15)].

Therefore, the contours of Aa, are vertical lines.

Constraints on (my,y,) plane. In Fig. 14, the current
constraints are plotted on (m;, y,) in the case m, =
50 GeV and y, = 1.3. The LEP excluded region on the
vectorlike lepton mass is shown in yellow, similar to that in
Fig. 11. For all the parameter points on the right-hand side
of the yellow region, the LHC constraint derived from
Fig. 4 is always satisfied. The dotted region is allowed by
the constraint (27) on the electron anomalous magnetic
moment. It is a vertical band because Aa, does not
depend on y,. In order to predict sizable contribution to
the electron magnetic moment, the vectorlike lepton should
not be too heavy. For this benchmark, the viable range of
the vectorlike lepton mass dictated by Eqgs. (27) and (35)
is 100 < m; < 160 GeV. In this figure, the cyan region is
excluded by the constraint (28) on the muon ano-
malous magnetic moment. Its boundary depends on both

af, e ‘ ‘ ‘ g
i / Baaion it
3r :: / J
2 Aa,
/// [7] pa, excluded
T j: T A ()
j B o)
LB Do
: | |LEP excluded
0 |

0 100 200 300 400 500 600
my (GeV)

FIG. 14. Constraints on (m,,y,) plane for m, = 50 GeV and
v, = 1.3. The dotted region is allowed by the constraint (27) on
Aa,. The cyan region is excluded by the constraint (28) on Aa,,.
The orange and green regions satisfy the LEP data (31) and (32)
on cross section and forward-backward asymmetry of the muon
pair production process. The blue hatched region satisfies the
condition (29) on the Bhabha scattering cross section. The yellow
band is excluded by the LEP constraint (35) on m;. The hori-
zontal black dashed line represents the perturbation limit on y,.

parameters. The upper-left corner of the plot is ruled out,
since larger values of y, and smaller values of m; lead to
too large new physics contribution (15) to the muon g — 2.
The areas consistent with the constraints (31) and (32) on
the cross section and the forward-backward asymmetry of
the scattering process e™e™ — utu~ at /s = 189 GeV are
depicted in Fig. 14 with the orange and green colors,
respectively. It is observed that large y, is not favorable,
because it predicts the cross section larger than the
corresponding upper bound. Hence, the points inside the
orange and the green regions satisfy the perturbation limit
on y, (the horizontal black dashed line). In this case, the
constraint on the cross section is more severe than that on
the forward-backward asymmetry. Therefore, the orange
region is contained within the green one. Furthermore, the
cyan region is well above the orange one, implying that the
constraint on the muon pair production cross section is also
more stringent than the one on the muon g — 2. For the
Bhabha scattering process, the forward-backward asym-
metry always satisfies the constraint (30) for the whole plot
ranges fulfilling the LEP condition (35) on m; . The region
allowed by the constraint (29) on the Bhabha cross section
is marked as the blue hatched area. It has the form of a
vertical band because the Feynman diagrams contributing
to this process (see Fig. 2) are irrelevant to the muon exotic
Yukawa coupling y,. As required by Eq. (29), the ranges
my < 123.7 and m; 2 320 GeV are ruled out. For this
benchmark, this exclusion is more severe than the require-
ment in Eq. (35). Taking into account all the above
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FIG. 15. FCC-ee and current constraints on (m,,y,) plane for
m, =50 GeV and y, = 1.3. The green band satisfies all the
current considered constraints (27)—(32). The red and blue
hatched regions are consistent with the expected FCC-ee con-
straints (33) and (34), respectively.

constraints, the viable parameter region in the plane
(mg,y,) is determined mainly from the requirements on
the electron and muon pair production cross section and the
measurement of electron g — 2.

Superimposing all the individual areas in Fig. 14, the
combined allowed region can be extracted and is shown in
Fig. 15 with the green color. The currently allowed ranges
for m; and y, are [123.7, 155] GeV and [0, 0.66],
respectively. The expected FCC-ee constraints (33) and
(34) at the colliding energies of 240 and 365 GeV are
depicted by the red and the blue hatched strips. The maxi-
mum values of y, range derived from these constraints are
about 0.273 attained at m; = 120 GeV for /s = 240 GeV,
and 0.282 at m; = 182.5 GeV for /s = 365 GeV. These
peaks correspond to the cases where the colliding energy is

just enough to generate a pair of vectorlike leptons, namely,

my = § For these points, the largest new physics con-

tribution to the cross section comes from the box diagrams
in Figs. 3(h) and 3(i). Above these peaks, the cross section
is always outside its expected FCC-ee 30 range. Because
of the high precision at the FCC-ee, the red and blue
hatched strips are very thin. Therefore, they specify an
extremely limited viable region, excluding most parts of the
green area.

The combined current and expected FCC-ee constraint is
shown in Fig. 16 with green color. The allowed ranges for
m; and y, are significantly reduced to about [137.4,
141.7] GeV and [0.102, 0.137], respectively. In this figure,
the contours of the new physics contributions to the elec-
tron and muon anomalous magnetic moments are presented
as the red solid and the blue dashed lines. The former are

0.14F T T T T T3

0.13-___< ______ ]
_______ D -
yu 0.12 \\ ]

-RE B 0 6.0
011 b ccocbmmm 1" \ |
e \/ :

----- Aa,x10'2

0.10 L L . . E
137 138 139 140 141 142

my (GeV)

FIG. 16. Combined current and expected FCC-ee constraint on
(mg.y,) plane for m, = 50 GeV and y, = 1.3. The red solid
and the blue dashed lines are contours of Aa, and Aa,,.

vertical because Aa, is independent of y,. Around the
center of this region, the average predicted value of Aa, is
about 1.9 x 107, while that of Aa,, is about 7.0 x 107'2,

Constraints on (m,, ,y,) plane. In Fig. 17, we plot all the
regions allowed by the current constraints on the plane
(my, .y,) for m; =140 GeV and y, = 0.12. For this

benchmark, the general LEP mass condition (35) is always

3.5} : 5 oL

Ferk

3.0

25F 1 [ pa,

50l T Ass(ute)
e B o(up)

L5¢ ] Arp(e’e)

1ol ZEGe)

. LHC excluded

0.5¢

0.0 ‘ ‘ ‘ . a
0 100 200 300 400 500 600
m,, (GeV)

FIG. 17. Constraints on (1, , y,) plane for m; = 140 GeV and
¥, = 0.12. The dotted, green, orange, red back-hatched, and blue
hatched regions satisfy the constraints on the electron anomalous
magnetic moment (27), the forward-backward asymmetry (32),
and the cross section (31) of muon pair production process, the
forward-backward asymmetry (30), and the cross section (29) of
Bhabha scattering process, respectively. The pink vertical bar is
excluded by the LHC data (Fig. 4). The horizontal black dashed
line represents the perturbation limit on y,.
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satisfied. We find that the constraint (28) on muon ano-
malous magnetic moment is satisfied over the entire plot
range in this case. The constraint (27) requires relatively
large new physics contribution to the electron magnetic
moment. Hence, it excludes the region with small y, or
large m, (i.e., the lower right part of the figure). The region
the satisfies this requirement is marked by the dotted
area. The regions consistent with the constraints on the
cross section and the forward-backward asymmetry of the
process e"e” — utu~ at /s = 189 GeV are shown as
orange and green areas, where the former is plotted on top
of the latter. We see that the constraint (31) is more severe
than (32). For the Bhabha process ete™ — ete™, the
regions that satisfy the constraints (29) and (30) on the
cross section and the forward-backward asymmetry are
denoted by the blue hatched and the red back-hatched
areas. For m; = 140 GeV, the LHC constraint from Fig. 4
rules out the parameter range 100 < m, < 140 GeV. The
corresponding excluded region is depicted by a pink
vertical bar in Fig. 17. The horizontal black dashed line
represents the perturbation limit (37) on y,. For this
benchmark, the combination of other constraints is enough
to restrict y, to be smaller than this limit.

Superimposing all the allowed regions in Fig. 17, we
obtained two discontinuous green areas in Fig. 18 that are
consistent with the set of current constraints (27)—(32).
Taking into account the constraint (36), the green area on
the right with m, > 140 GeV is excluded, while the one
on the left is preferable. The expected FCC-ee constraints
(33) and (34) at the colliding energies of 240 and 365 GeV
are represented by the red and the blue hatched strips,
respectively. The magnitude of new physics contribution
to o(ete” — pup~) becomes smaller for heavier y, or

3'0J""x'"'x""x""x""x""L
[ [ Current constraints |]
a5l M o, (240 GeV)
; 7 0, (365 GeV)
2.0f
Ve 1.5;
1.0f
05F
0.0:1““1‘“‘lxxxxlxxxxlxxxxlxxxx
0 50 100 150 200 250 300

my, (GeV)

FIG. 18. FCC-ee and current constraints on (1, ,y,) plane for
my = 140 GeV and y, = 0.12. The color codes are the same as
those in Fig. 15.

140,

1.35 |2

1.25 -

1.20 |-

FIG. 19. Combined current and expected FCC-ee constraints on
(m, .y.) plane for m; = 140 GeV and y, = 0.12. The red solid
and the blue dashed lines are contours of Aa, and Aa,,.

smaller y,. Therefore, for smaller values of m, , larger y, is
necessary to keep the cross section staying in the allowed
range. This explains the shape of the red and the blue
hatched strips. Applying the constraints (33) and (34), the
separated region with y, > 140 GeV is ruled out. Thus, we
arrive at the same conclusion as using the constraint (36).
Moreover, the future constraints significantly narrow down
the green region on the left. In particular, the viable range of
m,, is reduced from [20.5, 100] to [44.4, 54.6] GeV, and the
viable range of y, is reduced from [1.095, 1.605] to [1.195,
1.423]. In Fig. 19, we plot the overlapping region from
Fig. 18 that satisfies all the current constraints as well as the
expected FCC-ee constraints as the green area. The red solid
and the blue dashed lines are contours of Aa, and Aa,.
Since Aa,, is independent of y,, the blue dashed contours are
vertical. Because the allowed mass range for m,, is relatively
small, the values of Aa, do not change drastically. Mean-
while, Aa, depends on both m, and y,. Its value varies
more along y, direction than m, direction. We find that the
average values of Aa, and Aa, around the center of this

allowed region are about 1.89 x 10~'* and 6.96 x 10712,

Constraints on (m, ,y,) plane. In Fig. 20, the current
constraints are shown on (m, , y,) plane for the case m; =
140 GeV and y, = 1.3. The regions that satisfy the con-
straints (27), (29), and (30) on Aa,, o(ete™ — e*e™), and
Apg(ete” — ete”) are depicted as the dotted, blue
hatched, and red back-hatched bands, correspondingly.
These bands are vertical because the relevant observables
are independent of the muon exotic Yukawa coupling y,.
Especially, the measurement on the Bhabha cross section

(the blue hatched region) indicates that m, could not be
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FIG. 20. Constraints on (m, ,y,) plane for m; = 140 GeV and
v, = 1.3. The dotted region satisfies the constraint (27). The cyan
region is ruled out by Eq. (28). The orange, green, blue hatched,
and red back-hatched regions are allowed by the constraints (31),
(32), (29), and (30), respectively. The pink vertical bar is
excluded by the LHC data (Fig. 4). The horizontal black dashed
line represents the perturbation limit on y,.

larger than about 130 GeV. Therefore, the condition (36) is
automatically fulfilled in this case. The cyan region is
excluded due to the constraint (28) on the muon anomalous
magnetic moment that prefers larger m, and smaller y,.
This ensures the theoretical prediction of the muon g — 2 is
within the experimental range, which is in agreement with
the SM value. The orange and the green regions are
consistent with the LEP measurement results, Eqs. (31)
and (32), on the cross section and the forward-backward
asymmetry of the muon pair production process at /s =
189 GeV. These regions occupy the lower part of the
figure, showing that only small values of y, are acceptable.
Hence, the perturbation limit (37) on y, is also fulfilled
inside these regions. Similar to Fig. 17, the pink area in this
figure is ruled out by the LHC constraint derived from
Fig. 4. There are two discontinuous regions satisfying all
the current constraints in Fig. 20. They are determined
solely from the constraints on the cross section and the
forward-backward asymmetry of the Bhabha scattering,
the muon pair production cross section, and the electron
anomalous magnetic moment.

These two allowed regions are plotted in Fig. 21 with
the green color. The expected FCC-ee constraints on
o(ete” - ptyu~) at the center-of-mass energies of 240
and 365 GeV [Egs. (33) and (34)] are shown in this figure
by the red and the blue hatched areas. Because of the
interplay between two input parameters m, and y,, once
the former is reduced, the latter must be increased accord-
ingly to keep the cross sections staying within the allowed
ranges. In this case, the constraint at /s = 240 GeV is
more severe than the one at /s = 365 GeV. Hence, the red

t | Current constraints
08/\ma, , (240 Gev) 1
(|74 9, (365 GeV) - _
— 1
0.6 E
Yu r ]
0.4+ E
0.2+ }
L > ]
0 20 40 60 80
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FIG. 21. FCC-ee and current constraints on (n1, . y,) plane for
m; = 140 GeV and y, = 1.3. The color codes are the same as
those in Fig. 15.

region is thinner and almost inside the blue hatched one.
We observe that, thanks to the high luminosity at the
FCC-ee, it is able to narrow down the viable parameter
space significantly. In particular, the allowed range of y, is
reduced from [0, 0.675] to [0, 0.174]. For the parameter
m,, , there are two distinct allowed ranges. While the left
one is still the same, the right one is reduced drastically
from [66.1, 74.1] to [66.1, 67.3] GeV due to the expected
FCC-ee results.

The overlapping regions satisfying all the current and the
expected FCC-ee constraints are plotted in Fig. 22. Here,

0.15

0.10
Yu I

0.05

30 35 40 45 50 55 60 65

m,, (GeV)

FIG.22. Combined current and expected FCC-ee constraints on
(m, .y,) plane for m; = 140 GeV and y, = 1.3. The red solid
and the blue dashed lines are contours of Aa, and Aa,,.
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the contours of Aa, and Aa, are shown by red solid and
blue dashed lines, respectively. The red contours are
vertical because Aa, is independent of y, [see Eq. (15)].
In these allowed regions, the new physics contribution to
the electron g — 2 does not change much since the viable
ranges of m, are relatively small. Meanwhile, the new
physics contribution to the muon g — 2 varies by an order of
magnitude in the direction close to the y, axis due to its
strong dependence on y,.

2. Global investigation

A global analysis is performed by scanning over all four
input parameters of the model. We use a fixed grid for the
mass pair (mg,m, ), while letting y,, pick up random
values. The ranges of input parameters are chosen to be as
follows:

103.5 GeV < m;, < 350 GeV, (40)
0 GeV <m, <250 GeV, (41)
0 <y, < Var, (42)

0 <y, < Vix. (43)

In Fig. 23, the allowed parameter points resulting from
the full scanning are projected on (my,m, ) plane and
represented by blue dots. The allowed ranges of m; and
m, when letting Veyu free, are about [103.5, 275] and
[0, 135] GeV. The lower and upper bounds of m;, are deter-
mined by the LEP constraint (35) and the data on Aa, (27),
respectively. This fact can be seen in Figs. 5, 11, and 14.
For m, , its upper bound is determined by the constraint on
Aa, (27), as shown in Figs. 5, 17, and 20. Values of m,
and m, larger than their upper bounds are not favored
since they predict too small electron anomalous magnetic
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FIG. 23. Projection of parameter points on (n,m, ) plane.
The blue points are allowed by current constraints. The red points
satisfy the combined current and expected FCC-ee constraints.

moment. Because of the effect of varying exotic Yukawa
couplings y, ,, the region marked by blue dots in Fig. 23 is
an extension of the green regions in Fig. 6. The high
precision of cross section measurement at the FCC-ee will
strongly restrict the input parameter space. For that reason,
a finer scan is performed covering the entire region
satisfying the combination of current data and the expected
FCC-ee constraints (33) and (34) on the cross section of
the muon pair production process. The result is presented in
the inset plot in Fig. 23, where the red dots satisfy both
current and future constraints. These red dots are then
shown in the main plot of the figure. They form a thin
vertical strip with m,, spanning from 24 to 71 GeV and m,,
from 137 to 143 GeV. Thus, due the sensitivity of muon
pair production cross section with respect to m; involving
the virtual correction and the expected highly accurate
measurement at the FCC-ee, this future collider will be
able to specify a very narrow range of vectorlike lepton
mass my .

The projection of parameter points on (y,, y,) plane is
depicted in Fig. 24, where the blue dots satisfy the current
bounds. The upper bound of y,, is determined by the data on
o(eTe™ - putu~) (31), as indicated in Figs. 8, 14, and 20.
Meanwhile, the lower and upper bounds of y, are dictated
by the constraint on Aa, (27) and the LEP data on
olete” > ete™) (29) and o(ete” —» putp~) (31), as
shown in Figs. 8, 11, and 17. Comparing with the green
region in Fig. 9, we see that the viable region in Fig. 24 is
significantly expanded (especially in the direction of y, ) by
varying the masses m; and m,, . In particular, the allowed
ranges for y, and y, are approximately [0.8, 2.25] and
[0, 0.8], respectively. In Fig. 24, the red dots satisfy both
current constraints and expected FCC-ee bounds. After
getting results from the FCC-ee, the expected allowed
ranges for y, and y, are about [1.1, 1.5] and [0, 0.2]. They
are significantly narrower than the current allowed ranges
of these parameters.

2.0:x'"'x'"'x""x""x""x""xj
1.5} ]

Yu 1-0;

T

0.5

00k .. =

25 30

FIG. 24. Projection of parameter points on (y,,y,) plane. The
blue points are allowed by current constraints. The red points
satisfy the combined current and expected FCC-ee constraints.
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IV. CONCLUSIONS

Vectorlike fermions are symmetric objects in terms of
their left and right component behaviors under gauge
transformations. Despite this beauty, their existence is
still questionable. Considering an SM extension with a
vectorlike lepton doublet and two complex scalars, we
have investigated possible new physics imprints on lepton
anomalous magnetic moments, cross sections, and forward-
backward asymmetries of electron and muon pair produc-
tion processes at eTe” colliders. Taking into account
various current constraints including the measurement of
electron and muon magnetic moment, the LEP and the
LHC data, as well as the perturbation limit on exotic
Yukawa couplings, the viable parameter regions of the
model have been identified. It has been shown that the LEP
measurements on cross sections and forward-backward
asymmetries of the above two processes play an important
role beside the general LEP mass condition on new charged
fermions. The mass hierarchy among y,, y;, and L turns out

to be essential when applying the search result for sleptons
pair production at the LHC. Because of the high precision
expected at the FCC-ee, this future collider will be able to
exclude a large portion of the parameter space, pinpointing
a very narrow viable region to test the model in the future.
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