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We construct a new gauged Uð1Þl lepton-number model that is anomaly-free for each standard model
generation. The active neutrino masses are radiatively generated with a minimal scalar sector. The
phenomenology and collider signals are studied. The interference effects among the new gauge boson, Zl,
photon, and Z boson can be probed at the future eþe− colliders even if the center-of-mass energy is below
the mass of Zl. Moreover, the electroweak precision sets a stringent bound on the mass splitting of the new
lepton doublets.
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I. INTRODUCTION

It is well known that the standard model (SM)
Lagrangian has an accidental global symmetry associated
with the conservation of total lepton number. Equally
well known is that the minimal SM cannot accommodate
the evidence of active neutrino masses from the neutrino
oscillations data. If one allows the dimension-5 Weinberg
operator (Wo) [1] of the form c

ΛLLHH, where L is the left-
handed lepton doublet, H denotes the Higgs field, Λ is an
unknown high scale, and c is a free parameter, then after
spontaneous symmetry in which H takes on a vacuum
expectation value v ≃ 247 GeV, we get a neutrino mass
mν ∼ cv2

Λ . Since data indicate that mν ≲ 1 eV, the scale Λ
can range from 1 to 1011 TeV depending on the value of c.
If the neutrinos masses do indeed originate from the
Weinberg operator, it fortifies the view that the SM is an
effective field theory with a small violation of total lepton
number in the form of the nonrenormalizable Wo.
The Wo gives an elegant explanation for neutrinos

masses within the SM. However, its origin is not known
and is the subject of the vast field of neutrino mass models.
Furthermore, whether the lepton number is a global
symmetry or a gauged symmetry and how the symmetry
is broken are both open questions. The answers or even
partial answers to these questions will add immensely to
our understanding of fundamental physics. The simplest
way to extend the SM and obtain the Wo is to have two or
more SM singlet right-handed (RH) neutrinos NR. These

singlet neutrinos can be given heavy Majorana mass terms
that change two units of lepton number explicitly by hand.
Integrating these fields out will yield the Wo at low
energies, which is the well-known type-I seesaw mecha-
nism [2]. Instead of adding Majorana masses by hand, it is
theoretically and phenomenologically more interesting to
generate them by the spontaneous symmetry–breaking
(SSB) mechanism. To this end, one adds a SM singlet scalar
fieldΦ to construct the Yukawa termΦN̄c

RNR. WhenΦ gets
a vacuum expectation value (VEV) hΦi ≫ v, one again
gets the type-I seesaw. If the lepton symmetry that is
broken is a Uð1Þ global symmetry, then a singlet scalar
Majoron will exist in the physical spectrum and can act as
extra dark radiation [3]. An extended model with a dark
matter candidate has also been constructed in Refs. [4,5].
Moreover, this symmetry can also be a local gauge
symmetry.
The study of the lepton number being a local gauge

symmetry has long history. If the symmetry were unbroken,
one would have a leptonic photon [6]. The corresponding
long-range force can be searched for in equivalence prin-
ciple tests [7], and the limit on the leptonic fine structure
constant is αl < 10−49. However, a complete and consistent
model was not studied until recently in Ref. [8] in con-
junction with the gauged baryon number. Gauging the
lepton number only is given in Ref. [9], in which active
neutrino masses are given by the usual type-I seesawmodel.
A different implementation with the type-II seesaw mecha-
nism [10] is given in Ref. [11]. Also, there, the emphasis is
on constructing a consistent dark matter model with a
gauged lepton number. More recently, a gauged SUð2Þl
model was considered by Ref. [12] with an emphasis on
producing a dark matter candidate and baryogenesis.
In this work, we study a model of gauged lepton number

Uð1Þl without employing the type-I seesaw mechanism for
active neutrino masses. Specifically, the model does not
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have SM singlet neutrinos. The SM leptons are assigned
lepton number l ¼ 1, and Uð1Þl is spontaneously broken.
The existence of lepton specific gauge boson Zl is a robust
prediction of this class of models. The SM is anomalous
under Uð1Þl, and hence new chiral fermions will have to be
added. Our solution differs from that of Ref. [9], in which
the authors use a set a fermions to solve the anomalies from
all three SM lepton families together. We choose to solve
the anomaly of the SM leptons within each family, and we
do not have SM singlet neutrinos as mentioned before.
It is well known that, given two Uð1Þ gauge symmetries,

their corresponding gauge bosons can have kinetic mixing
[13] as well as mass mixing. Both are expected to be small.
The phenomenology of a kinetically mixed Z0 with aUð1ÞY
gauge boson was given in Ref. [14]. In this paper, we shall
neglect these mixings.
This paper is organized as follows. In Sec. II, we discuss

the anomalies cancelation solution and the new chiral
fermions. Section III constructs the Yukawa interactions
and the minimal set of scalars required. The scalar potential
that leads to symmetry breaking and the charged lepton
masses of the model are also constructed and studied. The
extended gauge interactions are described in Sec. IV.
Particular attention is given to Zl which must exist in
these models, independent of which solution to the anoma-
lies one adopts. It is natural to assume that all the SM
charged leptons carry one unit of lepton number. Moreover,
the rich phenomenology of Zl at the past and future lepton
colliders is guaranteed. Even if its mass denoted by MX is
too heavy to be produced at these colliders its interference
with the SM γ and Z can be detected in precision measure-
ments. Such effects are proportional to 1

M2
X
and thus sensitive

to low mass Zl. These are discussed in Sec. V. The
production at the LHC is also given there. Since Zl couples
only to leptons and not quarks, the search strategy will have
to be different from the usual extra Z boson searches. Active
neutrino masses are generated by 1-loop effect and is given
in Sec.VI. Since it is not the purpose of this paper to do detail
neutrino oscillation study we will only present orders of
magnitude estimates. This is followed by a discussion of the
phenomenology of the new fermions in Sec. VII. Our
conclusions are given in Sec. VIII.

II. ANOMALIES CANCELATIONS

We extend the SM gauge group by Uð1Þl; explicitly, it is
G¼GSM×Uð1Þl¼SUð2Þ×Uð1ÞY×Uð1Þl.ThecolorSUð3Þ
group plays no role here and can be neglected. We define
the SM leptons to have number l ¼ 1 underUð1Þl. The new
anomaly coefficients for a single SM lepton family are

A1ð½SUð2Þ�2Uð1ÞlÞ ¼ −1=2; ð1aÞ
A2ð½Uð1ÞY �2Uð1ÞlÞ ¼ 1=2; ð1bÞ
A3ð½Uð1ÞY ½Uð1Þl�2Þ ¼ 0; ð1cÞ

A4ð½Uð1Þl�3Þ ¼ −1; ð1dÞ

A5ðUð1ÞlÞ ¼ −1; ð1eÞ

where A5 is for the lepton-graviton anomaly. We also need
to check if the SM anomalies of A6ð½SUð2Þ�2Uð1ÞYÞ,
A7ð½Uð1ÞY �3Þ andA8ðUð1ÞYÞ are canceled when new chiral
leptons are introduced to cancel Eq. (1).
We introduce two sets of chiral leptons very similar to

the SM leptons. The first set consists of an SUð2Þ doublet
and a singlet and has the eigenvalue l1. Explicitly, we write

L1L ¼ðN1L;E1LÞ;
�
2;−

1

2
;l1

�
; E1R; ½1;−1;l1�;

ð2Þ

where the subscript LðRÞ stands for left- (right-)handed
projections. The square brackets ½…� denote SUð2Þ; Uð1ÞY;
Ul assignments. A second set with right-handed projections
but a lepton number of l2 is given by

L2R¼ðN2R;E2RÞ;
�
2;−

1

2
;l2

�
; E2L; ½1;−1;l2�:

ð3Þ

It is easy to see that Eqs. (1) become

A1 ¼ −
1

2
ðl1 − l2 þ 1Þ; ð4aÞ

A2 ¼
1

2
ðl1 − l2 þ 1Þ; ð4bÞ

A3 ¼ 0; ð4cÞ

A4 ¼ −l3
1 þ l3

2 − 1; ð4dÞ

A5 ¼ −ðl1 − l2 þ 1Þ: ð4eÞ

A1;2;5 ¼ 0 for l2 ¼ l1 þ 1. Substituting into A4 ¼ 0 gives

l1ðl1 þ 1Þ ¼ 0: ð5Þ

The two solutions are:
(i) Solution I:

l1 ¼ −1 and l2 ¼ 0: ð6Þ

(ii) Solution II:

l1 ¼ 0 and l2 ¼ 1: ð7Þ

It is easy to check that the solutions do not contribute to
A6;7;8. This is not surprising since both Eqs. (2) and (3) form
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vectorlike pairs under GSM. Thus, Eqs. (6) and (7) are
anomaly-free without the use of singlet RH neutrinos.

III. YUKAWA INTERACTIONS

After determining the anomaly-free lepton representa-
tions, we can proceed to construct G-invariant Yukawa
interactions. This will produce the minimal scalar fields
required for viable charged and neutral lepton mass
matrices at the tree level.
We will give a detailed discussion of the physics

associated with solution I.1 The complete set of leptons
for this solution and their gauge quantum numbers are
given in Table I. With this, one can form all possible
Lorentz-invariant bilepton combinations that are invariant
under GSM. The next step is to identify scalar fields that
will make Yukawa interactions that are invariant under
the full gauge group G. Besides the SM Higgs field H0,
the minimum set of new scalars we require is Φ, S, and
H1, and their quantum numbers are also given in
Table II.

With this, the Yukawa interactions are given by2

Ly¼yelLeRH0þY2L1LE1RH0þY3L2RE2LH0

þλ1lLL2RΦ1þλ2E2LeRΦ
†
1þλ3L1LL2RΦ�

1

þλ4E2LE1RΦ1þY1lLH1E1Rþflc
LϵL1LSþH:c: ð8Þ

It can be seen that S is charged and cannot develop a
VEV.H1 is a Higgs-like field and may or may not pick up a
VEV depending on the parameters in the scalar potential.
Here, we make the reasonable assumption that the lepton
number–breaking scale is much higher than v. To not have
a weak-scale lepton-number violation, we will work in the
parameter space where H1 is not Higgssed since it has
l ¼ 2. Moreover,Φ1 is a neutral scalar, and it can pick up a
VEV w and thus can bestow masses to the new charged
leptons E1;2. They will be much heavier than SM charged
leptons if w ≫ v. Another electroweak singlet scalar Φ2

with 2 units of lepton number is required for neutrino mass
generation, as we shall see later. But it does not enter in
Eq. (8). We will not include scalar fields with jYj > 1 as
they play no role in our study.
Having specified all the necessary scalars, the minimal

G-invariant scalar potential is given by

VðH0;H1;Φ1;Φ2;SÞ¼−μ2H†
0H0þm2

1H
†
1H1þκ0ðH†

0H0Þ2þκ1ðH†
1H1Þ2þκ2ðH†

0H0ÞðH†
1H1Þþκ3ðH†

0H1ÞðH†
1H0Þ

þm2
SS

†SþκSðS†SÞ2−
X
i¼1;2

μ2iΦ
†
iΦiþκ11ðΦ†

1Φ1ÞðΦ†
1Φ1Þþκ12ðΦ†

1Φ1ÞðΦ†
2Φ2Þþκ22ðΦ†

2Φ2ÞðΦ†
2Φ2Þ

þ
X
i¼1;2

X
j¼0;1

κΦiHj
ðΦ†

iΦiÞðH†
jHjÞþ

X
i¼1;2

κΦiSðΦ†
iΦiÞðS†SÞ

þ
X

i¼0;1;2

κHiSðH†
i HiÞðS†SÞþλ1lH1ϵH0S†Φ†

2þλ2lH
†
0H1ðΦ�

1Þ2þμ3H
†
0H1Φ�

2þμ4ðΦ�
1Þ2Φ2þH:c: ð9Þ

Lepton-number violation occurs spontaneously for
hjΦ1;2ji ¼ w=

ffiffiffi
2

p
≠ 0 and is the only such scale in the

model.3 Thus, we write Φ1ð2Þ ¼ wþφ1;ð2Þffiffi
2

p .

TABLE II. Minimal scalar fields for leptons of solution I.

Field SUð2Þ Y l

H0 ¼
�

0
vþhffiffi

2
p

�
2 1

2
0

H1 ¼
�
Hþ

1

H0
1

�
2 1

2
2

S 1 1 0
Φ1 1 0 1
Φ2 1 0 2

TABLE I. Lepton fields for anomaly-free solution I.

Field SUð2Þ Y l

lL ¼ ðνLeLÞ 2 − 1
2

1
eR 1 −1 1
L1L ¼ ðN1L

E1L
Þ 2 − 1

2
−1

E1R 1 −1 −1
L2R ¼ ðN2R

E2R
Þ 2 − 1

2
0

E2L 1 −1 0

1Solution II gives qualitatively the same physics. It is easy to
extend our discussions to this case.

2We are interested in the minimal setup. In general there could
also be a Yukawa term L̄1LeRH2 with a second doublet
H2∶ð2; 1=2;−2Þ.

3In general,Φ1 andΦ2 need not have the same VEV. This only
adds more parameters to the model without adding more physics.
We shall assume they are equal.
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After SSB, the lepton mass matrices arise from Eq. (8).
The charged lepton matrix in the basis E ¼ ðew; E1; E2Þ4 is

ME ¼ wffiffiffi
2

p

0
B@

yer 0 λ2

0 Y2r λ4

λ1 λ3 Y3r

1
CA; ð10Þ

where r≡ v
w ≪ 1. And the neutral lepton mass matrix in

terms of the chiral states ðνwL; N1L; Nc
2RÞ5 is

MN ¼ wffiffiffi
2

p

0
B@

0 0 λ1

0 0 λ3

λ1 λ3 0

1
CA: ð11Þ

The identity ψ̄c
1ðL̂=R̂Þψc

2 ¼ ψ̄2ðL̂=R̂Þψ1 has been used to
give the symmetric MN , which is a tree-level result. At this
level, the active neutrino is massless.
However, what is interesting is that Eq. (9) has sufficient

structure to give a one-loop radiative Majorana mass to νwL;
i.e., the upper leftmost entry of Eq. (11) will have a
quantum contribution. The source comes from the term
involving λ2l, which spontaneously breaks lepton sym-
metry when Φ2 gets a VEV. It also induces a mixing
between the charged scalars Hþ

1 and Sþ. The details of
radiatively generated active neutrino masses will be dis-
cussed in a later section.
Equation (8) holds for a single lepton family. It can be

generalized to the three-families case by promoting the
couplings ye, Y1;2;3; λ1;…;4; f to 3 × 3 matrices. There are
also similar terms connecting different families, which we
will neglect since we are not interested in charged lepton-
flavor violation or flavor-changing neutral current proc-
esses in this paper. Henceforth, our discussions will mostly
involve only a single lepton family, which is designated as
the electron family.

A. Quartet of scalar fields

It is easy to see from Eq. (9) that the SMHiggs field in the
gauge basis can be identified with H0. The SM Higgs field
will mix with the real parts of the SM singletsℜΦ1;2 and SM
doublet charge neutral part ℜH0

1 through the quartic cou-
plings λ2l, λΦ1H0

; λΦ2H0
and the cubic term μ3 after SSB. The

scalar mass matrix is in general 4 × 4. We denote this quartet
of gauge states by Hα ¼ 1ffiffi

2
p ðℜH0

0;ℜH0
1;ℜΦ1;ℜΦ2Þ. As

usual, themass eigenstateshi ¼ ðh0; h1; h2; h3Þ are related to
H via h ¼ UH, where U is a 4 × 4 unitary mixing matrix.
The strength of the mixings given by the elements Uiα will
depend on the physical masses of the new scalars and the

quartic couplings. Since no beyond-the-SMscalars are found
at the LHC, we make the conservative assumption that they
are all heavier than 800 GeV. However, we are mindful that
the optimal search strategy for a specific scalar is model
dependent. Nevertheless, a robust prediction is that a
universal suppression factor U11 applies to all SM Higgs
couplings which can be probed by the Higgs signal strengths
at the LHC. The SM signal strength is parametrized by μ and
is unity for the SM. The LHC-1 bound is μ ¼ 1.09� 0.11
[15]. This implies jU11j2 > :87 at 2σ level. Hence, the
mixing of H0 with any of the other three scalars must be
quite small or evenvanishing. Smallmixings can be achieved
by tuning the couplings λ2l, λΦ1H0

; λΦ2H0
, and μ3.

B. Two simplified cases of lepton mass diagonalization

To capture the physics essence of this model, we will
avoid the complication of keeping track of all the free
parameters and focus on two simplified scenarios:

(i) Scenario A: We take λ2l and μ3 to be small but finite,
and we also assume that Y2 ∼ Y3 ∼ Y and λ1;2;3;4 ∼ λ̄.

(ii) Scenario B: This is the limiting case of λ1;2 ¼ 0 ¼ μ3.
We also assume that Y2 ∼ Y3 ∼ Y and λ3;4 ∼ λ̄.

We shall refer to them as the Yukawa symmetry limits.

1. Scenario A

From Eq. (8), the charged lepton matrix in the basis E ¼
ðew; E1; E2Þ is

ME ∼
wffiffiffi
2

p
0
@ yer 0 λ̄

0 Yr λ̄

λ̄ λ̄ Yr

1
A: ð12Þ

In the limit r → 0 and y, λ̄ finite, the charged lepton mass
matrix has the structure0

B@
0 0 1

0 0 1

1 1 0

1
CA: ð13Þ

The spectrum consists of a massless electron and two heavy
degenerate leptons with mass ∼λ̄w in this limit. Returning
to Eq. (12), it can be shown that the smallest eigenvalue is
given by the larger of ye, Y. This implies that in order to get
the electron mass right, Y ≃ ye. Thus, without loss of
generality, we write the charged lepton mass matrix as

ME ≃

0
B@

me 0 λ̄w=
ffiffiffi
2

p

0 me λ̄w=
ffiffiffi
2

p

λ̄w=
ffiffiffi
2

p
λ̄w=

ffiffiffi
2

p
me

1
CA; ð14Þ

where me is the physical electron mass. Moreover, the
parameter Y1 remains free.

4Here, we introduce the intermediary subscript w to e to
remind us it is the weak basis.

5Again, the intermediary superscript w is introduced for the
neutrino.
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In general, we can write the physical mass eigenstates
E0
α ¼ ðe; E−; EþÞ, where α ¼ 1, 2, 3 is given by

E0
i ¼ ViαEα; ð15Þ

where V is the unitary matrix that diagonalizes ME such
that ðVAÞT ·ME · VA ¼ diagfme;−ðλ̄w −meÞ; λ̄wþmeg.
For the simplified symmetrical case of Eq. (14), VA can
be worked out to be

VA ≃

0
BBB@

1ffiffi
2

p 1
2

1
2

− 1ffiffi
2

p 1
2

1
2

0 − 1ffiffi
2

p 1ffiffi
2

p

1
CCCA: ð16Þ

The neutral lepton mass matrix is

MN ≃
λ̄wffiffiffi
2

p

0
B@

0 0 1

0 0 1

1 1 0

1
CA: ð17Þ

Note that the difference between Eqs. (11) and (14) is
proportional to an identical matrix. Therefore, both the
neutral and charged lepton mass matrices are diagonalized
by the same rotation, Eq. (16). At tree level, the spectrum
consists of a massless neutrino and a Dirac neutrino of mass
∼λ̄w. This can be seen by defining n ∓¼ 1ffiffi

2
p ðνwL ∓ N1LÞ.

In the basis ðn−; nþ; Nc
2RÞ, the matrix MN becomes

MN ∝

0
B@

0 0 0

0 0 1

0 1 0

1
CA: ð18Þ

Clearly, n− is massless, and the pair of Weyl neutrinos
nþ; Nc

2R combines into a Dirac neutrino. In the case in
which the neutrinos receive notable quantum corrections,
we denote the charged neutral mass eigenstates as
ðν; N−; NþÞ with the convention MNþ > MN−

.
The Y1 Yukawa term is relevant when considering the

exotic fermion decays. In the mass basis, we have the
following terms:

Y1

2

�
−ē½ℜðH0

1Þþiγ5ℑðH0
1Þ�eþ

1ffiffiffi
2

p ē½γ5ℜðH0
1ÞþiℑðH0

1Þ�

×ðEþþE−Þþ
1

2
ðĒþþĒ−Þ½ℜðH0

1Þþiγ5ℑðH0
1Þ�ðEþþE−Þ

�

−
Y1

2
½ν̄þðN̄þþN̄−Þ=

ffiffiffi
2

p
�R̂eHþ

1

þ Y1

2
ffiffiffi
2

p ½ν̄þðN̄þþN̄−Þ=
ffiffiffi
2

p
�R̂ðEþþE−ÞHþ

1 þH:c: ð19Þ

2. Scenario B

In this case, the SM leptons completely decouple from
the exotic fermion sector. The lepton matrices now become

ME ∼
wffiffiffi
2

p

0
B@

yer 0 0

0 Yr λ̄

0 λ̄ Yr

1
CA; ð20Þ

and ME can be diagonalized by the rotation matrix

VB ≃

0
BB@

1 0 0

0 1ffiffi
2

p 1ffiffi
2

p

0 − 1ffiffi
2

p 1ffiffi
2

p

1
CCA: ð21Þ

The mass eigenstates are again denoted as ðe; E−; EþÞ.
For neutrinos,

MN ¼ wλ3ffiffiffi
2

p

0
B@

0 0 0

0 0 1

0 1 0

1
CA: ð22Þ

Clearly, there is no mixing between the νw and ðN1L; Nc
2RÞ.

In the chiral basis, MN is also diagonalized by VB, and
the mass eigenstates are again denoted as ðν; N−; NþÞ. At
tree level, Nþ; N− are degenerated. In fact, N1L and N2R
form a Dirac fermion at tree level (let us simply call it N),
and L̂N ¼ N1L; R̂N ¼ N2R. The degeneracy will be broken
by the one-loop mass correction. However, the quantum
correction is expected to be much smaller than w, and
taking N as a Dirac DM is a good approximation.
The Y1 Yukawa term in the mass basis becomes

Y1ffiffiffi
2

p ðν̄Hþ
1 þ ēH0

1ÞR̂ðEþ þ E−Þ þ H:c: ð23Þ

The heavier of E� and H1 can decay via this Yukawa
interaction followed by the lighter one decaying through
gauge interactions.

IV. GAUGE INTERACTIONS

The covariant derivative is

Dμ ¼ ∂μ − i
g
2
Wμ · τ − ig0YBμ − iglðlÞZlμ; ð24Þ

where Zl is the gauge boson for Uð1Þl, Y is the hyper-
charge, and l is the lepton number. All the quantum
numbers can be read from the tables. Other notations are
standard. After the SSB of Uð1Þl, hΦ1;2i ¼ w1;2, the Zl

acquires a mass,

STUDY OF GAUGED LEPTON SYMMETRY SIGNATURES AT … PHYS. REV. D 98, 035015 (2018)

035015-5



MX ¼ gl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2
1 þ 4w2

2

q
¼ glw̄

¼ 2.24glw for w1 ¼ w2 ¼ w; ð25Þ

where w̄2 ¼ w2
1 þ 4w2

2 gives the overall lepton number–
violating scale.
In terms of the physical gauge bosons, the gauge

interaction in the weak basis is

ie½ēwγμewþ Ē1γ
μE1þ Ē2γ

μE2�Pμ

−
ig2
2cw

½ν̄wγμL̂νwþ N̄1γ
μL̂N1þ N̄2γ

μR̂N2�Zμ

−
ig2
cw

½ēwγμðgLL̂þgRR̂Þewþ Ē1γ
μðgLL̂þgRR̂ÞE1

þ Ē2γ
μðgLR̂þgRL̂ÞE2�Zμ

−
ig2ffiffiffi
2

p ½ν̄wγμL̂ewþ N̄1γ
μL̂E1þ N̄2γ

μR̂E2�Wþ
μ þH:c:

− igl½ν̄wγμL̂νwþ ēwγμew− N̄1γ
μL̂N1− Ē1γ

μE1�ðZlÞμ;
ð26Þ

where P denotes the photon and gL ¼ −1=2þ s2w and gR ¼
s2w are the SM left-handed and right-handed Z-electron
couplings, respectively. We have also assumed the kinetic
mixing between Uð1Þl and Uð1ÞY is negligible.

A. SM gauge interaction

For the scenario B, the weak basis and the mass basis are
related by

ew ¼ e;

E1 ¼
1ffiffiffi
2

p ½Eþ þ E−�;

E2 ¼
1ffiffiffi
2

p ½Eþ − E−�; ð27Þ

νw ¼ ν;

N1L ¼ L̂N ¼ 1ffiffiffi
2

p ½Nþ þ N−�;

N2R ¼ R̂N ¼ 1ffiffiffi
2

p ½Ncþ − Nc
−�: ð28Þ

The mass splitting betweenNþ andN− could stem from the
quantum corrections and is unlikely to be experimentally
detectable. Hence, it is a very good approximation to lump
them into a Dirac fermion N.
The QED interaction in the mass basis remains intact,

ie½ēγμeþ ĒþγμEþ þ Ē−γ
μE−�Pμ: ð29Þ

The SM-charged current interaction becomes

−
ig2ffiffiffi
2

p
�
ν̄γμL̂eþ 1ffiffiffi

2
p N̄γμEþ −

1ffiffiffi
2

p N̄γμγ5E−

�
Wþ

μ þ H:c:

ð30Þ

The SM-charged current interaction is intact. However,
note that the N̄EþWþ vertex is vectorlike and the N̄E−Wþ
one is axial vector.
The SM-neutral current interaction admits a similar

structure and becomes

�
−
ig2
2cw

½ν̄γμL̂νþ N̄γμN� − ig2
cw

½ēγμðgLL̂þ gRR̂Þe�

−
ig2
cw

gL þ gR
2

½ĒþγμEþ þ Ē−γ
μE−�

−
ig2
cw

gR − gL
2

½Ēþγμγ5E− þ Ē−γ
μγ5Eþ�

�
× Zμ: ð31Þ

For scenario A,

ew ¼ effiffiffi
2

p þ 1

2
½Eþ þ E−�;

E1 ¼ −
effiffiffi
2

p þ 1

2
½Eþ þ E−�;

E2 ¼
1ffiffiffi
2

p ½Eþ − E−�; ð32Þ

νwL ¼ νffiffiffi
2

p þ 1

2
½Nþ þ N−�;

N1L ¼ −
νffiffiffi
2

p þ 1

2
½Nþ þ N−�;

N2R ¼ 1ffiffiffi
2

p ½Ncþ − Nc
−�: ð33Þ

Again, we adopt the approximation in which Nþ; N− form
a Dirac fermion N. The neutrinos in the interaction basis
become

νwL≃
1ffiffiffi
2

p ðνþ L̂NÞ; N1L≃
1ffiffiffi
2

p ð−νþ L̂NÞ; N2R≃ R̂N:

ð34Þ

And it is easy to check that the QED, SM-charged current,
and SM-neutral current parts are the same as those in
scenario B.
In these two cases we discussed, the SM gauge couplings

are intact. This is due to the fact that V31 ¼ 0 for both cases.
In general, the SM Z-e-e and Z-ν-ν axial-vector part
couplings can deviate from the SM prediction. However,
the deviation is expected to be small, which is controlled by
the mixing, ∼Oðml=v1Þ < 10−7, between the SM lepton
and L2.
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B. Zl interactions

The corrections from any extra Z-boson couplings to SM
leptons are important for low-energy high-sensitivity
experiments, which can be done at the proposed lepton
colliders such as the international linear collider (ILC) [16]
and compact linear collider (CLIC) [17]. And it is par-
ticularly true for Zl. To facilitate such studies, we need to
know the couplings of Zl to the SM leptons, which are also
important for direct searches.
We begin with the couplings of charged leptons. It is

easy to see from Eq. (24) and Table I that the charged
leptons E ¼ ðew; E1; E2Þ have vector couplings to Zl in the
gauge basis. We define a charged matrix QE representing
this coupling by ĒQEγμEZ

μ
l, where

QE ¼

0
B@

1 0 0

0 −1 0

0 0 0

1
CA: ð35Þ

In the mass basis, the corresponding charge mass is
given by

Q0E ¼ V†QEV; ð36Þ

where V is given by Eq. (15). Specific examples of V are
given in Eqs. (16) and (21). In general, Q0E is not even a
diagonal matrix, and this is in sharp contrast to the case of
the SM gauge interactions. Of particular interest is
Q0E

11 ¼ jVe1j2 − jVE1j2, which determines the coupling
strength of Zl to the physical electrons. For scenario A,
we see that not only is this suppressed by matrix elements
but that an accidental cancelation also occurs. Indeed, for
the simplified case, it vanishes as from Eq. (16).
Similarly, we findQ0E

12 ¼ V�
e1Ve2 − V�

E1VE2, which gives
the off-diagonal coupling of Zl to the physical electron and
new heavy charged lepton. Explicitly, we have for scenario
A and in the Yukawa symmetry limit

−
iglffiffiffi
2

p ½ēγμðEþ þ E−Þ þ ðĒþ þ Ē−Þγμe�Zlμ: ð37Þ

In general, the coupling QE
11ēγμeZ

μ
l will not vanish since

the λ’s are all different and a complete cancelation is not
expected. Moreover, it is expected that jQE j < 1.
On the other hand, it is very different for scenario B. In

this case, the SM electron decouples from the exotic
fermion, and one has Q0E

11 ¼ 1. Instead, we have

igl

�
1

2
ðĒþ þ Ē−ÞγμðEþ þ E−Þ − ēγμe

�
Zlμ: ð38Þ

In both scenarios, the couplings are vectorial.
Similar considerations for the neutral leptons give for

scenario A

−
igl
2
½ν̄γμL̂N þ N̄γμL̂ν�Zlμ ð39Þ

and for scenario B

igl½N̄γμL̂N − ν̄γμL̂ν�Zlμ: ð40Þ

In contrast to the charged leptons, these couplings are left
handed.

V. PHENOMENOLOGY OF Zl

It is clear that Zl has only tree-level couplings to SM
leptons and not to quarks. Hence, its phenomenology is
very different from most extra Z extensions of the SM.
For scenario A in the Yukawa symmetry limit, Zl does

not couple to SM charged leptons phenomenology at tree
level, although the one-loop effect can exist. Thus, we do
not expect such probes to be sensitive to Zl in this limiting
case. On the other hand, for scenario B, this coupling is at
full strength. Therefore, in the following, we mainly focus
on the Zl phenomenology for scenario B. In between the
two cases, our results can be used by properly multiplying
by the appropriate factor ðQ0EÞ2 once elements of the
mixing matrix V are determined.
The model has many parameters. However, most of them

are related to the exotic scalars. For Zl phenomenology,
they largely do not play a role. The controlling parameters
are gl andMX, the mass of Zl. Whether the new leptons and
scalars are heavier or lighter than Zl mainly affects the
branching ratio of Zl into SM states and is of secondary
importance here. For definiteness, we shall assume that Zl
is the lightest of the new particles.
Direct production from eþe− colliders via eþe− → Zl,

which subsequently decays into lþl− pairs, gives an
unambiguous signal if kinematically allowed. Indirect
virtual exchange of Zl effects can be discerned in low-
energy precision experiments involving only leptons. Some
notable reactions are studied below.

A. LEP II bound

The four-lepton contact interactions between electrons
and charged leptons l with scale ΛVV

6 are parametrized by

4π

ðΛVVÞ2
ðēγμeÞðl̄γμlÞ: ð41Þ

This can be generated by exchanging a heavy Zl
boson with the coupling gl. Since the leptons are mass
eigenstates, the coupling has to be scaled by the factor
Q0E

11. The operator yields a destructive interference with
the SM process for

ffiffiffi
s

p
⋘ MX. The effects of the contact

6Note that if l ¼ e there will be an extra symmetry factor 2 in
the denominator of Eq. (41).
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interactions have been searched for at the large electron-
positron collider (LEP). A limit ΛVV > 20.0 TeV is set if
the universality between leptons is assumed [18]. This
amounts to a ρ-dependent lower bound on MX,

MX ≥
ffiffiffi
ρ

p ffiffiffi
α

p
× 20.0 TeV ∼ 1.77

ffiffiffi
ρ

p
TeV; ð42Þ

where ρ≡ ðgl=eÞ2. For example, MX > 0.97 TeV if
ρ ¼ 0.3. The above limit works for scenario B, in which
Q0E

11 ¼ 1. On the other hand, there is no such tree-level
contact interaction for scenario A since Q0E

11 ¼ 0 and the
LEP bound does not apply at all.
For the remainder of this section, scenario B is assumed.

B. Zl width

With the assumptions listed, the main decay modes
of Zl are into the SM leptons. The total width can be
calculated to be

ΓZl
¼

X
l

αρ

6
MXð1þ 2xlÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4xl

p
½ðllLÞ2 þ ðllRÞ2�; ð43Þ

where xl ¼ ðml=MXÞ2, α is the fine structure constant, and
llL;R is the left-/right-handed coupling for the l lepton flavor.
Since xl ≪ 1, we have ΓZl

¼ 3
2
αρMX. For a light Zl,

M ∼Oð100Þ GeV, its typical width is around a few
GeV, and its decay branching ratios are BrðZl → lþl−Þ ¼
2=9 and BrðZl → νν̄Þ ¼ 1=9 for each flavor.

C. Front-back asymmetry (AFB) in e + e− → μ+ μ−
The exchange of Zl, which has vector couplings to e, μ,

will interfere with the SM exchange of Z, γ. The differential
cross section is given by

dσ
d cos θ

¼ πα2

2s

�
jDγlj2ð1þ cos2θÞ

þ 1

4ðsWcWÞ4
jDZj2½ðg2L þ g2RÞ2ð1þ cos2θÞ

þ 2ðg2L − g2RÞ2 cos θ�

þ 1

2ðsWcWÞ2
ℜðD�

γlDZÞ½ðgL þ gRÞ2ð1þ cos2θÞ

þ 2ðgL − gRÞ2 cos θ�
�
; ð44Þ

where θ is the scattering angle of μ−, s is the center-of-mass
energy squared, and cW ðsWÞ is the cosine (sine) of the
weak mixing angle. Also, the SM Z-lepton couplings are
gL ¼ − 1

2
þ s2W and gR ¼ s2W . We have also introduced the

dimensionless gauge boson propagator factors,

Dγl ¼ 1þ ρs
s −M2

X þ iMXΓX
;

DZ ¼ s
s −M2

Z þ iMZΓZ
; ð45Þ

where MX is the mass and ΓX is the width of Zl. We have
combined the photon and Zl exchange together since both
have vector couplings to e and μ. The finite widths are
included to take care of the behaviors near the mass poles.
TheSM γ − Z interference causes awigglingwithmagnitude
around∼Oð10−2Þ of the cross section around the Z pole; see
Figs. 1(a) and 1(b). This along with other asymmetries has
been experimentally confirmed by analyzing the Z-line
shape [18,19]. The presence of the new Zl boson provides
additional wiggling around the SM Z pole at the level of
∼Oð10−3Þ, Fig. 1(b). This will be the first unambiguous sign
of the existence of a newgauge bosonwhich interfereswith γ,
Z, which can be searched for at the future Z factories such as
the eþe− collisions at the future circular collider [20] and
circular electron positron collider [21].
We parametrize the cross section as

dσ
d cos θ

¼ πα2

2s
½Að1þ cos2θÞ þ B cos θ�: ð46Þ

Then, AFB is given by

AFB ¼
R
1
0 d cos θ

dσ
d cos θ −

R
0
−1 d cos θ

dσ
d cos θR

1
−1 d cos θ

dσ
d cos θ

¼ 3B
8A

; ð47Þ

where A, B can be easily read from Eq. (44). AFB is center-
of-mass energy dependent.
At the Z pole, we have

AFB ¼ 3

4

ðg2R − g2LÞ2
ðg2R þ g2LÞ2

∼ 0.01695 ð48Þ

by using s2W ¼ 0.2311. It is accidentally small because s2W
is very close to 1=4. It is interesting to note that the Zl

(a) (b)

FIG. 1. (a) The line shape of the eþe− → μμ̄ cross section near
the Z pole for MX ¼ 1 TeV and ρ ¼ 0.3. (b) The SM photon-Z
interference and the Zl-SM interference.
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exchange induces a universal positive contribution to all
Al
FB for SM charged leptons at the Z pole. This can be

understood as follows. First, as Zl is heavier than MZ,
it gives a destructive interference to the symmetric Dγl

term and reduces A. Second, the asymmetric ðgL − gRÞ2
ð≫ ðg2L − g2RÞ2Þ term from Zl-SM interference increases B
in Eq. (47). On the other hand, the Aq

FB for SM quarks
receive no such contributions. Therefore, with the presence
of Zl and MX > MZ, Ã

l
FB > Ãq

FB, where ÃFB ≡ AFB=ASM
FB

is a robust prediction. For Ab
FB, the LEP experimental value

is measured to be 0.0992(16), and the SM expectation is
0.1031(3) [22] by using the above value of sW and all other
SM parameters input from the global electroweak precision
fit, or roughly speaking, Ãl

FB=Ã
b
FB ¼ 1.0393� 0.0164.

However, taking into account the mass bound, Eq. (42),
only a 10.7 TeV Zl with ρ ∼ 36.3 can explain this differ-
ence between the lepton and quark sector at 2σ level. In
other words, with gl ∼ 6e, one can account for this
discrepancy. Certainly, whether this difference is due to
Zl will be clarified at a future Z-factory option eþe−
colliders.
Beyond the Z pole and for MZ ≪

ffiffiffi
s

p
≪ MX,

AFB ∼
3

4

ðg2R − g2LÞ2 þ 2ðsWcWÞ2ðgR − gLÞ2
4ðsWcWÞ4 þ ðg2R þ g2LÞ2 þ 2ðsWcWÞ2ðgR þ gLÞ2

∼ 0.4691: ð49Þ

At the Zl pole, the asymmetry is small due to the vector
coupling nature of Zl, and it becomes

AFB ∼
3

4

ðgR − gLÞ2
ðgR þ gLÞ2 þ 2ðsWcWÞ2 2

3α

∼ 8.83 × 10−6 ð50Þ

by using Eq. (43). It is interesting that the above three
values are not sensitive to ρ. Finally, for

ffiffiffi
s

p
≫ MX,

4

3
AFB∼

ðg2R−g2LÞ2þ2ρ̄ðsWcWÞ2ðgR−gLÞ2
4ðsWcWÞ4ρ̄2þðg2Rþg2LÞ2þ2ρ̄ðsWcWÞ2ðgRþgLÞ2

;

ð51Þ

where ρ̄ ¼ 1þ ρ. We give a plot of AFB, Fig. 2, for MX ¼
2 TeV and ρ ¼ 0.3, 1.0.
The

ffiffiffi
s

p
-dependent AFB provides an important handle to

probe the new heavy gauge boson. It is especially useful
for the planned linear colliders. For example, the CLIC
has plans for two-staged intermediate energy at

ffiffiffi
s

p ¼
0.5;1.4ð1.5Þ TeV before reaching its ultimate 3 TeV goal
[17]. At each new stage, it is able to tune down the energy by
about a factor 3 without losing the luminosity. One might be
able to see the effect of the new gauge boson in theAFB even
if Zl is too heavy to be produced on shell.

D. Muon g − 2
The Zl contribution to the muon anomalous moment can

be easily calculated to be

Δaμ ¼
α

3π
ρ

	
m2

μ

M2
X



: ð52Þ

Using the value aexpμ − athμ ¼ 2.88 × 10−9 [22] and requir-
ing that Δaμ is smaller than that, we obtain the constraint
MX > 54.5

ffiffiffi
ρ

p
GeV. The helicity flip factor severely cur-

tails the sensitivity of aμ to MX. The new exotic scalars
have contributions to Δaμ as well. Since their masses have
to be heavier than ∼0.8 TeV, those contributions are
negligible. However, this limit cannot compete with
Eq. (42). For a recent review of the connection between
aμ and the new physics, see Ref. [23].

E. Møeller scattering

The exchange of Zl will interfere with the SM Z, γ
processes at the amplitude level. The leading order is free of
hadronic uncertainties and hence offers a very clean
sensitive probe of Zl. Since the Zl admits vector coupling
to the electron, it does not contribute left-right asymmetry
directly. Its role in the Mø eller scattering is to increase the
symmetric cross section from the photon exchange dia-
gram. The asymmetry is then reduced to

ALR ≃ ASM
LR ×

�
1 − 6

ρQ2

M2
X

ð1 − yÞð1 − yþ y2Þ
1þ y4 þ ð1 − yÞ4

�
; ð53Þ

ASM
LR ¼ 4Gμsffiffiffi

2
p

πα

yð1 − yÞ
1þ y4 þ ð1 − yÞ4

�
1

4
− s2w

�
; ð54Þ

where y ¼ − t
s. The asymmetry was measured to be

ALR ¼ 131� 14ðstasÞ � 10ðsystÞ ppb ð55Þ

by the SLAC E158 experiment [24], where Q2 ¼
0.026ðGeVÞ2, y ¼ 0.6; thus, ASM

LR ¼ 1.47 × 10−7. By

FIG. 2. The AFB vs
ffiffiffi
s

p
with MX ¼ 2 TeV. The black curve is

for the SM, and the red (blue) curve is for a Zl with ρ ¼ 0.3 (1.0).
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taking the 95% C.L. limit, −0.337 < δALR
ALR

< 0.122.
Because of the stringent limits from Eq. (42), the Zl

contribution to δALR
ALR

has no significance at all.

F. Zl production at the LHC

If energetically allowed, Zl can be produced at the LHC
via the radiaitive Drell-Yan process as depicted in Fig. 3.
The final states will be two pairs of leptons with different

flavors in which one pair constitutes a resonance, e.g.,
μþμ− and eþe− pairs and either pair coming from on-shell
Zl decay. Another signal will be three leptons plus missing
energy. A spectacular example will be a μþμ− and an eþe−
pair with either pair resulting from Zl decay. Neither
signature will have any jet activities.
Here, just for illustration purposes, we consider the signal

pp → eþe−Zl → eþe− þ ðμμ̄Þ, and there is a sharp reso-
nance peak of muon pair invariant mass at MX. The
SM background is pp → eþe−μþμ− with mμμ̄ ∼MX. We
evaluate the cross section of pp → eþe−Zl at the LHC for
three c.m. energies with the programCALCHEP [25] with the
CTEQ6L1 parton distribution functions set [26]. The stan-
dard model background are also evaluated with CALCHEP

with a cut thatmμμ̄ ∈ ðMX − 50 GeV;MX þ 50 GeVÞ. The
numbers are listed in Table III.
We use S=

ffiffiffiffi
B

p ¼ 3 and an integrated luminosity L0 ¼
3000ðfbÞ−1 as the benchmark limit of detecting a Zl at the
LHC. Then,

3 ¼ σðpp → eþe−Zlðμμ̄ÞÞBrðZl → μμ̄Þ × L0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σBG × L0

p

¼ 2

9

ffiffiffiffiffiffiffiffi
L0

σBG

s 	
σ

g2l



g2l : ð56Þ

The corresponding highest lepton number–breaking
scale we can probe is w̄2

max ¼ ð2=27Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L0=σBG

p
×

ðσ=g2l ÞM2
X, which is also displayed in Table III. The

LHC14, LHC30, and LHC100 have the potential to probe
the lepton number–violating scales up to ∼0.5; 1.0, and
2.0 TeV, respectively.

VI. RADIATIVE SEESAW MASS FOR νL

The Feynman diagrams for radiative νL mass generation
are depicted in Fig. 4 and are given in the weak eigenbasis.
They fill in the upper left-hand block of zeros in Eq. (18).7

In the limit at which the chargedH1, S scalars are heavier
than the leptons, we get

M11 ¼
fðY1vÞðλ1lwÞme

16π2ðm2
1 −m2

SÞ
ln

	
m2

1

m2
S



; ð57Þ

where we have used Yv ¼ me as explained above. M11

will be the upper leftmost entry in Eq. (18). Similarly,
we get radiative correction to M12;21, Fig. 5. Clearly, these
are much smaller than λ̄w. Other than providing a Majorana
mass for the active neutrino νe, they also transform the Dirac
neutrino N into a pseudo-Dirac one. Numerically, the
splittingwill be undetectably small for all practical purposes,
and we can treat the N as a Dirac neutrino. Assuming that
there is no outstanding hierarchy between m1 and mS, then
one expects the combination w=ðm2

1 −m2
SÞ lnðm1

1=m
2
SÞ≃

w ∼OðTeVÞ. Plugging in the values, the resulting active
neutrino mass is around mν∼fY1λ1l×103 eV. And the sub-
eV neutrino mass can be easily achieved with f; Y1; λ1l ∼
Oð0.1Þ without prominent fine-tuning.

VII. PHENOMENOLOGY OF E, N

Even if the exotic leptons are too heavy to be produced
by current or near-future colliders, they can have important
effects at current energies. The notable ones are the
electroweak oblique parameters S, T [27,28] and the
decay h → γγ.

FIG. 3. Drell-Yan production of Zl.

TABLE III. The pp → eþe−Zl cross section normalized
by g2l and the SM background (BG) . The cross sections are
in ðpbÞ, and w̄max are in TeV.ffiffi

s
p
TeV

MX
TeV ¼ 0.5 MX

TeV ¼ 1.0 MX
TeV ¼ 2.0 MX

TeV ¼ 5.0

14 σ
g2l

5.4 × 10−5 1.7 × 10−6 1.9 × 10−8 9.8 × 10−13

σBG 2.2 × 10−5 1.4 × 10−6 5.4 × 10−8 6.2 × 10−11

w̄max
TeV

0.61 0.43 � � � � � �
30 σ

g2l
2.6 × 10−4 1.5 × 10−5 5.1 × 10−7 1.0 × 10−9

σBG 6.8 × 10−5 7.1 × 10−6 4.2 × 10−7 5.7 × 10−9

w̄max
TeV

1.02 0.85 � � � � � �
100 σ

g2l
1.7 × 10−3 1.5 × 10−4 1.1 × 10−5 1.8 × 10−7

σBG 3.0 × 10−4 3.2 × 10−5 2.8 × 10−6 7.6 × 10−8

w̄max
TeV

1.79 1.85 1.83 � � �

7Our anomaly solutions can accommodate a variant of the
type-I seesawmechanism by adding a set of vectorlike SM singlet
neutrinos N R and N L with lepton number unity. We shall not
pursue this further.
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A. Oblique parameters S, T

It is well known that the oblique parameters S and T
constraint heavy fermions that carry SM quantum numbers.
In this case, they constrain the mass differences of the
lepton pairs E, N as well as the number of such pairs.
Explicitly, for each generation, we have

ΔT ¼ 1

16πs2w

X
i¼1;2

M2
Ei

M2
W

	
1þ xi þ

2xi
1 − xi

ln xi



; ð58Þ

ΔS ¼ 1

6π

X
i¼1;2

ð1þ ln xiÞ; ð59Þ

where xi ¼ M2
Ni
=M2

Ei
. When the mass splitting between Ei

and Ni is small compared to their masses,

ΔT ∼
1

12πs2wM2
W
½ðMN1

−ME1
Þ2 þ ðMN2

−ME2
Þ2�;

ΔS ∼
1

3π

�
1þMN1

−ME1

ME1

þMN2
−ME2

ME2

�
; ð60Þ

for each generation. The doublet H1 provides the
contribution

ΔT ¼ 1

16πs2w

M2
Hþ

M2
W

1

z

�
1þ zþ 2z

1 − z
ln z

�
; ð61Þ

ΔS ¼ −
1

12π
ln z; ð62Þ

where z≡M2
Hþ=M2

H0
1

. Note that ΔT from the fermions and

doublet scalar are both positive, but ΔS from the doublet
scalar can be either positive or negative. From the Particle
Data Group, we have Sdata < 0.22 and Tdata < 0.27 at
95% C.L. [22].
To see how these will restrict the parameters of our

model, we begin by taking z ¼ 1; i.e., the neutral and
charged components of H1 are degenerate. This implies
that the mixing of H1 with all other scalars is negligible.
Then, the scalar contributions to ΔT and ΔS are vanishing.
For simplicity, we also assume the masses of Eþ and E− are
equal and their counterparts for μ and τ families are also the
same. From Eq. (59), we see that the new isodoublet chiral
leptons cannot have degenerate upper and lower compo-
nents; otherwise, the resulting ΔS runs afoul of Sdata. The
splitting between the neutral and charged components that
saturates Tdata is given by

x ¼ 0.73; ð63Þ

where we have dropped the subscript i. Using Eq. (58) and
Tdata, we obtain ME ≤ 350 GeV. The above values are to
be taken as a demonstration that the stringent constraints of
oblique corrections can be satisfied with new lepton masses
in the range of 350 GeV, the vertical dash blue line in Fig. 6.
This is well above the limit from the charged lepton

FIG. 4. One-loop νeνe mass term generation. Green arrows
show the flow of lepton charge.

FIG. 5. One-loop νeLN mass term generations. Green arrows
show the flow of lepton charge.

FIG. 6. Contours from ΔS and ΔT constraints for different ln x.
For a given ln x, the allowed masses region is above the direct
search bound on MHþ , the horizontal red line, to the right of the
direct search bound onME, the vertical dashed red line, and to the
lower left of the blue (dashed) curve.

STUDY OF GAUGED LEPTON SYMMETRY SIGNATURES AT … PHYS. REV. D 98, 035015 (2018)

035015-11



searches of > 100.8 GeV, the vertical dash red line in
Fig. 6, given by the Particle Data Group [22].8

We can also take the limit at which the E and N are
degenerate, i.e., all x ¼ 1. Then, Eq. (59) yields ΔS ≃ :32.
Then, it will require theH1 doublet with ln z ≃ 3.71 to bring
it within the experimental bound since scalars give a
negative contribution [see Eq. (62)]. The scalars will then
be the sole contributors toΔT. A similar calculation gives an
upper bound on the mass of Hþ, the horizontal blue line in
Fig. 6. This value is also larger than the direct search bound
on charged scalars, the horizontal red line in Fig. 6. The large
splitting between Hþ and H0

1 implies that some if not all of
the parameters κH1S, κΦiH1

, and μ3 in Eq. (9) are large.
Notice that, since z is large, we have MH0

1
≃ 24.4 GeV.

In general, it can mix with the SM Higgs boson, but we
have seen that this mixing is constrained to be small. In the
interaction basis, which is good for small mixings, it does
not couple to quarks, and it has no couplings to gluons to
one loop. Because of this, it will not run into problems at
the LHC. Neutral scalars in the mass range of 10–100 GeV
are notoriously difficult to detect. The challenges and a
possible signal for probing this at the LHC were discussed
in Ref. [30]. Additionally, a more promising avenue of
exploring this at a future eþe− collider is given in Ref. [31].
From the above limiting case, it is easy to see that if ln x >

−0.3088 the doubletH1 will have to play a role in satisfying
the oblique corrections bounds. For ln x ¼ −0.3088, it is the
vertical dashed blue line in Fig. 6. It is more realistic to
assume finite mass splittings between the isodoublets for
both leptons and scalars. For an illustration, we take
ln x ¼ −0.2; then, the masses of ME and MHþ will satisfy
a contour given by

:0062

	
ME

MW



2

þ :0259

	
MHþ

MW



2

≤ 0.27: ð64Þ

The allowed regions ofME andMHþ for different ln x are
displayed in Fig. 6. If both experimental lower bounds on
ME, MHþ are met, one can see that the range of ln x is
−0.43572 < ln x < 0.6053, and it implies that 0.80 <
ðMN=MEÞ < 1.35 and 0.47 < ðMHþ=MH0Þ < 241.0 if a
universal xi is assumed. Moreover, for ln x > −0.1, a light
neutral scalar with mass MH0 < 50 GeV is expected.
Before closing this subsection, we remark that it is well

known that the constraint from ΔT can be largely loosened
by introducing an SUð2Þ triplet with a small VEV so that
the tree-level electroweak ρ parameter is less than unity.
However, for the minimal setup, we do not go further into
such a discussion. See [32] for utilizing a triplet Higgs for
neutrino mass generation and relaxing the ΔT constraint in
this model.

B. Impact on Higgs decays

1. Higgs to two photons

The SM Higgs to the diphoton vertex is generated at the
one-loop level with dominant contributions from W� and
top-quark running in the loop. In our model, there are six
new charged leptons; a E1, E2 pair for each of the three
generations; and two new charged scalars, H�

1 and S�.
These charged fields mix among themselves, and one needs
to know every parameter for the actual mass diagonaliza-
tion. However, with assumptions on the mass ranges of
these charged particles, a general discussion is sufficient to
draw qualitative conclusions.
In the mass basis, we can parametrize the Yukawa

couplings and cubic couplings to the SM Higgs as

L ⊃ −
X6
i¼1

yEi
ĒiEih −

X
i¼1;2

λiMWhH
þ
i H

−
i : ð65Þ

These new electrically charged degrees of freedom enter the
one-loop triangle diagram and modify the width of the SM
Higgs diphoton decay. This is given by [33]

ΓðH → γγÞ ¼ GFα
2M3

H

128
ffiffiffi
2

p
π3

����F1ðτWÞ þ
4

3
F1=2ðτtÞ

þ
X
j¼1;2

λi
M2

W

g2M2
Hi

F0ðτHi
Þ

þ
X6
i¼1

yEi

2MW

g2MEi

F1=2ðτEi
Þ
����2; ð66Þ

where τi ≡ ðmH=2miÞ2, and

F0ðτÞ ¼ −½τ − fðτÞ�=τ2;
F1=2ðτÞ ¼ 2½τ þ ðτ − 1ÞfðτÞ�=τ2;
F1ðτÞ ¼ −½2τ2 þ 3τ þ 3ð2τ − 1ÞfðτÞ�=τ2; ð67Þ

with

fðτÞ¼

8>>>>><
>>>>>:
½sin−1 ffiffiffi

τ
p �2; if τ≤ 1

−
1

4

�
log

1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−1=τ

p
1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−1=τ

p − iπ

�2
; if τ> 1:

ð68Þ

For mi ≫ MH=2 ¼ 62.5 GeV, we have the following
expansions around τ ¼ 0:

8Note that the limit ME ≳ 168 GeV at 95% C.L., obtained by
Ref. [29], does not apply here since there is no tree-level Z-E-l
coupling in our model.
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F0ðτÞ ∼
1

3
þ 8

45
τ þOðτ2Þ;

F1=2ðτÞ ∼
4

3
þ 14

45
τ þOðτ2Þ;

F1ðτÞ ∼ −7 −
22

15
τ þOðτ2Þ: ð69Þ

Plugging in the numbers, the diphoton decay width reads

ΓðH→γγÞ¼GFα
2M3

H

128
ffiffiffi
2

p
π3

×

����−8.324þ1.834

þ8.3×10−4ð1.3×10−2Þ×λ2þ0.087ð0.42Þ×λ1

þ
X6
i¼1

0.32ð3.64Þ×yEi

����2 ð70Þ

for MEi
¼ 1000 ð100Þ GeV, MH2

¼ 2.0 ð0.5Þ TeV, and
MH1

¼ 200 ð100Þ GeV. The first two numbers are the
dominant SM contributions from W� and the top quark,
respectively. Since we expect jyEi

j ∼ml=vh ≪ 1, even for
the new leptons (see Sec. III), the charged leptons con-
tribution can be ignored. If the second charged scalar is
heavy, its contribution can be ignored, too, even taking
λ2 ∼Oð1Þ. Therefore, only the light charged scalar with
mass in the range of 100 to 200 GeV matters. The gluon
fusion is the dominant SM Higgs production channel at the
LHC, and it does not receive any modification. The signal
strength of pp → h → γγ at the LHC is therefore

μγγ ≃ ΓðH → γγÞ=ΓðH → γγÞSM
∼ 1 − ð0.03 − 0.13Þ × λ1: ð71Þ

Even that the light charged Higgs has a coupling
jλ1j ∼Oð1Þ, the resulting di-photon signal strength still
agrees with the experimental data μγγ¼1.18ðþ0.17−0.14Þ
[34]. This is in agreement with the general analysis given
in Ref. [35].

2. Higgs to four fermions

For notational simplicity, here, we denote h1 ≡ℜðH0
1Þ

and a1 ≡ ℑðH0
1Þ. If h1 (or a1) is lighter than half the mass

of the SM Higgs, hSM, then we can have

hSM → 2h1ð2a1Þ → l̄ili þ l̄jlj: ð72Þ

The decay width is

ΓðhSM → h1h1ða1a1ÞÞ ¼
v2ðκ2 þ κ3Þ2
32πMH

	
1 −

4m2
1

M2
H


1
2

; ð73Þ

whereMHð¼ 125 GeVÞ and m1 are the masses of hSM and
h1ða1Þ, respectively. We have neglected the term involving
off-diagonal mixing of neutral scalars. The dominant decay

mode for h1ða1Þ is model dependent. The current bound on
the mixing squared between hSM and h1 is about ≲10−2 for
10 < m1 < 40 GeV from LEP2 [36].9 For Y1 ∼Oð0.1Þ, as
expected from the radiative neutrino masses, the effects
from the mixing with SM Higgs cannot compete with those
from the direct Yukawa interaction, Eq. (19). Therefore, for
scenario A, the main decay channel will be h1ða1Þ → l̄l
with l ¼ e, μ, τ. The signal will be SM Higgs decays into
two charged lepton pairs with both invariant masses
peaking at the unknown m1.
For scenario B, h1ða1Þ has only off-diagonal couplings

to the SM lepton and a heavy lepton; see Eq. (23). The
dominant decay of light h1ða1Þ is expected to be due to
mixing with the hSMðℑðH0

0ÞÞ, which then decays into a
fermion pair. Therefore, b̄b will be the dominate final state
if m1 > 10 GeV.
For the general case, in between scenarios A and B, we

expect the mixing element jU12j2 < 0.13, from unitarity
and jU11j2 > 0.87 [15], to be small but nonvanishing.

C. Colliders production and decay of exotic leptons

For both scenarios A and B, the SM gauge interaction
allowsE� → W−N�,W−N∓, andNþ → N−Z ifMN < ME
is assumed. We consider the decay, E� → NW−, of a heavy
Dirac N for simplicity. The decay width is calculated to be

ΓE�→NW− ¼ GFM3
E

8
ffiffiffi
2

p
π
λcmðxN; xwÞfðxw; xNÞ

fðx; yÞ ¼ xð1þ y − 2x ∓ 6
ffiffiffi
x

p Þ þ ð1 − yÞ2; ð74Þ

where λcmðy; zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ y2 þ z2 − 2ðyþ zþ yzÞ

p
, xw ¼

ðMW=MEÞ2, and xN ≡ ðMN=MEÞ2. For ME ≫ MW, or
xw ≪ 1, the width becomes

ΓE�→NW− ≃
GFM3

E

8
ffiffiffi
2

p
π
ð1 − xNÞ3: ð75Þ

As discussed in Sec. VII A, the oblique corrections
require that ln xN > −0.4357, which implies that

ΓE�→NW− < 14.45 ×

	
ME

1 TeV



3

GeV: ð76Þ

On the other hand, ifMN > ME, the decay width ofN takes
a similar form with ME ↔ MN ,

ΓN→E�Wþ ≃
GFM3

N

8
ffiffiffi
2

p
π
ð1 − x−1N Þ3: ð77Þ

Similarly, from ln xN < 0.6053,

9The limit on the mixing squared between hSM and h1
could be improved by a few orders of magnitude at the future
colliders [30,31].
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ΓN→E�W− < 30.72 ×

	
MN

1 TeV



3

GeV: ð78Þ

From the above discussion, unless the leptons are nearly
degenerate, the decays of E� or N are expected to be
prompt.
Next, we turn our attention to the heavy lepton decay via

the Yukawa interaction with H1. Let us consider a general
case with two fermions F and f and a scalar ϕ. The scalar
field ϕ could be either neutral or charged. Assume that they
admit a Yukawa interaction that is parametrized as L ⊃
F̄ðsþ aγ5Þfϕþ H:c:. If kinematics is allowed, the decay
channel F → fϕ opens, and the width is calculated to be

λcmðxf;xϕÞM
16π

½ð1þxfÞ2jsj2þð1−xfÞ2jaj2−xϕðjsj2þjaj2Þ�;
ð79Þ

where M is the mass of F, xf ¼ ðmf=MÞ2, and
xϕ ¼ ðmϕ=MÞ2. For the cases in which M;mf ≫ mϕ, the
decay width becomes

ΓðF → fϕÞ ≃ M
16π

ð1 − xfÞ½ð1þ xfÞ2jsj2 þ ð1 − xfÞ2jaj2�:
ð80Þ

The relevant fields and Yukawa couplings in our model are
collected and listed in Table IV. One can read the precise
expression by using Eq. (80) and Table IV. Roughly
speaking, the decay widths are about ∼ðY2

1=64πÞM, or
numerically ∼0.05 × ðY1=0.1Þ2 × ðM=1 TeVÞ GeV, where
M is the mass of E� or N. In general, this decay width is
much smaller than that from the decay with a SMW� boson
in the final states. Note that in scenario BN does not have the
tree-level two-body decays via the Yukawa interaction with
H1.

10 However, if the mass of the charged scalar S� is less

than MN , then the decay N → eþS−11 is possible.
Otherwise, N will have only three-body decays. For
MN < ME, there is another chain with an intermediate
virtual E; for example, N → WþE� → Wþh1e−. We shall
use the superscript � to denote off-shell particles.
The heavy leptons can be pair produced at the eþe−

colliders. For simplicity, we assume that Eþ and E− are
nearly degenerate so that they are hard to distinguish
experimentally, and we collectively denote the states as
E≡ Eþ ∼ E−. For

ffiffiffi
s

p
≫ MZ and away from the Zl pole,

the production cross section per generation for scenario B
can be calculated to be

σðeþe− → EĒÞ

≃ 2
4πα2

3s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4xE

p �	
1þ ρs

s −M2
X



2

ð1þ 2xEÞ

þ ðgeLÞ2 þ ðgeRÞ2
4ðsWcWÞ4

½ð1 − xEÞððgELÞ2 þ ðgERÞ2Þ þ 6xEgELg
E
R�

þ ðgeL þ geRÞ
2ðsWcWÞ2

ðgEL þ gERÞ
	
1þ ρs

s −M2
X



ð1 − xEÞ

�
;

ð81Þ

where xE ≡M2
E=s, g

E
L ≃ geL ¼ −1=2þ s2W , and gER ≃ geR ¼

s2W . The first factor 2 represents the incoherent sum from
the contribution of the two heavy Dirac charged leptons.
For example, if fMEþ ;ME−

g ¼ f200; 180g GeV, ρ ¼ 0.3,
and MX ¼ 1 TeV, the production cross section of two
charged leptons is 556.0 (83.2) fb for

ffiffiffi
s

p ¼ 1.2 (2.2) TeV;
see Fig. 7(a). Similarly, the heavy N can be pair produced
through the s-channel process mediated by Z; Zl, and the
production cross section for each generation is

TABLE IV. The H1 Yukawa couplings between the heavy
leptons and the SM ones in our model. The heavy neutrino is
assumed to be Dirac.

Scenario F f ϕ s a

A

E� e h1 0 − Y1

2
ffiffi
2

p

E� e a1 − iY1

2
ffiffi
2

p 0

E� ν H−
1

Y1

4
ffiffi
2

p − Y1

4
ffiffi
2

p

N e Hþ
1 − Y1

4
− Y1

4

B

E� e h1 Y1

4
− Y1

4

E� e a1 − iY1

4
iY1

4

E� ν H−
1

Y1

2
ffiffi
2

p − Y1

2
ffiffi
2

p

(a) (b)

FIG. 7. (a) The EĒ and (b) NN̄ production cross sections vs
ffiffiffi
s

p
at an eþe− collider. The masses of EðNÞ are labeled next to the
curves.

10We have checked that even MN < ME N cannot be a dark
matter candidate due to its SM SUð2Þ interaction. Adding an
ad hoc Z2 parity will not change this.

11Because of the radiative generated Majorana masses, Fig. 5,
N is in fact pseudo-Dirac. However, the conjugate decays, N →
W−Ē and N → e−Sþ, are expected to be rare.
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σðeþe− → NN̄Þ

≃
4πα2

3s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4xN

p �	
ρs

s −M2
X



2

ð1þ 2xNÞ

þ ðgeLÞ2 þ ðgeRÞ2
8ðsWcWÞ4

ð1þ 2xNÞ

þ ðgeL þ geRÞ
2ðsWcWÞ2

	
ρs

s −M2
X



ð1 − xNÞ

�
: ð82Þ

For example, if MN ¼ 170 GeV, ρ ¼ 0.3, and
MX ¼ 1 TeV, the production cross section of the NN̄ pair
is 94.0 (12.4) fb for

ffiffiffi
s

p ¼ 1.2 (2.2) TeV; see Fig. 7(b).
At the LHC, the heavy leptons can be produced via the

photon and/or the W-/Z-boson Drell-Yan process.
Therefore, the production cross sections are independent
of the Zl mass and theUð1Þl gauge couplings. Since a full-
fledged collider study is beyond the scope of this paper,
only the production cross sections are considered here.
Three sets of ðMEþ ;ME−

Þ are considered as the benchmarks
with the assumption that their mass differences are sub-
electroweak. For each benchmark, MN is chosen to meet
the constraint from the electroweak precision; with j ln xj <
0.3; 0.15; 0.05 for MEþ ¼ 200; 500; 1000 GeV, respec-
tively. The production cross sections are evaluated with
CALCHEP and are listed in Tables V and VI.
For ME, MN ≲ 500 GeV, the production cross sections

are about Oð1–100Þ fb. The production of E and N will be
followed by their decays into SM particles. The decay
modes are sensitive to the masses of Eþ; E−; N as well as
the masses of the charged scalars H�

1 and S�, which in
general mix. If the splitting between E and N is large

enough, the dominant decays will be two-body modes;
otherwise, they will be three-body modes. They also
depend on the ordering of the E and N masses. If
ME > MS� , then we have the chain

E → ν̄þ S−

↳W− þ h1ða1Þ; ð83Þ
where the decay of S− proceeds via mixing with H−

1 .
Additionally, in scenario B, if ME > MN , we also have the
chain

E → W− þ N

↓

W− þ Eð�Þ þWþ

↳e− þ h1ða1Þ; ð84Þ

where we take the decay of E to proceed via

E → eþ h1ða1Þ → eþ ll̄ ð85Þ

if Y1 is not too small.
Next, we examine the decays of the neutral lepton N. If

MN > ME, the decay chain will be

N → Wþ þ E

↳e− þ h1ða1Þ: ð86Þ

Similar to the case of E, if MN > MS� , the following is
also available:

N → eþ þ S−

↳W−h1ða1Þ: ð87Þ

Before one can draw any conclusion, it is crucially
important to understand the SM background first. We leave
the comprehensive signal and background study to a
future work.

VIII. CONCLUSIONS

An anomaly-free gauged Uð1Þl lepton model was con-
structed to study the nature of the lepton number.
Differently from previous studies in the literature, we
found two solutions that are free of the anomaly for each
SM fermion generation. Our solutions also do not require
the type-I seesaw mechanism for active neutrino mass
generation. The price we pay is introducing four extra
chiral fermion fields per generation, while the two sol-
utions, of which anomaly cancelation is nontrivial, look
superficially similar. The fermion content of one solution is
displayed in Table I. We have constructed the minimal
scalar sector, Table II, such that the active neutrino masses
are generated radiatively without significantly fine tuning

TABLE V. The production cross sections(in pb) at the LHC14
for one generation in scenario-B in our model. The masses of E�
are in the unit of GeV.

MEþ ME− ĒþEþ ĒþE− þ Ē−Eþ Ē−E−

set-1 200 180 9.62 × 10−2 4.27 × 10−2 1.40 × 10−1

set-2 500 480 2.76 × 10−3 9.04 × 10−4 3.30 × 10−3

set-3 1000 950 9.08 × 10−5 2.44 × 10−5 1.21 × 10−4

TABLE VI. The production cross sections(in pb) at the LHC14
for one generation in scenario-B in our model. The masses of N
are in the unit of GeV.

MN N̄N N̄Eþ þ ĒþN N̄E− þ Ē−N

set-1 170 3.68 × 10−1 1.19 × 10−1 5.20 × 10−2

set-1 230 1.21 × 10−1 6.90 × 10−2 2.89 × 10−2

set-2 460 7.76 × 10−3 3.04 × 10−3 1.04 × 10−3

set-2 540 3.87 × 10−3 2.17 × 10−3 7.24 × 10−4

set-3 980 1.93 × 10−4 9.28 × 10−5 2.69 × 10−5

set-3 1020 1.53 × 10−4 8.29 × 10−5 2.37 × 10−5
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the model parameters. Moreover, the new leptons acquire
their masses from the vacuum expectation values of SM
Higgs doublet and the scalars, ϕ1;2, which carry nonzero
lepton numbers.
An immediate phenomenological consequence is the

existence of a new gauge boson, Zl, which is universal
for any gauged Uð1Þl model. The mass of Zl, MX, is
determined by the lepton charges of the scalars ϕ1;2 and the
lepton number–violating VEVs, hϕ1;2i. The Zl boson
interferes with the SM photon and Z boson in the process
eþe− → ll̄. Even if the center-of-mass energy of the eþe−
collider is below the mass of Zl, its effects can be
unambiguously identified from the Z-line shape and the
forward-backward asymmetries. This can be seen in Figs. 1
and 2. In contrast, the front-back asymmetries of the quarks
will not change from their SM values. The combination of
these two measurements will shed light on the nature of any
extra Z boson.
As noted previously, Zl can be produced at a hadron

collider by radiating from a lepton line from the usual
Drell-Yan process via the reaction pp → ll̄l0l̄0 with the
invariant mass of one pair of leptons, ll̄0, say, peaking at
MX. The final state to look for is four leptons with no jets.
We found that the LHC14, LHC30, and LHC100 with an
integrated luminosity 3000ðfbÞ−1 can probe the lepton
number–violating scale up to roughly 0.5,1.0, and 2.0 TeV,
respectively. This is the same range of direct Zl production
can be reached at the eþe− colliders such as ILC500 and
CLIC at 2 TeV. The latter also provides a much cleaner
environment. For the constraint on the coupling for a light
scenario B–type Zl, see Ref. [37].
Since the SM fermions content is anomalous under

Uð1Þl, new heavy leptons are mandated to cancel the
anomaly for a UV-complete theory. The masses of these
exotic leptons are usually free parameters and can be heavier
than the reach of any foreseeable colliders. We studied the
phenomenologically more interesting case in which their
masses are< 1.0 TeV. The production of the heavy charged
lepton pair at an eþe− collider is ∼Oð10 − 102Þfb, and
the signals for their detection can be very clean. Because
of the negligible mixing of E and N with their SM counter-
parts, the usual detection channels do not apply. For
example, for a heavy neutrinoN, the usual detection channel
is N → eW. However, for our solution, N predominantly

decays into final stateswithW þ 3l [see Eqs. (86) and (87)].
We have used the result that h1ða1Þ will have sizable
couplings to SM charged leptons with Y1 ≳ 0.1.
The production and detection at a hadron collider aremuch

more complicated. While the production cross sections are
not too small at the LHC, i.e., Oð1 − 102Þfb for ME;MN <
500 GeV, one needs a comprehensive study of the SM
backgrounds for each possible final state. But one needs a
comprehensive study of the SM backgrounds for each
possible final state. For a heavy neutrino with the usual
decay, this has been extensively studied before [38]. Our
preferred final states are different and typically involve
multileptons and no accompany jet activities other than
hadronic W. We shall leave such a comprehensive study to
futurework.Wenote thatmultilepton signals at theLHCwere
investigated in Refs. [39–41] for various scenarios and
different models.
Moreover, we have also studied the imprints of the new

scalars and heavy leptons at low energies. It is found that
the most prominent constraint on the new fields is from the
oblique parameters, ΔS and ΔT. We have carefully studied
the current experimental bounds on ΔS and ΔT and the
direct searches for the new charged scalar and heavy
charged lepton as well. The electroweak precision bounds
require that the new heavy leptons have to be nearly
degenerate. In any gauged Uð1Þl model with the custodial
symmetry, the approximate mass degeneracy of the new
SUð2Þ doublet leptons is a generic feature. Depending on
their masses, the mass splitting between the heavy neutrino
and charged lepton has to be less than Oð1%–10%Þ. This
will severely constrain the parameters of the model. We
look forward to future improvements on the measurements
of these quantities.
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