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Study of gauged lepton symmetry signatures at colliders
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We construct a new gauged U(1), 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, Z,,
photon, and Z boson can be probed at the future e e~ colliders even if the center-of-mass energy is below
the mass of Z,. 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 £ LLHH, where L is the left-
handed lepton doublet, H denotes the Higgs field, A is an
unknown high scale, and ¢ 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

m, ~ % Since data indicate that m, <1 eV, the scale A

can range from 1 to 10'! 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 Ng. These
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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
field @ to construct the Yukawa term ®N$Nz. When @ gets
a vacuum expectation value (VEV) (@) > v, one again
gets the type-I seesaw. If the lepton symmetry that is
broken is a U(1) 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 a; < 10~%°. 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 seesaw model.
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 SU(2),
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
U(1), 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 # = 1, and U(1), is spontaneously broken.
The existence of lepton specific gauge boson Z; is a robust
prediction of this class of models. The SM is anomalous
under U(1),, 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 U(1) 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 Z’ witha U(1),
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 Z; 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 Z; at the past and future lepton
colliders is guaranteed. Even if its mass denoted by My is
too heavy to be produced at these colliders its interference
with the SM y and Z can be detected in precision measure-
ments. Such effects are proportional to ML;( and thus sensitive

to low mass Z;. These are discussed in Sec. V. The
production at the LHC is also given there. Since Z; 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 U(1),; explicitly, it is
G=GgyxU(1);=SU(2)xU(1)yxU(1);.ThecolorSU(3)
group plays no role here and can be neglected. We define
the SM leptons to have number £ = 1 under U(1),. The new
anomaly coefficients for a single SM lepton family are

A([SUQPU(1),) = -1/2, (1a)
A ([UM)yPU(1)) =1/2, (1b)
As([U()y[U(1)]?) = 0. (Ic)

AU P) = -1, (1d)
As(U(1)) = -1, (le)

where Aj is for the lepton-graviton anomaly. We also need
to check if the SM anomalies of Ag([SU(2)]>U(1)y),
A;([U(1)y]?) and Ag(U(1)y) 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 SU(2) doublet
and a singlet and has the eigenvalue #;. Explicitly, we write

1
Liy=(Ni.EL); {2,—2&01} Eg;  [1.-1,74].

(2)

where the subscript L(R) stands for left- (right-)handed
projections. The square brackets [...] denote SU(2), U(1)y,
U, assignments. A second set with right-handed projections
but a lepton number of ¢, is given by

Log = (Nag, EaR); {2,—%,4, Ey; [1,-1,%,).
(3)
It is easy to see that Egs. (1) become
Alz_%(bﬂl—bﬂz"‘]), (4a)
Azzé(bﬂl—fz*‘l)’ (4b)
Ay =0, (4¢)
Ay =63+ -1, (4d)
As=—(¢, =6+ 1). (4e)

Aj,5 =0for £, = ¢ + 1. Substituting into A, = 0 gives
(¢, +1)=0. (5)

The two solutions are:
(i) Solution I:

51:—1 and z,”zz() (6)
(i) Solution II:
£1=0 and ¢, =1. (7)

It is easy to check that the solutions do not contribute to
Ag 7 g This is not surprising since both Eqgs. (2) and (3) form
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TABLE I. Lepton fields for anomaly-free solution I. TABLE II. Minimal scalar fields for leptons of solution I.
Field SU(2) Y 4 Field SU(2) Y 4
z,”L:(‘eji) 2 —% 1 HO:(%”) 2 % 0
€R 1 -1 1 i

_(H 2 1 2
Ly = () 2 -3 - = (Hl) ’
Eg 1 -1 -1 S 1 1 0
E, 1 —1 0 o, 1 0 2

vectorlike pairs under Ggy. 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 L' 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 Ggy. 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 H,
the minimum set of new scalars we require is @, S, and
H,, and their quantum numbers are also given in
Table II.

V(Ho,H,,®;,®,,5)=
+m3STS+kg(S7S)?

IPIETIC,

i=1,2

+ Y Kkus(HH;)(S'

i=0,1,2

'Solution I gives qualitatively the same physics. It is easy to
extend our discussions to this case.
*We are interested in the minimal setup. In general there could

also be a Yukawa term L, exH, with a second doublet
H,:(2,1/2,-2).

—~PH Hy+m3HH, +xo(HyHo ) +x,(H H,

With this, the Yukawa interactions are given by2

Ly= yelrerHo+Y L1 E\gHo+Y3LorEy Hy
+l]f_LL2Rq)] +)~2E_2L6Rq)'{ +/13EL2R(DT
+MEy E\g® +Y £ H\E g+ f£5eL S+He. (8)

It can be seen that S is charged and cannot develop a
VEV. H, 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 H; is not Higgssed since it has
¢ = 2. Moreover, @, is a neutral scalar, and it can pick up a
VEV w and thus can bestow masses to the new charged
leptons Ej,. They will be much heavier than SM charged
leptons if w > ». Another electroweak singlet scalar @,
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 |Y| > 1 as
they play no role in our study.

Having specified all the necessary scalars, the minimal
G-invariant scalar potential is given by

)2 +xy(HyHo)(H H,\) +x3(HyH, ) (H Hy)

Zﬂz‘qu’ &1 (D] D) (D]D;) + k1o (D] D) (DID,) + Ky (D D, ) (D] D)

DHH )+ Kos(®]@;)(STS)
i=1,2j=0,1 i=1,2

S)+ A H eHyS ®S + 1, HyH,|

(@) +p3 Hy H @ + 1y (7)* @y +Hee. (9)

[
Lepton-number violation occurs spontaneously for
(|®5]) =w/+v/2 #0 and is the only such scale in the

w12

model.” Thus, we write Dy = 7

*In general, @, and @, need not have the same VEV. This only
adds more parameters to the model without adding more physics.
We shall assume they are equal.

035015-3



WE-FU CHANG and JOHN N. NG

PHYS. REV. D 98, 035015 (2018)

After SSB, the lepton mass matrices arise from Eq. (8).
The charged lepton matrix in the basis € = (e,,, E, E,)" is

yv.r 0 A
w
Mg=—| 0 Y,r 2 , 10
E \/z 2 4 ( )
ll /13 Y3r

where r = <'1. And the neutral lepton mass matrix in
terms of the chiral states (v}, N, L,NER)5 is

0 0 A
w
M A 0

The identity 7§ (L/R)w§ = w,(L/R)y, has been used to
give the symmetric My, 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 v}’;
1.e., the upper leftmost entry of Eq. (11) will have a
quantum contribution. The source comes from the term
involving 4,,, which spontaneously breaks lepton sym-
metry when @, gets a VEV. It also induces a mixing
between the charged scalars H{ and S*. 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 y,, Y123,4;....4,f to 3 x 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 SM Higgs field in the
gauge basis can be identified with H,. The SM Higgs field
will mix with the real parts of the SM singlets R®, , and SM
doublet charge neutral part RHY through the quartic cou-
plings 4>z, Ao, 1, Ao, r, and the cubic term p3 after SSB. The
scalar mass matrix is in general 4 x 4. We denote this quartet
of gauge states by H, = % (RHY, RHY, RD |, RD,). As
usual, the mass eigenstates §; = (hg, hy, h,, h3) arerelated to
‘H via h = UH, where U is a 4 x 4 unitary mixing matrix.
The strength of the mixings given by the elements U;, will
depend on the physical masses of the new scalars and the

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

5Agajn, the intermediary superscript w is introduced for the
neutrino.

quartic couplings. Since no beyond-the-SM scalars 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 U;; 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 y and
is unity for the SM. The LHC-1 bound is ¢ = 1.09 £ 0.11
[15]. This implies |U;|*> > .87 at 2¢ level. Hence, the
mixing of H, with any of the other three scalars must be
quite small or even vanishing. Small mixings can be achieved
by tuning the couplings 4/, Ag, g, » Aw,H,. and p3.

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:

(1) Scenario A: We take 4,, and p5 to be small but finite,

and we also assume that Y, ~ Y3 ~Yand A; 534 ~ A.

(i1) Scenario B: This is the limiting case of 1, = 0 = 3.

We also assume that Y, ~ Y3 ~ Y and A5 4 ~ A.
We shall refer to them as the Yukawa symmetry limits.

1. Scenario A

From Eq. (8), the charged lepton matrix in the basis & =
(ew7 Elv EZ) is

yvor 0 2

w _
Mp~—1 0 Y 2. 12
E \/E N _r ( )

A A Yr

In the limit » — 0 and y, 2 finite, the charged lepton mass
matrix has the structure

- O O

0 1
0 1]. (13)
10

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

m, 0 w/\2
Mg ~ 0 m, w/V2 . (14)
/N2 Iw/\2 m,

where m, is the physical electron mass. Moreover, the
parameter Y remains free.
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In general, we can write the physical mass eigenstates

E,=(e,E_,E,), where a = 1, 2, 3 is given by

g; = Viagw (15)

where V is the unitary matrix that diagonalizes M such

that (VAT - My - VA = diag{m,, —(Aw — m,), iw + m,}.

For the simplified symmetrical case of Eq. (14), V4 can
be worked out to be

1 1 1
V2 2 2
vie |l - 11 16
-7 7 3 (16)
L1
O -5 =
The neutral lepton mass matrix is
: 0 0 1
My =~ 7”; 00 1 (17)
1 1 0

Note that the difference between Eqgs. (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

~Jw. This can be seen by defining n F= % (V) F Nyip).
In the basis (n_,n,,N5g), the matrix M, becomes

MNO<

oS O O
- O O

0
1. (18)
0

Clearly, n_ is massless, and the pair of Weyl neutrinos
n,, N5, combines into a Dirac neutrino. In the case in
which the neutrinos receive notable quantum corrections,
we denote the charged neutral mass eigenstates as
(v,N_,N,) with the convention My > My .

The Y; Yukawa term is relevant when considering the
exotic fermion decays. In the mass basis, we have the
following terms:

Y - LY 1 > a3 T X
S e +irs e+ el MY+ ()

V2
(Bt B+ 5 B+ EDNHD) +irsS(HI(E. + )
—%[D+(N++N_)/\/§]IA€6H1+

+L[D+ (N, +N_)/V2]R(E,+E_)H{ +H.c.

Wi (19)

2. Scenario B

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

yvor 0 0
w _
Mg~—| 0 Yr 1 |. 20
E \/E B ( )
0O 1 Yr
and Mg can be diagonalized by the rotation matrix
1 0 0
vix |0 5 (1)
0o —L L
V2 V2

The mass eigenstates are again denoted as (e, E_,E ).
For neutrinos,

(000
MN—%OOI (22)
010

Clearly, there is no mixing between the v and (N7, NSz).

In the chiral basis, M is also diagonalized by V2, and
the mass eigenstates are again denoted as (v, N_, N_). At
tree level, N, , N_ are degenerated. In fact, N|; and N,p
form a Dirac fermion at tree level (let us simply call it N),
andLN =N 1L RN =N »r- 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 Y, Yukawa term in the mass basis becomes

Y .
~L(cH} + eHO)R(E. + E_) + H.c.

V2

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

(23)

IV. GAUGE INTERACTIONS

The covariant derivative is
.g . .
D,=0,- IEW” “T—igYB, —ig(€)Zy,. (24)

where Z; is the gauge boson for U(1),, Y is the hyper-
charge, and 7 is the lepton number. All the quantum
numbers can be read from the tables. Other notations are
standard. After the SSB of U(1l),, (®;,) = wy,, the Z;
acquires a mass,
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My = gry/ wi +4w3 = g

=224gw for w; =w, = w,

(25)
where w? = w? + 4w3 gives the overall lepton number—
violating scale.

In terms of the physical gauge bosons, the gauge
interaction in the weak basis is

ie[éw}/ﬂew + ElyﬂEl + EZy”E2]PM
i . A _
32 B L+ Ny LN, + Nap RN 2,

w

igz _ ~ N = A A
_C_[ew}’”(gLL+9RR)ew+E17”<9LL +9grR)E;

w

+Eyp* (gL R+ grL)E))Z,

_E[Dw}/ﬂiew +N1}/ﬂ£E1 +N2}/”ieE2}W;_ +H.c.
V2
- lg[ [Dwyﬂlsz +éw7/”ew _le#I:Nl _El},ﬂEl](zI)/ﬁ
(26)

where P denotes the photon and g, = —1/2 + s2, and gg =
s2 are the SM left-handed and right-handed Z-electron
couplings, respectively. We have also assumed the kinetic
mixing between U(1), and U(1), is negligible.

A. SM gauge interaction

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

e,=e,

E—L[E +E_]

1_\/5 + =

1

E,=—I[E, —E_], 27

2 \/E[Jr ] ( )
v, =1,
Ny = N = [N, +N_]
1L — _\/z + -

N 1
Nop = RN = —|N< — N|. 28
o 5N -] (28)

The mass splitting between N, and N_ 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,

ieleye + E,y"E, + E_y"E_]|P,. (29)

The SM-charged current interaction becomes

i9

V2

. 1 1
pytLe + —=Ny'E, ——Ny'yE_|W,} +H.c.
v v = RNy p

V2
(30)

The SM-charged current interaction is intact. However,
note that the NE, W vertex is vectorlike and the NE_W*
one is axial vector.

The SM-neutral current interaction admits a similar
structure and becomes

i ~ _ i N N
— 28 [gpriy + NpN] =2 ey (g, L + grR)e]
ZCW CW
1991 + gr [
CW

i _ _ _
-SRI LB E + E_y”y5E+]} xZ,.  (31)
w

E./'E. + E_y'E_]

For scenario A,

¢ g ik
e,=—+— ,
w \/E 2 + -
e 1
E, =" SIEy +E],
1
E2—7§[E+—E B (32)
w v 1
IJL :7§+§[N++N_],
v 1
N]L:_ﬁ+§[N++N_]’
1 . X

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

(34)

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 V3; = 0 for both cases.
In general, the SM Z-e-e and Z-v-v axial-vector part
couplings can deviate from the SM prediction. However,
the deviation is expected to be small, which is controlled by
the mixing, ~O(m;/v;) < 1077, between the SM lepton
and L,.
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B. Z, 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 Z,. To facilitate such studies, we need to
know the couplings of Z| 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,,, E;, E,) have vector couplings to Z; in the
gauge basis. We define a charged matrix Q¢ representing
this coupling by £0y,EZ{, where

0 0
=10 -1 0. (35)
0 0 0

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

Q/S =yt Q5V, (36)

where V is given by Eq. (15). Specific examples of V are
given in Egs. (16) and (21). In general, Q’ is not even a
diagonal matrix, and this is in sharp contrast to the case of
the SM gauge interactions. Of particular interest is
Q'8 = |Va> = |Vg|*, which determines the coupling
strength of Z; 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 find Q5 = V#,V,, — Vi, V2, which gives
the off-diagonal coupling of Z; to the physical electron and
new heavy charged lepton. Explicitly, we have for scenario
A and in the Yukawa symmetry limit
~ D lepM(Ey + EL) + (B + E)prelZy,.  (37)

V2

In general, the coupling Qf, ey,eZ{ will not vanish since
the A’s are all different and a complete cancelation is not
expected. Moreover, it is expected that |Qf| < 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 Q' = 1. Instead, we have

L ]
igt §(E+ +EMEL +E)—erte|Zy,. (38)

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

- % D" LN + Ny*Lu)Z,, (39)

and for scenario B
ig[Ny"LN — oy*Lu]Zy,,. (40)

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

V. PHENOMENOLOGY OF Z,

It is clear that Z; 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, Z; 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 Z; 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 Z; phenomenology for scenario B. In between the
two cases, our results can be used by properly multiplying
by the appropriate factor (Q'¢)> 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 Z; phenomenology,
they largely do not play a role. The controlling parameters
are gy and M, the mass of Z,. Whether the new leptons and
scalars are heavier or lighter than Z; mainly affects the
branching ratio of Z; into SM states and is of secondary
importance here. For definiteness, we shall assume that Z;
is the lightest of the new particles.

Direct production from e*e™ colliders via eTe™ — Zi,
which subsequently decays into Zt¢#~ pairs, gives an
unambiguous signal if kinematically allowed. Indirect
virtual exchange of Z; 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 # with scale Ayy° are parametrized by

A
(Ayy)?

This can be generated by exchanging a heavy Z
boson with the coupling g;. Since the leptons are mass
eigenstates, the coupling has to be scaled by the factor
Q'S. The operator yields a destructive interference with
the SM process for /s << My. The effects of the contact

(er'e)(ly). (41)

®Note that if / = 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 Ayy > 20.0 TeV is set if
the universality between leptons is assumed [18]. This
amounts to a p-dependent lower bound on My,

My > Jpv/ax20.0 TeV ~ 1.77/p TeV,  (42)

where p=(g/e)?>. For example, My > 0.97 TeV if
p = 0.3. The above limit works for scenario B, in which
Q'S = 1. On the other hand, there is no such tree-level
contact interaction for scenario A since Q§ = 0 and the
LEP bound does not apply at all.

For the remainder of this section, scenario B is assumed.

B. Z,; width
With the assumptions listed, the main decay modes

of Z, are into the SM leptons. The total width can be
calculated to be

Pz = Y T My 20)/T=ax (1) + (1)), (43)

l

where x; = (m;/My)?, a is the fine structure constant, and
ZIL,  1s the left-/right-handed coupling for the / lepton flavor.
Since x; < 1, we have I';, =3apMy. For a light Zi,
M~ O(100) GeV, its typical width is around a few
GeV, and its decay branching ratios are Br(Z; — [1]7) =
2/9 and Br(Z; — vp) = 1/9 for each flavor.

C. Front-back asymmetry (Apg) ine*e™ — u*pu~

The exchange of Z;, which has vector couplings to e, y,
will interfere with the SM exchange of Z, y. The differential
cross section is given by

d 2
°__ ﬂ{wyﬂ(l + cos?6)

dcos®  2s

1
D 2 2 2\2 1 26
e D2l + (1 + cos'e)

+2(g7 — gg)* cos 0]

+ R(D;D2)[(gr + gr)*(1 + cos?6)

2(SWCW>2

- 2(g, — gi)? cos e]}, (44)

where 6 is the scattering angle of i, s is the center-of-mass
energy squared, and cy (sy) is the cosine (sine) of the
weak mixing angle. Also, the SM Z-lepton couplings are
gL = —%+ s} and gg = s3,. We have also introduced the
dimensionless gauge boson propagator factors,

ps
S—M§(+iMXrX’
- A

s —MZ+iM, T,

DyI:1+

Dy (45)
where My is the mass and I'y is the width of Z;. We have
combined the photon and Z; exchange together since both
have vector couplings to e and u. The finite widths are
included to take care of the behaviors near the mass poles.
The SMy — Z interference causes a wiggling with magnitude
around ~O(1072) 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 Z; boson provides
additional wiggling around the SM Z pole at the level of
~O(107%), Fig. 1(b). This will be the first unambiguous sign
of the existence of anew gauge boson which interferes with y,
Z, which can be searched for at the future Z factories such as
the eTe™ collisions at the future circular collider [20] and
circular electron positron collider [21].

We parametrize the cross section as

do no?
dcosf  2s
Then, App is given by

[A(1 + cos?8) + B cos ). (46)

A _foldcosedfgse—ff’ldcosﬁdc‘l(fw_3_3 (47)
kB [t dcos Ol - 8A°
-1 dcos@

where A, B can be easily read from Eq. (44). App is center-
of-mass energy dependent.
At the Z pole, we have
3(gr—91)°
=——-F—=5~0.01695 (48)
A+ )

by using s%, = 0.2311. It is accidentally small because s%,

is very close to 1/4. It is interesting to note that the Z;

1

b IsMPP— 1z - |4?

My =1TeV, p = 0.3

o(ete” = ppn) (pb)

0 L -
—1 0 1

(Vs = Mz)/T'z
(@)
FIG. 1. (a) The line shape of the e™e™ — pji cross section near

the Z pole for My =1 TeV and p = 0.3. (b) The SM photon-Z
interference and the Z;-SM interference.
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exchange induces a universal positive contribution to all
Al.p for SM charged leptons at the Z pole. This can be
understood as follows. First, as Z; is heavier than M,
it gives a destructive interference to the symmetric D,
term and reduces A. Second, the asymmetric (g, — gg)>
(> (g7 — g%)?) term from Z;-SM interference increases B
in Eq. (47). On the other hand, the A%, for SM quarks
receive no such contributions. Therefore, with the presence
of Zy and My > M, ALy > A%, where Apg = Apg/A3M
is a robust prediction. For A%, 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 sy, and all other
SM parameters input from the global electroweak precision
fit, or roughly speaking, AL /A%, = 1.0393 4 0.0164.

However, taking into account the mass bound, Eq. (42),
only a 10.7 TeV Z; with p ~36.3 can explain this differ-
ence between the lepton and quark sector at 2¢ level. In
other words, with ¢y~ 6e, one can account for this
discrepancy. Certainly, whether this difference is due to
Z; will be clarified at a future Z-factory option e*e~
colliders.

Beyond the Z pole and for M, < /s < My,

A 3 (9x = 91)” +2(swew)* (9 — 9)°

FB ™7
44(swew)* + (gr +91)* + 2(swew)*(9r +91)°
~ 0.4601. (49)

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

3 (9% — 9.)
FB n
4(gr +90)* + 2(SWCW)zﬁ
~8.83 x 1076 (50)

by using Eq. (43). It is interesting that the above three
values are not sensitive to p. Finally, for /s > My,

L—LAFBN (9 —91)" +2p(swew)*(9r = 91)’
3 A(swew) D+ (gr +91)> +2p(swew)*(9r +91)*
(51)

where p = 1 + p. We give a plot of App, Fig. 2, for My =
2 TeV and p = 0.3, 1.0.

The /s-dependent Ay 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 /s =
0.5,1.4(1.5) TeV before reaching its ultimate 3 TeV goal
[17]. Ateach 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 the Ay even
if Z, is too heavy to be produced on shell.

Al p(V5)

S )] S S —————
10 102 10%

V3(Ge)

FIG. 2. The App vs /s with My = 2 TeV. The black curve is
for the SM, and the red (blue) curve is for a Z; with p = 0.3 (1.0).

D. Muon g-2

The Z; contribution to the muon anomalous moment can
be easily calculated to be

a m?
Aa, =L (M) 52
0, 3HP<M§> (52)

Using the value a,;* — a}f = 2.88 x 107 [22] and requir-
ing that Aa, is smaller than that, we obtain the constraint
My > 54.5,/p GeV. The helicity flip factor severely cur-
tails the sensitivity of a, to My. The new exotic scalars
have contributions to Aa, 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
a, and the new physics, see Ref. [23].

E. Mgeller scattering

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

pQ*(1-y)(1-y+y
Arg = AP x 1_6—2( 21( 4)
My 1T+y*+(1-y)

| o

M _ 4G,s
M V2mal 4y 4 (1 - y)?

y(1-y) ﬁ >

—— } . (54)
where y = —!. The asymmetry was measured to be
Apg = 131 & 14(stas) £ 10(syst) ppb (55)

by the SLAC EI158 experiment [24], where Q%=
0.026(GeV)?, y =0.6; thus, AP =1.47x1077. By
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q q

q

FIG. 3.

Drell-Yan production of Z;.

taking the 95% C.L. -0.337 < ‘Z‘LLRR < 0.122.
Because of the stringent limits from Eq. (42), the Z;

contribution to (Z‘LL: has no significance at all.

limit,

F. Z, production at the LHC

If energetically allowed, Z; 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.,
utpu~ and eTe” pairs and either pair coming from on-shell
Z\ decay. Another signal will be three leptons plus missing
energy. A spectacular example will be a u*y~ and an e e
pair with either pair resulting from Z; decay. Neither
signature will have any jet activities.

Here, just for illustration purposes, we consider the signal
pp — ete"Z — ete” + (up), and there is a sharp reso-
nance peak of muon pair invariant mass at My. The
SM background is pp — e*e putpu~ with m,; ~ My. We
evaluate the cross section of pp — eTe~Z; at the LHC for
three c.m. energies with the program CALCHEP [25] with the
CTEQ6LI parton distribution functions set [26]. The stan-
dard model background are also evaluated with CALCHEP
with a cut that m,; € (M — 50 GeV, My + 50 GeV). The
numbers are listed in Table IIL

We use S/v/B =3 and an integrated luminosity £, =
3000(fb)~" as the benchmark limit of detecting a Z, at the
LHC. Then,

_o(pp — e"e” Zy(ut))Br(Zy — pt) x Lo
VOpG X ‘CO

2 ’CO (6) 5
=/ 5 )4 56
9 056 g% g[ ( )

The corresponding highest lepton number—breaking
scale we can probe is W2 = (2/27)\/Lo/0pc X
(6/gt)M%, which is also displayed in Table IIl. 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.

3

TABLE 1III. The pp — ete™Z, cross section normalized
by g7 and the SM background (BG) . The cross sections are
in (pb), and wy,, are in TeV.

£ He—=05 =10 =20 =50

14 % 54x107 1.7x10% 19x10® 9.8x10713
ogg 22x107° 14x10° 54x10"% 62x107"
P 0.61 0.43 co e

30 & 26x 104 1.5x107° 51x1077 1.0x107°
g 68x1075 7.1x10° 42x107 57x107°
Py 1.02 0.85 e e

100 & 17x 1073 15x10* 1.1x1075 1.8x 1077
opc 3.0x10* 32x107° 28x10°% 7.6x10°®
P 1.79 1.85 1.83 :

TeV

VI. RADIATIVE SEESAW MASS FOR v,

The Feynman diagrams for radiative v; 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).’

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

2
" :f(lev)(’ilfW)’;”e m(’“_;)’ (57)
1672*(mi — my) ms

where we have used Yv = m, as explained above. M,
will be the upper leftmost entry in Eq. (18). Similarly,
we get radiative correction to M, ,, Fig. 5. Clearly, these
are much smaller than Aw. Other than providing a Majorana
mass for the active neutrino v,, they also transform the Dirac
neutrino N into a pseudo-Dirac one. Numerically, the
splitting will 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 m; and mg, then
one expects the combination w/(m7 —m%)In(mi/m%)~
w ~ O(TeV). Plugging in the values, the resulting active
neutrino mass is around m, ~ fY,4,,x 10*eV. And the sub-
eV neutrino mass can be easily achieved with f, Y, 1, ~
0(0.1) 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, 7 [27,28] and the
decay h — yy.

"Our anomaly solutions can accommodate a variant of the
type-I seesaw mechanism by adding a set of vectorlike SM singlet
neutrinos Nz and A/, with lepton number unity. We shall not
pursue this further.
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FIG. 4. One-loop v,v, mass term generation. Green arrows
show the flow of lepton charge.
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FIG. 5. One-loop v,; N mass term generations. Green arrows

show the flow of lepton charge.

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

2.xi

1 Mz,
AT=—— > E 4y Inx; |, (58
16ns3vizuM$V< TR nx’) (58)

1
AS =— 1 +Inx;), 59
or 2 (110w (59)

where x; = M3, /M7, . When the mass splitting between E;
and N; is small compared to their masses,

1
AT ~ ———[(My, = Mg,)* + (My, — Mg, )?].
12752, M3,
1 My — M My — M
AS~— 14 T T - TR (60)
371' ME1 ME2

for each generation. The doublet H; provides the

contribution

1 M3, 1 2z
AT =———H " | Inz|, 61
16752, M%Vz[ +Z+1 nz] (61)

1
AS =——Ingz,

127 (62)

where z = M?%,. /M ;10. Note that AT from the fermions and
1

doublet scalar are both positive, but AS from the doublet
scalar can be either positive or negative. From the Particle
Data Group, we have Sy, < 0.22 and T4y, < 0.27 at
95% C.L. [22].

To see how these will restrict the parameters of our
model, we begin by taking z = 1; i.e., the neutral and
charged components of H,; are degenerate. This implies
that the mixing of H; with all other scalars is negligible.
Then, the scalar contributions to AT and AS are vanishing.
For simplicity, we also assume the masses of £, and E_ are
equal and their counterparts for ¢ and 7 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 AS runs afoul of Sg,,. The
splitting between the neutral and charged components that
saturates T, 1S given by

x =073, (63)

where we have dropped the subscript i. Using Eq. (58) and
T 4ata» We obtain M < 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

300 prrr=r-r

200

MH“" (Ge\/)

100 |

FIG. 6. Contours from AS and AT constraints for different In x.
For a given Inx, the allowed masses region is above the direct
search bound on M+, the horizontal red line, to the right of the
direct search bound on M, the vertical dashed red line, and to the
lower left of the blue (dashed) curve.
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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 £ and N are
degenerate, i.e., all x = 1. Then, Eq. (59) yields AS ~ .32.
Then, it will require the H, doublet with In 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 to AT'. A similar calculation gives an
upper bound on the mass of H™, 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 H™ and H (1) implies that some if not all of
the parameters kg, s, Ko,1,> and p3 in Eq. (9) are large.

Notice that, since z is large, we have M HO 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 et e~ collider is given in Ref. [31].

From the above limiting case, itis easy to see thatif In x >
—0.3088 the doublet H; will have to play arole in satisfying
the oblique corrections bounds. For In x = —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
Inx = —0.2; then, the masses of Mg and My will satisfy
a contour given by

Mp\2 My \2
0062( —E£) +.0259( =) <027, (64)
My, My

The allowed regions of M and M+ for different In x are
displayed in Fig. 6. If both experimental lower bounds on
Mg, My« are met, one can see that the range of Inx is
—0.43572 < Inx < 0.6053, and it implies that 0.80 <
(My/Mg) < 1.35 and 047 < (My+/Mp) <2410 if a
universal x; is assumed. Moreover, for Inx > —0.1, a light
neutral scalar with mass Mo < 50 GeV is expected.

Before closing this subsection, we remark that it is well
known that the constraint from AT can be largely loosened
by introducing an SU(2) triplet with a small VEV so that
the tree-level electroweak p 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 A7 constraint in
this model.

¥Note that the limit M £ 2 168 GeV at 95% C.L., obtained by
Ref. [29], does not apply here since there is no tree-level Z-E-I
coupling in our 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 E;, E, pair for each of the three
generations; and two new charged scalars, Hf 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£L>- Zl e EEih — 212/1 MyhHTH.  (65)

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]

GpazM% 4
I'H —» =—"\F (tw) + = Fn(r
( 77) 128273 1(tw) 3 1/2(7)
+ Z/l )
j=12 oM

My, 2
—F , 66
+ Z)’E,- oMy 1/2(7E,) (66)

i=1

where 7; = (my/2m;)?, and
Fo(z) = <[z = f(2)]/7*,
Fip(t) =2[r+ (= 1)f(7)]/7,
Fi(7) = =222 + 3t 4+ 3(2c = 1) f(2)] /7% (67)
with
[sin‘l\/_}z ifr<1
f<1): - ogH—m—m , ifr>1. (68)

4171 -/1-1/7

For m; > My/2 = 62.5 GeV, we have the following
expansions around 7 = 0:
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1 8
Fo(r)~§+gr+0(72),
4 14
F1/2(1)~§+Er+(’)(rz),
22 5
Fi(r) ~-7 —Er—i—(?(r ). (69)

Plugging in the numbers, the diphoton decay width reads
GFazM?_l
128+/27°
+8.3x1074(1.3x1072) x 1, +0.087(0.42) x 4,

I'(H-yy)= x‘—8.324+1.834

2

6
+°032(3.64) x yp, (70)
i=1

for Mg = 1000(100) GeV, My, =2.0(0.5) TeV, and
My, =200(100) GeV. The first two numbers are the
dominant SM contributions from W* and the top quark,
respectively. Since we expect |yg | ~ m;/v, < 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
Ay ~ O(1). 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 — yy at the LHC is therefore

py, ~T(H = yy)/T(H = y7)sm
~1=(0.03=0.13) x 4,. (71)

Even that the light charged Higgs has a coupling
|41| ~ O(1), the resulting di-photon signal strength still
agrees with the experimental data y,, =1.18(+0.17-0.14)
[34]. This is in agreement with the general analysis given
in Ref. [35].

2. Higgs to four fermions

For notational simplicity, here, we denote 1, = ER(H?)
and a; = J(HY). If hy (or a,) is lighter than half the mass
of the SM Higgs, hgy, then we can have

hsy = 2hi(2a)) > it + €i¢). (72)

The decay width is

v?(ky + k3)? < 4m2>%
C(hoy = hihy(aja))) = —22 (1 -—L)", (73
(hsm 1hi(aay)) 3200, "2, (73)

where My (= 125 GeV) and m, are the masses of &gy, and
hy(a,), respectively. We have neglected the term involving
off-diagonal mixing of neutral scalars. The dominant decay

mode for A (a;) is model dependent. The current bound on
the mixing squared between /gy, and /1, is about <1072 for
10 < m; < 40 GeV from LEP2 [36].” For Y| ~ 0(0.1), 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 4 (a,) — £¢
with £ = e, u, 7. The signal will be SM Higgs decays into
two charged lepton pairs with both invariant masses
peaking at the unknown m;.

For scenario B, h,(a;) has only off-diagonal couplings
to the SM lepton and a heavy lepton; see Eq. (23). The
dominant decay of light /;(a;) is expected to be due to
mixing with the hgy(J(HY)), which then decays into a
fermion pair. Therefore, bb will be the dominate final state
if m; > 10 GeV.

For the general case, in between scenarios A and B, we
expect the mixing element |U,,|> < 0.13, from unitarity
and |U;,|> > 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, andN, - N_Zif My < Mg
is assumed. We consider the decay, E. — NW™, of a heavy
Dirac N for simplicity. The decay width is calculated to be

M3
Ty - = Zﬁ* (o )f (s )
Fry) = x(1+y—2x F 6VR) + (1 =y)%,  (74)

where A, (y.2) =/ 1+y* +22=2(y+z+y2), x, =
(My/Mg)?, and xy = (My/Mg)?. For Mg > My, or
x,, < 1, the width becomes

3
Ug, nw- = TZ: (1—xy)* (75)

As discussed in Sec. VII A, the oblique corrections
require that Inxy > —0.4357, which implies that

Mg \3
r - < 1445 GeV. 76
E.—-NW- < X (1 TeV> S (76)

On the other hand, if My > My, the decay width of N takes
a similar form with My < My,

GrM,
Unopwe = 8§27

(1 -3 (77)

Similarly, from Inxy < 0.6053,

The limit on the mixing squared between hgy and /,
could be improved by a few orders of magnitude at the future
colliders [30,31].
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TABLE IV. The H; Yukawa couplings between the heavy
leptons and the SM ones in our model. The heavy neutrino is
assumed to be Dirac.

Scenario F f ¢ s a
A Ei e ag —2”/7]E 0
N e H % -n
e omo% o oh
B E, e a; _% %
E HT ReN _r
+ v ! 2\/15 2\/l§

My \3
r - <30.72 ——— | GeV. 78
NoE,W- < X <1 TeV) € (78)

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 H. Let us consider a general
case with two fermions F and f and a scalar ¢. The scalar
field ¢ could be either neutral or charged. Assume that they
admit a Yukawa interaction that is parametrized as £ D
F(s + ay’)f¢ + H.c.. If kinematics is allowed, the decay
channel F — f¢ opens, and the width is calculated to be

j’(,'n/l 9 M
AenlSr XM 1l (1Pl = x4 P
(79)

where M is the mass of F, x;= (mf/M)z, and
x4 = (my/M)?. For the cases in which M, m; > m,, the
decay width becomes

T(F = f) o (1= x)[(1+ 2,52 + (1 = ) ]al?).

“T6r
(30)

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 ~(Y3/647)M, or
numerically ~0.05 x (¥,/0.1)> x (M/1 TeV) 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 SM W+ boson
in the final states. Note that in scenario B N does not have the
tree-level two-body decays via the Yukawa interaction with
H,."" However, if the mass of the charged scalar S* is less

""We have checked that even M Ny < Mg N cannot be a dark
matter candidate due to its SM SU(2) interaction. Adding an
ad hoc Z, parity will not change this.

10?

@ g :3 U:3|| v
= =
IS Z
T 1 10! E
3 2
\6/ \g v 0.98TeV
1.0 bl . .
15 20 25 30
JA(Te)
(b)

FIG.7. (a)The EE and (b) NN production cross sections vs /s

at an e e~ collider. The masses of E(N) are labeled next to the
curves.

than My, then the decay N — e"S~'' is possible.
Otherwise, N will have only three-body decays. For
My < Mg, there is another chain with an intermediate
virtual E; for example, N - WYE* — W*h e~. We shall
use the superscript * to denote off-shell particles.

The heavy leptons can be pair produced at the e*e™
colliders. For simplicity, we assume that £, and E_ are
nearly degenerate so that they are hard to distinguish
experimentally, and we collectively denote the states as
E=E, ~E_. For /s > M, and away from the Z, pole,
the production cross section per generation for scenario B
can be calculated to be

o(ete™ — EE)

4 2
zZ%\/l—@cE{(l—l- i
S

2
s — My

)2(1 + 2xz)

O R 12 + () + 6550 ]
4(swew)

+%(9’5+9§)(1 +s_pj\4§(>(l _XE)}’
(81)

+

where x; = M%/s, gf ~ g6 = —1/2 + 5%, and gk ~ g4 =
s%,. The first factor 2 represents the incoherent sum from
the contribution of the two heavy Dirac charged leptons.
For example, if {Mp_,Mp_} = {200,180} GeV, p = 0.3,
and My =1 TeV, the production cross section of two
charged leptons is 556.0 (83.2) fb for /s = 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, Z,, and the
production cross section for each generation is

"Because of the radiative generated Majorana masses, Fig. 5,
N is in fact pseudo-Dirac. However, the conjugate decays, N —
W~E and N — ¢~ S, are expected to be rare.
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TABLE V. The production cross sections(in pb) at the LHC14
for one generation in scenario-B in our model. The masses of £,
are in the unit of GeV.

Mg, My  EE, EE +EE, E_E_
set-1 200 180 9.62x 1072 427 x 1072 1.40 x 107!
set-2 500 480 276 x 1073  9.04x10™*  3.30 x 1073
set-3 1000 950 9.08 x 107>  2.44 x 107 1.21 x 1074
o(ete”™ = NN)
dzo? ps \2
~ 1-4 — ] (142
35V xN{<S_M§> (1+2xy)
(95)* + (9%)°
4 == (1 +2x
SCawew)t )
(97 +9%) (_ps
+ 1- . 82
2(swew)? \s — My (1 =) (82)
For example, if My =170 GeV, p=0.3, and

My = 1 TeV, the production cross section of the NN pair
is 94.0 (12.4) fb for /s = 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 Z, mass and the U(1), 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 (Mg, M_) are considered as the benchmarks
with the assumption that their mass differences are sub-
electroweak. For each benchmark, M is chosen to meet
the constraint from the electroweak precision; with | In x| <
0.3,0.15,0.05 for Mg, = 200,500, 1000 GeV, respec-
tively. The production cross sections are evaluated with
CALCHEP and are listed in Tables V and VI.

For Mg, My <500 GeV, the production cross sections
are about O(1-100) 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 £, E_, N as well as
the masses of the charged scalars Hf and S*, which in
general mix. If the splitting between E and N is large

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.

My NN NE,+E.N NE_+EN
set-1 170 3.68 x 107! 1.19 x 107! 5.20 x 1072
set-1 230 1.21 x 107! 6.90 x 1072 2.89 x 1072
set-2 460 776 x 1073 3.04 x 1073 1.04 x 1073
set-2 540 387x10%  2.17x1073 7.24 x 1074
set-3 980 1.93 x 1074 9.28 x 1073 2.69 x 1073
set-3 1020 153 x10™* 829 x107° 2.37 x 1073

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

E—->v+ S
LW™ + hy(ay). (83)

where the decay of S~ proceeds via mixing with H7.
Additionally, in scenario B, if My > My, we also have the
chain

E—-W +N
\
W~ 4+ E® 4 Wt
be™ + hy(ay), (84)

where we take the decay of E to proceed via
E—e+h(a)— e+t (85)

if Y is not too small.
Next, we examine the decays of the neutral lepton N. If
My > Mg, the decay chain will be

N->Wr+E
Le_ +h1(a1>- (86)

Similar to the case of E, if My > M-, the following is
also available:

N —-et 4+ 8-
LW~ hy(ay). (87)

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 U(1), 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
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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, ¢, ,, which carry nonzero
lepton numbers.

An immediate phenomenological consequence is the
existence of a new gauge boson, Z;, which is universal
for any gauged U(1), model. The mass of Z;, My, is
determined by the lepton charges of the scalars ¢, , and the
lepton number-violating VEVs, (¢;,). The Z; boson
interferes with the SM photon and Z boson in the process
ete™ — I1. Even if the center-of-mass energy of the ete~
collider is below the mass of Z,, 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, Z; can be produced at a hadron
collider by radiating from a lepton line from the usual
Drell-Yan process via the reaction pp — £££'¢' with the
invariant mass of one pair of leptons, £7’, say, peaking at
My. The final state to look for is four leptons with no jets.
We found that the LHC14, LHC30, and LHC100 with an
integrated luminosity 3000(fb)~! 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 Z; production
can be reached at the ete™ 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 Z,, see Ref. [37].

Since the SM fermions content is anomalous under
U(1),, 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 ete™ collider is ~O(10 — 10?)fb, and
the signals for their detection can be very clean. Because
of the negligible mixing of £ and N with their SM counter-
parts, the usual detection channels do not apply. For
example, for a heavy neutrino N, the usual detection channel
is N — eW. However, for our solution, N predominantly

decays into final states with W 4 37 [see Egs. (86) and (87)].
We have used the result that h;(a;) will have sizable
couplings to SM charged leptons with Y| = 0.1.

The production and detection at a hadron collider are much
more complicated. While the production cross sections are
not too small at the LHC, i.e., O(1 — 10%)fb for My, My <
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
future work. We note that multilepton signals at the LHC were
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, AS and AT. We have carefully studied
the current experimental bounds on AS and AT 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 U(1), model with the custodial
symmetry, the approximate mass degeneracy of the new
SU(2) 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 O(1%-10%). 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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