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Abstract: We propose a simple model to obtain sizable muon anomalous magnetic dipole moment (muon ) in-
troducing several  multiplet fields without any additional symmetries. The neutrino mass matrix is simply in-
duced via type-II seesaw scenario in terms of  triplet Higgs with  hypercharge 1. In addition, we intro-
duce an  quartet vector-like fermion with  hypercharge and scalar with  hypercharge. The quartet fer-
mion plays a crucial role in explaining muon  causing the chiral flip inside a loop diagram with mixing between
triplet and quartet scalar bosons via the standard model Higgs. We show numerical analysis and search for allowed
region in our parameter space, and demonstrate the collider physics.
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I.  INTRODUCTIONS

g−2
g−2

Even  after  discovery  of  the  standard  model  (SM)
Higgs, we have to resolve several issues such as non-zero
neutrino  masses  and  muon  anomalous  magnetic  dipole
moment  (muon )  that  would  indicate  necessity  of
beyond the SM. New results on the muon  are repor-
ted by the E989 collaboration at Fermilab [1, 2]: 

aFNAL
µ = 116592055(24)×10−11. (1)

g−2
Furthermore, combined result with the previous BNL,

suggests  that  the  muon  deviates from  the  SM  pre-
diction by 5.1σ level [1−23]: 

∆anew
µ = (24.9±4.9)×10−10. (2)

Although  results  on  the  hadron  vacuum  polarization
(HVP),  estimated  by  recent  lattice  calculations  [24−26],
may  weaken  the  necessity  of  a  new  physics  effect,  it  is

e+e−

q2 e+e−

e+e−→ π+π−

e+e−→ π+π− (2.5−5)σ

g−2

g−2

g−2

shown in refs. [27−29]1) that the lattice results imply new
tensions  with  the  HVP extracted  from  data  and the
global  fits  to  the  electroweak  precision  observables.
However,  we note that  such tensions only occur at  large

 region, while a shift in the  hadronic cross section
for  momentum  transfer  below  1  GeV  (e.g.  from

)  does  not  give  such  issue.  In  addition  the
CMD-3  collaboration  [30]  released  results  on  the  cross
section  of  that  disagree  at  the 
level with all  previous measurements that weakens devi-
ation of muon . Thus it is controversial about the ori-
gin  of  the  anomaly  and  further  experimental/theoretical
explorations  are  needed.  If  muon  suggests  new
physics, we expect new particles and interactions. To ex-
plain  the  sizable  muon  with  natural  manner  by
Yukawa  couplings,2) we  would  need  one-loop contribu-
tions with chiral flip by heavy fermion mass inside a loop
diagram  [33−36].  Otherwise,  the  Yukawa  couplings
would  exceed  perturbation  limit  or  too  light  mediator
masses are required.

SU(2)L

Simple ways to extend the SM to resolve these issues
are  introduction of  new fields  that  are  multiplets
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g−21) The effect in modifying HVP for muon  and electroweak precision test are also discussed previously in ref. [31].
U(1)Lµ−Lτ2) If one explains it via new gauge sector such as , chiral flip is not needed but narrow region as for the gauge coupling and its mass [32].
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g−2
g−2 SU(2)L

[36−48]. For example, neutrino masses can be induced by
adding Higgs triplet with hypercharge 1 that is known as
type-II  seesaw  mechanism  [49−54].  We  can  also  expect
that  sizable  contribution  to  muon  is  obtained  by
adding  a  vector-like  fermion  multiplet  in  addition  to  a
scalar  multiplet  where  chiral  flip  occurs  inside  a  loop
picking up vector-like fermion mass. Also multiple elec-
tric charge  of  components  in  large  multiplets  can  en-
hance  muon  value.  In  addition  to  explaining  muon

 anomaly  and  neutrino  masses,  large  mul-
tiplet fields  would  induce  interesting  signatures  at  col-
lider  experiments  as  it  contains  multiply-charged
particles.

g−2
SU(2)L

SU(2)L

1/2
H4 3/2

g−2

SU(2)L

L̄L∆
†ψR g−2

SU(2)L

L̄Lψ
c
L

H4 ψ̄Lh4eR

g−2

SU(2)L

In  this  paper,  we  explain  the  sizable  muon  via
 multiplet fields  without  any  additional  symmet-

ries.  More  concretely,  we  add  an  quartet  vector-
like fermion ψ with  hypercharge, one triplet Higgs Δ
with  1  hypercharge,  and  one  quartet  scalar  with 
hypercharge. The quartet fermion plays an crucial role in
explaining  the  sizable  muon  causing  the  chiral  flip
in  terms  of  its  mass  term  as  well  as  through  mixing
between triplet and quartet bosons. In addition, the neut-
rino  mass  matrix  is  simply  induced  via  type-II  scenario
via  the  Yukawa  interactions  between  the  lepton  doublet
and triplet Higgs field. The choice of  quartet vec-
tor-like  fermion ψ is suitable  to  obtain  Yukawa  interac-
tions of  for muon ; we can have similar term
with  doublet vector-like fermion but we also have
undesired  term  of  inducing  unnecessary  mixing
between the SM lepton and the vector like fermion. Then
we need  to make the Yukawa term  to get chir-
al flip in the loop diagram inducing muon . Note also
that we  should  consider  constraints  on  vacuum  expecta-
tion values (VEVs) of  multiplet scalar fields since
it deviate ρ-parameter from 1. After formulating our mod-
el, we show numerical analysis and search for allowed re-
gion  in  our  parameter  space,  and  discuss  the  collider
physics  focusing  on  productions  of  multiply-charged
particles in the model.

g−2
g−2

This paper is organized as follows. In Sec. II,  we in-
troduce our model and formulate the Yukawa sector and
Higgs  sector,  oblique ρ parameter,  neutral  fermion
masses including  the  active  neutrino  masses,  lepton  fla-
vor  violations  (LFVs),  and  muon .  In  Sec.  III,  we
show  numerical  analysis  of  muon  and discuss  col-
lider physics. Finally we devote the summary of our res-
ults and the conclusion. 

II.  MODEL SETUP AND CONSTRAINTS

(4,1/2)

SU(2)L,U(1)Y

In this section we introduce our model. As for the fer-
mion  sector,  we  introduce  one  family  of  vector-like fer-
mion ψ with  where each  of  content  in  paren-
theses represents the charge assignment of the SM gauge
groups ( ), hereafter. As for the scalar sector,

(3,1)
H4

(4,3/2)

we add  a  triplet  scalar  field  Δ  with  which  realizes
type-II  seesaw  mechanism  and  a  quartet  scalar  field 
with , where SM-like Higgs field is denoted as H.
Here we write components of multiplets as 

H = (h+, h̃0) (3)

 

∆ =

Ü
δ+√

2
δ++

δ0 − δ
+

√
2

ê
, (4)

 

H4 = (ϕ+++4 ,ϕ++4 ,ϕ+4 ,ϕ
0
4)T , (5)

 

ψL(R) = (ψ++,ψ+,ψ0,ψ−)T
L(R), (6)

h̃0 =
1√
2

(h0+ vh+ iG0)

H3 = (δ0, δ+, δ++)T

{⟨H⟩, ⟨∆⟩, ⟨H4⟩} ≡
{vh,v∆,v4}/

√
2

where  and  the  triplet  can  be  also
written by . Neutral components of scal-
ar  fields  develop  VEVs  denoted  by 

 which induce the spontaneous electroweak
symmetry breaking.  All  the  field  contents  and  their  as-
signments  are  summarized  in Table  1,  where  the  quark
sector is exactly the same as the SM. The renormalizable
lepton  Yukawa  Lagrangian  under  these  symmetries  is
given by 

−Lℓ = yℓii LLi HeRi + yνi j LLi∆
†Lc

L j
+ yDi [LLi∆

†ψR]+ fi[ψLH4eRi ]

+gL[ψc
L∆
†ψL]+gR[ψc

R∆
†ψR]+MψψLψR+h.c.,

(7)

SU(2)L · · ·
(i, j) = 1 3 yℓ

mℓ = yℓvh/
√

2 = Diag(me,mµ,mτ)

where we  implicitly  symbolize  the  gauge  invariant  con-
tracts  of  index  as  bracket  [ ]  hereafter,  indices

-  are the number of families,  is assumed to be
diagonal matrix with real parameters without loss of gen-
erality. Then, the mass eigenvalues of charged-lepton are
defined by .  In our model
scalar potential is written by 

V = −µ2
H H†H+µ2

∆Tr[∆†∆]+µ2
H4

H†4 H4+λH(H†H)2

+ (trivial quartet terms including Δ and H4)+Vnon−trivial,

(8)
 

S U(2)L ×U(1)Y

1−3
S U(3)C

Table  1.    Charge  assignments  of  the  our  lepton  and  scalar
fields  under ,  where  the  lower  index i is  the
number of  family that  runs over ,  all  of  them are  singlet
under , and the quark sector is the same as the SM one.

LLi
eRi ψ H Δ H4

S U(2)L 2 1 4 2 3 4

U(1)Y − 1
2 −1 1

2
1
2 1 3

2
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H4

where we omit details of trivial quartet terms with Δ and
 for  simplicity  and  assume  their  couplings  are  small.

The non-trivial scalar potential is given by 

Vnon−trivial = µ1[H†∆†H4+h.c.]+µ2[HT∆†H]

+
∑

i

λi
H4H[H†4 HHH]i+h.c., (9)

µ1 g−2where  plays a crucial role in inducing the muon 
as can be seen later.

SU(2)

LL∆
†ψR ψLH4eR H†∆†H4

g−2

SU(2)L H4 N
N×3×2 ⊃ 1
N = 2 H2

ψ′

LLψ
′c
L ψ′cR H2eR

N = 4

g−2
N = 4

Here  we  discuss  the  advantage  of  choosing 
quartet  for  scalar  and  fermion.  Firstly  we  would  like  to
have interaction terms of ,  and  to
get chirality flip enhancement for muon  while real-
izing  neutrino  mass  via  type-II  seesaw.  In  fact  we  can
generalize  representation of ψ and  to be  if it
satisfies  to  get  above  terms.  The  minimal
choice  is  writhing  new  scalar  and  fermion  as 
and ,  but  this  case  induces  non-desired  terms  such  as

 and . These terms would induce non-negli-
gible mixing between the SM charged leptons and exotic
charged  fermions.  We  thus  choose  to  avoid  these
unnecessary terms. The choice of larger multiplet also en-
hances  muon  as  we  have  more  contributions  from
components in multiplets. In addition, the choice of 
induces interesting phenomenology at the collider experi-
ments  as  it  provides  multiply-charged  particles  inside  a
multiplet. 

A.    VEVs of scalar fields and ρ-parameter
Non-zero VEVs of scalar fields are obtained by solv-

ing the stationary conditions 

∂V
∂vh
=
∂V
∂v∆
=
∂V
∂v4
= 0. (10)

Here we explicitly write the first two terms of Eq. (9) by 

µ1

3
√

2
(vh+h0)(

√
3ϕ0

4δ
0∗+
√

6ϕ+4δ
−+3ϕ++δ−)

− 1√
2
µ2δ

0∗(h0+ vh)2+ c.c. , (11)

v4,v∆≪ vh

where  we  consider  it  in  unitary  gauge.  Assuming
 and small  couplings  for  trivial  quartet  coup-

lings, we obtain the VEVs approximately as 

vh ≃
 
µ2

H

λH
, v∆ ≃

1
µ2
∆

Ç
1
3

…
3
2
µ1v4vh+µ2v2

h

å
,

 

v4 ≃
1
3

…
3
2
µ1v∆vh

µ2
H4

. (12)

v∆ v4

µ∆ µH4

Thus  small  values  of  and  are  naturally  obtained
when  mass  parameters  and  are larger  than  elec-
troweak scale.

v∆ v4

The electroweak ρ parameter deviates from unity due
to the nonzero values of  and  at the tree level as fol-
lows: 

ρ =
v2

h+2v2
∆+6v2

4

v2
h+4v2

∆+9v2
4
, (13)

v ≡
√

v2
h+ v2

∆+ v2
4 ≃

246
ρ = 1.00038±0.00020 vX ≡ v∆ = v4

vX

where  the  VEVs  satisfy  the  relation 
 GeV. Here we consider current constraint on ρ para-

meter;  [55]. If we take 
the upper bound of  is 

vX ≲ 1.55 GeV, (14)

v∆ ∼ v4 ∼ 1

µ∆ µ4

µ1,2

when we require ρ to be within 2σ level.  In our analysis
we  choose  GeV  for  simplicity1).  Note  that  in
the model smallness of VEVs of triplet and quartet scal-
ars can be obtained by large values of  and  as in the
Eq. (12).  The smallness of VEVs can be kept as long as
these parameters are larger than cubic coupling  even
if  there  is  a  radiative  correction.  Although  higher  order
radiative  correction  would  affect  the  VEVs  we  can  tune
these free parameters to make VEVs small in general.

µ∆
µH4

Finally  we  briefly  discuss  vacuum  stability  of  the
scalar potential. In the model we choose scales of  and

 are much larger than VEVs of scalar fields. Then we
obtain 

∂2V
∂δ0∂δ0

≃ ∂2V
∂δ+∂δ+

≃ ∂2V
∂δ++∂δ++

≃ µ2
∆,

∂2V
∂ϕ0

4∂ϕ
0
4
≃ ∂2V
∂ϕ+4∂ϕ

+
4
≃ ∂2V
∂ϕ++4 ∂ϕ++4

≃ ∂2V
∂ϕ+++4 ∂ϕ+++4

≃ µ2
H4
, (15)

µ2
∆ µ2

H4

and the other second derivatives of the potential are much
smaller.  This  condition  will  be  kept  after  diagonalizing
mass matrices of scalar bosons and the original compon-
ents are approximately mass eigenstates since off-diagon-
al components of mass matrices are much smaller than di-
agonal components. Thus the stability of the vacuum can
be guaranteed by the positive values of  and  in the
model. Also we assume all the coupling constants associ-
ated with quartic terms in the potential to be positive for
requiring  the  absence  of  directions  in  scalar  field  space
for which the potential is not bounded from below 

Muon g − 2 with SU(2)L multiplets Chin. Phys. C 49, (2025)

ρ yν < 10−9

v∆
1) Here we just choose the value around the upper limit from -parameter. In this case we should require tiny Yukawa coupling ( ) for neutrino mass gen-

erated by type-II seesaw mechanism. We can get smaller  by adjusting the parameters in the scalar potential.
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B.    Masses of new particles
SU(2)L

H4

The scalars and fermions with large  multiplet
provide exotic charged particles. The mass terms of , Δ
and ψ are approximately given by 

LM = µ
2
∆Tr[∆†∆]+µ2

H4
H†4 H4+

µ1vh

3
(
√

3ϕ0
4δ

0∗

+
√

6ϕ+4δ
−+3ϕ++δ−+ c.c.)+Mψψ̄ψ, (16)

Mψ

mH+++ = µH4 δ±−ϕ±4 δ±±−ϕ±±4
δ0−ϕ0

4 µ1

g−2

where we ignored contributions from quartet terms in the
scalar  potential  assuming  they  are  small  enough.  Thus
components  in ψ have degenerate  mass  where  small
mass  shift  appears  at  loop  level  [56]  but  we  ignore  it  in
our analysis below. The triply charged scalar mass is giv-
en  by  while  we  have , ,  and

 mixings through  term that lead to sizable muon
 as we discuss below. We write mass eigenstates and

mixings as follows: (
δ±

ϕ±4

)
=

(
cα sα
−sα cα

)(
H±1
H±2

)
, (17)

 (
δ±±

ϕ±±4

)
=

(
cβ sβ
−sβ cβ

)(
H±±1

H±±2

)
, (18)

 (
δ0

ϕ0
4

)
=

(
cγ sγ
−sγ cγ

)(
H0

1

H0
2

)
, (19)

ca, sa

cosa,sina a ≡ (α,β,γ)
where  are  respectively  short-hand  notation  of

 with .  The  mass  eigenvalues  and
mixing angles are given by 

m2
{H+1 ,H

++
1 ,H0

1 }
=

1
2

(µ2
H4
+µ2

∆)

− 1
2

»
(µ2

H4
−µ2

∆)2+4∆M4
{+,++,0}, (20)

 

m2
{H+2 ,H

++
2 ,H0

2 }
=

1
2

(µ2
H4
+µ2

∆)

+
1
2

»
(µ2

H4
−µ2

∆)2+4∆M4
{+,++,0}, (21)

 

tan(2{α,β,γ}) =
2∆M2

{+,++,0}

µ2
∆−µ2

H4

, (22)

 

∆M2
{+,++,0} =

® √
3µ1vh

3
,

√
6µ1vh

3
,µ1vh

´
. (23)

Notice  here  that  we  neglect  the  mixing  between  the  SM
Higgs  and  other  neutral  scalar  bosons  choosing  related
parameters to  be  sufficiently  small,  and  we  do  not  dis-
cuss experimental constraint related to the SM Higgs bo-

δ0 h0 µ1v4/µ
2
∆

2×10−3 v∆ = 1
µ1 = µH4 = 1.2Mψ µ∆ = 0.8Mψ Mψ = 1

2×10−3

son assuming its couplings are the SM like. For example,
the  mixing  between  and  is  estimated  by .
The  mixing  angle  is  around  if  GeV,

,  and  TeV  that  is
maximal  angle  in  our  numerical  analysis.  The  mixing
angle  is sufficiently small to satisfy experiment-
al constraints regarding Higgs boson measurement. 

C.    Neutral fermion masses

Ψ0
L ≡ (νc

L,ψR,ψ
c
L)T

After the spontaneous symmetry breaking, neutral fer-
mion  mass  matrix  in  basis  of  is  given
by 

MN =

 m(II)
ν mD 0

mT
D mR Mψ

0 Mψ mL

 , (24)

m(II)
ν ≡ yνv∆ mD ≡ yDv∆/

√
3 mR ≡ 2gRv∆/3

mL ≡ 2gLv∆/3
where , , ,  and

. Achieving the block diagonalizing, we find
the active neutrino mass matrix: 

mν ≈ m(II)
ν +

mDmT
DmL

M2
ψ

. (25)

m(II)
ν

mν ≈ m(II)
ν

The second term in the above equation corresponds to in-
verse seesaw, but its matrix rank is one. Thus, we simply
expect that the neutrino oscillation data is dominantly de-
scribed  by  the  first  term .  Notice  here  that  we  need
the following constraint to achieve ; 

mDmT
DmL

M2
ψ

≪ 0.1 eV. (26)

mL

mD ∼ 1 Mψ = 1
mL≪ 10−3 mL gL

mD

Mψ

D1,D2

VN D = VN MNVT
N

It  can  be  realized  by  requiring  to be  small;  for  ex-
ample,  if  Gev  and  TeV  we  choose

 GeV. It is possible to make  small since 
is  free  parameter.  Here,  we also  assume  to be  negli-
gibly tiny compared to  in  order  to  evade the mixing
between  the  SM charged-leptons  and  the  exotic  charged
fermions. In this case, there is no mixing between the act-
ive neutrinos and heavier neutral fermions also. Thus, the
heavier  neutral  mass  eigenvalues  diag[ ]  are  given
by unitary matrix  as  where 

MN =

[
m Mψ

Mψ m

]
, (27)

 

D1 = Mψ−m, D2 = Mψ+m, (28)

 

VN =
1√
2

[
i 0

0 1

][
1 −1

1 1

]
. (29)
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m ≡ mR = mLHere we assume  for simplicity.

Dν = UMNSmνUT
MNS UMNS

yν

The  active  neutrino  mass  matrix  is  diagonalized  by
 where  is Maki Nakagawa Sakata

mixing  matrix  [55]. It  suggests  that  we  simply  paramet-
rize  as follows: 

yν =
1
v∆

U†MNSDνUT
MNS. (30)

yνi j

Basically  we  can  realize  neutrino  mass  and  mixing
tuning Yukawa couplings  same as the type-II seesaw
mechanism. Thus we do not discuss neutrino masses fur-
ther in this paper. 

g−2D.    Lepton flavor violations(LFVs) and muon 
g−2

{yD, f }

In  our  model  LFV  processes  and  muon  are in-
duced from  Yukawa  interactions  associated  with  coup-
lings . The relevant terms are explicitly written by 

fi[ψLH4eRi ]+ yDi [LLi∆
†ψR]+h.c.

= fi[ψ0
Lϕ
+
4 +ψ

++
L ϕ+++4 +ψ+Lϕ

++
4 +ψ

−
Lϕ

0
4]eRi

+
yDi

3
[eLi (
√

3δ0∗ψ−R +3δ−ψ+R +
√

6δ−ψ0
R)

+ νLi (
√

3δ0∗ψ0
R+3δ−ψ++R +

√
6δ−ψ+R)]. (31)

ℓ→ ℓ′γ g−2
Considering  scalar  mixing  in  Eqs.  (17)- (19) contribu-
tions  to  and  muon  are  given  by  one-loop
diagram  in Fig.  1. Branching  ratios  (BRs)  of  LFV  pro-
cesses are written by the following formula; 

BR(ℓi→ ℓ jγ) =
48π3αemCi j

(4π)4G2
Fm2

ℓi

(
|aRi j |2+ |aLi j |2

)
. (32)

aL aRDominant contributions to amplitudes  and  are giv-
en by 

aR ji = − yD j fi(−1)k−1
ï √

6sαcα
3

DaF(mck ,Da)

+Mψ

Å
sβcβ

(
F(mdk ,Mψ)−G(mdk ,Mψ)

)
+

sγcγ√
3

G(mhk ,Mψ)
ãò
, (33)

 

aL ji = − f †j y†Di
(−1)k−1

ï √
6sαcα
3

DaF(mck ,Da)

+Mψ

Å
sβcβ

(
F(mdk ,Mψ)−G(mdk ,Mψ)

)
+

sγcγ√
3

G(mhk ,Mψ)
ãò
, (34)

a,k 1,2 mdk ,mck ,mhk

H±1,2
H±±1,2

H0
1,2

where  runs over .  are respectively the
mass  eigenvalues  for  singly-charged  bosons  in  Eq.
(17),  doubly-charged  ones  in  Eq.  (18),  and  neutral
ones  in Eq. (19), and the loop functions are
 

F(ma,mb) ≈
m4

a−m4
b+2m2

am2
b ln
Å

m2
b

m2
a

ã
2(m2

a−m2
b)3

, (35)

 

G(ma,mb) ≈ −
3m4

a+m4
b−4m2

am2
b+2m4

a ln
Å

m2
b

m2
a

ã
2(m2

a−m2
b)3

.

(36)

The  current  experimental  upper  bounds  on  BRs  of  LFV
processes are given by [58, 59] 

BR(µ→ eγ) ≤ 4.2×10−13, BR(τ→ µγ) ≤ 4.4×10−8,

BR(τ→ eγ) ≤ 3.3×10−8 .

(37)

µ(τ)→ ēee τ→ {µ̄µµ, µ̄µe,µµē, µ̄ee,µēe}
Lc∆L

v∆ ∼ 1

We  impose  these  constraints  in  our  numerical  analysis
below. Note also that there can be trilepton decay modes

 and  mediated  by
doubly  charged  Higgs  via  Yukawa  interaction  of .
However corresponding Yukawa coupling is small in our
case  to  realize  neutrino  mass  since  we  choose 
GeV. Thus we can simply neglect  these trilepton decays
of μ and τ.

g−2 ∆aµMuon ; ,  arises  from  the  same  diagram  as
LFVs and it is formulated by the following expression: 

∆aµ ≈ −
mµ

(4π)2
[aL22 +aR22 ]. (38)

∆aµ = (24.9±4.9)×10−10

aL,R

The recent data tells us  [1, 2] at
1σ C.L..  Note  that  does  not  have  chiral  suppression

 

g−2 ℓ→ ℓ′γFig. 1.    Feynman diagram to generate muon  and 
processes.
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Mψ

g−2
f1,3 = yD1,3 = 0 f2 yD2

since vector-like lepton mass  is picked up inside loop.
The  simplest  way  to  obtain  the  sizable  muon  is  to
set , taking  and  to be order one. Then,
we do not need to consider the constraints of LFVs. In the
next subsection, we will  show how it  works through nu-
merical analysis.

Zµ̄µ hµ̄µ
yD2 f2 g−2

Z(h)→ µ̄µ

g−2
Z→ µ̄µ

Note also that there can be one-loop level vertex cor-
rections  for  and  interactions  associated  with
Yukawa coupling  and  realizing sizable muon 
that  modify  decay  modes.  Typically  we  can
satisfy experimental constraints when we have chiral en-
hancement for muon . In fact we would have strong
constraint  from  if  we  do  not  have  chirality  flip
enhancement  and  it  is  one  advantage  of  our  model  with
such an enhancement. 

E.    RG evolution of gauge couplings

U(1)Y gY

gY

{ψ,H4,∆}

Here we briefly discuss renormalization group evolu-
tion of  gauge coupling under  existence  of  new particles.
For  illustration,  we  consider  gauge  coupling 
and check in which scale it becomes strong coupling. We
find  the  energy  evolution  of ,  including  contributions
from , such that 

1
g2

Y (µ)
=

1
g2

Y (min)
− bSM

Y

(4π)2
ln
ï
µ2

m2
in

ò
− θ(µ−M)

∆bψY +∆bH4
Y +∆b∆Y

(4π)2
ln
ï
µ2

M2

ò
, (39)

 

∆bψY =
1

10
, ∆bH4

Y =
9

20
, ∆b∆Y =

3
20
, (40)

min = mZ M = 1 min

gY O(1) µ = 1032

SU(2)L

where μ is  a  reference  energy  scale,  and  we  choose
 and  TeV;  and M are  initial  and

threshold  mass  scale  respectively.  As  a  result,  we  find
that  becomes  around  GeV  which  is
much  larger  than  Planck  scale.  The  evolution  of 
gauge coupling  does  not  change  significantly  and  elec-
troweak gauge  couplings  do  not  become  strong  interac-
tion below Planck scale in the model. 

III.  NUMERICAL ANALYSIS AND
PHENOMENOLOGY

g−2

In  this  section  we  carry  out  numerical  analysis  by
scanning free  parameters  and  explore  the  region  to  ex-
plain  muon  taking  into  account  LFV  constraints.
Then we  consider  collider  physics  focusing  on  produc-
tion of multiply-charged fermions and scalar bosons. 

g−2A.    Numerical analyses on muon 

g−2

Now that the formalulations have been done, we carry
out numerical  analysis  taking  into  account  LFV  con-
straints  and muon .  At  first,  we randomly select  the

following input parameters: 

Mψ ⊃ [103,105] GeV, m ⊃ [0.01,10] GeV,

µH4 = 1.2Mψ, µ∆ = 0.8Mψ,

µ1 ⊃ [100,µH4 ] GeV, {| f2|, |yD2 |} ⊃ [0.1,2.0],

{| f1,3|, |yD1,3 |} ⊃ [10−5,0.1], (41)

| f2| |yD2 |
g−2

µ2 = 0

where  we  chose  and  to  be  larger  than  other
Yukawa  couplings  so  that  we  have  sizable  muon .
Note that splittings of masses of components in the same
scalar multiplets  are  small  and  we  can  evade  the  con-
straints  from  oblique  parameters  [57].  Also  we  take

 for simplicity.
g−2

Mψ

g−2 3σ

g−2

Mψ ≲ 15(8.5)
g−2 3(1)σ

BR(µ→ eγ) BR(τ→ µγ)
[| f1|, |yD1 |] [| f3|, |yD3 |]

| f1|(|yD1 |)
∼ 10−4

BR(µ→ eγ) f3(yD3 )
BR(τ→ eγ)

g−2

Fig. 2 represents the values of muon  in terms of
mass parameter  where each point corresponds to one
parameter  sets  within  the  range  of  Eq.  (41)  allowed  by
LFV constraints that satisfy a value of muon  in .
The  black  dashed  line  shows  the  best  fit  value  of  muon

,  the  blue  points  are  within  1σ,  the  yellow ones  are
within  2σ,  and  red  ones  are  within  3σ of  experimental
value. We thus find that  TeV is preferred to
obtain  muon  within  C.L.  in  our  scenario.  In
addition we show branching ratios of  LFV processes for
the same parameter sets in Fig. 3 where the left and right
plots  represent  and  as  functions
of  Max  and  Max ,  and  the  color  of
points  is  the  same  as Fig.  2.  It  is  found  that 
should  be  smaller  than  to avoid  stringent  con-
straint  from  while  constraint  on  is
much looser. Here we omitted a plot for  since
it is not correlated to muon  and it tends to be much
smaller than experimental limit.

 

g−2
Mψ

g−2

Fig. 2.    (color online) Random plot of muon  in terms of
mass parameter  within the range of Eq. (41) where we im-
posed  LFV  constraints.  The  black  dashed  line  represents  the
best fit value of muon , the blue points are within 1σ, the
yellow ones are within 2σ,  and red ones are within 3σ of ex-
perimental value.
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g−2 f1,3 = yD1,3 = 0 f2

yD2

g−2
g−2 3σ

yD2 f2

Mψ = {1,3,5}
µH4 = 1.2Mψ µ∆ = 0.8Mψ

m = 10 µ1 = µH4

g−2

g−2

Next, we also demonstrate a simple realization to get
sizable  muon  setting ,  taking  and

 to be  free  parameters.  This  is  because  we  can  en-
hance the muon  without inducing LFVs. Fig. 4 rep-
resents region realizing muon  within  C.L. on the
parameter space of the valid Yukawa coupling  and 
fixing the other input parameters as follows; 
TeV  as  indicated  on  the  plots, , ,

 GeV, and . The black solid curves repres-
ent  the  parameter  region  providing  the  best  fit  value  of
muon .  One  finds  that  less  than  order  one  Yukawa
couplings  are  enough  to  find  the  best  fit  value  of  muon

 even when the fermion mass is of the order 3 TeV.
 

B.    Collider physics

H4

Here we briefly discuss collider signature of the mod-
el focusing on the pair productions of new particles with
the highest electric charge in  and ψ. They can be pro-
duced  via  electroweak  gauge  interactions  that  are  given
by
 

(DµH4)†(DµH4) ⊃ i
ï

g
cW

Å
3
2
−3s2

W

ã
Zµ+3eAµ

ò
(∂µH+++H−−−−∂µH−−−H+++) (42)

 

ψ̄iγµDµψ ⊃ ψ++γµ
ï

g
cW

Å
3
2
−2s2

W

ã
Zµ+2eAµ

ò
ψ++,

(43)

where we omitted other terms which are irrelevant in our
calculation below. We consider the production processes 

pp→ Z/γ→ H+++H−−−, (44)

 

pp→ Z/γ→ ψ++ψ++, (45)

in  a  hadron  collider  experiment.  Here  we  estimate  the
production  cross  sections  in  use  of CalcHEP  3.8 [60]
package  implementing  the  relevant  interactions  applying

 

BR(µ→ eγ) BR(τ→ µγ) [| f1 |, |yD1 |] [| f3 |, |yD3 |]
g−2 3σ

Fig. 3.    (color online) Left and right plots show  and  as functions of Max  and Max  for para-
meter sets satisfying muon  within ; the color of points is the same as in Fig. 2. The horizontal dashed line indicates current up-
per bound of the BRs.

 

g−2 Mψ = {1,3,5} {yD2 , f2}
µ1 = µH4 = 1.2Mψ µ∆ = 0.8Mψ m = 10 yD1,3 = f1,3 = 0

g−2

Fig.  4.    (color online) The  region  realizing  muon  within  3σ C.L.  for  TeV  on  plane  where  we  chose
, ,  GeV and .  The  parameters  on  the  black  curve  provide  best  fit  value  of  the  muon

.
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√
s = 14,27
ψ++ψ++

H+++H−−−

the CTEQ6 parton distribution functions (PDFs) [61].  In
Fig. 5, the cross sections are shown as functions of exotic
charged  particle  masses  for  center  of  mass  energy

 and  100  TeV  as  reference  values.  We  find
that  production cross section is larger than that of

 by one order.

µ∆ < Mψ < µH4

H+++ ψ++

H+++→ ℓ+ψ++ ψ++→ νℓδ
++

Exotic charged particles can decay via Yukawa coup-
lings  in  Eq.  (7).  Here  we  assume  relation  among  mass
parameters as  for illustration. Then domin-
ant  decay  modes  of  and  are  respectively

 and  where  the  decay  widths
are given by 

Γ(H+++→ ℓ+ψ++) =
f 2
ℓ

16π
mH+++

Ç
1−

M2
ψ

m2
H+++

å2

, (46)

 

Γ(ψ++→ νℓδ
++) =

y2
ℓ

32π
Mψ

Ç
1− m2

δ++

M2
ψ

å2

. (47)

δ++ ≃ H++1

|β| ≃ ∆M2
++/µ

2
H4
∼ µ1vh/µ

2
H4

|β| < 0.1
µ1 ≲ µH4/2 µH4 = 1.2

δ++ W+W+

v∆ ∼ O(1)
H+++H−−− ψ++ψ−

Note  that  here  we  consider  assuming  small
mixing angle for simplicity. The mixing angle β between
doubly  charged  scalar  is  roughly  estimated  by

, and it can be small;  is
realized  for  TeV and the approxima-
tion above is  fine.  Note that  the branching ratio of  these
processes are  1  when the  mass  difference  between com-
ponents  in  the  multiplets  are  small  enough.  In  addition

 dominantly  decays  into  mode  considering
 GeV. Thus decay chains provide signature from
 and  such that 

ψ++ψ++→ νν̄δ++δ−→ νν̄W+W+W−W−, (48)

 

H+++H−−−→ ℓ+ℓ−ψ++ψ++→ ℓ+ℓ−νν̄δ++δ−

→ ℓ+ℓ−νν̄W+W+W−W−, (49)

ν(ν̄)where  indicates  any  flavor  of  neutrino  (anti-
neutrino). For signals, we consider one pair of same sign
W bosons  decays  into  leptons  while  the  other  same sign
pair decays into jets. The signals at detectors are 

Signal 1: ℓ±ℓ±4 j̸ ET , (50)

 

Signal 2: ℓ±ℓ±ℓ±ℓ∓4 j̸ ET , (51)

̸ ET

Mψ(mH+++ )
L = 1 mδ++ < Mψ

ψ++→ δ++ν √
s = 14

ψ++ψ++

H+++H−−−

where j and  indicate jet  and  missing  transverse  mo-
mentum.  In Table  2,  we  provide  expected  number  of
events given by the products of luminosity L, production
cross section σ and BRs for corresponding final state, for
some benchmark points (BPs) of  assuming in-
tegrated luminosity  of  ab-1 and  to  allow
the  decay  mode  of .  We  thus  find  that  mass
scale of  around 1 TeV can be explored by  TeV
with sufficient integrated luminosity that will be achieved
by  High-Luminosity-LHC  experiment.  In  particular,  the
signal from  is promising since the cross section is
larger than that of .

mδ ≡ mδ±± = 500 H±±±

Next we carry out simple numerical simulation study
to examine possibility of testing our signal at the LHC 14
TeV including detector effect.  For illustration, the signal
1 in Eq. (50) is considered since the expected number of
events is larger than the other signal. We also fix doubly
charged  scalar  mass  as  GeV  and 
mass as 2000 GeV for simplicity. The possible SM back-
ground(BG) processes for the signal are as follows: 

pp→ {ZZZ, ZW+W−, ZZW±, ZZZZ, W+W−W+W−,

ZZW+W−, ZZZW±, W±W±qq},
(52)

where q indicates  any  quarks  and  these  processes
provides  charged leptons,  missing  transverse  momentum
and  jets  after  the  decay  of  gauge  bosons.  Note  that  it  is
more straightforward and even precise  to  directly  gener-
ate  charged  leptons,  jets  and  missing  transverse  energy

 

pp→ H+++H−−− pp→ ψ++ψ−−Fig. 5.    (color online) Cross sections for  and  with center of mass energy 14 TeV, 27 TeV and 100 TeV.
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ℓ±ℓ±4 jνν

events as BG in simulation study. However it is difficult
to generate final states containing many particles such as
8 particle states . We thus generate final states in
Eq. (52) in our simulation study; note that in that case the
number  of  BG  events  would  be  underestimated  bit.  We
estimate the cross sections of these BG processes and find 

σ(pp→ ZZZ) = 10.3 fb, σ(pp→ ZW+W−) = 9.44 fb,

σ(pp→ ZZW+) = 19.9 fb, σ(pp→ ZZW−) = 10.4 fb,

σ(pp→ ZZZZ) = 1.95×10−2 fb,

σ(pp→W+W−W+W−) = 0.571 fb,

σ(pp→ ZZW+W−) = 0.436 fb,

σ(pp→ ZZZW+) = 4.21×10−2 fb,

σ(pp→ ZZZW−) = 1.87×10−2 fb,

σ(pp→W+W+qq) = 215 fb, σ(pp→W−W−qq) = 93.4 fb,

(53)

MADGRAPH5

MADGRAPH5
PYTHIA 8

Delphes

that  are estimated by  [63].  Then we perform
numerical simulation generating events for signal and BG
using  by  implementing  the  model  in  use  of
FeynRules  2.0  [64].  The  events  are  passed  to  
[65] to deal with hadronization effects, the initial-state ra-
diation  (ISR)  and  final-state  radiation  (FSR)  effects  and
the  decays  of  SM particles,  and  we  apply  [66]
for  detector  level  simulation.  We  apply  selection  of
events at the detector level such that 

ℓ±ℓ±+ at least 3 jets. (54)

Here we consider minimum number of jets is three not to
much reduce signal events.

L = 1
ℓ−ℓ−

ℓ+ℓ+

ℓ−1 ℓ1(2)

ℓ−2

In Fig. 6, we show kinetic distributions for signal and
BG events where we apply integrated luminosity ab-

1 and consider  case in event section Eq. (54) (results
for  case are  the  almost  same);  left  plot  is  distribu-
tion  of  transverse  momentum  of  (  is  charged
lepton  with  the  (second)  highest  transverse  momentum),
center plot is distribution of transverse momentum of ,
right plot  is  distribution  of  missing  transverse  mo-
mentum. The solid black histogram indicates signal while
the  gray filled  histogram is  for  BG events  where  all  BG
events are summed up. Here number of events are estim-

Nevent = LσNSelected/NGenerated NSelect

NGenerated

MADEVENT5

PT (ℓ−)

δ±±

δ±±→W±W±→ j j j j

ated  as  where  is num-
ber of events after selection,  is number of origin-
ally generated events by , σ is a cross section
for each process and L is  integrated luminosity.  We find
that  and  missing  transverse  momentum  of  signal
tend to be larger than those of BG. We also show distri-
butions  for  invariant  mass  of  the  same  sign  leptons  and
three jets in Fig. 7 where we consider three jets since we
chose minimal number of jets as three. It is found that we
the  signal  distribution  of  three  jet  invariant  mass  is
centered around the mass of  since jets in signal events
mainly come from the decay chain .

Based on the kinetic distributions, we apply kinemat-
ical cuts 

pT (ℓ±1 ) > 150 GeV, ̸ ET > 250 GeV, (55)

̸ET

pT

ℓ−ℓ−

where  is  the  missing  transverse  energy(momentum)
that is the same as missing  in Fig. 6. For illustration,
we show the number of signal events before and after the
cut  Eq.  (55)  for  case  and  estimated  the  discovery
significance in use of the formula 

S =

 
2
ï

(NS +NBG) ln
Å

1+
NS

NBG

ã
−NS

ò
, (56)

NS NBG

S = 1,3,5
ℓ+ℓ+ ℓ−ℓ−

Mψ ≲ 1060
L = 3000

g−2

where where  and  are respectively number of sig-
nal and total BG events. We find that the kinematical cuts
can reduce number of backgrounds significantly while the
number of signal events is not much reduced. In particu-
lar, we  find  the  cut  of  missing  transverse  energy  im-
proves  signal  to  background  ratio  effectively.  Then  we
can get larger significance S after imposing cuts as show
in Table  3.  Finally,  in Fig.  8, we  show  required  integ-
rated  luminosity  to  realize  discovery  significance

 where kinematical cuts Eq. (55) are applied and
both  and  cases are summed up. It is found that

 GeV region can be in reach of discovery at the
high-luminosity LHC with fb-1. We expect more
mass region explaining muon  could be tested if we
realize a higher energy experiment like 100 TeV collider
in future [62]. 

IV.  SUMMARY AND DISCUSSION

In this paper we have proposed a simple extension of

 

Mψ(mH+++ L = 1 −1Table 2.    Expected number of events for our signals in some BPs of ) with integrated luminosity of  ab .
√

s [TeV] 14 27 100

Mψ(mH+++ ) [GeV] 1000 1250 1500 1750 1000 1500 2000 2500 2000 3000 4000 6000

L ·σ ·BR [Signal 1] 324. 82. 23. 7. 2221. 319. 65. 16. 1954. 373. 103. 14.

L ·σ ·BR [Signal 2] 22. 5. 1. 0. 188. 24. 4. 1. 181. 33. 8. 1.
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SU(2)L

g−2

the SM without additional symmetry by introducing large
 multiplet fields such as quartet vector-like fermi-

on as well as quartet and triplet scalar fields. These mul-
tiplet  fields  can  induce  sizable  muon  due  to  new
Yukawa  couplings  at  one-loop  level  where  we  do  not
have  chiral  suppression  by  light  lepton  mass  as  we  pick
up  heavy  fermion  mass  term  changing  chirality  inside  a
loop diagram. The triplet scalar field can induce neutrino
masses after developing its VEV by type-II seesaw mech-
anism.

g−2
g−2

We have carried out numerical analysis searching for
parameter space that explains muon  and allowed by
LFV constraints.  It  has  been then found that  muon 
can be explained when the new multiplets mass scale are

O(10)

√
s = 14

√
s = 14

g−2

less  than  around  TeV.  We  also  discussed  collider
physics  focusing  on  production  of  multiply-charged fer-
mions/scalars  via  proton-proton collision.  We  have  car-
ried  out  simulation  study  for  TeV  fixing  some
parameters for illustration. The signal/background events
are generated and we find relevant kinematical cuts to re-
duce  background  via  kinematical  distributions.  Then  we
have investigated the effect  of  cuts  and have shown dis-
covery significance after imposing the cuts. Mass scale of
1  TeV  can  be  explored  by  TeV  with  sufficient
integrated  luminosity  that  will  be  achieved  by  High-Lu-
minosity-LHC experiment. Also most of mass region ex-
plaining muon  could be tested if we realize a higher
energy experiment like 100 TeV collider.

 

ℓ−1 ℓ−2
ℓ1(2)

Fig. 6.    Left: Distribution of transverse momentum of . Center: Distribution of transverse momentum of . Right: Distribution of
missing transverse momentum. The solid black histogram indicates signal while the gray filled histogram is for BG events. Here  is
charged lepton with the (second) highest transverse momentum. The applied luminosity and masses of new particles are given in the
plots.

 

Fig. 7.    Left: Distribution of invariant mass of same sign charged lepton. Right: Distribution of invariant mass of three jets. The indic-
ation of histograms is the same as Fig. 6.

 

ℓ−ℓ−+Table 3.    Number of events before and after kinematical cuts for event selection of jets.

Nsignal NZZZ NZW+W− NZZW± N4Z N2W+W− NZZW+W− NZZZW± NW±W±qq S

Before cuts 33.4 7.83 13.6 53.5 0.0819 10.3 3.02 0.313 747 1.15

With cuts 15.4 0.001 0.378 0.832 0.00234 0.458 0.192 0.00524 3.74 5.67
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