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Motivation

• BSM hints: Neutrino Mass and Dark matter→ Scotogenic Model

zhep-ph/0601225

• Flavor structure in Mν → Texture-zeros (z1108.4534)

Discrete Flavor symmetry (zhep-ph/0106291)
U(1) Gauge Symmetry (z1203.4591)

• Scotogenic with Flavor structure

A4 Model (z1206.1570)
Texture C with U(1)Lµ−Lτ symmetry (z1501.01530)
Texture A1 with U(1)xB3−xLe−Lµ+Lτ symmetry (z1701.05788)
Two texture-zeros with U(1)B−2Lα−Lβ symmetry (z1806.09957)
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Classic Unflavored Scotogenic Model

Three right-handed fermion singlets NRi(i = 1 ∼ 3)

An inert scalar doublet field η = (η+, η0)

A discrete Z2 symmetry is imposed for the new fields

The relevant interactions for neutrino masses generation

L ⊃ hαiLαη̃NRi +
1
2

MNNc
RNR +

1
2
λ(Φ†η)2 + h.c.. (1)

If we assume m2
0 ≡ (m2

R + m2
I )/2� M2

Nk, Mν are then given by

(Mν)αβ ' −
1

32π2
λv2

m2
0

∑

k

hαiVikhβjVjkMNk

= − 1
32π2

λv2

m2
0

(hMNhT)αβ

(2)

The structure of Mν is determined by Yukawa h and mass matrix MN .
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Classic Unflavored Scotogenic Model

The neutrino mass matrix Mν is diagonalized as

UT
PMNSMνUPMNS = m̂ν ≡ diag(m1,m2,m3), (3)

where UPMNS is the neutrino mixing matrix denoted as

UPMNS =




c12c13 s12c13 s13
−c12s23s13 − s12c23e−iδ −s12s23s13 + c12c23e−iδ s23c13
−c12c23s13 + s12s23e−iδ −s12c23s13 − c12s23e−iδ c23c13




(4)×diag(eiρ, eiσ, 1)

Here, we define cij = cos θij and sij = sin θij (ij = 12, 23, 13) for short, δ is
the Dirac phase and ρ, σ are the two Majorana phases. One can
denote UPMNS as UPMNS = U × P. The neutrino mass matrix is then

Mν = UPMNSm̂νUT
PMNS. (5)
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Gauged U(1)B−2Lα−Lβ
Scotogenic Model(1901.07798)

Group
Lepton Fields Scalar Fields

Lα ℓαR Lβ ℓβR Lγ ℓγR NR1 NR2 Φ η1 η2 S1 S2

SU(2)L 2 1 2 1 2 1 0 0 2 2 2 1 1

U(1)Y − 1
2 −1 − 1

2 −1 − 1
2 −1 1 1 1

2
1
2

1
2 0 0

Z2 + + + + + + − − + − − + +

U(1)B−2Lα−Lβ
−2 −2 −1 −1 0 0 −1 −2 0 −1 0 2 3

TABLE I. Particle content and corresponding charge assignments.

νL N νL

η02 η02

φ0 φ0

νL N νL

η01 η01

φ0 φ0S1

Figure: Radiative neutrino mass at one-loop.
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• The relevant scalar interactions for the loop-induced neutrino masses
is given by

LS ⊃
λ

Λ
(Φ†η1)2S1 + λ′(Φ†η2)2 (6)

One can achieve the effective operator by simply adding a new scalar
singlet ρ ∼ (1, 0, 1,−) so that in scalar sector LS ⊃ µ(Φ†η1)ρ† + µ′ρ2S1
is allowed.
•Under U(1)B−2Le−Lτ , the flavor dependent Yukawa interactions are
given by

− LY = hµ1L̄µη̃1NR1 + hτ2L̄τ η̃1NR2 + fτ1L̄τ η̃2NR1 + fe2L̄eη̃2NR2 (7)
+y11Nc

R1NR1S1 + y12(Nc
R1NR2 + Nc

R2NR1)S2 + h.c..

• The texture of above Yukawa couplings are

h =




0 0
hµ1 0
0 hτ2


 , f =




0 fe2
0 0

fτ1 0


 , y =

(
y11 y12
y12 0

)
. (8)
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Assuming Λ = 〈S1〉, λ/m2
η1

= λ′/m2
η2

, and all the element in MN to be
equal, then

Mν ∝




0 0 fe2fτ1
0 h2

µ1 hµ1hτ2

fe2fτ1 hµ1hτ2 f 2
τ1


 . (9)

Texture of Mν Group Texture of Mν Group Status

A1 :




0 0 ×
0 × ×
× × ×


 U(1)B−2Le−Lτ A2 :




0 × 0

× × ×
0 × ×


 U(1)B−2Le−Lµ Allowed

B3 :




× 0 ×
0 0 ×
× × ×


 U(1)B−2Lµ−Lτ B4 :




× × 0

× × ×
0 × 0


 U(1)B−2Lτ−Lµ Marginally Allowed

D1 :




× × ×
× 0 0

× 0 ×


 U(1)B−2Lµ−Le D2 :




× × ×
× × 0

× 0 0


 U(1)B−2Lτ−Le Excluded

TABLE I. Two texture-zeros and corresponding U(1)B−2Lα−Lβ
symmetry. Here, × denotes a nonzero matrix ele-

ment. (z1806.06785)

Zhi-Long Han (University of Jinan) Predictive Scotogenic Model with Flavor Dependent SymmetryDecember 8, 2019 7 / 24



Gauged U(1)Lµ−Lτ
Scotogenic Model(1908.07192)

The corresponding Yukawa coupling h and mass matrix MN are

h = diag(he, hµ, hτ ), MN =




Mee
vS√

2
heµ

vS√
2
heτ

vS√
2
heµ 0 MµτeiθR

vS√
2
heτ MµτeiθR 0


 (10)

Mν has same structure with MN , i.e., Texture C.

We consider this model to explain two anomalies simultaneously:

• If Z′ also has flavor violating b− s coupling, then Z′ would contribute
to the transition b→ sµ+µ−, hence explain the RK(∗) anomaly.

•Annihilation channels NN → Z′Z′ and NN → Z′H0(→ Z′Z′) channel
could be used to interpret the AMS-02 positron excess.
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Gauged U(1)B−3Lα
Scotogenic Model(1911.00819)

The interactions relevant to lepton mass generation are given by

−L ⊃ fαβL̄αΦ`βR + hαiL̄αηcNRi +
MNij

2
NRiNRj +

1
2
λ(H†η)2 + hc. (11)

Under U(1)B−3Lτ gauge symmetry, the texture of lepton Yukawa
couplings are given by

f=




fee feµ 0
fµe fµµ 0
0 0 fττ


 h=




he1 he2 0
hµ1 hµ2 0
0 0 hτ3


MN=




M11 M12
vS√

2
y13

− M22
vS√

2
y23

− − 0




The texture structure of Ml and Mν are of the form

Ml ∝




fee feµ 0
fµe fµµ 0
0 0 fττ


 Mν ∝




(Mν)11 (Mν)12 (Mν)12
− (Mν)22 (Mν)23
− − 0


 .

(12)
Zhi-Long Han (University of Jinan) Predictive Scotogenic Model with Flavor Dependent SymmetryDecember 8, 2019 9 / 24



Pattern Group Texture of Ml Texture of Mν

A U(1)B−3Le

 × 0 0
0 × ×
0 × ×

  0 × ×
× × ×
× × ×


B U(1)B−3Lµ

 × 0 ×
0 × 0
× 0 ×

  × × ×
× 0 ×
× × ×


C U(1)B−3Lτ

 × × 0
× × 0
0 0 ×

  × × ×
× × ×
× × 0



Table: Possible mass textures of charged leptons (Ml) and neutrinos (Mν),
where × denotes a non-zero entry.

Patten Group Hierarchy Oscillation@3σ Oscillation@1σ
∑

ν < 0.12 eV Mee(eV)

A U(1)B−3Le
NH

√ √ √
0

IH × - - -

B U(1)B−3Lµ
NH

√
× × & 0.05

IH
√ √ √

& 0.015

C U(1)B−3Lτ
NH

√ √
× & 0.033

IH
√ √ √

& 0.015

Table: Some main results of the one texture-zeros in the U(1)B−3Lα

scotogenic model.
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Neutrino Mixing

• The Method: Define λ1 = m1e2iρ, λ2 = m2e2iσ, λ3 = m3.
Let (Mν)ab = (Mν)αβ = 0, then one can obtain

λ1

λ3
=

Ua3Ub3Uα2Uβ2 − Ua2Ub2Uα3Uβ3

Ua2Ub2Uα1Uβ1 − Ua1Ub1Uα2Uβ2
(13)

λ2

λ3
=

Ua1Ub1Uα3Uβ3 − Ua3Ub3Uα1Uβ1

Ua2Ub2Uα1Uβ1 − Ua1Ub1Uα2Uβ2
, (14)

from which two neutrino mass ratios are ξ = m1
m3

=
∣∣∣λ1
λ3

∣∣∣, ζ = m2
m3

=
∣∣∣λ2
λ3

∣∣∣,
and the two Majorana phases are ρ = 1

2arg
(
λ1
λ3

)
, σ = 1

2arg
(
λ2
λ3

)
.

The Dirac CP-violating phase δ is constrained by

Rν =
δm2

|∆m2| =
2(ζ2 − ξ2)

|2− (ζ2 + ξ2)| (15)

The neutrino mass spectrum is

m3 =
√
δm2/

√
ζ2 − ξ2,m2 = m3ζ,m1 = m3ξ (16)
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Neutrino Mixing

Following results are based on U(1)B−2Le−Lτ

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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23
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)
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(a)

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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m2

m3

(b)

Figure: Allowed samples of A1 texture with neutrino oscillation data in 3σ.

m1 ∼ 0.007 eV, m2 ∼ 0.01 eV, m3 ≈
√

∆m2 ∼ 0.05 eV,
∑

mi ∼ 0.07 eV.
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Neutrino Mixing
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Figure: Allowed samples of A1 texture with neutrino oscillation data in 3σ.

δ ∈ [0.75π, 1.77π], ρ ≈ δ
2 , σ ≈ δ

2 − π
2
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Analytic and predicted neutrino mass matrixes are

Mν ∝




0 0 fe2fτ1
0 h2

µ1 hµ1hτ2

fe2fτ1 hµ1hτ2 f 2
τ1


 ,Mν =




0 0 0.0110
0 0.0293 0.0219

0.0110 0.0219 0.0256


eV

The neutrino oscillation data requires

hτ2

hµ1
:

fτ1

hµ1
:

fe2

hµ1
=

(Mν)µτ
(Mν)µµ

:

√
(Mν)ττ
(Mν)µµ

:
(Mν)eτ√

(Mν)µµ(Mν)ττ
(17)

' 0.745 : 0.933 : 0.401.

We can take hµ1 as free parameters, and the overall neutrino mass
scale is then determined by λv2MNh2

µ1/(32π2m2
0) ≈ 0.0293 eV.

(Mν)ee = 0, effective Majorana neutrino mass 〈m〉ee = 0, only normal
hierarchy is allowed.
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Lepton Flavor Violation

The flavor dependent Yukawa interactions

−LY ⊃ hµ1L̄µη̃1NR1 + hτ2L̄τ η̃1NR2 + fτ1L̄τ η̃2NR1 + fe2L̄eη̃2NR2 (18)

indicate no µ→ eγ. τ → µ(e)γ is mediated by η±1 (η±2 ) with branching
ratios

BR(τ → µγ)=
3α

64πG2
F

∣∣∣∣∣
2∑

i=1

(hµ1V1i)(hτ2V2i)
∗

M2
η1

F
(

M2
Ni

M2
η1

)∣∣∣∣∣

2

BR(τ → µντ ν̄µ),

BR(τ → eγ)=
3α

64πG2
F

∣∣∣∣∣
2∑

i=1

(fe2V2i)(fτ1V1i)
∗

M2
η2

F
(

M2
Ni

M2
η2

)∣∣∣∣∣

2

BR(τ → eντ ν̄e),

where the loop function F(x) is

F(x) =
1− 6x + 3x2 + 2x3 − 6x2 ln x

6(1− x)4 . (19)
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Lepton Flavor Violation
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Figure: Predictions for τ → µγ (left) and τ → eγ (right) with corresponding
current bound and future sensitivity. We have fixed MN1 = 200 GeV.

In the limit of degenerate MN , we have

BR(τ → `γ) ∝
∣∣∣∣∣

2∑

i=1

V1iV∗2i

∣∣∣∣∣

2

= |(VV†)12|2 = 0, (20)
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Muon Anomalous Magnetic Moment

L̄µη̃1Ni contributes to ∆aµ as

∆aµ = −
2∑

i=1

|hµ1V1i|2M2
µ

16π2M2
η1

F
(

M2
Ni

M2
η1

)
.

The total contribution is negative,
but the observed discrepancy
∆aµ = aEXP

µ − aSM
µ =

(261± 78)× 10−11 is positive.
We assume the contribution do not
larger than EW
uncertainty,i.e.,|∆aµ| . 10−10.

200 400 600 800 1000
10-12

10-11

10-10

10-9

10-8

Mη(GeV)

|Δ
a μ

|

hμ1=1.5

hμ1=1

Current Bound

Figure: Predictions for |∆aµ|. In this
figures, we have fix MN1 = 200 GeV.

Zhi-Long Han (University of Jinan) Predictive Scotogenic Model with Flavor Dependent SymmetryDecember 8, 2019 17 / 24



Dark Matter

In general annihilation channels
N1N1 → `+`−, ν̄ν are tightly
constrained by non-observation of
LFV, especially µ→ eγ.
The annihilation cross section

σvrel =
∑

α,β

∣∣h′α1h′∗β1 + f ′α1f ′∗β1

∣∣2

×r2(1− 2r + 2r2)

24πM2
N1

v2
rel.

〈σvrel〉 = a + 6b/xf . Freeze-out
parameter xf = MN1/Tf

xf = ln
(

0.038MPlMN1〈σvrel〉√g∗xf

)

200 400 600 800 1000
0.001

0.010

0.100

1

10

Mη(GeV)
Ω
h
2

hμ1=1

hμ1=1.5

MN1=200 GeV

Planck

Figure: Predicted relic density as a
function of mη, where we have fix
MN1 = 200 GeV.
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Dark Matter

The relic density

Ωh2 =
1.07× 109GeV−1

MPl

xf√
g∗

1
a + 3b/xf

, (21)

The spin-independent DM-nucleon scattering cross section is
dominantly mediated by scalars h,H1

σSI =
4
π

(
MpMN1

Mp + MN1

)2

f 2
p , (22)

where Mp is the proton mass and the hadronic matrix element fp

fp
Mp

=
∑

q=u,d,s

f p
Tq
αq

Mq
+

2
27


1−

∑

q=u,d,s

f p
Tq


 ∑

q=c,b,t

αq

Mq
. (23)
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Dark Matter

The effective vertex

αq

Mq
= − yN1√

2v
sin 2α

(
1

M2
h
− 1

M2
H1

)
,

the parameters f p
Tq are evaluated

as f p
Tu = 0.020± 0.004,

f p
Td = 0.026± 0.005 and

f p
Ts = 0.118± 0.062.
We have set MH1 = 500 GeV and
vS = 10 TeV.
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p
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018

LZ Proj
ected

sinα=0.1

sinα=0.02

Figure: Spin-independent cross
section as a function of MN1 . The black
solid and dashed line correspond to
current XENON1T and future LZ limits.
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Dark Matter

200 400 600 800 1000

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Mη(GeV)

h
μ
1

τ→μγ |Δaμ|

LHC

Ωh2=0.12

MN1=200 GeV

200 400 600 800 1000

200

400

600

800

1000

Mη(GeV)
M
N
1
(G
eV

)

MN1>Mη

|Δaμ|

LHC

hμ1=1.0 hμ1=1.5

h
μ1 =1.0

h
μ1 =1.5

Figure: Combined results for the Yukawa-portal DM.

LHC constraint comes from pp→ `+`− + �ET .
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Collider Signature

•The gauge boson Z′ associated with U(1)B−2Le−Lτ
Considering the heavy Z′ limit, its partial decay width into fermion and
scalar pairs are given by

Γ(Z′ → f f̄ ) =
MZ′

24π
g′2Nf

C(Q2
fL + Q2

fR), (24)

Γ(Z′ → SS∗) =
MZ′

48π
g′2Q2

S, (25)

qq̄ e+e− µ+µ− τ+τ− νν NN H1H1

0.154 0.308 0 0.077 0.192 0.192 0.077

Table: Decay branching ratio of U(1)B−2Le−Lτ
gauge boson Z′, where we have

show the lepton flavor individually.

BR(Z′ → bb̄) : BR(Z′ → e+e−) : BR(Z′ → µ+µ−) : BR(Z′ → τ+τ−) =
1
3

: 4 : 0 : 1
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Collider Signature
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Figure: Left pattern: predicted cross section ratios in U(1)B−2Le−Lτ
and

corresponding limit from LHC. Right pattern: allowed parameter space in the
g′-MZ′ plane.

Rσ =
σ(pp→ Z′ + X → e+e− + X)

σ(pp→ Z + X → e+e− + X)
. (26)
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Summary

• Texture-zeros in the scotogenic model can be realised with flavor
dependent gauge symmetry.

U(1)B−2Lα−Lβ ,U(1)Lµ−Lτ ,U(1)B−3Lα

• Texture A1 for U(1)B−2Le−Lτ

〈mee〉 = 0, no neutrinoless double beta decay
m1 ∼ 0.007 eV, m2 ∼ 0.01 eV, m3 ≈∼ 0.05 eV, then

∑
mi ∼ 0.07 eV

Yukawa couplings are also predicted by neutrino oscillation

hτ2

hµ1
:

fτ1

hµ1
:

fe2

hµ1
' 0.745 : 0.933 : 0.401.

No µ→ eγ, τ → µ(e)γ are suppressed.
Flavor dependent Z′

BR(Z′ → bb̄) : BR(Z′ → e+e−) : BR(Z′ → µ+µ−) : BR(Z′ → τ+τ−) =
1
3

: 4 : 0 : 1
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