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1. Introduction

The Standard Model has successfully described a wide range of phenomena with remarkable precision.

Limitations of the SM:

Non-zero neutrino masses

Dark Matter (DM) and Dark
Energy (DE)

Instability of the SM vacuum at
high energy

Baryon asymmetry

flavor puzzle: hierarchy in
fermion masses and mixing
pattern



1. Introduction

The main motivations for this work are as follows:

1 To construct a minimal extension of the SM that accounts for non-zero neutrino masses, provide a
viable dark matter candidate, and stabilizes the electroweak (EW) vacuum by investigating

bounded-from-below conditions

Vaccum stability

Renormalization-Group-deriven perturbative bounds

2 To determine whether the normal or inverted mass hierarchy is further constrained within this
framework.

3 To identify which flavor observables will be accessible in near-future experiments.

Muon anomalous magnetic moment and radiative ℓα → ℓβγ decays

ℓα → 3ℓβ decays and µ → e conversion rate.

EW precision observable: oblique parameters

EW precision observable: leptonic decays of Z/H
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2. Model
The minimally extended scotogenic model is given in Table 1:

Field Qi u
c
i d

c
i Li e

c
i N

c
i H η S

SU(3)C 3 3̄ 3̄ 1 1 1 1 1 1

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

U(1)Y
1

6
−

2

3

1

3
−

1

2
1 0

1

2

1

2
0

Z2 1 1 1 1 1 −1 1 −1 1

U(1)X 0 0 0 −1 1 1 0 0 −2

Table 1: Particle content of the minimally extended scotogenic model.

The Lagrangian with the field assignment is:

Lren = yuQiH̃u
c
i − ydQiHd

c
i − yeLiHe

c
i + gXLiηN

c
i +

gR

2
SN

c
iN

c
i + h. c. . (1)

And the scalar potential is:
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2. Model

After SSB, the scalar fields are:

H =

 G
+

1
√
2

(
v + ϕH0 + iσH0

) , η =

 η
+

1
√
2
(ηR + iηI)

 , S =
1
√
2

(
vS + ϕS + iσS

)
, (3)

And the CP-even mass matrix reads:

M
2
CP-even =

 1

4

(
−4µ

2
H + 3λ1v

2
+ 2λ7v

2
S

)
λ7vvS

λ7vvS
1

4

(
−4
(
µ
2
S + µ

2
sb

)
+ 2λ7v

2
+ 3λ6v

2
S

)
 (4)

The diagonalization for the CP-even mass matrix is:

U
H
M

2
CP-evenU

H,T
= M

diag,2
CP-even, (h1h2)

T
= U

T
H

(
ϕH0 , ϕS

)T
. (5)

For the RH neutrino mass matrix diagonalization is:

M
flavor
χ =

1
√
2
g
ij
R vS , i, j = 1, 2, 3 , U

χ,∗
M

flavor
χ U

χ,†
= M

diag
χ . (6)



2. Model
2.1 Neutrino mass generation
The diagram for neutrino mass generation is (Z2 symmetry forbids tree-level ν mass generation):

νi νj

ηR,I

χk

Figure 1: Neutrino mass generation at one-loop level

The flavor neutrino mass matrix at one-loop level is:

Mν = g
T
XMLgX

where ML is a complex symmetric 3 × 3 matrix which encodes loop functions and scalalr and fermion
mixing matrices.

M
i,j
L =

1

2

3∑
k=1

(bloop (ηR, k) − bloop (ηI , k))
(
U

χ,∗
(k,i)

)(
U

χ,∗
(k,j)

)
(7)

where the loop function bloop is defined as bloop (ϕ, k) =
1

16π2

Mk
χ

M2
ϕ −Mk,2

χ

(
M

2
ϕ ln

M2
ϕ

Mk,2
χ

)
. The

3 × 3 Yukawa coupling matrix gX can be written using the Casas-Ibarra parameterization:

gX = U
†
LD

−1/2
L URD

1/2
ν U

T
PMNS,

(
DL = U

T
LMLUL

)



2. Model
2.2 Neutrino mass hierarchies and DM candidates and constraints

Normal hierarchy Inverted hierarchy

1σ range 3σ range 1σ range 3σ range

sin
2
θ12

0.3088
+0.0067
−0.0066 0.2893 → 0.3295 0.3088

+0.0067
−0.0066 0.2893 → 0.3295

θ12/
◦

33.76
+0.42
−0.41 32.54 → 35.03 33.76

+0.42
−0.41 32.54 → 35.03

sin
2
θ23

0.470
+0.017
−0.014 0.432 → 0.587 0.555

+0.013
−0.016 0.437 → 0.590

θ23/
◦

43.27
+1.00
−0.82 41.11 → 50.02 48.15

+0.75
−0.92 41.40 → 50.21

sin
2
θ13

0.02249
+0.00057
−0.00057 0.02070 → 0.02420 0.02261

+0.00056
−0.00056 0.02091 → 0.02433

θ13/
◦

8.62
+0.11
−0.11 8.27 → 8.95 8.65

+0.11
−0.11 8.31 → 8.97

δCP /
◦

207
+23
−20 114 → 405 283

+24
−28 202 → 347

∆m2
21

10−5 eV2
7.537

+0.094
−0.100 7.236 → 7.823 7.537

+0.094
−0.100 7.236 → 7.822

∆m2
3l

10−3 eV2
2.521

+0.026
−0.018 2.454 → 2.592 −2.500

+0.024
−0.023 −2.569 → −2.430

Table 2: Recent neutrino experimental data given by NuFit 6.1 [1]

Normal hierarchy Inverted hierarchy

mν3

√
m2

ν2
+ ∆m2

32 mν2

√
m2

ν1
+ ∆m2

21

mν2

√
m2

ν1
+ ∆m2

21 mν1

√
m2

ν3
+ |∆m2

31|

mν1
[10

−19
, 10

−10
] mν3

[10
−19

, 10
−12

]

Table 3: Neutrino mass hierarchy implemented in this work. All masses are in
unit of GeV.

In this model, there are three
DM candidates:

ηR,I , χ1 (8)

The experimental value of
the relic density at 68%
confidence level (C.L.) is:

ΩCDMh
2
= 0.1200 ± 0.0012

ΩCDMh
2
= 0.1200 ± 0.0120

What we will fit in this work
is

Relic density

Proton
spin-independent cross
section
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3. Scalar potential constraints
3.1 Bounded-from-below conditions and vacuum stability

In order to derive the BFB conditions, it is enough to consider the quartic terms in the scalar potential:

V4 =
1

4
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†
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2
+

1

4
λ2(η

†
η)

2
+ λ3(H

†
H)(η

†
η) + λ4(H

†
η)(η

†
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+
1

4
λ5

[
η
†,2
H

2
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]
+

1

4
λ6(S

∗
S)

2
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†
H)(S

∗
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†
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∗
S),

(9)

The derived BFB conditions are:

λ1,2,6 > 0

λ8 +
1

2

√
λ2λ6 > 0

λ7 +
1

2

√
λ1λ6 > 0

λ3 +
1

2

√
λ1λ2 > 0

λ3 + λ4 +
1

2

√
λ1λ2 >

1

2
|λ5|

λa

√
λ1λ2

λ6

+ λ4 >
1

2
|λ5|

where λa is

3

4
λ6 +

λ3λ6√
λ1λ2

+ λ7

√
λ6

λ1

+ λ8

√
λ6

λ2

.

The BFB conditions in Equation 11 are necessary
and sufficient for the potential to be
bounded-from-below, as they are derived by
requiring V → ∞ for all possible field directions in
the large field limit.

The SM scalar potential is known to lie near the
border between stability and metastability,
primarily due to

the experimental uncertainties in the top
quark mass

the strong coupling constant [2, 3]

Ref [3] quantified this proximity using two top
quark mass determinations:

the pole mass Mσ
t = (172.4 ± 0.7)GeV -

It requires a 1.9σ downward shift from its
central value to achieve stability

the MC mass
M

MC
t = (172.57 ± 0.29)GeV - a 5.1σ

shift.
Furthermore, the strong coupling constant
α

(5)
S (MZ) requires a 3.7σ upward shift from the

PDG world average to stabilize the potential.



3. Scalar potential constraints
3.2 Renormalization-Group-driven perturbative bounds

It is important to determine up to which energy scale a given theory remains perturbatively valid.

1 Perturbativity must be maintained across the entire energy range over which the theory is
considered to be valid, not only at the scale where the initial conditions are imposed.

2 In general, RG-improved perturbativity bounds place stronger constraints on the parameter space
than the conventional bounds gi, yi ≤

√
4π and λi ≤ 4π.

Figure 2: RG evolution of the SM (upper panels) and the scotogenic model under study (lower panels).
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4. Flavor and electroweak observables
4.1 Muon anomalous magnetic moment and radiative ℓα → ℓβγ decays

The muon g− 2 state has been updated as follows:

∆aµ = a
exp
µ − a

SM
µ = (2.49 ± 0.48) × 10

−9
, (5.1σ)

∆aµ = a
exp
µ − a

SM
µ = (0.38 ± 0.63) × 10

−9
, (0.6σ),

ℓα ℓβ

γ

χi

H+ H+

Figure 3: Diagram contributing to the muon anomalous
magnetic moment and the charged lepton flavor

violation (CLFV) ℓα → ℓβγ decays.

∆aµ = −4
mµ

e
Re
(
c
µµ
R

)
,

BR (ℓα → ℓβγ) =
m3

ℓα

4πΓℓα

[
|cαβ

R |2 + |cβα
R |2

]
.

The muon g − 2 and the radiative decay can be
expressed in terms of the coefficient of the dipole
operator cαβ

R ℓβσµνPRℓαF
µν

+ h. c. from an
effective field theory (EFT) perspective.

c
αβ
R =

e

16π2

[
Γ
α∗
L Γ

β
R

MΨ

M2
Φ

(f (x) +Qg (x))

+
mℓβ

Γα∗
L Γβ

L +mℓαΓα∗
R Γβ

R

M2
Φ

(
f̃ (x) +Qg̃ (x)

)

f (x) =
x2 − 1 − 2x ln (x)

4 (x− 1)3
,

g (x) =
x− 1 − ln (x)

2 (x− 1)2
,

f̃ (x) =
2x3 + 3x2 − 6x+ 1 − 6x2 ln (x)

24 (x− 1)4
,

g̃ (x) =
x2 − 1 − 2x ln (x)

8 (x− 1)3
.



4. Flavor and electroweak observables
4.2 EW precision observable: oblique parameters

The oblique parameters quantify radiative NP corrections in BSM
frameworks. They are parameterized by six quantities:
S, T, U, V,W and X:

α

4s2wc
2
w

S =
AZZ

(
m2

Z

)
− AZZ (0)

m2
Z

−
∂Aγγ

(
p2
)
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∣∣∣∣∣
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cwsw

∂AγZ

(
p2
)

∂p2

∣∣∣∣∣
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αT =
AWW (0)

m2
W

−
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m2
Z

α

4s2W
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AWW
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m2

W

)
− AWW (0)

m2
W

− c
2
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)
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− s
2
W

∂Aγγ

(
p2
)

∂p2

∣∣∣∣∣
p2=0

− 2cwsw
∂AγZ

(
p2
)

∂p2
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p2=m2

Z

−
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(
m2

Z

)
− AZZ (0)

m2
Z

αW =
∂AWW

(
p2
)

∂p2

∣∣∣∣∣
p2=m2

W

−
AWW

(
m2

W

)
− AWW (0)

m2
W

α

swcw
X =

∂AγZ

(
p2
)

∂p2

∣∣∣∣∣
p2=0

−
AγZ

(
m2

Z

)
− AγZ (0)

m2
Z

AV V ′ represents the transverse
components of the V − V

′

vacuum polarization tensors:

Π
µν

V V ′ (p) =

(
g
µν −

pµpν

p2

)
× AV V ′

(
p
2
)
+
pµpν

p2
BV V ′

(
p
2
)
.

The observables are defined as the
net contributions from NP:

∆S = SBSM − SSM,

∆T = TBSM − TSM,

∆U = UBSM − USM.

The experimental bounds are:

∆Sexp = 0.021 ± 0.096,

∆Texp = 0.040 ± 0.120,

∆Uexp = 0.008 ± 0.092.



4. Flavor and electroweak observables
4.3 EW precision observable: Z → ℓ̄αℓβ

The one-loop vertex correction topologies to the Z → ℓαℓβ in this BSM model are seen in Figure 4.

Z

ℓα

ℓβ

νi

νi

G+ Z

ℓα

ℓβ

G+

G+

νi Z

ℓα

ℓβ

νi

νi

W+ Z

ℓα

ℓβ

G+

W+

νi Z

ℓα

ℓβ

W+

G+

νi Z

ℓα

ℓβ

W+

W+

νi

Z

ℓα

ℓβ

ℓi

ℓi

γ, Z Z

ℓα

ℓβ

ℓi

ℓi

hm, Am Z

ℓα

ℓβ

hm(Am)

An(hn)

ℓi Z

ℓα

ℓβ

η+

η+

χi Z

ℓα

ℓβ

hm

Z

ℓi Z

ℓα

ℓβ

Z

hm

ℓi

Figure 4: One-loop Feynman diagrams for the Z → ℓαℓβ vertex corrections within this BSM model.

The one-loop amplitude for Z → ℓαℓβ can be
decomposed in terms of form factors:

A
(
Z → ℓαℓβ

)
= FSLψ (q1,mℓα ) (γ · ϵ (p))PLψ

(
−q2,mℓβ

)
+ FSRψ (q1,mℓα ) (γ · ϵ (p))PRψ

(
−q2,mℓβ

)
+ FLψ (q1,mℓα ) (q1 · ϵ (p))PLψ

(
−q2,mℓβ

)
+ FRψ (q1,mℓα ) (q1 · ϵ (p))PRψ

(
−q2,mℓβ

)
,

Considerations for the flavor calculations:

Feynman t’Hooft gauge ξ = 1

On-shell (OS) renormalization scheme

ANP = ABSM − ASM

Afinite = AVC + ACT



4. Flavor and electroweak observables
4.3 EW precision observable: Z → ℓ̄αℓβ

Observable Experimental measurements SM prediction

Γ
(
Z → e

+
e
−
)

83.91 ± 0.12MeV (LEP [4]) 83.965 ± 0.016MeV [5]

Γ
(
Z → µ

+
µ
−
)

83.99 ± 0.18MeV (LEP [4]) 83.965 ± 0.016MeV [5]

Γ
(
Z → τ

+
τ
−
)

84.08 ± 0.22MeV (LEP [4]) 83.775 ± 0.016MeV [5]

BR
(
Z → e

±
µ
∓
)

< 4.2 × 10
−7 (ATLAS [6]) O

(
10

−10
)

(FCC-ee [7])

BR
(
Z → e

±
τ
∓
)

< 4.1 × 10
−6 (ATLAS [8]) O

(
10

−10
)

(FCC-ee [7])

BR
(
Z → µ

±
τ
∓
)

< 5.3 × 10
−6 (ATLAS [8]) O

(
10

−10
)

(FCC-ee [7])

Rµe (Z → ℓℓ) 1.0001 ± 0.0024 (PDG [9]) 1.0 [5]

Rτe (Z → ℓℓ) 1.0020 ± 0.0032 (PDG [9]) 0.9977 [5]

Rτµ (Z → ℓℓ) 1.0010 ± 0.0026 (PDG [9]) 0.9977 [5]

Γ (Z → Invisible) 499.0 ± 1.5MeV (PDG [9]) 501.45 ± 0.05MeV [5]

BR
(
H → µ

+
µ
−
)

(2.6 ± 1.3) × 10
−4 (PDG [9]) (2.17 ± 0.13) × 10

−4 [10]

BR
(
H → τ

+
τ
−
) (

0.06
+0.008
−0.007

)
(PDG [9]) 0.0624 ± 0.0035 [10]

Rτµ (H → ℓℓ) 230 ± 146 (PDG [9]) 288 [11]

Table 4: Comparison between SM predictions and experimental measurements for flavor-conserving (at 68% C.L.)
and flavor-violating leptonic Z/H decays. The lepton flavor universality ratio is defined as

Rαβ ≡ BR(V → ℓ
+
α ℓ

−
α )/BR(V → ℓ

+
β ℓ

−
β ), where V = Z,H. Since the theoretical uncertainties for the SM

lepton universality ratios are neligible, only the central values are shown.



4. Flavor and electroweak observables
4.4 EW precision observable: Z → Invisible

Z

να

νβ

ℓi

ℓi

G+ Z

να

νβ

ηR (ηI)

ηI (ηR)

χi Z

να

νβ

G+

G+

ℓi Z

να

νβ

ℓi

ℓi

W+

Z

να

νβ

G+

W+

ℓi Z

να

νβ

W+

G+

ℓi Z

να

νβ

W+

W+

ℓi Z

να

νβ

νi

νi

Z

Figure 5: One-loop Feynman diagrams contributing to the Z → Invisible decay in this BSM model.

Z

να

να

ℓi

ℓi

G+ Z

να

να

G+

G+

ℓi Z

να

να

να

να

Z Z

να

να

ℓα

ℓα

W+

Z

να

να

G+

W+

ℓα Z

να

να

W+

G+

ℓα Z

να

να

W+

W+

ℓα

Figure 6: One-loop Feynman diagrams contributing to the Z → Invisible decay in the SM.

ΓNP ≡ ΓBSM − ΓSM =
3∑

i=1

3∑
j=1

1

1 + δij
Γ (Z → νiνj) −

3∑
i=1

Γ (Z → νi,Lνi,L) , (10)



4. Flavor and electroweak observables
4.5 EW precision observable: H → ℓ̄αℓβ

h1

ℓα

ℓβ

ek

el

hm (am) h1

ℓα

ℓβ

χk

χl

H+ h1

ℓα

ℓβ

hm (am)

hn (an)

ℓk h1

ℓα

ℓβ

G+

G+

νk h1

ℓα

ℓβ

ℓk

ℓl

γ, Z h1

ℓα

ℓβ

am

Z

ℓk

h1

ℓα

ℓβ

G+

W+

νk h1

ℓα

ℓβ

Z

am

ℓk h1

ℓα

ℓβ

W+

G+

νk h1

ℓα

ℓβ

Z

Z

ℓk h1

ℓα

ℓβ

W+

W+

νk

Figure 7: One-loop Feynman diagrams for the h1 → ℓαℓβ vertex corrections within this BSM model.

The one-loop amplitude for H → ℓαℓβ can be
decomposed in terms of form factors:

A
(
H → ℓαℓβ

)
= GLψ (q1,mℓα )PLψ

(
−q2,mℓβ

)
+GRψ (q1,mℓα )PRψ

(
−q2,mℓβ

)
.

2Re
[
Atree (h1 → ℓℓ) (AOL (h1 → ℓℓ))

∗]
+ |Asoft (h1 → ℓℓγ) |2 = 0

|Asoft (h1 → ℓℓγ) |2 ≈ |ABorn (h1 → ℓℓ) |2

×
(

c20

(q1 · k)2
+

c11

(q1 · k) (q2 · k)
+

c02

(q2 · k)2

)
.



4. Flavor and electroweak observables
4.6 EW precision observable: H → Invisible

h1

να

νβ

χl

χm

ηR (ηI) h1

να

νβ

ℓl

ℓm

G+ h1

να

νβ

ηR (ηI)

ηR (ηI)

χl h1

να

νβ

G+

G+

ℓl

h1

να

νβ

ℓl

ℓm

W+ h1

να

νβ

G+

W+

ℓl h1

να

νβ

W+

G+

ℓl h1

να

νβ

W+

W+

ℓl

Figure 8: One-loop Feynman diagrams contributing to the h1 → Invisible vertex corrections within this BSM
model.

Since there is no tree-level Hνν interaction, no counter-terms are required. The H → Invisible is a
purely NP effect.



Table of Contents

1 Introduction

2 Model

3 Scalar potential constraints

4 Flavor and electroweak observables

5 Numerical analysis and discussions

6 Conclusion



5. Numerical analysis
5.1 Neutrino mass hierarchies

The scanned neutrino mass spectra in both hierarchies are as follows:

Normal hierarchy Inverted hierarchy

Minimum value Maximum value Minimum value Maximum value

mν1
1.0008 × 10

−19
2.1409 × 10

−11
4.9376 × 10

−11
4.9649 × 10

−11

mν2
8.3196 × 10

−12
2.3129 × 10

−11
5.0076 × 10

−11
5.0399 × 10

−11

mν3 5.0332 × 10
−11

5.5482 × 10
−11

1.0005 × 10
−19

5.1159 × 10
−13

3∑
i=1

mνi
5.8698 × 10

−11
9.9913 × 10

−11
9.9453 × 10

−11
1.0000 × 10

−10

Table 5: Minimum and maximum values of the neutrino masses obtained from the parameter scan, for both normal
hierarchy and inverted hierarchy. All retained points satisfy the neutrino mass-squared difference constraints at the

3σ level.

The experimental bounds considered in this work are the following:

The cosmological upper bound on the sum of neutrino masses [12],
∑3

i=1
mνi

≤ 10
−10

GeV

The DESI BAO measurement to
∑3

i=1
mνi

< 6.42 × 10
−11

GeV [13] - Inverted hierarchy is
likely to be ruled out



5. Numerical analysis
5.2 DM analysis

In this BSM model, there are three DM candidates: ηR,I and χ1, but only two of them - χ1 and ηI -
remain viable given the resulting mass spectrum.

Figure 9: Scanned DM mass versus relic density (left panel) and spin-independent proton cross section (right panel).
In both panels, blue points correspond to the fermionic DM candidate χ1, while yellow points correspond to the
CP-odd scalar DM candidate ηI . In the right panel, the current experimental upper bound from XENON1T [14]
and future sensitivities from XENONnT [15], DARWIN [16], and the neutrino floor (ν-floor) [17] are also shown.

The fermionic DM candidate χ1 accounts for 29%, while the scalar DM ηI accounts for 71%.

χ1 ranges from 120 to 350GeV, while ηI ranges from 350 to 600GeV.

A large number of points survive the constraints from the DM experiments.



5. Numerical analysis
5.3 Flavor observable analysis

O (∆aµ) = 10
−14

,

O (B (µ → eγ)) = [10
−35

, 10
−26

],

O (B (τ → eγ)) = [10
−35

, 10
−26

],

O (B (τ → µγ)) = [10
−33

, 10
−25

],

O (B (µ → e,Al)) = [10
−37

, 10
−28

],

O (B (µ → 3e)) = [10
−36

, 10
−28

],

O (B (τ → 3e)) = [10
−36

, 10
−28

],

O (B (τ → 3µ)) = [10
−35

, 10
−27

],

O
(
B
(
Z → e

±
µ
∓
))

= [10
−40

, 10
−31

],

O
(
B
(
Z → e

±
τ
∓
))

= [10
−38

, 10
−30

],

O
(
B
(
Z → µ

±
τ
∓
))

= [10
−37

, 10
−29

],

O
(
B
(
H → e

±
µ
∓
))

= [10
−46

, 10
−33

],

O
(
B
(
H → e

±
τ
∓
))

= [10
−43

, 10
−30

],

O
(
B
(
H → µ

±
τ
∓
))

= [10
−44

, 10
−29

].
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Figure 10: Scanned results of the oblique parameters
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Figure 11: Scanned results of H → Invisible versus Z → Invisible. The left
panel is based on the world average experimental bound, whereas the right

panel is based on the recent ATLAS experimental bound [18]
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6. Conclusion

We perform a global analysis of a minimally extended scotogenic model motivated by observed non-zero
neutrino masses, viable dark matter (DM) candidates, and the instability of the Standard Model (SM)
vacuum at high-energies.

We examine the bounded-from-below conditions, vacuum stability, and RG-driven perturbativity bounds
arising from the extended scalar sector, alongside a comprehensive set of flavor and electroweak (EW)
precision observables.

Under these considerations, the main findings are as follows:

1 the DESI BAO bound would rule out the inverted hierarchy if confirmed by other experiments.

2 the oblique parameters are projected to be within the reach of future precision measurements.

3 the viable fermionic DM candidate mass lies in the range 120 − 350GeV, while the CP-odd scalar
is constrained to 350 − 600GeV.

4 our result on Z → Invisible is compatible with the world average at the 3σ level and is favored by
the recent ATLAS measurement at the 3σ level.
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