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Motivation and model setup



Gauge symmetries (SM → LR)

• The gauge symmetries of the SM:

SU(3)c × SU(2)L × U(1)Y [GSM](
uL

dL

) (
𝜈L

eL

)
, eR, uR, dR, No 𝜈R

• Fermion masses arise from Yukawa couplings after
EWSB:

LY ∼ −Q̄LYdHdR − Q̄LYuH̃uR − ℓ̄LYeHeR + h.c.

• In the SM, neutrino masses are absent → m𝜈 = 0
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LR symmetry breaking

• The gauge symmetries of Left-right symmetric models (LRSM):

SU(3)c × SU(2)L × SU(2)R × U(1)B−L [GLR](
uL

dL

) (
𝜈L

eL

) (
uR

dR

) (
𝜈R

eR

)
right − handed neutrinos appear

• Symmetry breaking:

SU(3)c × SU(2)L × SU(2)R × U(1)B−L [GLR]
⟨HR⟩−−−→

SU(3)c × SU(2)L × U(1)Y [GSM]

⟨HL⟩−−−→
SU(3)c × U(1)Q [Gem]

If UB−L is a global symmetry neutrinos are Dirac particles, whereas a gauged UB−L

leads to Majorana neutrinos.
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Our model

• We extend the LR symmetric model by introducing new neutral fermions and scalar
fields, while keeping neutrinos Dirac.

Fields spin SU(3)c SU(2)L SU(2)R U(1)B−L ZL
4 ZR

4 U(1)L
Qi

L 1/2 3 2 1 1/3 1 1 0
Qi

R 1/2 3 1 2 1/3 1 1 0
Ui

L 1/2 3 1 1 4/3 1 𝜔 0
Ui

R 1/2 3 1 1 4/3 𝜔 1 0
Di

L 1/2 3 1 1 −2/3 1 𝜔3 0
Di

R 1/2 3 1 1 −2/3 𝜔3 1 0
Li

L 1/2 1 2 1 −1 𝜔 1 1
Li

R 1/2 1 1 2 −1 1 𝜔 1
na

L 1/2 1 1 1 0 1 1 1
na

R 1/2 1 1 1 0 1 1 1

HL 0 1 2 1 1 𝜔 1 0
HR 0 1 1 2 1 1 𝜔 0
L̃𝛼

L 0 1 2 1 −1 𝜔 1 0
L̃𝛼

R 0 1 1 2 −1 1 𝜔 0
S 0 1 1 1 0 𝜔3 𝜔 0

• U(1)L ⇒ forbid Majorana
mass terms

• ZL
4 × ZR

4 ⇒ forbid one-loop
Dirac neutrinos masses

• New Scalar field:
⟨HL⟩ = (0, vL)T ,
⟨HR⟩ = (0, vR)T , ⟨S⟩ = vS
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The fermion masses

• The quark mass:

yU
ij Qi

L𝜏H∗
LUj

R+yU
ij Qi

R𝜏H∗
R + 𝜆U

ij Ui
LSUj

R

(Mu)ij ≃ vLvR

(
yUm−1

U yU†
)

ij
, with mU

ij = 𝜆U
ij vS.

• The charged lepton masses are generated at
one-loop level

𝜅𝛼𝛽

(
L̃𝛼†

L HL

) (
H†

RL̃𝛽

R

)
+ h.c.

Man̄a
Lna

R + 𝜆a
i𝛼

(
L̄i

RL̃𝛼
R na

L

)
+ h.c.
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The fermion masses

• For neutrinos

(𝜅𝜈)𝛼𝛽
(
L̃𝛼†

L 𝜏H★
L

) (
HT

R𝜏
T L̃𝛽

R

)
+ h.c.

Breaks the ZL
4 × ZR

4 symmetry
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Origin of dark matter in the LR model



From lepton and neutrino mass generation to dark matter

• To generate charged lepton and Dirac neutrino masses, the model introduces new
neutral fermions and scalar particles:

na
L/R , L̃𝛼

L/R =
©­«

Ñ𝛼
L/R

Ẽ𝛼
L/R

ª®¬ , with a = 𝛼 = 1, 2, 3

• An accidental Z2 symmetry emerges in the model, under which L̃𝛼
L/R and na

L,R are odd
while all other fields are even. The key interaction are given by

𝜆a
i𝛼

(
Li

LL̃𝛼
L na

R + Li
RL̃𝛼

R na
L

)
+ h.c.

• The lightest of those particles is thus stable and serves as a good DM candidate.
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Dark matter candidate

• Masses scalars L̃𝛼
L/R arise from symmetry breaking in the scalar potential. After LR

symmetry breaking:

VÑ ⊃
(
(m2

L)𝛼𝛿𝛼𝛽 + 𝜆𝜈𝛼𝛽v2
L

)
Ñ𝛼†

L Ñ𝛽

L + 1
2
𝜆s
𝛼𝛽v2

L

(
Ñ𝛼

L Ñ𝛽

L + h.c.
)

+
(
(m2

R)𝛼𝛿𝛼𝛽 + 𝜆𝜈𝛼𝛽v2
R

)
Ñ𝛼†

R Ñ𝛽

R + 1
2
𝜆s
𝛼𝛽v2

R

(
Ñ𝛼

R Ñ𝛽

R + h.c.
)
.

• Masses of neutral scalar ÑL/R

Ñ𝛼
L/R =

1
√

2

(
ĥ𝛼

L/R + iÂ𝛼
L/R

)
, hL,AL = SL, hR,AR = SR

We defined the mass eigenstates, h𝛼
L/R and A𝛼

L/R,by

Ŝ𝛼
L = (VSL)𝛼𝛽S𝛽

L , Ŝ𝛼
R = (VSR)𝛼𝛽S𝛽

R

• Reproducing the observed neutrino masses and mixing constrains the neutral scalar
mass spectrum. Two viable scenarios arise: light hR and lighthL. 8



The relevant coupling

• In the light hR scenario where mh1
R
= mA1

R
=: m𝜈̃1

R
, DM is either n1 or 𝜈̃1

R.

LhR = −𝜆1
i ēi

Lẽi
Ln1

R −
{
(𝜆𝜈L)ij 𝜈̄

i
L𝜈̃

j
Ln1

R + (𝜆𝜈R)i1𝜈̄
i
R𝜈̃

1
Rn1

L

}
Coupling matrices. (𝜆𝜈L)ij = 𝜆1

i (VhL)ij, (𝜆𝜈R)ij = 𝜆1
i (VhR)ij

and

VhL = VAL = 1l , VhR = VAR =

©­­­«
cos 𝜃 sin 𝜃 0

− 1√
2

sin 𝜃 1√
2

cos 𝜃 1√
2

1√
2

sin 𝜃 − 1√
2

cos 𝜃 1√
2

ª®®®¬ =: Mp.

• In the light hL scenario where mh1
L
≪ mA1

L
= mh2,3

L
= mA2,3

L
, DM is either n1 or h1

L.

LhL = −𝜆1
i ēi

Lẽi
Ln1

R − 1
√

2

{
(𝜆𝜈L)ij 𝜈̄

i
Lhj

Ln1
R + (𝜆𝜈R)i1𝜈̄

i
Rh1

Rn1
L

}
Coupling matrices.

(𝜆𝜈L)ij = 𝜆1
i (VhL)ij, (𝜆𝜈R)ij = 𝜆1

i (VhR)ij, VhL = VhR = MP, VAL = VAR = 1l 9



Dark Matter Phenomenology



Values of parameters

Model:hR vR [GeV] mẽi
L

[GeV] mẽi
R

[GeV] M1 [GeV] M2 [GeV] M3 [GeV]
25 × 103 500 12.5 × 103 0.45 × x 95 4.25 × 103

m𝜈̃i
L

[GeV] m𝜈̃1
R

[GeV] m
𝜈̃

2,3
R

[GeV] 𝜆1
1 𝜆1

2 𝜆1
3

500 free 12.5 × 103 1√
x 1 1

Model:hL vR [GeV] mẽi
L

[GeV] mẽi
R

[GeV] M1 [GeV] M2 [GeV] M3 [GeV]
25 × 103 300 43 × 103 3.48 × x 975 43 × 103

mh1
L

[GeV] mh2,3
L

[GeV] m0
h1

R
mh2,3

R
[GeV] 𝜆1

1 𝜆1
2

free 300 500 or 300 43 × 103 1√
x 1

𝜆1
3 mAi

L
[GeV] mAi

R
[GeV]

1 300 43 × 103 10



Relic abundance: hR scanario
m
e
~

L
= 500 GeV, M2 = 95 GeV, M3=4.25 TeV

100 101 102
10-7

10-6

10-5
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10-3

10-2

10-1

100

M1 [GeV]

Ω
h2

m
ν
~

R1
= 0.5 M1

m
ν
~

R1
= 3 M1

m
ν
~

R1
= 2 M1

m
ν
~

R1
= 1.1 M1Δ

N
ef
f
bo
un
d
(m

ν~

R
1
=
0.
5
M
1
)

Δ
N
ef
f
bo
un
d
(D
ir
ac
D
M
)

Ωh2 = 0.12 • DM: Dirac n1 and complex scalar 𝜈̃1
R

• Dominant annihilation:
(𝜎v)n1n̄1→𝜈i

R 𝜈̄
j
R
≃ | (𝜆𝜈

R )i1 (𝜆
𝜈∗
R )j1 |2

32𝜋M2
1 (1+m

𝜈1
R
/M2

1 )2

(𝜎v)
𝜈̃1

R 𝜈̃
1†
R →𝜈i

R 𝜈̄
j
R
≃ | (𝜆𝜈

R )i1 (𝜆
𝜈∗
R )j1 |2v2

48𝜋m2
𝜈1
R
(1+M2

1/m
2
𝜈1
R
)2

• Bounds from 𝜈R thermalization and
decoupling:
Tfo ∼ mDM/20 > TD ≳ 600MeV ⇒
mDM ≳ 10GeV
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Reliac abundance: hL scenario
m
e
~

L
= 300 GeV, M2 = 975 GeV, M3 = 4.3 TeV

100 101 102
10-7
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100

M1 [GeV]

Ω
h2

mhL1= 0.5 M1

mhL1= 3 M1

mhL1= 2 M1

mhL1= 1.1 M1

Ωh2 = 0.12

• DM: Dirac n1 and real scalar h1
L

• Dominant annihilation:
(𝜎v)n1n̄1→𝜈i

L 𝜈̄
j
L
≃ | (𝜆𝜈

L )i1 (𝜆
𝜈∗
L )j1 |2

128𝜋M2
1 (1+m2

h1
L
/M2

1 )2

(𝜎v)h1
Lh1

L→𝜈i
L 𝜈̄

j
L
≃ | (𝜆𝜈

L )i1 (𝜆
𝜈∗
L )j1 |2v4

60𝜋m2
h1
L
(1+M2

1/m
2
h1
L
)4
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Direct Detection

n1
L/R n1

L/R

L̃i
L/R

N N

𝛾, Z

Li
L/R

n1
L/R n1

L/R

Li
L/R

N N

𝛾, Z

L̃i
L/R

Figure 1: The leading one-loop diagrams for elastic scattering of the Dirac DM with a nucleon (N).
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Direct Detection: hR scenario

Light hR, m
e
~

R
= 12.5 TeV, m

e
~

L
= 300 GeV

1 5 10 50 100
10-50

10-49

10-48

10-47
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10-45

10-44

10-43

MDM [GeV]

σ
S
I(
cm

2
)

Dirac DM
m

ν
~

R1
= 3 MDM

m
ν
~

R1
= 2 MDM

m
ν
~

R1
= 1.1 MDM

Direct Detection

LZ

Com
plex

scal
ar D

M

Neutrino floor

Δ
N
ef
f
bo
un
d

Solid: λ2
1=λ3

1= 1

Dashed: λ2
1=λ3

1= 0.5

• SI cross section:
𝜎SI =

m2
nM2

1
𝜋 (mn+M1 )2

(
ZCV ,p+(A−Z )CV ,n

A

)
• For Dirac DM n1, dominant

contribution: one-loop photon
diagrams:CV ,N = C𝛾

V ,N

• For complex scalar 𝜈̃1
R, dominant

contribution: tree-level Z′-mediated
process CV ,N = CZ′

V ,N

• 𝜎SI × (Ωh2)/0.12
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Direct Detection: hL scenario

Light hL, m
e
~

R
= 43 TeV, mAL1= me

~

L
=300 GeV

1 5 10 50 100
10-52

10-51

10-50

10-49

10-48

10-47

10-46

10-45
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M1 [GeV]

σ
S
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= 2 M1

Direct Detection

Solid: λ2
1=λ3

1= 1

Dashed: λ2
1=λ3

1= 0.5

• Only Dirac DM n1:CV ,N = C𝛾

V ,N + CZ
V ,N

• There is a potential cancellation:
CV ,p ≃ C𝛾

V ,p ∼ ∑
i
|𝜆1

i |
2

m2
ẽL

log m2
i

m2
ẽL

, negative

and

CV ,n ≃ CZ
V ,n ∼ ∑

i | (𝜆𝜈L)i1 |
2 log

m2
Ai

L
m2

h1
L

,

positive
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Summary



Summary

Summary:

• We construct a left–right symmetric model with Dirac neutrinos, where charged
lepton masses and neutrino masses are generated radiatively at one-loop and
three-loop level, respectively.

• The model naturally predicts a stable dark matter candidate, protected by an
accidental Z2 symmetry arising from the particle content and interactions.

• All dark matter candidates can be thermally produced with the correct relic
abundance, while cosmological bounds from right-handed neutrino
thermalization and direct detection experiments significantly constrain the viable
mass range.
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