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Model

• Simplest realization of the neutrino portal paradigm:

Standard Dark

`, eR, φ, W, Z
F

Ψ, Φ

. . .

Fi : singlet(s) under GSM, GDM, except fermion number

Ψ, Φ : same transformations under GDM, neutral under GSM

(mΨ < mΦ ⇒ Ψ is the DM candidate)

O(5) = (φ̃†`)(ΨΦ)

F

Φ〈φ〉

νL Ψ
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Model New fields and parameters

L = `(i /D)`+ eRi /DeR +F (i/∂−M)F + Ψ(i/∂−mΨ)Ψ + |∂Φ|2 −m2
Φ|Φ|2

−(`Y(e)eRφ + `Y(ν)F φ̃ + Ψz†FΦ + h.c.)− λx|φ|2|Φ|2︸ ︷︷ ︸
Higgs portal
(mΨ>mΦ)
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Φ|Φ|2

−(`Y(e)eRφ + `Y(ν)F φ̃ + Ψz†FΦ + h.c.)− λx|φ|2|Φ|2︸ ︷︷ ︸
Higgs portal
(mΨ>mΦ)

36 = 18(Y(ν)) + 9(M) + 6(z) + 3(mΨ, mΦ, λx)

phys. 4 + 20 =
︷ ︸︸ ︷
4(V) + 3(η) + 8(U) + 3(M) + 3(z) + 3(mΨ, mΦ, λx)

Y(ν) ≡
√

2
v

VηUM
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Φ|Φ|2

−(`Y(e)eRφ + `Y(ν)F φ̃ + Ψz†FΦ + h.c.)− λx|φ|2|Φ|2︸ ︷︷ ︸
Higgs portal
(mΨ>mΦ)

phys. 4 + 20 = 4(V) + 3(η) + 8(U) + 3(M) + 3(z) + 3(mΨ, mΦ, λx)

• Light (nL) and heavy neutrinos (NL,R) of masses MN from mixing of (νL,FL,FR)

F = U†(CUL NL − S nL + UR NR)

νL = V(SUL NL + C nL)
C = 1√

1 + η2
S =

η√
1 + η2

V = PMNS η = diag(ηi) > 0 U ∈ SU(3) M real diagonal

U†
RUMU†C−1UL = MN = diagonal
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Model New fields and parameters

⇒ Modified Z couplings: L ⊃ − g
2cW

nL /Z C2 nL + . . .

flavor diagonal but non universal
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Ψ

Ψ

n, N
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– One-loop HΨΨ H

Ψ

Ψ

n, N

n, N

Φ +

Ψ

Ψ

φ
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Φ

Φ

N
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Model New fields and parameters

⇒ Modified Z couplings: L ⊃ − g
2cW

nL /Z C2 nL + . . .

flavor diagonal but non universal

⇒ Modified W couplings: L ⊃ − g√
2

eL /W VC nL + . . .

non unitary neutrino mixing

⇒ SM–DM interactions (both Ψ and Φ needed)

– Tree level nLΨΦ (neutrino portal)

– One-loop ZΨΨ Z

Ψ

Ψ

n, N

n, N

Φ

– One-loop HΨΨ H

Ψ

Ψ

n, N

n, N

Φ +

Ψ

Ψ

φ

〈φ〉

Φ

Φ

N

Z → inv
H → inv
π, τ decays
Relic abundance
Direct detection
Indirect detection
Collider searches
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Model Quasidegenerate heavy neutrinos

MN = Λ1 η � 1 ⇒ C ≈ 1− 1
2 η2 S ≈ η M ≈ Λ(1− 1

2U†η2U)
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Model Quasidegenerate heavy neutrinos

MN = Λ1 η � 1 ⇒ C ≈ 1− 1
2 η2 S ≈ η M ≈ Λ(1− 1

2U†η2U)

• Just the following 5 parameter combinations appear in DM observables:

Λ mΨ mΦ |ηUz|2 λx|z|2

Φ

nα

Ψ

= −i(zTU†η)α

Z

Ψ

Ψ

= i
g

2cW

1
16π2 |ηUz|2γµ(PL + ln

Λ
mΦ

PR)

H

Ψ

Ψ

= −i
Λ

8π2v

(
|ηUz|2 + λx|z|2

v2

Λ2 ln
Λ

mΦ

)
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Constraints Electroweak

• Z: Γ(Z → inv) = 1
3Tr(C4)ΓSM(Z → inv) ⇒ ∑ η2

i < 0.014 [LEP] (3σ)
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• Z: Γ(Z → inv) = 1
3Tr(C4)ΓSM(Z → inv) ⇒ ∑ η2

i < 0.014 [LEP] (3σ)

• W: `ανα = `α VC να = `α[V(1− 1
2 η2)]αini ⇒ ∆α = [Vη2V†]αα = ∑

i
|Vαi|2η2

i

Γ(π → `ανα) = (1− ∆α) ΓSM

Γ(`α → `βνανβ) = (1− ∆α − ∆β) ΓSM

1.2

1.0

0.8

0.6

0.4

0.2

0.0

∆e × 100

1.21.00.80.60.40.20.0
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.

.

∆
µ
×
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0
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• H: Γ(H → inv) ⇒ v
Λ

∣∣∣∣|ηUz|2 Λ2

v2 + λx|z|2
Λ

mΦ

∣∣∣∣ < 1.7 [ATLAS] (90% C.L.)

(if mΨ < mH/2)
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DM

ΨΨ annihil. ⇒

 Φ

Ψ

Ψ

ni

nj

︷ ︸︸ ︷
Z

Ψ

Ψ

f

f

H
Ψ

Ψ

f

f

⇓ ΨN → ΨN
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|z| = 2 (<
√

4π) |ηUz| < 2|η| < 2
√

0.014︸ ︷︷ ︸
Z→inv

−1.2 < λx|z|2 < 1.2

200 GeV ≤ Λ ≤ 10 TeV (heavy neutrinos)

– non-degenerate: mΨ + 10 GeV ≤ mΦ

– quasi-degenerate: mΨ < mΦ < mΨ + 10 GeV
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DM Relic abundance ΩΨh2 = 0.1198± 0.026 (3σ) [Planck]

8070605040302010

5

4

3
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Z → inv

mΨ [GeV]

.

.

non-degenerate

Λ
eff

[T
eV

]

8070605040302010

5

4

3
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1

Z → inv

mΨ [GeV]

.

.

quasi-degenerate

Λ
eff

[T
eV

]

dominant 〈σv〉ΨΨ→νν̄ =
(v/Λeff)

4

256πm2
Ψ

Λeff =
v/
√

2
|ηUz|

√
m2

Ψ + m2
Φ

m2
Ψ

〈σv〉ΨΨ→ f f̄ = (σ0)Z︸ ︷︷ ︸
S−wave

+
T

mΨ
(σ0)H︸ ︷︷ ︸
P−wave

〈v〉 ∼ T1/2
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DM Direct detection ΨN → ΨN
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• LUX excludes Z resonance region

• Non-degenerate: Cross sections larger than 10−46 cm2 unless mΨ ∼ mH/2

• Quasi-degenerate: large parameter space available
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DM Indirect detection DM annihilation in the Sun
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• Neutrino line Eν = mΨ:

dN/Eνi ∼
1
2

CΨδ(Eνi −mΨ) CΨ ∼ σΨN × ρDM
local

[exp sensitivity: IceCube (Eν > 100 GeV) Super-K (up-muons >∼ 10−14 cm−2 s−1)]
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DM Indirect detection Annihilation cross sections for two channels

Fermi-LAT bb̄ (2015)
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• Into charged fermions (1-loop):
H-mediated is P-wave, suppressed
w.r.t. Z-mediated (S-wave)
(safe from Fermi-LAT)

• Into neutrinos (tree-level):
Poorly measured
(Super-K?)
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Conclusions
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X correct relic density

• Loop-suppressed (Z, H)-DM couplings:
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X do not compromise direct or indirect detection or collider searches

• Cases (mΨ, mΦ)

– Non-degenerate ⇒ 2.3 ≤ mΨ ≤ 35 GeV or mΨ ∼ mH/2

– Quasi-degenerate ⇒ also heavier (coannihilation)

• Cleanest signature: neutrino line (Eν = mΨ)
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