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Motivation for the sterile neutrino portal
Most compelling pieces of evidence for physics beyond the SM:


neutrino masses

dark matter (DM)


These hint to the existence of SM gauge singlets: 


sterile neutrino(s) � 


DM particle � 


Sterile neutrino portal:


Pospelov, Ritz, Voloshin, 0711.4866; Escudero, Rius, Sanz, 1607.02373; 

Batell et al., 1704.08708, 1709.07001; Bandyopadhyay et al., 1807.05122; 

Blennow et al., 1903.00006; etc.

N
χ

�3

�yν LH̃NR �f χLNR ϕ

Portal Dark sector
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Effective field theory approach
The SM + 2 chiral fermions �  and � �  under � 

In addition, �  under a stabilising �  symmetry


� 


Assume that �  interacts with �  via 4-fermion operators:


�  


�  


These operators form part of the basis of �  operators derived in Duch, Grzadkowski, Wudka, 1412.0520

NR χL ∼ (1, 1)0 (SU(3)C, SU(2)L)Y
χL → − χL Z2

ℒ4 = ℒSM + NRiγμ∂μNR + χLiγμ∂μ χL − [ 1
2

mNNc
RNR +

1
2

mχ χL χc
L + yνLH̃NR + H.c.]

χ N

ℒ6 =
c1

Λ2
𝒪1 + [ c2

Λ2
𝒪2 +

c3

Λ2
𝒪3 + H.c.]

𝒪1 = (NR χL)(χLNR) = −
1
2

(NRγμNR)(χLγμ χL)

𝒪2 = (NR χL)(NR χL) = −
1
2

(NRNc
R)(χc

L χL)

𝒪3 = (Nc
RNR)(χc

L χL) = −
1
2

(Nc
Rγμ χL)(χc

LγμNR)

D = 6

�4

3 operators
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Effective field theory approach
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Sterile neutrino portal operators:                                    If �  and � 


               �  


We assume:	 � 	


�

L(NR) = + 1 L(χL) = 0

𝒪1 = (NR χL)(χLNR) = −
1
2

(NRγμNR)(χLγμ χL)

𝒪2 = (NR χL)(NR χL) = −
1
2

(NRNc
R)(χc

L χL)

𝒪3 = (Nc
RNR)(χc

L χL) = −
1
2

(Nc
Rγμ χL)(χc

LγμNR)

mN < mχ < Λ < 𝒪(100) TeV

mν =
y2

ν v2

2mN
≈ 0.05 eV ⇒ yν ≲ 10−6 for mN ≲ 1 TeV

Portal Dark sector

LNC (always)

LNV �(ΔL = − 2)

LNV �(ΔL = + 2)
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DM annihilations into sterile neutrinos
The DM relic abundance is set by the freeze-out of annihilations � 


� 


�   if  �   and either  �   or  �  

(the contribution of �  to � -wave is chirality suppressed)


In the limit � :


�

χχ → NN

a =
m2

χ

16πΛ4
1 − r2

N [(c1rN + 2Rec2 + 4Rec3)2 + 4 (Imc2 − 2Imc3)2 (1 − r2
N)], rN ≡

mN

mχ

a = 0 c2 = − 2c*3 c1 = 0 mN = 0
𝒪1 s

mN → 0

a =
m2

χ

4πΛ4 [ |c2 |2 + 4 |c3 |2 + 4 Re (c2c3)]
b =

m2
χ

12πΛ4 [c2
1 + 3 |c2 |2 + 12 |c3 |2 − 12 Re (c2c3)]

�6

σv = a + b
v2

4
+ 𝒪 (v4)

For the freeze-in production of DM 
in the renormalisable neutrino portal  
see talks by C. Cosme and B. Fu
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DM relic abundance

�  


�  

⟨σv⟩ = a +
3
2

b x−1 + 𝒪 (x−2) x = mχ /T

⟨σv⟩ ≈ 2.2 (4.4) × 10−26 cm3/s if a ≠ 0 (a = 0)
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Steigman, Dasgupta, Beacom, 1204.3622


Bringmann et al., 2007.03696

⟨σv⟩
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UV completions of  the portal operators

Relevant couplings

�8

�

�

N

N

�, �

Models A

�

�

N

N

�, �

Models B

�

�

N

N

Z 0, �

Models C

A1 : f NR χLϕ

A2 : f NR χLσ

B1 : f Nc
RNRϕ + gχc

L χLϕ

B2 : f Nc
RNRσ + gχL χc

Lσ

C1 : gNNRγμNRZ′�μ + gχ χLγμ χLZ′�μ

C2 : gauged B2
Dμ = DSM

μ − ig′�QB−LZ′�μmN , mχ ∼ vσ
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Matching of  UV models onto the EFT
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Models’ features

Model A1 (w/ real scalar � )	Escudero, Rius, Sanz, 1607.02373 

 Batell, Han, Shams Es Haghi, 1704.08708 

 Bandyopadhyay et al., 1807.05122


Model B2 (global � )	 Escudero, Rius, Sanz, 1606.01258


Model C2 (gauged � )	 Escudero, Witte, Rius, 1806.02823

ϕ

B − L
B − L

�10

Genuine models Non-genuine models

�  @ 1 loopmN = 0 mN ≠ 0 mN

� -wave if �* p g ∈ ℝ
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Models A2

Indirect detection constraints from Batell, Han, Shams Es Haghi, 1704.08708
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Generation of  !  in Model A2cmN

�                  � 


Scotogenic-like mass:


� 


�  

−ℒA2c ⊃
1
2

mχ χL χc
L +

1
2

μ2
σ σ2+f NR χLσ + H.c. L(σ) = + 1

(mN)ij
=

nχ

∑
k=1

f*ik f*jkmχk

32π2
F (m2

ρ , m2
θ , m2

χk) ≈
μ2

σ

16π2m2
σ

nχ

∑
k=1

f*ik f*jkmχk

F(x, y, z) =
x

x − z
log ( x

z ) −
y

y − z
log ( y

z )
�12

soft breaking of �L

NR N c
R N N�L �c

L

� �⇤

�

⇢ , ✓μ2
σ

f † f*mχ

for �  and �  mχk
≪ mρ, mθ mρ ≃ mθ ≃ mσ
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Model B1
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m �

=
2
m �

fi = 1, gi = 1, mN = 2 GeV

m� > m�

�h2 > 0.12

CMB

dSphs

Indirect detection constraints from Batell, Han, Shams Es Haghi, 1704.08708

EFTUV

�   is  � -wave⟨σv⟩χχ→NN p �   is  � -wave⟨σv⟩χχ→NN s
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Conclusions
The sterile neutrino portal to dark matter constitutes a viable option


If dark sector particles are heavier than �  and � , DM—sterile neutrino 
interactions can be parameterised by 4-fermion operators:  
3 portal operators “� ” (for 1 generation of �  and � )


Genuine models (generating at �  only portal operators) involve � -channel 
scalars charged under a stabilising �  symmetry; non-genuine models contain 
� -channel scalars/vector bosons neutral under � 


Indirect detection experiments constrain the parameter space of the models, 
except for the cases when �  is � -wave


In Model A2c, characterised by soft breaking of �  in the scalar potential,  
finite �  is generated at 1 loop

N χ

NNχχ N χ

D ≤ 6 t
Z2

s Z2

⟨σv⟩χχ→NN p

L
mN

�14
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Back-up
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Models A
Model A1: real scalar �  charged under � 


� 


�  


Model A2: complex scalar �  charged under �  and � 


� 


� 


�  


A2a: �  in �  is unbroken


A2b: �  in � 


A2c: �  in �  and �  is softly broken

ϕ Z2

ℒA1 = ℒ4 +
1
2

(∂μϕ)(∂μϕ) − V(ϕ, H ) − [f NR χLϕ + H.c.]

V(ϕ, H ) =
1
2

m2
ϕϕ2 + λϕHϕ2 |H |2 + λϕϕ4

σ = (ρ + iθ)/ 2 Z2 U(1)L

L(NR) = L(σ) = + 1

ℒA2 = ℒ4 + (∂μσ)*(∂μσ) − V(σ, H ) − [f NR χLσ + H.c.]
V(σ, H ) = m2

σ |σ |2 + λσH |σ |2 |H |2 + λσ |σ |4

mN = 0 ℒ4 ⇒ U(1)L

mN ≠ 0 ℒ4

mN = 0 ℒ4 V(σ, H ) → V(σ, H ) − [ 1
2

μ2
σ σ2 + H.c.] ⇒ U(1)L

�16
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Models B
Model B1: real scalar �  neutral under � 


� 


� 


Model B2: complex scalar �  neutral under � , but charged under global � 


�   and   � 


� 


�  


Model B2 has been studied in detail in Escudero, Rius, Sanz, 1606.01258

ϕ Z2

ℒB1 = ℒ4 +
1
2

(∂μϕ)(∂μϕ) − V(ϕ, H ) − [f Nc
RNR ϕ + gχc

L χL ϕ + H.c.]

V(ϕ, H ) =
1
2

m2
ϕ ϕ2 + μϕϕ3 + λϕ ϕ4 + μϕHϕ |H |2 + λϕHϕ2 |H |2

σ Z2 U(1)B−L

L(NR) = L(χc
L) = 1 L(σ) = − 2

ℒB2 = ℒ4|mN=mχ=0 + (∂μσ)*(∂μσ) − V(σ, H ) − [f Nc
RNRσ + gχL χc

Lσ + H.c.]
V(σ, H ) = m2

σ |σ |2 + λσH |σ |2 |H |2 + λσ |σ |4

�17



Arsenii Titov (IFIC, Valencia) FLASY 2022, Lisbon, 30 June 2022

Models C
Model C1: massive vector boson �  neutral under �  (effective model)


� 


In general, kinetic mixing �  and mass mixing �  are also allowed


Model C2: gauged �  (anomaly free with 2 �  and 1 � )


�  


�  


Model C2 has been studied in detail in Escudero, Witte, Rius, 1806.02823

Z′�μ Z2

ℒC1 = ℒ4 −
1
4

Z′�μνZ′ �μν +
1
2

m2
Z′ �Z′ �μZ′�μ + gNNRγμNRZ′ �μ + gχ χLγμ χLZ′�μ

ϵZ′�μνZμν δm2Z′�μZμ

U(1)B−L NR χL

ℒC2 = ℒB2 −
1
4

Z′�μνZ′�μν

Dμ = DSM
μ − ig′�QB−LZ′ �μ

�18
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More on Model B2
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More on Model B2

�20
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More on Model C2

�21
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Annihilation cross sections
Model A2b (�  real):


�  


Model A2c (�  real):


� 


Model B1 (�  and �  complex):


�  


�  and �  real:   �                �  and �  complex:   �

f

a =
f 4

16πm2
χ

r2
N 1 − r2

N

(1 + r2
σ − r2

N)2

f

a =
f 4

64πm2
χ

1 − r2
N (r2

ρ − r2
θ − (2 + r2

ρ + r2
θ) rN + 2r3

N)
2

(1 + r2
ρ − r2

N)
2

(1 + r2
θ − r2

N)2

f g

a =
4g2

i

πm2
χ

1 − r2
N

(r2
ϕ − 4)

2 [f 2
i + f 2

r (1 − r2
N)]

f g a = 0 b =
4f 2

r g2
r

πm2
χ

(1 − r2
N)3/2

(r2
ϕ − 4)

2 f g a =
4f 2

i g2
i

πm2
χ

1 − r2
N

(r2
ϕ − 4)

2

�22

�ri ≡ mi /mχ

�
f = fr + i fi
g = gr + i gi
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Thermal equilibrium

Chemical freeze-out of � 


�  fixed by the seesaw 
relation assuming �  eV


Kinetic equilibrium with the SM  
is maintained (up to a certain � ) by 
�  if � 


Kinetic equilibrium within the dark 
sector is ensured for � , 
when �  is relativistic at DM freeze-out

χχ → NN

yν ≈ 5 × 10−8

mν ≈ 0.05

T
λσH |σ |2 |H |2 λσH ≳ 10−6

mN ≲ mχ /20
N

�23
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Dark sector temperature
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Assumption: entropy is conserved 
individually in the visible and dark sectors


Berlin, Hooper, Krnjaic, 1609.02555


�  


�  


�  


�  


�  

sD

sSM
=

sD

sSM T=Tkd

sSM =
2π2

45
g*(T )T3

sD =
ρD(TD) + pD(TD)

TD

Ωh2

(Ωh2)std

∝ ξ
geff

*

g*
≈ 1 ÷ 1.2

geff
* = g* + gDξ4


