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Introduction

Aim
Study the effect of Non-Standard neutrino Self-Interactions (NSSIs)
on non-resonant production of sterile neutrino dark matter in a model
independent EFT framework.

Result
Self-interactions can enhance or suppress sterile neutrino production
depending on the NSSI strength
Thus, DW mechanism can evade astrophysical constraints or move
closer to experimental sensitivities.

Aaroodd U R Sterile neutrinos with NSSI 15 Oct 2023 2 / 29



Overview

1 Dodelson-Widrow Mechanism

2 Non-Standard Self-Interactions (NSSIs)

3 Dodelson-Widrow Mechanism in presence of NSSIs

4 Results

Aaroodd U R Sterile neutrinos with NSSI 15 Oct 2023 3 / 29



Dodelson-Widrow Mechanism
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Dodelson-Widrow Mechanism

Most generic sterile neutrino production mechanism
Introduced by Dodelson and Widrow in 1994
(Dodelson & Widrow, Sterile neutrinos as dark matter, PRL 72 (1994))

Assumptions:
Lepton symmetric universe (Lα = 0)
⇒ Non-resonant production
Negligible initial abundance of sterile neutrinos
⇒ Sterile neutrino never reaches equilibrium with the plasma

Freeze-in production of sterile neutrino dark matter via active-sterile
transition
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Standard Dodelson-Widrow mechanism

Solving semi-classical Boltzmann equation from QKE Abazajian, Fuller, & Patel,

PRD 64 (2001), 023501

10-3 10-2 10-1 100 101
10-10

10-8

10-6

10-4

10-2

100

r (p/T)

r2
f s
(r
)

ms=10 keV

sin22θ=1.1 × 10-9

ΩDWh
2 = 0.12

fFD

fDW

fDW/
fFD

Sterile neutrino distribution function

Aaroodd U R Sterile neutrinos with NSSI 15 Oct 2023 6 / 29



Standard Dodelson-Widrow mechanism

10-13 10-11 10-9 10-7 10-5 10-3
1

10

100

sin2(2θ)

m
s
[k
eV

]

X-ray bound for Ωsh
2= 0.12

X-ray bound for Ωsh
2= 0.012

Ω
s h 2

=
0.12

Ω
s h 2

=
0.012

τ
ν
s <
t
UT

R
IST
A
N
statistical sensitivity

T
R
IST
A
N
sensitivity

K
A
T
R
IN
sensitivity

H
U
N
T
E
R
p
h
ase

1

H
U
N
T
E
R
p
h
ase

2

H
U
N
T
E
R
p
h
ase

3

ECHo

sensitivity

Relic Abundance parameter space
Aaroodd U R Sterile neutrinos with NSSI 15 Oct 2023 7 / 29



Standard Dodelson-Widrow mechanism

Standard Dodelson-Widrow scneario:
produces a non-thermal momentum distribution
parameter space is almost closed by astrophysical constraints
cannot be reached by present neutrino experiments

can be modified by non-zero lepton asymmetry!
(Shi-Fuller mechanism)
requires large lepton asymmetry (Lα ∼ 10−4 � ηB)

How can we modify DW parameter space without lepton asymmetry?
Non-standard interactions involving active neutrinos!
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Non-Standard Self-Interactions (NSSIs)
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Non-Standard Self-Interactions (NSSIs)

We introduce active neutrino self-interactions
Previously works have been done for Dirac neutrinos with scalar (De

Gouvêa, Sen, Tangarife, & Zhang, PRL 124 (2020) 8, 081802) and vector (Kelly, Sen, Tangarife, & Zhang,

PRD 101 (2020) 11, 115031) mediators
In this work: NSSI as an EFT framework with Majorana active
neutrinos.
⇒ Allows us to carry out model independent study
However, limits us to heavy mediators (mφ > few GeVs)
Motivated from experiments to focus on electron neutrinos.
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Non-Standard Self-Interactions (NSSIs)

Starting with a Yukawa-like interaction,

Lint ⊃ λφν̄Oνφ+ h.c. (1)

NSSI Lagrangian

Lj =
Gφ√

2

[
(ν̄Ojν)(ν̄Ōjν)− (ν̄Ojν)

�

m2
φ

(ν̄Ōjν)

]
(2)

=
GF εj√

2

[
(ν̄Ojν)(ν̄Ōjν)− (ν̄Ojν)

�

m2
φ

(ν̄Ōjν)

]
, (3)

where

Gφ =

√
2λ2

φ

m2
φ

= GF εj , Oj , Ōj =
{
I, γµ, iγ5, γµγ5, σµν

}
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Non-Standard Self-Interactions (NSSIs)

We consider
only flavour diagonal NSSIs ⇒ ε > 0
neutrinos to be Majorana
⇒ No vector (γµ) or tensor (σµν) interactions possible
⇒ Possible NSSIs: scalar (I), pseudoscalar (iγ5), axial-vector (γµγ5)
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Constraints on NSSI strength

Only relevant limit from Z-boson decay
at one-loop level (Bilenky & Santamaria (1999). Secret

neutrino interactions.)

For Dirac neutrinos with vector NSSI:

|ε| . 2
Cancellation of NSSI couplings among different neutrino flavours

⇒ |ε| . 250

We assume bounds of similar order can be applied for other NSSIs
In this work,

0.1 ≤ εNSSI ≤ 100
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Modified Boltzmann equation

The Boltzmann equation

∂

∂t
fs(p, t)− Hp

∂

∂p
fs(p, t) ≈

1
4

h(p,T ) [fα(p, t)− fs(p, t)] (4)

where

h(p,T ) =
Γtotal(p,T )∆2(p) sin2 2θ

∆2(p) sin2 2θ +
(
Γtotal(p,T )

2

)2
+ [∆(p) cos 2θ − Vtotal(p,T )]2

modifies with

Γtotal(p,T ) = ΓSM(p,T ) + ΓNSSI(p,T )

Vtotal(p,T ) = VSM(p,T ) + VNSSI(p,T )
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NSSI rate ΓNSSI

Majorana Feynman rules with LNSSI gives

Scalar NSSI: ΓS(p,T ) =
7πG2

F ε
2
S

180
p T 4 , (5)

Pseudoscalar NSSI: ΓP(p,T ) =
7πG2

F ε
2
P

180
p T 4 , (6)

Axial vector NSSI: ΓA(p,T ) =
7πG2

F ε
2
A

135
p T 4 . (7)

ν ν

ν ν
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NSSI thermal potential VNSSI

ν ν
k k

p

ν ν
k

k − p
k

p

⇒

ν ν

ν

Scalar NSSI:

VS = −8
√

2GF εS

3m2
φ

·ω · (nν 〈Eν〉+ nν̄ 〈Eν̄〉) = −7
√

2π2GF εS

45m2
φ

εS ·p T 4 , (8)

Axial vector NSSI:

VA = −16
√

2GF εA

3m2
φ

·ω ·(nν 〈Eν〉+ nν̄ 〈Eν̄〉) = −14
√

2π2GF εA

45m2
φ

·p T 4 , (9)

Pseudoscalar NSSI:

VP = −8
√

2GF εP

3m2
φ

·ω · (nν 〈Eν〉+ nν̄ 〈Eν̄〉) = −7
√

2π2GF εP

45m2
φ

· p T 4 . (10)
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Non-Standard Self-Interactions (NSSIs)

All possible NSSIs give similar results
Scalar and pseudoscalar NSSIs are indistinguishable from an EFT
perspective
Two parameters: NSSI strength ε, mediator mass mφ

ΓNSSI ∝ ε2, VNSSI ∝ ε

Higher order EFT is essential for thermal potential calculations
EFT treatment is justified if production temperatures are small
compared to mediator masses

T � mφ

Standard DW mechanism peaks at T ∼ 133 (ms/keV)
1
3 MeV

We take three mediator masses mφ = 10 GeV, 50 GeV, 100 GeV.
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Results and Discussion
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Differential production rate
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peak temperature Tpeak ∼ 100 MeV
⇒ if mφ > few GeV, EFT framework valid!

Aaroodd U R Sterile neutrinos with NSSI 15 Oct 2023 19 / 29



Sterile neutrino distribution function
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Relic abundance paramter space for mφ = 10 GeV
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Relic abundance paramter space for mφ = 50 GeV
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Relic abundance paramter space for mφ = 100 GeV
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DW parameter space in presence of NSSIs

In presence of NSSIs,
sterile neutrino production

suppressed for smaller values of ε ∼ 0.1 − 10
enhanced for larger values of ε ∼ 10 − 100

mediator masses have less effect as mφ � MW ,Z

parameter space widens and reachable by phase 3 of HUNTER
X-ray constraints still strong, but better than standard DW scenario
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Free streaming length

Dark matter can be classified according to free streaming length as:
Hot Dark Matter : λFS > 0.1 Mpc,
Warm Dark Matter : 0.01 Mpc < λFS < 0.1 Mpc,
Cold Dark Matter : λFS < 0.01 Mpc.

λFS =

∫ t0

0

〈v(t)〉
a(t)

dt ' 1.2 Mpc
(

keV
ms

)
〈p/T 〉
3.15

, (11)

A check whether NSSIs are compatible with structure formation
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Free streaming length
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Free streaming length

NSSIs have limited influence on free streaming length
sterile neutrinos produced with ms ∼ 10 − 50 keV are “warm dark
matter”
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Summary

In this work, we demonstrated that
Non-standard neutrino self-interactions can modify standard
Dodelson-Widrow mechanism and improve testability in future
experiments such as HUNTER
NSSIs are compatible with structure formation and have little
influence on free streaming length
EFT analysis of dark matter production needs to include
momentum-dependent terms in Lagrangian to get correct
temperature dependence.
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Thanks for your attention!
Questions?
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Backup
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Experimental searches for sterile neutrino dark matter

Single beta decay
E.g., KATRIN,
TRISTAN
(Q-value = 18.6 keV)

Electron Capture
E.g., ECHo
(Q-value = 2.833 keV),
HUNTER
(future experiment,
ms = 7 − 300 keV
detectable)

Images from A Merle, Sterile neutrino dark matter, Morgan & Claypool Publishers (2017)
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Boltzmann equation

Semi-classical Boltzmann equation from QKE Abazajian, Fuller, & Patel, PRD 64

(2001), 023501

∂

∂t
fs(p, t)− Hp

∂

∂p
fs(p, t) ≈

Γα(p, t)
2

· 〈Pm (να → νs ; p, t)〉

· [fα(p, t)− fs(p, t)] (12)

∂

∂t
fs(p, t)− Hp

∂

∂p
fs(p, t) ≈

1
4

h(p,T ) [fα(p, t)− fs(p, t)] (13)

where

h(p,T ) =
Γα(p,T )∆2(p) sin2 2θ

∆2(p) sin2 2θ +
(
Γα(p,T )

2

)2
+ [∆(p) cos 2θ − Vα(p,T )]2

contains the details of Dodelson-Widrow mechanism.
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Boltzmann equation

fα(p, t) = active neutrino momentum distribution,
fs(p, t) = sterile neutrino momentum distribution,

H(t) = Hubble constant,
θ = active-sterile mixing angle in vacuum,

Γα = active neutrino interaction rate,
Vα = active neutrino effective potential,

∆(p) =
∆m2

as
2p

≈ m2
s

2p
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Differential production rate

dfs
dT

=

√
90
8π3

MPl√
g∗s (T )T 3

(
1 +

Tg ′
∗s(T )

3g∗s(T )

)
· h (predshift,T )

1
exp

(predshift
T

)
+ 1

(14)

where predshift = p(Tf )
T
Tf

(
g∗s(T )
g∗s(Tf )

)1/3
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(c) mφ = 100 GeV
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Sterile neutrino distribution function

fs(pf ,Tf ) =

∫ Tf

Ti

√
90
8π3

MPl√
g∗s (T )T 3

(
1 +

Tg ′
∗s(T )

3g∗s(T )

)
· h (predshift,T )

1
exp

(predshift
T

)
+ 1

dT , (15)
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(b) mφ = 50 GeV
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(c) mφ = 100 GeV
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The End
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