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Cristina Benso

❖ Introduction about sterile neutrinos in particle physics and cosmology 

❖ Searches in terrestrial experiments & sensitivity to sterile neutrinos 

❖ Dodelson-Widrow production of sterile neutrinos in the early universe 

❖ Neutrino non-standard self-interactions (NSSI): 

★ what? 

★ why? 

★ how to include them? 

★ which impact on sterile neutrino dark matter?
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Definition: neutral fermions, singlets under the SM symmetries 

• if neutrinos are Majorana particles:  

Depending on their mass, they can be involved in : 

✦ active neutrino masses generation  

✦ baryon asymmetry problem 

✦ dark matter puzzle 

✦ oscillation experiments anomalies

.

⌫s | ⌫4 = cos ✓ ⌫s + sin ✓ ⌫↵

.
<latexit sha1_base64="HncpTJPb3viWUUX/e2zwmpkRX8k="></latexit>














Pontecorvo–Maki–Nakagawa–Sakata matrix
In particle physics, the Pontecorvo–Maki–Nakagawa–Sakata matrix (PMNS matrix), Maki–
Nakagawa–Sakata matrix (MNS matrix), lepton mixing matrix, or neutrino mixing matrix is a
unitary[a] mixing matrix which contains information on the mismatch of quantum states of neutrinos when
they propagate freely and when they take part in weak interactions. It is a model of neutrino oscillation.
This matrix was introduced in 1962 by Ziro Maki, Masami Nakagawa, and Shoichi Sakata,[1] to explain
the neutrino oscillations predicted by Bruno Pontecorvo.[2]

The PMNS matrix
Assumptions

Standard Model
Other models

Parameterization
Experimentally measured parameter values

See also
Notes
References

The Standard Model of particle physics contains three generations or "flavors" of neutrinos, , , and ,
each labeled with a subscript showing the charged lepton that it partners with in the charged-current weak
interaction. These three eigenstates of the weak interaction form a complete, orthonormal basis for the
Standard Model neutrino. Similarly, one can construct an eigenbasis out of three neutrino states of definite
mass, , , and , which diagonalize the neutrino's free-particle Hamiltonian. Observations of neutrino
oscillation established experimentally that for neutrinos, as for quarks, these two eigenbases are different –
they are 'rotated' relative to each other.

Consequently, each flavor eigenstate can be written as a combination of mass eigenstates, called a
"superposition", and vice versa. The PMNS matrix, with components  corresponding to the amplitude
of mass eigenstate  in terms of flavor  "e", "μ", "τ"; parameterizes the unitary
transformation between the two bases:

The vector on the left represents a generic neutrino expressed in the flavor-eigenstate basis, and on the right
is the PMNS matrix multiplied by a vector representing that same neutrino in the mass-eigenstate basis. A
neutrino of a given flavor  is thus a "mixed" state of neutrinos with distinct mass: If one could measure

Contents

The PMNS matrix

directly that neutrino's mass, it would be found to have mass  with probability .

The PMNS matrix for antineutrinos is identical to the matrix for neutrinos under CPT symmetry.

Due to the difficulties of detecting neutrinos, it is much more difficult to determine the individual
coefficients than in the equivalent matrix for the quarks (the CKM matrix).

In the Standard Model, the PMNS matrix is unitary. This implies that the sum of the squares of the values
in each row and in each column, which represent the probabilities of different possible events given the
same starting point, add up to 100%.

In the simplest case, the Standard Model posits three generations of neutrinos with Dirac mass that oscillate
between three neutrino mass eigenvalues, an assumption that is made when best fit values for its parameters
are calculated.

In other models the PMNS matrix is not necessarily unitary, and additional parameters are necessary to
describe all possible neutrino mixing parameters in other models of neutrino oscillation and mass
generation, such as the see-saw model, and in general, in the case of neutrinos that have Majorana mass
rather than Dirac mass.

There are also additional mass parameters and mixing angles in a simple extension of the PMNS matrix in
which there are more than three flavors of neutrinos, regardless of the character of neutrino mass. As of
July 2014, scientists studying neutrino oscillation are actively considering fits of the experimental neutrino
oscillation data to an extended PMNS matrix with a fourth, light "sterile" neutrino and four mass
eigenvalues, although the current experimental data tends to disfavor that possibility.[3][4][5]

In general, there are nine degrees of freedom in any unitary three by three matrix. However, in the case of
the PMNS matrix, five of those real parameters can be absorbed as phases of the lepton fields and thus the
PMNS matrix can be fully described by four free parameters.[6] The PMNS matrix is most commonly
parameterized by three mixing angles ( , , and ) and a single phase angle called  related to
charge-parity violations (i.e. differences in the rates of oscillation between two states with opposite starting
points which makes the order in time in which events take place necessary to predict their oscillation rates),
in which case the matrix can be written as:
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In the simplest case of two-neutrino mixing14 between να, νβ and ν1, ν2, there is only
one squared-mass difference ∆m ≡ ∆m2

21 ≡ m2
2 − m2

1 and the mixing matrix can be
parameterized15 in terms of one mixing angle ϑ,

U =

(
cos ϑ sin ϑ
− sin ϑ cos ϑ

)
. (3.11)

The resulting transition probability between different flavors can be written as

Pνα→νβ
(L) = sin2 2ϑ sin2

(
∆m2L

4E

)
. (3.12)

This expression is historically very important, because the data of neutrino oscillation
experiments have been always analyzed as a first approximation in the two-neutrino
mixing framework using Eq. (3.12). The two-neutrino transition probability can also be
written as

Pνα→νβ
(L) = sin2 2ϑ sin2

(

1.27

(
∆m2/eV2

)
(L/km)

(E/GeV)

)

, (3.13)

where we have used typical units of short-baseline accelerator experiments (see below).
The same numerical factor applies if L is expressed in meters and E in MeV, which are
typical units of short-baseline reactor experiments.

The transition probability in Eq. (3.13) is useful in order to understand the classifi-
cation of different types of neutrino experiments. Since neutrinos interact very weakly
with matter, the event rate in neutrino experiments is low and often at the limit of the
background. Therefore, flavor transitions are observable only if the transition probability
is not too low, which means that it is necessary that

∆m2L

4E
! 0.1 − 1 . (3.14)

Using this inequality we classify neutrino oscillation experiments according to the ratio
L/E which establishes the range of ∆m2 to which an experiment is sensitive:

Short-baseline (SBL) experiments. In these experiments L/E " 1 eV−2. Since the
source-detector distance in these experiment is not too large, the event rate is
relatively high and oscillations can be detected for ∆m2L/4E ! 0.1, leading a
sensitivity to ∆m2 ! 0.1 eV2. There are two types of SBL experiments: reactor ν̄e

disappearance experiments with L ∼ 10 m, E ∼ 1 MeV as, for example, Bugey [64];
accelerator νµ experiments with L " 1 km, E ! 1 GeV, as, for example, CDHS [71]
(νµ → νµ), CCFR [72] (νµ → νµ, νµ → νe and νe → ντ ), CHORUS [73] (νµ → ντ

and νe → ντ ), NOMAD [74] (νµ → ντ and νµ → νe), LSND [75] (ν̄µ → ν̄e and
νµ → νe), KARMEN [76] (ν̄µ → ν̄e).

Long-baseline (LBL) and atmospheric experiments. In these experiments L/E "
104 eV−2. Since the source-detector distance is large, these are low-statistics ex-
periments in which flavor transitions can be detected if ∆m2L/4E ! 1, giving a

14This is a limiting case of three-neutrino mixing obtained if two mixing angles are negligible.
15Here we neglect a possible Majorana phase, which does not have any effect on oscillations (see the

end of Section 3.2).
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INTRODUCTION - STERILE NEUTRINO DARK MATTER

                                                            sterile neutrino as DM? 

Evidences at large scales from: 
• rotation curves of galaxies                                                      
• velocity dispersion in galaxies 
• gravitational lensing 
• large scale structures 
• CMB  
• Bullet cluster

    no em nor strong interaction, by definition 

    massive: possibly with mass O(keV) 

    depending on mixing with active neutrinos:  
     stable over time scales comparable with  

    depending on the production mechanism: 
     produced in the early universe with velocities         

.     compatible with l.s.s.

.

tU

.
<latexit sha1_base64="6IVPpM+UhTA5jqcOEYCPPje8osk=">AAACQHicdVC7TgJREL2LL8QXamlzIzGh2uyiiZYkNhYWmMgjAUJmLwPecPfBvbMmhPBTfoJfoYWFVnbG1splpVDA08zJOTOZmeNFShpynGcrs7K6tr6R3cxtbe/s7uX3D2omjLXAqghVqBseGFQywCpJUtiINILvKax7g8upX79HbWQY3NIowrYP/UD2pABKpE7+2uat4TCG7nxp5ahT/ddbqtudfMGxnRR8kbgzUmAzVDr5l1Y3FLGPAQkFxjRdJ6L2GDRJoXCSa8UGIxAD6GMzoQH4aNrj9OsJP4kNUMgj1Fwqnor4e2IMvjEj30s6faA7M+9NxWVeM6beRXssgygmDMR0EUmF6SIjtEziRN6VGolgejlyGXABGohQSw5CJGKc5JtL8nDnv18ktZLtntqlm7NCuThLJsuO2DErMpedszK7YhVWZYI9sCf2yt6sR+vd+rA+f1oz1mzmkP2B9fUNlIyusg==</latexit>

What do we know about Dark Matter ?

  

DARK MATTER

?

?
?

? ? ? ?

• No electric charge, no color charge (Smith et al. ’79, Perl et al. ’01 ).

• Non-relativistic at the time of formation of the first structures (White, Frenk,

Davis ’83).

• Life time longer than the age of the Universe.

=) Evidence for physics beyond the SM.
=) Could be a nightmare scenario?

Dark matter self-interactions in the matter
power spectrum What do we know about Dark Matter ? 3 / 41

(Borrow
ed from

 Raghuveer G
arani)

Cristina Benso DarkCosmoGrav, 25.01.2023 - Pisa



SEARCHES IN TERRESTRIAL EXPERIMENTS
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• in the domain of direct detection 

• rely on large mixing of            or 

.

⌫s $ ⌫e .
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KATRIN HUNTERECHo

Tritium beta-decay Holmium EC Caesium EC
.

ms . 2.5 keV .
<latexit sha1_base64="iT1CfxKs0OpVBQXn/xCl7V4C+dY="></latexit>

.

ms . 17.5 keV .
<latexit sha1_base64="MAE4jcIfq9o8bgBnUCRi1SWunNU="></latexit>

.

ms . 350 keV .
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Cristina Benso DarkCosmoGrav, 25.01.2023 - Pisa 5



*

Assumption:             and            mixing 

Mechanism:  production through oscillation and collisions:  

Evolution of the distribution function          described by the Boltzmann equation  

where 

6

.
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the neutrino fields, while propagating in the primordial plasma,        
oscillate between the electron and the sterile state  
when they interact with the other fields in the bath,  
the wave function has probability                to collapse in the sterile state

.

/ sin2(2✓M ) .
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[Dodelson and Widrow, Phys. Rev. Lett. 72 (1994) 17-20]

DODELSON-WIDROW PRODUCTION *
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In the plasma, the mixing angle is  

where interactions of neutrinos with particles in the plasma impact on: 

• Interaction rate                               

• Thermal potential 

7
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We solve the Boltzmann equation and find the distribution function  

and calculate the sterile neutrino dark matter abundance passing through 

sterile neutrino number density 

sterile neutrino yield 

.
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Definition: Neutrino non-standard self-interactions (NSSI) are a parameterization of new physics 
in the neutrino sector in the form of new interactions beyond the SM involving only neutrinos.   

Effective description valid for heavy mediators                                                                            

                                                                             

                                                                        

Why are NSSI interesting? 

• we expect new physics to come from the neutrino sector 

• some models describing neutrino mass generation naturally include NSSI 

• NSSI could have significant impact on physics of the early universe (Hubble tension etc.)

.

Oj = {I, �µ, i�5, �µ�5,�µ⌫
}

.
<latexit sha1_base64="BpiBs8q1ALjNIe1VMmtK+7g2Jsc="></latexit>

1 Overview

Given the wide interest in the worldwide neutrino program, it is timely to reassess the

state of the art topics related to non-standard neutrino interactions (NSIs). This document

presents an overview of NSIs and a number of in depth modern analyses spanning numerous

related topics presented at a recent workshop.

1.1 Introduction to Non-Standard Neutrino Interactions (Denton)

NSIs provide a general e↵ective field theory (EFT) style framework to quantify new physics

in the neutrino sector1. While the details of a specific model may vary, they typically all

have the following forms for NC and CC NSI,

LNC = �2
p
2GF

X

f,P,↵,�

"f,P
↵�

(⌫̄↵�
µPL⌫�)(f̄�µPf) , (1.1)

LCC = �2
p
2GF

X

f,P,↵,�

"f,P
↵�

(⌫̄↵�
µPL`�)(f̄�µPf 0) , (1.2)

where GF is Fermi’s constant and the " terms quantify the size of the new interaction

relative to the weak scale. The sum is over matter fermions, typically f, f 0
2 {e, u, d}

and P 2 {PL, PR} are the chirality projection operators. These projection operators can

also be reparameterized into vector and axial components of the interaction. NSIs were

first introduced by Wolfenstein in 1978 in his landmark paper that also identified the

conventional matter e↵ect [1].

Such a new interaction leads to a rich phenomenology in both scattering experiments

and neutrino oscillation experiments [2–4]. Since oscillation phenomenology is generally

quite distinct from scattering phenomenology, the NSI framework provides a convenient

way to relate new physics models to both cases. The " terms can be thought of in a

simplified model framework as " / g2
X
/M2

X
. In the case of scattering the denominator

becomes q2 + M2
X

indicating that a scattering experiment is only sensitive to mediators

heavier than the typical energy scale of the experiment. NuTeV and COHERENT have

particularly strong NSI scattering constraints [5–7].

The vector component of NSIs a↵ect oscillations by providing a new flavor dependent

matter e↵ect. The Hamiltonian for this is

H =
1

2E

2

64UPMNS

0

B@
0

�m2
21

�m2
31

1

CAU †
PMNS + a

0

B@
1 + "ee "eµ "e⌧
"⇤eµ "µµ "µ⌧
"⇤e⌧ "⇤µ⌧ "⌧⌧

1

CA

3

75 , (1.3)

where UPMNS is the standard lepton mixing matrix [8, 9], a ⌘ 2
p
2GFNeE is the Wolfen-

stein matter potential, Ne is the electron number density, E is the neutrino energy, and the

1 in the 1 + "ee term is due to the standard charged current matter potential. For useful

reviews see e.g. refs. [10–13]. The diagonal NSI terms are known as non-universal since

1The fact that neutrinos have mass already guarantees new physics beyond the standard model. NSIs

represent new physics beyond mass generation.

– 2 –
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Appendix: NSSI Thermal Potential

In this Appendix we will calculate the effective potential of our scenario, in order to show how the temperature
dependence arises in our treatment of effective operators. The rates can be calculated in analogy.

Following the treatment provided in [46] for the Standard Model thermal potential calculations, we calculate the
NSSI contribution to effective potential of active neutrinos in early Universe. It is essential to use higher order terms
in the effective NSSI Lagrangian to capture the momentum-dependence of the thermal potential.

Starting with a Yukawa-like interaction between active neutrinos ⌫ and a complex scalar mediator � (for pseudoscalar
or axial-vector particles the calculation is similar), the full Lagrangian can be written as

Lfull = @µ�
†
@
µ
��m

2
�
†
�+ ��⌫̄O⌫�+ �

⇤
��

†
⌫̄Ō⌫ , where Ō = �

0
O

†
�
0
, (A.12)

where O is an element of a complete set of bilinear covariants {I, �µ
, i�

5
, �

µ
�
5
,�

µ⌫
}. However, if the mediator is

much heavier than the temperature range we are interested in (m� � T ), we can employ an effective field theory
framework and integrate out heavy degrees of freedom in the full Lagrangian. To find the EFT Lagrangian, we first
solve equation of motion for the heavy degree of freedom �,

@Lfull

@�
� @µ

@Lfull

@(@µ�)
= 0 . (A.13)

Solving the equation of motion

�m
2
�
† + ��⌫̄O⌫ � @µ@

µ
�
† = 0 ) (⇤+m

2)�† = ��⌫̄O⌫ , (A.14)

and we obtain an expression for �
†,

�
† =

��⌫̄O⌫

(⇤+m2)
. (A.15)

A similar expression,

� =
�
⇤
�⌫̄Ō⌫

(⇤+m2)
, (A.16)

can be obtained by solving equation of motion for �†. Substituting these in the full Lagrangian Eq. (A.12) to integrate
out the heavy complex scalar �, we obtain

LNSSI = �
2
�
(⌫̄O⌫)(⌫̄Ō⌫)⇣

⇤+m
2
�

⌘ . (A.17)

Keeping terms up to first order in ⇤ to retain momentum dependence, we have

LNSSI =
G�
p
2

 
(⌫̄O⌫)(⌫̄Ō⌫)� (⌫̄O⌫)

⇤
m

2
�

(⌫̄Ō⌫)

!
, where G� =

p
2�2

�

m
2
�

(A.18)

is the strength of NSSI defined similar to the Fermi constant GF .
Using G� = GF ✏, where ✏ indicates the NSSI strength compared to the standard weak interactions, we get the final

form of NSSI Lagrangian:

LNSSI =
GF ✏
p
2
(⌫̄O⌫)(⌫̄Ō⌫)�

GF ✏
p
2
(⌫̄O⌫)

⇤
m

2
�

(⌫̄Ō⌫) , (A.19)
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O

†
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0
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where O is an element of a complete set of bilinear covariants {I, �µ
, i�

5
, �

µ
�
5
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µ⌫
}. However, if the mediator is

much heavier than the temperature range we are interested in (m� � T ), we can employ an effective field theory
framework and integrate out heavy degrees of freedom in the full Lagrangian. To find the EFT Lagrangian, we first
solve equation of motion for the heavy degree of freedom �,

@Lfull

@�
� @µ

@Lfull

@(@µ�)
= 0 . (A.13)

Solving the equation of motion

�m
2
�
† + ��⌫̄O⌫ � @µ@

µ
�
† = 0 ) (⇤+m

2)�† = ��⌫̄O⌫ , (A.14)

and we obtain an expression for �
†,

�
† =

��⌫̄O⌫

(⇤+m2)
. (A.15)

A similar expression,

� =
�
⇤
�⌫̄Ō⌫

(⇤+m2)
, (A.16)

can be obtained by solving equation of motion for �†. Substituting these in the full Lagrangian Eq. (A.12) to integrate
out the heavy complex scalar �, we obtain

LNSSI = �
2
�
(⌫̄O⌫)(⌫̄Ō⌫)⇣

⇤+m
2
�

⌘ . (A.17)

Keeping terms up to first order in ⇤ to retain momentum dependence, we have

LNSSI =
G�
p
2

 
(⌫̄O⌫)(⌫̄Ō⌫)� (⌫̄O⌫)

⇤
m

2
�

(⌫̄Ō⌫)

!
, where G� =

p
2�2

�

m
2
�

(A.18)

is the strength of NSSI defined similar to the Fermi constant GF .
Using G� = GF ✏, where ✏ indicates the NSSI strength compared to the standard weak interactions, we get the final

form of NSSI Lagrangian:

LNSSI =
GF ✏
p
2
(⌫̄O⌫)(⌫̄Ō⌫)�

GF ✏
p
2
(⌫̄O⌫)

⇤
m

2
�

(⌫̄Ō⌫) , (A.19)

.

O = {I, �µ, i�5, �µ�5,�µ⌫
}

.
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6 Thermal potential

In addition to SM self-energy diagrams, self-interaction can contribute a new diagram for
thermal potential calculation.

⌫e ⌫e

⌫e

But to get temperature dependant terms in thermal potential, we have to include higher
order term in NSI Lagrangian which would give momentum dependent self-energy. Check
Appendix A

Lj = �
GF
p
2
(✏j,⌫)

✓
(⌫̄eOj⌫e)

�
⌫̄eO

0
j⌫e

�
�

1

m
2
�

(⌫̄eOj⌫e)⇤
�
⌫̄eO

0
j⌫e

�◆
(6.1)

Check Appendix C for detailed calculation

6.1 Scalar NSI(C.3.1)

VS = �
8
p
2GF

3m2
�

(✏S,⌫e)
eeee

· ! · [n⌫ hE⌫i+ n⌫̄ hE⌫̄i] = �
7
p
2⇡2

GF

45m2
�

(✏S,⌫e)
eeee

· !T
4 (6.2)

6.2 Axial-vector NSI(C.3.2)

VA = �
16
p
2GF

3m2
�

(✏A,⌫e)
eeee

· ! · [n⌫ hE⌫i+ n⌫̄ hE⌫̄i] = �
14
p
2⇡2

GF

45m2
�

(✏A,⌫e)
eeee

· !T
4 (6.3)

6.3 Pseudoscalar NSI(C.3.3)

VP = �
8
p
2GF

3m2
�

(✏P,⌫e)
eeee

· ! · [n⌫ hE⌫i+ n⌫̄ hE⌫̄i] = �
7
p
2⇡2

GF

45m2
�

(✏P,⌫e)
eeee

· !T
4 (6.4)
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.

LNSSI = �
GF
p
2

X

j

X

↵,�,�,�

"↵���j (⌫̄↵Oj⌫�)
�
⌫̄�Ōj⌫�

�

.
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Oj = {I, �µ, i�5, �µ�5,�µ⌫
}

.
<latexit sha1_base64="BpiBs8q1ALjNIe1VMmtK+7g2Jsc="></latexit>

��-�� ��-�� ��-� ��-� ��-� ��-�
�

��

���

����(��)

�
�
[�
��

]

�
� =
�
�
��

�
� =
��
�
��

�
� =
��
�
��

�
� =
��
�
��

�
� =
���

�
��

�
� =��

�
��

�-��� �����
�	
�� ���	 �	��
	� �� �%
�	
�� ���	 �	��
	� �� %
�	
�� ���	 �	��
	� �� �%
�	
�� ���	 �	��
	� �� �%

��������	
� �� �
 �� ��
���
� �����
��� ����
 ����
 �	���
��

�
�� <
��

�������
��	�
��
�	� ���
�
�
��

�������
���
�
�
��

�
�����

��	�
�
�
�

�
�
�
���

��	
�
�

�
�
�
���

��	
�
�

�
�
�
���

��	
�


�������

�	�	�
 �
��������

��
�
�

�����	�
�	�

B Calculation of Interaction rate

B.1 Matrix elements

EFT vertex
For NSI Lagrangian,

Lj = �
GF
p
2
(✏j,⌫e)

1234 (⌫̄1Oj⌫2) (⌫̄3Oj⌫4) (B.1)

where ⌫i is Majorana electron neutrinos, there can be three different topologies[5].
Check Sec VIII.C of [6] for more details on Feynman rules.

⌫a

⌫a

⌫a

⌫a

�!

⌫1 ⌫3

⌫2 ⌫4

�

⌫1 ⌫3

⌫2 ⌫4

�

⌫1 ⌫3

⌫2 ⌫4

�

B.1.1 ⌫e + ⌫e ! ⌫e + ⌫e

p2

p1

p4

p3

⌫2

⌫1

⌫4

⌫3

)

⌫1 ⌫3

⌫2 ⌫4

p1

p2 p4

p3

�

⌫1 ⌫3

⌫2 ⌫4

p1 p3

p2 p4

�

⌫1 ⌫3

⌫2 ⌫4

p2

p3
p1

p4

�

Following [6] and [7] for Feynman rules with Majorana neutrinos

⌫1 ⌫3

⌫2 ⌫4

p1

p2 p4

p3

�

�iMs = �i
GF
p
2
(✏j,⌫e)

eeee ⇥(v̄(p1)Ou(p2)� v̄(p2)Ou(p1))

⇥(ū(p3)Ov(p4)� ū(p4)Ov(p3))
⇤ (B.2)

�iMs = �i
GF
p
2
(✏j,⌫e)

eeee

(v̄(p1)

⇥
O + CO

T
C

�1
⇤
u(p2))

⇥(ū(p3)
⇥
O + CO

T
C

�1
⇤
v(p4))

� (B.3)
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(See [arXiv: 2203.01955 [hep-ph]]  
for more information)
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Assumptions for concreteness: 

• only electron flavor-diagonal NSSI considered 

• for Majorana neutrinos: only scalar, pseudoscalar and axial-vector interactions are non-zero 

• to capture temperature and momentum dependence in the thermal potential:


















⌫e
⌫µ

�
=


cos ✓ sin ✓
� sin ✓ cos ✓

� 
⌫1
⌫2

�
.
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In the simplest case of two-neutrino mixing14 between να, νβ and ν1, ν2, there is only
one squared-mass difference ∆m ≡ ∆m2

21 ≡ m2
2 − m2

1 and the mixing matrix can be
parameterized15 in terms of one mixing angle ϑ,

U =

(
cos ϑ sin ϑ
− sin ϑ cos ϑ

)
. (3.11)

The resulting transition probability between different flavors can be written as

Pνα→νβ
(L) = sin2 2ϑ sin2

(
∆m2L

4E

)
. (3.12)

This expression is historically very important, because the data of neutrino oscillation
experiments have been always analyzed as a first approximation in the two-neutrino
mixing framework using Eq. (3.12). The two-neutrino transition probability can also be
written as

Pνα→νβ
(L) = sin2 2ϑ sin2

(

1.27

(
∆m2/eV2

)
(L/km)

(E/GeV)

)

, (3.13)

where we have used typical units of short-baseline accelerator experiments (see below).
The same numerical factor applies if L is expressed in meters and E in MeV, which are
typical units of short-baseline reactor experiments.

The transition probability in Eq. (3.13) is useful in order to understand the classifi-
cation of different types of neutrino experiments. Since neutrinos interact very weakly
with matter, the event rate in neutrino experiments is low and often at the limit of the
background. Therefore, flavor transitions are observable only if the transition probability
is not too low, which means that it is necessary that

∆m2L

4E
! 0.1 − 1 . (3.14)

Using this inequality we classify neutrino oscillation experiments according to the ratio
L/E which establishes the range of ∆m2 to which an experiment is sensitive:

Short-baseline (SBL) experiments. In these experiments L/E " 1 eV−2. Since the
source-detector distance in these experiment is not too large, the event rate is
relatively high and oscillations can be detected for ∆m2L/4E ! 0.1, leading a
sensitivity to ∆m2 ! 0.1 eV2. There are two types of SBL experiments: reactor ν̄e

disappearance experiments with L ∼ 10 m, E ∼ 1 MeV as, for example, Bugey [64];
accelerator νµ experiments with L " 1 km, E ! 1 GeV, as, for example, CDHS [71]
(νµ → νµ), CCFR [72] (νµ → νµ, νµ → νe and νe → ντ ), CHORUS [73] (νµ → ντ

and νe → ντ ), NOMAD [74] (νµ → ντ and νµ → νe), LSND [75] (ν̄µ → ν̄e and
νµ → νe), KARMEN [76] (ν̄µ → ν̄e).

Long-baseline (LBL) and atmospheric experiments. In these experiments L/E "
104 eV−2. Since the source-detector distance is large, these are low-statistics ex-
periments in which flavor transitions can be detected if ∆m2L/4E ! 1, giving a

14This is a limiting case of three-neutrino mixing obtained if two mixing angles are negligible.
15Here we neglect a possible Majorana phase, which does not have any effect on oscillations (see the

end of Section 3.2).
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1 Overview

Given the wide interest in the worldwide neutrino program, it is timely to reassess the

state of the art topics related to non-standard neutrino interactions (NSIs). This document

presents an overview of NSIs and a number of in depth modern analyses spanning numerous

related topics presented at a recent workshop.

1.1 Introduction to Non-Standard Neutrino Interactions (Denton)

NSIs provide a general e↵ective field theory (EFT) style framework to quantify new physics

in the neutrino sector1. While the details of a specific model may vary, they typically all

have the following forms for NC and CC NSI,

LNC = �2
p
2GF

X

f,P,↵,�

"f,P
↵�

(⌫̄↵�
µPL⌫�)(f̄�µPf) , (1.1)

LCC = �2
p
2GF

X

f,P,↵,�

"f,P
↵�

(⌫̄↵�
µPL`�)(f̄�µPf 0) , (1.2)

where GF is Fermi’s constant and the " terms quantify the size of the new interaction

relative to the weak scale. The sum is over matter fermions, typically f, f 0
2 {e, u, d}

and P 2 {PL, PR} are the chirality projection operators. These projection operators can

also be reparameterized into vector and axial components of the interaction. NSIs were

first introduced by Wolfenstein in 1978 in his landmark paper that also identified the

conventional matter e↵ect [1].

Such a new interaction leads to a rich phenomenology in both scattering experiments

and neutrino oscillation experiments [2–4]. Since oscillation phenomenology is generally

quite distinct from scattering phenomenology, the NSI framework provides a convenient

way to relate new physics models to both cases. The " terms can be thought of in a

simplified model framework as " / g2
X
/M2

X
. In the case of scattering the denominator

becomes q2 + M2
X

indicating that a scattering experiment is only sensitive to mediators

heavier than the typical energy scale of the experiment. NuTeV and COHERENT have

particularly strong NSI scattering constraints [5–7].

The vector component of NSIs a↵ect oscillations by providing a new flavor dependent

matter e↵ect. The Hamiltonian for this is

H =
1

2E

2

64UPMNS

0

B@
0

�m2
21

�m2
31

1

CAU †
PMNS + a

0

B@
1 + "ee "eµ "e⌧
"⇤eµ "µµ "µ⌧
"⇤e⌧ "⇤µ⌧ "⌧⌧

1

CA

3

75 , (1.3)

where UPMNS is the standard lepton mixing matrix [8, 9], a ⌘ 2
p
2GFNeE is the Wolfen-

stein matter potential, Ne is the electron number density, E is the neutrino energy, and the

1 in the 1 + "ee term is due to the standard charged current matter potential. For useful

reviews see e.g. refs. [10–13]. The diagonal NSI terms are known as non-universal since

1The fact that neutrinos have mass already guarantees new physics beyond the standard model. NSIs

represent new physics beyond mass generation.
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Appendix: NSSI Thermal Potential

In this Appendix we will calculate the effective potential of our scenario, in order to show how the temperature
dependence arises in our treatment of effective operators. The rates can be calculated in analogy.

Following the treatment provided in [46] for the Standard Model thermal potential calculations, we calculate the
NSSI contribution to effective potential of active neutrinos in early Universe. It is essential to use higher order terms
in the effective NSSI Lagrangian to capture the momentum-dependence of the thermal potential.

Starting with a Yukawa-like interaction between active neutrinos ⌫ and a complex scalar mediator � (for pseudoscalar
or axial-vector particles the calculation is similar), the full Lagrangian can be written as

Lfull = @µ�
†
@
µ
��m

2
�
†
�+ ��⌫̄O⌫�+ �

⇤
��

†
⌫̄Ō⌫ , where Ō = �

0
O

†
�
0
, (A.12)

where O is an element of a complete set of bilinear covariants {I, �µ
, i�

5
, �

µ
�
5
,�

µ⌫
}. However, if the mediator is

much heavier than the temperature range we are interested in (m� � T ), we can employ an effective field theory
framework and integrate out heavy degrees of freedom in the full Lagrangian. To find the EFT Lagrangian, we first
solve equation of motion for the heavy degree of freedom �,

@Lfull

@�
� @µ

@Lfull

@(@µ�)
= 0 . (A.13)

Solving the equation of motion

�m
2
�
† + ��⌫̄O⌫ � @µ@

µ
�
† = 0 ) (⇤+m

2)�† = ��⌫̄O⌫ , (A.14)

and we obtain an expression for �
†,

�
† =

��⌫̄O⌫

(⇤+m2)
. (A.15)

A similar expression,

� =
�
⇤
�⌫̄Ō⌫

(⇤+m2)
, (A.16)

can be obtained by solving equation of motion for �†. Substituting these in the full Lagrangian Eq. (A.12) to integrate
out the heavy complex scalar �, we obtain

LNSSI = �
2
�
(⌫̄O⌫)(⌫̄Ō⌫)⇣

⇤+m
2
�

⌘ . (A.17)

Keeping terms up to first order in ⇤ to retain momentum dependence, we have

LNSSI =
G�
p
2

 
(⌫̄O⌫)(⌫̄Ō⌫)� (⌫̄O⌫)

⇤
m

2
�

(⌫̄Ō⌫)

!
, where G� =

p
2�2

�

m
2
�

(A.18)

is the strength of NSSI defined similar to the Fermi constant GF .
Using G� = GF ✏, where ✏ indicates the NSSI strength compared to the standard weak interactions, we get the final

form of NSSI Lagrangian:

LNSSI =
GF ✏
p
2
(⌫̄O⌫)(⌫̄Ō⌫)�

GF ✏
p
2
(⌫̄O⌫)

⇤
m

2
�

(⌫̄Ō⌫) , (A.19)
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.

O = {I, �µ, i�5, �µ�5,�µ⌫
}

.
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6 Thermal potential

In addition to SM self-energy diagrams, self-interaction can contribute a new diagram for
thermal potential calculation.

⌫e ⌫e

⌫e

But to get temperature dependant terms in thermal potential, we have to include higher
order term in NSI Lagrangian which would give momentum dependent self-energy. Check
Appendix A
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(6.1)

Check Appendix C for detailed calculation
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6.2 Axial-vector NSI(C.3.2)
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6.3 Pseudoscalar NSI(C.3.3)
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�e(p) ! �e,tot(p) = �e,SM(p) + �e,NSSI(p)

.
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B Calculation of Interaction rate

B.1 Matrix elements

EFT vertex
For NSI Lagrangian,

Lj = �
GF
p
2
(✏j,⌫e)

1234 (⌫̄1Oj⌫2) (⌫̄3Oj⌫4) (B.1)

where ⌫i is Majorana electron neutrinos, there can be three different topologies[5].
Check Sec VIII.C of [6] for more details on Feynman rules.
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Following [6] and [7] for Feynman rules with Majorana neutrinos
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6 Thermal potential

In addition to SM self-energy diagrams, self-interaction can contribute a new diagram for
thermal potential calculation.
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But to get temperature dependant terms in thermal potential, we have to include higher
order term in NSI Lagrangian which would give momentum dependent self-energy. Check
Appendix A
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• Scalar NSSI 

• Pseudoscalar NSSI 

• Axial vector NSSI 
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.
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Sterile neutrino distribution function
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FIG. 4. Sterile neutrino momentum distribution r2f(r) where
r = p/T in the case of Dodelson-Widrow production modified
by the action of pseudoscalar NSSI. The values of the sterile
neutrino parameters are chosen as ms = 10 keV, sin2(2✓) =
1.1 ⇥ 10�9 (BP2 in FIGS. 2 and 3). In different shades of
red, green, and blue, we observe the result corresponding to
different values of ✏P . The black dashed line represents the
distribution function that gives ⌦s h

2 = ⌦DM h2 = 0.12. The
black solid line represents the standard Dodelson-Widrow case
where the pseudoscalar NSSI is switched off.

where the function h contains the details of the Dodelson-
Widrow mechanism, in our case modified by NSSI. For
simplicity, in this section we focus only on pseudoscalar
NSSI, but analogous discussion and conclusions hold for
scalar and axial-vector NSSI. The distribution function
is a relevant quantity if we want to confront our results
with the constraints coming from structure formation,
and particularly important is the high momentum part of
the distribution. It is often reported that the distribution
function of sterile neutrinos produced through Dodelson-
Widrow mechanism can be approximated by a suppressed
thermal Fermi-Dirac distribution. However, this is true
only under certain conditions. In particular, the number
of relativistic degrees of freedom gS should vary so slowly
with T that it is possible to replace it by its average value
hgSi and pull the thermal part f↵ in front of the integral.
Moreover, h would need to vary only very slowly with
momentum p.

In the case we consider, where NSSI are involved in the
production of sterile neutrino dark matter, the shape of
the distribution function is further modified by the action
of such NSSI with respect to the distribution function ob-
tained in the standard Dodelson-Widrow scenario. This
is shown in FIG. 4, where we plot the momentum distri-

bution function r
2
f(r), where r = p/T , for the case of

the lightest pseudoscalar NSSI mediator m� = 10 GeV,
ms = 10 keV, sin2(2✓) = 1.1⇥10�9 and varying strength
of the NSSI parametrized by ✏P . The thick black line
represents the result in the standard Dodelson-Widrow
scenario. The dashed black line represents the result cor-
responding to the value of ✏P that, with the chosen values
of ms and sin2(2✓), produces ⌦s h

2 = ⌦DM h
2 = 0.12.

The impact of DM on structure formation can be es-
timated through the calculation of the free streaming
length [43]

�FS =

Z t0

0

hv(t)i

a(t)
dt ' 1.2 Mpc

✓
keV
ms

◆
hp/T i

3.15
, (11)

where t0 is the time today, because the largest scale
affected by free-streaming is nothing but the present
value of the particle horizon of warm particles with a
typical velocity hv(t)i [44]. In the approximated form,
we see that the value of the free-streaming length de-
pends on the features of the production through the
distribution function used to obtain the typical value
of p/T . For a DM candidate to be considered “warm”,
and thus compatible with the structures that we observe
in today’s Universe, the free-streaming length must be
0.01 Mpc < �FS < 0.1 Mpc [45]. This is what happens
for the majority of the cases that we consider, see FIG. 5.
Moreover, we notice that no effect of NSSI in the allowed
range of values of ✏ is strong enough to drastically modify
the impact of sterile neutrino dark matter on structure
formation, from the “cold” regime to the “hot” one, or
vice versa.

For our four benchmark points, we show in FIG. 5
the impact of pseudoscalar NSSI on the free stream-
ing length, varying NSSI strengths ✏P and mediator
masses. Different colors correspond to different bench-
mark points, while different line types are related to dif-
ferent mass values of the mediators. Black squares iden-
tify values of ✏P that give ⌦s h

2 = ⌦DM h
2 = 0.12 for the

chosen values of ms and sin2(2✓), while black triangles
pinpoint values of ✏P that give ⌦s h

2 = 0.1 ⇥ ⌦DM h
2 =

0.012.
The lines corresponding to the chosen benchmark

points span the entire region in which sterile neutrinos
can be considered warm DM candidates. Their location
is determined by the mass of the sterile neutrinos rather
than their interactions. We notice also that the influence
of NSSI on the free streaming length is limited and the
impact is small even for large values of ✏P . This allows
us to say that the existence NSSI acting with strengths
✏P within the current limits, would not put sterile neu-
trinos in tension with structure formation constraints,
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Sterile neutrino production evolution
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FIG. 5. Variation of the free streaming length of sterile neu-
trino dark matter determined by the increasing strength of
NSSI for different values of ms and sin2(2✓). Each color refers
to a benchmark point given in FIGS. 2 and 3. Each line type
corresponds to a different value of the NSSI mediator mass.
Black squares pinpoint to values of ✏P for which the condition
⌦s h

2 = ⌦DM h2 = 0.12 is satisfied. Black triangles identify
values of ✏P such that only the 10% of the DM abundance is
constituted by sterile neutrinos in the “cocktail DM” scenario.

unless they are very light. On the other hand, if we
consider BP1 that identifies the famous observed X-ray
line at 3.55 keV [37, 38], we see that large NSSI would be
needed to produce an abundance of such sterile neutrinos
large enough to constitute a non negligible percentage of
the Universe’s DM content. However, such large NSSI
would put sterile neutrinos with such features in conflict
with constraints coming from structure formation: they
would have been produced with too high velocities mod-
ifying large structures that we observe today.

BP2 is particularly interesting. It represents a case in
which the NSSI effect is crucial to allow sterile neutrinos
to be produced in the correct abundance and at the same
time it does not lead to tensions with structure formation.
Moreover, being at the border of the sensitivity region
expected for the phase 3 of the HUNTER experiment,
the values of the parameters relative to this point will be
available for experimental test.

Comment on the truncation at the second order

In FIG. 6 we see the evolution of the production rate
of sterile neutrinos with ms = 10 keV and sin2(2✓) =
1.1⇥ 10�9 produced while the Universe cools down from
1 GeV to 1 MeV. In the standard Dodelson-Widrow case
(black thick line), the peak of the production occurs be-
tween T ⇠ 200 MeV and T ⇠ 300 MeV in agreement with
the approximate expression 133 (ms/keV)
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FIG. 6. Evolution of the production rate of sterile neutrino
with ms = 10 keV and sin2(2✓) = 1.1 ⇥ 10�9 (BP2 in FIG.
2) with temperature. The black thick line corresponds to
the standard Dodelson-Widrow production case. The black
dashed line corresponds to the production assisted by pseu-
doscalar NSSI with ✏P such that ⌦s h

2 = ⌦DM h2 = 0.12. Dif-
ferent shades of red, green and blue correspond to increasing
strength of NSSI involved in the sterile neutrino production.
All the lines are obtained under the hypothesis that the NSSI
mediator has mass m� = 10 GeV.

presence of the pseudoscalar NSSI with light (m� = 10
GeV) mediator modifies the mechanism and shifts the
peak of the production towards lower temperatures. As
shown by the progression of the colors in the plot, the
larger the strength of NSSI, the lower the peak temper-
ature. In particular, the abundance of sterile neutrinos
sufficient to constitute the entire content of DM in the
Universe, corresponds to the value of ✏P represented by
the black dashed line whose peak is at T ⇠ 100 MeV.
This temperature is much lower than the value of the
NSSI mediator, and thus our choice of treating the im-
pact of NSSI in an effective framework with truncation
at the second order in the expansion in p is justified.

CONCLUSIONS AND OUTLOOK

Sterile neutrinos are popular dark matter candidates. In
the near future laboratory limits on such particles will
improve considerably. We have investigated here how
the presence of neutrino self-interactions would influence
the parameter space of mass and mixing of keV-scale
sterile neutrinos. We have shown that the parameter
space widens, and can move in the direction of the up-
coming experiment, in particular HUNTER. We have il-
lustrated that a meaningful EFT analysis needs to in-
clude momentum-dependent terms, in order to have the
physically correct temperature dependence of the ther-
mal potential. The free-streaming length of sterile neu-
trino dark matter is influenced by the presence of neu-

9

FIG. 5. Variation of the free streaming length of sterile neu-
trino dark matter determined by the increasing strength of
NSSI for different values of ms and sin2(2✓). Each color refers
to a benchmark point given in FIGS. 2 and 3. Each line type
corresponds to a different value of the NSSI mediator mass.
Black squares pinpoint to values of ✏P for which the condition
⌦s h

2 = ⌦DM h2 = 0.12 is satisfied. Black triangles identify
values of ✏P such that only the 10% of the DM abundance is
constituted by sterile neutrinos in the “cocktail DM” scenario.

unless they are very light. On the other hand, if we
consider BP1 that identifies the famous observed X-ray
line at 3.55 keV [37, 38], we see that large NSSI would be
needed to produce an abundance of such sterile neutrinos
large enough to constitute a non negligible percentage of
the Universe’s DM content. However, such large NSSI
would put sterile neutrinos with such features in conflict
with constraints coming from structure formation: they
would have been produced with too high velocities mod-
ifying large structures that we observe today.

BP2 is particularly interesting. It represents a case in
which the NSSI effect is crucial to allow sterile neutrinos
to be produced in the correct abundance and at the same
time it does not lead to tensions with structure formation.
Moreover, being at the border of the sensitivity region
expected for the phase 3 of the HUNTER experiment,
the values of the parameters relative to this point will be
available for experimental test.

Comment on the truncation at the second order

In FIG. 6 we see the evolution of the production rate
of sterile neutrinos with ms = 10 keV and sin2(2✓) =
1.1⇥ 10�9 produced while the Universe cools down from
1 GeV to 1 MeV. In the standard Dodelson-Widrow case
(black thick line), the peak of the production occurs be-
tween T ⇠ 200 MeV and T ⇠ 300 MeV in agreement with
the approximate expression 133 (ms/keV)

1
3 MeV. The

FIG. 6. Evolution of the production rate of sterile neutrino
with ms = 10 keV and sin2(2✓) = 1.1 ⇥ 10�9 (BP2 in FIG.
2) with temperature. The black thick line corresponds to
the standard Dodelson-Widrow production case. The black
dashed line corresponds to the production assisted by pseu-
doscalar NSSI with ✏P such that ⌦s h

2 = ⌦DM h2 = 0.12. Dif-
ferent shades of red, green and blue correspond to increasing
strength of NSSI involved in the sterile neutrino production.
All the lines are obtained under the hypothesis that the NSSI
mediator has mass m� = 10 GeV.

presence of the pseudoscalar NSSI with light (m� = 10
GeV) mediator modifies the mechanism and shifts the
peak of the production towards lower temperatures. As
shown by the progression of the colors in the plot, the
larger the strength of NSSI, the lower the peak temper-
ature. In particular, the abundance of sterile neutrinos
sufficient to constitute the entire content of DM in the
Universe, corresponds to the value of ✏P represented by
the black dashed line whose peak is at T ⇠ 100 MeV.
This temperature is much lower than the value of the
NSSI mediator, and thus our choice of treating the im-
pact of NSSI in an effective framework with truncation
at the second order in the expansion in p is justified.

CONCLUSIONS AND OUTLOOK

Sterile neutrinos are popular dark matter candidates. In
the near future laboratory limits on such particles will
improve considerably. We have investigated here how
the presence of neutrino self-interactions would influence
the parameter space of mass and mixing of keV-scale
sterile neutrinos. We have shown that the parameter
space widens, and can move in the direction of the up-
coming experiment, in particular HUNTER. We have il-
lustrated that a meaningful EFT analysis needs to in-
clude momentum-dependent terms, in order to have the
physically correct temperature dependence of the ther-
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Sterile neutrino parameter space : 100% DM constituted by sterile neutrinos 
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CONCLUSIONS

❖ Sterile neutrinos that mix with active neutrinos are good dark matter candidates. 

❖ They can have been produced in the early universe via oscillation and collisions through 
Dodelson-Widrow mechanism. 

❖ This vanilla scenario is hardly detectable in terrestrial experiments in the near future. 

❖ Active neutrino non-standard self-interactions (NSSI) are well motivated extension of the SM. 

❖ Scalar, pseudoscalar and axial-vector NSSI modify the production of sterile neutrino dark 
matter in the early universe.  

❖ The parameter space region in which                is enlarged by such NSSI                   
and they enhance the possibility to detect sterile neutrino dark matter in HUNTER phase 3.

.

⌦DM = ⌦s

.
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