
  IMPACT OF NEUTRINO NON-STANDARD SELF-INTERACTIONS .        

  ON STERILE NEUTRINO DARK MATTER
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Definition:   neutral fermions, singlets under the SM symmetries

If neutrinos are Majorana particles: 

.

⌫s | ⌫4 = cos ✓ ⌫s + sin ✓ ⌫↵

.
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Definition:   neutral fermions, singlets under the SM symmetries

If neutrinos are Majorana particles: 

sterile neutrino can play the role of DM:

    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 large scale structures

.

⌫s | ⌫4 = cos ✓ ⌫s + sin ✓ ⌫↵

.
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• in the domain of direct detection

• rely on large mixing of                  or 

.
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DODELSON-WIDROW PRODUCTION

Assumption:                      and                  mixing

Mechanism:      production through oscillation and collisions: 

*

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

.
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DODELSON-WIDROW PRODUCTION

Assumption:                      and                  mixing

Mechanism:      production through oscillation and collisions: 

Evolution of the distribution function               described by the Boltzmann equation 

where 

*

*
.

⌫s $ ⌫e .
<latexit sha1_base64="F057BsgqHee8oiSCeXsuaMqLFIM=">AAACInicbVC7TsNAEDzzDOEVoKQ5ESFRWTYgQYmgoQwSgUhxFK0vm3DifDZ3eyAU8Rd8Al9BCxUdokKCf8FxUkDCVKOZWe3uxJmSloLg05uanpmdmy8tlBeXlldWK2vrFzZ1RmBdpCo1jRgsKqmxTpIUNjKDkMQKL+Prk4F/eYvGylSf032GrQR6WnalAMqldsX3o6gc3dw46PBIu7blkcIuGdm7IjAmvStU5MOI365UAz8owCdJOCJVNkKtXfmOOqlwCWoSCqxthkFGrT4YkkLhQzlyFjMQ19DDZk41JGhb/eKvB77tLFDKMzRcKl6I+HuiD4m190mcJxOgKzvuDcT/vKaj7mGrL3XmCLUYLCKpsFhkhZF5Ycg70iARDC5HLjUXYIAIjeQgRC66vMFy3kc4/v0kudj1wz1/92y/enQ8aqbENtkW22EhO2BH7JTVWJ0J9sie2Qt79Z68N+/d+xhGp7zRzAb7A+/rB69Zo/I=</latexit>

.

⌫s $ ⌫e .
<latexit sha1_base64="TnOEitrom+XffEeDCL2ONiXRZac="></latexit>

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

.

/ sin2(2✓M ) .
<latexit sha1_base64="rndnYgifqY0FbIO0RjPJm5W3c64=">AAACIXicbVDLSgNBEJz1bXxFPXoZDIIeXHajoEfRixdBwUQhG0PvpJMMzs6OM72CBL/CT/ArvOrJm3gT8V/cPA4arVNRVU13V2yUdBQEH97Y+MTk1PTMbGFufmFxqbi8UnVpZgVWRKpSexmDQyU1VkiSwktjEZJY4UV8fdTzL27ROpnqc7ozWE+grWVLCqBcahS3/SgqRDc3GTR5ZGxqKOWRk/qqvFnmEXWQoHGyxQcJv1EsBX7QB/9LwiEpsSFOG8WvqJmKLEFNQoFztTAwVO+CJSkU3heizKEBcQ1trOVUQ4Ku3u2/dc83Mgf5OQYtl4r3Rfw50YXEubskzpMJUMeNej3xP6+WUWu/3pXaZIRa9BaRVNhf5ISVeV/Im9IiEfQuRy41F2CBCK3kIEQuZnmBhbyPcPT7v6Ra9sMdv3y2Wzo4HDYzw9bYOttkIdtjB+yYnbIKE+yBPbFn9uI9eq/em/c+iI55w5lV9gve5zf9JqJb</latexit>

.

@

@t
fs(p, t)�H p

@

@p
fs(p, t) ⇡ �e

2
hPm(⌫e ! ⌫s; p, t)i fe(p, t) .

<latexit sha1_base64="bTBz/H6sTc71cpcQ5AHgobEF3y0="></latexit>

.

@

@t
fs(p, t)�H p

@

@p
fs(p, t) ⇡ �e

2
hPm(⌫e ! ⌫s; p, t)i fe(p, t) .

<latexit sha1_base64="bTBz/H6sTc71cpcQ5AHgobEF3y0="></latexit> .

�e(p) = ce(p, T )G
2
F p T 4 .

<latexit sha1_base64="AkyD6yHgq6H7nYgwanZ/iZz+40o="></latexit>

.

hPm(⌫e ! ⌫s; p, t)i = sin2(2✓M ) sin2
✓
v t

L

◆
⇡ 1

2
sin2(2✓M ) .

<latexit sha1_base64="lbJTiOAx/arQbpPh6Wd0LDQr2M0="></latexit>

[S. Dodelson, L. M. Widrow, PRL 72 (1994) 17-20]

6Cristina Benso LDW 2023 - 21.09.2023, KIT Karlsruhe



7Cristina Benso

In the plasma, the mixing angle is 
.
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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 

.

�e(p) = ce(p, T )G
2
F p T 4 .
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We solve the Boltzmann equation and find the distribution function 
.
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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.  
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NEUTRINO NON-STANDARD SELF-INTERACTIONS  -  WHAT ?  WHY ?  

13Cristina Benso

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:                                                                           

                                                                            

                                                                       
.

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
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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
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(⌫̄Ō⌫)

!
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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
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p
2
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(⌫̄Ō⌫) , (A.19)
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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 =
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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

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)
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eeee
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4 (6.2)

6.2 Axial-vector NSI(C.3.2)
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6.3 Pseudoscalar NSI(C.3.3)
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�

(✏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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�

.
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.
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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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⌫2 ⌫4
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p2 p4

�

⌫1 ⌫3

⌫2 ⌫4

p2

p3
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�

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

⌫1 ⌫3

⌫2 ⌫4
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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)
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NEUTRINO NON-STANDARD SELF-INTERACTIONS  -  WHAT ?  WHY ?  

14Cristina Benso

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?

.

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.
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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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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
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0
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(6.1)

Check Appendix C for detailed calculation

6.1 Scalar NSI(C.3.1)
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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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.

Oj = {I, �µ, i�5, �µ�5,�µ⌫
}

.
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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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⇥(ū(p3)Ov(p4)� ū(p4)Ov(p3))
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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.)

• parameter space very poorly constrained and investigated

.

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.
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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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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
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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 �
†,

�
† =
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. (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)
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⌫̄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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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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Assumptions for concreteness:

• heavy mediators           effective field theory treatment

• 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:
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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⌫)(⌫̄Ō⌫)� (⌫̄O⌫)

⇤
m

2
�

(⌫̄Ō⌫)
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(⌫̄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
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2
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0
j⌫e
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(6.1)

Check Appendix C for detailed calculation

6.1 Scalar NSI(C.3.1)
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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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}

.
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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 

.

�e(p) = ce(p, T )G
2
F p T 4 .
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Assumptions for concreteness:

• heavy mediators           effective field theory treatment

• 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:
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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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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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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)

1
3 MeV. The
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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-
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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-
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• 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 testable in 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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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]
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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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Relevant observable :  free streaming length 

• depends on the features of the production                                                                                                                   
through the distribution function needed to                                                                                          
calculate <p/T>

• structures cannot form on scales < 

• neither NSSI strength nor mediator mass                                                                                                            
affect significantly 

• what makes the major difference is still                                                                                                       
the sterile neutrino mass

8

fs(pf , Tf ) =

Z Tf

Ti

�
1

HT


1 +

1

3

Tg
0
S

gS

�
· h

 
p(Tf )

T

Tf

✓
gS(T )

gS(Tf )

◆1/3

, T

!
· f↵

 
p(Tf )

T

Tf

✓
gS(T )

gS(Tf )

◆1/3

, T

!
dT , (10)

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]
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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,

8

fs(pf , Tf ) =

Z Tf

Ti

�
1

HT


1 +

1

3

Tg
0
S

gS

�
· h

 
p(Tf )

T

Tf

✓
gS(T )

gS(Tf )

◆1/3

, T

!
· f↵

 
p(Tf )

T

Tf

✓
gS(T )

gS(Tf )

◆1/3

, T

!
dT , (10)

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]
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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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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]
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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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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-
mal potential. The free-streaming length of sterile neu-
trino dark matter is influenced by the presence of neu-
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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-
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• 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 testable in 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.

• Active neutrino NSSI considered are not in conflict with large scale structures.

.

⌦DM = ⌦s
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Based on tritium beta-decay:
★  Short half-life of 12.3 yrs           high decay rate
★  Endpoint of                                  allows search of sterile neutrinos 

with mass up to several keV

Signature:  kink in the electron spectrum at energy
                with magnitude governed by the mixing amplitude 

5.2 Sterile neutrinos at the keV scale 37

Fig. 9: Signature of a 10 keV sterile neutrino in a di↵erential tritium beta
decay spectrum: The blue dashed line shows the spectrum without sterile neu-
trinos. The solid orange line shows the spectrum with a sterile neutrino with
ms = 10 keV and an exaggerated mixing amplitude of sin2 ✓ = 0.2. The lat-
ter is composed of the active branch (gray dashed line) and the sterile branch
(gray dot-dashed line).

5.2 Sterile neutrinos at the keV scale

Sterile neutrinos with a mass in the kilo-electronvolt (keV) regime are promis-
ing dark-matter candidates [78–80]. Due to their mass scale and production
mechanism, they can act as warm dark matter, which could mitigate tensions
between cosmological observations and predictions of purely cold-dark-matter
scenarios [78].

As for eV-scale sterile neutrinos (Sec. 5.1), the presence of a sterile neu-
trino in the keV mass range would result in a characteristic kink-like signature
(Fig. 9) at energy E0 �ms, with a magnitude governed by the mixing ampli-
tude sin2 ✓ of the sterile neutrino with the active Standard Model electron
neutrino [81, 82].

The KATRIN experiment has several advantageous features for a keV-scale
sterile neutrino search. With an endpoint of E0 =18.6 keV, tritium �-decay
permits a search for sterile neutrinos on a mass range of multiple keV. Due to
the short-half life of 12.3 years, high decay rates can be achieved with reason-
able amounts of tritium which in turn leads to rapid statistical significance on
the sterile-to-active mixing amplitude.

The use of the KATRIN experiment for a keV-scale sterile neutrino search
has been investigated in several studies (for example in [82–84]). It was shown
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FIG. 1. Imprint of a heavy, mostly sterile, neutrino with a
mass of ms = 10 keV and an unphysical large mixing angle of
sin2 ⇥ = 0.2 on the tritium b-decay spectrum.
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would be a superposition of the standard spectrum, with
the endpoint governed by the e↵ective electron neutrino
mass m� , and a spectrum with a significantly reduced
endpoint corresponding to the decay into a sterile neu-
trino of mass ms. The amplitude of the additional decay
branch would be governed by the active-sterile mixing
amplitude sin2 ⇥. Hence, sterile neutrinos would mani-
fest themselves as a local kink-like feature and a broad
spectral distortion below Ekink = E0 �ms, see figure 1.

With an endpoint of E0 = 18.6 keV the super-allowed
b-decay of tritium is well suited for a keV-scale ster-
ile neutrino search. Due to the short-half life of 12.3
years, high decay rates can be achieved with reasonable
amounts of tritium. Furthermore, a kink-like sterile neu-
trino signature would be a distinct feature in the fully
smooth tritium � decay spectrum [15].

II. THE TRISTAN PROJECT

The idea of the TRISTAN project is to utilize the un-
precedented tritium source luminosity of the KATRIN
experiment for a high-precision keV-scale sterile neutrino
search. TRISTAN is designed to achieve a sensitivity of
sin2 ⇥ < 10�6, see figure 3.

KATRIN’s prime goal is a direct probe of the abso-
lute neutrino mass scale via a precise measurement of
the tritium beta decay spectrum close to its endpoint,
where the imprint of the neutrino mass is maximal. For
this purpose, KATRIN combines a high-activity (1011

decays per second) gaseous tritium source with a high-
resolution (�E ⇠ 1 eV) spectrometer, see figure 2. The
electrons are guided along magnetic field lines from the

so-called Windowless Gaseous Tritium Source (WGTS)
to the spectrometer. The latter is operated as a Mag-
netic Adiabatic Collimation and Electrostatic (MAC-E)
filter [23, 24], which transmits electrons with kinetic
energies larger than the spectrometer’s retarding po-
tential. By observing the number of transmitted elec-
trons for di↵erent filter voltages U in a range of about
E0 � 60 eV < qU < E0 + 5 eV (where q is the elec-
tron charge) the integral tritium b-decay spectrum is ob-
tained. The rate of electrons is detected with a 148-pixel
focal plane detector [19, 25] situated at the exit of the
KATRIN spectrometer. The detector system is equipped
with a post-acceleration electrode (PAE), that increases
the kinetic energy of all electrons by a fixed amount of
up to 20 keV [19].

Operating KATRIN to search for keV-scale sterile neu-
trinos requires extending the measurement interval to
cover the entire tritium b-decay spectrum, i.e. to set the
filter voltage to values much lower than in standard op-
eration [15]. In this new mode of operation the number
of transmitted electrons will be a few orders of magni-
tudes higher than in normal KATRIN operation mode.
The current silicon focal plane detector is not designed
to handle such high count rates. Accordingly, the main
objective of the TRISTAN project is to develop a new
detector and read-out system, capable of revealing very
small spectrum distortions, and handling rates of up to
108 counts per second (cps).

The main challenge of a keV-scale sterile neutrino
search is the precise understanding of the entire spec-
trum on the parts-per-million (ppm) level, in order to
be able to start probing sterile-active mixing angles of
cosmological interest. In order to reduce systematic un-
certainties and avoid false-positive signals, a combina-
tion of an integral and a di↵erential measurement mode
is planned: The integral mode makes use of the high-
resolution spectrometer and a counting detector (analo-
gous to the normal KATRIN measurement mode). This
mode requires an extremely stable counting rate. In the
di↵erential mode, the spectrometer is operated at low
filter voltage continuously and the detector itself deter-
mines the energy of each electron. This mode requires
an excellent energy resolution and a precise understand-
ing of the detector response even at high counting rates.
The two measurement modes are prone to di↵erent sys-
tematic uncertainties and hence allow to cross check each
other.

TRISTAN is currently an R&D e↵ort for an experi-
ment to take place after completion of the neutrino mass
measurement of KATRIN, prospectively in 2025. In this
paper we 1) discuss the requirements of the new detector
and read-out system and 2) present the first characteri-
zation measurements of a 7-pixel prototype silicon drift
detector, see figure 5a, produced at the Semiconductor
Laboratory of the Max Planck Society (HLL) [26] and
equipped with a read-out ASIC developed at the XGLab
company [27].

(Borrowed from S. Mertens lecture in Bad Honnef)
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the mass splittings between the three light mass eigenstates are so small, no current �-
decay experiment can resolve them. Instead, a single effective light neutrino mass m(⌫e)2 =P3

i=1 |Uei|2m(⌫i)2 is assumed.
If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass

ms in the keV range, the different mass eigenstates will no longer form one effective neutrino
mass term. In this case, due to the large mass splitting, the superposition of the �-decay
spectra corresponding to the light effective mass term m(⌫e) and the heavy mass eigenstate
ms, can be detectable. The differential spectrum can be written as

d�

dE
= cos2 ✓

d�

dE
(m(⌫e)) + sin2 ✓

d�

dE
(ms), (8.1)

where ✓ describes the active-sterile neutrino mixing, and predominantly determines the size
of the effect on the spectral shape [127]. Figure 36 shows a qualitative example with perfect
energy resolution and no energy smearing from atomic, thermal or scattering effects.

Tritium � decay provides distinct advantages when search for the signature of a keV-
scale sterile neutrino. First, tritium �-decay is of super-allowed type, and therefore a precise
theoretical description of the spectral shape is possible. Second, the 12.3-year half-life of
tritium is relatively short, allowing for high signal rates with low source densities, which in
turn minimizes source-related systematic effects such as inelastic scattering. Finally, with an
endpoint energy of E0 = 18.575 keV, the phase space of tritium provides access to a search
for heavy sterile neutrinos in a mass range of astrophysical interest.

In this section the possibility of future experiments to measure the full phase space of
tritium �-decay spectra will be discussed. The Troitsk neutrino mass experiment, which pro-
vided together with the Mainz Experiment the current best limits on the effective electron
anti-neutrino mass [17, 128], is planning to utilize their apparatus to search for sterile neu-
trinos. The upcoming KATRIN Experiment, which is designed to probe the neutrinos mass
with a sensitivity of 200 meV (90%CL) [129, 637] provides a ultra-luminous tritium source,
allowing for a high statistics search for keV-scale sterile neutrinos. Promising novel detection
techniques based on a measurement of the cyclotron radiation of the � electron or cryogenic
techniques and the usage of an atomic tritium source (as opposed to molecular tritium) will
further push the sensitivity of �-decay experiments and are successfully investigated by the
Project 8 [890, 891] and Ptolemny [892] collaborations. Finally, we discuss the advantages
and limitations of a full kinematic reconstruction [893] of � decay, which in principle would
allow to detect a heavy sterile neutrino as missing energy in the decay.

8.2.1 The Troitsk Experiment (Authors: V. S. Pantuev, I. I. Tkachev, A. A.
Nozik)

The “Troitsk nu-mass” laboratory is located in the Institute for Nuclear Research (INR) in
Moscow, Troitsk, Russia. The initial intention of the experiment was to set up limits on the
effective electron anti-neutrino mass or to measure it in tritium beta decay. This program has
been conducted from 1985 to 2009 and resulted in the currently best upper limit [85, 128] on
the effective electron anti-neutrino neutrino mass, m(⌫e) < 2.05 eV. Later on the same data
were used to search for sterile neutrinos with masses from 3 to 100 eV, see Refs. [651, 894].
Limits on the mixing are shown in Fig. 38 as “Troitsk 2013”. Currently, the measurements of
the �-spectrum are continued in INR in a much wider energy range with the intention to set
up limits on sterile neutrinos in the keV mass range [895].
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[ Troitsk experiment based on the  
same process but less sensitive ]
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ECHo

Based on holmium electron capture:
★  calorimetric measurement           all events occurring in the detector give  

a measurable signal (entire spectrum "for free")

• endpoint of                                       allows search of sterile neutrinos 

only with mass < 2.5 keV

Signature:  kink in the EC spectrum of            at energy
                with amplitude proportional to      

domenica 6 dicembre 2020
• These particles could provide solutions to a number of open questions in particle 

physics and cosmology, but in particular they satisfy very well the conditions 
required to DM candidates, indeed… (list)


Searches in terrestrial experiments

• In the last … years, a number of experiments has been built to investigate 

properties of the SM neutrinos and eventually also to look for signal of the 
existence of sterile neutrinos. In our study we focused on:


• KATRIN, based in Karlsruhe,  for which the signature of sterile neutrino dark 
matter would be a kink in the spectrum of electrons collected from beta decay of 
tritium in case that electron neutrinos are sufficiently coupled to sterile neutrinos


• Troitsk, based in Moscow, operating with the same principle and process as 
KATRIN
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Figure 49. a) Comparison between the expected calorimetrically measured 163Ho spectrum in the
case of no sterile neutrino (black dashed line) and in the case of a heavy neutrino mass m4 = 2 keV
with a mixing of U2

e4 = 0.5. b) A magnification of (a) in the region of the kink.

|U2
e4|. With the analysis of the electron capture spectrum of 163Ho it is possible to investigate

the existence of sterile neutrinos only for m4 smaller than the QEC value of the decay of about
2.5 keV. Figure 49 shows the comparison between the expected calorimetrically measured
163Ho spectrum calculated using Equation 8.8 in the case of no sterile neutrino (black dashed
line) and in the case of a heavy neutrino mass m4 = 2 keV with an unrealistic mixing of
U2
e4 = 0.5. The two spectra have been normalized to both have an integral equal to 1. The

magnification in Figure 49 shows, in more details, the region of the kink.

8.3.1 The Electron Capture in 163Ho experiment ECHo (Authors: L. Gastaldo,
T. Lasserre, A. Faessler)

The Electron Capture in 163Ho Experiment, ECHo, has been designed to investigate the
electron neutrino mass in the energy range below 1 eV by a high precision and high statistics
calorimetric measurement of the 163Ho electron capture spectrum [923].
Presently the detectors that can detect with the highest precision energy input below 3 keV,
as is needed for the calorimetric measurement of the 163Ho, are low temperature micro-
calorimeters [938]. They are energy dispersive detectors typically operated at temperatures
below 50mK. These detectors can be classified on the basis of the temperature sensor.
Within the ECHo experiment, low temperature metallic magnetic calorimeters (MMCs) will
be used [939]. The spectral resolving power of a state of the art MMCs for soft X-rays is above
3000. For completely micro-structured detectors, an energy resolution of �EFWHM = 1.6 eV
at 6 keV has been achieved [940]. Sub-eV energy resolution is expected to be reached in fu-
ture design with SQUID readout integrated on the detector chip. Such an energy resolution
will allow to have a precise characterization of the endpoint region of the spectrum with a
minimal spread of the events. The typical signal rise-time is ⌧r = 90 ns [941]. Among the dif-
ferent temperature sensors presently used to read-out the temperature of micro-calorimeters,
MMCs show the fastest risetime. This feature is extremely important to reduce a source of
background which is intrinsic to the calorimetric measurements: un-resolved pile-up events.
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Table 16. The binding energies Ebin
H of the electron in Dy and the linewidths �lit

H as reported in
[933].
H MI MII NI NII OI
Ebin

H [eV] [934] 2046.9 1844.6 420.3 340.6 49.9 [935]
�lit
H [eV] [936] 13.2 6.0 5.4 5.3 3.7 [937]

and shows Breit-Wigner resonances centered at an energy, EH, where H indicates the level
from which the electron has been captured, given in first approximation by the difference
between the energy of the electron that has been captured and the energy of the extra-
electron in the outer shell, in respect to the daughter atom. The resonances have an intrinsic
width �H related to the half-life of the excited states. The intensities of these lines are given
mainly by the squared wave-function of the captured electron calculated at the nucleus �2

H(0),
with a small correction, BH, due to exchange and overlap. These factors are then multiplied
by the nuclear shape factors CH and the fraction of occupancy of the H-atomic shell nH. The
Breit-Wigner resonances are then modulated by the phase space factor, which depends on
the square of the electron neutrino mass m(⌫e)2 and the energy available to the decay QEC.
A is a constant. In case of 163Ho, due to the extremely low energy available to the decay,
only capture from the 3s and higher shells are allowed and due to the overlap of the electron
wavefunctions with the nucleus, only electrons from the s and p1/2 shells can be captured.
Therefore the 163Ho spectrum will consist of the following lines: MI (3s electrons), MII (3p1/2

electrons),NI (4s electrons), NII (4p1/2), OI (5s electrons), OII (5p1/2 electrons) and PI (6s
electrons). The binding energy of these electrons, Ebin

H , and the intrinsic linewidths �H of the
transition are given in Table 16.

The electron neutrino mass that can be investigated with 163Ho-based experiments can
be written in terms of the single mass eigenstates, in the scenario of only three active neutrinos,
as:

m(⌫e)
2 =

3X

i=1

|U2
ei|m(⌫i)

2 (8.6)

In case keV sterile neutrinos would exist, at least a fourth neutrino mass eigenstate, m4,
would mix with the three "active" mass eigenstates to give the electron neutrino emitted in
EC processes. In such a case, and considering the approximation that the three light neutrino
mass eigenstates are much lighter than m4, the electron neutrino state can be written as:

m(⌫e)
2 =

3X

i=1

|U2
ei|m(⌫i)

2 + |U2
e4|m(⌫4)

2 = |U2
ea|m2

a + |U2
e4|m2

4 (8.7)

By substituting this equation for the electron neutrino mass in the formula of the spec-
trum and by using the approximation that ma = 0 eV, the following expression is obtained:

�H = A

 
(QEC � EH)

2(1� U2
e4) + (QEC � EH)

2U2
e4

s

1� m2
4

(QEC � EH)2

!
CHnHBH �2

H(0)

(8.8)
It follows that the evidence in the spectrum of the existence of the fourth neutrino mass

eigenstate is a kink positioned at the energy QEC - m4 and with an amplitude proportional to
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Breit-Wigner resonances are then modulated by the phase space factor, which depends on
the square of the electron neutrino mass m(⌫e)2 and the energy available to the decay QEC.
A is a constant. In case of 163Ho, due to the extremely low energy available to the decay,
only capture from the 3s and higher shells are allowed and due to the overlap of the electron
wavefunctions with the nucleus, only electrons from the s and p1/2 shells can be captured.
Therefore the 163Ho spectrum will consist of the following lines: MI (3s electrons), MII (3p1/2

electrons),NI (4s electrons), NII (4p1/2), OI (5s electrons), OII (5p1/2 electrons) and PI (6s
electrons). The binding energy of these electrons, Ebin

H , and the intrinsic linewidths �H of the
transition are given in Table 16.

The electron neutrino mass that can be investigated with 163Ho-based experiments can
be written in terms of the single mass eigenstates, in the scenario of only three active neutrinos,
as:

m(⌫e)
2 =

3X

i=1

|U2
ei|m(⌫i)

2 (8.6)

In case keV sterile neutrinos would exist, at least a fourth neutrino mass eigenstate, m4,
would mix with the three "active" mass eigenstates to give the electron neutrino emitted in
EC processes. In such a case, and considering the approximation that the three light neutrino
mass eigenstates are much lighter than m4, the electron neutrino state can be written as:

m(⌫e)
2 =

3X

i=1

|U2
ei|m(⌫i)

2 + |U2
e4|m(⌫4)

2 = |U2
ea|m2

a + |U2
e4|m2

4 (8.7)

By substituting this equation for the electron neutrino mass in the formula of the spec-
trum and by using the approximation that ma = 0 eV, the following expression is obtained:

�H = A

 
(QEC � EH)

2(1� U2
e4) + (QEC � EH)

2U2
e4

s

1� m2
4

(QEC � EH)2

!
CHnHBH �2

H(0)

(8.8)
It follows that the evidence in the spectrum of the existence of the fourth neutrino mass

eigenstate is a kink positioned at the energy QEC - m4 and with an amplitude proportional to
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Figure 49. a) Comparison between the expected calorimetrically measured 163Ho spectrum in the
case of no sterile neutrino (black dashed line) and in the case of a heavy neutrino mass m4 = 2 keV
with a mixing of U2

e4 = 0.5. b) A magnification of (a) in the region of the kink.

|U2
e4|. With the analysis of the electron capture spectrum of 163Ho it is possible to investigate

the existence of sterile neutrinos only for m4 smaller than the QEC value of the decay of about
2.5 keV. Figure 49 shows the comparison between the expected calorimetrically measured
163Ho spectrum calculated using Equation 8.8 in the case of no sterile neutrino (black dashed
line) and in the case of a heavy neutrino mass m4 = 2 keV with an unrealistic mixing of
U2
e4 = 0.5. The two spectra have been normalized to both have an integral equal to 1. The

magnification in Figure 49 shows, in more details, the region of the kink.

8.3.1 The Electron Capture in 163Ho experiment ECHo (Authors: L. Gastaldo,
T. Lasserre, A. Faessler)

The Electron Capture in 163Ho Experiment, ECHo, has been designed to investigate the
electron neutrino mass in the energy range below 1 eV by a high precision and high statistics
calorimetric measurement of the 163Ho electron capture spectrum [923].
Presently the detectors that can detect with the highest precision energy input below 3 keV,
as is needed for the calorimetric measurement of the 163Ho, are low temperature micro-
calorimeters [938]. They are energy dispersive detectors typically operated at temperatures
below 50mK. These detectors can be classified on the basis of the temperature sensor.
Within the ECHo experiment, low temperature metallic magnetic calorimeters (MMCs) will
be used [939]. The spectral resolving power of a state of the art MMCs for soft X-rays is above
3000. For completely micro-structured detectors, an energy resolution of �EFWHM = 1.6 eV
at 6 keV has been achieved [940]. Sub-eV energy resolution is expected to be reached in fu-
ture design with SQUID readout integrated on the detector chip. Such an energy resolution
will allow to have a precise characterization of the endpoint region of the spectrum with a
minimal spread of the events. The typical signal rise-time is ⌧r = 90 ns [941]. Among the dif-
ferent temperature sensors presently used to read-out the temperature of micro-calorimeters,
MMCs show the fastest risetime. This feature is extremely important to reduce a source of
background which is intrinsic to the calorimetric measurements: un-resolved pile-up events.
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eV range. With experiments based on 163Ho it appears possible to reach, for the electron
neutrino mass, the same sensitivity which tritium based experiments, as KATRIN [129, 897]
can achieve for the electron anti-neutrino mass.
163Ho is considered the best candidate among all nuclides undergoing electron capture pro-
cesses to be used in an experiment for the investigation of the neutrino mass because of
its extremely low energy available to the decay, QEC = 2.833 ± 0.030stat ± 0.015syst keV
[926, 927]. Such a low QEC allows for a reasonable fraction of counts in the endpoint region
of the spectrum to be analyzed for identifying effects due to a finite effective neutrino mass.

The idea to use the analysis of the calorimetric spectrum of 163Ho to determine the
electron neutrino mass was first proposed by De Rujula and Lusignoli in 1982 [928]. After
about 30 years the feasibility of such an experiment was demonstrated by the ECHo collab-
oration [923, 929] by showing the possibility to perform high resolution measurements of the
163Ho electron capture spectrum using low temperature metallic magnetic calorimeters [930].
Meanwhile there are three large international collaborations which aim to reach the sub-eV
sensitivity on the electron neutrino mass by the analysis of high precision and high statistics
EC spectrum of 163Ho: the already mentioned "Electron Capture in 163Ho" (ECHo) collab-
oration [923, 929], the "Electron Capture Decay of 163Ho to Measure the Electron Neutrino
Mass with sub-eV sensitivity" (HOLMES) collaboration [931] and the "Neutrino Mass via
163Holmium Electron Capture Spectroscopy" (NuMECS) collaboration [932]. Intrinsic to the
calorimetric measurement approach is the fact that all events occurring in the detectors give
a measurable signal. Because of that, all these three experiments would have the possibility
to analyze the data not only in the endpoint region to look for a deviation of the shape in
respect to the case of massless neutrinos, but also over the full spectrum to look for a small
kink which would be the signature of the existence of a fourth mass eigenstate, m4, and
therefore proving the existence of sterile neutrinos. In the following one of these experiments,
ECHo, will be described in more details as well as the approach to investigate the existence
of sterile neutrinos.

163Ho electron capture spectrum In an EC process a nucleus A

Z
X decays by capturing an

electron from the inner atomic shells and emitting an electron neutrino to A

Z�1X. Considering
only the leading first order excitation, the daughter atom after the capture of the electron
is left with one hole in the internal shell and one electron more in an external shell. Higher
order excitations would include the presence of more than one holes in the atomic shells which
happens with a much lower probability. The structures due to the higher order excitations
could make the analysis of the spectrum more complicated both for the determination of the
electron neutrino mass as well as for the identification of a kink due to a heavy neutrino
mass state. Preliminary work to investigate the effects of higher order excitations in the
analysis of the 163Ho spectrum has already been done by the ECHo collaboration and will be
discussed in the following paragraph. The atomic de-excitation is a complex process, which
includes cascades of both x-rays and electron emissions (Auger electrons and Coster-Kronig
transitions). The possibility to measure all the energy released in the decay minus the energy
taken away by the neutrino simplifies the description of the spectrum. The expected shape
of the calorimetrically measured EC spectrum, considering only first order excitations with
only one hole in the internal shell, is:

dN

dEC
= A(QEC � EC)

2

s

1� m2
⌫

(QEC � EC)2

X
CHnHBH �2

H(0)
�H
2⇡

(EC � EH)2 +
�2
H
4

(8.5)
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Based on caesium electron (K-) capture:
★  with total energy-momentum reconstruction                                       

using magneto-optical atom trap (MOT) and reaction ion momentum 

spectrometers 
★  available energy of the reaction                      allows complementary 

searches w.r.t. KATRIN & ECHo 

Signature:  separated population of events with non-zero reconstructed               
.               missing mass up to 352 keV and height of the peak prop. to 
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HUNTER .

Q = 352 keV
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Figure 7. Simulated ‘discovery spectrum’ with 40 sterile neutrino events giving a > 5 peak at m2
ν4
= 60 keV/c2 with sin2 = 2

10–4, using the current reconstruction width (329 (keV/c2)2) and current best estimates of backgrounds and 1 year livetime data
sample (2.1 ×105 events). The curves are: magenta-random coincidence background; green-randoms plus ion-atom scattering;
dark blue-backgrounds plus zero-mass and 60 keV/c2 peaks; red-fit to two Gaussians plus sloping background. Inset: with log
scale on vertical axis.

(This also applies to the case of a photon emitted in place of one of the Augers, which typically occurs in a
fraction 10−4 to 10−5 of decays.)

A simulated discovery spectrum (including particle propagation, random coincidences, ion-atom
scattering background, and event reconstruction) is shown in figure 7. The zoomed y-axis in this plot cuts
away the vast majority of the normal m2

ν = 0 events, making the backgrounds look very prominent. The
radiative K-capture background is too small to display. This plot corresponds to a year of phase 1 livetime,
with a sterile neutrino mass peak at 60 keV/c2 with sin2 θ = 2 ×10−4. This gives a clearly-visible peak of 40
events, which is well over 5σ of fluctuations of the background in a bin of width twice the rms m2

ν

resolution. We also show a fit to the peak and background. If no signal were found, a Feldman–Cousins
[74] 90% CL limit on sin2 θ based on the background alone, would be around 1 × 10−4. If we have
underestimated the background, the sensitivity would be reduced approximately as the square root of the
background increase.

We conclude from the spectrometer performance simulations and background calculations that the
HUNTER kinematically-complete reconstruction technique could eventually be extended and upgraded to
reach very low values of the coupling sin2 θ, in particular values ∼10−10 needed to be consistent with the
presence of sterile neutrino galactic dark matter below the astrophysical x-ray constraints.
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Figure 49. a) Comparison between the expected calorimetrically measured 163Ho spectrum in the
case of no sterile neutrino (black dashed line) and in the case of a heavy neutrino mass m4 = 2 keV
with a mixing of U2

e4 = 0.5. b) A magnification of (a) in the region of the kink.

|U2
e4|. With the analysis of the electron capture spectrum of 163Ho it is possible to investigate

the existence of sterile neutrinos only for m4 smaller than the QEC value of the decay of about
2.5 keV. Figure 49 shows the comparison between the expected calorimetrically measured
163Ho spectrum calculated using Equation 8.8 in the case of no sterile neutrino (black dashed
line) and in the case of a heavy neutrino mass m4 = 2 keV with an unrealistic mixing of
U2
e4 = 0.5. The two spectra have been normalized to both have an integral equal to 1. The

magnification in Figure 49 shows, in more details, the region of the kink.

8.3.1 The Electron Capture in 163Ho experiment ECHo (Authors: L. Gastaldo,
T. Lasserre, A. Faessler)

The Electron Capture in 163Ho Experiment, ECHo, has been designed to investigate the
electron neutrino mass in the energy range below 1 eV by a high precision and high statistics
calorimetric measurement of the 163Ho electron capture spectrum [923].
Presently the detectors that can detect with the highest precision energy input below 3 keV,
as is needed for the calorimetric measurement of the 163Ho, are low temperature micro-
calorimeters [938]. They are energy dispersive detectors typically operated at temperatures
below 50mK. These detectors can be classified on the basis of the temperature sensor.
Within the ECHo experiment, low temperature metallic magnetic calorimeters (MMCs) will
be used [939]. The spectral resolving power of a state of the art MMCs for soft X-rays is above
3000. For completely micro-structured detectors, an energy resolution of �EFWHM = 1.6 eV
at 6 keV has been achieved [940]. Sub-eV energy resolution is expected to be reached in fu-
ture design with SQUID readout integrated on the detector chip. Such an energy resolution
will allow to have a precise characterization of the endpoint region of the spectrum with a
minimal spread of the events. The typical signal rise-time is ⌧r = 90 ns [941]. Among the dif-
ferent temperature sensors presently used to read-out the temperature of micro-calorimeters,
MMCs show the fastest risetime. This feature is extremely important to reduce a source of
background which is intrinsic to the calorimetric measurements: un-resolved pile-up events.
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Upper bounds on mass and mixing angle 
from the X-rays (non-)observations

 Exp.: XMM-Newton, Chandra, Suzaku, Swift, 
INTEGRAL, HEAO-1, Fermi/GBM
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.

panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos ⌫a and photon with energy E = ms/2, with the width [321–323, 359, 563–565]
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magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
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Observable:   flux of photons

                                  where

In absence of new physics: 

If new physics mediates the same decay and interferes disruptively:

                                            decay rate                   and flux            reduced by

F =
�⌫s!⌫�

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦))
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.

W±

�

�e

e⌥

N Ue

Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.

panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos ⌫a and photon with energy E = ms/2, with the width [321–323, 359, 563–565]
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Particular realization: 

Adding a heavy scalar       and introducing 3 new parameters 

           partial or complete cancellation if the following condition is satisfied

.

�,�0,m⌃ .
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><

>:

� . 10�7

or

TRH < m⌃ ⇠ 1 TeV

.
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4

where g and mW are weak coupling and W boson mass, respectively, Uei is the element in the first
row of the leptonic mixing matrix and throughout the calculation we have consistently ignored
sub-eV active neutrino masses.

To demonstrate that �R in eq. (4) can be greatly reduced, we introduce a scalar doublet ⌃ =
(�0

,�
�) ⇠ (1, 2,�1). The relevant part of the Lagrangian involving this state and ⌫s reads

L � � ⌫̄s⌃
†
Le + �

0
ēR⌃̃

†
Le + h.c. , (5)

where with Le we denote lepton doublet of the first generation2. With these two Yukawa interac-
tions one can construct Feynman diagram given in the right panel of fig. 1, where sterile neutrino
decays via exchange of charged particle from ⌃ doublet. Such interaction was already studied in
the context of sterile neutrinos and the 3.5 keV line in [31]. By following again [29], we find

i�R =
��

0

16⇡2m
2

⌃

me


Log

✓
m

2
e

m
2

⌃

◆
+ 1

�
U

⇤
ei , i�L = 0 , (6)

where me is the electron mass which appears in the amplitude due to the chirality flip (see again
right diagram in fig. 1) that is necessary to preserve gauge invariance. Note that due to the
Majorana nature of initial and final state fermions, one needs to include the complex conjugated
process to the amplitude and this yields non-zero �L. Still, already by using eq. (4) and eq. (6)
one can for instance obtain the condition for the complete cancellation between the amplitudes of
two considered diagrams

sin ✓ =

✓
�4��0

3g2

◆
me

ms

m
2

W

m
2

⌃


Log

✓
m

2
e

m
2

⌃

◆
+ 1

�
. (7)

Taking m⌃ ⇠ 1 TeV and sin ✓ ⇠ 10�4, which is in the ballpark of KATRIN sensitivity, eq. (7)
yields ��0

' 10�6 for ms ⇠ 1 keV.
Let us estimate the size of the coupling � required to avoid the thermalization of ⌫s with the

SM bath. If ⌫s thermalized, its abundance would enhance the measured value by 1 � 2 orders of
magnitude [30, 32]. The first term in eq. (5) facilitates (inverse) decays �±

$ e
±+⌫s. The rate for

this process should be smaller than the Hubble rate at T & m⌃ and this yields � . 10�7. Clearly,
setting the coupling to such values does not allow su�cient relaxation of the ⌫s decay rate as it
would force the coupling �

0 to very large, practically unperturbative values. This suggests that
eq. (7) can be satisfied only with sub-TeV reheating temperature, scenario in which these processes
would be absent due to lack of energy to produce �± after inflation. We should note that sub-TeV
reheating is also consistent with our central assumption that the production mechanism for sterile
neutrinos stems from active to sterile neutrino oscillations at T . 100 MeV.

Finally, while eq. (7) is the condition for the full cancellation (which corresponds to the complete
absence of the X-ray signal), we will only require reduction of the decay rate which makes parame-
ter space accessible by KATRIN consistent with X-ray data. While this still requires a certain fine
tuning of the parameters involved, it is a viable possibility. We would also like to emphasize that
⌃ doublet introduced in this section is not the only option for generating additional diagrams for
⌫s ! ⌫i�, but only one model that we employed in order to demonstrate the e↵ect. Several other
scenarios that can be used are discussed in Ref. [31] (see also [33]).

(iii) Hidden sector decays

2 For simplicity we assume ⌃ interacts only with the leptons of the first generation.

[CB, V. Brdar, M. Lindner, W. Rodejohann, Phys.Rev.D 100 (2019), 115035]
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Figure 17. Best fit model for the data sets used in the analysis (SDSS+HIRES+MIKE) shown as
green curves. We also show a WDM model that has the best fit values of the green model except for
the WDM (thermal relic) mass of 2 keV (red dashed curves). These data span about two orders of
magnitude in scale and the period 1.1-3.1 Gyrs after the Big Bang. From this plot is is apparent how
the WDM model does not fit the data at small scales and high redshift.
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Figure 18. Decay channels of the sterile neutrino N with the mass below twice the electron mass.
Left panel: dominant decay channel to three (anti)neutrinos. Right panel shows radiative decay
channel that allows to look for the signal of sterile neutrino DM in the spectra of DM dominated
objects.

panel). The decay width of this process is about 128 times smaller that the main into active
neutrinos ⌫a and photon with energy E = ms/2, with the width [321–323, 359, 563–565]

�N!�⌫a =
9↵G2

F

256 · 4⇡4
sin2 2✓m5

s = 5.5⇥ 10�22✓2
h ms

1 keV

i5
s�1 . (4.13)
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one infers that at a given value of ms, the present constraint on sin2(2✓) is relaxed by a factor of�
⌦DMh

2
/⌦sh

2
�
, where ⌦sh

2 is the ⌫s abundance in the multi-component DM scenario.
We denote this case here as cocktail scenario. While the limit clearly fades away as the abun-

dance of ⌫s gets reduced, it is not of our interest to consider scenarios in which the abundance of
⌫s is greatly suppressed. Throughout this paper we will not show cases where the abundance of ⌫s
is less than 1% of the total DM abundance.

(ii) Reduced decay rate

From Eq. (2) it is clear that the reduction of the photon flux can also be obtained by diminishing
the decay rate �s. The general expression � /

R
dPhase |M|

2 decreases if the amplitude M is
supplemented by another term which destructively interferes with the former, in addition to the
expression corresponding to the left diagram in Fig. 1. Before showing one particular example how
this can be achieved within a minimal extension of the Standard Model (SM), let us demonstrate
how the relaxation of the limit scales in this case. To this end, we denote two amplitudes of interest
with M1 and M2, where the latter one is introduced to partially cancel the former. If M1+M2

= �M1, where � < 1, the total rate for the process decreases by a factor of ��2. For instance,
�
2 = 1/10 leads to an order of magnitude reduction of the decay rate. For a given value of ms, the

limit on sin2(2✓) gets relaxed by a factor of ��2.
Now, let us illustrate this e↵ect in the framework of a concrete minimal BSM realization5.

We adopt the “cookbook” from Ref. [44], where the author provides general formulae for 1-loop
processes in which a fermion decays into a lighter fermion and a photon. The amplitude for
⌫s(p1) ! ⌫i(p2)�(q) (i denotes an active neutrino in mass basis) is M = e✏

⇤
µ⇠

µ, where ✏ represents
the polarization of the outgoing photon and [44]

⇠
µ = ū⌫ii�

µ⌫
q⌫(�LPL + �RPR)u⌫s . (4)

Here, spinors are denoted with u, and PL(R) is left (right) projector. For the left diagram in Fig. 1
we reproduced the results from the literature [45]:

i�R =
3

64⇡2

g
2

m
2

WL

ms U
⇤
ei sin ✓ , (5)

Here g and mWL are the weak coupling constant and WL boson mass, respectively, Uei is an element
in the first row of the leptonic mixing matrix and throughout the calculation we have consistently
ignored sub-eV active neutrino masses.

To demonstrate that �R in Eq. (5) can be greatly reduced, we introduce a scalar doublet
⌃ = (�0

,�
�) ⇠ (1, 2,�1). The relevant part of the Lagrangian involving this state and ⌫s reads

L � � ⌫̄s⌃
†
Le + �

0
ēR⌃̃

†
Le + h.c. , (6)

where with Le we denote the lepton doublet of the first generation6. With these two Yukawa
interactions one can construct the Feynman diagram given in the right panel of Fig. 1, where the
sterile neutrino decays via exchange of a charged particle from the ⌃ doublet. Such interaction
was already studied in the context of sterile neutrinos and the 3.5 keV line in [46]. By following
again [44], we find

i�R =
��

0

16⇡2m
2

⌃

me


Log

✓
m

2
e

m
2

⌃

◆
+ 1

�
U

⇤
ei , (7)

5 Recently, relaxation of X-ray limits was investigated in a supersymmetric framework [43]. The authors found mild
e↵ects, due to diagrams involving heavy supersymmetric particles and aditional mixing angle suppression.

6 For simplicity we assume ⌃ interacts only with leptons of the first generation.
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Observable:   flux of photons

                    where            is the entire dark matter energy density in the universe

If DM is a "cocktail" of different species of DM candidates:

                                                     corresponds to larger                         for the same flux 

Secondary advantage:     multicomponent dark matter leaves in principle more freedom            .                                 
.                                   also from other constraints coming for example from structure          .                             
.                                   formation.

F =
�⌫s!⌫�

4⇡ms

Z
dl d⌦ ⇢DM(l,⌦))
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Sterile neutrino parameter space : 100% DM constituted by sterile neutrinos 
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FIG. 2. Pseudoscalar mediator case. The oblique straight lines are constituted by the points corresponding to the values of
ms and sin2(2✓) for which the condition ⌦sh

2 = ⌦DMh2 = 0.12 (left panel) and ⌦sh
2 = 0.1 ⇥ ⌦DMh2 = 0.012 (right panel) is

satisfied, for different strengths of NSSI parameterized by ✏P . The black line corresponds to the case of standard Dodelson-
Widrow production, i.e. ✏P = 0, while different shades of red, green and blue correspond to increasing values of ✏P in the range
[0.1, 100]. The regions in which upcoming experiments will be sensitive are enclosed by beige (HUNTER), black and gray
(TRISTAN) and blue (ECHo) lines. The purple line represents the current constraint from X-ray observations. Three values
of mediator mass were chosen, m� = 10, 50, 100 GeV for the upper, middle and lower panel. Four benchmark points BP1-4 are
also given, see main text. The scalar mediator case looks identical.
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Sterile neutrino parameter space : 10% DM constituted by sterile neutrinos 
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• X-ray bound : 
   disfavors large values of     and

   
• Limit from DM abundance : 

rules out large values of 

• Limits from structure formation :
disfavor small values of

.
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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 BSM involving neutrinos and other fermions. 

Effective description valid for heavy mediators                                                                           

                                             

                                    

Why are NSI interesting?

• we expect new physics to come from the neutrino sector

• some models describing neutrino mass generation naturally include NSI

• initially considered possible solution to the solar and atmospheric neutrino anomalies

• NSI can affect determination of neutrino parameters in the standard picture
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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
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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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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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NEUTRINO NON-STANDARD INTERACTIONS  -  WHY NOT ?  

48Cristina Benso

• Neutrino oscillation and scattering experiments give rather tight constraints on neutrino NSI with matter fields 
(e, u, d).

See

However, such small couplings may anyway be relevant in modifying sterile neutrino dark matter  production.

• Neutrino non-standard interactions with quarks and leptons of the 2nd and 3rd generation are much less 
constrained.

 However, only muons and strange quarks are still relativistic in the plasma at the time of maximal production of   
. sterile neutrinos.  For the other non-relativistic particles the number density is suppressed like

[P. Coloma et al., JHEP 02 (2020) 023, JHEP 12 (2020) 071 (addendum), 1911.09109]
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