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Outline

• νSI constraints in the active sector 

• νSI constraints in the sterile sector 

• Dark Matter connection

The term “secret neutrino interactions” (νSI) indicates new physics that couples ν to ν  

Several models have been studied (vector, scalar, pseudo-scalar boson) for  a large range of 
the new mediator mass.

Concise overview on:
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Constraints from laboratory
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V

FIG. 2. Feynman diagram for Z-boson decay to neutrinos
where a V is radiated from the final state antineutrino.
We also take into account another diagram where the V is
radiated from the final state neutrino.

The amplitude for this process can be written as

MZ =
g⌫g

2 cos ✓
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⇤
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u(p⌫)

"
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#
PLv(p⌫) ,

where pi denotes the four-momentum of particle i, PL =
(1 � �5)/2, the coupling of the Z to the neutrino is
g, and ✓W is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.

The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., �gµ⌫ + (kµ k⌫)/m2

V .
The double-di↵erential decay rate [104] in terms of
the Dalitz variables m2

12

= (p⌫ + p⌫)2 and m2

23

=
(p⌫ + pV )2 is then given by d�(Z ! ⌫⌫V ) =
|MZ |2 dm2

23

dm2

12

/(256⇡3m3

Z). We integrate this over
the allowed ranges ofm2

23

andm2

12

, as given in Eq. (40.22)
of Ref. [104], to obtain the 3-body decay rate.

Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
g⌫ coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling g⌫ , we demand
that �(Z ! ⌫⌫V )  1.28 ⇥ 0.0023GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ⇠
1.4. The constraint is approximately given as g⌫ . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.

Note that there is only a weak logarithmic dependence

on mV – the longitudinal polarization modes of the
V , which lead to 1/m2

V terms, are identically cancelled
between the two diagrams for massless neutrinos. This is
because of Ward identities for the current ⌫�µPL⌫, which
is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark

matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction g⌫⌫ /V ⌫. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of g⌫ than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-

V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ⇠ 0.1% and nonperturbative or
unitarity e↵ects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be su�ciently
heavy to not a↵ect the process.
The constraints derived here do not apply if the

vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying e↵ective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.

B. W decay

Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson

W� ! `� ⌫` (branching ratio averaged over all three
flavors ⇠ 10%), which is closely related to the Z decay
discussed above. The main di↵erence here is that a V -
boson can also be radiated from the charged lepton, in

The 3- body decay of the Z  increases 

the total decay width of the Z 
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particle with small mass). Let us notice that from ex- 
isting data rather low upper bounds on the neut rmo-  
majoron coupling constants g# can be obtained. For 
example, from the experimental bounds obtained in 
searches for heavy neumnos and neutral particles m 
K~I+. . .  it follows [ 10] g~e < 1.8× 10 -4, gZuu < 2 . 4×  
10 -4. This means that majoron bremsstrahlung from 
neutrinos can g~ve only a small contributton to the 
invisible Z-width. Nonsinglet majoron models [8,9] 
could give a large contribution to the invisible width 
because the Z-boson can decay directly to scalars. 
However, models of th~s type have been already ex- 
cluded (in the case of  the triplet majoron [8] thts 
contribution is eqmvalent to the existence of two ad- 
ditional generations and in the case of  the doublet 
majoron [9] a contribution, eqmvalent to half the 
contribution of an additional neutrino generation, 
arises). 

Our approach ~s a purely phenomenological one. 
Clearly, the interaction (13) could arise m models 
w~th a heavy neutral vector boson with mass M 
(M 2 >> mZz ) that interacts with neutrinos. 

In the calculation of the width of the decay 

Z--* vt+Ot+ vr +Vr , (14)  

it is necessary to distinguish the case of two different 
neutrino paws (l' # l) and the case of identical pairs 
(l' =/ ) .  It is clear that in the tree approximation the 
additional v-O pair can be emitted both from the 
neutrino hne (diagram fig. 1 a) and from the antineu- 
trino line (dmgram fig. Ib).  From the diagrams of 
figs. la and lb we have the following matrix element: 

T~o( vt(p, ), #AP2); v~ (P3), O~ (p,)) 

- g at2F 2 cos 0w 

1 ,~) 

X PL V(p2 )] I a(P3 ) O~' v(P4 ) l } ,  (15) 

where ¢'~(q) is the polarization vector of  the Z-bo- 
son. In obtaining the expression ( 15 ) we assumed that 
the lagrangmn of neutrino interactions w~th Z-bo- 
sons has the standard form 

V 

z 

(a) 
v 

? \ ;  
(b) 

F~g. 1. Diagrams contnbutmg to the process Z--,  v~vo  

g___L__ ~. #n.'/'uteZ¢,. (16) 
= -- 2 COS 0w l=e.u,~ 

In the case of the decay of the Z-boson into two 
d~fferent neutrino pairs there are four diagrams and 
the matrix element of the decay is equal to 

Tl~ t = Tab( vt(p, ), #l(P2 ); Vc (P3), #r (P4)) 

+T, ,o(ur(p3) ,Or(P4);v t (Pt ) ,Ot(P2)) .  (17) 

In the case of  two ~denttcal pairs there are eight dia- 
grams and for the matrix element of the decay we have 

Tt=r = Tab( vt(Pt ), Ol(P2), ut(P3), at(P4) ) 

- - ( p l ~ p 3 ) - - ( p 2 ~ p , , ) + ( p l ~ p 3 ; p 2 * - * p 4 ) .  (18) 

We will not give the details of  a rather tedious cal- 
culation of the total probability of the decay (14). 
Let us notice only that the calculation ~s strongly sim- 
plified when the relations 

(...y~'TP7#PL, ... ) (...7,~ 7°Y#PL.R ... ) 

= 4gP~(...YaPL.R--. ) (...YaPL.R-..) , 

( . . . y a T P y a P L ,  R ... ) ( . . .Ye, Y ° Y B P R . L  ... ) 

= 4 (...y"PL.R...) ('"YaPR,L"') ( 19 ) 

and 
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The decays remain consistent with existing measurements 
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A light boson V coupling to 𝜈  can be constrained by:
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By using SN1987A as a "source" of neutrinos with energy —10 MeV we place limits on the
couplings of neutrinos with cosmic background particles. Specifically, we find that the
Majoron —electron-neutrino coupling must be less than about 10; if neutrinos couple to a mass-
less vector particle, its dimensionless coupling must be less than about 10;and if neutrinos cou-
ple with strength g to a massive boson of mass M, then g/M must be less than 12 MeV

I. INTRODUCTION

Supernova 1987A in the Large Magellanic Cloud' pro-
duced a pulse of neutrinos which was detected by under-
ground neutrino detectors. ' The great distance to the
supernova, D =55+15 kpc, and the concommitant long
travel time, affords a unique opportunity to place limits
on the properties of neutrinos, limits that in some in-
stances cannot be matched by terrestrial experiments.
Limits on neutrino mass, lifetime, and mixing angles
have been set using the information obtained from
SN1987A. In this paper we consider the limits which
can be placed on "secret" interactions of neutrinos with
cosmic background particles (CBP's). By secret interac-
tions, we mean interactions not shared by charged parti-
cles, i.e., interactions beyond those in the
SU(3) XSU(2) XU(1) model.
Although the interactions of neutrinos with "matter"

(electrons, protons, neutrons, nuclei, etc. ) are weak, it is
possible that neutrinos have "stronger than weak" in-
teractions with other unknown particles (e.g. , Major-
ons ' ), or with themselves. ' If a particle is stable and
weakly interacting, it should be present today as a CBP.
The detection of neutrinos from SN1987A requires that
the mean free path of neutrinos through the CBP's is
comparable to or greater than the distance to the super-
nova. This results in limits to the cross sections of neu-
trinos with themselves and with other particles

(tT & 10 cm ).
The neutrino events detected in the Kamiokande II

and Irvine-Michigan-Brookhaven (IMB) underground
detectors are in qualitative agreement with the predicted
neutrino flux from a type-II supernova. The data can
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v,p ~e+n, with an incident v, flux of the order of 10'
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to the interactions of v, 's.

II. NEUTRINO MEAN FREE PATH

To start, let us assume that v, 's with energy
F. =(

~ p ~
+m )' &&m are emitted from the super-

nova and scatter off a background of particles (denoted
as X) whose phase-space density is fx(p). The
Boltzmann equation for the evolution of the neutrino
phase-space density f (p) including the effects of
v(p)X(p„) ~v(p')X(p») scattering is
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Constraints from astro-sources
Long list of publication, especially in  
connection to Majoron models… 
… a limited selection:

Kolb and Turner 1987

Fuller, Mayle, Wilson (1988)

Yasaman Farzan, 2003…

Kachelrieß, Tomas, Walle 2003

Effects on SN by secret interactions: 
• absorption:   can suppress the spectrum of the observed neutrino flux from a supernova explosion. 
• Energy loss: reduces the duration of the 𝜈 burst 
• Deleptonization: reduced lepton number of SN core due to Majoron emission

Choi and Santamaria, 1990
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SN

IceCube IceCube neutrinos have a much longer baseline through the CνB and much higher energies 

Ninetta Saviano



Constraints from Cosmology
sensitive to the radiation density of the Universe, parametrised by Neff and to 
the spectrum of 𝜈e (especially in the contest of 𝜈 flavour evolution). 
Both effects can  alter the n/p ratio.

If at the BBN time new particles exist, (i.e new mediators, 
majorons…), if sufficiently light, they could contribute  to 
Neff, increasing the primordial abundance of light elements.

BBN does not prefer a Neff >3  (ΔNeff < 1 )

BBN

CMB

Figure 1: BBN abundance predictions as a function of the baryon-to-photon ratio η, for
Nν,eff = 2 to 7. The bands show the 1σ error bars. Note that for the isotopes other than
Li, the error bands are comparable in width to the thickness of the abundance curve shown.
All bands are centered on Nν,eff = 3.

2 Formalism and Strategy

As is well known, BBN is sensitive to physics at the epoch t ∼ 1 sec, T ∼ 1 MeV. For

a given η, the light element abundances are sensitive to the cosmic expansion rate H at

this epoch, which is given by the Friedmann equation H2 = 8πGρrel ∼ g∗T 4/m2
pl, and is

sensitive (through g∗) to the number of relativistic degrees of freedom in equilibrium. Thus

the observed primordial abundances measure the number of relativistic species at the epoch

of BBN, usually expressed in terms of the effective or equivalent number of neutrino species

Nν,eff [8]. By standard BBN we mean that η is homogeneous and the number of massless

species of neutrinos, Nν,eff = 3. In this case, BBN has only one free parameter, η. We will

for now, however, relax the assumption of exactly three light neutrino species. In this case,

BBN becomes a two-parameter theory, with light element abundance predictions a function

of η and Nν,eff .

In Figure 1, we plot the primordial abundances as a function of η for a range of Nν,eff

from 2 to 7. We see the usual offset in 4He, but also note the shifts in the other elements,

particularly D, and also Li over some ranges in η. Because of these variations, one is not
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Collisional processes induced by the new interaction would affect the evolution of 
perturbations in the cosmological neutrino fluid. 

Consequent observational signatures on the  CMB spectrum

Ninetta Saviano



𝜈SI in the active sector



Lab constraints for Vector Boson
 Light vector gauge boson V, with mass  O MeV and couples only to  SM neutrinos (and charged 
leptons through their V-A current): 

2

to electroweak bosons can drastically modify the cross
section. These considerations allow us to set stringent
bounds on extra neutrino interactions. Although the
V may also couple to dark matter, that coupling is not
strictly relevant here.

We assume equal coupling of the V boson to the
charged and neutral leptons, as would be dictated by
unbroken SU(2)L gauge invariance. Phenomenologically
it is also interesting to consider the case where the
coupling to charged leptons is negligible, e.g., Ref. [8],
but we are not aware of a detailed implementation that is
consistent with electroweak precision tests. Nonetheless,
we shall show that some of our results do not explicitly
require a nonzero coupling to a charged lepton and
therefore can be used to constrain even the purely
neutrinophilic models.

Although our study of extra neutrino interactions is
general, our conclusions apply in particular to scenarios
where dark matter also couples to the new boson. A
particular variant of these neutrinophilic dark matter
models may solve all the small-scale structure problems
in the ⇤CDM cosmology [8]. Precision measurements of
the cosmic microwave background provide overwhelming
evidence for dark matter (DM) being the dominant form
of matter in the Universe [43–45]. These and other
measurements at large distance scales are in remarkable
agreement with the predictions of the Lambda Cold Dark
Matter (⇤CDM) model [46–48]. However, at the scales of
galaxy clusters, galaxies, and yet smaller objects, ⇤CDM
predictions do not match the observations [49].

There are three important and enduring problems at
small scales. First, “core vs. cusp” – flat cores are
observed in the density profiles of dwarf galaxies, whereas
numerical simulations predict sharp cusps [50–57].
Second, “too big to fail” – the most massive subhalos
found in numerical simulations are denser than the
visible subhalos of the Milky Way [58, 59]. Third,
“missing satellites” – fewer satellite galaxies are observed
than predicted in numerical simulations [60–68].

It has proven di�cult to provide a solution – whether
by using baryonic physics [69–77] or new particle
physics [78–96] – to all three of these small-scale
problems simultaneously while remaining consistent with
the large-scale observations of ⇤CDM. Neutrinophilic
dark matter may address this vexing issue. Given the
importance of the tension between the ⇤CDM model
and observations on small scales, it is urgent to test this
possible resolution [8]. However, this is quite challenging
because the only other particles whose phenomenology is
a↵ected are the hard to detect neutrinos (in the model
of Ref. [8], Standard Model neutrinos; the extension to
sterile neutrinos [8] is discussed below). We illustrate the
importance of our constraints by comparing them to the
requirements of this scenario.

In the context of neutrinophilic dark matter, an
obvious way to constrain extra neutrino interactions is
to search for neutrinos from dark matter annihilation.
For example, dark matter that couples to V and
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FIG. 1. Constraints on hidden neutrino interactions. If
V couples only to neutral active leptons, then only our
constraint from Z decay applies. If V couples equally
also to charged leptons, all of our constraints apply. The
hatched region shows the parameter space of mediator mass
and coupling that solves the missing satellites problem of
⇤CDM [8]. These constraints are valid for ⇤UV ⇠ 500 GeV.
See text for details.

annihilates primarily to neutrinos that may be detected
at neutrino telescopes. However, current and projected
sensitivities [97–101] are not strong enough [8]. Stellar
and supernova cooling arguments can be invoked to
constrain light vector bosons [102]. Neutrinoless double
beta decay may also constrain such a scenario [103].

Our results are shown in Fig. 1. In the following, we
present these in order of increasingly tight limits, and
then conclude.

II. CONSTRAINTS FROM DECAYS

A. Z decay

A light vector boson V that couples to neutrinos may
be constrained by the invisible decay width of the Z-
boson. In the invisible decay Z ! ⌫⌫ (branching ratio
⇠20%), a V -boson can be emitted from the final state
neutrino if a g⌫⌫ /V ⌫ coupling is allowed and if the mass
of the V -boson is less than the Z-boson mass. The 3-
body decay of the Z-boson (shown in Fig. 2) increases
the total decay width of the Z. The total decay width of
the Z-boson, as measured in the laboratory, is (2.4952±
0.0023)GeV, in good agreement with the theoretically
calculated value of (2.4949 +0.0021

�0.0074)GeV [104, 105].
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Z

�

�

V

FIG. 2. Feynman diagram for Z-boson decay to neutrinos
where a V is radiated from the final state antineutrino.
We also take into account another diagram where the V is
radiated from the final state neutrino.

The amplitude for this process can be written as

MZ =
g⌫g

2 cos ✓
W

✏µ(pV )✏
⇤
↵(pZ) ⇥ (1)

u(p⌫)

"
� �↵

(/p⌫ + /pV )

(p⌫ + pV )2
�µ + �µ /p⌫ + /pV

(p⌫ + pV )2
�↵

#
PLv(p⌫) ,

where pi denotes the four-momentum of particle i, PL =
(1 � �5)/2, the coupling of the Z to the neutrino is
g, and ✓W is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.

The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., �gµ⌫ + (kµ k⌫)/m2

V .
The double-di↵erential decay rate [104] in terms of
the Dalitz variables m2

12

= (p⌫ + p⌫)2 and m2

23

=
(p⌫ + pV )2 is then given by d�(Z ! ⌫⌫V ) =
|MZ |2 dm2

23

dm2

12

/(256⇡3m3

Z). We integrate this over
the allowed ranges ofm2

23

andm2

12

, as given in Eq. (40.22)
of Ref. [104], to obtain the 3-body decay rate.

Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
g⌫ coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling g⌫ , we demand
that �(Z ! ⌫⌫V )  1.28 ⇥ 0.0023GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ⇠
1.4. The constraint is approximately given as g⌫ . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.

Note that there is only a weak logarithmic dependence

on mV – the longitudinal polarization modes of the
V , which lead to 1/m2

V terms, are identically cancelled
between the two diagrams for massless neutrinos. This is
because of Ward identities for the current ⌫�µPL⌫, which
is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark

matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction g⌫⌫ /V ⌫. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of g⌫ than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-

V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ⇠ 0.1% and nonperturbative or
unitarity e↵ects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be su�ciently
heavy to not a↵ect the process.
The constraints derived here do not apply if the

vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying e↵ective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.

B. W decay

Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson

W� ! `� ⌫` (branching ratio averaged over all three
flavors ⇠ 10%), which is closely related to the Z decay
discussed above. The main di↵erence here is that a V -
boson can also be radiated from the charged lepton, in
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where pi denotes the four-momentum of particle i, PL =
(1 � �5)/2, the coupling of the Z to the neutrino is
g, and ✓W is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.

The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., �gµ⌫ + (kµ k⌫)/m2

V .
The double-di↵erential decay rate [104] in terms of
the Dalitz variables m2

12

= (p⌫ + p⌫)2 and m2

23

=
(p⌫ + pV )2 is then given by d�(Z ! ⌫⌫V ) =
|MZ |2 dm2

23

dm2

12

/(256⇡3m3

Z). We integrate this over
the allowed ranges ofm2

23

andm2

12

, as given in Eq. (40.22)
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Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
g⌫ coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling g⌫ , we demand
that �(Z ! ⌫⌫V )  1.28 ⇥ 0.0023GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ⇠
1.4. The constraint is approximately given as g⌫ . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.

Note that there is only a weak logarithmic dependence
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matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction g⌫⌫ /V ⌫. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of g⌫ than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-

V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ⇠ 0.1% and nonperturbative or
unitarity e↵ects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be su�ciently
heavy to not a↵ect the process.
The constraints derived here do not apply if the

vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying e↵ective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.

B. W decay

Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson

W� ! `� ⌫` (branching ratio averaged over all three
flavors ⇠ 10%), which is closely related to the Z decay
discussed above. The main di↵erence here is that a V -
boson can also be radiated from the charged lepton, in
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obtain the partial decay width �(K� ! µ� ⌫µ V ).
The measured constraint on the branching ratio
�(K�! µ� + inv.)/�(K�! µ� ⌫µ)  3.5 ⇥ 10�6 [114]
leads to the limit on g⌫ shown in Fig. 1. If the V boson
were to couple only to the neutrino, then the limit on g⌫
would naively be a factor of ⇠ 3 stronger than what is
presented here.

The constraints from W and kaon decays do not apply
directly to purely neutrinophilic models, e.g., Ref. [8],
because no gauge-invariant implementation of the basic
idea is available. An important issue that must be noted
is that the longitudinal mode of V couples to the anomaly
in the fermion current, and results in a contribution
proportional to the charged lepton mass-squared to the
decay rate. These lepton masses cannot be written down
using renormalizable gauge-invariant operators unless
one makes modifications to the Higgs sector or couples
the right-handed leptons to V . The lepton masses may
also be generated by nonrenormalizable operators, as in
Ref. [42], which would then provide a natural UV cuto↵
to the calculations. Since in this e↵ective model, the
minimum V -boson mass is mV & e g2⌫/(4⇡)

3⇤UV [42],
i.e., proportional to the UV cuto↵ of the theory, it is
not possible to take to take the limit of mV ! 0 in this
model.

III. CONSTRAINT FROM SCATTERING

A very strong constraint can be obtained by
considering neutrino-electron scattering at very low
neutrino energies, e.g., as in solar neutrino detection.
Numerous astrophysical and neutrino measurements
have confirmed the standard solar model fluxes, which we
take as an input to constrain any additional interactions
between neutrinos and electrons in the detector. The
present uncertainty in the solar neutrino flux modeling
(⇠ 10%) is much smaller than the possible e↵ects of
extra neutrino interaction, allowing us to ignore the
uncertainties in these fluxes. For definiteness, we use
the measurement of the 862 keV line of the 7Be neutrino
flux [115]. This choice of using a neutrino line (instead of
a continuum spectrum) circumvents the uncertainty due
to the shape of the neutrino spectrum.

Solar neutrinos, which are produced as ⌫e, change to ⌫µ
or ⌫⌧ with a probability of ⇠ 50% at these energies [115].
The presence of this new vector boson would alter
the charged current (CC) interaction between solar ⌫e
neutrinos and target electrons in the detector. It would
also alter the ⌫µ or ⌫⌧ interaction with electrons via the
weak neutral current (NC) interaction. For large values
of g⌫ , the cross section can be completely dominated by
the V -boson exchange. Since the Standard Model CC
interactions are greater than the Standard Model NC
interactions by a factor of ⇠ 4, we conservatively require
that the new interaction mediated by the V be smaller
than 10 times the NC interaction mediated by the Z-
boson.

TABLE I. Summary of constraints on new interactions of
neutrinos with light vector gauge bosons at mV = 1 MeV.

Process Interaction Constraint

Z ! ⌫⌫V g⌫⌫ /V ⌫ g⌫ . 3 ⇥ 10�2

W ! ⌧�⌫⌧V g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 2 ⇥ 10�3

K� ! µ�⌫µV g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 3 ⇥ 10�4

⌫e ! ⌫e g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 3 ⇥ 10�6

The presence of this V will also a↵ect the matter
potential as experienced by the neutrinos. However,
since the propagation of neutrinos is adiabatic at these
energies, and depends on the vacuum mixing angles
(which have been measured separately in the laboratory),
there will be minimal e↵ect of this change on the
neutrinos.
In the limit of small mV ⌧ mZ , the ratio of the cross

section mediated by V to the cross section mediated by
Z can be written as
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where E⌫ is the incident neutrino energy, E
th

(⇡ 270 keV)
is the threshold kinetic energy of the electron used in the
search [115], and � = E⌫ �E

th

. The above expression is
independent of the longitudinal degree of freedom of V .
Requiring �⌫µ e;V /�⌫µ e;Z  10, we get the very strong

constraint in the g⌫ � mV plane shown in Fig. 1. For
mV & 1 MeV, the vector boson can be treated as an
e↵ective operator and hence the constraint scales as
g⌫ / mV . At lower boson masses, the constraint is
primarily determined by the threshold of the search and
hence becomes independent of the boson mass. Although
we have shown the constraint specifically for ⌫µ, the
constraint could be generalized to all neutrino flavors.

IV. SUMMARY AND CONCLUSIONS

We derive strong new constraints on neutrino
interactions with an Abelian light vector boson, where
the mass is generated by Stuckelberg mechanism,
using its impact on electroweak decay and scattering
processes, as summarized in Table I. Our derived
constraint is orders of magnitude stronger than the
previous constraint on light vector boson interacting with
neutrinos, g⌫/mV . 12MeV�1 [37]. To the best of
our knowledge, these are the most stringent constraints

Summary of constraints on new interactions of neutrinos 
with light vector gauge bosons at mV = 1 MeV 
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were to couple only to the neutrino, then the limit on g⌫
would naively be a factor of ⇠ 3 stronger than what is
presented here.

The constraints from W and kaon decays do not apply
directly to purely neutrinophilic models, e.g., Ref. [8],
because no gauge-invariant implementation of the basic
idea is available. An important issue that must be noted
is that the longitudinal mode of V couples to the anomaly
in the fermion current, and results in a contribution
proportional to the charged lepton mass-squared to the
decay rate. These lepton masses cannot be written down
using renormalizable gauge-invariant operators unless
one makes modifications to the Higgs sector or couples
the right-handed leptons to V . The lepton masses may
also be generated by nonrenormalizable operators, as in
Ref. [42], which would then provide a natural UV cuto↵
to the calculations. Since in this e↵ective model, the
minimum V -boson mass is mV & e g2⌫/(4⇡)

3⇤UV [42],
i.e., proportional to the UV cuto↵ of the theory, it is
not possible to take to take the limit of mV ! 0 in this
model.

III. CONSTRAINT FROM SCATTERING

A very strong constraint can be obtained by
considering neutrino-electron scattering at very low
neutrino energies, e.g., as in solar neutrino detection.
Numerous astrophysical and neutrino measurements
have confirmed the standard solar model fluxes, which we
take as an input to constrain any additional interactions
between neutrinos and electrons in the detector. The
present uncertainty in the solar neutrino flux modeling
(⇠ 10%) is much smaller than the possible e↵ects of
extra neutrino interaction, allowing us to ignore the
uncertainties in these fluxes. For definiteness, we use
the measurement of the 862 keV line of the 7Be neutrino
flux [115]. This choice of using a neutrino line (instead of
a continuum spectrum) circumvents the uncertainty due
to the shape of the neutrino spectrum.

Solar neutrinos, which are produced as ⌫e, change to ⌫µ
or ⌫⌧ with a probability of ⇠ 50% at these energies [115].
The presence of this new vector boson would alter
the charged current (CC) interaction between solar ⌫e
neutrinos and target electrons in the detector. It would
also alter the ⌫µ or ⌫⌧ interaction with electrons via the
weak neutral current (NC) interaction. For large values
of g⌫ , the cross section can be completely dominated by
the V -boson exchange. Since the Standard Model CC
interactions are greater than the Standard Model NC
interactions by a factor of ⇠ 4, we conservatively require
that the new interaction mediated by the V be smaller
than 10 times the NC interaction mediated by the Z-
boson.

TABLE I. Summary of constraints on new interactions of
neutrinos with light vector gauge bosons at mV = 1 MeV.

Process Interaction Constraint

Z ! ⌫⌫V g⌫⌫ /V ⌫ g⌫ . 3 ⇥ 10�2

W ! ⌧�⌫⌧V g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 2 ⇥ 10�3

K� ! µ�⌫µV g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 3 ⇥ 10�4

⌫e ! ⌫e g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 3 ⇥ 10�6

The presence of this V will also a↵ect the matter
potential as experienced by the neutrinos. However,
since the propagation of neutrinos is adiabatic at these
energies, and depends on the vacuum mixing angles
(which have been measured separately in the laboratory),
there will be minimal e↵ect of this change on the
neutrinos.
In the limit of small mV ⌧ mZ , the ratio of the cross

section mediated by V to the cross section mediated by
Z can be written as

�⌫µe;V

�⌫µe;Z
⇡
 
g4⌫

me �

(m2

V + 2meEth

)(m2

V + 2meE⌫)

!

 
2G2

F me E⌫(g
⌫
L)

2

!�1

 
(geL)

2

�

E⌫
+ (geR)

2

�(�2 + 3m2

e � 3me�)

3E3

⌫

!�1

(2)

where E⌫ is the incident neutrino energy, E
th

(⇡ 270 keV)
is the threshold kinetic energy of the electron used in the
search [115], and � = E⌫ �E

th

. The above expression is
independent of the longitudinal degree of freedom of V .
Requiring �⌫µ e;V /�⌫µ e;Z  10, we get the very strong

constraint in the g⌫ � mV plane shown in Fig. 1. For
mV & 1 MeV, the vector boson can be treated as an
e↵ective operator and hence the constraint scales as
g⌫ / mV . At lower boson masses, the constraint is
primarily determined by the threshold of the search and
hence becomes independent of the boson mass. Although
we have shown the constraint specifically for ⌫µ, the
constraint could be generalized to all neutrino flavors.

IV. SUMMARY AND CONCLUSIONS

We derive strong new constraints on neutrino
interactions with an Abelian light vector boson, where
the mass is generated by Stuckelberg mechanism,
using its impact on electroweak decay and scattering
processes, as summarized in Table I. Our derived
constraint is orders of magnitude stronger than the
previous constraint on light vector boson interacting with
neutrinos, g⌫/mV . 12MeV�1 [37]. To the best of
our knowledge, these are the most stringent constraints
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Comment on “Is Dark Matter with Long-Range Interactions a Solution to
All Small-Scale Problems of ΛCDM Cosmology?”

Björn Ahlgren,∗ Tommy Ohlsson,† and Shun Zhou‡

Department of Theoretical Physics, KTH Royal Institute of Technology, 106 91 Stockholm, Sweden

In a recent Letter [1], van den Aarssen et al. sug-
gested a general scenario for dark matter, where both
the dark-matter particle χ and ordinary neutrinos ν
interact with an MeV-mass vector boson V via L ⊃

gχχγ
µχVµ + gννγ

µνVµ with gχ and gν being the corre-
sponding coupling constants. Given a vector-boson mass
0.05 MeV ! mV ! 1 MeV, one needs 10−5 ! gν ! 0.1
to solve all the small-scale structure problems in the sce-
nario of cold dark matter [1].

Recently, Laha et al. [2] found that the ν-V interaction
might lead to too large decay rates of K− → µ−+νµ+V
and W− → l−+ νl+V , indicating that the scenario pro-
posed in Ref. [1] is severely constrained. However, such
experimental bounds can be evaded if the longitudinal
polarization state of V is sterile or if V is coupled to
sterile neutrinos rather than ordinary ones [1, 2].

Now, we show that the constraints on gν and mV from
Big Bang Nucleosynthesis (BBN) are very restrictive. In
the early Universe, V can be thermalized via the inverse
decay ν + ν → V and pair annihilation ν + ν → V + V
and contribute to the energy density. If the inverse-decay
rate exceeds the expansion rate H around the tempera-
ture T = 1 MeV, we obtain gν > 1.5 × 10−10 MeV/mV

for mV ! 1 MeV. For mV ≪ 1 MeV, pair annihila-
tion is more efficient than inverse decay to thermalize V .
Requiring the annihilation rate Γpair ∝ g4νT > H , one
obtains gν > 3.4 × 10−5. For mV > 1 MeV, however,
even if V is in thermal equilibrium, its number density
will be suppressed by a Boltzmann factor. To derive the
BBN bound, we first solve the non-integrated Boltzmann
equation for the distribution function of V for given gν
and mV , where only the decay and inverse-decay pro-
cesses are included in the computations [3–7]. Then, we
calculate its energy density, and require the extra number
of neutrino species ∆Nν < 1 at T = 1 MeV [8]. Thus,
we can exclude a large region of the parameter space,
as shown in Fig. 1. The contribution from V in ther-
mal equilibrium reaches its maximum ∆Nν ≈ 1.71 in the
relativistic limit.

Note that we have assumed ∆Nν to be constant, but
for mV > 1 MeV it actually decreases during the BBN
era, so our constraint should be somehow relaxed in the
large-mass region. Since only the transverse polarizations
of V are involved in inverse decay in the limit of zero
neutrino masses, the BBN constraint does not depend
on whether the longitudinal polarization is thermalized
or not. If neutrinos are Dirac particles, the right-handed
neutrinos νR can be in thermal equilibrium as well. Both

V and νR contribute to the energy density, so one or
more species of νR is obviously ruled out. In addition, if
V is coupled to sterile neutrinos, which are supposed to
be thermalized, the BBN bound on gν and mV becomes
more stringent.

FIG. 1: Constraints on gν and mV from K decays (gray, solid
line), W decays (gray, dashed line), and BBN. The two former
are reproduced from Ref. [2], and the sample region in Fig. 3
of Ref. [1] is also presented (light gray). The hashed region
bounded by the thick solid curve is excluded by ∆Nν < 1
at 95% C.L. [8]. The excluded region will shrink for ∆Nν <
1.5 (see, e.g., Ref. [9]), and even further for the “maximally
conservative” limit ∆Nν ! 1.58 for mV > 0.05 MeV.

We are grateful to Torsten Bringmann for valuable
communication. Financial support from the Swedish Re-
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In the early Universe, V can be thermalized via 

•  the inverse decay   ν+ν→V 

•  pair annihilation    ν+ν→V+V 

and contribute to the energy density 

The constraints on gν and mV from  BBN are very restrictive.

Constraints on gν and mV from K decays (gray, solid line), W decays (gray, dashed line), and BBN.

The hashed region bounded by the thick solid curve is excluded by ∆Nν < 1 at 95% C.L. 
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1 Introduction

It is well known that astrophysics and cosmology are excellent laboratories for probing neu-
trino physics. Precision measurements of the CMB anisotropy by the WMAP and Planck
satellites as well as ground based experiments have, in combination with large scale structure
surveys, allowed for quite stringent constraints on parameters such as the neutrino mass and
energy density in the Universe (see e.g. [1]).

Given the precision with which standard neutrino parameters such as the mass can be
probed using measurements of cosmological structure formation it is of considerable interest
to study how well neutrino interactions beyond the standard model can be tested (see e.g.
[2]). Two of the most often discussed versions of non-standard interactions are: (a) A new
Fermi-like 4-point interaction mediated through a new vector boson, X, with an interaction
strength given by GX = g2/m2

X with g being the fundamental dimensionless coupling of the
interaction. (b) A pseudoscalar interaction mediated through the Nambu-Goldstone boson,
φ, of a new broken U(1) symmetry. The interaction strength in this case is simply given
by the dimensionless coupling g and we assume φ to be either exactly massless or at least
light enough to always be relativistic for the system we look at here. While these two types
of interactions by no means exhaust the possible model space they are actually surprisingly
representative for the following reason: The 4-point model has a cross section rising steeply
with energy and therefore Γ/H, where Γ = nν⟨σ|v|⟩ is the interaction rate, rises extremely
fast with temperature. Interactions typically maintain equilibrium only as long as Γ/H >∼ 1
so that neutrinos are strongly coupled at early times and subsequently decouple. Qualitative

– 1 –

Using  Planck data (combined with other data):  GX≤ 2.5 x 107 GF

Archidiacono &Hannestad 2014
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FIG. 1. Present constraints and future sensitivity to ⌫SI in terms of neutrino coupling, g, and mediator mass, M , with diagonal
dotted contours shown for values of the dimensionful coupling G. The blue shaded regions are excluded by astrophysical
and cosmological considerations based on SN 1987A [6], BBN [37], and the CMB [38, 39]. The pink dashed lines indicate
flavor-dependent limits based on laboratory measurements of meson and lepton decays [40]; we consider only the weakest limit,
for ⌫⌧ , to be robustly excluded for all flavors, and it is shaded. The red shaded region is excluded based on measurement of
Z-boson decay [9]. The gray shaded region indicates the non-perturbative regime. The orange lines are contours of unit optical
depth for di↵erent initial neutrino energies (Eq. 10), indicating the approximate boundary of the parameter space above which
IceCube is sensitive to ⌫SI. The squares represent the example parameters (given in Table I) used in our calculations.

be in thermal equilibrium, changing the number of rela-
tivistic degrees of freedom [37, 56], which can be tested
through Big Bang Nucleosynthesis (BBN). We show the
“maximally conservative” case from Ref. [37], which as-
sumed vector boson mediators. The BBN limits extend
down to g ⇠ 10�8. The presence of ⌫SI can also change
the free-streaming property of the C⌫B, which can leave
an imprint on the observed Cosmic Microwave Back-
ground (CMB). Strong constraints on ⌫SI have been set
in Refs. [38, 39]. In the mediator mass range we focus on,
the constraint was derived assuming a heavy mediator,
and is G . 100 GeV�2, which is much more stringent
than the SN 1987A limit. In Ref. [38, 39], the C⌫B is
constrained to be free-streaming untill redshift ⇠ 2⇥105,
where

p
s ⇠ 10�4 MeV. Therefore, the domain of appli-

cability of the CMB limit would end at a vertical bound-
ary (not shown) at M ⇠ 10�4 MeV.

Limits on ⌫SI can also be set by observations of labora-
tory processes. Even if the neutrinos are not detected di-
rectly, their presence can be inferred by precise measure-
ments of other particles. For example, in the presence of
⌫SI, a mediator can be produced by bremsstrahlung from
an external neutrino [33, 40, 72]; a massive mediator will
then decay into other particles [7–9]. In Majoron-type
models, the best laboratory constraints come from meson
and lepton decays, e.g., Refs. [40, 72], but they depend on
the particular flavor coupling, g↵� , where ↵,� = e, µ, ⌧ ,
and are valid only up to the mass of the meson or lep-

ton, e.g., kaons or tau leptons. The couplings involving
⌫⌧ are the least constrained, so we regard them as the
most robust. Accordingly, they are shaded in Fig. 1 to
indicate exclusion for all flavors.

An flavor-independent constraint can be obtained from
Z-boson decay. If a heavy mediator is assumed, the limit
is quite strong, G ⇠ GF , as shown in Refs. [7–9], though
the domain of applicability of that e↵ective theory calcu-
lation ends below the Z-boson mass. We emphasize that
though this is nominally a very strong limit, it does not
rule out all of the parameter space above the diagonal
line G ⇠ GF ⇠ 10�5 GeV�2. If the calculation is ex-
tended to allow a light mediator, following Ref. [33], the
result for the scalar mediator case (not shown) is compa-
rable to the g↵⌧ constraint in Fig. 1 for mediator masses
below the mass of Z-boson.

This combination of constraints shows a window
of parameter space in the MeV range where model-
independent astrophysical or cosmological constraints
could be improved. The IceCube sensitivity, shown ap-
proximately by the three orange lines in Fig. 1 and calcu-
lated in the next section, lies in this region. Because both
the astrophysical neutrino beam and the C⌫B targets are
expected to contain all flavors of neutrinos, the IceCube
sensitivity is complementary to the flavor-dependent lab-
oratory limits.

2

strong energy dependence, especially due to a resonance.
Our method generalizes earlier work, going beyond the

pure attenuation considered in KT87 and Refs. [31, 32]
as well as the simplified treatment of regeneration consid-
ered in Refs. [13, 14]. We improve upon these by using
the propagation equation to describe the interaction of
a neutrino beam with the C⌫B in the presence of strong
⌫SI. Besides attenuation, this properly takes into account
regeneration as well as multiple scattering of the parent
and daughter neutrinos, i.e., a cascade.

In Sec. II, we consider existing ⌫SI constraints. In
Sec. III, we discuss the e↵ects of ⌫SI on astrophysical neu-
trino spectra. We conclude in Sec. IV. Throughout, we
use cosmological parameters for which the matter density
fraction is ⌦M = 0.3, the cosmological constant density
fraction is ⌦

⇤

= 0.7, and the Hubble function is H(z) =
H

0

p
⌦

⇤

+ ⌦M (1 + z)3, where H
0

= 70 km s�1 Mpc�1.

II. SECRET NEUTRINO INTERACTIONS

We first review existing constraints on ⌫SI for a phe-
nomenological scalar interaction term, Lint ⇠ g�⌫̄⌫.
Fig. 1 shows the parameter space of neutrino coupling
g to a new mediator � with mass M . While these pa-
rameters vary depending on the specific model, type of
coupling, number of new mediators, etc., this figure gives
a broad comparison of di↵erent constraints. The accu-
racy is adequate, especially considering the many orders
of magnitude on the axes. We do not consider the vector
mediator case, since the laboratory constraints are much
stronger than for the scalar case [33, 34].

The range in mediator mass is chosen to span from the
KT87 constraint to those near the weak scale, focusing
on the mass range that has been of particular interest
in recent work, e.g., Refs. [23, 25, 26]. Coincidentally,
this is where the IceCube sensitivity is greatest, as we
show below. The range in coupling is chosen from the
boundary of the non-perturbative regime to where Ice-
Cube loses sensitivity. It would be possible to extend the
figure to smaller masses and couplings, showing interest-
ing features in some of the limits, but that would detract
from our focus, so we just describe those features in the
text.

There are three kinematic regimes in which constraints
can be derived, depending on how the mediator mass,
M , compares to the interaction energy in the center of
momentum frame,

p
s. These are where the mediator

mass is small (i.e., like a Majoron, where the mediator
mass is zero or negligible), comparable to the interaction
energy (i.e., where the energy dependence of the cross
section depends on the mediator mass, possibly through
a resonance), or large (i.e., an e↵ective theory where the
mediator mass has been integrated out). Constraints de-
rived assuming extremely small or large mediator masses
cannot be applied beyond their domains of applicability.

An e↵ective theory description is appropriate when
M & p

s and g . 1. Then these parameters can be

characterized in a combination analogous to the Fermi
constant for low-energy weak interactions, i.e., a dimen-
sionful coupling

G ⌘ 1p
4⇡

g2

M2

. (1)

Constraints on ⌫SI are sometimes quoted using just G.
This does not provide as much information as a region in
the g-M plane, because of the degeneracy in g/M and the
unspecified limits of applicability. In Fig. 1, we plot some
diagonal contours of constant G. The fact that the line
given by G ⇠ GF ⇠ 10�5 GeV�2 is not the same as the
single point (M ⇠ 100 GeV, g ⇠ 1) that defines the weak
interactions illustrates our caution about characterizing
⌫SI with only G.
One general framework for directly testing ⌫SI is to

use neutrinos from sources that travel a long distance
through the C⌫B. The only possibly relevant standard
model process is the Z-burst scenario [35, 36], where a
high energy neutrino interacts with the C⌫B through a Z-
boson resonance. However, the required neutrino energy
is extremely high, ⇠ 1014 GeV, and neutrinos of such
energy may not exist; the cross section at lower energies
is much smaller. Any significant neutrino self-interaction
observed at lower energies must be due to ⌫SI.
In terms of specific limits, neutrinos detected from SN

1987A were the first and, until recently, only direct de-
tection of neutrinos from astrophysical sources beyond
the Sun. Requiring that these neutrinos travel through
the C⌫B without scattering leads to a robust upper limit
on the cross section. Had the interaction strength been
larger, the neutrinos would have scattered to lower en-
ergy and fallen below the detector sensitivity [6]. The
limit from KT87 corresponds to G . 108 GeV�2. The
average supernova neutrino energy is ⇠ 10 MeV and that
of the C⌫B is ⇠ 10�1 eV (assuming small but degenerate
neutrino masses), making

p
s ⇠ 10�3 MeV, so the appli-

cability of this limit would end below a vertical boundary
at M ⇠ 10�3 MeV (not shown). For a massless neutrino,
this boundary would be at M ⇠ 10�4 MeV, because the
average neutrino energy is ⇠ 10�3 eV.
Another general framework for directly testing ⌫SI is

through their e↵ects on a gas with a high neutrino den-
sity. In the early universe [41–45] and in core-collapse
supernovae [46–55], the conditions are so extreme that
even standard model scale neutrino self-scattering and
their self-induced matter mixing potential are important.
In the early universe, ⌫SI could cause neutrinos to annihi-
late or decay into light particles, modifying the expansion
history [37, 56–59]; change the free-streaming property of
neutrinos during photon decoupling [10, 38, 39, 60, 61]; or
induce new mixing e↵ects [25, 62]. In supernovae, the
e↵ect of elastic scattering on neutrino escape time [63]
is irrelevant [64], but ⌫SI could cause a phase transi-
tion [65, 66], change the cooling process [18, 67–70], or
induce non-standard flavor mixing [71].
There are several specific limits. In the early uni-

verse, if the ⌫SI mediator is not too massive, it could

Scalar interaction term:  

Blue shaded regions are excluded by astrophysical and cosmological considerations based on SN 1987A [K&T], BBN 
[A,O,Z], and the CMB [A&H].  Pink dashed lines indicate flavor-dependent limits based on laboratory measurements of 
meson and lepton decays. Shaded pink: only the weakest limit for 𝜈𝜏. Red shaded region is excluded based on 
measurement of Z-boson decay [B&S]. Grey shaded region indicates the non-perturbative regime.  Orange lines are 
contours of unit optical depth for different initial neutrino energies, indicating the approximate boundary of the 
parameter space above which IceCube is sensitive to 𝛎SI.

Constraints for Scalar Boson
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FIG. 2. The e↵ects of ⌫SI on an emitted line spectrum at
1 PeV with SFR evolution, for di↵erent assumed resonance
energies, as labeled. The solid lines are for free-streaming
neutrinos, the dotted lines are for ⌫SI with regeneration of
two neutrinos (the beam and target), and the dashed lines
are for ⌫SI with no regeneration.

near 0.5PeV from emission near z = 1, and lower en-
ergies from emission at still-higher redshifts. As noted,
the rapid rise of the SFR between z = 0 and z = 1 [87, 88]
overcomes the suppression due to the Hubble expansion,
i.e., less volume per redshift interval, until near z = 1,
where the SFR begins to flatten and then fall.

With ⌫SI, interpreting the spectrum shape is more
complicated. Attenuation is energy-dependent, and re-
generation moves particles to lower energies while in-
creasing their numbers. We obtain the resultant spectra
by numerically solving the propagation equation, Eq. (8).
We show the e↵ects of attenuation alone as a compari-
son for the full calculation that includes regeneration.
For regeneration, the total energy carried in neutrinos is
conserved. We checked our numerical results by compar-
ing the total energy in the spectrum to that of the free-
streaming case, finding agreement at the percent level.
Energy conservation corresponds to area conservation in
a plot of E2dN/dE with log energy bins. In Fig. 2, the
area conservation is apparent, with the exception of the
bottom panel, where we cut o↵ the figure before showing
the whole regenerated spectrum.

For the top panel, where E
res

= 5 PeV, the cross sec-
tion increases with energy, which produces a flattish spec-
trum of regenerated neutrinos. For the middle panel,
where E

res

= 0.5 PeV, the resonance energy is at the
peak of the unattenuated spectrum, which causes signifi-
cant absorption there and a pileup of regenerated events
at slightly lower energy. Importantly, the absorption dip
is broadened by the redshift e↵ects. Neutrinos emitted
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FIG. 3. The e↵ects of ⌫SI on an emitted continuum spectrum
that is consistent with IceCube data. The solid line indicates
the free-streaming case (� = 2 and Ecut = 107 GeV), while
the other lines are for four models of ⌫SI, with the parameters
defined in Table I.

with the same energy at di↵erent redshifts reach the reso-
nance energy at di↵erent redshifts, smearing out the reso-
nance in received energy (this is analogous to the redshift
smearing of a monoenergetic emission line). This broad-
ening is helpful for detection, as a narrow feature would
be di�cult to observe with realistic detector energy res-
olution. For the lower panel, where E

res

= 0.05 PeV,
the cross section is decreasing at energy higher than the
resonance, so regenerated neutrinos will continue to in-
teract until they fall below the resonance energy, where
the energy dependence changes, forming a true cascade.

E. Astrophysical scenarios with ⌫SI

We now consider more realistic astrophysical scenar-
ios that are compatible with IceCube measurements [28–
30, 92–94]. We assume that a generic astrophysical flux
can be described by L

0

(E) / E��e�E/E
cut . An E�2

power-law is a typical astrophysical neutrino spectrum.
IceCube detected no events above about 2 PeV. A cut-

TABLE I. Parameters for the benchmark scenarios.

A B C D

g 0.3 0.03 0.03 0.01

M [MeV] 100 10 3 1

⌧ (1 PeV) ⇠ 0.7 ⇠ 0.6 ⇠ 0.2 ⇠ 0.002

Eres [PeV] 50 0.5 0.045 0.005
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near 0.5PeV from emission near z = 1, and lower en-
ergies from emission at still-higher redshifts. As noted,
the rapid rise of the SFR between z = 0 and z = 1 [87, 88]
overcomes the suppression due to the Hubble expansion,
i.e., less volume per redshift interval, until near z = 1,
where the SFR begins to flatten and then fall.

With ⌫SI, interpreting the spectrum shape is more
complicated. Attenuation is energy-dependent, and re-
generation moves particles to lower energies while in-
creasing their numbers. We obtain the resultant spectra
by numerically solving the propagation equation, Eq. (8).
We show the e↵ects of attenuation alone as a compari-
son for the full calculation that includes regeneration.
For regeneration, the total energy carried in neutrinos is
conserved. We checked our numerical results by compar-
ing the total energy in the spectrum to that of the free-
streaming case, finding agreement at the percent level.
Energy conservation corresponds to area conservation in
a plot of E2dN/dE with log energy bins. In Fig. 2, the
area conservation is apparent, with the exception of the
bottom panel, where we cut o↵ the figure before showing
the whole regenerated spectrum.

For the top panel, where E
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= 5 PeV, the cross sec-
tion increases with energy, which produces a flattish spec-
trum of regenerated neutrinos. For the middle panel,
where E
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= 0.5 PeV, the resonance energy is at the
peak of the unattenuated spectrum, which causes signifi-
cant absorption there and a pileup of regenerated events
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nance energy at di↵erent redshifts, smearing out the reso-
nance in received energy (this is analogous to the redshift
smearing of a monoenergetic emission line). This broad-
ening is helpful for detection, as a narrow feature would
be di�cult to observe with realistic detector energy res-
olution. For the lower panel, where E
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= 0.05 PeV,
the cross section is decreasing at energy higher than the
resonance, so regenerated neutrinos will continue to in-
teract until they fall below the resonance energy, where
the energy dependence changes, forming a true cascade.

E. Astrophysical scenarios with ⌫SI
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ios that are compatible with IceCube measurements [28–
30, 92–94]. We assume that a generic astrophysical flux
can be described by L
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CMB constraints for light (pseudo) scalar Boson

eV mass [6–20], that could possibly explain reactor anomalies (see e.g. Refs. [21, 22] for a
review). In this paper, we will consider the possibility that neutrinos have interactions beyond
the standard model of particle physics (that for simplicity we shall call “hidden” or “secret”
interactions) and study the constraining power of cosmological observations with respect
to such a scenario. In particular, we will consider a specific version of secret interactions,
that is however representative of a large class of models, namely a (pseudo)scalar interaction
mediated by the Nambu-Goldstone boson of a hitherto unknown broken U(1) symmetry, like
in Majoron models [23–25]. These models are very well-motivated from the point of view
of particle physics and have the peculiar feature that the ratio between the interaction and
expansion rates increases with time, so that neutrinos may actually become kinematically
coupled again in the late stages of the cosmological evolution.

Non-standard neutrino interactions have first been considered in a cosmological context
in Ref. [26], discussing the possibility that neutrino decay induced by the new interaction
would lead to a neutrinoless Universe. Limits on neutrino-neutrino scattering induced by
non-standard interactions (either Majoron-like, as those considered in this paper, or Fermi-
like) from cosmological observations have been derived in Refs. [27–29] and, more recently,
in Ref. [30], using data from the Planck 2013 release. In these papers, the neutrino fluid
is modeled as abruptly changing from collisionless to perfectly tightly coupled (or viceversa
in the case of Fermi-like interactions) at a given transition redshift, that represents the
parameter actually constrained by the data. A complementary approach consists in deriving
limits on phenomenological quantities parameterizing the e↵ective sound speed and viscosity
of the neutrino fluid [31–37]. As noted by a few authors, however, this approach does not
always provide an accurate representation of the collisional regime [29, 59]. For this reason
we avoid resorting to it throughout this paper. Instead, we derive limits on the strength of
neutrino non-standard interactions by directly modifying the Boltzmann equation in order
to account for neutrino collisions, without assuming a sudden transition between the two
limiting regimes (free-streaming and tight coupling). We also consider extended models
allowing for extra relativistic species or tensor pertubations.

This paper is structured as follows. In Sec. 2 we briefly introduce the theoretical frame-
work that describes the hidden interactions of interest. In Sec. 3 we review the Boltzmann
formalism for interacting neutrinos. In Sec. 4 we describe the method used to compute
the impact of interacting neutrinos on the evolution of cosmological perturbations and on
the CMB observables, and to derive constraints on the strength of the interaction, that are
discussed in Sec. 5. Finally, in Sec 6 we draw our conclusions.

2 Hidden neutrino interactions

We consider neutrinos interacting with a light boson � through simple scalar h
ij

and pseu-
doscalar g

ij

couplings, as described by the following Lagrangian [23–25]:

L = h
ij

⌫̄
i

⌫
j

�+ g
ij

⌫̄
i

�
5

⌫
j

�+ h.c. , (2.1)

where the indices i, j run over the neutrino mass eigenstates. This kind of interaction
allows for the binary processes shown in Fig. 1, i.e. ⌫ + ⌫̄ $ � + � (neutrino annihilation
to �’s), ⌫ + � $ ⌫ + � (neutrino-� scattering), ⌫ + ⌫ $ ⌫ + ⌫ (neutrino-neutrino scattering
mediated by a scalar boson exchange), as well as for neutrino decay ⌫ ! ⌫ 0 + �.

Neutrino scalar and pseudoscalar couplings are constrained by laboratory searches for
neutrinoless double beta decay (0⌫��), and by supernovae observations. For example, in
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addition to the simplest 0⌫�� decay mode

(A, Z) ! (A, Z + 2) + 2e� , (2.2)

whose existence only requires the neutrino to be a Majorana particle [38], modes in which
one or two additional � bosons are emitted

(A, Z) ! (A, Z + 2) + 2e� + � , (2.3)

(A, Z) ! (A, Z + 2) + 2e� + 2� , (2.4)

are possible if neutrinos possess (pseudo)scalar couplings. 0⌫�� experiments yield constraints
on the e↵ective �-neutrino coupling constant hg

ee

i < (0.8 � 1.6) ⇥ 10�5, depending on the
theoretical model [39, 40]. The quantity g

ee

is the e� e entry of the coupling matrix in the
weak base, related to the couplings g

ij

in the mass basis through the elements of the neutrino
mixing matrix.

Neutrino decays ⌫ ! ⌫ 0 + � can also be important in the high-density supernova envi-
ronment [41–44]. In the case of Majoron models, limits on Majoron-neutrino couplings from
observations of SN 1987A were derived in Ref. [42]. It has been shown there that � emission
would shorten too much the observed neutrino signal from SN 1987A if 3⇥10�7 . g . 2⇥10�5

(here g denotes the largest element of the coupling matrix g
↵�

in the weak base), thereby
excluding this region. Moreover, the observed ⌫̄

e

flux from SN 1987A can also be used to fur-
ther constraint g

11

. 10�4. These limits, together with those from 0⌫�� decay experiments
available at that time, were combined and translated into the mass basis in Ref. [43].

Scalar and pseudoscalar neutrino couplings can also be relevant in a cosmological con-
text, since collisional processes induced by the new interaction would a↵ect the evolution of
perturbations in the cosmological neutrino fluid. In general, the cross section for a binary
process mediated by a massless boson has the form �

bin

⇠ g4/s in the ultrarelativistic limit
(apart from numerical factors) with g being the largest value of the Yukawa matrix (we do
not distinguish between scalar and pseudoscalar couplings in the following), and

p
s is the

center-of-mass energy. Thus, in thermal equilibrium, the rate for a binary process is

�
bin

= h�
bin

vin
eq

/ g4T , (2.5)

since the equilibrium neutrino abundance n
eq

/ T 3, and s ⇠ T 2.
Interactions are of cosmological significance when the ratio �/H between the interaction

and Hubble expansion rates is of order unity or larger. The expansion rate scales as H ⇠ T 2
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– 3 –Constraint in the Majoron case:  g ≲ 7.4 x 10-7

g4= 𝜸4
𝝂𝝂  /(1.8 x 10-3)

Forastieri, Lattanzi and Natoli 2015
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𝜈SI in the (light) 
sterile sector



The investigation on Light Sterile Neutrinos has been stimulated by the presence of anomalous 
results from neutrino oscillation experiments

Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

 νs can be produced in the EU by the mixing with the active species in presence of collisions  

eV sterile neutrinos

Are eV νs compatible with cosmology?

Giunti et al 2013; J. Kopp et al, 2013

11Ninetta SavianoCERN, 27 March 2017

Giunti’s Talk



The investigation on Light Sterile Neutrinos has been stimulated by the presence of anomalous 
results from neutrino oscillation experiments

Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

 νs can be produced in the EU by the mixing with the active species in presence of collisions  

eV sterile neutrinos

Are eV νs compatible with cosmology? NO Too “many" and too heavy

11Ninetta SavianoCERN, 27 March 2017

Giunti et al 2013; J. Kopp et al, 2013 Giunti’s Talk



The investigation on Light Sterile Neutrinos has been stimulated by the presence of anomalous 
results from neutrino oscillation experiments

Interpretation: 1 (or more) sterile neutrino with Δm2 ~ O (eV2) and θs~ O (θ13)

 νs can be produced in the EU by the mixing with the active species in presence of collisions  

eV sterile neutrinos

Are eV νs compatible with cosmology? NO

Possible solutions:

Too “many" and too heavy

• suppress the νs abundance 

• modification of cosmological model

Feasible with lepton asymmetry, low-reheating scenario, secret interactions  

11Gariazzo, Giunti, Laveder, 2015

Di Bari et al, 2001,  Cirelli et al., 2004,  Gelmini, Palomarez-Ruiz, Pascoli, 2004, Chu & Cirelli, 2006,  Mirizzi, N.S., Miele, Serpico 2012,   
Hannestad, Tamborra and Tram 2012, Saviano et al., 2013, 

Giunti et al 2013; J. Kopp et al, 2013 Giunti’s Talk



SI for sterile neutrinos
Different authors have assumed the Standard Model (SM) is augmented by one extra species of 
light (∼ eV) neutrinos νs, which do not couple to the SM gauge bosons but experiment a new 
force

Such a new interaction can have profound effects on active-sterile neutrino conversion in the early Universe, 

since sterile ν feel a new potential that can  suppresses active-sterile  mixing  (through an effective νa-νs 
mixing reduced by a large matter term)

Hannestad et al., 2013,, Dasgupta and Kopp 2013, Bringmann et al., 2014

they also generate MSW resonance and strong collisional production, increasing their abundance, 
with non trivial consequences on the cosmological observables

Caveat:

If the new mediator interaction X also couples to Dark Matter possible attenuation of  
some of the small scale structure problems   (“missing satellites” problem... )   

𝛎SI constraints from cosmological probes➜

12Ninetta SavianoCERN, 27 March 2017



BBN constraints for sterile 𝜈SI (vector)
GX =

p
2

8

g2X
M2

X
Particular model:  4-fermion point-like interaction  for T<< MX  

After the ν oscillation in the range of gx and GX relevant for BBN, we have both : 

ΔNeff  > 0 and  distortions of the active νe spectra 

Allowed

Planck best fit  Ωb h2= 0.02207

� =
q

�2
exp

+ �2
th

� =
q

�2
exp

+ �2
th

 Deuterium yield

Experimental reference value:

R. Cooke et al, 2013

σexp

2H/H= (2.53 ± 0.04) x 10-5
Experimental reference value:

mass permitted:  MX ≤ 40 MeV

Translating in a bound for the mediator mass:

Saviano, Pisanti, Mangano, Mirizzi 2014

13Ninetta Saviano



Mass constraints  for sterile 𝜈SI (vector)
If we want to constraint lower MX   ↔ very large GX  (> 105 GF)   

Very strong secret collisional term leads to a quick flavor equilibrium Stodolsky, 1987

(ρee,  ρµµ,  ρττ,  ρss)initial      → 

   (1,     1,   1,     0)

(ρee,  ρµµ,  ρττ,  ρss)final 

(3/4, 3/4, 3/4, 3/4)

 Mirizzi,Mangano, Pisanti Saviano, 2014

 lower value in the 2σ  range from anomalies  gives   meffs ∼ 0.8 eV        

in tension  with the CMB and LSS bounds on sterile mass (< 0.5 eV)

Secret interaction scenario: disfavored  MX > 0.1 MeV (⬄ ∼ 109 GF) 

For  MX ≤ 0.1  MeV (≥  1010 GF )    ➙ νs   could be still coupled at CMB and LSS epoch  ➙ no 
free-streaming… 

             …. an appropriated analysis  should be performed    14
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Summary Plot
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Adapted

Preliminary results of CMB analysis 
including no-free-streaming sterile 𝜈
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Figure 2. Constraints on DM self-interactions from the re-
quirements that the self-interaction in galaxy clusters is small,
i.e., h�T i/m� . 1 cm2/g, and that production of 1 eV ster-
ile neutrinos is suppressed, i.e., sin2 2✓m . 10�3 at T� =
1MeV. We also show the favored parameter region for mit-
igating the cusp vs. core and too big to fail problems, i.e.,
h�T i/m� = 0.1 � 1 cm2/g in dwarf galaxies, and solving the
missing satellites problem (Mcut = 109�10 MSun). The kink
in the �T contours is from an approximate treatment of the
regime between the Born and classical limits.

h�T i, we take the analytical expressions for �T for sym-
metric DM, as summarized in [36], and convolve with a
DM velocity distribution, that we take to be of Maxwell-
Boltzmann form, with velocity dispersion v

rel

.
As for the missing satellites problem, it was shown

in [37–40] that DM–neutrino scattering can decrease the
temperature of kinetic decoupling of DM, T

kd

, which
can increase the cut-o↵ in the structure power spectrum,
M

cut

/ T�3

kd

, to the scales of the dwarf galaxies. T
kd

is
determined by equating the DM momentum relaxation
rate ⇠ (Ts/m�)ns��s with the Hubble expansion rate.
Here, ns ⇠ T 3

s is the sterile neutrino number density,
and ��s ⇠ T 2

s /M
4 is the DM–sterile neutrino scattering

cross section. Quantitatively [39],

M
cut

M
Sun

' 3.2 ⇥ 1013 ↵
3

2

�

✓
Ts

T�

◆ 9

2

kd

✓
TeV

m�

◆ 3

4

✓
MeV

M

◆
3

.

(7)

In previous literature, the exponent of Ts/T� in eq. (7) is
sometimes incorrectly given as 3/2 [41]. We find the cut-
o↵ can be raised to M

cut

= 109 � 1010 M
Sun

, as required
to solve the missing satellites problem. The number of
sterile neutrino generations Ns, assumed to be 1 here,

only weakly impacts the result as M
cut

/ N
3/4
s . Note

that in contrast to Ref. [39], we obtain a small Ts/T� ,
from decays of heavy Standard Model particles after the
decoupling of the sterile sector.

In Fig. 2, we show the region of parameter space fa-
vored by these considerations (see also Appendix B). We
see that it is possible to simultaneously mitigate the cusp
vs. core problem, too big to fail problem, as well as
the missing satellites problem, while remaining consis-
tent with the cluster constraint and simultaneously sup-
pressing sterile neutrino production to evade BBN and
CMB constraints. The potentially interesting solution to
all the enduring problems with small-scale structures was
first shown in a scenario with active neutrinos [39], which
has since been constrained using laboratory data, BBN,
and large-scale structure [42–44]. A qualitative exten-
sion to sterile neutrinos was suggested therein, and we
see here that such a scenario may be realized with no
conflict with cosmology.

The DM relic abundance may be produced by
Sommerfeld-enhanced annihilations of DM into A0 pairs
that decay to sterile neutrinos, or alternatively through
an asymmetry. However, unlike in [39], we do not use
separate couplings of DM and ⌫ to do this, so this should
identify the preferred value for DM mass in the range
m� ⇠ 1 � 100TeV. As long as DM chemical freeze-out
happens well above T� ⇠GeV and the sterile neutrinos
have time to rethermalize with ordinary neutrinos (and
photons) via high-scale interactions, our scenario remains
unaltered by DM annihilation.

DISCUSSION AND SUMMARY

We now discuss the possible origin of a new gauge force
in the sterile neutrino sector, and on further phenomeno-
logical consequences (see also [45]). In [46], Pospelov has
proposed a model with sterile neutrinos charged under
gauged baryon number. He has argued that the model is
consistent with low energy constraints, in particular the
one from K ! ⇡⇡⌫⌫, even for 2 sin ✓/M2 ⇠ 1000GF .
This is precisely the parameter region in which sterile
neutrino production in the early Universe is suppressed,
as we have demonstrated above. In [46–48], the phe-
nomenological consequences of this model have been in-
vestigated, and it has been shown that strong anoma-
lous scattering of solar neutrinos in DM detectors is ex-
pected. As an alternative to gauged baryon number, ster-
ile neutrinos could also be charged under a gauge force
that mixes kinetically with the photon [47]. In this case,
M & 10 MeV is preferred unless the coupling constants
are extremely tiny. Once again in this model interesting
solar neutrino signals in DM detectors can occur. Fi-
nally, while we have focused here on new gauge interac-
tions, it is also conceivable that the new interaction is
instead mediated by a scalar [49, 50]. However, in this
case ��s / m2

⌫s
, which is too small and the missing satel-

lite problem cannot be solved.
In summary, we have shown that eV-scale sterile neu-

trinos can be consistent with cosmological data from

2

these scales or a total MW mass . 8 ⇥ 1011 M� [22].
Abundance matching of stellar and halo mass, which
agree with stacking analyses of gravitational lensing sig-
nals and satellite dynamics of SDSS galaxies, make the
required large degree of stochasticity implausible [23].
For a 1012 M� MW, on the other hand, the chance to
host two satellites as massive as the Magellanic Clouds is
less than 10% [24] and even lower for smaller MW masses
(from satellites studies of MW-type SDSS systems [25]
and MW and Andromeda orbit timing arguments [26]).

The next logical possibility that could lead to a sup-
pression of small-scale power is a modification of the
CDM paradigm itself. The most often discussed options
are interacting DM (IDM) [27] and warm DM (WDM)
[28], though it should be noted that there exist interesting
alternatives such as DM from late decays [29], DM with
large annihilation rates [30], extremely light DM particles
forming a condensate [31], or inflationary models with
broken-scale invariance [32]. As was soon realized, how-
ever, IDM with a constant cross section produces spheri-
cal cores in conflict with observed ellipticities in clusters
[33] and the survivability of satellite halos [34]. While
WDM is unlikely to account for some of the large ⇠1 kpc
cores claimed in dwarfs [35], and severely constrained by
Lyman-↵ observations [36–39], it may be able to par-
tially resolve the ‘too big too fail’ problem by allowing
these subhalos to initially form with lower concentrations
[40]. Alternatively, DM self-interactions mediated by a
Yukawa potential, with the resulting characteristic veloc-
ity dependence of the transfer cross section [41, 42], avoid
constraints on scales of MW-type galaxies and beyond
[43] and produce ⇠1 kpc cores that match the observed
velocity profiles of massive MW satellites [44] (see also
Ref. [41]).

Most astrophysical and DM solutions have shortcom-
ings, or can explain at most two of the three problems,
which makes them less attractive on the basis of Oc-
cam’s razor. Here, we demonstrate that there is a class of
IDM models that simultaneously can account for all three
problems. Encouraged by the results of Refs. [43, 44], in
particular, we will focus on models with a Yukawa-like
interaction between the DM particles that is mediated
by a light messenger (see Fig. 1). As we will show, the
kinetic decoupling of DM in these models can happen
su�ciently late to suppress the power spectrum at scales
as large as that of dwarf galaxies, M

cut

& 109M�, while
at the same time the velocity-dependent self-interaction
of DM produces cored density profiles in dwarfs 1.

Model setup.— In models with new light exchange
particles �, kinetic decoupling can happen much later

1

Late kinetic decoupling (T
kd

⇠ 0.1 keV) was advocated as poten-

tial solution to the missing satellites problem before [45] – though

this analysis considerably under-estimated T
kd

for WIMPs [46].

than in standard WIMP scenarios, in particular for small
masses m� [5]. For scalar exchange particles, however,
the amplitude for DM scattering with leptons scales like
⇠ m�m`/m

2

�, implying that scattering with neutrinos is
generally negligible. While a coupling of � to charged
leptons also leads to a loop-suppressed e↵ective coupling
to photons, L � g����F

µ⌫Fµ⌫ , the resulting scatter-
ing amplitude does not contribute in the relevant limit
of small momentum transfer. Kinetic decoupling there-
fore never occurs at T

kd

⌧ 0.1MeV, at which point the
number density of electrons starts to become strongly
Boltzmann-suppressed and there are no lighter (and thus
more abundant) particle species left that could keep up
kinetic equilibrium instead.
Let us consider instead the situation where DM con-

sists of heavy Dirac fermions � which only couple to a
light vector boson V . Due to our interest in late kinetic
decoupling, we will require V to also couple to neutrinos:

L
int

� �g��̄ /V �� g⌫ ⌫̄ /V ⌫ . (1)

Note that we take a phenomenological approach here and
only state couplings that explicitly enter our analysis. In
particular, V does not have to be a gauge boson, which
leaves couplings to other SM particles unspecified (see
e.g. Ref. [47] for a recent model-independent analysis).
DM is then thermally produced in the early universe via
�̄� $ V V . Assuming g⌫ is small, but large enough to
thermalize V at early times, the relic density is given by

⌦�h
2 = ⌦�̄h

2 ' 0.11

2

⇣ g�
0.683

⌘�4

⇣ m�

TeV

⌘
2

. (2)

This expression receives O(1) corrections due to the Som-
merfeld e↵ect [48], i.e. a multiple exchange of V as shown
in Fig. 1, which we fully take into account in our anal-
ysis. The kinetic decoupling temperature, on the other
hand, will be set by �-⌫ scattering. The corresponding
amplitude at small momentum transfer reads

X

all spins

|M|2�⌫$�⌫ = 64g2�g
2

⌫

m2

�E
2

⌫

m4

V

. (3)

In the following, we will consider g⌫ as an essentially
free parameter while g� is fixed by the requirement to
obtain the correct relic density (see e.g. Ref. [49] for a
list of possible natural explanations for g⌫ ⌧ g�).
DM self-scattering.— The light vector messenger in-

duces a long-range attractive Yukawa potential be-
tween the DM particles, cf. Fig. 1. Concerning elas-
tic DM self-scattering, this is completely analogous to
screened Coulomb scattering in a plasma for which sim-
ple parametrizations of the transfer cross section �T (v) in
terms ofm�,mV , g� and the relative velocity v of the DM
particles exist [41, 50]. Using these parametrizations, it
was shown that the type of DM model introduced above
produces cores rather than cusps [43] and may solve the

This scenario may solve all of the small-scale structure 
issues mentioned above. Indeed, the efficient scattering 
of DM would lead to late kinetic decoupling, delaying 
the formation of the smallest protohalos.

(Barions?)
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Possible hint (very dependent on the set of data used): in  pseudoscalar model,                             would 
reconcile eV sterile ν , H0,  ν SI. Also link to the DM small scale problem.  
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same features as the previously studied models based on
Fermi-like interactions mediated by heavy vector bosons
in the sense that it provides a background potential which
can block the production of sterile neutrinos and resolve
the apparent inconsistency between cosmology and short
baseline neutrino oscillation data.

However, the model has very di↵erent late-time phe-
nomenology. The very low mass of the pseudoscalar
makes the sterile neutrino strongly self-interacting at late
times, an e↵ect which is perfectly consistent with current
cosmological data, but might be used to uniquely iden-
tify the model once more precise measurements become
available. In order to accommodate the mass bound from
cosmological large scale structure [30], we need g

s

>⇠ 10�6

to allow the sterile neutrinos to annihilate when they be-
come non-relativistic. Our analysis of the CMB suggests
N

e↵

⇡ 4, and this suggestion is amplified if we also con-
sider the direct measurements of H

0

. At 95% confidence
we can rule out N

e↵

= 3.046 when we include the H0
measurement, and this formally corresponds to an upper
limit on g

s

of g
s

<⇠ 10�5 according to Fig. 1. However,
this bound is very dependent on the set of data we have
used, and might both be strengthened and weakened by
including more data. We finally arrive at a combined
bound on g

s

of

10�6 <⇠ g
s

<⇠ 10�5(CMB+H0). (22)

A more robust determination of N
e↵

would allow the pos-
sible values for g

s

to be further confined, and a precise
value of N

e↵

> 3.046 would allow us to pinpoint a cor-
responding coupling strength. We also note that since
the fundamental coupling strength is very low and re-
stricted to the sterile sector in this model it is unlikely
to produce observable e↵ects on neutrino physics in gen-
eral (see e.g. [18] for laboratory constraints). Consid-
ering non-standard energy loss from the proto-neutron
star in SN1987a also leads to an upper bound on g

s

in
the ⇠ few ⇥ 10�5 range (see e.g. [46] for a discussion).

In addition to the coupling to sterile neutrinos we hy-
pothesise that the pseudoscalar also couples to the dark
matter particle. Provided that the dark matter parti-
cle is su�ciently light this can lead to significant e↵ects
on dark matter clustering in galaxies and clusters and
possibly resolve some of the apparent discrepancies be-
tween the standard ⇤CDM model and observations [47].
These discrepancies include the “Too big to fail” prob-
lem [48] and the “cusp vs. core” problem (see [49] and
references herein), but not the “missing satellites” prob-
lem [50] which would require a stronger coupling between
neutrinos and DM.

In order for the model to be viable, the dark mat-
ter coupling must be su�ciently low that the pair an-
nihilations do not transfer excess entropy to the plasma
of sterile neutrinos and pseudoscalars. Conversely, the
dark matter coupling must be strong enough to produce
an observable e↵ect on galactic dynamics. In Fig. 4 we

FIG. 4: Constraints in m� � gd space. The green region is
ruled out from Eq. (10) due to overproduction of �-particles
from �-annihilations, while the purple region will have no
e↵ect on galactic dynamics, cf. Eq. (15).

show these two constraints simultaneously and include
the bound from warm dark matter [51]. We are left with
a viable DM candidate with a mass between few keV
and ⇠ 10 MeV and couplings from 10�13 to 10�5. A
more detailed treatment of the “cusp vs. core” and “Too
big to fail” problems could probably constrain the dark
matter further, but that is beyond the scope of this ar-
ticle. The type of dark matter, that we have described,
is very di↵erent from the normal WIMP cold dark mat-
ter. However, it is entirely possible that dark matter
consists of an additional sterile neutrino species with ex-
tremely suppressed mixing to the active sector. If this
is the case it cannot be produced via the usual scatter-
ing and oscillation mechanism. However, unlike an MeV
sterile neutrino produced via the normal oscillation and
scattering mechanism it also remains stable on cosmo-
logical timescales. The actual production mechanism for
the dark matter particle might be via direct inflaton de-
cay at reheating or from the thermal background at very
high temperature.
In summary, sterile neutrino and dark matter inter-

actions via a light pseudoscalar seems an extremely in-
teresting possibility for explaining a variety of di↵er-
ent problems in cosmology and certainly merits further
study.
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Figure 1. Angular power spectrum of CMB temperature fluctuations. For the non interacting case
and in case of secret interactions. In the upper panel, we show spectra for three di↵erent values of the
coupling constant GX = 2 ⇥

�
108, 109, 1010

 
GF (red solid, dashed, dotted lines, respectively). The

non-interacting case is undistinguishable from the GX = 2⇥108 GF case. The APS is obtained assuming
3 active neutrinos having

P3
i=1 mi = 0.06 eV and a 1 eV sterile neutrino. In the lower panel, we show

residuals with respect to the non-interacting case. The error bars represent the uncertainties of the
Planck 2015 data.

In our analysis, we always take flat, wide (in the sense that they are much larger than
the expected posterior widths) priors for the six ⇤CDM parameters. We also consider priors
on GX and ms in order to model limiting cases of the scenario under consideration, to include
additional pieces of experimental information, or simply to explore di↵erent regions of the
parameter space. We start by performing a set of exploratory MCMC runs in which we assume
a flat prior distributions in log

10

[GX ] and ms. The advantage of a logarithmic prior in GX is
that it allows to explore several orders of magnitude in the parameter with equal probability
per decade and thus to assess when the e↵ect of secret interactions on the CMB APS becomes
“large”, at least in comparison with the experimental sensitivity. However, a logarithmic prior
gives more weight to small values of the parameter with respect to a flat prior, resulting in
tighter bounds on the parameter itself. Moreover, it is an improper prior, since it does not
integrate to a finite value if GX � 0, and in order to give meaningful credible intervals an
arbitrary, non-zero, lower bound on GX has to be assumed. For these reasons, we only use the
results from this analysis to estimate the sensitivity of the data to GX and to gauge the initial
step of the subsequent MCMC runs, that always use a flat prior on GX .

The full model, in which the ⇤CDM parameters as well as GX and ms are varied, is dubbed
S⇤CDM (standing for “⇤CDM with secret interactions”). In this case, and unless otherwise
stated, we take flat and wide priors also on GX and ms. Note that, as explained above, we

– 7 –
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As long as the collision rate is much larger than the expansion rate, interacting neutrinos behave as perfect fluid. This means 
that shear and higher moments are exponentially suppressed. The net effect is that, at scales that are within the horizon during 
the interacting regime, density and pressure perturbations are enhanced with respect to the non-interacting case. 

This enhancement propagates to the photon fluid, and thus to CMB anisotropies, through the metric perturbations. 
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to electroweak bosons can drastically modify the cross
section. These considerations allow us to set stringent
bounds on extra neutrino interactions. Although the
V may also couple to dark matter, that coupling is not
strictly relevant here.

We assume equal coupling of the V boson to the
charged and neutral leptons, as would be dictated by
unbroken SU(2)L gauge invariance. Phenomenologically
it is also interesting to consider the case where the
coupling to charged leptons is negligible, e.g., Ref. [8],
but we are not aware of a detailed implementation that is
consistent with electroweak precision tests. Nonetheless,
we shall show that some of our results do not explicitly
require a nonzero coupling to a charged lepton and
therefore can be used to constrain even the purely
neutrinophilic models.

Although our study of extra neutrino interactions is
general, our conclusions apply in particular to scenarios
where dark matter also couples to the new boson. A
particular variant of these neutrinophilic dark matter
models may solve all the small-scale structure problems
in the ⇤CDM cosmology [8]. Precision measurements of
the cosmic microwave background provide overwhelming
evidence for dark matter (DM) being the dominant form
of matter in the Universe [43–45]. These and other
measurements at large distance scales are in remarkable
agreement with the predictions of the Lambda Cold Dark
Matter (⇤CDM) model [46–48]. However, at the scales of
galaxy clusters, galaxies, and yet smaller objects, ⇤CDM
predictions do not match the observations [49].

There are three important and enduring problems at
small scales. First, “core vs. cusp” – flat cores are
observed in the density profiles of dwarf galaxies, whereas
numerical simulations predict sharp cusps [50–57].
Second, “too big to fail” – the most massive subhalos
found in numerical simulations are denser than the
visible subhalos of the Milky Way [58, 59]. Third,
“missing satellites” – fewer satellite galaxies are observed
than predicted in numerical simulations [60–68].

It has proven di�cult to provide a solution – whether
by using baryonic physics [69–77] or new particle
physics [78–96] – to all three of these small-scale
problems simultaneously while remaining consistent with
the large-scale observations of ⇤CDM. Neutrinophilic
dark matter may address this vexing issue. Given the
importance of the tension between the ⇤CDM model
and observations on small scales, it is urgent to test this
possible resolution [8]. However, this is quite challenging
because the only other particles whose phenomenology is
a↵ected are the hard to detect neutrinos (in the model
of Ref. [8], Standard Model neutrinos; the extension to
sterile neutrinos [8] is discussed below). We illustrate the
importance of our constraints by comparing them to the
requirements of this scenario.

In the context of neutrinophilic dark matter, an
obvious way to constrain extra neutrino interactions is
to search for neutrinos from dark matter annihilation.
For example, dark matter that couples to V and

g �
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FIG. 1. Constraints on hidden neutrino interactions. If
V couples only to neutral active leptons, then only our
constraint from Z decay applies. If V couples equally
also to charged leptons, all of our constraints apply. The
hatched region shows the parameter space of mediator mass
and coupling that solves the missing satellites problem of
⇤CDM [8]. These constraints are valid for ⇤UV ⇠ 500 GeV.
See text for details.

annihilates primarily to neutrinos that may be detected
at neutrino telescopes. However, current and projected
sensitivities [97–101] are not strong enough [8]. Stellar
and supernova cooling arguments can be invoked to
constrain light vector bosons [102]. Neutrinoless double
beta decay may also constrain such a scenario [103].

Our results are shown in Fig. 1. In the following, we
present these in order of increasingly tight limits, and
then conclude.

II. CONSTRAINTS FROM DECAYS

A. Z decay

A light vector boson V that couples to neutrinos may
be constrained by the invisible decay width of the Z-
boson. In the invisible decay Z ! ⌫⌫ (branching ratio
⇠20%), a V -boson can be emitted from the final state
neutrino if a g⌫⌫ /V ⌫ coupling is allowed and if the mass
of the V -boson is less than the Z-boson mass. The 3-
body decay of the Z-boson (shown in Fig. 2) increases
the total decay width of the Z. The total decay width of
the Z-boson, as measured in the laboratory, is (2.4952±
0.0023)GeV, in good agreement with the theoretically
calculated value of (2.4949 +0.0021

�0.0074)GeV [104, 105].
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We calculate new constraints on extra neutrino interactions via light Abelian vector bosons, where
the boson mass arises from Stuckelberg mechanism. We use the requirement that Z, W , and kaon
decays, as well as electron-neutrino scattering, are not altered by the new interactions beyond what
is allowed by experimental uncertainties. These constraints are strong and apply to neutrinophilic
dark matter, where interactions of neutrinos and dark matter via a new gauge boson are important.
In particular, we show that models where neutrino interactions are needed to solve the small-scale
structure problems in the ⇤CDM cosmology are constrained.

I. INTRODUCTION

Neutrinos are feebly interacting yet ubiquitous
particles that govern many physical phenomena. The
roles that neutrinos play appear to be described by just
their weak interactions. However, neutrino detection
remains technically challenging and it is possible that
new interactions that a↵ect neutrinos have escaped
discovery. These hidden neutrino interactions [1, 2] have
thus been invoked for solving a variety of problems
related to cosmological structure formation, neutrino
oscillation anomalies, and dark matter [3–11].

If the new interactions are mediated by a heavy boson,
they can be e↵ectively described using a modified Fermi
constant [12–14]. However, a rich phenomenology is
possible for interactions through new light bosons that
are kinematically accessible. A massless boson leads
to a 1/r2 force that is strongly constrained [15], so we
focus on a light but not massless mediator. If the boson
is heavier than about an MeV then it can decay into
charged fermions, e.g., an electron-positron pair, which
can be tested at collider experiments [16, 17]. The most
challenging scenario is if the boson is lighter than about
an MeV, so that it can only decay “invisibly” to a
neutrino-antineutrino pair.

Models of light scalar bosons coupled to neutrinos,
e.g., Majorons, have been extensively studied, and
there are strong constraints on such couplings [18–
36]. Interestingly, interactions with a new light vector
boson seem to have been largely overlooked and we
address this possibility in this paper. The only previous
constraints [37] on this are from the propagation of
neutrinos from SN 1987A, and we improve these by
orders of magnitude. A strong limit on neutrino self-
interactions was claimed by [38] based on the e↵ects
of neutrino self-scattering in SN 1987A; however, this
argument was refuted by [39], who showed that such
interactions would have no e↵ect on the observed signal.

To be concrete, we assume a light vector gauge boson
V , which has a mass mV ⇠ MeV and couples only to

Standard Model neutrinos (⌫) and charged leptons (`)
through their V-A current: �g⌫

�
` /V PL` � ⌫ /V PL⌫

�
. This

current is anomalous and thus nonconserved, with the
anomaly proportional to the fermion mass which will
arise from gauge-invariant but nonrenormalizable terms.
The model is thus an e↵ective theory valid to some scale
⇤UV that we shall determine soon.

The boson mass may be generated using the
Stuckelberg mechanism when V is an abelian gauge
boson [40, 41]. Such a boson V derived from the
Stuckelberg action could have an arbitrarily small
mass. However, the anomaly in the model leads
to radiative corrections of size approximately �mV &
e g2⌫/(4⇡)

3⇤UV [42], which roughly gives the minimum
mV scale for a given cut-o↵. Or conversely, the maximum
UV-cuto↵ is determined for a givenmV . We have checked
that taking the region of parameter space constrained in
this work is satisfied if ⇤UV ⇠ 500 GeV. If the mass
arises from the Higgs mechanism, e.g., for a nonabelian
gauge boson, these corrections are typically larger and
a small mass is unnatural. We shall therefore focus on
the Stuckelberg case in this work. An abelian V could
also kinetically mix with photons, which provides an
additional avenue for probing these hidden bosons [31–
36]. Here we focus on constraining the above-mentioned
neutrino-boson interaction. We ignore neutrino masses,
as they do not a↵ect our results significantly. To be
conservative, we also assume that V does not couple to
quarks.

Our strategy is to demand that the decays of
electroweak gauge bosons, i.e., Z and W , and mesons,
e.g., kaons, as well as leptonic scattering, e.g., elastic
electron-neutrino scattering, remain consistent with
existing measurements. Emission of a V boson from
a final state lepton increases the decay width and can
turn a 2-body process with a monoenergetic charged
lepton into a 3-body process in which the charged lepton
has a continuous spectrum, indicating the presence of a
new invisible particle carrying away the missing energy.
Similarly, leptonic scattering mediated by V in addition

ar
X

iv
:1

30
4.

34
60

v4
  [

he
p-

ph
]  

19
 Ju

n 
20

14

3

Z

�

�

V

FIG. 2. Feynman diagram for Z-boson decay to neutrinos
where a V is radiated from the final state antineutrino.
We also take into account another diagram where the V is
radiated from the final state neutrino.

The amplitude for this process can be written as

MZ =
g⌫g

2 cos ✓
W

✏µ(pV )✏
⇤
↵(pZ) ⇥ (1)

u(p⌫)

"
� �↵

(/p⌫ + /pV )

(p⌫ + pV )2
�µ + �µ /p⌫ + /pV

(p⌫ + pV )2
�↵

#
PLv(p⌫) ,

where pi denotes the four-momentum of particle i, PL =
(1 � �5)/2, the coupling of the Z to the neutrino is
g, and ✓W is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.

The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., �gµ⌫ + (kµ k⌫)/m2

V .
The double-di↵erential decay rate [104] in terms of
the Dalitz variables m2

12

= (p⌫ + p⌫)2 and m2

23

=
(p⌫ + pV )2 is then given by d�(Z ! ⌫⌫V ) =
|MZ |2 dm2

23

dm2

12

/(256⇡3m3

Z). We integrate this over
the allowed ranges ofm2

23

andm2

12

, as given in Eq. (40.22)
of Ref. [104], to obtain the 3-body decay rate.

Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
g⌫ coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling g⌫ , we demand
that �(Z ! ⌫⌫V )  1.28 ⇥ 0.0023GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ⇠
1.4. The constraint is approximately given as g⌫ . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.

Note that there is only a weak logarithmic dependence

on mV – the longitudinal polarization modes of the
V , which lead to 1/m2

V terms, are identically cancelled
between the two diagrams for massless neutrinos. This is
because of Ward identities for the current ⌫�µPL⌫, which
is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark

matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction g⌫⌫ /V ⌫. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of g⌫ than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-

V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ⇠ 0.1% and nonperturbative or
unitarity e↵ects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be su�ciently
heavy to not a↵ect the process.
The constraints derived here do not apply if the

vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying e↵ective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.

B. W decay

Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson

W� ! `� ⌫` (branching ratio averaged over all three
flavors ⇠ 10%), which is closely related to the Z decay
discussed above. The main di↵erence here is that a V -
boson can also be radiated from the charged lepton, in

The decay remains consistent with existing measurements 

3

Z

�

�

V
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where a V is radiated from the final state antineutrino.
We also take into account another diagram where the V is
radiated from the final state neutrino.
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where pi denotes the four-momentum of particle i, PL =
(1 � �5)/2, the coupling of the Z to the neutrino is
g, and ✓W is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.

The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., �gµ⌫ + (kµ k⌫)/m2

V .
The double-di↵erential decay rate [104] in terms of
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, as given in Eq. (40.22)
of Ref. [104], to obtain the 3-body decay rate.

Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
g⌫ coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling g⌫ , we demand
that �(Z ! ⌫⌫V )  1.28 ⇥ 0.0023GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ⇠
1.4. The constraint is approximately given as g⌫ . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.

Note that there is only a weak logarithmic dependence

on mV – the longitudinal polarization modes of the
V , which lead to 1/m2

V terms, are identically cancelled
between the two diagrams for massless neutrinos. This is
because of Ward identities for the current ⌫�µPL⌫, which
is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark

matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction g⌫⌫ /V ⌫. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of g⌫ than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-

V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ⇠ 0.1% and nonperturbative or
unitarity e↵ects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be su�ciently
heavy to not a↵ect the process.
The constraints derived here do not apply if the

vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying e↵ective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.

B. W decay

Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson

W� ! `� ⌫` (branching ratio averaged over all three
flavors ⇠ 10%), which is closely related to the Z decay
discussed above. The main di↵erence here is that a V -
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where pi denotes the four-momentum of particle i, PL =
(1 � �5)/2, the coupling of the Z to the neutrino is
g, and ✓W is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.

The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., �gµ⌫ + (kµ k⌫)/m2

V .
The double-di↵erential decay rate [104] in terms of
the Dalitz variables m2
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=
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andm2
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, as given in Eq. (40.22)
of Ref. [104], to obtain the 3-body decay rate.

Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
g⌫ coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling g⌫ , we demand
that �(Z ! ⌫⌫V )  1.28 ⇥ 0.0023GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ⇠
1.4. The constraint is approximately given as g⌫ . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.

Note that there is only a weak logarithmic dependence

on mV – the longitudinal polarization modes of the
V , which lead to 1/m2

V terms, are identically cancelled
between the two diagrams for massless neutrinos. This is
because of Ward identities for the current ⌫�µPL⌫, which
is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark

matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction g⌫⌫ /V ⌫. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of g⌫ than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-

V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ⇠ 0.1% and nonperturbative or
unitarity e↵ects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be su�ciently
heavy to not a↵ect the process.
The constraints derived here do not apply if the

vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying e↵ective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.

B. W decay

Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson

W� ! `� ⌫` (branching ratio averaged over all three
flavors ⇠ 10%), which is closely related to the Z decay
discussed above. The main di↵erence here is that a V -
boson can also be radiated from the charged lepton, in
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FIG. 3. Feynman diagram for K�(ūs) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element h0|u�↵(1 �
�5)s|K�i = fK p↵K is denoted by the shaded circle.

addition to that from the neutrino. As for the Z decay,
the longitudinal mode of V couples to the anomaly in the
lepton current – here approximately the charged lepton
mass. If we consider decays to the third generation,
because the ⌧ lepton is the heaviest, the limit will be
the strongest.

The 3-body decay of the W -boson leads to additional
events with missing energy, increasing the total decay
width of the W . The additional width can then be
compared to the measured width of the W boson to
obtain constraints. The experimentally-measured total
decay width of the W is 2.085 ± 0.042GeV [104], which
agrees very well with the theoretically-calculated value,
2.091 ± 0.002GeV [104]. If the rate of V -boson emission
were too large, then the increase in the calculated total
width would be inconsistent with experiment. To obtain
a one-sided 90% C.L. upper limit on the neutrino-boson
coupling g⌫ , we demand that �(W� ! `� ⌫` V ) 
1.28⇥ 0.042GeV. The constraints on W -boson decay to
the tau lepton is shown in Fig. 1. The decay rate scales
as � ⇠ g2⌫ m

2

`/m
2

V , and hence the constraint is a straight
in the g⌫ � mV plane. The constraints on g⌫ from the
decays W ! µ⌫µV and W ! e⌫eV are weaker by a
factor proportional to the charged lepton mass. The
limit would be stronger by an order of magnitude if the
V were to couple to the neutrino only, but the result is
no longer gauge-invariant. The conditions under which
these constraints do not apply were mentioned at the end
of the Z decay section.

C. Kaon decay

An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ⇠ 65%) via the 2-body leptonic channel
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FIG. 4. Muon spectra from kaon decay for the standard 2-
body decay K� ! µ� ⌫µ (solid blue) measured in [113] along
with the hypothetical 3-body decay K� ! µ� ⌫µ V (dashed
red) with g⌫ = 10�2 and mV = 0.5MeV. The shaded region
shows the search region of Ref. [114], where no excess events
were found. From this we derive an upper bound on the 3-
body di↵erential decay rate that is ⇠104 times lower than the
dashed red line.

K� ! µ� ⌫µ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK �mµ ⇡ 388MeV; the 3-body decay K� ! µ� ⌫µV ,
has a dramatically di↵erent muon spectrum.
We consider the 3-body decay K� ! µ� ⌫µ V , as

shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [19]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K� ! µ�⌫̄µ) and when it is allowed (K� ! µ�⌫̄µV ).
In both cases, we plot d�/dEµ normalized by the total
(all modes) decay width �

tot

. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258MeV; we show the measured result (including energy
resolution) [113]. For the 3-body decay, the muons have
a continuum spectrum; we show this for g⌫ = 10�2 and
mV = 0.5MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [114]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [114].
To obtain our constraint, we use the results

from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60MeV to 100MeV (Eµ between 165.5MeV and
205.5MeV). We integrate our calculated di↵erential
decay rate, d�/dEµ, over this range of Eµ to
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FIG. 3. Feynman diagram for K�(ūs) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element h0|u�↵(1 �
�5)s|K�i = fK p↵K is denoted by the shaded circle.

addition to that from the neutrino. As for the Z decay,
the longitudinal mode of V couples to the anomaly in the
lepton current – here approximately the charged lepton
mass. If we consider decays to the third generation,
because the ⌧ lepton is the heaviest, the limit will be
the strongest.

The 3-body decay of the W -boson leads to additional
events with missing energy, increasing the total decay
width of the W . The additional width can then be
compared to the measured width of the W boson to
obtain constraints. The experimentally-measured total
decay width of the W is 2.085 ± 0.042GeV [104], which
agrees very well with the theoretically-calculated value,
2.091 ± 0.002GeV [104]. If the rate of V -boson emission
were too large, then the increase in the calculated total
width would be inconsistent with experiment. To obtain
a one-sided 90% C.L. upper limit on the neutrino-boson
coupling g⌫ , we demand that �(W� ! `� ⌫` V ) 
1.28⇥ 0.042GeV. The constraints on W -boson decay to
the tau lepton is shown in Fig. 1. The decay rate scales
as � ⇠ g2⌫ m
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V , and hence the constraint is a straight
in the g⌫ � mV plane. The constraints on g⌫ from the
decays W ! µ⌫µV and W ! e⌫eV are weaker by a
factor proportional to the charged lepton mass. The
limit would be stronger by an order of magnitude if the
V were to couple to the neutrino only, but the result is
no longer gauge-invariant. The conditions under which
these constraints do not apply were mentioned at the end
of the Z decay section.

C. Kaon decay

An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ⇠ 65%) via the 2-body leptonic channel
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body decay K� ! µ� ⌫µ (solid blue) measured in [113] along
with the hypothetical 3-body decay K� ! µ� ⌫µ V (dashed
red) with g⌫ = 10�2 and mV = 0.5MeV. The shaded region
shows the search region of Ref. [114], where no excess events
were found. From this we derive an upper bound on the 3-
body di↵erential decay rate that is ⇠104 times lower than the
dashed red line.

K� ! µ� ⌫µ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK �mµ ⇡ 388MeV; the 3-body decay K� ! µ� ⌫µV ,
has a dramatically di↵erent muon spectrum.
We consider the 3-body decay K� ! µ� ⌫µ V , as

shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [19]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K� ! µ�⌫̄µ) and when it is allowed (K� ! µ�⌫̄µV ).
In both cases, we plot d�/dEµ normalized by the total
(all modes) decay width �

tot

. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258MeV; we show the measured result (including energy
resolution) [113]. For the 3-body decay, the muons have
a continuum spectrum; we show this for g⌫ = 10�2 and
mV = 0.5MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [114]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [114].
To obtain our constraint, we use the results

from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60MeV to 100MeV (Eµ between 165.5MeV and
205.5MeV). We integrate our calculated di↵erential
decay rate, d�/dEµ, over this range of Eµ to

The 3-body decay of the W leads to additional events with 

missing energy, increasing the total decay width of the W 
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FIG. 2. Feynman diagram for Z-boson decay to neutrinos
where a V is radiated from the final state antineutrino.
We also take into account another diagram where the V is
radiated from the final state neutrino.

The amplitude for this process can be written as

MZ =
g⌫g

2 cos ✓
W

✏µ(pV )✏
⇤
↵(pZ) ⇥ (1)

u(p⌫)

"
� �↵

(/p⌫ + /pV )

(p⌫ + pV )2
�µ + �µ /p⌫ + /pV

(p⌫ + pV )2
�↵

#
PLv(p⌫) ,

where pi denotes the four-momentum of particle i, PL =
(1 � �5)/2, the coupling of the Z to the neutrino is
g, and ✓W is the weak mixing angle. The negative
sign comes from the flow of momentum opposite to the
lepton current. This decay satisfies all five criteria for
application of the narrow-width approximation [106], so
the final state V is treated as an on-shell particle.

The decay rate can then be calculated by squaring
this amplitude and using the polarization sum for
the spin-1 vector boson, i.e., �gµ⌫ + (kµ k⌫)/m2

V .
The double-di↵erential decay rate [104] in terms of
the Dalitz variables m2

12

= (p⌫ + p⌫)2 and m2

23

=
(p⌫ + pV )2 is then given by d�(Z ! ⌫⌫V ) =
|MZ |2 dm2

23

dm2

12

/(256⇡3m3

Z). We integrate this over
the allowed ranges ofm2

23

andm2

12

, as given in Eq. (40.22)
of Ref. [104], to obtain the 3-body decay rate.

Since the observed decay rate of the Z-boson agrees
very well with the theoretically expected value, we can
use the uncertainty in the measurement to constrain the
g⌫ coupling. To obtain a one-sided 90% C.L. upper
limit on the neutrino-boson coupling g⌫ , we demand
that �(Z ! ⌫⌫V )  1.28 ⇥ 0.0023GeV. For simplicity,
we have taken only the experimental error bar while
calculating this constraint, and including the theoretical
uncertainty would worsen our limit by a factor of ⇠
1.4. The constraint is approximately given as g⌫ . 0.03,
almost independent of the mass of the V -boson in our
considered range. For mV & 1 MeV, the V may also
decay to electron-positron pairs. For a decay of V outside
the detector, our constraint applies without change. If
this occurs inside the detector it would also be identified
as displaced vertex event that has not been seen. We
show the exact constraint in Fig. 1.

Note that there is only a weak logarithmic dependence

on mV – the longitudinal polarization modes of the
V , which lead to 1/m2

V terms, are identically cancelled
between the two diagrams for massless neutrinos. This is
because of Ward identities for the current ⌫�µPL⌫, which
is conserved up to neutrino mass terms.
This constraint applies directly to neutrinophilic dark

matter models, especially the scenario of Ref. [8], and is
also applicable to all neutrino flavors. We do not require
any features other than the interaction g⌫⌫ /V ⌫. Of course,
constraints only apply if the neutrinos in question are
the Standard Model neutrinos; sterile neutrinos evade
this and all other subsequent electroweak constraints.
However, in that case the stringent limits on extra
degrees of freedom from cosmology will apply [43] and
this will require a larger value of g⌫ than advocated
in [8]. Our constraint rules out the a significant portion
of the parameter space and is complementary to the
cosmological constraint from Big Bang Nucleosynthesis
(which depends on the present uncertainty on the extra
number of neutrino species) [107].
The constraint was derived assuming that single-

V emission could be treated perturbatively. At the
boundary we define, this is reasonable because the ratio
of the width of the 3-body mode to the total decay
width of the Z-boson is ⇠ 0.1% and nonperturbative or
unitarity e↵ects do not set in. Well above our constraints,
this approximation will not be valid and the cascade
emission of multiple V bosons will occur, for which non-
perturbative methods must be used [108, 109]. The decay
rate will still be much larger than what is measured and
hence the parameter space is ruled out. Additionally,
the physical scalar degree of freedom, related to the mass
generation of the V -boson, is assumed to be su�ciently
heavy to not a↵ect the process.
The constraints derived here do not apply if the

vector boson V only couple to a sterile neutrino. Due
to the breakdown of the underlying e↵ective theory,
the constraints are also not applicable for vector boson
masses much smaller than what is shown in the figure.
These caveats apply to all the limits derived in this work.

B. W decay

Our constraint on the light vector boson coupling to
neutrinos can be made stronger if the final state in the
decay contains charged leptons as well. We consider
the impact of a universal V coupling to neutrinos and
charged leptons in the following. Similar considerations
have been applied for electroweak bremsstrahlung in dark
matter annihilation [110–112]. Our limits on the neutrino
interactions with a light V are new. The Feynman
diagram is similar to that in Fig. 2.
We first focus on the leptonic decay of the W boson

W� ! `� ⌫` (branching ratio averaged over all three
flavors ⇠ 10%), which is closely related to the Z decay
discussed above. The main di↵erence here is that a V -
boson can also be radiated from the charged lepton, in
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to electroweak bosons can drastically modify the cross
section. These considerations allow us to set stringent
bounds on extra neutrino interactions. Although the
V may also couple to dark matter, that coupling is not
strictly relevant here.

We assume equal coupling of the V boson to the
charged and neutral leptons, as would be dictated by
unbroken SU(2)L gauge invariance. Phenomenologically
it is also interesting to consider the case where the
coupling to charged leptons is negligible, e.g., Ref. [8],
but we are not aware of a detailed implementation that is
consistent with electroweak precision tests. Nonetheless,
we shall show that some of our results do not explicitly
require a nonzero coupling to a charged lepton and
therefore can be used to constrain even the purely
neutrinophilic models.

Although our study of extra neutrino interactions is
general, our conclusions apply in particular to scenarios
where dark matter also couples to the new boson. A
particular variant of these neutrinophilic dark matter
models may solve all the small-scale structure problems
in the ⇤CDM cosmology [8]. Precision measurements of
the cosmic microwave background provide overwhelming
evidence for dark matter (DM) being the dominant form
of matter in the Universe [43–45]. These and other
measurements at large distance scales are in remarkable
agreement with the predictions of the Lambda Cold Dark
Matter (⇤CDM) model [46–48]. However, at the scales of
galaxy clusters, galaxies, and yet smaller objects, ⇤CDM
predictions do not match the observations [49].

There are three important and enduring problems at
small scales. First, “core vs. cusp” – flat cores are
observed in the density profiles of dwarf galaxies, whereas
numerical simulations predict sharp cusps [50–57].
Second, “too big to fail” – the most massive subhalos
found in numerical simulations are denser than the
visible subhalos of the Milky Way [58, 59]. Third,
“missing satellites” – fewer satellite galaxies are observed
than predicted in numerical simulations [60–68].

It has proven di�cult to provide a solution – whether
by using baryonic physics [69–77] or new particle
physics [78–96] – to all three of these small-scale
problems simultaneously while remaining consistent with
the large-scale observations of ⇤CDM. Neutrinophilic
dark matter may address this vexing issue. Given the
importance of the tension between the ⇤CDM model
and observations on small scales, it is urgent to test this
possible resolution [8]. However, this is quite challenging
because the only other particles whose phenomenology is
a↵ected are the hard to detect neutrinos (in the model
of Ref. [8], Standard Model neutrinos; the extension to
sterile neutrinos [8] is discussed below). We illustrate the
importance of our constraints by comparing them to the
requirements of this scenario.

In the context of neutrinophilic dark matter, an
obvious way to constrain extra neutrino interactions is
to search for neutrinos from dark matter annihilation.
For example, dark matter that couples to V and
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FIG. 1. Constraints on hidden neutrino interactions. If
V couples only to neutral active leptons, then only our
constraint from Z decay applies. If V couples equally
also to charged leptons, all of our constraints apply. The
hatched region shows the parameter space of mediator mass
and coupling that solves the missing satellites problem of
⇤CDM [8]. These constraints are valid for ⇤UV ⇠ 500 GeV.
See text for details.

annihilates primarily to neutrinos that may be detected
at neutrino telescopes. However, current and projected
sensitivities [97–101] are not strong enough [8]. Stellar
and supernova cooling arguments can be invoked to
constrain light vector bosons [102]. Neutrinoless double
beta decay may also constrain such a scenario [103].

Our results are shown in Fig. 1. In the following, we
present these in order of increasingly tight limits, and
then conclude.

II. CONSTRAINTS FROM DECAYS

A. Z decay

A light vector boson V that couples to neutrinos may
be constrained by the invisible decay width of the Z-
boson. In the invisible decay Z ! ⌫⌫ (branching ratio
⇠20%), a V -boson can be emitted from the final state
neutrino if a g⌫⌫ /V ⌫ coupling is allowed and if the mass
of the V -boson is less than the Z-boson mass. The 3-
body decay of the Z-boson (shown in Fig. 2) increases
the total decay width of the Z. The total decay width of
the Z-boson, as measured in the laboratory, is (2.4952±
0.0023)GeV, in good agreement with the theoretically
calculated value of (2.4949 +0.0021

�0.0074)GeV [104, 105].
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We calculate new constraints on extra neutrino interactions via light Abelian vector bosons, where
the boson mass arises from Stuckelberg mechanism. We use the requirement that Z, W , and kaon
decays, as well as electron-neutrino scattering, are not altered by the new interactions beyond what
is allowed by experimental uncertainties. These constraints are strong and apply to neutrinophilic
dark matter, where interactions of neutrinos and dark matter via a new gauge boson are important.
In particular, we show that models where neutrino interactions are needed to solve the small-scale
structure problems in the ⇤CDM cosmology are constrained.

I. INTRODUCTION

Neutrinos are feebly interacting yet ubiquitous
particles that govern many physical phenomena. The
roles that neutrinos play appear to be described by just
their weak interactions. However, neutrino detection
remains technically challenging and it is possible that
new interactions that a↵ect neutrinos have escaped
discovery. These hidden neutrino interactions [1, 2] have
thus been invoked for solving a variety of problems
related to cosmological structure formation, neutrino
oscillation anomalies, and dark matter [3–11].

If the new interactions are mediated by a heavy boson,
they can be e↵ectively described using a modified Fermi
constant [12–14]. However, a rich phenomenology is
possible for interactions through new light bosons that
are kinematically accessible. A massless boson leads
to a 1/r2 force that is strongly constrained [15], so we
focus on a light but not massless mediator. If the boson
is heavier than about an MeV then it can decay into
charged fermions, e.g., an electron-positron pair, which
can be tested at collider experiments [16, 17]. The most
challenging scenario is if the boson is lighter than about
an MeV, so that it can only decay “invisibly” to a
neutrino-antineutrino pair.

Models of light scalar bosons coupled to neutrinos,
e.g., Majorons, have been extensively studied, and
there are strong constraints on such couplings [18–
36]. Interestingly, interactions with a new light vector
boson seem to have been largely overlooked and we
address this possibility in this paper. The only previous
constraints [37] on this are from the propagation of
neutrinos from SN 1987A, and we improve these by
orders of magnitude. A strong limit on neutrino self-
interactions was claimed by [38] based on the e↵ects
of neutrino self-scattering in SN 1987A; however, this
argument was refuted by [39], who showed that such
interactions would have no e↵ect on the observed signal.

To be concrete, we assume a light vector gauge boson
V , which has a mass mV ⇠ MeV and couples only to

Standard Model neutrinos (⌫) and charged leptons (`)
through their V-A current: �g⌫

�
` /V PL` � ⌫ /V PL⌫

�
. This

current is anomalous and thus nonconserved, with the
anomaly proportional to the fermion mass which will
arise from gauge-invariant but nonrenormalizable terms.
The model is thus an e↵ective theory valid to some scale
⇤UV that we shall determine soon.

The boson mass may be generated using the
Stuckelberg mechanism when V is an abelian gauge
boson [40, 41]. Such a boson V derived from the
Stuckelberg action could have an arbitrarily small
mass. However, the anomaly in the model leads
to radiative corrections of size approximately �mV &
e g2⌫/(4⇡)

3⇤UV [42], which roughly gives the minimum
mV scale for a given cut-o↵. Or conversely, the maximum
UV-cuto↵ is determined for a givenmV . We have checked
that taking the region of parameter space constrained in
this work is satisfied if ⇤UV ⇠ 500 GeV. If the mass
arises from the Higgs mechanism, e.g., for a nonabelian
gauge boson, these corrections are typically larger and
a small mass is unnatural. We shall therefore focus on
the Stuckelberg case in this work. An abelian V could
also kinetically mix with photons, which provides an
additional avenue for probing these hidden bosons [31–
36]. Here we focus on constraining the above-mentioned
neutrino-boson interaction. We ignore neutrino masses,
as they do not a↵ect our results significantly. To be
conservative, we also assume that V does not couple to
quarks.

Our strategy is to demand that the decays of
electroweak gauge bosons, i.e., Z and W , and mesons,
e.g., kaons, as well as leptonic scattering, e.g., elastic
electron-neutrino scattering, remain consistent with
existing measurements. Emission of a V boson from
a final state lepton increases the decay width and can
turn a 2-body process with a monoenergetic charged
lepton into a 3-body process in which the charged lepton
has a continuous spectrum, indicating the presence of a
new invisible particle carrying away the missing energy.
Similarly, leptonic scattering mediated by V in addition
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FIG. 3. Feynman diagram for K�(ūs) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element h0|u�↵(1 �
�5)s|K�i = fK p↵K is denoted by the shaded circle.

addition to that from the neutrino. As for the Z decay,
the longitudinal mode of V couples to the anomaly in the
lepton current – here approximately the charged lepton
mass. If we consider decays to the third generation,
because the ⌧ lepton is the heaviest, the limit will be
the strongest.

The 3-body decay of the W -boson leads to additional
events with missing energy, increasing the total decay
width of the W . The additional width can then be
compared to the measured width of the W boson to
obtain constraints. The experimentally-measured total
decay width of the W is 2.085 ± 0.042GeV [104], which
agrees very well with the theoretically-calculated value,
2.091 ± 0.002GeV [104]. If the rate of V -boson emission
were too large, then the increase in the calculated total
width would be inconsistent with experiment. To obtain
a one-sided 90% C.L. upper limit on the neutrino-boson
coupling g⌫ , we demand that �(W� ! `� ⌫` V ) 
1.28⇥ 0.042GeV. The constraints on W -boson decay to
the tau lepton is shown in Fig. 1. The decay rate scales
as � ⇠ g2⌫ m

2

`/m
2

V , and hence the constraint is a straight
in the g⌫ � mV plane. The constraints on g⌫ from the
decays W ! µ⌫µV and W ! e⌫eV are weaker by a
factor proportional to the charged lepton mass. The
limit would be stronger by an order of magnitude if the
V were to couple to the neutrino only, but the result is
no longer gauge-invariant. The conditions under which
these constraints do not apply were mentioned at the end
of the Z decay section.

C. Kaon decay

An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ⇠ 65%) via the 2-body leptonic channel
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FIG. 4. Muon spectra from kaon decay for the standard 2-
body decay K� ! µ� ⌫µ (solid blue) measured in [113] along
with the hypothetical 3-body decay K� ! µ� ⌫µ V (dashed
red) with g⌫ = 10�2 and mV = 0.5MeV. The shaded region
shows the search region of Ref. [114], where no excess events
were found. From this we derive an upper bound on the 3-
body di↵erential decay rate that is ⇠104 times lower than the
dashed red line.

K� ! µ� ⌫µ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK �mµ ⇡ 388MeV; the 3-body decay K� ! µ� ⌫µV ,
has a dramatically di↵erent muon spectrum.
We consider the 3-body decay K� ! µ� ⌫µ V , as

shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [19]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K� ! µ�⌫̄µ) and when it is allowed (K� ! µ�⌫̄µV ).
In both cases, we plot d�/dEµ normalized by the total
(all modes) decay width �

tot

. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258MeV; we show the measured result (including energy
resolution) [113]. For the 3-body decay, the muons have
a continuum spectrum; we show this for g⌫ = 10�2 and
mV = 0.5MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [114]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [114].
To obtain our constraint, we use the results

from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60MeV to 100MeV (Eµ between 165.5MeV and
205.5MeV). We integrate our calculated di↵erential
decay rate, d�/dEµ, over this range of Eµ to
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ū
sK�

�

FIG. 3. Feynman diagram for K�(ūs) decay to a muon where
a V is radiated from the final state antineutrino. We also take
into account another diagram where the V is also radiated
from the muon. The hadronic matrix element h0|u�↵(1 �
�5)s|K�i = fK p↵K is denoted by the shaded circle.

addition to that from the neutrino. As for the Z decay,
the longitudinal mode of V couples to the anomaly in the
lepton current – here approximately the charged lepton
mass. If we consider decays to the third generation,
because the ⌧ lepton is the heaviest, the limit will be
the strongest.

The 3-body decay of the W -boson leads to additional
events with missing energy, increasing the total decay
width of the W . The additional width can then be
compared to the measured width of the W boson to
obtain constraints. The experimentally-measured total
decay width of the W is 2.085 ± 0.042GeV [104], which
agrees very well with the theoretically-calculated value,
2.091 ± 0.002GeV [104]. If the rate of V -boson emission
were too large, then the increase in the calculated total
width would be inconsistent with experiment. To obtain
a one-sided 90% C.L. upper limit on the neutrino-boson
coupling g⌫ , we demand that �(W� ! `� ⌫` V ) 
1.28⇥ 0.042GeV. The constraints on W -boson decay to
the tau lepton is shown in Fig. 1. The decay rate scales
as � ⇠ g2⌫ m

2

`/m
2

V , and hence the constraint is a straight
in the g⌫ � mV plane. The constraints on g⌫ from the
decays W ! µ⌫µV and W ! e⌫eV are weaker by a
factor proportional to the charged lepton mass. The
limit would be stronger by an order of magnitude if the
V were to couple to the neutrino only, but the result is
no longer gauge-invariant. The conditions under which
these constraints do not apply were mentioned at the end
of the Z decay section.

C. Kaon decay

An even stronger constraint can be obtained from
kaon decay, again assuming that V couples to both the
neutrinos and charged leptons. The basic idea is the same
as above, but instead of the decay width, we look at the
distortion of the charged lepton spectrum due to excess
missing energy in kaon decays. Kaons dominantly decay
(branching ratio ⇠ 65%) via the 2-body leptonic channel
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FIG. 4. Muon spectra from kaon decay for the standard 2-
body decay K� ! µ� ⌫µ (solid blue) measured in [113] along
with the hypothetical 3-body decay K� ! µ� ⌫µ V (dashed
red) with g⌫ = 10�2 and mV = 0.5MeV. The shaded region
shows the search region of Ref. [114], where no excess events
were found. From this we derive an upper bound on the 3-
body di↵erential decay rate that is ⇠104 times lower than the
dashed red line.

K� ! µ� ⌫µ, for which the muon energy spectrum
is a delta function in the kaon rest frame. If a new
vector boson couples to leptons as assumed, then there
can be V -boson emission from the final states if mV .
mK �mµ ⇡ 388MeV; the 3-body decay K� ! µ� ⌫µV ,
has a dramatically di↵erent muon spectrum.
We consider the 3-body decay K� ! µ� ⌫µ V , as

shown in Fig. 3. Much of the calculation is similar
to that for a related limit on parity-violating muonic
forces [19]. In Fig. 4, we show the muon spectrum from
kaon decay in two cases: when V emission is forbidden
(K� ! µ�⌫̄µ) and when it is allowed (K� ! µ�⌫̄µV ).
In both cases, we plot d�/dEµ normalized by the total
(all modes) decay width �

tot

. For the 2-body decay,
the muons have a monoenergetic spectrum with Eµ =
258MeV; we show the measured result (including energy
resolution) [113]. For the 3-body decay, the muons have
a continuum spectrum; we show this for g⌫ = 10�2 and
mV = 0.5MeV. This produces events at energies where
no excess events above the Standard Model background
were observed (shaded region) [114]. We also show the
approximate upper limit that we derive (in the energy
range used for the search) from the upper limit presented
in Ref. [114].
To obtain our constraint, we use the results

from a search for missing-energy events in kaon
decays with muons having kinetic energies between
60MeV to 100MeV (Eµ between 165.5MeV and
205.5MeV). We integrate our calculated di↵erential
decay rate, d�/dEµ, over this range of Eµ to
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obtain the partial decay width �(K� ! µ� ⌫µ V ).
The measured constraint on the branching ratio
�(K�! µ� + inv.)/�(K�! µ� ⌫µ)  3.5 ⇥ 10�6 [114]
leads to the limit on g⌫ shown in Fig. 1. If the V boson
were to couple only to the neutrino, then the limit on g⌫
would naively be a factor of ⇠ 3 stronger than what is
presented here.

The constraints from W and kaon decays do not apply
directly to purely neutrinophilic models, e.g., Ref. [8],
because no gauge-invariant implementation of the basic
idea is available. An important issue that must be noted
is that the longitudinal mode of V couples to the anomaly
in the fermion current, and results in a contribution
proportional to the charged lepton mass-squared to the
decay rate. These lepton masses cannot be written down
using renormalizable gauge-invariant operators unless
one makes modifications to the Higgs sector or couples
the right-handed leptons to V . The lepton masses may
also be generated by nonrenormalizable operators, as in
Ref. [42], which would then provide a natural UV cuto↵
to the calculations. Since in this e↵ective model, the
minimum V -boson mass is mV & e g2⌫/(4⇡)

3⇤UV [42],
i.e., proportional to the UV cuto↵ of the theory, it is
not possible to take to take the limit of mV ! 0 in this
model.

III. CONSTRAINT FROM SCATTERING

A very strong constraint can be obtained by
considering neutrino-electron scattering at very low
neutrino energies, e.g., as in solar neutrino detection.
Numerous astrophysical and neutrino measurements
have confirmed the standard solar model fluxes, which we
take as an input to constrain any additional interactions
between neutrinos and electrons in the detector. The
present uncertainty in the solar neutrino flux modeling
(⇠ 10%) is much smaller than the possible e↵ects of
extra neutrino interaction, allowing us to ignore the
uncertainties in these fluxes. For definiteness, we use
the measurement of the 862 keV line of the 7Be neutrino
flux [115]. This choice of using a neutrino line (instead of
a continuum spectrum) circumvents the uncertainty due
to the shape of the neutrino spectrum.

Solar neutrinos, which are produced as ⌫e, change to ⌫µ
or ⌫⌧ with a probability of ⇠ 50% at these energies [115].
The presence of this new vector boson would alter
the charged current (CC) interaction between solar ⌫e
neutrinos and target electrons in the detector. It would
also alter the ⌫µ or ⌫⌧ interaction with electrons via the
weak neutral current (NC) interaction. For large values
of g⌫ , the cross section can be completely dominated by
the V -boson exchange. Since the Standard Model CC
interactions are greater than the Standard Model NC
interactions by a factor of ⇠ 4, we conservatively require
that the new interaction mediated by the V be smaller
than 10 times the NC interaction mediated by the Z-
boson.

TABLE I. Summary of constraints on new interactions of
neutrinos with light vector gauge bosons at mV = 1 MeV.

Process Interaction Constraint

Z ! ⌫⌫V g⌫⌫ /V ⌫ g⌫ . 3 ⇥ 10�2

W ! ⌧�⌫⌧V g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 2 ⇥ 10�3

K� ! µ�⌫µV g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 3 ⇥ 10�4

⌫e ! ⌫e g⌫(⌫ /V ⌫ + ` /V `) g⌫ . 3 ⇥ 10�6

The presence of this V will also a↵ect the matter
potential as experienced by the neutrinos. However,
since the propagation of neutrinos is adiabatic at these
energies, and depends on the vacuum mixing angles
(which have been measured separately in the laboratory),
there will be minimal e↵ect of this change on the
neutrinos.
In the limit of small mV ⌧ mZ , the ratio of the cross

section mediated by V to the cross section mediated by
Z can be written as
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e � 3me�)

3E3

⌫

!�1
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where E⌫ is the incident neutrino energy, E
th

(⇡ 270 keV)
is the threshold kinetic energy of the electron used in the
search [115], and � = E⌫ �E

th

. The above expression is
independent of the longitudinal degree of freedom of V .
Requiring �⌫µ e;V /�⌫µ e;Z  10, we get the very strong

constraint in the g⌫ � mV plane shown in Fig. 1. For
mV & 1 MeV, the vector boson can be treated as an
e↵ective operator and hence the constraint scales as
g⌫ / mV . At lower boson masses, the constraint is
primarily determined by the threshold of the search and
hence becomes independent of the boson mass. Although
we have shown the constraint specifically for ⌫µ, the
constraint could be generalized to all neutrino flavors.

IV. SUMMARY AND CONCLUSIONS

We derive strong new constraints on neutrino
interactions with an Abelian light vector boson, where
the mass is generated by Stuckelberg mechanism,
using its impact on electroweak decay and scattering
processes, as summarized in Table I. Our derived
constraint is orders of magnitude stronger than the
previous constraint on light vector boson interacting with
neutrinos, g⌫/mV . 12MeV�1 [37]. To the best of
our knowledge, these are the most stringent constraints
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to electroweak bosons can drastically modify the cross
section. These considerations allow us to set stringent
bounds on extra neutrino interactions. Although the
V may also couple to dark matter, that coupling is not
strictly relevant here.

We assume equal coupling of the V boson to the
charged and neutral leptons, as would be dictated by
unbroken SU(2)L gauge invariance. Phenomenologically
it is also interesting to consider the case where the
coupling to charged leptons is negligible, e.g., Ref. [8],
but we are not aware of a detailed implementation that is
consistent with electroweak precision tests. Nonetheless,
we shall show that some of our results do not explicitly
require a nonzero coupling to a charged lepton and
therefore can be used to constrain even the purely
neutrinophilic models.

Although our study of extra neutrino interactions is
general, our conclusions apply in particular to scenarios
where dark matter also couples to the new boson. A
particular variant of these neutrinophilic dark matter
models may solve all the small-scale structure problems
in the ⇤CDM cosmology [8]. Precision measurements of
the cosmic microwave background provide overwhelming
evidence for dark matter (DM) being the dominant form
of matter in the Universe [43–45]. These and other
measurements at large distance scales are in remarkable
agreement with the predictions of the Lambda Cold Dark
Matter (⇤CDM) model [46–48]. However, at the scales of
galaxy clusters, galaxies, and yet smaller objects, ⇤CDM
predictions do not match the observations [49].

There are three important and enduring problems at
small scales. First, “core vs. cusp” – flat cores are
observed in the density profiles of dwarf galaxies, whereas
numerical simulations predict sharp cusps [50–57].
Second, “too big to fail” – the most massive subhalos
found in numerical simulations are denser than the
visible subhalos of the Milky Way [58, 59]. Third,
“missing satellites” – fewer satellite galaxies are observed
than predicted in numerical simulations [60–68].

It has proven di�cult to provide a solution – whether
by using baryonic physics [69–77] or new particle
physics [78–96] – to all three of these small-scale
problems simultaneously while remaining consistent with
the large-scale observations of ⇤CDM. Neutrinophilic
dark matter may address this vexing issue. Given the
importance of the tension between the ⇤CDM model
and observations on small scales, it is urgent to test this
possible resolution [8]. However, this is quite challenging
because the only other particles whose phenomenology is
a↵ected are the hard to detect neutrinos (in the model
of Ref. [8], Standard Model neutrinos; the extension to
sterile neutrinos [8] is discussed below). We illustrate the
importance of our constraints by comparing them to the
requirements of this scenario.

In the context of neutrinophilic dark matter, an
obvious way to constrain extra neutrino interactions is
to search for neutrinos from dark matter annihilation.
For example, dark matter that couples to V and

g �
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FIG. 1. Constraints on hidden neutrino interactions. If
V couples only to neutral active leptons, then only our
constraint from Z decay applies. If V couples equally
also to charged leptons, all of our constraints apply. The
hatched region shows the parameter space of mediator mass
and coupling that solves the missing satellites problem of
⇤CDM [8]. These constraints are valid for ⇤UV ⇠ 500 GeV.
See text for details.

annihilates primarily to neutrinos that may be detected
at neutrino telescopes. However, current and projected
sensitivities [97–101] are not strong enough [8]. Stellar
and supernova cooling arguments can be invoked to
constrain light vector bosons [102]. Neutrinoless double
beta decay may also constrain such a scenario [103].

Our results are shown in Fig. 1. In the following, we
present these in order of increasingly tight limits, and
then conclude.

II. CONSTRAINTS FROM DECAYS

A. Z decay

A light vector boson V that couples to neutrinos may
be constrained by the invisible decay width of the Z-
boson. In the invisible decay Z ! ⌫⌫ (branching ratio
⇠20%), a V -boson can be emitted from the final state
neutrino if a g⌫⌫ /V ⌫ coupling is allowed and if the mass
of the V -boson is less than the Z-boson mass. The 3-
body decay of the Z-boson (shown in Fig. 2) increases
the total decay width of the Z. The total decay width of
the Z-boson, as measured in the laboratory, is (2.4952±
0.0023)GeV, in good agreement with the theoretically
calculated value of (2.4949 +0.0021

�0.0074)GeV [104, 105].
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We calculate new constraints on extra neutrino interactions via light Abelian vector bosons, where
the boson mass arises from Stuckelberg mechanism. We use the requirement that Z, W , and kaon
decays, as well as electron-neutrino scattering, are not altered by the new interactions beyond what
is allowed by experimental uncertainties. These constraints are strong and apply to neutrinophilic
dark matter, where interactions of neutrinos and dark matter via a new gauge boson are important.
In particular, we show that models where neutrino interactions are needed to solve the small-scale
structure problems in the ⇤CDM cosmology are constrained.

I. INTRODUCTION

Neutrinos are feebly interacting yet ubiquitous
particles that govern many physical phenomena. The
roles that neutrinos play appear to be described by just
their weak interactions. However, neutrino detection
remains technically challenging and it is possible that
new interactions that a↵ect neutrinos have escaped
discovery. These hidden neutrino interactions [1, 2] have
thus been invoked for solving a variety of problems
related to cosmological structure formation, neutrino
oscillation anomalies, and dark matter [3–11].

If the new interactions are mediated by a heavy boson,
they can be e↵ectively described using a modified Fermi
constant [12–14]. However, a rich phenomenology is
possible for interactions through new light bosons that
are kinematically accessible. A massless boson leads
to a 1/r2 force that is strongly constrained [15], so we
focus on a light but not massless mediator. If the boson
is heavier than about an MeV then it can decay into
charged fermions, e.g., an electron-positron pair, which
can be tested at collider experiments [16, 17]. The most
challenging scenario is if the boson is lighter than about
an MeV, so that it can only decay “invisibly” to a
neutrino-antineutrino pair.

Models of light scalar bosons coupled to neutrinos,
e.g., Majorons, have been extensively studied, and
there are strong constraints on such couplings [18–
36]. Interestingly, interactions with a new light vector
boson seem to have been largely overlooked and we
address this possibility in this paper. The only previous
constraints [37] on this are from the propagation of
neutrinos from SN 1987A, and we improve these by
orders of magnitude. A strong limit on neutrino self-
interactions was claimed by [38] based on the e↵ects
of neutrino self-scattering in SN 1987A; however, this
argument was refuted by [39], who showed that such
interactions would have no e↵ect on the observed signal.

To be concrete, we assume a light vector gauge boson
V , which has a mass mV ⇠ MeV and couples only to

Standard Model neutrinos (⌫) and charged leptons (`)
through their V-A current: �g⌫

�
` /V PL` � ⌫ /V PL⌫

�
. This

current is anomalous and thus nonconserved, with the
anomaly proportional to the fermion mass which will
arise from gauge-invariant but nonrenormalizable terms.
The model is thus an e↵ective theory valid to some scale
⇤UV that we shall determine soon.

The boson mass may be generated using the
Stuckelberg mechanism when V is an abelian gauge
boson [40, 41]. Such a boson V derived from the
Stuckelberg action could have an arbitrarily small
mass. However, the anomaly in the model leads
to radiative corrections of size approximately �mV &
e g2⌫/(4⇡)

3⇤UV [42], which roughly gives the minimum
mV scale for a given cut-o↵. Or conversely, the maximum
UV-cuto↵ is determined for a givenmV . We have checked
that taking the region of parameter space constrained in
this work is satisfied if ⇤UV ⇠ 500 GeV. If the mass
arises from the Higgs mechanism, e.g., for a nonabelian
gauge boson, these corrections are typically larger and
a small mass is unnatural. We shall therefore focus on
the Stuckelberg case in this work. An abelian V could
also kinetically mix with photons, which provides an
additional avenue for probing these hidden bosons [31–
36]. Here we focus on constraining the above-mentioned
neutrino-boson interaction. We ignore neutrino masses,
as they do not a↵ect our results significantly. To be
conservative, we also assume that V does not couple to
quarks.

Our strategy is to demand that the decays of
electroweak gauge bosons, i.e., Z and W , and mesons,
e.g., kaons, as well as leptonic scattering, e.g., elastic
electron-neutrino scattering, remain consistent with
existing measurements. Emission of a V boson from
a final state lepton increases the decay width and can
turn a 2-body process with a monoenergetic charged
lepton into a 3-body process in which the charged lepton
has a continuous spectrum, indicating the presence of a
new invisible particle carrying away the missing energy.
Similarly, leptonic scattering mediated by V in addition
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neutrino-electron scattering at very low neutrino energies

(e.g., as in solar neutrino detection)

Solar neutrinos, produced as 𝜈e, change to 𝜈𝜇 or 𝜈𝜏

 The presence of the new vector boson would alter the charged 
current (CC) interaction between solar 𝜈e neutrinos and target 

electrons in the detector. It would also alter the 𝜈𝜇 or  𝜈𝜏 

interaction with electrons via the weak neutral current (NC) 
interaction 
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FIG. 1. Present constraints and future sensitivity to ⌫SI in terms of neutrino coupling, g, and mediator mass, M , with diagonal
dotted contours shown for values of the dimensionful coupling G. The blue shaded regions are excluded by astrophysical
and cosmological considerations based on SN 1987A [6], BBN [37], and the CMB [38, 39]. The pink dashed lines indicate
flavor-dependent limits based on laboratory measurements of meson and lepton decays [40]; we consider only the weakest limit,
for ⌫⌧ , to be robustly excluded for all flavors, and it is shaded. The red shaded region is excluded based on measurement of
Z-boson decay [9]. The gray shaded region indicates the non-perturbative regime. The orange lines are contours of unit optical
depth for di↵erent initial neutrino energies (Eq. 10), indicating the approximate boundary of the parameter space above which
IceCube is sensitive to ⌫SI. The squares represent the example parameters (given in Table I) used in our calculations.

be in thermal equilibrium, changing the number of rela-
tivistic degrees of freedom [37, 56], which can be tested
through Big Bang Nucleosynthesis (BBN). We show the
“maximally conservative” case from Ref. [37], which as-
sumed vector boson mediators. The BBN limits extend
down to g ⇠ 10�8. The presence of ⌫SI can also change
the free-streaming property of the C⌫B, which can leave
an imprint on the observed Cosmic Microwave Back-
ground (CMB). Strong constraints on ⌫SI have been set
in Refs. [38, 39]. In the mediator mass range we focus on,
the constraint was derived assuming a heavy mediator,
and is G . 100 GeV�2, which is much more stringent
than the SN 1987A limit. In Ref. [38, 39], the C⌫B is
constrained to be free-streaming untill redshift ⇠ 2⇥105,
where

p
s ⇠ 10�4 MeV. Therefore, the domain of appli-

cability of the CMB limit would end at a vertical bound-
ary (not shown) at M ⇠ 10�4 MeV.

Limits on ⌫SI can also be set by observations of labora-
tory processes. Even if the neutrinos are not detected di-
rectly, their presence can be inferred by precise measure-
ments of other particles. For example, in the presence of
⌫SI, a mediator can be produced by bremsstrahlung from
an external neutrino [33, 40, 72]; a massive mediator will
then decay into other particles [7–9]. In Majoron-type
models, the best laboratory constraints come from meson
and lepton decays, e.g., Refs. [40, 72], but they depend on
the particular flavor coupling, g↵� , where ↵,� = e, µ, ⌧ ,
and are valid only up to the mass of the meson or lep-

ton, e.g., kaons or tau leptons. The couplings involving
⌫⌧ are the least constrained, so we regard them as the
most robust. Accordingly, they are shaded in Fig. 1 to
indicate exclusion for all flavors.

An flavor-independent constraint can be obtained from
Z-boson decay. If a heavy mediator is assumed, the limit
is quite strong, G ⇠ GF , as shown in Refs. [7–9], though
the domain of applicability of that e↵ective theory calcu-
lation ends below the Z-boson mass. We emphasize that
though this is nominally a very strong limit, it does not
rule out all of the parameter space above the diagonal
line G ⇠ GF ⇠ 10�5 GeV�2. If the calculation is ex-
tended to allow a light mediator, following Ref. [33], the
result for the scalar mediator case (not shown) is compa-
rable to the g↵⌧ constraint in Fig. 1 for mediator masses
below the mass of Z-boson.

This combination of constraints shows a window
of parameter space in the MeV range where model-
independent astrophysical or cosmological constraints
could be improved. The IceCube sensitivity, shown ap-
proximately by the three orange lines in Fig. 1 and calcu-
lated in the next section, lies in this region. Because both
the astrophysical neutrino beam and the C⌫B targets are
expected to contain all flavors of neutrinos, the IceCube
sensitivity is complementary to the flavor-dependent lab-
oratory limits.

2

strong energy dependence, especially due to a resonance.
Our method generalizes earlier work, going beyond the

pure attenuation considered in KT87 and Refs. [31, 32]
as well as the simplified treatment of regeneration consid-
ered in Refs. [13, 14]. We improve upon these by using
the propagation equation to describe the interaction of
a neutrino beam with the C⌫B in the presence of strong
⌫SI. Besides attenuation, this properly takes into account
regeneration as well as multiple scattering of the parent
and daughter neutrinos, i.e., a cascade.

In Sec. II, we consider existing ⌫SI constraints. In
Sec. III, we discuss the e↵ects of ⌫SI on astrophysical neu-
trino spectra. We conclude in Sec. IV. Throughout, we
use cosmological parameters for which the matter density
fraction is ⌦M = 0.3, the cosmological constant density
fraction is ⌦

⇤

= 0.7, and the Hubble function is H(z) =
H

0

p
⌦

⇤

+ ⌦M (1 + z)3, where H
0

= 70 km s�1 Mpc�1.

II. SECRET NEUTRINO INTERACTIONS

We first review existing constraints on ⌫SI for a phe-
nomenological scalar interaction term, Lint ⇠ g�⌫̄⌫.
Fig. 1 shows the parameter space of neutrino coupling
g to a new mediator � with mass M . While these pa-
rameters vary depending on the specific model, type of
coupling, number of new mediators, etc., this figure gives
a broad comparison of di↵erent constraints. The accu-
racy is adequate, especially considering the many orders
of magnitude on the axes. We do not consider the vector
mediator case, since the laboratory constraints are much
stronger than for the scalar case [33, 34].

The range in mediator mass is chosen to span from the
KT87 constraint to those near the weak scale, focusing
on the mass range that has been of particular interest
in recent work, e.g., Refs. [23, 25, 26]. Coincidentally,
this is where the IceCube sensitivity is greatest, as we
show below. The range in coupling is chosen from the
boundary of the non-perturbative regime to where Ice-
Cube loses sensitivity. It would be possible to extend the
figure to smaller masses and couplings, showing interest-
ing features in some of the limits, but that would detract
from our focus, so we just describe those features in the
text.

There are three kinematic regimes in which constraints
can be derived, depending on how the mediator mass,
M , compares to the interaction energy in the center of
momentum frame,

p
s. These are where the mediator

mass is small (i.e., like a Majoron, where the mediator
mass is zero or negligible), comparable to the interaction
energy (i.e., where the energy dependence of the cross
section depends on the mediator mass, possibly through
a resonance), or large (i.e., an e↵ective theory where the
mediator mass has been integrated out). Constraints de-
rived assuming extremely small or large mediator masses
cannot be applied beyond their domains of applicability.

An e↵ective theory description is appropriate when
M & p

s and g . 1. Then these parameters can be

characterized in a combination analogous to the Fermi
constant for low-energy weak interactions, i.e., a dimen-
sionful coupling

G ⌘ 1p
4⇡

g2

M2

. (1)

Constraints on ⌫SI are sometimes quoted using just G.
This does not provide as much information as a region in
the g-M plane, because of the degeneracy in g/M and the
unspecified limits of applicability. In Fig. 1, we plot some
diagonal contours of constant G. The fact that the line
given by G ⇠ GF ⇠ 10�5 GeV�2 is not the same as the
single point (M ⇠ 100 GeV, g ⇠ 1) that defines the weak
interactions illustrates our caution about characterizing
⌫SI with only G.
One general framework for directly testing ⌫SI is to

use neutrinos from sources that travel a long distance
through the C⌫B. The only possibly relevant standard
model process is the Z-burst scenario [35, 36], where a
high energy neutrino interacts with the C⌫B through a Z-
boson resonance. However, the required neutrino energy
is extremely high, ⇠ 1014 GeV, and neutrinos of such
energy may not exist; the cross section at lower energies
is much smaller. Any significant neutrino self-interaction
observed at lower energies must be due to ⌫SI.
In terms of specific limits, neutrinos detected from SN

1987A were the first and, until recently, only direct de-
tection of neutrinos from astrophysical sources beyond
the Sun. Requiring that these neutrinos travel through
the C⌫B without scattering leads to a robust upper limit
on the cross section. Had the interaction strength been
larger, the neutrinos would have scattered to lower en-
ergy and fallen below the detector sensitivity [6]. The
limit from KT87 corresponds to G . 108 GeV�2. The
average supernova neutrino energy is ⇠ 10 MeV and that
of the C⌫B is ⇠ 10�1 eV (assuming small but degenerate
neutrino masses), making

p
s ⇠ 10�3 MeV, so the appli-

cability of this limit would end below a vertical boundary
at M ⇠ 10�3 MeV (not shown). For a massless neutrino,
this boundary would be at M ⇠ 10�4 MeV, because the
average neutrino energy is ⇠ 10�3 eV.
Another general framework for directly testing ⌫SI is

through their e↵ects on a gas with a high neutrino den-
sity. In the early universe [41–45] and in core-collapse
supernovae [46–55], the conditions are so extreme that
even standard model scale neutrino self-scattering and
their self-induced matter mixing potential are important.
In the early universe, ⌫SI could cause neutrinos to annihi-
late or decay into light particles, modifying the expansion
history [37, 56–59]; change the free-streaming property of
neutrinos during photon decoupling [10, 38, 39, 60, 61]; or
induce new mixing e↵ects [25, 62]. In supernovae, the
e↵ect of elastic scattering on neutrino escape time [63]
is irrelevant [64], but ⌫SI could cause a phase transi-
tion [65, 66], change the cooling process [18, 67–70], or
induce non-standard flavor mixing [71].
There are several specific limits. In the early uni-

verse, if the ⌫SI mediator is not too massive, it could

Scalar interaction term:  

Constraints for Scalar Boson

3 kinematic regimes:

- mediator mass < ⎷s (i.e. Majoron with m=0), 
- mediator mass  ～ ⎷s  (resonance) , s= M2, 

- mediator mass > ⎷s (effective theory),  

νSI:     elastic scattering of neutrinos in the s channel

5

We assume that the neutrino (or other particle) targets
are non-relativistic; if they are not, their energy distri-
bution needs to be taken into account in the propagation
equation. The third term on the right accounts for at-
tenuation at a given energy due to scattering with cross
section �(E). The fourth term accounts for particle re-
generation from one energy to another, including when
an incoming particle of energy E0 is down-scattered to
a lower energy E but not lost and when a target par-
ticle with their rest mass energy is up-scattered to en-
ergy E to join the beam. The distributions of secondary
particles are described by the di↵erential cross sections
d�i(E,E0)/dE, where i denotes each process. Here, we
only include down-scattering and up-scattering with neu-
trino targets; this could be generalized. The net e↵ect is
therefore a distortion of the beam spectrum in a way that
conserves energy but not particle number.

This propagation equation automatically takes into
account the re-scattering of secondary particles, analo-
gous to electromagnetic cascades for high energy cosmic
gamma rays [82, 86], ⌫⌧ regeneration in matter [89–91],
and ultrahigh energy cosmic ray propagation [76, 83–
85]. As far as we know, cascade calculations have not
been done for neutrino-neutrino interactions. (A similar
formalism for supernova neutrinos interacting with dark
matter appeared in preprint while we were finalizing this
work [27].)

We assume that there are only active neutrinos in the
beam and target, that all species are comparably popu-
lated by mixing, and that this happens long before any ef-
fects due to propagation. We assume the neutrino masses
are all ' 0.1 eV and that only one species of ⌫ + ⌫̄ inter-
acts, each with half of the targets of a given species, so
nt(z) = 56(1 + z)3 cm�3 We ignore the possibility of fla-
vor changes in scattering. We take a generic form for the
total and di↵erential cross sections to minimize model
dependence. The propagation equation and our calcula-
tions could be generalized to account for changes in the
assumptions, and we discuss below what happens when
some of them are relaxed.

We focus on elastic scattering of neutrinos in the s
channel. For generality, we assume that the cross section
takes a Breit-Wigner form,

�(E) =
g4

4⇡

s

(s�M2)2 +M2�2

, (9)

where s = 2Em⌫ and the decay width of the media-
tor is � = g2M/4⇡. With this form, we generalize the
phenomenological approach of KT87 to include the pos-
sibility that a resonance dominates the cross section. In
that case, the t channel contribution can be neglected. In
the o↵-resonance case, neglecting the t channel does not
change the results much for the cases considered here.
For the di↵erential cross section, we take a flat distribu-
tion in E between zero and E0, which corresponds to the
case of a scalar mediator. Vector mediators have a dif-
ferent distribution, but we do not consider this case due
to strong constraints [33, 34].

This form of the cross section parametrizes all three
kinematic regimes of how the mediator mass compares
to the interaction energy in the center of momentum
frame. For a very light mediator, the cross section is
decreasing with neutrino energy, � ' g4/(4⇡s), while
for a very heavy mediator, the cross section is increasing
with neutrino energy, � ' g4s/(4⇡M4). These two limits
correspond to the massless and massive mediator cases
considered in KT87. For the former, the cross section is
independent of M ; for the latter, it is degenerate in g/M .
Between these two limits, the cross section is peaked at
the resonance energy defined by s = 2E

res

m⌫ = M2,
where the cross section is regulated by its decay width
and is � = 4⇡/M2.
Figure 1 shows all three of these behaviors in the op-

tical depth for neutrino scattering. We define this as

⌧(E|g,M) = c

Z
1

0

dz
nt(0)

H(z)
(1 + z)2�(E|g,M) , (10)

where z = 1 is a typical redshift for cosmic sources. For
simplicity, we ignore the redshift dependence of �(E) in-
side the integral, which would slightly broaden the range
of M for which a resonance could occur. The factor
(1 + z)2 comes from the target density evolution factor
(1 + z)3 and a factor of (1 + z)�1 from |dt/dz|. Taking
redshift into account only increases ⌧ by about a factor
of 3; it would matter more if high-redshift sources were
dominant. We show contours of ⌧ = 1 for E = 0.01, 0.1
and 1 PeV in Fig. 1. Above the contours (⌧ > 1), the
e↵ect of scattering increases exponentially with ⌧ , which
increases as g4 for fixed M . Near the sharp dips, the
realistic sensitivity would be reduced by the e↵ects of
detector energy resolution. We emphasize that we use
⌧ just for illustration; for our main result, we calculate
spectra using Eq. (8).

D. Line emission with ⌫SI

Before considering astrophysical scenarios with broad
energy spectra, it is instructive to show the e↵ects of
⌫SI on a mono-energetic neutrino spectrum. For rough
consistency with the IceCube data, we choose 1 PeV for
the line energy and define the flux in the same units as
the deduced IceCube spectrum.
In Fig. 2, we compare cases with free streaming, ⌫SI

with attenuation only, and ⌫SI with attenuation and re-
generation. The energy dependence of the ⌫SI e↵ects de-
pends on the neutrino-neutrino cross section. Using the
general form of Eq. (9), we choose example resonance en-
ergies E

res

well above, near, and well below the emission
energy of 1 PeV. For each E

res

, the couplings are tuned
so that ⇠ e�1 of the energy spectrum is unattenuated
after propagation.
For the free-streaming case, as in Eq. (6), the spectrum

of neutrino energies simply reflects the distribution of
source redshifts through the relation E = 1 PeV/(1+z).
The edge at 1PeV is from emission nearby, the peak

→
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are non-relativistic; if they are not, their energy distri-
bution needs to be taken into account in the propagation
equation. The third term on the right accounts for at-
tenuation at a given energy due to scattering with cross
section �(E). The fourth term accounts for particle re-
generation from one energy to another, including when
an incoming particle of energy E0 is down-scattered to
a lower energy E but not lost and when a target par-
ticle with their rest mass energy is up-scattered to en-
ergy E to join the beam. The distributions of secondary
particles are described by the di↵erential cross sections
d�i(E,E0)/dE, where i denotes each process. Here, we
only include down-scattering and up-scattering with neu-
trino targets; this could be generalized. The net e↵ect is
therefore a distortion of the beam spectrum in a way that
conserves energy but not particle number.

This propagation equation automatically takes into
account the re-scattering of secondary particles, analo-
gous to electromagnetic cascades for high energy cosmic
gamma rays [82, 86], ⌫⌧ regeneration in matter [89–91],
and ultrahigh energy cosmic ray propagation [76, 83–
85]. As far as we know, cascade calculations have not
been done for neutrino-neutrino interactions. (A similar
formalism for supernova neutrinos interacting with dark
matter appeared in preprint while we were finalizing this
work [27].)

We assume that there are only active neutrinos in the
beam and target, that all species are comparably popu-
lated by mixing, and that this happens long before any ef-
fects due to propagation. We assume the neutrino masses
are all ' 0.1 eV and that only one species of ⌫ + ⌫̄ inter-
acts, each with half of the targets of a given species, so
nt(z) = 56(1 + z)3 cm�3 We ignore the possibility of fla-
vor changes in scattering. We take a generic form for the
total and di↵erential cross sections to minimize model
dependence. The propagation equation and our calcula-
tions could be generalized to account for changes in the
assumptions, and we discuss below what happens when
some of them are relaxed.

We focus on elastic scattering of neutrinos in the s
channel. For generality, we assume that the cross section
takes a Breit-Wigner form,

�(E) =
g4

4⇡
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(s�M2)2 +M2�2

, (9)

where s = 2Em⌫ and the decay width of the media-
tor is � = g2M/4⇡. With this form, we generalize the
phenomenological approach of KT87 to include the pos-
sibility that a resonance dominates the cross section. In
that case, the t channel contribution can be neglected. In
the o↵-resonance case, neglecting the t channel does not
change the results much for the cases considered here.
For the di↵erential cross section, we take a flat distribu-
tion in E between zero and E0, which corresponds to the
case of a scalar mediator. Vector mediators have a dif-
ferent distribution, but we do not consider this case due
to strong constraints [33, 34].

This form of the cross section parametrizes all three
kinematic regimes of how the mediator mass compares
to the interaction energy in the center of momentum
frame. For a very light mediator, the cross section is
decreasing with neutrino energy, � ' g4/(4⇡s), while
for a very heavy mediator, the cross section is increasing
with neutrino energy, � ' g4s/(4⇡M4). These two limits
correspond to the massless and massive mediator cases
considered in KT87. For the former, the cross section is
independent of M ; for the latter, it is degenerate in g/M .
Between these two limits, the cross section is peaked at
the resonance energy defined by s = 2E

res

m⌫ = M2,
where the cross section is regulated by its decay width
and is � = 4⇡/M2.
Figure 1 shows all three of these behaviors in the op-
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⌧(E|g,M) = c

Z
1

0

dz
nt(0)

H(z)
(1 + z)2�(E|g,M) , (10)
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simplicity, we ignore the redshift dependence of �(E) in-
side the integral, which would slightly broaden the range
of M for which a resonance could occur. The factor
(1 + z)2 comes from the target density evolution factor
(1 + z)3 and a factor of (1 + z)�1 from |dt/dz|. Taking
redshift into account only increases ⌧ by about a factor
of 3; it would matter more if high-redshift sources were
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and 1 PeV in Fig. 1. Above the contours (⌧ > 1), the
e↵ect of scattering increases exponentially with ⌧ , which
increases as g4 for fixed M . Near the sharp dips, the
realistic sensitivity would be reduced by the e↵ects of
detector energy resolution. We emphasize that we use
⌧ just for illustration; for our main result, we calculate
spectra using Eq. (8).

D. Line emission with ⌫SI

Before considering astrophysical scenarios with broad
energy spectra, it is instructive to show the e↵ects of
⌫SI on a mono-energetic neutrino spectrum. For rough
consistency with the IceCube data, we choose 1 PeV for
the line energy and define the flux in the same units as
the deduced IceCube spectrum.
In Fig. 2, we compare cases with free streaming, ⌫SI

with attenuation only, and ⌫SI with attenuation and re-
generation. The energy dependence of the ⌫SI e↵ects de-
pends on the neutrino-neutrino cross section. Using the
general form of Eq. (9), we choose example resonance en-
ergies E
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well above, near, and well below the emission
energy of 1 PeV. For each E
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, the couplings are tuned
so that ⇠ e�1 of the energy spectrum is unattenuated
after propagation.
For the free-streaming case, as in Eq. (6), the spectrum
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The edge at 1PeV is from emission nearby, the peak
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We assume that the neutrino (or other particle) targets
are non-relativistic; if they are not, their energy distri-
bution needs to be taken into account in the propagation
equation. The third term on the right accounts for at-
tenuation at a given energy due to scattering with cross
section �(E). The fourth term accounts for particle re-
generation from one energy to another, including when
an incoming particle of energy E0 is down-scattered to
a lower energy E but not lost and when a target par-
ticle with their rest mass energy is up-scattered to en-
ergy E to join the beam. The distributions of secondary
particles are described by the di↵erential cross sections
d�i(E,E0)/dE, where i denotes each process. Here, we
only include down-scattering and up-scattering with neu-
trino targets; this could be generalized. The net e↵ect is
therefore a distortion of the beam spectrum in a way that
conserves energy but not particle number.

This propagation equation automatically takes into
account the re-scattering of secondary particles, analo-
gous to electromagnetic cascades for high energy cosmic
gamma rays [82, 86], ⌫⌧ regeneration in matter [89–91],
and ultrahigh energy cosmic ray propagation [76, 83–
85]. As far as we know, cascade calculations have not
been done for neutrino-neutrino interactions. (A similar
formalism for supernova neutrinos interacting with dark
matter appeared in preprint while we were finalizing this
work [27].)

We assume that there are only active neutrinos in the
beam and target, that all species are comparably popu-
lated by mixing, and that this happens long before any ef-
fects due to propagation. We assume the neutrino masses
are all ' 0.1 eV and that only one species of ⌫ + ⌫̄ inter-
acts, each with half of the targets of a given species, so
nt(z) = 56(1 + z)3 cm�3 We ignore the possibility of fla-
vor changes in scattering. We take a generic form for the
total and di↵erential cross sections to minimize model
dependence. The propagation equation and our calcula-
tions could be generalized to account for changes in the
assumptions, and we discuss below what happens when
some of them are relaxed.

We focus on elastic scattering of neutrinos in the s
channel. For generality, we assume that the cross section
takes a Breit-Wigner form,

�(E) =
g4

4⇡

s

(s�M2)2 +M2�2

, (9)

where s = 2Em⌫ and the decay width of the media-
tor is � = g2M/4⇡. With this form, we generalize the
phenomenological approach of KT87 to include the pos-
sibility that a resonance dominates the cross section. In
that case, the t channel contribution can be neglected. In
the o↵-resonance case, neglecting the t channel does not
change the results much for the cases considered here.
For the di↵erential cross section, we take a flat distribu-
tion in E between zero and E0, which corresponds to the
case of a scalar mediator. Vector mediators have a dif-
ferent distribution, but we do not consider this case due
to strong constraints [33, 34].

This form of the cross section parametrizes all three
kinematic regimes of how the mediator mass compares
to the interaction energy in the center of momentum
frame. For a very light mediator, the cross section is
decreasing with neutrino energy, � ' g4/(4⇡s), while
for a very heavy mediator, the cross section is increasing
with neutrino energy, � ' g4s/(4⇡M4). These two limits
correspond to the massless and massive mediator cases
considered in KT87. For the former, the cross section is
independent of M ; for the latter, it is degenerate in g/M .
Between these two limits, the cross section is peaked at
the resonance energy defined by s = 2E
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where the cross section is regulated by its decay width
and is � = 4⇡/M2.
Figure 1 shows all three of these behaviors in the op-
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where z = 1 is a typical redshift for cosmic sources. For
simplicity, we ignore the redshift dependence of �(E) in-
side the integral, which would slightly broaden the range
of M for which a resonance could occur. The factor
(1 + z)2 comes from the target density evolution factor
(1 + z)3 and a factor of (1 + z)�1 from |dt/dz|. Taking
redshift into account only increases ⌧ by about a factor
of 3; it would matter more if high-redshift sources were
dominant. We show contours of ⌧ = 1 for E = 0.01, 0.1
and 1 PeV in Fig. 1. Above the contours (⌧ > 1), the
e↵ect of scattering increases exponentially with ⌧ , which
increases as g4 for fixed M . Near the sharp dips, the
realistic sensitivity would be reduced by the e↵ects of
detector energy resolution. We emphasize that we use
⌧ just for illustration; for our main result, we calculate
spectra using Eq. (8).

D. Line emission with ⌫SI

Before considering astrophysical scenarios with broad
energy spectra, it is instructive to show the e↵ects of
⌫SI on a mono-energetic neutrino spectrum. For rough
consistency with the IceCube data, we choose 1 PeV for
the line energy and define the flux in the same units as
the deduced IceCube spectrum.
In Fig. 2, we compare cases with free streaming, ⌫SI

with attenuation only, and ⌫SI with attenuation and re-
generation. The energy dependence of the ⌫SI e↵ects de-
pends on the neutrino-neutrino cross section. Using the
general form of Eq. (9), we choose example resonance en-
ergies E
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well above, near, and well below the emission
energy of 1 PeV. For each E
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, the couplings are tuned
so that ⇠ e�1 of the energy spectrum is unattenuated
after propagation.
For the free-streaming case, as in Eq. (6), the spectrum

of neutrino energies simply reflects the distribution of
source redshifts through the relation E = 1 PeV/(1+z).
The edge at 1PeV is from emission nearby, the peak
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We assume that the neutrino (or other particle) targets
are non-relativistic; if they are not, their energy distri-
bution needs to be taken into account in the propagation
equation. The third term on the right accounts for at-
tenuation at a given energy due to scattering with cross
section �(E). The fourth term accounts for particle re-
generation from one energy to another, including when
an incoming particle of energy E0 is down-scattered to
a lower energy E but not lost and when a target par-
ticle with their rest mass energy is up-scattered to en-
ergy E to join the beam. The distributions of secondary
particles are described by the di↵erential cross sections
d�i(E,E0)/dE, where i denotes each process. Here, we
only include down-scattering and up-scattering with neu-
trino targets; this could be generalized. The net e↵ect is
therefore a distortion of the beam spectrum in a way that
conserves energy but not particle number.

This propagation equation automatically takes into
account the re-scattering of secondary particles, analo-
gous to electromagnetic cascades for high energy cosmic
gamma rays [82, 86], ⌫⌧ regeneration in matter [89–91],
and ultrahigh energy cosmic ray propagation [76, 83–
85]. As far as we know, cascade calculations have not
been done for neutrino-neutrino interactions. (A similar
formalism for supernova neutrinos interacting with dark
matter appeared in preprint while we were finalizing this
work [27].)

We assume that there are only active neutrinos in the
beam and target, that all species are comparably popu-
lated by mixing, and that this happens long before any ef-
fects due to propagation. We assume the neutrino masses
are all ' 0.1 eV and that only one species of ⌫ + ⌫̄ inter-
acts, each with half of the targets of a given species, so
nt(z) = 56(1 + z)3 cm�3 We ignore the possibility of fla-
vor changes in scattering. We take a generic form for the
total and di↵erential cross sections to minimize model
dependence. The propagation equation and our calcula-
tions could be generalized to account for changes in the
assumptions, and we discuss below what happens when
some of them are relaxed.

We focus on elastic scattering of neutrinos in the s
channel. For generality, we assume that the cross section
takes a Breit-Wigner form,

�(E) =
g4

4⇡

s

(s�M2)2 +M2�2

, (9)

where s = 2Em⌫ and the decay width of the media-
tor is � = g2M/4⇡. With this form, we generalize the
phenomenological approach of KT87 to include the pos-
sibility that a resonance dominates the cross section. In
that case, the t channel contribution can be neglected. In
the o↵-resonance case, neglecting the t channel does not
change the results much for the cases considered here.
For the di↵erential cross section, we take a flat distribu-
tion in E between zero and E0, which corresponds to the
case of a scalar mediator. Vector mediators have a dif-
ferent distribution, but we do not consider this case due
to strong constraints [33, 34].

This form of the cross section parametrizes all three
kinematic regimes of how the mediator mass compares
to the interaction energy in the center of momentum
frame. For a very light mediator, the cross section is
decreasing with neutrino energy, � ' g4/(4⇡s), while
for a very heavy mediator, the cross section is increasing
with neutrino energy, � ' g4s/(4⇡M4). These two limits
correspond to the massless and massive mediator cases
considered in KT87. For the former, the cross section is
independent of M ; for the latter, it is degenerate in g/M .
Between these two limits, the cross section is peaked at
the resonance energy defined by s = 2E

res

m⌫ = M2,
where the cross section is regulated by its decay width
and is � = 4⇡/M2.
Figure 1 shows all three of these behaviors in the op-

tical depth for neutrino scattering. We define this as
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where z = 1 is a typical redshift for cosmic sources. For
simplicity, we ignore the redshift dependence of �(E) in-
side the integral, which would slightly broaden the range
of M for which a resonance could occur. The factor
(1 + z)2 comes from the target density evolution factor
(1 + z)3 and a factor of (1 + z)�1 from |dt/dz|. Taking
redshift into account only increases ⌧ by about a factor
of 3; it would matter more if high-redshift sources were
dominant. We show contours of ⌧ = 1 for E = 0.01, 0.1
and 1 PeV in Fig. 1. Above the contours (⌧ > 1), the
e↵ect of scattering increases exponentially with ⌧ , which
increases as g4 for fixed M . Near the sharp dips, the
realistic sensitivity would be reduced by the e↵ects of
detector energy resolution. We emphasize that we use
⌧ just for illustration; for our main result, we calculate
spectra using Eq. (8).

D. Line emission with ⌫SI

Before considering astrophysical scenarios with broad
energy spectra, it is instructive to show the e↵ects of
⌫SI on a mono-energetic neutrino spectrum. For rough
consistency with the IceCube data, we choose 1 PeV for
the line energy and define the flux in the same units as
the deduced IceCube spectrum.
In Fig. 2, we compare cases with free streaming, ⌫SI

with attenuation only, and ⌫SI with attenuation and re-
generation. The energy dependence of the ⌫SI e↵ects de-
pends on the neutrino-neutrino cross section. Using the
general form of Eq. (9), we choose example resonance en-
ergies E
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well above, near, and well below the emission
energy of 1 PeV. For each E
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, the couplings are tuned
so that ⇠ e�1 of the energy spectrum is unattenuated
after propagation.
For the free-streaming case, as in Eq. (6), the spectrum
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The edge at 1PeV is from emission nearby, the peak
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We assume that the neutrino (or other particle) targets
are non-relativistic; if they are not, their energy distri-
bution needs to be taken into account in the propagation
equation. The third term on the right accounts for at-
tenuation at a given energy due to scattering with cross
section �(E). The fourth term accounts for particle re-
generation from one energy to another, including when
an incoming particle of energy E0 is down-scattered to
a lower energy E but not lost and when a target par-
ticle with their rest mass energy is up-scattered to en-
ergy E to join the beam. The distributions of secondary
particles are described by the di↵erential cross sections
d�i(E,E0)/dE, where i denotes each process. Here, we
only include down-scattering and up-scattering with neu-
trino targets; this could be generalized. The net e↵ect is
therefore a distortion of the beam spectrum in a way that
conserves energy but not particle number.

This propagation equation automatically takes into
account the re-scattering of secondary particles, analo-
gous to electromagnetic cascades for high energy cosmic
gamma rays [82, 86], ⌫⌧ regeneration in matter [89–91],
and ultrahigh energy cosmic ray propagation [76, 83–
85]. As far as we know, cascade calculations have not
been done for neutrino-neutrino interactions. (A similar
formalism for supernova neutrinos interacting with dark
matter appeared in preprint while we were finalizing this
work [27].)

We assume that there are only active neutrinos in the
beam and target, that all species are comparably popu-
lated by mixing, and that this happens long before any ef-
fects due to propagation. We assume the neutrino masses
are all ' 0.1 eV and that only one species of ⌫ + ⌫̄ inter-
acts, each with half of the targets of a given species, so
nt(z) = 56(1 + z)3 cm�3 We ignore the possibility of fla-
vor changes in scattering. We take a generic form for the
total and di↵erential cross sections to minimize model
dependence. The propagation equation and our calcula-
tions could be generalized to account for changes in the
assumptions, and we discuss below what happens when
some of them are relaxed.

We focus on elastic scattering of neutrinos in the s
channel. For generality, we assume that the cross section
takes a Breit-Wigner form,

�(E) =
g4

4⇡

s

(s�M2)2 +M2�2

, (9)

where s = 2Em⌫ and the decay width of the media-
tor is � = g2M/4⇡. With this form, we generalize the
phenomenological approach of KT87 to include the pos-
sibility that a resonance dominates the cross section. In
that case, the t channel contribution can be neglected. In
the o↵-resonance case, neglecting the t channel does not
change the results much for the cases considered here.
For the di↵erential cross section, we take a flat distribu-
tion in E between zero and E0, which corresponds to the
case of a scalar mediator. Vector mediators have a dif-
ferent distribution, but we do not consider this case due
to strong constraints [33, 34].

This form of the cross section parametrizes all three
kinematic regimes of how the mediator mass compares
to the interaction energy in the center of momentum
frame. For a very light mediator, the cross section is
decreasing with neutrino energy, � ' g4/(4⇡s), while
for a very heavy mediator, the cross section is increasing
with neutrino energy, � ' g4s/(4⇡M4). These two limits
correspond to the massless and massive mediator cases
considered in KT87. For the former, the cross section is
independent of M ; for the latter, it is degenerate in g/M .
Between these two limits, the cross section is peaked at
the resonance energy defined by s = 2E

res

m⌫ = M2,
where the cross section is regulated by its decay width
and is � = 4⇡/M2.
Figure 1 shows all three of these behaviors in the op-
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where z = 1 is a typical redshift for cosmic sources. For
simplicity, we ignore the redshift dependence of �(E) in-
side the integral, which would slightly broaden the range
of M for which a resonance could occur. The factor
(1 + z)2 comes from the target density evolution factor
(1 + z)3 and a factor of (1 + z)�1 from |dt/dz|. Taking
redshift into account only increases ⌧ by about a factor
of 3; it would matter more if high-redshift sources were
dominant. We show contours of ⌧ = 1 for E = 0.01, 0.1
and 1 PeV in Fig. 1. Above the contours (⌧ > 1), the
e↵ect of scattering increases exponentially with ⌧ , which
increases as g4 for fixed M . Near the sharp dips, the
realistic sensitivity would be reduced by the e↵ects of
detector energy resolution. We emphasize that we use
⌧ just for illustration; for our main result, we calculate
spectra using Eq. (8).

D. Line emission with ⌫SI

Before considering astrophysical scenarios with broad
energy spectra, it is instructive to show the e↵ects of
⌫SI on a mono-energetic neutrino spectrum. For rough
consistency with the IceCube data, we choose 1 PeV for
the line energy and define the flux in the same units as
the deduced IceCube spectrum.
In Fig. 2, we compare cases with free streaming, ⌫SI

with attenuation only, and ⌫SI with attenuation and re-
generation. The energy dependence of the ⌫SI e↵ects de-
pends on the neutrino-neutrino cross section. Using the
general form of Eq. (9), we choose example resonance en-
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We assume that the neutrino (or other particle) targets
are non-relativistic; if they are not, their energy distri-
bution needs to be taken into account in the propagation
equation. The third term on the right accounts for at-
tenuation at a given energy due to scattering with cross
section �(E). The fourth term accounts for particle re-
generation from one energy to another, including when
an incoming particle of energy E0 is down-scattered to
a lower energy E but not lost and when a target par-
ticle with their rest mass energy is up-scattered to en-
ergy E to join the beam. The distributions of secondary
particles are described by the di↵erential cross sections
d�i(E,E0)/dE, where i denotes each process. Here, we
only include down-scattering and up-scattering with neu-
trino targets; this could be generalized. The net e↵ect is
therefore a distortion of the beam spectrum in a way that
conserves energy but not particle number.

This propagation equation automatically takes into
account the re-scattering of secondary particles, analo-
gous to electromagnetic cascades for high energy cosmic
gamma rays [82, 86], ⌫⌧ regeneration in matter [89–91],
and ultrahigh energy cosmic ray propagation [76, 83–
85]. As far as we know, cascade calculations have not
been done for neutrino-neutrino interactions. (A similar
formalism for supernova neutrinos interacting with dark
matter appeared in preprint while we were finalizing this
work [27].)

We assume that there are only active neutrinos in the
beam and target, that all species are comparably popu-
lated by mixing, and that this happens long before any ef-
fects due to propagation. We assume the neutrino masses
are all ' 0.1 eV and that only one species of ⌫ + ⌫̄ inter-
acts, each with half of the targets of a given species, so
nt(z) = 56(1 + z)3 cm�3 We ignore the possibility of fla-
vor changes in scattering. We take a generic form for the
total and di↵erential cross sections to minimize model
dependence. The propagation equation and our calcula-
tions could be generalized to account for changes in the
assumptions, and we discuss below what happens when
some of them are relaxed.

We focus on elastic scattering of neutrinos in the s
channel. For generality, we assume that the cross section
takes a Breit-Wigner form,

�(E) =
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(s�M2)2 +M2�2

, (9)

where s = 2Em⌫ and the decay width of the media-
tor is � = g2M/4⇡. With this form, we generalize the
phenomenological approach of KT87 to include the pos-
sibility that a resonance dominates the cross section. In
that case, the t channel contribution can be neglected. In
the o↵-resonance case, neglecting the t channel does not
change the results much for the cases considered here.
For the di↵erential cross section, we take a flat distribu-
tion in E between zero and E0, which corresponds to the
case of a scalar mediator. Vector mediators have a dif-
ferent distribution, but we do not consider this case due
to strong constraints [33, 34].

This form of the cross section parametrizes all three
kinematic regimes of how the mediator mass compares
to the interaction energy in the center of momentum
frame. For a very light mediator, the cross section is
decreasing with neutrino energy, � ' g4/(4⇡s), while
for a very heavy mediator, the cross section is increasing
with neutrino energy, � ' g4s/(4⇡M4). These two limits
correspond to the massless and massive mediator cases
considered in KT87. For the former, the cross section is
independent of M ; for the latter, it is degenerate in g/M .
Between these two limits, the cross section is peaked at
the resonance energy defined by s = 2E
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where the cross section is regulated by its decay width
and is � = 4⇡/M2.
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where z = 1 is a typical redshift for cosmic sources. For
simplicity, we ignore the redshift dependence of �(E) in-
side the integral, which would slightly broaden the range
of M for which a resonance could occur. The factor
(1 + z)2 comes from the target density evolution factor
(1 + z)3 and a factor of (1 + z)�1 from |dt/dz|. Taking
redshift into account only increases ⌧ by about a factor
of 3; it would matter more if high-redshift sources were
dominant. We show contours of ⌧ = 1 for E = 0.01, 0.1
and 1 PeV in Fig. 1. Above the contours (⌧ > 1), the
e↵ect of scattering increases exponentially with ⌧ , which
increases as g4 for fixed M . Near the sharp dips, the
realistic sensitivity would be reduced by the e↵ects of
detector energy resolution. We emphasize that we use
⌧ just for illustration; for our main result, we calculate
spectra using Eq. (8).

D. Line emission with ⌫SI

Before considering astrophysical scenarios with broad
energy spectra, it is instructive to show the e↵ects of
⌫SI on a mono-energetic neutrino spectrum. For rough
consistency with the IceCube data, we choose 1 PeV for
the line energy and define the flux in the same units as
the deduced IceCube spectrum.
In Fig. 2, we compare cases with free streaming, ⌫SI
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generation. The energy dependence of the ⌫SI e↵ects de-
pends on the neutrino-neutrino cross section. Using the
general form of Eq. (9), we choose example resonance en-
ergies E

res

well above, near, and well below the emission
energy of 1 PeV. For each E

res

, the couplings are tuned
so that ⇠ e�1 of the energy spectrum is unattenuated
after propagation.
For the free-streaming case, as in Eq. (6), the spectrum

of neutrino energies simply reflects the distribution of
source redshifts through the relation E = 1 PeV/(1+z).
The edge at 1PeV is from emission nearby, the peak
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FIG. 2. The e↵ects of ⌫SI on an emitted line spectrum at
1 PeV with SFR evolution, for di↵erent assumed resonance
energies, as labeled. The solid lines are for free-streaming
neutrinos, the dotted lines are for ⌫SI with regeneration of
two neutrinos (the beam and target), and the dashed lines
are for ⌫SI with no regeneration.

near 0.5PeV from emission near z = 1, and lower en-
ergies from emission at still-higher redshifts. As noted,
the rapid rise of the SFR between z = 0 and z = 1 [87, 88]
overcomes the suppression due to the Hubble expansion,
i.e., less volume per redshift interval, until near z = 1,
where the SFR begins to flatten and then fall.

With ⌫SI, interpreting the spectrum shape is more
complicated. Attenuation is energy-dependent, and re-
generation moves particles to lower energies while in-
creasing their numbers. We obtain the resultant spectra
by numerically solving the propagation equation, Eq. (8).
We show the e↵ects of attenuation alone as a compari-
son for the full calculation that includes regeneration.
For regeneration, the total energy carried in neutrinos is
conserved. We checked our numerical results by compar-
ing the total energy in the spectrum to that of the free-
streaming case, finding agreement at the percent level.
Energy conservation corresponds to area conservation in
a plot of E2dN/dE with log energy bins. In Fig. 2, the
area conservation is apparent, with the exception of the
bottom panel, where we cut o↵ the figure before showing
the whole regenerated spectrum.

For the top panel, where E
res

= 5 PeV, the cross sec-
tion increases with energy, which produces a flattish spec-
trum of regenerated neutrinos. For the middle panel,
where E

res

= 0.5 PeV, the resonance energy is at the
peak of the unattenuated spectrum, which causes signifi-
cant absorption there and a pileup of regenerated events
at slightly lower energy. Importantly, the absorption dip
is broadened by the redshift e↵ects. Neutrinos emitted
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FIG. 3. The e↵ects of ⌫SI on an emitted continuum spectrum
that is consistent with IceCube data. The solid line indicates
the free-streaming case (� = 2 and Ecut = 107 GeV), while
the other lines are for four models of ⌫SI, with the parameters
defined in Table I.

with the same energy at di↵erent redshifts reach the reso-
nance energy at di↵erent redshifts, smearing out the reso-
nance in received energy (this is analogous to the redshift
smearing of a monoenergetic emission line). This broad-
ening is helpful for detection, as a narrow feature would
be di�cult to observe with realistic detector energy res-
olution. For the lower panel, where E

res

= 0.05 PeV,
the cross section is decreasing at energy higher than the
resonance, so regenerated neutrinos will continue to in-
teract until they fall below the resonance energy, where
the energy dependence changes, forming a true cascade.

E. Astrophysical scenarios with ⌫SI

We now consider more realistic astrophysical scenar-
ios that are compatible with IceCube measurements [28–
30, 92–94]. We assume that a generic astrophysical flux
can be described by L

0

(E) / E��e�E/E
cut . An E�2

power-law is a typical astrophysical neutrino spectrum.
IceCube detected no events above about 2 PeV. A cut-

TABLE I. Parameters for the benchmark scenarios.

A B C D

g 0.3 0.03 0.03 0.01

M [MeV] 100 10 3 1

⌧ (1 PeV) ⇠ 0.7 ⇠ 0.6 ⇠ 0.2 ⇠ 0.002

Eres [PeV] 50 0.5 0.045 0.005
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We assume that the neutrino (or other particle) targets
are non-relativistic; if they are not, their energy distri-
bution needs to be taken into account in the propagation
equation. The third term on the right accounts for at-
tenuation at a given energy due to scattering with cross
section �(E). The fourth term accounts for particle re-
generation from one energy to another, including when
an incoming particle of energy E0 is down-scattered to
a lower energy E but not lost and when a target par-
ticle with their rest mass energy is up-scattered to en-
ergy E to join the beam. The distributions of secondary
particles are described by the di↵erential cross sections
d�i(E,E0)/dE, where i denotes each process. Here, we
only include down-scattering and up-scattering with neu-
trino targets; this could be generalized. The net e↵ect is
therefore a distortion of the beam spectrum in a way that
conserves energy but not particle number.

This propagation equation automatically takes into
account the re-scattering of secondary particles, analo-
gous to electromagnetic cascades for high energy cosmic
gamma rays [82, 86], ⌫⌧ regeneration in matter [89–91],
and ultrahigh energy cosmic ray propagation [76, 83–
85]. As far as we know, cascade calculations have not
been done for neutrino-neutrino interactions. (A similar
formalism for supernova neutrinos interacting with dark
matter appeared in preprint while we were finalizing this
work [27].)

We assume that there are only active neutrinos in the
beam and target, that all species are comparably popu-
lated by mixing, and that this happens long before any ef-
fects due to propagation. We assume the neutrino masses
are all ' 0.1 eV and that only one species of ⌫ + ⌫̄ inter-
acts, each with half of the targets of a given species, so
nt(z) = 56(1 + z)3 cm�3 We ignore the possibility of fla-
vor changes in scattering. We take a generic form for the
total and di↵erential cross sections to minimize model
dependence. The propagation equation and our calcula-
tions could be generalized to account for changes in the
assumptions, and we discuss below what happens when
some of them are relaxed.

We focus on elastic scattering of neutrinos in the s
channel. For generality, we assume that the cross section
takes a Breit-Wigner form,

�(E) =
g4

4⇡

s

(s�M2)2 +M2�2

, (9)

where s = 2Em⌫ and the decay width of the media-
tor is � = g2M/4⇡. With this form, we generalize the
phenomenological approach of KT87 to include the pos-
sibility that a resonance dominates the cross section. In
that case, the t channel contribution can be neglected. In
the o↵-resonance case, neglecting the t channel does not
change the results much for the cases considered here.
For the di↵erential cross section, we take a flat distribu-
tion in E between zero and E0, which corresponds to the
case of a scalar mediator. Vector mediators have a dif-
ferent distribution, but we do not consider this case due
to strong constraints [33, 34].

This form of the cross section parametrizes all three
kinematic regimes of how the mediator mass compares
to the interaction energy in the center of momentum
frame. For a very light mediator, the cross section is
decreasing with neutrino energy, � ' g4/(4⇡s), while
for a very heavy mediator, the cross section is increasing
with neutrino energy, � ' g4s/(4⇡M4). These two limits
correspond to the massless and massive mediator cases
considered in KT87. For the former, the cross section is
independent of M ; for the latter, it is degenerate in g/M .
Between these two limits, the cross section is peaked at
the resonance energy defined by s = 2E

res

m⌫ = M2,
where the cross section is regulated by its decay width
and is � = 4⇡/M2.
Figure 1 shows all three of these behaviors in the op-

tical depth for neutrino scattering. We define this as

⌧(E|g,M) = c

Z
1

0

dz
nt(0)

H(z)
(1 + z)2�(E|g,M) , (10)

where z = 1 is a typical redshift for cosmic sources. For
simplicity, we ignore the redshift dependence of �(E) in-
side the integral, which would slightly broaden the range
of M for which a resonance could occur. The factor
(1 + z)2 comes from the target density evolution factor
(1 + z)3 and a factor of (1 + z)�1 from |dt/dz|. Taking
redshift into account only increases ⌧ by about a factor
of 3; it would matter more if high-redshift sources were
dominant. We show contours of ⌧ = 1 for E = 0.01, 0.1
and 1 PeV in Fig. 1. Above the contours (⌧ > 1), the
e↵ect of scattering increases exponentially with ⌧ , which
increases as g4 for fixed M . Near the sharp dips, the
realistic sensitivity would be reduced by the e↵ects of
detector energy resolution. We emphasize that we use
⌧ just for illustration; for our main result, we calculate
spectra using Eq. (8).

D. Line emission with ⌫SI

Before considering astrophysical scenarios with broad
energy spectra, it is instructive to show the e↵ects of
⌫SI on a mono-energetic neutrino spectrum. For rough
consistency with the IceCube data, we choose 1 PeV for
the line energy and define the flux in the same units as
the deduced IceCube spectrum.
In Fig. 2, we compare cases with free streaming, ⌫SI

with attenuation only, and ⌫SI with attenuation and re-
generation. The energy dependence of the ⌫SI e↵ects de-
pends on the neutrino-neutrino cross section. Using the
general form of Eq. (9), we choose example resonance en-
ergies E

res

well above, near, and well below the emission
energy of 1 PeV. For each E

res

, the couplings are tuned
so that ⇠ e�1 of the energy spectrum is unattenuated
after propagation.
For the free-streaming case, as in Eq. (6), the spectrum

of neutrino energies simply reflects the distribution of
source redshifts through the relation E = 1 PeV/(1+z).
The edge at 1PeV is from emission nearby, the peak



Secret interactions for sterile νs 

 4-fermion point-like interaction: 
new secret self-interactions among 
sterile ν mediated by a massive  
gauge boson X : MX << MW 

Suppress the thermalization of  
sterile neutrinos 
(Effective νa-νs mixing reduced by a large 
matter term)  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Secret interactions: resonances around  1 MeV, 

 sterile ν suppressed. 

Note that also νe and  νµ the  are depleted:  

crucial for Neff but also for BBN 

       ρee= 0.7,  Neff = 0.18

.

Saviano, Pisanti, Mangano, Mirizzi 2014, ArXiv::1409.1680 

 Sterile production by secret interactions 
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.
Asymptotic values of ∆Neff versus GX and gX 

Resonance temperature in the plane (GX , gX)
Dashed curves: constant Tres contours

Solid curves: constant MX contours
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Secret interactions and BBN



Summarising:

✓ Very large  MX                                  thermalization of  νs  ↔ secret interactions do not have effect

✓  400 MeV< MX < 40  MeV                               severely constrained by BBN bounds

✓  40  MeV < MX < 0.1  MeV                               severely constrained by sterile mass bounds

For  MX < 0.1  MeV   ➙ νs   could be still coupled 

at CMB and LSS epoch  ➙ no free-streaming     

Γ/H Present cosmological mass bound obtained 
considering free-streaming ν

An appropriated analysis  should be performed

Cosmological constraints on secret interactions 
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A surprising feature on  Neff 
•  After the production, νs have a “grey-body” spectrum  (ρss = 3/4)....

.... but the collisions and oscillations are still active pushing all neutrinos to a     
      common FD distribution

Constraint:  nν TOT must  be constant

        Tν is reduced by a factor  (3/4)1/3, 
   leading to an effect on the radiation density

 Mirizzi,Mangano, Pisanti Saviano, 2014,  
ArXiv:1410.1385



Big Bang Nucleosynthesis 
 0.1-0.01 MeV 

Formation of light nuclei starting from D

Planck Collaboration: Cosmological parameters

tive method presented in Mangano & Serpico (2011) leads to an
upper bound for YBBN

P that is consistent with the above estimate.
The recent measurement of the proto-Solar helium abundance
by Serenelli & Basu (2010) provides an even more conservative
upper bound, YP < 0.294 at the 2� level.

For the primordial abundance of deuterium, data points show
excess scatter above the statistical errors, indicative of system-
atic errors. The compilation presented in Iocco et al. (2009),
based on data accumulated over several years, gives yBBN

DP =
2.87 ± 0.22 (68% CL). Pettini & Cooke (2012) report an accu-
rate deuterium abundance measurement in the z = 3.04984 low-
metallicity damped Ly↵ system in the spectrum of QSO SDSS
J1419+0829, which they argue is particularly well suited to deu-
terium abundance measurements. These authors find yBBN

DP =
2.535 ± 0.05 (68% CL), a significantly tighter constraint than
that from the Iocco et al. (2009) compilation. The Pettini-Cooke
measurement is, however, a single data point, and it is im-
portant to acquire more observations of similar systems to as-
sess whether their error estimate is consistent with possible
sources of systematic error. We adopt a conservative position
in this paper and compare both the Iocco et al. (2009) and the
Pettini & Cooke (2012) measurements to the CMB predictions

We consider only the 4He and D abundances in this paper.
We do not discuss measurements of 3He abundances since these
provide only an upper bound on the true primordial 3He frac-
tion. Likewise, we do not discuss lithium. There has been a long
standing discrepancy between the low lithium abundances mea-
sured in metal-poor stars in our Galaxy and the predictions of
BBN. At present it is not clear whether this discrepancy is caused
by systematic errors in the abundance measurements, or has an
“astrophysical” solution (e.g., destruction of primordial lithium)
or is caused by new physics (see Fields 2011, for a recent re-
view).

6.4.2. Planck predictions of primordial abundances in
standard BBN

We first restrict ourselves to the base cosmological model, with
no extra relativistic degrees of freedom beyond ordinary neutri-
nos (and a negligible lepton asymmetry), leading to Ne↵ = 3.046
(Mangano et al. 2005). Assuming that standard BBN holds, and
that there is no entropy release after BBN, we can compute
the spectrum of CMB anisotropies using the relation YP(!b)
given by PArthENoPE. This relation is used as the default
in the grid of models discussed in this paper; we use the
CosmoMC implementation developed by Hamann et al. (2008).
The Planck+WP+highL fits to the base ⇤CDM model gives the
following estimate of the baryon density,

!b = 0.02207 ± 0.00027 (68%; Planck+WP+highL), (84)

as listed in Table 5. In Fig. 29, we show this bound together
with theoretical BBN predictions for YBBN

P (!b) and yBBN
DP (!b).

The bound of Eq. (84) leads to the predictions

YP(!b) = 0.24725 ± 0.00032, (85a)
yDP(!b) = 2.656 ± 0.067, (85b)

where the errors here are 68% and include theoretical errors that
are added in quadrature to those arising from uncertainties in
!b. (The theoretical error dominates the total error in the case
of YP.)36 For helium, this prediction is in very good agreement

36Note that, throughout this paper, our quoted CMB constraints on
all parameters do not include the theoretical uncertainty in the BBN
relation (where used).
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Fig. 29. Predictions of standard BBN for the primordial abun-
dance of 4He (top) and deuterium (bottom), as a function of
the baryon density. The width of the green stripes corresponds
to 68% uncertainties on nuclear reaction rates. The horizontal
bands show observational bounds on primordial element abun-
dances compiled by various authors, and the red vertical band
shows the Planck+WP+highL bounds on !b (all with 68% er-
rors). BBN predictions and CMB results assume Ne↵ = 3.046
and no significant lepton asymmetry.

with the data compilation of Aver et al. (2012), with an error
that is 26 times smaller. For deuterium, the CMB+BBN pre-
diction lies midway between the best-fit values of Iocco et al.
(2009) and Pettini & Cooke (2012), but agrees with both at ap-
proximately the 1� level. These results strongly support stan-
dard BBN and show that within the framework of the base
⇤CDMmodel, Planck observations lead to extremely precise
predictions of primordial abundances.

6.4.3. Estimating the helium abundance directly from Planck
data

In the CMB analysis, instead of fixing YP to the BBN predic-
tion, YBBN

P (!b), we can relax any BBN prior and let this pa-
rameter vary freely. The primordial helium fraction has an influ-
ence on the recombination history and a↵ects CMB anisotropies
mainly through the redshift of last scattering and the dif-
fusion damping scale (Hu et al. 1995; Trotta & Hansen 2004;
Ichikawa & Takahashi 2006; Hamann et al. 2008). Extending
the base ⇤CDM model by adding YP as a free parameter with
a flat prior in the range [0.1, 0.5], we find

YP = 0.266 ± 0.021 (68%; Planck+WP+highL). (86)

Constraints in the YP–!b plane are shown in Fig. 30. This figure
shows that the CMB data have some sensitivity to the helium
abundance. In fact, the error on the CMB estimate of YP is only
2.7 times larger than the direct measurements of the primordial
helium abundance by Aver et al. (2012). The CMB estimate of
YP is consistent with the observational measurements adding fur-
ther support in favour of standard BBN.

6.4.4. Extension to the case with extra relativistic relics

We now consider the e↵ects of additional relativistic degrees of
freedom on photons and ordinary neutrinos (obeying the stan-
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Prediction for 4He and D in a standard BBN obtained 
by Planck collaboration using  PArthENoPE

4He

D ×10-5

Planck XVI, 2013

Blue regions:  primordial yields from measurements  
performed in different astrophysical environments

ωb = 0.02207 ± 0.00027


