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While three flavors of “active” neutrinos are consistent with mixing angle results within error bars,
there are anomalies may be hints of physics beyond the standard model that can accommodate
a fourth mostly “sterile” neutrino species with an eV-scale mass and a mixing angle with active
neutrinos of order 6y ~ 0.1. We describe a scenario with eV-scale sterile neutrinos that have self-
interactions via a new gauge vector boson, a “secret” mediator ¢. We show that their production in
the early Universe via mixing with active neutrinos is consistent with Big Bang Nucleosynthesis
and free-streaming constraints in the Cosmic Microwave Background epoch. For My = 4 — 8 keV
and sterile neutrino coupling g = 107™%, we find that resonant interactions of diffuse supernova
neutrinos with relic sterile neutrinos in transit to the Earth would cause spectral dips in the neutrino
flux. We illustrate the corresponding (anti-)neutrino event distributions as a function of energy in
the DUNE (Hyper-Kamiokande) detector.
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1. Introduction

The discovery of neutrino oscillations, a consequence of neutrino masses and mixing between
the three standard model generations of leptons, is milestone of particle physics. Three flavors
of “active” neutrinos are consistent with mixing angle results within error bars, however, there
are anomalies may be hints of physics beyond the standard model (see, e.g., refs. [1, 2] and
references therein), although there are tensions between results from appearance and disappearance
experiments. The anomalies can accommodate a fourth mostly “sterile” neutrino species with an
eV-scale mass and a mixing angle with active neutrinos of order 6y ~ 0.1 [1, 2]. Sterile neutrinos
by definition have no direct coupling to the weak gauge bosons, however, they may interact via a
“secret interaction" mediator in the sterile sector. It is this possibility that is described here, in the
context of the diffuse supernova neutrino background (DSNB) flux [3]. In the discussion below,
for simplicity, we denote the mass eigenstates as active and sterile neutrinos, although these states
have components of all four flavor states.

Supernovae are sources of neutrinos. The diffuse supernova neutrino background flux peaks
at neutrino energies of a few MeV, with a flux extending to 10’s of MeV. In a 3 + 1 active-
sterile neutrino scenario, cosmic eV-scale relic sterile neutrinos together with 10 MeV supernovae
neutrinos can probe keV-scale gauge boson mediators of secret interactions. Spectral dips in the
diffuse SN neutrino flux, analogous to the spectral dips in an ultrahigh energy neutrino flux traveling
through the cosmic SM neutrino background, will be pronounced. DUNE and Hyper-Kamiokande
measurements of these spectral dips would probe physics from beyond the standard model.

We review cosmological constraints on sterile neutrinos with secret interactions to show that
for sterile neutrino mass, mixing and secret interactions characterized by an interaction Lagrangian
[4, 5]

Ly = gsvs')’,uPLVsd’# > (D

for vector boson mediator ¢ with mass My and coupling g, with Py, = (1 — vy5)/2, the range of
My = 4 -8 keV and g4 = 1074 =5%x 1073 is permitted for sterile neutrino mass my = 1 eV and
6o = 0.1. A key feature with keV-scale gauge bosons is that for most processes, a four-fermion
effective interaction is not a good approximation to the sterile neutrino interactions. We show the
impact of absorption on the diffuse supernova neutrino spectra from sterile neutrino interactions
on cosmic relic sterile neutrinos. We discuss the potential for DUNE and Hyper-Kamiokande to
observe these spectral distortions.

2. Cosmological constraints

Cosmological constraints discussed here come from the epoch of Big Bang nucleosynthesis
(BBN) and from free-streaming constraints.

The nucleosynthesis of the light elements depends on the expansion of the Universe when the
photon temperature is 7, ~ 1 MeV, the temperature at the time of nucleosynthesis, so the number
of relativistic degrees of freedom at that temperature can be constrained. The limit on the number
of relativistic degrees of freedom can be translated to a limit on the effective number of neutrinos
NBBN. The BBN limit is [6]

NEPN <32, 2)
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The application of this constraint depends on the ratio of the sterile and active neutrino temperatures.
We assume that the sterile neutrinos and ¢ decouple at the TeV scale. In the absence of oscillations,
when My 2 1 MeV, the ¢ is non-relativistic during BBN. The effective number of neutrino species
that accounts for both the ¢ and sterile neutrino is NJz =~ 3.22. When the ¢ is relativistic, the
effective number of degrees of freedom is Nergfl =~ 3.17. Our conclusion is that in the absence of
neutrino flavor mixing between active and sterile neutrinos, the BBN constraint is satisfied.

Since we assume the sterile neutrinos do mix with active neutrinos, we require that active-sterile
neutrino conversions occur at a rate I, (v, — v;) that is less than the Hubble expansion rate H for
T, > 1 MeV. The active sterile conversion rate depends on the average probability for active-sterile
conversions (P(v, — v,)) and the quantum damping rate Diy = [in/2 = (Tine,sm + Tines)/2 that
accounts for collisions:
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where Am? = 1 eV? is assumed here. In medium mixing given the effective potential V¢ reduces
the vacuum mixing angle 6y significantly so that (P(v, — vy)) is sufficiently small for a range of
(gs»My) [4]. The thermal average of the sterile neutrino cross section is strongly influenced over a
wide range of temperatures by the resonance production of ¢, which feeds into the BBN constraints
on the coupling constant and mediator mass. At high temperatures, the thermal average of 7-channel
Vs Vs interaction cross section times relative velocity is constant, as emphasized in refs. [7, 8].

At much lower temperatures, for 7, < 1 eV, we also require that I, /H < 1. In the standard
model, active neutrinos are free streaming when 7, = 1 eV, and their free streaming affects evolution
of matter density and cosmic microwave background fluctuations.

InFig. 1, the gray shaded regions are excluded. The shaded region labeled by “Free Streaming”
shows the parameter space where the required decoupling of sterile neutrinos by the epoch when
T, = 1 ¢V is not met, thus do not satisfy CMB epoch cosmological constraints. BBN constrains
smaller gy as shown in the figure. The colored and white regions of Fig. 1 show the parameter
space that is allowed for Amg = 1 V2. The circled orange region of parameter space has values
of (gs, M) that are, in principle, accessible to DUNE and Hyper-Kamiokande through the DSNB.
The starred point is our default parameter choice, g5 = 10~* and Mg = 6 keV. IceCube can test
MeV scale My with astrophysical neutrinos in the parameter space shaded in blue.

3. Diffuse supernova neutrino background flux with secret interactions
Secret interactions influence the DSNB flux that arrives at Earth. Since active neutrinos are

detected, we use the active neutrino survival probability P;(E,,z) = e %(E»2) written in terms of
the optical depth associated with resonant scattering cross section o with relic sterile neutrinos,

) dz’ 0 "3 2 /
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Figure 1: Allowed and excluded regions of the secret interaction coupling g, and vector boson mediator mass
M. The gray regions are excluded by free-streaming and Big Bang Nucleosynthesis (BBN) constraints. The
cross-hatched region gray region shows where active-sterile neutrino mixing can be determined neglecting
Veg. The orange allowed region is relevant for this work, where the star indicates our default parameter
choice of g = 10~* and Mg = 6 keV. The blue region shows where IceCube can in principle constrain secret
interactions with MeV scale My using astrophysical neutrinos scattering with relic active neutrinos (light
blue) and sterile neutrinos (darker blue).

where |Uy;|? is square of the sterile-active mixing for active eigenstate i. The sterile neutrino
number density today is
o1 o (Tas ’ -3
I’ISZEI’ZV_H; T ~ 51 cm 5 (5)
v
given ng = 112 cm™, and T, =~ T, is the sterile neutrino temperature after first recoupling with
active neutrinos, then subsequent sterile neutrino decoupling while they are still relativistic.
The redshift-integrated DSNB flux not absorbed by the resonance interaction is

; (6)
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where E’ = (1+2z)E, is the neutrino energy emitted at redshift z, Fl.O(E ") is the spectrum of neutrinos
of mass eigenstate i exiting the supernova after adiabatic propagation in the interior [9-11], Rsn(2)
is the cosmic SN rate [12] and

% = (Ho(l + D)V +2)3 + QA)_I , (7
z

for Q,, = 0.308 + 0.012, Q4 = 0.692 + 0.012 and Hy = (67.8 + 0.9)km s™'Mpc~! [13]. The
sterile-active sector mixings in the four-flavor mixing matrix U,; are assumed to be 014 = 64 =
034 = 6y = 0.1. In Ref. [3], we evaluate results for the normal hierarchy (NH) and the inverted mass
hierarchy, with high energy (HE) and low energy parameter sets in the description of the neutrino
spectrum of core collapse supernovae [10]. We illustrate our results here with the NH in the more
optimistic HE parametrization of the neutrino spectrum.

Figure 2 shows the v, (left) and v, (right) DSNB fluxes with and without resonance interac-
tions in transit through the relic sterile neutrino background. The neutrino fluxes are convoluted
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with detector energy resolution functions and reaction cross sections for DUNE LAr and Hyper-
Kamiokande water detection of v, and v, interactions, respectively, described in detail in Ref. [3].
As Fig. 3 shows, the sharp absorption dips are smeared by detection effects, and energy dependence
of the differential event rates reflects the respective (anti-)neutrino interaction cross sections.
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Figure 2: The v, and v, DSNB flux evaluated with the HE flux parameters of Ref. [10] for neutrinos in the
normal mass hierarchy, without interactions (black dashed) and with interactions with relic sterile neutrinos
and mediator masses My = 5, 6 and 8 keV and coupling g; = 1074, as in Ref. [3].
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Figure 3: For the same parameters in Fig. 2, the v, differential event rates for 40 kton DUNE LAr detection
of v, CC events (left) and for v, inverse beta decay events in 187 kton of water at Hyper-Kamiokande, as in
Ref. [3].

4. Conclusions

The double-peaked structure of the differential event rates comes from the rising cross section
and the falling neutrino spectrum as the neutrino energy increases, together with the absorption dip.
Solar neutrinos are a significant background for E,, < 16 MeV. If My ~ 8 — 9 keV, the double-peak
structure may be detectable if the energy threshold for detection is low enough, given enough events



Probing secret interactions with the diffuse supernova neutrino background Mary Hall Reno

and an understanding of the solar neutrino spectrum in this energy range. For 16 MeV< E, < 40
MeV, the NH with My = 8 keV yields 16 events after 10 years of operation with a 400 kton-yr
LAr detector. This compares to 32 events without vy and 32 events with 3 active and 1 sterile
flavor, but where secret interactions do not occur with a resonance in the ~ 5 — 10 keV mass region.
Uncertainties in the inputs to the calculation include uncertainties in the neutrino cross section, the
supernova energy spectra, and the supernova formation rate. It is possible that the number of events
could be an order of magnitude larger. The number of v, events for 2.6 Mton-yr for 10 years of
Hyper-Kamiokande yields a wider range of predictions: 121 events in the NH with My = 8 keV,
179 events with 3 active and 1 sterile flavor but no relevant resonant interactions, and 316 events in
the three active flavor scenario. Similar results are obtained with the inverted hierarchy.
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