
SLAC-PUB-17673, IPPP/22/24

Neutrino secret self-interactions: a booster shot for the cosmic neutrino background
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Neutrinos might interact among themselves through forces that have so far remained hidden.
Throughout the history of the Universe, such secret interactions could lead to scatterings between
the neutrinos from supernova explosions and the non-relativistic relic neutrinos left over from the
Big Bang. Such scatterings can boost the cosmic neutrino background (CνB) to energies of O(MeV),
making it, in principle, observable in experiments searching for the diffuse supernova neutrino back-
ground. Assuming a model-independent four-Fermi interaction, we determine the upscattered cos-
mic neutrino flux, and derive constraints on such secret interactions from the latest results from
Super-Kamiokande. Furthermore, we also study prospects for detection of the boosted flux in future
lead-based coherent elastic neutrino-nucleus scattering experiments.

I. INTRODUCTION

The Standard Model of particle physics has come a
long way since Pauli’s proposal of the elusive neutrino in
1930. Not only have neutrinos been detected, but also it
has been proven conclusively that these elementary parti-
cles have a tiny mass, thereby allowing different flavors of
neutrinos to oscillate among each other [1]. While three
flavors of neutrinos have been shown to exist, tremendous
amount of theoretical and experimental efforts have been
underway to explore the existence of additional families
of neutrinos. Neutrinos are known to interact with other
elementary particles as well as themselves through weak
interactions. However, what is not known conclusively is
whether there exists secret interactions among neutrinos.

The hypothesis for such secret self-interactions of neu-
trinos has a plethora of consequences for the early Uni-
verse, astrophysical setups like compact objects as well
as terrestrial experiments (see Ref. [2] for a comprehen-
sive recent review). Laboratory bounds on such self-
interactions can arise from different sources - Higgs in-
visible decay bounds, constraints arising from Z bo-
son decay width, decays of π,K,D mesons, as well as
neutrinoless double beta decay searches [3–9]. From a
cosmological perspective, a strong bound on these self-
interactions exists from the successful predictions of pri-
mordial abundances of elements during big-bang nucle-
osynthesis [10, 11], as well as from its impact on the
CMB [12–18] and structure-formation [19]. Astrophys-
ical probes of such strong self-interactions can arise from
stellar cooling arguments [20], core-collapse supernovae
(CCSN) [21–27], as well as the observation of high-energy
neutrinos in neutrino telescopes [28–34]. From a flavor
point of view, it is important to appreciate that the most
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stringent bounds exist in the electron and the muon sec-
tor, with substantially weaker bounds for tau-neutrinos.
Self-interactions of active neutrinos have also been shown
to assist in successful production of sterile neutrino dark
matter, alleviating astrophysical bounds arising from un-
observation of X-rays [6, 9, 35–38].

One particular direction remains unexplored, neverthe-
less. The Universe is filled with an abundance of ther-
malized relic neutrinos, which decoupled when the Uni-
verse had a temperature of ∼ 1 MeV, and have been free-
streaming since then. This cosmic neutrino background
(CνB) consists non-relativistic neutrinos∗, with a tem-
perature of around O(0.1) meV. On the other hand, the
Earth also receives a considerable flux of relativistic neu-
trinos from different sources, for example, an isotropic
sea of MeV neutrinos from the diffuse supernova neu-
trino background (DSNB), higher energy neutrinos from
cosmogenic sources, and so on. In the presence of large
secret self-interactions, these relativistic neutrinos can
scatter with the CνB, and boost them to higher ener-
gies. This can provide a healthy fraction of relativistic
CνB flux, with energies comparable to those of the scat-
tering neutrinos, and hence can be detected in current as
well as future neutrino detectors.

In this work, we demonstrate this idea with the help
of the DSNB-CνB scattering. As mentioned before, the
DSNB consists of MeV neutrinos of all flavors emanat-
ing from all CCSNe since the beginning of the star-
formation epoch [39]. After interacting, the neutrinos
from the CνB get scattered to MeV energies, and thus
can be probed by experiments sensitive to the DSNB.
The boosted CνB spectra will add on to the DSNB spec-
tra, and lead to an increased number of events detected
at lower energies. On the experimental front, a lot of
effort has been underway towards the detection of the

∗ If the lightest neutrino has a mass m0 . 0.6 meV, it would still
be relativistic today.
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DSNB. Super-Kamiokande (SK) [40] in Japan, loaded
with Gadolinium, leads the pack, followed by upcom-
ing experiments like the Jiangmen Underground Neu-
trino Observatory (JUNO) in China [41], Deep Under-
ground Neutrino Obervatory (DUNE) in the USA [42],
Hyper-Kamiokande (HK) — an upgrade of the SK de-
tector [43], among others. A number of other ideas like
water-based liquid scintillator detectors [44, 45] , paleo-
detectors [46], as well as using archaeological lead [47]
for detection are being explored. The possibility of us-
ing coherent elastic neutrino-nucleus scattering to detect
the DSNB has also been explored recently [48]. We uti-
lize some of these experiments to probe the boosted CνB
spectra, and use the results to put constraints on secret
neutrino self-interactions.

The paper is organized as follows. In Section II, we
introduce neutrino self-interactions and establish the no-
tation for the following sections. In section III, we de-
scribe briefly the standard properties of the DSNB and
the CνB. We then describe the computation of the up-
scattered CνB flux in section IV. Using the computed
boosted flux, in section V, we determine the current
constraints from SK, and analyse the future prospects
for detection in a lead-based coherent elastic neutrino-
nucleus scattering experiment. Finally, we draw our con-
clusions in section VI. We use natural units in which
~ = c = kB = 1 throughout this manuscript.

II. NEUTRINO SELF-INTERACTIONS

Neutrino self-interactions can arise due to exchange
of a new scalar, and/or a vector particle. Scalar medi-
ated self-interactions can arise from the following higher-
dimensional operator involving the Higgs doublet (H)
and the lepton doublet (L) [4],

L ⊃
fϕαβ
Λ2

(
LαH

) (
HT LCβ

)
ϕ∗, (II.1)

where ϕ is a complex scalar with nonzero lepton-number
to avoid violating such a symmetry. After the elec-
troweak symmetry breaking, one arrives at the following
neutrinophilic interaction,

L ⊃ gϕαβ ναν
C
β ϕ
∗, (II.2)

where gϕαβ = fϕαβv
2/Λ2.

Similarly, for vector-boson mediated self-interactions,
we consider a gauge boson V which couples only to the
active neutrinos at low energies through the following
operator [9],

L ⊃
fV
αβ

Λ2

(
Lα iσ2H

∗) γµ (HT iσ2Lβ
)
Vµ , (II.3)

where the cut-off scale Λ signifies the energy scale close to
which the effective theory breaks down. Once the Higgs
attains a vacuum expectation value, the above operator

leads to active neutrino self-interactions of the form,

L ⊃ gV
αβ ναγ

µνβVµ , (II.4)

where gV
αβ = fV

αβv
2/Λ2.

In this paper, we shall mostly be concerned with scat-
tering energy (. 10 MeV) below the mediator mass. In
that case, the neutrino self-interaction can be described
by four-Fermi interaction and the scattering cross sec-
tions can always be approximated as

σ ≈
(gϕ,Vαβ )4s

16πM4
ϕ,V

≡ G2
XmνEν . (II.5)

Here s = 2mνEν is the center-of-mass energy when
the neutrino from the DSNB has energy Eν and the
CνB is almost at rest, and the effective coupling GX =√

2/π(gϕ,Vαβ )2/(4M2
ϕ,V ) being determined by the nature

of the interaction. This Eν-scaling in Eq.(II.5) is inspired
by the exact expression of a four-Fermi interaction cross
section when one particle is at rest.

We also focus on flavor universal couplings such that
gee = gµµ = gττ , while the flavor off-diagonal couplings
are set to zero. Note that in such a case, the couplings
are identical in the flavor and the mass bases†. In Fig. 1,
we show the contours of a few values of G2

Xmν , that we
shall be using in this paper, in the plane of gϕ −Mϕ for
the scalar mediator. The results for the vector mediators
are similar, see [9] for further details. Other experimental
constraints are also shown for reference. Heretofore, we
stay agnostic of the nature of the mediator when comput-
ing the boosted CνB spectra. The formalism presented
below is generic, and can be used for either case. We will
specify the nature of the mediator only when translat-
ing experimental probes to constraints on the mediator
mass-coupling parameter space.

III. DSNB AND CνB

Each CCSN emits a near-thermal flux of neutrinos that
can be approximated by a Fermi-Dirac distribution with
a flavor-dependent temperature Tν [39],

Fν(E) =
Etot
ν

6

120

7π4

E2
ν

T 4
ν

1

eEν/Tν + 1
, (III.6)

where Etot
ν is the total energy in all neutrinos. We as-

sume Tνe = 6.6 MeV, Tν̄e = 7 MeV, and Tνx = 10 MeV
unless otherwise stated. We will explore the effect of
having different temperatures when determining current

† The distinction between flavor and mass basis is crucial since at
the time of scattering, the neutrinos from the DSNB and well as
the CνB have decohered and behave as pure mass-eigenstates
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FIG. 1. Isocontours of G2
Xmν for the scalar case in the plane

gϕαβ vs Mϕ. We present constraints from Invisible Z decay

(dark orange region), meson decays m± → `νϕ (purple), and
double-beta decay (green), taken from [2].

TABLE I. The star formation rate parameters used in
Eq.(III.7).

Parameter Value
ρ∗ 0.02M� yr−1Mpc−3

a 3.4

b −0.3

c −2.5

z1 1

z2 4

ζ −10

constrains from SK. The net DSNB flux received at earth
can be obtained by integrating the fluxes from each indi-
vidual SN that are distributed over a range of redshifts.
The redshift distribution of the SNe is proportional to
the star formation rate which can be fitted with a broken
power law [49],

RCCSN(z) =
ρ∗

143M�

×

(
(1 + z)aζ +

(
1 + z

B

)bζ
+

(
1 + z

C

)cζ)1/ζ

,

(III.7)

where B = (1+z1)1−a/b, C = (1+z1)(b−a)/c(1−z2)1−b/c.
The numerical values of the various parameters are given
in Table I. The DSNB flux at a redshift z can be obtained
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FIG. 2. νe flux as function of neutrino energy for the stan-
dard DSNB (dark orange band) and the upscattered CνBflux
for four different values of G2

Xmν = 10−9 MeV−3 (pur-
ple), 10−10 MeV−3 (emerald), 10−11 MeV−3 (dark yellow),
10−12 MeV−3 (lilac). We present current constrains on νe
searches from Borexino [51] (blue) and SK-IV [40] (red).

by convolving the CCSN rate with the neutrino flux from
an individual SN including the expansion of the Universe,

Φ(Eν , z) = (1+z)2

∫ zmax

z

dz′

H(z′)
Fν [Eν(1+z′)]RCCSN(z′) .

(III.8)
We multiply Eν by an appropriate factor of (1+z′) as the
the neutrinos were emitted at that redshift. The Hub-
ble parameter is given by H(z) = H0

√
ΩΛ + ΩM (1 + z)3

with H0 = 67 km s−1Mpc−1 as per the Planck 2018
data [50]. We integrate the SN formation rate up to red-
shift zmax = 6. As an illustration, in Fig. 2, we show the
DSNB spectrum for νe at z = 0.

The CνB is the population of relic neutrinos that were
frozen out after decoupling from the thermal plasma.
The weak interactions of the SM neutrinos became slower
than the Hubble expansion rate around a photon tem-
perature Tγ ' 1 MeV. Since then, neutrinos have been
free-streaming and cooling down as a result of the expan-
sion of the Universe. They are believed to have a Fermi-
Dirac distribution today with a temperature Tν ' 1.95 K.
Hence the number density of CνB is given by

nν =
3

4

ζ(3)

π2
gT 3

ν , (III.9)

where g is the number of degrees of freedom. Looking
at their temperature today, it is clear that these neu-
trinos have very low energy (Tν ' 1.95 K ≈ 0.17 meV)
compared to the DSNB. Their temperature Tν today
is slightly lower than the photons as the electrons and
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FIG. 3. Total νe flux for Eν > 17.8 MeV as function of G2
Xmν

for two different sets of SN temperatures, Tν̄e = 7 MeV,
and Tνx = 10 MeV (green) and Tν̄e = 6 MeV, and Tνx =
7 MeV (light blue). The full lines correspond to the total
DSNB+boosted CνB fluxes, while the dashed curves depict
the contribution from the upscattered cosmic neutrinos. The
dark lilac band corresponds to the SK-IV limit at the 90%
C.L.

positrons annihilated after neutrino decoupling and de-
posited their energy into the photon bath heating it up
approximately by a factor of (11/4)1/3. Although we do
not know the absolute masses of the SM neutrinos, the
atmospheric mass difference ∆m2

atm = 2.5 × 10−3 eV2

tells us that at least one of the neutrino mass states is
nonrelativistic today [52].

IV. BOOSTED FLUX

As discussed before, in the presence of neutrino self-
interactions, the supernova relic neutrinos scatter off the
CνB, and transfer their energy to the latter. This al-
lows a fraction of the non-relativistic CνB to get boosted
to higher energies, comparable to those of the DSNB.
This can have interesting consequences for experiments
searching for the DSNB. Neutrinos originating from a SN
at a redshift z′ ∈ (0 − zmax) will scatter off the CνB at
some later redshift z′′ ≤ z′. The scattered DSNB flux
as a function of energy ED at redshift z can then be
estimated as

dΦD(z)

dED
= (1 + z)2

∫ zmax

z

dz′

H(z′)
RCCSN(z′)Fν [ED(1 + z′)]× exp

[
−
∫ z′

z

dz′′

(1 + z′′)H(z′′)
nν(z′′)σ

]
, (IV.10)

where nν(z′′) is the number density of the CνB at the
redshift z′′. At the same time, the non-relativisitic neu-
trinos from the CνB gets upscattered to an energy EC .
Because the neutrinos from the DSNB carry O(10 MeV)
energy, the maximum energy transferred to CνB, ignor-
ing the mass of neutrino, is simply Emax

C ≈ ED. The
upscattered CνB flux can be computed as

dψC
dEC

=

∫ ∞
EC

dED

∫ zmax

0

dz

H(z)
nν(z)

dσ

dEC

dΦD(z)

dED
,

(IV.11)
In the heavy mediator limit, i.e., when the mediator mass
is heavier than the energy transferred, the differential
cross section can be simplified to dσ/dEC = σ/Emax

C .
Eq. IV.11 will be used to estimate the upscattered CνB
flux. The details of modelling the self-interactions enter
through the cross-section σ.

Fig. 2 depicts the upscattered ν̄e component of the
CνB for different values of G2

Xmν . The corresponding ν̄e
from the DSNB is also shown for comparison. We find
that for G2

Xmν > 10−9 MeV−3, the boosted cosmic neu-
trino flux dominates over the SN relic neutrino flux for
energies Eν > 1 MeV. Since ED � EC and the scat-

tering particles have the same mass, almost all of the
SN relic neutrino energy gets transferred to the cosmic
neutrino flux; hence the upscattered flux is independent
of energy for low energies, and follows the DSNB spec-
tra for Eν > few MeVs. The corresponding limits from
searches of ν̄e in these energy ranges from SK [40] and
Borexino [51] are also shown. While constraints from
Borexino are weaker, and can be probed with larger val-
ues of G2

Xmν , the current bounds from SK can already
probe such a boosted ν̄e flux.

V. DETECTION AND LIMITS

Fig. 3 shows the current limit of 90% C.L. from SK-IV
searches of the DSNB as function of G2

Xmν . SK will be
sensitive to the net neutrino flux (solid lines) consisting of
the original DSNB flux, as well as the boosted CνB flux
(dashed lines). The green and the blue lines correspond
two different choices of Tν̄e = 7 MeV, Tνµ,τ = 10 MeV,
and Tν̄e = 6 MeV, Tνµ,τ = 7 MeV. We find that the for-
mer case, characterized by slightly larger temperatures
than what is expected from SN simulations, is already
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ruled out by SK-IV for G2
Xmν & 10−11MeV−3. This

can be directly translated to bounds on the mediator
mass and couplings for a specific model of neutrino self-
interactions. The case corresponding to lower values of
(Tν̄e , Tνµ,τ ) stays out of reach of the current SK bounds,
but can be probed by future surveys. Indeed, SK in-
tends to constrain Φνe . 1 cm−2s−1 for Eν & 17.3 MeV
in the next ten-years, after doping their detector with
Gadolinium [40]. Furthermore, we find that there is lit-
tle sensitivity to values of G2

Xmν < 10−11MeV−3. In this
case, the boosted component of the CνB flux is too tiny
to make any appreciable difference to the DSNB flux.

Recent works have demonstrated the feasibility of ob-
serving the DSNB via the Coherent Elastic Neutrino-
Nucleus Scattering (CEvNS) in future experiments [46,
48]. Specifically, the RES-NOVA proposal will exploit
the enhancement of the CEvNS cross section for a heavy
nucleus like lead, together with the high purity of archae-
ological Pb [47], in such a way that it will be possible to
search for the DSNB. Therefore, we can expect that such
facilities could also search for the boosted CνB flux from
our scenario. We estimate the recoil rates and number
of events in a generic experiment using Lead as follows.
The recoil rate is computed via

dR

dER
= E

∫
dEC

dσCEvNS

dER

dψC
dEC

, (V.12)
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FIG. 5. Expected CEvNS number of events for a Pb target
as function of the experimental threshold energy, produced by
the upscattered CνB flux for four different values of G2

Xmν =
10−9 MeV−3 (purple), 10−10 MeV−3 (emerald), 10−11 MeV−3

(dark yellow), 10−12 MeV−3 (lilac). The black line represents
the events for solar + atmospheric neutrinos, while the dark
orange band corresponds to the prediction for the DSNB.

where E is the total experimental exposure (observa-
tion time × number of targets), ER is the nuclear recoil
energy, and dσCEvNS/dER is the CEvNS cross section,
which for completeness we quote next,

dσCEvNS

dER
=
G2
FmX

4π
Q2
W

(
1− mXER

2E2
C

)
F(Q2), (V.13)

being GF the Fermi constant, mX the nuclear target
mass, QW = N−Z(1−4 sin2 θW ) the weak vector nuclear
charge, with N,Z the number of neutrons, nucleons, re-
spectively, and F(Q2) the nuclear form factor, taken here
to be the Helm form factor [53]. The number of CEvNS
events from the upscattered CνB flux is therefore ob-
tained by integrating the recoil rate in the recoil energy,

NC =

∫
Eth

dER
dR

dER
, (V.14)

where the integration is performed from the experimental
energy threshold Eth.

We present in Fig. 4 the recoil rate and number of
events for the boosted CνB flux for four different values
of G2

Xmν as function of the recoil and threshold energies,
respectively. We also show the total solar+atmospheric
neutrinos recoil rate (black) and the DSNB contribu-
tion (purple band). For the recoil rate, we observe
that the upscattered CνB contribution is above the stan-
dard CEvNS from the DSNB at very low recoil energies
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FIG. 6. Total neutrino flux times energy as function of neutrino momentum for the upscattered CνB flux for four different
values of G2

Xmν = 10−9 MeV−3 (purple), 10−10 MeV−3 (emerald), 10−11 MeV−3 (dark yellow), 10−12 MeV−3 (lilac). For
comparison, we present the standard CνB (dashed lilac), relic neutrinos from BBN (orange dashed and dot-dashed), solar
neutrinos (blue dashed), and low-energy atmospheric neutrinos (red dashed).

(ER . 1 keV) for G2
Xmν & 10−10 MeV−3. Nevertheless,

the enormous contribution coming from solar neutrinos
makes the search in such ranges of recoil energies rather
difficult. For larger recoil energies, we find that the recoil
events from the DSNB become larger than the boosted
contribution. However, in the region ER ∈ [2 − 3] keV
the DSNB rate is of the same order as the atmospheric
neutrino rate. Meanwhile, for G2

Xmν & 10−9 MeV−3,
the CνBrate is only a factor of ∼ 70% the DSNB value.
Thus, in principle, detailed searches in this energy range
could aid in exploring the parameter space of secret self-
interactions.

Such a behavior is reflected in the number of events
dependent on the energy threshold, Fig. 5. For relatively
large energy thresholds, above the solar neutrinos, we
observe that the DSNB contribution is about half the at-
mospheric one. Indeed, for a threshold of Eth ∼ 3 keV,
larger than the expected 1 keV threshold in the RES-
NOVA proposal [47], the events for the fiducial value
of the DSNB would be ∼ 0.015 per ton·y while the at-
mospheric background corresponds to ∼ 0.03 per ton·y.
Meanwhile, the events from the boosted CνB neutrinos
would be ∼ 0.007 per ton·y. We can estimate that at
least an exposure of E ∼ 1 kton·y would be necessary
to have S/

√
B ∼ 1 for G2

Xmν & 10−9 MeV−3, includ-
ing the standard DSNB contribution as background. For

smaller G2
Xmν , we would require much larger exposures,

E ∼ 20 kton·y, for G2
Xmν & 10−11 MeV−3. Surely,

these are náıve estimates; for much more realistic es-
timates, we would require introducing additional back-
grounds and other experimental characteristics of RES-
NOVA. We leave such an analysis for future work.

VI. CONCLUSIONS

Currently, only neutrinos hold the guaranteed key to
the gateway of physics beyond the Standard Model.
Search for secret neutrino self-interaction is a promis-
ing avenue that might lead us to discovery of such BSM
physics. Current laboratory bounds on these interactions
allow for the possibility of large couplings, which can even
be stronger than the weak interaction by several orders
of magnitude. This presents a perfect opportunity to
study the effect that strongly self-interacting neutrinos
can have in different areas.

In this paper, we study a simple yet important out-
come of strongly self-interacting neutrinos. The Uni-
verse is filled with a thermal bath of non-relativistic
neutrinos (CνB), which have decoupled when the Uni-
verse was quite hot, at a temperature of around 1 MeV.
Another ubiquitous source of MeV-energy (relativistic)
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neutrinos is all the core-collapse supernovae that have
happened in the past. In the presence of large non-
standard self-interactions, the DSNB will scatter with
the CνB, and upscatter the latter to relativistic ener-
gies. We compute this upscattered flux. The results,
shown in a larger picture in Fig. 6 for four different cases,
demonstrate how the upscattered CνB flux compare to
the original one, as well as the fluxes from other sources.
The upscattered flux is comparable to, and in some cases
even larger than, the DSNB flux, and could be probed
by current and upcoming experiments. Using the most
recent search of the DSNB by the Super-Kamiokande
collaboration (22.5 × 5823) kton·days of data, we put
model-independent constraints on the combination of the
coupling, and the mass of the mediator which mediates
the self-interactions. We emphasize that this constitutes
a direct test of the impact of the secret neutrino self-
interactions.

Furthermore, we also compute the expected event rate
for the net boosted CνB using coherent scattering on a
generic lead-based detector. We find that for a reason-
able choice of parameters, the upscattered CνB flux can
be comparable to the DSNB flux at lower recoil energies,
while for larger energies the DSNB flux dominates. A
näıve estimate indicates that an exposure of ∼ 400 ton·y,
such as the expected in RES-NOVA-3, would be needed
to start exploring the parameter space in our scenario.
For smaller values of the mediator mass (which would
be in tension with BBN in standard cosmologies), one

can get stronger self-interaction cross-sections. In such a
scenario, the boosted CνB flux can dominate over the
DSNB, and hence already by probed by experiments.
However, theoretically it is difficult to motivate such
large cross-sections in standard ΛCDM cosmology, and
one needs to invoke further exotic scenarios.

A couple of additional comments are in order. One
might imagine that the boosted CνB component may
show up in a detector like PTOLEMY. However, the
event rate in PTOLEMY from such a boosted compo-
nent is tiny, and hence not observable. Secondly, the
upscattering of the CνB can also take place from high en-
ergy cosmogenic neutrinos, coming from far-away sources
such as active galactic nuclei. The resultant boosted CνB
component can be an important source of flux at higher
energies, and have consequences for neutrino telescopes.
One can also imagine similar boosting mechanisms to
take place from solar and atmospheric neutrinos, how-
ever these sources are rather nearby, and hence boost-
ing may not be efficient. Nonetheless, we believe that
searching for boosted relic neutrinos with present and
next-generation neutrino telescopes will help shed valu-
able light on the existence of secret self-interactions of
neutrinos.
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