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Discovery potential at ~10 MeV scale
• Future astrophysical neutrino searches: energy windows

• The medium-energy window (~10-40 MeV): opportunities
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Future astrophysical neutrino 
searches: energy windows and 
detectors



Energy windows

• Looking for continuous
astrophysical fluxes

• Solar, terrestrial and 
atmospheric neutrinos 
are background! 

• Low-background regions:
� Ultra-low (< eV)
� Medium (~10 MeV)
� High (> 10 TeV)
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The medium-energy window: 10-40 MeV
• Main goal: the Diffuse Supernova 
Neutrino Flux (or Background 
DSNB)

• SuperKamiokande bounds are 
background-limited
� Atmospheric muons
� Atmospheric NC
� Spallation 
� …

Supernova relic neutrinos 13
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Figure 4. (a) Number flux of SRNs compared with other background neutrinos. (b)
Event rate of SRNs and invisible muon decay products. In both panels, LL is adopted
as the original neutrino spectrum. These figures are taken from [12].

who calculated the atmospheric neutrino flux (see [71]–[73] for recent one-dimensional

results). We use in this paper the flux calculated by Gaisser et al [66, 67]. More recently,
results of three-dimensional flux calculations have been reported by several groups (see

[74, 75] and references therein). These calculations show slight increase of the flux at

low-energy regions, although the flux below 100 MeV is not given. Therefore, it should

be noted that there is possibility that the flux of atmospheric neutrinos in the relevant

energy regime is higher than that adopted in this paper by about 20–30%.

Solar neutrino flux is dominant at energy range below 19 MeV. We use the flux
predicted by the standard solar model (SSM) in figure 4 [76]. Since the solar neutrinos

are not ν̄e but νe, the cross section for them is about two orders of magnitude smaller

than that for ν̄e. Furthermore recoil electrons scattered by solar neutrinos strongly

concentrate to the opposite direction of the Sun, in contrast to the isotropic distribution

of ν̄e events. Therefore, the solar neutrinos are an avoidable background, not as critical

as other events. At the same energy range corresponding to Eν ! 19 MeV, there is
another serious background that becomes an obstacle also for solar neutrino detection,

i.e., spallation products induced by cosmic ray muons. The event rate of the spallation

background is several hundred per day per 22.5 kton, and it is extremely difficult to

reject all of these events. Therefore the solar neutrino range (Eν ! 19 MeV), cannot be

used as an energy window.

The third background which we must consider is anti-neutrinos from nuclear
reactors. In each nuclear reactor, almost all the power comes from the fissions of the

four isotopes, 235U (∼ 75%), 238U (∼ 7%), 239Pu (∼ 15%) and 241Pu (∼ 3%) [77].

Ando & Sato, New J.Phys. 6 (2004)

DSNB



Under construction: large, clean detectors
• Main channel:                                    

� n-tagging is key!

• SuperK-Gd (50 kt)
� Water + Gadolinium 
� specifically designed for medium-energy window

• JUNO (Jiangmen Underground Neutrino Observatory ) (17 kt)
� Liquid scintillator

p̄ = 0.68

⌫̄e

⌫̄e ⌫̄e +p ! n + e+

Ke+ = E⌫ � 1.806 MeV .

dN

dE⌫
= feff�(E⌫)�⌫(E⌫)Np ,

feff  1 p

�⌫(E⌫)
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SuperK collab.; H. Kunxian, Ph.D. Thesis, Kyoto University.
An et al., J. Phys. G, 43 (2016) 030401
Figures from A. Priya and CL, JCAP 1711 (2017) no.11, 031

Background-only, 10 years: 



The medium-energy window: 
opportunities

Astrophysics



Physics of the DSNB

• test neutrino emission scenario: Etot ~ 3 1053 ergs, quasi-thermal 
spectra, T ~ 3-6 MeV

• Direct test of rate of core collapse: more SNe in the past! 
� Tracks star formation rate, proportional to (1+z)3

�⌫� (E) =
c

H0

Z M
max

M
0

dM

Z z
max

0
dz

⇢̇SN (z,M)F⌫� (E
0,M)

p
⌦M (1 + z)3 + ⌦⇤

Progenitor mass SN rate Propagated neutrino flux

M0 ' 8M
sun

M
max

' 125M
sun



Why is the DSNB interesting?
• Continuous flux, no waiting time! 

� Next SN neutrino detection after 
SN1987A? 

• Strong cosmological component

• Gives image of the whole SN 
population
� What is a typical neutrino 

emission? 
� Rare SN types?
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Hypothesis: failed supernovae
• collapse directly into a black hole, 

no explosion!
� ~10 - 40% of SN candidates

• Supported by:
� numerical simulations
� Problem of missing red supergiants
� Evidence of a disappearing star (a 

“survey about nothing”)

Adams et al., MNRAS,  468, 4, p. 4968-4981

4 Adams et al.

Figure 1. HST images of the region surrounding N6946-BH1.
The top row shows the WFPC2 F606W (left) and F814 (right)
progenitor images. The middle row shows the corresponding 2015
WFC3 images and the bottom row shows WFC3/IR F110W (left)
and F160W (right) images. The circles have a radius of 100. The
progenitor has dramatically faded in the optical but there is still
faint near-IR emission.

3 SED MODELING

We model the SED to constrain the physical properties (i.e.,
luminosity, temperature, mass, and recent mass loss) of the
progenitor, its outburst, and the late-time source. We will
use the results of these models to discuss whether the pro-
genitor survived the outburst and whether a failed super-
nova or some other phenomenon (e.g., stellar merger or erup-
tive mass loss) best explains the data.

Following the methods in Adams & Kochanek (2015)
and Adams et al. (2016), we model the SED of the progen-
itor, its outburst, and the late-time source using the dust
radiative transfer code dusty (Ivezic & Elitzur 1997; Ivezic
et al. 1999; Elitzur & Ivezić 2001). We use stellar models
from Castelli & Kurucz (2004) for stars with solar metal-
licity and e↵ective temperatures between 3500 and 50000 K
and revert to blackbody models when attempting to fit tem-
peratures below 3500 K. We employ a Markov Chain Monte
Carlo (MCMC) wrapper around dusty to find best-fit mod-
els and allowed parameter ranges. We adopt minimum pho-
tometric uncertainties of 10% (to account for uncertainty in
distance and metallicity and any systematic problems in the
models). We use silicate dust from Draine & Lee (1984) with

a standard MRN grain size distribution (dn/da / a�3.5 with
0.005 µm < a < 0.25 µm; Mathis et al. 1977).

The IR variability of the progenitor as well as the post-
outburst IR emission could be indicative of dust formation.
We consider two modes of mass loss: the ejection of a dusty
shell and a steady-state wind. We assume that all dust for-
mation occurs in the outflowing material once it cools to
the dust formation temperature, T

f

' 1500 K. In the shell
model, as the shell continues to expand beyond the dust for-
mation radius, R

f

, the optical depth, ⌧ , decreases, asymp-
toting at late times to ⌧ / t�2, where t is the elapsed time
since the ejection of the shell. For a thin shell, the mass of
the ejecta, M

ej

, corresponding to a given optical depth is
given by

M
ej

=
4⇡v2

ej

t2⌧V,tot(t)

V
, (1)

where v
ej

is the velocity of the ejected shell and V is the
opacity of the dust at V band. As noted in Tables 2, 3, &
4, for the shell models we generally fix the ratio between
the inner and outer edges of the dust shell, R

out

/R
in

, to 2.
The models where we allow R

out

/R
in

to vary show that the
shell thickness is relatively unconstrained by the data and
has little e↵ect on estimates of the other model properties.

For a set of post-outburst shell models (labeled as “with
dL/dt” in Table 4) we also include constraints on the late-
time variability of the source. As discussed in Adams &
Kochanek (2015), the luminosity of a surviving source of
constant intrinsic luminosity is constrained by the variabil-
ity, dLf,obs/dt, and optical depth of the source in that filter,
f , according to

L⇤,f '

1
2

t
⌧f,e↵

⇣
dLf,obs

dt

⌘
e⌧f,eff . (2)

We impose the variability constraints, dL
obs

/dt, from Table
1 on the models by adding contributions of

�2

f

=

✓
dL

f,obs/dt� dL
f,mod

/dt

�dL
f,obs/dt

◆
2

(3)

for each constrained filter, f, where the model variability,
dL

f,mod

/dt, is

dL
f,mod

dt
=

2L
f

⌧
f,e↵

t
(4)

(see Adams et al. 2016). We also consider a set of models
where we compare the evolution of the IR flux to the ex-
pansion (and cooling) of the dust shell. For these models we
compute the �2 of a given MCMC step for the latest photo-
metric constraints. We infer a shell expansion velocity, v

ej

,
based on the elapsed time, t, and inner shell edge, R

in

, of
the model. We then extrapolate the model back to an earlier
post-outburst epoch with SST observations using this v

ej

to
find the appropriate R

in

for the earlier epoch, generating a
new dusty model with the optical depth, ⌧ , expected from
a ⌧ / t�2 scaling, and include the �2 for this extrapolated
model in the MCMC step.

For the wind scenario, the inner edge of the dust is set
by the formation radius R

f

and we allow the thickness of
the dust ‘shell’ to vary. Since the optical depth of a wind
(or shell) is dominated by the inner edge, the results are
usually insensitive to the thickness R

out

/R
in

. The mass-loss
rate needed to produce a given optical depth is

Before

After

Horiuchi et al., MNRAS Lett. 445 (2014) L99
Kochanek, ApJ 785 (2014) 28
Kochanek et al. ApJ 684 (2008) 1336
Adams et al., MNRAS,  468, 4, p. 4968-4981



Neutrinos from a failed supernova
• Failed supernovae are brighter in neutrinos

� Higher luminosity, hotter spectrum

M=40M⊙

BHFC
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Simulation by Garching group, 2013.

Black: exploding SN, 11.2 Msun prog.; 
Color: failed SN, 40 Msun prog.
dashed, solid, dot-dashed: νe, ν	̄e and νx 

Figure from A. Priya and CL, JCAP 1711 (2017) no.11, 031



• Black-hole forming collapses can dominate the DSNB
� If they account for ~30% or more of all SNe (i.e., all stars above ~ 20Msun)

CL, PRL 102 (2009); 
Lien et al., PRD81 (2010); 
Keehn & CL, PRD85 (2012);  
Mathews et al., arXiv:1405.0458, 
A. Priya and CL, JCAP 1711 (2017) no.11, 031



• Detectability:
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p̄ = 0.68
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SuperK-Gd JUNO

A. Priya and CL, JCAP 1711 (2017) no.11, 031

failed
exploding



The medium-energy window: 
opportunities

Particle physics



New physics effects
• effects on the DSNB 

� Propagation over cosmological distances!
� Sensitive to new physics that builds up over time/distance: decay, 

absorption, etc. 

• Non-DSNB: O(10) MeV neutrinos from other sources
� Dark Matter annihilation/decay
� Other



DSNB with neutrino decay
• invisible decay into the lightest mass eigenstate: 

� Enhancement or suppression of ne signal, depending on mass hierarchy

� for complete decay: 

fweak
decay =

3|Uei|2P
j |Uej |2

=

(
3|Ue1|2 ⇡ 2.03 NH , i = 1

3|Ue3|2 ⇡ 0.068 IH , i = 3

hierarchy meaning νe mixing effect on νe
detection 
rate

Normal mi ≥ m1 |Ue1|2 ~ 0.68 enhancement
Inverted mi ≥ m3 |Ue3|2 ~ 0.02 suppression



• Sensitivity to t/m~1010 s/eV
� Current (model-independent): 
t/m >105 s/eV

Ando, Phys. Lett. B 570 (2003) 11
Fogli, Lisi, Mirizzi and Montanino, Phys. Rev. D 70 (2004)



DSNB with neutrino absorption
• Dips due to resonant scattering on light Dark Matter, via light 

mediators 

• Examples:
� Scattering off the cosmological relic neutrino background, via Z′ gauge 

bosons 
� Scattering off dark matter in models with radiatively-generated neutrino 

masses 
� Scattering off sterile neutrinos with “secret” interactions

Goldberg, Perez and Sarcevic, JHEP 11 (2006) 023
Baker, Goldberg, Perez and Sarcevic, Phys. Rev. D76 (2007) 063004
Farzan and Palomares-Ruiz, JCAP 1406 (2014) 014
Jeong, Palomares-Ruiz, Reno and Sarcevic, arXiv:1803.04541



• Dips are wide due to redshift distribution of SNe

Jeong, Palomares-Ruiz, Reno and Sarcevic, arXiv:1803.04541
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Figure 7. The ⌫e (upper panels) and ⌫̄e (lower panels) DSNB flux with and without (black dotted
curves) the resonance interactions for the di↵erent mediator masses, M� = 5 (green dot-dashed curve),
6 (blue dashed curve) and 8 keV (red solid curve). The spectra are obtained for NH (left panels) and
IH (right panels), for the default values gs = 10�4, ms = 1 eV and ✓

0

= 0.1.

can also clearly see how the dip in the SN spectra moves towards higher energies for heavier

mediators, where the flux is lower.

Next, we estimate the e↵ects of the new interaction on the shape of the DSNB event

spectra in future detectors as DUNE and HK. For the sake of simplicity, we compute the

di↵erential event rate as

dN
a

dE
⌫

= N
T

Z

dE0
⌫

R(E
⌫

, E0
⌫

)F
a

(E0
⌫

)�
a

(E0
⌫

) , (4.14)

where R(E
⌫

, E0
⌫

) is the energy resolution function of the detector and �
a

is the reaction cross

section corresponding to each detector technique. The total number of targets is given by N
T

and we optimistically assume perfect e�ciency.

Although a liquid argon detector is sensitive to neutrinos of all three flavors, via charged

(⌫
e

and ⌫̄
e

) or neutral current (all flavors) interactions o↵ argon nuclei, or elastic scatterings

with atomic electrons (all flavors), the dominant process is ⌫
e

+40Ar ! e�+40K⇤. The cross

– 26 –



Non-DSNB: neutrinos from Dark Matter
• Annihilation of M ~ O(10-100) MeV 

DM into neutrinos
� Galactic flux

• Secondaries from WIMP 
annihilation in the Sun

Palomares-Ruiz and Pascoli, Phys. Rev. D 77 (2008) 025025
Palomares-Ruiz, Phys. Lett. B 665 (2008) 50
Bernal, Martn-Albo and Palomares-Ruiz, J. Cosmol. Astropart. Phys. 1308 1928 (2013) 011
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FIG. 2: Expected signal in the proposed LENA detector, located in Pyhäsalmi (Finland), after 10 years of running for two
different values of the DM mass, mχ = 20 MeV and mχ = 60 MeV. Dashed lines represent the individual contributions of
each of the three different types of background events in this type of detector (reactor antineutrinos, DSNB and atmospheric
neutrinos), whereas the solid lines represent the backgrounds plus the expected signal from DM annihilation in the Milky Way.
We have used ⟨σAv⟩ = 3 × 10−26 cm3 s−1.

relevant backgrounds for the signal studied here come from reactor, atmospheric and diffuse supernova νe interacting
with free protons in the detector. The latter, albeit not yet measured, constitutes a potential background for the
signal of MeV DM annihilation into neutrino-antineutrino pairs, but with a very different spectrum.

Below ∼10 MeV the flux of νe from nuclear reactors is the dominant one in LENA, and we use the reactor νe

spectrum calculated in Ref. [42]. In the energy interval between ∼10 MeV and ∼30 MeV, the DSNB is likely to
dominate. The differential number flux of the DSNB is given by

dFν

dEν
(Eν) = c

! zmax

0
RSN(z)

dNν(E′
ν)

dE′
ν

(1 + z)
dt

dz
dz , (11)

where we assume that the gravitational collapse begun at zmax = 6. The number spectrum of neutrinos emit-
ted by one supernova is dNν/dEν , E′

ν = (1 + z)Eν is the energy of neutrinos at redshift z with Eν being
the energy at the Earth, RSN(z) represents the supernova rate per comoving volume at redshift z and dt/dz =
"

H0(1 + z)
#

ΩM (1 + z)3 + ΩΛ

$−1
. We will adopt the standard ΛCDM cosmology (Ωm = 0.3, ΩΛ = 0.7 and

H0 = 70 km s−1 Mpc−1).
For the supernova rate per comoving volume we use the fit to ultraviolet and far-infrared data obtained by Ref. [56]

assuming a modified Salpeter initial mass function with a turnover below 1 M⊙ [57], and the parametric form for the
star formation rate of Ref. [58],

RSN(z) = 0.00915M−1
⊙

(0.0119 + 0.091z)

1 + (z/3.3)5.3
. (12)

For the neutrino spectrum from each supernova, we consider the simulation by the Lawrence Livermore group [59]
with the parametrization for each flavor given by [60]

dNν

dEν
=

(1 + βν)1+βν Lν

Γ(1 + βν)E
2
ν

%

Eν

Eν

&βν

e−(1+βν)Eν/Eν , (13)

2

Even more, the self-annihilation into neutrinos, χχ → νν, is the only channel into SM particles, whose velocity-
independent cross section can be as large as required to reproduce the observed DM abundance! Therefore, the
analysis of constraints on the χχ → νν cross section might constitute a direct test of DM freeze-out, for DM with
masses in the MeV range.

Interestingly, it was recently noted [8] that, for MeV range DM, the value of the annihilation cross section necessary
to reproduce the observed DM abundance may induce neutrino masses in the experimentally constrained range of
values via one-loop contributions. In addition, MeV DM could also have implications for observations of small scale
structure [23, 24]. On the other hand, it has also been noticed that DM could couple to neutrinos strongly enough
to produce observable effects that can be constrained by cosmic microwave background [25] and large-scale structure
formation observations [23, 25]. However, in this case, only if an asymmetry between DM particle and antiparticle is
produced at some early epoch in the evolution of the Universe, the DM density could be the required one today.

These models of light DM can be tested indirectly by the detection of SM particles (electrons, photons and neutrinos)
emitted in DM self-annihilations in galaxies, in particular the Milky Way. Here, we will assume the branching ratio
into neutrinos to be dominant in DM self-annihilations. Since neutrinos are the least detectable particles in the SM, a
limit on their flux would conservatively set an upper bound on the total annihilation cross section. The same approach,
but for higher masses, was followed in Refs. [26, 27]. We evaluate the expected signal from DM annihilations in the
entire Milky Way in large neutrino detectors with low energy threshold, such as the existing Super-Kamiokande (SK)
and the proposed liquid scintillator detector LENA [28]. By using SK data we are able to set a very stringent upper
bound on the total annihilation cross section in the mass interval ∼15-130 MeV. In addition, for velocity-independent
cross sections and DM masses below ∼130 MeV, this analysis constrains the only SM channel which could have been
relevant at DM freeze-out in the Early Universe. Finally, we also study the possibilities to detect a positive signal
from MeV DM in future detectors like the proposed LENA detector.

In Sec. II, we compute the neutrino flux from DM self-annihilations and briefly discuss halo profile uncertainties, and
in Sec. III we review the commonly used techniques to detect MeV neutrinos and the main sources of background at
these energies. The continuum background plays an important role in the sensitivity of present and future experiments
and we discuss it in detail. In Sec. IV, we obtain a conservative bound on the total annihilation cross section from
the present SK data, while we devote Sec. V to the study of the sensitivity of future experiments and their ability to
test the hypothesis of light DM. Finally, we draw our conclusions in Sec. VI.

II. NEUTRINO FLUXES FROM DARK MATTER SELF-ANNIHILATIONS

Stable particles with masses in the MeV range constitute a cold DM candidate. Detailed structure formation
simulations show that cold DM clusters hierarchically in halos and the formation of large scale structure in the
Universe can be successfully reproduced. In the case of spherically symmetric matter density with isotropic velocity
dispersion, the simulated DM profile in the galaxies can be parametrized via

ρ(r) = ρsc

!

Rsc

r

"γ #

1 + (Rsc/rs)α

1 + (r/rs)α

$(β−γ)/α

, (1)

where Rsc = 8.5 kpc is the solar radius circle, ρsc is the DM density at Rsc, rs is the scale radius, γ is the inner cusp
index, β is the slope as r → ∞ and α determines the exact shape of the profile in regions around rs. Commonly used
profiles [29, 30, 31] (see also Ref. [32]) can differ considerably in the inner part of the galaxy. However, this has only
a relatively mild effect on the neutrino flux if a large field of view is considered [27].

Assuming DM annihilates into neutrino-antineutrino pairs, we can compute the neutrino flux coming from these
annihilations in the halo (see, e.g. Ref. [33]). As we will see below, for energies below ∼ 100 MeV, information on
the direction of the incoming neutrino is very poor if the detection is via interactions with nucleons. As this is the
case presented here, we will be interested in considering the flux coming from all directions, so we shall take the flux
averaged over the entire galaxy. This also helps in maximizing the observed neutrino flux while minimizing the impact
of the choice of DM profile [27].

The angular-averaged intensity over the whole Milky Way, i.e. the average number flux, is given by the angular-
averaged line of sight integration of the DM density square,

Javg =
1

2Rsc ρ2
0

% 1

−1

% lmax

0
ρ2(r) dl d(cosψ), (2)

where r =
&

R2
sc − 2lRsc cosψ + l2, ρ0 = 0.3 GeV cm−3 is a normalizing DM density, which is equal to the commonly

quoted DM density at Rsc, and the upper limit of integration is lmax =
'

(R2
halo − sin2 ψR2

sc)+Rsc cosψ, and depends



• WIMP decay into neutrinos in the Early Universe:

Cosmological Constraints on Neutrino Injection 24

Figure 22. The constraints on the relic abundance of X from various observations
with mX = 10TeV and BX = 10−3.

evolution of the distribution function of high energy neutrinos in order to investigate

the photon spectrum. In this appendix, we write down Boltzmann equations which

determines the high energy neutrino spectrum. Our notation is the same as [33].

The high energy neutrinos (ν) produced in X decay scatter off the thermal neutrino

(νb) in the background by the following processes;

νi + νi,b → νi + νi, (A.1)

νi + ν̄i,b → νi + ν̄i, (A.2)

νi + ν̄i,b → νj + ν̄j, (A.3)

νi + νj,b → νi + νj , (A.4)

νi + ν̄j,b → νi + ν̄j , (A.5)

νi + ν̄i,b → e− + e+, (A.6)

νi + ν̄i,b → µ− + µ+. (A.7)

where index i and j represent e, µ and τ with i ̸= j. All the amplitude squared |M|2

in these reactions take the following form:

|M|2 = 32G2
F [a(pp

′)2 + b(pq)2 + c(pq′)2 + dm2(pp′)], (A.8)

where GF ≃ 1.17 × 10−5GeV−2 is the Fermi constant, the coefficients a – d depend on

the individual reaction, p and p′ are the initial momenta of high energy neutrino and
background neutrino, q and q′ are the final momenta, and m represents the mass of the

fermion the in final state. Coefficients for each processes are given in Table A1.

First, let us consider the neutrino scattering processes Eqs. (A.1)-(A.5). Here, we

Kanzaki et al., Phys.Rev. D76 (2007) 105017

Cosmological Constraints on Neutrino Injection 3

study, we assume that X mainly decays as

X → ν + Y, (1)

where Y is an invisible particle which is very weakly interacting so that it does not

cause any subsequent scattering with background particles. One of the well-motivated

examples is the case where the sneutrino is the NLSP while gravitino (or axino) is
the LSP. (Then, X is the sneutrino and Y is the gravitino or axino.) In addition, for

concreteness, we assume that the final-state neutrino is electron neutrino. (We note

here that we have checked that the constraints on the properties of X are not sensitive

to the flavor of the final-state neutrino.)

Even though the dominant decay mode is the two-body process, one should keep

in mind that decay chennels with three- and/or four-body final state should also exist
since the neutrino as well as X and/or Y couple to Z- and W -bosons. The emitted

(real or virtual) weak bosons subsequently decay into quarks and leptons. With this

type of three- and/or four-body decay processes, energetic quarks and charged leptons

are produced.

If the decays of X occur during or after BBN, the standard-model particles emitted

in the decay can affect the abundances of primordial light elements. First the high energy
neutrinos emitted in the main decay mode (two-body decay) scatter off the background

leptons and produce charged leptons (e±, µ±) and charged pions. The former induce

electromagnetic showers which destroy light elements, and the latter change the n-p

ratio through nucleon and pion interactions. Second X decays into electromagnetic and

hadronic particles via the three- and/or four-body decay modes with small branching

ratio BX . Such processes directly induce electromagnetic and hadronic showers and
change the abundances of light elements [10].

2.1. Two-body Decay

First, we discuss effects of the dominant decay process X → Y + νe. We presume that

Y produced in the decay is a very weakly interacting particle, and that it is irrelevant
for BBN. Neutrino, however, may affect abundances of light elements. The emitted

energetic neutrinos scatter off background leptons via weak interaction and several kinds

of particles may be pair-produced.

First, charged leptons may be produced via the following processes:§
νi + ν̄i,BG → e− + e+ (2)

νi + ν̄i,BG → µ− + µ+ (3)

νµ + ν̄e,BG → µ− + e+ (4)

νe + ν̄µ,BG → e− + µ+ (5)

§ Neutrinos may also scatter off the background electron and positron. However, since the photo-
dissociation processes become important when the cosmic temperature becomes much lower than
1 MeV. At such temperature, number densities of electron and positron are exremely suppressed,
and hence the scattering processes with electron and positron are irrelevant for the production of
charged leptons.

Cosmological Constraints on Neutrino Injection 8

(n3He/nD)p < 0.83 + 0.27, (13)

Yp = 0.2516± 0.0040, (14)

log10(n7Li/nH)p = − 9.63± 0.06± 0.3. (15)

(n6Li/n7Li)p < 0.046± 0.022 + 0.084, (16)

where the subscript “p” is for primordial value (just after BBN), and Yp is the primordial

mass fraction of 4He. For the center value of Yp, we have adopted the value reported

in [19] in which the authors used new data of HeI emissivities,¶ and conservatively

added a larger error (= 0.0040) as discussed in [21]. For (n3He/nD)p, we have adopted

most newly-reported values of D and 3He abundances observed in protosolar clouds [22],

(n3He/nH)PSC = (1.66± 0.06)× 10−5 and (nD/nH)PSC = (2.00± 0.35)× 10−5, where the
subscript “PSC” means a value in the protosolar cloud. (For the importance of the

upper bounds on (n3He/nD)p, see [23, 10].)

We parameterize the primordial abundance of X by yield variable YX which is

defined as the ratio of number density and total entropy density at (t ≪ τX);

YX ≡
!nX

s

"

t≪τX
, (17)

where τX is the lifetime of X . If YX is too large, abundances of light elements are too

much affected to be consistent with the observations. Thus, we can derive upper bound

on YX .

In Figs. 5-10, we show BBN constraints on τX and mXYX for BX = 10−3 and

BX = 10−6; we found that constraints with BX = 0 is almost same as that with

BX = 10−6.
As one can see from these figures, the most important constraint comes from

overproduction of 4He when τX ! 102sec. Since protons are more abundant than

neutrons, a significant amount of proton may be converted to neutron through

nucleus-pion interaction (and nucleon-nuclen interactions for relatively large BX) and

consequently 4He is overproduced. When 102sec ! τX ! 107sec, the background 4He

(which we call αBG) is effectively dissociated by the energetic hadrons produced in the
hadronic shower. In this case, overproduction of D may occur as a result of hadro-

dissociation of αBG. In addition, energetic T and 3He are also produced and they

synthesize 6Li through the 6Li via T + αBG → 6Li + n and 3He + αBG → 6Li + p.

When τX " 107sec, the energetic hadrons are stopped by the scattering processes with

background electrons, and hence the effects of hadro-dissociation become less efficient

than those of the photo-dissociation. In particular, the energetic photons produced in
the electromagnetic shower destroy αBG. In this case, overproduction of D and 3He

occurs as a result of photo-dissociation of αBG.

The constraints on mXYX depend on mX in a non-trivial way. The contraint

coming from the photo-dissociation caused by the two-body decay becomes stringent

as mX increases because neutrinos emitted in two-body decay have higher energy and

¶ See also the other recent value of Yp reported in [20] where the authors adopted larger errors (0.0028)
than that of [19].



Solar antineutrinos
• Neutrino à antineutrino conversion due to transition magnetic 

moment
� Spin-precession in solar magnetic field
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To be specific we parametrize the cosmic SN rate in
the form [8]

RSN(z) = 4.1× 10−3 yr−1 Mpc−3 fSN h73

×
e3.4z

e3.8z + 45

!

ΩM +
ΩΛ

(z + 1)3

"1/2

, (2)

where fSN is a normalization factor of order of unity and
h73 is H0 in units of 73 km s−1 Mpc−1.
The average ν̄e spectrum emitted by a SN is expressed

in the quasi-thermal form [19]

dN(E)

dE
=

(1 + α)1+αEtot

Γ(1 + α)Ē2

#

E

Ē

$α

e−(1+α)E/Ē , (3)

where we use Ē = 15 MeV for the average energy, α = 4
for the pinching parameter, and Etot = 5 × 1052 erg for
the total amount of energy emitted in ν̄e. The emitted
spectrum is understood after all oscillation effects. The
flavor-dependent differences of the antineutrino spectra
emitted at the neutrino sphere are not large [19], so os-
cillation effects are not a major concern.
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FIG. 1: ν̄e fluxes at the Super-Kamiokande site (upper panel)
and positron event spectra (lower panel). The DSNB is an
estimate for typical parameters (see text). The solar ν̄e fluxes
correspond to the effective νe → ν̄e conversion probability of
Eq. (4), i.e. 10−5 at E = 10 MeV.

The ν̄e component of the DSNB calculated with these
assumptions serves as our benchmark case and is shown
in Fig. 1. The uncertainty in amplitude and spectral
shape are considerable and we refer to the literature for
a discussion [8, 9, 10, 11].
At low energies, the DSNB is overwhelmed by the back-

ground ν̄e flux from reactors. In Fig. 1 we show an es-
timate for the Super-Kamiokande site using an approx-
imate analytical expression [20]. This flux significantly
exceeds those expected at other possible locations that
have been discussed, for example, by the LENA collab-
oration [21]. At high energies, the limiting factor is the
atmospheric neutrino flux. The estimate shown in Fig. 1
is based on Ref. [22].
The only realistic reaction for detecting the DSNB is

inverse beta decay ν̄e+p → n+e+. Therefore, we show in
the lower panel of Fig. 1 the same fluxes modulated with
the cross section of this reaction, i.e., the expected event
spectra. The largest number of events is expected in the
lowest useful energy bin above the reactor background.
The most stringent upper limit is 1.08 cm−2 s−1 at

90% CL for E > 19.3 MeV, obtained by the Super-
Kamiokande experiment [23]. An actual detection re-
quires tagging the final-state neutrons. In a large future
scintillator detector such as the proposed LENA [21] neu-
tron tagging is part of the detection signature. In water
Cherenkov detectors, neutron tagging requires gadolin-
ium loading [24], a possibility that is being investigated
for Super-Kamiokande. Both detector types probably
can lower the energy threshold all the way to the reactor
background.

III. SOLAR ANTINEUTRINOS

If the detection threshold indeed can be lowered to the
energy where the reactor background begins to dominate,
the first DSNB events would be expected in the lowest
energy bin above this boundary. In this range the solar
νe flux from the 8B reaction is more than five orders of
magnitude above the baseline DSNB flux shown in Fig. 1.
Therefore, even a νe → ν̄e conversion efficiency as small
as 10−6 is enough to provide a significant background.
If neutrinos are Majorana particles and have non-zero

transition magnetic moments, then solar electron neutri-
nos can oscillate to antineutrinos in the solar magnetic
field [12, 13, 14]. Little is known about the interior B-
field distribution in the Sun. We assume turbulent fields
in the convective zone because they are well motivated
and lead to the strongest conversion effect [15, 16].
For turbulent fields, a simple analytic expression for

the νe → ν̄e conversion probability is [15, 16, 17]

P ≈ 10−5S2µ2
11

#

B

20 kG

$2 #3× 104 km

Lmax

$p−1

×

#

8× 10−5 eV2

∆m2
⊙

$p #
E

10MeV

$p #cos2 θ⊙
0.7

$

. (4)

Raffelt and Rashba, Phys.Atom.Nucl. 73 (2010) 609-613 
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Here µ11 = µν/10−11µB (Bohr magneton µB = e/2me)
is the neutrino transition moment in a two-flavor sce-
nario, whereas ∆m2

⊙ and cos2 θ⊙ are the solar neutrino
mixing parameters. S is a factor of order unity describ-
ing the spatial configuration of the magnetic field, B
is the average strength of the magnetic field at spatial
scale Lmax (the size of the largest eddies at which en-
ergy is pumped to generate turbulent motion), and p
is the power of the turbulence scaling. A typical case
is p = 5

3 (Kolmogorov turbulence) whereas conservative
values for the other field parameters are B = 20 kG and
Lmax = 3× 104 km [16, 17].
Neutrinos with nonvanishing masses and mixings in-

evitably have nonvanishing electric and/or magnetic
transition moments [25], which are however proportional
to the neutrino masses and therefore extremely small.
The best experimental limit on a neutrino transition mo-
ment connected to νe was found by the Borexino col-
laboration to be µν < 5.4 × 10−11 µB at 90% CL [26],
while the best reactor limit is µν < 5.8 × 10−11 µB at
90% CL obtained by the GEMMA experiment [27]. An
astrophysical constraint to avoid excessive energy losses
by globular-cluster stars is µν < 3× 10−12µB [28, 29].
Using the benchmark values for all parameters as in

Eq. (4) we show the expected solar ν̄e flux in Fig. 1. It
is much smaller than the direct KamLAND limit on a
possible solar ν̄e flux [30]. In the energy range above
the reactor background and below the upper end of the
solar 8B spectrum, the solar ν̄e flux exceeds the DSNB
by about an order of magnitude. A µν on the level of
the globular-cluster limit still provides a flux comparable
to the DSNB. The true DSNB can be smaller than our
benchmark by perhaps a factor of ten whereas the solar
B-field parameters can be more favorable for spin-flavor
oscillations. Therefore, it is clear that a first ν̄e detection
in this energy bin can be caused by the Sun as a source
instead of the DSNB.
In this case spin-flavor oscillations would also operate

in the SN environment and thus affect the DSNB in that
the neutrino and antineutrino source spectra would be
partially swapped. This effect introduces an additional
uncertainty in the DSNB prediction.

IV. DISCUSSION

Measuring the expected DSNB is a considerable chal-
lenge even with the next generation of low-energy ν̄e de-
tectors such as a Gd-loaded version of Super-Kamiokande
or a large-scale scintillator detector like the proposed

LENA. Our benchmark DSNB shown in Fig. 1 provides
only a few events per year in a Super-Kamiokande sized
detector, and the true flux can be even smaller. The
expected spectrum decreases quickly with energy, so the
largest event rate is expected in the lowest accessible en-
ergy bin, the reactor ν̄e background providing a hard
lower boundary near 10 MeV.
Therefore, it is tempting to focus on the energy range

directly above the reactor background. In this range, up
to about 15 MeV, the solar νe flux is huge, about six
orders of magnitude larger than the DSNB. Therefore,
a small νe → ν̄e conversion rate is enough to mimic the
DSNB in this energy bin. While such a conversion pro-
cess violates lepton number, neutrinos with mass are usu-
ally thought to be Majorana particles and lepton-number
violation is naturally present. A conversion probability
on the 10−6 level is naturally found in the framework
of spin-flavor oscillations if one assumes the presence of
neutrino electric or magnetic transition moments on the
level of existing limits and middle-of-the-road assump-
tions about solar turbulent B-field distributions.
Detecting a signature for lepton-number violation in

the form of solar νe → ν̄e conversions arguably would be
a more fundamental discovery than the DSNB itself. In
this sense our arguments can be turned around and the
DSNB can be viewed as a background to such a search.
Either way, disentangling the DSNB and a signature of

solar νe → ν̄e conversion is extremely difficult except by
enough statistics to provide spectral information above
the endpoint of the solar neutrino spectrum. Directional
information based on the neutron forward displacement
in inverse β decay requires even larger event rates [31, 32].
The uncertainties of the interior solar B-fields are large

and significant improvements on neutrino magnetic mo-
ment limits are not foreseeable. Therefore, a clear de-
tection of the DSNB likely will have to depend on the
energy range above the solar neutrino spectrum.
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Summary/discussion
• In ~5 years the DSNB might be discovered

� Could be the first supernova neutrino detection since SN1987A
� Could be the oldest neutrinos ever detected

• Image of supernova population up to cosmological distances
� Dependence on progenitor mass? Redshift dependence? Failed supernovae? 

• Strong spectrum distortions could reveal new neutrino couplings
� Coupling to light Dark Matter? …
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