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Era of Multi-Messenger Astroparticle Physics 

taken from IceCube homepage

Neutrinos
IceCube, KM3Net
Super-K etc.

Gamma Rays
Fermi, HAWC, 
HESS, MAGIC, VERITAS, CTA etc.

Cosmic Rays
PAMELA, AMS-02
Auger, TA etc.

Gravitational Waves
LIGO, Virgo, KAGRA



This Talk
“Multi-messenger approaches”  
different particles, different energies, different physics, different objects…
ex. cosmic-ray origin, dark matter indirect searches, 
counterparts of gravitational wave sources etc.  

Focus:
multi-messenger implications for cosmic-ray sources  
multi-messenger constraints on heavy dark matter



Starting event channel 

X Best fit spectral index was 2.30±0.3 (3y) and now 2.58±0.25 (4y) 

X Energy threshold ~60GeV  
X Lower energy extension of analysis down to 1TeV!  PRD 91 022001(2014) 

16 
Compared to the previous publication (Phys. Rev. Lett. 113, 101101), a 
softer spectra preferred while consistent within error 

Thursday 29th Neutrino parallel: IceCube Diffuse flux By J. Van Santen 

3 year sample, PRL 113, 101101 

High-Energy Neutrinos

- Best fit: sn=2.58+-0.25
- En

2 Fn=(2.2±0.7)x10-8 GeV cm-2 s-1 sr-1

at 100 TeV (per flavor)

• 4-yr HESE data: 54 events (6.5 s)
Edep: 20 TeV-2 PeV

IceCube 15 IPA
break?
cutoff?

cf. 3-yr HESE data: 37 events (5.7 s)
Edep: 30 TeV-2 PeV
- Best fit (no cutoff): sn=2.3+-0.3

IceCube 16 ApJ

• 6-yr upgoing nµ “track”
29 events at >200 TeV (5.9s)

- Best-fit: s=2.13±0.13 
- nµ flux above 100 TeV:     

En
2Fn=(0.82+0.3-0.26)x10-8 GeV cm-2 s-1 sr-1
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Astrophysical Extragalactic Scenarios

p+γ→ Nπ + X

Active galactic nuclei g-ray burst

p+ p→ Nπ + X

Galaxy group/clusterStarburst galaxy

Cosmic-ray Accelerators
(ex. UHECR candidate sources) Cosmic-ray Reservoirs

spp~1/mp
2~30 mb

Δ-resonance
(+ direct ch.)

spg~aspp~0.5 mb
ε'pε’γ ~ (0.34 GeV)(mp/2) ~ 0.16 GeV2

roughly energy-independent

accretion to
massive black hole

core-collapse of 
massive stars

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN, galaxy mergers 

spp
spg



>TeV g rays interact with CMB & extragalactic background light (EBL)

Fate of High-Energy Gamma Rays

p+γ→ Nπ + X → Eg
2 Fg ~ (4/3) En

2 Fn

p+ p→ Nπ + X → Eg
2 Fg ~ (2/3) En

2 Fn

HE g

LE g

cosmic photon bkg.
lgg e

cosmic photon bkg.

γ +γCMB/EBL → e+ + e−

p±:p0~1:1
p±:p0~2:1

π 0 → γ +γ

ex. lgg(TeV) ~ 300 Mpc
lgg(PeV) ~ 10 kpc ~ distance to Gal. Center

Fermi
satellite

airshower
detectors
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Active galactic nuclei Cocoon shocks might work as a accelerator if the Mach number is high enough. Even
if the This model leads to the strong emission, Possibly, neutrinos might be detecable as the diffuse neutrino
background.

Subject headings: gamma rays: bursts — gamma rays: theory — plasmas

1. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs) is
still one of the open problems. Active galactic nuclei (AGNs)
are one of the most widely discussed UHECR sources. There
are radio loud AGNs that are supposed to have strong jets and
radio quiet AGNs that are not supposed. The former class can
be divided into two classes: FR I galaxies and FR II galax-

ies. FR I galaxies typically have L j ! 1045 erg s−1 while FR

II galaxies have L j " 1045 erg s−1. The local source density

is ns ∼ 10−4 Mpc−3 and ns ∼ 10−7.5 Mpc−3, respectively. See
Kawakatsu et al. 2009 and Collin 2008. When these AGNs
are observed by on-axis observers, they are seen as blazars.
Especially, FR II galaxies are supposed to be observed as FS-

RQs that typically have L j " 1047 erg s−1. See Ghisellini et al.
2009.

Radio quiet AGNs include Seyfert galaxies and their source

density is higher, ns ∼ 10−3 Mpc−3. They may also have weak
jets. See e.g., Hodge et al. 2008.

There are

2. THE COCOON SHOCK SCENARIO

The Hillas condition implies the necessary condition for
UHECRs to be accelerated. The source may move towards
us with the relativistic speed of cβ. When the bulk Lorentz
factor of the source is Γ, the distance of the emission re-
gion is written as r ≈ 2Γ2cδt and l ≈ r/2Γ is the comoving
source size. When the source moves nonrelativistically, r it-
self should be interpreted as the source size. The Hillas con-
dition rL < ZeBlβ becomes

LB > 6.7× 1045 erg s−1 Z−2E2
20Γ

2β−1 (1)

The acceleration time scale tacc ≡ ηE/ZeBc should also be
smaller than the dynamical time scale tdyn ≈ l/βc or the dif-

fusion time scale tdiff ≈ l2/3κ. In the former case, tacc < tdyn

leads to

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β3 (2)

η depends on acceleration mechanisms. In the latter case, we
have

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β

(

κ
1
3
lc

)2

(3)

Therefore, it would be possible for FR I and FR II galaxies to
generate UHE protons while radio quiet galaxies only produce
UHE nuclei rather UHE protons.

1 YITP, Kyoto University, Kyoto, 606-8502, Japan
2 YITP, Kyoto University, Kyoto, 606-8502, Japan

3. METHOD

Taking into account the pair creation, inverse Compton,
synchrotron radiation and adiabatic loss, we numerically cal-
culate the cascade emission by solving the Boltzmann equa-
tions that are often referred as kinetic equations ???,

∂Nγ

∂x
= −NγRγγ +

∂NIC
γ
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Here c̃ = (1−µ)c, Psyn is the synchrotron energy loss rate, Pad is
the adiabatic energy loss rate, Nγ and Ne are photon and elec-

tron/positron number densities per energy decade, and Q
inj
γ

and Q
inj
e are photon and electron/positron injection rate.

4. RESULTS

We have performed numerical calculations using the same
code.

4.1. The photon flux

We have to consider the two points as for those loss pro-
cesses. First, the acceleration time should be smaller than all
the loss time scales due to synchrotron cooling and photo-
hadronic cooling and so on. In addition, accelerated particles
should escape from the source before they lose their energy
due to those loss processes.

For discussions below, we need the target photon field.
Here we assume the broken power-law spectrum which can
be expected for various nonthermal phenomena of GRBs and
AGNs. For given observed break energy of εb

ob = Γεb and lu-
minosity of Lγ , we use

dn

dε
∝

Lγ

4πr2Γ(βc)
(ε/εb)

β−1
(5)
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FIG. 1. Top panel: Best fit of the Telescope Array energy
spectrum for the EBL model of Ref. [44], no emission above
z = 1 (n → −∞), and for Ecut = 1021 eV. The shadowed
areas correspond to 68.27% and 95.45% CL regions. Bottom
panel: proton, gamma-ray, and neutrino spectra correspond-
ing to the best fit of the Telescope Array data. The filled
circles correspond to the EGB obtained by Fermi-LAT and
the shadowed area corresponds to the rejection region at 90%
CL for the upper limit on the neutrino flux obtained by Ice-
Cube.

from the upper limits obtained form Eq. (5) for the case
of gamma rays and from the condition Jν(E,m, n) ≤

JUL
ν (E), where JUL

ν (E) is the upper limit on the flux ob-
tained by IceCube (see bottom panel of Fig. 1), for the
case of neutrinos. It can be seen from the plot that, while
the best fit is compatible with the neutrino data, it is in
tension with the upper limit obtained from the non-point
sources component of the EGB. Moreover, the best fit is
also in tension with the upper limit obtained at 99% CL
(see Appendix B). In this case the upper limit obtained
from gamma-ray data is more restrictive than the one
coming from the neutrino data. The bottom panel of the
figure shows the result obtained in the same conditions as
the ones corresponding to the top panel but for n = 1.5.
It can be seen that the best fit and the allowed regions
are, as expected, unaltered, but in this case even the re-
gion corresponding to 99.73% CL is in tension with the
gamma-ray upper limit. Any value of the parameter n
larger than 1.5 has associated a larger production of sec-

ondary gamma rays and neutrinos. Therefore, the region
corresponding to 99.73% CL of the fit is also in tension
with at least the gamma-ray upper limit for any value of
n larger than 1.5.
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FIG. 2. Top panel: Best fit and confidence regions for n →

−∞. The allowed regions corresponding to gamma-ray and
neutrino observations are below the dashed and dotted curves,
respectively. Bottom panel: Best fit and confidence regions
for n = 1.5. The allowed regions corresponding to gamma-
ray and neutrino observations are below the larger dashed and
dotted curves and above the smaller ones in the bottom-left
corner, respectively. The EBL model of Ref. [44] is considered
and Ecut = 1021 eV.

From Fig. 2 it can be seen that for the case in which
the UHECRs are generated in the redshift range from
z = 0 to z = 1, the gamma-ray upper limit imposes more
restrictive conditions than the ones corresponding to the
neutrino upper limit. However, when the sources pro-
duce UHECRs beyond z = 1 the restrictions obtained
from gamma-ray and neutrino observations are comple-
mentary, i.e. by using both, the neutrino and gamma-ray
upper limits, it is possible to enlarge the rejection region.
The loss of restrictive power of the gamma-ray upper
limit is due to the fact that the attenuation of gamma
rays, owing to pair production with the EBL photons,
that originate in z > 1 is larger than the one correspond-
ing to the gamma rays originated in z ! 1. This can be
seen from Fig. 3 where the contributions from z ∈ [0, 1]
and z ∈ [1, 6] to the total spectra are shown. The case

UHECR (TA)

Supanitsky (2016)

pure proton

• UHECR sources cannot be 
strongly evolving 
(redshift evolution ∝ (1+z)m)

• g & n give competitive limits

sesc
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stacking and other searches 
exclude g-ray bursts and 
disfavor “blazar”-type AGN
as the dominant n origin 
(see Van Elewyck’s talk)
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Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

detectors from five nearby CGs: Virgo, Centaurus, Perseus, Coma, and Oph-
iuchus. Broken power-law CR spectra with , , andp p 2.0 p p 2.4 ! p1 2 b

eV is assumed, and the isobaric model with is used. Note17.510 X p 0.029CR

that IceCube and KM3NeT mainly cover the northern and southern celestial
hemispheres, respectively. Neutrino oscillation is taken into account. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Cumulative neutrino ( ) background from¯ ¯ ¯n ! n ! n ! n ! n ! ne e m m t t

CGs for broken power-law CR spectra with and . The breakp p 2.0 p p 2.41 2

energies are eV (thick lines) and eV (thin lines), re-17.5 16.5! p 10 ! p 10b b

spectively. The CR power is normalized to 2 45 "3˙! (dn/d!) p 2 # 10 erg Mpc
at eV, as required to account for CRs above the second knee."1 18yr ! p 10

For the isobaric model, the corresponding is 0.029 and 0.067. For theXCR

central-AGN model, Kolmogorov-like turbulence is assumed with k pCG

. We take Gyr and . WB represents the30 2 "110 cm s t p Dt p 1 z p 2dyn max

Waxman-Bahcall bounds (Waxman & Bahcall 1998).culations of the neutrino spectra using formulae based on the
SIBYLL code at high energies (Kelner et al. 2006).

The neutrino and gamma-ray fluxes can be estimated via the
effective optical depth for the pp reaction as f ≈pp

, where is the target nucleon density in the ICM,0.8j n ct npp N int N

is the pp cross section, and tint ∼ tdyn or max( , tdiff) is thej r/cpp

pp interaction time. Because at Mpc"4.5 "3n ∼ 10 cm r ∼ 1.5N

(Colafrancesco & Blasi 1998; Pfrommer & Enßlin 2004),
, and in the 100 PeV range (Kelner"25 2k ∼ 0.6 j ∼ 10 cmpp pp

et al. 2006), we obtain

"3f ∼ 2.4 # 10 n (t /1 Gyr). (1)pp N,"4.5 int

Roughly speaking, high-energy neutrinos from charged-pion
decay have typical energy (true only in the average! ∼ 0.03!n

sense, because charged particles have wide energy distributions
and high multiplicities as expected from the KNO scaling law)
(Kelner et al. 2006). Hence, neutrinos "PeV are directly related
to CRs above the second knee.

First we obtain numerically the neutrino spectra and expected
event rates from five nearby CGs, utilizing the b model or
double-b model description in Tables 1 and 2 in Pfrommer &
Enßlin (2004) for the thermal gas profile of each CG (Fig. 1).
Our gamma-ray fluxes for single power-law spectra agree with
the results of Pfrommer & Enßlin (2004). As is apparent in
Figure 1, the detection of neutrino signals from individual CGs
could be challenging even for nearby objects. It may be achiev-
able, however, through a detailed stacking analysis.

More promising would be the cumulative background signal.
A rough estimate of the neutrino background is (e.g., Murase
2007; Waxman & Bahcall 1998)

c 1 dN2 2! F ∼ min (1, f )! n (0)fn n pp CG z4pH 3 d! dt0

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

18 "p!2.1f (! p 10 eV) !pp n# , (2)[ ] ( )"32.4 # 10 10 PeV

where CGs are assumed to be the main sources of CRs from
the second knee to the ankle. Here, is the local densityn (0)CG

of massive CGs and is a correction factor for the sourcefz

evolution (Murase 2007; Waxman & Bahcall 1998). For de-
tailed numerical calculations of the background, we treat more
distant CGs following Colafrancesco & Blasi (1998) adopting
the mass function of Jenkins et al. (2001). The results for the
broken power-law case are shown in Figure 2. With ! pb

eV, the expected event rates above 0.1 PeV in IceCube17.510
(Ahrens et al. 2004) are ∼2 yr"1 for model A, ∼1 yr"1 for model
B, ∼5 yr"1 for the isobaric model, and ∼3 yr"1 for the central
AGN model.

Hence, upcoming telescopes may be able to find multi-PeV
neutrino signals from CGs, providing a crucial test of our sce-
nario. From equation (2), we can also estimate the correspond-
ing gamma-ray background from decay, which is0 2p ! F ∼g g

for the broken power-law"9 "8 "2 "1 "1(10 to 10 ) GeV cm s sr
case. This is only (0.1–1)% of the EGRET limit, consistent
with the nondetection so far for individual CGs. Note that the
expected gamma-ray background flux would increase if can!b

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

To test the CG origin of second knee CRs, high-energy neu-
trinos should offer one of the most crucial multimessenger
signals. Unlike at the highest energies, CRs themselves in the

eV range offer no chance of source identification as they1810
should be severely deflected by Galactic and extragalactic mag-
netic fields. Moreover, due to magnetic horizon effects, extra-
galactic CRs #1017 eV may not reach us at all (Lemoine 2005;
Kotera & Lemoine 2007) so even the broken power-law spectral
form will not be directly observable. Gamma-rays are unaf-
fected by intervening magnetic fields, but those at "PeV en-
ergies relevant for the second knee are significantly attenuated
by pair-creation processes with the CMB and cosmic IR back-
grounds (e.g., Kachelrieß 2008). In contrast, neutrinos in the
PeV–EeV energy range should be unscathed during propaga-
tion (Bhattacharjee & Sigl 2000 and references there in). Con-
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olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe

= Φνµ
= Φντ

= Φν/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ

∝ E2−p
ν . The energy

distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather
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Multi-Messenger Connections: Physical or Conspiracy? 

Proposed tests (2013): 1. (Stacking) searches for neutrinos & g rays for nearby sources
2. Decomposing the diffuse g-ray bkg.
3. Measurements of neutrino data below 100 TeV
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compared to the intensity of the EGB (datapoints from AC14). Lower Panel: as above,

but including also the emission from star-forming galaxies (gray band, Ackermann et al.
2012) and radio galaxies (black striped band, Inoue 2011) as well as the sum of all non-

exotic components (yellow band). An example of DM-induced γ-ray signal ruled out by
our analysis is shown by the solid pink line, and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as the ratio of the

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).
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New Component?: Medium-Energy “Excess” Problem

Fermi g-ray bkg. is violated if n sources are g-ray transparent
→ “hidden (g-ray dark) sources”

(CR reservoirs can explain the neutrino data only above 100 TeV)

• Best-fit spectral indices tend to be as soft as s~2.5
• 10-100 TeV data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1
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the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

( εν
25 TeV

)

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic

(cutoff due to the p production threshold)
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FIG. 1. Left Panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text for
details). Right Panel: Same as the left panel, but now showing diffuse neutrino fluxes of specific models from Refs. [21, 24].
To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

generation rates are conservatively related as [27]

εγQεγ ≈
4

3K
(ενQεν )

∣

∣

εν=εγ/2
, (3)

where γ-ray and neutrino energies are related as εγ ≈
2εν . However, the generated γ rays from the sources may
not be directly observable. Firstly, γ rays above TeV en-
ergies initiate electromagnetic cascades in cosmic radia-
tion backgrounds including the extragalactic background
light (EBL) and cosmic microwave background (CMB) as
they propagate over cosmic distances. As a result, high-
energy γ rays are regenerated at sub-TeV energies. Sec-
ondly, intrasource cascades via two-photon annihilation,
inverse-Compton scattering, and synchrotron radiation
processes, can prevent direct γ-ray escape. To see their
importance, we temporarily assume that the sources are
γ-ray transparent. We will see in the following that this
hypothesis leads to significant tensions with the IGRB.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′− s, is expected from the the energy de-
pendence of the diffusion tensor [28]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region (see Eq. (3)), where it
directly contributes to the IGRB [29] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that

explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [30].

Motivated by results of Ref. [5], we calculate the dif-
fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using
Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. As indicated in Eq. (3),
the results are not much sensitive to redshift evolution
models. In the left panel of Fig. 1 we show the resulting
all-flavor neutrino and γ-ray fluxes as thick blue and thin
red lines, respectively, in comparison to the Fermi IGRB
and IceCube neutrino data [5]. To explain the ! 100 TeV
neutrino data, the contribution to the IGRB should be
at the level of 100% in the 3 GeV to 1 TeV range and
softer fluxes with s " 2.0 clearly overshoot the data. As
pointed out by Ref. [12], this argument is conservative:
the total extragalactic γ-ray background is dominated by
radio-loud AGN whose jets point at us, i.e., blazars (e.g.,
Refs. [31, 32]), and their main emission is typically vari-
able and unlikely to be of pp origin [33, 34]. Most of
the high-energy IGRB could even be accounted for by
unresolved blazars [35–37]. Although the IGRB should
be decomposed with caution, if this blazar interpretation
is correct, there will be little room for CR reservoirs. A
recent study on the cross correlation between γ rays and
galaxies also supports our argument [38].

In pγ scenarios, neutrino and γ-ray spectra depend on
a target photon spectrum. The effective optical depth
to photomeson prodution (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than

KM, Guetta & Ahlers 16 PRL
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Fermi g-ray bkg. is violated if n sources are g-ray transparent
→ “hidden (g-ray dark) sources” (e.g., jet-driven supernovae)

(CR reservoirs can explain the neutrino data only above 100 TeV)

• Best-fit spectral indices tend to be as soft as s~2.5
• 10-100 TeV data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1
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the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives nεν ∝ const as a low-
energy neutrino spectrum [39]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
trino and γ-ray spectra with the diffuse neutrino flux
and the IGRB [40] for a neutrino break εbν in the range
6–25 TeV. Since the sub-TeV emission is dominated by
γ rays from cascades in the CMB and EBL, the tension
with the IGRB can be weaker than in pp scenarios. How-
ever, the IGRB contribution is still at the level of ∼ 50%
for εbν = 25 TeV and reaches ∼ 100% for εbν = 6 TeV.
The spectrum (5) can be realized when the target pho-

ton spectrum is a power law with a high-energy cutoff or
a gray body (see below). We note that specific models
have larger contributions to the IGRB, by accounting for
the detailed energy dependence of fpp/pγ , the contribu-
tion from low-energy CRs, and cooling of charged mesons
and muons. As examples, we consider hadronic γ rays in
the low-luminosity AGN model of Ref. [24] (Model A),
which can explain ! 100 TeV neutrino data, and the
choked GRB jet model of Ref. [21] (Model B), although
these sources are predicted to be opaque to very-high-
energy γ rays. The right panel of Fig. 1 shows the corre-
sponding all-flavor neutrino and generated γ-ray spectra
as thick blue and thin red lines. Pretending γ-ray trans-
parency leads to violation of the high-energy IGRB data.
The limits of the IGRB contribution of pγ scenarios are

expected to become even stronger by identifying addi-
tional point sources or by decomposing the emission into
contributions from individual source populations. This
will further constrain the γ-ray transparent sources for
εbν = 6–25 TeV, which are still allowed by the Fermi data
(cf. left panel of Fig. 1). On the other hand, since the
sub-TeV emission is dominated by γ rays from cascades
in the CMB and EBL, the tension with the IGRB can
easily be relaxed compared to pp scenarios if the sources
are hidden, i.e. if high-energy γ rays generated in the
sources of diffuse neutrinos undergo efficient interactions
with intrasource radiation. In fact, this is generally the
case for pγ scenarios as we will show in the following.

CONNECTING pγ AND γγ OPTICAL DEPTHS

Let us consider a generic source with target photons
of energy εt and spectrum nεt . For soft target spectra
nεt ∝ ε−α

t with α > 1, which is valid in most nonther-
mal objects, meson production is dominated by the ∆-
resonance and direct pion production. Its efficiency fpγ
is given by

fpγ(εp) ≈ (εtnεt)σ̂pγ(r/Γ) , (6)

where σ̂pγ ∼ 0.7 × 10−28 cm2 is the attenuation cross
section (the product of the inelasticity and cross sec-
tion [41, 42]), r is the emission radius, and Γ is the bulk
Lorentz factor of the source. The energy of protons that
typically interact with photons with energy εt is

εp ≈ 20εν ≈ 0.5Γ2mpc
2ε̄∆εt

−1 , (7)

where ε̄∆ ∼ 0.3 GeV, and ∼ 30 TeV neutrinos require x-
ray or MeV γ-ray target photons. We here consider tran-
srelativistic or relativistic sources, like GRBs, pulsars,
and AGN including blazars, where target radiation is pre-
sumably generated by synchrotron or inverse-Compton
emission from thermal or nonthermal electrons. The low-
energy photon spectrum can be expressed by power-law
segments, nεt ∝ ε−α

t , where α ≥ 2/3 [43]. For nεp ∝
ε−scr
p and α " 1, the efficiency scales as fpγ ∝ εα−1

p , and
the neutrino spectral index is s = scr+1−α. For α ! 1 we
have s ∼ scr above the pion production threshold due to
higher resonances and multipion production [41, 42]. A
similar scaling is obtained for gray-body and monochro-
matic target photon spectra [34, 42].
Now, in pγ scenarios, the same target photon field can

prevent γ rays from escaping the sources. The optical
depth to γγ → e+e− is given by

τγγ(εγ) ≈ (εtnεt)η(α)σT (r/Γ) , (8)

where σT ≃ 6.65 × 10−25 cm2 and η(α) ≃ 7(α −
1)/[6α5/3(1 + α)] for 1 < α < 7 [44], which is the or-
der of 0.1. The typical γ-ray energy is given by

εγ ≈ Γ2m2
ec

4εt
−1 . (9)

Eqs. (6) and (8) lead to the following relation [41, 45],

τγγ(ε
c
γ) ≈

σγγ

σ̂pγ
fpγ(εp) ≃ 10

(

fpγ(εp)

0.01

)

, (10)

where εcγ is the γ-ray energy corresponding to the reso-
nance proton energy satisfying Eq. (7),

εcγ ≈
2m2

ec
2

mpε̄∆
εp ∼ GeV

( εν
25 TeV

)

. (11)

Thus, the neutrino data from 25 TeV to 2.8 PeV [5], cor-
responding to the proton energy range from ∼ 0.5 PeV
to ∼ 60 PeV, can directly constrain the two-photon an-
nihilation optical depth at εγ ∼ 1–100 GeV.
In general, the effective pγ optical depth fpγ de-

pends on source models. But too small values of fpγ
seem unnatural since the observed neutrino flux is not
far from the Waxman-Bahcall [46, 47] and nucleus-
survival bounds [48], corresponding to maximally effi-
cient neutrino production in the sources of ultrahigh-
energy (UHE) CRs. More quantitatively, it is possible
to obtain general constraints on fpγ by comparing the
observed CR and neutrino fluxes. Recently, Ref. [49]
obtained fpγ " 0.01 by requiring that the extragalactic

(cutoff due to the p production threshold)
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FIG. 1. Left Panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text for
details). Right Panel: Same as the left panel, but now showing diffuse neutrino fluxes of specific models from Refs. [21, 24].
To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

generation rates are conservatively related as [27]

εγQεγ ≈
4

3K
(ενQεν )

∣

∣

εν=εγ/2
, (3)

where γ-ray and neutrino energies are related as εγ ≈
2εν . However, the generated γ rays from the sources may
not be directly observable. Firstly, γ rays above TeV en-
ergies initiate electromagnetic cascades in cosmic radia-
tion backgrounds including the extragalactic background
light (EBL) and cosmic microwave background (CMB) as
they propagate over cosmic distances. As a result, high-
energy γ rays are regenerated at sub-TeV energies. Sec-
ondly, intrasource cascades via two-photon annihilation,
inverse-Compton scattering, and synchrotron radiation
processes, can prevent direct γ-ray escape. To see their
importance, we temporarily assume that the sources are
γ-ray transparent. We will see in the following that this
hypothesis leads to significant tensions with the IGRB.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′− s, is expected from the the energy de-
pendence of the diffusion tensor [28]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region (see Eq. (3)), where it
directly contributes to the IGRB [29] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that

explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [30].

Motivated by results of Ref. [5], we calculate the dif-
fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using
Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. As indicated in Eq. (3),
the results are not much sensitive to redshift evolution
models. In the left panel of Fig. 1 we show the resulting
all-flavor neutrino and γ-ray fluxes as thick blue and thin
red lines, respectively, in comparison to the Fermi IGRB
and IceCube neutrino data [5]. To explain the ! 100 TeV
neutrino data, the contribution to the IGRB should be
at the level of 100% in the 3 GeV to 1 TeV range and
softer fluxes with s " 2.0 clearly overshoot the data. As
pointed out by Ref. [12], this argument is conservative:
the total extragalactic γ-ray background is dominated by
radio-loud AGN whose jets point at us, i.e., blazars (e.g.,
Refs. [31, 32]), and their main emission is typically vari-
able and unlikely to be of pp origin [33, 34]. Most of
the high-energy IGRB could even be accounted for by
unresolved blazars [35–37]. Although the IGRB should
be decomposed with caution, if this blazar interpretation
is correct, there will be little room for CR reservoirs. A
recent study on the cross correlation between γ rays and
galaxies also supports our argument [38].

In pγ scenarios, neutrino and γ-ray spectra depend on
a target photon spectrum. The effective optical depth
to photomeson prodution (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
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FIG. 1: Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right panel)
channels derived from observations taken over 10 years of the inner 300 pc of the GC region with H.E.S.S. The constraints
for the bb̄, tt̄ and µ+µ� channels are given in Fig. 4 in Supplemental Material [16]. The constraints are expressed as 95%
C. L. upper limits as a function of the DM mass mDM. The observed limit is shown as black solid line. The expectations
are obtained from 1000 Poisson realizations of the background measured in blank-field observations at high Galactic latitudes.
The mean expected limit (black dotted line) together with the 68% (green band) and 95% (yellow band) C. L. containment
bands are shown. The blue solid line corresponds to the limits derived in a previous analysis of 4 years (112 h of live time)
of GC observations by H.E.S.S. [10]. The horizontal black long-dashed line corresponds to the thermal relic velocity-weighted
annihilation cross section (natural scale).
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The constraints expressed in terms of 95% C. L. upper limits are shown as a function of the DM mass mDM in the W+W�
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NFW profile (long dashed-dotted black line), respectively. Right: Comparison of constraints on the W+W� channels with the
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line).

increase of the sensitivity of the analysis presented here. In the right panel of Fig. 1, the observed 95% C. L. up-
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- Early time particle decay:
- Boosted dark matter:
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Multi-Messenger Emission of Decaying Dark Matter

• Galactic: g → direct (w. some attenuation), e± → sync. + inv. Compton
• Extragalactic → EM cascades during cosmological propagation

KM, Laha, Ando & Ahlers 15

DM → ne+ne (12%)
DM → b+bbar (88%)

ex. Feldstein et al. 13,  
Esmaili & Serpico 13, 
Higaki+ 14, Fong+ 15, 
Bai+ 14, Rott+ 15

(similar results in other 
models that are proposed)  
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The origin of cosmic high-energy neutrinos [1–3] is a
new mystery in astroparticle physics (see, e.g., Refs. [4–8]).
Various theoretical interpretations include possibilities of
hadronic (pp) production in cosmic-ray (CR) reservoirs [9]
and photohadronic (pγ) production in hidden CR accel-
erators [10–14], and the observed neutrino intensity at
∼0.1–1 PeV energies is consistent with earlier models
[15–18]. Only a fraction of the observed events could
have Galactic origins (e.g., Refs. [19–21]).
Not only astrophysical sources but also dark matter may

lead to high-energy neutrinos and γ rays (see recent
reviews, e.g., Refs. [22,23]). Because of several motiva-
tions such as the thermal relic hypothesis and unitarity
bounds [24–26], most studies had focused on dark matter
with mdm ≲ 30–100 TeV. However, there is no fundamen-
tal objection to considering very heavy dark matter
(VHDM), which is hard to probe by existing accelerators
such as the Large Hadron Collider. As considered prior to
the IceCube observation, indirect searches in neutrinos and
γ rays give us unique opportunities to high-energy searches
[27,28]. Assuming nondetections of cosmic neutrino sig-
nals, in light of IceCube and Fermi, the power of multi-
messenger approaches had been demonstrated to constrain
particle properties of VHDM [29–34], even for mdm ≳
0.1 PeV [33,34]. As soon as PeV neutrinos were discov-
ered, the VHDM scenario was invoked [35–37] and various
phenomenological models have been developed [38–45].
Although they do not give a natural explanation why the
observed neutrino flux is comparable to both the diffuse
γ-ray background and CR nucleon- or nuclei-survival
bounds [46,47], the VHDM scenario can presently be
consistent with the data [48,49].

In order to test various possibilities, the multimessenger
approach and point source search are essential. Their
power has been demonstrated in Refs. [9,19,50,51] and
Refs. [52–55], respectively. In this work, we consider how
these two strategies can be used to test the VHDM scenario
with current and future observations.
The VHDM scenario.—The mean diffuse neutrino (and

anti-neutrino) intensity is calculated by evaluating line-of-
sight integrals. Although we calculate it numerically
throughout this work, for decaying VHDM, the all flavor
intensity is analytically estimated to be

E2
νΦν ¼ E2

νΦEG
ν þ E2

νΦG
ν

≈
ctHξz
4π

ρdmc2

τdmRν
þ RscJ Ω

4π
ρscc2

τdmRν

∼ 4 × 10−8 GeVcm−2 s−1 sr−1

×
!
1þ 1.6ðJ Ω=2Þ

2.6

"
τ−1dm;27.5ðRν=15Þ−1; ð1Þ

where ΦEG
ν and ΦG

ν are extragalactic and Galactic
contributions to the cumulative neutrino background,
respectively (e.g., Ref. [33]). The VHDM decay scenario
predicts similar Galactic and extragalactic contributions.
We have used h ≈ 0.7, Ωm ≈ 0.3, ΩΛ ≈ 0.7, Ωdmh2 ¼ 0.12,
ρcc2 ¼ 1.05 × 10−5 h2 GeV cm−3, tH is the age of the
Universe, ρscc2 ¼ 0.3 GeVcm−3 in the Solar neighbor-
hood, and Rsc ¼ 8.5 kpc. Note that ξz ≈ 0.6 corrects for
redshift evolution of decaying VHDM [33,46], and J Ω is
the dimensionless J factor averaged over Ω [29,33]. We
use the Navarro-Frenk-White profile to show results, but
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The origin of cosmic high-energy neutrinos [1–3] is a
new mystery in astroparticle physics (see, e.g., Refs. [4–8]).
Various theoretical interpretations include possibilities of
hadronic (pp) production in cosmic-ray (CR) reservoirs [9]
and photohadronic (pγ) production in hidden CR accel-
erators [10–14], and the observed neutrino intensity at
∼0.1–1 PeV energies is consistent with earlier models
[15–18]. Only a fraction of the observed events could
have Galactic origins (e.g., Refs. [19–21]).
Not only astrophysical sources but also dark matter may

lead to high-energy neutrinos and γ rays (see recent
reviews, e.g., Refs. [22,23]). Because of several motiva-
tions such as the thermal relic hypothesis and unitarity
bounds [24–26], most studies had focused on dark matter
with mdm ≲ 30–100 TeV. However, there is no fundamen-
tal objection to considering very heavy dark matter
(VHDM), which is hard to probe by existing accelerators
such as the Large Hadron Collider. As considered prior to
the IceCube observation, indirect searches in neutrinos and
γ rays give us unique opportunities to high-energy searches
[27,28]. Assuming nondetections of cosmic neutrino sig-
nals, in light of IceCube and Fermi, the power of multi-
messenger approaches had been demonstrated to constrain
particle properties of VHDM [29–34], even for mdm ≳
0.1 PeV [33,34]. As soon as PeV neutrinos were discov-
ered, the VHDM scenario was invoked [35–37] and various
phenomenological models have been developed [38–45].
Although they do not give a natural explanation why the
observed neutrino flux is comparable to both the diffuse
γ-ray background and CR nucleon- or nuclei-survival
bounds [46,47], the VHDM scenario can presently be
consistent with the data [48,49].

In order to test various possibilities, the multimessenger
approach and point source search are essential. Their
power has been demonstrated in Refs. [9,19,50,51] and
Refs. [52–55], respectively. In this work, we consider how
these two strategies can be used to test the VHDM scenario
with current and future observations.
The VHDM scenario.—The mean diffuse neutrino (and

anti-neutrino) intensity is calculated by evaluating line-of-
sight integrals. Although we calculate it numerically
throughout this work, for decaying VHDM, the all flavor
intensity is analytically estimated to be

E2
νΦν ¼ E2

νΦEG
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νΦG
ν

≈
ctHξz
4π

ρdmc2

τdmRν
þ RscJ Ω

4π
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∼ 4 × 10−8 GeVcm−2 s−1 sr−1
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1þ 1.6ðJ Ω=2Þ

2.6
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τ−1dm;27.5ðRν=15Þ−1; ð1Þ

where ΦEG
ν and ΦG

ν are extragalactic and Galactic
contributions to the cumulative neutrino background,
respectively (e.g., Ref. [33]). The VHDM decay scenario
predicts similar Galactic and extragalactic contributions.
We have used h ≈ 0.7, Ωm ≈ 0.3, ΩΛ ≈ 0.7, Ωdmh2 ¼ 0.12,
ρcc2 ¼ 1.05 × 10−5 h2 GeV cm−3, tH is the age of the
Universe, ρscc2 ¼ 0.3 GeVcm−3 in the Solar neighbor-
hood, and Rsc ¼ 8.5 kpc. Note that ξz ≈ 0.6 corrects for
redshift evolution of decaying VHDM [33,46], and J Ω is
the dimensionless J factor averaged over Ω [29,33]. We
use the Navarro-Frenk-White profile to show results, but
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The origin of cosmic high-energy neutrinos [1–3] is a
new mystery in astroparticle physics (see, e.g., Refs. [4–8]).
Various theoretical interpretations include possibilities of
hadronic (pp) production in cosmic-ray (CR) reservoirs [9]
and photohadronic (pγ) production in hidden CR accel-
erators [10–14], and the observed neutrino intensity at
∼0.1–1 PeV energies is consistent with earlier models
[15–18]. Only a fraction of the observed events could
have Galactic origins (e.g., Refs. [19–21]).
Not only astrophysical sources but also dark matter may

lead to high-energy neutrinos and γ rays (see recent
reviews, e.g., Refs. [22,23]). Because of several motiva-
tions such as the thermal relic hypothesis and unitarity
bounds [24–26], most studies had focused on dark matter
with mdm ≲ 30–100 TeV. However, there is no fundamen-
tal objection to considering very heavy dark matter
(VHDM), which is hard to probe by existing accelerators
such as the Large Hadron Collider. As considered prior to
the IceCube observation, indirect searches in neutrinos and
γ rays give us unique opportunities to high-energy searches
[27,28]. Assuming nondetections of cosmic neutrino sig-
nals, in light of IceCube and Fermi, the power of multi-
messenger approaches had been demonstrated to constrain
particle properties of VHDM [29–34], even for mdm ≳
0.1 PeV [33,34]. As soon as PeV neutrinos were discov-
ered, the VHDM scenario was invoked [35–37] and various
phenomenological models have been developed [38–45].
Although they do not give a natural explanation why the
observed neutrino flux is comparable to both the diffuse
γ-ray background and CR nucleon- or nuclei-survival
bounds [46,47], the VHDM scenario can presently be
consistent with the data [48,49].

In order to test various possibilities, the multimessenger
approach and point source search are essential. Their
power has been demonstrated in Refs. [9,19,50,51] and
Refs. [52–55], respectively. In this work, we consider how
these two strategies can be used to test the VHDM scenario
with current and future observations.
The VHDM scenario.—The mean diffuse neutrino (and

anti-neutrino) intensity is calculated by evaluating line-of-
sight integrals. Although we calculate it numerically
throughout this work, for decaying VHDM, the all flavor
intensity is analytically estimated to be

E2
νΦν ¼ E2

νΦEG
ν þ E2

νΦG
ν

≈
ctHξz
4π

ρdmc2

τdmRν
þ RscJ Ω

4π
ρscc2

τdmRν

∼ 4 × 10−8 GeVcm−2 s−1 sr−1

×
!
1þ 1.6ðJ Ω=2Þ

2.6

"
τ−1dm;27.5ðRν=15Þ−1; ð1Þ

where ΦEG
ν and ΦG

ν are extragalactic and Galactic
contributions to the cumulative neutrino background,
respectively (e.g., Ref. [33]). The VHDM decay scenario
predicts similar Galactic and extragalactic contributions.
We have used h ≈ 0.7, Ωm ≈ 0.3, ΩΛ ≈ 0.7, Ωdmh2 ¼ 0.12,
ρcc2 ¼ 1.05 × 10−5 h2 GeV cm−3, tH is the age of the
Universe, ρscc2 ¼ 0.3 GeVcm−3 in the Solar neighbor-
hood, and Rsc ¼ 8.5 kpc. Note that ξz ≈ 0.6 corrects for
redshift evolution of decaying VHDM [33,46], and J Ω is
the dimensionless J factor averaged over Ω [29,33]. We
use the Navarro-Frenk-White profile to show results, but
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Other Final States
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Examples of Models (EFT)
15

⇣
RSU(2)

⌘

Y
operator final states ratios of BR’s, m� �TeV ⌧ & 1027 [s]

spin 0

(0)0

�H†H hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079a

� (LH)2
⌫⌫hh, ⌫⌫Z0Z0, ⌫⌫Z0h, 1 : 1 : 2 :

⇤̄4/m̄5
� & 1

⌫e�hW+, ⌫e�Z0W+, e�e�W+W+, 2 : 2 : 4 :

⌫⌫h, ⌫⌫Z0, ⌫e�W+, ⌫⌫ 24⇡2 v2

m2
�

⇣
1 : 1 : 1 : 768⇡2 v2

m2
�

⌘

�HL̄E h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�H̃Q̄U , �HQ̄D hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

�Bµ⌫
(⇠)

B µ⌫ ��, �Z, ZZ c4W : 2c2W s2W : s4W ⇤̄2/m̄3
� & 2⇥ 1031

�Wµ⌫
(⇠)

W µ⌫ ��, �Z0, Z0Z0, W+W� b s4W : 2c2W s2W : c4W : 2 ⇤̄2/m̄3
� & 6⇥ 1031

�Gµ⌫
(⇠)

G µ⌫ hadrons 1 ⇤̄2/m̄3
� & 2⇥ 1032

�DµH†DµH hh, Z0Z0, W+W� c 1 : 1 : 2 ⇤̄2/m̄3
� & 3⇥ 1030

(2)1/2
d

V�̂ [114]e hhh, hZ0Z0, hW+W� 1 : 1 : 2 g2m̄� . 2⇥ 10�53

Vc��↵ [114]e,f hh, Z0Z0, W+W� �
1 + (�T � 2�A)/�

�2
: 1 : 2 m̄�/c2��↵ & 4⇥ 1048

�L̄E `+`� 1 g2m̄� . 2⇥ 10�56

�̃Q̄U , �Q̄D qq̄ 1 g2m̄� . 6⇥ 10�57

(3)0

�aH̃�aH hh, Z0Z0,W+W�,ff̄ 1 : 1 : 2 : 16Ncy2f
v2

m2
�

m̄�/⇤̄2 & 9⇥ 1079

�aWa
µ⌫B

µ⌫ ��, Z0�, Z0Z0 c2W s2W : 2
�
c2W � s2W

�2
: c2W s2W ⇤̄2/m̄3

� & 1⇥ 1031

�aL̄E�aH h`+`�, Z0`+`�, W±`⌥⌫, `+`� 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 4⇥ 1029

�aQ̄U�aH̃, �aQ̄D�aH hqq̄, Z0qq̄, W±q0q̄, qq̄ 1 : 1 : 2 : 32⇡2 v2

m2
�

⇤̄2/m̄3
� & 1⇥ 1030

(3)1 �aLT �a�2L ⌫⌫ 1 g2m̄� . 2⇥ 10�56

spin 1/2

(1)0 H̃L̄ ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(2)1/2 H̃ ̄E ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

(3)0 HL̄�a a ⌫h, ⌫Z0, `±W⌥ 1 : 1 : 2 g2m̄� . 2⇥ 10�56

spin 1

(0)0
f̄�µV 0µf ff̄ see text Ncg2m̄� . 2⇥ 10�56

Bµ⌫F 0µ⌫/2 ff̄ see text g2m̄� . 4⇥ 10�56

aThis operator corresponds to the glueball model. However, in that model the coe�cient is naturally suppressed by dimensional trans-
mutation.
bAdditional three- and four-body decays are suppressed.
cZ0Z0hh is further suppressed by four-body phase space factors.
dHere we are assuming that � is a scalar. The pseudo-scalar case can be inferred by making the appropriate replacements to conserve

CP. See the text for details.
eFor brevity, we follow the notation of [114], which studies the Two-Higgs-Doublet model in the decoupling limit. VX denotes that the

potential V which governs the interactions between the heavy state and the SM is dominantly controlled by the coupling X. See text for
details
fThe mixing factor c��↵ ! v2/m2

� in the decoupling limit.

TABLE S2: A summary of the di↵erent operators that couple a decaying DM candidate to the SM fields. f stands for any of
the SM fermions, q(0) stands for quarks and ` for the leptons. We define m̄� = m�/PeV and ⇤̄ = ⇤/mPl .

EFT (up to dimension 6)



Model-Dependent Results

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL in press

102 104 106

m� [GeV]

1024

1025

1026

1027

1028

1029

⌧
[s

]

Gravitino DM

EG only

IC only

Prompt only

Fermi combined

IceCube

IceCube 3�
102 104 106

m� [GeV]

0.0

0.5

1.0

B
ra

nc
hi

ng
ra

ti
os

W `

Z⌫

h⌫

102 104 106

m� [GeV]

1024

1025

1026

1027

1028

1029

⌧
[s

]

�(LH)2/⇤2

EG only

IC only

Prompt only

Fermi combined

IceCube

IceCube 3�
102 104 106

m� [GeV]

0.0

0.5

1.0

B
ra

nc
hi

ng
ra

ti
os

2-body

3-body

4-body

102 104 106

m� [GeV]

1024

1025

1026

1027

1028

⌧
[s

]
Glueball DM

EG only

IC only

Prompt only

Fermi combined

IceCube
102 104 106

m� [GeV]

0.0

0.5

1.0

B
ra

nc
hi

ng
ra

ti
os

hh

bb̄

⌧⌧

WW + ZZ

4

invariant e↵ective field theory (EFT) realizations. If the
decay is mediated by irrelevant operators, and given the
long lifetimes we are probing, it is natural to assume very
high cut-o↵ scales ⇤, such as the GUT scale ⇠1016 GeV
or the Planck scale mPl ' 2.4⇥ 1018 GeV. We expect all
gauge invariant operators connecting the dark sector to
the SM to appear in the EFT suppressed by a scale mPl

or less (assuming no accidentally small coe�cients and,
perhaps, discrete global symmetries).

It is also interesting to consider models that could yield
signals relevant for this analysis. Many cases are ex-
plored in the Supplementary Material, and here we high-
light one simple option: a hidden sector that consists
of a confining gauge theory, at scale ⇤D [80], without
additional light matter. Hidden gauge sectors that de-
couple from the SM at high scales appear to be generic
in many string constructions (see [81] for a recent dis-
cussion). Denoting the hidden-sector field strength as
GDµ⌫ , then the lowest dimensional operator connecting
the hidden sector to the SM appears at dimension-6:
L � �D GDµ⌫ G

µ⌫
D |H|2/⇤2, where �D is a dimension-

less coupling constant, ⇤ is the scale where this operator
is generated, and H the SM Higgs doublet. The light-
est 0++ glueball state in the hidden gauge theory is a
simple DM candidate �, with m� ⇠ ⇤D, though heav-
ier, long-lived states may also play important roles (see
e.g. [82]). The lowest dimension EFT operator connect-
ing � to the SM is then ⇠ � |H|2 ⇤3

D/⇤2. Furthermore,
⇤D & 100MeV in order to avoid constraints on DM self-
interactions [83].

At masses comparable to and lower than the elec-
troweak scale, the glueball decays primary to b quarks
through mixing with the SM Higgs, while at high masses
the glueball decays predominantly to W±, Z0, and Higgs
boson pairs (see the inset of Fig. 2 for the dominant
branching ratios). In the high-mass limit, the lifetime
is approximately

⌧ ' 5 · 1027 s
✓

3

ND

1

4⇡�D

◆2 ✓ ⇤

mPl

◆4 ✓0.1PeV

⇤D

◆5

, (1)

with ND the number of colors. This is roughly the right
lifetime to be relevant for the IceCube neutrino flux.

In Fig. 2, we show our constraint on this glueball
model. Using Eq. (1), these results suggest that mod-
els with ⇤D & 0.1 PeV, �D & 1/(4⇡), and ⇤ = mPl are
excluded. As in Fig. 1, the shaded green is the region of
parameter space where the model may contribute signif-
icantly to IceCube, and the dashed red line provides the
limit we obtain from IceCube allowing for an astrophysi-
cal contribution to the flux. As in the case of the b b̄ final
state, the gamma-ray limits derived in this work are in
tension with the decaying-DM origin of the signal.

Figure 2 also illustrates the relative contribution of
prompt, IC and extragalactic emissions to the total limit.
The 95% confidence interval is shown for each source, as-
suming background templates only, where the normaliza-
tions are fit to the data. Across almost all of the mass

FIG. 2: Limits on decaying glueball DM (see text for detals).
We show limits obtained from prompt, IC, and EG emission
only, along with the 95% confidence window for the expec-
tation of each limit from MC simulations. Furthermore, the
parameter space where the IceCube data may be interpreted
as a ⇠3� hint for DM is shown in shaded green, with the
best fit point represented by the star. (inset) The dominant
glueball DM branching ratios.

range, and particularly at the highest masses, the lim-
its obtained on the real data align with the expectations
from MC. In the statistics-dominated regime, we would
expect the real-data limits to be consistent with those
from MC, while in the systematics dominated regime the
limits on real data may di↵er from those obtained from
MC. This is because the real data can have residuals com-
ing from mis-modeling the background templates, and
the overall goodness of fit may increase with flux from
the NFW-correlated template, for example, even in the
absence of DM. Alternatively, the background templates
may overpredict the flux at certain regions of the sky,
leading to over-subtraction issues that could make the
limits artificially strong.

V. DISCUSSION

In this work, we presented some of the strongest lim-
its to date on decaying DM from a dedicated analysis of
Fermi gamma-ray data incorporating spectral and spatial
information, along with up-to-date modeling of di↵use
emission in the Milky Way. Our results disfavor a decay-
ing DM explanation of the IceCube high-energy neutrino
data.
There are several ways that our analysis could be ex-

panded upon. We have not attempted to characterize the
spectral composition of the astrophysical contributions to
the isotropic emission, which may strengthen our limits.
On the other hand, ideally, for a given, fixed decaying
DM flux in the profile likelihood, we should marginal-

high-energy (>100 TeV) data could be consistent
<100 TeV (e.g., MESE) data cannot be explained
(see also Bhattacharya et al. 17)
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Nearby DM halos (clusters & galaxies)
should be seen as point/extended sources

Virgo + M31

-- Higaki, Kitano & Sato 14
-- Esmaili & Serpico 13
-- Rott, Kohri & Park 14

flux ∝ Mdm/tdm/d2

stacking or cross-correlation 
independent of g-ray limits

 Markus Ackermann  |  04.05.2015  |  Page  

Summary

> Neutrinos and gamma rays are indeed complementary messengers. They probe
▪ different high-energy interactions.
▪ different energy regimes.
▪ different distance regimes.

> The correlations between the two messengers can be used to understand the high-
energy emission of various source populations better.
▪ Galactic high-energy ! sources compatible with "-ray data, but no identification yet.
▪ LAT Blazars contribute less than 20% to the diffuse !-flux.
▪ Extragalactic p-p scenarios (like star-forming galaxies) problematic.
▪ No coincidence with GRBs detected yet.

> New instruments proposed  
promise a bright future.

31

ASTROGAM

CTA

IceCube-Gen2



Summary
Powerful combination of all messengers to reveal CRs & DM

g-ray flux ~ n flux ~ CR flux 
- multi-messenger limits are now critical for the CR origins
- complementary/competing limits on dark matter at TeV-ZeV

IceCube neutrinos?
pp scenarios: cosmic particle unification?

s<2.1-2.2 & significant contribution to Fermi g-ray bkg. 
10-100 TeV data are NOT explained by CR reservoirs

pg scenarios: dim or hidden CR accelerators? (ex. jet-driven supernovae)
decaying dark matter: constrained by Fermi-LAT and CR experiments

10-100 TeV data are NOT readily explained

Other new physics probed by neutrinos?
- sterile neutrinos, self-interactions, neutrino decay, pseudo-Dirac neutrinos,      
neutrino dark matter interactions, Lorentz invariance violation etc.



AGN Embedded in Galaxy Clusters/Groups

• AGN as “UHECR” accelerators
• confinement in cocoons & clusters
• Escaping CR nuclei may have s < 2

Fang & KM 17

“cosmic particle-unification”
neutrino, gamma-ray, UHECR (sub-ankle & composition)



Profile Likelihood Technique
from Nick Rodd
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scan to find best-fit values 
at each energy bin
(point source model included)
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Extension to Superheavy Dark Matter?

Constraints up to ~1011 GeV thanks to “cascade” bounds

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL in press
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Neutrino Constraints on Dark Matter Decay
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• Neutrino bound is very powerful at high energies
• Cascade g-ray bound: more conservative/robust at high mdm

g: Fermi cascade bound

n: IceCube 3 yr

~ const.

※Annihilating heavy
dark matter scenarios
are difficult due to the
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Can DM Explain MESE Excess?
- Most DM models belong to g-ray transparent sources
- Most DM models are invented to explain only the PeV data  

Only models w. small g/n ratio (<~0.1) or high-z are allowed 

(based on KM & Beacom 12 JCAP with the updated data)
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Secret Neutrino Interactions
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in model-building compared to Refs. [17–20]. We demonstrate how small explicit lepton number
violation could be combined with a low-scale mechanism for neutrino masses. While this scenario
is, in some respects, less predictive than the case of spontaneous symmetry breaking, it is simple,
technically natural and opens the way to new phenomenology in the neutrino sector.

An analysis closely related to ours was presented in [21, 22], which studied the e↵ect of light
scalar exchange on the energy spectrum of ⇠10 MeV neutrinos from core-collapse supernovae.
E↵ects due to vector boson exchange on the neutrino flux at high energy neutrino telescopes
were considered in [23, 24]. More recently, Refs. [25, 26] presented IceCube constraints on
neutrino interactions through a light mediator. In contrast to these works, we explore a concrete
model with a well defined relation to the neutrino mass mechanism. This allows us to (i) analyze
neutrino flavor e↵ects, highlighting the interplay between the rich phenomenology of a three-flavor
detection at IceCube to the flavor structure governing neutrino oscillations; and (ii) contrast our
model with concrete experimental constraints.

Many constraints on neutrino self-interactions were derived in the literature based on labora-
tory, astrophysical and cosmological data. We recalculate the most relevant constraints and refer
to the corresponding literature in the body of the paper.

The paper is organized as follows. In Sec. II we write an e↵ective Lagrangian for neutrino
masses including a light scalar �. We identify the parameter space that is relevant for high energy
neutrino astronomy, where high energy astrophysical neutrinos scatter on the ambient cosmic
neutrino background (C⌫B) through resonant � particle exchange. We then propose a simple
model that realizes this parameter space using heavy Dirac sterile neutrinos and explicit breaking
of lepton number mediated to the SM through the interactions of �. In Sec. III we calculate
the e↵ects of the neutrino interactions on the spectrum and flavor composition observable at
neutrino telescopes. We highlight the relation between the spectral and flavor distortions to the
details of the neutrino mass mechanism. We assess the prospects for detection by calculating
neutrino event rates in the IceCube detector, considering both showers and tracks. In Sec. IV we
summarize our results. In App. A we collect formulae for neutrino self-interactions. In App. B
we summarize observational constraints including meson decay, neutrinoless double-beta decay,
electroweak precision tests, lepton flavor violation, as well as astrophysical and cosmological
constraints.

II. LOW-SCALE NEUTRINO MASSES WITH NEUTRINO SELF-INTERACTIONS

Consider the low energy e↵ective Lagrangian describing neutrino mass generation

L = � g

⇤2

�(HL)2 + cc, (1)

where ⇤ is a large mass scale, g is a dimensionless coupling (matrix in lepton flavor), and � is a
SM-singlet complex scalar. We work in Unitary gauge, where electroweak symmetry breaking is
described by H = 1p

2

(0 v + h)T with v = 246 GeV. L = (⌫ l�)T is the SM lepton doublet left-

handed Weyl spinor, and we denote the antisymmetric SU(2) contraction by (HL) = HT i�2L.
Lepton number violation is mediated to the SM through a vacuum expectation value for �,

� = �+ µ (2)

with h�i = µ. In the neutrino mass basis we have

L = �1

2

X

i

(m
⌫i + G

i

�) ⌫
i

⌫
i

+ cc+ ..., (3)

2

in model-building compared to Refs. [17–20]. We demonstrate how small explicit lepton number
violation could be combined with a low-scale mechanism for neutrino masses. While this scenario
is, in some respects, less predictive than the case of spontaneous symmetry breaking, it is simple,
technically natural and opens the way to new phenomenology in the neutrino sector.

An analysis closely related to ours was presented in [21, 22], which studied the e↵ect of light
scalar exchange on the energy spectrum of ⇠10 MeV neutrinos from core-collapse supernovae.
E↵ects due to vector boson exchange on the neutrino flux at high energy neutrino telescopes
were considered in [23, 24]. More recently, Refs. [25, 26] presented IceCube constraints on
neutrino interactions through a light mediator. In contrast to these works, we explore a concrete
model with a well defined relation to the neutrino mass mechanism. This allows us to (i) analyze
neutrino flavor e↵ects, highlighting the interplay between the rich phenomenology of a three-flavor
detection at IceCube to the flavor structure governing neutrino oscillations; and (ii) contrast our
model with concrete experimental constraints.

Many constraints on neutrino self-interactions were derived in the literature based on labora-
tory, astrophysical and cosmological data. We recalculate the most relevant constraints and refer
to the corresponding literature in the body of the paper.

The paper is organized as follows. In Sec. II we write an e↵ective Lagrangian for neutrino
masses including a light scalar �. We identify the parameter space that is relevant for high energy
neutrino astronomy, where high energy astrophysical neutrinos scatter on the ambient cosmic
neutrino background (C⌫B) through resonant � particle exchange. We then propose a simple
model that realizes this parameter space using heavy Dirac sterile neutrinos and explicit breaking
of lepton number mediated to the SM through the interactions of �. In Sec. III we calculate
the e↵ects of the neutrino interactions on the spectrum and flavor composition observable at
neutrino telescopes. We highlight the relation between the spectral and flavor distortions to the
details of the neutrino mass mechanism. We assess the prospects for detection by calculating
neutrino event rates in the IceCube detector, considering both showers and tracks. In Sec. IV we
summarize our results. In App. A we collect formulae for neutrino self-interactions. In App. B
we summarize observational constraints including meson decay, neutrinoless double-beta decay,
electroweak precision tests, lepton flavor violation, as well as astrophysical and cosmological
constraints.

II. LOW-SCALE NEUTRINO MASSES WITH NEUTRINO SELF-INTERACTIONS

Consider the low energy e↵ective Lagrangian describing neutrino mass generation

L = � g
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�(HL)2 + cc, (1)

where ⇤ is a large mass scale, g is a dimensionless coupling (matrix in lepton flavor), and � is a
SM-singlet complex scalar. We work in Unitary gauge, where electroweak symmetry breaking is
described by H = 1p

2

(0 v + h)T with v = 246 GeV. L = (⌫ l�)T is the SM lepton doublet left-

handed Weyl spinor, and we denote the antisymmetric SU(2) contraction by (HL) = HT i�2L.
Lepton number violation is mediated to the SM through a vacuum expectation value for �,
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with h�i = µ. In the neutrino mass basis we have
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FIG. 11: Total cross sections for ii ! ii (blue), ii ! jj (purple), and ij ! ij (brown), with parameters
m� = 10 MeV, �� = 10�4m�/(4⇡), m⌫i = 2m⌫j = 0.1 eV, and Gi = Gj = 10�2.

The contribution of the s-channel diagrams above depends crucially on the decay width of the
exchanged scalar. This can be computed if no other decay paths except for the two-neutrino
state exist,

�
�

=
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32⇡
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i

|G
i

|2 . (A6)

In the scattering calculations above, we summed scalar and pseudo-scalar exchange diagrams,
ignoring the small mass splitting between these states. We now comment on the breaking of
scalar–pseudo-scalar mass degeneracy due to the explicit breaking of lepton number in the model.
Corrections to the near-degeneracy of the scalar (s) and pseudo-scalar (a) components of � =

(s + ia)/
p
2 arise as �m2
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= m2

s

� m2
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= 2�
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. This splitting means that scalar
and pseudo-scalar s-channel diagrams go resonant at slightly di↵erent neutrino energy, (✏
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✏
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)/✏
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, where ✏
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denotes the mean resonance energy. This should be compared
to the width of each resonance, caused by the decay width of the states, �✏
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/✏
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/m
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.
In the parameter space of interest to us (m

�

& MeV, G & 10�3) and for reasonable values of
�
�

. 0.1, we see that the mass splitting is smaller than the width of the states, and can be

ignored: (✏
res,s
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Appendix B: Experimental constraints

Experimental constraints on ⌫⌫ interactions were considered in, e.g., [64–69], some of which
allowed for a light mediator and some took an e↵ective theory approach. Below we recalculate
the most relevant constraints, finding that the strongest generic bounds on G come from kaon
decays, independent of the scalar mass for m

�

⌧ m
K

as is relevant for this work. Stronger
bounds exist from neutrinoless double-beta decay, but apply only for a light scalar m

�

< 2 MeV.
Strong constraints, though specific to our model with heavy sterile neutrinos, are found from
PMNS matrix non-unitarity, and apply regardless of the interactions of �.

a. Light meson decays. The decay mode ⇡+ ! e+⌫� opens the possibility for pion decay
into an electron with no helicity suppression [68, 69]. In the limit m

�

⌧ m
⇡

we find, in agreement
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and where the ... in Eq. (3) stand for Higgs interactions that we do not discuss here. For later
convenience we define

G ⌘
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µ
. (5)

Focusing our attention to the phenomenology at neutrino telescopes, we show later on in
Sec. III A that a sizable modification to the neutrino flux observed at earth occurs if
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⌘
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2
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The main observable e↵ect is the scattering of high energy neutrinos on C⌫B through resonant
� exchange, with resonance energy

✏
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=
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2m
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10 MeV

⌘

2

⇣ m
⌫

0.05 eV

⌘�1

. (7)

For the scattering to be identifiable in a neutrino telescope of the scale size of IceCube, the
resonance energy should fall in the range between a few TeV to a few PeV, where the atmospheric
background becomes manageable but the statistics is still large enough for a reasonable exposure
time. Note that the scattering e↵ect persists somewhat below ✏

res

, since the resonance energy
of neutrinos from high-redshift sources is lower by 1 + z as seen at the Earth. Non-resonant
interactions can in principle be important for large values of G [25, 26], but we show that such
large values are excluded in our model by various experiments.

There are then two basic requirements on the new physics leading to Eq. (1):

1. Requiring ✏
res

⇠TeV-PeV and using Eq. (6), we find that the new physics scale needs to
be quite close to the electroweak scale, ⇤ = O (10 TeV).

2. Eq. (6) implies

µ .
⇣ m

�

10 MeV

⌘�1

✓

P

i

m
⌫i

0.1 eV

◆

100 eV. (8)

We thus need to explain a large gap between the scalar mass and its Vacuum Expectation
Value (VEV): m

�

� h�i = µ. Explaining such a gap would be di�cult if lepton number
was broken spontaneously by �. The lesson we take from this constraint is that lepton
number violation should be explicit in the � sector.

Considering e↵ects in neutrino telescopes, then, the relevant parameter space is well defined. We
illustrate this parameter space in Fig. 1.

Eq. (1) is subject to various experimental constraints. In App. B we review the most relevant
processes, summarized as follows:

• If � is lighter than about 2 MeV, then the non-observation of neutrinoless double-beta decay
involving the emission of a light degree of freedom imply G . 10�5. The number 2 MeV
corresponds to the available phase space for the reaction (A,Z) ! (A,Z + 2) + 2e� + �.
This lower limit on m

�

is comparable to the constraint due to the number of relativistic
degrees of freedom during big-bang nucleosynthesis.
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m� = 10 MeV, �� = 10�4m�/(4⇡), m⌫i = 2m⌫j = 0.1 eV, and Gi = Gj = 10�2.

The contribution of the s-channel diagrams above depends crucially on the decay width of the
exchanged scalar. This can be computed if no other decay paths except for the two-neutrino
state exist,
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In the scattering calculations above, we summed scalar and pseudo-scalar exchange diagrams,
ignoring the small mass splitting between these states. We now comment on the breaking of
scalar–pseudo-scalar mass degeneracy due to the explicit breaking of lepton number in the model.
Corrections to the near-degeneracy of the scalar (s) and pseudo-scalar (a) components of � =
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Experimental constraints on ⌫⌫ interactions were considered in, e.g., [64–69], some of which
allowed for a light mediator and some took an e↵ective theory approach. Below we recalculate
the most relevant constraints, finding that the strongest generic bounds on G come from kaon
decays, independent of the scalar mass for m
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K

as is relevant for this work. Stronger
bounds exist from neutrinoless double-beta decay, but apply only for a light scalar m
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< 2 MeV.
Strong constraints, though specific to our model with heavy sterile neutrinos, are found from
PMNS matrix non-unitarity, and apply regardless of the interactions of �.

a. Light meson decays. The decay mode ⇡+ ! e+⌫� opens the possibility for pion decay
into an electron with no helicity suppression [68, 69]. In the limit m
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the final state neutrinos by x✏ with 0 < x < 1.4 Exchange of � yields
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with the spin-averaged matrix element

|M
ii!ii

|2 =
1

2

 

ŝ2
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Here, the Mandelstam variables are ŝ = 2m
⌫i✏, t̂ = �(1�x)ŝ, and û = �xŝ. We assume that the

scalar sector is perturbative with �
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, and only keep insertions of �
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in the denominator.
Another process of interest is the scattering ⌫
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and the Mandelstam variables are as above.
Lastly we have ⌫
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and the Mandelstam variables are ŝ = 2m
⌫j ✏, t̂ = �(1� x)ŝ, and û = �xŝ.

We denote the total cross sections by

�
X
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where c
X

= 1/2 in the case of two identical particles in the final state (ii ! ii, ii ! jj) and
c
X

= 1 for ij ! ij with i 6= j. In Fig. 11 we plot the total cross sections for the reactions above,
using m
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= 10 MeV, �
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= 10�4m
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/(4⇡), m
⌫i = 2m

⌫j = 0.1 eV, and G
i

= G
j

= 10�2.
The contribution of the s-channel diagrams above depends crucially on the decay width of the

exchanged scalar. This can be computed if no other decay paths except for the two-neutrino
state exist,
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In the scattering calculations above, we summed scalar and pseudo-scalar exchange diagrams,
ignoring the small mass splitting between these states. We now comment on the breaking of
scalar–pseudo-scalar mass degeneracy due to the explicit breaking of lepton number in the model.
Corrections to the near-degeneracy of the scalar (s) and pseudo-scalar (a) components of � =

(s + ia)/
p
2 arise as �m2
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= m2
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= 2�
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µ2 = 2��

G2 m2

⌫

. This splitting means that scalar

4 The energy of the other neutrino is (1� x)✏. We note that the expression for the cross section used in Ref. [27]
is reproduced if we consider � as a real scalar field and use n(z = 0) ' 56 cm3 as the number density of target
C⌫B, restricting to the negative helicity states that participate in neutrino-neutrino scattering.
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equation. The Boltzmann equation for the comoving high energy neutrino density N
i

[q, ⌘],
assuming proper relic densities n

i

of non-relativistic target neutrinos, comoving energy q =
(1 + z)✏ and conformal time d⌘ = a�1c dt where a = (1 + z)�1 is the scale factor, is
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We define Q
i

[q, ⌘] as the comoving injection rate density. In what follows we move freely between
redshift z and conformal time ⌘. We use n

i

= 112 (1+ z)3 cm�3, assuming an equal mix of C⌫B
neutrinos and antineutrinos. In App. A we collect formulae for the total and di↵erential scattering
cross sections, �[ŝ] and d�[ŝ, x]/dx, respectively, where

p
ŝ is the center of mass energy and x is

the inelasticity.
It is useful to define the optical depth, ⌧ , for a neutrino with observed energy ✏ that was

emitted at a time ⌘, scattering through some cross section �[ŝ], as

⌧ [q; ⌘] =

Z
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d⌘0a0cn(⌘0)�[2m
⌫

q0], ⌧̇ = @
⌘
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q]. (16)

In the integrand, q0 = (1 + z0)✏. Note that ⌘
0

⇡ 1.4 ⇥ 104 Gpc. The redshifts of interest are
z . 5 or so, when astrophysical sources are likely to be active. An optical depth of order unity
implies significant scattering e↵ects in the neutrino flux.
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As discussed at the end of Sec. II, laboratory constraints require that m
�

& 2 MeV and G . 10�2.
Plugging these values into Eq. (18) we find that the t-channel optical depth in our model cannot
be significant, ⌧

ij!ij

⌧ 1.
The second class of processes we have involve resonant s-channel scalar exchange, occurring in
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A Phenomenological Model
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in model-building compared to Refs. [17–20]. We demonstrate how small explicit lepton number
violation could be combined with a low-scale mechanism for neutrino masses. While this scenario
is, in some respects, less predictive than the case of spontaneous symmetry breaking, it is simple,
technically natural and opens the way to new phenomenology in the neutrino sector.

An analysis closely related to ours was presented in [21, 22], which studied the e↵ect of light
scalar exchange on the energy spectrum of ⇠10 MeV neutrinos from core-collapse supernovae.
E↵ects due to vector boson exchange on the neutrino flux at high energy neutrino telescopes
were considered in [23, 24]. More recently, Refs. [25, 26] presented IceCube constraints on
neutrino interactions through a light mediator. In contrast to these works, we explore a concrete
model with a well defined relation to the neutrino mass mechanism. This allows us to (i) analyze
neutrino flavor e↵ects, highlighting the interplay between the rich phenomenology of a three-flavor
detection at IceCube to the flavor structure governing neutrino oscillations; and (ii) contrast our
model with concrete experimental constraints.

Many constraints on neutrino self-interactions were derived in the literature based on labora-
tory, astrophysical and cosmological data. We recalculate the most relevant constraints and refer
to the corresponding literature in the body of the paper.

The paper is organized as follows. In Sec. II we write an e↵ective Lagrangian for neutrino
masses including a light scalar �. We identify the parameter space that is relevant for high energy
neutrino astronomy, where high energy astrophysical neutrinos scatter on the ambient cosmic
neutrino background (C⌫B) through resonant � particle exchange. We then propose a simple
model that realizes this parameter space using heavy Dirac sterile neutrinos and explicit breaking
of lepton number mediated to the SM through the interactions of �. In Sec. III we calculate
the e↵ects of the neutrino interactions on the spectrum and flavor composition observable at
neutrino telescopes. We highlight the relation between the spectral and flavor distortions to the
details of the neutrino mass mechanism. We assess the prospects for detection by calculating
neutrino event rates in the IceCube detector, considering both showers and tracks. In Sec. IV we
summarize our results. In App. A we collect formulae for neutrino self-interactions. In App. B
we summarize observational constraints including meson decay, neutrinoless double-beta decay,
electroweak precision tests, lepton flavor violation, as well as astrophysical and cosmological
constraints.

II. LOW-SCALE NEUTRINO MASSES WITH NEUTRINO SELF-INTERACTIONS

Consider the low energy e↵ective Lagrangian describing neutrino mass generation

L = � g

⇤2

�(HL)2 + cc, (1)

where ⇤ is a large mass scale, g is a dimensionless coupling (matrix in lepton flavor), and � is a
SM-singlet complex scalar. We work in Unitary gauge, where electroweak symmetry breaking is
described by H = 1p

2

(0 v + h)T with v = 246 GeV. L = (⌫ l�)T is the SM lepton doublet left-

handed Weyl spinor, and we denote the antisymmetric SU(2) contraction by (HL) = HT i�2L.
Lepton number violation is mediated to the SM through a vacuum expectation value for �,

� = �+ µ (2)

with h�i = µ. In the neutrino mass basis we have
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and where the ... in Eq. (3) stand for Higgs interactions that we do not discuss here. For later
convenience we define
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Focusing our attention to the phenomenology at neutrino telescopes, we show later on in
Sec. III A that a sizable modification to the neutrino flux observed at earth occurs if
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The main observable e↵ect is the scattering of high energy neutrinos on C⌫B through resonant
� exchange, with resonance energy
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For the scattering to be identifiable in a neutrino telescope of the scale size of IceCube, the
resonance energy should fall in the range between a few TeV to a few PeV, where the atmospheric
background becomes manageable but the statistics is still large enough for a reasonable exposure
time. Note that the scattering e↵ect persists somewhat below ✏

res

, since the resonance energy
of neutrinos from high-redshift sources is lower by 1 + z as seen at the Earth. Non-resonant
interactions can in principle be important for large values of G [26, 27], but we show that such
large values are excluded in our model by various experiments.

There are then two basic requirements on the new physics leading to Eq. (1):

1. Requiring ✏
res

⇠TeV-PeV and using Eq. (6), we find that the new physics scale needs to
be quite close to the electroweak scale, ⇤ = O (10 TeV).

2. Eq. (6) implies
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We thus need to explain a large gap between the scalar mass and its Vacuum Expectation
Value (VEV): m

�

� h�i = µ. Explaining such a gap would be di�cult if lepton number
was broken spontaneously by �. The lesson we take from this constraint is that lepton
number violation should be explicit in the � sector.

Considering e↵ects in neutrino telescopes, then, the relevant parameter space is well defined. We
illustrate this parameter space in Fig. 1.

Eq. (1) is subject to various experimental constraints. In App. B we review the most relevant
processes, summarized as follows:

• If � is lighter than about 2 MeV, then the non-observation of neutrinoless double-beta decay
involving the emission of a light degree of freedom imply G . 10�5. The number 2 MeV
corresponds to the available phase space for the reaction (A,Z) ! (A,Z + 2) + 2e� + �.
This lower limit on m

�

is comparable to the constraint due to the number of relativistic
degrees of freedom during big-bang nucleosynthesis.
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neutrinos) imply that G . 10�3. The second model also exhibits additional model-dependent
constraints but they turn out less important than or comparable to the generic meson decay
constraints mentioned above, and G ⇠ 10�2 remains experimentally acceptable.

A. Model example: inverse seesaw

As an example for generating Eq. (1), consider the potential

V
UV

=
�

M  c + y0� c c + y(HL) + Y
l

H†Lec + cc
 

+m2

�

|�|2 + �
�

|�|4 + V
U(1) 6L (9)

with m2

�

> 0. Here  , c are left handed Weyl spinor SM singlets, corresponding to heavy Dirac
sterile neutrinos. We assume three generations of  , c. We assume that the mass M is large
compared to the energy scales of the problem, M � m

�

. The basic setup corresponds to the
inverse seesaw model [31–33] (see Ref. [34] for an overview) where the lepton number violating
spurion µ is promoted to a field.

Integrating out  and  c gives, to leading order in M�1,

L
e↵

= �� (HL)T
�

M�1y
�

T

y0M�1y (HL) + cc (10)

+ (HL)†
�

M�1 y
�†

M�1 y �̄µi@
µ

(HL).

This reproduces Eq. (1) together with additional terms (non-canonical neutrino kinetic term)
that lead to additional, model-dependent constraints.

Setting V
U(1) 6L = 0, the potential in Eq. (9) conserves lepton number and no neutrino mass is

generated. The e↵ects we are interested in come from small lepton number violation encoded in
V
U(1) 6L . To be concrete, we introduce a small tadpole for �,

V
U(1) 6L = �t

�

�+ cc. (11)

We assume t
�

⌧ m3

�

. This causes � to develop a VEV 1 ,

h�i ⌘ µ =
t⇤
�

m2

�

⌧ m
�

. (12)

For small t
�

, the scalar and pseudo-scalar excitations in � remain approximately degenerate with
common mass m

�

, and so we continue to treat � as a single complex scalar state (we comment
on the small breaking of scalar–psuedo-scalar mass degeneracy in App. A).

The tadpole t
�

could come, for example, from non-renormalizable operators generated at a
high scale. To get an idea for the relevant scales, t

�

⇠ (m4/M
pl

), where m ⇠ 100 GeV is at
the weak scale and M

pl

⇠ 1019 GeV, would lead to2 t
�

⇠ 10�2 MeV3 and so µ ⇠ 100 eV for

1 Instead of Eq. (11) we could also break U(1)L, for example, by introducing the terms m

2�2 + �3 in the La-
grangian. The leading e↵ect would be just to re-introduce the tadpole radiatively, t� ⇠ (m2)/(4⇡)2 log(⇤/m�),
where ⇤ is some e↵ective cut-o↵ for the theory. For  ⇠ m ⇠ m�, with ⇤ not too high above the weak scale,
the resulting value of t� is consistent with the parameter space of interest to us here. The main di↵erence
between this possibility and the one suggested in Eq. (11) is that now, the scalar and pseudo-scalar states in �

would be split in mass. This would modify our analysis in a straightforward manner, leaving our basic results
unchanged.

2 In this case it remains to be explained why quantum e↵ects do not produce t� ⇠ M

3
pl. One possible solution

could be supersymmetry. We thank Takemichi Okui for a critical discussion regarding this point.

There are many possibilities to induce neutrino-neutrino scattering 



Observational Features

To see a sizable effect in IceCube, we need

3

with

m
⌫i =

g
i

µv2

⇤2

, g = diag(g
1

, g
2

, g
3

), G
i

=
m

⌫i

µ
=

g
i

v2

⇤2

(4)

and where the ... in Eq. (3) stand for Higgs interactions that we do not discuss here. For later
convenience we define

G ⌘
X

i

G
i

=

P

i

m
⌫i

µ
. (5)

Focusing our attention to the phenomenology at neutrino telescopes, we show later on in
Sec. III A that a sizable modification to the neutrino flux observed at earth occurs if

G & 10�3

⇣ m
�

10 MeV

⌘

, or equivalently ⇤ . 8 TeV ⇥
⇣ m

�

10 MeV

⌘� 1
2
g

1
2 . (6)

The main observable e↵ect is the scattering of high energy neutrinos on C⌫B through resonant
� exchange, with resonance energy

✏
res

=
m2

�

2m
⌫

= 1 PeV
⇣ m

�

10 MeV

⌘

2

⇣ m
⌫

0.05 eV

⌘�1

. (7)

For the scattering to be identifiable in a neutrino telescope of the scale size of IceCube, the
resonance energy should fall in the range between a few TeV to a few PeV, where the atmospheric
background becomes manageable but the statistics is still large enough for a reasonable exposure
time. Note that the scattering e↵ect persists somewhat below ✏

res

, since the resonance energy
of neutrinos from high-redshift sources is lower by 1 + z as seen at the Earth. Non-resonant
interactions can in principle be important for large values of G [26, 27], but we show that such
large values are excluded in our model by various experiments.

There are then two basic requirements on the new physics leading to Eq. (1):

1. Requiring ✏
res

⇠TeV-PeV and using Eq. (6), we find that the new physics scale needs to
be quite close to the electroweak scale, ⇤ = O (10 TeV).

2. Eq. (6) implies

µ .
⇣ m

�

10 MeV

⌘�1

✓

P

i

m
⌫i

0.1 eV

◆

100 eV. (8)
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was broken spontaneously by �. The lesson we take from this constraint is that lepton
number violation should be explicit in the � sector.

Considering e↵ects in neutrino telescopes, then, the relevant parameter space is well defined. We
illustrate this parameter space in Fig. 1.

Eq. (1) is subject to various experimental constraints. In App. B we review the most relevant
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• If � is lighter than about 2 MeV, then the non-observation of neutrinoless double-beta decay
involving the emission of a light degree of freedom imply G . 10�5. The number 2 MeV
corresponds to the available phase space for the reaction (A,Z) ! (A,Z + 2) + 2e� + �.
This lower limit on m

�

is comparable to the constraint due to the number of relativistic
degrees of freedom during big-bang nucleosynthesis.

14

100

101

105 106

E
ve

n
ts

Edep [GeV]

Signal+Bkg. (w. new interaction)
Signal+Bkg. (w.o. new interaction)

Bkg. Atm. Neutrinos and Muons
Bkg. Atm. Neutrinos

100

101

105 106

E
ve

n
ts

Edep [GeV]

Signal+Bkg. (w. new interaction)
Signal+Bkg. (w.o. new interaction)

Bkg. Atm. Neutrinos and Muons
Bkg. Atm. Neutrinos

FIG. 6: Deposited energy distributions of signals and backgrounds, expected in 988 day observations.
The neutrino events reported by IceCube [1–3] are also shown. The atmospheric muon and neutrino
backgrounds are taken from Ref. [3]. We use the same set-up as in Fig. 3 with m� = 9 MeV,

P
i m⌫i =

0.2 eV and G = 1.3 ⇥ 10�3, assuming normal hierarchy. In the left panel we include regeneration, and
in the right panel we do not include regeneration.
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FIG. 7: Deposited energy distributions for m� = 5 MeV,
P

m⌫ = 0.1 eV, and G = 10�3. Ten-year
observation is assumed. Normal (inverted) hierarchy is assumed in the left (right) panel.

very clear in the incoming flux for the value we chose here for ⌃
i

m
⌫i (see Fig. 4), is mostly

washed out with the detector response.
To study the flavor information we introduce the ratio of track-like events to all events,

R ⌘ N
track

N
track

+N
shower

. (26)

Note that we still consider only contained events, and R in Eq. (26) is defined as a function of
E

dep

rather than ✏
⌫

. In Fig. 8 we show R vs. E
dep

, using the parameters of Fig. 3. In the left
(right) panel we consider the case with (without) regeneration. We see thatR is enhanced around
✏
res

compared to the case without self-interactions, since shower-like events are suppressed. At
lower energies, R is reduced since track-events with E

dep

⇡ hyi✏
res

are suppressed.
While the distribution ofR in Fig. 8 may look promising, note that it was defined for contained-

vertex events only. The main experimental setback here is the low statistics in contained track
events, that decrease rapidly at high energy due to the increasing muon penetration length. In
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FIG. 10: Through-going muon track energy distribution in IceCube with ten years of exposure. Model
parameters are the same as in the right panel of Fig. 7. The prompt atmospheric neutrino spectrum is
taken from Ref. [64].

average muon energy loss is given by �dE
µ

/dx = ↵+�E
µ

, where ↵ = 2⇥10�3 GeV cm2 g�1 and
� = 4⇥10�6 cm2 g�1, and the muon e↵ective area is taken from Ref. [63]. We take into account
attenuation of neutrinos during their propagation in the Earth. We leave further analysis details
to a dedicated experimental work, but comment that even an energy resolution at the level of
a factor of two or so for through-going track events, could add significant information to the
interpretation of a signal in IceCube.

IV. DISCUSSION

Solar and atmospheric neutrinos are sourced by “standard astrophysical processes”. Neverthe-
less, modest variations in the spectrum and flavor composition of these neutrinos have taught us
a fundamental lesson, that the Standard Model (SM) with massless neutrinos is wrong. Similarly,
there is growing, if not yet conclusive, evidence that the high energy extraterrestrial neutrinos
detected in IceCube [1–3] are coming from astrophysical processes related to the origin of high
energy cosmic rays. Still, a fundamental particle physics lesson may also be there to be found.

In this paper we studied a model for low-scale Majorana neutrino mass generation, in which
variations in the spectrum and flavor composition of high energy neutrinos could be detected in
IceCube. Our model includes a light scalar, the VEV of which mediates lepton number violation
to the SM. As a result, neutrino-neutrino scattering processes involving resonant exchange of the
scalar are diagonal in the neutrino mass basis and proportional to powers of neutrino masses.

We showed that if exchange of the scalar that is responsible for neutrino mass is to produce
observable e↵ects in high energy neutrino telescopes, then lepton number violation must be ex-
plicit, rather than spontaneously triggered by the scalar. We argued that this requirement is
technically natural, and can be implemented in a number of ways. It leads to new phenomenolog-
ical implications compared to earlier analyses that focused on neutrino mass generation through
spontaneous breaking of lepton number [17–20, 65–69].

We evaluated the relevant laboratory, astrophysical and cosmological constraints on the model.
Significant constraints are found from precision measurements of lepton mixing non-unitarity,

or

general cautions: deposited energy, muon energy < neutrino energy
unfolded spectrum derived a flavor ratio 1:1:1

shower upgoing muon
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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

＊ helicity-unsuppressed decay enf
leads to comparable limits  
(Blum, Hook & KM 14
see also, e.g., Laha, Dasgupta & Beacom 14)
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
the sum of neutrino masses [REF],

P
i mi  0.3 eV, while the hatched band is excluded by neutrino oscillations: m2

2  �m2
21,

m2
3  �m2

21 + |�m2
32| for NH, and m2

1  ��m2
21 + |�m2

32|, m2
2  |�m2

32| for IH. The values of �m2
ij are from Ref. [3].

II. NEUTRINO DECAY

A. Fundamentals

In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation

dNi

dt
= �

✓
mi

⌧i

1

E⌫

◆
Ni , (1)

where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1

i ⌘

⌧i/mi is commonly known as “lifetime”.
A remaining fraction of unity at detection means there

was no decay. The smaller the fraction, the stronger the
e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most

�1
h s

eV

i
' 102

L [Mpc]

E⌫ [TeV]
. (2)

Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

oscillations. However, they have very di↵erent length
scales. The decay length, from Eq. (2),

Ldec ' 0.01 · �1
⇥
s eV�1

⇤
E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

Losc ' (2� 66) · 103 · E⌫ [TeV] km . (4)

They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our

focus, Losc ⇠ 10�10 Mpc, i.e., essentially right next to

10

P↵� =
P3

i=1 |U↵i|2 |U�i|2, dependent only on the compo-
nents of the lepton mixing matrix, and independent of
neutrino energy.

In the presence of decay, we need to consider separately
the initial number of mass eigenstate ⌫i at the source,
N̂i, and the number that arrives at Earth, Ni. Consider
briefly decays into all-invisible products, i.e., ⌫i ! X.
Ref. [20] found that the probability in this case can be
written as

P inv
↵� (E0, z) =

3X

i=1

|U↵i|2 |U�i|2
Ni

�
E0, z,

�1
i

�

N̂i

, (A1)

where the ratio Di (E0, z) ⌘ D
�
E0, z,

�1
i

�
⌘

Ni

�
E0, z,

�1
i

�
/N̂i, shown in Eq. (5), is the solution of

the redshift-dependent decay equation. Via the decay,
the probability has picked up a dependence on the red-
shift of the source z, the observed energy of the neutrino
E0, and the lifetimes �1

i ⌘ ⌧i/mi of the mass eigenstates
(�1

i ! 1 if it is stable).

In decays into visible products, however, it is necessary
to modify this expression to account for the fact that the
decays of the two heavier eigenstates contribute to the
flux of the stable one. For the NH, the probability is

P vis,NH
↵� = |U↵1|2 |U�1|2

2

4
N1 +

⇣
N̂2 �N2

⌘
+

⇣
N̂3 �N3

⌘

N̂1

3

5+ |U↵2|2 |U�2|2
N2

N̂2

+ |U↵3|2 |U�3|2
N3

N̂3

. (A2)

Here, N̂i�Ni is the number of ⌫i that remain at detection

time. We can write
⇣
N̂i �Ni

⌘
/N̂1 in a more useful way:

⇣
N̂i/N̂1

⌘
(1�Di).

Now, the number of ⌫i emitted by the source is a
fraction of the total number of neutrinos emitted N̂tot,
namely, N̂i = fi,SN̂tot. With this, the ratio N̂i/N̂1 is

simply the ratio of mass eigenstate flavor ratios, fi,S/f1,S.
Typically, the flavor ratios

�
f⌫e : f⌫µ : f⌫⌧

�
S
, not the mass

eigenstate ratios, are given. The latter can be computed
from the former as fi,S =

P
↵ f↵,S |U↵i|2.

Thus, for given flavor ratios at the source, the flavor-
transition probability in the NH, Eq. (A2), can be rewrit-
ten as

P vis,NH
↵� (E0, z) = |U↵1|2 |U�1|2

⇢
D1 (E0, z) +

f2,S
f1,S


1�D2

✓
E0

⌘21
, z

◆�
+

f3,S
f1,S


1�D3

✓
E0

⌘31
, z

◆��

+ |U↵2|2 |U�2|2 D2 (E0, z) + |U↵3|2 |U�3|2 D3 (E0, z) , (A3)

where we have now also taken into account that a daugh-
ter neutrino ⌫i of energy E0 had a parent ⌫k of energy

⌘kiE0. Similarly, for the inverse hierarchy (IH) one can
write

P vis,IH
↵� (E0, z) = |U↵1|2 |U�1|2 D1 (E0, z) + |U↵2|2 |U�2|2 D2 (E0, z)

+ |U↵3|2 |U�3|2
⇢
f1,S
f3,S


1�D1

✓
E0

⌘13
, z

◆�
+

f2,S
f3,S


1�D2

✓
E0

⌘23
, z

◆�
+D3 (E0, z)

�
. (A4)

Eqs. (A3) and (A4) can be combined into a single ex- pression, i.e.,

P↵� (E0, z) = |U↵l|2 |U�l|2
8
<

:1 +
X

j 6=l

fj,S
fl,S


1�D

✓
E0

⌘jl
, z,�1

j

◆�9=

;+
X

j 6=l

|U↵j |2 |U�j |2 D
�
E0, z,

�1
j

�
, (A5)

where ⌫1 is stable in the NH (�1
1 ! 1) and ⌫3 is stable in the IH (�1

3 ! 1).
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Neutrinos may decay (as studied in Majoron models)
HE cosmic neutrinos provide a special way to test for mn~0.1 eV
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
the sum of neutrino masses [REF],

P
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II. NEUTRINO DECAY

A. Fundamentals

In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation

dNi

dt
= �

✓
mi

⌧i

1

E⌫

◆
Ni , (1)

where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1

i ⌘

⌧i/mi is commonly known as “lifetime”.
A remaining fraction of unity at detection means there

was no decay. The smaller the fraction, the stronger the
e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most

�1
h s

eV

i
' 102

L [Mpc]

E⌫ [TeV]
. (2)

Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

oscillations. However, they have very di↵erent length
scales. The decay length, from Eq. (2),

Ldec ' 0.01 · �1
⇥
s eV�1

⇤
E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

Losc ' (2� 66) · 103 · E⌫ [TeV] km . (4)

They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our

focus, Losc ⇠ 10�10 Mpc, i.e., essentially right next to
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
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32| for IH. The values of �m2
ij are from Ref. [3].

II. NEUTRINO DECAY

A. Fundamentals

In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation

dNi

dt
= �

✓
mi

⌧i

1

E⌫

◆
Ni , (1)

where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1

i ⌘

⌧i/mi is commonly known as “lifetime”.
A remaining fraction of unity at detection means there

was no decay. The smaller the fraction, the stronger the
e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most

�1
h s

eV

i
' 102

L [Mpc]

E⌫ [TeV]
. (2)

Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

oscillations. However, they have very di↵erent length
scales. The decay length, from Eq. (2),

Ldec ' 0.01 · �1
⇥
s eV�1

⇤
E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

Losc ' (2� 66) · 103 · E⌫ [TeV] km . (4)

They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our

focus, Losc ⇠ 10�10 Mpc, i.e., essentially right next to

or
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P↵� =
P3

i=1 |U↵i|2 |U�i|2, dependent only on the compo-
nents of the lepton mixing matrix, and independent of
neutrino energy.

In the presence of decay, we need to consider separately
the initial number of mass eigenstate ⌫i at the source,
N̂i, and the number that arrives at Earth, Ni. Consider
briefly decays into all-invisible products, i.e., ⌫i ! X.
Ref. [20] found that the probability in this case can be
written as

P inv
↵� (E0, z) =

3X

i=1

|U↵i|2 |U�i|2
Ni

�
E0, z,

�1
i

�

N̂i

, (A1)

where the ratio Di (E0, z) ⌘ D
�
E0, z,

�1
i

�
⌘

Ni

�
E0, z,

�1
i

�
/N̂i, shown in Eq. (5), is the solution of

the redshift-dependent decay equation. Via the decay,
the probability has picked up a dependence on the red-
shift of the source z, the observed energy of the neutrino
E0, and the lifetimes �1

i ⌘ ⌧i/mi of the mass eigenstates
(�1

i ! 1 if it is stable).

In decays into visible products, however, it is necessary
to modify this expression to account for the fact that the
decays of the two heavier eigenstates contribute to the
flux of the stable one. For the NH, the probability is

P vis,NH
↵� = |U↵1|2 |U�1|2

2

4
N1 +

⇣
N̂2 �N2

⌘
+

⇣
N̂3 �N3

⌘

N̂1

3

5+ |U↵2|2 |U�2|2
N2

N̂2

+ |U↵3|2 |U�3|2
N3

N̂3

. (A2)

Here, N̂i�Ni is the number of ⌫i that remain at detection

time. We can write
⇣
N̂i �Ni

⌘
/N̂1 in a more useful way:

⇣
N̂i/N̂1

⌘
(1�Di).

Now, the number of ⌫i emitted by the source is a
fraction of the total number of neutrinos emitted N̂tot,
namely, N̂i = fi,SN̂tot. With this, the ratio N̂i/N̂1 is

simply the ratio of mass eigenstate flavor ratios, fi,S/f1,S.
Typically, the flavor ratios

�
f⌫e : f⌫µ : f⌫⌧

�
S
, not the mass

eigenstate ratios, are given. The latter can be computed
from the former as fi,S =

P
↵ f↵,S |U↵i|2.

Thus, for given flavor ratios at the source, the flavor-
transition probability in the NH, Eq. (A2), can be rewrit-
ten as

P vis,NH
↵� (E0, z) = |U↵1|2 |U�1|2

⇢
D1 (E0, z) +

f2,S
f1,S


1�D2

✓
E0

⌘21
, z

◆�
+

f3,S
f1,S


1�D3

✓
E0

⌘31
, z

◆��

+ |U↵2|2 |U�2|2 D2 (E0, z) + |U↵3|2 |U�3|2 D3 (E0, z) , (A3)

where we have now also taken into account that a daugh-
ter neutrino ⌫i of energy E0 had a parent ⌫k of energy

⌘kiE0. Similarly, for the inverse hierarchy (IH) one can
write

P vis,IH
↵� (E0, z) = |U↵1|2 |U�1|2 D1 (E0, z) + |U↵2|2 |U�2|2 D2 (E0, z)

+ |U↵3|2 |U�3|2
⇢
f1,S
f3,S


1�D1

✓
E0

⌘13
, z

◆�
+

f2,S
f3,S


1�D2

✓
E0

⌘23
, z

◆�
+D3 (E0, z)

�
. (A4)

Eqs. (A3) and (A4) can be combined into a single ex- pression, i.e.,

P↵� (E0, z) = |U↵l|2 |U�l|2
8
<

:1 +
X

j 6=l

fj,S
fl,S


1�D

✓
E0

⌘jl
, z,�1

j

◆�9=

;+
X

j 6=l

|U↵j |2 |U�j |2 D
�
E0, z,

�1
j

�
, (A5)

where ⌫1 is stable in the NH (�1
1 ! 1) and ⌫3 is stable in the IH (�1

3 ! 1).
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the source, considering that typical baselines range from
tens of Mpc to a few Gpc. After a few oscillation lengths,
oscillations average out, the flavor-transition probability
is no longer oscillatory and depends only on the mixing
parameters, i.e., P↵� =

P
i |U↵i|2 |U�i|2, for the ⌫↵ ! ⌫�

transition, where the U⇤
↵i are components of the PMNS

matrix. After oscillations average out, decay continues
to a↵ect the flavor mixing.

The neutrino mass hierarchy is unknown. In the nor-
mal hierarchy (NH), ⌫1 is the lightest eigenstate; we will
consider that it is the sole stable one, and that ⌫2 and ⌫3
decay to it. In the inverted hierarchy (IH), ⌫3 is lightest;
we take it as stable, and ⌫1 and ⌫2 decay to it. We treat
the two hierarchies separately.

B. Lifetime limits and sensitivities

Supernova, solar, atmospheric, and terrestrial long-
baseline neutrino experiments are sensitive to di↵erent
lifetimes, determined by their energies and baselines, and
the flavor sensitivity of their detectors.

Neutrinos with low energies and long baselines are sen-
sitive to long lifetimes – see Eq. (2). Therefore, super-
nova neutrinos, with tens of MeV and > 10 kpc, are ideal
candidates. In fact, the detection of neutrinos from su-
pernova SN1987A [13, 14], 51.5 kpc away, implies a limit
of �1 & 105 s eV�1 for all surviving eigenstates.

There are two problems with this limit, though. First,
the uncertainty in the modeled flavor composition of the
neutrino flux that left the supernova. Second, the fact
that the flavor composition of the arriving flux was not
measured, since the detectors at the time –Kamiokande-
2, IMB, and Baksan– were almost exclusively sensitive to
⌫̄e. Hence, detection only assured that at least one mass
eigenstate reached Earth. Since ⌫̄e has a large component
of ⌫1 and ⌫2 (see Fig. 5), the limit is typically applied to
one of them. However, the observation is also compatible
with a pure-⌫1 flux, which could have been generated by
decay. Therefore, we treat the lifetime from SN1987A,
not as a limit, but as the sensitivity that can be reached
with the future detection of neutrinos from a Galactic
supernova, assuming improved flavor identification and
modeling of the flux that leaves the source.

Figure 1 shows lifetime sensitivities and limits. For ⌫1
and ⌫2, the limits come from solar neutrinos [15]: �1

1 &
4 · 10�3 s eV�1 and �1

2 & 7 · 10�4 s eV�1; see also
Refs. [16–18]. For ⌫3, the limit is weak: �1

3 & 7 ·10�11 s
eV�1, from atmospheric and long-baseline neutrinos [19].
IceCube would reach its “ultimate” sensitivity of �1 &
102 s eV�1 if it detected neutrinos of 10 TeV correlated
to sources at 1 Gpc.

The figure includes the new limits that we will de-
rive from the di↵use high-energy astrophysical neutrino
flux. They clearly improve over existing limits, due to
their huge baselines. They are unable to match the ulti-
mate sensitivities because these are mostly higher-energy
neutrinos and are not associated to individual sources.
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FIG. 2. Decay damping D as a function of redshift, for a fixed
lifetime of �1 = 10 s eV�1.

The sensitivity reachable with supernova neutrinos is still
higher, due to their lower energies. However, we will show
that the limits from IceCube are devoid of the aforemen-
tioned complications present in supernova neutrinos.

C. Decay in astrophysical neutrinos

When solving the decay equation, Eq. (1), for astro-
physical neutrinos, we must take into account the e↵ect
of cosmological expansion on energy and the fact that
the lookback distance cannot exceed the Hubble length
LH ⇡ 3.89 Gpc . This was done in Ref. [20]. The fraction
of ⌫i, emitted by a source with redshift z, that remains
upon reaching Earth, is given by

D
�
E0, z,

�1
�
= [Z (z)]�

LH
E0 , (5)

where E0 is the neutrino energy in the present epoch
(the energy at emission was E0 (1 + z)) and the redshift-
dependent part of the decay damping is

Z (z) ' a+ be�cz , (6)

with a ⇡ 1.71, b = 1 � a, and c ⇡ 1.27 for
a ⇤CDM cosmology with ⌦m = 0.27 and ⌦⇤ =
0.73. The flavor-mixing probability acquires energy
and redshift dependence via D: P↵�

�
E0, z,

�1
i

�
=P

i |U↵i|2 |U�i|2 D
�
E0, z,

�1
i

�
. For stable ⌫i, D = 1.

The redshift suppression Z tends asymptotically to a
at high redshifts, but already at z = 1 (⇠ 1 Gpc) it
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complete decay of n2, n3 is ruled out w. 2s
only by flavor information
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FIG. 6. Allowed ⌫↵ + ⌫̄↵ flavor ratios at Earth with decay
to ⌫1 (NH). For each value of the decay damping D, the re-
gion is generated by scanning over all possible flavor ratios at
the source and mixing parameters within 3� [3]. The flavor-
content region of ⌫1 is outlined in dashed yellow.

V. DECAY IN THE INVERTED HIERARCHY

A. Probing decay via the shower rate

We saw in Section IV that, presently, flavor ratios only
strongly limit decay in the NH. In this section we will
show that the rate of neutrino-induced showers between
4 and 10 PeV can test decay in the IH.

Since ✓23 is close to maximal, the muon- and tau-flavor
content of all mass eigenstates is roughly equal; see Fig. 5.
The large electron-flavor content of ⌫1 and ⌫2 is compa-
rable to within a factor of two. Thus, the shower rate
induced by a flux that contains comparable proportions
of all three eigenstates is, within a factor of two, close to
the rate induced by a pure-⌫1 or pure-⌫2 flux.

On the other hand, the electron-flavor content of ⌫3
is |Ue3|2 ⇡ 0.05, about one order of magnitude smaller
than for ⌫1 and ⌫2. Therefore, a pure-⌫3 flux generated
by complete decay in the IH would induce a shower rate
up to one order of magnitude smaller than the no-decay
rate. We will show that the rate induced by the di↵use
high-energy astrophysical flux virtually vanishes in that
case, providing a clear decay signature to look for.

B. The di↵use flux with decay

The number density of sources that make up the dif-
fuse high-energy astrophysical neutrino flux is expected
to follow the star formation rate (SFR) ⇢ (z) [36, 37] (per-
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FIG. 7. Decay damping D, Eq. (5), as a function of neutrino
lifetime �1, for di↵erent choices of source redshift z, and
fixed observed neutrino energy of E0 = 2 PeV.

haps with a high-redshift correction). Most sources are
concentrated around z = 1, where the decay damping
Z is already significant; see Section IIC. Therefore, the
di↵use flux is naturally dominated by sources at optimal
distances to test decay.

We assume that all sources emit the same spectra
F ( )

↵
(E) = f ( )

↵ ,S
Fall(E) (in units of GeV�1 s�1), with f ( )

↵ ,S

the flavor ratio of
( )

⌫↵ at the source and Fall the all-flavor
(neutrino plus anti-neutrino) spectrum. We assume a
common spectral index for all flavors of neutrinos and
anti-neutrinos. Hence, the di↵use flux of

( )

⌫↵ at Earth (in
units of GeV�1 cm�2 s�1 sr�1) is

� ( )

↵

�
E0;

�1
i

�
=

Z 1

0

dz
⇢̂ (z)

4⇡L2 (z)
· dV (z)

dz

·f ( )

↵ ,�
�
E0, z;

�1
i

�
Fall (E0 (1 + z)) ,(10)

where ⇢̂ (z) ⌘ ⇢ (z) /⇢0 is the source density normalized
to its local value, L (z) is the luminosity distance to the
source, and dV/dz is the di↵erential comoving volume.

Figure 8 shows sample di↵use astrophysical fluxes �↵+
�↵̄ with and without decay. The deviation due to decay
is visible below 108 GeV (for the chosen lifetime) and
negligible at higher energies. After a transition window
of about one decade in energy, decay is complete. The
largest deviation occurs for the electron-flavor flux in the
IH: it is depleted by one order of magnitude, due to the
tiny |Ue3|2. In the NH, it is enhanced, but only by a
factor of two, due to the decay of ⌫2 into ⌫1.
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the source, considering that typical baselines range from
tens of Mpc to a few Gpc. After a few oscillation lengths,
oscillations average out, the flavor-transition probability
is no longer oscillatory and depends only on the mixing
parameters, i.e., P↵� =

P
i |U↵i|2 |U�i|2, for the ⌫↵ ! ⌫�

transition, where the U⇤
↵i are components of the PMNS

matrix. After oscillations average out, decay continues
to a↵ect the flavor mixing.

The neutrino mass hierarchy is unknown. In the nor-
mal hierarchy (NH), ⌫1 is the lightest eigenstate; we will
consider that it is the sole stable one, and that ⌫2 and ⌫3
decay to it. In the inverted hierarchy (IH), ⌫3 is lightest;
we take it as stable, and ⌫1 and ⌫2 decay to it. We treat
the two hierarchies separately.

B. Lifetime limits and sensitivities

Supernova, solar, atmospheric, and terrestrial long-
baseline neutrino experiments are sensitive to di↵erent
lifetimes, determined by their energies and baselines, and
the flavor sensitivity of their detectors.

Neutrinos with low energies and long baselines are sen-
sitive to long lifetimes – see Eq. (2). Therefore, super-
nova neutrinos, with tens of MeV and > 10 kpc, are ideal
candidates. In fact, the detection of neutrinos from su-
pernova SN1987A [13, 14], 51.5 kpc away, implies a limit
of �1 & 105 s eV�1 for all surviving eigenstates.

There are two problems with this limit, though. First,
the uncertainty in the modeled flavor composition of the
neutrino flux that left the supernova. Second, the fact
that the flavor composition of the arriving flux was not
measured, since the detectors at the time –Kamiokande-
2, IMB, and Baksan– were almost exclusively sensitive to
⌫̄e. Hence, detection only assured that at least one mass
eigenstate reached Earth. Since ⌫̄e has a large component
of ⌫1 and ⌫2 (see Fig. 5), the limit is typically applied to
one of them. However, the observation is also compatible
with a pure-⌫1 flux, which could have been generated by
decay. Therefore, we treat the lifetime from SN1987A,
not as a limit, but as the sensitivity that can be reached
with the future detection of neutrinos from a Galactic
supernova, assuming improved flavor identification and
modeling of the flux that leaves the source.

Figure 1 shows lifetime sensitivities and limits. For ⌫1
and ⌫2, the limits come from solar neutrinos [15]: �1

1 &
4 · 10�3 s eV�1 and �1

2 & 7 · 10�4 s eV�1; see also
Refs. [16–18]. For ⌫3, the limit is weak: �1

3 & 7 ·10�11 s
eV�1, from atmospheric and long-baseline neutrinos [19].
IceCube would reach its “ultimate” sensitivity of �1 &
102 s eV�1 if it detected neutrinos of 10 TeV correlated
to sources at 1 Gpc.

The figure includes the new limits that we will de-
rive from the di↵use high-energy astrophysical neutrino
flux. They clearly improve over existing limits, due to
their huge baselines. They are unable to match the ulti-
mate sensitivities because these are mostly higher-energy
neutrinos and are not associated to individual sources.
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FIG. 2. Decay damping D as a function of redshift, for a fixed
lifetime of �1 = 10 s eV�1.

The sensitivity reachable with supernova neutrinos is still
higher, due to their lower energies. However, we will show
that the limits from IceCube are devoid of the aforemen-
tioned complications present in supernova neutrinos.

C. Decay in astrophysical neutrinos

When solving the decay equation, Eq. (1), for astro-
physical neutrinos, we must take into account the e↵ect
of cosmological expansion on energy and the fact that
the lookback distance cannot exceed the Hubble length
LH ⇡ 3.89 Gpc . This was done in Ref. [20]. The fraction
of ⌫i, emitted by a source with redshift z, that remains
upon reaching Earth, is given by

D
�
E0, z,

�1
�
= [Z (z)]�

LH
E0 , (5)

where E0 is the neutrino energy in the present epoch
(the energy at emission was E0 (1 + z)) and the redshift-
dependent part of the decay damping is

Z (z) ' a+ be�cz , (6)

with a ⇡ 1.71, b = 1 � a, and c ⇡ 1.27 for
a ⇤CDM cosmology with ⌦m = 0.27 and ⌦⇤ =
0.73. The flavor-mixing probability acquires energy
and redshift dependence via D: P↵�

�
E0, z,

�1
i

�
=P

i |U↵i|2 |U�i|2 D
�
E0, z,

�1
i

�
. For stable ⌫i, D = 1.

The redshift suppression Z tends asymptotically to a
at high redshifts, but already at z = 1 (⇠ 1 Gpc) it
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the source, considering that typical baselines range from
tens of Mpc to a few Gpc. After a few oscillation lengths,
oscillations average out, the flavor-transition probability
is no longer oscillatory and depends only on the mixing
parameters, i.e., P↵� =

P
i |U↵i|2 |U�i|2, for the ⌫↵ ! ⌫�

transition, where the U⇤
↵i are components of the PMNS

matrix. After oscillations average out, decay continues
to a↵ect the flavor mixing.

The neutrino mass hierarchy is unknown. In the nor-
mal hierarchy (NH), ⌫1 is the lightest eigenstate; we will
consider that it is the sole stable one, and that ⌫2 and ⌫3
decay to it. In the inverted hierarchy (IH), ⌫3 is lightest;
we take it as stable, and ⌫1 and ⌫2 decay to it. We treat
the two hierarchies separately.

B. Lifetime limits and sensitivities

Supernova, solar, atmospheric, and terrestrial long-
baseline neutrino experiments are sensitive to di↵erent
lifetimes, determined by their energies and baselines, and
the flavor sensitivity of their detectors.

Neutrinos with low energies and long baselines are sen-
sitive to long lifetimes – see Eq. (2). Therefore, super-
nova neutrinos, with tens of MeV and > 10 kpc, are ideal
candidates. In fact, the detection of neutrinos from su-
pernova SN1987A [13, 14], 51.5 kpc away, implies a limit
of �1 & 105 s eV�1 for all surviving eigenstates.

There are two problems with this limit, though. First,
the uncertainty in the modeled flavor composition of the
neutrino flux that left the supernova. Second, the fact
that the flavor composition of the arriving flux was not
measured, since the detectors at the time –Kamiokande-
2, IMB, and Baksan– were almost exclusively sensitive to
⌫̄e. Hence, detection only assured that at least one mass
eigenstate reached Earth. Since ⌫̄e has a large component
of ⌫1 and ⌫2 (see Fig. 5), the limit is typically applied to
one of them. However, the observation is also compatible
with a pure-⌫1 flux, which could have been generated by
decay. Therefore, we treat the lifetime from SN1987A,
not as a limit, but as the sensitivity that can be reached
with the future detection of neutrinos from a Galactic
supernova, assuming improved flavor identification and
modeling of the flux that leaves the source.

Figure 1 shows lifetime sensitivities and limits. For ⌫1
and ⌫2, the limits come from solar neutrinos [15]: �1

1 &
4 · 10�3 s eV�1 and �1

2 & 7 · 10�4 s eV�1; see also
Refs. [16–18]. For ⌫3, the limit is weak: �1

3 & 7 ·10�11 s
eV�1, from atmospheric and long-baseline neutrinos [19].
IceCube would reach its “ultimate” sensitivity of �1 &
102 s eV�1 if it detected neutrinos of 10 TeV correlated
to sources at 1 Gpc.

The figure includes the new limits that we will de-
rive from the di↵use high-energy astrophysical neutrino
flux. They clearly improve over existing limits, due to
their huge baselines. They are unable to match the ulti-
mate sensitivities because these are mostly higher-energy
neutrinos and are not associated to individual sources.
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FIG. 2. Decay damping D as a function of redshift, for a fixed
lifetime of �1 = 10 s eV�1.

The sensitivity reachable with supernova neutrinos is still
higher, due to their lower energies. However, we will show
that the limits from IceCube are devoid of the aforemen-
tioned complications present in supernova neutrinos.

C. Decay in astrophysical neutrinos

When solving the decay equation, Eq. (1), for astro-
physical neutrinos, we must take into account the e↵ect
of cosmological expansion on energy and the fact that
the lookback distance cannot exceed the Hubble length
LH ⇡ 3.89 Gpc . This was done in Ref. [20]. The fraction
of ⌫i, emitted by a source with redshift z, that remains
upon reaching Earth, is given by

D
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E0, z,

�1
�
= [Z (z)]�

LH
E0 , (5)

where E0 is the neutrino energy in the present epoch
(the energy at emission was E0 (1 + z)) and the redshift-
dependent part of the decay damping is

Z (z) ' a+ be�cz , (6)

with a ⇡ 1.71, b = 1 � a, and c ⇡ 1.27 for
a ⇤CDM cosmology with ⌦m = 0.27 and ⌦⇤ =
0.73. The flavor-mixing probability acquires energy
and redshift dependence via D: P↵�
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E0, z,

�1
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i |U↵i|2 |U�i|2 D
�
E0, z,

�1
i

�
. For stable ⌫i, D = 1.

The redshift suppression Z tends asymptotically to a
at high redshifts, but already at z = 1 (⇠ 1 Gpc) it
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the source, considering that typical baselines range from
tens of Mpc to a few Gpc. After a few oscillation lengths,
oscillations average out, the flavor-transition probability
is no longer oscillatory and depends only on the mixing
parameters, i.e., P↵� =

P
i |U↵i|2 |U�i|2, for the ⌫↵ ! ⌫�

transition, where the U⇤
↵i are components of the PMNS

matrix. After oscillations average out, decay continues
to a↵ect the flavor mixing.

The neutrino mass hierarchy is unknown. In the nor-
mal hierarchy (NH), ⌫1 is the lightest eigenstate; we will
consider that it is the sole stable one, and that ⌫2 and ⌫3
decay to it. In the inverted hierarchy (IH), ⌫3 is lightest;
we take it as stable, and ⌫1 and ⌫2 decay to it. We treat
the two hierarchies separately.

B. Lifetime limits and sensitivities

Supernova, solar, atmospheric, and terrestrial long-
baseline neutrino experiments are sensitive to di↵erent
lifetimes, determined by their energies and baselines, and
the flavor sensitivity of their detectors.

Neutrinos with low energies and long baselines are sen-
sitive to long lifetimes – see Eq. (2). Therefore, super-
nova neutrinos, with tens of MeV and > 10 kpc, are ideal
candidates. In fact, the detection of neutrinos from su-
pernova SN1987A [13, 14], 51.5 kpc away, implies a limit
of �1 & 105 s eV�1 for all surviving eigenstates.

There are two problems with this limit, though. First,
the uncertainty in the modeled flavor composition of the
neutrino flux that left the supernova. Second, the fact
that the flavor composition of the arriving flux was not
measured, since the detectors at the time –Kamiokande-
2, IMB, and Baksan– were almost exclusively sensitive to
⌫̄e. Hence, detection only assured that at least one mass
eigenstate reached Earth. Since ⌫̄e has a large component
of ⌫1 and ⌫2 (see Fig. 5), the limit is typically applied to
one of them. However, the observation is also compatible
with a pure-⌫1 flux, which could have been generated by
decay. Therefore, we treat the lifetime from SN1987A,
not as a limit, but as the sensitivity that can be reached
with the future detection of neutrinos from a Galactic
supernova, assuming improved flavor identification and
modeling of the flux that leaves the source.

Figure 1 shows lifetime sensitivities and limits. For ⌫1
and ⌫2, the limits come from solar neutrinos [15]: �1

1 &
4 · 10�3 s eV�1 and �1

2 & 7 · 10�4 s eV�1; see also
Refs. [16–18]. For ⌫3, the limit is weak: �1

3 & 7 ·10�11 s
eV�1, from atmospheric and long-baseline neutrinos [19].
IceCube would reach its “ultimate” sensitivity of �1 &
102 s eV�1 if it detected neutrinos of 10 TeV correlated
to sources at 1 Gpc.

The figure includes the new limits that we will de-
rive from the di↵use high-energy astrophysical neutrino
flux. They clearly improve over existing limits, due to
their huge baselines. They are unable to match the ulti-
mate sensitivities because these are mostly higher-energy
neutrinos and are not associated to individual sources.
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FIG. 2. Decay damping D as a function of redshift, for a fixed
lifetime of �1 = 10 s eV�1.

The sensitivity reachable with supernova neutrinos is still
higher, due to their lower energies. However, we will show
that the limits from IceCube are devoid of the aforemen-
tioned complications present in supernova neutrinos.

C. Decay in astrophysical neutrinos

When solving the decay equation, Eq. (1), for astro-
physical neutrinos, we must take into account the e↵ect
of cosmological expansion on energy and the fact that
the lookback distance cannot exceed the Hubble length
LH ⇡ 3.89 Gpc . This was done in Ref. [20]. The fraction
of ⌫i, emitted by a source with redshift z, that remains
upon reaching Earth, is given by

D
�
E0, z,

�1
�
= [Z (z)]�

LH
E0 , (5)

where E0 is the neutrino energy in the present epoch
(the energy at emission was E0 (1 + z)) and the redshift-
dependent part of the decay damping is

Z (z) ' a+ be�cz , (6)

with a ⇡ 1.71, b = 1 � a, and c ⇡ 1.27 for
a ⇤CDM cosmology with ⌦m = 0.27 and ⌦⇤ =
0.73. The flavor-mixing probability acquires energy
and redshift dependence via D: P↵�

�
E0, z,

�1
i

�
=P

i |U↵i|2 |U�i|2 D
�
E0, z,

�1
i

�
. For stable ⌫i, D = 1.

The redshift suppression Z tends asymptotically to a
at high redshifts, but already at z = 1 (⇠ 1 Gpc) it
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FIG. 4. Current status of neutrino mixing angles, from
Ref. [3]. Best-fit values are indicated by a red dot, while
1� (3�) uncertainties are shown as light (dark) yellow bands.

B. Probing decay in the NH

As explained in Section IID, under complete decay,
flavor ratios at Earth equal the flavor content of the sole
surviving stable mass eigenstate, ⌫1 (NH) or ⌫3 (IH).

Figure 5 shows that the flavor ratios found by Ice-
Cube [27] already disfavor at & 2� complete decay in
the NH, i.e., f↵,� = |U↵1|2, for all values of the mix-
ing parameters within their 3� uncertainties. If they are
fixed to their best-fit values, complete decay in the NH is
disfavored at 3�. We will use this observation to bound
the lifetimes of ⌫2 and ⌫3 under NH.

We cannot do the same for complete decay in the IH,
because f↵,� = |U↵3|2 is only weakly disfavored, between
1� and 2�. We will return to decay in the IH in Section V.

To set robust lifetime limits in the NH, we will find the
values of �1

2 and �1
3 for which f↵,� = |U↵1|2, regard-

less of uncertainties in the mixing parameters and flavor
ratios at the source. For simplicity, we assume equal life-
times, i.e., �1

2 = �1
3 ⌘ �1.

We first generate regions of allowed flavor ratios for
di↵erent values of the decay damping D. The regions
are generated using Eq. (7) by scanning over all possi-
ble flavor ratios at the source and values of the mixing
parameters within their 3� uncertainties.

Figure 6 shows that for D = 0.01, the region of allowed
flavor ratios is totally contained within the flavor-content
region of ⌫1, signaling complete decay. Therefore, values
of D . 0.01 are disfavored at & 2�.

Figure 7 shows D as a function of �1, for values of
redshift where most of the astrophysical sources are ex-
pected to lie, and for the highest observed neutrino en-

FIG. 5. Flavor content of mass eigenstates ⌫1, ⌫2, and ⌫3,
in the NH. The regions are generated by the best-fit value of
the mixing parameters (light yellow), and their 1� (darker)
and 3� (darkest) uncertainty regions from Ref. [3]. IceCube
astrophysical flavor composition results [27] are included.

ergy E0 = 2 PeV. Demanding complete decay at the
highest energy ensures that it is also complete at lower
energies, since D decreases with decreasing energy. The
exclusion of D . 0.01 corresponds to

�1
2 ,�1

3 & 10 s eV�1 (& 2�) , (9)

independent of flavor composition at the sources and 3�
uncertainties in mixing parameters. 1 (left) shows this is
an improvement of four and eleven orders of magnitude,
respectively, over the existing limits on �1

2 and �1
3 .

Larger neutrino statistics will tighten the IceCube fla-
vor ratios curves. Ref. [32] shows the results that could
be achieved in the near future with the planned volume
upgrade, IceCube-Gen2. Assuming a shift of the best-fit
point to what is arguably the most natural composition,�
1
3 : 1

3 : 1
3

�
�, the tightening would give a more significant

exclusion of complete decay in the NH, and a mild im-
provement in the exclusion in the IH. Ref. [35] has calcu-
lated the lifetime bounds with IceCube-Gen2, using both
flavor ratio and spectral data: �1 & 400 � 550 s eV�1,
depending on the spectral index of the flux.

Reduced uncertainties in the mixing parameters will
also strengthen the exclusion by shrinking the flavor-
content regions of the mass eigenstantes.

redshift evolution 
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Observing just one Glashow resonance event improves
the limit by 2-3 orders of magnitudes: k >~ 1 s eV-1
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FIG. 8. Di↵use fluxes of astrophysical neutrinos plus anti-
neutrinos �↵ +�↵̄ (↵ = e, µ, ⌧) as functions of energy. In the
left and right columns, respectively, the flux was normalized
to the IceCube combined-likelihood [27] and through-going
muon analysis [25]. A common lifetime of 10 s eV�1 was as-
sumed for ⌫2, ⌫3 (NH), and ⌫1, ⌫2 (IH). Flavor ratios at the
sources are (fe + fē : fµ + fµ̄ : f⌧ + f⌧̄ )S =

�
1
3 : 2

3 : 0
�
. Mix-

ing parameters are fixed to their best-fit values [3]. The range
4–10 PeV, relevant for our analysis, is shaded.

C. Using the Glashow resonance

An enhancement or depletion of the electron-flavor flux
results in an equally-oriented deviation in the rate of
(⌫e + ⌫̄e)-initiated showers. However, since ⌫e and ⌫⌧
generate indistinguishable showers, the observation of a
deviation in the shower rate could be attributed to a
modification in the flux of either flavor.

The Glashow resonance provides a way to break the de-
generacy, albeit at higher, still-undetected energies. Only
⌫̄e trigger the resonant process ⌫̄e+e ! W�; the hadronic
decay of the W , with branching ratio of 67%, increases
the shower rate around a neutrino energy of 6.3 PeV.
Even with this increase, the shower rate in IceCube above
2 PeV is low: ⇠ 1 per year for an optimistic spectral in-
dex of 2 [38]. We do not consider other decay modes of
the W , which provide alternative signals, with low rates,
that do not modify the shower rate [39, 40].

Given the low expected shower rate, an enhancement
by a factor of two can reasonably be attributed to an up-
ward statistical fluctuation instead of to complete decay
in the NH. In contrast, a depletion of the rate by one
order of magnitude –due to complete decay in the IH–
would make the rate vanish, even for longer exposure
times. Therefore, the eventual observation of showers in
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FIG. 9. Shower rate induced by ⌫e and ⌫̄e, assuming five
years of IceCube exposure and neutrino production via p�
interactions. The mixing parameters are fixed to their best-
fit values.

this energy range can be used to set limits on the neu-
trino lifetimes in the IH. However, the non-observation
of showers cannot be interpreted as discovery of decay,
since the astrophysical flux might have a high-energy cut-
o↵ unrelated to decay [27].
In what follows, we will restrict the discussion to neu-

trino production via pp interactions. To first order, the
neutrino and anti-neutrino flavor ratios at the sources
are equal: (fe : fµ : f⌧ )S = (fē : fµ̄ : f⌧̄ )S =

�
1
6 : 2

6 : 0
�
.

In p� interactions, in contrast, no ⌫̄e leave the sources,
to first order. In reality, the flavor ratios from p� and pp
are closer, due to additional production channels [REFS].
Our upcoming conclusions regarding decay will apply
also to production via p�.
Figure 9 shows the shower spectrum EshdN/dEsh at

IceCube, with and without decay, including the Glashow
resonance. See Appendix B for details. The number of
events within an energy range can be obtained simply
as the area below the curve, that is, by multiplying the
height of the curve times the energy window. The rate of
showers induced by atmospheric neutrinos is negligible
at these energies [41]. The drop in the shower rate by
one order of magnitude due to complete decay in the IH
is evident.
Figure 10 shows the integrated number of showers in

the range 4–10 PeV, as a function of the common lifetime
of the two heavier mass eigenstates. Decay is complete
for �1 . 1 s eV�1, and unobservable for �1 & 100 s
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
the sum of neutrino masses [REF],

P
i mi  0.3 eV, while the hatched band is excluded by neutrino oscillations: m2

2  �m2
21,

m2
3  �m2

21 + |�m2
32| for NH, and m2

1  ��m2
21 + |�m2

32|, m2
2  |�m2

32| for IH. The values of �m2
ij are from Ref. [3].

II. NEUTRINO DECAY

A. Fundamentals

In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation

dNi

dt
= �

✓
mi

⌧i

1

E⌫

◆
Ni , (1)

where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1

i ⌘

⌧i/mi is commonly known as “lifetime”.
A remaining fraction of unity at detection means there

was no decay. The smaller the fraction, the stronger the
e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most

�1
h s

eV

i
' 102

L [Mpc]

E⌫ [TeV]
. (2)

Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

oscillations. However, they have very di↵erent length
scales. The decay length, from Eq. (2),

Ldec ' 0.01 · �1
⇥
s eV�1

⇤
E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

Losc ' (2� 66) · 103 · E⌫ [TeV] km . (4)

They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our

focus, Losc ⇠ 10�10 Mpc, i.e., essentially right next to
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posited energy depends on the nature of the interac-
tion; and (2) the neutrinos are opaque to the earth in
an energy-dependent and flavor-dependent manner. We
account for terrestrial opacity by using the e↵ective ar-
eas provided by the IceCube collaboration [3] which also
include information on the neutrino-nucleus, neutrino-
electron interactions, as well as selection cuts of the high-
energy starting event (HESE) analysis. We adopt this
“e↵ective area” method for the main body of paper, but
show more optimistic results in V D.

To properly account for the di↵erence between neu-
trino energy and the energy deposited in the detector,
we must consider the di↵erent ways in which each fla-
vor can interact. First, consider the so-called “shower

events” which are a combination of

NS = NNC,all
S + NCC,e

S + NCC,⌧had
S + NCC,⌧`

S (2)

where NCC,e
S is the number of ⌫e + ⌫̄e induced CC show-

ers, NCC,⌧had
S is the number of ⌫⌧ + ⌫̄⌧ induced CC show-

ers with hadronic ⌧ decays, NCC,⌧`
S is the number of ⌫⌧

induced CC showers with leptonic ⌧ decays, and NNC,all
S

are the number of showers from NC interactions of any
neutrino flavor.

Following Ref. [27], we calculate shower and track
event rates. For shower events, we estimate these sub-
contributions as

NNC,all
S (E1, E2) = pNC

X

i=e,µ,⌧

4⇡T

Z E2/�NC

E1/�NC

dE (↵i
� + ↵̄i

�)�⌫(E)Ai(E) (3)

NCC,⌧had

S (E1, E2) = (1 � pNC) phad4⇡T

Z E2/�had

E1/�had

dE (↵⌧
� + ↵̄⌧

�)�⌫(E)A⌧ (E) (4)

N
CC,⌧lep
S (E1, E2) = (1 � pNC) (1 � phad)4⇡T

Z E2/�lep

E1/�lep

dE (↵⌧
� + ↵̄⌧

�)�⌫(E)A⌧ (E) (5)

NCC,e
S (E1, E2) = (1 � pNC) 4⇡T

Z E2

E1

dE (↵e
� + ↵̄e

�)�⌫(E)Ae(E) (6)

where pNC = �NC/(�CC + �NC) ' 0.28, phad '
0.65, �NC = hyiE⌫ , �had =

⇥hyi + 2
3 (1 � hyi)⇤E⌫ , and

�lep =
⇥hyi + 1

3 (1 � hyi)⇤E⌫ [69, 70]. Note that �⌫(E)
is the all-flavor flux of neutrinos and anti-neutrinos. We
use the energy-dependent mean inelasticities from [69]
for neutrinos and anti-neutrinos. Notice that charged-
current electron neutrino initiated cascades deposit all
of the available neutrino energy. The shower channel is
very important given the low atmospheric backgrounds,
as considered in [71].

Similarly, ⌫µ CC interactions yield striking track
events. These are estimated as

NT = 4⇡T

Z E2/�µ

E1/�µ

dE (1�pNC) (↵µ
�+↵̄µ

�) �⌫(E) Aµ(E)

(7)
where �µ = hyiE⌫ .

The Glashow resonance, ⌫̄e+e� �! W�, gives a large
enhancement in the detectability of the ⌫̄e flux. The
number of Glashow resonance events is estimated as

NGR = 4⇡T

Z EG,+

EG,�

dE ↵̄e
� �⌫(E) Ae(E) (8)

where we take EG,± = EG ±�E, where �E = 1 PeV [3]

and the resonance energy is EG = m2
W

2me
' 6.3 PeV.

The final class of events we consider are those of the
so-called “double-bang” topology in which an incoming
⌫⌧ produces a cascade through a CC interaction. The
on-shell ⌧ lepton then travels a resolvable distance away
from the first cascade before decaying hadronically and

producing a second cascade. We estimate the number of
these double-bang events via

NDB = 4⇡T

Z
dE (↵⌧

� + ↵̄⌧
�) �⌫(E) A⌧ (E)⇥(E � Eth)

(9)
where the unit-step function accounts for the fact the ⌧
lepton must be su�ciently energetic for each cascade to
be separately resolved. This will be the case for ⌧ leptons
which have decay lengths longer than the string separa-
tion in the detector. We therefore adopt, Eth = �st�⌧m⌧

where �st is the string spacing, and m⌧ , �⌧ are the mass
and decay width of the tau lepton respectively. For the
fiducial 240 m string spacing we consider here this im-
plies a 5.3 PeV threshold. Note that the flavor sensitivity
for ⌧ neutrinos that we adopt here should be viewed as
very conservative. Not only double-bang events but also
lollipop, inverted-lollipop, and sugardaddy events should
be searched for. Also, “double pulse” waveforms may al-
low for ⌧ discrimination down to O(100) TeV [72].

We then use mock data to estimate the statistical like-
lihood that a given number of tracks, showers, Glashow
resonance resonance, and double-bang events have come
from a given set of flavor ratios as,

L (↵e, ↵µ, ↵⌧ ) =
Y

i

Li(↵e, ↵µ, ↵⌧ ) (10)

where the index i runs over the event classes: showers,
tracks, Glashow events, and double-bangs. The likeli-

HESE-like analysis
(conservative)
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0.65, �NC = hyiE⌫ , �had =

⇥hyi + 2
3 (1 � hyi)⇤E⌫ , and

�lep =
⇥hyi + 1

3 (1 � hyi)⇤E⌫ [69, 70]. Note that �⌫(E)
is the all-flavor flux of neutrinos and anti-neutrinos. We
use the energy-dependent mean inelasticities from [69]
for neutrinos and anti-neutrinos. Notice that charged-
current electron neutrino initiated cascades deposit all
of the available neutrino energy. The shower channel is
very important given the low atmospheric backgrounds,
as considered in [71].

Similarly, ⌫µ CC interactions yield striking track
events. These are estimated as

NT = 4⇡T

Z E2/�µ

E1/�µ

dE (1�pNC) (↵µ
�+↵̄µ

�) �⌫(E) Aµ(E)

(7)
where �µ = hyiE⌫ .

The Glashow resonance, ⌫̄e+e� �! W�, gives a large
enhancement in the detectability of the ⌫̄e flux. The
number of Glashow resonance events is estimated as

NGR = 4⇡T

Z EG,+

EG,�

dE ↵̄e
� �⌫(E) Ae(E) (8)

where we take EG,± = EG ±�E, where �E = 1 PeV [3]

and the resonance energy is EG = m2
W

2me
' 6.3 PeV.

The final class of events we consider are those of the
so-called “double-bang” topology in which an incoming
⌫⌧ produces a cascade through a CC interaction. The
on-shell ⌧ lepton then travels a resolvable distance away
from the first cascade before decaying hadronically and

producing a second cascade. We estimate the number of
these double-bang events via

NDB = 4⇡T

Z
dE (↵⌧

� + ↵̄⌧
�) �⌫(E) A⌧ (E)⇥(E � Eth)

(9)
where the unit-step function accounts for the fact the ⌧
lepton must be su�ciently energetic for each cascade to
be separately resolved. This will be the case for ⌧ leptons
which have decay lengths longer than the string separa-
tion in the detector. We therefore adopt, Eth = �st�⌧m⌧

where �st is the string spacing, and m⌧ , �⌧ are the mass
and decay width of the tau lepton respectively. For the
fiducial 240 m string spacing we consider here this im-
plies a 5.3 PeV threshold. Note that the flavor sensitivity
for ⌧ neutrinos that we adopt here should be viewed as
very conservative. Not only double-bang events but also
lollipop, inverted-lollipop, and sugardaddy events should
be searched for. Also, “double pulse” waveforms may al-
low for ⌧ discrimination down to O(100) TeV [72].

We then use mock data to estimate the statistical like-
lihood that a given number of tracks, showers, Glashow
resonance resonance, and double-bang events have come
from a given set of flavor ratios as,

L (↵e, ↵µ, ↵⌧ ) =
Y

i

Li(↵e, ↵µ, ↵⌧ ) (10)

where the index i runs over the event classes: showers,
tracks, Glashow events, and double-bangs. The likeli-

likelihood analysis
for mocked data
combining flavor &
spectral information 
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data and will be further clarified as more data accumu-
lates. Note that although preliminary, new IceCube data
may allow for yet harder spectra above 100 TeV [76].

Finally, notice that in contrast with [6] we only al-
low flavor variables to vary in our likelihood fits and do
not simultaneously perform a spectral fit. We leave an
analysis similar to [6] for future work.

A. Astrophysical E↵ects

An important question to the BSM sensitivity of neu-
trino telescopes is the extent to which our results depend
on the details of the astrophysical sources (i.e. pp or p�
scenarios). Moreover, the same flavor information that
we will use to search for BSM physics can also be used to
gain insight into the nature of the source. For previous
work on distinguishing between pp and p� scenarios (see
e.g. [16]).

In Table I we summarize the expected Glashow res-
onance and double bang events for a variety of source
models. The first important observation is that the spec-
tral index will of course play a very crucial role in our
ability to determine cosmic neutrino flavor ratios. For
example, with � = 2.5 the distinction between pp and p�
sources will be challenging. The second important point
from Table I is that with the more optimistic spectral
index � = 2.2 the discrimination between all the source
models is significantly improved. Most of this discrimi-
nation power is due to the Glashow resonance events.

Next, let us attempt a more detailed determination of
flavor from mock data. As a first illustration we follow
the existing literature in fitting to the neutrino and anti-

FIG. 3: Marginalized likelihood functions of e and µ flavor
ratios for the example shown in the right panel of Fig. 2.
This is a pp source with a � = 2.2 spectrum where we have
included all flavor discriminants in the fit.

�γ ��������� �
β = ���
β = ���

��
���
���
��
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���
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/(

↵
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↵̄
)

FIG. 4: Flavor reconstruction in p� scenarios. The canonical
� = 2 case interpolates between these contours.

neutrino summed flavor ratios, (↵e+↵̄e, ↵µ+↵̄µ, ↵⌧+↵̄⌧ ).
This is a reasonable procedure in the case of pp sources.
This reduces the six flavor ratios to e↵ectively only two
independent combinations (since they sum to unity, i.e.
↵⌧ + ↵̄⌧ = 1 � (↵e + ↵̄e + ↵µ + ↵̄µ) is redundant). We
display the resulting fits under this assumption in Fig. 2
with mock data generated under the assumption of a pp
source without µ damping.

First, let us focus on the top panel of Fig. 2. Here
we have fixed the spectral index to � = 2.2 and kept
the analysis energy region to be [100 TeV, 104 TeV]. In
going from the left (tracks and showers only), to center
(tracks, showers, and Glashow events), to right panels
(tracks, showers, Glashow, and double bang events) we
illustrate the increased flavor sensitivity a↵orded by the
Glashow and double-bang events. In the remainder of
the paper we will therefore include all event types in our
flavor fits.

Next, we would like to examine the e↵ect of varying
the above assumptions by considering a di↵erent spectral

[NGR, NDB ] � / E�2.2 � / E�2.5

pp [23, 5] [8, 2]

pp (with µ+ damping) [15, 6] [6, 2]

p� (canonical ⇡�) [11, 6] [4, 2]

neutron decay [73, 4] [28, 1]

TABLE I: Estimated number of Glashow resonance and
double-bang events for di↵erent choices of terrestrial flavor
ratios and neutrino spectrum at IceCube-Gen2 with a 10 year
exposure. In the p� the dominant cross section for neutrino
production is from p� ! n⇡+, with the dominant source of
⌫̄e originating from p� ! p⇡+⇡�.
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FIG. 2: Analysis results displaying the 1�, 2�, 3� CL regions using total number of tracks and showers (left) as flavor dis-
criminants, using Glashow resonance events (center), and including double-bang events (right) with 10 years of data at
IceCube-Gen2. Here the input data was produced from a spectrum with � = 2.2 and equal flavor ratios in the energy range
Edep = [100 TeV, 10 PeV].

hood of a given event class is modelled a Poisson process

Li(↵e, ↵µ, ↵⌧ ) = Ni(↵e, ↵µ, ↵⌧ )
ni,true⇥exp�Ni(↵e,↵µ,↵⌧ )

ni,true!
(11)

where ni,true represent the input number of events in
class i while Ni(↵e, ↵µ, ↵⌧ ) denotes the number of events
in the fit from a given choice of flavor ratios.

Of course the total event rate is a sum of signal
and background events. The background event rates
are calculated in a fashion similar to the signal events.
In particular we include here the atmospheric neutrino
backgrounds [58, 73, 74] but for simplicity ignore the
muon backgrounds which are important for lower energy
thresholds. This data is then binned into 5 logarithmi-
cally spaced bins per energy decade, and each binned
likelihood can be multiplied together to form the final
likelihood.

Lastly, we note that IceCube sometimes mis-
reconstructs muon tracks as showers. This has been
demonstrated to play an important role in the current
IceCube flavor reconstruction [50]. Moreover, occasion-
ally ⌧ charged current events contribute to track events.

IV. ANALYSIS RESULTS

In addition to uncertainties in the flavor composition
of the neutrinos, their spectrum also contains significant
uncertainties at present. Let us review the present state
of what is known about the spectrum of cosmic neutrinos
that IceCube has found.

Typically, the spectral fit to data is reported in terms
of an unbroken power law,

�⌫(E) = �0

✓
100 TeV

E

◆�

. (12)

The precise values of the spectral index � and nor-
malization �0 are not precisely known yet. For ex-
ample, the central value of the best-fit from the com-
bined likelihood analysis of Ref. [6], which found �0 =�
6.7+1.1

�1.2

� ⇥ 10�18 GeV�1s�1sr�1cm�2 and spectral in-
dex � = 2.50 ± 0.09. On the other hand, the muon
neutrino data sample using northern hemisphere data
prefers a more shallow spectral index [7]: �0 = 5.1+1.8

�1.8 ⇥
10�18 GeV�1 cm�2 s�1 sr�1, and � = 2.2 ± 0.2. We
shall consider the spectral index to vary in this window,
� = 2.2�2.5. Of course, additional spectral features such
as a break or exponential cuto↵ are also possible [75].
These possibilities are not yet necessary with present

3

posited energy depends on the nature of the interac-
tion; and (2) the neutrinos are opaque to the earth in
an energy-dependent and flavor-dependent manner. We
account for terrestrial opacity by using the e↵ective ar-
eas provided by the IceCube collaboration [3] which also
include information on the neutrino-nucleus, neutrino-
electron interactions, as well as selection cuts of the high-
energy starting event (HESE) analysis. We adopt this
“e↵ective area” method for the main body of paper, but
show more optimistic results in V D.

To properly account for the di↵erence between neu-
trino energy and the energy deposited in the detector,
we must consider the di↵erent ways in which each fla-
vor can interact. First, consider the so-called “shower

events” which are a combination of

NS = NNC,all
S + NCC,e

S + NCC,⌧had
S + NCC,⌧`

S (2)

where NCC,e
S is the number of ⌫e + ⌫̄e induced CC show-

ers, NCC,⌧had
S is the number of ⌫⌧ + ⌫̄⌧ induced CC show-

ers with hadronic ⌧ decays, NCC,⌧`
S is the number of ⌫⌧

induced CC showers with leptonic ⌧ decays, and NNC,all
S

are the number of showers from NC interactions of any
neutrino flavor.

Following Ref. [27], we calculate shower and track
event rates. For shower events, we estimate these sub-
contributions as

NNC,all
S (E1, E2) = pNC

X

i=e,µ,⌧

4⇡T

Z E2/�NC

E1/�NC

dE (↵i
� + ↵̄i

�)�⌫(E)Ai(E) (3)

NCC,⌧had

S (E1, E2) = (1 � pNC) phad4⇡T

Z E2/�had

E1/�had

dE (↵⌧
� + ↵̄⌧

�)�⌫(E)A⌧ (E) (4)

N
CC,⌧lep
S (E1, E2) = (1 � pNC) (1 � phad)4⇡T

Z E2/�lep

E1/�lep

dE (↵⌧
� + ↵̄⌧

�)�⌫(E)A⌧ (E) (5)

NCC,e
S (E1, E2) = (1 � pNC) 4⇡T

Z E2

E1

dE (↵e
� + ↵̄e

�)�⌫(E)Ae(E) (6)

where pNC = �NC/(�CC + �NC) ' 0.28, phad '
0.65, �NC = hyiE⌫ , �had =

⇥hyi + 2
3 (1 � hyi)⇤E⌫ , and

�lep =
⇥hyi + 1

3 (1 � hyi)⇤E⌫ [69, 70]. Note that �⌫(E)
is the all-flavor flux of neutrinos and anti-neutrinos. We
use the energy-dependent mean inelasticities from [69]
for neutrinos and anti-neutrinos. Notice that charged-
current electron neutrino initiated cascades deposit all
of the available neutrino energy. The shower channel is
very important given the low atmospheric backgrounds,
as considered in [71].

Similarly, ⌫µ CC interactions yield striking track
events. These are estimated as

NT = 4⇡T

Z E2/�µ

E1/�µ

dE (1�pNC) (↵µ
�+↵̄µ

�) �⌫(E) Aµ(E)

(7)
where �µ = hyiE⌫ .

The Glashow resonance, ⌫̄e+e� �! W�, gives a large
enhancement in the detectability of the ⌫̄e flux. The
number of Glashow resonance events is estimated as

NGR = 4⇡T

Z EG,+

EG,�

dE ↵̄e
� �⌫(E) Ae(E) (8)

where we take EG,± = EG ±�E, where �E = 1 PeV [3]

and the resonance energy is EG = m2
W

2me
' 6.3 PeV.

The final class of events we consider are those of the
so-called “double-bang” topology in which an incoming
⌫⌧ produces a cascade through a CC interaction. The
on-shell ⌧ lepton then travels a resolvable distance away
from the first cascade before decaying hadronically and

producing a second cascade. We estimate the number of
these double-bang events via

NDB = 4⇡T

Z
dE (↵⌧

� + ↵̄⌧
�) �⌫(E) A⌧ (E)⇥(E � Eth)

(9)
where the unit-step function accounts for the fact the ⌧
lepton must be su�ciently energetic for each cascade to
be separately resolved. This will be the case for ⌧ leptons
which have decay lengths longer than the string separa-
tion in the detector. We therefore adopt, Eth = �st�⌧m⌧

where �st is the string spacing, and m⌧ , �⌧ are the mass
and decay width of the tau lepton respectively. For the
fiducial 240 m string spacing we consider here this im-
plies a 5.3 PeV threshold. Note that the flavor sensitivity
for ⌧ neutrinos that we adopt here should be viewed as
very conservative. Not only double-bang events but also
lollipop, inverted-lollipop, and sugardaddy events should
be searched for. Also, “double pulse” waveforms may al-
low for ⌧ discrimination down to O(100) TeV [72].

We then use mock data to estimate the statistical like-
lihood that a given number of tracks, showers, Glashow
resonance resonance, and double-bang events have come
from a given set of flavor ratios as,

L (↵e, ↵µ, ↵⌧ ) =
Y

i

Li(↵e, ↵µ, ↵⌧ ) (10)

where the index i runs over the event classes: showers,
tracks, Glashow events, and double-bangs. The likeli-

Event Signatures

Muon Neutrino CC (data)
< 1 degree angular resolution

factor of 2 resolution of muon energy

Neutral Current or Electron Neutrino (data)
10 degree angular resolution (high energy)

⇠ 15% deposited energy resolution

Tau Neutrino CC (simulation)
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FIG. 5: Left panel: Here we display an illustrative example of incomplete neutrino decay in which ⌫1 and ⌫2 decay in the
IH. The source has been chosen to produce 1 : 2 : 0 flavor ratios. Right Panel: Here we show the projected IceCube-Gen2
sensitivity. We have imposed

P
i ↵i = 1, in the left panel, but note that neutrino decays induce an overall flux suppression on

low energies since it is only the ⌫3 state that exists at low energies whereas the other two are present for higher energies. In
this example we have fixed �1 = 102 s/eV. The star-formation rate is used as a redshift evolution of the sources.

IceCube sensitivity to neutrino decay is forthcoming [80].
Next, consider the case of an “incomplete decay” in

which only one mass eigenstate is present at the lowest
energies but the flux transitions to the original source
flavor ratios at higher energies. This most striking ex-
ample of this is a↵orded in inverted hierarchy (IH) where
only ⌫3 is stable. As displayed in Fig. 5, this depletes the
e-flavor content at low-energies while leveling out to the
standard (“undecayed”) flavor ratios at high energies.
Here we have taken ⌧1/m1 = 102 s/eV.

In order to empirically uncover the energy-dependent
flavor induced by neutrino decay, we consider a flavor fit
in two di↵erent energy bins: above 2 PeV and below 2
PeV. The result of these two fits is depicted in Fig. 5
where we demonstrate that an energy dependent flavor
determination is possible. We note that this example
may be in a mild (1�2)� tension with the current flavor
constraints from combined maximum likelihood analy-
sis of IceCube’s events [6]. In Sec. V D, we will show
that future neutrino detectors such as IceCube-Gen2 can
provide us with more stringent constraints on neutrino
decay through a joint flavor and spectral analysis.

B. Oscillating into New States: Pseudo-Dirac
Neutrinos

The nature of origin of neutrino masses remains poorly
understood, but many models predict the existence of
right-handed sterile neutrinos. These states have of
course been searched for in a number of realms. The
well-known seesaw mechanism predicts that these states

have very large Majorana masses that make them oth-
erwise hard to probe. By contrast in the pseudo-Dirac
scenario, the Majorana masses are small compared to
the Dirac scale, and the induced small mass-splittings
provides another mechanism which makes right-handed
neutrinos hidden from us. We here consider the e↵ect of
the pseudo-Dirac neutrinos [33, 34], in which there may
exist a tiny mass splitting between the active and sterile
neutrinos. Applications to astrophysical neutrinos have
been considered in Refs. [13, 88] (see also Ref. [89]) be-
fore high-energy cosmic neutrinos discovered.

These small mass splittings only gives rise to oscilla-
tions to the sterile state on very large distance scales,
since the oscillation length is

Losc = 80 Mpc

✓
E

1 PeV

◆  
10�15 eV2

�m2
j

!
, (14)

where �m2
j is the mass-splitting with the jth active neu-

trino mass eigenstate.
In this case, the neutrino flavor ratios at the Earth can

be very di↵erent and depend sensitively on the energy:

↵�
i =

X

j,k

↵S
j |Uik|2|Ujk|2 cos2

✓
�m2

kL

4E

◆
. (15)

In the above L is the distance between the source and
the Earth. Notice that one recovers the pure Dirac result
in the vanishing �m2

k limit. These new mass splittings
could be o↵ of only one of the active neutrinos or o↵ all of
them. The mass splittings with ⌫1 has the largest e↵ect
though, as it induces a large e↵ect on the electron-flavor
component.

IH: k-1=10 s/eV
complete invisible
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FIG. 6: Here we show an example of the flavor distortions that can arise from pseudo-Dirac neutrinos with a mass-splitting:
�m2

k = 10�17 eV2, with k = 1 where we have assumed only one pseudo-Dirac neutrino split o↵ the ⌫1 state. The star-formation
rate is used as a redshift evolution of the sources.

Notice that Eq. (15) has two shortcomings: (1) it as-
sumes implicitly a static Universe, and (2) it assumes
a single source at a given distance from the observer.
The first point can be easily addressed by computing the
phase di↵erence in an expanding Universe. The proper
phase di↵erence is calculated as [90]

��j =
�m2

j

2E
DH

Z z

0

dz0

(1 + z0)2
p

⌦m(1 + z0)3 + ⌦⇤

.

(16)
with DH = H0/c the Hubble distance and ⌦m = 0.27
and ⌦⇤ = 0.73. Then, according to the second point,
one needs to consider a population of sources tracing a
known rate distribution such as the star-formation rate.
Then, the neutrino flavor ratios at the Earth becomes

↵�
i =

X

j,k

↵S
j |Uik|2|Ujk|2

⌧
cos2

✓
��j

2

◆�
. (17)

The angled brackets in Eq. (17) denote energy average
over the resolution of the detector which is assumed to
follow a Gaussian energy distribution with resolution
�E = 0.15E. Then, we include the e↵ect of source dis-
tribution as in [90] and assume that they track the star-
formation rate [81, 82].

We display this behavior in Fig. 6. We see that as
in the neutrino decay case, there is su�ciently good
sensitivity to reconstruct some aspects of the energy-
dependence of the flavor ratios, though in this case
not quite as e�ciently as in the case of neutrino de-
cay. Moreover though flavor properties such as these
would indicate the presence of some new BSM physics in
the neutrino sector, distinguishing neutrino decay from
pseudo-Dirac neutrinos will be challenging. A more op-
timistic path for discrimination between BSM scenarios

will be o↵ered by a joint flavor and spectral analysis (see
Sec. V D).

C. Neutrino Self-Scattering

Lastly, we consider the e↵ect of neutrino self-
scattering [91, 92] on the Cosmic Neutrino Background
(C⌫B) en route between the astrophysical source and the
Earth. We assume that astrophysical neutrino source
produces only some combination of the active flavor ra-
tios, though the scattering partners in the C⌫B can be
either active or sterile neutrinos. The large number den-
sity of relic neutrinos in the C⌫B, ⇠ 100 cm�3, makes
sizable neutrino self-scattering a possibility if they in-
teract with new forces, sometimes called “secret inter-
actions” and applications to cosmic neutrinos have been
considered [93–95]. Soon after cosmic high-energy neu-
trinos were discovered by the IceCube Collaboration,
it was pointed out that the IceCube data can be used
as an unique probe of the secret interactions of neutri-
nos [24, 25], and some detailed models have been con-
structed [26–30, 96].

One of the simplest ways to achieve the requisite cross
sections for significant scattering is through the resonant
exchange of mediator particle. We will refer to this me-
diator simply as � though it could be a scalar [24, 25, 27]
or a vector [28, 97–99] boson. Note that in models with
direct couplings to active neutrinos, a number of labo-
ratory constraints exist [27, 98, 99]. These bounds are
considerably relaxed if the mediator only couples to ster-
ile neutrinos, since flavor transitions need to occur inside
the detector with large probability. To our knowledge
there is no detailed study of how the constraints change
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FIG. 5: Left panel: Here we display an illustrative example of incomplete neutrino decay in which ⌫1 and ⌫2 decay in the
IH. The source has been chosen to produce 1 : 2 : 0 flavor ratios. Right Panel: Here we show the projected IceCube-Gen2
sensitivity. We have imposed

P
i ↵i = 1, in the left panel, but note that neutrino decays induce an overall flux suppression on

low energies since it is only the ⌫3 state that exists at low energies whereas the other two are present for higher energies. In
this example we have fixed �1 = 102 s/eV. The star-formation rate is used as a redshift evolution of the sources.

IceCube sensitivity to neutrino decay is forthcoming [80].
Next, consider the case of an “incomplete decay” in

which only one mass eigenstate is present at the lowest
energies but the flux transitions to the original source
flavor ratios at higher energies. This most striking ex-
ample of this is a↵orded in inverted hierarchy (IH) where
only ⌫3 is stable. As displayed in Fig. 5, this depletes the
e-flavor content at low-energies while leveling out to the
standard (“undecayed”) flavor ratios at high energies.
Here we have taken ⌧1/m1 = 102 s/eV.

In order to empirically uncover the energy-dependent
flavor induced by neutrino decay, we consider a flavor fit
in two di↵erent energy bins: above 2 PeV and below 2
PeV. The result of these two fits is depicted in Fig. 5
where we demonstrate that an energy dependent flavor
determination is possible. We note that this example
may be in a mild (1�2)� tension with the current flavor
constraints from combined maximum likelihood analy-
sis of IceCube’s events [6]. In Sec. V D, we will show
that future neutrino detectors such as IceCube-Gen2 can
provide us with more stringent constraints on neutrino
decay through a joint flavor and spectral analysis.

B. Oscillating into New States: Pseudo-Dirac
Neutrinos

The nature of origin of neutrino masses remains poorly
understood, but many models predict the existence of
right-handed sterile neutrinos. These states have of
course been searched for in a number of realms. The
well-known seesaw mechanism predicts that these states

have very large Majorana masses that make them oth-
erwise hard to probe. By contrast in the pseudo-Dirac
scenario, the Majorana masses are small compared to
the Dirac scale, and the induced small mass-splittings
provides another mechanism which makes right-handed
neutrinos hidden from us. We here consider the e↵ect of
the pseudo-Dirac neutrinos [33, 34], in which there may
exist a tiny mass splitting between the active and sterile
neutrinos. Applications to astrophysical neutrinos have
been considered in Refs. [13, 88] (see also Ref. [89]) be-
fore high-energy cosmic neutrinos discovered.

These small mass splittings only gives rise to oscilla-
tions to the sterile state on very large distance scales,
since the oscillation length is

Losc = 80 Mpc

✓
E

1 PeV

◆  
10�15 eV2

�m2
j

!
, (14)

where �m2
j is the mass-splitting with the jth active neu-

trino mass eigenstate.
In this case, the neutrino flavor ratios at the Earth can

be very di↵erent and depend sensitively on the energy:

↵�
i =

X

j,k

↵S
j |Uik|2|Ujk|2 cos2

✓
�m2

kL

4E

◆
. (15)

In the above L is the distance between the source and
the Earth. Notice that one recovers the pure Dirac result
in the vanishing �m2

k limit. These new mass splittings
could be o↵ of only one of the active neutrinos or o↵ all of
them. The mass splittings with ⌫1 has the largest e↵ect
though, as it induces a large e↵ect on the electron-flavor
component.
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FIG. 6: Here we show an example of the flavor distortions that can arise from pseudo-Dirac neutrinos with a mass-splitting:
�m2

k = 10�17 eV2, with k = 1 where we have assumed only one pseudo-Dirac neutrino split o↵ the ⌫1 state. The star-formation
rate is used as a redshift evolution of the sources.

Notice that Eq. (15) has two shortcomings: (1) it as-
sumes implicitly a static Universe, and (2) it assumes
a single source at a given distance from the observer.
The first point can be easily addressed by computing the
phase di↵erence in an expanding Universe. The proper
phase di↵erence is calculated as [90]

��j =
�m2

j

2E
DH

Z z

0

dz0

(1 + z0)2
p

⌦m(1 + z0)3 + ⌦⇤

.

(16)
with DH = H0/c the Hubble distance and ⌦m = 0.27
and ⌦⇤ = 0.73. Then, according to the second point,
one needs to consider a population of sources tracing a
known rate distribution such as the star-formation rate.
Then, the neutrino flavor ratios at the Earth becomes

↵�
i =

X

j,k

↵S
j |Uik|2|Ujk|2

⌧
cos2

✓
��j

2

◆�
. (17)

The angled brackets in Eq. (17) denote energy average
over the resolution of the detector which is assumed to
follow a Gaussian energy distribution with resolution
�E = 0.15E. Then, we include the e↵ect of source dis-
tribution as in [90] and assume that they track the star-
formation rate [81, 82].

We display this behavior in Fig. 6. We see that as
in the neutrino decay case, there is su�ciently good
sensitivity to reconstruct some aspects of the energy-
dependence of the flavor ratios, though in this case
not quite as e�ciently as in the case of neutrino de-
cay. Moreover though flavor properties such as these
would indicate the presence of some new BSM physics in
the neutrino sector, distinguishing neutrino decay from
pseudo-Dirac neutrinos will be challenging. A more op-
timistic path for discrimination between BSM scenarios

will be o↵ered by a joint flavor and spectral analysis (see
Sec. V D).

C. Neutrino Self-Scattering

Lastly, we consider the e↵ect of neutrino self-
scattering [91, 92] on the Cosmic Neutrino Background
(C⌫B) en route between the astrophysical source and the
Earth. We assume that astrophysical neutrino source
produces only some combination of the active flavor ra-
tios, though the scattering partners in the C⌫B can be
either active or sterile neutrinos. The large number den-
sity of relic neutrinos in the C⌫B, ⇠ 100 cm�3, makes
sizable neutrino self-scattering a possibility if they in-
teract with new forces, sometimes called “secret inter-
actions” and applications to cosmic neutrinos have been
considered [93–95]. Soon after cosmic high-energy neu-
trinos were discovered by the IceCube Collaboration,
it was pointed out that the IceCube data can be used
as an unique probe of the secret interactions of neutri-
nos [24, 25], and some detailed models have been con-
structed [26–30, 96].

One of the simplest ways to achieve the requisite cross
sections for significant scattering is through the resonant
exchange of mediator particle. We will refer to this me-
diator simply as � though it could be a scalar [24, 25, 27]
or a vector [28, 97–99] boson. Note that in models with
direct couplings to active neutrinos, a number of labo-
ratory constraints exist [27, 98, 99]. These bounds are
considerably relaxed if the mediator only couples to ster-
ile neutrinos, since flavor transitions need to occur inside
the detector with large probability. To our knowledge
there is no detailed study of how the constraints change

Dmk
2=10-17 eV2

- Tiny mass splitting w. sterile neutrinos  

- Cosmic neutrinos can be used as a probe
Wolfenstein 81, Petcov 81

Beacom et al. 04, Karanen et al. 03
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[e.g., 31–33]. Since such self-interactions conserve the total energy, the neutrinos keep the energy
flux while reducing the typical energy. Thus, this scenario can naturally account for a possible “coin-
cidence problem”: why the observed neutrino flux is comparable to the Waxman–Bahcall bound [34]
or equivalently the cosmogenic neutrino flux at EeV energies produced by ultrahigh-energy cosmic-
ray (UHECR) protons [e.g., 35–37]. The lack of >2 PeV events indicates either a soft spectrum or
a break at several PeV [2,3], implying different processes at PeV and EeV energies. It is a coinci-
dence that two different processes separated by three orders of magnitude in energy give almost the
same flux.

We use (H0, !m, !") = (72 km s−1 Mpc−1, 0.27, 0.73) and c = ! = k = 1.

2. Neutrino–neutrino interactions beyond the Standard Model

We consider non-standard neutrino interactions between themselves, through scalar Lint = gi j ν̄iν jφ

or pseudoscalar bosons Lint = g′
i j ν̄iγ

5ν jφ as in Majoron-like models [38–41], or vector bosons
Lint = gi j ν̄iγ

µν j Xµ [18,23]. We assume that a boson has mass m X ∼ MeV–GeV, and does not
directly couple (or couples very weakly) to charged particles to evade experimental constraints. There
exist gauge-invariant models under electroweak SU (2) [42,43].

The cross section for scattering νν → νν is generally written as [e.g., 18,44]

σνν ≃ g4

16π

s

(m2
X − s)2 + m2

X(2
X

≃

⎧
⎪⎪⎨

⎪⎪⎩

1
16π

(g2/m2
X )2s, (s ≪ m2

X )

1
16π

g4/s, (s ≫ m2
X )

(1)

where
√

s is the center-of-mass energy and (X ≃ g2m X/4π is the decay width. In the low-energy
limit the interaction is described by the Fermi’s four-fermion theory, while in the high-energy limit the
boson mass is negligible. At a resonance s ≈ m2

X , we obtain σνν ∼ π/m2
X . For cosmological sources

at z, a δ-function approximation for the resonance gives σ eff
νν ∼ πg2/(4m2

X ) for
m2

X
(1+z)2mν

< εobs
ν <

m2
X

2mν
[44]. In addition, the annihilation νν → X X → νννν contributes σνν ∝ (g4/s) ln(s/m2

X ) for
s ≫ m2

X . We do not distinguish the types of bosons nor neutrino–antineutrino. Our discussion is
basically applicable if a single flavor or a single pair of flavors exchange energy, e.g., νeντ → νeντ ,
because of flavor mixing.

For high-energy neutrinos interacting with CνB, the cross section (1) may be regarded as a function
of the energy εν of the high-energy neutrinos by using the relation s ≃ 2mνεν , where we take a
neutrino mass mν ∼ 0.05 eV as a fiducial value. From neutrino oscillations, at least one flavor has
mass mν ! 0.05 eV and the other has mν ! 0.009 eV, while the cosmological observations limit
the sum of the masses as

∑
mν " 0.3 eV [e.g., 45]. Note that we should use Tν instead of mν if

mν is less than the CνB temperature Tν = (4/11)1/3Tγ ≃ 1.95 K = 1.68 × 10−4 eV. For different
masses m′

ν (or Tν), our results can be scaled by s → s(m′
ν/mν), g → g(m′

ν/mν)
1/4, and m X →

m X (m′
ν/mν)

1/2.
The high-energy neutrinos are attenuated if the mean free path λν = 1/nνσνν is smaller than the

distance to the source d, where nν = 1
2 × 3

11nγ ≃ 56 cm−3 is the current number density of CνB for
each type (ν or ν̄), neglecting neutrino asymmetry [46]. For extragalactic sources at a cosmological
distance d ∼ cH−1

0 , the attenuation condition is

σνν(εν) >
H0

cnν
∼ 1.4 × 10−30 cm2, (s ≃ 2mνεν). (2)
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