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Diffuse Neutrino Flux Spectrum
High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 9	

Poster	#175.	Wandkowsky	et	al.	(IceCube)	• 7.5-yr HE Starting Events
103 events 
(60 events > 60 TeV)
Best-fit: s=2.87�0.3

• Updates at ICRC 2019
Best-fit: s=2.89+0.2-0.19

• 8-yr upgoing nµ “track”
36 events at >200 TeV (6.7s)
Best-fit: s=2.19�0.10

• Updated at ICRC 2019
9.5-yr upgoing nµ “track”
Best-fit: s=2.28+0.08-0.09

diffuse n flux per flavor

En
2Fn ~ 10-8 GeV cm-2 s-1 sr-1

at En > 200 TeV

IceCube @ Neutrino 2018



Importance of Combined Analysis
Two basic questions
1. one component power-law or structure?

(origin of cosmic neutrinos below 100 TeV ?)
2. neutrino flavor consistent w. 1:1:1?

For astro/BSM model perspectives   
Tests for non-power law (arbitrary) neutrino spectra 
with different (arbitrary) flavor ratios
- astrophysical neutrinos: may not be power-law
- flavor ratios depend on mechanisms (E-dependent)
- BSM effects can easily modify shapes & flavor ratios
HOW GLOBAL? (ULTIMATE: MULTIMESSENGER?)



Multi-Messenger Cosmic Particle “Backgrounds”

Energy generation rates are all comparable to a few x 1043 erg Mpc-3 yr-1

gamma neutrino UHECR

non-blazar



Astrophysical Extragalactic Scenarios
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stacking and other searches 
disfavor blazar-type AGN
and classical g-ray bursts 
as the “dominant” n origin 
(exceptions: hidden sources)



Cosmic-Ray Reservoirs
Galaxy clusters/groupsStarburst galaxies

CR confinement 

target gas

magnetized region w. CR sources
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low-energy CRs are 
confined by magnetic fields
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escape without interactions
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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-

KM, Inoue & Nagataki 08
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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

Loeb & Waxman 06
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galaxy group/cluster

starburst galaxy

IceCube

Kotera, Allard, KM, Aoi, Dubois,
Pierog & Nagataki 09

Consistent w.
predictions



Ex. AGN Embedded in Galaxy Clusters/Groups

Fang & KM 18 Nature Phys.

• AGN as “UHECR” accelerators
• confinement in cocoons & clusters
• escaping nuclei → “hard” spectrum
• smooth transition to cosmogenic n spectrum

“Unifying” >0.1 PeV n, sub-TeV g, and UHECRs (above 2nd knee at 1017 eV)
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Neutrino-Gamma-UHECR Connection?

• Explain >0.1 PeV n data with a few PeV break (theoretically expected)
• Escaping CRs may contribute to the observed UHECR flux

(grand-)unification of neutrinos, gamma rays & UHECRs
simple flat energy spectrum w. s~2 can fit all diffuse fluxes

KM & Waxman 16 PRD

PeVn – confined CR
UHECR – escaping CR
sub-TeVg – “sum”
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Neutrino-Gamma Connection

Generic power-law spectrum: ∝ e2-s, transparent to GeV-TeV g

• sn<2.1-2.2 (for extragal.); insensitive to redshift evolution of sources
• physical connection between n & g backgrounds?

contribution to diffuse sub-TeV g: >30%(SFR evol.)-40% (no evol.)

pp



Testing the hadronuclear origin of PeV neutrinos observed with IceCube
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We consider implications of the IceCube signal for hadronuclear (pp) scenarios of neutrino sources

such as galaxy clusters/groups and star-forming galaxies. Since the observed neutrino flux is comparable

to the diffuse !-ray background flux obtained by Fermi, we place new, strong upper limits on the source

spectral index, ! & 2:1–2:2. In addition, the new IceCube data imply that these sources contribute at least

30%–40% of the diffuse !-ray background in the 100 GeV range and even !100% for softer spectra.

Our results, which are insensitive to details of the pp source models, are one of the first strong examples

of the multimessenger approach combining the measured neutrino and !-ray fluxes. The pp origin of the

IceCube signal can further be tested by constraining ! with sub-PeV neutrino observations, by unveiling

the sub-TeV diffuse !-ray background and by observing such pp sources with TeV !-ray detectors.

We also discuss specific pp source models with a multi-PeV neutrino break/cutoff, which are consistent

with the current IceCube data.

DOI: 10.1103/PhysRevD.88.121301 PACS numbers: 95.85.Ry, 98.70.Rz, 98.70.Sa, 98.70.Vc

I. INTRODUCTION

High-energy neutrinos provide the ‘‘smoking-gun’’ signal
of cosmic-ray (CR) acceleration [1], and their detection with
the IceCube observatory has long been anticipated [2]. In
2012, the IceCube Collaboration announced the detection of
two PeV shower events observed during the combined
IC-79/IC-86 data period [3]. A recent follow-up analysis
[4] of the same data uncovered a spectrum of 26 additional
events at lower energies. These new data are consistent
with an isotropic neutrino background (INB)fluxofE2

"""i !
10"8 GeV cm"2 s"1 sr"1 (per flavor) around PeV [3,4], in
agreement with the conventional Waxman-Bahcall bound
[5]. A break/cutoff at E" ! 1–2 PeV is suggested for hard
spectra with spectral indices of !! 2, since no events were
found at higher energies where the effective area is larger
especially due to the Glashow resonance at 6.3 PeV [4,6].

The origin of the IceCube signal is unknown. Among
extragalactic neutrino sources, jets and cores of active
galactic nuclei (AGN) [7,8] and !-ray burst (GRB) jets
[9,10] have been widely studied, where the photohadronic
(e.g., p!) reaction is typically the main neutrino genera-
tion process. On the other hand, large scale structures
with intergalactic shocks (IGSs) and AGN [11,12], and
starburst galaxies (SBGs) [13] may significantly contrib-
ute to the INB mainly via the hadronuclear (e.g., pp)
reaction. It is crucial to discriminate pp and p! scenarios
to identify the neutrino sources. In this work, we consider
the pp origin and show that it can be tested with the
multimessenger approach in the next several years.

Recently, Fermi improved limits on the diffuse isotropic
!-ray background (IGB) by !10 times compared to
EGRET [14], so the known connection between the INB
and the IGB [15] leads to stronger constraints on neutrino

emission. Although p! emission, especially a cosmogenic
signal, has been the main interest (e.g., [16,17]), pp
sources have not been explicitly studied. There is an im-
portant difference between the pp and p! cases. In p!
scenarios, secondary spectra typically have a strong energy
dependence (rising at # GeV energies) due to the thresh-
old and dominance of resonant channels. In contrast, the
approximate Feynman scaling of pp reactions leads to
power-law secondary spectra stretching from GeV ener-
gies, following the initial CR spectrum. Hence, normaliza-
tion of the neutrino spectrum at PeV energies has
immediate consequences on !-ray spectra at lower ener-
gies, giving us powerful constraints on pp scenarios.
The new IceCube data show that the total INB flux is

comparable to the diffuse IGB flux [3,4]. This enables us
to obtain the allowed range in viable pp scenarios for
the first time. Our conclusion that the pp sources must
have ! & 2:1–2:2 implies that the pp origin can be tested
by (a) determining ! by IceCube, (b) resolving sources
by Fermi and understanding the diffuse IGB, and
(c) observing more individual sources with TeV !-ray
telescopes, especially the future Cherenkov Telescope
Array (CTA) [18]. Our results are insensitive to redshift
evolution and even remain valid for Galactic sources
when we regard the observed neutrino flux as isotropic.
We briefly discuss specific sources with a neutrino break/
cutoff around PeV. Throughout this work, we use
Ax ¼ A=10x and cosmological parameters with h ¼ 0:71,
#m ¼ 0:3, and #$ ¼ 0:7.

II. THE MULTIMESSENGER CONNECTION

We generally consider pp neutrinos produced inside the
sources, which more specifically include galaxy clusters

PHYSICAL REVIEW D 88, 121301(R) (2013)

RAPID COMMUNICATIONS

1550-7998=2013=88(12)=121301(6) 121301-1 ! 2013 American Physical Society

Testing the hadronuclear origin of PeV neutrinos observed with IceCube

Kohta Murase,1 Markus Ahlers,2 and Brian C. Lacki3

1Hubble Fellow—Institute for Advanced Study, Princeton, New Jersey 08540, USA
2Wisconsin IceCube Particle Astrophysics Center (WIPAC) and Department of Physics, University of Wisconsin,

Madison, Wisconsin 53706, USA
3Jansky Fellow of the National Radio Astronomy Observatory—Institute for Advanced Study, Princeton, New Jersey 08540, USA

(Received 15 June 2013; revised manuscript received 21 August 2013; published 3 December 2013)

We consider implications of the IceCube signal for hadronuclear (pp) scenarios of neutrino sources

such as galaxy clusters/groups and star-forming galaxies. Since the observed neutrino flux is comparable

to the diffuse !-ray background flux obtained by Fermi, we place new, strong upper limits on the source

spectral index, ! & 2:1–2:2. In addition, the new IceCube data imply that these sources contribute at least

30%–40% of the diffuse !-ray background in the 100 GeV range and even !100% for softer spectra.

Our results, which are insensitive to details of the pp source models, are one of the first strong examples

of the multimessenger approach combining the measured neutrino and !-ray fluxes. The pp origin of the

IceCube signal can further be tested by constraining ! with sub-PeV neutrino observations, by unveiling

the sub-TeV diffuse !-ray background and by observing such pp sources with TeV !-ray detectors.

We also discuss specific pp source models with a multi-PeV neutrino break/cutoff, which are consistent

with the current IceCube data.

DOI: 10.1103/PhysRevD.88.121301 PACS numbers: 95.85.Ry, 98.70.Rz, 98.70.Sa, 98.70.Vc

I. INTRODUCTION

High-energy neutrinos provide the ‘‘smoking-gun’’ signal
of cosmic-ray (CR) acceleration [1], and their detection with
the IceCube observatory has long been anticipated [2]. In
2012, the IceCube Collaboration announced the detection of
two PeV shower events observed during the combined
IC-79/IC-86 data period [3]. A recent follow-up analysis
[4] of the same data uncovered a spectrum of 26 additional
events at lower energies. These new data are consistent
with an isotropic neutrino background (INB)fluxofE2

"""i !
10"8 GeV cm"2 s"1 sr"1 (per flavor) around PeV [3,4], in
agreement with the conventional Waxman-Bahcall bound
[5]. A break/cutoff at E" ! 1–2 PeV is suggested for hard
spectra with spectral indices of !! 2, since no events were
found at higher energies where the effective area is larger
especially due to the Glashow resonance at 6.3 PeV [4,6].

The origin of the IceCube signal is unknown. Among
extragalactic neutrino sources, jets and cores of active
galactic nuclei (AGN) [7,8] and !-ray burst (GRB) jets
[9,10] have been widely studied, where the photohadronic
(e.g., p!) reaction is typically the main neutrino genera-
tion process. On the other hand, large scale structures
with intergalactic shocks (IGSs) and AGN [11,12], and
starburst galaxies (SBGs) [13] may significantly contrib-
ute to the INB mainly via the hadronuclear (e.g., pp)
reaction. It is crucial to discriminate pp and p! scenarios
to identify the neutrino sources. In this work, we consider
the pp origin and show that it can be tested with the
multimessenger approach in the next several years.

Recently, Fermi improved limits on the diffuse isotropic
!-ray background (IGB) by !10 times compared to
EGRET [14], so the known connection between the INB
and the IGB [15] leads to stronger constraints on neutrino

emission. Although p! emission, especially a cosmogenic
signal, has been the main interest (e.g., [16,17]), pp
sources have not been explicitly studied. There is an im-
portant difference between the pp and p! cases. In p!
scenarios, secondary spectra typically have a strong energy
dependence (rising at # GeV energies) due to the thresh-
old and dominance of resonant channels. In contrast, the
approximate Feynman scaling of pp reactions leads to
power-law secondary spectra stretching from GeV ener-
gies, following the initial CR spectrum. Hence, normaliza-
tion of the neutrino spectrum at PeV energies has
immediate consequences on !-ray spectra at lower ener-
gies, giving us powerful constraints on pp scenarios.
The new IceCube data show that the total INB flux is

comparable to the diffuse IGB flux [3,4]. This enables us
to obtain the allowed range in viable pp scenarios for
the first time. Our conclusion that the pp sources must
have ! & 2:1–2:2 implies that the pp origin can be tested
by (a) determining ! by IceCube, (b) resolving sources
by Fermi and understanding the diffuse IGB, and
(c) observing more individual sources with TeV !-ray
telescopes, especially the future Cherenkov Telescope
Array (CTA) [18]. Our results are insensitive to redshift
evolution and even remain valid for Galactic sources
when we regard the observed neutrino flux as isotropic.
We briefly discuss specific sources with a neutrino break/
cutoff around PeV. Throughout this work, we use
Ax ¼ A=10x and cosmological parameters with h ¼ 0:71,
#m ¼ 0:3, and #$ ¼ 0:7.

II. THE MULTIMESSENGER CONNECTION

We generally consider pp neutrinos produced inside the
sources, which more specifically include galaxy clusters

PHYSICAL REVIEW D 88, 121301(R) (2013)

RAPID COMMUNICATIONS

1550-7998=2013=88(12)=121301(6) 121301-1 ! 2013 American Physical Society



e.g.!νµ!+!N!!!µ!+!hadrons!
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•  relax power-law assumption

        by fitting separate flux normalizations in bins of Eν (E-2 distribution within each bin)




•  large uncertainties at low (<10 TeV) and high (>200 TeV) energies


 
(! dominated by conventional background) 
 
(! only 6 events)


•  consistent with single power-law 
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Lowering the Threshold: Medium-Energy Excess?

• Shower analyses
Edep: 0.4 TeV-10 PeV (2010-2015)

4740 events, s=2.48+-0.08
En

2 Fn=(1.57+0.23-0.22)x10-8 GeV cm-2 s-1 sr-1

at 100 TeV (per flavor)
No evidence for north-south asymmetry 

IceCube 17 ICRC

Not conclusive but perhaps a structure in the neutrino spectrum?

Single power law astrophysical neutrino spectrum

7/29/19 ICRC 2019 - Williams - Results from IceCube 9

J. Stettner NU4a
A. Schneider NU4b

ICRC 2019 | Madison WI | IceCube: Diffuse NuMu Spectrum | Jöran Stettner13

Summary and Outlook

 Updated the sample of up-going muon-neutrinos
 Pass-2 re-calibration and re-processing
 In total, 9.5 years of experimental data

 Improved treatment of systematic uncertainties
 Hadronic interaction models and primary 

cosmic-ray fluxes (MCEq)

 Updated best-fit astrophysical flux:  

 Stay tuned for more astrophysical models... →See next talk (PoS1004)

IceCube @ ICRC 2019
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Medium-Energy Excess Problem

Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ existence of “hidden (g-ray dark) sources” 

(n data above 100 TeV can be explained by g-ray transparent sources)

• 10-100 TeV shower data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

KM, Guetta & Ahlers 16 PRL
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Hidden Cosmic-Ray Accelerators?

KM+ 16 PRL

Low-power GRBs (choked jets) Supermassive black hole cores

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtboÞ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6–3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (") 1:5–3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12–14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with )!2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over )ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min½1; 0:1C"1!rel0; (3)

where C ¼ 1þ 2 ln!2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=!þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell )nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.
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Choked Jets as Hidden Neutrino Factories

Another possible subclass of interest are UL GRBs,
which have a much longer duration compared to classical
GRBs (but see also Ref. [32]). Their long duration may
suggest a long-lasting fall-back accretion from an extended
progenitor onto a black hole. Blue supergiants (BSGs) are
possible UL GRB progenitors and are believed to be
common at very high redshifts [33,34]. Alternatively, such
long durations may be explained by a fast-rotating pulsar,
which could account for the connection between UL GRBs,
superluminous SNe and hypernovae (e.g., Refs. [35–37]).
Although we do not consider potential sources of UL GRBs
in this work, these low-power GRBs can also contribute to
neutrino emission [19].
Predictions for high-energy neutrino emission from GRB

jets of both high and low luminosity are still uncertain
despite recent improvements in theoretical calculations (e.g.,
Refs. [38–44]) (although guaranteed emission is expected in
the GeV-TeV range for neutron-loaded outflows; e.g.,
Refs. [45–48]). Irrespective of their viability as VHE
neutrino factories, the mechanisms for producing and the
physical processes associated with low-power GRBs are still
largely unknown and remain intriguing open questions.
Nearby long GRBs have been associated with broad-line
Type Ic SNe (e.g., GRB 980425, 060218, and 100316D),
which are known to be caused by the collapse of massive
stars that eject their outer envelopes. LL GRBs have been of
special interest since they show intermediate properties
between GRBs and SNe and have been associated with
transrelativistic SNe [49]. Both types of transients may be
driven by jets [31,50], and the study of LL GRBs may offer
clues to the GRB-SN connection [51,52].
In this work, based on the above motivation we consider

the VHE neutrino emission from jets choked by dense
external material, as well as any subsequent shocks result-
ing from the jet acting as a relativistic piston. In particular,
we focus on scenarios which may produce LL GRBs.
Under the current constraints imposed by the IceCube
analyses mentioned above, such LL GRBs are attractive as
the originators of the diffuse VHE neutrino flux (i) because

of their high local rate relative to their high-luminosity
cousins and (ii) because their low gamma-ray flux makes
them difficult to detect with conventional electromagnetic
detectors (e.g., Swift). Recently, Murase and Ioka [19]
showed that choked jets may be more favorable as sites of
efficient neutrino production. Jets which successfully
penetrate both the progenitor star and, if applicable, a
circumstellar envelope (i.e., emergent jets) typically have
high luminosities such that they form radiation-mediated
shocks, which are unfavorable for CR acceleration and
neutrino production. Taking into account the luminosity
and redshift distribution of LL GRBs, we show that they
and the choked jets may contribute to the diffuse neutrino
flux while remaining absent from GRB joint electromag-
netic-neutrino searches. We also explicitly show the
conditions required to produce choked jets with radiation-
unmediated shocks.

II. DYNAMICS OF RELATIVISTIC JETS

A. Model setup for emergent jet, shock breakout,
and choked jet scenarios

GRBs are thought to result from the intense emission
from relativistic jets that successfully penetrate a progenitor
star, and an understanding of jet propagation is
undoubtedly relevant (e.g., Refs. [26,53,54]). It would be
natural to expect that the radiation mechanism of LL GRB
gamma-ray emission is similar to that of classical GRBs
[50,55,56]. The simplest such model is a scaled-down
version of the classical GRB, where dissipation occurs in a
mildly relativistic jet which has emerged outside of the
progenitor star and any circumstellar material. We call this
scenario the emerging jet (EJ) model (see Fig. 1, right
panel). For EJs, prompt neutrino emission is produced
together with prompt gamma-ray emission outside the star,
identical to the scenario expected from classical GRBs
[29,30,57].
Another interpretation of LL GRBs which has received

attention is the shock breakout emission model, where the
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FIG. 1. Left panel: The choked jet model for jet-driven SNe. Orphan neutrinos are expected since electromagnetic emission from the
jet is hidden, and such objects may be observed as hypernovae. Middle panel: The shock breakout model for LL GRBs, where
transrelativistic shocks are driven by choked jets. A precursor neutrino signal is expected since the gamma-ray emission from the shock
breakout occurs significantly after the jet stalls (e.g., Ref. [26]). Right panel: The emerging jet model for GRBs and LL GRBs. Both
neutrinos and gamma rays are produced by the successful jet, and both messengers can be observed as prompt emission.

SENNO, MURASE, and MÉSZÁROS PHYSICAL REVIEW D 93, 083003 (2016)
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KM & Ioka 13, Nakar 15, Senno, KM & Meszaros 16, He+ 18
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Fig. 1.— The spectral-hardness (ratio of fluence in 50–100 keV over 20–50 keV) versus duration diagram for CGRO/BATSE GRBs (red
points) and Swift GRBs (blue points), with the locations of GRB 101225A, GRB 111209A and GRB 121027A marked (note these are
approximate due to the lack of Swift orbit coverage). These three events have durations much longer than any seen by BATSE. In the
case of GRB 101225A, the long-lived, low level emission could easily have been missed, while GRB 111209A was seen as an extremely long
burst by Konus-Wind.
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Fig. 2.— Parameter space for transients in the �-ray sky, showing the duration of the burst, and the approximate average luminosity
over that duration. At low luminosity there are numerous Galactic sources that we do not include in further detail; at higher luminosity
the outbursts for soft-gamma repeaters (SGRs) in our own Galaxy are shown, as well as extragalactic transients such as long and short
duration GRBs (LGRBs and SGRBs), and the likely population of low luminosity GRBs (LLGRBs). Two recently discovered very long
transients, thought to be from tidal disruption events are also shown (labelled TDEs?). The bursts considered in this paper (GRB 101225A,
GRB 111209A and GRB 121027A) are clearly outliers to any of these aforementioned classes.
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Figure 7. Comparison of the numerical results of our analysis (heat map, see figure 6) with the
90% upper limit determined by eq. (4.2). The white solid line corresponds to the 90% upper limit
using the 28 SNe with measured redshift, while the black dashed line corresponds to the analytic 90%
confidence level using eq. (4.2) and 131 SNe from May 2010–May 2017 (see text for details).

The probability P
>90 of observing more neutrinos given a signal rate (n

s

), assuming the
average isotropic equivalent CR energy released per burst is Ẽcr = Ecr fjet, is given by

P
>90 =

N

bkg,90X

y=0

(n
s

+ n
b

)y e�(ns+nb)

y!
, (4.2)

where n
s

is estimated to be

n
s

= ��1
lim

Ẽcr
32⇡C

N

snX

j=1

1

D2
L,j

, (4.3)

For the 28 SNe in our sample with a measured redshift, this gives Ẽcr,90% ⇠ 1052 erg.

Figure 7 compares the heat map of our numerical results (as seen in figure 6) with the
analytic results produced by eq. (4.2) (white solid line). We see that there is reasonable
agreement between the shape of the exclusion region from both methods, as well as the
location of the 90% confidence limit at Ecr ⇠ 1052 erg (for fjet = 1). With an additional 6
years of IceCube data, we find using eqs. (4.1)–(4.2) that the 90% confidence limit on Ecr can
be improved by a factor of ⇠ 10 (see figure 7 black dashed line, which was calculated using
131 Type Ibc SNe that were observed between May 2010–May 2017 with an extrapolation of
the expected neutrino background rate for 7 years of data from 1 year of data).
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Stacking Searches for Neutrinos from Supernovae

• Present constraints: Ecr<1051-1052 erg (if all SNe emit ns)
• Stacking analyses w. shower+track (ultimately global) data?

(tracks are better for transients due to time coincidence) 

public 6 yr HESE data w. 222 SNe Ibc public 1 yr upgoing nµ data w. 28 SNe Ibc

1 yr
(28 SNe)

7 yr
(131 SNe)

Stacking analyses on SNe (~week) w. open SN catalogue

Senno, KM & Meszaros 18 JCAPEsmaili & KM 18 JCAP



AGN Cores as Hidden Neutrino Factorioes

AGN corona: promising sites of CR acceleration (ex. Hoshino 12, Kimura, KM & Tomida 19) 
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• Robust predictions for MeV g (AMEGO) & sub-PeV n (Gen2/KM3Net)
• Stacking analyses w. shower+track (ultimately global) data 



A. Quasiisotropic Galactic emission

The IceCube excess is consistent with an isotropic
distribution of arrival directions. If it is truly isotropic, it
is natural to assume that the neutrinos come from extra-
galactic sources. In principle, however, one could consider
possibilities of Galactic sources such as Galactic halos
including termination shocks of galactic winds, high-
latitude old pulsars, local molecular clouds around the
solar system and hot circumgalactic gas. But, among them,
no plausible scenario has been proposed. PeV γ-ray con-
straints can strongly support this directly.
As an astrophysical scenario we briefly discuss the

expected neutrino and γ-ray emission from the Galactic
halo following Ref. [52]. We assume that the ejecta of
Galactic supernovae (SN) accelerate CRs to an energy
above the CR knee sufficient for the production of PeV
neutrinos. (We will provide a more detailed discussion of
the maximum CR energy in supernova remnant (SNR)
shocks in the following section.) The total CR energy
per SN is assumed to be a significant energy fraction ϵp
of the initial SN ejecta energy of Eej ¼ 1051ergEej;51.
In the following we approximate the source CR spec-
trum as a power-law normalized as E2

pNpðEpÞ≃
ϵpEejðEp=Ep;minÞ2−Γ=R0, where we assume that Ep;min ∼
mp and introduce a bolometric correction factor R0¼
ð1−ðEp;max=Ep;minÞ2−ΓÞ=ðΓ−2Þ (orR0¼ lnðEp;max=Ep;minÞ
for Γ ¼ 2).

We now assume that CRs injected over a time scale of
tinj ∼ 10 Gyr can be trapped in the Galactic halo [53] with a
gasdensitynhalo≃10−4.2 cm−3ðr=RvirÞ−0.8 [54]up to thevirial
radius Rvir≃260kpc [55]. Assuming the present supernova
rate ofRSN ∼ 0.03 yr−1 and itspast enhancementfpast ∼ 3 the
total number of SNRs contributing to the halo emission is
NSNR≃fpastRSNtinj. The present energy density of CRs in
the halo is thus approximately NSNRϵpEej=Vhalo with halo
volume Vhalo ≃ ð4π=3ÞR3

vir. The per flavor and per SNR
neutrino spectral emissivity is then (c.f. [23]) E2

νQνα≃
ð1=6ÞκpcσppnhaloE2

pNpðEpÞ, where Eν ≃ 0.05Ep and for
pp interactions we used the pion ratio K ≃ 2, mean inelas-
ticity κp ≃ 0.5 and cross section σpp≃3×10−26 cm2 around
1GeV, increasing toσpp≃6×10−26 cm2 aroundEkn [56].The
diffuse neutrino spectrum can then be approximated as

E2
νJhaloνα ≃ NSNR

4πVhalo

Z
Rvir

0
drE2

νQνα

≃ 2.4 × 10−9 GeVcm−2s−1sr−1ϵp;−1Eej;51

×
!

Rvir

260 kpc

"−2!fpast
3

"!
RSN

0.03 yr−1

"!
tinj

10 Gyr

"
;

ð3Þ

for Γ ¼ 2, Ep;min ∼mp and Ep;max ∼ 12 PeV.
Note that the previous estimate is consistent with results

obtained by Ref. [52] if we adopt Γ ¼ 2.4, but the
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FIG. 2 (color online). Measurements of the isotropic diffuse γ-ray flux in the TeV-PeV range by various experiments (see Table I). Left
panel: The black lines shows the γ-ray flux corresponding to IceCube’s best fit assuming pp-interactions (K ¼ 2) and an exponential
cutoff at 6 PeV (i.e., 3 PeV for neutrinos). We show the unattenuated flux and the flux from 8.5 kpc, 20 kpc, and 30 kpc, respectively,
taking into account pair production via scattering off CMB photons. For the conversion of photon fractions into photon flux we use the
CR flux of Ref. [8]. For comparison we also show the total neutrino flux as a thin gray line. Right panel: Comparison to the Galactic
γ-ray emission of a generic DM decay scenario assuming a scalar X with mass mX ¼ 5 PeV and lifetime τX ¼ 7 × 1027 s. The solid,
dashed, and dotted black lines show the diffuse emission from the three sky regions divided by the red dashed circles in Fig. 3. The solid
gray line shows the total average neutrino flux, which also accounts for the extragalactic contribution shown separately as a dashed
gray line.
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Galactic Contribution?

• Template analyses are also feasible (depending on CR distribution)
(spatial information needed) 

� Airshower arrays have placed diffuse g-ray limits at TeV-PeV
Fermi g-ray data imply sn < 2.0 → support extragalactic scenarios

γ + bkgγ → e+ + e−

Ahlers & KM 14 PRD

Isotropic limits (Galactic halo CR model)
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ABSTRACT

We analyze the physical conditions of the cool, photoionized (T ∼ 104K) circumgalactic medium
(CGM) using the COS-Halos suite of gas column density measurements for 44 gaseous halos within
160kpc of L ∼ L∗ galaxies at z ∼ 0.2. These data are well described by simple photoionization
models, with the gas highly ionized (nHII/nH ! 99%) by the extragalactic ultraviolet background
(EUVB). Scaling by estimates for the virial radius, Rvir, we show that the ionization state (tracked
by the dimensionless ionization parameter, U) increases with distance from the host galaxy. The
ionization parameters imply a decreasing volume density profile nH = (10−4.2±0.25)(R/Rvir)−0.8±0.3.
Our derived gas volume densities are several orders of magnitude lower than predictions from standard
two-phase models with a cool medium in pressure equilibrium with a hot, coronal medium expected
in virialized halos at this mass scale. Applying the ionization corrections to the H I column densities,
we estimate a lower limit to the cool gas mass Mcool

CGM > 6.5 × 1010 M⊙ for the volume within R <
Rvir. Allowing for an additional warm-hot, OVI-traced phase, the CGM accounts for at least half of
the baryons purported to be missing from dark matter halos at the 1012 M⊙ scale.
Subject headings: galaxies: halos – galaxies:formation – intergalactic medium — quasars:absorption

lines

1. INTRODUCTION

Baryons account for 17% of the gravitating mass in
the universe (Ωb = 0.17 Ωm; Blumenthal et al. 1984;
Dunkley et al. 2009). Yet, observational inventories
reveal a shortage of baryons on both universal and
galaxy-halo scales. The first ‘missing baryon prob-
lem’ is illustrated by counting up all the baryons re-
vealed by observations of stars, dust, and gas in galax-
ies and clusters (Ωg). The total is significantly less
than the value expected from the widely-accepted Big
Bang Nucleosynthesis model, weighing in at only 0.03
- 0.07Ωb (Persic & Salucci 1992; Fukugita et al. 1998;
Bell et al. 2003). Second, baryons are apparently miss-
ing from galaxies themselves in what is known as the
galaxy halo missing baryon problem (McGaugh 2008;
Bregman & Lloyd-Davies 2007; McGaugh et al. 2010).
To explain these baryon shortages one must invoke un-
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seen or poorly-defined components: highly photoionized
intergalactic hydrogen, known as the Lyα forest (Lynds
1971; Sargent et al. 1980; Cen et al. 1994), the warm-
hot intergalactic medium, or WHIM, (Cen & Ostriker
1999; Davé et al. 1999) and the circumgalactic medium,
or CGM (e.g. Bergeron 1986; Lanzetta et al. 1995). In
cosmological hydrodynamical simulations, for instance,
baryons are apportioned comparably between the Lyα
forest (40%), the CGM (25%) and the WHIM (25%, ex-
cluding the gas that is also CGM; Davé et al. 2010).
The present work concerns the halo missing baryon

problem, which we briefly summarize here. Gener-
ally speaking, the condensed baryonic component of
galaxies, which dominates the energy output of the
system, is predicted to dynamically trace the under-
lying dark matter halo. Traditionally, baryon count-
ing in this regime has focused on a galaxy’s stars,
cold ISM, and its hot X-ray halo gas (Bell et al.
2003; Klypin et al. 2011; Baldry et al. 2008; Yang et al.
2009; McGaugh et al. 2010; Anderson & Bregman 2010;
Papastergis et al. 2012; Gupta et al. 2012). Compared
to the cosmological Ωb/Ωm ratio, galaxies and their halos
come up significantly short on baryons. For a Milky-Way
luminosity galaxy, the various estimates of the ratio in
stellar mass to the dark matter mass within the virial ra-
dius range from M∗/MDM ≈ 0.02− 0.05 (Behroozi et al.
2010); when we add the cold, neutral component from
HI surveys (Martin et al. 2010), this fraction increases
to only 0.07. Finally, when we add in the detected X-ray
halo gas, the fraction is at most 0.08 (but see Gupta et al.
2012; Fang et al. 2013). Such a deficiency is often ex-
pressed in terms of (Mstars,gas/MDM)/(Ωb/Ωm). In this
representation, galaxy halos appear to be missing ap-
proximately 60% of their baryons, suggesting that they
are structures nearly devoid of baryons both in mass and
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• Correlation analyses w. shower+track (ultimately global) data
(spatial information needed) 

• HAWC limits exist and seem to constrain the model

NPS vs Fermi bubble  
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we will assume that the Sun is close to the wall, choosing
as the smallest distance d = 25pc. We assume that the
interface between the Local Bubble and Loop I has the
density n = 20/cm3, while the remaining bubble wall of
Loop I has the density n = 10/cm3 [22].
Compared to our calculations of CR propagation in our

toy model, Loop I has a radius which is three times larger.
Moreover, we are interested in a source as Vela which is
≃ 11.000yr old. From the scaling law L ∝ (2Dt)1/2 we
estimate that we can use the results presented in Fig. 1
as a proxy for the case t ≃ 11.000yr and R ≃ 100pc ap-
propriate for the distance of Vela to the center of Loop I.
Alternatively, the CR source may be older and the mag-
netic field strength in Loop I higher than we assumed.

Neutrino and photon fluxes

We use the Monte Carlo generator QGSJET-II [23] to
calculate the photon and neutrino secondary fluxes. We
assume a mass fraction of 24% of Helium in the target
gas and calculate the average intensity of the secondaries
as

Ii(E) =
c

4π

∑

A∈{1,4}

∫ ∞

E
dE′ dσ

pA→i
inel (E′, E)

dE
(1)

×

∫

d3x
np(E′,x)nA

gas(x)

d2
, (2)

where σpA
inel is the production cross section of secon-

daries of type i in interactions of protons on nuclei with
mass number A, d denotes the distance from the Sun to
the interaction point x, np(E,x) the differential num-
ber density of CR protons and nA

gas(x) the density of
protons and Helium in the bubble wall of Loop I, re-
spectively. We use as injection spectrum of CR protons
dN/dE ∝ E−2.2 exp(−E/E0) with E0 = 3 × 1015 eV,
normalised such that the total energy emitted in CRs is
ECR = 2.5 × 1050 erg. Then we use the normalised CR
surface density shown in Fig. 1 to obtain the relevant CR
density inside the bubble wall.
In Fig. 2 we show by a red line the resulting intensity

I(E) multiplied by E2 of neutrinos on Earth obtained
in our model. An extragalactic component with spec-
tral shape 1/E2.1 as fit to the muon data is shown by
an orange line. Finally, the total intensity as sum of the
two components is shown by a violet line. Note that the
neutrino intensity of the Galactic compnent drops be-
low 1014 eV because CRs with energy lower than 1015 eV
have not reached yet the bubble wall. The combined
neutrino intensity of the Galactic and extragalactic con-
tributions gives a good fit of the experimental data [6].
In most concrete models for extragalactic neutrinos, the
predicted intensity is not a pure power law. For instance,
the neutrino intensity predicted in Ref. [24] becomes
steeper than an 1/E2 power law below 1014 eV, leading
thus to a more pronounced neutrino bump. Since pho-
ton absorption plays for the small distances considered
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FIG. 2: Average neutrino intensity E2I(E) from Loop I as
function of energy E is shown by a red line together with Ice-
Cube neutrino observations [6]. An extragalactic component
with spectral shape 1/E2.1 is shown by a orange line and the
sum of both components by a violet line.
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FIG. 3: Integral photon intensity I(> E) from Loop I as
function of energy E compared to upper 90% C.L. derived
from KASCADE data [26].

no role, the corresponding photon flux is uniquely de-
termined. An important constraint on our model comes
therefore from the limits on the diffuse gamma-ray flux
in the 100TeV–1PeV energy range [25], which were im-
posed in particular by the KASCADE experiment from
the non-observation of photon-like events at those en-
ergies. Note that this limit was reconsidered recently by
the KASCADE-Grande collaboration taking into account
post-LHC hadronic models.
In Fig. 3 we show that the integral photon intensity

I(> E) obtained in our model as function of energy
E obeys the upper 90% C.L. derived from KASCADE
data [26]. Note however that the predicted photon flux
is only a factor few below the KASCADE limit, which
makes it detectable by future experiments. Additionally,
the arrival directions of photon-like events in the KAS-

Andesen et al. 17

Su et al. 2010



Why Important
Importance of identifying hidden neutrino sources

• Dense environments that can only be probed by neutrinos

• Huge non-thermal energy budget in the Universe

If 10-100 TeV neutrinos are of astrophysical & isotropic

• CR reservoir models predict a structure in the spectrum

(hidden source population + CR reservoir population)

• Galactic models also predict a structure in the spectrum

(Galactic contribution + extragalactic contribution)

• No structure -> single hidden source population

• Unlikely to be a simple power-law (broken power law?)

• Keep the Gen-2 threshold not far from 10 TeV (~10-30 TeV)

& improve angular resolutions 
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FIG. 2. The track to cascade ratio as a function of the neu-
trino energy. The invisible neutrino decay of ⌫2 and ⌫3 reduces
the track and cascade ratio below 1 PeV up to 75% with re-
spect to the case where all neutrinos are stable. The deviation
from the expected value of 0.5 for the standard case is mostly
due to track misidentification.

spectrum (� >⇠ 2), visible decay becomes e↵ectively in-
visible.

We assume that ⌫1 is stable since it has the least ⌫µ
fraction since this can suppress the ⌫µ fraction at low
energies. This may be the case if the mass ordering is
normal, as is currently favored at 2�3.4� [25, 26, 33, 34],
and the Majoron has a mass between ⌫1 and ⌫2, or if ⌫1 is
massless (or very light) and has no (significant) coupling
to the Majoron.

The oscillation averaged probability for invisible neu-
trino decay is

P̄ (⌫↵ ! ⌫�) =
3X

i=1

|U↵i|2|U�i|2e�⇤i , (3)

where ⇤i ⌘ dHI 0(z)mi/E⌧i and I 0(z) =
R z

0 dz0(1 +
z0)�2h�1(z0) is the corrected cosmological distance scal-
ing for neutrino decay [35]. Thus in our model ⇤1 = 0
and ⇤2 = ⇤3 and ⌧/m for ⌫2 and ⌫3 is the one new free
parameter.
Figure 2 shows the modification of the track vs. cascade

ratio due to invisible neutrino decay within the model
introduced above. One can check that in order to have an
e↵ect within the region of interest of IceCube, we should
have ⌧/m ⇠ 102 s/eV.
Minimizing the �2 in the SPL only case with neutrino

decay, we find �2 = 1.57 with log10[(⌧/m)/(s/eV)] =
1.93+0.26

�0.40. At 1 d.o.f. this represents a good fit, consis-
tent with the data at 1.25�. It is an improvement over
the stable neutrino case of ��2 = 11.8 showing that the
neutrino decay scenario is preferred by the data over the
standard stable neutrino case by 3.4�. The 2D �2 pro-
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FIG. 3. The 2D �2 projection for neutrino decay with a sin-
gle power law astrophysical flux. The shaded regions rep-
resent 1, 2, 3 � for 2 d.o.f. The best fit point of � = 2.73
and log10[(⌧/m)/(s/eV)] = 1.93, indicated with the dot, has
�2 = 1.57. This includes a marginalization over the source
normalization.

jection of the source spectral index � and the neutrino
lifetime ⌧/m is shown in Fig. 3. We note that ⌧/m is
fairly well determined since it must give observable con-
sequences within IceCube’s region of interest. Varying
the redshift evolution power ✓ produces a fairly small ef-
fect with the best fit value of ⌧/m and the �2 changes
only slightly with ⌧/m increasing with ✓. If we extend
our fit to the BPL source model, the best fit point does
not change at all and � = 0 is preferred. The results are
summarized in Table I [36].
Our findings should be compared with existing bounds

on invisible neutrino decay. The best terrestrial con-
straints on invisible ⌫3 decay come from atmospheric and
long-baseline data: log10[(⌧3/m3)/(s/eV)] > �9.52 [37],
while the best terrestrial constraints on invisible ⌫2 decay
are from solar neutrinos and are log10[(⌧2/m2)/(s/eV)] >
�3.15 [38, 39]. Strong constraints, in apparent contra-

TABLE I. The �2 and significance for the single power law
(SPL) and broken power law (BPL) models, along with the
best fit source spectral index and neutrino lifetime. Here we
fix R⇡,µ = 1 for the BPL model, see text. The BPL models
have as many or more parameters than data points, thus only
a lower limit on the significance can be placed by taking 1
d.o.f.

Model
Standard Model Invisible ⌫ Decay
SPL BPL SPL BPL

�2 13.4 13.4 1.57 1.57

� 3.23 > 3.65 1.25 > 1.25

� 2.4± 0.10 - 2.73± 0.10 -

log10(
⌧/m
s/eV ) - - 1.93+0.26

�0.40 1.93+0.26
�0.40

Invisible 
neutrino decay

dark matter decay

neutrino-neutrino
self-interactions

(Chianese+ 17 JCAP) 

(Denton & Tamborra 18 PRL) 

(e.g., Blum, Hook & KM
Cherry+ 14
KM & Shoemaker 19)
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FIG. 2. The track to cascade ratio as a function of the neu-
trino energy. The invisible neutrino decay of ⌫2 and ⌫3 reduces
the track and cascade ratio below 1 PeV up to 75% with re-
spect to the case where all neutrinos are stable. The deviation
from the expected value of 0.5 for the standard case is mostly
due to track misidentification.

spectrum (� >⇠ 2), visible decay becomes e↵ectively in-
visible.

We assume that ⌫1 is stable since it has the least ⌫µ
fraction since this can suppress the ⌫µ fraction at low
energies. This may be the case if the mass ordering is
normal, as is currently favored at 2�3.4� [25, 26, 33, 34],
and the Majoron has a mass between ⌫1 and ⌫2, or if ⌫1 is
massless (or very light) and has no (significant) coupling
to the Majoron.

The oscillation averaged probability for invisible neu-
trino decay is

P̄ (⌫↵ ! ⌫�) =
3X

i=1

|U↵i|2|U�i|2e�⇤i , (3)

where ⇤i ⌘ dHI 0(z)mi/E⌧i and I 0(z) =
R z

0 dz0(1 +
z0)�2h�1(z0) is the corrected cosmological distance scal-
ing for neutrino decay [35]. Thus in our model ⇤1 = 0
and ⇤2 = ⇤3 and ⌧/m for ⌫2 and ⌫3 is the one new free
parameter.
Figure 2 shows the modification of the track vs. cascade

ratio due to invisible neutrino decay within the model
introduced above. One can check that in order to have an
e↵ect within the region of interest of IceCube, we should
have ⌧/m ⇠ 102 s/eV.
Minimizing the �2 in the SPL only case with neutrino

decay, we find �2 = 1.57 with log10[(⌧/m)/(s/eV)] =
1.93+0.26

�0.40. At 1 d.o.f. this represents a good fit, consis-
tent with the data at 1.25�. It is an improvement over
the stable neutrino case of ��2 = 11.8 showing that the
neutrino decay scenario is preferred by the data over the
standard stable neutrino case by 3.4�. The 2D �2 pro-
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FIG. 3. The 2D �2 projection for neutrino decay with a sin-
gle power law astrophysical flux. The shaded regions rep-
resent 1, 2, 3 � for 2 d.o.f. The best fit point of � = 2.73
and log10[(⌧/m)/(s/eV)] = 1.93, indicated with the dot, has
�2 = 1.57. This includes a marginalization over the source
normalization.

jection of the source spectral index � and the neutrino
lifetime ⌧/m is shown in Fig. 3. We note that ⌧/m is
fairly well determined since it must give observable con-
sequences within IceCube’s region of interest. Varying
the redshift evolution power ✓ produces a fairly small ef-
fect with the best fit value of ⌧/m and the �2 changes
only slightly with ⌧/m increasing with ✓. If we extend
our fit to the BPL source model, the best fit point does
not change at all and � = 0 is preferred. The results are
summarized in Table I [36].
Our findings should be compared with existing bounds

on invisible neutrino decay. The best terrestrial con-
straints on invisible ⌫3 decay come from atmospheric and
long-baseline data: log10[(⌧3/m3)/(s/eV)] > �9.52 [37],
while the best terrestrial constraints on invisible ⌫2 decay
are from solar neutrinos and are log10[(⌧2/m2)/(s/eV)] >
�3.15 [38, 39]. Strong constraints, in apparent contra-

TABLE I. The �2 and significance for the single power law
(SPL) and broken power law (BPL) models, along with the
best fit source spectral index and neutrino lifetime. Here we
fix R⇡,µ = 1 for the BPL model, see text. The BPL models
have as many or more parameters than data points, thus only
a lower limit on the significance can be placed by taking 1
d.o.f.

Model
Standard Model Invisible ⌫ Decay
SPL BPL SPL BPL

�2 13.4 13.4 1.57 1.57

� 3.23 > 3.65 1.25 > 1.25

� 2.4± 0.10 - 2.73± 0.10 -

log10(
⌧/m
s/eV ) - - 1.93+0.26

�0.40 1.93+0.26
�0.40

Invisible 
neutrino decay

dark matter decay
(Chianese+ 17 JCAP) 

(Denton & Tamborra 18 PRL) 

astrophysical n necessary 
hidden sources (more) required 

neutrino-neutrino
self-interactions
(e.g., Blum, Hook & KM

Cherry+ 14
KM & Shoemaker 19)



Effects on Cosmic Neutrino Spectra
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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,

�
�

=
m

�

32⇡

X

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

�

= m2

s

� m2

a

= 2�
�

µ2 = 2��

G2 m2

⌫

. This splitting means that scalar
and pseudo-scalar s-channel diagrams go resonant at slightly di↵erent neutrino energy, (✏

res,s

�
✏
res,a

)/✏
res

= �m2

�

/m2

�

, where ✏
res

denotes the mean resonance energy. This should be compared
to the width of each resonance, caused by the decay width of the states, �✏

res

/✏
res

= �
�

/m
�

.
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

� ✏
res,a

)/✏
res

= 2��

G2
m

2
⌫

m

2
�
⌧ �✏

res

/✏
res

⇠ G2

32⇡

.

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

s,t,u

s
t

KM & Shoemaker 19



Neutrino Flavors

long baseline limit: 
ne:nµ:nt~ 1:1:1 

(if no astrophysical complications)  

7.2 Neutrino interactions, masses and mixing

π+
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W+ Vkl νl
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l
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V ∗
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Figure 7.3: Production of a superposition of neutrino mass eigenstates νl in pion decay and
subsequent detection of the neutrino flavour via the secondary lepton l′m.

Neutrino oscillations in vacuum

Let us consider e.g. neutrinos produced in charged pion decay. The ratio R of π → eνe and
π → µνµ decay rates is

R =
Γ(π → eνe)

Γ(π → µνµ)
=

m2
e

m2
µ

(m2
π −m2

e)
2

(m2
π −m2

µ)
2
≈ 1.28× 10−4 , (7.17)

since angular momentum conservation in the pion rest frame requires a helicity flip of the
lepton. Similar, in neutron decay and in fusion reactions in stars only νe’s are emitted, because
of energetic reasons. Hence, in many occasions we start with a (nearly) pure flavor state.
The time-evolution between creation of an arbitrary state at t = 0 and detection at t

becomes simplest, if we decompose the weak interaction eigenstate να into mass eigenstates
νi,

|ν(t)⟩ =
∑

i

U (ν)
αi |νi⟩e

−iEt . (7.18)

Neutrinos are in all applications ultra-relativistic,

Ei = (p2 +m2
i )

1/2 ≈ p+m2
i /(2p) , (7.19)

where we have assigned also a definite momentum to the states |νi⟩.

|ν(t)⟩ = e−ipt
∑

i

U (ν)
αi |νi⟩e

−im2
i /(2p)t . (7.20)

The probability for a transition from the flavor να to νβ after the distance L = ct is

Pα→β(t) =

∣
∣
∣
∣
∣

n
∑

k=1

U∗
βk exp(−iEt)Uαk

∣
∣
∣
∣
∣

2

, (7.21)

where we introduced also ∆m2
ij = |m2

i −m2
j |.
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U: lepton mixing matrix (Maki-Nakagawa-Sakata)

Juliana Stachurska

Flavor Composition
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• Best-fit νe:νµ:ντ = 0.29:0.50:0.21  
• Consistent with previous measurements and expectation of ~1:1:1 

for astrophysical neutrinos 
• Zero ντ flux cannot be excluded 
• Systematic errors not included

First probe of neutrino 
oscillations over 
cosmological baselines 
and at TeV energies!

First best fit non-zero 
in each flavor 
component!

Neutrino oscillation

IceCube @ ICRC 2019



Flavor Ratios are E-Dependent

Bustamante, Beacom & Winter 15 PRL
see also Arguelles, Katori & Salvado 15 PRL

• Low: matter effect
• High: muon cooling

Carpio & KM 19

n oscillation in choked jets



Constraints from Neutrino Flavors
Shower-to-track ratio -> flavor information 
BSM physics tests w. sufficient statistics (especially by Gen2)
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(ex. IceCube Collaboration 15 ApJ)

HESE w. Gen2
Theorist approach

(shower+track)



Future Constraints on Neutrino Decay
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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

Shoemaker & KM 16 PRD
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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
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, (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
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. (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
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. (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

Shoemaker & KM 16



Summary
Global fit results could address whether a single power-law works or not
Shower/MESE data may bring us “surprises” about the non-thermal universe

HE Neutrino Origin? 
pp scenarios (cosmic particle unification) require two component models 
10-100 TeV data: hidden CR accelerators (neutrinos are “unique”)

must be a broken power-law or other complicated spectra

BSM physics?.
Decaying dark matter, neutrino decay, neutrino self-interactions etc. 

Wish list?.
“ideal”: tool enabling one to tests arbitrary spectra & flavor ratios

Not only isotropic background but also extended Galactic sources
- different astrophysical spectral (and spatial) templates: provided by theorists
- different astrophysical flavor ratios: could be treated as systematics
- BSM tests: dedicated analysis by experimentalists/tool available for theorists 


