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Motivation: Cosmic Rays – A Century Old Puzzle

Open problems
- How is the spectrum formed? 
(ex. transition to extragalactic)

- How are CRs accelerated? 
(ex. Fermi mechanism: sCR~2)

- How do CRs propagate? 
(diffusion, rectilinear, or?)
…

“What is the origin?”
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UHECR Source Candidates: Cosmic Monsters
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Msun~2x1033 g, Rsun~7x1010 cm
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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



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



Extragalactic Gamma-Ray Sky: Dominated by Blazars

Ajello+ 15

• Steady outflow

• Continuous shell ejection with a width of R0/Γ in commoving frame
• Elecrton injection from R=R0 to 2R0 with stochastic acceleration

• Turbulence Index: Kolmogorov q=5/3

• Both injection and acceleration stop at R=2R0

Model

• Electron injection

• Stochastic acceleration

• Synchrotron emission and cooling

• Inverse Compton emission and cooling

• Adiabatic cooling （V∝R2）
• Photon escape

• No electron escape!

Physical Processes
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Figure 4: Di↵use emission arising from blazars (with or without EBL absorption), in comparison with
the intensity of the total emission from sources (both resolved and unresolved), called here “EGB” (red
data points, from Ref. [9]). Taken from Ref. [25]

.

sample. The sources were considered as either one single population, or split into HSPs
and a second sub-class including ISPs and LSPs. In their best-fit model, HSPs dominates
the dN/dS below S = 5⇥ 10�9cm�2s�1 and their SED extends to much higher energies
than in the ISP+LSP class (the best-fit cut-o↵ energy is 910 GeV for HSPs and 37 GeV
for the class of ISPs and LSPs). That is the reason why the cumulative emission from
HSPs (computed from Eq. (1) above L� � 1038erg s�1) can extend up to very high
energies and it is able to explain the whole DGRB emission reported in Ref. [112] above
few tens of GeV (see Fig. 3). Between 0.1 and 100 GeV, unresolved BL Lacs account
for ⇠ 11% of the Fermi LAT DGRB in Ref. [112], in agreement with Ref. [23].

Ref. [25] repeated the analysis of Ref. [23] on a sample of 403 blazars from 1FGL,
this time considering both FSRQs and BL Lacs as one single population by allowing
the spectral index distribution to depend on L� . A double power-law energy spectrum,
proportional to [(E0/Eb)1.7+(E0/Eb)2.6]�1, is assumed and the energy scale Eb is found
to correlate with the index � obtained when the SED is fitted by a single power law.
The same LF used in Ref. [23] and based on a luminosity-dependent density evolution
is implemented in Ref. [25], together with other evolution schemes. They all provide an
acceptable description of the blazar population, even if the luminosity-dependent density
evolution is the one corresponding to the largest log-likelihood. The predicted cumula-
tive emission of blazars (FSRQs and BL Lacs, resolved and unresolved) can be seen in
the Fig. 4 as a dotted blue band, compared to the total emission from resolved and unre-
solved sources taken from Ref. [9] (labeled “EGB” here, red data points). Blazars (both
resolved and unresolved) accounts for the 50+12

�11% of the total emission from resolved
and unresolved sources, above 100 MeV. Unresolved blazars, on the other hand, are

14

Ajello+ 15 ApJL

48 months of observations : 

3LAC: 1563 sources 

1444 AGNs in the clean sample

most of them are blazars

FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵

1

= 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵
1

= 2.5 in the simulations.
Fig. 4 shows the cumulative source count distribution

that is defined as:

N(> S) =

Z S
max

S

dN

dS0 dS
0 [deg�2], (2)

where S
max

is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵

1

= 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵

2

2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵

2

and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵

2

2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵

2

= 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵

1

� ↵
2

| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison

2

See http://healpix.sourceforge.net

Fermi Collaboration 16 PRL

Blazar (point-source) contribution to 

extragalactic g-ray background (EGB)

86%+16%-14% (Fermi 16 PRL)

68%+9%-8% (Lisanti+ 16 ApJ)

~15-30% of the EGB at > 50 GeV 

may come from something else

and more rooms at lower energies

3FGL
(~3000 sources)



UHECR Sky: Unknown (but Hint?)

• Spectrum:
suppression at ~40 EeV can be 
explained by interactions with 
CMB during the propagation OR 
maximum energy at the sources

• Composition:
heavier nuclei beyond the ankle? 

suppression

Auger 18 ApJL

Auger ICRC 2017

• No established source yet
• Tentative correlation?

starbursts: ~4s 
AGN: ~3s 
TA hotspot: ~3s

• Dipole anisotropy established
-> supporting extragalactic

(Auger 17 Science)



Neutrino Sky: Latest Updates
High-Energy	Starting	Events	(HESE)	–	7.5	yr	

Prior	result	6	years	ICRC	2017	arXiv:1710.01191	
Updates	to	calibration	and	ice	optical	properties	
103	events,	with	60	events	>60	TeV	

	 	Changes	to	RA,	Dec,	energy	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 8	

New	events	

IceCube.	Nature	volume	551	(2017)	596	
Poster	#175.	Wandkowsky	et	al.	(IceCube)	

High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 9	

Poster	#175.	Wandkowsky	et	al.	(IceCube)	

• HESE 7.5 year
103 events
(60 events > 60 TeV)
Best-fit: s=2.87�0.3

• 8-yr upgoing nµ “track”
36 events at >200 TeV (6.7s)

- Best-fit: s=2.19�0.10
- nµ flux above 100 TeV:    
En

2Fn=(1.01+0.26-0.23)
x10-8 GeV cm-2 s-1 sr-1

per flavor



Neutrino Sky: Latest Updates
• Two double bang candidates (not settled yet)

could be CC interaction by ntHigh-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 13	

Double	cascade	Event	#1	
	

Double	cascade	Event	#2	

“Bright”	DOMs	not	used	in	reconstruction	
Direction	and	two	reconstructed	cascades	shown	in	dark	gray	

Poster	#174	Stachurska	et	al.	(IceCube)	
Poster	#176	Meier	et	al.	(IceCube)	
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Letting the flavor ratio float
■ Flavor triangle is more 

constrained than previous 
results at similar energies

■ 11 TeV < Ecasc < 410 TeV
■ 8.6 TeV < Enµ < 207 TeV
■ Much closer match than 

combined fit w/ throughgoing
tracks
◆ Results still valid for 

complex spectra
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Neutrino Sky: Latest Updates
• 5.9 PeV event (deposited)

in PEPE (PeV Energy 
Partially-contained Events) 

• Could be a Glashow event
at E=6.3 PeV?

A	5.9	PeV	event	in	IceCube	

Potential	hadronic	nature	of	this	event	under	study	

Resonance:	Eν	=	6.3	PeV	
Typical	visible	energy	is	93%	

Event	identified	in	a	partially-contained	PeV	
search	(PEPE)	
Deposited	energy:	5.9±0.18	PeV	(stat	only)	
ICRC	2017	arXiv:1710.01191	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 20	

Work	in	progress	

High-Energy	Starting	Events	(HESE)	–	7.5	yr	

I.	Taboada	|	Georgia	Inst.	of	Tech.	 12	

Poster	#174	Stachurska	et	al.	(IceCube)	
Poster	#176	Meier	et	al.	(IceCube)	

• Neutrino flavor

HESE

shower+
starting track



Sources?

FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵

1

= 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵
1

= 2.5 in the simulations.
Fig. 4 shows the cumulative source count distribution

that is defined as:

N(> S) =

Z S
max

S

dN

dS0 dS
0 [deg�2], (2)

where S
max

is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵

1

= 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵

2

2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵

2

and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵

2

2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵

2

= 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵

1

� ↵
2

| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison
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See http://healpix.sourceforge.net

~3000 sources
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0 source yet
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Muon Neutrino Constraints
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BL Lac
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Constraints from Non-Detection of Neutrino Clustering

KM & Waxman 16 PRD

disfavored

Non-detection of “multiplet” neutrino sources give limits on the number density
Source-identification is possible with Gen2 for known astrophysical candidates



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

?



spp~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

spp
spg

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

En ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV CR nucleon energy  

accretion to
massive black hole

core-collapse of 
massive stars

high star-formation 
→ many supernovae

gigantic reservoirs w. 
AGN, galaxy mergers 



>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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CASCADE GAMMA-RAY SIGNALS PRODUCED IN COSMIC VOIDS AS A CLUE OF ULTRA-HIGH-ENERGY
COSMIC RAYS FROM ACTIVE GALACTIC NUCLEI EMBEDDED IN THE STRUCTURED UNIVERSE

KOHTA MURASE
1

AND HAJIME TAKAMI
2

ABSTRACT

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.
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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 ???,
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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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Astrophysical Extragalactic Scenarios
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Photomeson Production in AGN Jets

�		������
���
��������


����������
�����

����
����������
����������

	���	�����

������������
�����
���
���

KM, Inoue & Dermer 14

may also be accelerated, and they should interact with both
internal and external radiation fields during the dynamical
time. Internal nonthermal emission produced in the jet is
referred to as the jet component. We consider the jet
component first.
When the spectrum of internal synchrotron photons is

approximated by a power-law, the photomeson production
efficiency is estimated using the rectangular approximation
to the photohadronic cross section to be

fpγðE0
pÞ ≈

tdyn
tpγ

≃ 2κΔσΔ
1þ β

Δε̄Δ
ε̄Δ

3Ls
rad

4πrbΓ2cE0
s

!
E0
p

E0b
p

"
β−1

;

ð19Þ

where σΔ ∼ 5 × 10−28 cm2, κΔ ∼ 0.2, ε̄Δ ∼ 0.34 GeV,
Δε̄Δ ∼ 0.2 GeV, and E0b

p ≈ 0.5Γ2mpc2ε̄Δ=E0
s. For example,

using parameters of BL Lac objects with Ls
rad ∼ 1045 erg=s

and E0
s ∼ 10 eV, we have

fpγðE0
pÞ ∼ 7.8 × 10−4Ls

rad;45Γ−4
1 δt0−15 ðE0

s=10 eVÞ−1

×
# ðE0

ν=E0b
νÞβh−1 ðE0

p ≦ E0b
pÞ

ðE0
ν=E0b

νÞβl−1 ðE0b
p < E0

pÞ;
ð20Þ

where βl ∼ 1.5 and βh ∼ 2.5 are the low-energy and high-
energy photon indices, respectively. Note that contribu-
tions from various resonances and multipion production
become crucial for hard photon indices of β ≲ 1. The
neutrino energy corresponding to E0b

p is

E0b
ν ≈ 0.05E0b

p ≃ 80 PeV Γ2
1ðE0

s=10 eVÞ−1; ð21Þ

which is typically higher than 1 PeV and the Glashow
resonance energy at 6.3 PeV (for electron antineutrinos),
except for HSP BL Lac objects with E0

s ∼ 1 keV. Noting
that E0

s is lower for more luminous blazars, we conclude
that the jet component typically leads to production of very
high-energy, ≫ 1 PeV, neutrinos.
For fpγ < 1 (which is typically valid for PeV neutrino

production in the blazar zone), the neutrino spectrum is
approximated by

E0
νLE0

ν
≈
3

8
fpγE0

pLE0
p

∝

(
fpγðE0b

pÞðE0
ν=E0b

νÞ1þβh−s ðE0
ν ≦ E0b

νÞ
fpγðE0b

pÞðE0
ν=E0b

νÞ1þβl−s ðE0b
ν < E0

νÞ:
ð22Þ

This expression roughly agrees with numerical results on
the jet component, as clearly seen in Figs. 9 and 10 for
L5GHz ¼ 1041 erg s−1 and L5GHz ¼ 1042 erg s−1. We also
plot, with dotted curves, the differential neutrino luminos-
ities for the jet component based on blazar parameters given
in Table I.

For low-luminosity BL Lac objects, which typically have
high synchrotron peak frequencies [42], only the jet
component is relevant. For intermediate luminosity BL
Lac objects and QHBs, however, external radiation fields
become important for PeV–EeV neutrino production. As
we have seen, even in the blazar zone, the most important
contribution to PeV neutrino emission comes from photo-
hadronic interactions with BLR photons. Using the effec-
tive cross section σeffpγ ≈ κΔσΔðΔε̄Δ=ε̄ΔÞ, the photomeson
production efficiency in the blob is estimated to be

fpγ ≈ n̂BLσeffpγ rb ≃ 2.9 × 10−2fcov;−1Γ2
1δt

0
5; ð23Þ

provided rb < rBLR. Here n̂BL ≃ 1.6 × 109 cm−3fcov;−1 is
the number of broadline photons in the black-hole rest

FIG. 9 (color online). Differential luminosity spectra of neu-
trinos produced in the blazar zone (dotted) and in the BLR and
dust torus (solid). The muon neutrino spectrum is calculated for
s ¼ 2.3 and ξcr ¼ 100, with neutrino mixing taken into account.
From top to bottom, the curves refer to blazar sequence
parameters given in Table I (see also Fig. 2), with the top curve
corresponding to L5GHz ¼ 1047 erg s−1. Only five curves are
shown for the BLR/dust torus because blazars with the lowest
luminosities lack interactions with BLR and dust emission.

FIG. 10 (color online). Same as Fig. 9, except with s ¼ 2.0 and
ξcr ¼ 10.
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frame, and we take E0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E0b

p ≈ 0.5mpc2ε̄Δ=E0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
crudely estimated to be

E0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by

E0
νLE0

ν
∝
! fpγE0 2

ν ðE0
ν ≦ E0b

νÞ
fpγE0 2−s

ν ðE0b
ν < E0

νÞ
ð25Þ

and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E0

νLE0
ν
∝ E02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
neutrino production, ∼0.1–1 EeV neutrinos are produced
via interactions between CR protons and IR photons from
the dust torus. Using the peak photon energy 2.82kTIR, the
characteristic neutrino energy is roughly estimated to be

E0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ

The relative importance of the jet component compared to
the BLR and dust components depends on Γ and δt0. While
internal synchrotron photons play a major role for EeV
neutrino production as long as Γ and/or δt0 are small
enough, BLR photons are typically the most important for
PeV neutrino emission. Note that electron antineutrinos are
produced as a result of neutron decay. The typical neutrino
energy is ∼0.48 MeV in the neutron rest frame, which is
much lower than the neutron mass energy scale. Their
energy flux is expected to be lower than the energy flux of
neutrinos from pion decay especially for QHBs.
Note that pp neutrinos from the inner jet are likely

to be negligible. The (thermal) proton density in the inner
jet is estimated to be np ≈ 3Lkin=ð4πΓ4l2bmpc3Þ≃
1.9 × 104 cm−3Lkin;49:5Γ−6

1 δt0−25 , so the effective pp optical
depth is fpp ≈ κpσppnplb ≃ 2.2 × 10−5Γ−5

1 δt0−15 , using
κp ≈ 0.5 and σpp ≈ 8 × 10−26 cm2 at ∼100 PeV. As shown
in Ref. [25], high proton densities are unlikely in the γ-ray
emission region especially because of energetics argu-
ments. In large-scale jets, x-ray knots may have column
densities of NH ∼ 1020–1022 cm2 [64]. But the effective pp
optical depth fpp ≃ 4 × 10−5NH;21 is still low, and one
needs to take into account the covering factor of the knots
since only a part of the jet intersects them. QHBs may have

radio lobes, but their contribution to pp neutrinos is
typically small due to their low density [65]. There are
some exceptions. CRs escaping from AGN are confined in
galaxies and galaxy assemblies for a long time and may
produce neutrinos [11]. Another possible exception is the
vicinity of the accretion disk or disk wind, where the
density could be higher. But γ rays would not escape from
such compact regions, so we do not consider such AGN
core models in this work.

C. Neutrinos from the BLR and dust torus

If high-energy CRs, including UHECRs, come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoidably
interact with external radiation fields while they propagate
in the BLR and dust torus [26]. In this paper, we consider
power-law CR spectra (cf. Ref. [53]) and use a CR escape
fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for
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frame, and we take E0
BL ≈ 10.2 eV as the typical energy of

broadline emission. Thanks to various resonances and
multipion production, the above expression is valid even
at energies above E0b

p ≈ 0.5mpc2ε̄Δ=E0
BL. Note that unless

CRs lose energy through adiabatic losses as the blob
expands, they should undergo further pγ interactions as
long as they remain in the BLR or dust-torus region (see the
next subsection). The corresponding neutrino energy is
crudely estimated to be

E0b
ν ≈ 0.05ð0.5mpc2ε̄Δ=E0

BLÞ≃ 0.78 PeV; ð24Þ

although detailed calculations of pion and muon decay are
needed to see the exact shape of neutrino spectra.
With these approximations, the neutrino spectrum is

given by
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! fpγE0 2

ν ðE0
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and roughly describes the numerical neutrino spectra of
luminous QHBs in the PeV range, as plotted in Figs. 9
and 10. The dependence E0

νLE0
ν
∝ E02

ν is suggested from the
decay kinematics of charged pions [63]. In addition to PeV
neutrino production, ∼0.1–1 EeV neutrinos are produced
via interactions between CR protons and IR photons from
the dust torus. Using the peak photon energy 2.82kTIR, the
characteristic neutrino energy is roughly estimated to be

E0b
ν ≃ 0.066 EeVðTIR=500 KÞ−1: ð26Þ

The relative importance of the jet component compared to
the BLR and dust components depends on Γ and δt0. While
internal synchrotron photons play a major role for EeV
neutrino production as long as Γ and/or δt0 are small
enough, BLR photons are typically the most important for
PeV neutrino emission. Note that electron antineutrinos are
produced as a result of neutron decay. The typical neutrino
energy is ∼0.48 MeV in the neutron rest frame, which is
much lower than the neutron mass energy scale. Their
energy flux is expected to be lower than the energy flux of
neutrinos from pion decay especially for QHBs.
Note that pp neutrinos from the inner jet are likely

to be negligible. The (thermal) proton density in the inner
jet is estimated to be np ≈ 3Lkin=ð4πΓ4l2bmpc3Þ≃
1.9 × 104 cm−3Lkin;49:5Γ−6

1 δt0−25 , so the effective pp optical
depth is fpp ≈ κpσppnplb ≃ 2.2 × 10−5Γ−5

1 δt0−15 , using
κp ≈ 0.5 and σpp ≈ 8 × 10−26 cm2 at ∼100 PeV. As shown
in Ref. [25], high proton densities are unlikely in the γ-ray
emission region especially because of energetics argu-
ments. In large-scale jets, x-ray knots may have column
densities of NH ∼ 1020–1022 cm2 [64]. But the effective pp
optical depth fpp ≃ 4 × 10−5NH;21 is still low, and one
needs to take into account the covering factor of the knots
since only a part of the jet intersects them. QHBs may have

radio lobes, but their contribution to pp neutrinos is
typically small due to their low density [65]. There are
some exceptions. CRs escaping from AGN are confined in
galaxies and galaxy assemblies for a long time and may
produce neutrinos [11]. Another possible exception is the
vicinity of the accretion disk or disk wind, where the
density could be higher. But γ rays would not escape from
such compact regions, so we do not consider such AGN
core models in this work.

C. Neutrinos from the BLR and dust torus

If high-energy CRs, including UHECRs, come from
blazars, then the CRs have to be able to escape from the
sources. The CRs from the acceleration region unavoidably
interact with external radiation fields while they propagate
in the BLR and dust torus [26]. In this paper, we consider
power-law CR spectra (cf. Ref. [53]) and use a CR escape
fraction fesc ¼ ð1 −min½1; tdyn=tc%Þ (recall that tc is the
cooling time scale). Although this is an optimistic scenario
of escape, it can be realized if the CRs reach the BLR
without additional significant losses, including adiabatic
cooling. Such a scenario is also invoked in models explain-
ing PeV neutrinos and/or TeV γ rays by photohadronic
interactions in intergalactic space [27,66,67]. Other pos-
sible features of such a system, e.g., neutron production and
escape, or direct or diffusive escape of CR protons within
tdyn, may generate spectra of escaping CRs that are too hard
to accurately represent the measured high-energy CR
spectrum [25,26] or to explain the IceCube data, but
specific properties of this system depend on blob dynamics,
magnetic field properties, and the presence of other accel-
eration processes that require further studies.
The photomeson production efficiency in the BLR for

CR protons above the threshold for interacting with BLR
photons is estimated to be

fpγ ≈ n̂BLσeffpγrBLR ≃ 5.4 × 10−2fcov;−1L
1=2
AD;46.5: ð27Þ

The important fact is that this does not depend on Γ and δt0

as long as the acceleration region is located inside the BLR.
For luminous QHBs, PeV neutrino production is unavoid-
able for CRs propagating in the BLR. The disk emission
could be dominant if τsc ≳ fcov.
Based on Ref. [26], the photomeson production effi-

ciency for CR protons propagating in IR radiation fields
supplied by the dust torus is estimated to be

fpγ ≃ 0.89L1=2
AD;46.5ðTIR=500 KÞ−1; ð28Þ

where the dependence on LAD is similar to Eq. (27).
The pγ optical depth in the BLR and dust torus is

shown in Figs. 11 and 12. Again, we note that the resulting
curves are meaningful only when rb < rBLR or rb < rDT.
The broadline component is important for QHBs, and
the photomeson production efficiency is ∼0.1–1 for
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However, there are three issues. First, this model cannot
explain sub-PeV neutrino events. This is because broadline
emission leads to a low-energy cutoff in neutrino spectra
around PeV energies. Also, both accretion-disk and internal
synchrotron emission components have soft spectra in the
relevant UV and soft x-ray energy range, so the neutrino
spectra are generally quite hard at sub-PeV energies, which
appears to be incompatible with observations. (In principle,
lower-energy neutrinos could be produced by assuming
higher-temperature accretion disks and τsc ∼ 1, but we
expect hidden neutrino sources as in the AGN core model,
since multi-GeV γ rays cannot escape.) Thus, for radio-loud
AGN to explain the excess IceCube neutrino signal, a two-
component scenario is needed, as discussed in several works
[73,74]. In our case, sub-PeV neutrino events could be
attributed to an atmospheric prompt neutrino background
that is higher than the prediction by Enberg et al. [75] or,

alternately, different classes of astrophysical sources such as
star-forming galaxies and galaxy groups/clusters. Then it is
natural to expect a spectral dip between the two components,
in the sub-PeV range. It would be premature to study such
possibilities, however, because the statistics are not yet
sufficient to discriminate between competing scenarios.
The second issue is that the calculated neutrino spectra

are quite hard above PeV energies. CR spectral indices of
s ≈ 2.0 are inconsistent with the IceCube data, as many
more higher-energy neutrino events would be predicted,
given the Glashow resonance at 6.3 PeVand the increasing
neutrino-nucleon cross section. To avoid this problem, one
sees from Figs. 13 and 14 that steep CR spectra with
s≳ 2.5, or maximum energies of E0max

p ≲ 100 PeV, are
needed. Another possible option is to consider more
complicated CR spectra, such as a log-parabola function
[73]. Note that if a simple power-law CR spectrum is
assumed from low energies to high energies (as expected in
the conventional shock acceleration theory), steep spectral
indices unavoidably lead to excessively large CR energy
budgets, whereas more complicated curving or broken-
power law CR spectra could explain the IceCube data and
relax source energetics.
The third issue is that the CR loading factor required to

explain the PeV neutrino flux is larger than that for
UHECRs, although it seems less problematic compared
to the first and second issues. As seen in Eq. (27), we found
that the photomeson production efficiency is typically a
few percent. Then, for redshift evolution of blazars, the
differential CR energy injection rate to achieve E2

νΦν ∼
3 × 10−8 GeVcm−2 s−1 sr−1 is E0

pQE0
p
j1017 eV ∼ 1.5×

1044fpγ;−1 ergMpc−3 yr−1. This implies that the required
CR loading factor is ξcr ∼ 50–500, while the CR loading
factor to explain UHECRs is ξcr ∼ 3–50 or even lower. In
our simple setup, where fcov ¼ 0.1 for the BLR and ξcr ∝
L0
rad are assumed, the former large values lead to over-

shooting the observed UHECR flux. Hence, the simple
model considered here has difficulty in explaining the
neutrino and UHECR data simultaneously, but more
complicated models might work. For example, CRs could
lose their energies via energy losses such as adiabatic
cooling before leaving the sources. Or the CR spectrum
may be convex, or the maximum energy may be lower [73].
Second, if ξcr somehow increases as Lrad, one could have
higher neutrino fluxes from QHBs without increasing the
UHECR flux. Third, possibly, fpγ may be higher due to
uncertainties of n̂BL and rBLR, and ξcr can be slightly
smaller. Although values of fcov ≳ 0.5 seem unlikely, more
detailed measurements of n̂BL and rBLR with multiwave-
length observations of FSRQs are relevant.
While the inner jet model with a power-law CR proton

spectrum faces a couple of difficulties to consistently explain
the IceCube neutrino signal, it does suggest that radio-loud
AGN are promising sources of 0.1–1 EeV neutrinos (see
Figs. 13, 14, 15, and 16). In particular, for ξcr ¼ 3 and

FIG. 13 (color online). Cumulative neutrino background from
radio-loud AGN in the blazar sequence model. The CR spectral
index s ¼ 2.3, and the CR loading factor ξcr ¼ 100 (thick) and
500 (thin). Note that the former value is motivated by the AGN-
UHECR hypothesis, where the CR energy injection rate is
normalized by the observed UHECR energy generation rate.
The atmospheric muon neutrino background is also shown
(dotted dashed).

FIG. 14 (color online). Same as Fig. 13, but for s ¼ 2.0. Here
ξcr ¼ 3 (thick), and ξcr ¼ 50 (thin). Note that the former value is
motivated by the AGN-UHECR hypothesis.
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Blazars as Powerful EeV n Sources
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Blazar (radio galaxy) = BL Lacs (FR-I) + FSRQs (FR-II)
• FSRQs: efficient n production, dominant in the neutrino sky
• BL Lacs: inefficient n production, dominant in the UHECR sky as FR-I

- Unique n spectrum: PeV n by BLR photons & EeV n by dust IR photons
- Only bright FSRQs are dominant -> promising source identification
- Consistent w. IceCube (1-10% at PeV), UHECRs are isotropized at kpc-Mpc

Lcr/Lg=50

Lcr/Lg=3
(UHECR normalization: fiducial)

s=2.0
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0.014% (3.6σ). Furthermore, the hypothesis that the two
events are of cosmogenic origin is rejected with a p value of
0.3%, because of the low observed deposited energy and
the absence of detected events at higher energy. However,
the observations are compatible with a generic astrophysi-
cal E−2 power-law flux with a p value of 92.3%. The
energy deposited and the zenith angles of the two observed
events are better described by a neutrino spectrum softer
than the spectrum of ≥ 108 GeV neutrinos, which experi-
ence strong absorption effects during their propagation
through the Earth. This observation allows us to set an
upper limit on a neutrino flux extending above 107 GeV.
The limits also are derived using the LLR method.
Cosmogenic neutrino models are tested by adding an
unbroken E−2 flux without cutoff as a nuisance parameter
to explain the observed two events.
The systematic uncertainties are estimated similarly to

the previous publication [27]. The primary sources of
uncertainty are simulations of the detector responses and
optical properties of the ice. These uncertainties are
evaluated with an in situ calibration system using a light
source and optical sensor sensitivity studies in the labo-
ratory. Uncertainties of þ13%

−42% and þ2%
−7% are estimated for the

number of background and signal events, respectively. In
addition, uncertainties of −11% are introduced to the
neutrino-interaction cross section based on CTEQ5 [64]
calculated as Ref. [65] and þ10% by the photonuclear
energy losses [66]. The uncertainty on the neutrino-
interaction cross section is from Ref. [67]. The uncertainty
associated with the photonuclear cross section is estimated
by comparing the current calculation with the soft-
component-only model. An uncertainty of þ34%

−44% associated
with the atmospheric background is also included. The
error is dominated by the experimental uncertainty of
cosmic ray (CR) spectrum measurements ("30%) [1,68],
theoretical uncertainty on the prompt flux calculation [37],
and the primary CR composition. All the resultant limits
presented in this Letter include systematic uncertainties.
Taking the maximally and minimally estimated background
and signal distributions in a 1σ error range by adding
systematic uncertainties in quadrature, each signal and
background combination results in an upper limit. The
weakest limit is taken as a conservative upper limit
including systematic uncertainties. The uncertainty is
energy dependent and, thus, it is model-spectrum-shape
dependent. Model-dependent limits are generally weak-
ened by ∼20% and ∼30% for cosmogenic and astrophysi-
cal-neutrino models, respectively.
Cosmogenic neutrinos.—We tested cosmogenic neutrino

models. Aside from the primary composition dependence,
the cosmogenic neutrino rates in the current analysis
depend significantly on the UHECR source evolution
function that characterize the source classes. Table I
represents the p values and associated 90% C.L. for
cosmogenic models. The models from Ref. [42] are

constructed in such a manner that the cosmogenic γ-ray
emission from the decays of π0 produced by the inter-
actions of UHECRs with the cosmic microwave back-
ground (CMB) is consistent with the Fermi-LAT
measurements of the diffuse extragalactic γ-ray background
[69,70]. Our constraints on these models imply that the
majority of the observed γ-ray background is unlikely to be
of cosmogenic origin.
Limits on cosmogenic neutrino models [53,54] using two

classes of source-evolution functions are presented in
Table I. One evolution function is the star formation rate
(SFR) [71], which is a generic measure of structure
formation history in the Universe, and the other is that of
FRII radio-loud AGN [72,73]. The cosmogenic models
assuming FRII-type evolution have already been constrained
by the previous study [27]. In addition, these strong
evolution models may conflict with the observed
γ-ray background [42,74,75]. The current analysis not only
strongly constrains the FRII-type but also begins to
constrain the parameter space where SFR drives UHECR
source evolution. The predicted neutrino spectra and the
corresponding model-dependent limits are presented in
Fig. 2. When the primaries are heavy nuclei, photodisinte-
gration is more likely than pion production, hence the flux
of cosmogenic muon neutrinos is suppressed [53,76–79].
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FIG. 2. Model-dependent 90% confidence-level limits (solid
lines) for (upper panel) proton cosmogenic-neutrino predictions
(dashed lines) from Ahlers [42] and Kotera [53] and (lower
panel) astrophysical neutrino fluxes from AGN (BLR) models of
Murase [56] and Padovani (long dashes: Yνγ ¼ 0.8, short dashes:
Yνγ ¼ 0.3) [57], and the Fang pulsar model [59]. The range of
limits indicates the central 90% energy region. Two lines of the
Ahlers model represent different threshold energies of the
extragalactic UHECR component. The deviation of the Kotera
and Ahlers models below 108 GeV is due to different models of
the extagalactic background light assumed for the calculation.
The wide energy coverage of the current analysis (Fig. 1) allows a
stringent model-dependent limit to be placed for both cosmogenic
and astrophysical models.
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Fig. 6.— The diffuse neutrino intensity (per flavor) from RIAFs
in the LLAGN model. The top panel shows the diffuse neutrino
intensity for each model tabulated in Table 2. The dashed line
(B2) almost overlaps the dot-dashed line (B4). The bottom panel
shows the diffuse intensity from two-component model (see text for
detail). The red-solid, green-dashed, and blue-dotted lines show
the total intensity, intensity from low-energy part, and intensity
from high-energy part, respectively. The green triangles represent
the atmospheric muon neutrino background produced by CRs. The
black squares show the observed data of neutrino signals.

trino flux due to the low pion production efficiency.

4.2. Diffuse intensity of cosmic-ray protons

In our model, most of the injected protons escape from
the accretion flow without depletion due to the low effi-
ciency of pion production fπ ! 0.2. Here, we discuss the
effects of escaping protons.
Assuming that the Universe is filled with CR protons,

we can estimate the CR flux as in the neutrino flux.
Figure 8 shows the estimated flux of CR protons for
models B1, B2, B3, and B4. This flux of the escap-
ing protons is much lower than observed CR flux for
1015.5eV < Ep < 1018 eV for all the models. Although
the escaping proton luminosity has weaker dependence
on ṁ than that of neutrino luminosity, the bright part is
dominant for the CR proton flux.
We note that it is unclear whether CRs of Ep ∼ 1016

eV are able to arrive at the Earth from LLAGN. In
fact, the magnetic fields in the intergalactic medium
(IGM) prevent the protons from traveling straightly, so
that the distant sources cannot contribute to the CR

Fig. 7.— The contribution to the total intensity (red-thick lines)
from different luminosity bins (thin lines). The blue-dashed, green-
dotted, and magenta-dot-dashed lines show the fluxes from bright,
middle, and faint parts, respectively. See text for definition of the
each part. The black squares show the observed data of neutrino
signals. The top and bottom panels show the intensity for B2 and
B3, respectively.

flux. The diffusion length of CR protons during the cos-

mic time is estimated to be ∼ 6B−1/6
−8 E1/6

p,16l
1/3
coh,2 Mpc

(Ep ! 1018 eV), where we use B−8 = B/(10−8 Gauss),
Ep,16 = Ep/(10 PeV), and the coherence length lcoh,2 =
lcoh/(100 kpc) (e.g., Ryu et al. 2008). We consider that
the CRs are in cosmic filaments and/or the galaxy groups
with Kolmogorov turbulence, and ignore the cosmic ex-
pansion. In addition, our Galaxy is located in the local
group, where the magnetic fields are probably stronger
than the usual IGM. These magnetic fields can poten-
tially reduce the UHECR flux of Ep ∼ 1019 eV arriving
at the Earth (Takami et al. 2014). We should take the
effects of these magnetic fields into account to discuss the
arrival CR flux in detail.
The escaping protons would diffuse in host galaxies

of LLAGN, and interact with gas in the interstellar
medium (ISM) inside the galaxies. The pion produc-
tion efficiency of pp inelastic collisions in the ISM is esti-
mated to be fπ,gal ≃ Kppnp,galσppcttrap ∼ 8×10−4E−0.3

p,16 ,
where np,gal ∼ 1 cm−3 is the mean nucleon density
in the host galaxy, ttrap = h2/4κ is the trapping time
in the galaxy. We use the scale height h ∼ 1 kpc
and the diffusion coefficient estimated in our Galaxy,
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High-energy particles in hot accretion flows 7

almost unchanged. The initial energy of the particle, εini, is given
so that the Larmor radius of the particle is equal to λini times the
grid scale: rL = εini/(ecBave) = λini#xini, where #xini = min(#Rini,
Rini#θ , Rini#φ) is the grid scale at the initial ring. The time-step of
the particle calculation is determined by #t = min(#tL, #tx), where
#tL = CsafetL,min = 2πCsafeϵini/(ecBmax) and #tx = Csafe#xmin/c.
Here, Bmax is the maximum value of the magnetic field, #xmin is
the minimum length between the grids in the computational region,
and Csafe represents the safety factor that determines the time-step.
We set Csafe = 0.01. We performed some simulations with Csafe =
0.001, and confirmed that the results are unchanged by the values
of Csafe. As a fiducial value, we set λini = 4. With a smaller value
of λini, we cannot trace the resonant scattering process, while the
particles escape from the computational region too quickly with a
higher value of λini.

The computational region for the particle simulations is the same
with the MHD simulations except for the outer boundary in the
R direction. Since the dynamical structures of the outer parts of
the MHD simulations are affected by the initial conditions, we set
the outer boundary of the particle simulations to Resc = 0.6Rc. The
particles that go beyond the computational region are removed from
the simulation, and we stop the calculation when half of the particles
escape from the computational region.

We solve the equations of motion for Np = 214 = 16 384 particles,
using the MHD data sets shown in the previous section. To solve
the equation of motion, we need to convert the units used in the
MHD calculations to those of our interest. The units of the mass,
length, and time for the MHD calculations are written as Lu = Rc,
Mu = ρcR

3
c , and Tu =

!
R3

c /(GM), respectively. For our particle
simulations, we rescale these units as

Lu = χRs, (16)

Tu =

"
L3

u

GM
, (17)

Mu = ηṀEddTu, (18)

where Rs = 2GM/c2 is the Schwarzschild radius, ṀEdd = LEdd/c
2

is the Eddington mass accretion rate (LEdd is the Eddington
luminosity), and χ and η are the scaling factors of the length
and the mass, respectively. The relation between η and density
is ρc = ηṀEddTu/L3

u, so a higher η leads to a higher density.
We choose the reference parameter set for the particle simulations

so as to be consistent with our assumptions: hot accretion flows
in LLAGNs with Newtonian gravity. In our MHD simulations,
mass accretion rate is written as Ṁ ∼ ṁsimMuT−1

u , where ṁsim ∼
10−3 − 10−2 is the resulting mass accretion rate in the MHD
simulations. Then, the rescaled mass accretion rate is represented
as Ṁ = ηṁsimṀEdd. For η ! 10, this mass accretion rate is in
the hot accretion flow regime, i.e. Ṁ ! 0.1ṀEdd (Narayan & Yi
1995; Xie & Yuan 2012). The scale factor for the length, χ , should
be large enough to be consistent with the Newtonian gravity. For
χ ≥ 20, the initial radius, Rini = 0.3Rc, is larger than 6Rs =
2RISCO, where RISCO = 3Rs is the innermost circular stable orbit
(ISCO) for the Schwartzchild BH. Based on the considerations
above, we set the reference parameters to χ = 50, η = 1, and
M = 108M⊙, which corresponds to typical low-luminosity AGNs,
such as Seyferts or low-ionization nuclear emission-line regions
(LINERs). This parameter set leads to

Lu ≃ 1.5 × 1015M8χ1.7cm (19)

Figure 6. Orbits of test particles projected to the R − θ plane (upper panel)
and the R − φ plane (lower panel) for λini = 4. The initial and final positions
of the particles are shown by the stars and circles, respectively. In the bottom
panel, the cyan circle and black arrows indicate the initial ring R = Rini and
the rotation direction, respectively.

Tu ≃ 4.9 × 105M8χ
3/2
1.7 s, (20)

Mu ≃ 6.9 × 1030M2
8 χ

3/2
1.7 η0g, (21)

where we use the notation Qx = 10x (unit for M is M⊙). The speed
of light is c ≃ 10χ

1/2
1.7 LuT−1

u in this unit system. We use the MHD
data set of run A with T+c = 20π unless otherwise noted. The
Larmor radius and time-scale are rL ≃ 1.0 × 1013M8χ1.7λini, 0.6 cm
and tL ≃ 2.1 × 103M8χ1.7λini, 0.6 s, respectively.

3.2 Results of particle simulations

3.2.1 Orbits and momentum distribution

The upper and lower panels of Fig. 6 show orbits of the test particles
projected in the R − θ and R − φ planes, respectively. The particles
spread in all the directions, but the majority of the particles move
outward in the R direction rather than fall on to the BH or escape
to the vertical direction. The particles are likely to migrate to the
direction at which the magnetic field is weak, partially due to the

MNRAS 00, 1 (2019)
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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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Ex. AGN Embedded in Galaxy Clusters/Groups

• AGN as “UHECR” accelerators
• confinement in cocoons & clusters
• escaping CR nuclei: harder than CR protons 
• smooth transition from source n to cosmogenic n

Fang & KM 18 Nature Physics

Unifying >0.1 PeV n, sub-TeV g, and UHECRs 
(including proton ankle at 100 PeV & composition)

Cluster

Jet
cocoon

promising!



Ex. Star-Forming Galaxies w. AGN

1. Disk-driven winds are likely to accelerate CRs up to ~10-100 PeV
2. Diffusion coefficients can be smaller from those of star-forming galaxies
3. Consistent w. Fermi limits and CR spectra can be harder 

Liu, KM, Inoue, Ge & Wang 18 ApJ
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Figure 3. Di↵use gamma-ray intensity E2

�I�(E�) as a function of the energy (without EBL correction)
for the di↵erent EGRB components: NG in green, SB in blue, SF-AGN= SF-AGN (SB) + SF-AGN
(non-SB) in black, and their sum in magenta. The Fermi data [5] are plotted in red.

in order to explain all the IceCube data, we need to consider harder spectral indices (see
section 4) or another source component such as galaxy groups/clusters, AGN, and gamma-
ray bursts. Note that the di↵use neutrino intensity at TeV-PeV energies is dominated by SB
and SF-AGN (SB), and contributions from NG and SF-AGN (non-SB) are negligible because
of our assumption of �NG = 2.7. In addition, we have assumed that the neutrino spectrum can
be extrapolated up to PeV energies. However, as discussed below (see section 5), this requires
that protons are successfully accelerated to ⇠ 100 PeV energies, implying that the cosmic-
ray spectrum of extragalactic star-forming galaxies is di↵erent from that in the MW. For
comparison, the di↵use neutrino intensity including an exponential cuto↵ exp(�E⌫/80 TeV)
is plotted in violet, motivated by the fact that the MW cosmic-ray nucleon spectrum has a
suppression at the knee [74].

4 Fermi and IceCube bounds on the starburst injection spectra and abun-
dance

The injection spectra of the gamma rays of the starbursts are poorly constrained as well as
the fraction of SF-AGN with an energy spectrum similar to SB as discussed in sections 2.1
and 2.4. In this section, we first treat �SB as a free parameter compared to our canonical
model, and then change the fraction of SF-AGN with SB-like injection spectra. We compute
the resultant di↵use intensities compatible with both the Fermi and IceCube data. It would

– 11 –

Rdisk= 0.04Rvir. For the same AGN luminosity, a larger
redshift leads to a smaller Rvir and Rdisk. As a result, the total
mass content is reduced in the halo while the gas distribution is
still the same in the disk. Therefore, a larger redshift leads to a
less efficient gamma-ray/neutrino production in the halo. From
the perspective of the light curve, the position of the decline in
the light curve at 10 kpc should appear earlier for larger z and
vice versa. In reality, the density may also positively scale as
redshift and results in a larger gamma-ray/neutrino production
for higher-redshift AGN host galaxies. In principle, a more
careful treatment is necessary, such as done in Yuan
et al. (2018).

We are aware that after an AGN shuts off, the forward shock
may still expand into the ambient gas and accelerate protons.
However, the host galaxy would no longer be regarded as a
quasar-type or Seyfert-type AGN for the current observers,
although it may be left as a low-luminosity AGN with powerful
jets. Since we are only concerned with the gamma-ray and
neutrino fluxes from AGNs, we do not consider the production
beyond tsal. On the other hand, even if we assume that all the
inactive galaxies were AGNs, their contribution to the diffuse
gamma-ray and neutrino fluxes should be minor compared to
that from AGNs at the present time. This is because the AGN
fraction is about ∼1% among all the galaxies (Haggard
et al. 2010), while the emissivity of gamma rays or neutrinos
from an inactive galaxy is far smaller than 1% of the average
emissivity during its active period.

4. Contribution to Diffuse Neutrino and Gamma-ray
Backgrounds

In the previous section, we have examined the gamma-ray
and neutrino light curves from a single AGN embedded in a
dense ISM surrounded by a less dense halo. To obtain the
diffusive gamma-ray/neutrino flux from AGNs throughout
the universe, we need to sum up the contribution from
AGNs with different luminosities and redshifts. Note that those
AGN-driven wind bubbles should be at different stages of
the evolution, so we need to take the average luminosity
during their lifetime, which can be given by L E =g n¯ ( )

L E R t dt t,
t

0 Sal
Sal

ò g n [ ( )] . Finally, we have the diffuse gamma-
ray flux
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accounting for the number of AGNs per logarithmic luminosity
interval per volume. We adopt the pure luminosity evolution model,
and the parameters are given by log Mpc 4.7333

�F = -( ) ,
L L klog log L0 ,1� x= + k kL L,2

2
,3

3x x+ + , zlog 1x = +[( )
z1 ref+( )], zref= 2, L Llog 12.9650 =:( ) , kL,1= 0.749, kL,2=

−8.03, kL,3= 4.40, γ1= 0.517, and γ2= 0.296. τγγ(Eγ, z) is the
gamma-ray opacity due to absorption by cosmic microwave

background (CMB) and extragalactic background light (EBL) for a
photon that originated from redshift z with a redshifted energy Eγ at
Earth. We adopt an EBL model of moderate intensity provided by
Finke et al. (2010). In WLI and WLII, they adopted the EBL model
of Stecker et al. (2006), which was already ruled out by the gamma-
ray observations by Fermi-LAT and observations with imaging
atmospheric Cherenkov telescopes (e.g., Abdo et al. 2010; Orr
et al. 2011). But to compare with their results, we also adopt this
EBL model in our calculation for reference. Note that one should
remove this term when calculating the diffuse neutrino flux.
After integrating over the luminosity in the range of

1042–1048 erg s−1 and redshift in the range of z= 0–5, we
can obtain the diffusive gamma-ray and neutrino backgrounds.
Figure 6 shows the results with different proton spectra at
injection, i.e., SPL spectrum with ΓCR= 2.3 and ΓCR= 2.1,
and BPL spectrum with ΓCR= 2 below 100 TeV and ΓCR= 2.5
above 100 TeV. No internal absorption of high-energy photons
is considered, but electromagnetic cascades initiated by high-
energy photons during the propagation in the intergalactic
space are taken into account based on the EBL model of Finke
et al. (2010). In this work, the calculation of electromagnetic
cascades follows the simplified method described in Liu et al.
(2016), and a sufficiently weak intergalactic magnetic field
(1 nG) is assumed so that cascades in the considered energy
range will not be affected by synchrotron losses (see Murase
et al. 2012). Given the total cosmic-ray luminosity, the GeV
gamma-ray flux from direct π0 decay in the case of ΓCR= 2.3
is higher than those in the cases of ΓCR= 2.1 and the BPL case.
However, due to the contribution of the cascade emission
whose energy production rate is 100 GeV gamma-ray
photons, the total GeV gamma-ray flux for ΓCR= 2.3 becomes
smaller than the latter two cases.

Figure 6. Diffuse gamma-ray flux (solid curves) and all-flavor neutrino flux
(dashed curves). The gamma-ray flux from direct π0 decay is also shown
(dotted curves). Different colors represent the cases for different proton spectral
indices. The EBL model by Finke et al. (2010) is adopted. The red and pink
filled circles represent the Fermi-LAT EGB and IGRB data for foreground
model A, respectively (Ackermann et al. 2015). The black filled squares are the
astrophysical neutrino fluxes measured by IceCube (Aartsen et al. 2015),
obtained from a combined maximum likelihood analysis, while the blue shaded
region corresponds to the 68% C.L. allowed region for the muon (including
anti-muon) neutrino flux with an SPL model (IceCube Collaboration
et al. 2017; the original data have been multiplied by 3 to convert to an all-
flavor flux, assuming a flavor ratio of 1:1:1).
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Starbursts can potentially explain n and g simultaneously but... 
1. CR accelerators are more powerful than supernovae (beyond the knee)
2. Diffusion should be much slower than expected from that of our Galaxy
3. Tension with Fermi and IACT data (normalization & photon index)
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Fig. 4. The luminosity spectrum of neutrinos of all flavors from an FSRQ with 
δD = Γ = 30, using parameters of a flaring blazar given in Table 1. The radia-
tion fields are assumed isotropic with energy densities uBLR = 0.026 erg cm−3 for 
the BLR field, uIR = 0.001 erg cm−3 for the graybody IR field. For the scattered 
accretion-disk field, τsc = 0.01 is assumed. The proton spectrum is described by 
a log-parabola function with log-parabola width b = 1 and principal Lorentz factor 
γpk = Γ γ ′

pk = 107.5. Separate single-, double- and multi-pion components compris-
ing the neutrino luminosity spectrum produced by the BLR field are shown by the 
light dotted curves for the photohadronic and β-decay neutrinos. Separate compo-
nents of the neutrino spectra from photohadronic interactions with the synchrotron, 
BLR, IR, and scattered accretion-disk radiation are labeled.

Fig. 5. Total luminosity spectra of neutrinos of all flavors from model FSRQs with 
parameters as given in Fig. 4, except as noted. In curve 1, parameters of a quiescent 
blazar from Table 1, with γpk = 107.5, are used. Curves 2–6 use parameters for a 
flaring blazar as given in Table 1. In curves 2, 3, and 4, γpk = 107.5, 107, and 108, 
respectively. Curves 5 and 6 use the same parameters as curve 2, except that b = 2
and b = 0.5, respectively.

Comparisons between luminosity spectra of neutrinos of all 
flavors for parameters corresponding to the quiescent phase of 
blazars, and for different values of γpk and b, as labeled, are shown 
in Fig. 5. As can be seen, the low-energy hardening in the neutrino 
spectrum below ≈ 1 PeV is insensitive to the assumed values of 
γpk and b.

6. Discussion

We have calculated the efficiency of neutrinos produced by 
photohadronic interactions of protons with internal and external 
target photons in black-hole jet sources. Neutrino spectra were 
calculated semi-analytically for the chosen parameters. After sum-
marizing (1) data from IceCube motivating this study, we discuss 
(2) the UHECR/neutrino connection, (3) particle acceleration in jets, 

and (4) the contributions of FSRQs and blazars to the diffuse neu-
trino background.

6.1. Extragalactic neutrinos with IceCube

The IceCube Collaboration has reported compelling evidence 
for the first detection of high-energy neutrinos from extragalac-
tic sources. The sources of the neutrinos remain unknown. Candi-
date astrophysical sources include powerful γ -ray sources such as 
blazars, GRBs, and young pulsars or magnetars. Other possibilities, 
e.g., structure formation shocks and star-forming galaxies, are not 
excluded. Here we have argued that FSRQs are ! 1 PeV neutrino 
sources.

IceCube searches have not, however, found statistically com-
pelling counterparts by correlating neutrino arrival directions and 
times with pre-selected lists of candidate neutrino point sources, 
including FSRQs. An early search (Abbasi et al., 2009) using 
22-string data over 276 days live time found no significant ex-
cess other than 1 event associated with PKS 1622-297. Upper 
limits for an E−2 neutrino spectrum from candidate γ -ray emit-
ting AGNs were at the level of ≈ 1.6 × 10−12Φ90 erg cm−2 s−1, 
15 " Φ90 " 600, for neutrinos with energies Eν from ≈ 100 TeV
to ≈ 100 PeV. The upper limit for 3C 279 was a factor ! 30 above 
model predictions (Reimer, 2009; Atoyan and Dermer, 2001).

Improved point-source searches in 22-string and 40-string 
configurations during 2007–2009 were reported for both flaring 
and persistent sources in Abbasi et al. (2012). Recent 86-string 
data taken over 1373 days live time give IceCube limits of
≈ 10−12 erg cm−2 s−1 for 1 TeV " Eν " 1 PeV in the northern 
sky, and ≈ 10−11 erg cm−2 s−1 for 100 TeV " Eν " 100 PeV in the 
southern sky (IceCube Collaboration, 2014a).

Source γ -ray fluxes provide an upper limit to the neutrino flux 
because the decay of π0 and π± formed in photopion process will 
produce secondaries that initiate γ -ray cascades that cannot over-
produce the measured γ -ray fluxes. The brightest γ -ray blazars, 
namely 3C 279, 3C 273, and 3C 454.3, have average > 100 MeV
fluxes at the level of ≈ few ×10−11 erg cm−2 s−1 (Abdo et al., 
2009). These limits rule out a hypothetical blazar model where the 
γ rays are entirely associated with photohadronic processes, but 
the success of leptonic models for blazar γ radiation (Böttcher et 
al., 2012) means that only a small fraction of the high-energy radi-
ation from blazars can be hadronically induced. Particular interest 
for neutrino counterpart association attaches to unusual very-high 
energy (VHE; ! 100 GeV) flaring episodes in FSRQs, such as 3C 
279 (MAGIC Collaboration, 2008) and PKS 1222 + 216 (Aleksić 
et al., 2011). Furthermore, analysis of associations between GeV–
TeV sources and IceCube neutrino arrival directions finds counter-
part TeV BL Lac objects and pulsar wind nebulae (Padovani and 
Resconi, 2014). In principle, two-zone models for these objects 
could achieve the required flux (Tavecchio et al., 2014) by adjust-
ing the cosmic-ray spectral index and cutoff energy to appropriate 
values, but one has to take into account contributions from FSRQs 
for a detailed comparison.

6.2. UHECR/high-energy neutrino connection

High-energy neutrino sources are obvious UHECR source candi-
dates, though production of PeV neutrinos requires protons with 
energies of “only” E p ∼= 1016–1017 eV. The close connection be-
tween neutrino and UHECR production implies the well-known 
Waxman–Bahcall (WB) bound on the diffuse neutrino intensity 
at the level of ∼ 3 × 10−8 GeV/cm2-s-sr (Waxman and Bahcall, 
1999), and the similarity of the IceCube PeV neutrino flux with 
the WB bound has been noted (Waxman, 2013). Nevertheless, our 
results show that the relationship between the diffuse neutrino 
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Figure 1: a) �-ray light curve of PKS B1424�418. The Fermi/LAT data are shown as two-week binned

photon fluxes between 100 MeV and 300 GeV (black), the Bayesian blocks light curve (blue), and the IC 35

time stamp (red line). The first three years of IceCube integration (2010 May through 2013 May) and the

included outburst time range are highlighted in color. b) TANAMI VLBI images of PKS B1424�418. The

images show the core region at 8.4 GHz from 2011 Nov, 2012 Sep and 2013 Mar in uniform color scale.

1 mas corresponds to about 8.3 pc. All contours start at 3.3mJy beam�1 and increase logarithmically by

factors of 2. The images were convolved with the enclosing beam from all three observations of 2.26mas⇥

0.79mas at a position angle of 9.5�, which is shown in the bottom left. The peak flux density increases from

1.95 Jy beam�1 (2011 Apr) to 5.62 Jy beam�1 (2013 Mar).
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Figure 14 Event display showing Big Bird, with 378 optical modules hit. Each sphere shows
a hit optical module. The size of the spheres shows the number of photoelectrons observed by
the DOM, while the color indicates the time, with red being earliest, and blue latest. Figure
courtesy of the IceCube Collaboration.

rays, including the watershed discoveries of antimatter, the pion, the muon, the kaon, and
several other particles. In this article, we have both reviewed the nascent field of cosmic
neutrino astronomy and considered some of the potential ways CR science will once again
point the way in the quest to understand Nature at its most fundamental.
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Fermi-LAT might be due to a low exposure of the ICECUBE
region during the AGILE gamma-ray transient.

At the time of the neutrino event T0, the INTEGRAL satellite,
which also has the capability to cover almost the whole
sky(Savchenko et al. 2016), was not observing because it was
close to perigee inside the Earth radiation belts.

The ICECUBE region was also observed in the VHE band
by several experiments (see Table 4). Apart from HAWC,
which has a 24-hr duty cycle, all the others could repoint to the
ICECUBE position hours after T0, reporting only flux ULs
above different energy thresholds. During a search for a steady
source using archival data, the HAWC Collaboration reported a
location with a pre-trial significance of 3.57σ at R.A., decl.
(J2000)=(216.43, 0.15) (deg)(Taboada 2016); shown as a
cyan cross in Figure 4), although it was more than 2° away
from the neutrino error circle. Considering the number of trials
quoted in the HAWC GCN, this is not a significant detection.

5. Possible Neutrino-emitter e.m. Sources in the ICECUBE-
160731 and AGILE AGL J1418+0008 Error Regions

In what follows, we will further investigate whether some of
the steady/transient sources found during the MWL follow-up
are good candidates as the ICECUBE-160731 emitter. In
particular, we decided to review only the e.m. sources still
within the revised ICECUBE error region, plus the closest
optical transient detected by iPTF48 (named iPTF16elf,
Singer et al. 2016; see Figure 4). Table 1 shows the main
characteristics of the five e.m. sources satisfying the chosen
selection criteria. The table also shows the most likely known
association as reported from each of the ATel announcing the
detection obtained during the follow-up.
To find some of the key features of one of the most

promising neutrino-emitter candidates, high-energy peaked BL
Lac (HBL) AGNs(Padovani et al. 2016; Resconi et al. 2017),

Figure 4. AGILE-GRID intensity map in - - -( )ph cm s sr2 1 1 zoomed-in around the ICECUBE-160731 position, in the time interval - -( )T T1.8; 0.80 0 days. The
black and white circles again show, respectively, the 90% c.r. of the ICECUBE event and the 95% C.L. contour of the AGILE-GRID detection AGL J1418+0008. The
figure also shows the positions of several e.m. candidates found during the MWL follow-up. Cyan cross: HAWC best archival search result(Taboada 2016); blue
crosses: the six SWIFT-XRT sources reported in Evans et al. (2016a, 2016b); yellow boxes: two optical sources (one steady, one transient) detected by the Global
MASTER net (Lipunov et al. 2016a, 2016b); magenta diamonds: two optical transients detected by iPTF P48(Singer et al. 2016); black point: the X-ray source 1RXS
J141658.0−001449, which appears within both error circles, and is one of the best neutrino-emitter candidates found in the additional search made with the ASDC
tools described in the text.

Table 1
Optical and X-Ray Sources Detected within the Revised ICECUBE-160731 Error Circle during the MWL Follow-up

Mission/Observatory Source ID/namea R.A. (J2000) Decl. (J2000) Association Class
(deg) (deg)

SWIFT-XRT (ATel #9294) XRT #2 214.90209 −1.145917 2QZ J141936.0−010841 quasar
SWIFT-XRT (ATel #9294) XRT #5 214.95898 −0.11266 2QZ J141949.8-000644 quasar
SWIFT-XRT (ATel #9294) XRT #6 214.61169 0.24144 2MASS J14182661+0014283 star
Global MASTER net (ATel #9298) OT J142038.73−002500.1b 215.161375 −0.416694 SDSS J142041.62−002413.1 galaxy
iPTF P48 (GCN 19760) iPTF16elf 213.555124 −0.894361 Z 18–88 galaxy

Notes.
a See Figure 4.
b The astrophysical origin of this transient is not confirmed.
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Good chances to detect them 

even if subdominant in the diffuse n sky

1. Observational reason:

temporal & spatial coincidence

2. Theoretical reason

“enhanced“ jet power + target photons

(see e.g., KM & Waxman 16, KM et al.18)
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IceCube-160731 
public alert via GCN/AMON

PKS B-1424-418 (z=1.522) 1RXS J141658.0−001449 (HSP)
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IceCube 170922A & TXS 0506+056
- IceCube EHE alert pipeline

- Automatic public alert 

(through AMON/GCN)

- Kanata observations of blazars

-> Fermi-LAT (Tanaka et al.)

ATel #10791 (Sep/28/17) 

- X-ray observations reported by 

members of Penn State people

- Swift (Keivani et al.) 

GCN #21930, ATel #10942 

NuSTAR (Fox et al.)

ATel #10861

image
IceCube 2018 Science 



100 105 1010 1015

10−13

10−12

10−11

10−10

100 105 1010 1015

 ε [eV]

10−13

10−12

10−11

10−10

 ε
 F

ε [
er

g 
cm

−2
 s

−1
]

HM

1043

1044

1045

1046

1047

 ε
 L

ε [
er

g 
s−

1 ]
103 104 105

10−12

 δ=δeq∼ 5

 δ=10

 δ=15

TXS 0506+056 SED Modeling: Hadronic
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• UVOT/X-Shooter
nsyn<3x1014 Hz: ISP/LSP

• g = p-induced cascade 
Fn ~ Fg: ruled out 

• g = p-syn. from UHECRs
very low Fn at 0.1-1 PeV

• IC-170922A event 
CANNOT be explained
by the hadronic scenario 

“cascade”

n

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ
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TXS 0506+056 SED Modeling: Leptonic
• Swift-UVOT/X-Shooter, 

Swift-XRT/NuSTAR
Fermi-LAT data

• UVOT/X-Shooter
nsyn<3x1014 Hz: ISP/LSP

• Leptonic scenario
g = external IC emission

• Fn < (1-2)x10-12 erg/cm2/s 
• ep/ee > 300
• Emax < 0.3 Z EeV

• Nn~0.02/yr (real-time)   
Nn~0.2/yr (point-source)

n

Keivani, KM, Petropoulou, Fox et al. 2018 ApJ
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2014-2015 Neutrino Flare
IceCube 2018 Science 

Single-zone models predict Fx~10-10 erg/cm2/s by cascades
(violating Swift-BAT limit)

KM, Oikinomou & Petropoulou 18 ApJ

~13 events (~3.5s)

170922A

confirmed by numerical studies:
Rodrigues et al. 18
Reimer et al. 18
Petropoulou, KM et al. in prep.

Petropoulou, KM+ in prep.

No simple picture



Multi-Zone Picture?

see
KM, Oikinomou & Petropoulou 18 ApJ

Efficient n production?
1. External radiation fields
2. pp interactions w. clouds

Problems
- Severe X-ray constraints on the maximum neutrino flux
- Severe CR power requirement for low n production efficiency

Relaxing X-ray suppression?
1. Anisotropic cascades

(isotropization & time delay)
2. Avoiding Bethe-Heitler

(for neutron beams)
3. Scattering (NH>1025 cm-2)

Need more information: X-ray/g-ray monitoring, X-ray/g-ray polarization



Summary
g-ray flux ~ n flux ~ CR flux 

multi-messenger limits are now critical for CR and DM models

Cosmic-ray sources (above 100 TeV)?
CR accelerators: blazars are likely to be subdominant at sub-PeV energies

but they can be dominant in the 10-100 PeV energy range
AGN core models are viable given that CRs are accelerated

CR reservoirs: s<2.1-2.2 & significant contribution to Fermi g-ray bkg.
cosmic particle unification is possible with s~2  

Blazar flares?
TXS 0506+056 flares: no simple convincing picture – stay tuned….

BSM?
decaying dark matter: constrained by Fermi-LAT and CR experiments
various possibilities are discussed (neutrino decay, pseudo-Dirac neutrinos, neutrino-
neutrino self-interactions, neutrino-dark matter interactions, Lorentz invariance violation)



BSM Explanations?

high-energy γ

γγ

CR

g gy γ

ν
magnetic field

dark matter 
decay

background radiation
(low-energy γ)

Earth

!"

!"

!"

dark matter 
annihilation

star
dwarf
galaxy
cluster

etc.



BSM Signatures in Neutrino Spectra
Decaying dark matter

- Neutrino lines:

- Portal type, R-parity violating gravitino, RH n, glueball DM etc. 

Other models 
- Annihilation in low-velocity sub-halos:
- Early time particle decay:
- Boosted dark matter:

Feldstein et al. 13, Dudas, Mambrini & Olive 15, Roland et al. 15, Aisati et al. 15, Aisati et al. 16 

Feldstein, Kusenko, Matsumoto & Yanagida 13, Esmaili & Serpico 14, Bai, Lu & Salvado 13, 
Bhattacharya, Reno & Sarcevic 14, Higaki, Kitano & Sato 14, Esmaili, Kang & Serpico 14, 
Rott, Kohri & Park 15, Fong et al. 15, KM et al. 15, Boucenna et al. 15, Ko & Tang 15, Chianese et al. 16, 
Bhupal Dev et al. 16, Bari, Ludl & Palomares-Ruiz 16, Borah et al. 17, Hiroshima, KM et al. 17 etc.

Bhattacharya, Gandi & Gupta 15, Kopp, Liu & Wang 15, Bhattacharya et al. 17

Zavala 14
Ema, Jinno & Moroi 14, Anchordoqui et al. 15, Ema & Moroi 16
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Late time decay of very heavy dark matter is considered as one of the possible explanations for diffuse
PeV neutrinos observed in IceCube. We consider implications of multimessenger constraints, and show
that proposed models are marginally consistent with the diffuse γ-ray background data. Critical tests are
possible by a detailed analysis and identification of the sub-TeV isotropic diffuse γ-ray data observed by
Fermi and future observations of sub-PeV γ rays by observatories like HAWC or Tibet ASþMD. In
addition, with several-year observations by next-generation telescopes such as IceCube-Gen2, muon
neutrino searches for nearby dark matter halos such as the Virgo cluster should allow us to rule out or
support the dark matter models, independently of γ-ray and anisotropy tests.
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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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Various theoretical interpretations include possibilities of
hadronic (pp) production in cosmic-ray (CR) reservoirs [9]
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[15–18]. Only a fraction of the observed events could
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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
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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
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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
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Not only astrophysical sources but also dark matter may
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(VHDM), which is hard to probe by existing accelerators
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[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
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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-
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the dimensionless J factor averaged over Ω [29,33]. We
use the Navarro-Frenk-White profile to show results, but

PRL 115, 071301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

14 AUGUST 2015

0031-9007=15=115(7)=071301(6) 071301-1 © 2015 American Physical Society

(“dominant” in terms of the number of papers)

Secret interactions

Neutrino decay 

Ioka & KM 14, Ng & Beacom 14, Ibe & Kaneta 14, Blum, Hook & KM 14, Cherry, Friedland & Shoemaker 14,
Araki et al. 15, DiFranzo & Hooper 15, Kamada & Yu 15, Araki et al. 16, Shoemaker & KM 16, Yin 17

Pagliaroli et al. 15, Shoemaker & KM 16, Bustamante, Beacom & KM 17, Denton & Tamborra 18 



����� � ����

�ϕ = �� ���� ��=����

105 106 107 108
0

1

2

3

4

�������� ������� �ν [���]

�
ν� �
�

ν/
��

ν
[�
�-
�
�
��

��
-
�
�-
�
��
-
� ]

BSM Explanations for Neutrino Spectra?
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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)
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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%)
(similar results in other 
models that are proposed)  

see also:
KM & Beacom 12
Esmaili & Serpico 15 

strong tension with existing Fermi (sub-TeV g) and air-shower (sub-PeV g) data  



Profile Likelihood Technique
from Nick Rodd

DM

Gal 
diffuse

Fermi
bubbles

isotropic

scan to find best-fit values 
at each energy bin
(point source model included)
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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
unitarity boundPeV



Multi-Messenger Constraints on Decaying DM
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Multi-Messenger Constraints on Decaying DM
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Gamma-ray limits are improved independently of astrophysical modeling
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Multi-Messenger Constraints on Decaying DM
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Anti-proton constraints are competing for soft channels such as DM→bb
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Multi-Messenger Constraints on Decaying DM
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tension w. diffuse VHE g-ray limits that are important at ultrahigh energies 
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(Kalashev & Kuznetsov 16)
(see also Ahlers & KM 14, KM et al. 15, 
Esmaili & Serpico 15)
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Multi-Messenger Constraints on Decaying DM
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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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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
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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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KM, Laha, Ando & Ahlers 15 PRL

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
powerful 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.
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n Limits on Annihilating Dark Matter

IceCube Collaboration 1705.08103▸ No excess above the expected background was seen

DM SEARCHES IN ICECUBE                                                       MORTEN MEDICI

GENERAL SUMMARY: GALACTIC HALO WIMPS

14

n from Galactic halo and center
complementary to g-ray limits

DM+DM → µ+µ-

KM & Beacom 13 JCAP 

n from Galactic clusters
complementary to g-ray limits



Constraints from Neutrino Flavors
Shower-to-track ratio -> flavor information 
BSM physics tests w. sufficient statistics (especially by Gen2)
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Neutrino Decay: Normal Hierarchy

complete decay of n2, n3
disfavored only by flavors

3

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

redshift evolution 

challenging. For our projected sensitivity of 10 s eV−1,
decay would leave a strong imprint, since it would be
complete (D ≪ 1) for all but local sources.
Figure 4 shows how the decay damping varies with

lifetime, for different values of received energy in the
IceCube range. For a lifetime of 10 s eV−1, decay is
essentially complete for most of the range.

B. Introducing decay in the flavor composition

Decay occurs along flavor oscillations. However, they
have very different length scales. Neutrinos either leave a
source as incoherentmass eigenstates due tomatter effects or
nearly immediately become so with vacuum mixing
due to the short oscillation length, ∼10−15 Mpc ðE=TeVÞ.
After a few oscillation lengths, the να → νβ flavor-transition
probability averages out toPαβ ¼

P
ijUαij2jUβij2. The decay

length is orders of magnitude larger, ∼0.01 Mpcðτ=sÞ=
ðm=eVÞðE=TeVÞ.
With decay, the flavor-transition probability becomes

energy and redshift dependent: PαβðE0; z; τi=miÞ ¼P
ijUαij2jUβij2DðE0; z; τi=miÞ. See Appendix A.
The flavor ratios of astrophysical neutrinos can reveal

information about conditions at production, propagation,
and detection [17,24,64–78]. The neutrino production
mechanisms determine the flavor ratios that leave the
source, fα;S (with fe;S þ fμ;S þ fτ;S ¼ 1). If neutrinos
are produced in the decay of pions made in proton-photon
or proton-proton interactions, then, to first order,
ðfe;S∶fμ;S∶fτ;SÞ ¼ ð13 ∶

2
3 ∶0Þ.

Flavor mixing determines the ratios at Earth: fα;⊕ ¼P
βfβ;SPβα. They depend on the values of the mixing

angles, CP-violation phase, and, if decay is present, on
energy, lifetimes, and source redshifts. The source flavor
ratios above yield the standard expectation of
ðfe;⊕∶fμ;⊕∶fτ;⊕Þ ≈ ð13 ∶

1
3 ∶

1
3Þ.

Decay affects the flavor composition during propagation
by depleting the population of heavier mass eigenstates
and enhancing the population of the lightest one. Under
complete decay (D ≪ 1), flavor ratios are given by the
flavor content of the sole remaining stable eigenstate [15],
i.e., fα;⊕ ¼ jUα1j2 in the NH and fα;⊕ ¼ jUα3j2 in the IH.
The position and shape of the transition region from no
decay to complete decay depend on the lifetimes and
fraction of energy given to daughters [79]. For calculational
simplicity, in our results below we focus on the simplified
case where daughters receive the full parent energy.
Appendix A contains the derivation of flavor ratios at
Earth in this case. This choice does not imply a loss of
generality in our treatment and conclusions as long as we
lack sufficient data to probe the neutrino spectral shape for
a transitional feature from a scenario of no decay to one of
complete decay (see Sec. IV D).

C. Managing unidentified sources

To compute the decay-induced damping of the neutrino
flux emitted by a source, we need to know its redshift; see
Eq. (3). With it, we can calculate, for a given neutrino
energy, what lifetimes lead to complete decay. The problem
with this specific approach is that no astrophysical neutrino
sources have been identified yet [49].
However, we can reasonably assume that the luminosity

density of neutrino sources traces the distribution of other

FIG. 3. Decay damping D as a function of redshift, for a fixed
received neutrino energy E0 ¼ 1 PeV and different values of
lifetime τ=m. The background shading is darker the higher the
differential diffuse flux, assuming γ ¼ 2.50 (see Fig. 9).

FIG. 4. Decay dampingD as a function of neutrino lifetime, for
different values of neutrino energy. The bands are generated by
varying the redshift between 0.5 and 6.
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The region of allowed flavor ratios at Earth, under
standard mixing, is generated by varying flavor ratios at
the sources freely and mixing parameters within allowed
ranges. It is surprisingly small. It was first shown in Fig. 2
of Ref. [24] (see also Fig. 1 of Ref. [77]); the 3σ contour is
shown here as the “no decay” region of Fig. 6. This region
and the flavor-content regions of pure ν1 and pure ν3
are well separated, at >3σ. Therefore, barring detection
aspects, flavor ratios under standard mixing and under
complete decay cannot be confused.
This conclusion holds whether or not different sources

emit with different flavor ratios. It also holds if flavor ratios
at the sources vary with energy—as long as flavor ratios
at Earth are measured using events binned in a single,
wide energy bin, on account of limited statistics; see the
Supplemental Material of Ref. [24] for details.

F. Summary

Sources of high-energy astrophysical neutrinos, while
undetected, likely trace the redshift distribution of other
objects. Hence, most of the diffuse flux originates from
z ≈ 0.5 − 1, which naturally allows decay to have a strong
effect. Additionally, uncertainties in the spectral index of
the power-law diffuse flux and in the flavor composition at
the sources are unable to mask the effect of decay.

V. MANAGING DETECTION ASPECTS

A. Flavor measurements in IceCube

In IceCube, high-energy neutrinos interact with
nucleons in the Antarctic ice via deep-inelastic scattering;

see Appendix C for details. The interactions are detected by
collecting the Cherenkov light of the final-state particles.
Charged-current interactions create final-state hadrons

and charged leptons. A final-state muon leaves a track of
light a few kilometers long that is clearly identifiable.
(Tracks also come from the decay of taus, produced in ντ
interactions, into muons, which occurs 17% of the time;
and, at higher energies, from taus themselves [83].) A final-
state electron or tau initiates a localized shower whose light
adds to that of the shower initiated by final-state hadrons.
Using the observed energy spectrum of showers allows to
identify the astrophysical neutrino component more clearly
than using the spectrum of tracks [84]. While the particle
content of showers created by final-state hadrons, electrons,
and taus is different, IceCube is currently insensitive to the
difference (muon and neutron echoes might solve this
problem [85]). From the relative number of tracks (mostly
from νμ) and showers (mostly from νe and ντ) the under-
lying flavor ratios are inferred.
Neutral-current interactions create final-state hadrons

and final-state neutrinos. Because, on average, hadrons
receive a small fraction of the incoming neutrino energy,
and because the neutrino spectrum falls with energy, these
showers are subdominant.
IceCube recently reported the flavor ratios of the diffuse

astrophysical neutrino flux [8,75]; their results are shown in
Figs. 2 and 6. They are compatible with the standard
expectation of ð13 ∶

1
3 ∶

1
3Þ⊕, as well as with other composi-

tions expected from standard flavor mixing and from
various new physics [24,77].
In events that start inside the detector (“high-energy

starting events,” or HESE), the energy of the incoming
neutrino can be well reconstructed because all (for showers)
or a large fraction (for tracks) of it is deposited in final-state
particles that shower inside the detector. On the contrary, in
through-going track events, the energy of the incoming
neutrino must be loosely reconstructed using the relatively
short track segment that traverses the detector. However,
this is not a problem for flavor measurements. By sta-
tistically inferring the νμ spectrum from the through-going
track spectrum, IceCube has demonstrated that flavor ratios
can be inferred from the combined HESE and through-
going track data [8], assuming they are constant over a wide
enough energy range. Just as with standard mixing, under
complete decay flavor ratios would be constant and,
therefore, the same kind of combined analysis could be
used (see, however, the recommendations in Sec. V C).
Above ∼5 PeV, flavor-specific detection signatures

become accessible [18,86–92]; none have been observed
yet, and low, but observable, event rates are nominally
expected. For ν̄e of energies around 6.3 PeV, the Glashow
resonance [93] is expected to increase the shower rate; we
will use this to study decay in the IH in Sec. VI B.

B. Managing uncertainties in flavor ratios at Earth
Because muon tracks can be clearly identified, but

showers initiated by νe and ντ cannot presently be

FIG. 6. Allowed να þ ν̄α flavor ratios at Earth with decay to ν1
(NH). For each value of the decay damping D, the region is
generated by scanning over all possible flavor ratios at the source
and mixing parameters within 3σ [31]. The flavor-content region
of ν1 is outlined in dashed yellow [24].
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If daughter neutrinos are sterile (“invisible”), they will not
contribute at all. If daughter neutrinos are active (“visible”),
they will contribute some fraction of the parent energy,
inheriting the same spectral index. Therefore, with limited
data, we are insensitive to whether or not decay products
contribute to the detected flux.
We forgo looking for the transition between no decay

and complete decay, which would help as an additional
observable. More sophisticated analyses, with more data,
could do that, by combining flavor and spectral information
[26]. If there is a feature in the neutrino spectrum due to
decay—or from a cutoff in the emission spectrum—then
the properties of daughter neutrinos should be considered
more carefully.

B. Managing uncertainties in neutrino mixing

Decay occurs between mass eigenstates, but neutrino
detectors are sensitive to flavor states for the dominant
detection channel of neutrino-nucleon charged-current
interactions. Mixing between the two bases is large.
It is commonly represented by the Pontecorvo-Maki-
Nakagawa-Sakata matrix U and parametrized by three
angles—θ12 ≈ 34°, θ23 ≈ 45°, and θ13 ≈ 9°—and one
CP-violation phase δCP, still unconstrained.
Uncertainties in the angles are small and shrinking, but
not negligible [31] (also, Refs. [61,62]). Next, we show that
present uncertainties are not an obstacle to testing decay.
Figure 2 shows the regions of flavor content jUαij2 of

the mass eigenstates νi, generated by varying the mixing
parameters within their allowed ranges, from Ref. [24].
They are clearly separable, which means that a flux of pure
ν1 and a flux of pure ν3 would be distinguishable, barring
detection aspects. Results for NH and IH are similar; see
Fig. A.1 in Ref. [24].
The size of the short sides of the regions in Fig. 2 is

determined by the small uncertainties in θ12 and θ13; the
size of the long sides is determined by the larger uncer-
tainties in θ23 and δCP. Future reduced uncertainties in the
mixing angles will shrink the flavor-content regions in
Fig. 2, sharpening the separation between them; see
Fig. C.1 in Ref. [24] and Figs. 5 and 8 in Ref. [26].

C. Summary

Because the neutrino flux—a power law, as indicated by
data—has a normalization that is a priori unknown, under
complete decay there is no sensitivity to whether or not
daughter neutrinos are active and to what fraction of the
parent neutrino energy they receive. As a result, there is no
sensitivity to different decay modes. This lack of sensitivity
is exploited here to estimate model-independent sensitiv-
ities to neutrino lifetime. Additionally, uncertainties in
mixing parameters are small enough for the flavor-content
regions of ν1 and ν3, corresponding to complete decay in
the NH and IH, to be well separated.

IV. MANAGING UNCERTAINTIES IN
SOURCE PROPERTIES

A. Introducing cosmological effects on decay

So far in our discussion, we have neglected two physical
effects: the scaling of energy with redshift due to cosmo-
logical expansion and the dependence on redshift of the
time traveled by the neutrino, as measured by its own clock,
via the look-back distance [12]. Taking them into account,
the fraction of νi, emitted by a source with redshift z, that
remains upon reaching Earth, is

DðE0; z; τ=mÞ ¼ ½ZðzÞ%−
m
τ ·
LH
E0 ; ð3Þ

where E0 is the received neutrino energy, while the energy
at emission was E0ð1þ zÞ, and LH ≈ 3.89 Gpc is the
Hubble length. The redshift-dependent part is ZðzÞ≃
aþ be−cz, with a ≈ 1.71, b ¼ 1 − a, and c ≈ 1.27 for a
ΛCDM cosmology with Ωm ¼ 0.27 and ΩΛ ¼ 0.73.
For stable eigenstates, D ¼ 1; for unstable ones, D < 1.
If D ≪ 1 for all unstable neutrinos, decay is complete.
Equation (3) was first derived in Ref. [12] (see Ref. [63] for
a related application to neutrino oscillations).
Figure 3 shows the cumulative effect of decay, for a fixed

received energy of 1 PeV. For a lifetime of 103 s eV−1,
D ≈ 1 for the most important redshifts, which means
that reaching the ultimate IceCube sensitivity will be

FIG. 2. Flavor content of mass eigenstates ν1, ν2, and ν3, in the
NH (results for the IH are very similar [24]). The regions are
generated using the best-fit value of the mixing parameters (light
yellow), and their 1σ (darker) and 3σ (darkest) uncertainty ranges
from Ref. [31]. IceCube astrophysical flavor composition mea-
surements [8] are shown. Values are read parallel to their ticks.
Figure modified from Fig. 1 in Ref. [24].
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distinguished [24,74,94], the IceCube flavor contours
[8,75] in Figs. 2 and 6 are nearly horizontal. The slight
tilt of the contours is due to the smaller average energy
deposition of ντ-initiated showers and to the occasional
decay of ντ to μ, which prevents the ντ fraction from being
higher. The height of the contours is determined by the
number of events, while their width is determined by the
indistinguishability of νe and ντ.
In spite of these limitations, Fig. 2 shows that the flavor-

content region of ν1, expected from complete decay in the
NH, is presently disfavored at ≳2σ. This observation is the
basis of the method to calculate lifetime sensitivity intro-
duced in Sec. VI A. More data would shrink the IceCube
flavor contours. Assuming no other change, this would
disfavor more strongly complete decay in the NH; see, e.g.,
Refs [24,26] for projections using the planned IceCube-
Gen2 [95].
Progress should move on three fronts. First, more

statistics, gathered either by IceCube or future detectors
[95–98], will reduce mainly the height of the contours.
Second, detection of events at a few PeV may reveal flavor-
specific signatures. The observation of double bangs [86]
(or, at lower energies, double pulses [99]) is desirable
because it would clearly identify ντ, but it is not essential to
test decay. It would mainly help shape the region of
standard allowed flavor ratios (“no decay” in Fig. 6); see
Fig. 2 in Ref. [26]. Because this region is roughly aligned
with lines of constant fτ;⊕, improvement would be slight,
unless extreme values of fτ;⊕ are measured or high
precision is achieved [85]. On the other hand, the obser-
vation of the Glashow resonance [93], above ∼5 PeV,
would clearly identify ν̄e and constitutes a strong test of
decay in the IH, as we show in Sec. VI B. Third, breaking
the degeneracy between νe- and ντ-initiated showers could
reduce the width of the IceCube contours appreciably.
A large improvement in the precision of νe and ντ flavor
ratios could be achieved by detecting muon and neutron
echoes [85] from showers with energies between 25 TeV
and 1 PeV.

C. Need for a clean extragalactic sample

To generate the contours of flavor composition in
Figs. 2 and 6, IceCube used all available events with
energies between 10 TeVand 2 PeV [8]. However, if flavor
composition measurements are to be used to test decay,
they must not contain any contamination from nonextra-
galactic neutrinos.
For a lifetime of 10 s eV−1, there is no decay for

atmospheric or even Milky Way neutrinos, because the
distances are much less than the Gpc-scale range. Clearly, if
data have a large contamination of such neutrinos, lifetime
sensitivities derived from them will be incorrect.
Atmospheric contamination can be averted by restricting

the flavor analysis to events with high energies (e.g., above
60 TeV [7]). Galactic contamination [100–116] can be

averted by restricting the flavor analysis to events with high
Galactic latitudes. Events with lower energy and closer to
the Galactic plane should be either discarded or given a
reduced significance.
To obtain trustable lifetime limits, dedicated analyses

performed by experimental collaborations should imple-
ment these restrictions.

D. Summary

Even though neutrino energy can be reconstructed more
accurately with high-energy starting events than with
through-going tracks, IceCube has shown that both event
types can be combined to infer flavor ratios. Flavor
measurements, while unable to distinguish between show-
ers initiated by νe and ντ, are already precise enough to
disfavor a pure-ν1 composition, compatible with complete
decay in the NH. Since our proposed analysis hinges on
Gpc-scale distances to sources, it must avoid contamination
by neutrinos produced closer than that.

VI. ESTIMATING LIFETIME SENSITIVITIES

A. Decay with flavor ratios at present

Figure 2 shows that present IceCube flavor ratios [8]
seemingly already disfavor at ≳2σ complete decay in the
NH, i.e., fα;⊕ ¼ jUα1j2, for all values of the mixing
parameters within 3σ (assuming no local contamination).
Below, we use this observation to estimate the present
nominal sensitivity to the lifetimes of ν2 and ν3. We discuss
decay in the IH later.
Our nominal sensitivity is set by the values of τ2=m2 and

τ3=m3 for which fα;⊕ ¼ jUα1j2, regardless of uncertainties
in the mixing parameters and flavor ratios at the sources.
Since we look for complete decay, we assume, in practice,
equal lifetimes, i.e., τ2=m2 ¼ τ3=m3 ≡ τ=m; however, this
restriction is not essential. We proceed by generating
regions of allowed flavor ratios for different values of
D, using Eq. (A6), and scanning over all possible flavor
ratios at the sources and values of the mixing parameters
within their 3σ uncertainties.
Figure 6 shows the resulting regions. Decay is complete

enough for D≲ 0.01: the region of allowed flavor ratios is
fully contained within the flavor-content region of pure ν1.
Therefore, D≲ 0.01 is disfavored at ≳2σ. Figure 4 shows
that, at energies of ∼1 PeV, D ¼ 0.01 corresponds to a
lifetime of ∼10 s eV−1. Thus, the nominal IceCube limit
achieved with flavor ratios is, roughly,

τ2=m2; τ3=m3 ≳ 10 s eV−1ð≳2σ;NHÞ: ð4Þ

This sensitivity is independent of flavor ratios at the sources
and 3σ uncertainties in mixing parameters. The left panel of
Fig. 1 shows this is an improvement of 104 and 1011 over
existing limits.
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Neutrino Decay: Inverted Hierarchy

one Glashow event (for g=2.5)

IH is not disfavored yet by the flavor information 

Under complete decay in the IH, the integrated shower
rate is depleted by a factor of jUe3j2=ð1=3Þ ≈ 0.1. The
average shower rate becomes small: for γ ¼ 2.50, the rate is
less than 0.2 events in five years, so the probability of

observing one or more events is ∼16%; for γ ¼ 2.13, the
rate is roughly twice that, so the probability is ∼31%. This
makes the prediction of small shower rates under complete
decay in the IH relatively robust.

FIG. 7. Shower spectrum at IceCube, assuming five years of exposure. The detector energy resolution is set to δEsh=Esh ¼ 0.1 [126].
Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. Contributions of ντ-initiated showers are not
added. See text for details.

FIG. 8. Number of showers in IceCube in the range 5–8 PeV, as a function of the common lifetime of the two heavier mass eigenstates,
assuming five years of exposure. Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. The
probability Pn≥1 of detecting one or more events under complete decay in the IH is only ∼16% (left) or ∼31% (right). Therefore, if even
a single event is detected in the energy range of the Glashow resonance, that will disfavor complete decay in the IH. With higher
statistics, the significance will increase rapidly. See text for details.
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Energy spectra at the source(s) are known.
Flavor ratios at the sources(s) are known.

(3) Detection aspects:
Energy is measured well for each neutrino.
Flavor is measured well for each neutrino.
Negligible contribution from background events.

At present, none of these conditions are fully met. Despite
this, we show that interesting sensitivity, robust against
uncertainties, can be obtained with IceCube in the near
term. We focus on methods and order-of-magnitude esti-
mates, leaving details to experimental studies.
The prospects for testing neutrino decay with

high-energy neutrinos have been studied earlier, in
Refs. [12,15–26]. Our paper is the first to comprehensively
consider the obstacles to using the present IceCube data
for this purpose, as well as methods to evade all of these
obstacles. The recent analysis of Ref. [23] tested decay by
using the highest-energy IceCube events to derive a
quantity related to flavor composition. In contrast, we
use the flavor-composition results that are provided by the
IceCube Collaboration [8], derived by combining several
data sets, including the highest-energy one, and by taking
into account detection aspects unavailable outside the
Collaboration. Further, we show in detail how interesting
sensitivity can be obtained for either neutrino mass hier-
archy, including a new point about how the Glashow
resonance can be exploited.
This paper is organized as follows. In Sec. II, we review

neutrino lifetime limits and sensitivities. In Secs. III, IV,

and V, we show that uncertainties in neutrino properties,
uncertainties in source properties, and detection aspects are
manageable. In Sec. VI, we estimate lifetime sensitivities
achievable by IceCube. In Sec. VII, we summarize and
conclude.

II. OVERVIEW OF NEUTRINO LIFETIME
LIMITS AND SENSITIVITIES

Figure 1 shows present limits and future sensitivities on
lifetimes and masses of mass eigenstates νi (i ¼ 1, 2, 3).
[Here and below, νi stands for νi þ ν̄i and να stands for
να þ ν̄α (α ¼ e, μ, τ), unless otherwise indicated.] Since the
neutrino mass hierarchy is unknown, we consider the two
possibilities. In the normal hierarchy (NH), ν2 and ν3 are
unstable and heavier than ν1, which is stable. In the inverted
hierarchy (IH), ν1 and ν2 are unstable and heavier than ν3,
which is stable. (We assume only three active neutrinos—νe,
νμ, ντ, or ν1, ν2, ν3—and no mixing with sterile neutrinos
[27–30].)
The allowed mass range is strikingly narrow. Lower

limits come from the squared-mass differences Δm2
ij ≡

m2
i −m2

j measured in neutrino oscillation experiments [31].
Upper limits come from cosmological constraints on
the sum of masses [32]. We have conservatively
assumed

P
imi ≲ 0.3 eV. Recent work [33] claimsP

imi ≲ 0.12 eV—and the bounds are expected to con-
tinue improving—which would result in even narrower
allowed mass ranges. In these plots, we considered m1 ¼ 0

FIG. 1. Constraints on neutrino masses and lifetimes, as labeled and discussed in the text, with hatched gray disallowed, hatched white
allowed only for some eigenstates, and unhatched white allowed for all. Solid lines are lower limits. The thick red dashed lines indicate
the sensitivity estimates of this paper. Left: Normal hierarchy. Right: Inverted hierarchy.
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By itself, the nondetection of high-energy showers in
five years cannot be unequivocally attributed to complete
decay in the IH; this could be equally due to a cutoff below
the Glashow resonance energy [8], neutrino production via
pγ, or decay.
However, the detection of one event would disfavor

complete decay in the IH and, therefore, could be used
to set lifetime limits. This corresponds to a nominal
sensitivity of

τ1=m1; τ2=m2 ≳ 10 s eV −1 ð∼2σ; IHÞ; ð5Þ

for γ ¼ 2.50 (∼1σ for γ ¼ 2.13). The right panel of Fig. 1
shows this is an improvement of 104 over existing limits.
The significance we quote is that of the low event rate at
complete decay fluctuating up to yield one event in five
years. While the significance is lower for γ ¼ 2.13, this is
offset by a higher expected number of events.
When the statistics get higher, say, with IceCube-Gen2,

the details of the argument would change, but would still
rely on the dominance of the Glashow resonance over the
underlying continuum. Detection of two events would rule
out complete decay in the IH at ∼5σ (∼3σ for γ ¼ 2.13).
IceCube-Gen2 might have an effective area 6 times larger
[95]; for the same exposure time, and depending on the
spectral index, this would lead to ∼9–17 events without
decay, versus ∼1–2 events at complete decay in the IH,
providing a clearer signal at ≳5σ.
With more statistics, combining flavor ratios and spectral

information could yield stronger limits and reveal the
transition to complete decay. By doing this, the authors
of Ref. [26] estimated that IceCube-Gen2 could reach
τ=m≳ 500 s eV−1 in ten years, depending on the spectral
index.

VII. SUMMARY AND CONCLUSIONS

We have shown that the diffuse flux of high-energy
astrophysical neutrinos recently discovered by IceCube can
be used to robustly test decay. Improved limits on neutrino
masses have opened up the possibility of a hierarchical
mass scheme, allowing for a more model-independent
exploration of decay. We have shown that, in spite of
uncertainties in neutrino properties, source properties, and
detection aspects, clear tests of decay are possible.
We have provided a road map for how dedicated decay

analyses should be performed. For illustration, we have
estimated the order-of-magnitude sensitivity of IceCube
to neutrino lifetime, using present data and near-future
prospects.
First, we have used the flavor composition at Earth of

the diffuse flux. In the extreme case of complete decay,
all unstable neutrino mass eigenstates decay en route,
so the flavor composition of the flux is that of the single
remaining, lightest eigenstate, which we assume to be
stable. In the NH, this is ν1; in the IH, it is ν3. We have

shown that present flavor measurements by IceCube
seemingly disfavor complete decay in the NH at ≳2σ,
regardless of flavor composition at the sources and values
of mixing parameters. This translates into a sensitivity to
the lifetimes of ν2 and ν3 of τ=m≳ 10 s eV−1, an improve-
ment of 104 and 1011, respectively, over existing limits.
Second, we have used the potential near-future detection

of high-energy (5–8 PeV) showers in IceCube to probe
complete decay in the IH. Without decay, the shower rate is
enhanced by the Glashow resonance, centered at 6.3 PeV.
In contrast, complete decay would make the rate small.
Therefore, the observation of even a single shower in five
years would set a lower limit on the lifetimes of ν1 and ν2
of 10 s eV−1, also at ≳2σ (for a spectral index of 2.50),
an improvement of 104. With higher statistics, collected
either with IceCube or IceCube-Gen2, the significance will
increase rapidly.
The observability of decay hinges on the Gpc-scale

distances to sources. To reduce contamination from neu-
trinos produced too close, we advocate performing dedi-
cated analyses that disfavor any possible events from the
atmosphere or the MilkyWay. With more statistics, reduced
neutrino and source uncertainties, and improved detection
techniques, the sensitivity could be greatly improved.
The new mediator driving neutrino decay could also

induce new neutrino-neutrino interactions, which could
affect early cosmic history. Further, IceCube could see the
effects of interactions between PeV neutrinos and the
cosmological neutrino background as distortions of
the power-law spectrum (see, e.g., Refs. [127–129]).
The nondetection of these features (so far) puts bounds
on the new couplings. Assuming this mediator is the same
one that drives neutrino decay, then these bounds would
also be bounds on the neutrino lifetime. However, explor-
ing these effects lies beyond the scope of this paper.
If decay is ruled out with astrophysical neutrinos, then

searches for new physics with solar, atmospheric, and
terrestrial neutrinos will have to be more focused, having
fewer possibilities to explain any deviations from standard
expectations. Conversely, if hints of decay are found, that
would be important to take into account for cosmological
tests of neutrino mass.
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Under complete decay in the IH, the integrated shower
rate is depleted by a factor of jUe3j2=ð1=3Þ ≈ 0.1. The
average shower rate becomes small: for γ ¼ 2.50, the rate is
less than 0.2 events in five years, so the probability of

observing one or more events is ∼16%; for γ ¼ 2.13, the
rate is roughly twice that, so the probability is ∼31%. This
makes the prediction of small shower rates under complete
decay in the IH relatively robust.

FIG. 7. Shower spectrum at IceCube, assuming five years of exposure. The detector energy resolution is set to δEsh=Esh ¼ 0.1 [126].
Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. Contributions of ντ-initiated showers are not
added. See text for details.

FIG. 8. Number of showers in IceCube in the range 5–8 PeV, as a function of the common lifetime of the two heavier mass eigenstates,
assuming five years of exposure. Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. The
probability Pn≥1 of detecting one or more events under complete decay in the IH is only ∼16% (left) or ∼31% (right). Therefore, if even
a single event is detected in the energy range of the Glashow resonance, that will disfavor complete decay in the IH. With higher
statistics, the significance will increase rapidly. See text for details.
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Glashow resonance
at 6.3 PeV
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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

⇤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)

ex. Majorana n self-interactions via a scalar

SSB

lepton # violation

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 [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.

ex. interaction w. “sterile” neutrinos

- mn is replaced with ms

- limits are weaker due to sin qs

ex. gauged Lµ-Lt model

see also Kaneta’s talk
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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
�
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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
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FIG. 3. The cosmic neutrino fluxes calculated with the
Lµ − Lτ gauge interaction are compared with the three-
year IceCube data [3]. The model parameters are taken as
MZ′ = 11 MeV and gZ′ = 5 × 10−4. The lightest neutrino
mass is set to be m1 = 0.08 eV and the normal mass hierarchy
is chosen. The SFR is assumed as the redshift distribution of
the cosmic neutrino sources. The cutoff energy of the original
flux is placed at Ecut = 107 GeV. The three different values
of the spectral index sν are examined.

hierarchy with the lightest neutrino mass m1 = 0.08 eV4

and set the model parameters as MZ′ = 11 MeV and
gZ′ = 5 × 10−4. For the sources of cosmic neutrinos,
we assume the SFR, which is given in Eq. (10), as their
redshift distribution, and the cutoff energy Ecut, which
appears in Eq. (9), is taken as Ecut = 107 GeV. The
normalization factor Q0 is adjusted so that the magni-
tude of the calculated flux fits the observation. As can
be seen from the figure, the flux is significantly atten-
uated around 400 TeV − 1 PeV. With a spectrum in-
cluding the gap, one can expect a relatively good fit to
the observation, although the gap will be shallower than
the bottom of the calculated spectra once the curves are
averaged over each energy bin. Since the spectrum calcu-
lated with the inverted hierarchy is essentially the same
as the normal hierarchy shown at Fig. 3, we do not repeat
it.
Let us mention the possibility of simultaneous repro-

duction of the gap and the edge. In view of Refs. [10–12],
we here take lower values of sν and try to form the edge
at the upper end of the spectrum by means of the Lµ−Lτ

interaction, instead of setting the cutoff energy by hand.
Note that with an appropriate adjustment of the flux
normalization, lower values of the spectral index can still
give a good fit to the current observed spectrum [7–9].
According to Fig. 2, the mass of the lightest neutrino

4 This leads to
!

mν ≃ 0.25 eV, which is slightly higher than
the 95% C.L. from the combined analysis of cosmological obser-
vations [114]. However, once the cosmological model is extended
to include more parameters, the constraint is expected to be re-
laxed. For instance, simultaneous inclusion of Neff and

!
mν

leads to
!

mν < 0.28 eV [114].
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FIG. 4. The cosmic neutrino flux calculated with MZ′ = 9
MeV and gZ′ = 4×10−4. Here the normal hierarchy is chosen
and the lightest neutrino mass is set to be m1 = 6× 10−3 eV.
The spectral index is taken to be sν = 2.3 and 2.1.

should be smaller than 10−2 eV to split the resonance
energies and distribute them to the positions of the gap
and the edge. The mass of Z ′ should be smaller than
MZ′ ! 20 MeV to place the resonance energies at the
appropriate positions, cf. Eq. (2). In Fig. 4 (5), we set
the mass of Z ′ to 9 MeV, the coupling gZ′ to 4×10−4, and
the lightest neutrino mass m1 (m3) to 6× 10−3 eV with
the normal (inverted) hierarchy of neutrino mass. Here,
the cutoff energy is taken to be sufficiently high so that
the numerical results do not depend on the value. The
gap is successfully reproduced by the scattering with the
heaviest mass eigenestate of CνB. On the other hand,
the resonant scattering for the edge seems insufficient:
the flux is attenuated only between 3 and 7 PeV, which
may be too narrow (and also too shallow) to explain the
required property of the edge, although it is consistent
with the current data.

Lastly, we comment on the effect of the CνB momen-
tum. If the lightest neutrino mass is chosen to be as light
as the CνB temperature, the CνB momentum effect is
expected to become appreciable, which would make the
width of the edge wider. We will study this possibility in
the near future.

B. Source distributions

So far, we have adopted the SFR as the redshift dis-
tribution of cosmic neutrino sources in our calculations.
However, the source has not been specified yet, and some
of the astrophysical objects have been discussed as the
candidate [11–16]. In Fig. 6, we examine the distribution
of gamma-ray bursts (GRBs) [115],

WGRB(z) ∝

!

(1 + z)4.8 0 ≤ z < 1,

(1 + z)1.4 1 ≤ z ≤ 4.5
(16)
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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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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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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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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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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
= �
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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
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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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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
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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
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⌧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
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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
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s eV�1
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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

Complete decay of all eigenstates: SN 1987A
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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).

3

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. 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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A Phenomenological Model

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

⇤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.
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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.
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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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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 ✏
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⇠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).
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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 
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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 ✏
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, 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.
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We thus need to explain a large gap between the scalar mass and its Vacuum Expectation
Value (VEV): m
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� 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
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is comparable to the constraint due to the number of relativistic
degrees of freedom during big-bang nucleosynthesis.
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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
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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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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.
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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
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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-

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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