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monster
fishing!!

Sources?



IceCube 170922A & TXS 0506+056
- IceCube EHE alert pipeline
- Automatic alert (via AMON/GCN)
- Kanata observations of blazars

-> Fermi-LAT (Tanaka et al.)
ATel #10791 (Sep/28/17) 

- Swift (Keivani et al.) 
GCN #21930, ATel #10942 
NuSTAR (Fox et al.) ATel #10861

- ~3s coincidence

image
IceCube 2018 Science 

En ~ 0.2-1 PeV

170922A



2014-2015 Neutrino Flare
IceCube 2018 Science 

~13 events (~3.5s)

170922A

2014-2015 
flare

Petropoulou, KM+ 20 ApJ
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“cosmic rays are easily deflected”

γ +γCMB/EBL → e+ + e−

“photons easily interact”



Neutrino Production in AGN Jets
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from KM, Inoue & Dermer 14 PRD

blazar!

CR acceleration
& n/g-ray production
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“Power” of Multi-Messenger Approaches

Puzzling: standard single-zone models do NOT give a concordance picture

n

Keivani, KM et al. 18 ApJ

opt: Swift-UVOT/X-Shooter 

X:Swift-XRT/NuSTAR

g:Fermi-LAT

Petropoulou, KM et al. 20 ApJ

We next discuss a few caveats that should be kept in mind
when interpreting our predictions for the long-term neutrino
emission of TXS0506+056.

1. The predictions rely on the assumption that the maximal
neutrino flux obtained for each epoch is representative of
the long-term neutrino emission of the source. Ideally,
one should find a scaling relation between the maximal
neutrino flux and the photon flux in some energy band
with continuous temporal coverage, and then use the
long-term light curve to compute the predicted number of
muon neutrinos (e.g., Petropoulou et al. 2016). Although
the 0.1–300 GeV energy band of Fermi is ideal for this
purpose, we cannot establish a robust relation between

¯
( )
n n+F max and Fγ, as shown in Figure 3 (left panel). In

contrast, we find that the X-ray flux is a better probe of
the maximal neutrino flux within our model, with

¯
( ) µn n+F FX
max (right panel of Figure 3). This is partly

because the SED has a valley in the X-ray range, which is
the most important for constraining hadronic compo-
nents. The X-ray coverage of the source before the 2017
flare is very sparse (see Figure 1), thus preventing a more
sophisticated analysis than the one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in between the four
epochs we chose for our analysis. Such changes in the jet
parameters could happen in highly variable blazars(e.g.,
Raiteri et al. 2013; Ahnen et al. 2017). This limitation
stems from the lack of quasi-simultaneous multi-wave-
length data for long-time windows and highlights the
need for X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporaneous.
More specifically, the X-ray spectra are computed from
individual Swift-XRT observations of duration of a
few kiloseconds each, while the gamma-ray spectrum
is averaged over the whole epoch of interest (∼0.5 yr).
In this regard, the Swift-XRT observations are instanta-
neous compared to the selected time window. So,
when we translate the maximal neutrino flux, which is
mainly set by the X-ray flux, into an expected number of
events and use D =T 0.5 yr as the typical duration, we
may overestimate the number of neutrinos. The X-ray
flux variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a factor
of ∼2.

5.2. Implications for the 2014–2015 Neutrino Flare

Here, we focus on the implications of our model for the
2014–2015 neutrino flare. As an illustrative example, we show in
Figure 4 a case where the model-predicted neutrino flux is
compatible with the IceCube flux of epoch 4. The parameters are
the same as those listed in Table 8, except for the characteristic
external photon energy (temperature) and the proton luminosity,
which now read �¢� 5 keVext ( ¢ = ´T 2 10ext

7 K) and ¢ =Lp

´1.7 1048 erg s−1, respectively. For the adopted parameters,
the electromagnetic emission of the secondaries produced via
photohadronic interactions and photon–photon pair production
reaches a flux of ( – )~ ´ - - -3 10 10 erg cm s11 2 1, which
confirms the analytical results of Murase et al. (2018). Such high
X-ray and gamma-ray fluxes clearly overshoot the MAXI and
Swift-BAT upper limits by a factor of ∼2–3 and the Fermi-LAT

data by a factor of ∼10. In addition, this case is unlikely in
astrophysical view, for it requires a highly super-Eddington proton
power to account for the low photomeson production efficiency.
Given the unprecedented neutrino flux measured by IceCube

in 2014–2015, one could still argue that the conditions in the
blazar zone were significantly different compared to other
epochs. We therefore explored this possibility by performing a
wide scan of the parameter space for one-zone models. Our
methodology and results are presented in the Appendix. We
found no parameter set for the blazar zone that can
simultaneously explain the neutrino flare and be compatible
with the electromagnetic constraints. Moreover, all cases
require a highly super-Eddington jet power, namely
( – )L10 102 3

Edd, where ( )� :´L M M1.3 10 10Edd
47 9 erg s−1

is the Eddington luminosity of a black hole with mass M. The
necessary proton power could be reduced to Eddington levels if
the energy density of the external photon field (in the blazar
zone) was two or three orders of magnitude higher than all
other epochs(see also Reimer et al. 2019).
We therefore conclude that the high neutrino flux of epoch 4

cannot be explained concurrently with the electromagnetic data
if both emissions originate from the same region, in agreement
with previous studies (Murase et al. 2018; Reimer et al. 2019;
Rodrigues et al. 2019).

6. Discussion

6.1. Remarks on the Maximal Neutrino Flux and Proton
Luminosity

We have constrained the maximal neutrino flux ( ¯
( )
n n+F max ) and

the required proton luminosity ( ( )Lp
max ), assuming that the low-

energy hump in the SED is attributed to synchrotron emission
from primary electrons. This assumption is plausible and
widely accepted. Indeed, the optical-to-soft X-ray data can be
fitted with a single power law, especially evident in epoch 2
and in the 2017 flare(Keivani et al. 2018). It is therefore
unlikely that proton-initiated cascades (with usually broad

Figure 4. Same as in Figure 2, but for a case where the model-predicted neutrino
flux is compatible with the IceCube flux of epoch 4. Here, we assume
¢ = ´T 2 10ext

7 K (or, equivalently, �¢� 5ext keV) and ¢ = ´L 1.7 10p
48 erg s−1.

All other parameters are the same as those listed in Table 8 for epoch 4.

10

The Astrophysical Journal, 891:115 (16pp), 2020 March 10 Petropoulou et al.
2017 multi-messenger flare 2014-2015 neutrino flare

g:Fermi-LAT

X:MAXI

X:Swift-BAT

opt: ASAS-SN

n:IceCube n:IceCube

see also KM, Oikonomou & Petropoulou 18, Ansoldi+ 18, Cerutti+ 19, Gao+ 19, Rodriguez+ 19, Reimer+ 19

pg → n, g + e electromagnetic energy must appear at keV-MeV



Beyond the Canonical Single-Zone Emission Model

We presented the most detailed multi-messenger analyses and modeling.
→ “If the association is physical, multi-zone emission models are necessary.” 

KM, Oikinomou & Petropoulou 18 ApJ
Zhang, Petropoulou, KM & Oikonomou 20 ApJ

cosmic-ray beam model: minimum extension, relaxing cascade constraints 

Other coincidences w. flares? - yes 
3HSP J095507.9 +355101 (Petropoulou+ KM 20 ApJ), PKS 1502+106 (Oikonomou+ KM 21) 
However, more follow-up campaigns and/or larger statistics in n data are necessary 



More follow-up campaigns and/or larger statistics in n data are necessary
But the situation is still puzzling…

- PKS 1502 +106: FSRQ
promising but no coincidence w. g-ray flaring, unseen in n point-source search   

- 3HSP J095507.9 +355101: extreme BL Lac 
coincidence w. X-ray flaring but the alert rate is at most ~1-3% in 10 years   

3HSP J095507.9 +355101 

Other Coincidences?

IceCube-190730A (Oikonomou, Petropoulou, KM+ 21)

IceCube-200107A
(Petropoulou, Oikonomou, Mastichiadis , KM+ 20)



More Coincidences?

IceCube-191001A 
& AT 2019dsg
(Stein+ 21 Nature Astron.) IceCube-191001A

IceCube-200530A 
& AT 2019fdr

Both are rare optical transients
with strong radio emission (>3.4s)

(Reusch+ KM 21 PRL accepted) 

IceCube-200530A

Blazars: IceCube-190730A & PKS 1502 +106, IceCube-200107A & 3HSP J095507.9 +355101



Neutrinos from Black Hole “Flares”?

KM et al. 20 ApJ (see also Winter & Lunardini Nature Astron. 21)

Need more data
Stay tuned!!!

• AT 2019dsg & AT 2019fdr = tidal disruption event (TDE)
• TDE and AGN n emission may share common mechanisms

(disk-corona? jet? stellar debris as a cosmic-ray reservoir?)



IceCube Point Source Searches

“Catches” (~3s) exist but none have reached the discovery level 

IceCube Collaboration 20 PRL

NGC 1068
TXS 0506+056 PKS 1414+240 GB6 J1542+6129

AGN/starburst galaxy

Jetted AGN
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NGC 1068: Promising Hidden n Sources

• Theory predicts NGC 1068 to be the brightest n source in the northern sky
• “Concordance picture”: possible to explain the all-sky neutrino flux
• Supporting multimessenger results from diffuse n (KM, Guetta & Ahlers 16 PRL)

KM, Kimura & Meszaros 20 PRL, Anchordoqui, Krizmanic & Stecker 21 

- particle acceleration in coronae
(supported by recent simulations)

- n production via pp & pg processes

NGC 1068: “obscured AGN”
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AGN Manifesting in the Multi-Messenger Sky?

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.



Detectability of Coronal Neutrinos from Nearby AGN

• More in the southern sky (Circinus, ESO 138-1, NGC 758) 
• Testable w. near-future data or by next-generation neutrino detectors 

Kheirandish, KM & Kimura 21 ApJ



High-Energy Neutrino Transients

Diverse explosive/flaring phenomena in the Universe

Box 1 | Multi- messengers and their interrelations

A multi- messenger source might emit two, three or even all four different 
types of messengers. From a binary neutron star merger (panel a of the 
figure), such as the GW/GRB 170817 event, two types of multi- messengers, 
gravitational waves (GW) and photons (γ), were observed54,57,59, the latter 
indicating that the source was a short gamma- ray burst (GRB). Such sources 
may also emit high- energy neutrinos (HENs) and cosmic rays (CRs)84,85,168, 
although for the GW/GRB 170817 event, theories predict such fluxes to be 
too low for current detectors. If this is true, it will take closer binary neutron 
star merger events or next- generation HEN facilities to observe HENs from 
these sources. The so- called long GRBs (panel b of the figure) also may emit 
HENs and CRs, which so far have not been detected, while their GW 
emission is expected to be very low.

Another example is a tidal disruption event (TDE) of a star by a massive 
black hole (panel c of the figure). In this case, shocks in the disrupted gas 
can accelerate particles and lead to CRs and HENs169–172. TDEs involving 
white dwarf stars and ~104 M⊙ (where M⊙ is solar mass) black holes lead to 
strong low- frequency (~1 mHz) GW emission that could be observed by the 
forthcoming evolved Laser Interferometer Space Antenna (eLISA) mission. 
A solitary supermassive black hole with a jet may emit γ- rays, HEN and CRs 
(panel d of the figure), as it is suspected in the case of the 2017 flaring 
episode of the BL Lac- type blazar TXS 0506+056 (REFS65–68,71,72).

In general, in compact mergers, TDEs and related sources, the co- 
production of CRs, HEN and high- energy γ- rays is anticipated, as the 
physics of these three messengers are closely connected: shocks and 
the high-	energy	particle	acceleration	lead	to	the	interaction	of	highly	
relativistic protons (or nuclei) with ambient gas or intense radiation fields, 
resulting in neutrinos, γ- rays and electrons/positrons.

For single objects, even those of extreme mass and undergoing 
substantial accretion, relatively weak GW emission is expected as the 
time- varying quadrupole moment (which requires the breaking of 
azimuthal symmetry) is thought to be small in these cases. The sole 
exception would be an engine- driven supernova, or a plain supernova, 
located in our galaxy (panels e and f of the figure), which would be 
sufficiently close such that the detection of coherent or incoherent 
GWs by	current	and	future	ground-	based	detectors	is	anticipated.	
IceCube is	well	equipped	for	detecting	thermal	(~10	MeV)	neutrinos	
from such	galactic	supernovae.	A	challenge	for	theory	is	to	predict	the	
amplitude and spectrum of the GW and neutrinos from different types 
of supernovae.

Strong GW emissions have been observed from the mergers of compact 
binary systems, either from two merging stellar mass black holes (panel g 
of the figure)27, two merging neutron stars (panel a)54 or black hole–neutron 
star mergers, because the final inspiral to coalescence yields a strong GW 
signal in the ‘sweet spot’ frequency range for ground- based GW detectors. 
In the case of 30 M⊙ + 30 M⊙ black hole binary systems, such coalescence 
events can already be observed out to ~500 Mpc distances141. However, in 
the case of black hole–black hole mergers little electromagnetic (EM) flux 
is expected, because the ambient matter density (protons, electrons) in the 
vicinity of the binary, at the time of the merger, is typically very low. A key 
exception are accreting supermassive black holes at the centres of massive 
galaxies, which are expected to merge in the wake of the coalescence of 
their component galaxies. These supermassive black holes mergers are 
key targets	for	the	eLISA	mission,	and	may	well	exhibit	accompanying	EM,	
CR and HEN emission173.
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Next Galactic SN: Multi-Messenger & Multi-Energy n Source

- Not only MeV ns but also GeV ns could be detected by Hyper-K & IceCube
- TeV-PeV ns will be detected by IceCube-like detectors w. large statistics
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events
→ real-time observation of cosmic-ray ion acceleration

testing the cosmic-ray origin & applications to neutrino physics

MeV n

GeV-PeV n

~0.1-1 day~10 sec

Ln

En

quasi-thermal n?
(KM, Dasgupta & Thompson 14)
(Suwa 13)
(Nagakura & Hotokezaka 21)

thermal

nonthermal



Next Galactic SN: Multi-Messenger & Multi-Energy n Source

- Not only MeV ns but also GeV ns could be detected by Hyper-K & IceCube
- TeV-PeV ns will be detected by IceCube-like detectors w. large statistics
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events
→ real-time observation of cosmic-ray ion acceleration

testing the cosmic-ray origin & applications to neutrino physics
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Detectability of Minibursts
Kheirandish & KM 22



Testing Fundamental Physics

Secret interactions
Ioka & KM 14
Ng & Beacom 14
Ibe & Kaneta 14
Blum, Hook & KM 14
Cherry, Friedland & Shoemaker 14
Araki et al. 15
Kamada & Yu 15
Shoemaker & KM 16, KM & Shoemaker 19 

Dark matter
Feldstein+ 13
Esmaili & Serpico 13
Bai, Lu & Salvado 13
Bhattacharya+ 14
Higaki+ 14
Esmaili+14, 
Rott+ 15
Fong+ 15
KM+ 15
Boucenna+ 15
Ko & Tang 15
Chianese+ 16…



Secret Neutrino Interactions
Applications to IceCube
Ioka & KM 14 PTEP
Ng & Beacom 14 PRD
Cherry+ 14

(e.g., Blum, Hook & KM 14)
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Bardin, Bilenky & Pontecorvo 70

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
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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.
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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
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with

m⌫i =
giµv

2

⇤2
, g = diag(g1, g2, g3), Gi =

m⌫i

µ
=

giv
2

⇤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

Gi =

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 =
m

2
�

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.

→ modulation in neutrino spectra
ex. Blum. Hook & KM 14, Ibe & Kaneta 14, Araki+ 14
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FIG. 11: Total cross sections for ii ! ii (blue), ii ! jj (purple), and ij ! ij (brown), with parameters
m� = 10 MeV, �� = 10�4m�/(4⇡), m⌫i = 2m⌫j = 0.1 eV, and Gi = Gj = 10�2.

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

�� =
m�

32⇡

X

i

|Gi|
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 �m

2
� = m

2
s � m

2
a = 2�� µ

2 = 2��

G2 m
2
⌫ . This splitting means that scalar

and pseudo-scalar s-channel diagrams go resonant at slightly di↵erent neutrino energy, (✏res,s �
✏res,a)/✏res = �m

2
�/m

2
�, 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
m2

⌫

m2
�
⌧ �✏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� ⌧ mK as is relevant for this work. Stronger
bounds exist from neutrinoless double-beta decay, but apply only for a light scalar m� < 2 MeV.
Strong constraints, though specific to our model with heavy sterile neutrinos, are found from
PMNS matrix non-unitarity, and apply regardless of the interactions of �.

a. Light meson decays. The decay mode ⇡
+

! e
+
⌫� opens the possibility for pion decay

into an electron with no helicity suppression [68, 69]. In the limit m� ⌧ m⇡ we find, in agreement
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3

than the ideal bound placed by n⌫�⌫H0 < 1 (where H0

is the Hubble constant). Although the di↵use neutrino
limits can be relevant, Ref. [91] showed that such an ideal
limit (e.g., g . 3⇥ 10�4 (m�/10 MeV) in the scalar me-
diator case) can be achieved for m� ⇠ 20� 30 MeV with
ten years of observations by IceCube-Gen2. As we see
below, the time delay argument can provide us with a
meaningful limit even with limited statistics, without re-
lying much on the spectral information.

In the multiple scattering case, neutrino cascades [87,
88] occur and the arrival angle averaged over scatterings
is given by h'2i ⇡ (⌧⌫/3)h✓2i / n⌫�⌫DE

�1
⌫ . The corre-

sponding characteristic time delay is:

�t ⇡ 1

4
h'2iD ' 500 s

⇣
⌧⌫

10

⌘✓
D

3 Gpc

◆

⇥ C
2
⇣

m⌫

0.1 eV

⌘✓0.1 PeV

E⌫

◆
. (4)

If the neutrino and photons are “coincident” within a
time window of �T , possible constraints can be placed
by �t < �T , which leads to:

�⌫ . 12�T

D2n⌫h✓2i
. (5)

This is valid only if Dh✓2i . 8�T , otherwise the
time delay itself does not give a direct constraint
on the cross section because of ⌧⌫ . 1.5. In the
neutrino-neutrino scattering case this implies �T &
30 s C2(D/1 Gpc)(m⌫/0.1 eV)(E⌫/0.1 PeV)�1. The de-
tection of neutrinos with E⌫ implies that some neutri-
nos arrive without significant energy losses, for which
Eq. (5) is applied. If one requires the bulk of neutri-
nos with E⌫ survives after M scatterings, an additional
constraint, ⌧⌫ . M, may be imposed, but the actual
limits depend on the unknown primary fluence and spec-
trum. Eq. (5) typically leads to conservative limits. Note
that for ⌧⌫ � 1 most neutrinos are cascaded down and
appear at su�ciently lower energies. If the optical depth
for the cascaded component is less than unity, the bulk
of the delayed flux is roughly estimated by F

cas
E⌫

(t) ⇠
R
d✓̃ 4[2⇡h'̃2(t, ✓̃)i]�1/2

[✓̃2 + h'̃2(t, ✓̃)i]�1
e
�✓̃2/[2h'̃2(t,✓̃)i]

F
cas0
E⌫

, where F
cas0
E⌫

is the flux of cascaded neutrinos in
the absence of angular spreading [94]. The characteris-
tic time delay of this cascaded component is estimated
to be �tcas ⇠ (1/12)h✓2iM/(n⌫�⌫) (cf. Eq. 4). The full
radiative transfer calculation is necessary to consistently
describe the echo flux for arbitrary E⌫ and ⌧⌫ .

Small optical depth (stronger) limit.— The constraints
discussed above make sense when the coupling is so large
that multiple scattering events occur. However, this may
not be possible for several reasons. First, the coupling
or the scattering cross section may be bounded by other
existing constraints, so that �⌫ cannot be large enough.
Second, the condition Dh✓2i . 8�T is not satisfied. For
example, ⌧⌫ & 1 � 2 is prohibited if the observed time

window �T is too short. On the other hand, bright neu-
trino transients such as choked GRB jets and blazar flares
could be detected with a large number of signals (i.e.,
N⌫ � 1) by future neutrino telescopes such as IceCube-
Gen2 and KM3Net, in which we may still obtain useful
constraints that can actually be better than those from
Eq. (5) and even exceed the mean free path limit [91, 92].
In the low ⌧⌫ limit, most of neutrinos (⇠ N⌫) are ex-

pected to arrive together with photons within the intrin-
sic duration of �T em. However, in the presence of the
BSM neutrino scattering, some neutrinos (⇠ ⌧⌫N⌫) ex-
perience the scattering once during the propagation, and
the characteristic time delay is given by:

�t ⇡ 1

2

h✓2i
4

D ' 77 s

✓
D

3 Gpc

◆
C

2
⇣

m⌫

0.1 eV

⌘✓0.1 PeV

E⌫

◆
.

(6)
This expression does not include �⌫ , and with Eq. (4) the
time delay is estimated by �t ⇡ max[h'2iD/4, h✓2iD/8].
The probability distribution of delayed neutrinos in
the low ⌧⌫ limit is expressed as P (t,';D) ⇡ 1/[t +
(D'

2
/2)](1/�⌫)(d�⌫/d✓)|✓='+2t/(D') [102]. We remark

that only one scattering matters and the time delay
distribution reflects the di↵erential cross section of the
neutrino-neutrino scattering that is generally inelastic.
Given N⌫ � 1, stronger limits can be placed for

�T . h✓2iD/8 (implying ⌧⌫ . 1.5), in which nondetec-
tion of time delayed events itself may be used. In the limit
that the atmospheric background is negligible, the sizable
e↵ect is observable when the number of delayed signals
is larger than unity, i.e., ⌧⌫ & 1/N⌫ . If the background is

not negligible, one would need ⌧⌫ &
p
N bkg

⌫ /N⌫ , where
N bkg

⌫ is the number of background events for a given time
window. In the background free regime (that is valid for
short duration transients), nondetection of echoes gives:

�⌫ . 2.3

N⌫n⌫D
, (7)

where the Poisson probability to observe nonzero time
delayed events is set to < 0.9. One should keep in mind
that the neutrino scattering cross section is energy de-
pendent and Dh✓2i & 8�T should be satisfied. Note
that Eq. (5) is applied in the opposite limit.
We show results for a scalar mediator in Fig. 2.

Here contributions from t- and u-channels are also in-
cluded [53, 87]. In the resonant region (s ⇠ m

2
�), we

average the e↵ective cross section by assuming an energy
resolution of � log(E⌫) = 0.6 (which is reasonable for
high-energy track events [54]). At E⌫ = 0.1 PeV, the
two cases of �T = 3 d and �T = 30 s correspond to the
large and small optical depth limits, respectively. We
also show another case of �T = 30 s for E⌫ = 1 PeV, in
which the multiple scattering limit is applied.
Other constraints include one from kaon decay, which

gives g . 0.01 [53, 103, 104]. Note that our echo
method is especially relevant if only tau neutrinos have
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TABLE I: List of extragalactic high-energy neutrino sources,
where Ẽ iso

cr is the cosmic-ray energy per logarithmic energy,
Dmaxe↵

N⌫=1
is the critical distance at which the number of neutri-

nos detected in IceCube-Gen2 [55] is unity (with the assump-
tion of the maximum neutrino production e�ciency), pp/p�
is the typical neutrino production channel, �T em is the du-
ration of electromagnetic emission, and ⇢em0 is the local rate
density. All values remain as order of magnitude estimates.

Name Ẽ iso
cr Dmaxe↵

N⌫=1
pp/p� �T em ⇢em0

[erg] [Mpc] [s] [Gpc�3 yr�1]

LGRBa 1052.5 3000 p� 101�2 0.1� 1

SGRBb 1050.5 300 p� 0.1� 1 10� 100

SN (choked jet)c 1050.5 300 p� 101�4 102 � 103

SN (pulsar)d 1050 200 pp 103�6 103.5 � 104.5

SN (IIn)e 1049 50 pp 106�7 104

Jetted TDEf 1053 5000 p� 106�7 0.01� 0.1

Blazar flareg 1054 15000 p� 105�7 0.1� 1

aLong �-ray bursts. See Refs. [17, 56–61].
bShort �-ray bursts. See Refs. [62–64].
cSupernovae powered by choked jets. See Refs. [65–68].
dSupernovae powered by pulsar winds. See Refs. [69–71].
eType IIn supernovae powered by shocks. See Refs. [18, 72–74].
fJetted tidal disruption events. See Refs. [22, 23, 75–77].
gSee Refs. [78–84].

dard, secret neutrino interactions that may lead to e↵ec-
tive Lagrangians, e.g., L � gij ⌫̄i⌫j� (for scalars), L �
gij ⌫̄i(i�5

�)⌫j (for pseudoscalars), and L � gij ⌫̄i(�µ
Vµ)⌫j

(for vector bosons), where gij is the coupling parameter.
Note that although we do not specify whether neutrinos
are Dirac or Majorana types, the allowed interactions for
scalars and pseudoscalars are, e.g., L � g⌫L⌫L� + c.c.

and L � gNRNR� + c.c., where ⌫L is the left-handed
neutrino and NR is the right-handed neutrino. Re-
markably, it has been shown that a 1 � 100 MeV scale
mediator also enables us to resolve various cosmologi-
cal issues such as the tension in the Hubble parame-
ter [39–41] and the missing satellite and core-cusp prob-
lems [30, 31]. With the mediator mass m�, the reso-
nance interaction happens at E⌫ = m

2
�/(2m⌫) ' 1.25 ⇥

1014 eV (m�/5 MeV)2(m⌫/0.1 eV)�1, corresponding to
the IceCube energy range [31, 41, 47, 48, 53, 87–92].

Let us consider the neutrino-(anti)neutrino scattering
process via s-channel, ⌫⌫ ! � ! ⌫⌫. In this case, the
angular distribution of the scattered neutrinos is isotopic
in the center-of-momentum frame. (In general, details
depend on the mediator spin as well as the main scat-
tering channel.) In the C⌫B frame, because of the boost
⇠ E⌫/

p
s ⇠

p
E⌫/m⌫ , we may write:

p
h✓2i ⇡ C

p
s

E⌫
' 4.5⇥ 10�8

C

⇣
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2
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FIG. 2: Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino
mass are D = 3 Gpc and m⌫ = 0.1 eV, respectively, and N⌫ =
10 is used for the small optical depth limit. The parameter
space relaxing the Hubble parameter tension for the cosmic
microwave background (CMB) [40, 44] is shown together with
constraints assuming ⇤CDM cosmology (shaded regions).

where ✓ is the scattering angle and C ⇠ 1 for a scalar
or pseudoscalar mediator in the neutrino-neutrino scat-
tering. More generally, for the di↵erential cross section
(d�/d⌦), the average scattering angle is evaluated via

h(1� cos ✓)i = 1

�

Z
d⌦ (1� cos ✓)

✓
d�

d⌦

◆
. (2)

For example, E⌫ = 0.1 PeV and m⌫ = 0.1 eV leads to
h✓i ⇡ 2.8⇥10�8 for a leading neutrino. Resulting angular
spreading may be too small to be seen as a “halo” around
the source, but can be big enough to make a sizable time
delay signal (“neutrino echo”). The geometrical setup is
analogous to �-ray “pair echoes” proposed as a probe of
intergalactic magnetic fields [93–98], although underlying
interaction processes are completely di↵erent. Neutri-
nos scattering during propagation was discussed for SN
1987A [99, 100], but detailed methodology to utilize the
time delay has not been studied.
Large optical depth (conservative) limit.— So far, the

expected number of high-energy neutrinos is limited.
However, even if statistics are not large, e.g., N⌫ ⇠ a few,
the sizable e↵ect of BSM interactions exists if the optical
depth to the neutrino scattering is larger than unity:

⌧⌫ = n⌫�⌫D & 1. (3)

The probability for neutrinos to experience the neutrino
scattering is given by 1� exp(�⌧⌫). In the large ⌧⌫ limit,
most of the neutrinos are scattered, and the spectral and
flux information can be used to probe BSM neutrino in-
teractions [91, 92, 101]. Large statistics would also be
required, and the current constraints are much weaker

KM & Shoemaker 19 PRL



Application to Neutrino-DM Scatterings

KM & Shoemaker 19 PRL

4

10-4

10-3

10-2

10-1

100

101

10-1 100 101 102 103 104

g
 (

co
u
p
lin

g
)

mV [MeV]

DT=3 d
DT=30 s

�-DM & �-� (vector mediator)

�-DM
(mX=1 MeV)

BBN

sm
all s

ca
le 

so
lu

tio
n

(�-D
M w. m

X
=1 G

eV
)

�-�

�-�

Ly-�

Ly-�

�-DM
(mX=1 GeV)

sm
all s

ca
le 

so
lutio

n

(�-D
M w. m

X
=1 MeV

)

FIG. 3: Expected constraints on secret neutrino interactions
via a vector mediator in the presence of DM. The neutrino
energy is set to E⌫ = 0.1 PeV, andD, m⌫ andN⌫ are the same
as in Fig. 2. Ly-↵ constraints from the kinetic decoupling
for neutrino-DM scatterings are shown as conservative limits
for di↵erent DM masses. The parameter space proposed to
solve the small scale structure abundance problem [30] is also
indicated (light shaded regions). The CMB constraints shown
in Fig. 2 are applied to the neutrino-neutrino scattering.

BSM interactions. Big Bang Nucleosynthesis gives a con-
straint of m� & a few MeV, although details depend on
uncertainty in the extra number of relativistic species
(e.g., [30, 44, 105]). Astrophysical and laboratory limits
are complementary. For example, if neutrinos interact
with the C⌫B through sterile neutrinos, the limits can
be relaxed, depending on mixing angles [31, 91].

Example 2: Neutrino-DM Interactions. — As a
further application of the idea of BSM-induced neutrino
echoes, we discuss neutrinophilic DM models in which
DM and neutrinos share a new interaction. Very intrigu-
ingly, such models give a possible solution to cosmological
issues [30, 31, 35, 38, 39, 42] and can explain the muon
anomalous magnetic moment [47, 48, 50]. For illustra-
tion, we consider a simple extension of the vector model
mentioned above in which the new gauge boson also cou-
ples to a Dirac fermion DM, L � gVµ⌫̄�

µ
⌫ + gVµX̄�

µ
X,

where X denotes the DM with a mass mX . New gauge
bosons appear in many BSM scenarios [106], and ad-
ditional broken U(1) gauge symmetries leading to vec-
tor bosons were predicted by grand unification theo-
ries [107, 108]. While the neutrinos and DM may have
di↵erent charge assignments, here we take them equal.

The above model is accompanied by neutrino-DM scat-
terings, and the resulting constraints are shown in Fig. 3.
As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong con-
straints even in the small optical depth limit, which can
be more stringent than previous ones [92, 101, 109–112].
Here the coupling should be regarded as an e↵ective pa-

rameter. The real coupling to the Standard Model can
be made neutrinophilic via coupling the gauge boson to
heavy sterile neutrinos. But their e↵ect is still felt as they
e↵ectively endow the active neutrinos with a mixing sup-
pressed coupling to the new mediator. Such models have
been explored in Refs. [113–115].

For the t-channel, we find that the multiple scattering
limit may not be applicable to most transients due
to large values of h✓2i for relatively heavy DM. The
cases for �T = 30 s are shown in Fig. 3, where the
constraint is given for the small optical depth limit (but
with the replacement of n⌫ with nX). The resulting
constraint is comparable to that expected from detailed
analyses with spatial and spectral information [101].
We note that the time delay from neutrino-DM scat-
terings receives contributions from both the Milky
Way DM halo and extragalactic DM components. As
known for decaying DM signals, the DM located in
the line-of-sight are almost comparable because of
RMW%

local
X ⇠ H

�1
0 %X & D%X , where RMW ⇠ 10 kpc

is the typical size of the Milky Way. For the Galac-
tic contribution, the condition �T & RMWh✓2i/8 is
more easily satisfied, which may lead to �⌫X . 5.4 ⇥
10�24 cm2 (�T/1 d)(RMW/10 kpc)�2

C
�2 (E⌫/0.1 PeV).

As we see, the limits are more stringent for lower-mass
DM. For models that lead to su�ciently small scattering
angles, the time delay in the large optical depth limit
becomes independent of the DM mass, implying �⌫X .
10�28 cm2 (�T/1 d)(D/1 Gpc)�2

C
�2 (E⌫/0.1 PeV).

Although such limits would be weaker than the cosmol-
ogy limits, �⌫X . 10�33 cm2 [116], it takes place at
much higher center-of-momentum energies.

Finally, we comment on other constraints that can be
relevant. If neutrino-DM scatterings are e�cient in the
early universe it can inject energy and potentially “heat”
the cold DM such that Lyman-↵ bounds on the small-
scale structure are violated [30, 116–118]. This e↵ect
can be used to explain small-scale structure problems of
cold DM [30], and the region favored by this argument is
shown in Fig. 3. Couplings above these regions are ex-
cluded. Additionally, note that neutrinophilic DM should
not thermalize for DM masses at the MeV scale [119], al-
though a narrow window of thermal neutrinophilic DM
exists below MeV [120, 121]. Lastly, in models with di-
rect couplings to active neutrinos laboratory constraints
from Z and meson decays can be strong [48, 103, 104].

Summary and Discussion.— We proposed detailed
time delay signatures as a novel probe of BSM neutrino
interactions. Notably, BSM-induced neutrino echoes gen-
erally predict �t / E

�1
⌫ C

2. This is distinct from predic-
tions of other BSM signatures such as LIV and WEP
violation (see a review [8]). For example, LIV shifts the
light velocity by (E⌫/⇣nMpl)

n (where Mpl is the Planck
mass), leading to �t = D(E⌫/⇣nMpl)n (e.g., [98, 122]).
For neutrino-neutrino scatterings, cosmological time de-
lays are dominant. On the other hand, the Milky Way
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Viable DM Scenarios?
mass mDM ¼ 600 TeV and decays into N ∼ 30 particles.
Then the lifetime is fitted to be τ ∼ 5.56 ¼ 1026 sec. Here
we assume that a line spectrum originated from the two-
body decay is negligible.

IV. NOTE ON IGRB

The multi-body decaying DM model considered in this
work is not constrained by the present data of the IGRB

reported by the Fermi satellite, because little γ-rays are
emitted. Electromagnetic emission is expected due to the
electroweak bremsstrahlung emission accompanied by the
neutrino emissions. We have estimated the contributions to
the IGRB in an analytical way. The details of our estimates
are as follows,and we show that the contributions to the
IGRB is about 1%–10%.
We have proposed a DMmodel which decays to produce

neutrinos in two- and multi- particle final states. In each
branch of the decay mode, the first next order diagrams,
which correspond to the electroweak bremsstrahlung, of the
electroweak corrections are

FIG. 4. Neutrino source spectrum in Model 2a corresponds to
the Fig. 3. The dashed (dotted) line corresponds to the DM
(astrophysical) contributions. The solid line represents the sum of
those components.

FIG. 3. Deposited energy histogram of the neutrino spectrum
combined the astrophysical component with those of the two- and
multi-body decaying DM contributions (Model 2a). The total
(astrophysical) contribution is represented in the solid (long-
dashed) line. The short-dashed and shaded region corresponds
to the atmospheric contributions and its uncertainty, which is
same as those in Fig. 1. In this case, the DM with its mass
mDM ¼ 4 PeV also decays into N ∼ 30 particles. The branching
ratio into the line spectrum and the lifetime is assumed to be
BRline ¼ 0.080, and τ ¼ 3.41 × 1027 sec, respectively.

FIG. 5. Deposited energy histogram of the neutrino by both the
decaying DM and the astrophysical components (Model 2b).
Here we assume that the DM with its mass of mDM ¼ 600 TeV
decays into the N ∼ 30 particles. Contribution from the two-body
decay mode is negligible. In this case, the lifetime of the DM
particle is fitted to be τ ¼ 5.56 × 1026 s. The normalization of the
astrophysical component is same as those of [14] in order.

FIG. 6. Source spectrum of the neutrino in Model 2b derived
with the same parameters assumed in those of Fig. 5. Lines are
the same as those in Fig. 4.
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• High-energy diffuse neutrino data can be explained by multiple final states
• Medium energy diffuse neutrino data in the 10-100 TeV range can only be 

explained by neutrinophilic DM 

Hiroshima, Kitano, Kohri & KM 18 
see also:
Chianese+ 17
Anchordoqui+ 20

temperature drops below PeV, the pair annihilation process
of N0 into X or S reduces the number density of N0. The
relic abundance of the PeV mass particle N0, however, is
larger than the observed one, provided the annihilation
cross section is within the unitarity limit [51] that puts a
upper bound on the DM mass to be approximately a
hundred TeV. One simple possibility to reconcile the
DM abundance is to assume that the annihilation cross
section goes beyond the unitarity limit, which means N0 is
a composite particle with a finite size rather than an
elementary particle. The required size is r∼6×10−19 cm
for σv ∼ πr2 ∼ 3 × 10−26 cm3=s. This is interestingly the
size expected from the naive dimensional analysis,
r ∼ 4π=mDM formDM ∼ 0.4 PeV. It is somewhat interesting
to note that the mass and the spectrum both point to the
strongly coupled nature of the DM.
The violation of the unitarity limit does not mean that the

naive dimensional analysis overestimates the cross sec-
tions. The unitarity is maintained for each partial waves
and adding them up provides the consistent estimates [51].
The estimate of the scattering amplitude in the naive
dimensional analysis is based on the assumption that the
perturbative expansion breaks down; all levels in the
perturbative expansion give contributions of the same order
of magnitude. This is known to give good estimates in the
low-energy hadron physics. The scattering amplitudes jMj
are estimated to be of order jMj ∼ ð4πÞ2 in the naive
dimensional analysis while the unitarity limit for each
partial wave is jMj ≲Oð4πÞ. Therefore, the annihilation
cross section of our DM becomes two orders of magnitude
higher than that of the naive unitarity limit. For an example
of models to go further beyond the unitarity limit, see
Ref. [61]. Another possibility is to assume a dilution of DM
by a late-time entropy production due to, for example, a
decay of a scalar condensation [62]. Yet another possibility
would be the scenario with a low reheating temperature.
The production of such heavy DM has been shown to be
possible in the previous literature (e.g., [63,64]), and the
detailed cosmological scenarios will be discussed in a
separate paper.
We also mention the cosmological history of the heavy

charged lepton E−. It is natural that E− has the same
abundance as N0 in the early Universe since they are the
same particle before the electroweak phase transition. The
mass difference betweenN0 andE− would be expected to be
the order of Δm ∼ αmW=ð4πÞ with the weak boson mass
mW , which givesOðΔmÞ ∼ 300 MeV. Then the decay width
ofE− is estimated to be ΓE− ∼G2

FΔm5 ∼ ð10−7 secÞ−1. This
means that E− had disappeared before the beginning of Big
Bang nucleosynthesis.
About cosmological histories of X and S, it is expected

thatXhad decayed completely into S’s in a short time. The
thermalized S around the energy scale of PeV are diluted
by a late-time entropy production including the one after
the QCD phase transition. In this case, we predict a dark

radiation component by the relic abundance of S as an
effective number of neutrino species Neff to be of the order
of 0.1, which will be tested by future observations, e.g.,
through precise CMB and 21 cm line observations [65].
In a more general setup, only a fraction of DM may

consist of N0 by the ratio of N0 to the total DM density,
fN0 ¼ ΩN0=ΩDM which ranges fN0 ¼ 0–1 with Ωi the
cosmological Ω parameter of the i-particle. Then, a flux
of daughter particles produced by the decaying N0 is scaled
by a factor of fN0 . In this situation, hereafter we take this
notation as read even if it is not stated explicitly.

B. Neutrino spectra

As mentioned in Sec. II A, we assume the DM particle
N0 mainly decays into a neutrino ν and 2n fermion
particles S:

N0 → ν þ 2nS ð7Þ

Hereafter, we use a positive integer N ≡ 3n þ 1 instead of
n. In the massless limit of ν and S, the distribution function
of the neutrino can be written as

fðxÞ ¼ 1

Γ
dΓ
dx

¼ 4NðN − 1ÞðN − 2Þ · x2ð1 − 2xÞN−3 ð8Þ

with

x ¼ E=mDM

!
0 ≤ x ≤

1

2

"
; ð9Þ

where Γ ¼ τ−1 is the total decay width of the DM with its
lifetime τ. The distribution function fðxÞ is normalized so
that

R
fðxÞdx ¼ 1.

We also consider a mode in which the DM particle
decays into two particles including a neutrino. In this case,
each particle approximately has the energy equal to a half
of the DM mass. While the multibody decay of the DM
produces the broad spectrum of the neutrino, this two-body
decay leads to a line spectrum. The branching ratio of each
mode is,

BRi ¼ Γi=Γ ¼ Γi

Γline þ Γbroad
i ¼ line or broad: ð10Þ

The indices i ¼ “line” and “broad”mean the two-body and
multibody decay channels of the DM, respectively.
For a given particle physics model, one can calculate

neutrino spectra as follows. We consider the late-time
decay of the heavy DM, where both extragalactic and
Galactic contributions are relevant. The differential flux
per energy, area, time, and solid angle, of the extragalactic
component is given by (e.g., [41] and references therein)
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Figure 7. DM-only two-channel decays: Event spectra in the IceCube de-

tector after 2078 days for DM decays into the best-fit two-channel combination, DM

! {uū, ⌫e⌫̄e}, with their corresponding branching fraction into the quark channel also in-

dicated. The histograms represent: atmospheric muon events (red histogram), conventional

atmospheric neutrino events (blue histogram), neutrino events from DM decays into the

quark channel (brown histogram) and into the lepton channel (black histogram), and to-

tal event spectrum (purple histogram). We indicate the best fit values of the DM life-

time and mass [⌧28(mDM)] in units of 1028 s and TeV. We also show the spectrum ob-

tained using the 6-year IceCube best fit for a single power-law flux (gray histogram),

E2
⌫ d�/dE⌫ = 2.46 ⇥ 10�8 (E⌫/100 TeV)�0.92 GeV cm�2 s�1 sr�1 (per flavor) and the binned

high-energy neutrino event data (black dots) [6] with Feldman-Cousins errors [82].

unitarity bound [39, 65].9 Moreover, the e↵ect of DM annihilation in substructures,

which would boost the signal with respect to the smooth contribution, along with

a potential dependence of the relative velocity on negative powers, as in Sommerfeld-

enhanced models [86–89], could give rise to DM fluxes that can account for the observed

number of high-energy neutrino-induced events [45]. In this section, however, we only

consider a constant DM annihilation cross section and study the values that would give

9Note that the unitarity bound is less stringent locally, as the relative velocity of DM particles is
smaller than in the early Universe.
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Search for Nearby DM Halos

KM, Laha, Ando & Ahlers 15 PRL
& KM 22 in prep. Chianese, Kheirandish

- Galactic DM halo (e.g., Bai+ 14 PRD)

- Nearby DM halos (clusters & galaxies)
“point/extended” sources
source flux ∝ Mdm/tdm/d2

stacking/cross-correlation
“independent” of g-ray bounds



Search for Nearby DM Halos
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In the Gen2-era, stacking w. more clusters may overwhelm diffuse n limits  

Chianese, Kheirandish & KM 22 in prep.



Summary
Neutrino Sources?
Intriguing coincidences with black hole flares have been found
NGC 1068 (AGN) supports active black holes as hidden n sources

Future is bright: IceCube-Gen2, KM3Net & other next-generation facilities
Establishing the multimessenger picture is critical → stay tuned
Transients: unique chances -> strategic multi-messenger searches (ex. AMON)
High-statistics HE n detection is promising for e.g., Galactic supernovae  

Tests for New Physics?
Heavy dark matter, neutrino-neutrino/DM interactions etc.
Multimessenger searches are powerful and very important

HE neutrino sources (including transients) provide tests for neutrino NSIs
Dedicated cataloged/stacking searches to test heavy DM models


