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C: ESO/Gaia/Dpac
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2023: Milky Way Observed by Not Only Photons but also “Neutrinos”



• Electrically neutral lepton
• Weak interaction: ghost particle
• Almost massless but tiny mass 

(<1/106 electron mass)

Why Cosmic n?

supernova Sun

2002

atmospheric n

2015

solar n

Astrophysics Particle Physics



Prof. Kajita: “I want to thank the neutrinos, of 
course. And since neutrinos are created 

by cosmic rays, I want to thank them, too"



Cosmic-Ray Origin – A Century Old Puzzle

E-2.7

E-2.6

ultrahigh-energy cosmic rays
“UHECRs”

knee
~3 PeV

ankle
~3 EeV

1 PeV=1015 eV
1 EeV=1018 eV

3x1020 eV ~ 50 J ~ kinetic energy of              
a tennis ball             
with 160km/h!
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1 TeV=1012 eV
1 PeV=1015 eV
1 EeV=1018 eV



Amaterasu particle 

E~2x1020 eV

TA Collaboration 23 Science



UHECR vs Large Hadron Collider (LHC)

circumference ~ 27 km

13.6 TeV=1.36x1013 eV 
(center-of-mass frame)

UHECR energy (in the lab frame)
~ LHC w. a mercury orbit



powerful jet 
(~5000 light years)

supermassive black hole 
(~6,500,000,000 solar mass)

M87
(galaxy)

Cosmic Accelerators: Monster Black Holes?

Active Galactic Nucleus
(AGN)



high-energy γ

γγ

CR 

gyg γ

ν
intergalactic space 

intergalactic 
magnetic field 

astrophysical source 
(GRB, AGN etc.) 

extragalactic  
galaxy 

Milky Way 

cosmic background radiation 
(low-energy γ) 

Earth 

γ +γCMB/EBL → e+ + e−
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“cosmic rays are easily deflected”



IceCube & Discovery of High-Energy Cosmic Neutrinos

2012-2013: evidence of 
high-energy cosmic n

IceCube

I 5160 PMTs

I 1 km3 volume

I 86 strings

I 17 m PMT-PMT
spacing per string

I 120 m string
spacing

I Angular resolution
⇠ 1o

I Completed 2010

50 m

1450 m

2450 m

2820 m

Eiffel Tower

324 m

IceCube Lab

Deep Core

N. Whitehorn, UW Madison IPA 2013 - 4

IceCube @ south pole
completed in 2010

- volume~1 km3, mass~Gton
- 86 strings (120 m spacing)
- 5160 PMTs (17 m spacing)
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2Fn ~ 10-8-10-7 GeV cm-2 s-1 sr-1
IceCube Collaboration 20 PRL
IceCube Collaboration 21 Nature

from KM & Yoshida

shower

nµ track EHE
(track&shower)

particle energy

the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV
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Detection of High-Energy Neutrinos

“nµ track”

nµ+N → µ+X
~2 energy resolution
<1 deg ang. resolution (pointing)

~15% energy resolution
~10-15 deg ang. resolution

ne+N → e+X
nX+N → nX+X

“shower”

9

Astrophysical Flavor Ratio
Comparison of MESE results with 

previous IC measurements

With 11.4 years of data, 
IceCube obtains a closed 

1b contour for the first 
time!

Single power law (SPL) fit for 
previous measurements and 

updated BPL fit for MESE

nt+N → t+X
t decay

IceCube 24 PRL

7 candidates found though neutral network (>5s)

mt=1.77 GeV
tt=2.9×10-13 s

IceCube 25 ICRC

“double cascades”



monster
fishing!!

Where do neutrinos come from?

gamma-ray burst 
(GRB)

active galactic nucleus
(AGN) galaxy cluster galaxy



g

n
CR

p+ p→ Nπ + X

8

�� =
1

2
⌦⇤BpR

2
⇤✓

2
0/c ⇠

1

2
⌦

2
⇤BpR

3
⇤✓

2
0/c

2
(67)

6.6⇥ 10
12

V (68)

E < Ze�� (69)

E
0
⌫
⇡ 0.05E

0
p ' 0.8 PeV �

2
1(E

0
s
/1 keV)

�1
(70)

' (71)

2� ↵ ⇠ 1 (72)

2� � ⇠ �(0� 1) (73)

2� ↵ ⇠ 2.3 (74)

2� � ⇠ �2 (75)

p+ � ! n+ ⇡
+

(76)

p+ � ! N⇡ +X (77)

⇡
± ! ⌫µ + ⌫̄µ + ⌫e (or ⌫̄e) + e

±
(78)

E
2
⌫
�⌫ =

c

4⇡

Z
dz

(1 + z)
2
H(z)

[ns"⌫L"⌫ ] /
dH

4⇡
n0L⌫ (79)

p ⇠ (0.4� 0.6) (80)

p ⇠ 0.2 (81)

L⌫ / L
�lw
�

(82)

π 0 → γ +γ

Diffuse emission from the Milky Way

g rays produced inside the Milky Way mostly reach Earth



Importance of Multimessenger Connection – Milky Way Case

A decade ago, neither g rays NOR ns were observed in the sub-PeV range.
(Note that most g rays from Galactic sources reach Earth.)

But we already learned that Galactic contribution to IceCube ns is subdominant.

Ahlers & KM 14 PRD

p+ p→ Nπ + X → Eg
2 Fg : En

2 Fn ~ 2:3 (comparable)p0:p±~1:2

CASA-MIA

E2
νJHNRνα ≃ 6.2 × 10−9 GeV cm−2s−1sr−1

!
Eν

0.1 PeV

"−0.2
;

ð11Þ

with exponential cutoff at Eν;max ≃ 2 PeV.
In Fig. 4 we show the associated flux of diffuse Galactic

CRs and from SNRs/PWNe and HNRs from Eqs. (8), (11)
and (10) using relation (2) in comparison to experimental
observations of TeV-PeV γ-rays. The absorption via inter-
stellar radiation fields in the plane depends on the Galactic
longitude; the dashed lines indicate observations for a

source at the GC where the absorption effect is strongest
[35]. Note that the individual diffuse TeV-PeV γ-ray limits
of the GP are for different emission regions along the GP as
indicated in the legend of the plot. The relative size of the
“on-source” regions of the experimental results are sum-
marized in Fig. 5. The diffuse flux prediction (only π0-
decay) for jbj < 5° or jbj < 10° are lower than the jbj < 2°
calculation shown in Fig. 4 by about a factor 2 or 3,
respectively.
The intensity of the Galactic diffuse emission (including

unresolved point source emission and truly diffuse emission)
is also expected to vary along the GP. For a uniform source
distribution or CR density within the GP (as assumed in our
approximation) the flux variation between the Galactic
center to anticenter is less than 25% (omitting absorption).
For instance, the flux predictions in the inner (outer) Galaxy
corresponding to the Tibet limits (cf. Figs. 4 and 5) increase
(decrease) by 20% (23%) compared to the overall average.
However, as mentioned earlier, one has to keep in mind that
the source distribution should also follow the Galactic arms,
bar, and bulge. Similar to the observed γ-ray distribution
along the GP this can enhance the neutrino emission in
directions with increased local source density.
The Milagro experiment identified a diffuse γ-ray

emission in the GP at 3.5 TeV within 40° < l < 100°
and at 15 TeV within 40° < l < 85° [45,46]. The cumu-
lative flux of many sources including SNRs or PWNe may
make a significant contribution to the Milagro flux. This is
roughly consistent with estimates based on analyses on
nearby SNRs and PWNe that have been observed by
Cherenkov telescopes like HESS [82]. The neutrino flux
from SNRs suggested by Eqs. (2) and (10) is marginally
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FIG. 5 (color online). The on-source regions of GP diffuse
emission used for the experimental results shown in Fig. 4 using
the same color coding. We also show the distribution of IceCube
events in the vicinity of the GP (cf. Fig. 1). The circled areas
indicate the uncertainty of the cascade reconstruction as in Fig. 4.
Note that the limits on diffuse γ-ray emission along the GP from
HEGRA [49] assume a larger zenith angle range than for the
isotropic diffuse emission listed in Table I.
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Milagro ( b 5 , 40 l 100 )

Milagro ( b 2 , l 30 65 65 85 )

Milagro ( b 2 , l 85 110 136 216 )

FIG. 4 (color online). Diffuse measurements of the γ-ray flux in
the GP in comparison to the expected diffuse flux from the
propagation of Galactic CRs (light-gray lines) and from Galactic
SNRs (black lines) and HNRs (dark-gray lines) with power index
Γ ¼ 2.2. The solid lines indicate the estimate in Eqs. (8), (10) and
(11) using relation (2) without attenuation and the dashed lines
indicate the contribution from a source at the GC. We adopt the
calculation of Ref. [35] for the interstellar radiation field on top of
the CMB. We also show estimated sensitivities w.r.t. the diffuse
TeV-PeV γ-ray emission in the GP (jbj < 2°) for the observatories
(in ascending energy of maximum sensitivity) CTA (green
dotted), HAWC (blue dotted), LHAASO (red dotted) and Hi-
SCORE (brown dotted). Note that the model-dependent theo-
retical fluxes are averaged over Galactic longitude and latitude
jbj < 2°, whereas the measurements only apply to the intersection
of the GP with the FoVand in some case extend to larger absolute
latitudes as indicated in the plot (cf. Figure 5). Extending the GP
to jbj < 5° or jbj < 10° reduces the theoretical fluxes (only π0-
decay and ignoring absorption) by about a factor 2 or 3,
respectively. The relative intensity of the diffuse flux between
Galactic Center and anti-Center is less than $25% (see text).

PROBING THE GALACTIC ORIGIN OF THE ICECUBE … PHYSICAL REVIEW D 90, 023010 (2014)

023010-9

Galactic
diffuse

~10 unresolved
hypernova remnants

LHAASO KASCADE

GRAPE-3

Galactic Plane Galactic Halo (quasi-isotropic)
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Galactic Diffuse Sub-PeV Gamma Rays Are NOW Measured

Discovery of sub-PeV g rays in 2021
(Tibet ASg Collaboration 21 PRL
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2023: Evidence of Neutrinos from the Milky Way

IceCube 23 Science

Neutrino emission from the Milky Way (~10% of total) has been observed w. 4.5s
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Galactic Multimessenger Connection: Current

- Supporting hadronic (pp) origin
- Truly diffuse emission 

vs
Unresolved (extended) sources

Galactic plane

Discovery of sub-PeV g rays in 2021
(Tibet ASg Collaboration 21 PRL
LHAASO Collaboration 23 PRL)
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Fang & KM 21 ApJ, 23 ApJL



High-Energy Neutrino Sky

consistent w. isotropic distribution/extragalactic origins
#Galactic contribution: ~10% (IceCube 23 Science) 

high-energy
upgoing tracks
high-energy
starting events



All-Sky Multimessenger Flux & Spectrum

IceCube Collaboration 18 PRD, 20 PRL, 21 Nature, 22 ApJ

the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV

q

q
_

Grand-unification?

KM3Net

LHAASO+Tibet
(Galactic diffuse g)



to be shorter than the advection and the escape times
[70,71]. Thus, whereas the above estimate, corresponding
to the upper curve in Fig. 2, may be valid in normal
galaxies, this Ωcr we obtained is taken, for sure, as an upper
limit on the current energy density of CRs with stellar
origins.
For extragalactic radiations, including UHE CRs,

neutrinos, and gamma rays, the differential global energy
density is written in terms of the observed energy density as,

E
dΩ
dE

¼ E
dU
dE

1

ϱcritc2
¼ 4πE2Φ

c
1

ϱcritc2
: ð28Þ

The UHE CR energy density on Earth is measured
accurately, but the global energy density depends on the
transition from Galactic to extragalactic CRs. In Fig. 2, the
upper curve of the UHE CR shade region is taken from
Ref. [57] which uses the mixed composition model with
the proton dominance around the ankle energy. For
E≳ 1018.5 eV this model has the spectrum that is close
to the flux given by Eq. (9). The lower curve of the (green)
shade region is based on the classical proton ankle model
with ssc ¼ 2.0 [52,72], which can be taken as a more
conservative estimate on the UHE CR energy density. Note
that both curves agree with each other above E ∼ 1019 eV,
where the extragalactic component is dominant.
High-energy neutrino observations serve as a probe for

the differential luminosity and energy density of CRs. For a
given spectral index we obtain the total luminosity density:
for s ¼ 2.5 we have Qν ≃ 1044.3$0.1 ergMpc−3 yr−1ð2=ξzÞ
and Ων ≃ 10−10.7$0.1 above 25 TeV (see Table I).

This yields Qexcr ≳ 1044.6$0.1 ergMpc−3 yr−1ð2=ξzÞ and
Ωexcr ≳ 10−10.4$0.1 above Ep ∼ 0.5 PeV, assuming inelastic
pp interactions being the dominant process.
As indicated in Fig. 3 below, the GeV–TeV CR spectrum

extrapolated to PeV energies can be compatible with the
soft CR spectrum indicated by the 10–100 TeV neutrino
data if the meson production is fully efficient for PeV CRs,
i.e., the effective optical depth fmeson ≳ 1. On the other
hand, Ωcr ≫ Ωγ means that the CR energy density in the
GeV–TeV range needed to explain GeV–TeV gamma rays
overshoots the observed CR roughly by a factor of 3–10
(see Fig. 3). This implies that the gamma-ray production
for GeV–TeV CRs should not be fully efficient (i.e.,
fmeson ≪ 1) and/or the hadronic gamma rays are attenuated
by interactions with ambient matter or radiation. A com-
parison of the IceCube and Fermi data implies that the CR
accelerators are hidden when viewed in GeV–TeV gamma
rays [62].

IV. DISCUSSION

A. Cosmic-ray reacceleration in star-forming galaxies

The CR energy generation rate density in the GeV–TeV
range, when leaked CRs are included, is not much different
from that in the UHE range, across energies 10 orders of
magnitude apart. This may point towards the idea that CRs
may be reaccelerated by the Fermi acceleration in the
vicinity of galaxies, say, in superbubbles or galactic winds
driven by the star formation, whose power-law index can be
scr ∼ 2 or smaller [73,74].
The velocity of galactic winds driven by the star

formation can be Vs ∼ 300–1000 km s−1 [75,76] (see also

-15

-14

-13

-12

-11

-10

-9

-8

8 9 10 11 12 13 14 15 16 17 18 19 20

-11

-10

-9

-8

-7

-6

-5

lo
g(

E
 d

Ω
/d

E
)

lo
g(

E
 d

U
/d

E
 [e

V
 c

m
-3

])

log(E [eV])

CR

 (EGB)

 (IGRB)

CR
(confined in normal galaxies)

UHE CR

(produced)

FIG. 2. Local (z ¼ 0) energy densities of cosmic particles (in
unit of ϱcritc2 for the left axis). We ignore possible energy losses
of CRs injected in the past. Unavoidable energy losses of UHE
CRs are taken into account, and we show both proton ankle and
mixed composition models. The energy density of CRs confined
in normal galaxies is indicated assuming tesc ¼ 15–100 Myr at
R ¼ 1 GV. The softening of the EGB and IGRB spectra is caused
by the attenuation by the extragalactic background light.
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FIG. 3. Similar to Fig. 1, but neutrino and gamma-ray lumi-
nosity densities are converted into CR energy generation rate
densities assuming that they are produced by inelastic pp
interactions. The high-energy neutrino background gives con-
straints on the CR energy generation rate density, while the IGRB
is taken as an upper limit for a given value of the effective optical
depth to meson production (fmeson): the cases for fmeson ≥ 1 and
fmeson ¼ 0.1 are displayed.

KOHTA MURASE and MASATAKA FUKUGITA PHYS. REV. D 99, 063012 (2019)

063012-8

Energy Budgets of High-Energy Cosmic Particles

UHECR energy generation ~ sub-PeV n energy generation ~ sub-TeV g-ray energy generation 

KM & Fukugita 19 PRD

WUHECR=10-11.5

Wn~10-11



All-Sky Multimessenger Flux & Spectrum

IceCube Collaboration 18 PRD, 20 PRL, 21 Nature, 22 ApJ

the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV
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High-Energy Gamma-Ray Sky

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 Smax

S

dN

dS0 dS
0 [deg�2], (2)

where Smax 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
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Fig. 3.— Top Panel: Integrated emission of blazars (with and without EBL absorption),
compared to the intensity of the EGB (datapoints from AC14). Lower Panel: as above,

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

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

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).
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~100 % come from blazars
at sub-TeV energies?

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 Smax

S

dN

dS0 dS
0 [deg�2], (2)

where Smax 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
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Extragalactic g-Ray Sky: Dominated by On-Axis Jetted AGN
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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
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blazar!



2017: Hints of Neutrinos from On-Axis Jetted AGN 

IceCube 2018 Science 

2014-2015 
n flare

2017 multimessenger flare

n

radio

X

g

TXS 0506+056
“blazar”

IceCat-2: Updated IceCube Event Catalog of Alert Tracks

Figure 4: Sky map showing spatial coincidences between IC-170922A and TXS0506+056 (yellow star).
The tighter angular reconstruction contours highlight improvements in event localization from IceCat-1 (in
red) to IceCat-2 (in blue), with solid and dashed lines representing the 50% and 90% containment regions,
respectively.

(a) (b)

Figure 5: Sky maps showing spatial coincidences between IC-220424A (in orange) and IC-230416A (in
blue), and NGC 7469 (yellow star). Solid and dashed lines represent the 50% and 90% containment regions,
respectively. Panels (a) and (b) display the contours of the two alerts in IceCat-1 and IceCat-2, respectively.

estimated to correspond to a 3.2𝐿 significance. Panels (a) and (b) of Fig. 5 show the position of
NGC 7469 relative to IC-220424A and IC-230416A in IceCat-1 and IceCat-2, respectively. While
the contour areas around the best-fit directions for the track alerts are significantly reduced in
IceCat-2, the source position is still contained within the contours of both neutrino alerts.

Additionally, a few tidal disruption event (TDE) candidates (e.g., AT2019dsg, AT2019fdr, and
AT2019aalc) have been associated in recent years with IceCube track alerts through multimessenger
follow-up searches [13–15]. In each case, the neutrino detection occurred approximately 100 days

6

Petropoulou, KM+ 20 ApJ

IceCube 25 ICRC



Extragalactic n Sky: NOT Dominated by On-Axis Jetted AGN
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Where do neutrinos come from?

gamma-ray burst 
(GRB)

active galactic nucleus
(AGN) galaxy cluster galaxy

Multi-messenger analyses disfavor on-axis jetted AGN
(and classical g-ray bursts) as the “dominant” n origin 



All-Sky Multimessenger Flux & Spectrum

IceCube Collaboration 18 PRD, 20 PRL, 21 Nature, 22 ApJ

the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV
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Fermi g-ray data are violated (>3s) if n sources are g-ray transparent
→ IceCube n sources: hidden (i.e., g-ray opaque) cosmic-ray accelerators



Extragalactic Multimessenger Connection
10-100 TeV n IceCube data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1

Fermi g-ray data are violated (>3s) if n sources are g-ray transparent
→ IceCube n sources: hidden (i.e., g-ray opaque) cosmic-ray accelerators
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Prediction of Hidden Neutrino Sources

Hidden (i.e., g-ray opaque) n sources are actually “natural” in pg scenarios

gg→e+e-

optical depth

accretion disk + “corona”
opt/UV=multi-temperature blackbody
X-ray=Compton by thermal electrons

All-sky 10-100 TeV neutrino flux can be explained by AGN

KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.
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Hidden (i.e., g-ray opaque) n sources are actually “natural” in pg scenarios

gg→e+e-

optical depth

accretion disk + “corona”
opt/UV=multi-temperature blackbody
X-ray=Compton by thermal electrons

All-sky 10-100 TeV neutrino flux can be explained by AGN

IceCube Collaboration 25

break!



Prediction of Hidden Neutrino Sources

Hidden (i.e., g-ray opaque) n sources are actually “natural” in pg scenarios

gg→e+e-

optical depth

accretion disk + “corona”
opt/UV=multi-temperature blackbody
X-ray=Compton by thermal electrons

All-sky 10-100 TeV neutrino flux can be explained by AGN
But do such hidden n source (candidates) exist??

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





Obscured AGN as a Hidden Neutrino Source

IceCube Collaboration+ Science 22

IceCube (best-fit sn=3.2)

magnetic corona model

accretion shock model

NGC 1068



Obscured AGN as a Hidden Neutrino Source

IceCube Collaboration+ Science 22

starburst “galaxy” model
(from Murase & Waxman 16)

IceCube (best-fit sn=3.2)

Ln~3x1042 erg/s << Lbol ~ 1045 erg/s < LEdd ~ 3x1045 erg/s: reasonable energetics

accretion shock model

magnetic corona model

NGC 1068



accretion disk

torus

jet

X-ray
broad-line

region

wind

corona

black hole

radio

infrared

optical
ultraviolet

n
~104 RS

~10 RS

>106 RS

~105-106 RS

Rs=2GM/c2

starburst region



Where Do Neutrinos Come from?

compatible w. pg calorimetry (fpg>1) condition: R < 30-100 RS
Massive black hole: sub-PeV proton accelerator & ideal beam dump

KM 22 ApJL, Das, Zhang & KM 24 ApJ

for 0.1-300 GeV g rays

model-independent constraint
considering elemag. cascade

R < (10-30) RS
(BSM applications (e.g., Herrera & KM 24)
→ constraints on sDM-p at sub-GeV)



Multimessenger Implications for Neutrino Production Mechanisms

Das, Zhang & KM 24 ApJ

Neutrinos
from gg→µ+µ-
(Hooper & Plant 23 PRL)

Neutrons from
photodisintegration
(Yasuda, Inoue & Kusenko 25 PRL)

- Multimessenger connection is robust and must be considered 
- Exotic models are excluded if relevant processes are consistently included
- Also unlikely by the energetics requirement: LCR < Lbol ~ LEdd ~ 1045 erg/s 



Details of Particle Acceleration Sites? - Unknown

3D RMHD simulation 
w. Athena++

Jiang, Blaes, Stone & Davis 19
see also Miller & Stone 00, Liska+ 22

corona

Tg~105 K

Te~108-109 K

disk

magnetically-powered corona
(KM+ 20, Kheirandish, KM & Kimura 21)

- turbulence/shear 
- magnetic reconnection



Particle Acceleration Mechanism in Coronae (Extra)?

stochastic acc. in 3D PIC simulations stochastic acc. in 3D global MHD simulations 

see also Hoshino 15 PRL, Zhdankin+ 17 PRL
Comisso & Sironi 22

Kimura, Tomida & KM 
19 MNRAS
Sun & Bai 21 MNRAS
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This is an erratum to the paper ‘Acceleration and escape processes
of high-energy particles in turbulence inside hot accretion flows’
(DOI: https://doi.org/10.1093/mnras/stz329), which was published
in MNRAS, 485, 163–178 (2019). In Fig. 4, we mistakenly
plotted the quantities using the wrong axes, causing the spiral
shape inconsistent with that in fig. 6. The correct plots are shown
here. The other results are unaffected, and the conclusions remain
unchanged.
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Figure 4. Colormaps in the equatorial plane for run A. The upper and lower
panels show the density and the magnetic energy density, respectively.
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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.

where eφ is the unit vector of the φ direction and Vbul, φ is inde-
pendent of θ . The bottom panel shows the momentum distribution
in the fluid frame, where we can see no bulk rotational motion. In
the following sections, we use the energy distribution in the fluid
frame. Note that the particle distribution is slightly anisotropic: the
particles tend to have positive pR and negative pφ . This is because
the particles tend to move radially outward along the spiral magnetic
field, as discussed above. This anisotropy becomes stronger in later
time and for higher energy particles (see Section 3.2.3). Since this
anisotropy appears in the particle simulations with all the MHD
data sets, the grid spacing and resolutions are not the cause of the
anisotropy.

3.2.2 Diffusion in energy space

We examine evolution of the energy distribution function in the fluid
frame. The time evolution of the energy distribution for λini = 4 is
shown in Fig. 8. We can see that the width of the energy distribution
increases with time. This motivates us to consider the diffusion
equation in the energy space.

In general, the transport equation, including the diffusion and
advection terms in both configuration and momentum spaces,

Figure 7. Momentum distributions at t = 10tL in the lab frame (upper)
and the fluid flame (lower) for λini = 4. We can see a bulk motion in the
lab-frame, while the bulk motion is not seen in the fluid frame.

Figure 8. Energy distribution function at t = 4tL, 10tL, and 25tL in fluid
flame for λini = 4. The distribution function diffuses in the energy space.

describes the evolution of the distribution function for the particles
with isotropic distribution in the fluid rest frame (e.g. Skilling
1975; Strong, Moskalenko & Ptuskin 2007). When the terms for
configuration space and the advection term in momentum space are
negligible, the transport equation may be simplified to the diffusion
equation only in momentum space (e.g. Stawarz & Petrosian 2008):

∂f

∂t
= 1

p2

∂

∂p

(
p2Dp

∂f

∂p

)
. (23)

Since the anisotropy in our system is not very strong, we apply this
equation to our system. We focus on the ultrarelativistic regime,
so the particle energy is approximated to be ε ≈ pc. Using the
differential number density, Nε = Np/c = 4πp2f/c, we can write

MNRAS 485, 163–178 (2019)
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High-energy neutrinos now meet the frontier of astroplasma physics



If n emission comes from X-ray coronae, plasma should be magnetically dominated
Das, Zhang & KM 24 ApJ

Multimessenger Implications for Coronae as n Production Sites

g-ray constraint
xB=UB/Uph>~0.1 
synchrotron cascade
→ R <~ (5-15) RS

xB=UB/Uph<~0.1 
inverse-Compton cascade
→ R < RISCO unlikely

cf. ISCO for non-rotating BH
R=3 RS

tT~0.1-1 for X-ray corona, lEdd~0.5
xB >~ 0.1 leads to b <~ 1

pg scenario

LCR<LX

CR energetics constraint
LCR < LX
→ R <~ (1-20) RS

Multimessenger constraints are improved by updated Fermi-LAT analyses (Ajello, KM & McDaniel 23 ApJL)



g Rays Must Not Be Gone: Hints & Future MeV g-Ray Tests

• Corona model prediction: cascade g rays should appear in the MeV range
• Fermi g-ray observation: sub-GeV “excess” over the starburst component

Ajello, KM & McDaniel 23 ApJL

AMEGO-X

e-ASTROGAM



Other AGNs?

KM, Karwin, Kimura, Ajello & Buson 24 ApJL
Model A: same as NGC 1068 
Model B: PCR/Pvir=8%

• - Corona model prediction: n luminosity ~ intrinsic X-ray luminosity
brightest in north: NGC 1068, NGC 4151
brightest in south: NGC 4945, Circinus

- IceCube n TeV excess: 
NGC 1068 (~4s), NGC 4151 (~3s), Circinus (~3s for AGNs in south)

- Fermi g-ray sub-GeV excess: 
NGC 1068, NGC 4945

(IceCube Collaboration 24a, 24b, 24c) 

(KM+ 20 PRL, KM+ 24 ApJL) 



IceCube-Gen2

Further Tests with Neutrinos
• 2.6s with 8 yr upgoing nµ events and IR-selected AGN (IceCube 22 PRD)
• Good news for KM3Net/Baikal-GVD/P-ONE: many bright AGN in south

predictions for stacking search 

testable w. near-future data or by next-generation neutrino detectors 
Kheirandish, KM & Kimura 21 ApJ

KM3Net

Baikal-GVD

Trident P-ONE



AGN Can Dominate the All-Sky n and X-/g-Ray Fluxes

- Jet-quiet AGN (coronae) can explain the all-sky neutrino intensity self-consistently.
- But >100 TeV neutrinos may originate from different source classes – “more open”

KM, Kimura & Meszaros 20 PRL
KM, Kimura, Mukhopadhyay & Bhattacharya 25

jet-quiet AGN 
(corona X + LLAGN)

jet-quiet AGN?
(LL AGN)

jet-quiet AGN 
(corona n)jet-loud AGN 

(blazar g)

jet-loud AGN?



reservoir
(ex. galaxy cluster)

accelerator
(ex. AGN)

cosmic-ray reservoir scenario

CR

p

pp/pg reactions

n

g

UHECR
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Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

et al. 2006), we obtain

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

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

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

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

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

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

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

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

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

of massive CGs and is a correction factor for the sourcefz

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

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

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

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

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

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

eV range offer no chance of source identification as they1810
should be severely deflected by Galactic and extragalactic mag-
netic fields. Moreover, due to magnetic horizon effects, extra-
galactic CRs #1017 eV may not reach us at all (Lemoine 2005;
Kotera & Lemoine 2007) so even the broken power-law spectral
form will not be directly observable. Gamma-rays are unaf-
fected by intervening magnetic fields, but those at "PeV en-
ergies relevant for the second knee are significantly attenuated
by pair-creation processes with the CMB and cosmic IR back-
grounds (e.g., Kachelrieß 2008). In contrast, neutrinos in the
PeV–EeV energy range should be unscathed during propaga-
tion (Bhattacharjee & Sigl 2000 and references there in). Con-

KM, Inoue & Nagataki 08 ApJ

3

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

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

neutrino spectrum would be, E2
νΦνµ

∝ E2−p
ν . The energy

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

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

E2
νΦSB

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

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

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather

Loeb & Waxman 06 JCAP

IceCube

IceCube

galaxy group/cluster

starburst galaxy

IceCube

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

>0.1 PeV IceCube data:
consistent w. earlier
theoretical predictions



High-Energy Astro-Particle Grand-Unification?

UHECR

> PeV ns may be physically related to UHECRs and isotropic diffuse g rays (unification)
Exploring ultrahigh-energy ns is important for testing the n-UHECR connection

- Jetted AGN as “UHECR” accelerators
- Neutrinos from confined CRs & UHECRs from escaping CRs
- Smooth transition from PeV (source n) to EeV (cosmogenic n)

pp

pg

Fang & KM 18 Nature Phys.
(cf. Unger, Farrar & Anchordoqui 15)



Black HolesSupermassive black holes as multimessenger sources?
Need more statistics for “discoveries”

Unification, flares (TXS 0506+056…)

Jet-quiet AGN 

Jetted AGN Tidal disruption event

Hidden n sources (NGC 1068…)

Vera Rubin Telescope



Bright Future (w. Some Patience) 

More multimessenger
data in the next decade 
will enable us to test 
the proposed models 
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Summary
Success of multimessenger approaches to high-energy n sources

all-sky sub-TeV g flux ~ all-sky sub-PeV n-ray flux ~ all-sky UHECR flux     

Multimessenger quests for the origin of high-energy cosmic neutrinos
- Galactic: multimessenger connection is now observed
supporting the hadronic origin of the Galactic diffuse g-ray flux

- Extragalactic: multimessenger connection requires g-ray hidden n sources 
AGN (jet-quiet): could be the dominant sources of the all-sky neutrino flux
NGC 1068: evidence of a hidden n source (need more statistics!)
→ ns should be produced within 10-30 Schwarzschild radii

“unique” probe of non-thermal phenomena powered by black holes
testable w. planned MeV g-ray and n detectors

High-energy multimessenger transients
- Strategic multimessenger searches in the Rubin era

Multimessenger quests for particle physics (bonus)
- Example: unique probe of very heavy dark matter up to the GUT scale 



No Patience? Game Changing in n Transient Searches

• Supernovae, tidal disruption events, low-
luminosity gamma-ray bursts…
(e.g., Stein+ 21 Nature Astronomy, Reusch+ KM 21 PRL)

• Testability of models have been limited by 
the number of detected transients   

• Neutrino singlet followups would need 
spectroscopic information

• Neutrino multiplet followups
• Multimessenger alert (e.g., AMON) followups

multiplet signal (0.03 Rsn)

chance-coincident
closest SNe

Yoshida, KM+ 22 ApJ

Einstein Probe Vera Rubin Telescope



Interacting Supernovae as Multimessenger Transients
• Confined CSM (Rcs <~ 1015 cm): mass ejection or extended envelope
• May be common even for Type II-P SNe

dMcs/dt~10-3-10-1 Msun yr-1 (>> 3x10-6 Msun yr-1 for RSG)
• Shock accelerated cosmic rays produce cosmic rays, ns and gs

(KM+ 11 PRD, KM 18 PRDR, KM 24 PRD)



Neutrino Light Curve

slowly declining light curves while pion production efficiency ~ 1
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Next Galactic Supernova?

- Type II: ~100-1000 events of TeV n from the next Galactic SN
ex. Betelgeuse: ~103-3x106 events, Eta Carinae: ~105-3x106 events

- SNe as “multi-messenger” & “multi-energy” neutrino source
- “Real-time" detection of CR acceleration, testing Pevatrons, neutrino physics
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Be Best Prepared for Nearby Cosmic Explosions

- Supernovae (SNe): “multimessenger” & “multi-energy” n sources
- ~1000 events of TeV n from the next Galactic SNe
- LHC ATLAS/CMS as cosmic n detectors
- Monitoring with ”global n detector network”

MeV n
thermal

GeV-PeV n
shock

~0.1-1 day~10 sec

Ln

time

GeV-TeV n?
wind

(Kheirandish & KM 23 ApJL)

(KM 18 PRDR, 24 PRD)

(Wen, Arguelles, Kheirandish & KM 24 PRL)

(Carpio, Ekanger, 
Bhattacharya, +KM 24 PRD)



Detectability of “Minibursts”

Kheirandish & KM 23 ApJL

- CCSN rate enhancement 
in local galaxies (ex. Ando+ 05 PRL)

- Neutrino telescope networks are   
beneficial for nearby SNe at Mpc

- II (CCSM): detectable to ~3-4 Mpc
IIn: detectable to ~10 Mpc



Detection w. Large Hadron Collider

LHC ATLAS
calorimeter rV=4 kt

starting events

Wen, Arguelles, Kheirandish & KM 24 PRL

N ~ rV NA snN EnFn

~ 3x10-3 EnFn
~ 1 (EnFn/300 cm-2)

diameter 22m
length 40m

B: Betelgeuse
EC: Eta Carinae



Wen, Arguelles, Kheirandish & KM 24 PRL

throughgoing tracks

B: Betelgeuse
EC: Eta Carinae

2 hadronic showers
discriminated

Betelgeuse
D*=0.1

2 hadronic showers
undiscriminated



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.

Multi-Messenger Approach
(dark matter)
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Multimessenger Emission of Decaying Dark Matter

KM, Laha, Ando & Ahlers 15 PRL

DM → ne+ne (12%)
DM → b+bbar (88%)

(similar results in other 
models that are proposed)  

Largely constrained by Fermi (sub-TeV g) and air-shower (sub-PeV g) data  

Ellis+ 92, Gondolo 92, Gondolo+ 93
KM & Beacom 12
Esmaili & Serpico 13 
Esmaili & Serpico 15

Heavy dark matter remain largely unexplored by direct/collider experiments
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Multimessenger Search for Superheavy Dark Matter
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• LHAASO and Fermi limits are complementary and comparable around PeV
• Nearly excluding dark matter scenarios to explain the all-sky IceCube n data
• Unique probes of superheavy dark matter that is difficult to directly test 

g (Fermi)

n

CR (air-shower)

5

105 106 107 108 109

Mass, mDM [GeV]

1026

1027

1028

1029

1030

L
ife

ti
m

e,
� D

M
[s

]

HAW
C20

18
Ishiwata2

020

DM ! bb̄

KM2A (this work)

KM2A (prompt only)

IceCube fit

FIG. 1. 95% one-sided lower limits on DM lifetime obtained with the profile likelihood analysis (thick black lines), for DM
decaying into b quarks (left) or ⌧ leptons (right). The black dashed line shows the limit obtained if we only consider prompt DM
contribution. The green and yellow bands correspond to the expected 68% and 95% limit ranges from Monte Carlo simulations
with the background-only hypothesis. Previous limits [60, 70, 77] and those from HAWC [11] are shown with gray and blue
lines

. The hatched regions show the 1� DM parameter space favored by IceCube high-energy neutrino flux [68].

E
i
k is the detector exposure on the ROI, and �⌦ is the

solid angle of the ROIs.

Importantly, the DM intensity is di↵erent in di↵er-
ent ROIs due to the di↵erent D factor and secondary
contributions, while all ROIs have the same underly-
ing background model (bi) due to the isotropic cosmic-
ray background distribution. This breaks the signal-
background degeneracy between di↵erent ROIs, and thus
ROI1 � ROI4 are included to constrain the background
contribution. The background is expected to be isotropic,
as the intrinsic cosmic-ray anisotropy is only ⇠0.1%
[96, 97], much smaller than the statistical uncertain-
ties. We consider the joint-likelihood for all 5 ROIs:

ln L(⌧DM, b̂) =
4P

k=0
ln Lk, with the “hat” signaling that

the background bi has been treated as a nuisance pa-
rameter and fitted over to maximize the likelihood [98].
For the background model, bi, we conservatively assume
complete ignorance of their values in each energy bin,
and thus they can take any non-negative values during
the fit.

We search for the presence of a DM signal by scanning
through the DM mass from 105 to 109 GeV for each de-
cay channel, assuming a 100% branching fraction. We
find no significant detection of DM signals, which would
correspond to a peak in the likelihood function against
⌧DM. Therefore, we obtain the one-sided 95% lower limit
on the DM decay lifetime, ⌧DM,95, for each DM mass and

decay channel by finding �2 ln[L(⌧DM,95)/L̂] = 2.71 [99],

where L̂ is the best-fit likelihood with respect to both
⌧DM and b.

Results— Figure 1 shows the constraints for the
DM ! bb̄ and DM ! ⌧+⌧� channels obtained in
this work (thick black lines). Other decay channels are

discussed in Supplemental Material V. To validate our
results, we perform the same joint-likelihood analysis
with mock data for the ROIs using the best-fit null-
hypothesis (⌧DM ! 1) background model and assum-
ing a Poisson probability distribution. The 68% and
95% limit ranges from such Monte Carlo simulations are
shown in Fig. 1. We find that the actual constraints are
within the 95% expected range, but are close to the bot-
tom range. This is caused by a small and statistically
insignificant event excess in ROI0 (The highest local sig-
nificance found is about 1.4 � for the ⌧+⌧� channel at
⇠ 8 PeV.). The agreement with the Monte Carlo sim-
ulation also validates the common background hypothe-
sis for the ROIs. This implies that potential anisotropic
astrophysical components in the ROIs, such as di↵use
emission and point sources, are subdominant. In Fig. 1
we also show the limits obtained considering only the
prompt contribution to highlight the robustness of our
constraints with respect to potential uncertainties in the
secondary components.

For comparison, we also show the best previous lim-
its on DM lifetime obtained with � rays for both chan-
nels [60, 70, 77], including those from HAWC [11]. Hence,
the present analysis leads to a significant improvement
in the DM constraints. For the bb̄ channel, our results
are about 5 times better than [70] around 10 PeV, while
for the ⌧+⌧� channel, they are more than 10 times bet-
ter than [60] at 10 PeV. For DM masses higher than
O(108 GeV), our constraints are in general weaker than
those obtained with KASCADE, etc, [77]. Recently, new
DM constraints [74, 75] were obtained by considering the
Tibet-AS� data along the Galactic plane [18]; our con-
straints are generally stronger by about one order of mag-
nitude than their model-independent limits. We empha-
size that we do not consider any potential astrophysical

LHAASO Collaboration 22 PRL

LHAASO



Multimessenger Search for Superheavy Dark Matter

UHECR detectors (Auger)
- Upper limits on UHEg
tDM > 1030 s up to GUT scale 

UHE n detectors
- Gen2-radio & GRAND
subject to unknown astro bkg.

- lunar radio detection
tDM >~ 1030 s up to GUT
no astro bkg. at such UHE 

g

CR

Das, Carpio & Murase 25 PRDDas, Murase & Fujii 23 PRD



Figure 4: Same as Fig. 3 but assuming the channel, ω → H̄l̄l. In the right-top panel, the

red star corresponds to the KM3-230213A event in addition to those for the AMATERASU

event (green star).

ω → H̄l̄l: Next, let us consider an interaction of another type:

L ↑ ↓
ωH̄ēRP̂LL

ML

+ h.c., (46)

Similar to the case of ω → Hq̄q, there are six types of decay channels in the broken phase:

ω → hēLeR, ω → W+ε̄LeR, ω → ZēLeR, ω → heLēR, ω → W→εLēR, and ω → ZeLēR. We

can calculate these as well, following the procedure in Appendix A (with the color factor

removed). A similar results are shown in Fig. 4. One can see that the nucleon flux in this

case is further suppressed, especially at low energies.
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Example: Inflaton Dark Matter

KM, Narita & Yin JCAP 25• Inflaton dark matter models
in (modified) natural inflation
(entropy dilution necessary)

• Scalar dark matter

• UHE neutrons can also be used 
as good probes of superheavy DM

Amaterasu

KM-230213A 

Amaterasu

KM-230213A 

the Doppler shift of the DM around us. o is the (averaged) optical depth for absorption,

e.g., Ref. [106] . We take o → 0 unless otherwise stated. ω denotes the DM lifetime.

We introduced the so-called D-factor and its average value is

D̄!”=4ω =
1

4ε

∫

!”

d!

∫
dsϑ

MW
ε

(s,!). (39)

To calculate the D-factor, we should introduce a specific form of the DM density distri-

bution. For our galaxy, the NFW profile [107] is usually adopted,

ϑNFW(r) =
ϑ0

r

rs

(
r

rs
+ 1

)2 . (40)

This can be fitted from Gaia DR2 [108], with the parameters ϑ0 ↑ 0.46 GeV/cm3, rs ↑

14.4 kpc.3 We introduce the distance from the center of our galaxy, r, which satisfies the

relation:

r
2 = s

2 + r
2
→ ↓ 2r→s cos ϖ,

with r→ ↑ 8.2 kpc is the distance between the solar system and the center of the galaxy.

3.2 DM decay spectra

To obtain the flux of particles X in DM decay, dNε/dEX , we require a particle theory. Since

the DM is a spin-zero scalar field and is much heavier than the weak scale, the main decay

channels, via operators with a dimension no larger than 5, are expected to be,

ϱ ↔ Hq̄q, H̄l̄l, H̄H, gg, AA, BB, (41)

with g, A, and B being the gauge fields of SU(3)c, SU(2)L, and U(1)Y , respectively (de-

pending on the coupling). Now, we use the notation in the symmetric phase. q, l, and H

denotes a quark, a lepton and a (charged) Higgs boson, respectively, with bar denoting the

anti particle. Since we consider ϱ to be a pseudoscalar, the decay into two Higgs bosons must

occur via CP violation and can be highly suppressed depending on the model-building. We

also note that the decay of ϱ into two fermions is forbidden by chirality arguments. In the

context of indirect detection, we typically assume that the decay is a two-body process. The

three-body decays and ϱ ↔ gg have not been well studied. Hence, in this paper, we study

3
Alternatively, we also adopt the Einasto profile [109, 110]. ωEinastro(r) = ω0e→( r

h )1/n , that is fitted from

Gaia DR3 [111], with the parameters ω0 ↑ 0.76GeVcm
→3, n ↑ 0.43, h ↑ 11.41 kpc. This does not change

the numerical results much.
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• Fermi limits overwhelm MAGIC/HAWC limits thanks to g-ray cascades.
• LHAASO and updated IceCube analyses will be useful.
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FIG. 1. The 95% C.L. upper limits on the DM annihilation cross-section for bb, ω+ω→ channels and comparing to other
experiments (Fermi-LAT [17], HAWC [19] ,H.E.S.S [20], MAGIC [21], VERITAS [22], IceCube [46]). The solid black line
represents the observed combined limit of this work. The dashed black line, green band, and yellow band represent the
expected limits and their 1ε and 2ε uncertainties. The dashed gray line is Thermal Relic cross-section [47], and the other
dashed colored lines show the results of other experiments.

FIG. 2. The 95% C.L. lower limits on the DM decay lifetime for bb, ω+ω→ channels. The solid black line represents the LHAASO
observed combined limit, and the dashed black line, green band, and yellow band represent the expected combined limits, 1ε
and 2ε uncertainty based on the mock observation. The limits obtained from Fermi-LAT [48], MAGIC [49], IceCube [50],
LHAASO-KM2A Galactic halo [29] and HAWC [51] with dashed colored line are also shown for comparison.

Ursa Minor, Draco, and Coma Berenices. The expected
limits from the same analysis for mock data are shown in
Fig. 2, for bb and ω+ω→ final states, with the limits from
Fermi-LAT [48], MAGIC [49], IceCube [50], LHAASO-
KM2A Galactic halo [29], and HAWC [51]. We also show
constraints for ωω from combined dSphs observation and
mock data in Fig. S10 of Supplemental Material [38] for
other channels.

In our analysis, we incorporate the J- (D-) factor like-
lihood into our likelihood analysis, leading to a reduc-

tion in the constraints on DM parameters by a factor
of 2-6 (see Fig. S6 of Supplemental Material [38]). Ad-
ditionally, we factor in the e!ects of VHE gamma-ray
absorption by the ISRF, resulting in a relaxation of con-
straints on DM particles with masses exceeding 1000 TeV
by approximately 5-10-fold. Moreover, we consider the
expected morphology of the DM signal, moving beyond a
point-like source approximation. The constraints derived
from the extended source analysis based on the DM den-
sity profile are consequently diminished by a factor of
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Figure 6. 95% CL upper limits on the annihilation cross section 〈σv〉 for 6 channels and 8 dSphs.
We also include the limits from stacking 8 dSphs (dashed lines).

is more pronounced for channels involving leptons, such as µ+µ− and τ+τ−. In addition to
individual dSph constraints, we also include constraints derived from stacking all 8 dSphs,
as described in the section 4. We observe slightly improved limits from stacking 8 dSphs
compared to the strongest limits from individual dSphs. The stacking limits are most likely
driven by Draco, which has the largest J-factors among the target dSphs.

As a baseline of the analysis, we have assumed that dSphs are extended sources, and their
DM halos follow the NFW density profile with truncation. A recent study [110] investigated
the impact of considering the extension of dSphs when searching for DM signals with Fermi-
LAT. They found that modeling dSphs as extended sources weakened the annihilation
constraints by a factor of approximately 2, depending on the specific dSph and channel
under consideration. To explore this effect, we treat the dSphs as point sources and repeat
the data analysis for the bb̄ channel. We make the assumption that the J-factors of the
dSphs in the point-source approximation are equal to the Jann(θ∆) and Jdec(θ∆) as presented
in table 2 for the extended cases, which corresponds to an aggressive assumption for the
point-source hypothesis. Figure 8 shows the ratios of the constraints on 〈σv〉 (left panel) and
1/τχ (right panel) between the extended and point-source analyses for the bb̄ channel. We
observe that the constraints are generally weakened in the extended analysis. The ratios for
the annihilation 〈σv〉 vary from approximately 1 to 2, depending on the target dSph and
mass mχ. The range of ratios for 1/τχ is more variable, ranging from around 1 to nearly 9.
The weakening effect is more pronounced for DM decay since the extended signal for DM
decay is less concentrated at the center of the dSphs, as demonstrated in the 2D templates in
appendix A. Our results are qualitatively consistent with the findings of ref. [110].
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Figure 7. 95% CL lower limits on the lifetime τχ for 6 channels and 8 dSphs. We also include the
limits from stacking 8 dSphs (dashed lines).
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Figure 8. Ratios of the constraints on 〈σv〉 (left panel) and 1/τχ (right panel) between the extended
and point-source analysis. The annihilation/decay channel is bb̄ and 8 dSphs are included.
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Supermassive Black Hole Neutrinos as a Probe of Dark Matter

• AGN ns originate from CRs within 10-30 Schwarzschild radii 
• High DM density at the center of AGN (“DM spike”)
• CR cooling due to DM-SM scattering

Most stringent constraints on DM-p scattering for DM in the MeV range 

Herrera & KM 24 PRDL
Gustafson, Herrera, Mukhopadhyay, KM & Shoemaker 
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Example of Scalar-Mediated DM-Nucleon Interactions
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Application to Inelastic Dark Matter

Cosmic-Ray Cooling in Active Galactic Nuclei as a New Probe of Inelastic Dark
Matter
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We present a novel way to probe inelastic dark matter using cosmic-ray (CR) cooling in active
galactic nuclei (AGNs). Dark matter (DM) in the vicinity of supermassive black holes may scatter o!
CRs, resulting in the rapid cooling of CRs for su”ciently large cross sections. This in turn can alter
the high-energy neutrino and gamma-ray fluxes detected from these sources. We show that AGN
cooling bounds obtained through the multimessenger data of NGC 1068 and TXS 0506+056 allow to
reach unprecedently large mass splittings for inelastic DM (>→ TeV), orders of magnitude larger than
those probed by direct detection experiments and DM capture in neutron stars. Furthermore, we
demonstrate that cooling bounds from AGNs can probe thermal light DM with small mass splittings.
This provides novel and complementary constraints in parts of a parameter space accessible solely
by colliders and beam dump experiments.

Introduction.- A pressing problem in high-energy
physics and cosmology resides in the yet unknown nature
of dark matter (DM), confirmed only via its gravitational
e!ects on visible matter [1]. In the current paradigm, the
DM is believed to likely be composed of one or more fun-
damental particles, that couple weakly or feebly to the
Standard Model (SM) sector [2–4].

An early proposal to search for weakly interacting mas-
sive particles accounting for the observed DM abundance
of the Universe, dubbed direct detection, consists in look-
ing for its scatterings o! nuclei at Earth-based detectors
[5, 6]. In some DM models, the inelastic scattering chan-
nel can naturally dominate over the elastic one [7–15]. In
this scenario, DM with mass mDM upscatters with SM
particles to an excited (heavier) state with mass m→

DM
,

where m→
DM

= mDM + ωDM and ωDM is defined as the
mass splitting. A canonical example is the vector cur-
rent of Majorana DM, which is forbidden for the elastic
case, but not for the inelastic one. Indeed, for a Majorana
fermion ε,

εϑµε = εcϑµεc = →εϑµε, (1)

since for a Majorana field the charge conjugation op-
eration leaves the field unchanged εc = ε. The o!-
diagonal current between two non-degenerate Majorana
fields, could, however, be nonzero.

Such inelastic DM models are only weakly constrained
by direct detection experiments, reaching maximum mass
splittings between the two DM states of order ↑ 100 keV,
e.g., Refs. [8, 16–24], and are largely unconstrained by
direct detection for sub-GeV DM masses, e.g., Refs. [21,
25–31]. Furthermore, it should be noted that indirect (as-
trophysical) constraints on inelastic DM restrict to some
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FIG. 1. Maximum mass splitting of inelastic DM reached
by various astrophysical and laboratory probes: direct detec-
tion of DM from the galactic halo [19], direct detection of a
nongalactic high-speed DM component [21], direct detection
of cosmic-ray (CR) boosted DM [20], DM capture in neutron
stars [32], and CR cooling in AGN (this work). The cooling of
CRs in AGN, inferred from multimessenger high-energy neu-
trino and electromagnetic observations, allows to reach the
largest mass splittings of inelastic DM to date.

regions of parameter space only (and rely on future ob-
servations of nearby neutron stars), e.g., Refs. [32–39],
or probe self-annihilations of DM particles, but lack in
probing signatures arising from scatterings [40].
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FIG. 2. Cooling timescales from CR protons (left) and electrons (right) scattering with inelastic DM, compared with those
from SM processes [47]. For the case of proton cooling, we see that the timescales become larger as mDM increases (i.e., as
the number density decreases). The timescales also increase with Tp since scattering becomes ine!ective at large-momenta
transfers. For the case of electron scattering, we see that cooling timescales initially decrease with Te, then start to increase
once 2mDMTe → ω2DM

>↑ m2

Z→ .

FIG. 3. Left plot: AGN cooling constraints on the DM-proton and DM-electron interaction strength, parametrized as y. For
comparison, we show constraints from collider and beam dump experiments, and combination of values able to account for
thermal DM, from [26, 42] Right plot: AGN cooling constraints on the kinetic mixing ε vs the mass of the DM mDM, for
fixed relations mZ→ = 3mDM, ωDM = 0.8mDM and ϑDM = 0.5. For comparison, we show model-independent constraints from
collider and beam-dump experiments, and thermal DM targets from [26]. To derive these constraints, we consider the cooling
of cosmic rays in the following energy ranges: 30-100 TeV for NGC 1068, and 0.1-20 PeV for TXS 0506+056 (see main text for
details).

respectively, to derive constraints in this work. This cri-
terion is consistent with the energetics requirement from
multimessenger observations of AGN. For NGC 1068, the
CR proton luminosity would be 1043 erg s→1 <→ Lp

<→
LX

<→ a few↑1044 erg s→1 [47, 49], justifying C → 0.1↓1,
where LX is the total (bolometric) luminosity. For TXS
0506+056, the absolute proton luminosity in the single-
zone model would violate the Eddington luminosity LEdd

[50], so our choice is conservative for protons. This is also
reasonable for electrons. The total isotropic equivalent
electron luminosity is Le → 8 ↑ 1047 erg s→1, in which
the absolute electron luminosity can be lower than LEdd

[48]. For NGC 1068, we consider proton energies 10-
300 TeV to place constraints, while for TXS 0506+056
we consider elctron energies 50 GeV - 2 TeV. We note
that as mDM increases, the number of DM particles de-
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If the DM particles self-annihilate, the maximal DM density in the inner regions of the spike is saturated to ωsat =
mω/(→εv↑tBH), where →εv↑ is the velocity averaged DM self-annihilation cross section, and tBH is the SMBH age. For
TXS 0506+056 (NGC 1068), we take the value tBH = 109 (1010) yr [35, 52]. Furthermore, the DM spike extends to
a maximal radius Rsp, beyond which the DM distribution follows the initial NFW profile. The DM density profile
therefore reads [45, 46, 49])

ω(r) =






0 r ↓ 4RS,

εsp(r)εsat

εsp(r)+εsat
4RS ↓ r ↓ Rsp,

ω0

(
r
r0

)→ϑ (
1 + r

r0

)→(3→ϑ)
r ↔ Rsp.

(7)

From the dark matter distribution we can find the column density of dark matter particles at these sources analytically
[53]. Then, the density profile in this region reads ωsp(r) ↗ ωsp(Racc)(

r
Racc

)→ϑsp , with Racc the accelerating region of

cosmic rays. We take conservatively R
NGC

acc
= 103RNGC

S and R
TXS

acc
= 103RTXS

S , consistent with inferred values from
multi-messenger observations from these sources [41, 48]. The column density can be expressed as [53]

!ω

∣∣
spike

↗
∫ Rsp

Racc

drωsp(Racc)

(
r

Racc

)→ϑsp

↗ ωsp(Racc)Racc

(ϑsp ↘ 1)

[
1 ↘

(
Rsp

Racc

)1→ϑsp
]

. (8)

Further, the contribution to !ω from the passage through the halo of the host galaxy is:

!ω

∣∣∣
host

=

∫ ↑

Rsp

dr ω0

(
r

r0

)→1(
1 +

r

r0

)→2

↗ ω0r0

[
log

(
r0

Rsp

)
↘ 1

]
, (9)

where we have used r0 ≃ Rsp. Under this prescription, we find that the column density of dark matter particles in
the spike (with ϑ = 1) of TXS 05056+056 is given by !TXS

ω = 9.4 ⇐ 1029 GeV cm→2, and for NGC 1068, we find
!NGC

ω = 9.4 ⇐ 1030 GeV cm→2. We will use these fiducial values along the paper. For a discussion on uncertainties
from dark matter annihilation and stellar heating at these AGN sources see e.g [33, 53, 54]. The corresponding
boosted fluxes would change linearly with the column density of dark matter employed at the source.

III. COSMIC RAY BOOSTED DARK MATTER FLUX

We consider a vector mediator Z
↓ and a stable Dirac fermion DM particle ϖ1 whose scattering cross section with

cosmic rays i = p, e (ϖ1 + i ⇒ ϖ2 + i) is given by 2

dεi

dTω
= εω→i

m
4

Z→

(m2

Z→ + q2)2

mω

[
s ↘ (m2

ω + m
2

i + ϱmDM)
2

+ mωTω(q2 ↘ 2s)



2µ2

ω→iς(m2
ω, m2

i , s)
F

2

i (q2), (10)

where we have allowed for inelasticity in the dark sector via a mass splitting defined as ϱ = mω2 ↘ mω1 . The
non-relativistic DM-proton and DM-electron scattering cross section is given by

εω→i =
g
2

i g
2

ωµ
2

ω→i

φm4

Z→
, (11)

where gi denotes the gauge coupling of the mediator Z
↓ to protons or electrons, and gω denotes the coupling of the

mediator to the dark matter. In models with a vector portal between the dark matter and the Standard Model sectors,
the gauge coupling gi is typically proportional to the kinetic mixing ↼ between the vector boson and the Standard
Model photon [55]. The non-relativistic cross section from Eq. 11 can then be written as

εω→i =
16φµ

2

ω→i↽↽D⇀
2

m4

Z→
, (12)

2 Although a model of DM-proton or DM-electron interactions generically allows for DM-DM scattering, in this paper we will assume
that such interactions are small, and have no impact on the boosted DM fluxes from AGN. This was the working assumption of previous
literature on cosmic ray boosted DM, and it is physically motivated if the coupling of the DM to the mediator is su!ciently low.

• DM may be inelastic (ex. pseudo-Dirac)
• DIS can be important!
• CR cooling limits (IceCube)
• Boosted DM limits (Super-K)

CR cooling

Boosted DM

(heavy mediator)



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

(Blum, Hook & KM 14)

2

⌫h ⇠ �2
h

eB

mec

' 1.0⇥ 10
11

Hz "1/2
B,�2D

1/2
⇤,�1R

�1
16 (Vs/5000 km s

�1
)

fp� ⇡ n̂BL�
e↵
p�
rBLR ' 5.4⇥ 10

�2 L1/2
AD,46.5

fp� ⇡ n��
e↵
p�
�

�e↵
p�

= p��p� ⇠ 10
�28

cm
2

fA� ⇡ n��
e↵
A�

�

�e↵
A�

= A��A� ⇠ 10
�27

cm
2

⌧�� ⇡ n�(0.1�T )�

⌧�� ⇡ 0.1���

�e↵
p�

fp� ⇠ 1000fp�

fp� & 0.01

fp� ⇡ (�e↵
p�
/�e↵

A�
)fA� . 0.1

⌧�� & 10 (8)

E0
⌫"

0 ⇡ 0.05(0.5mpc
2"̄�)

E0
�"

0 ⇡ m2
e
c4

E0
� ⇡ 0.8 GeV

✓
E0

⌫

25 TeV

◆

dNCR

dE
/ E�sCR (9)

dN

dE
/ E�s

(10)

Eres
⌫

⇠ 0.1 TeV cos 2✓

✓
�m2

7.5⇥ 10
�5

eV
2

◆✓
⇢

10
�2

g cm�3

◆�1

⌧/m . d

E
' 10

6 (d/10 Mpc)

(E/GeV)
(11)

di↵ / E�
(12)

E0 ⇡ m2
e
c4

"0
(13)

Elab ⇡ E2
CM

2mpc2
(14)

�1
i

⌘ ⌧i/mi (15)

L � G⌫⌫� (16)

L � G⌫⌫� (17)

L � G⌫̄ 6Z 0⌫ (18)

[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

2

⌫h ⇠ �2
h

eB

mec

' 1.0⇥ 10
11

Hz "1/2
B,�2D

1/2
⇤,�1R

�1
16 (Vs/5000 km s

�1
)

fp� ⇡ n̂BL�
e↵
p�
rBLR ' 5.4⇥ 10

�2 L1/2
AD,46.5

fp� ⇡ n��
e↵
p�
�

�e↵
p�

= p��p� ⇠ 10
�28

cm
2

fA� ⇡ n��
e↵
A�

�

�e↵
A�

= A��A� ⇠ 10
�27

cm
2

⌧�� ⇡ n�(0.1�T )�

⌧�� ⇡ 0.1���

�e↵
p�

fp� ⇠ 1000fp�

fp� & 0.01

fp� ⇡ (�e↵
p�
/�e↵

A�
)fA� . 0.1

⌧�� & 10 (8)

E0
⌫"

0 ⇡ 0.05(0.5mpc
2"̄�)

E0
�"

0 ⇡ m2
e
c4

E0
� ⇡ 0.8 GeV

✓
E0

⌫

25 TeV

◆

dNCR

dE
/ E�sCR (9)

dN

dE
/ E�s

(10)

Eres
⌫

⇠ 0.1 TeV cos 2✓

✓
�m2

7.5⇥ 10
�5

eV
2

◆✓
⇢

10
�2

g cm�3

◆�1

⌧/m . d

E
' 10

6 (d/10 Mpc)

(E/GeV)
(11)

di↵ / E�
(12)

E0 ⇡ m2
e
c4

"0
(13)

Elab ⇡ E2
CM

2mpc2
(14)

�1
i

⌘ ⌧i/mi (15)

L � G⌫⌫� (16)

L � G⌫⌫� (17)

L � G⌫̄ 6Z 0⌫ (18)

[1] K. Murase, Phys. Rev. Lett. 103, 081102 (2009).

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
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) = H
T
i�

2
L.

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 + Gi�) ⌫i⌫i + cc+ ..., (3)
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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

cascade

attenuation
(ex. for sterile)

ex. Blum. Hook & KM 14, Araki+ 14 PRD, Shoemaker & KM 16 PRD…

BSM n-n and n-DM interactions 
via MeV mediators: 
1. small-scale structure problems
2. Hubble tension

HE neutrinos interact w. cosmic 
neutrino background or dark matter
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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

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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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

BSM n-n/n-DM interactions could alleviate H0 tension & small-scale issues 
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