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• 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
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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)



~ 1 PeV = 1015 eV >> 1-10 MeV (supernova/solar n)
L ~ 1 Gpc ~ 3x1022 km >> 295 km (T2K)



Global Neutrino Detector Network



Plan of Talk
High-energy cosmic neutrinos can be unique as probes of new physics
- natural high-energy n beams that are hard to create with ground accelerators 
- unique advantages (ex. long travel distance, high dark matter density) 

• Review of high-energy cosmic neutrino observations and implications

• New physics search 
- new n interactions
- SM-DM interactions
- pseudo-Dirac n
- n decay 
- conventional DM search

Disclaimer: 
There are many things that cannot be covered...
DM-SM interaction in the Sun, atmospheric neutrino oscillation,  
sterile neutrinos, n mag. moment, Lorentz variance violation etc. 



Neutrino Event Types

2 “main” event types

“nµ track”

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

 An array of photomultiplier tubes + Dark and transparent material 
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Charged  
Particles 

~10% energy resolution
~5-10 deg ang. resolution

ne+N → e+X nX+N → nX+X

“shower”

nt+N → t+X



Anti-Neutrino Detection
• Shower deposited energy = 6.05 PeV
• Glashow resonance (GR) event 

at E=6.3 PeV (~2.3s)
(predicted in 1959 by Glashow)
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Pole, instruments a cubic kilometre of ice 1,450–2,450 m beneath the 
surface8—a natural detection medium. It has measured the flux of neu-
trinos between 10 GeV and 10 PeV, and is sensitive to neutrinos beyond 
1 EeV. As neutrinos are uncharged, they are detected in IceCube by the 
Cherenkov radiation from secondary charged particles produced by 
their interactions. Cherenkov light collected by digital optical modules 
(DOMs) is used to reconstruct properties such as the visible energy and 
incoming direction of the primary neutrino9,10. The visible energy is 
defined as the energy required of an electromagnetic (EM) shower to 
produce the light yield observed. As it has no magnet, IceCube cannot 
distinguish between neutrino and antineutrino interactions on the basis 
of the charge of the outgoing lepton—whether neutrinos are Dirac or 
Majorana particles (the latter implying that they are their own antiparti-
cles) remains unresolved. However, owing to the good timing resolution 
(about 2 ns) of the DOMs11,12, the structure of waveforms recorded by 
individual modules may contain additional information on the event13.

A machine-learning-based algorithm was run to obtain a sample of 
PeV energy partially contained events (PEPEs)14. By selecting events near 
the edge of the detector, the detection volume is increased compared to 
previous analyses that rely on a smaller, central fiducial volume. Data from 
May 2012 to May 2017, corresponding to a total live-time of 4.6 years, were 
analysed. One event was detected on 2016 December 8 at 01:47:59 UTC 
with visible energy greater than 4 PeV, which is an energy threshold well 
below the resonance energy and chosen a posteriori in order to study 
this particular event. The event is shown in Fig. 1, with a reconstructed 
vertex approximately 80 m from the nearest DOM. The same event was 
also found in the 9-year extremely high energy search15. Accounting for 
systematic uncertainties in photon propagation due to the ice model—a 
parameterization of the scattering and absorption lengths of light in 
the ice16—and the overall detector calibration, the visible energy of the 
event is 6.05 ± 0.72 PeV. This is consistent with a 6.3-PeV W− that decays 
hadronically, since roughly 5% of that energy is expected to be taken by 
particles that do not emit detectable Cherenkov radiation10. The boosted 
decision tree (BDT) classification score is well above the signal threshold, 
and a posteriori studies of this event, discussed below, lead us to conclude 
that the event is very likely to be of astrophysical origin.

The main shower was reconstructed by repeating Monte Carlo (MC) 
simulations under different parameters to find the best-fit energy, ver-
tex and direction9. By varying the ice model used in the reconstruction, 
detector systematic uncertainties on the visible energy, direction and 
vertex position of the shower were evaluated. Additionally, a global 
energy scale uncertainty associated with the overall detector calibra-
tion was applied to the energy reconstruction.

After reconstruction, three of the DOMs closest to the reconstructed 
vertex were found to have detected pulses earlier than is possible 
for photons travelling in ice at v = 2.19 × 108 m s−1. Such pulses can, 
however, be produced by muons created from meson decays in the 
hadronic shower, which travel close to the speed of light in vacuum 
(c = 3.00 × 108 m s−1). These muons outrun the Cherenkov wavefront 
of the main shower (by about 1.23 ns per m) while producing Cheren-
kov radiation near the DOMs, thus depositing early pulses in them, as 
illustrated in Fig. 1a.

A second reconstruction using only the early pulses to fit a track 
hypothesis further improves and verifies the directional reconstruction 
of this event. The two reconstructed directions agree within uncertain-
ties, as shown in Fig. 2. This indicates that the muons and the hadronic 
shower travel along the same general direction, as is expected from 
relativistic kinematics. On the basis of the observation that early pulses 
occurred only on the nearest string, a most-probable leading muon 
energy of 26.4 GeV−12.4

+28.6  was obtained. This is consistent with a distri-
bution of leading muon energies from MC simulations of a 6.3-PeV 
hadronic shower, which has quartiles of (20, 37, 72) GeV.

Information from both reconstructions refines the estimate of 
expected backgrounds compared to the sample average. The only 
possibility for a cosmic-ray-induced atmospheric muon to produce 
both a 6-PeV cascade and early pulses, as in this event, is for it to reach 
IceCube at PeV energies and deposit nearly all its energy over a few 
metres. As a conservative estimate, this background rate was evaluated 
by considering all atmospheric muons that intersect a cylinder centred 
on IceCube with radius 800 m and height 1,600 m. By then requiring 
that muons deposit a visible energy similar to that of the cascade over 
a short distance, but retain the energy allowed by early pulses, the 
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t1 = 328 ns 3 ms after t1 Fig. 1 | Visualization of detected photons at different 
times and distribution of early pulses. a, Schematic 
of an escaping muon travelling at faster than the speed 
of light (in ice) and its Cherenkov cone (orange). The 
muons reach the nearest modules (DOMs 54 and 55 on 
string 67) ahead of the Cherenkov photons produced 
by the EM component of the hadronic shower (blue) as 
these travel at the speed of light in ice. The blue line is 
associated with the average distance travelled by the 
main shower, while the orange line extends further and 
is associated with the muons. Each black dot arranged 
vertically is a DOM on the nearest string, with the two 
(slightly larger) dots inside the orange cone the first 
two to observe early pulses. The time t1 indicates the 
approximate time elapsed since the neutrino 
interaction at which this snapshot graphic was taken.  
b, Event view, showing DOMs that triggered across 
IceCube at a later time. Each bubble represents a DOM, 
with its size proportional to the deposited charge. 
Colours indicate the time each DOM first triggered, 
relative to our best knowledge of when the initial 
interaction occurred. The small black dots are DOMs 
further away that did not detect photons 3 ms after t1.  
c, d, Distributions of the deposited charge over time on 
the two earliest hit DOMs, 54 (c) and 55 (d). The dotted 
red line is at t1 = 328 ns, the instant shown in a. The 
histogram in red (blue) shows photons arriving before 
(after) t1, and the blue shaded region denotes 
saturation of the photomultiplier tube.

the first Glashow resonance event:

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

q

q
_

• partially-contained PeV search
• deposited energy: 5.9±0.18 PeV
• visible energy is 93%

• à resonance: En = 6.3 PeV

work on-going

Glashow resonance: anti-ne + atomic electron à real W

IceCube 21 Nature
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Tau Neutrino Candidates

nt+N → t+X
t decay

IceCube 24 PRL
IceCube 22 EPC

7 candidates found though neutral network (>5s)

mt=1.77 GeV
tt=2.9×10-13 s

mt=1.77 GeV
tt=2.9×10-13 s ~50 m at ~PeV



Latest Results on High-Energy Neutrinos

• “MESE” & Combined Fit
(Medium Energy Starting Events)

• Simple power law excluded 
w. ~4s level

IceCube Collaboration 25IceCube Collaboration 24 PRD

• “ESTES” (10.3 yr)
(Enhanced Starting Track Event Selection)

• Best-fit: s=2.58+0.10-0.09



Upgoing vs Downgoing
Downgoing events

Upgoing events
pros: avoid atmospheric “muons”
cons: attenuation by Earth at > 0.1-1 PeV

cons: atm. muons (rapidly decreasing as E)
(can be cut by veto)

pros: avoid attenuation by Earth

CR

CR PeV n TeV n

µ

µ

PeV n TeV n

IceCube	signals	and	backgrounds

prompt 
atmospheric cosmogenic

Waxman-Bahcall

conventional 
atmospheric

energy distribution

atmospheric muons

atmospheric 
neutrinos

down-goingup-going

angular distribution

muons detected per year:


• atmospheric*    µ  ~ 1011       (3kHz)    
• atmospheric**   ν ! µ  ∼ 105 

• cosmic              ν ! µ  ∼ 10 - 100 

~1011 /yr

~105 /yr

South America



Ultrahigh-Energy Neutrino Observations

• KM3Net: En=220 PeV from 0.6 deg above the horizon (21 lines & 287.4 d)
• IceCube: no extremely high-energy events in downgoing/horizontal direction
• 2.9σ tension between KM3Net and IceCube measurements

Nature | Vol 638 | 13 February 2025 | 379

contours. Searches were performed for a potential source counterpart 
within a 3° radius around the event coordinates with publicly available 
multiwavelength data. Four hypotheses were tested: galactic, local 
Universe, transient and extragalactic origin.

As the direction of the event is compatible with the extension of the 
galactic interstellar medium (about 10° above and below the galactic 
plane), galactic counterpart was searched for in high-energy (4FGL-DR4 
(ref. 17)) and very-high-energy (TeVCat18) gamma-ray catalogues, as 
well as in the 3HWC survey data19. Despite the presence of the Orion 
molecular clouds in the error region, no catalogued source was found 
in the 99% error region. The direction of the event was cross-matched 
with the MANGROVE catalogue20 for distances up to 100 Mpc to explore 
a local origin: 40 galaxies were found. For each galaxy, optical transient 
sources were searched for in the ZTF public stream in a ±6-month time 
window, using the FINK broker21. No transient source was identified. 
Also, no coincident detection of transient objects (such as gamma-ray 
bursts, tidal-disruption events, supernovae) was found in the GCN 
notices and circulars (https://gcn.nasa.gov/), in the Astronomer’s Tel-
egram (https://astronomerstelegram.org/) and in the Transient Name 
Server (https://www.wis-tns.org/).

Extragalactic neutrino sources should be dominated by active 
galactic nuclei, and blazars are of particular interest considering the 
very-high energy of KM3-230213A. To compile a census of potential 
blazar counterparts within the 99% confidence region of KM3-230213A, 
archival multiwavelength data were also explored. The following cata-
logues were cross-matched to investigate a possible blazar counterpart: 
the 4FGL-DR4 Fermi-LAT gamma-ray catalogue17, the first eROSITA 
X-ray catalogue22, the Wide-field Infrared Survey Explorer (WISE) opti-
cal catalogue23, the RFC 2024b (https://astrogeo.org/rfc/) and NRAO 
VLA Sky Survey (NVSS)24 radio catalogues and Roma-BZCAT25. Four 
different strategies were pursued, leading to a total of 12 objects. The 
selection criteria are described in Methods, together with the proper-
ties of these sources. The celestial positions of the selected sources are 
shown in Fig. 4. Given the large number of blazars in the sky, none of 
these associations can be considered compelling so far, and further 
investigations will be needed.

Given that a hypothetical astrophysical source associated with KM3-
230213A may have also produced lower-energy neutrinos, data from 
the ARCA and ORCA detectors, as well as public data from the ANTARES 
and IceCube detectors, were checked for the presence of a neutrino 

signal compatible with a point-like source hypothesis in the vicinity of 
KM3-230213A. Details on the datasets, search approaches and results 
are given in Methods. The largest excess was found in the IceCube data 
at a distance of 2.4° from KM3-230213A with a pre-trial P-value of 
1.6 × 10−4 and a post-trial P-value of 0.07. No significant excess was 
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Fig. 3 | Background rates. a, Expected yearly rate of atmospheric muons and 
cosmic neutrinos (according to the best-fit flux of ref. 5) in ARCA per bin of 
N trig

PMT and cos(zenith angle). The solid (dashed) lines mark the boundary of the 
phase space outside which 5% (1%) of the muon and neutrino distributions are 
contained. KM3-230213A is shown by the cross. b, Number of events collected 

in the ARCA detector over the 287 days of data taking with 21 detection lines, 
with the same selection cuts. Two upgoing, lower-energy events are visible as 
well as KM3-230213A, which are candidate neutrino events, subject to future 
analysis.
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KM3Net Collaboration 25 Nature IceCube Collaboration 25 PRL



Neutrino Flavors

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

7.2 Neutrino interactions, masses and mixing

π+

Source Detector

W+ Vkl νl

l+k

W+

n p

l
′

m

V ∗
ml

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

Neutrino oscillations in vacuum

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

R =
Γ(π → eνe)

Γ(π → µνµ)
=

m2
e

m2
µ

(m2
π −m2

e)
2

(m2
π −m2

µ)
2
≈ 1.28× 10−4 , (7.17)

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

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

|ν(t)⟩ =
∑

i

U (ν)
αi |νi⟩e

−iEt . (7.18)

Neutrinos are in all applications ultra-relativistic,

Ei = (p2 +m2
i )

1/2 ≈ p+m2
i /(2p) , (7.19)

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

|ν(t)⟩ = e−ipt
∑

i

U (ν)
αi |νi⟩e

−im2
i /(2p)t . (7.20)

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

Pα→β(t) =

∣
∣
∣
∣
∣

n
∑

k=1

U∗
βk exp(−iEt)Uαk

∣
∣
∣
∣
∣

2

, (7.21)

where we introduced also ∆m2
ij = |m2

i −m2
j |.

63

U: lepton mixing matrix 
(Pontecorvo-Maki-Nakagawa-Sakata)

Neutrino oscillation IceCube 25 & CNAPAP

Modifications
- matter effect 
- muon cooling/damp

(Kashti & Waxman 05 PRL)
- n-n forward scattering

(Abbar, Carpio & KM 22)
- Beyond Standard Model

(e.g., Bustamante, Beacom & Winter 15 PRL)
Arguelles, Katori & Salvado 15 PRL
Shoemaker & KM 16 PRD)

MESE
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FIG. 5. The charged-current, high-energy neutrino cross sec-
tion as a function of energy, averaged over ⌫ and ⌫̄. The
Wilks’ 1-sigma CI is shown along with two cross section cal-
culations [14, 16]. The confidence intervals from [21] are also
shown for comparison

FIG. 6. The full posterior distribution of x as evaluated with
emcee [37]. In the two-dimensional distributions, the 68.3%
and 95.4% HPD regions are shown. In the one-dimensional
distribution, the 68.3% HPD interval is indicated by the dashed
lines.

Parameter Energy range 68.3% HPD 68.3% CI
x0 60TeV to 100TeV 0.21+0.52

�0.21 0.48+0.49
�0.37

x1 100TeV to 200TeV 1.65+1.49
�0.84 1.50+1.03

�0.60

x2 200TeV to 500TeV 0.68+1.11
�0.43 0.54+0.60

�0.35

x3 500TeV to 10PeV 4.31+13.26
�3.32 2.44+5.10

�1.47

TABLE II. Measured 68.3% HPD (Bayesian) and CI (frequen-
tist) for the four cross section parameters.

hoods are shown in Fig. 7. Both exhibit little correlation
between the various cross-section parameters. The largest
uncertainty arises for x3, which has the widest posterior
distribution and flattest profile likelihood.

FIG. 7. The profile likelihood of x as evaluated with the grid
scan over x. In the two-dimensional figures, the Wilks’ 68.3%
and 95.4% confidence regions are shown as dashed and solid
lines, respectively. In the one-dimensional plots of � logL, the
68.3% confidence interval is indicated by the dashed lines.

The Bayesian and frequentist results are consistent with
each other, though again we caution that their intervals
cannot be interpreted in the same manner. The results are
compatible with the Standard Model and are summarized
in Table II.

V. CONCLUSIONS

We have described a measurement of the neutrino DIS
cross section using the IceCube detector. Variations in the
neutrino cross section from Standard Model predictions
modify the expected flux and event rate at our detec-
tor, and a sample of high-energy events starting within
the fiducial volume of IceCube has been utilized to thus
measure the neutrino cross section. Previous TeV-PeV

Neutrino Interactions

• Consistent w. SM cross section
• Inelasticity measurements from 

80-560 GeV (w. DeepCore)
• Can be used for constraining the 

ratio of antineutrinos to neutrinos

Neutrino Cross Section Sally Robertson

Figure 2: Compilation of neutrino charged current cross section measurements divided by neutrino energy,
from accelerator experiments [7], theoretical predication from [8] and IceCube’s current result [3]. Figure
from [3].

IceCube estimates of detector effects as well as measurements of prompt and astrophysical spec-
trum components. The extended analysis will also fit the multiple of cross section for discrete
energy bins to observe any changes in the Standard Model prediction at high energies.

The effective area of the muon neutrino sample at different zenith angles for the extended
analysis is shown in Figure 3. The effective area of the sample has increased for all zenith angles
compared to that used in the 1 year analysis, especially at higher energies above 10PeV with near
vertical zenith angles.

The extended analysis uses the newly developed software SQuIDs, which calculates the evo-
lution of quantum mechanical ensembles, in this case neutrinos, through a given medium [10]. It
can be used for calculating the propagation of a neutrino, accounting for interactions and oscil-
lations. It also allows for separate variation in the charge and neutral current interaction. In the
extended analysis each interaction type will have its own transmission probability for a given en-
ergy and zenith angles. The extended analysis will then measure the cross section multiple for
charge and neutral current separately. In the Standard Model, the neutral current to charged cur-
rent interaction cross section would scale proportionally, if new physics processes are occurring
it would be indicated by a larger proportion of charged current interactions. BSM processes such
as leptoquarks, sphalerons, and extra dimensions [11] would cause interactions where the neutrino
will disappear, this will be measured as an increase in the charged current cross section. Thus, the
extended analysis may see an indication of these processes if the charged and neutral current cross
section significantly deviate.

This analysis will further explore the possible effects of nuclear shadowing due to the altered
parton distributions functions of nucleons in heavy nuclei, compared to isolated protons. Nuclear
shadowing could have effects on the cross section measurement, which will be most noticeable at

3

IceCube Collaboration 17 Nature IceCube Collaboration 21 PRD

IceCube 25

HESE

y=1-El/Ennµ-CC
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Extragalactic Multimessenger Connection: Current

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

Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ Requiring hidden (i.e., g-ray opaque) cosmic-ray accelerators

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

• 10-100 TeV shower data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1
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Flares from Supermassive Black Hole Jets?
IceCube 2018 Science ~13 events (~3.5s): 2014-2015 neutrino orphan flare

IceCube-170922A (En~0.2-1 PeV)

Petropoulou, KM+ 20 ApJ

2014-2015 
n flare

- IceCube EHE alert 
pipeline

- Automatic alert 
(via AMON/GCN)

- g/X/UV/opt/radio
counterparts

- ~3s coincidence

2017 multimessenger flare

n

radio

X

g

TXS 0506+056
“jetted AGN”





Where Do Neutrinos Come from?

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

KM 22 ApJL

for 0.1-300 GeV g rays

model-independent constraint
considering elemag. cascade

R < (15-30) RS



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



Multimessenger View of 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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High-Energy Cosmic Neutrino as Probes of BSM Physics



BSM Imprints on Spectra/Flavors
nonstandard interactions
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Standard Model Resonances

Z burst

New SM Resonances with UHE Neutrinos
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SM Resonances

[Glashow (Phys. Rev. ’60)]

Glashow resonance
E ‹ =

m 2
W

2m e
= 6.3 PeV

Recently observed by IceCube
[Nature 591, 220 (2021)]

[Weiler (PRL ’82)]

Z -burst
E ‹ =

m 2
Z

2m ‹
> 1014 GeV

Beyond GZK cutoff
Unlikely to beseen

Rate is small [Paschos, Lalakulich, hep-ph/0206273; BD, Soni, 2112.01424; Brdar, deGouvea, Machado, Plestid, 2112.03283]
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(Axial) vector meson resonance

New Idea: UseSM Meson Resonances

Recall vector meson resonances in e+ e≠ scattering. [Lee, Zumino (PR ’67); Gounaris, Sakurai (PRL ’68)]
Apply it to UHE neutrino scattering off C‹ B. [Bander, Rubinstein (PRD ’95); Paschos, Lalakulich

(hep-ph/0206273); BD, Soni (2112.01424)]

For s π m2
Z , expect vector-current to bedominated by vector meson resonance

(J PC = 1≠ ≠ ) and axial-vector current to bedominated by axial-vector resonance
(J PC = 1+ + ).
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Accessible at neutrino telescopes!
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Numerical coincidence:
GZK neutrino flux peaks at the rho-resonance.
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• Not realistic to expect in 
astrophysical scenarios

• BSM scenarios required
(ex. superheavy DM)

• Neutrino cascades
Das, Carpio & KM 25 PRD

(Yoshida 94 APh)



Other Possible Resonances
New BSM Resonances with UHE Neutrinos
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‘Zee-burst’ : New Resonance at IceCube

  

Glashow -Like Signat ures

@ resonance, becomes dominant

S. L. Glashow 1960

g

Y

Zee burst

E ‹ =
m 2
h ≠ / H ≠

2m e
& 10 PeV (observable at IceCube)

[Babu, BD, Jana, Sui, 1908.02779 (PRL ’20)]

17

Motivated by the  Zee model for neutrino mass 
A. Zee (PLB ‘80)
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Unlikely to be seen
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Can be of any 
flavor.

DM decay-induced 
Z-burst (or ρ-burst)

Brdar, BD, Maitra, Suliga (in preparation)

Multi-messenger
connection

New SM Resonances with UHE Neutrinos
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GZK neutrino flux peaks at the rho-resonance.
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FIG. 3. Attenuation of the GZK neutrino flux, as compared to
the unattenuated flux (solid black, with 99% CL uncertainties
in light green, from Ref. [50]) due to resonant scattering with
a CωB overdensity of ε = 1011 at a redshift z = 2 along
the line of sight. We show the results for three benchmark
values of the lightest neutrino mass m1 = 0.01 eV (blue),
0.05 eV (purple) and 0.5 eV (orange). The normal ordering
(NO) for neutrino masses is assumed. For comparison, the
current constraints on the flux and future sensitivities (from
Refs. [76, 77]) are also shown.

show the attenuated flux due to resonant ω-production
for three benchmark values of the lightest neutrino mass
m1 = 0.01 eV, 0.05 eV and 0.5 eV, respectively. Normal
mass ordering is assumed, as seems to be moderately pre-
ferred by the latest oscillation data from T2K [78, 79] and
NOvA [80, 81]. For m1 = 0.01 eV, we can see two dips
corresponding to the lighter mass eigenstates (m1,m2)
combined and the heavy one (m3), respectively. This
is because the gauge couplings are flavor diagonal, and
therefore, each mass eigenstate contributes separately to
a single dip (unlike the case of secret neutrino interactions
which can be flavor o!-diagonal, and all mass eigenstates
undergo absorption in all dips [42, 82]). But as the m1

value increases, the three neutrino mass eigenstates be-
come quasi-degenerate and the two peaks merge into one,
as shown for the other benchmark points.

Also shown in Fig. 3 by solid curves are the current con-
straints from ANITA [83], ARIANNA [84] and ARA [85],
and by dashed/dotted curves are the future sensitivi-
ties of GRAND [86], BEACON [87], TAMBO [88], Trin-
ity [89], POEMMA [90], PUEO [91] and IceCube Gen2-
radio [61, 92]. For more details, see Refs. [76, 77]. We find
that the “dip” feature predicted here is within the sensi-
tivity reach of some of these future experiments, such as

GRAND, BEACON, Trinity and IceCube Gen2-radio.

A PROBE OF EARLY CωB OVERDENSITY

We now translate the result in Fig. 3 into an experi-
mental sensitivity plot for the CεB overdensity as a func-
tion of the lightest neutrino mass, as illustrated in Fig. 4
for IceCube-Gen2 radio. Here we calculate the number
of expected GZK neutrino events at IceCube-Gen2 radio
with the unattenuated GZK flux (black curve in Fig. 3)
and compare it with the attenuated number of events for
di!erent values of the lightest neutrino mass assuming
normal mass ordering. We have further assumed that
forthcoming measurements of the GZK neutrino flux will
converge to the presently unconstrained theoretical pre-
diction shown in Fig. 3 and this is a realistic goal, pro-
vided the flux is primarily from proton-dominated CR
sources. We perform a single-bin analysis by construct-
ing an optimal bin size around the resonance energy for
given values of lightest neutrino mass and redshift. If we
take the full available energy range Eω → [107, 1011] GeV
(for which the e!ective area is known) as our bin size,
then we are simply performing a counting experiment in
which a precise determination of the local flux attenua-
tion in a narrow energy band is hindered. In the opposite
limit, if we choose a bin width too narrow to capture the
whole energy range corresponding to the width of the
ω resonance, the sensitivity would also be poor. There-
fore, we construct a bin width that matches the energy
range corresponding to four widths of the ω meson (two
on either side of the resonance energy where the bin is
centered). We have checked that our results are stable
against choosing slightly di!erent bin widths, as well as
against experimental energy resolution and smearing ef-
fects, which are expected to be at the level of O(10%)
(or better) for shower events – so at least a factor of
two better than the width-to-mass ratio of the resonance
!ε/mε ↑ 19%.

The number of unattenuated (Nwo) and attenuated
(Nw) events is given by

Nw/wo =

∫ (mω+2!ω)
2/2mε

(mω→2!ω)2/2mε

dE T ” Ae”(E) #(E) R(E) ,

(10)

where T is the exposure time (taken to be 10 years here),
” = 4ϑ is the solid angle of coverage, Ae” is the IceCube-
Gen2 radio e!ective area, # is the unattenuated GZK
neutrino flux (cf. the solid black curve in Fig. 3), and R

is the attenuation factor given by Eq. (9) (for the unat-
tenuated case, R = 1). Then we compute the ϖ

2 using
the log likelihood method:

ϖ
2 = 2

(
Nw ↓Nwo +Nwo log

Nwo

Nw

)
. (11)

775 MeV
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Recently observed by IceCube
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Unlikely to be seen
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Can be of any 
flavor.

DM decay-induced 
Z-burst (or ρ-burst)

Brdar, BD, Maitra, Suliga (in preparation)

Multi-messenger
connection

motivated by the Zee model (Zee 80 PLB)
extreme CnB overdensity required

scalarvector



Secret Neutrino Interactions
Applications to IceCube
Ioka & KM 14 PTEP
Ng & Beacom 14 PRD
see also
Ibe & Kaneta 14 PRD
Araki+ 14 PRD
Cherry+ 14 JHEP

Blum, Hook & KM 14
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in model-building compared to Refs. [17–20]. We demonstrate how small explicit lepton number
violation could be combined with a low-scale mechanism for neutrino masses. While this scenario
is, in some respects, less predictive than the case of spontaneous symmetry breaking, it is simple,
technically natural and opens the way to new phenomenology in the neutrino sector.

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

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

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

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

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

L = �
g

⇤2
�(HL)2 + cc, (1)

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

2
(0 v + h)T with v = 246 GeV. L = (⌫ l

�)T is the SM lepton doublet left-

handed Weyl spinor, and we denote the antisymmetric SU(2) contraction by (HL) = 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.

ex2. Lµ-Lt gauged 
ex3. interaction w. “sterile” neutrinos
- mn is replaced with ms
- limits are weaker due to sin qs



Effects on Cosmic Neutrino Spectra

cascade

attenuation
(ex. for sterile n)

Blum. Hook & KM 14 

18

105 106 107 108
e

GeV

10-35

10-34

10-33

10-32

s
cm2

FIG. 11: Total cross sections for ii ! ii (blue), ii ! jj (purple), and ij ! ij (brown), with parameters
m� = 10 MeV, �� = 10�4m�/(4⇡), m⌫i = 2m⌫j = 0.1 eV, and Gi = Gj = 10�2.

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

�� =
m�

32⇡

X

i

|Gi|
2
. (A6)

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

(s + ia)/
p
2 arise as �m

2
� = m

2
s � m

2
a = 2�� µ

2 = 2��

G2 m
2
⌫ . This splitting means that scalar

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

2
�/m

2
�, where ✏res denotes the mean resonance energy. This should be compared

to the width of each resonance, caused by the decay width of the states, �✏res/✏res = ��/m�.
In the parameter space of interest to us (m� & MeV, G & 10�3) and for reasonable values of
�� . 0.1, we see that the mass splitting is smaller than the width of the states, and can be

ignored: (✏res,s � ✏res,a)/✏res =
2��

G2
m2

⌫

m2
�
⌧ �✏res/✏res ⇠

G2

32⇡ .

Appendix B: Experimental constraints

Experimental constraints on ⌫⌫ interactions were considered in, e.g., [64–69], some of which
allowed for a light mediator and some took an e↵ective theory approach. Below we recalculate
the most relevant constraints, finding that the strongest generic bounds on G come from kaon
decays, independent of the scalar mass for m� ⌧ mK as is relevant for this work. Stronger
bounds exist from neutrinoless double-beta decay, but apply only for a light scalar m� < 2 MeV.
Strong constraints, though specific to our model with heavy sterile neutrinos, are found from
PMNS matrix non-unitarity, and apply regardless of the interactions of �.

a. Light meson decays. The decay mode ⇡
+

! e
+
⌫� opens the possibility for pion decay

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

s,t,u

s
t
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symmetry, gμτ and mZ0 . We find the best-fit points of
mZ0 ¼ 7.94 MeV and gμτ ¼ 0.10 for case I and mZ0 ¼
11.27 MeV and gμτ ¼ 0.09 for case II. Yet, the secret
interaction model does not significantly improve the fit to
the IceCube data (the difference between the two models is
less than 1σ C.L.).
Let us first discuss the left panel, which displays the best-

fit region in the mass-coupling plane. We see that both
cases I and II prefer a relatively narrow range of vector
masses at 90% C.L. (solid) and 95% C.L. (dotted). This fits
the expectation from the s-channel resonance cross section
that is sharply peaked around

Eres
j ¼

m2
Z0

2mj
≃ 0.5 PeV

!
mZ0

5 MeV

"
2
!
0.06 eV

mj

"
: ð8Þ

At present, the IceCube shower and HESE data lack
statistics in the 0.2–1 PeV range [81,82]. This possible
diplike feature has been paid attention to for several
years [63]. The self-interaction cross section around these
resonance energies can induce significant depletion of
neutrino flux.
The fact that there appears to be no upper bound on the

coupling in the left panel of Fig. 3 is because of the dip in
the 0.2–1 PeV region. Larger couplings result in greater
flux depletion, as shown in Fig. 2. Let us also mention that,
depending on how exactly we calculate the contained
energy information in each bin, there could be less than
20% of analysis related uncertainties which could result in
moving the mass regions slightly to the left. The con-
clusions of this work are however unchanged.
We show in Fig. 4 the preferred regions by IceCube we

find in this work in the mass-coupling plane, accompanied
by the excluded region by the CCFR experiment [70] (gray
shaded region), the blue shaded region is the excluded
region by Borexino [72], while the purple band represents
the preferred 2σ region from the ðg − 2Þμ discrepancy [48].
It is also important to note that such leptophilic interactions
mentioned in this work can also affect the relativistic
degrees of freedom of neutrinos and so to avoid tension
with cosmology it requires that mZ0 ≳ 10 MeV so that
ΔNeff < 0.5 [62]. We show the excluded region in yellow.
It was also mentioned in Ref. [62] that an additional Z0

boson can also alleviate the Hubble tension (even though it
cannot be fully resolved), for the mass-coupling region
shown with the green band. Last but not least, one could
see all the favored regions cross each other at mZ0 ¼
10–17 MeV and gμτ ¼ ð4 − 6.5Þ × 10−4, shown in the
hashed red region. Note that the cosmological limit used
here considers the kinetic mixing, which is stronger than
limits only with neutrino self-interactions although it
depends on ΔNeff [64,85,86].

FIG. 2. The astrophysical fluxes of neutrinos per neutrino
flavor for the IceCube six-year shower events (black crosses)
[81] and the Lμ − Lτ model (shown with colored curves). For the
latter we have fixed the astrophysical parameters to the IceCube
best fit values ðΦWB; sνÞ ¼ ð1.66; 2.53Þ.

FIG. 3. Best-fit regions at 90% C.L. (solid) and 95% C.L. (dotted). Here we fit to a four parameter model in which the astrophysical
neutrino flux is parametrized by the spectral index and normalization, ðsν;ΦWBÞ, while the particle physics of the Uð1ÞLμ−Lτ

model is
fixed by the parameters ðmZ0 ; gμτÞ. Cases I and II refer to two different possibilities for the spectrum of neutrino mass eigenstates
(see text for details).
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The preferred regions are intriguing because results
obtained from three independent measurements meet each
other. On the other hand, we stress that the IceCube data
have not shown evidence for secret neutrino self-
interactions, by which we can place an upper limit on
the coupling rather than the preferred region. We also show
the previous results by Ref. [87] in Fig. 4. The constraints
are weaker than the limits from Borexino as well as other
laboratory experiments such as the kaon-decay measure-
ment implying gμτ ≲ 0.01 [73].

IV. FUTURE PROSPECTS

Lastly, we consider the impact of next-generation detec-
tors such as IceCube-Gen2 [88] on the gauged Lμ − Lτ

scenario considered in this work. In particular, we are
interested in the unique parameter space, where the muon
g − 2 anomaly solution, Hubble tension alleviation, and
IceCube preferred region are overlapping. For demonstra-
tion, we adopt m0

Z ¼ 15 MeV and gμτ ¼ 5 × 10−4 as the
fiducial scenario (shown as the black cross in Fig. 3). Using
the zenith-angle-averaged effective areas for shower-type
events based on Fig. 25 from Ref. [88] we estimate the
number of events coming from a given neutrino flux. As in

the analysis in the previous section, this approach here is
different from those in Refs. [73,80] that used the energy
deposited in the detector. In Fig. 5 we compare neutrino
spectra with and without BSM neutrino-neutrino scatter-
ings in red and black data points, respectively, assuming
10 years of IceCube-Gen2 data and the neutrino spectrum
with sν ¼ 2.53 and ΦWB ¼ 1.66. It shows that with
statistics expected in IceCube-Gen2, the dip feature will
be evident if it exists. We also compute the resulting χ2 and
find that our fiducial scenario would be ∼5σ discrepant
with the SM case without secret interactions. Although
results depend on our understanding of astrophysical
components, this demonstrates that such a model can be
probed by the IceCube telescopes.
In Fig. 5, only statistical errors are considered. In

reality, there are other systematics which need to be taken
into account. As noted above, the deposited energy is
smaller than the neutrino energy, which can make the
expected dip broader. The atmospheric background gives
additional systematics in the analysis. On the other hand,
this analysis only used the shower data. Muon track data
including starting and through-going events should also
give us information. One may be able to further uncover
the nature of the preferred model of secret self-
interactions by combining spectral and flavor modifica-
tions [80,89], and global analyses as in Ref. [90] will be
more powerful.

FIG. 4. Constraints and preferred regions for the gauged
Lμ − Lτ model. The shaded regions are constrained by the
current experiments: the gray region is excluded by the trident
measurement at the CCFR experiment [70], the blue region is
excluded by Borexino [72], the green region is a limit from the
IceCube HESE data [87] and the yellow region is bounded by
cosmology [62]. The dashed curves are the preferred regions that
explain or alleviate the anomalies: the purple band is the region
favored by the ðg − 2Þμ discrepancy, the green band is the region
which alleviates the tension in the Hubble parameter measure-
ments [62], the two cyan and red regions represent the two cases
considered in this work as regions preferred by the IceCube
shower data.

FIG. 5. Neutrino energy distribution of mock events expected
in 10 years of running with IceCube-Gen2, using the SM best-fit
points for the spectral index and the normalization. The red data
points show the mock data with secret interactions for mZ0 ¼
15 MeV and gμτ ¼ 5 × 10−4, which deviate by ∼5σ from the
black ones corresponding to the SM scenario.
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parameters between the local value and cosmic microwave
background data, through delaying the neutrino free stream-
ing by self-interactions [53–58] or adding to the effective
number of relativistic (neutrino) species [59–62]. We find
that the data from IceCube and the muon g − 2 collaboration
can be combined to yield a nontrivial determination
of neutrino masses. Earlier work has also examined the
impact of gauged Lμ − Lτ at IceCube [63–65]. We also note
that extended gauge symmetries (e.g., different baryon and
lepton number combinations) may allow one to also connect
to the Large Mixing Angle (LMA)-dark solution of neutrino
oscillations for gauge boson masses in the range we are
considering here [66,67]. We note that Ref. [68] commented
on the connections between IceCube, Hubble tension, and
muon (g − 2) in the Lμ − Lτ model.
In Fig. 1 we show the IceCube preferred region in red in

the plane of the gauge boson mass and the neutrino mass.
Here the resonance energy in the observer frame is
Eres ¼ m2

Z0=½2mνð1þ z̄Þ&, where z̄ ∼ 1 is the typical redshift
of the neutrino sources. The gray shaded area shows the
region of neutrino masses excluded by cosmology. Given
that none of the individual neutrino masses can exceed the
cosmological bound on the sum of neutrino masses, we
display the Planck 2018 bound

P
mν < 0.24 [69]. Notice

that the region between mZ0 ∼ 10–17 MeV shows the range
of the gauge boson mass that may explain the ðg − 2Þμ
observations while remaining consistent with the null results
from CCFR [46,70] and Borexino [64,71,72]. For simplicity
we have assumed the natural level of loop-induced kinetic

mixing for the Borexino constraint, but in principle this can
be relaxed by allowing model-dependent additional particles
in the loop. This would only allow for slightly lighter
gauge boson masses. Similar masses and gauge couplings
can also alleviate the Hubble tension via the extra contri-
bution to the radiation density from the light vector particle
(e.g., Ref. [62]).
The remainder of this paper is as follows. In the next

section, we introduce the model and the neutrino-neutrino
cross section the model predicts. In Sec. III we consider
implications of the present IceCube shower data can
provide, being careful to allow for fairly weak priors on
both particle and astrophysical parameters. We discuss the
potential of the next generation detectors in confirming or
excluding the model in Sec. IV, and we conclude in Sec. V.

II. GAUGED Lμ −Lτ MODEL

We consider a model of the gauged Lμ − Lτ number
[43,44], with the Lagrangian

L ⊃ gμτjαμ−τZ0
α −

m2
Z0

2
Z0
αZ0α; ð1Þ

where gμτ is the gauge coupling, Z0 is the new gauge boson
with mass mZ0 , and the current associated with the new
symmetry is

jμ−τ ≡ L̄2γαL2 þ μ̄RγαμR − L̄3γαL3 − τ̄RγατR; ð2Þ

where Li is the lepton doublet of the ith generation. This
new gauge interaction allows for high-energy neutrinos to
scatter on the neutrinos of the cosmic neutrino background.
The most significant effect is the s-channel scattering
cross section, which in terms of mass eigenstates can be
written as

σðνiνj → ννÞ ¼ 2

3π
g4μτQ2

ij
sj

ðsj −m2
Z0Þ2 þm2

Z0Γ2
Z0
; ð3Þ

where for a given incoming neutrino energy Eν the
Mandelstam variable sj is sj≈2mjEν, where fm1;m2;m3g
are the masses of the mostly active neutrinos, and the width
is ΓZ0 ¼ g2μτmZ0=ð12πÞ. We have also defined the effective
chargeQij in the above for scattering of the mass eigenstates:
Qij ¼ ðU†GUÞij, where G ¼ diagð0;þ1;−1Þ, and U is the
Pontecorvo-Maki-Nakagawa-Sakata matrix. In principle,
the t-channel contributions can also be relevant at large
couplings, e.g., g≳ 0.1 [73–75], which is out of the range
we consider in this work, and we have checked numerically
that we can neglect it here.
The neutrinos scattering off each other can cause the

depletion of astrophysical neutrinos at the resonant energies
Ej ¼ m2

Z0=ð2mjÞ [51,52,76]. Because of ΓZ0 ≪ mZ0 , the
cross section would be localized around Eν ¼ Ej:

FIG. 1. Preferred and excluded regions in the mediator and
neutrino mass plane. The part of the parameter space, which is
allowed by IceCube data, is shown in the red curves, while the
region between the blue curves is the part allowed by the
combination of muon (g − 2) and Hubble tension. The combi-
nation of data sets can be used to infer nontrivial bounds on the
absolute neutrino masses (see text for details).
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Distortion by BSM Scattering

2

mass, elastic scattering cross sections between a neutrino
⌫ and a heavy particle � typically scale as � / E2

⌫ . Large-
scale structure surveys provide the strongest constraint
on such interactions due to di↵usion damping of primor-
dial fluctuations, as they “bleed” power into the rela-
tivistic degrees of freedom: � < 10�40(m�/GeV)(T/T0)2

cm2, where the neutrino temperature today is T0 (in
the case of constant cross section, � < 10�31(m�/GeV)
cm2) [22]. Concurrently, thermal contact between neutri-
nos and DM after neutrino decoupling (Tdec ' 2.3 MeV)
leads to injection of entropy into the neutrino sector as
the DM becomes nonrelativistic, which a↵ects both nu-
cleosythesis and recombination by accelerating the ex-
pansion rate of the Universe. Based on recent CMB
measurements and primordial elemental abundance de-
terminations, this second, independent e↵ect leads to the
constraintm� & 4 MeV for a real scalar andm� & 9 MeV
for Dirac fermionic DM [23].

At high energies, the approximation � / E2
⌫ breaks

down for most viable particle interactions, since any me-
diating particle � starts to be resolved as the center of
mass energy approaches m�. We thus turn to two sim-
plified interaction models to illustrate our scenario: a)
a fermionic DM candidate coupled to neutrinos via a
spin-1 mediator (S�, S�) = (1/2, 1) and b) a scalar DM
particle, coupled via a fermion (0, 1/2). The former is
akin to a new Z 0 gauge boson [24], while the latter, in-
spired by right-handed sneutrino models (e.g., [25, 26]),
includes an s-channel diagram in the elastic scattering
matrix element and thus presents some resonant struc-
ture. This leads to qualitatively di↵erent phenomenol-
ogy, suggesting that resonant scattering at high energies
may be significantly more constraining than cosmological
constraints where E⌫ . eV ⌧ m�.

In both cases, we refer to the DM as � and the
mediator as �, and seek to constrain the particle masses
m�,m�, and three-point couplings g (setting the � � ⌫
and �� � couplings equal where relevant).

The extragalactic neutrino signal Since the dis-
covery of cosmic neutrinos in 2013 [27, 28], IceCube has
reported 53 HESE events. Several scenarios and source
classes have been proposed for the origin and production
of high-energy neutrinos (see [19, 29–35]). However, the
sources of IceCube’s highest energy neutrinos are still a
mystery, since – so far – all point source searches and
correlation studies have favored an isotropic distribu-
tion [36]. This, along with the relatively large observed
flux, implies that a large fraction of the energy in the
nonthermal Universe originates from hadronic processes.
The observed cosmic neutrino flux is predominantly ex-
tragalactic in origin, and its total energy density is simi-
lar to that of photons measured by the Fermi gamma ray
telescope [37]. This suggests a common origin of high-
energy neutrinos and gamma rays. That is, rather than
some exotic sources, IceCube is observing the same Uni-

Galactic
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FIG. 1. The arrival directions of the 53 HESE neutrinos ob-
served in four years of IceCube data [17], in Galactic coordi-
nates. Crosses represent shower events, while x’s correspond
to tracks. Symbol size is proportional to the event energy, and
the circles represent the median angular uncertainty of cas-
cades. The color scale is the column density of DM traversed
by neutrinos arriving from each direction.

verse astronomers do.

In this work, we use the full four-year HESE
sample, which consists of 13 muon tracks and 40
cascades. They are compatible with a power
law spectrum given by E2�(E) = 2.2 ± 0.7 ⇥
10�8(E/100TeV)�0.58 GeV cm�2 s�1 sr�1. No statisti-
cally significant clustering has been found in this event
selection, i.e., the spatial distribution is consistent with
being isotropic. Furthermore, correlation between the
neutrinos arrival directions and the galactic plane was
not found to be significant [17]. The flavor composition
of this sample is consistent with (⌫e : ⌫µ : ⌫⌧ ) = (1 :
1 : 1) [38, 39]. This is the composition expected for pi-
onic origin of the events and current measured neutrino
mixing angle [40]. Nonetheless, a di↵erent flavor compo-
sition at production would yield an oscillation-averaged
flux that is very close to (1 : 1 : 1) and, with current
statistics, would not be distinguishable within the space
of flavors allowed by oscillation [39]. In fact, as long
as the production mechanism is pion-dominated, the ex-
pected flavor ratio remains close to (1 : 1 : 1) even in
the presence of new physics in the propagation [41]. We
will consider spectral indices of the astrophysical flux be-
tween � = 2 (corresponding to the expected value from
Fermi acceleration) through to � = 2.9, consistent with
the best fit to the latest HESE data [39, 42].

We model the attenuation of extragalactic neutrinos
as they pass through the halo of DM particles that grav-
itationally bind the Milky Way. The bulk of the DM
lies in the direction of the Galactic center, (l, b) = (0, 0)
in Galactic coordinates, 8.5 kpc away from our loca-
tion. Its radial density distribution ⇢�(r) can be modeled
with the Einasto profile [43]. We employ shape param-
eters that fit the Via Lactea II simulation results [44]
(↵ = 0.17, Rs = 26 kpc), and a local DM density of

n-DM scatterings induce deflection (attenuation)
-> limits complementary to laboratory constraints

(neutrino telescopes can provide the best constraints)
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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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⌘ 1
2

✓
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E⌫

◆ 1
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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

“time delay” signatures 
(neutrino echoes) 

KM & Shoemaker 19 PRL
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Then, an interesting interplay is particularly plausible when
the HEν production occurs within the duration of LEν
emission. It should also occur before the outflow breakouts
(where the outflow breakout time is longer than the light
crossing time). Note that (as seen below) the effect on
neutrino oscillation is largely model independent as long as
Rdiss is so small that LEνs govern the neutrino potential.
Although the proposed mechanism works in pretty

general setups, for illustrative purposes, we consider models
of GeV–TeV neutrinos. Quasithermal neutrinos can natu-
rally be produced in the GeV–TeV range through inelastic
neutron-proton collisions when neutrons decouple from
protons or neutron-loaded outflows make collisions with
the surrounding environment [1–3,5], and higher-energy
nonthermal neutrinos may also be produced through neu-
tron-proton-converter acceleration [3,4]. For these neutri-
nos, the dissipation may occur atRdiss ∼ 108–1010 cm [1,5].
Protons could be further accelerated to higher energies
via shock acceleration or magnetic reconnections, and
nonthermal TeV neutrinos can be efficiently produced
via inelastic pp and/or pγ interactions [6–10]. These
neutrinos are associated with the dissipation at internal,
collimation, and termination shocks [5,6,9,17,18]. For
example, the internal dissipation radius is estimated to be
Rdiss ≈ 2Γ2cδt ∼ 6 × 108 cm ðΓ=3Þ2ðδt=1 msÞ, where δt is
the variability time.
The number density of LEνs atRdiss (in the engine frame) is

nLEν ¼
Lνe

4πR2
disschEνi

≃ 1.7 × 1027 cm−3
!

Lνe

1052 erg s−1

"

×
!

Rdiss

109 cm

"−2! hEνi
10 MeV

"−1
; ð1Þ

which can be much larger than the expected number density
of HEνs therein, nHEν ≲ 1024 cm−3 at 109 cm. Here Lνe and
hEνi are the electron neutrino luminosity and average
energy, respectively. In addition, the electron number
density in the outflow is

ne ≈
ΓL

4πR2
dissΓ2mpc3

≃ 5.9 × 1023 cm−3
!

L
1052 erg s−1

"

×
!

Rdiss

109 cm

"−2! Γ
30

"−1
≪ nLEν: ð2Þ

Unlike the flavor evolution of the LEνs, which is
dominated by the mass Hamiltonian at such neutrino
number densities, the evolution of HEνs can be dominated
by their coherent scattering with the bath of the LEνs. This
simply comes from the fact that for the HEνs, the strength
of νSI [see Eq. (5)],

μ ≈
ffiffiffi
2

p
GFnνℏ2c2ξ ≃ 6.4 × 10−6 cm−1

!
nν

1027 cm3

"
ξ; ð3Þ

can be much larger than their vacuum wavelength,
ω≈Δm2

atmc3=ð2ℏEνÞ≃6×10−10 cm−1 ð100GeV=EνÞ, with
GF being the Fermi constant. In the above equation,
ξ ¼ 1 − cosΘ, whereΘ is the opening angle of the neutrino
beams, which is determined here mainly by the opening
angle of HEνs. Note that as soon as the parameter μ is
known, ξ and ν do not provide any more relevant
information. For relativistic flows with Γ ∼ 2–100, one
has ξ ≈ Θ2=2 ∼ 1=ð2Γ2Þ. Note that the optical depth to
incoherent neutrino scatterings is so small that the electron-
positron pair production is negligible. Moreover, given the
fact that the number density of LEνs is much larger than
that of HEνs, one can assume that nν here is exclusively
determined by the LEνs.
Although the number density of the LEνs within the

zones of interest is expected to be too small to allow for the
νSI Hamiltonian to compete with or dominate their vacuum
Hamiltonian, the evolution of HEνs is almost completely
governed by the interaction term for appropriate LEν
number densities (ωHEν ≪ μ ≲ ωLEν).

III. TWO-BEAM MODEL

In order to demonstrate how the flavor content of HEνs is
impacted by their propagation in the bath of the LEνs, we
study neutrino-flavor conversions in a one-dimensional
two-beam model, which consists of two energy bins, and
a three-flavor neutrino gas with two angular beams. The
neutrino energies are taken to be Eν ¼ 10 MeV and
100 GeV for the bins representing the LEνs and the
HEνs, respectively, unless otherwise stated. Thus, in brief,

FIG. 1. Schematic picture of HEν (GeV–PeV) production and
their interactions with LEνs (MeV–GeV) from the central engine
such as a black hole with an accretion disk or a newborn
magnetar. HEν production occurs at Rdiss ≫ Reng, which may
be beamed with the opening angle ∼1=Γ, with Rdiss, Reng, and Γ
being the dissipation radius, engine radius, and outflow Lorentz
factor, respectively. Note that the opening angle of the LEν beams
is exaggerated for illustration purposes.
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FIG. 3. Fitting parameters E0 and n as functions of ω for →Pωµ(E)↑ in the NO scenario of LE neutrino flavor evolution. Left
panel: the three trends for E0 and n are for !sh = 10 (blue), 5 (green), and 3 (red), respectively. Right panel: the three trends
are for εsh = 10→ (red), 20→ (green), and 30→ (blue), respectively. The dashed line corresponds to E0 = 0.1 PeV.
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FIG. 4. Left panel: (a) E”ects of ϑϑ̄ annihilation on ϖ/ϖ(0) for (Tω,MeV, Rsh,9,!sh) = (3, 10, 5), (6, 10, 5), and (8, 3, 3) corre-
sponding to cases A, B, and C, respectively. (b) E”ects of ϑϑ̄ annihilation on Rµ/e for case B. (c) Same as (b) but for case

C. Right panel: (d) E”ects of ϑϑ̄ annihilation on ϖ/ϖ(0) for (Tω,MeV, Rsh,9, εsh) = (6, 100, 10→), (6, 100, 20→), and (6, 100, 30→)
corresponding to cases D, E, and F, respectively. (e) E”ects of ϑϑ̄ annihilation on Rµ/e for case E. (f) Same as (e) but for case
F. In each case, the curves from top to bottom are for LE neutrino flavor evolution scenarios NE, NO, IO, and EE, respectively.
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FIG. 2. The fit of →Pωµ(E)↑ to Eq. (8) (solid lines), with ↓
representing the numerically calculated →Pωµ↑ from Eq. (7)
at specific values of E for the NO scenario of LE neu-
trino flavor evolution. For cases A, B, and C, g!(ω0) is
used, and (Tω,MeV, Rsh,9,!sh) = (3, 10, 5), (6, 10, 5), and
(8, 3, 3), respectively. For cases D, E, and F, gε(ω0) is
used, and (Tω,MeV, Rsh,9, ωsh) = (6, 100, 10→), (6, 100, 20→),
and (6, 100, 30→), respectively.

sets. The same form of fit with slightly di!erent E0 and
n also applies to →Pω̄ω(E)↑.

The parameter E0 is a characteristic energy for which
annihilation with thermal neutrinos is significant. For the
case where ω0 follows the distribution g!(ω0) with ω0 ↓

”→1
sh , we expect from Eq. (4) that E0 should inversely

scale with

ε = R2
ω,7T

4
ω,MeVR

→1
sh,9”

→4
sh . (9)

Similarly, if ω0 ↓ ωsh under the distribution gε(ω0), the
corresponding ε is given by

ε = 0.25R2
ω,7T

4
ω,MeVR

→1
sh,9ω

4
sh. (10)

For illustration, Fig. 3 shows E0 and n as functions of
ε for →Pωµ(E)↑ in the NO scenario of LE neutrino flavor
evolution. It can be seen that E0,PeV ↓ 0.1/ε for all
combinations of Tω , Rsh, and ”sh or ωsh considered, in
agreement with Eq. (4). [The e!ect of Rω is as in Eq. (4)
but not shown.] The behavior of n is more complex. It
clearly scales with ε for fixed ”sh or ωsh, but the trend
varies with ”sh or ωsh. However, when annihilation of
1 PeV neutrinos becomes significant for ε >

↓ 0.1 (see the
dashed horizontal line of Fig. 3), n lies in a narrow range
of ↔ 0.4–0.5 for g! and ranges from 0.7–1.3 for gε (see
Fig. 3b and Fig. 3d).

The explicit dependence of n on ”sh can be traced to
the contribution from ϑϑϑ̄ϑ annihilation. In contrast to
the approximate linear scaling with s for the cross section
of ϑϑϑ̄ϖ (ϖ ↗= ϱ) annihilation, the cross section of ϑϑϑ̄ϑ
annihilation has a resonant form

ςωωω̄ω ↓
G2

F
M4

Z
s

(s↘M2
Z
)2 + ”2

Z
M2

Z

, (11)

where MZ is the mass of the Z boson and ”Z is its decay
width. Taking E↑

↓ 3Tω and s ↓ E↑Eω2 ↓ 3TωEω2sh ↓

6TωE/”2
sh, one would naively estimate that the Z reso-

nance occurs for

EPeV ↓ 3T→1
ω,MeVω

→2
sh ↓ T→1

ω,MeV”
2
sh. (12)

The above estimate indicates that the resonance has lit-
tle e!ect on HE neutrinos of PeV and below for the case
of ”sh = 10, but may a!ect →Pωω(E)↑ for ”sh = 3 and 5.
In fact, for the latter cases, the resonance starts to play a
role for HE neutrinos with energies lower than that given
by Eq. (12) because the intersection angle ω0 follows a
broader distribution [Eq. (5)] for smaller ”sh. The reso-
nance significantly a!ects →Pωω(E)↑ at E >

↓ 0.1 PeV and
>
↓ 1 PeV for ”sh = 3 and 5, respectively. Consequently,
n increases with decreasing ε at ε <

↓ 1 (corresponding
to E0

>
↓ 0.1 PeV) for ”sh = 3 and stays approximately

constant at ε <
↓ 0.1 (corresponding to E0

>
↓ 1 PeV) for

”sh = 5.

In the scenario where ω0 follows the distribution gε(ω0),
n tends to decrease with ε. With a smaller ε, and corre-
spondingly, a higher E0, the softening of the HE neutrino
spectrum will be more dominated by the Z-resonance, as
the “optical” depth at energies far from the resonance re-
gion is small [Eq. (4)]. The dominance of the Z-resonance
leads to a larger n for a smaller ε. When ε is large
enough (i.e., ε >

↓ 0.1), HE neutrinos with energy around
and above the resonance energy undergo e#cient anni-
hilation. Consequently, only HE neutrinos emitted at

ω0 <
↓ ωE ↓ T→1/2

ω,MeVE
→1/2
PeV can e!ectively survive pair an-

nihilation, leading to →Pωω(E)↑ ≃ 1↘cos ωE ≃ ω2
E
≃ E→1.

This is consistent with n ↓ 1 for ε >
↓ 0.1, as depicted in

Fig. 3d.

The above results can be used along with models of HE
neutrino production to estimate signals from a nearby
source or contributions to the di!use flux at IceCube. A
proper calculation should include flavor evolution from
the source to IceCube and detailed detector response.
To estimate e!ects of annihilation with LE neutrinos, we
focus on the all-flavor spectrum and flavor composition
emerging from a source. Simply for illustration, we con-
sider a case frequently discussed in the literature, where
HE ϑµ, ϑ̄µ, ϑe, and ϑ̄e are produced initially in ratios of
2 : 2 : 1 : 1 with an all-flavor flux spectrum φ(0)(E). In
this case, the emerging all-flavor flux spectrum φ(E) can
be estimated by

φ

φ(0)
⇐

→Pωµ(E)↑+ →Pω̄µ(E)↑

3
+

→Pωe(E)↑+ →Pω̄e(E)↑

6
,

(13)

High-energy n production in choked jets 
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Flavor Impacts of High-Energy Neutrino Self-Interactions

of (partial) collective oscillations in the production region
of HE ones. Such erratic conversions of LEνs will lead to
the total flavor equipartition of HEνs regardless of their
initial flavor content, as indicated by the green star in Fig. 3.
This phenomenon will be discussed in more detail in our
upcoming work [32].1

In some of the beyond-the-Standard-Model (SM) theo-
ries of particle physics, neutrinos can experience neutrino
nonstandard self-interactions (νNSSI) [42,43]. Such νNSSI
modify Eq. (5) to [44–46]

Hνν;p ¼
ffiffiffi
2

p
GF

Z
d3p0

ð2πÞ3
ð1 − v · v0ÞfĜðϱp0 − ϱ̄p0ÞĜ

þ ĜTr½ðϱp0 − ϱ̄p0ÞĜ&g; ð8Þ

where Ĝ contains information about νNSSI (Ĝ ¼ 1 in the
SM). For example, in the vector mediator scenario, we may
have Leff ⊃ GF½Ĝαβν̄αγμνβ&½Ĝξην̄ξγμνη&, and its νNSSI com-
ponents are related to the vector mediator mass mV and the
coupling strength g by jĜαβj ∝ g2=m2

V. The current con-
straints on νNSSI are model dependent and strong for the
mediator mass below MeVenergies. For heavier mediators,

the constraints from the early Universe are rather weak,
e.g., jĜαβj ≲ 107 [47], although laboratory constraints can
be stronger in the limited parameter space [48]. It has been
suggested that spectral modulations and time delays of
HEνs enable us to study the unexplored parameter space of
νNSSI [49–54]. We point out that coherent νSI-induced
oscillations of HEνs can be used as a novel probe of νNSSI.
This is illustrated in Fig. 4 where the red region shows the
impact of νNSSI. The flavor content is expected to have
observable sensitivity to νNSSI, i.e., a ∼10% change of
flavor ratio is caused by jĜαβj ∼ 0.1. This means that one
could probe such weak couplings with this effect.

V. CONCLUSION

We have brought to light a novel phenomenon in which a
class of high-energy cosmic neutrino emissions can expe-
rience flavor conversions induced by the copious LEν
background, on scales much shorter than their intrinsic
vacuum oscillation wavelengths. Unlike the celebrated
phenomenon of collective oscillations of MeV neutrinos
in a dense neutrino medium, the unearthed flavor con-
versions of high-energy cosmic neutrinos is a noncollective
phenomenon in spirit.
This intriguing phenomenon can occur when HEνs from

relativistic outflows launched from the core-collapse of
massive stars or from mergers propagate in the bath of the
already-decohered lower-energy neutrinos from the central
engine. Despite the small number density of HEνs which
can be insufficient to result in their own collective oscil-
lations, their presence can lead to short-scale conversions
of HEνs on scales determined by the density of LEνs.

FIG. 3. Expected νe∶νμ∶ντ ratio on Earth in the absence and
presence of νSI for different neutrino energies. Note that the
matter effect is included in both cases, assuming the density
profile of a blue supergiant, and the ratio with νSI is very close to
the total flavor equipartition. In addition, the green star indicates
the total flavor equipartition expected from the propagation of
HEνs in a bath of oscillating LEνs, as discussed in the text. Note
that, apart from the matter-only case for the 1 TeV neutrinos, the
other ones are almost on top of each other. It is also illuminating
to keep in mind that the final flavor states are specific to the initial
flavor composition of 1:2:0 and can vary under different circum-
stances.

FIG. 4. Expected νe∶νμ∶ντ ratio after HEνs escape their
production region, in the presence of νNSSI. The triangle, circle,
and square indicate the ratio in the SM while the red region shows
how the ratio changes in the presence of νNSSI for the 1∶2∶0
case. Here the red region is created by choosing a large set of
randomly populated Ĝαβ assuming that jĜαβj < 1 (for α ≠ β). Via
coherent νSI, the final HEν flavor ratio is very sensitive to
the νNSSI.

1The only difference between this case and the results shown in
Fig. 2 is that here we allow for flavor oscillations of the LEν gas
rather than fix it to be in the mass state.

OSCILLATIONS OF HIGH-ENERGY COSMIC NEUTRINOS IN … PHYS. REV. D 109, 023025 (2024)

023025-5

of (partial) collective oscillations in the production region
of HE ones. Such erratic conversions of LEνs will lead to
the total flavor equipartition of HEνs regardless of their
initial flavor content, as indicated by the green star in Fig. 3.
This phenomenon will be discussed in more detail in our
upcoming work [32].1

In some of the beyond-the-Standard-Model (SM) theo-
ries of particle physics, neutrinos can experience neutrino
nonstandard self-interactions (νNSSI) [42,43]. Such νNSSI
modify Eq. (5) to [44–46]
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p
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ð1 − v · v0ÞfĜðϱp0 − ϱ̄p0ÞĜ

þ ĜTr½ðϱp0 − ϱ̄p0ÞĜ&g; ð8Þ

where Ĝ contains information about νNSSI (Ĝ ¼ 1 in the
SM). For example, in the vector mediator scenario, we may
have Leff ⊃ GF½Ĝαβν̄αγμνβ&½Ĝξην̄ξγμνη&, and its νNSSI com-
ponents are related to the vector mediator mass mV and the
coupling strength g by jĜαβj ∝ g2=m2

V. The current con-
straints on νNSSI are model dependent and strong for the
mediator mass below MeVenergies. For heavier mediators,

the constraints from the early Universe are rather weak,
e.g., jĜαβj ≲ 107 [47], although laboratory constraints can
be stronger in the limited parameter space [48]. It has been
suggested that spectral modulations and time delays of
HEνs enable us to study the unexplored parameter space of
νNSSI [49–54]. We point out that coherent νSI-induced
oscillations of HEνs can be used as a novel probe of νNSSI.
This is illustrated in Fig. 4 where the red region shows the
impact of νNSSI. The flavor content is expected to have
observable sensitivity to νNSSI, i.e., a ∼10% change of
flavor ratio is caused by jĜαβj ∼ 0.1. This means that one
could probe such weak couplings with this effect.

V. CONCLUSION

We have brought to light a novel phenomenon in which a
class of high-energy cosmic neutrino emissions can expe-
rience flavor conversions induced by the copious LEν
background, on scales much shorter than their intrinsic
vacuum oscillation wavelengths. Unlike the celebrated
phenomenon of collective oscillations of MeV neutrinos
in a dense neutrino medium, the unearthed flavor con-
versions of high-energy cosmic neutrinos is a noncollective
phenomenon in spirit.
This intriguing phenomenon can occur when HEνs from

relativistic outflows launched from the core-collapse of
massive stars or from mergers propagate in the bath of the
already-decohered lower-energy neutrinos from the central
engine. Despite the small number density of HEνs which
can be insufficient to result in their own collective oscil-
lations, their presence can lead to short-scale conversions
of HEνs on scales determined by the density of LEνs.

FIG. 3. Expected νe∶νμ∶ντ ratio on Earth in the absence and
presence of νSI for different neutrino energies. Note that the
matter effect is included in both cases, assuming the density
profile of a blue supergiant, and the ratio with νSI is very close to
the total flavor equipartition. In addition, the green star indicates
the total flavor equipartition expected from the propagation of
HEνs in a bath of oscillating LEνs, as discussed in the text. Note
that, apart from the matter-only case for the 1 TeV neutrinos, the
other ones are almost on top of each other. It is also illuminating
to keep in mind that the final flavor states are specific to the initial
flavor composition of 1:2:0 and can vary under different circum-
stances.

FIG. 4. Expected νe∶νμ∶ντ ratio after HEνs escape their
production region, in the presence of νNSSI. The triangle, circle,
and square indicate the ratio in the SM while the red region shows
how the ratio changes in the presence of νNSSI for the 1∶2∶0
case. Here the red region is created by choosing a large set of
randomly populated Ĝαβ assuming that jĜαβj < 1 (for α ≠ β). Via
coherent νSI, the final HEν flavor ratio is very sensitive to
the νNSSI.

1The only difference between this case and the results shown in
Fig. 2 is that here we allow for flavor oscillations of the LEν gas
rather than fix it to be in the mass state.
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our model consists of two angle beams each including
neutrinos and antineutrinos with two energies representing
high- and low-energy neutrinos. We also assume that the
neutrino density is constant within the bath of LEνs.
In order to study the flavor evolution of neutrinos in our

model, we solve the Liouville–von Neumann equation for
the neutrino density matrix, ϱ (c ¼ ℏ ¼ 1) [19],

idtϱp ¼
!
UM2U†

2Eν
þ Hm þ Hνν;p; ϱp

"
; ð4Þ

with

Hνν;p ¼
ffiffiffi
2

p
GF

Z
d3p0

ð2πÞ3
ð1 − v · v0Þðϱp0 − ϱ̄p0Þ ð5Þ

being the neutrino potential stemming from the neutrino-
neutrino forward scattering [20–22]. Here p is the neutrino
momentum, Eν ¼ jpj, v ¼ p=Eν, and M2 are the energy,
velocity, and mass-square matrix of the neutrino, respec-
tively, and U is the Pontecorvo-Maki-Nakagawa-Sakata
matrix. Moreover, Hm is the contribution from the matter
term which is proportional to the matter (electron) density
[23,24], which is ignored in our calculations due to the
relatively small matter density inside the outflow. Hence,
there are only two nonzero terms in H (vacuum and νSI)
which are both diagonal in the mass basis and constant (see
below), but with different eigenvalues.
As mentioned above, here Hνν is almost exclusively

determined by LEνs due to their much larger number
densities. In this study, we assume that LEνs are in mass
eigenstates because they are expected to be already
decohered within the zones of interests, which are very
far from their emission region (with a typical coherence
length of a few 106 cm for the atmospheric mass differ-
ence) [25–27]. In addition, the HEνs do not significantly
disturb the flavor state of the LEν bath due to their much
smaller number densities. This implies that the LEνs do not
evolve since their evolution is dominated by the mass term
and they are already in the mass eigenstates. Consequently,
Hνν remains approximately constant. (We will discuss later
how the neutrino-flavor evolution changes once the oscil-
lations of LEνs are taken into account.) On the other hand,
the HEνs find themselves in the bath of the LEνs as soon as
they are produced, and start flavor conversions on relatively
short scales due to their interactions with the LEνs. It
should be kept in mind that the coherence length of HEνs
are expected to be much longer than those of the LE
ones [28].

IV. RESULTS

In the top panel of Fig. 2, we show the survival
probabilities of HEνe ’s propagating in vacuum (dashed
curve) and in the bath of the LEνs (solid curve). As can be
clearly seen, the oscillation scales of HEνs can change by

orders of magnitude when coherent scatterings with LEνs
are taken into account. As a matter of fact, the oscillation
scale of HEνs in a bath of the LE ones is determined by the
number density of the LEνs, namely, losc ∼ jHννj−1 ∼ μ−1

(∼105 cm for this simulation). This scaling behavior can be
immediately deduced from Eq. (4) given the fact that for the
HEνs the dominant contribution to the Hamiltonian comes
from coherent scatterings with LEνs as long as ωHEν ≪ μ

FIG. 2. Top: survival probability of HEνe ’s propagating in
vacuum (dashed red curve), and in the bath of the LEνs (solid
blue curve). HEνs can experience flavor conversions on scales
much shorter than those expected in vacuum. Here, for illustrative
purposes, we assume μ ¼ 10−7 cm−1, ELEν ¼ 10 MeV, and
EHEν ¼ 100 GeV. For the LEν bath, nν̄e=nνe ¼ 1.3 is also fixed,
although the survival probabilities are independent of nν̄e=nνe as
long as it is not too close to 1. Bottom: survival probabilities as a
function of the HEν energy, where the diamonds, points, and
squares are the survival probabilities of νe, νμ, and ντ obtained
from the simulations, respectively, and the black lines are the
corresponding analytical solutions. We assume an initial fla-
vor ratio of νe∶νμ∶ντ ¼ 1∶0∶0. Here we set θ12 ¼ 33.6°,
θ23 ¼ 47.2°, θ13 ¼ 8.5°, and δCP ¼ 0. Antineutrinos behave in
exactly the same manner.
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High-energy n & MeV n : self-interactions (forward scattering) 

our model consists of two angle beams each including
neutrinos and antineutrinos with two energies representing
high- and low-energy neutrinos. We also assume that the
neutrino density is constant within the bath of LEνs.
In order to study the flavor evolution of neutrinos in our

model, we solve the Liouville–von Neumann equation for
the neutrino density matrix, ϱ (c ¼ ℏ ¼ 1) [19],

idtϱp ¼
!
UM2U†

2Eν
þ Hm þ Hνν;p; ϱp

"
; ð4Þ

with

Hνν;p ¼
ffiffiffi
2

p
GF

Z
d3p0

ð2πÞ3
ð1 − v · v0Þðϱp0 − ϱ̄p0Þ ð5Þ

being the neutrino potential stemming from the neutrino-
neutrino forward scattering [20–22]. Here p is the neutrino
momentum, Eν ¼ jpj, v ¼ p=Eν, and M2 are the energy,
velocity, and mass-square matrix of the neutrino, respec-
tively, and U is the Pontecorvo-Maki-Nakagawa-Sakata
matrix. Moreover, Hm is the contribution from the matter
term which is proportional to the matter (electron) density
[23,24], which is ignored in our calculations due to the
relatively small matter density inside the outflow. Hence,
there are only two nonzero terms in H (vacuum and νSI)
which are both diagonal in the mass basis and constant (see
below), but with different eigenvalues.
As mentioned above, here Hνν is almost exclusively

determined by LEνs due to their much larger number
densities. In this study, we assume that LEνs are in mass
eigenstates because they are expected to be already
decohered within the zones of interests, which are very
far from their emission region (with a typical coherence
length of a few 106 cm for the atmospheric mass differ-
ence) [25–27]. In addition, the HEνs do not significantly
disturb the flavor state of the LEν bath due to their much
smaller number densities. This implies that the LEνs do not
evolve since their evolution is dominated by the mass term
and they are already in the mass eigenstates. Consequently,
Hνν remains approximately constant. (We will discuss later
how the neutrino-flavor evolution changes once the oscil-
lations of LEνs are taken into account.) On the other hand,
the HEνs find themselves in the bath of the LEνs as soon as
they are produced, and start flavor conversions on relatively
short scales due to their interactions with the LEνs. It
should be kept in mind that the coherence length of HEνs
are expected to be much longer than those of the LE
ones [28].

IV. RESULTS

In the top panel of Fig. 2, we show the survival
probabilities of HEνe ’s propagating in vacuum (dashed
curve) and in the bath of the LEνs (solid curve). As can be
clearly seen, the oscillation scales of HEνs can change by

orders of magnitude when coherent scatterings with LEνs
are taken into account. As a matter of fact, the oscillation
scale of HEνs in a bath of the LE ones is determined by the
number density of the LEνs, namely, losc ∼ jHννj−1 ∼ μ−1

(∼105 cm for this simulation). This scaling behavior can be
immediately deduced from Eq. (4) given the fact that for the
HEνs the dominant contribution to the Hamiltonian comes
from coherent scatterings with LEνs as long as ωHEν ≪ μ

FIG. 2. Top: survival probability of HEνe ’s propagating in
vacuum (dashed red curve), and in the bath of the LEνs (solid
blue curve). HEνs can experience flavor conversions on scales
much shorter than those expected in vacuum. Here, for illustrative
purposes, we assume μ ¼ 10−7 cm−1, ELEν ¼ 10 MeV, and
EHEν ¼ 100 GeV. For the LEν bath, nν̄e=nνe ¼ 1.3 is also fixed,
although the survival probabilities are independent of nν̄e=nνe as
long as it is not too close to 1. Bottom: survival probabilities as a
function of the HEν energy, where the diamonds, points, and
squares are the survival probabilities of νe, νμ, and ντ obtained
from the simulations, respectively, and the black lines are the
corresponding analytical solutions. We assume an initial fla-
vor ratio of νe∶νμ∶ντ ¼ 1∶0∶0. Here we set θ12 ¼ 33.6°,
θ23 ¼ 47.2°, θ13 ¼ 8.5°, and δCP ¼ 0. Antineutrinos behave in
exactly the same manner.
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nNSSI

of (partial) collective oscillations in the production region
of HE ones. Such erratic conversions of LEνs will lead to
the total flavor equipartition of HEνs regardless of their
initial flavor content, as indicated by the green star in Fig. 3.
This phenomenon will be discussed in more detail in our
upcoming work [32].1

In some of the beyond-the-Standard-Model (SM) theo-
ries of particle physics, neutrinos can experience neutrino
nonstandard self-interactions (νNSSI) [42,43]. Such νNSSI
modify Eq. (5) to [44–46]

Hνν;p ¼
ffiffiffi
2

p
GF

Z
d3p0

ð2πÞ3
ð1 − v · v0ÞfĜðϱp0 − ϱ̄p0ÞĜ

þ ĜTr½ðϱp0 − ϱ̄p0ÞĜ&g; ð8Þ

where Ĝ contains information about νNSSI (Ĝ ¼ 1 in the
SM). For example, in the vector mediator scenario, we may
have Leff ⊃ GF½Ĝαβν̄αγμνβ&½Ĝξην̄ξγμνη&, and its νNSSI com-
ponents are related to the vector mediator mass mV and the
coupling strength g by jĜαβj ∝ g2=m2

V. The current con-
straints on νNSSI are model dependent and strong for the
mediator mass below MeVenergies. For heavier mediators,

the constraints from the early Universe are rather weak,
e.g., jĜαβj ≲ 107 [47], although laboratory constraints can
be stronger in the limited parameter space [48]. It has been
suggested that spectral modulations and time delays of
HEνs enable us to study the unexplored parameter space of
νNSSI [49–54]. We point out that coherent νSI-induced
oscillations of HEνs can be used as a novel probe of νNSSI.
This is illustrated in Fig. 4 where the red region shows the
impact of νNSSI. The flavor content is expected to have
observable sensitivity to νNSSI, i.e., a ∼10% change of
flavor ratio is caused by jĜαβj ∼ 0.1. This means that one
could probe such weak couplings with this effect.

V. CONCLUSION

We have brought to light a novel phenomenon in which a
class of high-energy cosmic neutrino emissions can expe-
rience flavor conversions induced by the copious LEν
background, on scales much shorter than their intrinsic
vacuum oscillation wavelengths. Unlike the celebrated
phenomenon of collective oscillations of MeV neutrinos
in a dense neutrino medium, the unearthed flavor con-
versions of high-energy cosmic neutrinos is a noncollective
phenomenon in spirit.
This intriguing phenomenon can occur when HEνs from

relativistic outflows launched from the core-collapse of
massive stars or from mergers propagate in the bath of the
already-decohered lower-energy neutrinos from the central
engine. Despite the small number density of HEνs which
can be insufficient to result in their own collective oscil-
lations, their presence can lead to short-scale conversions
of HEνs on scales determined by the density of LEνs.

FIG. 3. Expected νe∶νμ∶ντ ratio on Earth in the absence and
presence of νSI for different neutrino energies. Note that the
matter effect is included in both cases, assuming the density
profile of a blue supergiant, and the ratio with νSI is very close to
the total flavor equipartition. In addition, the green star indicates
the total flavor equipartition expected from the propagation of
HEνs in a bath of oscillating LEνs, as discussed in the text. Note
that, apart from the matter-only case for the 1 TeV neutrinos, the
other ones are almost on top of each other. It is also illuminating
to keep in mind that the final flavor states are specific to the initial
flavor composition of 1:2:0 and can vary under different circum-
stances.

FIG. 4. Expected νe∶νμ∶ντ ratio after HEνs escape their
production region, in the presence of νNSSI. The triangle, circle,
and square indicate the ratio in the SM while the red region shows
how the ratio changes in the presence of νNSSI for the 1∶2∶0
case. Here the red region is created by choosing a large set of
randomly populated Ĝαβ assuming that jĜαβj < 1 (for α ≠ β). Via
coherent νSI, the final HEν flavor ratio is very sensitive to
the νNSSI.

1The only difference between this case and the results shown in
Fig. 2 is that here we allow for flavor oscillations of the LEν gas
rather than fix it to be in the mass state.
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Then, an interesting interplay is particularly plausible when
the HEν production occurs within the duration of LEν
emission. It should also occur before the outflow breakouts
(where the outflow breakout time is longer than the light
crossing time). Note that (as seen below) the effect on
neutrino oscillation is largely model independent as long as
Rdiss is so small that LEνs govern the neutrino potential.
Although the proposed mechanism works in pretty

general setups, for illustrative purposes, we consider models
of GeV–TeV neutrinos. Quasithermal neutrinos can natu-
rally be produced in the GeV–TeV range through inelastic
neutron-proton collisions when neutrons decouple from
protons or neutron-loaded outflows make collisions with
the surrounding environment [1–3,5], and higher-energy
nonthermal neutrinos may also be produced through neu-
tron-proton-converter acceleration [3,4]. For these neutri-
nos, the dissipation may occur atRdiss ∼ 108–1010 cm [1,5].
Protons could be further accelerated to higher energies
via shock acceleration or magnetic reconnections, and
nonthermal TeV neutrinos can be efficiently produced
via inelastic pp and/or pγ interactions [6–10]. These
neutrinos are associated with the dissipation at internal,
collimation, and termination shocks [5,6,9,17,18]. For
example, the internal dissipation radius is estimated to be
Rdiss ≈ 2Γ2cδt ∼ 6 × 108 cm ðΓ=3Þ2ðδt=1 msÞ, where δt is
the variability time.
The number density of LEνs atRdiss (in the engine frame) is

nLEν ¼
Lνe

4πR2
disschEνi

≃ 1.7 × 1027 cm−3
!

Lνe

1052 erg s−1

"

×
!

Rdiss

109 cm

"−2! hEνi
10 MeV

"−1
; ð1Þ

which can be much larger than the expected number density
of HEνs therein, nHEν ≲ 1024 cm−3 at 109 cm. Here Lνe and
hEνi are the electron neutrino luminosity and average
energy, respectively. In addition, the electron number
density in the outflow is

ne ≈
ΓL

4πR2
dissΓ2mpc3

≃ 5.9 × 1023 cm−3
!

L
1052 erg s−1

"

×
!

Rdiss

109 cm

"−2! Γ
30

"−1
≪ nLEν: ð2Þ

Unlike the flavor evolution of the LEνs, which is
dominated by the mass Hamiltonian at such neutrino
number densities, the evolution of HEνs can be dominated
by their coherent scattering with the bath of the LEνs. This
simply comes from the fact that for the HEνs, the strength
of νSI [see Eq. (5)],

μ ≈
ffiffiffi
2

p
GFnνℏ2c2ξ ≃ 6.4 × 10−6 cm−1

!
nν

1027 cm3

"
ξ; ð3Þ

can be much larger than their vacuum wavelength,
ω≈Δm2

atmc3=ð2ℏEνÞ≃6×10−10 cm−1 ð100GeV=EνÞ, with
GF being the Fermi constant. In the above equation,
ξ ¼ 1 − cosΘ, whereΘ is the opening angle of the neutrino
beams, which is determined here mainly by the opening
angle of HEνs. Note that as soon as the parameter μ is
known, ξ and ν do not provide any more relevant
information. For relativistic flows with Γ ∼ 2–100, one
has ξ ≈ Θ2=2 ∼ 1=ð2Γ2Þ. Note that the optical depth to
incoherent neutrino scatterings is so small that the electron-
positron pair production is negligible. Moreover, given the
fact that the number density of LEνs is much larger than
that of HEνs, one can assume that nν here is exclusively
determined by the LEνs.
Although the number density of the LEνs within the

zones of interest is expected to be too small to allow for the
νSI Hamiltonian to compete with or dominate their vacuum
Hamiltonian, the evolution of HEνs is almost completely
governed by the interaction term for appropriate LEν
number densities (ωHEν ≪ μ ≲ ωLEν).

III. TWO-BEAM MODEL

In order to demonstrate how the flavor content of HEνs is
impacted by their propagation in the bath of the LEνs, we
study neutrino-flavor conversions in a one-dimensional
two-beam model, which consists of two energy bins, and
a three-flavor neutrino gas with two angular beams. The
neutrino energies are taken to be Eν ¼ 10 MeV and
100 GeV for the bins representing the LEνs and the
HEνs, respectively, unless otherwise stated. Thus, in brief,

FIG. 1. Schematic picture of HEν (GeV–PeV) production and
their interactions with LEνs (MeV–GeV) from the central engine
such as a black hole with an accretion disk or a newborn
magnetar. HEν production occurs at Rdiss ≫ Reng, which may
be beamed with the opening angle ∼1=Γ, with Rdiss, Reng, and Γ
being the dissipation radius, engine radius, and outflow Lorentz
factor, respectively. Note that the opening angle of the LEν beams
is exaggerated for illustration purposes.
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Then, an interesting interplay is particularly plausible when
the HEν production occurs within the duration of LEν
emission. It should also occur before the outflow breakouts
(where the outflow breakout time is longer than the light
crossing time). Note that (as seen below) the effect on
neutrino oscillation is largely model independent as long as
Rdiss is so small that LEνs govern the neutrino potential.
Although the proposed mechanism works in pretty

general setups, for illustrative purposes, we consider models
of GeV–TeV neutrinos. Quasithermal neutrinos can natu-
rally be produced in the GeV–TeV range through inelastic
neutron-proton collisions when neutrons decouple from
protons or neutron-loaded outflows make collisions with
the surrounding environment [1–3,5], and higher-energy
nonthermal neutrinos may also be produced through neu-
tron-proton-converter acceleration [3,4]. For these neutri-
nos, the dissipation may occur atRdiss ∼ 108–1010 cm [1,5].
Protons could be further accelerated to higher energies
via shock acceleration or magnetic reconnections, and
nonthermal TeV neutrinos can be efficiently produced
via inelastic pp and/or pγ interactions [6–10]. These
neutrinos are associated with the dissipation at internal,
collimation, and termination shocks [5,6,9,17,18]. For
example, the internal dissipation radius is estimated to be
Rdiss ≈ 2Γ2cδt ∼ 6 × 108 cm ðΓ=3Þ2ðδt=1 msÞ, where δt is
the variability time.
The number density of LEνs atRdiss (in the engine frame) is

nLEν ¼
Lνe

4πR2
disschEνi

≃ 1.7 × 1027 cm−3
!

Lνe

1052 erg s−1

"

×
!

Rdiss

109 cm

"−2! hEνi
10 MeV

"−1
; ð1Þ

which can be much larger than the expected number density
of HEνs therein, nHEν ≲ 1024 cm−3 at 109 cm. Here Lνe and
hEνi are the electron neutrino luminosity and average
energy, respectively. In addition, the electron number
density in the outflow is

ne ≈
ΓL

4πR2
dissΓ2mpc3

≃ 5.9 × 1023 cm−3
!

L
1052 erg s−1

"

×
!

Rdiss

109 cm

"−2! Γ
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"−1
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Unlike the flavor evolution of the LEνs, which is
dominated by the mass Hamiltonian at such neutrino
number densities, the evolution of HEνs can be dominated
by their coherent scattering with the bath of the LEνs. This
simply comes from the fact that for the HEνs, the strength
of νSI [see Eq. (5)],

μ ≈
ffiffiffi
2

p
GFnνℏ2c2ξ ≃ 6.4 × 10−6 cm−1

!
nν

1027 cm3

"
ξ; ð3Þ

can be much larger than their vacuum wavelength,
ω≈Δm2

atmc3=ð2ℏEνÞ≃6×10−10 cm−1 ð100GeV=EνÞ, with
GF being the Fermi constant. In the above equation,
ξ ¼ 1 − cosΘ, whereΘ is the opening angle of the neutrino
beams, which is determined here mainly by the opening
angle of HEνs. Note that as soon as the parameter μ is
known, ξ and ν do not provide any more relevant
information. For relativistic flows with Γ ∼ 2–100, one
has ξ ≈ Θ2=2 ∼ 1=ð2Γ2Þ. Note that the optical depth to
incoherent neutrino scatterings is so small that the electron-
positron pair production is negligible. Moreover, given the
fact that the number density of LEνs is much larger than
that of HEνs, one can assume that nν here is exclusively
determined by the LEνs.
Although the number density of the LEνs within the

zones of interest is expected to be too small to allow for the
νSI Hamiltonian to compete with or dominate their vacuum
Hamiltonian, the evolution of HEνs is almost completely
governed by the interaction term for appropriate LEν
number densities (ωHEν ≪ μ ≲ ωLEν).

III. TWO-BEAM MODEL

In order to demonstrate how the flavor content of HEνs is
impacted by their propagation in the bath of the LEνs, we
study neutrino-flavor conversions in a one-dimensional
two-beam model, which consists of two energy bins, and
a three-flavor neutrino gas with two angular beams. The
neutrino energies are taken to be Eν ¼ 10 MeV and
100 GeV for the bins representing the LEνs and the
HEνs, respectively, unless otherwise stated. Thus, in brief,

FIG. 1. Schematic picture of HEν (GeV–PeV) production and
their interactions with LEνs (MeV–GeV) from the central engine
such as a black hole with an accretion disk or a newborn
magnetar. HEν production occurs at Rdiss ≫ Reng, which may
be beamed with the opening angle ∼1=Γ, with Rdiss, Reng, and Γ
being the dissipation radius, engine radius, and outflow Lorentz
factor, respectively. Note that the opening angle of the LEν beams
is exaggerated for illustration purposes.
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short-scale conversions rapidly lead to the flavor mixing 

of (partial) collective oscillations in the production region
of HE ones. Such erratic conversions of LEνs will lead to
the total flavor equipartition of HEνs regardless of their
initial flavor content, as indicated by the green star in Fig. 3.
This phenomenon will be discussed in more detail in our
upcoming work [32].1

In some of the beyond-the-Standard-Model (SM) theo-
ries of particle physics, neutrinos can experience neutrino
nonstandard self-interactions (νNSSI) [42,43]. Such νNSSI
modify Eq. (5) to [44–46]

Hνν;p ¼
ffiffiffi
2

p
GF

Z
d3p0

ð2πÞ3
ð1 − v · v0ÞfĜðϱp0 − ϱ̄p0ÞĜ

þ ĜTr½ðϱp0 − ϱ̄p0ÞĜ&g; ð8Þ

where Ĝ contains information about νNSSI (Ĝ ¼ 1 in the
SM). For example, in the vector mediator scenario, we may
have Leff ⊃ GF½Ĝαβν̄αγμνβ&½Ĝξην̄ξγμνη&, and its νNSSI com-
ponents are related to the vector mediator mass mV and the
coupling strength g by jĜαβj ∝ g2=m2

V. The current con-
straints on νNSSI are model dependent and strong for the
mediator mass below MeVenergies. For heavier mediators,

the constraints from the early Universe are rather weak,
e.g., jĜαβj ≲ 107 [47], although laboratory constraints can
be stronger in the limited parameter space [48]. It has been
suggested that spectral modulations and time delays of
HEνs enable us to study the unexplored parameter space of
νNSSI [49–54]. We point out that coherent νSI-induced
oscillations of HEνs can be used as a novel probe of νNSSI.
This is illustrated in Fig. 4 where the red region shows the
impact of νNSSI. The flavor content is expected to have
observable sensitivity to νNSSI, i.e., a ∼10% change of
flavor ratio is caused by jĜαβj ∼ 0.1. This means that one
could probe such weak couplings with this effect.

V. CONCLUSION

We have brought to light a novel phenomenon in which a
class of high-energy cosmic neutrino emissions can expe-
rience flavor conversions induced by the copious LEν
background, on scales much shorter than their intrinsic
vacuum oscillation wavelengths. Unlike the celebrated
phenomenon of collective oscillations of MeV neutrinos
in a dense neutrino medium, the unearthed flavor con-
versions of high-energy cosmic neutrinos is a noncollective
phenomenon in spirit.
This intriguing phenomenon can occur when HEνs from

relativistic outflows launched from the core-collapse of
massive stars or from mergers propagate in the bath of the
already-decohered lower-energy neutrinos from the central
engine. Despite the small number density of HEνs which
can be insufficient to result in their own collective oscil-
lations, their presence can lead to short-scale conversions
of HEνs on scales determined by the density of LEνs.

FIG. 3. Expected νe∶νμ∶ντ ratio on Earth in the absence and
presence of νSI for different neutrino energies. Note that the
matter effect is included in both cases, assuming the density
profile of a blue supergiant, and the ratio with νSI is very close to
the total flavor equipartition. In addition, the green star indicates
the total flavor equipartition expected from the propagation of
HEνs in a bath of oscillating LEνs, as discussed in the text. Note
that, apart from the matter-only case for the 1 TeV neutrinos, the
other ones are almost on top of each other. It is also illuminating
to keep in mind that the final flavor states are specific to the initial
flavor composition of 1:2:0 and can vary under different circum-
stances.

FIG. 4. Expected νe∶νμ∶ντ ratio after HEνs escape their
production region, in the presence of νNSSI. The triangle, circle,
and square indicate the ratio in the SM while the red region shows
how the ratio changes in the presence of νNSSI for the 1∶2∶0
case. Here the red region is created by choosing a large set of
randomly populated Ĝαβ assuming that jĜαβj < 1 (for α ≠ β). Via
coherent νSI, the final HEν flavor ratio is very sensitive to
the νNSSI.

1The only difference between this case and the results shown in
Fig. 2 is that here we allow for flavor oscillations of the LEν gas
rather than fix it to be in the mass state.
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BSM CR-DM Interactions

• n-DM/ n-n interaction: 
High-energy cosmic ns 
as a natural beam

• CR-DM interaction:
Complementarity to the 
low-energy frontier of 
direct detection 
experiments
- CR cooling due to BSM 
- CR-boosted DM
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Dark Matter Spike Around Black Holes

• Adiabatic growth
A substantial increase in the black hole mass takes place after its initial 
formation, and the mass accretes slowly to the pre-existing seed black hole. 
(e.g., Peebles 72, Quinlan+ 95)

• NGC 1068: dynamical time < Salpeter time is justified

spike size

cuspiness, g=1 (NFW)

# modification necessary for annihilating DM



Dark Matter Distribution & Cosmic-Ray Cooling
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• DM density can be very high at the center of AGN (“DM spike”)
• NGC 1068 ns originate from CRs within ~30-100 Schwarzschild radii 
• Neutrino emission would not be seen if DM-p scattering was too efficient
• g-ray emission would not be seen if DM-e scattering was too efficient
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CR Cooling Limits on DM-p and DM-e Interactions 

• Most stringent constraints for dark matter in the MeV range 
• Important for freeze-in DM (ex. Elor+ 23 PRL) & thermal DM (ex. Boehm & Fayet 03) 

• Complementary to CR-boosted DM limits with XENON/LZ and Super-K
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Example of Scalar-Mediated DM-Nucleon Interactions
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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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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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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)
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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

Direct 
Detection

Non-galactic DM

Neutron stars

This work: AGN cooling (electrons)

This work: AGN cooling (protons) 

Cosmic-ray boosted DM

Maximum accessible mass-splitting (Log10δDM)
As

tro
ph

ys
ic

al
 a

nd
 la

bo
ra

to
ry

 p
ro

be
s

keV MeV GeV TeV

∼1
00

Te
V

∼1
00

Ge
V

∼3
00

Me
V

∼1
Me

V

∼1
00

Me
V

∼4
00

keV

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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crease since →ωDM↑ is fixed leading to higher timescales
or lower rates. Thus better constraints can be obtained
for lighter DM masses. In fact, we see, for mDM ↓ 10→3

GeV, the DM induced cooling dominates the SM cooling
channels for Tp < a few ↔ 104 GeV.

Upper limits on inelastic DM-proton and DM-electron
interactions.- By means of Eq. (4), we can derive upper
limits on the scattering cross section of inelastic DM o!
nucleons and electrons. Our model has 5 free parame-
ters: the lighter state DM mass mDM, the mass splitting
between the DM states εDM, mediator mass mZ→ and cou-
plings of the mediator to the SM sector, gSM, and to the
dark sector gDM.

We will derive constraints in this multidimensional pa-
rameter space in two distinct and physically motivated
regimes. First, we will focus on the parameter space cor-
responding to a fixed relation between the mediator and
DM masses (mZ→ = 10mDM and mZ→ = 3mDM) and to a
fixed relation between the DM mass and the mass split-
ting (εDM = 0.4mDM and εDM = 0.8mDM). Furthermore,
we will fix the dark gauge coupling to a “natural” value
(ϑD = 0.5). Such relations between inelastic DM pa-
rameters have been discussed previously in the literature,
e.g., Refs. [26, 41, 42, 51? ]. It has been shown that for
light (MeV-scale) DM, such relations predict a thermal
relic that can be within reach of collider and beam dump
experiments. Here we will demonstrate that this region
of parameter space can also be probed by CR cooling in
AGN.

In Fig. 3 we show constraints in the previously
discussed parameter space, from CR proton cooling
in NGC 1068 (dark blue) and CR electron cool-
ing in TXS 0506+056 (light blue), for asymmetric
or weakly self-annihilating DM (solid) and for a siz-
able DM self-annihilation cross section (→ϖv↑/mDM =
10→28 cm3 s→1/GeV for TXS 0506+056, →ϖv/mDM =
10→31 cm3 s→1/GeV for NGC 1068), which depletes the
distribution to a core in these sources. In the left plot, we
constrain the quantity y = ϱ2ϑD(mDM/mZ→)4 in which
ϱ = gSM/e, to allow for comparison with existing liter-
ature. We show a band of thermal inelastic light DM.
The upper end of the band has been derived in vari-
ous works, e.g., Refs. [26, 41? , 42], while the range
of values extending to the lowest end was derived in
Ref. [26]. These correspond to di!erent plausible values
of the dark left-right coupling asymmetry (↓ yL ↗ yR)
or Majorana mass asymmetry (↓ mL ↗ mR), which
are common parameters in concrete models of inelastic
DM. This parameter quantifies the asymmetry in the
Lagrangian terms Lω ↘ ↗ 1

2
mLς̄c

LςL ↗ 1

2
mRς̄c

RςR or

Lω ↘ ↗
≃

2yLSς̄c
LςL ↗

≃
2yRSς̄c

RςR, where S is a singlet
scalar and ςL,R are the left and right DM field compo-
nents, respectively [26]. Concretely, denoting the asym-
metry as εy ⇐ (yR ↗ yL)/yL = (mR ↗ mL)/mL, we use
values in the range from εy = 0 ↗ 1000.

Furthermore, we show in grey a combination of collider

and beam dump experiment constraints in these models.
For the chosen combination of inelastic DM parameters,
our cooling constraints can be stronger than collider con-
straints for masses below mDM ↓ 1 MeV, probing ther-
mal values.

In the right panel of Fig. 3, we show constraints de-
rived for di!erent values of the mediator and DM mass
ratio and mass splitting. In this case, it can be appre-
ciated that our cooling constraints can be stronger than
the (model independent) collider and beam dump exper-
imental constraints for masses below mDM

<↓ 20 MeV,
and allow to probe thermal inelastic DM for masses be-
low mDM

<↓ 70 MeV.
Notably, our limits on y and ϱ become stronger at light

DM masses. This is because: first, the number den-
sity of DM particles in the AGN increases for light DM
masses, which increases the probability of interactions.
Second, the scattering cross section of inelastic DM o!
electrons and protons in these environments increases at
low DM masses, due to the inverse dependence with the
reduced mass of the DM-proton and DM-electron sys-
tems, confer Eq. (S8). The enhanced cross section in-
duces shorter cooling timescales at low DM masses, thus
stronger bounds on the interaction strength.

The parameter space discussed previously, although
predictive, is narrow and may misrepresent the actual
relations between the DM mass and the mediator mass,
and between the DM mass and the size of the mass split-
ting. Therefore, in the following we present more general
constraints in the parameter space spanned by the DM
mass, the mass splitting, and the interaction strength of
the DM with the SM sector. We will derive constraints
in the limit where the mediator mass of the interaction
is much heavier than the momentum transfer of the scat-
tering process in the AGN, and we will present our con-
straints on the non-relativistic scattering cross section as
defined in Eq. (S7).

Moreover, we present analogous constraints in the limit
of a finite mediator mass (mZ→ =10 MeV), and show con-
tours for limits on the product of the gauge couplings
instead of the non-relativistic cross section. It should be
noticed that in some regions of the displayed parameter
space, particularly at high DM masses, the cooling con-
straints are very weak, i.e it may be di”cult to interpret
them physically since the cross sections and couplings
probed are nonperturbative. A detailed discussion on
this regard can be found in the Supplementary Material.

Our results are summarized in Fig. 4. We show con-
tour constraints on the parameter space of DM mass,
mass splitting and scattering cross section, for TXS
0506+056 (left panels) and NGC 1068 (right panels).
We see that cross section bounds become weaker as
the DM mass increases (and thus the number density
decreases). The bounds become stronger as εDM in-
creases because q2 decreases at larger εDM, giving less
suppression to the di!erential cross section as seen in

S1
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S1. INELASTIC DM-SM COOLING TIMESCALE: DETAILS FOR EQ. (2)

In this section we provide details on Eq. (2). The cooling time scale due to inelastic DM-SM scatterings is given by

(
dE

dt

)
= →↑ωDM↓

mDM

∫ Tmax
DM

Tmin
DM

dTDM (TDM + εDM)
dϑDM SM→DM→SM

dTDM

. (S1)

Here, ↑ωDM↓ is the average DM density in the vicinity of the supermassive back hole at the center of an AGN, where
scatterings are more likely to occur. These values were calculated under a variety of scenarios in [21], we refer the
reader to S2 for details on this calculation for NGC 1068 and TXS 0506+056. The upper limits of integration denote
the minimum and maximum kinetic energy that a DM particle can carry after the collision. To find these energy
bounds, let us think of center of mass (COM) before (after) the collision pi(pf ) which we can relate to the Mandelstam
variable s = m2

SM
+ m2

DM
+ 2(mSM + TSM)mDM via

s = m2

SM
+ m2

DM
+ 2

(√
m2

SM
+ p2

i

√
m2

DM
+ p2

i + p2

i

)
, (S2)

before the collision and

s = m2

SM
+ (mDM + εDM)2 + 2

(√
m2

SM
+ p2

f

√
(mDM + εDM)2 + p2

f + p2

f

)
, (S3)

afterwards. These are solved by p2

i = 1

4sϖ(m2

SM
, m2

DM
, s) and p2

f = 1

4sϖ(m2

SM
, (mDM + εDM)2, s), where

ϖ(a, b, c) = a2 + b2 + c2 → 2ab → 2ac → 2bc. (S4)

We can now relate these to the Mandelstam variable t for the cases of maximum and minimum momentum transfer

t+/↑ = m2

DM
+ (mDM + εDM)2 → 2

(√
m2

DM
+ p2

i

√
(mDM + εDM)2 + p2

f ± pipf

)
, (S5)

which is related to the kinetic energy of the DM in the lab frame (which follows naturally from the definition of t
and accounting for the fact that the DM starts at rest) as

Tmax /min

DM
=

ε2

DM
→ t+/↑

2mDM

. (S6)

Turning now to the cross section, we will consider a vector mediator Z ↓. To simplify the cross section formula, the
characteristic non-relativistic cross section is defined as

ϑ0 =
g2

SM
g2

DM
µ2

DM↑SM

ϱm4

Z↑
. (S7)

The di!erential cross section for DM scattering with a SM point-particle is

dϑpp

dTDM

= ϑ0

m4

Z↑

(m2

Z↑ + q2)2

mDM

[(
s → (m2

DM
+ m2

SM
+ εDMmDM)

)2
+ mDMTDM(q2 → 2s)

]

2µ2

DM↑SM
ϖ(m2

DM
, m2

SM
, s)

. (S8)
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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].

ar
X

iv
:2

40
8.

08
94

7v
1 

 [h
ep

-p
h]

  1
6 

A
ug

 2
02

4



Constraints on Inelastic DM

Complementarity
different (nontrivial) systematics
• CR cooling 

More robust and/or conservative 
• Boosted DM

Limits can be improved with larger 
detectors and paleodetectors

• DIS helps
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FIG. 4. Upper limits on top: the characteristic scattering cross section given by Eq. (S7) and bottom: the product of DM and
SM couplings to a vector mediator from the cooling of left: electrons in TXS 056-0506 and right: protons in NGC 1068 with
a vector mediator. In the top plots, we consider a very heavy mediator (see the supplementary material where we comment on
this further), while for the bottom plots we fix the mediator mass. Also included are lines for the maximal mass splitting able
to be probed with direct detection and celestial bodies using Eq. (6) (direct detection is neglected for electrons, as the electron
mass is too small for keV mass splitting with virialized DM). Finally, the region of mDM > 103 GeV is shaded to indicate this
region is of special interest for electroweak DM.

Eq. (S8). This e!ect is even more pronounced for pro-
tons, even in the heavy mediator limit, as the form-
factor decreases with larger q2. We know that cooling
is only possible when s > (mSM + mDM + ωDM)2, which
is why bounds become weaker when mDM

<→ (ω2

DM
+

2mSMωDM)/(2TSM,min↑2ω) and completely go away when
mDM

<→ (ω2

DM
+ 2mSMωDM)/(2TSM,max ↑ 2ωDM), where

TSM,min(TSM,max) is the minimum (maximum) electron
or proton kinetic energy considered for cooling.

Inelastic DM has also been explored in the context of
direct detection experiments and interactions with com-
pact celestial objects like white dwarfs and neutron stars.
In these cases, we may define the kinematic requirement
for scattering to be

m2

DM
+m2

SM
+2

mDMmSM√
1 ↑ v2

rel

> (mSM +mDM + ωDM)2 (5)

where vrel is the velocity of the DM particle in the rest
frame of the SM particle. A detailed analysis of these
methods would consider the full velocity distributions of
DM and SM particles. For now, we will simply take char-
acteristic relative velocities of vrel = 10→3 for direct de-
tection and vrel = 0.8 for neutron stars and white dwarfs.

This can be translated into a requirement on the mass-
splitting of

ωDM ↓ ↑mSM↑mDM+

(
m2

SM
+m2

DM
+

2mSMmDM√
1 ↑ v2

rel

)1/2

.

(6)
For comparison purposes, the maximum mass splitting
achieved by direct detection experiments and capture in
neutron stars and white dwarfs is confronted with our
results in Fig. 4. It can be clearly appreciated that for
all DM masses, multimessenger observations of AGN al-
low to reach larger mass splittings than complementary
probes.
Discussions and Implications.- We have proposed a

novel phenomenological probe of inelastic DM, relying on
the cooling of CRs in AGN through DM-proton and DM-
electron up-scatterings into an excited DM state. DM in
the vicinity of NGC 1068 and TXS 0506+056 may scat-
ter o! CR protons and electrons, producing a heavier
DM in the final state, and cooling the CRs. Since CRs
are responsible for the emission of high-energy neutrinos
and gamma-rays from these sources, observable on Earth,
their cooling timescales would not be dominated by be-

overburden

NGC 1068 & TXS 0506+056



Pseudo-Dirac Neutrinos

- MR=0 (Dirac)
- |MR|>>|mD| (Type-I seesaw)
- |MR|<<|mD| (pseudo-Dirac) 

- Tiny mass splitting w. sterile neutrinos  

- Cosmic neutrinos can be used as a probe

- Motivated by the Swampland conjecture 

- Planck-suppressed operators, loop generation 

Wolfenstein 81, Petcov 82

Beacom et al. 04, Karanen et al. 03

What do we know from Theory?

9

Gonzalo et al. 22 JHEP



Constraints from Point Sources

Meaningful limits by IceCube-Gen2 but astro-model dependent

First IceCube Constraints on Pseudo-Dirac Neutrinos

13

First IceCubeconstraints on ”m2

Source SourceType ≠ log10 pl ocal n̂s “̂ z
NGC1068 SBG/AGN 7.0 (5.2‡) 79 3.2 0.0038 (16Mpc)
PKS1424+240 BLL 4.0 (3.7‡) 77 3.5 0.6047 (2.6 Gpc)
TXS0506+056 BLL/FSRQ 3.6 (3.5‡) 5 2.0 0.3365 (1.4 Gpc)

Carloni, Martı́nez-Soler, Argüelles, Babu, BD, 2212.00737 18

Carloni, Martinez-Soler, Arguelles, Babu, BD, 2212.00737 (PRDL) 

Carloni+ 24 PRDL, Rink & Sen 24 PLB
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FIG. 6: Here we show an example of the flavor distortions that can arise from pseudo-Dirac neutrinos with a mass-splitting:
�m2

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

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

��j =
�m

2

j

2E
DH

Z
z

0

dz
0

(1 + z0)2
p

⌦m(1 + z0)3 + ⌦⇤

.

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

↵
�
i

=
X

j,k

↵
S

j
|Uik|

2
|Ujk|

2

⌧
cos2

✓
��j

2

◆�
. (17)

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

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

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

C. Neutrino Self-Scattering

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

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

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

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

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

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

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

B. Oscillating into New States: Pseudo-Dirac
Neutrinos

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

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

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

Losc = 80 Mpc

✓
E

1 PeV

◆  
10�15 eV2

�m
2

j

!
, (14)

where �m
2

j
is the mass-splitting with the jth active neu-

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

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

↵
�
i

=
X

j,k

↵
S

j
|Uik|

2
|Ujk|

2 cos2
✓

�m
2

k
L

4E

◆
. (15)

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

2

k
limit. These new mass splittings

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

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

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

��j =
�m

2

j

2E
DH

Z
z

0

dz
0

(1 + z0)2
p

⌦m(1 + z0)3 + ⌦⇤

.

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

↵
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i

=
X

j,k

↵
S

j
|Uik|

2
|Ujk|

2

⌧
cos2

✓
��j

2
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The angled brackets in Eq. (17) denote energy average
over the resolution of the detector which is assumed to
follow a Gaussian energy distribution with resolution
�E = 0.15E. Then, we include the e↵ect of source dis-
tribution as in [90] and assume that they track the star-
formation rate [81, 82].

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

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

C. Neutrino Self-Scattering

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

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

Dmk
2=10-17 eV2

- Spectral modulation may be caused
- Energy-dependent flavor constraints would be 
more model independent  

Shoemaker & KM 16 PRD

future IceCube-Gen2



Summary
General Implications
- t candidates, hints of the n spectral curvature, debate on the KM3Net event
- Multimessenger analyses on 10 TeV n data require hidden CR accelerators
- NGC 1068 (AGN): evidence of a hidden n source
- Milky Way: multimessenger connection now observed

New n Interactions
- Spectral & flavor modulations
- Time delays (& arrival directions) can also be used 
- Useful as probes of n-n & n-DM interactions 
- Supernovae high-energy ns allow us to measure n flavors
- CR cooling & CR-boosted DM er provide power probes of MeV-GeV DM
- Advantage of super-long baseline → ex. pseudo-Dirac ns, n decay

Indirect Search for Dark Matter
- Multimessenger constraints on DM models explaining n observations
- Beyond the IceCube energy range
- Nearby DM halos provide more direct tests



Neutrino Decay: Normal Hierarchy

“complete” decay of n2, n3 
disfavored only by flavors

Bustamante, Beacom & KM 17 PRD
(see also Pagliaroli+ 15 PRD)
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
the sum of neutrino masses [REF],

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

2  �m2
21,

m2
3  �m2

21 + |�m2
32| for NH, and m2

1  ��m2
21 + |�m2

32|, m2
2  |�m2

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

II. NEUTRINO DECAY

A. Fundamentals

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

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

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

i
⌘

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

oscillations. However, they have very di↵erent length
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They become comparable only for tiny lifetimes, of order
10�14�10�15 s eV�1, which violate current experimental
lower limits, as we will show below.
For the PeV astrophysical neutrinos that will be our
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FIG. 1. Constraints on neutrino mass and rest-frame lifetime, in the normal mass hierarchy (left panel), with ⌫1 stable, and the
inverted mass hierarchy (right panel), with ⌫3 stable. The vertical gray shaded band is excluded by the cosmological bound on
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In accordance with evidence from particle physics and
cosmology, we will assume the existence of only three
active neutrino flavors, and negligible mixing with a po-
tential sterile sector [11, 12]. We will focus on model-
independent decay into visible neutrino daughters, i.e.,
⌫k ! ⌫l + �, where ⌫l is the lightest eigenstate and � is
undetectable by the neutrino detector. The nature of �
is unimportant for our purposes. Unless otherwise spec-
ified, we refer to ⌫l + ⌫̄l simply as ⌫l.

Consider a neutrino source that emits known numbers
of ⌫1, ⌫2, and ⌫3. After a time t, the surviving number
Ni of unstable ⌫i (i = 1, 2, 3) is calculated by solving the
decay equation
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where mi, ⌧i, and E⌫ are the mass, rest-frame lifetime,
and energy of the neutrino. Since neutrinos are relativis-
tic, we can approximate their travel distance as L ' ct.
Barring redshift corrections –which we postpone until
Section IIC– the fraction of emitted ⌫i that remains at
a distance L from the source is exp [� (L/E⌫) (mi/⌧i)].
Since neutrino masses are unknown, the ratio �1
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e↵ect of decay. The observation of neutrinos with known
L and E⌫ is sensitive to lifetimes of at most
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Shorter rest-frame lifetimes translate into higher decay
rates. Lower energies result in shorter lifetimes boosted
to the laboratory frame, (E⌫/mi) · ⌧i, and, hence, higher
laboratory decay rates. Longer baselines allow for decay
e↵ects to accumulate over a longer propagation time.
Neutrino decay takes place concurrently with flavor

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

Ldec ' 0.01 · �1
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s eV�1
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E⌫ [TeV] Mpc (3)

is typically orders of magnitude larger than the oscillation
length,

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

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

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

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

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

F. Summary

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

V. MANAGING DETECTION ASPECTS

A. Flavor measurements in IceCube

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

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

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

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

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

1
3 ∶

1
3Þ⊕, as well as with other composi-

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

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

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

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

showers initiated by νe and ντ cannot presently be

FIG. 6. Allowed να þ ν̄α flavor ratios at Earth with decay to ν1
(NH). For each value of the decay damping D, the region is
generated by scanning over all possible flavor ratios at the source
and mixing parameters within 3σ [31]. The flavor-content region
of ν1 is outlined in dashed yellow [24].
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distinguished [24,74,94], the IceCube flavor contours
[8,75] in Figs. 2 and 6 are nearly horizontal. The slight
tilt of the contours is due to the smaller average energy
deposition of ντ-initiated showers and to the occasional
decay of ντ to μ, which prevents the ντ fraction from being
higher. The height of the contours is determined by the
number of events, while their width is determined by the
indistinguishability of νe and ντ.
In spite of these limitations, Fig. 2 shows that the flavor-

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

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

C. Need for a clean extragalactic sample

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

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

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

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

performed by experimental collaborations should imple-
ment these restrictions.

D. Summary

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

VI. ESTIMATING LIFETIME SENSITIVITIES

A. Decay with flavor ratios at present

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

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

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

τ2=m2; τ3=m3 ≳ 10 s eV−1ð≳2σ;NHÞ: ð4Þ

This sensitivity is independent of flavor ratios at the sources
and 3σ uncertainties in mixing parameters. The left panel of
Fig. 1 shows this is an improvement of 104 and 1011 over
existing limits.
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FIG. 2. The track to cascade ratio as a function of the neu-
trino energy. The invisible neutrino decay of ⌫2 and ⌫3 reduces
the track and cascade ratio below 1 PeV up to 75% with re-
spect to the case where all neutrinos are stable. The deviation
from the expected value of 0.5 for the standard case is mostly
due to track misidentification.

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

We assume that ⌫1 is stable since it has the least ⌫µ

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

The oscillation averaged probability for invisible neu-
trino decay is

P̄ (⌫↵ ! ⌫�) =
3X

i=1

|U↵i|2|U�i|2e�⇤i , (3)

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

0 dz
0(1 +

z
0)�2

h
�1(z0) is the corrected cosmological distance scal-

ing for neutrino decay [35]. Thus in our model ⇤1 = 0
and ⇤2 = ⇤3 and ⌧/m for ⌫2 and ⌫3 is the one new free
parameter.
Figure 2 shows the modification of the track vs. cascade

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

2 in the SPL only case with neutrino
decay, we find �

2 = 1.57 with log10[(⌧/m)/(s/eV)] =
1.93+0.26

�0.40. At 1 d.o.f. this represents a good fit, consis-
tent with the data at 1.25�. It is an improvement over
the stable neutrino case of ��

2 = 11.8 showing that the
neutrino decay scenario is preferred by the data over the
standard stable neutrino case by 3.4�. The 2D �

2 pro-
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FIG. 3. The 2D �2 projection for neutrino decay with a sin-
gle power law astrophysical flux. The shaded regions rep-
resent 1, 2, 3 � for 2 d.o.f. The best fit point of � = 2.73
and log10[(⌧/m)/(s/eV)] = 1.93, indicated with the dot, has
�2 = 1.57. This includes a marginalization over the source
normalization.

jection of the source spectral index � and the neutrino
lifetime ⌧/m is shown in Fig. 3. We note that ⌧/m is
fairly well determined since it must give observable con-
sequences within IceCube’s region of interest. Varying
the redshift evolution power ✓ produces a fairly small ef-
fect with the best fit value of ⌧/m and the �

2 changes
only slightly with ⌧/m increasing with ✓. If we extend
our fit to the BPL source model, the best fit point does
not change at all and � = 0 is preferred. The results are
summarized in Table I [36].
Our findings should be compared with existing bounds

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

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

Model
Standard Model Invisible ⌫ Decay
SPL BPL SPL BPL

�2 13.4 13.4 1.57 1.57

� 3.23 > 3.65 1.25 > 1.25

� 2.4± 0.10 - 2.73± 0.10 -

log10(
⌧/m
s/eV ) - - 1.93+0.26

�0.40 1.93+0.26
�0.40

Denton & Tamborra 18 PRL 

Energy spectra at the source(s) are known.
Flavor ratios at the sources(s) are known.

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

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

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

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

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

II. OVERVIEW OF NEUTRINO LIFETIME
LIMITS AND SENSITIVITIES

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

limits come from the squared-mass differences Δm2
ij ≡

m2
i −m2

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

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

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

FIG. 1. Constraints on neutrino masses and lifetimes, as labeled and discussed in the text, with hatched gray disallowed, hatched white
allowed only for some eigenstates, and unhatched white allowed for all. Solid lines are lower limits. The thick red dashed lines indicate
the sensitivity estimates of this paper. Left: Normal hierarchy. Right: Inverted hierarchy.
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Neutrino Decay: Inverted Hierarchy
IH is not disfavored yet by the flavor information 

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

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

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

FIG. 8. Number of showers in IceCube in the range 5–8 PeV, as a function of the common lifetime of the two heavier mass eigenstates,
assuming five years of exposure. Left: Using a flux ∝ E−2.50 [8]. Right: Using a flux ∝ E−2.13 [11]. Note the change in scale. The
probability Pn≥1 of detecting one or more events under complete decay in the IH is only ∼16% (left) or ∼31% (right). Therefore, if even
a single event is detected in the energy range of the Glashow resonance, that will disfavor complete decay in the IH. With higher
statistics, the significance will increase rapidly. See text for details.
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Neutrino Decay: Inverted Hierarchy
GR detection can give the best constraints in the IH case  
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Future Constraints on Neutrino Decay
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FIG. 5: Left panel: Here we display an illustrative example of incomplete neutrino decay in which ⌫1 and ⌫2 decay in the
IH. The source has been chosen to produce 1 : 2 : 0 flavor ratios. Right Panel: Here we show the projected IceCube-Gen2
sensitivity. We have imposed

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

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

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

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

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

B. Oscillating into New States: Pseudo-Dirac
Neutrinos

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

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

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

Losc = 80 Mpc

✓
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is the mass-splitting with the jth active neu-

trino mass eigenstate.
In this case, the neutrino flavor ratios at the Earth can
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In the above L is the distance between the source and
the Earth. Notice that one recovers the pure Dirac result
in the vanishing �m

2

k
limit. These new mass splittings

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

IH: k-1=10 s/eV
invisible complete 
decay

Shoemaker & KM 16 PRD

future IceCube-Gen2

flavor ratios are found at IceCube-Gen2 then complete
decay of either ν1 or ν3 would be strongly disfavored from
the data (> 4σ). See, e.g., Figs. 1 and 5 of Ref. [17] for the
allowed flavor ratios of each mass eigenstate. Also note that
a detailed look at present IceCube sensitivity to neutrino
decay is forthcoming [80].
Next, consider the case of an “incomplete decay” in

which only one mass eigenstate is present at the lowest
energies but the flux transitions to the original source flavor
ratios at higher energies. The most striking example of this
is afforded in inverted hierarchy (IH) where only ν3 is
stable. As displayed in Fig. 5, this depletes the e-flavor
content at low energies while leveling out to the standard
(“undecayed”) flavor ratios at high energies. Here, we have
taken τ1=m1 ¼ 102 s=eV.
In order to empirically uncover the energy-dependent

flavor induced by neutrino decay, we consider a flavor fit in
two different energy bins: above 2 PeV and below 2 PeV.
The result of these two fits is depicted in Fig. 5 where we
demonstrate that an energy-dependent flavor determination
is possible. We note that this example may be in a mild
ð1–2Þσ tension with the current flavor constraints from a
combined maximum likelihood analysis of IceCube’s
events [6]. In Sec. V D, we will show that future neutrino
detectors such as IceCube-Gen2 can provide us with more
stringent constraints on neutrino decay through a joint
flavor and spectral analysis.

B. Oscillating into new states: Pseudo-Dirac neutrinos

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

well-known seesaw mechanism predicts that these states
have very large Majorana masses that make them otherwise
hard to probe. By contrast, in the pseudo-Dirac scenario,
the Majorana masses are small compared to the Dirac
scale, and the induced small mass splittings provide another
mechanism which makes right-handed neutrinos hidden
from us. We consider here the effect of the pseudo-
Dirac neutrinos [33,34], in which there may exist a tiny
mass splitting between the active and sterile neutrinos.
Applications to astrophysical neutrinos had been consid-
ered in Refs. [13,88] (see also Ref. [89]) before high-energy
cosmic neutrinos were discovered.
These small mass splittings only give rise to oscillations

to the sterile state on very large distance scales, since the
oscillation length is

Losc ¼ 80 Mpc
!

E
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10−15 eV2

Δm2
j

"
; ð14Þ

where Δm2
j is the mass splitting with the jth active neutrino

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

very different and depend sensitively on the energy:

α⊕i ¼
X

j;k

αSj jUikj2jUjkj2 cos2
!
Δm2

kL
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"
: ð15Þ

In the above, L is the distance between the source and the
Earth. Notice that one recovers the pure Dirac result in the
vanishing Δm2

k limit. These new mass splittings could be
off of only one of the active neutrinos or off all of them. The

FIG. 5. Left panel: Here, we display an illustrative example of incomplete neutrino decay in which ν1 and ν2 decay in the IH. The
source has been chosen to produce 1∶2∶0 flavor ratios. Right panel: Here, we show the projected IceCube-Gen2 sensitivity. We have
imposed

P
iαi ¼ 1, in the left panel, but note that neutrino decays induce an overall flux suppression on low energies since it is only the

ν3 state that exists at low energies, whereas the other two are present for higher energies. In this example, we have fixed κ−1 ¼ 102 s=eV.
The star-formation rate is used as a redshift evolution of the sources.
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Multimessenger Emission of Decaying Dark Matter

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

KM, Laha, Ando & Ahlers 15 PRL

DM → b+bbar (88%)
DM → ne+ne (12%)
(similar results in other 
models that are proposed)  

see also:
Ellis+ 92, Gondolo 92, Gondolo+ 93
KM & Beacom 12
Esmaili & Serpico 15 

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

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

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

µ⌫
D |H|

2
/⇤2, where �D is a dimension-

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

2 ⇤3

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

At masses comparable to and lower than the elec-
troweak scale, the glueball decays primary to b quarks
through mixing with the SM Higgs, while at high masses
the glueball decays predominantly to W

±, Z0, and Higgs
boson pairs (see the inset of Fig. 2 for the dominant
branching ratios). In the high-mass limit, the lifetime
is approximately

⌧ ' 5 · 1027 s

✓
3

ND

1

4⇡�D

◆2 ✓ ⇤

mPl

◆4 ✓0.1PeV

⇤D

◆5

, (1)

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

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

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

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

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

V. DISCUSSION

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

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

dark glueball case
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a
This operator corresponds to the glueball model. However, in that model the coe�cient is naturally suppressed by dimensional trans-

mutation.

b
Additional three- and four-body decays are suppressed.

c
Z

0
Z

0
hh is further suppressed by four-body phase space factors.

d
Here we are assuming that � is a scalar. The pseudo-scalar case can be inferred by making the appropriate replacements to conserve

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

potential V which governs the interactions between the heavy state and the SM is dominantly controlled by the coupling X. See text for

details

f
The mixing factor c��↵ ! v

2
/m

2
� in the decoupling limit.

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

EFT (up to dimension 6)



Viable DM Scenarios?
mass mDM ¼ 600 TeV and decays into N ∼ 30 particles.
Then the lifetime is fitted to be τ ∼ 5.56 ¼ 1026 sec. Here
we assume that a line spectrum originated from the two-
body decay is negligible.

IV. NOTE ON IGRB

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

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

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

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

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

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

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

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

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

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

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

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

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

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

B. Neutrino spectra

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

N0 → νþ 2nS ð7Þ

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

fðxÞ ¼ 1

Γ
dΓ
dx

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

with

x ¼ E=mDM

!
0 ≤ x ≤

1

2

"
; ð9Þ

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

R
fðxÞdx ¼ 1.

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

BRi ¼ Γi=Γ ¼ Γi

Γline þ Γbroad
i ¼ line or broad: ð10Þ

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

9Note that the unitarity bound is less stringent locally, as the relative velocity of DM particles is
smaller than in the early Universe.
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Current Energy Frontier in Space

IceCube-Gen2

• UHECR measurement & UHE photon limits: 
tDM > 1030 s up to GUT scale: world-best limits for EeV or higher
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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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The Highest-Energy Particles & Inflaton DM

KM, Narita & Yin 2504.15272• Collaboration w. A01
• Inflaton DM models

in (modified) natural inflation
(entropy dilution necessary)

• Scalar DM

• 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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Future Energy Frontier in Space

• UHE neutrino observations will be 
drastically improved in future

• Essentially no atmospheric n bkg.
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Future Neutrino Search for Superheavy Dark Matter

BONUS
- Neutrino self-interaction considered
- Will be public in the AMES code
- Applicable to BSM (ex. Z’ physics)

Future UHE n detectors
- tDM >~ 1030 s up to GUT scale
- Best probe for leptonic channels
- No astrophysical neutrinos
for GUT-scale DM
(range of lunar radio telescopes) 

Das, Carpio & Murase 25 PRD

μþμ− and the corresponding neutrino modes. At the highest
mass range in this study, i.e., mDM ≈ 1016 GeV, the vector
and scalar boson modes provide the most strict limit
of hσvi≲ 10−15 cm3 s−1.
We find that channels resulting in ll̄ have neutrino energy

spectra with strong peaks at Eν ≈mDM=2 and Eν ≈mDM,
for decay and annihilation, respectively. When calculating
the Galactic componentsΦG of the VHDM neutrino fluxes,
these peaks are present, whereas those in the extragalactic

component are smoothened when integrated over redshift.
When these peaks coincide with the maximum detector
sensitivity energy range, the associated constraints for ll̄
channels are more stringent than qq̄. This occurs at mDM ∼
109 GeV (mDM ∼ 1013 GeV) for IceCube-Gen2 and
GRAND (ULW and LOFAR). Outside these mass ranges,
the sensitivity on ll̄ channels drops, and qq̄ provides
stronger constraints. Such an effect is crucial in the case
of constraining VHDM decay timescale, where the Galactic

FIG. 5. Projected 95% CL limits on the lifetime of VHDM for five years of observation time by the future IceCube-Gen2, GRAND,
and ULW detectors, and 5000 h for LOFAR (see legends). The thick lines correspond to ULW and LOFAR, while the thin lines
correspond to IceCube-Gen2 radio and GRAND, respectively.
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Future Tests for Dark Matter Scenarios
KM, Laha, Ando & Ahlers 15 PRLNearby DM halos (clusters & galaxies)

should be seen as point/extended sources
flux ∝ Mdm/tdm/d2

stacking or cross-correlation
powerful independent of g-ray limits



Neutrino Search for Galaxy Clusters
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