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Discovery of astrophysical neutrinos 
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IceCube 1510.05223 

High Energy Starting 
Event analysis --- 4 year 
data set 
 
Fit performed including 
all events between  
60 TeV < Edep < 3 PeV 
 
No Glashow resonance 
event 

E2 �(E) = 2.2± 0.7⇥ 10�8

✓
E

100TeV

◆�0.58

GeV cm�2 s�1

Steeper spectral index w.r.t. 3 year data due to lack of PeV events, and higher yield 
of events at lower energies 
 
No statistically significant clustering in space 



Discovery of astrophysical neutrinos	
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Northen Hemisphere 
through going muons 
--- 6 year data set 
 
Fit of through going 
events between 
194 TeV < Eν < 7.8 PeV 

IceCube 1607.08006 

�⌫+⌫̄ = 0.9+0.30
�0.27 ⇥ 1018

✓
E⌫

100TeV

◆�2.13±0.13

GeV�1 cm�2 s�1 sr�1

No statistically significant clustering in space 
 
Tension between spectral indices of these two different searches 
	



2.6 PeV track event 
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Deposited energy 2.6 ± 0.3 PeV 
 
Reconstructed equatorial 
coordinates: decl. 11.42°  
RA 110.63°   
 
Does not point towards any 
known astrophysical source 
 
 
Highest energy lepton detected 
till date --- very important to 
analyze it thoroughly 
 
 Immediate questions:   

 
1.  What flavor of neutrino produces such a track? 
 
2. What are implications for astrophysical neutrinos in light of prior discoveries?  
    

IceCube 1607.08006 



What neutrino flavor produces a track? 
•  Through going muons are assumed to give rise to through-going 

track like events 

•  To deposit 2.6 PeV of energy, the muon typically requires     5 PeV 
energy at detector entry point --- it is probable that this is  a 
super-Glashow (energy ≥ 6.3 PeV) neutrino 

•  An overlooked possibility in the literature: very high energy 
through going taus can also give rise to track-like events 

•  To deposit 2.6 PeV of energy, the tau requires     50 PeV energy 
at detector entry point 

•  Can IceCube individually distinguish a through going tau from a 
through gong muon? 

•  We discuss astrophysical scenarios for each of these possibilities 
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A generic equation for event numbers 
for through going leptons 

d

dE`


b`(E`)

dN`

dE`
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dE`
= Q(E`)
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Lepton energy loss: 
 
Lepton energy 
 
Lepton lifetime 
 
Volumetric source term     

b` ⌘ dE`/dX

E`

⌧`

Q(E`) ⇡ NA ⇢ �`

✓
E`

h1� yi

◆
�CC

✓
E`

h1� yi

◆
/h1� yi

Regeneration is important for taus 
 
Earth absorption is important for all neutrino flavors 
 
 

includes  
Earth absorption 
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Where does it come from? 

1

Multi-PeV Signals from a New Astrophysical Neutrino Flux Beyond the Glashow Resonance
Supplementary Material

Matthew D. Kistler and Ranjan Laha
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Upgoing
Downgoing

j8 muons HEm>5 PeVL Fermi TeV

FIG. S1: Sky density of Eµ > 5 PeV muons from model '8 (in Galactic coordinates; shaded). The horizon (solid) demarcates upgoing and
downgoing directions, with the rough 10� downgoing boundary for atmospheric muons (dashed). The Edep ⇡ 2.6 PeV IceCube track event
(blue dot) and contours of E� >1 TeV Fermi emission smoothed by 5� from [76] are shown for reference.

Multi-PeV Origins: Fig. S1 shows the muon sky density arising from our '
8

flux model, with a dashed curve 10

� above the
horizon. We have assumed isotropic neutrino fluxes here and elsewhere, although if the multi-PeV IceCube track arose from
emission within the Milky Way or a particularly bright source conclusions could be rather different.

Could this event actually be Galactic? E⌫
>⇠ 10 PeV implies a proton energy Ep

>⇠ 10

17 eV, well beyond the cosmic-ray
proton knee (for nuclei of mass number A, we would need to consider E/A). If such neutrino emission resembles that of TeV
gamma rays in Fermi ([76]; see Fig. S1), we would expect a much higher rate nearer the Galactic Center (GC). Such a flux
gradient outwards from the GC also increases the expected downgoing/upgoing ratio due to the location of IceCube. That being
said, while a location ⇠12

� from the Galactic plane does not indicate Galactic emission, it is somewhat unlikely if projecting a
⇠±10

� band around the IceCube horizon.
BL Lac origins have been discussed for each of the three E

dep

⇡1�2 PeV shower events (e.g., [125–128]), though the angular
resolution of such events is limited to >⇠10

�. However, the 2.6 PeV track is localized to 1

� at 99% uncertainty [7, 9].
Around the best-fit IceCube track position we do not identify any notable object within 1

�. At ⇠ 2

� is PMN J0717+0941, a
relatively-nearby (⇠ 123 Mpc) radio galaxy [129]. At ⇠3

� is the nearest Fermi BL Lac, 4C 14.23 [130]. No gamma-ray source
was reported by HAWC [131]. This event could be from a faint source, though there is no obvious indication of a prominent
super-Glashow neutrino source that would violate an assumption of a diffuse, perhaps cosmogenic, flux.

Multi-PeV Fluxes: We formed neutrino spectra 'i from smoothly-broken power laws for simplicity, not attempting to match
details of specific models. For instance, ↵=�1 in Eq. (4) is somewhat softer than typical GZK fluxes from interactions with
the CMB (see, e.g., Fig. 4 of [57]), although including the EBL leads to further softening. We also chose �=�3 for a decline,
though we could have used exponential cutoffs, the spectral peaks being most relevant for event rates. For convenience, the
normalizations in Eq. (4) are f

7

= 3⇥ 10

�22, f
8

= 3⇥ 10

�24, and f
9

= 3⇥ 10

�26, all in terms of GeV�1 cm�2 s�1 sr�1 .
Cosmic neutrino emissivities for each 'i can be obtained from a suitable source dN⌫/dE⌫ as

'⌫(E⌫) =
c

4⇡

Z z
max

0

dN⌫

dE0
⌫

dE0
⌫

dE⌫

W(z)

dz/dt
dz , (S1)

where dz/dt = H
0

(1+z)[⌦m(1+z)3+⌦

⇤

]

1/2, (⌦m = 0.3, ⌦
⇤

= 0.7, and H
0

= 70 km/s/Mpc), and dE0
⌫/dE⌫ = (1 + z),

accounting for source evolution with redshift, W(z), with appropriate adjustments of the spectral parameters (see [45]).
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Shaded: Sky density of Eµ > 5 PeV muons from model φ8 
Solid: The horizon demarcates upgoing and downgoing directions 
Dashed: The rough 100 downgoing boundary for atmospheric muons 
No gamma-ray source was reported by HAWC 
 
	

Edep ≈ 2.6 PeV  
IceCube track event 	

contours of Eν > 1 TeV 
Fermi emission smoothed by 50 
	

Galactic coordinates 

The 2.6 PeV track event probably comes from a diffuse astrophysical neutrino flux 
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Astrophysical neutrino fluxes 
 
3 phenomenological 
fluxes with varying 
normalization: 
φ7, φ8, and φ9 
 
φ7, φ8, and φ9 
extend to higher 
energies => 
essential for 
through-going τ 
interpretation  
 

φ7 and φ8 resemble BL Lac AGN models 
Rescaled combinations of φ7 and φ9 approximate GZK neutrinos from EBL and CMB 
interactions 
	
'i(E⌫) = fi

"✓
E⌫

Ei

◆↵⌘

+

✓
E⌫

Ei

◆�⌘
#1/⌘ i = 7, 8, and 9

Ei = 10i GeV
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Energy distribution 

Muons of energy ≥ 100 GeV can traverse the full IceCube detector 
 
Taus of energy ≥ 50 PeV can traverse the full IceCube detector 
 
General conclusion: in order to deposit 2.6 PeV energy inside IceCube, the energy of 
tau as it enters the detector must be an order of magnitude larger than that of 
muon: enormous physical significance 
 
Must optimize tools for this new signal in IceCube 
 
 
 

Muon energy as it enters detector 
Tau energy as it enters detector 
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Angular distribution 3
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FIG. 3: Left: Angular distribution of Eµ > 5 PeV muons for neutrino models in Fig. 1. Right: The same for E⌧ > 50 PeV taus. The cutoffs
towards larger upgoing angles is due to Earth attenuation, while the decline to larger downgoing angles is due to the finite ice depth. Both are
compared to the direction of the track event (✓nadir⇡78.5�) and background atmospheric muons with Eµ>5 PeV at the detector (shaded).

normalization than the E�2.6
⌫ model [5, 100, 101], with <

0.01% probability of an atmospheric origin for the track event
[7–9]. A quantitative comparison with plausible astrophysical
models can provide flux levels yielding more adequate rates.

The neutrino spectrum from pp scattering roughly traces
the proton spectrum within the source. Spectra from p� scat-
tering, set by protons and target photons above the photopion
threshold, tend to be hard prior to being broken and/or cutoff.

We consider spectra to examine super-Glashow neutrino
flux levels at Earth described as

'i(E⌫) = fi

h
(E⌫/Ei)

↵⌘
+ (E⌫/Ei)

�⌘
i
1/⌘

, (4)

with ↵=�1, �=�3, broken at Ei=10

7, 108, and 10

9 GeV
corresponding to Models '

7

, '
8

, and '
9

, respectively, with
⌘ =�1 to smoothly mimic source variation and cosmic evo-
lution. One could instead use exponential cutoffs, though the
spectral peak, rather than high-energy tail, mostly sets rates.

These spectra, in Fig. 1, have equal peak normalization,
though each can be rescaled and/or summed for model-
dependent descriptions. Model '

7

peaks near E⌫µ for a mini-
mal muon interpretation of the 2.6 PeV track. It also approx-
imates the p� spectral shape in High-energy-peaked BL Lac
(HBL) AGN models, while '

8

resembles Low-energy-peaked
BL Lac (LBL) [26, 43]. Model '

9

approximates the GZK
(cosmogenic) neutrino spectrum from p� interactions on the
CMB and '

7

for lower-energy proton interactions with the
extragalactic background light (EBL), which can be rescaled
and summed for various cosmogenic scenarios [102].

Multi-PeV Rates: Fig. 2 shows the upgoing muon and tau
spectra from all models in Fig. 1. Muon and tau energy de-
position are more or less stochastic (e.g., [96, 103]). For con-
creteness, we consider Eµ > 5 PeV and E⌧ > 50 PeV rates
(and in Fig. 3). This still corresponds to tau energies allowing
traversal of IceCube before decaying.

Table I shows rates in 5 km2 yr, with showers for 5 km3 yr
calculated as in [28, 30]. Comparing to IceCube UHE neu-
trino effective areas [8] these appear consistent within vari-
ations with energy. The E�2.6

⌫ model yields only 0.04 such
upgoing muons and few showers. Upgoing rates from '

7

, '
8

,
and '

9

are larger.
Downgoing muons and taus are also relevant from the an-

gular region where background is low enough to safely as-
sume an astrophysical origin. A PeV muon flux is expected
from atmospheric cosmic-ray interactions. We estimate this
background relating the muon spectrum at the surface to that
reaching the detector accounting for energy loss (e.g., [92]).
Being concerned with PeV energies and above, we use a spec-
trum approximating prompt muons [104], dN/dEµ / E�3

µ ,
neglecting muon bundles (discussed by IceCube [104]). Fig. 3
shows the angular distribution of atmospheric muons with
Eµ > 5 PeV at detector depth. The ice effectively eliminates
these <⇠10

� above the horizon.
Fig. 3 compares the angular distributions of Eµ > 5 PeV

muons and E⌧ > 50 PeV taus. Table I includes downgoing
model rates for �0.2 < cos ✓

nadir

< 0, which, when added
to upgoing rates, yields ⇠0.5–1 one total muon/tau track for
each of '

7

, '
8

, and '
9

. We see for '
7

!'
8

!'
9

the tau/muon
track ratio approaches unity.

The Fig. 2 spectra do not attempt to correct for IceCube en-
ergy resolution. While for muons this is fairly straightforward,
with reconstruction yielding better resolution at high energies
[103], for taus the correspondence between energy and decay
length complicates event topologies. Fig. 2 illustrates energies
characteristic of entering-tau classes: “lollipops” in which a
tau enters the detector and decays (i.e., in its last ⇠1 km),
transitioning (via shading) to “tracks” traversing the entire de-
tector. Overestimating E⌧ , for instance, does not result in an
increase in actual range and would not change the topology.

Ranjan Laha 

Angular spectra of Eµ > 5 PeV muons and Eτ > 50 PeV taus 
 
For the same spectra, the angular distribution is different --- through going muon 
tracks and through going tau tracks probe different energy ranges of the 
underlying astrophysical neutrino spectrum 
 
For φ7     φ8     φ9, the tau/ muon track ratio approaches unity 
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Event numbers 
4

TABLE I: Events in 5 km2 yr (µ, ⌧ tracks) or 5 km3 yr (showers).

E�2.6
⌫ '7 '8 '9

upgoing µ: Eµ>5 PeV 0.04 0.22 0.25 0.08
down µ: Eµ>5 PeV; cos ✓nadir>�0.2 0.06 0.30 0.46 0.25
upgoing ⌧ : E⌧,up>50 PeV — 0.01 0.08 0.07
down ⌧ : E⌧ >50 PeV; cos ✓nadir>�0.2 — 0.03 0.17 0.19
Total tracks 0.1 0.56 0.96 0.59
⌫̄ee shower: Eem>5 PeV — 2.6 0.36 0.04
⌫e+⌫̄e CC: Eem>5 PeV — 0.87 0.50 0.12
⌫ + ⌫̄ NC: Eem>5 PeV — 0.18 0.42 0.16

The energies required to deposit ⇠2.6 PeV calculated here
are indicative. Uncertainty in tau photonuclear losses af-
fects the visible signal [89] and a more thorough investigation
should be carried out by IceCube. Even with a more precise
calculation, our conclusion will remain valid: the energy of a
tau must be much larger than that of a muon in order to deposit
the same amount of track energy. The ⌧ -track signal is often
neglected (c.f., [78]), and even if this track turns out to favor a
muon, we encourage optimizing tools for through-going taus.

Implications and Conclusions: IceCube discovered astro-
physical neutrinos via an abundance of <⇠ PeV events. Even a
single highly-energetic E⌫

>⇠ 10 PeV event is a first direct
hint of neutrinos beyond the Glashow resonance, though a
lack of ⇠ 6 PeV Glashow showers precludes a simple power-
law description spanning these regimes. A tau track event
would give insight into the astrophysical neutrino spectrum
approaching E⌫⇠100 PeV.

Whither Glashow?: The rates from our models are in plau-
sible ranges to source a track event; however, puzzles remain.

'
7

: Such a model is minimal to yield E⌫ ⇡10 PeV muons.
The lack of Glasgow events seen leaves tension and little room
to increase normalization.

'
9

: Yields very-high energies, unlikely for a 2.6 PeV event,
with an upgoing tau peak at E⌧ ⇠200 PeV. We note an ANITA
600±400 PeV shower event could be an upgoing tau decaying
above the ice, though at ⇠20

� upgoing is perplexing [105].
'
8

: Yields fewer muons than '
7

, though much fewer ⌫̄ee
events and a sizable ⌧ -track fraction. A track identified as a
tau would point to such a model.

'
7.5: For a verified muon track, an intermediate model

would lessen Glashow tension while yielding muons.
IceCube muon studies report a spectrum at E⌫µ

>⇠200 TeV
[6, 9] softer than our models at E⌫ < 10 PeV. The best-fit
[9] (see Fig. 1) implies ⇠3.4 hadronic Glashow showers in
5 km3 yr, plus ⇠3 CC and other 2 PeV<E

dep

< 8 PeV show-
ers. Power-law fits analyzing muons alone cannot account for
a shower deficit or a flux transition. A flux from ⇡+µ+ de-
cays, with '⌫e

>⇠3'⌫̄e , cuts Glashow rates by ⇠half. A muon
cooling scenario eliminates them ('⌫ � '⌫̄ at >⇠PeV) [28],
which would indicate distinctive in-source physics.

In IceCube-Gen2 [106, 107] Glashow shower rates can be
⇠20⇥ higher (for '⌫e = '⌫µ = '⌫⌧ , '⌫ = '⌫̄). The rate
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FIG. 4: Ultrahigh-energy cosmic-ray data [116–119] and proton
fluxes associated with neutrino Models '7 (dotted) and '8 (dashed)
assuming zero (dark) or star formation rate (light) source evolution.

from E�2.6
⌫ +'

8

would be significantly lower than for E�2

⌫ .
Many through-going tau tracks in IceCube would instead be
contained, so more distinctive topologies [79, 84, 89] would
be resolved. An extended surface array [108] allows greater
veto coverage for downgoing tracks [109]. Such combinations
would discriminate between low-Glashow scenarios.

Standard Model and Beyond: While we quote event rates
for all low-background directions, the 2.6± 0.3 PeV track
comes from a relatively-large angle below the horizon. This
becomes suspicious if similar tracks are not soon detected
from downgoing and shallower angles. We have seen that the
cutoffs in Fig. 3 angular distributions are flattened if Earth
opacity is decreased. This could occur if �

CC

(E⌫) saturates
at >⇠ PeV due to small-x QCD effects (e.g., [110]).

New-physics effects are also confronted. We note that a
multi-PeV track is already at odds with some neutrino decay
models [111, 112]. It also pushes back bounds on Lorentz in-
variance violating scenarios (e.g., [61–65]) and frustrates dark
matter models based on ⇠1 PeV events.

UHECR Connections: For our neutrino emissivities [102]
we assume ⇡±µ± decays yield six neutrinos for each neutron
of En⇠20E⌫ decaying to a proton with Ep⇡En [28]. Tak-
ing optically-thin sources, such as BL Lacs [43] motivating '

7

and '
8

, we calculate proton spectra [28], imposing no cutoff
to the high-energy �=�3 spectrum. We do not use '

9

(moti-
vated by GZK neutrinos and already connected to UHECR).

Fig. 4 shows the UHECR proton flux from '
7

and '
8

for
zero, as often assumed for BL Lacs, or cosmic star forma-
tion rate [113–115] evolution. These fall below the data [116–
119], though '

8

is close at >⇠ 10

18 eV where the composition
is light [120–122]. Fewer pions per neutron would raise the
flux [28], though saturation would leave no room for UHECR
mechanisms besides neutron escape from IceCube sources.
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The normalizations of φ7, φ8, and φ9 can be made variable 
The harder spectra adopted by us is more favorable to give rise to the 2.6 PeV 
track event 
The E-2.13 produces too many Glashow resonance events (~ 4), and might be 
disfavored 
Is the 2.6 PeV track event hinting at a super-Glashow astrophysical neutrino flux? 
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Conclusions 
•  The 2.6 PeV track event is the highest energy event in IceCube 
•  If interpreted as a through going muon, then the neutrino energy can be     

6.3 PeV 
•  The HESE best fit flux ~ E-2.6 is unlikely to give such an event 
•  The Northern Hemisphere muon best fit flux ~ E-2.13 produces too many 

Glashow resonance events 
•  Phenomenological spectra peaked at higher energies might give rise to 

this event --- hints of super-Glashow neutrino flux? 
•   We show for the first time that a through going tau can also give rise 

to tracks and possibly this event 
•  The neutrino energy must be     70 PeV if a through going tau gives rise 

to this event 
•  The enormous difference in parent neutrino energy implies that it is 

desirable to better characterize a through going muon track and a 
through going tau track 

•  The through going tau track is a new signal in IceCube ---- needs more 
research ---- can we distinguish a through going muon track and a 
through going tau track individually?                       
             Questions: rlaha@stanford.edu 
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