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Motivation: Identifying Cosmic-Ray Accelerators 

Open problems 
• What is the origin? 
• Where is the transition?  
• How are CRs accelerated? E-2.7 

E-3.0 

E-3.3 

E-2.6 

extragalactic? 

Galactic 

SNR? 
AGN	
GRB	


Cluster	
Pulsar	




•  Cosmic rays 
deflected by magnetic fields 
interacting w. photons/matter 

•  Neutrinos 
direct probe of ion acceleration 
(straight, negligible absorption) 

•  Gamma rays 
 interacting w. photons 
γ +γ→ e+ + e−

e+γ→ e+γ (IC)

€ 

e + B→ e + γ (syn)

p+γ→ p / n+ Nπ

ν	 γ	

p	

e	

γ	

es are deflected by  
magnetic fields	

p+γ→ p+ e+ + e−

CR accelerator	



Neutrino: Weak Interaction 

•  σνN~10-33 cm2 at 3 PeV → large volume needed 
PeV=1015 eV 



IceCube: Gton Neutrino Detector 
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
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- at south pole 
- ~ 1 km3 volume ~ Gton 
- 86 strings (120 m spacing) 
- 5160 PMTs (17 m spacing) 
- completed 2010 



How to Detect Neutrinos? 

•  3 main event types 

“Track” 
(detected) 

“Shower” 
(detected) 

“Double-bang  
& others” 

(not detected) Event Signatures

Muon Neutrino CC (data)
< 1 degree angular resolution

factor of 2 resolution of muon energy

Neutral Current or Electron Neutrino (data)
10 degree angular resolution (high energy)

⇠ 15% deposited energy resolution

Tau Neutrino CC (simulation)
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Event Signatures
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νµ+N → µ+X νe+N → e+X ντ+N → τ+X νX+N → νX+X 

~2 energy res. 
<1 deg ang res. 

~15% energy res. 
~10 deg ang res. 
seen at >100 TeV observable at higher E 



Neutrino production

F. Halzen and S. Klein, Physics Today, May 2008
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FIG. 4: Neutrino spectra including the prompt contribution. Left: νµ + ν̄µ; Right: νe + ν̄e.

and neutral kaons. This has been done by taking account
of the neutron/proton ratio of the primary nucleons and
tracking separately the production of KK̄ pairs and pro-
duction of kaons in association with Λ and Σ hyperons.
An approximate value of n/p = 0.54 has been used [8].
As noted in the previous section, associated production
of kaons by dissociation of an incident nucleon into a kaon
and a hyperon is a prototype for intrinsic charm.
Results for the lepton fluxes are shown in Figs. 3 and 4.

The vertical muon fluxes are shown in Fig. 3, comparing
the ERS model for prompt muons (left) to the RQPM
model (right). Below the knee the RQPM prompt flux
is rescaled down by about 15%, while the ERS prompt
muon flux is rescaled up by about 20%. The rescaled
ERS prompt muons are repeated on the right panel for
comparison. In the region between 100 TeV and 1 PeV
the rescaled RQPM prompt flux is a factor of 5 to 6
higher than the rescaled ERS flux. The RQPM prompt
component crosses the conventional flux around 300 TeV,
as compared to a crossover at 2 PeV for ERS (left panel).
Figure 4 compares the situation for νµ (left panel) with

that for νe (right panel). The ERS model is shown for the
prompt component. The RQPM flux is also repeated on
both plots for reference. The conventional atmospheric
νe flux is approximately a factor 20 lower than the con-
ventional flux of νµ, so the electron neutrino component
is dominated by the prompt component at quite low en-
ergy.

V. EXPECTED RATES

The fluxes described above can be used to estimate
the rate of events in a kilometer scale detector. For at-
mospheric muons the rate per year is simply the flux
multiplied by 3 × 107 seconds/yr and by 1010 cm2/km2.

The corresponding integral rate of events Iµ(> Eµ) is
shown in Fig. 5.
The rate of neutrino-induced muons can be obtained

in a similar way, with one additional step. It is necessary
to calculate the effective area to convert the rate of neu-
trinos with trajectories passing through the detector to a
rate of neutrino-induced muons. Effective area is defined
in such a way that φ(Eν , θ) × Aeff(Eν , θ) is the rate of
neutrino-induced muons per second per sr at zenith angle
θ. Explicitly

Aeff(Eν , θ) = ε(Eth, θ)A(θ)Pν (Eν , Eth) (14)

× exp{−σν(Eν)NAX(θ)},

where P (Eν) is the probability that a neutrino converts
and produces a muon that reaches the detector with
enough energy to be reconstructed. Absorption of neu-
trinos in the Earth becomes significant in the 10 to 1000
TeV range, first for vertically upward trajectories and
for neutrinos with zenith angles ∼ 120◦ around a PeV.
An accurate calculation of Aeff requires a detector sim-
ulation. Here I use an estimate for an ideal km2 de-
tector from Ref. [40] and estimate the rate of neutrino-
induced muons in the zenith angle range from horizontal
to −120◦. The result is shown for the ERS assumption
in the left panel of Fig. 6.
Electron neutrinos must interact in the detector to

be identified as cascades in the detector. Such cas-
cades are virtually indistinguishable from neutral cur-
rent interactions of muon or electron neutrinos of energy
Eν ∼ Eνe/y, where y is the inelasticity of the neutral
current neutrino interaction. The neutral current interac-
tions of atmospheric νµ make a comparable contribution
to cascades for the conventional atmospheric neutrinos
because the flux of νµ is significantly higher than that of
νe. For the charm component, however, the neutral cur-

Background: Atmospheric (Terrestrial) Neutrinos 

conventional 

Conventional: neutrinos from pions and kaons 
            ~ E-3.7 due to hadronic cooling 

Prompt: neutrinos from charmed mesons 
   ~ E-2.7-E-3.3 due to shorter lifetimes  

prompt 

from Gaisser 13 



Upgoing & Downgoing Neutrinos 

Downgoing neutrinos 

Upgoing neutrinos 
avoid atmospheric “muons” 
caveat: attenuation by Earth at > 0.1-1 PeV 
→ powerful at relatively low E 

avoid attenuation by Earth 
caveat: atm. muons (rapidly decreasing as E) 
→ powerful at sufficiently higher E  



Signal: Astrophysical (Extraterrestrial) Neutrinos 

“off-source” neutrino “on-source” neutrino  
Neutrino production

F. Halzen and S. Klein, Physics Today, May 2008

Neutrino production

F. Halzen and S. Klein, Physics Today, May 2008

ex. 
“cosmogenic” neutrinos 

AGN	


GRBs	


Clusters	


Pulsar	


 Eν ~ 0.04 Ep: PeV neutrino ⇔ 20-30 PeV proton (or nucleon) 
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FIG. 8: The upper bound imposed by UHECR observations on the extra-Galactic high energy muon neutrino (νµ+ ν̄µ) intensity
[24, 101] (lower-curve: no evolution of the energy production rate, upper curve: assuming evolution following star formation
rate), compared with the atmospheric muon-neutrino background and with several experimental upper bounds (solid lines). The
theoretical bound does not include the effect of neutrino oscillations. Such oscillations are expected to change the νe : νµ : ντ
flavor ratio from 1 : 2 : 0 to 1 : 1 : 1 (e.g. [68]), leading to an upper bound which is ≈ 1/2 that shown in the figure for each flavor.
Shown are the muon and all flavor upper bounds of the optical Cerenkov observatories AMANDA [10, 11] and BAIKAL [22],
the all flavor upper bounds of the coherent Cerenkov radio detectors RICE [63] and ANITA [46], and the ντ upper bound of the
PAO [5]. The curve labelled “GZK” shows the muon neutrino intensity (not corrected for oscillations) expected from UHECR
proton interactions with micro-wave background photons [29]. Black dashed curves show the expected sensitivity (for few
years operation) of 0.1 Gton (ANTARES, http://antares.in2p3.fr/) and 1 Gton (IceCube, http://icecube.wisc.edu/; Km3Net,
http://www.km3net.org/home.php) optical Cerenkov detectors. The blue dashed curve is the expected sensitivity of detectors
of few 100 Gton (few 100 km3) effective mass (volume), that may be achieved with proposed radio detectors [12, 26, 27, 66] or
with proposed (optical) extensions of IceCube [53]. For a detailed discussion of the current experimental status see [16, 56].

III. HIGH ENERGY NEUTRINO ASTRONOMY

UHECR sources are likely to be sources of high energy neutrinos. The interaction of high energy protons (nucleons)
with radiation or gas, either at or far from the source, leads to production of charged pions, via pγ and pp(n)
interactions, which decay to produce neutrinos (e.g. p+ γ → n+ π+, π+ → µ+ + νµ → e+ + νµ + ν̄µ + νe). In § III A
we estimate the minimum detector size, which is required to detect such neutrinos. In § III B we comment on the
importance of the detection of “GZK neutrinos”. The prospects for detection of GRB neutrinos, and the possible
implications of such detection for the study of GRBs, are discussed in § III C. Prospects for the study of fundamental
neutrino properties using high energy GRB neutrinos are discussed in § III D. For most of the discussion of this
section, we adopt the assumption that UHECRs are protons.

A. Neutrino flux upper bound, Detector size, Detectors’ status

The energy production rate, Eq. (4), sets an upper bound to the neutrino intensity produced by sources which, as
GRBs and AGN jets, are for high-energy nucleons optically thin to pγ and pp(n) interactions. For sources of this
type, the energy generation rate of neutrinos can not exceed the energy generation rate implied by assuming that all
the energy injected as high-energy protons is converted to pions (via pγ and pp(n) interactions). Using Eq. (4), the
resulting upper bound (νµ + ν̄µ, neglecting mixing) is [24, 101]

E2
νΦν <

1

4
ξZtH

c

4π
E2 dṅ0

dE
≈ 10−8ξZ

(

E2dṅ0/dE

1044erg/Mpc3yr

)

GeV cm−2s−1sr−1. (10)

Here tH is the Hubble time and the 1/4 factor is due to the fact that charged and neutral pions (which decay to
photons) are produced with similar probability, and that muon neutrinos carry roughly half the energy of the decaying
pion. In the derivation of Eq. (10) we have neglected the redshift energy loss of neutrinos produced at cosmic time

Waxman-Bahcall bound (Waxman & Bahcall 98 PRD) 
- meson production efficiency fmes (< 1) → 1: “formal” limit 

                                (ex. fmes ~ nγ κpγσpγ (r/Γ) for pγ) 
- reasonable bound for cumulative νs from UHECR sources 

(exceptions: non-UHECR sources, hidden neutrino sources) 
 
ν flux: εν2 N (εν) ~ (1/4) fmes εp

2 N(εp)  
→ (0.6-3)×10-8 GeV cm-2 s-1 sr-1    
     for CR spectrum N(εp) ∝εp

-2 
 
 
※>10 lower if UHECRs are “nuclei” 
    (KM & Beacom 10 PRD) 

Benchmark Flux Level of Astrophysical Neutrinos 

from Waxman 11 



Various Astrophysical Predictions	 
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A Neutrino Taxonomy at 1 GeV and Up
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I ⇡/K Atmospheric Neutrinos (dominant < 100 TeV)
I Charm Atmospheric Neutrinos (“prompt”, 300 TeV)
I Astrophysical Neutrinos (maybe dominant > 100 TeV)
I Cosmogenic Neutrinos (106 TeV)
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Classical Strategy	 

“>10 PeV proton accelerators” 

from Whitehorn 

“astrophysical” 



Hints from Classical Strategy  

•  IC40 shower (2.7σ) •  IC59 upgoing track (1.8σ) 

IceCube 13 TAUP  IC59 muon neutrino limit 
higher than IC40 limit    

Markus Ackermann  |  09/13/2013  |  Page  

Indications for excess from IceCube construction phase data.

22

> Excess events observed in analysis 
of construction phase data
▪ 4 shower-type events observed above 

100 TeV.
▪ ~ 200 TeV neutrino-induced muon.

> Low significance → Could be 
background fluctuation or emerging 
signal.

40-string configuration

59-string configuration

2.7 σ

1.8 σ
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Indications for excess from IceCube construction phase data.

22

> Excess events observed in analysis 
of construction phase data
▪ 4 shower-type events observed above 

100 TeV.
▪ ~ 200 TeV neutrino-induced muon.

> Low significance → Could be 
background fluctuation or emerging 
signal.

40-string configuration

59-string configuration

2.7 σ

1.8 σ

Event Signatures

Muon Neutrino CC (data)
< 1 degree angular resolution

factor of 2 resolution of muon energy

Neutral Current or Electron Neutrino (data)
10 degree angular resolution (high energy)

⇠ 15% deposited energy resolution

Tau Neutrino CC (simulation)
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IceCube 13 TAUP  
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FIG. 4. The two observed events from August 2011 (left
panel) and January 2012 (right panel). Each sphere repre-
sents a DOM. Colors represent the arrival times of the pho-
tons where red indicates early and blue late times. The size
of the spheres is a measure for the recorded number of photo-
electrons.

ties in the cosmic-ray flux. Uncertainties in the expected
number of background events are estimated by varying
the associated parameters in the simulation. The two
dominant sources of experimental uncertainties are the
absolute DOM sensitivity and the optical properties of
the ice which contribute with (+43%, −26%) and (+0%,
−42%), respectively. Uncertainties in the cosmic-ray
flux models are dominated by the primary composition
(+0%, −37%) and the flux normalization (+19%,−26%).
The theoretical uncertainty in the neutrino production
from charm decay [16] relative to the total background
is (+13%, −16%). The systematic uncertainties are as-
sumed to be evenly distributed in the estimated allowed
range and are summed in quadrature.
The atmospheric muon and neutrino background

events are simulated independently. However, at higher
energies, events induced by downward-going atmospheric
neutrinos should also contain a significant amount of at-
mospheric muons produced in the same air shower as
the neutrino [19]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE cut in this region. Thus, the num-
ber of simulated atmospheric neutrino background events
is likely overestimated in the current study.
After unblinding the 615.9 days of data, we observe two

events that pass all the selection criteria. The hypothesis
that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [16] has a p-value of 2.9×10−3 (2.8σ). This
value takes the uncertainties on the expected number of
background events into account by marginalizing over a
flat error distribution. Since the prompt component has
large theoretical uncertainties we have also studied how
much our baseline prompt component has to be enlarged
so that the two events can be explained as atmospheric
neutrinos: obtaining two or more events with a probabil-
ity of 10% would require a prompt flux that is about 15
times higher than the central value of our perturbative-

 NPE      
10

log
4.5 5 5.5 6 6.5 7 7.5

N
um

be
r o

f e
ve

nt
s

-510

-410

-310

-210

-110

1

10

210

310 data
sum of atmospheric background

µatmospheric 
 conventionalνatmospheric 
 promptνatmospheric 

 Ahlers et al.νcosmogenic 
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2E

FIG. 5. Event distributions for 615.9 days of livetime at fi-
nal cut level as a function of log10 NPE. The black points
represent the experimental data. The error bars on the
data points show the Feldman-Cousins 68% confidence inter-
val [20]. The solid blue line marks the sum of the atmospheric
muon (dashed blue), conventional atmospheric neutrino (dot-
ted light green) and the baseline prompt atmospheric neutrino
(dot-dashed green) background. The error bars on the line
and the shaded blue region are the statistical and systematic
uncertainties, respectively. The red line represents the pre-
diction of a cosmogenic neutrino model (Ahlers et al. [21])
with the model uncertainty indicated by the shaded region.
The magenta line represents a power-law flux which follows
E−2 up to an energy of 109 GeV with an all-flavor normaliza-
tion of E2φνe+νµ+ντ = 3.6 × 10−8 GeV sr−1 s−1 cm−2, which
is the integral upper limit obtained in a previous search in a
similar energy range [12]. Signal neutrino model fluxes are
summed over all neutrino flavors, assuming a flavor ratio of
νe : νµ : ντ = 1 : 1 : 1.

QCD model. This contradicts our current limit on the
prompt flux which would allow for not more than 3.8
times the central value at 90% C.L. [18].

The two events are shown in Fig. 4. Both events are
from the IC86 sample, but would have also passed the se-
lection criteria of the IC79 sample. The spherical photon
distributions of the two events are consistent with the
pattern of Cherenkov photons from particle cascades in-
duced by neutrino interactions within the IceCube detec-
tor. There are no indications for photons from in-coming
or out-going muon or tau tracks. Hence, these events are
most likely induced by either CC interactions of electron
neutrinos or NC interactions of electron, muon or tau
neutrinos. CC interactions of tau neutrinos induce tau
leptons with mean decay lengths of about 50 m at these
energies [22]. The primary neutrino interaction and the
secondary tau decay initiate separate cascades which in a
fraction of such events lead to an observable double-peak
structure in the recorded waveforms. The two events do
not show a significant indication of such a signature. Fig-
ure 5 shows the final-cut NPE distributions for the ex-
perimental data, several signal models and background

PeV Events Reported in Neutrino 2012 

- Two year data of IC-79/IC-86 
- PeV downgoing showers in cosmogenic neutrino search 

IceCube 13 PRL 

1.05 PeV 

1.15 PeV 



Markus Ackermann  |  09/13/2013  |  Page  

Search for a diffuse astrophysical flux.

> Extension of previous search to lower energies (~ 30 TeV energy threshold)
> New strategy to reject CR background.
> 28 events found in 2010-2012 dataset.
> 4.1σ excess over expected backgrounds from atmospheric μ / ν

24

see presentation by C. Kopper

Follow-up Analysis: 2+26 Events (4.1σ) 

•  Eν
2 Φν=(1.2±0.4)x10-8 GeV cm-2 s-1 sr-1 (per flavor) 

•  Potential cutoff at 1.6 PeV for a Eν
-2 spectrum 

•  Consistent w. flavor ratio 1:1:1 

IceCube 13 IPA 



After May 2013 Skymap: No Significant Clustering

See: talk by Naoko Kurahashi Neilson
N. Whitehorn, UW Madison IPA 2013 - 34

IceCube 13 IPA 

consistent w. isotropic distribution 



マスタ サブタイトルの書式設定	
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2. Demystifying the  
PeV Neutrino Origin 



Q. Where Do They Come from: Astrophysical or Not? 

•  Our (independent) analyses suggest 
conventional atm.: unlikely 
cosmogenic: unlikely  
prompt: disfavored 

　→ astrophysical (on-source): plausible 
       hard spectra (like E-2) w. a possible cutoff 
 
※ Of course more data are needed (still < 5σ) 
 



Setup of Simple Analyses 
3

III. WHAT CAN BE THE SOURCE?

In this section, we first discuss our general approach
to testing possible spectra, given that much is not yet
known. We then discuss cascade detection in IceCube,
followed by detailed discussions of possible sources of
these events and a summary of remaining issues.

A. Our approach to assessing source spectra

The two PeV events were found in the EHE search,
which is not optimized for detection in the PeV energy
range. The cuts required to reject backgrounds reduce
the probability of detecting signal events, especially at
these relatively low energies. The e↵ective area plot in
Ref. [2] shows that the neutrino detection probability falls
very quickly with decreasing neutrino energy, plummet-
ing below ⇠ 1 PeV. In the range 1–10 PeV, the variation
of this probability with energy is far too rapid to be ac-
counted for by the variation of the neutrino cross section.
The di↵erence is due to strong event selection cuts.

We first follow a “theorist’s approach” to calculating
the event rates, using the flux, cross section, Earth at-
tenuation, and other factors. We are unable to reproduce
the e↵ective area for the ⌫

e

+ ⌫̄

e

flavors [2]. A straightfor-
ward calculation – not including the e↵ects of the strong
cuts – is about one order of magnitude larger than the ef-
fective area of Ref. [2] near 1 PeV, and this point has not
been noted before. (We can reproduce the e↵ective area
for other IceCube searches, e.g., Ref. [39].) However, as
both events were detected at ⇠ 1 PeV, there should be
an appreciable detection probability there.

In the following, we show event spectra calculated us-
ing this “theorist’s approach” as well as with the e↵ective
area from Ref. [2]. Our results are adequate to make pre-
liminary assessments of which sources could give rise to
these events, though the hypothesis likelihoods are uncer-
tain. Further, we have enough information to make pre-
dictions for how to test the origin of these events. Given
the large uncertainties on the inputs, we make various
approximations at the level of a few tens of percent.

Figure 2 shows the main spectra we consider for ex-
plaining the PeV events (details are given below). The
measured atmospheric conventional neutrino data should
be taken with some caution. Assumptions were made to
work backwards from detected energy to neutrino en-
ergy, especially for the muon tracks, and the error bars
are highly correlated. In addition, the publication of de-
tected cascade events is relatively new, and measured
atmospheric neutrino cascade spectra reach only as high
as 10 TeV [43]. In between there and 1 PeV lies an im-
portant opportunity for discovery in a short time, likely
by improved analyses of existing data.

A first tension appears in the normalization of a pos-
sible source spectrum. If it is too large, then this would
conflict with measurements of atmospheric neutrino data,
which largely agree with predictions. If it is too small,
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FIG. 2. Example neutrino fluxes (for one flavor of ⌫ + ⌫̄)
that might produce the PeV events, compared to the atmo-
spheric conventional ⌫µ+ ⌫̄µ (upper points) and ⌫e+ ⌫̄e (lower
points) fluxes measured by IceCube [43, 44]. The power-law
astrophysical fluxes are normalized so that they do not exceed
the measured data. The atmospheric prompt neutrino flux is
only shown above 1 TeV, following Ref. [40].

then this would conflict with the observation of the two
PeV events. We choose acceptable normalizations in
Fig. 2 and later estimate the probabilities of detecting
two events in the PeV range. The normalizations could
be increased, given the large uncertainties; the power-law
fluxes could be increased by about a factor of 2, and the
prompt flux by more. A second tension appears in the
slope of a possible source spectrum. If it is too steep,
then the spectrum will exceed measurements of atmo-
spheric conventional neutrinos at lower energies unless
the spectrum breaks. If it is not steep enough, then it
will have too many events expected above 1 PeV.
For both of these issues, the degree of statistical ten-

sion would be calculable in a full analysis, whereas here
we can only estimate it. We consider two energy bins;
these were chosen post hoc, but the fact the event ener-
gies are so close to each other and the threshold at 1 PeV
seems to be a strong clue. The first bin is 1–2 PeV, which
easily contains both points within energy uncertainties.
Detections at lower energies are assumed impossible due
to the threshold. Detections at higher energies are con-
sidered with a second bin, 2–10 PeV; for falling spectra,
the exact value of the upper limit is not very important.
We present our results in terms of detectable energy,

which is not always the same as neutrino energy, as ex-
plained below. This is closer to what is actually mea-
sured, allowing for much better control in separating sig-
nals and backgrounds.

4

B. Cascade detection in IceCube

The neutrino-nucleon cross sections �(E
⌫

) near 1 PeV
are well known [45–48]. In CC cascade events initiated by
⌫

e

+ ⌫̄

e

, the neutrino interacts with a nucleon, leading to
a hadronic shower, and produces an electron or positron,
leading to an electromagnetic shower. The division of
the neutrino energy E

⌫

depends on the inelasticity y, for
which hyi ' 0.25 near 1 PeV and varying slightly with
energy [49]. The outgoing lepton has energy (1�hyi)E

⌫

,
with the remainder going to the hadrons, so that the de-
tectable total shower energy is ' E

⌫

. The shower leads
to a roughly spherical distribution of hit phototubes over
a diameter of a few⇥100 m, though the shower size is
only a few meters. Cascades produced by the NC in-
teractions of all flavors are similar, though the hadronic
shower energy is just hyiE

⌫

instead of E
⌫

, so NC cas-
cades can normally be neglected for all but atmospheric
conventional neutrinos [34].

In the “theorist’s approach” or ideal case, the event
rate spectrum for ⌫

e

+ ⌫̄

e

CC cascades is

dN

dE

casc

' 2⇡ ⇢N

A

V T (1)

⇥
Z

+1

�1

d(cos ✓
z

)
d�

dE

⌫

(E
⌫

)�(E
⌫

) e�⌧(E⌫ ,cos ✓z)
.

The number of target nucleons is given by ⇢N

A

V , where
⇢ is the density of ice (in g cm�3), N

A

the Avogadro
number, and the IceCube volume is V ' 1 km3. The
observation time T = 615.9 days [2]. The neutrino cross
section � (in cm2) and the neutrino intensity spectrum
d�/dE

⌫

(in GeV�1 cm�2 s�1 sr�1) are evaluated at E
⌫

'
E

casc

(in GeV). Neutrino flux attenuation en route to the
detector, which depends on energy and zenith angle, is
taken into account in the optical depth ⌧ = `/� assuming
a constant density of 3 g cm�3 for Earth, where ` is the
path length and � the mean free path. We include NC
interactions via simple modifications to the above.

The CC cross section varies smoothly with energy, ex-
cept near the Glashow resonance at 6.3 PeV, which is
caused by the resonant production of an on-shell W bo-
son by ⌫̄

e

+ e

� ! W

� [45, 50]. The W decays promptly,
typically depositing all of its energy in the detector.
About 10% of the time, the decay to an electron and
an antineutrino leads to a range of smaller deposited en-
ergies; assuming that there are enough such interactions,
the probability for this to happen twice is thus . 1% [51].
At 6.3 PeV, the ratio of the cross section for ⌫̄

e

to inter-
act with an electron instead of a nucleon is 350 [28, 45].
The overall importance of this is reduced by an equal flux
of ⌫

e

, half as many electron as nucleon targets, and the
opacity of Earth to ⌫̄

e

at this energy. In the e↵ective area
plot of Ref. [2], the enhancement is thus only a factor of
' 15 in a bin of width �(logE) = 0.05.

The CC cascade events initiated by ⌫

⌧

+ ⌫̄

⌧

can be sim-
ilar those those initiated by ⌫

e

+ ⌫̄

e

. If the tau leptons
decay promptly, then again nearly the full neutrino en-

ergy should be deposited in the detector. At ⇠ 1 PeV,
the tau-lepton decay length is ⇠ 50 m. This seems small,
but it is apparently large enough to make these events
separable from ⌫

e

+ ⌫̄

e

cascades, as the e↵ective area plot
shows that the e�ciency for ⌫

⌧

+ ⌫̄

⌧

is suppressed [2].
Above ⇠ 5 PeV, where the tau lepton travels far enough
that the showers from production and decay separate sig-
nificantly, there are very distinct signatures that can be
detected at IceCube [52, 53]. We do not include ⌫

⌧

+ ⌫̄

⌧

events in our calculations of cascade spectra above 1 PeV
for comparison with present data. We do include them
below in our calculations of possible future spectra below
1 PeV, which increases the rates by a factor of 2.

As a more realistic estimate, we calculate the cascade
spectra using the e↵ective area from Ref. [2], which leads
to significantly smaller yields, due to the e↵ects of the
strong cuts in this search. In this approach, the event
rate spectrum for ⌫

e

+ ⌫̄

e

cascades is

dN

dE

casc

= 4⇡A

e↵

T ⇥ d�

dE

⌫

(E
⌫

) (2)

where A
e↵

takes into account all of the factors in Eqn. (1)
plus the detailed search cuts.

In both approaches, the e↵ect of detector energy reso-
lution on the spectrum must be taken into account. We
smooth the calculated spectra with a Gaussian of width
�E/E = 15%, taken to match the uncertainty on the en-
ergy of the two events. Future analyses will likely have
better energy resolution, more like 10% [35]. The e↵ect
of energy resolution on the Glashow resonance is espe-
cially significant, reducing its height and increasing its
width while preserving the number of events.

Figure 3 shows our results (ideal and realistic) for the
signal and background spectra. The numbers of events
in each bin for the realistic approach are given in Table I.

Energies in IceCube are measured with fractional, not
fixed, precision, so logE is a more natural variable than
E. The number of bins of fixed width dE = 1 GeV in each
decade of logE increases / E, so measured event spectra
should then be presented as EdN/dE = dN/d(lnE) =
2.3�1

dN/d(logE) instead of dN/dE. Using EdN/dE

gives a correct visual representation of the relative de-
tection probabilities in di↵erent ranges of logE. Further,
this makes it much easier to estimate the area, i.e., the
total number of events. Using EdN/dE and logE to es-
timate area means that both the height and width are
dimensionless. To get 1 event, the height must be ⇠ 1
over a moderate width. For example, to estimate the
number of events in the 1–2 PeV bin, multiply the height
(averaged on an imagined linear y-axis) of a given curve
by d(lnE) = 2.3 d(logE) = ln 2 = 0.69.

In the remainder of this section, we first briefly state
why it is unlikely that either atmospheric conventional
neutrinos or cosmogenic neutrinos can explain the ob-
served events. We then provide more details on the re-
sults in Fig. 3, focusing on the more promising scenarios,
concluding with a discussion of the outstanding issues.

2

II. WHAT IS KNOWN ABOUT THE EVENTS

These two events were detected as PeV cascades dur-
ing the 2010–2012 runs. They were identified in the ex-
tremely high energy (EHE) search, which is optimized
for the detection of EeV = 103 PeV cosmogenic neutri-
nos [2]. This search has strong cuts to decisively reject
detector backgrounds, and these cuts greatly a↵ect the
acceptance for signal events, especially in the PeV range,
which is the edge of the considered energy range, because
relatively few cosmogenic events are expected there.

Our analysis focuses on the PeV range and below. This
section introduces the events and their implications. The
reconstructed event energies are 1.04 ± 0.16 PeV and
1.14± 0.17 PeV [2]. This disfavors neutrino interactions
at the Glashow resonance at 6.3 PeV, for which the cas-
cade energy should generally be the same; we discuss
exceptions below. The absence of higher-energy events
disfavors cosmogenic neutrinos, as their detection prob-
ability is largest in the EeV range.

The values of the energies, and especially their prox-
imity to each other, are crucial. We assume that the
detected energies are probable values in the distribution
of possible values; this is reinforced by there being two
similar events. The minimal explanation of the two ener-
gies is that this distribution is peaked at ⇠ 1 PeV, due to
a drop in detector acceptance at lower energies and de-
creasing neutrino spectra at higher energies. The analysis
threshold for this search is ⇠ 1 PeV [2], which makes it
remarkable that both events were detected there. Very
likely, there are already many additional signal events to
be found at lower energies, but isolating them will re-
quire new searches with cuts optimized for cascades in
the PeV range. Events will likely also be found at higher
energies, but this will take additional exposure time.

The types of events – two cascades, zero muon tracks,
and zero tau-lepton events – also arise from the nature of
the search criteria, which are primarily based on the total
number of detected photoelectrons. In addition, downgo-
ing track-like events are strongly suppressed by the cuts.
The e↵ective area curves for di↵erent flavors show that
this search strategy gives the maximum exposure in the
energy range 1–10 PeV to ⌫

e

+ ⌫̄

e

[2]. The e�ciency for
⌫

µ

+ ⌫̄

µ

, which should be more detectable due to the long
range of the muons, is suppressed, in part because the
muons do not deposit their full energy in the detector.
The e�ciency for ⌫

⌧

+ ⌫̄

⌧

is also suppressed. This can ex-
plain the non-observation of muon track and tau-lepton
events; future searches can be optimized to find them.

The most likely scenario is that both cascade events
arise from charged current (CC) interactions of ⌫

e

+ ⌫̄

e

,
for which the detectable cascade energy is nearly the full
neutrino energy. Because of the above suppressions, we
neglect the rare cases in which ⌫

µ

+ ⌫̄

µ

or ⌫

⌧

+ ⌫̄

⌧

CC
events resemble ⌫

e

+ ⌫̄

e

cascades, due to the muon getting
a small fraction of the neutrino energy or the tau lepton
decaying quickly. Neutral current (NC) interactions of all
flavors of neutrinos also give cascades. The cross section
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FIG. 1. Neutrino fluxes as a function of neutrino energy. The
atmospheric conventional ⌫µ+ ⌫̄µ and ⌫e+ ⌫̄e spectra are from
Ref. [39]. The atmospheric prompt ⌫µ+⌫̄µ spectrum (the ⌫e+
⌫̄e flux is the same) is the Enberg (std.) model [40]. Example
cosmogenic EHE neutrino fluxes (⌫+⌫̄ for one flavor) are from
Refs. [41, 42]. An E�2 astrophysical neutrino spectrum for
one flavor of ⌫ + ⌫̄, normalized as discussed below, is shown,
along with current upper limits from IceCube [38, 39].

is 2.4 times smaller near 1 PeV, though three neutrino
flavors may contribute. The more important point is that
the average cascade energy in a NC interaction is only
⇠ 0.25 of the neutrino energy in the PeV range, which
makes the event much less detectable [2]. It is unlikely
that NC interactions could be the source of these events,
especially both of them, because the cascade energies are
so close to each other and the analysis threshold.

These events are consistent with a steady, isotropic
di↵use source, and we assume this, though other possi-
bilities are not excluded. The events were separated tem-
porally by 5 months, with one in each year of operation.
It is di�cult to measure the directions of cascade events,
as the signal regions in the detector are large and sphere-
like. No event directions are reported in the IceCube pa-
per [2], and preliminary IceCube results from conferences
vary significantly [35, 36]. Future analyses are expected
to have an angular resolution of ⇠ 10 degrees for cas-
cades near 1 PeV (and worse at lower energies) [35]. For
upgoing events that pass through Earth’s core, with a
zenith angle greater than ⇠ 150� (⇠ 7% of the full sky),
there would be especially significant attenuation due to
interactions in Earth [37, 38]. Prompt neutrinos that
are su�ciently downgoing will be accompanied by show-
ers that trigger the IceTop surface detector; this was not
seen, and studies of its e�ciency are ongoing [1]

Figure 1 shows some relevant neutrino spectra.

cosmogenic neutrinos astrophysical on-source neutrinos 

shower event rates 
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FIG. 3. EdN/dE for neutrino-induced cascade spectra. The left panel is for the ideal case or “theorist’s approach,” and the
right is for the realistic case using the e↵ective area from Ref. [2]. These results are for the 615.9 days of exposure that included
the two PeV events. The power-law fluxes are normalized in Fig. 2. The thin vertical line denotes the boundary between our
two bins. The y-axis has a large logarithmic range to show several spectra. The number of events in a region is proportional
to the integrated area, i.e., to the height times the logarithmic energy range, so curves with low heights have very few events.

C. Atmospheric conventional fluxes: very unlikely

Because atmospheric conventional neutrinos definitely
exist, it is important to ask if they could produce these
events. We show the ⌫

µ

+ ⌫̄

µ

and ⌫

e

+ ⌫̄

e

fluxes from
Ref. [39] in Fig. 1. The ⌫

⌧

+ ⌫̄

⌧

flux is much smaller,
because both direct production and neutrino oscillations
at these energies are suppressed, and it is not shown.

In the muon track channel, the atmospheric conven-
tional ⌫

µ

+ ⌫̄

µ

flux is a significant background to new

TABLE I. Expected numbers of cascade events in the two
energy bins, obtained by integrating the curves in the right
panel (the realistic approach using the e↵ective area) of Fig. 3.
These numbers are typically a factor of ⇠ 10 below those for
the left panel (the ideal case or “theorist’s approach”).

Possible Source N(1� 2 PeV) N(2� 10 PeV)

Atm. Conv. [39] 0.0002 0.0001

Cosmogenic–Takami [41] 0.006 0.09

Cosmogenic–Ahlers [42] 0.001 0.03

Atm. Prompt [40] 0.01 0.01

Astrophysical E�2 0.1 0.5

Astrophysical E�2.5 0.04 0.1

Astrophysical E�3 0.02 0.03

signals even at high energies. However, as shown in
Ref. [34], the atmospheric conventional backgrounds for
⌫

e

+⌫̄

e

are significantly less, which means that new signals
can emerge at lower energies. To see this, it is necessary
to plot predicted event spectra in terms of detectable cas-
cade energy instead of neutrino energy. For ⌫

e

+ ⌫̄

e

CC
events, these are the same. For NC ⌫

µ

+ ⌫̄

µ

events, which
have a small energy deposition, it is a big di↵erence. Go-
ing from Fig. 1 to the left panel of Fig. 3, the importance
of atmospheric conventional neutrinos relative to other
sources (e.g., the E�2 spectrum) is greatly reduced. This
is what makes cascade searches so powerful [34].

The complete (CC + NC) ⌫

e

+ ⌫̄

e

cascade spectrum
from atmospheric conventional neutrinos is shown in
Fig. 3, with the integrated numbers of events for the real-
istic case given in Table I. If we also include muon tracks
(see below), the total number of events above 1 PeV in-
creases to 0.004, which is consistent within uncertainties
with the 0.012 of Ref. [2]. As these expected numbers
are negligible, it is very unlikely that they can yield the
PeV events.

Most downgoing atmospheric muons are easily identi-
fied as such. In some rare cases, which are important
because the muon flux is large, these initiate events that
look like neutrino-induced cascades. The expected num-
ber of such events is 0.04 [2], larger than the background
from neutrinos. All together, these conventional back-
grounds have a ⇠ 10�3 probability of producing at least
two observed events. These backgrounds can be studied
further at lower energies, where they are larger.

Laha, Beacom, Dasgupta,  
Horiuchi & KM 2013 PRD 

2 events at PeV ⇔ Eν
2 Φν ~ (2-10)x10-8 GeV cm-2 s-1 sr-1  

Glashow resonance 

at Eν=6.3 PeV 



What It Cannot Be 

•  conventional atm.: unlikely 
- conventional atm. νe flux is too low 
- sneaking muons are not enough 
 

•  cosmogenic neutrinos: unlikely 
- neutrino flux at PeV is typically low 
- even if PeV events are explained, peak at 
  EeV is inconsistent w. 0 events at >> 2 PeV  



What It Could Be 
Too steep spectra: violating measured flux at < 0.3 PeV 
Hard spectra: not extended to too high E due to large Aeff 

•  prompt atm.: disfavored 
- too steep spectra & zenith-angle dependence   
 

•  astrophysical (on-source): plausible 
- disfavoring too steep spectra (like E-2.5, E-3) 
- favoring hard spectra (like E-2) w. a PeV cutoff 
            or steep spectra (like E-2.3) w.o. a cutoff 
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3. Multi-Messenger Tests 



What is the Origin of the IceCube “Excess”? 

p+γ→ Nπ + Xp+ p→ Nπ + X

Eν
2 Φν ~ (1/6) fmes ECR

2 ΦCR 
Eγ

2 Φγ ~ (1/3) fmes ECR
2 ΦCR 

→ Eγ
2 Φγ = 2 Eν

2 Φν (pp) 

π ± →νµ +νµ + νe (νe ) + e
± π 0 → γ +γ
Eν

2 Φν ~ (1/8) fmes ECR
2 ΦCR 

Eγ
2 Φγ ~ (1/2) fmes ECR

2 ΦCR 
→ Eγ

2 Φγ = 4 Eν
2 Φν (pγ)	
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 GRB	
Cluster	
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SNR	


“multi-messenger connection” 

Fermi Bubble	
 Pulsar	
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Q1. Galactic or Extragalactic 

Proposed Galactic scenarios: 
diffuse Galactic emission, hypernova remnants, Fermi bubbles 

2
Skymap: No Significant Clustering

See: talk by Naoko Kurahashi Neilson
N. Whitehorn, UW Madison IPA 2013 - 34

IC-40 (γ-ray)

IC-86 (γ-ray)

CASA-MIA

HAWC

FoV:

IC-40 (PeV γ-ray “warm” spot)

Fermi Bubbles

Monday, September 16, 13

FIG. 1: Mollweide projection of the 21 cascades (+) and 7 muons (⇥) with time-ordered event numbers according to Ref. [2].
The red star indicates the hot-spot in the cascade clustering search and the hottest spot (with low significance) in the PeV
�-ray search [45]. The blue lines indicate the position of the Fermi Bubbles. The light-gray shaded area is the region in the sky
which is presently uncharted in PeV �-ray emission. The northern and southern edge of this unaccessible region is given by
the reach of CASA-MIA [37] and IceCube’s �-ray search with the IC-40 configuration [45], respectively. The dark-gray shaded
area shows this region assuming future observations with the full IC-86 configuration and HAWC [50].

break or an exponential cuto↵ in the flux [2, 9]. Im-
plications of the preliminary IceCube results on Galac-
tic and extra-galactic cosmic rays have been discussed
in Refs. [10–13]. A connection to cosmogenic neutrinos
produced via the extragalactic background light seems
unlikely [9, 14], unless one assumes the optimistic ex-
tragalactic background light disfavored by Fermi obser-
vations of �-ray bursts along with relatively low maxi-
mum proton energies [15]. Various PeV neutrino sources
including �-ray bursts, peculiar supernovae, newly-born
pulsars, active galactic nuclei, star-forming galaxies and
intergalactic shocks have already been suggested before
the discovery of the IceCube excess. In particular, the
observation can be associated with extragalactic sources,
e.g., low-power �-ray bursts [16], cores of active galactic
nuclei [17], star-forming galaxies [18, 19], intergalactic
shocks and active galaxies embedded in structured re-
gions [18]. In addition, Galactic neutrino sources have
been discussed, pointing out a possible association with
unidentified TeV �-ray sources [20] or the sub-TeV dif-
fuse Galactic �-ray emission [21]. More exotic models
like the PeV dark matter decay scenario have also been
suggested [22, 23].

Neutrino production at TeV to PeV energies is thought
to proceed via pion production via proton-photon (p�)
or proton-gas (pp) interactions with an inelasticity 

p

of about 20% and 50%, respectively. Each of the three
neutrinos from the decay chain ⇡+ ! µ+⌫

µ

and µ+ !
e+⌫

e

⌫̄
µ

carries about one quarter of the pion energy,

which is typically 20% of the initial proton energy. Hence,
the parent cosmic rays have energies of 20�30 PeV, above
the CR knee at 3 � 4 PeV and close to the CR second
knee (or iron knee) around 100 PeV [24, 25]. Cosmic
rays below 100 PeV are thought to be still dominated by
a Galactic population of sources, but this does not rule
out a possible sub-dominant extragalactic contribution
producing PeV neutrinos inside sources [26] or outside
sources [15]. Also, whether the sources are Galactic or
extragalactic, �-rays should be produced as well as neu-
trinos. In Refs. [10, 18, 27, 28] it was already pointed
out that the “multi-messenger connection” between neu-
trinos and �-rays provides important ways to identify or
constrain candidate sources of neutrinos.

In the following we will discuss general constraints on
the Galactic origin of the IceCube excess from di↵use lim-
its of TeV-PeV �-ray observatories. If the observed back-
ground neutrino flux is nearly isotropic and Galactic, the
Galactic origin is already disfavored by PeV �-ray limits.
However, we stress that these di↵use �-ray constraints are
biased in the Northern Hemisphere while most of the 28
IceCube events are located in the Southern Hemisphere.
We then discuss a possible association of part of the Ice-
Cube excess with the (quasi-)di↵use emission from the
Galactic Plane (GP) and with two extended GeV �-ray
emission regions close to the GC, known as the Fermi

Bubbles (FBs). Although there is no statistically signif-
icant neutrino event clustering at present [2], we show
that di↵use TeV to PeV �-ray surveys are an important



(Hypothetical) Isotropic Galactic Sources? 

•  Existing gamma-ray limits support extragalactic scenarios 
•  Galactic sources are probably subdominant  
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FIG. 2: Measurements of the isotropic di↵use �-ray flux in
the TeV-PeV range by various experiments (see Table I). The
lines shows the �-ray flux corresponding to IceCube’s best fit
assuming pp-interactions (K = 2) and an exponential cuto↵ at
6 PeV (i.e. 3 PeV for neutrinos). We show the unattenuated
flux and the flux from 8.5 kpc, 20 kpc and 30 kpc, respectively,
taking into account pair production via scattering o↵ CMB
photons. For the conversion of photon fractions into photon
flux we use the CR flux of Ref. [5].

A. Isotropic Galactic Emission

The IceCube excess is consistent with an isotropic dis-
tribution of arrival directions. If it is truly isotropic, it
is natural to assume that the neutrinos come from ex-
tragalactic sources. In principle, however, one could con-
sider possibilities of Galactic sources such as Galactic ha-
los including termination shocks of galactic winds, high-
latitude old pulsars and local molecular clouds around
the solar system. But, among them, no plausible scenario
has been proposed. PeV �-ray constraints can strongly
support this directly.

In the left panel of Fig. 2 we show the expected
isotropic di↵use flux of �-rays using the flux (1) and re-
lation (2) for a hypothetical Galactic source distribution.
We indicate the absorption e↵ects from pair production
in the cosmic microwave background (CMB) via a fidu-
cial distance of 8.5 kpc (distance of the GC), 20 kpc and
30 kpc of the CR interaction site. We also show upper
limits on the isotropic di↵use �-ray flux by observatories
listed in Tab. I. Clearly, at PeV energies the required �-
ray flux is already disfavored by upper limits obtained
with two independent measurements, CASA-MIA and
KASCADE. Along with the fact that many events come
from high latitudes far from the GP, this supports the
interpretation of the IceCube excess as an extragalactic
flux.

Future studies of the isotropic di↵use high-energy �-
ray emission with the air shower array LHAASO [49]
in China (Yunnan Province) (27.8�N, 99.7�E) as well as
the HAWC observatory [50] located in Mexico (19.0�N,
97.3�W) can greatly improve the present limits. It is
also important for the air shower arrays to cover the
sky region where neutrinos were found by IceCube. In
the Southern Hemisphere the full IceCube detector (IC-
86) has a higher sensitivity and larger FoV (zenith angle
range ✓ < 45�) available for the study of di↵use PeV
�-ray emission [45]. The combined search by HAWC (as-
suming a zenith angle range ✓ < 50�) and IC-86 will
further reduce the “un-charted” high-energy �-ray sky
as indicated by the reduced dark-shaded area in Fig. 1.

If the IceCube excess has a hadronuclear (pp) origin it
is even possible to constrain this scenario via the di↵use
isotropic gamma-ray background measured by Fermi-
LAT [46]. The secondary �-ray and neutrino spectra
from pp collisions follow the initial CR spectrum / E��

with � & 2. Hence, normalizing the neutrino spectrum
to the IceCube excess in the TeV-PeV range fixes the
spectra also in the sub-TeV range. In fact, the Galactic
pp origin of the IceCube excess can be consistent with the
preliminary Fermi data in the 0.1�1 TeV range [18] only
for hard CR power-law spectra, � ' 2. This scenario can
be excluded via future constraints on � with continued
neutrino observation in the sub-PeV range and by limit-
ing the contribution of candidate neutrino sources to the
isotropic gamma-ray background.

B. Non-Isotropic Galactic Emission

In the previous section, we demonstrated the power of
PeV �-ray searches. If the observed neutrino emission is
largely isotropic and Galactic, it contradicts existing PeV
�-ray measurements, supporting extragalactic scenarios.
In principle, the observed events could come from Galac-
tic sources that do not accidentally exist in the sky region
covered by various air shower arrays. Indeed, more than
half of IceCube’s events lie within this “blind spot”, so
that we cannot rule out such a possibility. But, since
many events appear significantly out of the GP, power-
ful Galactic accelerators seem to be needed even at high
latitude, which is theoretically challenging. PeV �-ray
observations covering the IceCube sky should enable us
to support or exclude such speculations.

A more natural situation may be that the observed
IceCube excess consist of a superposition of Galactic and
extragalactic events. In fact, IceCube observes a slight
excess of events in the Southern Hemisphere and a weak
clustering of cascades close to the GC. However, we cau-
tion that there are no statistically significant fluctuations
at present and accumulation of further neutrino data is
required. Nevertheless, it is interesting to see how pos-
sible event clustering by Galactic sources are tested by

γ + CMBγ → e+ + e−

Ahlers & KM 13  

← gamma-ray obs. limits 

pp: Eγ
2 Φγ = 2 Eν

2 Φν	




Subdominant Sources in the Galactic Plane? 

For |b| < 2 deg, 
~1/28 of the IceCube excess 
⇔ 2x10-8 GeV cm-2 s-1 sr-1  
 
proposed possibilities 
- diffuse Galactic emission 
  consistent w. gamma limits 
  but too steep for neutrino 
 
- hypernova remnants 
  violating gamma limits 
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FIG. 3: Di↵use measurements of the �-ray flux in the GP
in comparison to the expected di↵use flux from the propa-
gation of Galactic CRs (green lines) and Galactic SNRs and
HNRs (black/gray lines) with power index � = 2.2. The
solid lines indicate the estimate in Eqs. (5), (7) and (8) using
relation (2) without attenuation and the dashed lines indi-
cate the contribution from a source at the GC. We adopt the
calculation of Ref. [29] for the interstellar radiation field on
top of the CMB. We also show estimates of the sensitivity of
CTA (green dotted), HAWC (blue dotted) and LHAASO (red
dotted) w.r.t. the di↵use TeV-PeV �-ray emission in the GP
(|b| < 2�).

with exponential cuto↵ at E
⌫,max ' 2 PeV.

In Figure 3 we show the associated flux of di↵use
Galactic CRs and from SNRs/PWNe and HNRs from
Eqs. (5), (8) and (7) using relation (2) in comparison
to experimental observations of TeV-PeV �-rays. The
absorption via interstellar radiation fields in the plane
depend on the Galactic longitude; the dashed lines in-
dicate observations for a source at the GC where the
absorption e↵ect is strongest [29]. Note that the indi-
vidual di↵use TeV-PeV �-ray limits of the GP are for
di↵erent longitudinal emission regions along the GP as
indicated in the legend of the plot. The Milagro exper-
iment identified a di↵use �-ray emission in the GP at
3.5 TeV within 40� < ` < 100� and at 15 TeV within
40� < ` < 85� [39, 40]. The flux of SNRs or PWNe may
make a significant contribution to the Milagro flux. This
is roughly consistent with estimates based on analyses
on nearby SNRs and PWNe that have been observed by
Cherenkov telescopes like HESS [68].

The di↵use flux from the propagation of CRs is

marginally consistent with the estimate of Eqs. (2) and
(5). On the other hand, the neutrino flux from SNRs
suggested by Eqs. (2) and (7) is already ruled out by
di↵use GP �-ray measurements. PeV �-ray observations
constraint the flux to E2

�

J
�

. 10�8 GeV cm�2 s�1 sr�1

at E
�

⇠ 0.1 � 0.2 PeV, implying E2
⌫

J
⌫↵ . 0.4 ⇥

10�8 GeV cm�2 s�1 sr�1 at E
⌫

⇠ 0.1 � 0.2 PeV. This
may imply that not all young SNRs in the Sedov phase
do accelerate CRs up to the CR knee as suggested from
TeV �-ray observations of nearby SNRs [e.g., 69]. This
is also consistent with the theoretical expectation that
E

p,max ⇠ Ekn is achieved only around tSed.

More generally, we can see from Fig. 3 that > 100 TeV
�-ray limits in the GP are at a comparable level as (or
at a slightly lower level than) the di↵use isotropic limits
shown in Fig. 2. Note that the limits and measurements
of the di↵use GP flux are obtained after substracting
the isotropic component. However, an extragalactic dif-
fuse �-ray emission in this energy range will be strongly
suppressed due to photon absorption in the extragalac-
tic background light. If all events of the IceCube excess
would be associated with the GP at |b| < 2� the di↵use
GP flux would be about 4⇡/�⌦GP ' 29 times larger
than the prediction in Eqs. (1) and (2). This is clearly
ruled out by the di↵use GP limits shown in Fig. 3. How-
ever, already 4% of the IceCube excess, i.e. about one
out of the 28 would correspond to a di↵use GP flux at
the same level as the isotropic prediction. The associa-
tion of the GP emission with the IceCube excess is hence
very unlikely. Obviously, statistical fluctuations and the
di↵erent FoV of �-ray observatories are important for a
more quantitative estimate, but this doesn’t change the
general argument.

Deeper PeV �-ray observations covering the GP can
test the SNR/HNR scenario more solidly, independently
of an association with the IceCube excess. In Fig. 3 we
show the sensitivity of the air shower arrays HAWC [50]
and LHAASO [49] after three and one year of observa-
tion, respectively, and for the proposed Cherenkov Tele-
scope Array (CTA) after 100 hours of observation [48].
For CTA we assume a FoV with diameter of 10� and
✓PSF ' 0.05�. To account for the limited FoV of
these experiments we estimate the upper di↵use limits
from the point source (PS) sensitivities �PS (in units of
GeV�1cm�2 s�1) via �di↵ ⇠ �PS/

p
⌦GP\FoV⌦PSF (in

units of GeV�1cm�2 s�1 sr�1) where ⌦GP\FoV is the
size of the GP (|b| < 2�) in the FoV and ⌦PSF ' ⇡✓2PSF is
the size of the point-spread function (PSF). For HAWC
and LHAASO we have ⌦GP\FoV ' 0.3 sr and assume
✓PSF ' 0.2� which gives a correction �PS/�di↵ ' 3.4 ⇥
10�3 sr in both cases. For CTA we assume �PS/�di↵ '
1.7⇥ 10�4 sr. These observatories should be able to pro-
vide further constraints on the hadronic emission scenario
of SNR/HNR after a few years of observation.

Association of IceCube events  
w. the Galactic plane is unlikely Ahlers & KM 13 



Interesting Case: Fermi Bubbles? 

•  up to 7 (among 28) can be associated w. Fermi bubbles 
•  consistent w. Γ=2.2 (giving better fits) 
•  testable w. future gamma-ray detectors (ex. CTA, HWC)  
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FIG. 4: Left: Histogram of the event distribution in declination (from Ref. [2]). The hatched area shows the contribution of
the seven events in the extended Galactic Center region with a possible association with the Fermi Bubbles (FB). The lines
shows the expected background from atmospheric muons (dotted), conventional atmospheric neutrinos (dashed) and the sum
of these backgrounds and the best-fit di↵use flux (solid) from Ref. [2]. Right: The di↵use flux from the FB in comparison
with di↵use �-ray limits in the 0.1-1 PeV range corrected for the overlap of the FoV with the FB region. The horizontal dashed
line is a preliminary upper limit from ANTARES on the per flavor neutrino flux of the FB [85]. The green point indicates the
equivalent di↵use flux from the FB of 1.6J IC

⌫↵ (see main text). The dotted (solid) line shows a possible intrinsic (absorbed) �-ray
emission from the FB with a spectral index � = 2.2 and exponential cuto↵ at 6 PeV according to Eq. (9). The corresponding
neutrino flux (per flavor) is shown as a dashed line. We also show estimates of the sensitivity of CTA (green dotted), HAWC
(blue dotted) and LHAASO (red dotted) w.r.t. the di↵use TeV-PeV �-ray emission in the FBs.

2. Fermi Bubbles

Fermi Bubbles (FBs) [79] are hard and uniform emis-
sion regions of 1-100 GeV �-rays detected by Fermi
extending above and below the GP to a distance of
±10kpc. It has been suggested that this emission is due
to hadronuclear interactions of CRs that are possibly ac-
celerated by star-burst driven winds and convected from
the GC region over time scales of the order of several
Gyrs [80]. As discussed in the previous section, the pp
reaction will also provide a hard spectrum of neutrinos
in the FBs [80, 82]. Note, however, there is also the lep-
tonic emission model for the FBs, in which associated
neutrinos are not expected [83].

If CRs are injected with a luminosity L
p

⇠
1039 erg s�1 [81] over several billions of years it is ex-
pected that the proton population in the FBs reaches
a quasi-steady state [80]. Similar to the discussion in
the previous section we can estimate the proton spectral
injection rate asE2

p

Q
p

(E
p

) ' L
p

(E
p

/E
p,min)2��/R0 and

the neutrino spectral emissivity is given in steady state as
E2

⌫

Q
⌫↵(E⌫

) ' (1/6)E2
p

Q
p

(E
p

) with E
⌫

' 0.05E
p

. In re-
ality, protons will lose their energies simultaneously via
ionization and adiabatic losses [80] and hence the ex-
pected neutrino emissivity will be somewhat smaller than
this estimate. Then, with �⌦FB ' 1.2 sr, we can esti-

mate the as

E2
⌫

JFB
⌫↵

⇠ 1

�⌦FB

E2
⌫

Q
⌫↵

4⇡r2FB

' 7.2⇥ 10�6 GeV cm�2 s�1 sr�1 1

R0

✓
E

⌫

E
⌫,min

◆2��

⇥ L
p,39r

�2
FB,1 , (9)

where rFB is the fiducial distance to the FB. In the fol-
lowing we will use rFB = 8.5 kpc, � = 2.2 (R0 ' 4.8)
and L

p

' 2⇥1038 erg/s which is consistent with the GeV
�-ray flux of ⇠ 4⇥ 10�7 GeV cm�2 s�1 sr�1.

The accumulation of seven cascade events within
about 30� o↵ the GC includes the hot-spot in IceCube’s
event cluster search with a trial-corrected significance of
8% (see Fig. 1). The histogram in the left panel of Fig. 4
shows the distribution of these seven events in declina-
tion and detected energy. The declination distribution of
the reduced sample of 21 events follows the isotropic dis-
tribution more closely, as can be seen in the top panel.
On the other hand, there are no noticeable qualitative
changes of the energy distribution of the reduced sample
shown in the lower panel. This suggests that a combined
fit by the FBs+isotropic neutrino flux might provide a
better description of the data. Note, that the deposited
energy is only a lower bound on the neutrino energy. In
the case of cascades from neutral current interactions an
average fraction of 70 � 80% is carried away by the in-
visible neutrino and the energy deposited by the muons

Ahlers & KM 13 



Which Extragalactic Sources are Viable? 

Proposed “viable” extragalactic sources (as far as I know) 
GRB, AGN, starburst galaxies, galaxy clusters/groups 

Requirements: isotropic flux w. Eν
2 Φν ~ 10-8 GeV cm-2 s-1 sr-1  

                (break/cutoff around PeV for hard spectra) 

Main contributions come from many distant sources  

rare 

E2 Φ = (1/4π) ∫ dz Q(z) (dD/dz) 

Dmax ~ c tH 

redshift ~ 1-2 
rare frequent 



Q2. How to Get Clues to the Origin: pp or pγ? 

p+γ→ Nπ + X

p+ p→ Nπ + X

- threshold effect 
  Eν ~ 640 PeV (Γj/10)2 (ε/1 eV)-1  
  GRB: Γj ~ 100, ε ~ 1 MeV → ~ 0.6 PeV 
  AGN: Γj ~ 10, ε ~ 10 eV → ~ 6 PeV 
- depending on CR spectra Ep

-s as well as 
  target photon spectra ε-α   
- target photons for pγ cause γγ inside sources 
→ connection is quite often lost  

- extending from GeV energies 
- following CR spectra Ep

-s 
- gamma rays can typically escape 
→ tight neutrino-gamma connection 

fp! ! fmeson

’ 1:4" 10#3 Lb;46:2

r15:8!
2
1"

b
ob;5 keV

! ðEp=E
b
pÞ"#1

ðEp=E
b
pÞ##1 : (18)

Here, the parameter regions for the upper and lower
columns are Ep < Eb

p and Ep & Eb
p, respectively. Our re-

sults are shown in Fig. 8. In fact, the above analytic esti-
mations agree with numerical results. For example, let us
consider parameter sets demonstrated in Fig. 1 for HL
GRBs and Fig. 3 for LL GRBs. For the former set with
the source redshift z ¼ 0:1 (Eiso

! ¼ 1053 ergs and $acc ¼
20), we have E2

%&% ( ð1=4Þfp!E2
pðdNiso

p =dEpÞ=ð4'D2Þ (
3" 10#4 erg cm#2, which agrees with the thick solid
line shown in Fig. 8. For the latter set with the source
redshift z ¼ 0:005 (Eiso

! ¼ 1050 ergs and $acc ¼ 10),
we have E2

%&% ( ð1=4Þfp!E2
pðdNiso

p =dEpÞ=ð4'D2Þ ( 7"
10#7 erg cm#2, which also agrees with the thin dashed
line shown in Fig. 8. Note that such low redshift bursts

(at (20 Mpc) have not been observed yet (e.g., (40 Mpc
for GRB 980425). But we may see such bursts if LL GRBs
occur in, e.g., the Virgo cluster. The expected muon event
rates by IceCube are also shown in the figure caption of
Fig. 8. As stressed in the previous paragraph, survival of
UHE heavy nuclei means that neutrino emission is ineffi-
cient, so that it would be difficult to expect detection of
neutrino signals by near-future neutrino telescopes such
as IceCube.
Since it is difficult to see neutrino signals from one GRB

event, we may need to see many neutrino events as the
cumulative neutrino background. As we can see from
Eqs. (C1) and (C2), the cumulative neutrino flux can be
estimated from min½1; fp!* and a given cosmology (see
Appendix C). We typically expect min½1; fp!* ( ð0:01–1Þ,
for example, in the internal shock model for HL GRBs
with ! & 102:5 and r & 1015:5 cm. Smaller values are
possible only at larger radii and/or for larger Lorentz
factors. Survival of UHE heavy nuclei such as iron re-
quires such relatively extreme parameter sets, which
leads to fp! ( 10#3. As a result, the expected cumula-
tive neutrino flux under the GRB-UHECR hypothesis
is E2

%"% ( 10#8 GeV cm#2 s#1 sr#1 for the parameter
set demonstrated in Fig. 1, while E2

%"% ( 3"
10#11 GeV cm#2 s#1 sr#1 for the parameter set demon-
strated in Fig. 2. The corresponding muon event rates by
IceCube areN( ( 50 events=yr andN( ( 0:05 events=yr,
respectively. Since the neutrino flux from nuclei is very
similar to that from protons when accelerated heavy nuclei
survive, we can use results obtained in Murase and
Nagataki for mixed composition cases where UHE nu-
clei can survive. The detailed numerical calculations
on the cumulative neutrino background are found in
Refs. [8,13,33,34]. In Ref. [8], neutrino spectra are shown
for various collision radii and it is useful to compare set A
and set B in Figs. 15–17, for example. So far we have
considered the internal shock model. For other models, see
Appendixes D and E.

IV. IMPLICATIONS FOR
GAMMA-RAYASTRONOMY

Not only neutrinos but also high-energy gamma rays
originating from cosmic rays (cosmic-ray synchrotron ra-
diation), neutral pions, and muons, electrons, and positrons
from charged pions will be produced. However, such high-
energy gamma rays generally suffer from the internal at-
tenuation processes, especially in the internal shock model,
as discussed in many papers (see, e.g., [55] and references
therein). The copious photon field also plays an important
role on the efficient photomeson production, so that we
cannot expect that GRBs are bright in (TeV gamma rays
when bright in neutrinos (see Refs. [75,76] and references
therein). In other words, when fp! becomes small enough,
we can expect that the optical depth for pair creation f!!
becomes smaller than the unity (hence high-energy gamma
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FIG. 8 (color online). Energy fluences of neutrinos from one
nearby GRB event. Solid lines and dashed lines show HL GRB
with Eiso

! ¼ 1053 ergs at z ¼ 0:1 and LL GRB with Eiso
! ¼

1050 ergs at z ¼ 0:005, respectively. A thick solid line shows
the HL GRB neutrino spectrum for r ¼ 1014 cm and ! ¼ 102:5

where heavy nuclei cannot survive, while a thin solid line shows
the HL GRB neutrino spectrum for r ¼ 1015 cm and ! ¼ 103

where heavy nuclei can survive (see Figs. 1 and 2). A thick
dashed line shows the LL GRB neutrino spectrum for r ¼ 9"
1014 cm and ! ¼ 10 where heavy nuclei cannot survive, while a
thin dashed line shows the LL GRB neutrino spectrum for r ¼
6" 1015 cm and ! ¼ 10 where heavy nuclei can survive (see
Figs. 3 and 10). The cosmic-ray composition with 100% proton
is assumed for thick lines, while 75% proton and 25% iron for
thin lines. The nonthermal baryon loading factors $acc +
UCR=U! are set to 20 for HL GRBs and 10 for LL GRBs,

respectively (see Appendix B). We also use $B + UB=U! ¼ 1.
Expected muon event rates by IceCube are N( ( 1 events for the
thick solid line, N( ( 0:001 events for the thin solid line, N( (
0:2 events for the thick dashed line, and N( ( 0:002 events for

the thin dashed line.
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There is difference between pp and pγ scenarios 

AGN	
 GRB	


Cluster	
SFG	
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First Multi-Messenger Tests with “Measured” Fluxes 

•  Γ<2.1-2.2 (for extragalactic), Γ<2.0 (for Galactic) 
•  contribution to diffuse sub-TeV gamma-ray flux: >30-40% 
•  limits are insensitive to redshift evolution models 

KM, Ahlers & Lacki 13 

pp: Eγ
2 Φγ ~ 2 Eν

2 Φν	


“comparable fluxes” 

simple but important! 



Implications for Further Neutrino Studies 

•  Shower searches at lower energies offer the fastest way 
to distinguish between the spectra 
ex. if Γ>2.3 → pp scenarios will be disfavored  
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FIG. 5. Predictions for measurable spectra in two years of the full IceCube for various neutrino spectra considered above.
(Left Panel) EdN/dE for neutrino-induced muons (upgoing only), where the muon energy is measured as it first appears in
the detector, whether as a contained-vertex or through-going event. (Right Panel) EdN/dE for neutrino-induced cascades
(all directions), where the cascade energy is measured as deposited in the detector, whether as a CC or NC event. As above,
the number of events in a region is proportional to the integrated area, i.e., to the height times the logarithmic energy range.

B. Predicted spectra below 1 PeV

Figure 5 shows our predicted track and cascade spec-
tra for two years of the full IceCube; the numbers of
events are given in Table II. It is likely that much of
this exposure time can be obtained from existing data
with new analyses targeted to this energy range. All in-
put neutrino fluxes are normalized as in previous figures.
To avoid over-extrapolating the power-law astrophysical
fluxes and to focus on the energy range with the best
ratio of signal to background, we show results only down
to 0.1 PeV, though IceCube should go to lower energies.

The left panel shows that analyses with muon tracks
are limited by the large atmospheric conventional back-
ground, so that the astrophysical signals will only emerge
above a few hundred TeV, especially once the smearing
e↵ects of energy resolution are taken into account. Even
if just contained-vertex muons are selected, the back-
ground due to atmospheric conventional ⌫

µ

+ ⌫̄

µ

will be
dominant until high energies, where the statistics are low.
There is now some excess at the highest energies in the
IceCube neutrino-induced muon data [80]. However, it is
di�cult to judge the significance when the results have
been processed by unfolding to estimate the spectrum in
terms of neutrino energy, which mixes di↵erent ranges
of measurable muon energy and gives strongly correlated
uncertainties. When spectra are shown in terms of muon
energy, there is better separation of signal and back-
ground and then even a small number of signal events

at high energy can be quite significant [113].
The right panel shows that the prospects for cas-

cades are extremely promising, because the atmospheric
conventional background is strongly suppressed, as first
shown in Ref. [34]. The di↵erence in cascade rates at 1
PeV seen between the left panel of Fig. 3 and the right
panel of Fig. 5 is due to the latter including ⌫

⌧

+ ⌫̄

⌧

events (factor of 2), the slightly di↵erent exposure times,
and the former including energy resolution smearing.
Even if the e�ciency is reduced from that shown in

Fig. 5, it should still be possible to detect potentially
large numbers of cascade events with minimal back-
grounds. This could quickly discover an astrophysical
flux. The atmospheric conventional neutrinos and even
the atmospheric prompt neutrinos are negligible back-

TABLE II. Expected numbers of track and cascade events
(ideal case or “theorist’s approach”), obtained by integrating
the curves in each panel of Fig. 5 over the range 0.1–1 PeV.

Possible Source N
track

N
casc

Atm. Conv. [39] 11 1

Atm. Prompt [40] 3 4

Astrophysical E�2 11 20

Astrophysical E�2.5 10 22

Astrophysical E�3 9 23

Laha, Beacom, Dasgupta, Horiuchi & KM 2013 PRD 



Implications for Further Gamma-Ray Studies 

1. Gamma-ray spectra should be hard (Γ<2.1-2.2)   
    → deep obs. by future TeV gamma-ray detectors is crucial 

2. Contributing >30-40% of diffuse sub-TeV gamma-ray flux 
    → improving and understanding the Fermi data are crucial 

ex. 
If >60-70% come from blazars 
→ no room for pp scenarios! 
  
If >50% come from blazars 
→ Γ<2.0-2.1  

blazar 

from Fermi collaboration 13  



Summary 
PeV neutrinos may start to be detected by IceCube 
-  (Likely) first evidence for extraterrestrial HE neutrinos 

favoring astrophysical “on-source” neutrinos (not cosmogenic) 
Multi-messenger tests with the measured neutrino flux 
-  Galactic or extragalactic? 
→ supporting extragalactic scenarios but still interesting    
    Galactic sources can be tested by sub-PeV gamma rays  

-  pp or pγ? 
→ most pp sources can be tested in the next several years 
    1. determination of Γ in the sub-PeV range (IceCube)   
    2. understanding the diffuse sub-TeV gamma-ray flux (Fermi) 
    3. deep obs. of individual pp sources w. TeV gamma rays  

-  Need for more studies on pγ sources such as AGN and GRBs  



J.N. Bahcall (IAS), Neutrino Astrophysics (1989) 
 
“The title is more of an expression of hope than a 
description of the book’s contents....the 
observational horizon of neutrino astrophysics 
may grow ... perhaps in a time as short as one or 
two decades” 



Remarks on pγ Scenarios 

- Viable pp scenarios can be tested w. IceCube (sub-PeV), 
  Fermi (sub-TeV) and TeV gamma-ray telescopes 
- pγ scenarios can be favored by disfavoring pp scenarios 
 
Viable pγ scenarios? 
GRB: independent limit from stacking analysis for bright GRBs 
         strong limit Eν

2 Φν < 10-9 GeV cm-2 s-1 sr-1 
　　　  → undetected low-luminosity GRBs (KM & Ioka 13) 
AGN: jet models predict ~ 100-1000 PeV peak 
          inconsistent w. 0 neutrino events at >> PeV 
         → hidden AGN core scenario (Stecker et al. 93) 


