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Neutrinos: Friends across 20 orders of Magnitude
3

FIG. 1 Representative example of various neutrino sources across decades of energy. The electroweak cross-section for ⌫̄ee
� !

⌫̄ee
� scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak

at 1016 eV is due to the W� resonance, which we will discuss in greater detail in Section VII.

µ�(kµ)

e�(pe) ⌫e(ke)

q2 = (p⌫ � kµ)2
W+

⌫µ(p⌫)

FIG. 2 Diagram of 2-body scattering between an incoming
muon neutrino with 4-momentum p⌫ and an electron at rest
with 4-momentum pe. See text for details.

while the Jacobian written in terms of the fraction of the
neutrino energy imparted to the outgoing lepton energy
(y) is given by:

dq2

dy
= 2meE⌫ . (4)

Pending on what one is interested in studying, the dif-
ferential cross-sections can be recast to highlight a par-
ticular dependence or behavior.

B. Formalism: Matrix Elements

The full description of the interaction is encoded within
the matrix element. The Standard Model readily pro-
vides a prescription to describe neutrino interactions via
the leptonic charged current and neutral current in the
weak interaction Lagrangian. Within the framework of
the Standard Model, a variety of neutrino interactions are

[J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84, 1307 (2012)]



Neutrino Flux

3"

High Energy Neutrino Astronomy:  Motivation!

S
.K

le
in

, F
. H

al
ze

n,
 P

hy
s.

 T
od

ay
, M

ay
 2

00
8 

Confirmed by Fermi-LAT 
Science 339 (2013) 807.!

Supernova Remnants!

What is the origin of Cosmic Rays  with E up to 1020 eV ?  !

Low ν fluxes and small interaction cross section: !
need for 1 km3 detector- Neutrino Telescopes!

Neutrinos as probes of the HE Universe 

AGN !

GRB !

J. Kiryluk (SBU), ICHEP2014, 2-9 July 2014!

 Eν:  1010 eV  - 1018 eV!



High-energy Neutrinos: Astrophysical Messengers

Neutrinos are ideal astrophysical messengers
Why Neutrinos?

‣ Travel in straight lines

‣ Very difficult to absorb in flight

3IceCube Preliminary



(Ultra) High-energy Neutrino Detectors (Telescopes)
Super-Kamiokande, Baksan, Lake Baikal, ANTARES, AMANDA, IceCube , KM3Net,...



Neutrino Detection at IceCubeNeutrinos are detected by looking for Cherenkov radiation from secondary particles 
(muons, particle showers)

The IceCube Neutrino Observatory
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μ

νμ

Cherenkov cone

IceCube Preliminary

Cherenkov radiation from secondary particles (muons, electrons, hadrons).
Within the SM, neutrino interacts with matter only via weak (W and Z ) gauge bosons.

ν` + N →
{

`+ X (CC)
ν` + X (NC)

Signatures of  signal events
Neutrino Event Signatures
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track (data)
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≈ ±15% deposited energy resolution
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CC electromagnetic/NC hadronic
cascade shower (data)
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CC tau ‘double bang’
(simulation only)



First Observation of UHE Neutrinos
IC79+IC86 analysis of Extremely High Energy filter data (2010-2012) !

to search for cosmogenic or GZK  all-flavor neutrinos (PeV-EeV)!

First observation of PeV‐energy Neutrinos with IceCube!
IceCube Coll. Phys. Rev. Let. 111 (2013) 021103!

Two cascade like PeV events,  found in an analysis dedicated to 
a search for bright events!

p+γCMB →Δ→ π +n→ν +...

17"
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Ep > 6 ×1019eV 

Appearance of  ~1 PeV cascades as an at-threshold background
Results

‣ Two very interesting events in IceCube (between May 
2010 and May 2012)

• shown at Neutrino ’12

• 2.8σ excess over expected background in GZK analysis

• paper submitted and on arXiv (arXiv:1304.5356)

‣ There should be more

• GZK analysis is only sensitive to very specific event topologies 
at these energies

17

“Ernie”~1.2PeV

“Bert”~1.1PeV

IceCube Preliminary

Appearance of  ~1 PeV cascades as an at-threshold background
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at these energies
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“Ernie”~1.2PeV

“Bert”~1.1PeV

IceCube Preliminary
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FIG. 4. The two observed events from (a) August 2011 and
(b) January 2012. Each sphere represents a DOM. Colors
represent the arrival times of the photons where red indicates
early and blue late times. The size of the spheres is a measure
for the recorded number of photo-electrons.

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 [17]. Since these events are reconstructed
as downward-going, they are more likely to be rejected
with the higher NPE threshold in this region. Thus, the
number of simulated atmospheric neutrino background
events is likely overestimated here.

After unblinding 615.9 days of data, we observe two
events that pass all the selection criteria. The hypothe-
sis that the two events are fully explained by atmospheric
background including the baseline prompt atmospheric
neutrino flux [14] has a p-value of 2.9×10−3 (2.8σ). This
value includes the uncertainties on the expected number
of background events by marginalizing over a flat error
distribution. While the prompt component has large the-
oretical uncertainties, obtaining two or more events with
a probability of 10% would require a prompt flux that
is about 15 times higher than the central value of our
perturbative-QCD model. This contradicts our prelimi-
nary upper limit on the prompt flux [16]. Using an ex-
treme prompt flux at the level of this upper limit which
covers a potential unknown contribution from intrinsic
charm [18] yields a significance of 2.3σ.

The two events are shown in Fig. 4. They are from the
IC86 sample, but would have also passed the selection
criteria of the IC79 sample. Their spherical photon dis-
tributions are consistent with the pattern of Cherenkov
photons from particle cascades induced by neutrino in-
teractions within the IceCube detector. There are no in-
dications for photons from in-coming or out-going muon
or tau tracks. Hence, these events are most likely induced
by either CC interactions of νe or NC interactions of νe,
νµ or ντ . CC interactions of ντ induce tau leptons with
mean decay lengths of about 50 m at these energies [21].
The primary neutrino interaction and the secondary tau
decay initiate separate cascades which in a fraction of

 NPE      
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FIG. 5. NPE distributions for 615.9 days of livetime at final
selection level. The black points are the experimental data.
The error bars on the data show the Feldman-Cousins 68%
confidence interval [19]. The solid blue line marks the sum
of the atmospheric muon (dashed blue), conventional atmo-
spheric neutrino (dotted 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 cosmogenic neutrino model [6]. The shaded
region is the allowed level of the cosmogenic ν flux by Ahlers
et al. [20]. The orange line represents an E−2 power-law flux
up to an energy of 109 GeV with an all-flavor normalization
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 [10]. The signal fluxes are summed over all neu-
trino flavors, assuming a flavor ratio of νe : νµ : ντ = 1 : 1 : 1.

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. Figure 5 shows
the final-selection NPE distributions for the experimen-
tal data, signal models and background simulations. The
two events are near the NPE threshold of the analysis and
are consistent with a previous upper limit by IceCube [10]
on an unbroken E−2 flux, while a flux corresponding to
this upper limit predicts about 10 events above the NPE
cut. The cosmogenic neutrino model [6] predicts an event
rate of about 2 events in the corresponding livetime but
at significantly higher energies.

Maximum-likelihood methods are used to reconstruct
the two events. The likelihood is the product of the
Poisson probabilities to observe the recorded number of
photo-electrons in a given time interval and DOM for
a cascade hypothesis which depends on the interaction
vertex, deposited energy and direction. Here, the time
of the first hit mainly determines the vertex position and
the recorded NPE plays a dominant role in estimating
the deposited energy. The hit information used in the
reconstruction is extracted from an unfolding procedure
of the waveforms. The open circles in Fig. 1 indicate
the strings closest to the reconstructed vertex positions.



Follow-Up Analysis

IC79+IC86 analysis of !
“Starting Events”  (2010-2012, 662 days) !

to search for all-flavor neutrinos !
(starting tracks + contained cascades) !

Evidence for High Energy Extraterrestrial Neutrinos!

18"

IceCube Collab.,  Science 22 Vol. 342 no. 6161!
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FIG. 4. Distributions of the deposited energies and declination angles of the observed events compared to model predictions.
Zenith angle entries for data (right) are the best-fit zenith position for each of the 28 events; a small number of events (Table I)
have zenith uncertainties larger than the bin widths in this figure. Energies plotted (left) are reconstructed in-detector visible
energies, which are lower limits on the neutrino energy. Note that deposited energy spectra are always harder than the spectrum
of the neutrinos that produced them due to the neutrino cross-section increasing with energy. The expected rate of atmospheric
neutrinos is shown in blue, with atmospheric muons in red. The green line shows our benchmark atmospheric neutrino flux (see
text), the magenta line the experimental 90% bound. Due to lack of statistics from data far above our cut threshold, the shape
of the distributions from muons in this figure has been determined using Monte Carlo simulations with total rate normalized
to the estimate obtained from our in-data control sample. Combined statistical and systematic uncertainties on the sum of
backgrounds are indicated with a hatched area. The gray line shows the best-fit E�2 astrophysical spectrum with a per-flavor
normalization (1:1:1) of E2�⌫(E) = 1.2 · 10�8 GeV cm�2 s�1 sr�1.

muon tracks, ruling out an increase in penetrating muon
background to the level required. Atmospheric neutrinos
are a poor fit to the data for a variety of reasons. The
observed events are much higher in energy, with a harder
spectrum (Fig. 4) than expected from an extrapolation of
the well-measured ⇡/K atmospheric background at lower
energies [9–11]: nine had reconstructed deposited ener-
gies above 100 TeV, with two events above 1 PeV, rela-
tive to an expected background from ⇡/K atmospheric
neutrinos of approximately 1 event above 100 TeV. Rais-
ing the normalization of this flux both violates previous
limits and, due to ⌫µ bias in ⇡ and K decay, predicts
too many muon tracks in our data (2/3 tracks vs. 1/4
observed).

Another possibility is that the high-energy events re-
sult from charmed meson production in air showers
[7, 12]. These produce higher energy events with equal
parts ⌫e and ⌫µ, matching our observed muon track frac-
tion reasonably well. However, our event rates are sub-
stantially higher than even optimistic models [12] and
the energy spectrum from charm production is too soft
to explain the data. More importantly, increasing charm
production to the level required to explain our observa-
tions violates existing experimental bounds [9]. As atmo-
spheric neutrinos produced by any mechanism are made
in cosmic ray air showers, downgoing atmospheric neu-

trinos from the southern sky will in general be accompa-
nied into IceCube by muons produced in the same par-
ent air shower. These accompanying muons will trigger
our muon veto, removing the majority of these events
from the sample and biasing atmospheric neutrinos to
the northern hemisphere. The majority of our events,
however, arrive from the south. This places a strong
model-independent constraint on any atmospheric neu-
trino production mechanism as an explanation for our
data.

By comparison, a neutrino flux produced in extrater-
restrial sources would, like our data, be heavily biased
toward showers because neutrino oscillations over as-
tronomical baselines tend to equalize neutrino flavors
[13, 14]. An equal-flavor E�2 neutrino flux, for exam-
ple, would be expected to produce only 1/5 track events
(see Materials and Methods). The observed zenith distri-
bution is also typical of such a flux: as a result of absorp-
tion in the Earth above tens of TeV energy, most events
(approximately 60%, depending on the energy spectrum)
from even an isotropic high-energy extraterrestrial pop-
ulation would be expected to appear in the Southern
Hemisphere. Although the zenith distribution is well ex-
plained (Fig. 4) by an isotropic flux, a slight southern
excess remains, which could be explained either as a sta-
tistical fluctuation or by a source population that is either

26 more events between 20-300 TeV.
Total 28 events in 662 days of data with 4.1σ excess over expected atmospheric
background (10.6+5.0

−3.6 events).

21 cascade events and 7 muon tracks.



With 3-year Dataset
[Phys. Rev. Lett. 113, 101101(2014)]
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of
all backgrounds. Muons (red) are computed from simulation
to overcome statistical limitations in our background mea-
surement and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are de-
rived from previous measurements of both the ⇡/K and charm
components of the atmospheric ⌫µ spectrum [9]. A gap larger
than the one between 400 and 1000 TeV appears in 43% of
realizations of the best-fit continuous spectrum.

A purely atmospheric explanation for these events is
strongly disfavored by their properties. The observed
deposited energy distribution extends to much higher en-
ergies (above 2 PeV, Fig. 2) than expected from the ⇡/K
atmospheric neutrino background, which has been mea-
sured up to 100 TeV [9]. While a harder spectrum is ex-
pected from atmospheric neutrinos produced in charmed
meson decay, this possibility is constrained by the ob-
served angular distribution. Although such neutrinos
are produced isotropically, approximately half [27, 28]
of those in the southern hemisphere are produced with
muons of high enough energy to reach IceCube and trig-
ger our muon veto. This results in a southern hemisphere
charm rate ⇠50% smaller than the northern hemisphere
rate, with larger ratios near the poles. Our data show no
evidence of such a suppression, which is expected at some
level from any atmospheric source of neutrinos (Fig. 3).

As in [11], we quantify these arguments using a likeli-
hood fit in arrival angle and deposited energy to a com-
bination of background muons, atmospheric neutrinos
from ⇡/K decay, atmospheric neutrinos from charmed
meson decay, and an isotropic 1:1:1 astrophysical E�2

test flux, as expected from charged pion decays in cos-
mic ray accelerators [30–33]. The fit included all events
with 60 TeV < Edep < 3 PeV. The expected muon
background in this range is below 1 event in the 3-year
sample, minimizing imprecisions in modeling the muon
background and threshold region. The normalizations of
all background and signal neutrino fluxes were left free
in the fit, without reference to uncertainties from [9],

FIG. 3. Arrival angles of events with Edep > 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by the expected backgrounds and a
hard astrophysical isotropic neutrino flux (gray lines). Col-
ors as in Fig. 2. Variations of this figure with other energy
thresholds are in the online supplement [29].

for maximal robustness. The penetrating muon back-
ground was constrained with a Gaussian prior reflecting
our veto e�ciency measurement. We obtain a best-fit
per-flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties from a profile like-
lihood scan. This model describes the data well, with
both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-fit
atmospheric-only alternative model, however, would re-
quire a charm normalization 3.6 times higher than our
current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
disfavored by the energy and angular distributions of the
events at 5.7� using a likelihood ratio test.

Fig. 4 shows a fit using a more general model in which
the astrophysical flux is parametrized as a piecewise func-
tion of energy rather than a continuous unbroken E�2

power law. As before, we assume a 1:1:1 flavor ratio and
isotropy. While the reconstructed spectrum is compati-
ble with our earlier E�2 ansatz, an unbroken E�2 flux
at our best-fit level predicts 3.1 additional events above
2 PeV (a higher energy search [10] also saw none). This
may indicate, along with the slight excess in lower en-
ergy bins, either a softer spectrum or a cuto↵ at high
energies. Correlated systematic uncertainties in the first
few points in the reconstructed spectrum (Fig. 4) arise
from the poorly constrained level of the charm atmo-
spheric neutrino background. The presence of this softer
(E�2.7) component would decrease the non-atmospheric

High Energy Starting Events (“HESE”) 
Data: 79- and 86-strings (2010-2013, 988 days)!

J. Kiryluk (SBU), ICHEP2014, 2-9 July 2014!

Observed 37 events (28 cascade-like, 9 track-like) in 30 TeV < Eν < 3 PeV,  
Expected               number of background µ and             atm. ν events. 6.6−1.6

+5.98.4± 4.2

E = 1.1 PeV!
θ = 23o !

E = 1.0 PeV!
θ = 62o !

E = 2.0 PeV!
θ = 34o  

Accepted by Phys. Rev. Lett.!

20"

Accepted by Phys. Rev. Lett.; arXiv:1405.5303!

9 more events, including one at 2 PeV (“Big Bird").

Total 37 events in 988 days of data with 5.7σ excess over expected atmospheric
background of 6.6+5.9

−1.6 atmospheric neutrinos and 8.4± 4.2 cosmic ray muons.

28 cascade events and 9 muon tracks.



Understanding the Events

Two main theoretical aspects:
Source (astrophysics): flux and flavor composition
Interaction (particle physics): showers and tracks

Most plausible source: Astrophysical with a power-law flux Φ(Eν) = CE−s
ν .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, because the muons do
not deposit their full energy in the detector. The e�-
ciency for ⌫⌧ + ⌫̄⌧ is suppressed because of the tau-lepton
decay energy carried by neutrinos. This explains 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
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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. [45, 46]. The atmospheric prompt ⌫µ + ⌫̄µ spectrum (the
⌫e + ⌫̄e flux is the same) is the Enberg (std.) model [47]. Ex-
ample cosmogenic EHE neutrino fluxes (⌫ + ⌫̄ for one flavor)
are from Refs. [48, 49]. An E�2 astrophysical neutrino spec-
trum for one flavor of ⌫+ ⌫̄, normalized as discussed below, is
shown, along with current upper limits from IceCube [43, 46].

flavors of neutrinos also give cascades. The cross section
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; the search ran for about 2 years. 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 [40, 41]. Future analyses are expected
to have an angular resolution of ⇠ 10 degrees for cas-
cades near 1 PeV (and worse at lower energies) [40]. 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 [42, 43]. Prompt neutrinos that are
su�ciently downgoing will be accompanied by cascades
that trigger the IceTop surface detector [1, 44]; this was
not seen, and studies of its e�ciency are ongoing.

Figure 1 shows some relevant neutrino spectra.
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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. [45, 46] 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 ⇠ 5 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. [45, 46] 0.0004 0.0003

Cosmogenic–Takami [48] 0.01 0.2

Cosmogenic–Ahlers [49] 0.002 0.06

Atm. Prompt [47] 0.02 0.03

Astrophysical E�2 0.2 1

Astrophysical E�2.5 0.08 0.3

Astrophysical E�3 0.03 0.06

signals even at high energies. However, as shown in
Ref. [39], 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 [39].

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 0.008, 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, including muon bundles,
these initiate events that look like neutrino-induced cas-
cades. The expected number of such events is 0.04 [2],
larger than the background from neutrinos. All together,
these conventional backgrounds have a ⇠ 10�3 probabil-
ity of producing at least two observed events. These
backgrounds can be studied further at lower energies,
where they are larger.

[R. Laha, J. F. Beacom, B. Dasgupta, S. Horiuchi and K. Murase, Phys. Rev. D 88, 043009 (2013)]
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the observations [12].

For protons we find that the finite age of the shock will limit the maximum
energy:

Emax º eB°¢0. (4.8)

Here we take ¢0 as the typical shock length. This gives a maximum proton
energy of: Ep, max º 2.7 £ 1018 eV.

4.3 Neutrino production

Summarizing we now have photons of energy E∞, max º 2 £ 1010 eV, elec-
trons of energy Ee, max = 2.5 £ 1013 eV and protons of energy Ep, max º
2.7 £ 1018 eV. Processes that might occur:

• p∞ process: p∞ ! ¢+ ! nº+ ! ne+∫e∫̄µ∫µ;

• pp process: pp ! º±/K± + 2p/n ! µ∫µ + 2p/n ! e∫e∫̄µ∫µ + 2p/n;

• pn process: pn ! º±/K± + 2p/n ! µ∫µ + 2p/n ! e∫e∫̄µ∫µ + 2p/n.

We thus expect neutrinos with different energies to be formed, see for more
details on the reactions Ref. [37, 41, 42, 43, 44, 45]. The last two reactions
give rise to neutrinos in the energy range E∫ ∑ 1012 eV[12, 2], whereas the
photo-proton process of the first reaction may produce high-energy neu-
trino’s. Assuming a factor of < xp!º >º 0.2 as the average fraction of
energy transferred from the initial proton to the pion [12] and assuming
that the four final state leptons equally share the pion energy, we get:

E∫ =
1

4
< xp!º > Ep º

1

20
Ep. (4.9)

E. Waxman and J. Bahcall come to the same conclusion [45]. So in the
observers frame, where we have protons with energy up to 1020.5 eV, neu-
trinos with energies of E∫ ª 1019.5 eV will be formed. Note that, because
of the assumption that the four final state leptons equally share the pion
energy, also electrons and muons with this high energy will be formed.
These highly energetic secondary electrons will of course directly radiate
their energy by synchroton radiation. For this reason we expect the photon
spectrum to contain a contribution above the previously calculated maxi-
mum energy of 1013 eV. It is unlikely however to measure these photons
of about 1019 eV in the observers frame, because photons with that much
energy will scatter almost immediately on the cosmic background radiation
[12].

Predict a flavor ratio of (νe : νµ : ντ ) =(1:2:0) at source.

Given a flavor ratio (f 0
e :f 0
µ:f 0
τ )S, the corresponding value (fe:fµ:fτ )E on Earth is given by

f` =
∑

`′=e,µ,τ

3∑
i=1

|U`i |2|U`′ i |2f 0
`′ ≡

∑
`′

P``′ f
0
`′ .

For the current values of the 3-neutrino oscillation parameters, we get (1:1:1)E at Earth.



Possible (New Physics) Interactions

Several exotic phenomena have been invoked to explain the IceCube events, e.g.

Decaying (PeV-scale) Dark Matter. [B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida, Phys. Rev. D

88, 015004 (2013); A. Esmaili and P. D. Serpico, JCAP 1311, 054 (2013)]

Secret neutrino interactions involving a light mediator [K. Ioka and K. Murase, PTEP 2014, 061E01

(2014); K. C. Y. Ng and J. F. Beacom, Phys. Rev. D 90, 065035 (2014)]

Resonant production of TeV-scale leptoquarks. [V. Barger and W.-Y. Keung, Phys. Lett. B 727, 190

(2013)]

Decay of massive neutrinos to lighter ones over cosmological distance scales [ P. Baerwald,

M. Bustamante and W. Winter, JCAP 1210, 020 (2012); S. Pakvasa, A. Joshipura and S. Mohanty, Phys. Rev. Lett. 110,

171802 (2013)]

Pseudo-Dirac neutrinos oscillating to sterile ones in a mirror world [A. S. Joshipura, S. Mohanty

and S. Pakvasa, Phys. Rev. D 89, 033003 (2014)]

Superluminal neutrinos and Lorentz invariance violation [F. W. Stecker and S. T. Scully, Phys. Rev. D

90, 043012 (2014); L. A. Anchordoqui, V. Barger, H. Goldberg, J. G. Learned, D. Marfatia, S. Pakvasa, T. C. Paul and

T. J. Weiler, Phys. Lett. B 739, 99 (2014)]



This Talk

Before embarking on BSM explanations, desirable to know the SM expectation with better
accuracy.

Include known sources of theoretical uncertainty (mainly from PDFs).

Include realistic detector effects (e.g., effective number of target nucleons, attenuation
effects, energy loss).

Find the event rate for SM interactions, assuming an isotropic astrophysical, power-law flux.

Compare the SM predictions with the IceCube data.

Any statistically significant deviations from the SM prediction might call for BSM!

In the absence of significant deviations, could use the data to constrain various BSM
scenarios.
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G. Outlook

In summary, neutrino scattering at intermediate ener-
gies is notoriously complex and the level to which these
contributing processes have been studied remains incom-
plete (Alvarez-Ruso, 2011b; Benhar, 2010). Improved
experimental measurements and theoretical calculations
will be especially important for reducing systematics in
future precision neutrino oscillation experiments. Luck-
ily, such studies are already underway making use of
new intense accelerator-based sources of neutrinos. How-
ever, for such updated cross section measurements to be
robust, they must be accompanied by an equally pre-
cise knowledge of the incoming neutrino flux. Improved
hadro-production measurements are key to providing the
level of precision necessary. In addition, further scrutiny
of nuclear e↵ects in intermediate energy neutrino and
antineutrino interactions is absolutely essential. Anal-
ysis of data from the MINER⌫A experiment will soon
enable the first detailed look at nuclear e↵ects in neu-
trino interactions. Together, theoretical advances and
new data taken on a variety of nuclear targets from the
ArgoNeuT, K2K, MicroBooNE, MINER⌫A, MiniBooNE,
MINOS, NOMAD, NOvA, and SciBooNE experiments
should provide both a necessary and broad foundation
going into the future. In order to make the most progress
in our understanding in this energy regime, experiments
should strive towards model-independent measurements
of di↵erential cross sections.

VI. HIGH ENERGY CROSS SECTIONS: E⌫ ⇠ 20 � 500
GEV

Up to now, we have largely discussed neutrino scatter-
ing from composite entities such as nucleons or nuclei.
Given enough energy, the neutrino can actually begin to
resolve the internal structure of the target. In the most
common high energy interaction, the neutrino can scat-
ter o↵ an individual quark inside the nucleon, a process
called deep inelastic scattering (DIS). An excellent re-
view of this subject has been previously published in this
journal (Conrad et al., 1998), therefore we will provide
only a brief summary of the DIS cross section, relevant
kinematics, and most recent experimental measurements
here.

A. Deep Inelastic Scattering

Neutrino deep inelastic scattering has long been used
to validate the Standard Model and probe nucleon struc-
ture. Over the years, experiments have measured cross
sections, electroweak parameters, coupling constants, nu-
cleon structure functions, and scaling variables using such
processes. In deep inelastic scattering (Figure 27), the

neutrino scatters o↵ a quark in the nucleon via the ex-
change of a virtual W or Z boson producing a lepton and
a hadronic system in the final state 11. Both CC and NC
processes are possible:

⌫µ N ! µ� X ⌫µ N ! µ+ X (80)

⌫µ N ! ⌫µ X ⌫µ N ! ⌫µ X (81)

Here, we restrict ourselves to the case of ⌫µ scattering, as
an example, though ⌫e and ⌫⌧ DIS interactions are also
possible.

Following the formalism introduced in Section II, DIS
processes can be completely described in terms of three
dimensionless kinematic invariants. The first two, the
inelasticity (y) and the 4-momentum transfer (Q2 = �q2)
have already been defined. We now define the Bjorken
scaling variable, x:

x =
Q2

2pe · q
(Bjorken scaling variable) (82)

The Bjorken scaling variable plays a prominent role
in deep inelastic neutrino scattering, where the target
can carry a portion of the incoming energy-momentum
of the struck nucleus.

FIG. 27 Feynman diagram for a CC neutrino DIS process. In
the case of NC DIS, the outgoing lepton is instead a neutrino
and the exchange particle is a Z boson. Diagram is reproduced
from (Conrad et al., 1998).

On a practical level, these Lorentz-invariant param-
eters cannot be readily determined from 4-vectors, but
they can be reconstructed using readily measured ob-
servables in a given experiment:

11 Quarks cannot be individually detected; they quickly recombine
and thus appear as a hadronic shower.

Differential cross sections: [R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996)]

d2σCC
νN

dxdy
=

2G2
F MNEν
π

(
M2

W

Q2 + M2
W

)2 [
xq(x ,Q2) + xq̄(x ,Q2)(1− y)2

]
,

d2σNC
νN

dxdy
=

G2
F MNEν

2π

(
M2

Z

Q2 + M2
Z

)2 [
xq0(x ,Q2) + xq̄0(x ,Q2)(1− y)2

]
,

where x = Q2/(2MNyEν) (Bjorken variable), and y = (Eν − E`)/Eν (inelasticity).



Parton Distribution Functions

q, q̄ (q0, q̄0) are respectively the quark and anti-quark density distributions in a proton,
summed over valence and sea quarks of all flavors relevant for CC (NC) interactions:

q =
u + d

2
+ s + b,

q̄ =
ū + d̄

2
+ c + t ,

q0 =
u + d

2
(L2

u + L2
d ) +

ū + d̄
2

(R2
u + R2

d ) + (s + b)(L2
d + R2

d ) + (c + t)(L2
u + R2

u),

q̄0 =
u + d

2
(R2

u + R2
d ) +

ū + d̄
2

(L2
u + L2

d ) + (s + b)(L2
d + R2

d ) + (c + t)(L2
u + R2

u),

with Lu = 1− (4/3)xW , Ld = −1 + (2/3)xW , Ru = −(4/3)xW and Rd = (2/3)xW (where
xW = sin2 θW , and θW is the weak mixing angle).

Higher Eν means probing smaller x-regions (DIS).

The PDFs must include the lowest possible x-grids (up to ∼ 10−9 extracted so far from
HERA data).

We used NNPDF2.3 [R. D. Ball et al., Nucl. Phys. B 867, 244 (2013)].
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Glashow Resonance

Resonant production of W− in ν̄ee− scattering: [S. Glashow, Phys. Rev. 118, 316 (1960)]

ν̄e + e− → W− → anything

dσν̄ee→ν̄ee

dy
=

G2
F meEν

2π

 R2
e + L2

e(1− y)2(
1 + 2meEνy/M2

Z

)2 + 4(1− y)2
1 +

Le
(

1−2meEν/M2
W

)
1+2meEν y/M2

Z(
1− 2meEν/M2

W

)2
+ Γ2

W /M2
W

 ,

where Le = 2xW − 1 and Re = 2xW are the chiral couplings of Z to electron.

Peak is at energy Eν = m2
W /(2me) = 6.3 PeV.

Proposed as an explanation of the PeV events. [A. Bhattacharya, R. Gandhi, W. Rodejohann and

A. Watanabe, JCAP 1110, 017 (2011); V. Barger, J. Learned and S. Pakvasa, arXiv:1207.4571 [astro-ph.HE]]

Disfavored by a dedicated IceCube analysis. [IceCube Collaboration, Phys. Rev. Lett. 111, 021103 (2013)]

A lighter W ′ resonance can be similarly ruled out for a range of gW ′ , which is otherwise
inaccessible experimentally. [Chen, PSBD, Soni (work in progress)]
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Event Rate

N = TNAΩ

∫ Emax

Emin

dEdep

∫ 1

0
dy Φ(Eν)Veff(Eν)S(Eν)

dσ(Eν , y)

dy

T = 988 days for the IceCube data collected between 2010-2013.
NA = 6.022× 1023 mol−1 ≡ 6.022× 1023 cm−3 water equivalent for interactions with
nucleons. For interactions with electrons, NA → (10/18)NA.
Veff(Eν) = Meff(Eν)/ρice is the effective fiducial volume and ∼ 0.4 km3 at PeV.

8

FIG. 6. Distribution of deposited PMT charges (Qtot).
Muons at higher total charges are less likely to pass the veto
layer undetected, causing the muon background (red, esti-
mated from data) to fall faster than the overall trigger rate
(uppermost line). The data events in the unshaded region, at
Qtot > 6000, are the events reported in this work, with error
bars indicating 68% Feldman-Cousins intervals. The best-fit
E�2 astrophysical spectrum (gray line) and atmospheric neu-
trino flux (blue) have been determined using Monte Carlo sim-
ulations, with the hatched region showing current experimen-
tal uncertainties on the atmospheric neutrino background.
The largest of these uncertainties is neutrinos from charmed
meson decays, a flux which has yet to be observed and is thus
not included in the blue region; the hatched region includes
the best experimental 1� upper limit [9]. For scale, two spe-
cific charm levels are also shown: a benchmark theoretical
model [7] (green line) and the experimental 90% CL upper
bound [9] (magenta line).

IceCube; the rate of these tagged events that pass the
next veto layer can be used as a control sample to eval-
uate the rate at which muons are detected by a single
detector layer as a function of observed light yield. This
per-layer probability can be used to estimate the final
background rate after application of a geometrical cor-
rection factor of approximately a factor of two for the
larger size of the analysis fiducial volume compared to
the deep interior fiducial volume (after two veto layers).
The resulting predicted veto passing rate agrees well with
data at low energies where we expect the event rate to
be background dominated (Fig. 6). In our signal region
above 6000 p.e., we observed three tagged events passing
the inner veto and so predict 6.0 ± 3.4 veto-penetrating
muon events in the two-year data set.

FIG. 7. Neutrino e↵ective area and volume. Event rates can
be obtained by multiplying the e↵ective areas by 4⇡, by the
sum of ⌫ and ⌫̄ fluxes, and by the livetime of 662 days. Top:
Neutrino e↵ective areas for each flavor assuming an equal flux
of neutrinos and antineutrinos and averaged over all arrival
angles. At 6.3 PeV, resonant W production on atomic elec-
trons increases sensitivity to ⌫̄e. The e↵ective area includes
e↵ects from attenuation of neutrinos in the Earth [26], rel-
evant at energies above 100 TeV. Bottom: E↵ective target
mass as a function of energy. The deposited energy threshold
in this search causes some flavor bias at low energies due to
missing energy in escaping particles from ⌫µ and ⌫⌧ charged-
current events. For ⌫e charged-current events, where all the
neutrino energy is visible in the detector, full e�ciency is
reached above 100 TeV.

Atmospheric Neutrinos

Atmospheric neutrino backgrounds, including an as-
yet unobserved component from charmed meson decays,
were estimated based on a parametrization of the atmo-
spheric neutrino flux [6, 8] consistent with previous Ice-
Cube measurements of northern-hemisphere muon neu-
trinos [9]. We have also included a suppression of the at-
mospheric neutrino background from the Southern Hemi-
sphere resulting from the fact that accompanying high-
energy muons produced in the same air shower can trig-
ger our muon veto if they penetrate to the depth of the
detector. Here we have extended previous analytic calcu-
lations [23] of this suppression factor using the CORSIKA
[27] air-shower simulation to determine the fraction of
atmospheric neutrinos accompanied at depth by muons



Earth Matter Effect
Ω = 4π sr for an isotropic neutrino flux.
To take into account Earth Matter effects (for upgoing events), include an attenuation factor
[R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996)]

S(Eν) =
1
2

∫ 1

−1
d(cos θ) exp

[
− z(θ)

Lint(Eν)

]
where Lint = 1/(NAσ) and z(θ) is the effective column depth obtained from PREM. [A.

Dziewonski and D. L. Anderson, Phys. Earth Planet. Int. 25, 297 (1981)]
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Fig. 1.5. Thickness of the Earth as a function of the angle of incidence of the incoming neutrinos. 

transition zone, lid, crust, and oceans [ 821. A convenient representation of the density profile of the Earth is 
given by the Preliminary Earth Model [ 831, 

p(r) = 

’ 13.0885 - 8.8381x2, 
12.5815 - 1.2638x - 3.6426x2 - 55281x’, 
7.9565 - 6.4761x + 5.5283x2 - 3.0807x3, 
5.3197 - 1.4836x, 
1 1.2494 - 8.0298x, 
7.1089 - 3.8045x, 
2.691 + 0.6924x, 
2.9, 
2.6, 
1.02, 

r < 1221.5, 
1221.5 < r < 3480, 
3480 < r < 5701, 
5701 < r < 5771, 
5771 < r < 5971, 
5971 < r < 6151, 
6151 < r < 6346.6, 
6346.6 < r < 6356, 
6356 < r < 6368, 
rl RB, 

(25) 

where the density is measured in g/cm”, the distance r from the center of the Earth is measured in km and the 
scaled radial variable x - r/R@, with the Earth’s radius Ra = 6371 km. The density of a spherically symmetric 
Earth is plotted in Fig. 14. 

The amount of material encountered by an upward-going neutrino in its passage through the Earth is shown 
in Fig. 15 as a function of the neutrino direction. The influence of the core is clearly visible at angles below 
about 0.27r. A neutrino emerging from the nadir has traversed a column whose depth is 1 I kilotonnes/cm’, 
or 1 .I x 1O”cmwe. The Earth’s diameter exceeds the charged-current interaction length of neutrinos with 
energy greater than 40TeV. In the interval 2 x IO6 GeV 5 E, 5 2 x IO’ GeV, resonant ij,e scattering adds 
dramatically to the attenuation of electron antineutrinos. At resonance, the interaction length due to the reaction 
P,e + W- --t anything is 6 tonnes/cm*, or 6 x IO6 cmwe, or 60 kmwe. The resonance is effectively extinguished 
for neutrinos that traverse the Earth. 

We discuss the effect of attenuation on interaction rates of upward-going muon-neutrinos in Section 8 

6. UHE neutrino interactions in the atmosphere 

The atmosphere is more than a thousand times less dense than the Earth’s interior, so it makes a negligible 
contribution to the attenuation of the incident neutrino Aux. The US Standard Atmosphere ( 1976) [ 841 can be 
reproduced to 3% approximation by the following simple parametrization: 

Makes Earth opaque to UHE neutrinos, thus limiting the upgoing events above ∼ 200 TeV.
For upgoing τ -neutrinos, must include regeneration effects. [S. I. Dutta, M. H. Reno and I. Sarcevic,

Phys. Rev. D 62, 123001 (2000); J. F. Beacom, P. Crotty and E. W. Kolb, Phys. Rev. D 66, 021302 (2002)]
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5.3197 - 1.4836x, 
1 1.2494 - 8.0298x, 
7.1089 - 3.8045x, 
2.691 + 0.6924x, 
2.9, 
2.6, 
1.02, 

r < 1221.5, 
1221.5 < r < 3480, 
3480 < r < 5701, 
5701 < r < 5771, 
5771 < r < 5971, 
5971 < r < 6151, 
6151 < r < 6346.6, 
6346.6 < r < 6356, 
6356 < r < 6368, 
rl RB, 

(25) 

where the density is measured in g/cm”, the distance r from the center of the Earth is measured in km and the 
scaled radial variable x - r/R@, with the Earth’s radius Ra = 6371 km. The density of a spherically symmetric 
Earth is plotted in Fig. 14. 

The amount of material encountered by an upward-going neutrino in its passage through the Earth is shown 
in Fig. 15 as a function of the neutrino direction. The influence of the core is clearly visible at angles below 
about 0.27r. A neutrino emerging from the nadir has traversed a column whose depth is 1 I kilotonnes/cm’, 
or 1 .I x 1O”cmwe. The Earth’s diameter exceeds the charged-current interaction length of neutrinos with 
energy greater than 40TeV. In the interval 2 x IO6 GeV 5 E, 5 2 x IO’ GeV, resonant ij,e scattering adds 
dramatically to the attenuation of electron antineutrinos. At resonance, the interaction length due to the reaction 
P,e + W- --t anything is 6 tonnes/cm*, or 6 x IO6 cmwe, or 60 kmwe. The resonance is effectively extinguished 
for neutrinos that traverse the Earth. 

We discuss the effect of attenuation on interaction rates of upward-going muon-neutrinos in Section 8 

6. UHE neutrino interactions in the atmosphere 

The atmosphere is more than a thousand times less dense than the Earth’s interior, so it makes a negligible 
contribution to the attenuation of the incident neutrino Aux. The US Standard Atmosphere ( 1976) [ 841 can be 
reproduced to 3% approximation by the following simple parametrization: 

Makes Earth opaque to UHE neutrinos, thus limiting the upgoing events above ∼ 200 TeV.
For upgoing τ -neutrinos, must include regeneration effects. [S. I. Dutta, M. H. Reno and I. Sarcevic,

Phys. Rev. D 62, 123001 (2000); J. F. Beacom, P. Crotty and E. W. Kolb, Phys. Rev. D 66, 021302 (2002)]



Astrophysical Neutrino Flux

Parametrize by a single-component unbroken power-law:

Φ(Eν) = Φ0

(
Eν
E0

)−γ
where Φ0 is the total ν + ν̄ flux for all flavors at E0 = 100 TeV in units of
GeV−1cm−2sr−1s−1.

The exact value of γ depends on the source evolution model.

Expected to be between 2 and 2.5 for standard astrophysical sources (such as GRBs,
AGNs).

Upper bound on diffuse neutrino flux: [E. Waxman and J. N. Bahcall, Phys. Rev. D 59, 023002 (1999)]

[E2
νΦν ]WB ≈ 2.3× 10−8επξZ GeVcm−2s−1sr−1

Use the standard flavor composition of (1:1:1)E corresponding to (1:2:0)S.



Deposited Energy
Deposited em-equivalent energy is always less than the incoming neutrino energy by a
factor which depends on the interaction channel:

Eem,e = (1− y)Eν , Eem,had = FX yEν .

[FX = 1− (EX/E0)−m(1− f0), with E0 = 0.399 GeV, m = 0.130 and f0 = 0.467 from
simulations of hadronic vertex cascade [M. P. Kowalski, Ph.D. thesis, Humboldt-Universität zu Berlin (2004)]

Contained vertex search to veto atmospheric background].
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Two Potential Problems

SM predictions with (1:1:1)E flavor composition seem to be consistent with current IceCube
data.

Salient Features:
An unbroken power-law flux with γ ' 2.5.
Less upgoing events due to Earth attenuation effect.
Most of the UHE (PeV) events are expected to be downgoing showers.
A possible cut-off beyond 10 PeV to explain the absence of more UHE events.

So far, no need for any exotic explanation!

However, a closer look seems to suggest two potential problems (though not statistically
significant).

An apparent ‘energy gap’ between 400 TeV - 1 PeV.
A potential ‘muon deficit problem’ in the high-energy bins (60 TeV < Edep).
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Two Potential Problems 3

analysis focused on neutrinos above 100 TeV, at which
the expected atmospheric neutrino background falls to
the level of one event per year, allowing any harder as-
trophysical flux to be seen clearly. Here, following the
same techniques, we add a third year of data support-
ing this result and begin to probe the properties of the
observed astrophysical neutrino flux.

Neutrinos are detected in IceCube by observing the
Cherenkov light produced in ice by charged particles cre-
ated when neutrinos interact. These particles generally
travel distances too small to be resolved individually and
the particle shower is observed only in aggregate. In ⌫µ

charged-current (CC) interactions, however, as well as
a minority of ⌫⌧ CC, a high-energy muon is produced
that leaves a visible track (unless produced on the detec-
tor boundary heading outward). Although deposited en-
ergy resolution is similar for all events, angular resolution
for events containing visible muon tracks is much better
(. 1�, 50% CL) than for those that do not (⇠ 15�, 50%
CL) [12]. For equal neutrino fluxes of all flavors (1:1:1),
⌫µ CC events make up only 20% of interactions [13].

Backgrounds to astrophysical neutrino detection arise
entirely from cosmic ray air showers. Muons produced by
⇡ and K decays above IceCube enter the detector at 2.8
kHz. Neutrinos produced in the same interactions [14–17]
enter IceCube from above and below, and are seen at a
much lower rate due to the low neutrino interaction cross-
section. Because ⇡ and K mesons decay overwhelmingly
to muons rather than electrons, these neutrinos are pre-
dominantly ⌫µ and usually have track-type topologies in
the detector [13]. As the parent meson’s energy rises, its
lifetime increases, making it increasingly likely to interact
before decaying. Both the atmospheric muon and neu-
trino fluxes thus become suppressed at high energy, with
a spectrum one power steeper than the primary cosmic
rays that produced them [18]. At energies above ⇠ 100
TeV, an analogous flux of muons and neutrinos from the
decay of charmed mesons is expected to dominate, as the
shorter lifetime of these particles allows this flux to avoid
suppression from interaction before decay [19–25]. This
flux has not yet been observed, however, and both its
overall rate and cross-over energy with the ⇡/K flux are
at present poorly constrained [26]. As before [11], we es-
timate all atmospheric neutrino background rates using
measurements of the northern-hemisphere ⌫µ spectrum
[9].

Event selection identifies neutrino interactions in Ice-
Cube by rejecting those events with Cherenkov-radiating
particles, principally cosmic ray muons, entering from
outside the detector. As before, we used a simple anti-
coincidence muon veto in the outer layers of the detector
[11], requiring that fewer than 3 of the first 250 detected
photoelectrons (PE) be on the detector boundary. To en-
sure su�cient numbers of photons to reliably trigger this
veto, we additionally required at least 6000 PE overall,
corresponding to deposited energies of approximately 30
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FIG. 1. Arrival angles and deposited energies of the events.
Cosmic ray muon background would appear as low-energy
track events in the southern sky (bottom). Atmospheric neu-
trino backgrounds would appear primarily in the northern sky
(top), also at low energies and predominantly as tracks. The
attenuation of high energy neutrinos in the Earth is visible
in the top right of the figure. One event, a pair of coincident
unrelated cosmic ray muons, is excluded from this plot. A
tabular version of these data, including additional informa-
tion such as event times, can be found in the online supple-
ment [29].

TeV. This rejects all but one part in 105 of the cosmic ray
muon background above 6000 PE while providing a direc-
tion and topology-neutral neutrino sample [11]. We use a
data-driven method to estimate this background by using
one region of IceCube to tag muons and then measuring
their detection rate in a separate layer of PMTs equiva-
lent to our veto; this predicts a total muon background
in three years of 8.4±4.2 events. Rejection of events con-
taining entering muons also significantly reduces downgo-
ing atmospheric neutrinos (the southern hemisphere) by
detecting and vetoing muons produced in the neutrinos’
parent air showers [27, 28]. This southern-hemisphere
suppression is a distinctive and generic feature of any
neutrinos originating in cosmic ray interactions in the
atmosphere.

In the full 988-day sample, we detected 37 events
(Fig. 1) with these characteristics relative to an expected
background of 8.4 ± 4.2 cosmic ray muon events and
6.6+5.9

�1.6 atmospheric neutrinos. Nine were observed in
the third year. One of these (event 32) was produced by
a coincident pair of background muons from unrelated
air showers. This event cannot be reconstructed with
a single direction and energy and is excluded from the
remainder of this article where these quantities are re-
quired. This event, like event 28, had sub-threshold early
hits in the IceTop surface array and our veto region, and
is likely part of the expected muon background. Three
additional downgoing track events are ambiguous; the re-
mainder are uniformly distributed through the detector
and appear to be neutrino interactions.

Atm. Bkg. (1:1:1)E best-fit IceCube
Total 2.8+ < 5.3 19.9 20
Up 1.5+ < 3.7 7.7 5

Down 1.2+ < 1.6 12.2 15
Track ∼ 2.1+ < 1.0 6.1 4

Shower ∼ 0.7+ < 4.2 13.8 16
p-value 0.95



Muon Deficit Problem 3
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FIG. 1. Ternary plot of the exclusion CL for all possible flavor
combinations (↵e,� : ↵µ,� : ↵⌧,�) as seen at Earth, given the
7 tracks and 21 showers observed at IceCube. The lower-right
corner corresponds to 100% electron neutrinos, the upper cor-
ner is 100% muon neutrinos, and the lower-left corner is 100%
taus. The central sliver outlined in blue corresponds to the
possible flavor combinations for astrophysical neutrinos, af-
ter oscillations have been averaged during propagation. The
best-fit is the darkest point, (1 : 0 : 0)�. The white star cor-
responds to (1 : 1 : 1)�, which is expected from a (1 : 2 : 0)S

combination at the source. The color scale indicates the ex-
clusion CL given an E�2

⌫ spectrum of incoming neutrinos.
Solid (dashed) lines show 68% CL (95% CL) contours, cyan
for E�1

⌫ , thick black for E�2
⌫ and pink for E�3

⌫ spectra.

total number of expected background events is 3.6, which
is comparable to the statistical error for 10.6 events. This
could reduce the significance of the exclusion limits we
present below, whereas the upper value of the system-
atic error would pull the analysis towards a worse fit for
(1 : 1 : 1)�, thus not a↵ecting our results significantly.
Additionally, neutrinos from atmospheric charmed me-
son decays could, in the benchmark model, represent 1.5
extra background events. Given the uncertainty in this
prediction (see, e.g., Ref. [42]), we consider this case sepa-
rately. For the fraction of background showers and tracks
in the 30 TeV�2 PeV energy range, we use the numbers
quoted by the IceCube collaboration: tracks account for
69% of the conventional atmospheric neutrino event rate,
19% of the prompt atmospheric neutrino event rate and
90% of the events induced by atmospheric muons [32].
We have also checked that the uncertainties in the ra-
tio of tracks to showers from atmospheric neutrinos, as
computed with di↵erent initial fluxes, do not change our
results in a significant way. For instance, using the high-
energy atmospheric neutrino fluxes of Refs. [43–45], the
fraction of tracks induced by the conventional flux is
⇠ 50%. This would only weaken our conclusions by de-
creasing the exclusion CL by a few percent.

The likelihood of observing Ntr tracks and Nsh show-
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FIG. 2. Same as Fig. 1, but for {↵i,s} at the source and
assuming the signal neutrinos are astrophysical and oscillation
probabilities are in the averaged regime, i.e., the parameter
space is restricted to the blue sliver shown in Fig. 1. The
best-fit is the darkest point, (1 : 0 : 0)S . The white star
corresponds to the (1 : 2 : 0)S flavor combination. Standard
flavor compositions lie within a narrow band along the right
side of the triangle. Note that all combinations are allowed at
95% CL for the three spectra, and even at 68% CL for E�3

⌫ .

ers, for a given combination {↵i,�} and a total number
of astrophysical neutrinos Na, is

L({↵i,�}, Na|Ntr, Nsh) =

e�(ptr
a Na+ptr

µ bµ+ptr
⌫ b⌫)

(ptr
a Na + ptr

µ bµ + ptr
⌫ b⌫)

Ntr

Ntr!

⇥ e�(psh
a Na+psh

µ bµ+psh
⌫ b⌫)

(psh
a Na + psh

µ bµ + psh
⌫ b⌫)

Nsh

Nsh!
,

(7)

where ptr
⌫ = 0.69 (psh

⌫ = 1 � ptr
⌫ ) is the fraction of tracks

(showers) in the atmospheric neutrino background and
ptr

µ = 0.9 (psh
µ = 1�ptr

µ ) is the fraction of tracks (showers)
in the atmospheric muon background [32]. Since the
total number of events produced by astrophysical neutri-
nos is not of interest in this analysis, Na can be treated
as a nuisance parameter and can be set to the value
Nmax

a ({↵i,�}) which maximizes L({↵i,�}, Na|Ntr, Nsh)
for {↵i,�}, yielding Lp({↵i,�}|Ntr, Nsh) ⌘
L({↵i,�}, Nmax

a ({↵i,�})|Ntr, Nsh).

We construct the log-likelihood ratio

�(Ntr, Nsh|{↵i,�}) = �2 ln

✓ Lp({↵i,�}|Ntr, Nsh)

Lp({↵i,�}max|Ntr, Nsh)

◆
,

(8)
where {↵i,�}max is the combination of neutrino flavors
that maximizes the likelihood of observing Ntr tracks and
Nsh showers. The p-value for a given combination {↵i,�}

A dedicated statistical analysis disfavors the (1:1:1)E solution at 81% CL. [O. Mena, S.

Palomares-Ruiz and A. C. Vincent, Phys. Rev. Lett. 113, 091103 (2014)]

Their best-fit solution is (1:0:0)E.
Cannot be attained from any flavor ratio at an astrophysical source within the standard
neutrino oscillation framework.



A Possible BSM Solution
Invoke exotic lepton flavor violating interactions, e.g. mediated by an MeV-scale Z ′.
Could also explain the longstanding muon (g − 2) anomaly.
However, the parameter space for this to happen is very limited. [W. Altmannshofer, S. Gori, M.

Pospelov and I. Yavin, Phys. Rev. Lett. 113, 091801 (2014)]

3

Next we consider the phase-space integration. The to-
tal cross-section is obtained by integrating over the entire
solid angle ⌦0, ` < t < s, and 4m2 < ` < s. The inte-
gration over phase-space is best done first over the solid
angle, then over t and ` (see also ref. [23]). Keeping only
leading log terms in the muon mass we find the following
expression for the inclusive SM cross-section,

�(SM) ' 1

2

�
C2

V
+ C2

A

� 2G2
F↵ s

9⇡2

✓
log
⇣ s

m2

⌘
� 19

6

◆
. (9)

The destructive interference between the charged and
neutral vector-boson contributions leads to a reduction
of about 40% of the SM cross-section compared to the
pure V-A theory. Our results corrects a missing factor of
2 in the corresponding expression in ref. [16].

In general we can write

�(SM+Z0) = �(SM) + �(inter) + �(Z0) , (10)

where the second term is the interference between the
SM and the Z0 contributions. In the heavy mass limit,
mZ0 � p

s this can be expressed concisely as [13]

�(SM+Z0)

�(SM)
'

1 +
⇣
1 + 4 sin2 ✓W + 2v2

SM/v2
Z0

⌘2

1 +
�
1 + 4 sin2 ✓

W

�2 . (11)

This expression also holds for the di↵erential cross-
section in this limit, up to muon mass corrections.

In the limit of light Z0, mZ0 ⌧ p
s the expression is

more complex. In the leading log approximation, the
interference term is given by

�(inter) ' GFp
2

g02C
V
↵

3⇡2
log2

⇣ s

m2

⌘
. (12)

The Z0 contribution alone, for m ⌧ mZ0 ⌧ p
s, is

�(Z0) ' 1

m2
Z0

g04↵
6⇡2

log

✓
m2

Z0

m2

◆
, (13)

while for mZ0 ⌧ m ⌧ p
s it is

�(Z0) ' 1

m2

7g04↵
72⇡2

log

✓
m2

m2
Z0

◆
. (14)

As can be expected, at high mZ0 the Z0 contribution is ad-
ditive with respect to the SM one (as shown in Eq. (11))
and decouples as m�2

Z0 . For light Z0, on the other hand,
the cross-section is only log sensitive to mZ0 and the cen-
ter of mass energy of the event.

To get the total ⌫µN ! ⌫µNµ+µ� cross-section, the
real-photon contribution can be easily integrated against
the Weizsäcker-Williams probability distribution func-
tion, Eq. (2), in 4m2 < s < 2E⌫q and 4m2/(2E⌫) <
q < 1, with the q integral regulated by the form fac-
tor . Using a simple exponential form factor, we find
good agreement between our results from the EPA and
a direct numerical calculation of the full process follow-
ing [19]. As a cross check we also reproduced the trident

0.01 0.1 1 10 102 103

10-3

0.01

0.1

1

m Z ' HGeVL

g '
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Hg-2Lm ±2s

ZÆ4mûLHC

FIG. 2. Parameter space for the Z0 gauge boson. The light-
grey area is excluded at 95% C.L. by the CCFR measurement
of the neutrino trident cross-section. The grey region with
the dotted contour is excluded by measurements of the SM
Z boson decay to four leptons at the LHC [24, 25]. The
purple (dark-grey) region is favored by the discrepancy in the
muon g-2 and corresponds to an additional contribution of
�aµ = (2.9 ± 1.8) ⇥ 10�9 to the theoretical value [26].

cross sections reported in [19, 22], for V-A theory and
for the SM, for various neutrino energies, using both the
EPA and the numerical calculation. For large mZ0 the
relative size of the Z0 contribution is independent of the
neutrino energy. For low mZ0 on the other hand, lower
neutrino energies lead to an enhanced sensitivity to the
Z0. Since the experimental searches employed a variety
of kinematical cuts, in determining the sensitivity to the
{g0, mZ0} parameter space we use full numerical results
for the phase-space integration rather than analytic ap-
proximations and keep the full dependence on the muon
mass.

Neutrino trident production has been searched for in
several neutrino beam experiments. Both the CHARM-
II collaboration [27] (using a neutrino beam with mean
energy of E⌫ ⇠ 20 GeV and a glass target) and the CCFR
collaboration [28] (using a neutrino beam with mean en-
ergy of E⌫ ⇠ 160 GeV and an iron target) reported detec-
tion of trident events and quoted cross-sections in good
agreement with the SM predictions,

�CHARM�II/�SM = 1.58 ± 0.57 , (15)

�CCFR/�SM = 0.82 ± 0.28 . (16)

(Corresponding results from NuTeV can also be used al-
beit with some caution due to a rather large di↵erence
in the background treatment between the initial report
[29] and the publication [30].) These results strongly
constrain the gauged Lµ � L⌧ model, and more gen-
erally any new force that couples to both muons and



A Possible BSM Solution

Absorption by relic neutrinos could explain the gap between 300 TeV - 1 PeV [T. Araki,

F. Kaneko, Y. Konishi, T. Ota, J. Sato and T. Shimomura, arXiv:1409.4180 [hep-ph]]2

Model – We consider the following gauge interactions:

LZ′ = gZ′Qαβ(ναγρPLνβ + ℓαγρℓβ)Z ′
ρ , (1)

where Z ′ is the new gauge boson with the gauge coupling
gZ′ , α, β = e, µ, τ , and Qαβ = diag(0, 1, −1) represents
the charge matrix of Lµ − Lτ . After Lµ − Lτ is spon-
taneously broken, Z ′ acquires a mass, mZ′ . In order to
keep generality, however, we do not go into the details of
the symmetry breaking and simply treat mZ′ as a model
parameter. Also, the kinetic mixing with the SM U(1)Y

is set to zero. The first term of Eq. (1) is the source of the
secret neutrino interaction. In the Lµ −Lτ model, as dis-
cussed in the next section, a mean free path (MFP) of the
cosmic neutrino is calculated to be > O(1) Mpc, which
is many orders of magnitude larger than the coherence
length. Travelling such a long distance, neutrino flavor
eigenstates are expected to lose their coherence, and thus
the scattering process can be described in terms of mass
eigenstates with the Lagrangian

LZ′νν = g′
ij νiγ

ρPLνjZ
′
ρ , (2)

where g′
ij = gZ′(V †QV ) with i, j = 1 · · · 3, and V is the

lepton mixing matrix. In order to realize the gap in the
cosmic neutrino spectrum, we utilize a resonant interac-
tion and take a Breit-Wigner form. Then the scattering
cross section of a νiνj → νν process is obtained as

σij =
1

6π
|g′

ij |2g2
Z′

s

(s − m2
Z′)2 + m2

Z′Γ2
Z′

, (3)

where
√

s is the center-of-mass energy and ΓZ′ =
g2

Z′mZ′/(12π) is the decay width of Z ′. Throughout this
study, we use g′

ij evaluated with the best fit values of the
neutrino mixing parameters [26]:

|g′
ij |

gZ′
=

⎛
⎜⎜⎝

0.054(0.051) 0.163(0.158) 0.555(0.556)

0.163(0.158) 0.088(0.082) 0.806(0.808)

0.555(0.556) 0.806(0.808) 0.143(0.133)

⎞
⎟⎟⎠(4)

for the inverted (normal) mass hierarchy, IH (NH). For
the mass-squared differences, we also use the best fit val-
ues [26]. We take into account the constraint from cos-
mology on the sum of the neutrino masses,

∑
i mνi ! 0.3

eV [27–29]. Note that all the elements of g′
ij are not

vanishing, which means that each mass eigenstate of the
cosmic neutrinos can be attenuated by all mass eigen-
states of the CνB. This is one of the distinctive features
of our scenario.

In analogy with the previous works [8, 9], we assume
that the ratio of initial fluxes in the flavor basis is φe :
φµ : φτ = 1 : 2 : 0, which is converted into that in the
mass basis via φi ≡ ∑

β |Vβi|2φβ . In view of θ13 ≃ 0

and θ23 ≃ π/4, it is reasonable to approximate φ1 : φ2 :
φ3 = 1 : 1 : 1 for simplicity, and indeed we assume this
ratio throughout this study. Note that our results are not
largely affected by the changes of the initial flux ratio,
since all mass eigenstates of the cosmic neutrinos can be
attenuated by one CνB state.

FIG. 1. The shaded (red) band is the ±2σ parameter space
for the gµ − 2 [23]. The hatched (gray) region is excluded
by the constraint from the neutrino trident production pro-
cess at 95% C.L. [25]. The symbol “×” indicates the set of
parameters used in Figs. 2, 3, 4, and 5 as reference.

The introduction of the Lµ − Lτ symmetry brings not
only the secret neutrino interaction but also the new in-
teraction among the charged leptons. This gives us a
chance to solve the inconsistency in the gµ − 2 [30]. In
Fig. 1, we show the parameter region favored by the ob-
servations of the gµ − 2 within 2σ with the shaded (red)
band [23]. The region excluded by the neutrino trident
production process [25] from the CCFR experiment [31]
is also indicated with the hatched (grey) region. We will
demonstrate that the gap is successfully reproduced with
the parameters in the shaded (red) region. In the next
section, we will calculate the flux of the cosmic neutrinos
with (gZ′ , mZ′) = (5 × 10−4, 1.9 MeV) for the IH case,
which is represented by “×” in Fig. 1.

Result – We consider that the cosmic neutrinos, νi,
are attenuated by the interaction Eq. (2) with the CνB,
ν̄j . As reference, in what follows, we will use z = 0.2 and
mν3 = 3 × 10−3 eV for IH. As for the NH case, several
comments are given at the end of this section. The MFP
λi of the cosmic neutrino νi with energy Eνi is described
as

λi(Eνi , z) =

⎡
⎣

3∑

j=1

∫
d3p

(2π)3
fj(|p|, z)σij(p, Es

νi
)

⎤
⎦

−1

, (5)

where z is the parameter of redshift, p is the momentum
of the CνB, and fj(|p|, z) = (e|p|/(Tν0(1+z)) + 1)−1 is the
distribution function with the CνB temperature Tν0 ∼
1.95 K at present. Note that Es

νi
is the energy of a cosmic

neutrino νi, which is measured at the position z where
the νi is scattered, and Eνi is the energy measured at
IceCube [32, 33]. They are related as Es

νi
= (1 + z)Eνi .

The survival rate Ri of the cosmic neutrino νi travelling
from the source at z to us (z = 0) is evaluated by

Ri = exp

[
−

∫ z

0

1

λi(Eνi , z
′)

dL

dz′ dz′
]

, (6)
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However, requires non-trivial (asymmetric) flavor structure for Z ′ ¯̀α`β couplings, which is
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Moreover, if a similar coupling to quarks is allowed, then ruled out by the IceCube data.
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A New Solution (within the SM Framework)

Coexistence of another astrophysical source with (1:0:0)S flavor composition.

Several well-motivated sources, e.g.
Nuclear beta decay of relativistic neutrons.
UHECRs interacting with relativistic electrons.
e+e− scattering in a dense astrophysical system.

Predicts a flavor ratio of (2:1:1)E at Earth.

Solves the muon deficit problem without invoking BSM interactions.

Once the (2:1:1)E flux is recognized, it is rather natural to consider a two-component flux
consisting of both (1:1:1)E and (2:1:1)E.

Offers a simple explanation of the apparent energy gap.
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Comparison of the Number of Events

Φ(Eν) = Φ1

(
Eν
E0

)−γ1
e−Eν/E1 + Φ2

(
Eν
E0

)−γ2

Background (1:1:1)E (2:1:1)E Two-comp IceCube
Total 2.8+ < 5.3 19.9 19.7 19.4 20
Up 1.5+ < 3.7 7.7 7.5 7.3 5

Down 1.2+ < 1.6 12.2 12.2 12.2 15
Track ∼ 2.1+ < 1.0 6.1 4.1 4.3 4

Shower ∼ 0.7+ < 4.2 13.8 15.6 15.1 16
p-value 0.95 0.95 0.75
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Conclusion and Outlook

Understanding all aspects of the UHE neutrino events at IceCube is very important for both
Astrophysics and Particle Physics ramifications.

From astrophysics point of view,
Need to pin down the source(s) of UHE neutrinos and their flavor composition.
Golden era of Neutrino Astrophysics.

From particle physics point of view,
Current data seems to be consistent with the SM interactions.
Any significant deviations might call for BSM interpretations.
With more statistics, can be used to constrain (otherwise inaccessible) BSM
scenarios, such as light Z ′.

If the ‘muon deficit’ and/or the energy gap become statistically significant, our
two-component flux can offer a natural solution within the SM framework.

THANK YOU.
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FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫µ spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5 ⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.

To identify any bright neutrino sources in the data, we
employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.

As in [11], the clustering analysis was run twice, first
with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.

Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]



Declination Supplementary Methods and Tables – S6

SUPPL. FIG. 5. Expected and observed distribution of events in declination for various cuts in deposited energy. The solid
gray line (E�2.3 added to backgrounds) provides a better fit to the data than the E�2 benchmark (dashed) at the 1� level.
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FIG. 4. Left: 2D projection along the m� axis showing the regions of the mX -gX parameter space which may potentially solve
the dark matter structure problems while producing identifiable absorption features for the IceCube experiment. Right: 2D
projection along the mX axis showing the regions of the m�-gX parameter space which may potentially solve the dark matter
structure problems while producing identifiable absorption features for the IceCube experiment. Blue indicates the regime
where the C⌫B is opaque to high energy neutrinos on distances less than 50 Mpc, orange color indicates regimes where the C⌫B
is opaque to high energy neutrinos on distances short enough that absorption might be detected via IceCube source correlations
at the level of 3� statistical significance (using the 3 year data set [70]), purple indicates the regime where there absorption of
high energy neutrinos may alter the IceCube observed spectra without creating a significant source correlation, red indicates
the regime where the absorption of high energy neutrinos reconciles the over abundance of IceCube events correlated with BL
Lacs at z < 0.212, and dark grey regions show the regime where the C⌫B is optically thin out to z = 10.

yields the expectation that 0.34 IceCube neutrino events
should originate within the range 0 < z < 0.2. We then
compute the e↵ects of absorption in our model on the red-
shift distribution of neutrinos emitted from sources dis-
tributed according to the star formation rate, taking the
overall flux and redadjusting the normalization such that
the IceCube experiment is expected to observe 20 events
post-absorption. The post-absorption expected number
of events in the redshift range 0 < z < 0.2 is then tal-
lied and the significance of the discrepancy between the
absorbed and non-absorbed expectations computed. Re-
quiring the discrepancy be at least 3� confidence level
or greater yields the constraints on m� and g⌫ shown in
Figure 4 as well as a the projection that the IceCube
detectable redshift horizon (beyond which ⌧ > 1) for
t-channel absorption is z  0.70 (0.64) for the contact
(continuum) interaction limit.

The fourth regime we define is the Isotropic Source
regime, where the optical depth for high energy neutrino
absorption is greater than unity only for redshifts greater
than z = 0.70 (0.64) in the contact (continuum) inter-
action limit. The absorption of high energy neutrinos
in this regime may yet alter the spectral index of the
high energy neutrino spectrum or create absorption lines,
but it will not be detectable through correlating IceCube
events with astrophysical sources.

The recent results of [71] are of further interest, as the
authors point out that there is a significant correlation
between several of the IceCube neutrino events and BL
Lacs (3 events correlate with BL Lacs of known redshift,

4 events correlate with BL Lacs of unknown redshift).
We find these results very interesting. When normaliz-
ing the BL Lac signal to the total IceCube neutrino flux
we find that the number of neutrinos correlated with BL
Lacs located closer than z ⇠ 0.2 exceeds expectation by
an order of magnitude. A possible explanation of this
discrepancy may be that the redshift distribution of BL
Lacs capable of generating IceCube energy neutrinos is
radically di↵erent from the redshift distribution of all BL
Lacs due to some unknown mechanism. However, our
model suggests the mean free path of high energy neutri-
nos may not extend to high redshift due to absorption,
potentially biasing the sources correlated with IceCube
neutrino events to low redshift. Beginning from this per-
spective, we define the BL Lac Source Correlation regime
by supposing that absorption of high energy neutrinos
on the C⌫B reconciles the over-abundance of correlated
neutrino events at low redshift. The mean free path of
high energy neutrinos is shortened by scattering with se-
cluded neutrinos in the C⌫B such that the correlation
of 3 IceCube neutrinos with BL Lac sources at a redshift
less than z = 0.212 (the largest redshift source correlated
with an IceCube neutrino event [71]) is consistent with
the total flux neutrinos observed by IceCube originating
from all BL Lacs in the observable universe. We also
vary the expected number of background events in the
IceCube 3 year data set by 1� [70] to establish an up-
per and lower limit on the possible number of neutrinos
originating form BL Lacs beyond a redshift of z = .212.
We show the results of these bounds in Figures 2 and 4,

[J. F. Cherry, A. Friedland and I. M. Shoemaker, arXiv:1411.1071 [hep-ph]]



Astrophysical Neutrino Flux
Three primary mechanisms:

Proton collisions with energetic photons (Photo-meson production)
Proton-gas collision
Decay of UHE neutrons

All involve high-energy cosmic rays =⇒ direct connection between cosmic ray and
neutrino spectra.
Upper bound on diffuse neutrino flux: [E. Waxman and J. N. Bahcall, Phys. Rev. D 59, 023002 (1999)]

[E2
νΦν ]WB ≈ 2.3× 10−8επξZ GeVcm−2s−1sr−13

of muon and tau flavors. For a distribution of sources
which follows the star formation rate [6], source evolu-
tion increases the normalization of the Waxman-Bahcall
flux by a factor of ⇠Z = 5.75 (see also [5]). We note
that if we had used the GRB source evolution model as
described in [7], this factor would be larger, about 22.

It should be noted that if we drop the assumption
that the cosmic ray injection spectrum is of the form,
dNCR/dECR / E�2

CR, we could potentially increase the
flux of 1-10 PeV cosmic neutrinos, although not by more
than a factor of about two [8]. More significantly, if the
sources of the ultra high-energy cosmic rays are not opti-
cally thin to photo-meson production, as assumed in the
derivation of the Waxman-Bahcall bound, then the ob-
served cosmic ray spectrum could be made up of only the
tail of the distribution of accelerated cosmic rays which
escape from their sources. In such a case, much or even
most of the energy that goes into accelerating ultra high-
energy cosmic rays could be lost to the source environ-
ment, reabsorbing most would-be cosmic rays before they
escape. From a class of such optically thick “hidden”
sources, neutrino fluxes could plausibly be produced that
are in excess of the Waxman-Bahcall bound by more than
an order of magnitude, without exceeding the observed
cosmic ray spectrum or gamma-ray background [8].

So far, this calculation has assumed that the cosmic
ray spectrum consists of only protons, rather than iron
or other nuclei species. Heavy nuclei cosmic rays only
produce charged pions after disintegrating into their con-
stituent nucleons. Thus if the cosmic ray spectrum were
dominated by heavy nuclei, the resulting neutrino flux
would be further suppressed relative to the maximum
value found in the standard Waxman-Bahcall calcula-
tion [9]. In the cosmic ray energy range around ⇠1017

eV that leads to the production of ⇠1-10 PeV neutrinos,
however, there is evidence that the cosmic ray spectrum
is dominated by protons (although this appears to grad-
ually evolve to a heavy nuclei dominated spectrum above
1019 eV) [10, 11]. We thus assume a proton dominated
cosmic ray spectrum throughout this study.

For a high-energy cosmic neutrino spectrum, we can
calculate the estimated rate of PeV-scale showers ex-
pected at IceCube. Hadronic showers can be gener-
ated through the neutral current interactions of all neu-
trino flavors i.e ⌫lN ! ⌫lX, ⌫̄lN ! ⌫̄lX (X notat-
ing additional products)3, with a typical shower energy
that is about a quarter of that possessed by the ini-
tial neutrino. Alternatively, charged-current interactions
of electron neutrinos and anti-neutrinos (⌫lN ! l�X,
⌫̄lN ! l+X) produce a superposition of electromagnetic
showers (evolving through the bremsstrahlung emission
of a high energy photon from an electron/positron and

3 Additionally in neutral current interactions there is the Glashow
resonance [12] ⌫̄ee ! W� ! X at ⌫̄e energy of EGres =
M2

W /(2me) '6.3 PeV and a width of �Gres = EGres�W /MW '
0.17PeV .

FIG. 1: To account for the two fully contained PeV shower
reported by IceCube, a neutrino (plus anti-neutrino, all fla-
vors) flux roughly at the level depicted by the dotted line is re-
quired. For comparison, we show (as solid lines) the Waxman-
Bahcall upper limit on the di↵use neutrino flux [5], as derived
for sources which follow a star formation rate-like redshift dis-
tribution, and for no redshift dependent source evolution. As
a dashed line, we also show the less stringent limit derived for
optically thick sources [8]. The error bars represent the spec-
trum of atmospheric neutrinos, as measured by IceCube [14].

through the subsequent e+e� pair production per inter-
action length) and hadronic showers that in each interac-
tion produce through the hadronization of quarks a wide
variety of hadronic particles which subsequently decay
into lighter particles including muons. In the charged
current interactions the electromagnetic and the hadronic
showers collectively contain the entire energy of the in-
coming neutrino. While electromagnetic and hadronic
showers are, in principle, distinguishable by their respec-
tive muon content, such a separation is generally ex-
pected to be di�cult. In addition to producing tracks
associated with charged leptons, charged current interac-
tions of muon and tau neutrinos produce hadronic show-
ers similar to those resulting from neutral current pro-
cesses.

PeV showers appear to the IceCube detector as photo-
electrons distributed over an approximately ⇠300 m ra-
dius sphere. Although the two recently reported shower
events were entirely contained within the volume of the
experiment, IceCube should be capable of detecting par-
tially contained showers as well.

The probability that a neutrino passing through the
e↵ective area of IceCube produces an observable shower
via a neutral current interaction is given by

P⌫!shower ' ⇢NAL

Z 1

Ethr
sh /E⌫

d�

dy
dy (4)

where NA the Avogadro number, � is the neutrino-
nucleon cross section [13], y is the energy fraction trans-

[I. Cholis and D. Hooper, JCAP 06, 030 (2013)]
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Different Power Law Spectra 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. [45].) 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 [49]. 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,

E2 d\
/d

E 
[G

eV
 c

m
-2

 s-1
 sr

-1
]

E [GeV]

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

102 103 104 105 106 107

Prompt i
µ

E-2

E-2.5

E-3

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 [49, 50]. 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. [46].

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.

[R. Laha, J. F. Beacom, B. Dasgupta, S. Horiuchi and K. Murase, Phys. Rev. D 88, 043009 (2013)]



Decaying DM
DM annihilation saturating the unitarity limit σann ≤ 4π/(m2

DMv2) cannot explain the PeV

events: Γevents ∼ VeffLhalonNσN

(
ρDM
mDM

)2
〈σannv〉 <∼ 1 per few hundred years

Decaying PeV-scale DM with lifetime τDM ' 1.9Nν × 1028 s can explain the IceCube PeV
events. [B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida, arXiv:1303.7320 [hep-ph]]

Figure 1: Line and continuum neutrino signals from PeV dark matter decays.

PeV events are due to dark matter decays, then there should also be a continuum of

excess lower energy events that can also be discovered in the sub-PeV region.#8

While the precise size and shape of this continuum is model-dependent, qualita-

tively it always has a similar form. In figure 1 we show both line and continuum

signals assuming that the partial decay width of the continuum signal is twice that

of the line signal. This corresponds to the cases of either the gravitino model or the

singlet fermion model discussed in the text. The combined atmospheric neutrino

background (including those from prompt decays) [2] is also shown for comparison.

The continuum flux was calculated using the method adopted in reference [47], and is

based on the contribution from hadronic cascade decays of SM particles. In addition,

we can also expect another contribution from leptonic decays, but this is not included

in the figure for simplicity. Note that in both the gravitino and singlet fermion cases

we also have direct decays into a W-boson plus a charged lepton l, with the flavor

of the lepton being model dependent. Error introduced by our approximation of

dropping leptonic decays will be negligible for the cases of l = e or l = τ , while if

#8Note that for the dominantly monochromatic neutrino spectra which we are considering in this

paper, one necessarily also obtains a continuum of soft neutrinos via electroweak bremsstrahlung,

independent of any model building considerations. However, such bremsstrahlung induced neutrinos

have a spectrum which is too soft to be observable at IceCube. In particular, they only contribute

to the continuum spectrum in an appreciable way at low energies where they are dwarfed by the

atmospheric background. The decays of primary decay products thus give the most important

contribution to the neutrino continuum.
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FIG. 2: The overall flux of neutrinos at the Earth for de-
caying DM to various channels. The black curve shows our
benchmark DM → νeν̄e, qq̄ with 12% and 88% branching ra-
tios, respectively. The blue (dashed), red (dot-dashed) and
green (dotted) curves represent channels shown in legend
with branching ratios in parentheses. The assumed values
for τDM are in the range (1 − 3) × 1027 s. The shown flux is
(νe + νµ + ντ )/3, including antineutrinos.

channels can be replaced by e−e+ channel. As can be
seen from Fig. 2, the required shape of energy spectrum
is recurring in all the shown channels. The e−e+ channel
shows the importance of EW corrections: despite the fact
that no hard neutrino channel is present at tree level, a
sufficiently hard neutrino spectrum can be still obtained
with a 40% branching ratio in e−e+, thanks to the major
role played by cascade radiation of massive gauge bosons.
Other choices for the final states (including for example
massive gauge bosons, top quark and muon/tau leptons)
would also produce spectra roughly compatible with ob-
servations, but for illustrative purposes in the follow-
ing we shall concentrate on our benchmark case which
presents the most marked differences with respect to a
featureless power-law spectrum of astrophysical origin.

The number of events at IceCube can be calculated by
convoluting the flux at Earth with the exposure of the
detector, such that the number of events in the bin ∆iEν

is given by

Ni =

∫

∆iEν

(
dJh

dEν
+

dJeg

dEν

)
E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported
exposure in [19]. The result of our analysis is shown in
Fig. 3. In this figure the red (solid) and blue (dashed)
curves correspond to expected number of events from DM
decay with the spectrum of Fig. 1 and a generic E−2

ν

spectrum, respectively; and the black points with error
bars show the observed events. The following comments
about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is
fixed mainly by requiring two PeV events, i.e. the
last energy bin.
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FIG. 3: Comparison of the energy spectrum of observed
events in IceCube with the expectations from DM decay with
flux in Fig. 1 (red-solid) and generic E−2

ν flux (blue-dashed).
Both the observed events and predictions include background
events due to atmospheric neutrinos and muons [3].

2) The DM lifetime τDM = 2 × 1027 s is mainly de-
termined by the low energy part of events. Let
us mention that the assumed value of DM lifetime
is compatible with the lower limit on τDM obtained
e.g. in [8] from the data of IceCube-22 [20], but the
two cannot be compared at face value. In fact, two
issues should be taken into account: i) the lower
limit in [8] is calculated with the assumption of
bH = 1, and as described there, the limit should be
scaled for lower bH; ii) the monochromatic neutrino
spectra used in [8] are sharper (and the bounds cor-
respondingly stronger) than the ones used here. In
particular, in [8] the EW corrections are not taken
into account. EW corrections decrease the height of
sharp line at mDM/2, as well as broadening it and
introducing a smooth spectrum at low energy: as a
consequence the lower limit weakens. Recalculating
the lower limit on lifetime for the dataset of [20] and
the flux used in Eq. (10) gives τDM > 1.1 × 1026 s
(at 90% C.L.) for mDM = 3.2 PeV, which is com-
patible with the assumed value in this paper. Our
benchmark value is also consistent with the bounds
derived in [9].

3) Since the maximum energy of each neutrino from
DM decay is mDM/2, a sharp cut in the number
of events exists for Eν > mDM/2 = 1.6 PeV, au-
tomatically matching the lack of observed events
above the PeV and the two observed events at the
PeV. For comparison, to accommodate a E−2

ν spec-
trum with the excess from O(10)TeV to PeV scale,
merely ∼ 0.8 events are expected in the high en-
ergy bin, while two have been measured [23]. This
upward fluctuation, while not significant (having
a probability ∼ 20%) adds to the three downward
fluctuations in the three preceding sub-PeV bins,
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FIG. 2: The overall flux of neutrinos at the Earth for de-
caying DM to various channels. The black curve shows our
benchmark DM → νeν̄e, qq̄ with 12% and 88% branching ra-
tios, respectively. The blue (dashed), red (dot-dashed) and
green (dotted) curves represent channels shown in legend
with branching ratios in parentheses. The assumed values
for τDM are in the range (1 − 3) × 1027 s. The shown flux is
(νe + νµ + ντ )/3, including antineutrinos.

channels can be replaced by e−e+ channel. As can be
seen from Fig. 2, the required shape of energy spectrum
is recurring in all the shown channels. The e−e+ channel
shows the importance of EW corrections: despite the fact
that no hard neutrino channel is present at tree level, a
sufficiently hard neutrino spectrum can be still obtained
with a 40% branching ratio in e−e+, thanks to the major
role played by cascade radiation of massive gauge bosons.
Other choices for the final states (including for example
massive gauge bosons, top quark and muon/tau leptons)
would also produce spectra roughly compatible with ob-
servations, but for illustrative purposes in the follow-
ing we shall concentrate on our benchmark case which
presents the most marked differences with respect to a
featureless power-law spectrum of astrophysical origin.

The number of events at IceCube can be calculated by
convoluting the flux at Earth with the exposure of the
detector, such that the number of events in the bin ∆iEν

is given by

Ni =

∫

∆iEν

(
dJh

dEν
+

dJeg

dEν

)
E(Eν) dEν , (10)

where for the exposure E we used the 662 days reported
exposure in [19]. The result of our analysis is shown in
Fig. 3. In this figure the red (solid) and blue (dashed)
curves correspond to expected number of events from DM
decay with the spectrum of Fig. 1 and a generic E−2

ν

spectrum, respectively; and the black points with error
bars show the observed events. The following comments
about Fig. 3 are in order:

1) The branching ratio bH = 0.12 of DM → νeν̄e is
fixed mainly by requiring two PeV events, i.e. the
last energy bin.
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FIG. 3: Comparison of the energy spectrum of observed
events in IceCube with the expectations from DM decay with
flux in Fig. 1 (red-solid) and generic E−2

ν flux (blue-dashed).
Both the observed events and predictions include background
events due to atmospheric neutrinos and muons [3].

2) The DM lifetime τDM = 2 × 1027 s is mainly de-
termined by the low energy part of events. Let
us mention that the assumed value of DM lifetime
is compatible with the lower limit on τDM obtained
e.g. in [8] from the data of IceCube-22 [20], but the
two cannot be compared at face value. In fact, two
issues should be taken into account: i) the lower
limit in [8] is calculated with the assumption of
bH = 1, and as described there, the limit should be
scaled for lower bH; ii) the monochromatic neutrino
spectra used in [8] are sharper (and the bounds cor-
respondingly stronger) than the ones used here. In
particular, in [8] the EW corrections are not taken
into account. EW corrections decrease the height of
sharp line at mDM/2, as well as broadening it and
introducing a smooth spectrum at low energy: as a
consequence the lower limit weakens. Recalculating
the lower limit on lifetime for the dataset of [20] and
the flux used in Eq. (10) gives τDM > 1.1 × 1026 s
(at 90% C.L.) for mDM = 3.2 PeV, which is com-
patible with the assumed value in this paper. Our
benchmark value is also consistent with the bounds
derived in [9].

3) Since the maximum energy of each neutrino from
DM decay is mDM/2, a sharp cut in the number
of events exists for Eν > mDM/2 = 1.6 PeV, au-
tomatically matching the lack of observed events
above the PeV and the two observed events at the
PeV. For comparison, to accommodate a E−2

ν spec-
trum with the excess from O(10)TeV to PeV scale,
merely ∼ 0.8 events are expected in the high en-
ergy bin, while two have been measured [23]. This
upward fluctuation, while not significant (having
a probability ∼ 20%) adds to the three downward
fluctuations in the three preceding sub-PeV bins,

[A. Esmaili and P. D. Serpico, arXiv:1308.1105 [hep-ph]]



Leptoquarks
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Figure 1: Resonance processes via a leptoquark LQ in the UHE neutrino nucleon scatter-
ing. Left: the neutral current events. Right: the charged current events.
The case of interest is a ⌧ -neutrino and a ⌧ -lepton.

will be the premise of our speculation as to their origin.
For the leptoquark (LQ) model, we assume a weak-isospin LQ doublet that couples to

third generation leptons (⌫⌧ , ⌧) and first and second generation quarks (u, d). Thus, the
main processes of interest, because their cross-sections are resonance enhanced, are

⌫⌧ + q ! LQ ! ⌧ + q ,

⌫⌧ + q ! LQ ! ⌫⌧ + q .

as illustrated in Fig. 1.
We attribute the IC shower events at PeV energy to the CC reaction for which the

showers are associated with the ⌧ decays to hadrons and the hadron jet from the produced
quark. The energy of the secondary neutrino from the ⌧ decay is undetected, so the
observed EM shower energy is a little less than the mass of the leptoquark. To a zero-
level approximation, the shower energy deposition determines the leptoquark mass.

When the produced ⌧ decays to a muon, giving a track, the energy of the event is lower
than for the hadronic ⌧ -decays. Likewise, in the case that the ⌧ decays to an electron the
shower energy is lower than for the ⌧ to hadrons decay.

In the NC reaction above, the energy of the event will be about half of the CC reaction.
Thus, the shower energy of the NC is an approximate measure of 1

2
the leptoquark mass.

The NC cross section is about the same as the CC cross-section. The gap between the
PeV events and the onset of the lower energy events should be about 1

2
of the leptoquark

mass, which seems consistent with what is observed.
The leptoquark can be a a scalar (J = 0) or a vector (J = 1). A general list of

leptoquark models and the experimental limits are given in the review by S. Rolli and M.
Tanabashi[14] in the Particle Data Book. We show the simple scenario of a leptoquark
scalar S of charge �1

3
, which couples to the first generation quarks and the third generation

lepton in the following form,

LLQ = fLS†(u, d)L "

 
⌫⌧
⌧

!

L

+ fRS†uR⌧R + h.c. (1)

The Levi-Civita symbol " antisymmetrizes the two SU(2) doublets to match the singlet S.
The couplings fL, fR are the leptoquark couplings to the left and right chiral quarks. In
the narrow width approximation, the leptoquark resonance contribution to the neutrino
cross-section has the form[15, 16, 17]

M2
S d�(⌫⌧N

LQ�! ⌫⌧X) = ⇡
2
f 2

L Br(S ! ⌫⌧d)xdN(x, µ2) , (2)
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Resonant production at threshold energy Eν = M2
LQ/(2MN ). [V. Barger and W. -Y. Keung, arXiv:1305.6907]


