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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)]



High-energy Neutrinos: Astrophysical Messengers

Neutrinos are ideal astrophysical messengers
Why Neutrinos?

‣ Travel in straight lines

‣ Very difficult to absorb in flight

3IceCube Preliminary
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(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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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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UHE Neutrino Events at IceCube
2 cascade events with 615.9 days of data.

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
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[IceCube Collaboration, Phys. Rev. Lett. 111, 021103 (2013)]
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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
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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: 26 more events between 20-300 TeV with 662 days of data.
26 more events in the 2 years of  IceCube data (2010/2011 season: “IC79”&“IC86”)
What Did We Find?

‣ 28 events observed!
• 26 new events in addition to the two

1 PeV events!

‣ Track events (x) can have much 
higher neutrino energies than 
deposited energies
• also true on a smaller scale for shower 

events for all signatures except 
charged-current νe

‣ Background: 10.6+5.0
-3.6

• (or 12.1±3.4 for reference neutrino 
background model)
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Compatible with benchmark E-2 astrophysical model
Energy Spectrum

‣ Harder than any expected atmospheric 
background

‣ Merges well into background at low 
energies

‣ Potential cutoff at about 2-5 PeV

• at 1.6+1.5-0.4 PeV when fitting a hard cutoff

‣ Best fit:

• 1.2 ± 0.4 10-8 GeV-1 cm-2 s-1 sr-1

34IceCube Preliminary

[N. Whitehorn, Talk at IPA 2013, Madison; IceCube Collaboration, submitted to Science]

21 cascade events and 7 muon tracks.
Total 28 events with 4.1σ excess over expected atmospheric background (10.6+5.0

3.6 events).



UHE Neutrino Events at IceCube
2 cascade events with 615.9 days of data.

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
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

[IceCube Collaboration, Phys. Rev. Lett. 111, 021103 (2013)]

5

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      
10

log4.5 5 5.5 6 6.5 7 7.5

N
um

be
r 

of
 e

ve
nt

s

-510

-410

-310

-210

-110

1

10

210

310 data
-1 s-2 cm-1 GeV sr-8= 3.6x10φ2E

 Yoshidaνcosmogenic 
 Ahlersνcosmogenic 

sum of atmospheric background
µatmospheric 

 conventionalνatmospheric 
 promptνatmospheric 

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: 26 more events between 20-300 TeV with 662 days of data.
26 more events in the 2 years of  IceCube data (2010/2011 season: “IC79”&“IC86”)
What Did We Find?

‣ 28 events observed!
• 26 new events in addition to the two

1 PeV events!

‣ Track events (x) can have much 
higher neutrino energies than 
deposited energies
• also true on a smaller scale for shower 

events for all signatures except 
charged-current νe

‣ Background: 10.6+5.0
-3.6

• (or 12.1±3.4 for reference neutrino 
background model)

29

-80

-60

-40

-20

 0

 20

 40

 60

 80

102 103

D
ec

lin
at

io
n 

(d
eg

re
es

)

Deposited EM-Equivalent Energy in Detector (TeV)

Showers
TracksIceCube Preliminary

IceCube Preliminary

(preliminary significance w.r.t. reference bkg. 
model: 3.3σ for 26 events; 4.1σ for 28 events)

IceCube Preliminary

Compatible with benchmark E-2 astrophysical model
Energy Spectrum

‣ Harder than any expected atmospheric 
background

‣ Merges well into background at low 
energies

‣ Potential cutoff at about 2-5 PeV

• at 1.6+1.5-0.4 PeV when fitting a hard cutoff

‣ Best fit:

• 1.2 ± 0.4 10-8 GeV-1 cm-2 s-1 sr-1

34IceCube Preliminary
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21 cascade events and 7 muon tracks.
Total 28 events with 4.1σ excess over expected atmospheric background (10.6+5.0

3.6 events).



Possible Sources of the UHE Neutrinos2

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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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)]

Atmospheric conventional (π/K ): unlikely (dominant flux < 100 TeV).
Atmospheric prompt (charm): disfavored by IceCube data.
Cosmogenic (GZK): very unlikely (dominant flux > 103 PeV).
Astrophysical (GRB, AGN, Early Supernovae, Baby Neutron Star, Star-burst Galaxies,
Galaxy Clusters,...): plausible.

Power-law spectra: dΦ/dE ∝ E−s (with s >∼ 2), e.g., Waxman-Bahcall flux.
[E. Waxman and J. N. Bahcall, Phys. Rev. D 59, 023002 (1999)]

Flavor ratio of νe : νµ : ντ = 1 : 1 : 1 on Earth (due to neutrino oscillation).
[J. Learned and S. Pakvasa, Astropart. Phys. 3, 267 (1995)]



New Physics?

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,

arXiv:1303.7320 [hep-ph]; A. Esmaili and P. D. Serpico, arXiv:1308.1105 [hep-ph]] 4
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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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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
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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
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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,

Resonant production of TeV-scale leptoquarks. [V. Barger and W. -Y. Keung, Phys. Lett. B (2013)]

Other exotics: 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)]

Mirror neutrinos [A. S. Joshipura, S. Mohanty and S. Pakvasa, arXiv:1307.5712 [hep-ph]]

Before embarking on such speculations, desirable to know the SM expectation with better
accuracy.
With more statistics, could provide a unique test of the SM up to the highest energies ever
observed!
Main aim and motivation of our work. [C.-Y. Chen, PSBD, A. Soni, arXiv:1309.1764 [hep-ph]]



SM Neutrino Cross Sections
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Neutrino-nucleon cross sections mediated by t-channel W and Z dominant ones.
PDF uncertainties become important at higher energies.
Important exception: Glashow resonance.

On-shell production of W− in ν̄e − e− scattering. [S. Glashow, Phys. Rev. 118, 316 (1960)]

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 follow-up analysis. [IceCube Collaboration, Phys. Rev. Lett. 111,

021103 (2013)]



Event Rate

dN
dEem

= T · Ω · Neff(Eν) · σ(Eν) · Φν(Eν)

T =662 days (for IceCube data collected between May 2010-May 2012).
Neff(Eν) = NAVeff(Eν) with V max

eff ∼ 0.4 km3 at PeV.

E2
νΦν,tot(Eν) = 3.6× 10−8 GeV · sr−1 · cm−2 · s−1 and an equal flavor ratio.

Ω = 2π sr for an isotropic flux in the southern hemisphere (downward events at IceCube),
while for northern hemisphere (upward events), must include Earth attenuation effects by a
shadow factor [R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996)]

S(Eν) =

∫ 0

−1
d(cos θ) exp[−z(θ)/Lint(Eν)]

Use PREM for Earth matter effects and column depth z.
Deposited em-equivalent energy in terms of incoming neutrino energy – depends on the
interaction channel.

Eem,had = FX yEν , Eem,e = (1− y)Eν



SM Prediction for Event Rate
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channel hadron electron muon total
(ν + ν̄)N NC 1.54+0.12

−0.14 - - 1.54+0.12
−0.14

(νe + ν̄e)N CC 2.42+0.30
−0.09 6.74+0.75

−0.13 - 9.15+1.05
−0.22

(νµ + ν̄µ)N CC 1.62+0.22
−0.06 - 4.39+0.53

−0.12 6.01+0.75
−0.18

(ντ + ν̄τ )N CC 2.00+0.04
−0.05 0.155+0.004

−0.004 0.153+0.003
−0.003 2.31+0.05

−0.06
ν̄ee 0.09 0.01 0.01 0.11

total SM 7.66+0.68
−0.34 6.90+0.75

−0.14 5.02+0.33
−0.14 19.58+1.77

−0.61



Zenith Angle Distribution
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More downgoing events than upgoing due to the earth attenuation effects.

No ‘muon deficit’ problem so far – Number of muon tracks predicted 6.01+0.75
−0.18 is consistent

with the observed 7 tracks.

Apparent cut-off above 2 PeV due to the E−2 flux.

No significant energy gap between 0.3 - 1 PeV, and ∼ 2 events should be observed with
more data.



Conclusion

A lot of interest on the origin of UHE neutrino events at IceCube.
From particle physics point of view,

Current data consistent with the SM explanation.
Does not require any exotic new physics scenario.
With more data, could provide us a unique test of the SM up to PeV
and beyond.
Any significant deviations will call for BSM physics.

From astrophysics point of view,
Need to pin down the source(s) of UHE neutrinos.
Potentially the first detection of astrophysical high-energy neutrino
flux.
Could open a new avenue for a number of astrophysical objects
and mechanism.
Golden era of UHE Neutrino Astrophysics?



Differential Cross Sections

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 q =
u + d

2
+ s + b,

q̄ =
ū + d̄

2
+ c + t ,

q0 =
u + d

2
(L2

u + L2
d ) +

ū + d̄
2

(R2
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d )

+(s + b)(L2
d + R2

d ) + (c + t)(L2
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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 .

[R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996)]
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FIG. 1: Mollweide projection of the 21 cascades (+) and 7 muons (⇥) with time-ordered event numbers according to Ref. [2].
The red star indicates the hot-spot in the cascade clustering search and the hottest spot (with low significance) in the PeV
�-ray search [45]. The blue lines indicate the position of the Fermi Bubbles. The light-gray shaded area is the region in the sky
which is presently uncharted in PeV �-ray emission. The northern and southern edge of this unaccessible region is given by
the reach of CASA-MIA [37] and IceCube’s �-ray search with the IC-40 configuration [45], respectively. The dark-gray shaded
area shows this region assuming future observations with the full IC-86 configuration and HAWC [50].

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

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

of about 20% and 50%, respectively. Each of the three
neutrinos from the decay chain ⇡+ ! µ+⌫µ and µ+ !
e+⌫e⌫̄µ carries about one quarter of the pion energy,

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

In the following we will discuss general constraints on
the Galactic origin of the IceCube excess from di↵use lim-
its of TeV-PeV �-ray observatories. If the observed back-
ground neutrino flux is nearly isotropic and Galactic, the
Galactic origin is already disfavored by PeV �-ray limits.
However, we stress that these di↵use �-ray constraints are
biased in the Northern Hemisphere while most of the 28
IceCube events are located in the Southern Hemisphere.
We then discuss a possible association of part of the Ice-
Cube excess with the (quasi-)di↵use emission from the
Galactic Plane (GP) and with two extended GeV �-ray
emission regions close to the GC, known as the Fermi
Bubbles (FBs). Although there is no statistically signif-
icant neutrino event clustering at present [2], we show
that di↵use TeV to PeV �-ray surveys are an important


