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Understanding the spectral and flavor composition of the astrophysical neutrino flux responsible
for the recently observed ultra-high energy events at IceCube is of great importance for both astrophysics and particle physics. We perform a statistical likelihood analysis to the 3-year IceCube data
and derive the allowed range of the spectral index and flux normalization for various well-motivated
physical flavor compositions at source. While most of the existing analyses so far assume the flavor
composition of the neutrinos at an astrophysical source to be (1:2:0), it seems rather unnatural to
assume only one type of source, once we recognize the possibility of at least two physical sources.
Bearing this in mind, we entertain the possibility of a two-component source for the analysis of
IceCube data. It appears that our two component hypothesis explains some key features of the data
better than a single-component scenario, i.e it addresses the apparent energy gap between 400 TeV
to about 1 PeV and easily accommodates the observed track to shower ratio. Given the extreme
importance of the flavor composition for the correct interpretation of the underlying astrophysical
processes as well as for the ramification for particle physics, this two-component flux should be
tested as more data is accumulated.
I.

INTRODUCTION

The recent observation of ultra-high energy (UHE)
neutrino events at IceCube [1–3] in previously uncharted
energy regime has commenced a new era in Neutrino Astrophysics. Following the initial two events around 1 PeV
deposited energy [1], additional 26 events were found
in the 30 - 400 TeV energy range [2] with the 2-year
dataset. More recently, further 9 events were reported
with the 3-year dataset [3], with one event at 2 PeV, the
highest-energy neutrino interaction ever observed in Nature. Together, the observed total of 37 candidate events
reject a purely atmospheric explanation at 5.7σ [3] and
strongly suggest an extra-terrestrial origin. This provides a unique opportunity to directly probe the energetic physical processes occurring in dense astrophysical
environments, which are otherwise inaccessible with traditional messengers like photons or charged particles in
cosmic rays.
It is imperative for both astrophysics and particle
physics to understand all possible aspects of the UHE
neutrino events, and in particular, to extract information on the possible source(s) and the underlying spectral
shape of the astrophysical neutrino flux (for reviews, see
e.g. [4, 5]). Since no significant clustering is observed [3]
and there is no evidence for point-like sources of astrophysical neutrinos [6], the current data suggests either
many isotropically distributed point sources or some spatially extended sources. Moreover, most of the UHE neutrino events have arrival directions in high galactic latitudes [3], thereby suggesting a dominant extragalactic
component [7], which could be attributed to various as-

trophysical sources.1 Typical examples are cosmic-ray
(CR) reservoirs like star-burst galaxies and galaxy clusters/groups [10], CR accelerators like active galactic nuclei (AGNs) [11, 12], gamma-ray bursts [13] and newborn
pulsars [14], or even charmed meson decays in mildly relativistic jets of supernovae [15]. A cosmogenic source due
to UHECR interactions with the CMB background [16]
is now disfavored [17].
There are two conventional production sources of UHE
neutrinos from interactions of UHECRs in a dense astrophysical system [18], namely, (i) hadro-nuclear production by inelastic pp or pn scattering in cosmic-ray reservoirs like starburst galaxies and galaxy clusters/groups,
and (ii) photo-hadronic production by pγ scattering in
cosmic ray accelerators like GRBs and AGN. Both kinds
of sources produce charged pions/kaons, whose subsequent decays are expected to give rise to astrophysical
neutrinos. For charged pions produced by pp scattering,
isospin invariance yields a roughly equal ratio of π + , π −
and π 0 production, and the subsequent decay chain
π ± → µ± + νµ (ν̄µ ),

µ± → e± + νe (ν̄e ) + ν̄µ (νµ ) (1)

leads to a flavor composition of (νe :νµ :ντ )S =(1:2:0)S at
the source (S). Note that the kinematics of the decay
chain is such that each neutrino in the decay chain carries
off roughly equal energy [18]. After the neutrino oscillations are averaged over an astronomical distance scale,
the final composition on Earth (E) becomes (1:1:1)E [19]
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A sub-dominant galactic contribution, possibly associated with
known local large diffuse TeV to PeV γ-ray sources at the galactic
center [8] or the interstellar medium [9] cannot be ruled out yet.
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for a tri-bi-maximal (TBM) neutrino mixing pattern [20].
The flux of neutrinos coming from pp collisions follows
that of the progenitor protons, which is typically a powerlaw spectrum Φ ∝ E −γ with γ ∼ 2 for a diffusive Fermishock acceleration mechanism, whereas the neutrino flux
due to pγ collisions has a strong ∆+ resonance peak, and
therefore, falls off at lower energies [18].
Using the (1:1:1)E flavor composition and assuming a
single-component E −γ flux over the entire energy range
of interest, it was shown [21, 22] that the 2-year IceCube
data was largely consistent with the expectations from
the Standard Model (SM) neutrino-nucleon interactions.
This provides a unique test of the SM involving the highest energy neutrinos ever observed in Nature and any statistically significant deviations in future might call for a
non-standard explanation. In fact, several New Physics
scenarios have been envisaged in this context, e.g. earlydecay of a massive long-lived particle [23], decay [24] or
annihilation [25] of a heavy Dark Matter, secret neutrino
interactions involving a light mediator [26], lepto-quark
resonance [27], decay of massive neutrinos to light ones
over cosmological distances [28], mirror neutrinos [29],
superluminal neutrinos [30], color-octet neutrinos [31],
extra-dimensions [32] and TeV-scale gravity [33]. Even
within the SM framework, various other possibilities have
been considered, e.g. the Glashow resonance in ν̄e e− [34]
and ν` γ scattering [35], and interactions of nuclei with
matter [36]. If the data continues to be consistent with
the SM predictions, one can put useful constraints on
some of the exotic scenarios mentioned above [5], which
are otherwise difficult to probe in low-energy laboratory
experiments.
Nevertheless, it was pointed out in [22] that the
(1:1:1)E flux seems to give a mild deficit in the observed
muon tracks at high energies, where the atmospheric
background is anyway expected to be small. This was
independently confirmed in a dedicated likelihood analysis [37]. Although the (1:1:1)E flavor composition is still
allowed at the 90% C.L. [38, 39] and a potential muon
deficit could be attributed to experimental effects such
as track mis-identification, it is worth scrutinizing other
possible flavor ratios at source.
In this paper, we critically examine the possible physical flavor and spectral compositions of the UHE neutrino
flux in light of the 3-year IceCube data. After confirming the mild ‘muon deficit problem’ with the standard
(1:2:0)S flux, we consider other well-motivated sources
with (1:0:0)S , (0:1:0)S and (1:1:0)S flavor compositions
and show that it is possible to mitigate the muon deficit
problem, if it really exists, with the (1:0:0)S flux, whereas
the (0:1:0)S and (1:1:0)S fluxes further aggravate the
problem. In any case, once one recognizes the existence
of any of these additional sources along with the standard
(1:2:0)S source, it is rather natural to consider at least a
two-component flux, instead of a single component over
the entire energy range of interest. Moreover, we show
that such a two-component flux could also offer a sim-

ple explanation of the apparent energy gap between 400
TeV–1 PeV, apart from addressing the muon deficit problem, all within the SM framework, i.e. without invoking
any New Physics.
The plan of the paper is as follows: in Section II, we
give the pertinent details of the calculation of event rate
at IceCube, as used in our simulation. In Section III, we
discuss various possible flavor compositions at source. In
Section IV, we perform a Poisson likelihood analysis for
different astrophysical flavor compositions and flux normalizations. In Section V, we analyze the two-component
flux with various flavor compositions. Our conclusions
are given in Section VI.

II.

EVENT RATE

The expected number of neutrino-induced events at
IceCube can be written as
Z Emax
Z 1
dσ
N = T NA Ω
dEdep
dy Φ Veff A
,
(2)
dy
Emin
0
where Edep is the electromagnetic-equivalent deposited
energy, which is always smaller than the incoming neutrino energy Eν in the laboratory frame by a factor depending on Eν and the type of interaction, T is the time
of exposure, NA is the Avogadro number, Ω is the solid
angle of coverage, Φ is the incident neutrino flux, Veff is
the effective target volume of the detector, A is the attenuation factor for upgoing neutrinos traveling through
the Earth material, σ is the neutrino-induced interaction
cross section, and y = (Eν − E` )/Eν , E` is the inelasticity parameter which is a measure of the energy carried
by the outgoing lepton in the laboratory frame. The limits of the energy integration Emin and Emax give the bin
size over which the expected number of events is being
calculated.
The numerical values of the various parameters appearing in Eq. (2) as used in our analysis are computed
using the procedure given below:
(i) T = 988 days for the IceCube data collected between 2010–2013 [3].
(ii) NA = 6.022 × 1023 mol−1 , which is equal to 6.022 ×
1023 cm−3 water equivalent for interactions with
the ice nuclei. For interactions with electrons, NA
should be replaced with (10/18)NA for the number
of electrons in one mole of H2 O.
(iii) Ω = 4π sr for an isotropic neutrino flux. For
the upgoing events, i.e. those coming from the
northern hemisphere at IceCube, we must include
an attenuation factor due to scattering within
the Earth, which is represented by an energy-
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(vi) Edep as a function of Eν is calculated using the
procedure outlined in [22]; see also [38, 45, 46]. For
the cascade events caused by νe , ντ charged-current
(CC) and a sub-dominant all-flavor neutral current
(NC) interactions, the underlying true neutrino energy can be reconstructed better than that for the
track events caused by νµ CC interactions [47]. In
the latter case, the true muon neutrino energy could
be much higher than the deposited energy due to
the through-going muons, thus allowing us to set
only a lower limit on Eν [45].

dependent shadow factor [40]
A(Eν ) =

1
2

Z

1


d(cos θ) exp −

−1


z(θ)
,
Lint (Eν )

(3)

where θ is the incident angle of the incoming neutrinos above nadir, Lint (Eν ) = 1/σ(Eν )NA is the
interaction length, and z(θ) is the effective column
depth for upgoing neutrinos (for downgoing events,
z(θ) = 0), which is obtained from the Earth density profile as given by the Preliminary Reference
Earth Model [41]. The Earth attenuation effects
become important at energies above ∼ 100 TeV,
making the Earth opaque to UHE neutrinos [40].
This is why all the PeV events observed so far at
IceCube are downgoing events. For the upgoing
τ -neutrinos, one should also include the regeneration effects inside the Earth [42], which lead to fast
τ -decays producing secondary neutrinos of all flavors with lesser energy than the original incident
one [43].2
(iv) Veff (Eν ) = Meff (Eν )/ρice is the effective target volume, where ρice = 0.9167 g cm−3 is the density of
natural ice and Meff is the effective target mass
which includes the background rejection cuts and
event containment criteria [2]. Meff depends on
the incoming neutrino energy and attains its maxmax
imum value Meff
' 400 Mton, corresponding to
max
Veff
' 0.44 km3 water-equivalent, above 100 TeV
for νe CC events, and above 1 PeV for other CC
and NC events [2]. There is some flavor bias at low
energies caused by the deposited energy threshold
due to missing energy in escaping particles from νµ
and ντ CC events as well as all flavor NC events,
which decreases Meff for these events as compared
to the νe CC events.
(v) For the incoming neutrino flux, we first assume a
single-component unbroken power-law spectrum:

Φ(Eν ) = Φ0

Eν
E0

−γ
,
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III.

FLAVOR COMPOSITION

Given a flavor ratio (fe0 :fµ0 :fτ0 )S of ν + ν̄ at source, the
corresponding value (fe :fµ :fτ )E on Earth is given by

f` =

3
X X
`0 =e,µ,τ i=1

|U`i |2 |U`0 i |2 f`00 ≡

X

P``0 f`00 , (5)

`0

where U`i are the elements of the PMNS mixing matrix
and P``0 is the oscillation probability for ν` → ν`0 in vacuum. Assuming a TBM mixing [20], which is a good
approximation at this stage [51], the positive definite elements of P are given by


10
4
4
1 
4 7 7.
P =
(6)
18
4 7 7

(4)

where Φ0 is the total ν + ν̄ flux for all flavors at
E0 = 100 TeV in units of GeV−1 cm−2 sr−1 s−1 and
γ is the spectral index.3 The exact energy dependence might vary for different extra-terrestrial
source evolution models [5], and hence, the spectral
index γ is kept as a free parameter in our analysis.
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(vii) The (anti)neutrino-nucleon cross sections are calculated using the NNPDF2.3 [48] parton distribution
functions (PDFs) at next-to-next-to-leading order.
With x-grids as low as 10−9 and Q2 grids up to
108 GeV2 , they have a relatively small error on the
cross sections for the current energy range of interest [22]. For a more precise determination of the
cross sections at high energies, one has to include
the non-linear QCD effects [49] beyond the DGLAP
formalism [50].

Our estimates show that the regeneration effect on the total number of events in the energy range of interest is <
∼ 5%.
In the notation followed by our earlier analysis [22], Φ = CE −γ ,
where C = (1010 GeV2 )Φ0 E0γ−2 .

Using this in Eq. (5), one can easily check that a (1:2:0)S
flavor composition at the source [cf. Eq. (1)] will lead to a
(1:1:1)E composition on Earth.4 Here we make an interesting observation that for an observed (1:1:1)E composition on Earth, the source composition may not be necessarily (1:2:0)E , as a flavor-universal source composition
of (1:1:1)S also leads to the same composition (1:1:1)E on
Earth.

4

Using the current 3σ values of the neutrino mixing parameters [60] instead of the TBM structure (6), we obtain (0.9-1:1.11:1-0.9)E which can be safely assumed to be (1:1:1)E for numerical purposes.

4
Apart from the standard π ± production mode (1) giving rise to (1:2:0)S flavor composition of astrophysical
neutrinos, there are a few other possibilities [52], leading
to different flavor compositions as follows:

Y e−λi λni
i
ni !

(7)

bins i

The best-fit values for the flux normalization Φ0 and the
spectral index γ will correspond to the maximum value
of L = Lmax in Eq. (7). The corresponding confidence
level (CL) ranges can be obtained from a likelihood-ratio

Γ =2.9
2.8

-2 Dln L

2.7
2.6
2.5

2.4

2.3

L =

0
0.1

90%

2.2

Using the parameter values given above, we use Eq. (2)
to compute the expected number of events from the SM
CC and NC interactions, assuming a single-component
astrophysical power-law spectrum for the incoming neutrino flux. Together with the expected atmospheric
background, we obtain the predictions for the SM signal+background events with mean values λi , where i =
1, ..., 14 denotes the number of the deposited energy bin
between 15.8 TeV < Edep < 10 PeV. For a given flavor
composition, the observed count ni in each bin i is compared to the SM prediction through a Poisson likelihood
function

2
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99%

6
1.9

(iii) It is also possible to have a purely electron
(anti)neutrino flux at source, i.e. with flavor ratio (1:0:0)S , which will give rise to (5:2:2)E flux on
Earth. This is possible e.g. when the source injects
a nearly pure neutron flux [62, 63].

.8

(ii) Since the rest-frame lifetime of muons, τµ = 2.2 ×
10−6 s, is larger than that of charged pions, τπ± =
2.6 × 10−8 s [60], it is possible that the muon in the
decay chain of Eq. (1) loses energy in the source
environment, e.g. due to synchrotron radiation in
a strong magnetic field or by scattering in a dense
astrophycal medium, before decaying [53, 54]. In
this case, the flavor composition at source will be
(0:1:0)S and the corresponding earthly composition
will be (4:7:7)E .

8

Γ =1

(i) If the charged pions are produced by pγ scattering, the ∆+ resonance gives rise to π + + n and
π 0 + p, in the ratio of 1:2. Since π − (and hence
µ− and ν̄e ) production is suppressed in this case,
we get the source flavor ratio (1:1:0)S for neutrinos
and (0:1:0)S for anti-neutrinos. Using Eqs. (5) and
(6), we get the corresponding earthly flavor ratios
of (14:11:11)E and (4:7:7)E respectively. Note that
(1:1:0)S ≡ (14:11:11)E flavor ratio for both neutrinos and antineutrinos is also possible in prompt
decays of charmed particles.
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FIG. 1. The likelihood profile for the total astrophysical flux
normalization Φ0 with different values of the spectral index
γ and with (1:2:0)S flavor composition. The shaded regions
show the 90% CL PDF uncertainty.

test, by constructing a test statistic
−2∆ ln L = −2(ln L − ln Lmax ) ,

(8)

where the 68%, 90% and 99% CL limits correspond
to the values of −2 ln L = 1, 2.71 and 6.63 respectively [60] for our case with one degree of freedom. This
is shown in Figure 1 for the (1:2:0)S flavor composition. Here the individual Lmax was computed by only
varying the spectral index and flux normalization for a
given flavor composition. We find that the best-fit spectral index is γ ∼ 2.3 and the best-fit normalization is
Φ0 ∼ 5 × 10−18 GeV−1 cm−2 sr−1 s−1 . Note that the flux
normalization values shown here are consistent with the
observational upper bounds on the UHECR and diffuse
neutrino fluxes [57], as well as with the sub-PeV gamma−8
−2 −1 −1
ray flux limits Eγ2 Φγ <
∼ 10 GeVcm sr s [5]. This
might indicate a relation between the sources of the UHE
neutrinos and UHECRs [4]. However, our best-fit spectral index is slightly higher than that predicted by a
typical Waxman-Bahcall flux, which is proportional to
E −2 [58].5
Using the above procedure, we can similarly compute
the likelihood profiles for other flavor compositions mentioned at the end of Section II, which look similar to
that shown in Figure 1, and hence, are not shown here.
We find that for all the cases, the best-fit spectral index is γ = 2.3 and the best-fit flux normalization is of
the same order as in the (1:2:0)S case, though the exact
value depends on the flavor composition. This is shown
in Figure 2. Here the overall maximum likelihood was
computed by comparing all the corresponding local maxima Lmax for each flavor composition. As we can see
from this plot, all the physical flavor compositions are

5

This is largely consistent with other recent analyses of the IceCube data; see e.g. [38, 39, 59, 68].
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FIG. 2. The likelihood profile for the total astrophysical flux
normalization Φ0 with different flavor compositions and with
the spectral index γ = 2.3. The shaded regions show the 90%
CL PDF uncertainty.

currently consistent with the IceCube data within 90%
CL, although the (0:1:0)S flux has the maximum likelihood to explain the current data. This is consistent with
the recent IceCube analysis on flavor composition [39].
In Figure 3, we show the deposited energy spectra for
a single component flux (4) with (1:1:1)E flavor composition and an unbroken E −γ spectrum for some typical
values of the spectral index γ . The expected background
of 6.6+5.9
−1.6 atmospheric neutrinos and 8.4 ± 4.2 CR muons
is shown by the black shaded region, which includes the
systematic and statistical uncertainties as well as the 90%
CL charm limit [3]. Our SM signal+background prediction is shown by the green solid line and the associated
green shaded region includes the PDF uncertainty in the
cross section (cf. Figure 3). The mild enhancement of
events around 6 PeV is due to the Glashow resonance
caused by ν̄e e− interactions [66].
A closer look at the signal events for (1:2:0)S reveals a
potential ‘muon deficit’ problem, as illustrated in Table I.
Here we have shown the expected number of signal events
for the best-fit scenario with γ = 2.3 and (1:2:0)S composition in various categories. Including the contribution
from the expected atmospheric background [3] due to CR
muons and atmospheric muon neutrinos from π/K and
charmed meson decays, we compare our best-fit predictions with the observed data for integrated number of
events between 60 TeV < Edep < 3 PeV. It is clear that
the (1:2:0)S flavor composition predicts higher number
of muon tracks than that observed in this energy range.
This deficit becomes more severe if we consider the fact
that out of the 4 candidate events above 60 TeV, one
event has an apparent first interaction near the detector
boundary, which is consistent with the expected muon
background [3].
For comparison, we also show in Table I the corre-

sponding predictions for number of events with other
physical flavor compositions. It is clear that the muon
deficit problem becomes worse for (1:1:0)S and (0:1:0)S ,
whereas (1:0:0)S significantly improves the situation, as
expected.
As suggested in [22], one possible way to address the
muon deficit problem is by invoking some exotic lepton
flavor violating interactions, which could also be linked
with the longstanding muon (g − 2) anomaly [60]. It
was shown [70] that a light leptophilic Z 0 explaining the
muon (g − 2) anomaly could also explain the apparent
energy gap between 400 TeV and 1 PeV in the IceCube
spectrum as due to resonant scattering of UHE neutrinos
with the cosmic relic neutrino background. In the following section, we propose an alternative explanation of the
gap within the SM framework.

V.

A TWO-COMPONENT SOLUTION

As stated earlier, once we identify the existence of more
than one flavor compositions, it seems rather natural
to consider a multi-component flux for the astrophysical neutrinos. Here we should clarify that multiple flavor
components do not necessarily require multiple sources,
since it is possible to have significant parameter spread
even in a single source class. For example, the energy at
which muons of astrophysical origin start to lose energy
before decaying strongly depends on the source parameters such as the magnetic field strength. For a given
source class, such parameters could have a broad distribution, thus leading to a diffuse neutrino flux with more
than one flavor composition.
For illustration, we entertain the simplest multicomponent possibility, i.e. a two-component flux:

Φ(Eν ) = Φ1

Eν
E0

−γ1
e

−Eν /E1


+ Φ2

Eν
E0

−γ2
, (9)

with five hitherto unknown parameters, i.e. Φ1,2 , γ1,2 and
a cut-off scale E1 . Note that in the single-component
case, there is no need for a cut-off [22, 68], as long as
6
γ >
∼ 2. However, if the apparent gap in the deposited
energy spectrum between 400 TeV and 1 PeV persists,
the single-component solution will be disfavored, as illustrated in Figure 3. A two-component flux (9) can easily
explain such a gap, if E1 <
∼ 1 PeV for the first component and the second component becomes dominant beyond E1 . The cut-off energy E1 may arise due to interactions of UHECRs en route to Earth or due to a natural
acceleration endpoint [5]. Similarly, a low-energy cut-off

6

For γ <
∼ 2, a cut-off is required to avoid the Fermi-LAT constraint
on diffuse γ-ray flux [5].

6
Background
Total
Up
Down
Track
Shower

2.8+ < 5.3
1.5+ < 3.7
1.2+ < 1.6
∼ 2.1+ < 1.0
∼ 0.7+ < 4.2

(1:2:0)S
(1:1:0)S
(0:1:0)S
(1:0:0)S
Two-comp
IceCube
[or (1:1:1)E ] [or (14:11:11)E ] [or (4:7:7)E ] [or (5:2:2)E ] [(1:0:0)S +(1:2:0)S ]
14.5
5.5
9.0
4.4
10.1

14.4
5.4
9.0
3.9
10.5

14.8
5.6
9.1
5.6
9.2

14.2
5.2
9.0
2.6
11.6

13.7
5.0
8.7
2.8
10.9

20
5
15
4
16

TABLE I. SM predictions for the number of events between 60 TeV < Edep < 3 PeV in 988 days for the best-fit single-component
solutions as well as for a two-component solution. The atmospheric background due to CR muons and muon neutrinos from
π/K and charmed meson decays, and the IceCube observed events are taken from [3].

for the second component could be due to its production
mechanism, e.g. from a pγ collision which has a sharp
∆-resonance.7
Similarly, the potential muon deficit problem can be
adressed by taking the first component of the twocomponent flux to be (1:0:0)S . We should clarify that
although the (1:0:0)S is not favored by the current data
over the other possible flavor compositions as a singlecomponent flux, mainly because of the lack of enough
events in the Glashow resonance bin, it is still perfectly
acceptable as the low-energy part of a two-component
flux. Moreover, it is easier to satisfy the Fermi-LAT
bound on diffuse gamma-ray flux [69] for a (1:0:0)S source
in the low-energy regime [63].
Assuming the first component to be (1:0:0)S for reasons stated above, we perform a likelihood analysis for
the two-component case, similar to that presented in
Section IV for the single-component case, with different
choices of flavor compositions for the second component
and different spectral indices (γ1 , γ2 ) in Eq. (9). We keep
the cut-off scale fixed at E1 = 1 PeV. Our results are
shown in Figure 4, where we show the relative likelihood
for each case. It is clear that the best-fit is obtained for
(γ1 , γ2 ) = (2.4 − 2.5, 2.4 − 2.7) and for the second component flavor composition (0:1:0)S . However, the other
cases shown in Figure 4 are all currently allowed within
90% CL, if we consider the UHE neutrino events only
above 60 TeV. This is consistent with the fact that, for
the single-component case, (0:1:0)S gives the best-fit solution, while all the other cases are still within the 90%
CL interval (cf. Figure 2) for γ = 2.3 − 2.7.
To illustrate the effect of the two-component flux on
the event distribution, as compared to the single component flux shown in Figure 3, we change the lowenergy part of the flavor composition to (1:0:0)S , but
7

In general, it is possible to back up such a two-component flux
(9) by solid astrophysical scenarios; a detailed discussion of this
will be postponed to a future work. Another possibility for the
two-component flux is that one of the components (preferably
the lower one) could have astrophysical origin, while the other
one has some exotic origin, such as a decaying DM scenario [24].

keeping the high-energy part same as in Figure 3, i.e.
(1:2:0)S . We keep the cut-off scale fixed at E1 = 1
PeV and use the best-fit solution for this flavor composition from Figure 4, i.e. (γ1 , γ2 ) = (2.4, 2.5), with
the corresponding best-fit normalizations (Φ1 , Φ2 ) =
(6.4, 32.2) × 10−18 GeV−1 cm−2 sr−1 s−1 . The resulting
number of events for this scenario are given in the penultimate column of Table I, which clearly shows that the
muon deficit can be easily addressed in this scenario.
The energy spectrum for this two-component solution is
shown in Figure 5 along with the 90% CL PDF uncertainty (green shaded band). The best-fit (1:2:0)S singlecomponent solution is also shown for comparison. We see
that the two-component flux better explains the energy
gap just below 1 PeV. With more data in future, the twocomponent flux can in principle be distinguished from a
single-component flux. In particular, any further information on the number of events in the Glashow resonance
bin will be crucial to pin down the flavor composition in
the higher-energy bins. In the two-component example
considered above, the (1:2:0)S flux in the higher energy
range predicts less number of electron neutrino events in
the Glashow resonance bin, and therefore, is preferred by
the current data over a (1:0:0)S flux. In addition, a more
accurate measurement of the energy spectrum can distinguish our two-component hypothesis from other possible
explanations of the gap, e.g. due to secret neutrino interactions [26, 70] or due to the line-of-sight interactions
of CRs emitted by blazars with background photons [11].

VI.

CONCLUSION

Understanding all aspects of the IceCube UHE neutrino events is extremely important for both astrophysics
and particle physics. We critically examine the singlecomponent hypothesis with the standard (1:2:0)S astrophysical neutrino flux from pion/kaon decays. Identifying the existence of other well-motivated physical flavor
compositions, we argue that it is natural to have a multicomponent flux rather than a single-component one. We
further show that a simple two-component flux could ex-
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(green shaded), for the IceCube deposited energy bins between 16 TeV - 10 PeV. The IceCube data points (with error bars)
and the atmospheric background (black shaded) were taken from [3].
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FIG. 4. A likelihood analysis for the two component flux
for different flavor compositions, the first component being (1:0:0)S and the second being (1:2:0)S (circles), (1:0:0)S
(squares), (0:1:0)S (triangle up) and (1:1:0)S (triangle down).
The x-axis corresponds to the variation of the spectral indices
(γ1 , γ2 ), as indicated in the figure.

single-component flux. In particular, if the apparent energy gap between 400 TeV and 1 PeV deposited energy
bins becomes statistically significant, our two-component
hypothesis might provide a simple explanation for this
observation, with important consequences for the identification of the underlying astrophysical sources. Given
that so much is unknown about the dynamics of the UHE
neutrino sources and that a precise knowledge of their flavor composition is crucial for a reliable understanding of
the underlying astrophysical processes as well as for the
particle physics interpretation, it is desirable to determine the flavor composition from experiment, as more
data is collected at current and future large-volume neutrino detectors. Finally, we hope that the future experimental analyses will seriously consider the possibility of
such a two-component flux.
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plain all the key features of the data within the SM framework, which are otherwise difficult to understand with a

After this work was finalized, we became aware of the
preliminary 4-year IceCube dataset [71], in which the apparent energy gap between 400 TeV - 1 PeV still seems to
be present, as the only new event recorded in this range
is a muon track, which is most likely to have originated
from a neutrino with much higher incoming energy. We
look forward to the formal publication of the new dataset
with more information on the events as well as on the atmospheric background, to be able to update our spectral
and flavor analysis accordingly in a future work.

[1] M. G. Aartsen et al. [IceCube Collaboration], Phys.
Rev. Lett. 111, 021103 (2013) [arXiv:1304.5356 [astroph.HE]].
[2] M. G. Aartsen et al. [IceCube Collaboration], Science
342, 1242856 (2013) [arXiv:1311.5238 [astro-ph.HE]].
[3] M. G. Aartsen et al. [IceCube Collaboration], Phys.
Rev. Lett. 113, 101101 (2014) [arXiv:1405.5303 [astroph.HE]].
[4] J. K. Becker, Phys. Rept. 458, 173 (2008)
[arXiv:0710.1557 [astro-ph]]; L. A. Anchordoqui et al.,

JHEAp 1-2, 1 (2014) [arXiv:1312.6587 [astro-ph.HE]].
[5] K. Murase, arXiv:1410.3680 [hep-ph].
[6] S. Adrian-Martinez et al. [ANTARES Collaboration],
JCAP 1405, 001 (2014) [arXiv:1402.2809 [astro-ph.HE]];
M. G. Aartsen et al. [IceCube Collaboration], Astrophys.
J. 796 109 (2014) [arXiv:1406.6757 [astro-ph.HE]].
[7] L. A. Anchordoqui et al., Phys. Rev. D 89, 083003
(2014) [arXiv:1306.5021 [astro-ph.HE]]; M. Ahlers
and F. Halzen, Phys. Rev. D 90, 043005 (2014)
[arXiv:1406.2160 [astro-ph.HE]]; B. Wang, X. H. Zhao

9
and Z. Li, arXiv:1407.2536 [astro-ph.HE].
[8] D. B. Fox, K. Kashiyama and P. Mszars, Astrophys. J. 774, 74 (2013) [arXiv:1305.6606 [astro-ph.HE]];
A. Neronov, D. V. Semikoz and C. Tchernin, Phys.
Rev. D 89, 103002 (2014) [arXiv:1307.2158 [astroph.HE]]; S. Razzaque, Phys. Rev. D 88, 081302
(2013) [arXiv:1309.2756 [astro-ph.HE]]; M. Ahlers
and K. Murase, Phys. Rev. D 90, 023010 (2014)
[arXiv:1309.4077 [astro-ph.HE]]; A. D. Supanitsky, Phys.
Rev. D 89, 023501 (2014) [arXiv:1312.7304 [astroph.HE]]; Y. Bai, A. J. Barger, V. Barger, R. Lu,
A. D. Peterson and J. Salvado, Phys. Rev. D 90, 063012
(2014) [arXiv:1407.2243 [astro-ph.HE]]; L. A. Anchordoqui, H. Goldberg, T. C. Paul, L. H. M. da Silva and
B. J. Vlcek, arXiv:1410.0348 [astro-ph.HE]; C. Lunardini,
S. Razzaque, K. T. Theodoseau and L. Yang, Phys. Rev.
D 90, 023016 (2014) [arXiv:1311.7188 [astro-ph.HE]].
[9] A. M. Taylor, S. Gabici and F. Aharonian, Phys. Rev.
D 89, 103003 (2014) [arXiv:1403.3206 [astro-ph.HE]];
S. Dado and A. Dar, Phys. Rev. Lett. 113, 191102 (2014)
[arXiv:1405.5487 [astro-ph.HE]].
[10] K. Murase, M. Ahlers and B. C. Lacki, Phys. Rev.
D 88, 121301 (2013) [arXiv:1306.3417 [astro-ph.HE]];
R. Y. Liu, X. Y. Wang, S. Inoue, R. Crocker and F. Aharonian, Phys. Rev. D 89, 083004 (2014) [arXiv:1310.1263
[astro-ph.HE]]; I. Tamborra, S. Ando and K. Murase,
JCAP 1409, 043 (2014) [arXiv:1404.1189 [astro-ph.HE]];
L. A. Anchordoqui, T. C. Paul, L. H. M. da Silva,
D. F. Torres and B. J. Vlcek, Phys. Rev. D 89, 127304
(2014) [arXiv:1405.7648 [astro-ph.HE]]; X. C. Chang
and X. Y. Wang, Astrophys. J. 793, 131 (2014)
[arXiv:1406.1099 [astro-ph.HE]]; F. Zandanel, I. Tamborra, S. Gabici and S. Ando, arXiv:1410.8697 [astroph.HE].
[11] W. Essey, O. E. Kalashev, A. Kusenko and J. F. Beacom,
Phys. Rev. Lett. 104, 141102 (2010) [arXiv:0912.3976
[astro-ph.HE]]; Astrophys. J. 731,
51 (2011)
[arXiv:1011.6340 [astro-ph.HE]]; O. E. Kalashev,
A. Kusenko and W. Essey, Phys. Rev. Lett. 111, 041103
(2013) [arXiv:1303.0300 [astro-ph.HE]].
[12] K. Murase, Y. Inoue and C. D. Dermer, Phys. Rev.
D 90, 023007 (2014) [arXiv:1403.4089 [astro-ph.HE]];
P. Padovani and E. Resconi, MNRAS 443, 474 (2014)
[arXiv:1406.0376 [astro-ph.HE]]; F. Krauß et al., Astron. Astrophys. 566, L7 (2014) [arXiv:1406.0645 [astroph.HE]]; C. D. Dermer, K. Murase and Y. Inoue, JHEAp
3-4, 29 (2014) [arXiv:1406.2633 [astro-ph.HE]]; F. Tavecchio, G. Ghisellini and D. Guetta, arXiv:1407.0907 [astroph.HE]; S. Sahu and L. S. Miranda, arXiv:1408.3664
[astro-ph.HE]; C. D. Dermer, arXiv:1408.6453 [astroph.HE]; O. Kalashev, D. Semikoz and I. Tkachev,
arXiv:1410.8124 [astro-ph.HE]; S. S. Kimura, K. Murase
and K. Toma, arXiv:1411.3588 [astro-ph.HE]; F. Tavecchio and G. Ghisellini, arXiv:1411.2783 [astro-ph.HE].
[13] M. Petropoulou, D. Giannios and S. Dimitrakoudis, MNRAS 445, 570 (2014) [arXiv:1405.2091 [astro-ph.HE]];
D. Fargion, arXiv:1408.0227 [astro-ph.HE]; M. Bustamante, P. Baerwald, K. Murase and W. Winter,
arXiv:1409.2874 [astro-ph.HE].
[14] K. Murase, P. Meszaros and B. Zhang, Phys. Rev. D 79,
103001 (2009) [arXiv:0904.2509 [astro-ph.HE]]. K. Fang,
K. Kotera, K. Murase and A. V. Olinto, arXiv:1311.2044
[astro-ph.HE]; K. Fang, arXiv:1411.2174 [astro-ph.HE].

[15] K. Murase and K. Ioka, Phys. Rev. Lett. 111, 121102
(2013) [arXiv:1306.2274 [astro-ph.HE]]; A. Bhattacharya,
R. Enberg, M. H. Reno and I. Sarcevic, arXiv:1407.2985
[astro-ph.HE].
[16] K. Greisen, Phys. Rev. Lett. 16, 748 (1966); G. T. Zatsepin and V. A. Kuzmin, JETP Lett. 4, 78 (1966).
[17] G. Sigl and A. van Vliet, arXiv:1407.6577 [astro-ph.HE].
[18] T. K. Gaisser, Cosmic Rays and Particle Physics, Cambridge University Press (1990).
[19] J. G. Learned and S. Pakvasa, Astropart. Phys. 3, 267
(1995) [hep-ph/9405296].
[20] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys.
Lett. B 530, 167 (2002) [hep-ph/0202074].
[21] R. Laha, J. F. Beacom, B. Dasgupta, S. Horiuchi
and K. Murase, Phys. Rev. D 88, 043009 (2013)
[arXiv:1306.2309 [astro-ph.HE]].
[22] C.-Y. Chen, P. S. B. Dev and A. Soni, Phys. Rev. D 89,
033012 (2014) [arXiv:1309.1764 [hep-ph]].
[23] Y. Ema, R. Jinno and T. Moroi, Phys. Lett. B 733,
120 (2014) [arXiv:1312.3501 [hep-ph]]; JHEP 1410, 150
(2014) [arXiv:1408.1745 [hep-ph]].
[24] B. Feldstein, A. Kusenko, S. Matsumoto and
T. T. Yanagida, Phys. Rev. D 88, 015004 (2013)
[arXiv:1303.7320 [hep-ph]]; A. Esmaili and P. D. Serpico,
JCAP 1311, 054 (2013) [arXiv:1308.1105 [hep-ph]];
Y. Bai, R. Lu and J. Salvado, arXiv:1311.5864 [hep-ph];
T. Higaki, R. Kitano and R. Sato, JHEP 1407, 044
(2014) [arXiv:1405.0013 [hep-ph]]; A. Bhattacharya,
R. Gandhi and A. Gupta, arXiv:1407.3280 [hep-ph];
C. Rott, K. Kohri and S. C. Park, arXiv:1408.4575
[hep-ph]; A. Esmaili, S. K. Kang and P. D. Serpico,
arXiv:1410.5979 [hep-ph]; C. S. Fong, H. Minakata,
B. Panes and R. Z. Funchal, arXiv:1411.5318 [hep-ph].
[25] J. Zavala, Phys. Rev. D 89, 123516 (2014)
[arXiv:1404.2932 [astro-ph.HE]]; C. H. Chen and
T. Nomura, JHEP 1409, 120 (2014) [arXiv:1404.2996
[hep-ph]].
[26] K. Ioka and K. Murase, PTEP 2014, 061E01 (2014)
[arXiv:1404.2279 [astro-ph.HE]]; K. C. Y. Ng and
J. F. Beacom, Phys. Rev. D 90, 065035 (2014)
[arXiv:1404.2288 [astro-ph.HE]]; M. Ibe and K. Kaneta,
Phys. Rev. D 90, 053011 (2014) [arXiv:1407.2848 [hepph]]; K. Blum, A. Hook and K. Murase, arXiv:1408.3799
[hep-ph]; J. F. Cherry, A. Friedland and I. M. Shoemaker,
arXiv:1411.1071 [hep-ph].
[27] V. Barger and W. Y. Keung, Phys. Lett. B 727, 190
(2013) [arXiv:1305.6907 [hep-ph]].
[28] P. Baerwald, M. Bustamante and W. Winter, JCAP
1210, 020 (2012) [arXiv:1208.4600 [astro-ph.CO]];
S. Pakvasa, A. Joshipura and S. Mohanty, Phys. Rev.
Lett. 110, 171802 (2013) [arXiv:1209.5630 [hep-ph]];
L. Dorame, O. G. Miranda and J. W. F. Valle,
arXiv:1303.4891 [hep-ph].
[29] A. S. Joshipura, S. Mohanty and S. Pakvasa, Phys. Rev.
D 89, 033003 (2014) [arXiv:1307.5712 [hep-ph]].
[30] E. Borriello, S. Chakraborty, A. Mirizzi and P. D. Serpico, Phys. Rev. D 87, 116009 (2013) [arXiv:1303.5843
[astro-ph.HE]]; F. W. Stecker and S. T. Scully, Phys.
Rev. D 90, 043012 (2014) [arXiv:1404.7025 [astroph.HE]]; 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)
[arXiv:1404.0622 [hep-ph]].

10
[31] A. N. Akay, U. Kaya and S. Sultansoy, arXiv:1402.1681
[hep-ph]; A. N. Akay, O. Cakir, Y. O. Gunaydin, U. Kaya,
M. Sahin and S. Sultansoy, arXiv:1409.5896 [hep-ph].
[32] E. Aeikens, H. Päs, S. Pakvasa and P. Sicking,
arXiv:1410.0408 [hep-ph].
[33] J. I. Illana, M. Masip and D. Meloni, arXiv:1410.3208
[hep-ph].
[34] A. Bhattacharya, R. Gandhi, W. Rodejohann and
A. Watanabe, JCAP 1110, 017 (2011) [arXiv:1108.3163
[astro-ph.HE]]; arXiv:1209.2422 [hep-ph]; V. Barger,
J. Learned and S. Pakvasa, arXiv:1207.4571 [astroph.HE].
[35] I. Alikhanov, arXiv:1402.6678 [hep-ph].
[36] W. Winter, arXiv:1407.7536 [astro-ph.HE].
[37] O. Mena, S. Palomares-Ruiz and A. C. Vincent, Phys.
Rev. Lett. 113, 091103 (2014) [arXiv:1404.0017 [astroph.HE]]; arXiv:1411.2998 [astro-ph.HE].
[38] S. Palomares-Ruiz, A. C. Vincent and O. Mena,
arXiv:1502.02649 [astro-ph.HE].
[39] M. G. Aartsen et al. [IceCube Collaboration],
arXiv:1502.03376 [astro-ph.HE]; M. Kowalski, Talk
at IOP2015, Manchester, UK (April 2, 2015).
[40] R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5, 81 (1996) [hep-ph/9512364]; Phys. Rev.
D 58, 093009 (1998) [hep-ph/9807264].
[41] A. M. Dziewonski and D. L. Anderson, Phys. Earth
Planet. Int. 25, 297 (1981).
[42] S. I. Dutta, M. H. Reno and I. Sarcevic, Phys. Rev. D
62, 123001 (2000) [hep-ph/0005310].
[43] J. F. Beacom, P. Crotty and E. W. Kolb, Phys. Rev.
D 66, 021302 (2002) [astro-ph/0111482]; S. I. Dutta,
M. H. Reno and I. Sarcevic, Phys. Rev. D 66, 077302
(2002) [hep-ph/0207344].
[44] The
IceCube
Collaboration,
IceCube
Preliminary
Design
Document
(2011)
[
http://icecube.wisc.edu/icecube/static/reports/
IceCubeDesignDoc.pdf].
[45] M. G. Aartsen et al. [IceCube Collaboration], JINST 9,
P03009 (2014) [arXiv:1311.4767 [physics.ins-det]].
[46] M. D. Kistler, T. Stanev and H. Yuksel, arXiv:1301.1703
[astro-ph.HE].
[47] J. F. Beacom and J. Candia, JCAP 0411, 009 (2004)
[hep-ph/0409046].
[48] R. D. Ball et al., Nucl. Phys. B 867, 244 (2013)
[arXiv:1207.1303 [hep-ph]].
[49] N. Brambilla et al., Eur. Phys. J. C 74, 2981
(2014) [arXiv:1404.3723 [hep-ph]]; V. P. Goncalves and
D. R. Gratieri, Phys. Rev. D 90, 057502 (2014)
[arXiv:1406.5890 [hep-ph]].
[50] V. N. Gribov and L. N. Lipatov, Sov. J. Nucl. Phys. 15,
438 (1972); L. N. Lipatov, Sov. J. Nucl. Phys. 20, 94
(1975); G. Altarelli and G. Parisi, Nucl. Phys. B 126,
298 (1977); Yu. L. Dokshitzer, Sov. Phys. JETP 46, 641
(1977).

[51] L. Fu, C. M. Ho and T. J. Weiler, Phys. Lett. B
718, 558 (2012) [arXiv:1209.5382 [hep-ph]]; L. Fu and
C. M. Ho, arXiv:1407.1090 [hep-ph]; X. J. Xu, H. J. He
and W. Rodejohann, arXiv:1407.3736 [hep-ph]; L. Fu,
C. M. Ho and T. J. Weiler, Phys. Rev. D 91, no. 5,
053001 (2015) [arXiv:1411.1174 [hep-ph]].
[52] W. Winter, Adv. High Energy Phys. 2012, 586413 (2012)
[arXiv:1201.5462 [astro-ph.HE]].
[53] J. P. Rachen and P. Meszaros, Phys. Rev. D 58, 123005
(1998) [astro-ph/9802280].
[54] T. Kashti and E. Waxman, Phys. Rev. Lett. 95, 181101
(2005) [astro-ph/0507599].
[55] T. A. Gabriel, D. E. Groom, P. K. Job, N. V. Mokhov
and G. R. Stevenson, Nucl. Instrum. Meth. A 338, 336
(1994).
[56] M. P. Kowalski, Ph.D. thesis, Humboldt-Universität zu
Berlin (2004).
[57] M. G. Aartsen et al. [IceCube Collaboration],
arXiv:1408.0634 [astro-ph.HE]; Y. A. Fomin et al.,
arXiv:1410.2599 [astro-ph.HE].
[58] E. Waxman and J. Bahcall, Phys. Rev. D 59, 023002
(1998) [hep-ph/9807282].
[59] M. G. Aartsen et al. [IceCube Collaboration], Phys. Rev.
D 91, 022001 (2015) [arXiv:1410.1749 [astro-ph.HE]].
[60] K. A. Olive et al (Particle Data Group), Chin. Phys. C
38, 090001 (2014) [http://pdg.lbl.gov/].
[61] P. L. Biermann and P. A. Strittmatter, Astrophys. J.
322, 643 (1987); M. Sikora, M. C. Begelman and B.
Rudak, Astrophys. J. 341, L33 (1989); A. M. Atoyan,
Astron. Astrophys. 257, 465 (1992).
[62] L. A. Anchordoqui, H. Goldberg, F. Halzen and
T. J. Weiler, Phys. Lett. B 593, 42 (2004) [astroph/0311002].
[63] L. A. Anchordoqui, Phys. Rev. D 91, 027301 (2015)
[arXiv:1411.6457 [astro-ph.HE]].
[64] K. A. Eriksen et al., Astrophys. J. 728, L28 (2011)
[arXiv:1101.1454 [astro-ph.HE]].
[65] G. Machabeli, Z. Osmanov and S. Mahajan, Phys. Plasmas 12, 062901 (2005) [astro-ph/0609383]; S. Mahajan, G. Machabeli, Z. Osmanov and N. Chkheidze,
Nat. Sci. Rep. 3, 1262 [arXiv:1303.2093 [astro-ph.HE]];
arXiv:1404.3176 [astro-ph.HE].
[66] S. Glashow, Phys. Rev. 118, 316 (1960).
[67] V. Barger, L. Fu, J. G. Learned, D. Marfatia, S. Pakvasa
and T. J. Weiler, arXiv:1407.3255 [astro-ph.HE].
[68] O. E. Kalashev and S. V. Troitsky, arXiv:1410.2600
[astro-ph.HE].
[69] M. Ackermann et al. [Fermi-LAT Collaboration], Astrophys. J. 799, 86 (2015) [arXiv:1410.3696 [astro-ph.HE]].
[70] T. Araki, F. Kaneko, Y. Konishi, T. Ota, J. Sato and
T. Shimomura, arXiv:1409.4180 [hep-ph]; A. Kamada
and H. B. Yu, arXiv:1504.00711 [hep-ph].
[71] O. Botner, Talk at IPA2015, Madison, USA (May 5,
2015).

