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Astrophysical Neutrinos
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• Neutrinos are very important 
astrophysical messengers 

• Charge particles are 
deflected by magnetic fields 

• Gamma rays can be 
absorbed
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Neutrino Signatures
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Neutrino event signaturesν 17
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Neutrino Events at IceCube
• Full 988-day data 
• 30TeV — 2 PeV 
• 37 events (9+28) 
• Muon Background  

• Atmospheric neutrino 

• reject pure atm, 5.7σ 
• Isotropy, equal flavor 
• global fit flux 
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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.

creases, its lifetime becomes longer and correspondingly, the interaction probability dominates
on the decay, giving a suppression in the atmospheric muon and neutrino flux at high energy.
No suppression is instead foreseen for the atmospheric neutrino background coming from the
decay of charmed mesons, the so-called prompt component, because of the short lifetime of
these mesons. Measuring the muon detection rate in a separate region of the telescope, the
IC collaboration gives the following estimation of the muon and neutrino background

Nµ± = 8.4± 4.2 Nall
⌫+⌫̄ = 6.6+5.9

�1.6 , (2.1)

where Nall
⌫+⌫̄ stands for the number of all flavour neutrinos and antineutrinos and its asym-

metric error is due to the prompt component.
IceCube collected 37 events in 988 days, with deposited energies ranging from 30 TeV

to 2 PeV. In particular, two events were detected, with deposited energy of the order of
PeV, which are the most energetic neutrino events ever detected. Among all the events, two
of them, events 28 and 32, having sub-threshold signals in IceTop, seem to be part of the
expected muon background (in particular, event 32 cannot be reconstructed with a single
direction and energy), while three ambiguous downgoing tracks seem to be of an atmospheric
origin.

It has been argued in literature [35] that, due to the present uncertainty on the overall
rate and starting energy of the prompt neutrino component, by assuming a different cross
section for charmed meson production and/or a slightly different cosmic ray primary flux one
could modify the expected atmospheric neutrino background in such a way to reduce the
necessity of an extra neutrino flux in the high energy range. In this case since about 50% of
downgoing prompt neutrinos arrive together with muons, which should trigger the muon veto,
upgoing events should be more than downgoing ones at these energies (“southern hemisphere”
suppression). IceCube observes exactly the contrary, so it presently seems unlikely that the
atmospheric background and the observed neutrino flux could be reconciled thanks to prompt
neutrinos [36, 37].

Another indication comes from the topology of detected events, which belong to two
classes: track events, associated with the propagation of a high energy muon, and shower
events, which correspond to the production of a large aggregate of secondary particles (with
similar energy resolution in the two cases but, of course, better angular resolution in the first
one). By assuming that data are due to a purely conventional atmospheric flux, one should
count more tracks than showers (since atmospheric neutrinos are mainly muon neutrinos). On
the other side, a (1:1:1) flavour proportion in the neutrino flux, as expected for astrophysical
neutrinos, would result in only 20% ⌫µ CC interactions, a closer result to the IceCube finding
of less tracks (24%) than showers (76%).

On the basis of this analysis the IC collaboration concludes [5] that a purely atmospheric
origin of the high energy events, requiring a 3.6 times higher charm normalization, is rejected
at 5.7�. Moreover, the data are well described in terms of a global fit including background
atmospheric muons and neutrinos, prompt neutrinos and an isotropic astrophysical flux, which
for each flavour takes the form (quoted errors are 1-� uncertainties)

E2dJ⌫+⌫̄

dE
= (0.95± 0.3)⇥ 10

�8GeV cm�2 s�1 sr�1 . (2.2)

This result satisfies the Waxman-Bahcall bound for optically thin sources [38], obtained sup-
posing that all the charged particles created by cosmic accelerators give their energy to kaons
and pions.
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Neutrino Events at IceCube
• Full 4-year data 
• ~30TeV — 2 PeV 
• 54 events (15+39) 
• Muon Background  

• Atmospheric neutrino 

• reject pure atm, 6.5σ 
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IceCube Preliminary

What did IceCube find? (4 years)ν 31

53(+1) events observed! 

Estimated background: 

9.0+8.0
-2.2  atm. neutrinos 

12.6±5.1 atm. muons 

One of them is an obvious (but 
expected) background 

coincident muons from two CR 
air showers

full likelihood fit of all components:
6.5σ for 53(+1) events

Nµ± = 12.6± 5.1

Claudio Kopper, ICRC2015
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Astrophysical Sources
• Supernova Remnants 
• Active Galactic Nuclei 
• Gamma-Ray Burst 
     Usually start with 
some specific emission 
spectra and consider pγ 
and pp interactions
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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 60TeV < E

dep

< 3PeV. 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 E
dep

> 60TeV, 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

Ahlers, Bahcall, Beacom, Essey, Kalashev 
Kusenko, Leob, Murase, Waxman, et al

IceCube, PRL 113, 101101(2014)
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Power law
• Assuming astrophysical flux arrives isotropically 

and equal flavor

9

Combined Maximum-Likelihood Analysis of IceCube High-Energy Data 7

Table 3

Models for the Astrophysical Neutrino Flux.

Model Parameters

single power law �, �

di↵erential �1 � �9

north-south �S , �S , �N , �N
2-flavor �e, �µ+⌧ , �

3-flavor �e, �µ, �⌧ , �

The simplest model is the “single power law” model.
We assume that the astrophysical flux arrives isotropi-
cally from all directions, that its flavor-ratio at Earth is
⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1, and that it can be described by a
simple power law of the form

�⌫ = � ·
✓

E

100TeV

◆��

. (1)

�⌫ denotes the all-flavor neutrino flux, � its value at
100 TeV and � the power law spectral index.
The “di↵erential” model is based on the same assump-

tions about isotropy and flavor composition, but models
the astrophysical flux with nine independent basis func-
tions, defined in nine logarithmically spaced energy in-
tervals between 10 TeV and 10 PeV. The normalizations
�1 � �9 of the basis functions are free fit parameters,
while the energy spectrum in each interval is assumed
to be / E�2. This model is similar to the procedure in
Aartsen et al. (2014e, 2015b).
In the “north-south” model, we relax the assumption

of isotropy and allow for two independent astrophysical
neutrino fluxes, one from the northern and one from the
southern hemisphere (separated at declination � = 0�),
both following a spectrum as defined in equation (1).
While this scenario might lack a good astrophysical mo-
tivation, it does allow us to describe the flux separately in
two hemispheres that are a↵ected by di↵erent detector-
related systematic e↵ects. We refrain from testing more
complex anisotropic models here because, having been
selected for di↵use searches, the event samples used in
this analysis currently do not contain unblinded right-
ascension information. We do however note that our
simple north-south model could be sensitive to certain
anisotropic scenarios, like e.g. an additional astrophysi-
cal component from the inner Galaxy.
Finally, the assumptions about the flavor composition

are weakened in the “2-flavor” and “3-flavor” models. In
the 2-flavor model, the ⌫µ and ⌫⌧ flux are assumed to
be equal at Earth, while the ⌫e flux is allowed to de-
viate. This relation is, in good approximation, true for
any flavor composition at the source if standard neutrino
oscillations transform the neutrino flux during propaga-
tion.7 In the 3-flavor model, the normalizations of the
fluxes of all three neutrino flavors are free parameters, al-
lowing us to test for non-standard oscillation scenarios.
In both the 2-flavor and 3-flavor models, the fluxes of
the individual neutrino flavors are assumed to have the
same energy dependence, i.e. / E�� , where � is a free
parameter.

7 It is exactly true in the case of tribimaximal mixing, and valid
up to ⇠20% for more realistic oscillation parameters.

3.3. The Maximum-likelihood Method

In the maximum-likelihood method, the agreement be-
tween experimental data and the simulated PDFs is es-
tablished by means of the test statistic described in sec-
tion 3.3.1. Section 3.3.2 lists the systematic uncertainties
that we account for in the method. Finally, the calcu-
lation of p-values for likelihood ratio and goodness-of-fit
tests is explained in sections 3.3.3 and 3.3.4, respectively.

3.3.1. Test Statistic

We use a binned Poisson-likelihood test statistic to
compare the experimental data with the model predic-
tions. The general definition for the test statistic is

� 2 lnL = �2
X

i

ln

✓
e�⌫i⌫ni

i

ni!

◆
, (2)

where ni and ⌫i denote the number of observed and pre-
dicted events in bin i, respectively.
Systematic e↵ects might change the PDFs that are fit

to the data and could thus distort the results of the
fit. To avoid this, we have parametrized the impact on
the PDFs of all relevant systematic e↵ects and included
them in the fit procedure as nuisance parameters. For
each nuisance parameter ✓ there is a prior, an additional,
Gaussian-shaped penalty term in the likelihood function
that penalizes deviations from the default central value
✓⇤. The width �[✓] of the prior is based on the uncer-
tainty associated with the systematic e↵ect. With m
nuisance parameters included, equation (2) now reads

�2 lnL = �2
X

i

ln

✓
e�⌫i⌫ni

i

ni!

◆
+

mX

j=1

✓
✓j � ✓⇤j
�[✓j ]

◆2

. (3)

The individual systematic e↵ects considered as nuisance
parameters are discussed in greater detail in the next
section.

3.3.2. Systematic Uncertainties

The following systematic e↵ects were included in the
maximum-likelihood procedure (for a summary, see Ta-
ble 4):

� Cosmic-ray spectral index. Atmospheric neutri-
nos are produced by cosmic rays hitting the atmo-
sphere, hence their energy spectrum depends on the
cosmic-ray energy spectrum. The uncertainty on
the spectral index of this spectrum is implemented
as a nuisance parameter that tilts the spectrum of
atmospheric neutrinos by ��cr relative to the de-
fault model. Note that positive values of ��cr cor-
respond to softer spectra. We use an uncertainty
on the cosmic-ray spectral index of 0.05 (see e.g.
Gaisser 2012).

� Muon background normalization. The residual
muon background was determined from simulations
of cosmic-ray air showers and/or from data (see sec-
tion 3.1.2). Due to the di↵erent methods used in
the di↵erent individual analyses, systematic shifts
can be uncorrelated between di↵erent analyses. We
have therefore implemented one nuisance parame-
ter for each search that varies the normalization
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Table 5

Best-Fit Parameter Values for the Single Power Law Model.

Param. Best fit 68% C.L. 90% C.L. Pull

�conv 1.10 0.94� 1.31 0.87� 1.49 �
�prompt 0.00 0.00� 1.04 0.00� 2.11 �

� 6.7 5.5� 7.8 4.6� 8.6 �
� 2.50 2.41� 2.59 2.35� 2.65 �

��cr 0.017 �0.008� 0.041 �0.023� 0.057 0.34
�µ,S1 1.09 0.72� 1.51 0.52� 1.80 0.18
�µ,S2 0.84 0.31� 1.37 0.00� 1.71 �0.32
�µ,H1 1.12 0.75� 1.54 0.56� 1.84 0.23
�µ,H2 1.27 0.94� 1.61 0.73� 1.84 0.54
�E,S1 0.95 0.88� 1.04 0.84� 1.12 �0.34
�E,S2 1.00 0.88� 1.22 0.83� 1.32 0.03
�E,T1 1.02 0.95� 1.09 0.90� 1.14 0.10
�E,T2 1.05 0.97� 1.12 0.93� 1.17 0.30
�E,H1 0.96 0.88� 1.06 0.84� 1.12 �0.29
�E,H2 0.95 0.86� 1.04 0.81� 1.10 �0.35

Note. — � is the value of the all-flavor neutrino flux at
100 TeV and is given in units of 10�18 GeV�1s�1sr�1cm�2.
�conv and �prompt are given as multiples of the model predic-
tions (see Table 2). “Pull” denotes the deviation of a nuisance
parameter from its default value in units of the prior width �.

of 3.8 � (p = 0.0066%) in a likelihood ratio test with
respect to the model with a free spectral index. We
also tested a single power law model with a high-energy
exponential cut-o↵ as well as a model that consists of
two isotropic astrophysical components, each described
by a power law. Neither model gave a better descrip-
tion of our data. A power law with a fixed index of
� = 2 and a high-energy exponential cut-o↵ is still dis-
favored with a significance of 2.1 � (p = 1.7%) with
respect to the model with a free spectral index. The
best-fit cut-o↵ energy is

�
1.6+1.5

�0.7

�
PeV for a fixed spec-

tral index of � = 2, with a corresponding normalization
of � = (5.2+1.9

�1.5) · 10�18 GeV�1s�1sr�1cm�2. No cut-o↵
is fitted for the best-fit spectral index of � = 2.5.
The likelihood analysis favors a prompt atmospheric

component equal to zero, with a 90% C.L. upper limit
of 2.1 times the (modified) model prediction by En-
berg et al. (2008). This limit is slightly higher than that
obtained in Aartsen et al. (2015b); this is due partly to
the way the data samples are combined here (cf. sec-
tion 2.4) and to the di↵erent treatment of the energy
scale uncertainty.
The correlation between the parameters � and � is vi-

sualized in Figure 1. The behavior of these parameters
as a function of the magnitude of the prompt component
is shown in Figure 2.
Figure 3 shows the results for the parameters �prompt,

�, and � again (row “combined”), together with results
obtained from the application of the maximum-likelihood
method described in this paper to the individual event
samples. For the individual fits, the event samples that
were reduced to remove overlap (see section 2.4) were
restored to their original size. Furthermore, the nor-
malization of the conventional atmospheric neutrino flux
was treated as a nuisance parameter with a prior of 25%
around the model prediction for the fits on the event
samples of analyses S1, S2, and H1, since this compo-
nent is not well constrained by these samples alone. A
large prompt component instead of an astrophysical com-
ponent is preferred in the fit of analysis S2 because these

Figure 1. Profile likelihood scans around the best fit of the single
power law model. The large panel displays a two-dimensional
scan of the normalization � and the spectral index � of the
astrophysical neutrino flux; one-dimensional scans are shown in
the small panels. The best-fit point is marked with “⇥” in the
large panel, the dashed line shows the conditional best-fit value of
� for each value of �.

two components are close to degenerate if the only ob-
servable is the deposited energy and the astrophysical
spectrum is steep. Note that some of the results obtained
with the individual samples di↵er slightly, although not
significantly, from the originally published results (see
references in Table 1). For instance, a softer spectral in-
dex than presented in Aartsen et al. (2015a) is obtained
for the sample T2 because only the high-energy data is
used here; this di↵erence is well within the uncertainty
on this parameter. The somewhat harder spectral in-
dex and lower normalization for sample H1 measured in
Aartsen et al. (2014e) is a result of the reduced energy
range (> 60 TeV) used in the spectral fit there.
Experimental and simulated data, weighted to the

best-fit result, are shown in Figure 4 for all event sam-
ples included in this analysis. The data are projected
onto observables that are used in the likelihood fit. For
the hybrid analyses H1 and H2, we show the energy dis-
tribution in two di↵erent zenith angle bins.
Finally, the best-fit spectra for atmospheric and as-

trophysical neutrinos in the single power law model are
shown in Figure 5.

4.2. Di↵erential Model

Table 6 lists the best-fit parameter values for the di↵er-
ential model. �1 through �9 are the normalizations of the
corresponding basis functions, each assumed to follow a
spectrum / E�2 and defined in logarithmically spaced
energy intervals between 10 TeV and 10 PeV. The result-
ing di↵erential spectrum is shown in Figure 6, together
with the single power law model (cf. previous section).

4.3. North-South Model

The best-fit values for the parameters of the astrophys-
ical neutrino flux, separated into northern and southern
hemisphere, are listed in Table 7. Most notable, the best-
fit spectral index in the northern sky is �N = 2.0+0.3

�0.4,
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Figure 5. Best-fit neutrino spectra for the single power law model
(all flavors combined). The blue and red shaded areas correspond
to 68% C.L. allowed regions for the conventional atmospheric and
astrophysical neutrino flux, respectively. The prompt atmospheric
flux is fitted to zero, we show the 90% C.L. upper limit on this
component instead (green line).

Figure 6. Best-fit astrophysical neutrino spectra (all flavors com-
bined). The red shaded area corresponds to the 68% C.L. allowed
region for the single power law model (cf. Figure 5). The black
data points show the result of the di↵erential model; the horizontal
bars denote the bin width, the vertical error bars denote 68% C.L.
intervals.

Figure 7. Electron neutrino fraction measured at Earth in the 2-
flavor model. The black point denotes the best-fit value, the filled
bands show the 68% (green) and 90% (red) C.L. intervals. The
dashed lines mark electron neutrino fractions expected for di↵erent
flavor compositions at the source, assuming tribimaximal neutrino
mixing angles.

Figure 8. Profile likelihood scan of the flavor composition
at Earth. Each point in the triangle corresponds to a ratio
⌫e : ⌫µ : ⌫⌧ as measured on Earth, the individual contribu-
tions are read o↵ the three sides of the triangle. The best-fit
composition is marked with “⇥”, 68% and 95% confidence
regions are indicated. The ratios corresponding to three flavor
composition scenarios at the sources of the neutrinos, computed
using the oscillation parameters in Gonzalez-Garcia et al. (2014,
inverted hierarchy), are marked by the square (0 : 1 : 0),
circle (1 : 2 : 0), and triangle (1 : 0 : 0), respectively. The
best-fit composition obtained in an earlier IceCube analysis of
the flavor composition (Aartsen et al. 2015c) is marked with a “+”.

Ruiz et al. (2015) (based on event sample H1, presented
in Aartsen et al. 2014e), and by Palladino et al. (2015),
Pagliaroli et al. (2015), and Aartsen et al. (2015c) (based
on event samples that were extended with respect to H1,
respectively). With respect to these measurements, the
constraints presented here are significantly improved; we
attribute this to the fact that the combined event sam-
ple analyzed here contains a significant number of shower
events as well as track events. Though the best-fit flavor
composition obtained in Aartsen et al. (2015c) (white
“+” in Figure 8) lies outside the 95% C.L. region, the
68% C.L. region obtained here is completely contained
within that obtained in the previous work, demonstrat-
ing the compatibility of the two results. Because neither
analysis was designed to identify tau neutrinos, a degen-
eracy with respect to the ⌫⌧ -fraction is observed in both,
the slight preference towards a smaller ⌫⌧ -contribution
found here is likely connected to the slight di↵erences in
the energy distributions of the three neutrino flavors. In
future, the identification of tau neutrinos will enable us
to place stronger constraints on the flavor composition
of the astrophysical neutrino flux.

We acknowledge the support from the following agen-
cies: U.S. National Science Foundation-O�ce of Polar
Programs, U.S. National Science Foundation-Physics Di-
vision, University of Wisconsin Alumni Research Foun-
dation, the Grid Laboratory Of Wisconsin (GLOW) grid
infrastructure at the University of Wisconsin - Madi-
son, the Open Science Grid (OSG) grid infrastructure;
U.S. Department of Energy, and National Energy Re-
search Scientific Computing Center, the Louisiana Opti-
cal Network Initiative (LONI) grid computing resources;
Natural Sciences and Engineering Research Council
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Table 4

Systematic Uncertainties.

Uncertainty Treatment Parameter Prior

CR spectral index global ��cr 0± 0.05
Atm. µ background individual �µ 1± 0.5

Energy scale individual �E 1± 0.15

Note. — The systematic uncertainties taken into
account in this analysis. “Treatment” indicates whether
this e↵ect a↵ects all analyses the same (“global”) or if
the e↵ect is treated di↵erent in each a↵ected analysis
(“individual”).

of the residual muon background in that search
only. Since the muon background is negligible for
the track-based analyses T1 and T2, this amounts
to a total of four muon background normalization
parameters (�µ,S1, �µ,S2, �µ,H1, �µ,H2). The width
of the prior is 50% for all of these parameters.

� Energy scale shift. A shift of the energy scale could
be introduced by several systematic e↵ects. Be-
cause the energy reconstruction is based on the
number of detected photons, an uncertainty on the
optical e�ciency of the detector modules directly
translates to an uncertainty on the energy scale.
An imperfect ice model, which describes the scat-
tering and absorption of photons in the ice and is
used both in simulation and event reconstruction,
could also lead to a shift in the energy scale. Since
some analyses used older ice models than others,
the e↵ect could be di↵erent for the di↵erent analy-
ses used here. Therefore, one energy scale nuisance
parameter �E was implemented for each analysis,
shifting the energy scale for that analysis only. We
use a prior of 15% on each each energy scale pa-
rameter.

We also checked for the impact of a deviation of the
conventional atmospheric electron-to-muon neutrino ra-
tio from the model prediction, which would result from a
mis-modeling of the kaon-to-pion ratio in atmospheric air
showers. However, we found the impact on the parame-
ters of the astrophysical neutrino flux to be negligible.

3.3.3. Likelihood Ratio Tests

Two di↵erent models H0 and H1 can be compared with
likelihood ratio tests. For this, we use the quantity

� 2� lnL = �2 lnLH0/LH1 , (4)

which Wilk’s theorem predicts to be �2-distributed with
k degrees of freedom, where k is the di↵erence in the
number of parameters between H1 and H0 (Wilks 1938;
Olive et al. 2014, chapter 38).8 The distribution can de-
viate from a �2-distribution if the sample size is small or
a parameter is close to a physical bound. In this case,
the exact distribution of �2� lnL can be computed from
toy Monte-Carlo experiments, generated from the best-
fit parameter values of model H0. The likelihood ratio
test p-value is then given by the percentage of toy experi-
ments that have a larger value of �2� lnL than observed

8 This requires the models to be nested, i.e. each point in the
parameter space of H0 can be accessed with the parameters of H1.

in data. The likelihood ratio test p-values quoted in this
article were obtained with this procedure.
We also employ likelihood ratio tests to determine con-

fidence intervals on the model parameters. For each pa-
rameter value, we perform a likelihood ratio test between
the model with the parameter constrained to this value
and the model with the parameter unconstrained. This
procedure is known as a profile likelihood scan. In the
�2-approximation that we use here, the 68% and 90%
confidence level intervals are given by the values at which
�2� lnL = 1 and �2� lnL = 2.71, respectively. Simi-
larly, 2-dimensional confidence contours can be obtained
by constraining two parameters simultaneously.

3.3.4. Goodness-of-fit Tests

With a slight modification, the quality of the fit of
a single model can be assessed using the test statistic.
Similar to equation (4), we define

� 2 lnL/Lsat = �2
X

i

ln
�
eni�⌫i(⌫i/ni)

ni
�
, (5)

where Lsat is the likelihood of the model that exactly pre-
dicts the observed outcome (i.e. ⌫i ⌘ ni). After adding
the same term as in equation (3), this quantity is mini-
mized by the same parameter values that minimize the
test statistic defined there. Moreover, in the large sample
limit, the minimum value follows a �2-distribution and
as such allows the calculation of a goodness-of-fit p-value
(Olive et al. 2014, chapter 38). Since our samples are
not large, we determine the distribution of the modified
test statistic by generating toy Monte-Carlo experiments
from the best-fit parameter values. Comparing this dis-
tribution with the value observed in experimental data
gives the goodness-of-fit p-value.

4. RESULTS

In this section, we present the results of the maximum-
likelihood analysis for the di↵erent models of the astro-
physical neutrino flux given in section 3.2 and Table 3.

4.1. Single Power Law Model

The best-fit parameter values for the single power law
model are listed in Table 5, including all nuisance param-
eters. Specifically, the all-flavor astrophysical neutrino
flux is

� =
�
6.7+1.1

�1.2

�
· 10�18 GeV�1s�1sr�1cm�2 (6)

at 100 TeV and the best-fit power law has a spectral
index of

� = 2.50± 0.09 . (7)

This measurement is valid for neutrino energies between
25 TeV to 2.8 PeV. This energy range was determined
by successively removing events, ordered in energy, from
the simulation data and repeating the fit with � and
� constrained to their best-fit values; its bounds de-
note the energies at which the test statistic worsens by
�2� lnL = 1.
We obtain a reasonable p-value of 37.6% from a

goodness-of-fit test for this model. A power law with
a fixed index of � = 2 is disfavored with a significance
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Table 4

Systematic Uncertainties.

Uncertainty Treatment Parameter Prior

CR spectral index global ��cr 0± 0.05
Atm. µ background individual �µ 1± 0.5

Energy scale individual �E 1± 0.15

Note. — The systematic uncertainties taken into
account in this analysis. “Treatment” indicates whether
this e↵ect a↵ects all analyses the same (“global”) or if
the e↵ect is treated di↵erent in each a↵ected analysis
(“individual”).

of the residual muon background in that search
only. Since the muon background is negligible for
the track-based analyses T1 and T2, this amounts
to a total of four muon background normalization
parameters (�µ,S1, �µ,S2, �µ,H1, �µ,H2). The width
of the prior is 50% for all of these parameters.

� Energy scale shift. A shift of the energy scale could
be introduced by several systematic e↵ects. Be-
cause the energy reconstruction is based on the
number of detected photons, an uncertainty on the
optical e�ciency of the detector modules directly
translates to an uncertainty on the energy scale.
An imperfect ice model, which describes the scat-
tering and absorption of photons in the ice and is
used both in simulation and event reconstruction,
could also lead to a shift in the energy scale. Since
some analyses used older ice models than others,
the e↵ect could be di↵erent for the di↵erent analy-
ses used here. Therefore, one energy scale nuisance
parameter �E was implemented for each analysis,
shifting the energy scale for that analysis only. We
use a prior of 15% on each each energy scale pa-
rameter.

We also checked for the impact of a deviation of the
conventional atmospheric electron-to-muon neutrino ra-
tio from the model prediction, which would result from a
mis-modeling of the kaon-to-pion ratio in atmospheric air
showers. However, we found the impact on the parame-
ters of the astrophysical neutrino flux to be negligible.

3.3.3. Likelihood Ratio Tests

Two di↵erent models H0 and H1 can be compared with
likelihood ratio tests. For this, we use the quantity

� 2� lnL = �2 lnLH0/LH1 , (4)

which Wilk’s theorem predicts to be �2-distributed with
k degrees of freedom, where k is the di↵erence in the
number of parameters between H1 and H0 (Wilks 1938;
Olive et al. 2014, chapter 38).8 The distribution can de-
viate from a �2-distribution if the sample size is small or
a parameter is close to a physical bound. In this case,
the exact distribution of �2� lnL can be computed from
toy Monte-Carlo experiments, generated from the best-
fit parameter values of model H0. The likelihood ratio
test p-value is then given by the percentage of toy experi-
ments that have a larger value of �2� lnL than observed

8 This requires the models to be nested, i.e. each point in the
parameter space of H0 can be accessed with the parameters of H1.

in data. The likelihood ratio test p-values quoted in this
article were obtained with this procedure.
We also employ likelihood ratio tests to determine con-

fidence intervals on the model parameters. For each pa-
rameter value, we perform a likelihood ratio test between
the model with the parameter constrained to this value
and the model with the parameter unconstrained. This
procedure is known as a profile likelihood scan. In the
�2-approximation that we use here, the 68% and 90%
confidence level intervals are given by the values at which
�2� lnL = 1 and �2� lnL = 2.71, respectively. Simi-
larly, 2-dimensional confidence contours can be obtained
by constraining two parameters simultaneously.

3.3.4. Goodness-of-fit Tests

With a slight modification, the quality of the fit of
a single model can be assessed using the test statistic.
Similar to equation (4), we define

� 2 lnL/Lsat = �2
X
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ni
�
, (5)

where Lsat is the likelihood of the model that exactly pre-
dicts the observed outcome (i.e. ⌫i ⌘ ni). After adding
the same term as in equation (3), this quantity is mini-
mized by the same parameter values that minimize the
test statistic defined there. Moreover, in the large sample
limit, the minimum value follows a �2-distribution and
as such allows the calculation of a goodness-of-fit p-value
(Olive et al. 2014, chapter 38). Since our samples are
not large, we determine the distribution of the modified
test statistic by generating toy Monte-Carlo experiments
from the best-fit parameter values. Comparing this dis-
tribution with the value observed in experimental data
gives the goodness-of-fit p-value.

4. RESULTS

In this section, we present the results of the maximum-
likelihood analysis for the di↵erent models of the astro-
physical neutrino flux given in section 3.2 and Table 3.

4.1. Single Power Law Model

The best-fit parameter values for the single power law
model are listed in Table 5, including all nuisance param-
eters. Specifically, the all-flavor astrophysical neutrino
flux is

� =
�
6.7+1.1

�1.2

�
· 10�18 GeV�1s�1sr�1cm�2 (6)

at 100 TeV and the best-fit power law has a spectral
index of

� = 2.50± 0.09 . (7)

This measurement is valid for neutrino energies between
25 TeV to 2.8 PeV. This energy range was determined
by successively removing events, ordered in energy, from
the simulation data and repeating the fit with � and
� constrained to their best-fit values; its bounds de-
note the energies at which the test statistic worsens by
�2� lnL = 1.
We obtain a reasonable p-value of 37.6% from a

goodness-of-fit test for this model. A power law with
a fixed index of � = 2 is disfavored with a significance
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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 60TeV < E

dep

< 3PeV. 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 E
dep

> 60TeV, 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

Atmospheric 
background 

Astrophysical 
source 

Dark Matter 
decay
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DM Interpretations

• PeV dark matter 
• late time decay, lifetime 10^27 — 10^28 s 
• Non-thermal production 
• For PeV neutrino events, DM could have 

decay channels to neutrino directly. 
• It might be possible to explain the 

“possible” gap (not statistically significant) 
between 0.5 —1 PeV.

15
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Neutrino Portal

• Gauge invariant operator       , couples to 
dark matter     through           . 

• To explain the IceCube PeV neutrino 
events, the Yukawa coupling should be 
around                 .  

• Although incredible small coupling, but still 
technically natural. 

16

L̄ eH
� yL̄ eH�

y ⇠ 10�29

Feldstein, Kusenko, Matsumoto & Yanagida, 1303.7320
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       vs IceCube
• Spectrum is very sharp 

mainly because of two 
body decay. 

• May not be viable any 
more if considering 
highly energetic muon 
tracking event.  

• Gamma ray can put 
strong bounds.

17

yL̄ eH�

for decaying VHDMwe checked that our basic conclusions
are not altered for more cored profiles. Predictions for the
diffuse γ-ray intensity and single source fluxes should be
very similar, since their normalization is fixed by the
diffuse neutrino intensity. The VHDM lifetime τdm ¼
τdm;27.510

27.5 s is a model parameter to be constrained,
and Rν ≡RνðEνÞ is the energy-dependent function con-
verting the bolometric flux to the differential flux at Eν,
which depends on final states (e.g., Ref. [56]). Assuming
that all decay products are Standard Model particles, for
demonstration, we consider several models proposed by
Refs. [36,39,41]. Following Refs. [57,58], with electro-
weak corrections, the final state spectra obtained from
10 TeV to 100 TeV masses are extrapolated to PeV masses.
Our choice of VHDMmodels is such that they include both
hard and soft spectra, so our results can be viewed as
reasonably model independent [25,29].
In Figs. 1 and 2, we show examples of the viable VHDM

scenario for diffuse PeV neutrinos observed in IceCube.
Using the ES13 model [36], where the VHDMmassmdm ¼
3.2 PeV is used, we consider DM → νeν̄e and DM → qq̄
with 12% and 88% branching fractions, respectively.
Although a bit larger masses are favored to explain the
2 PeV event, one can easily choose parameters accounting
for the observed data. In the RKP14 model [41], the
Majorana mass term is introduced in the Lagrangian, which
may lead to metastable VHDMdecaying into a neutrino and
Higgs boson. Reference [39] suggested another interesting
scenario, where the lightest right-handed neutrinos consti-
tute dark matter with mdm ¼ Oð1Þ PeV. We also consider

this model for mdm ¼ 2.4 PeV, assuming branching frac-
tionsDM → l$W∓∶DM → νZ∶DM → νh ≈ 2∶1∶1, where
the neutrino spectral shape turns out to be similar to that of
Ref. [41] (see Fig. 2). As in the latter two models, spectra
may be more prominently peaked at some energy, and
VHDM does not have to explain all the data.
γ-ray limits.—Standard Model final states from decaying

or annihilating VHDM lead to γ rays as well as neutrinos. If
final states involve quarks, gluons, and Higgs bosons,
neutrinos largely come from mesons formed via hadroni-
zation, and γ rays are produced. A spectral bump is
produced by two-body final states such as νh and/or weak
bosons via leptonic decay into a neutrino and charged
lepton. Electroweak bremsstrahlung is relevant even for
possible decay into neutrino pairs. In extragalactic cases,
the fact that the diffuse neutrino and γ-ray intensities are
comparable gives us generic limits [9,50,51]. In Galactic
cases, γ rays below ∼0.3 PeV can reach the Earth without
significant attenuation, air-shower arrays such as
KASCADE [59] and CASA-MIA [60] as well as Fermi
[61] provide us with interesting constraints [19,62].
We numerically calculate the diffuse γ-ray background,

including both extragalactic and Galactic components.
Thanks to the electron-positron pair creation, sufficiently
high-energy γ rays are attenuated by the extragalactic
background light and cosmic microwave background.
Then, the pairs regenerate γ rays via the inverse-
Compton and synchrotron emission. For an extragalactic
component, we calculate electromagnetic cascades by
solving Boltzmann equations. The resulting spectrum is
known to be near-universal, following a Comptonized E−2

power law in the 0.03–100 GeV range [53]. For a Galactic
component, it is straightforward to calculate primary γ rays
that directly come from VHDM. The γ-ray attenuation is
approximately included by assuming the typical distance of
Rsc, which gives reasonable results [19]. Extragalactic
cascaded γ rays (including attenuated and cascade

FIG. 1 (color online). Diffuse all-flavor neutrino and γ-ray
intensities expected in the VHDM scenario. The ES13 model is
assumed with τdm ¼ 3.0 × 1027 s. The total (thick dashed line)
and extragalactic (thin dashed line) contributions to the cumu-
lative neutrino background are shown with the observed data. The
expected γ-ray background is also shown (thick solid) with the
latest Fermi data. We also show contributions of extragalactic
cascaded γ rays and direct γ rays from Galactic VHDM, which
are not affected by uncertainty of Galactic magnetic fields.
KASCADE and CASA-MIA γ-ray limits are indicated.

FIG. 2 (color online). The same as Fig. 1, but for the RKP14
model with τdm ¼ 3.5 × 1027 s.

PRL 115, 071301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

14 AUGUST 2015

071301-2

Murase, Laha, Ando & Ahlers, 1503.04663(PRL)
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Model Setup
• Right-handed neutrino portal, N 
• Dark sector with gauge symmetry 
• Assume          and  

• Lagrange

18

�� dark matter, Q0 = 1

�� dark Higgs, Q0 = 1

X � dark photon

UX(1)

P.Ko,YT, 1508.02500(PLB)

L =LSM + N̄i/@N �
✓
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Model Setup
• Right-handed neutrino portal, N 
• Dark sector with gauge symmetry 
• Assume          and  

• Lagrange
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�� dark matter, Q0 = 1

�� dark Higgs, Q0 = 1

X � dark photon

UX(1)

P.Ko,YT, 1508.02500(PLB)

L =LSM + N̄i/@N �
✓
1
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mN N̄ cN + yL̄ eHN + h.c.

◆
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4
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2
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Y +Dµ�
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+ �̄
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�
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Integrate heavy N
When N is much heavier than dark matter    , 
we can integrate N and get effective operators 

after spontaneous symmetry breaking, 

we have (common factor yf/2)

20

�

yf

mN
�̄�H†L+ h.c.,

H ! 1p
2

✓
0

vH + h(x)

◆
and � ! v� + �(x)p

2
.

v�vH
mN

�̄⌫,
v�
mN

�̄h⌫,
vH
mN

�̄�⌫,
1

mN
�̄�h⌫,

v� ⌧ PeV
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Mixing
• kinetic mixing leads to 

•                        gives  

•                                            can decay into 
standard model particle pairs. 

21

(Bµ,Wµ
3 , X

µ) ! (Aµ, Zµ, Z 0µ)

��H�†�H†H

(h,�) ! (H1, H2)

Z 0
and H2(or X and �)
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Decay Modes

22

v�vH
mN

�̄⌫,
v�
mN

�̄h⌫,
vH
mN

�̄�⌫,
1

mN
�̄�h⌫,
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Decay Modes
v�vH
mN

�̄⌫,
v�
mN

�̄h⌫,
vH
mN

�̄�⌫,
1

mN
�̄�h⌫,

� ! W±l⌥, Z⌫, h⌫ with BR ' 2 : 1 : 1

� ! Z 0⌫,�⌫ with BR ' 1 : 1

Goldstone boson  
equivalence theorem

�̄�N ! v�p
2
�N
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Decay Modes
v�vH
mN

�̄⌫,
v�
mN

�̄h⌫,
vH
mN

�̄�⌫,
1

mN
�̄�h⌫,

� ! W±l⌥, Z⌫, h⌫ with BR ' 2 : 1 : 1

� ! h⌫,�⌫ with BR ' v2� : v2H

� ! Z 0⌫,�⌫ with BR ' 1 : 1

Goldstone boson  
equivalence theorem

�̄�N ! v�p
2
�N



Yong Tang(KIAS)                IceCube Events and Decaying Dark Matter                  NuFact2016 25

Decay Modes
v�vH
mN

�̄⌫,
v�
mN

�̄h⌫,
vH
mN

�̄�⌫,
1

mN
�̄�h⌫,

� ! W±l⌥, Z⌫, h⌫ with BR ' 2 : 1 : 1

� ! h⌫,�⌫ with BR ' v2� : v2H

� ! Z 0⌫,�⌫ with BR ' 1 : 1

Goldstone boson  
equivalence theorem

�̄�N ! v�p
2
�N

� ! Z 0/�+ h⌫/Z⌫/W±l⌥ Three body decay
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Decay Modes
v�vH
mN

�̄⌫,
v�
mN

�̄h⌫,
vH
mN

�̄�⌫,
1

mN
�̄�h⌫,

� ! W±l⌥, Z⌫, h⌫ with BR ' 2 : 1 : 1

� ! h⌫,�⌫ with BR ' v2� : v2H

� ! Z 0⌫,�⌫ with BR ' 1 : 1

Goldstone boson  
equivalence theorem

�̄�N ! v�p
2
�N

� ! Z 0/�+ h⌫/Z⌫/W±l⌥ Three body decay

In principle, all decay channels need to be included.
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3-body decays dominate

• 2-body decays only results from symmetry 
breaking when 

27
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Parameter Estimation
• We can estimate  

• small y and f but technically natural 
• If N is responsible for active neutrino mass 

through type-I seesaw  
   then we shall have

28
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• Spectrum is given by 

• We calculate the differential decay width
1

�
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dE⌫
' 24E2

⌫/m
3
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1
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3
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1
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3
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Neutrino Spectrum
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• Spectrum is given by 

• We calculate the differential decay width
1
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' 24E2
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Neutrino Spectrum
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Spectrum at production

• Decay channels 
with neutrino are 
most important for 
high energy 

• Low energy part is 
most contributed by 
other states. 

• The are one order 
of magnitude 
difference between 
high and low parts.
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Neutrino Flux at Earth
• Both Galactic and Extragalactic flux included, 
• galactic 

• extragalactic

32
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Neutrino Flux at Earth

33
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Astrophysical Flux

Astrophysical neutrinos are responsible for 
the low energy spectrum 
Two Cases:

34

Model Case y [10�5
] J0 [10

�8
] �2/dof

1) Uf (1)
UPL 1.3+0.8

�1.3 1.3+1.1
�1.0 0.98

BPL 1.6+0.9
�1.4 4.2+3.3

�2.9 0.72

2) A4
UPL 0.40+0.27

�0.40 1.3+1.1
�1.0 1.04

BPL 0.55+0.27
�0.48 4.1+3.3

�2.9 0.75

Table 2. The marginalized 95% C.L. for parameters y and J0 (expressed in unit of GeV cm�2 s�1

sr�1) corresponding to models 1) and 2), and UPL and BPL parameterizations, respectively. The last
column reports the reduced �2.

other hand the HNR are sources of 100 PeV proton that can explain the PeV neutrino events
[11]. GRB could fully describe IC neutrino flux, even if this scenario seems to be ruled out
in a recent paper [49]. AGN can be the sources of PeV neutrinos [13, 50], but if the flux is
normalized to match the observed IC PeV events, the lower energy part is inconsistent with
data. All these astrophysical sources have also an associated �-ray flux that would give a
significant contribution to the diffuse �-ray background, strongly constrained by Fermi-LAT
[40].

In order to parametrize the astrophysical flux one can use either an Unbroken Power
Law (UPL), with a power law behavior in the whole IC region, or a Broken Power Law
(BPL) where an exponential cut-off is assumed at some energy scale E0. Considering both
options essentially covers the wide range of accelerator mechanisms related to the different
astrophysical sources. Hence we will consider:

i) Unbroken Power Law (UPL):

E2
⌫

dJAst

dE⌫
(E⌫) = J0

✓
E⌫

100TeV

◆��

, (5.2)

ii) Broken Power Law (BPL):

E2
⌫

dJAst

dE⌫
(E⌫) = J0

✓
E⌫

100TeV

◆��

exp

✓
�E⌫

E0

◆
, (5.3)

where � + 2 is the spectral index and J0 is the flux normalization. In the following analysis
we fix the value of E0 to be equal to 125 TeV in agreement with the SNR results [11].
Furthermore, we restricted the spectral index to the physical range � 2 [0, 1], as suggested by
cosmic accelerator mechanisms.

We fit the IC data for neutrino energies larger than 60 TeV by using the parametrization
of the astrophysical flux in both cases of UPL and BPL, and considering model 1) and model
2) of Section 3 for the DM neutrino flux. The mass of DM particle has been varied in a range
able to produce a drop in the flux for E⌫ ⇡ 2.5 PeV. The best fit values is found for M� = 5.1
PeV independently of the model adopted. On the other side, after scanning the � range, we

– 9 –
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3-year spectrum

35
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4-year spectrum

36
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Heavier DM

37
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Direct Detection
• Direct detection constrains the DM-nucleon 

scattering cross section 

• Currently, the most stringent bound is from 
LUX limit 

• which can be easily satisfied for TeV Z’ and 
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Other Indirect Signals
• Charged particles, like positrons, and gamma-

ray are also produced, 
• For decaying PeV DM, lifetime ~ 10^28s is 
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 Summary 
• IceCube has definitely observed astrophysical 

neutrinos, with several PeV events. 
• Interesting explanations include dark matter 

and astrophysics. 
• PeV events could be due to heavy dark matter 

decay with  
• We propose a DM model based on U(1) gauge 

symmetry and right-handed neutrino portal, 
DM’s three-body-decay could be responsible for 
the observed PeV events.

40

m� ⇠ 5 PeV, ⌧� ⇠ 1028s
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Thanks for your attention.

41


