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Neutrinos on the Earth and from the Sky

Dark matter decays

Can the highest energy IceCube neutrinos 
be explained by heavy dark matter decays?
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Can ALL IceCube neutrinos be 
explained by heavy dark matter decays?

JCAP11(2013)054
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Figure 3. Comparison of the energy spectrum of observed events in IceCube with the expectations
from DM decay with flux in figure 1 (red-solid) and generic E�2

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

corrections (which are in fact quite large!): despite the fact that no hard neutrino channel is
present at tree level, a su�ciently hard neutrino spectrum can be still obtained with a 40%
branching ratio in e�e+, thanks to the major role played by cascade radiation of massive
gauge bosons (see [22, 23]). This fact may appear surprising, so we provide in the following
a qualitative justification. First of all, even if one mostly radiates “soft” gauge bosons, in
a splitting process (say e�e+ ! e�W+⌫) both the soft and the hard neutrino spectra are
populated: the low-energy one via the soft (single or multiple) W decay process and the
high-energy one via the ⌫’s which the electrons have converted into. Secondly, while naively
these processes are suppressed by a power of ↵ (weak fine structure) with respect to the
three level, the presence of large logarithmic factor (of the type ↵ log(m2

DM/m2
W )) makes

these “corrections” sizable for massive particles, at the level of 10% or larger of the tree-level
result (for more technical details see e.g. [23]). As a consequence, by varying both lifetime
and branching ratio within a factor of only a few with respect to the naive fit obtained
with the ⌫⌫̄ tree-level diagram, one is capable of fitting the spectrum even in the absence of
tree-level neutrino emission. From the model building point of view, a DM decay to e�e+

and ⌫⌫̄ can be naturally constructed from the coupling of DM to the weak SU(2) lepton
doublet (⌫↵, `↵). For an equal decay branching ratio in the two components of the doublet,
the corresponding modification of the parameters {⌧, bH} with respect to the pure ⌫⌫̄ case
best fit parameters is thus less than a factor 2. Other choices for the final states (including
for example massive gauge bosons, top quark and muon/tau leptons) would also produce
spectra roughly compatible with observations, but for illustrative purposes in the following
we shall concentrate on our benchmark case which presents the most marked di↵erences with
respect to a featureless power-law spectrum of astrophysical origin.

The number of events at IceCube can be calculated by convoluting the flux at Earth
with the exposure of the detector, such that the number of events in the bin �iE⌫ is given by

Ni =

Z

�iE⌫

✓
dJh
dE⌫

+
dJeg
dE⌫

◆
E(E⌫) dE⌫ , (3.1)

where for the exposure E we used the 662 days reported exposure in [20]. The result of
our analysis is shown in figure 3. In this figure the red (solid) and blue (dashed) curves
correspond to expected number of events from DM decay with the spectrum of figure 1 and a
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Figure 1. The flux of neutrinos at the Earth form decaying DM with mDM = 3.2PeV and ⌧DM =
2 ⇥ 1027 s and final states ⌫e⌫̄e and qq̄, with 12% and 88% branching ratios, respectively. The blue
(dashed) and red (dot-dashed) curves are for galactic and extragalactic components, respectively.
The black (solid) curves shows sum of the two components. The shown fluxes are (⌫e + ⌫µ + ⌫⌧ )/3,
including antineutrinos.
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Figure 2. The overall flux of neutrinos at the Earth for decaying DM to various channels. The black
curve shows our benchmark DM ! ⌫e⌫̄e, qq̄ with 12% and 88% branching ratios, respectively. The
blue (dashed), red (dot-dashed) and green (dotted) curves represent channels shown in legend with
branching ratios in parentheses. The assumed values for ⌧DM are in the range (1–3) ⇥ 1027 s. The
shown flux is (⌫e + ⌫µ + ⌫⌧ )/3, including antineutrinos.

extragalactic components, respectively; and the black solid curve for the sum of them. The
gray vertical line shows the maximum energy of neutrino at mDM/2. For the branching ratio
of hard channel DM decay (that is DM ! ⌫e⌫̄e for our benchmark), we assumed bH = 0.12.
The requested feature for the interpretation of IceCube data is clear from figure 1: a peaked
shape at E⌫ ⇠ PeV accompanied by a dip in the range ⇠ (0.3–1) PeV and populated spectrum
below ⇠ 0.3 PeV due to the softer qq̄ channel (with cascade corrections) as well as the EW
cascade tail from ⌫⌫̄.

The choice of final states sharing the qualitative features discussed above is by no means
unique. In figure 2 we compare some alternative combinations of spectra presenting energy
spectra similar to our benchmark decay channel (solid, black curve). In particular the soft
channel in eq. (2.9) can be bb̄ or cc̄ final states and the hard channels can be replaced
by e�e+ channel. As can be seen from figure 2, the required shape of energy spectrum
is recurring in all the shown channels. The e�e+ channel shows the importance of EW
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neutrinos from dark matter decays
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Figure 1. All-sky averaged neutrino plus antineutrino flux (averaged over flavors, i.e.,

(⌫e + ⌫µ + ⌫⌧ )/3) from DM decays into various two-body channels and for two DM masses,

mDM = 200 TeV (top panels) and mDM = 4 PeV (bottom panels). For all panels, ⌧DM =

1027 s. Note that the average over neutrino flavors results in fluxes which are identical with

or without neutrino oscillations.

equivalently, on the declination, �, and right ascension, RA, in the equatorial coordi-

nates), and R� = 8.5 kpc is the Sun’s distance to the galactic center. ⇢(r) is the DM

radial density profile of our Galaxy, which we assume to be of Navarro-Frenk-White

type [143, 144], given by

⇢(r) =
⇢0

(r/rs) (1 + r/rs)
2 , (2.5)

with rs = 20 kpc and ⇢0 = 0.33 GeV cm�3, i.e., ⇢(R�) = 0.38 GeV cm�3.

In order to compute the neutrino spectrum of flavor ↵ from DM decays into di↵erent

final state two-body channels, dN⌫↵/dE⌫ , we use the event generator PYTHIA 8.2 [145],

which includes the weak gauge bosons radiation corrections [146]. In Figure 1 we show

the expected flux of neutrinos (averaged over the neutrino flavors and averaged over all

directions) at Earth for two DM masses mDM = 200 TeV and 4 PeV, with ⌧DM = 1027 s.
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Dark matter decays
Are neutrinos from DM decays compatible with 
the angular distribution of the IceCube events?
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Figure 1. Left panel: the sky map of the neutrinos from decaying DM with an Einasto profile in
eq. (2.1). Right panel: the sky map of the IceCube 53 events after taking into account the angular
resolution. The seven red spots correspond to the seven “track” events.

0.3GeV cm−3 is the approximate DM density in the solar system. The neutrino signal from

DM decay is calculated by the line-of-sight integral along a given direction [18]

dΦν

dEν db dl
=

dN

NdEν

1

τDMmDM

cos b

4π

∫
ds ρDM[r(s)] , (2.2)

where the integral of s is along the line of sight and the relation between r and s is

r2 = s2+ r2⊙−2s r⊙ cos l cos b, where −90◦ ≤ b < 90◦ and −180◦ ≤ l < 180◦ as the latitude

and longitude angles in the galactic coordinate. τDM is the DM lifetime and mDM is the

DM mass. The normalized neutrino differential spectrum is dN/(NdEν). The integrated

neutrino flux from DM is

Φν = 1.7× 10−12 cm−2 s−1 sr−1 × 1028 s

τDM
× 1 PeV

mDM
. (2.3)

For the integrated time of 1347 days and 10 m2 · sr acceptance area for the energy around

100TeV, there could be around 20 events observed at IceCube.

The geometric distribution of the IceCube events is represented in the equatorial co-

ordinate. We, therefore, translate the DM generated event distribution from the galactic

coordinate in the latitude and longitude angles (b, l) to the equatorial coordinate in the

declination angle and the right ascension angle (δ,α) (see ref. [39] for details). We define

the DM probability distribution using the normalized flux

pDM(δ,α) =
1

Φν

dΦν(δ,α)

dδ dα
, (2.4)

with the DM event sky map shown in the left panel of figure 1. For all or subsets of the

observed 53 events from IceCube, we construct the data probability distribution using the

solid-angular error σi for each event by assuming a Gaussian distribution

pN events
data (δ,α) =

1

N

∑

i∈N

1

2πσ2
i

exp

[
−∆R(δi,αi; δ,α)2

2πσ2
i

]
, (2.5)
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Figure 2. Left panel: the TS distribution for the Einasto model with ᾱ = 0.17 (pvalue = 18.9%)
against random sky maps with random right-ascension angles for the 53 events. Right panel: the
TS distribution for a isotropic distribution (pvalue = 46.4%). The TS value for the data is shown
on the red lines.

ᾱ = 0.17 ᾱ = 0.25 Isotropic

all 53 events 18.9% 15.2% 46.4%

34 events with E ! 50TeV 11% 17.8% 69.4%

39 cascade events 34.1% 28.9% 74.2%

Table 1. The p-value’s for three different hypothesis’s using all the events, only the events with
E ! 50TeV and only the cascade events.

test statistics TS(DM) of DM against the observed 53 events at IceCube. The p-value, or

the probability of having TS(DM) smaller than the TS value from a random event map, is

36.8% for the Einasto model with ᾱ = 0.17. To test how good the observed 53 events agree

with a isotropic geometrical distribution, we perform the same calculation by assuming a

isotropic model (in the right panel of figure 2) and found that the p-value for a isotropic

distribution is 49.8% for all 53 events.

Since the atmospheric backgrounds are dominated in lower energies [8, 9], a bigger

fraction of the observed events could be from DM signals if only relatively high energy

events are selected. Therefore, we also test the geometric distributions for the 34 events

with E ! 50TeV. We show the p-values for all 53 events and the 34 events with E ! 50TeV

in table 1. One can see that the p-values are fairly insensitive to the energy cut. In the

last row of table 1, we also show the p-values for only the cascade events considering the

fact that the track events could have an origin from the atmospheric muon background.

From table 1, one can already see that there is no dramatic difference between ᾱ = 0.25

and ᾱ = 0.17 cases. This is due to the poor angular resolution of cascade events such that

the peaked center of the DM profiles can not be resolved. The increase of the p-values for

the isotropic distribution from all 53 events to 39 cascade events is due to the extremely

good resolution of the 14 track events.
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Figure 3. Comparison of DM (red solid) and isotropic (blue dashed) CDFs with the EDF of IceCube
data (black solid).

where � and ⌘ are given respectively in eqs. (2.5) and (2.7); and r, given in eq. (2.2),

takes the following form: r(s,#) =
q
s2 +R2

� � 2sR� cos# .

Notice that for both the above PDFs, we have the normalization
R ⇡
0

p(#) sin# d# = 1. The
KS test compares the empirical distribution function (EDF) of data with the cumulative
distribution function (CDF) of the distribution being tested. The EDF of data is given by

EDFdata(#) =
1

N

NX

i=1

⇥(#� #i) (3.7)

where N is the number of signal events and ⇥ is the Heaviside step function. The CDF of
DM and isotropic distributions can be calculated as:

CDFDM(#) =

Z #

0

pDM(#0) sin#0 d#0 , (3.8)

and,

CDFiso(#) =

Z #

0

piso(#0) sin#0 d#0 =
1� cos#

2
. (3.9)

For illustration, figure 3 shows the CDF for DM (red solid) and isotropic (blue dashed)
distributions, and EDF for all the data, i.e. including the background events. Graphically
data show a preference for DM distribution; however, as we discussed in section 3.1, the
contribution of background events to the EDF should be taken into account. The statistical
estimator used for the KS test consists in the maximal distance between the EDF and the
theoretical CDF of tested distribution. For instance, for the case of DM the test statistics is
defined as

TS
KS

= max
1iN

⇢
CDFDM(#i)� i� 1

N
,
i

N
� CDFDM(#i)

�
. (3.10)

An analogous definition holds for the isotropic case by replacing CDFDM ! CDFiso. To
account for the fraction of background events, we follow the same procedure as for the
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SEARCH FOR THE GALACTIC DISK AND HALO COMPONENTS 787

Fig. 2. (Solid grey line) Kolmogorov–Smirnov probability
PKS that the observed distribution of events in the Galactic
latitude b is a f luctuation of a model distribution in which
the signal is a mixture of the disk fraction ξd and the isotro-
pic fraction 1 – ξd versus ξd. Horizontal straight lines indi-
cate 1 – PKS = (solid) 0.68 and (dashed) 0.95: the values of
ξd for which the curve is below the lines are excluded at the
68 and 95% C.L., respectively.

Fig. 3. (Color online) Distribution of arrival directions in
the angular distance Θ to the Galactic Center. The solid
(red online) line shows the data, the shaded histogram
gives the background plus an isotropic signal, the hatched
histogram is the background plus a signal from dark-mat-
ter annihilation in the Milky Way, and the dashed (blue
online) line is the background plus a signal from dark-mat-
ter decays in the Milky Way.

Fig. 4. (Color online) Distribution of arrival directions in
the angular distance to the Galactic Center. The solid (red
online) line shows the data, the shaded histogram gives the
background plus an isotropic signal, and the hatched his-
togram is the background plus a signal from cosmic-ray
interactions with the halo of circumgalactic gas.

Fig. 5. Kolmogorov–Smirnov probability PKS that the
observed distribution of events in the angular distance to
the Galactic Center is a f luctuation of a model distribution
in which the signal is a mixture of the fraction ξh coming
from halo and the remaining fraction 1 – ξh isotropic ver-
sus ξh (solid grey line corresponds to cosmic-ray interac-
tions with circumgalactic gas, the dashed line shows dark-
matter annihilation, and the dash-dotted line presents
dark matter decays). Horizontal lines indicate 1 – PKS =
(solid) 0.68 and (dashed) 0.95: the values of ξh for which a
curve is below the lines are excluded at the 68 and 95%
C.L., respectively.

as one can see from Fig. 2, all values, 0 ≤ ξd ≤ 1, are
allowed with PKS > 0.1, that is at least at the 90% C.L.

For the halo scenarios, a similar analysis was per-
formed in terms of the angular distance Θ between the
arrival direction and the Galactic Center. The distri-
butions of data and simulated event sets in Θ are
shown in Figs. 3 and 4. The data favors the dipole
anisotropy, either in the dark-matter decay or in the
circumgalactic gas halo scenario, over isotropy (see
Fig. 5). For the isotropic distribution, PKS ≈ 0.02,
while PKS > 0.5 for all three pure halo scenarios.

To summarize, the sample of 40 IceCube events
with E ≳ 100 TeV, of which ~9 are background, neither
shows a statistically significant evidence for nor

excludes the Galactic disk component. The Galactic
Center–Anticenter dipole, contrary, is favored over
isotropy at the 98% C.L., which may be a signal of the
Galactic halo component related either to dark-matter
decays (annihilation) or to cosmic-ray interactions
with circumgalactic gas. Further studies of high-
energy neutrinos are mandatory to make stronger con-
clusions. In particular, more uniform full-sky statistics
is important for global anisotropy studies, and will be
provided in coming years with joint efforts of the

Y. Bai, R. Lu and J. Salvadó, JHEP 1601:161, 2016

is isotropy better? is DM better?

254 M. Chianese et al. / Physics Letters B 757 (2016) 251–256

where !2
0 is equal to 104, 106 and 108 corresponding to an extra-

galactic contribution that is sub-dominant, comparable and domi-
nant with respect to the galactic one, respectively. However, recent 
studies like [43] state that the clumpiness factor !2

0 can be as large 
as few times 106, considering unphysical larger values for such a 
quantity.

In our analysis, we consider two different DM galactic halo pro-
files [41]: the Navarro–Frenk–White distribution

ρNFW
h ≃ ρh

r/rc(1 + r/rc)2 , (10)

where rc ≃ 20 kpc and ρh = 0.33 GeV cm−3, and the Isothermal 
distribution

ρ Isoth.
h ≃ ρh

1 + (r/rc)2 , (11)

where rc ≃ 4.38 kpc and ρh = 1.39 GeV cm−3.
Since in each case the distributions depend on one angle only, 

we can perform a one-dimensional statistical test. In particular, we 
use two different non-parametric statistical tests: the Kolmogorov–
Smirnov test (KS) [45] and the Anderson–Darling test (AD) [46]. 
These statistical tests make a comparison between the cumula-
tive distribution function (CDF) of the null hypothesis distribution 
function and the empirical cumulative distribution function (EDF), 
given by

EDF(cos θ) = 1
n

n∑

i=1

$ (cos θ − cos θi) , (12)

where n is the number of observed events cos θi . Note that, in 
case of galactic plane angular distribution, the variable cos θ has 
to be changed into sin b. In the Kolmogorov–Smirnov test, the Test 
Statistics (TS) is the maximum distance between the previous two 
cumulative distribution functions and it is defined as

TSKS ≡ supθ |EDF(cos θ) − CDF(cos θ)| , (13)

whereas in the Anderson–Darling test the Test Statistics is given by

TSAD ≡ −n − 1
n

n∑

i=1

(2i − 1) [ln (CDF(cos θi))

+ ln (1 − CDF(cos θn+1−i)] . (14)

In particular, this expression is very sensitive to the difference be-
tween the functions EDF and CDF at the two endpoints, suggesting 
that the Anderson–Darling test is a suitable test for our analysis 
(note that the Galactic Center is in correspondence of cos θ = 1).

To take into account the atmospheric background, we consider 
all possible different choices of 5 background events among 12, 
namely 12!/(5! 7!) = 792 combinations. Moreover, we include in 
our analysis the angular uncertainty affecting the reconstruction 
of the arrival direction for IC events, which for the shower-like 
topology is very large, namely of the order of 15◦ . In particular, 
we treat the uncertainties on declination and right ascension as 
maximum errors, and propagate them on the quantity cos θ . Note 
that for galactic plane scenario the variable to be considered is the 
Galactic latitude b.

To consider in our statistical tests the above angular uncer-
tainty, for each choice of 5 background events, we consider 100 
possible extractions of the 7 remaining events from their maxi-
mum error intervals using a uniform probability. In this way, for 
the 100 different choices of observed events we compute the cor-
responding TS values, which once compared with the null hypoth-
esis TS distribution, provide a range of p-values. Such a range is 
finally averaged on the 792 different background combinations. In 

Table 1
Background average range of p-values for all the scenarios, using the Kolmogorov–
Smirnov and the Anderson–Darling tests.

Scenario KS AD

Astrophysics Gal. plane 0.007–0.008 Not defined
Iso. dist. 0.20–0.55 0.17–0.54

DM decay NFW 0.06–0.16 0.03–0.14
Isoth. 0.08–0.22 0.05–0.19

DM annih. 
!2

0 = 104
NFW (0.3–0.9) × 10−4 (0.3–3.8) × 10−4

Isoth. (0.9–2.8) × 10−3 (1.0–5.0) × 10−3

DM annih. 
!2

0 = 106
NFW 0.02–0.05 0.02–0.07
Isoth. 0.10–0.28 0.08–0.29

DM annih. 
!2

0 = 108
NFW 0.19–0.54 0.17–0.53
Isoth. 0.20–0.55 0.17–0.54

Table 1 we report such an average range for each test. As we can 
see from Table 1, the IC data indicate that a correlation with the 
galactic plane is disfavored. Note that in this case, the Anderson–
Darling test is not well defined since its CDF is vanishing within 
the region b < bgal (see Eq. (14)). It is worth observing that vary-
ing the angular size bgal in the range [2◦,4◦] does not signifi-
cantly change the p-value range reported in the Table. Moreover, 
the DM annihilation scenario is already excluded from IC data for 
both DM halo density profiles in case of a small clumpiness fac-
tor (!2

0 = 104). On the other hand, for a larger clumpiness factor 
(!2

0 = 108) we get a result similar to the one of the astrophysical 
isotropic distribution. This is due to the fact that in this case the 
annihilating DM angular distribution is almost isotropic. It is worth 
observing that due to a certain lack of events from the Galactic 
Center, the NFW DM profile that is more peaked in this central re-
gion results to be more in tension with the observations than the 
Isothermal profile. This results in smaller p-values for NFW with 
respect to Isothermal as shown in the Table, such difference is ex-
acerbated for annihilating DM scenario.

3. Forecast

It is of interest to ask about the statistics required (number of 
events) in order to distinguish, at a certain confidence level, a DM 
induced distribution from an isotropic one. To answer this question 
we perform a forecast analysis restricted to decaying DM scenario 
and annihilating DM one with !2

0 = 106 that are not already ex-
cluded by present data. For a given number of events, we generate 
105 sets of data (in the 60–100 TeV energy range) according to the 
isotropic distribution, and perform the two statistical tests under 
null hypothesis that the data samples come from a decaying DM 
distribution or from an annihilating DM one. For simplicity we as-
sume that each data sample is not affected by the background. To 
include the background effect in the forecast analysis one can sim-
ply increase our “predictions” by a factor of ∼ 12/7 as suggested 
by present data.

By varying in the set of 105 data samples we get a distribu-
tion of p-value for which it can be defined the p-value at 68% 
Confidence Level (C.L.). This value represents the upper bound for 
p-values in 68% of cases. In Fig. 3 we report the p-value at 68% 
C.L. as function of the number of signal events (no background) 
in case of decaying DM scenario. As expected, the Anderson–
Darling statistical test (solid lines) is more appropriate than the 
Kolmogorov–Smirnov one (dashed lines). Indeed, the p-value falls 
down to zero very rapidly. Assuming that the p-value required to 
exclude a model is O(10−3), we see that the decaying DM sce-
nario will be completely excluded only when a O(200) number 
of signal events is collected in the energy bin 60–100 TeV. It is 

M. Chianese, G. Miele, S. Morisi and  
E. Vitagliano, Phys. Lett. B757:251, 2016
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Figure 1. Region of mDM− τDM parameter space consistent with IC data if the total neutrino flux
is a composition of flux from DM decay and astrophysical flux at the IC best-fit (see eq. (3.3)). The
hatched and red shaded regions are ruled out at 90% and 99% C.L. respectively, while the green
patch shows the region of parameter space consistent with data at 3σ. To compare with existing
bounds on lifetimes from gamma ray observations, we show the bound obtained in [21] when the DM
decays to a W± pair (black dotted curve) in the top panel plots (DM → Z0Z0 and DM → W+W−),
and that obtained when the DM decays to µ+µ− (black dot-dashed curve) in plots in the bottom
panel (DM → τ+τ− and DM → µ+µ−), with the region below the curves excluded in both cases.

and vary the DM mass and lifetime over the following ranges

100 !
(mDM

1TeV

)

! 1000 , 1 !
( τDM

1026 s

)

! 1000 (3.5)

respectively.3 Thus considering each decay channel in turn, we calculate the number of

events expected due to a sum total of the astrophysical flux and that from the decay. The

resulting best fits and χ2 representing the degree of match are shown in table 1. Event

rates corresponding to the best-fit parameters are shown in figure 3. It is evident from the

figure that, especially, at the lower energies, i.e., 30TeV ! E ! 100TeV, the combined

DM and astrophysical flux gives a better fit to the observed data than the IC best-fit

astrophysical E−2 flux. To provide a reasonable quantitative measure of the comparative

3Although τDM does not have an observed or theoretically motivated upper bound, the neutrino flux from

DM decay falls with increasing decay lifetimes, and when as large as 1029s, it already leads to unobservably

small event rates at IC. Here, we set the upper bound for the τDM parameter space scan to 1029s for

computational purposes — for the purposes of the analysis, taking even larger values of τDM is equivalent

to assuming the neutrino events seen at IC are solely due to the astrophysical power-law flux.
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Low energies: DM+astro (index=2) 
and the next lower energy bin. As a reminder the IceCube
analysis energy bins spread 0.2 in log of the energy. Hence,
half of the neutrino energy of E at the center of an energy
bin would correspond to the lower edge of the adjacent
lower energy. We point out that a full analysis should be
performed by the IceCube collaboration taking the recon-
structed energies and corresponding uncertainties on an
event by event basis into account. We only attempt here
to get an approximation of the bound. Following our
assumption tau neutrino events will largely be contained
in the two adjacent energy bins of the IceCube analysis, and
we assume that 50% of the tau neutrinos are observed in
these bins. We then compare the expected signal flux to the
sum of observed events of the corresponding energy bin
and the next lower bin.
The expected number of neutrino events per flavor is

given by

N ¼ 1

τ
J4π

Rscρsc
4πmχ

4πAeffðE ¼ mχ=2ÞT life
Nν

3
; ð5Þ

where Rsc and ρsc are scale factors [28], mχ is the dark
matter particle mass, Aeff is the neutrino affective area of
the corresponding flavor, and T life is the lifetime of the
experiment. J4π is the angle average line-of-sight integral
over the dark matter density distribution per solid angle. Nν
is the average number of neutrinos produced at the line
signal per DM decay. For the assumed branching fraction
of 100% into χ → νh, Nν is 1. The factor 1=3 indicates
the fraction of each neutrino flavor. We use the neutrino
flux from the Milky Way halo assuming a NFW profile
(J4π ≈ 2.0) [23].
We compute a 90% C.L. limit on the number of signal

events, N90, using the observed events and expected
background. The observed events and their background
are computed by taking the sum of the bin corresponding to
Mχ=2 and the adjacent lower bin. This value is compared to
the expected neutrino event numbers for a specific decay
time. As background estimate we use the prediction from
IceCube, including cascade and track events. The limit is
then obtained by τ90 ¼ τ · N

N90
. Figure 2 shows our derived

bound, following IceCube event binning in neutrino energy
[17] in comparison to previous limits from the partially
instrumented IceCube detector [21] which investigated the
decay of DM into two neutrinos. Note that the large
improvement of our derived limit to the IceCube
Collaboration result is dominated by the fact that we make
use of the neutrino energy, justified by the good energy
resolution for cascade events, which is typically better than
15% [17]. The IceCube Collaboration analysis relied on the
partially instrumented detector and used the up-going muon
neutrino event sample and performed a counting experi-
ment of the total number of tracks in the signal region
closer to the Galactic center compared to a background
region. The increase in sensitivity can be simply

understood by the fact that the IceCube analysis was not
sensitive to neutrino energies as it just counted muon
neutrino induced tracks. This counting experiment
observed 1389 events in the off-source region and 1367
events in the on-source region, consistent with the null
hypothesis. In our analysis we are sensitive to neutrino
energies by exploiting contained cascades events. As such
we can hence compute the N90 energy binwise. The N90 in
this analysis is closer to 2, compared to about 50 in the
IceCube halo analysis, hence a factor of 20 improvement at
100 TeV.
Further shown in Fig. 2 are bounds derived from the

Fermi-LAT analysis of gamma-ray emission from the
Milky Way halo [12] and from PAMELA observations
of the antiproton flux [13] based on the assumed DM decay
into bb̄. The derived limit for the Fermi-LAT gamma-ray
line search is justified as bb̄ is the dominant Higgs decay
channel, and further the gamma-ray yield fromW-bosons is
similar. Overall our neutrino bound is conservative with
respect to the gamma-ray limit as bb̄ would result in the
strongest limit from gamma rays. The observed three PeV
neutrinos are seen as a “dip” in the two bins covering
masses 2–5 PeV in the limit plot as the flux shows an
“excess” over the expectation. The excess needs further
investigation, but an extremely interesting interpretation
would be the signal from DM. We would invite more
dedicated study for further clarification. A complete analy-
sis could further benefit from the less dominant extraga-
lactic redshifted line spectrum smeared to lower neutrino
energies and a potential continuum neutrino spectrum
from secondary particle decays. A dedicated IceCube

FIG. 2 (color online). Derived limit using the high-energy
neutrino flux observed by IceCube in comparison to the previous
experimental constraints from IceCube, Fermi-LAT, and PAMELA
and derived limits from neutrino data [24]. Excluded are regions
below the pictured lines. The decay χ → νx includes νZ and νH
channels thanks to the Goldstone equivalence theorem.

CARSTEN ROTT, KAZUNORI KOHRI, AND SEONG CHAN PARK PHYSICAL REVIEW D 92, 023529 (2015)

023529-4

limits on monochromatic decays

C. Rott, K. Kohri and S. C. Park,  
Phys. Rev. D92:023529, 2015
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Figure 3. Best fit curve for an unbroken power-law spectrum combined with the LLP decay
Y → νN . The left panel is for MY = 2.2PeV, s = 2.43, C0 = 0.51GeV cm−2 sr−1 s−1 and
τY = 5.26× 1028 s. The right panel is for MY = 4PeV, s = 2.76, C0 = 0.52GeV cm−2 sr−1 s−1 and
τY = 2.72× 1028 s. The IceCube data points (black crosses) are shown as well as the contributions
from atmospheric background (ATM, red), single power-law spectrum (PL, magenta), LLP decay
(LLP, green) and the total contribution (TOT, blue).
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Figure 4. Best fit curve for pure LLP decays into Y → νN and Y → 4h. The left panel is
for MY = 2.2PeV, τY = 0.73 × 1028 s and rνN = 14%. The right panel is for MY = 4PeV,
τY = 0.88 × 1028 s and rνN = 35%. The IceCube data points (black crosses) are shown as well
as the contributions from atmospheric background (ATM, red), LLP decays (LLP, green) and the
total contribution (TOT, blue).

In figure 4 we show the best fit curve for pure LLP decay into the two modes Y → νN

and Y → 4h. On the left panel we show the case MY = 2.2PeV, for the best fit τY =

0.73×1028 s and rνN = 0.14, corresponding to a p-value of 0.06. On the right panel we show

the case MY = 4PeV, for the best fit τY = 0.88× 1028 s and rνN = 0.35, corresponding to

a p-value of 0.56.

In figure 5 we show the best fit curve for pure LLP decay into the two modes Y → νN

and Y → 2h. On the left panel we show the case MY = 2.2PeV, for the best fit τY =

1.81×1028 s and rνN = 0.56, corresponding to a p-value of 0.01. On the right panel we show

the case MY = 4PeV, for the best fit τY = 1.13× 1028 s and rνN = 0.23, corresponding to

a p-value 0.57.
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C. S. Fong, H. Minakata, B. Panes and R. Z. Funchal,  
JHEP 1502:189, 2015

Fixing PeV mass, some channels

JCAP01(2017)007Figure 2. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into SM
quarks, � ! bb (upper panels) and � ! tt (lower panels), once the spectral index of the astrophysical
power-law has been fixed to 2.0 (left panels) and 2.2 (right panels). The white contours refer to 2�
(solid) and 3� (dashed) significance level, and the white dot is the best-fit. The red line bounds from
below the allowed region according to IceCube data, while the black one delimits from above the
region excluded by Fermi-LAT data (see section 3).

respect to the NFW distribution. We observe that, in case of quarks in the final states
(figure 2), smaller values for the lifetime ⌧DM and larger DM masses mDM are favoured
with respect to the case of leptonic final states (figures 3 and 4). Moreover, the models with
quarks as final states are more in tension with the Fermi-LAT data with respect to the models
involving leptons. In particular, in case of quark decay channels IceCube data prefer values of
mDM and ⌧DM close to the 100% IGRB bound. This corresponds to the unrealistic situation
where Fermi-LAT gamma-rays are completely explained in terms of a DM signal and not of
astrophysical sources. On the other hand, in the case of a leptophilic DM, the most significant
region in the parameter space mDM-⌧DM corresponds to a IGRB contribution smaller than
10%, situation implying that the Fermi-LAT gamma-ray observations are dominated by the
astrophysical sources. Therefore, we can already conclude that in general the leptophilic
scenarios are in fair agreement with both neutrinos and gamma-ray observations under the
assumption of a two-components flux.

– 10 –

JCAP01(2017)007Figure 3. Number of standard deviations in � in the mDM-⌧DM plane in case of decaying DM into
SM leptons, � ! µ+µ� (upper panels) and � ! ⌧+⌧� (lower panels). The description of the plots is
the same of figure 2.

The significance in � as a function of DM mass mDM is explicitly depicted in figure 5
for all the studied decaying cases. The curves shown in the plots have been obtained by
considering the best-fit value of the DM lifetime for each DM model and each DM mass.
As it is clear from the plots, the maximum value of

p
TS is almost independent on the

decay channel considered and it results to be 3.7–3.9� and 2.2–2.4� in case of spectral index
2.0 and 2.2, respectively. Moreover, it is worth observing that the maximum significance is
reached for mDM ' 140TeV for a DM decaying mainly in leptons, while it is maximized
at mDM ' 200TeV and mDM ' 300TeV for the cases � ! tt and � ! bb, respectively.
This is because neutrinos are mainly produced at low energy in the hadronic cascades, while
in the leptonic channels their energy can be as large as mDM/4. This consideration also
explains why DM masses larger than about 1PeV (700GeV) are excluded by IC data for
the leptonic decay channels for � = 2.0 (� = 2.2), while no constraints are found in case of
hadronic channels. Moreover, the smallest DM mass for the best-fit is obtained in case of the
leptophilic three-bodies decays (dotdashed purple line in figure 5). This is due to fact that
in such a case primary neutrinos are produced up to an energy of mDM/2.
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M. Chianese, G. Miele and S. Morisi, JCAP 1701:007, 2017

Low energies (MESE), fixing astro index

D. Search for a ν-line signal and improved bounds

1. Method

Besides setting the best possible bounds on the DM
lifetime, it is also of interest to search for any hint of a line
signal in the data. We propose a novel methodology for
neutrino-line(-like) searches: a profile log-likelihood study
of the energy spectrum including proper energy disper-
sions. This differs from previous studies that used
Kolmogorov-Smirnov tests or approaches with no detailed
spectral shape analysis [18,23,31,34,36–41,58,59]. The
method is similar to, e.g., the Fermi-LAT gamma-ray line
search [11] (briefly summarized in Ref. [60]). This
approach will enable us to search for line (and line-like)
signals and further improve the DM bounds of the previous
section.
To claim a detection of a monochromatic line requires

enough statistics and energy resolution to distinguish such
a feature in the spectrum from an assumed background
model. A simple model to fit the neutrino flux that exceeds
the expected muon and atmospheric backgrounds is an
isotropic astrophysical signal with a single power-law
energy spectrum, with equal parts of each flavor as well
as of neutrinos and antineutrinos,

dϕastro

dEνdΩ
¼ 3 × 10−18 × ϕ0

!
Eν

E0

"−γ
; ð9Þ

where E0 ¼ 105 GeV. Such a power-law spectrum
can be expected from conventional astrophysics
contributions such as, e.g., active galactic nuclei and start
burst galaxies with 2.0≲ γ ≲ 2.6 [61,62]. The best-fit
values from Ref. [32] are γ ¼ 2.46$ 0.12 and
ϕ0 ¼ 2.06þ0.35

−0.26 GeV−1 cm−2 sr−1 s−1. To quantify the good-
ness of fit, we performed a Pearson χ2 test [63],

χ2 ¼
X

bins i

ðNi
obs − piNtotÞ2

piNtot
: ð10Þ

Here, the set of pi ¼ Ni
IC=Ntot gives the deposit-energy

probability distribution of the model. The Ni
IC ¼ Ni

μ þ
Ni

ν þ Ni
astro are represented by the upper edge of the blue

region in Fig. 1. This will be our NULL model for
generating Monte Carlo data. The IceCube data gives χ2 ¼
12.7 for this NULL model when we include all the 20
energy bins from Ref. [32]. Pseudoexperiments on 105

Monte Carlo-generated data sets show that this corresponds
to a P-value of 0.42.7 The conclusion is that this model
gives a good fit and there is no apparent need for a
contribution from a DM signal in the current IceCube
spectrum.
Given that such a simple background model fits the data

well, we construct a test statistic (TS) by comparing the
maximum log-likelihood of this type of background model
to the hypothesis of a monochromatic neutrino-line signal
on top of the background [64]. Hence, to study if a line
signal improves the fit, we evaluate

TS ¼ 2 ln
Lðnsig ¼ nsig;bestÞ

Lðnsig ¼ 0Þ
; ð11Þ

where the Poisson likelihood function is

L ¼
Y

bins i

ðNi
modelÞN

i
obs

Ni
obs!

e−N
i
model ð12Þ

FIG. 3 (color online). 95% C.L. limits on the lifetime of DM
particle decay into monochromatic neutrinos. Solid (black, blue
and red) curves are for DM decay into pure neutrino flavor states
(νe, νμ and ντ, respectively) at production, which after propaga-
tion to the Earth are no longer pure flavor states. The companion
final state X in the DM decay DM → να þ X is assumed to be
light compared to the DM particle mass mDM. The dashed red
curve shows the limit for DM → ντ þ X if no atmospheric
background subtraction is made. For comparison, we show the
limits by Rott, Kohri and Park [23] (90% C.L., green dotted
curve) as well as Esmaili, Kang and Serpico [34] (90% C.L.,
green dashed-dotted curve) who analyzed the 3-year high-energy
data set from Ref. [35]. Equal parts of ν and ν̄ are assumed for the
DM signals.

7A direct assumption of a χ2 distribution, with Nbin − 5 ¼ 15
d.o.f., for the quantity in Eq. (10) would instead have given a
P-value of 0.63 for the NULL model. However, because of low
statistics this assumption is not fully valid, and we generated data
realizations from Poisson distributions of the number of events in
each deposited-energy bin to calculate P-values. All fits to
Monte Carlo data were done with an adjustable single power-
law astrophysical component Ni

astroðϕ0; γÞ together with free
normalization of the two atmospheric background components
Ni

μ and Ni
ν—as in Eq. (13). In Ref. [32] the goodness-of-fit

P-value was instead found to be 0.2 for this model, but they
considered three observables (not only reconstructed deposited
energy, but also directional and track property information) in
their fits.

NEW SEARCH FOR MONOCHROMATIC NEUTRINOS FROM … PHYSICAL REVIEW D 92, 123515 (2015)

123515-5

C. El Aisati, M. Gustafsson 
and T. Hambye,  
Phys. Rev. D92:123515, 2015

A. Bhattacharya, M. H. Reno and I. Sarcevic,  
JHEP 1406:110, 2014
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Dark matter decays: gamma-ray bounds

However, at energies E > 10-100 TeV, the Universe is opaque to gamma-rays 
due to the interaction with the background radiation field (IR or CMB):  

gamma-rays produce e± pairs, which produce further gamma-rays via 
inverse Compton onto CMB photons, until the energies fall below ~100 GeV

The neutrino spectrum from DM decays is accompanied by a gamma-ray spectrum 
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Figure 5. The �-ray flux from DM decay from various directions, with m

DM

= 4 PeV and ⌧

DM

=
1028 s, and branching ratios of decay channels given by eq. (3.4). The solid curves are shows the prompt
flux, including the absorption of �-rays, while in the dot-dashed curves the absorption is neglected.
The dashed curves show the IC flux, for various assumptions for the constant halo magnetic field,
B

halo

, possibly pervading the thick di↵usive halo of the Galaxy up to large distances. The green
and brown bar lines show the upper bound on �-ray flux from CASA-MIA [25] and KASCADE [26],
respectively.

It is worth noting that the CASA-MIA and KASCADE experiments would have already
probed interesting parameter space for DM models, if they had accumulated significant ex-
posure towards inner Galaxy, e.g. if they had been located in the Southern hemisphere.
Unfortunately, their acceptance mostly peaks in regions far away from the GC and hence
they would have been exposed to more modest fluxes, comparable to the orange curve in
figure 5, insu�cient to test the model even for optimistic IC expectations. To illustrate this
point, in the following we briefly describe some notions on the geometrical acceptance of
EAS experiments. An EAS is often classified as �-like event, as opposed to a hadronic-like
event, based on a significantly poorer muon content of the former shower with respect to the
latter (at a fixed primary energy). Only for events which are not too inclined with respect
to the vertical this separation can be done meaningfully, thus imposing a cut on maximum
zenith angle of the shower. Assuming that the detector is continuously operational (i.e., the
acceptance is uniform with respect to azimuth, or right ascension in equatorial coordinate),
the geometrical acceptance e�ciency ! of an EAS experiment located at the latitude � as
function of declination �, can be written as [34]

!(�) / cos� cos � sin↵m + ↵m sin� sin � , (3.9)

where

↵m =

8
<

:

0 ⇣ > 1
⇡ ⇣ < �1
arccos(⇣) �1 < ⇣ < 1

and ⇣ =
cos ✓m � sin� sin �

cos� cos �
,
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different absorption for extragalactic and galactic signals
It seems to work….
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However, at energies E > 10-100 TeV, the Universe is opaque to gamma-rays 
due to the interaction with the background radiation field (IR or CMB):  

gamma-rays produce e± pairs, which produce further gamma-rays via 
inverse Compton onto CMB photons, until the energies fall below ~100 GeV

The neutrino spectrum from DM decays is accompanied by a gamma-ray spectrum 

See also: K. Murase and J. F. Beacom, JCAP 1201:043, 2012  
K. Murase, R. Laha, S. Ando and M. Ahlers,  Phys. Rev. Lett. 115:071301, 2015
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=
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The dashed curves show the IC flux, for various assumptions for the constant halo magnetic field,
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, possibly pervading the thick di↵usive halo of the Galaxy up to large distances. The green
and brown bar lines show the upper bound on �-ray flux from CASA-MIA [25] and KASCADE [26],
respectively.

It is worth noting that the CASA-MIA and KASCADE experiments would have already
probed interesting parameter space for DM models, if they had accumulated significant ex-
posure towards inner Galaxy, e.g. if they had been located in the Southern hemisphere.
Unfortunately, their acceptance mostly peaks in regions far away from the GC and hence
they would have been exposed to more modest fluxes, comparable to the orange curve in
figure 5, insu�cient to test the model even for optimistic IC expectations. To illustrate this
point, in the following we briefly describe some notions on the geometrical acceptance of
EAS experiments. An EAS is often classified as �-like event, as opposed to a hadronic-like
event, based on a significantly poorer muon content of the former shower with respect to the
latter (at a fixed primary energy). Only for events which are not too inclined with respect
to the vertical this separation can be done meaningfully, thus imposing a cut on maximum
zenith angle of the shower. Assuming that the detector is continuously operational (i.e., the
acceptance is uniform with respect to azimuth, or right ascension in equatorial coordinate),
the geometrical acceptance e�ciency ! of an EAS experiment located at the latitude � as
function of declination �, can be written as [34]
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different absorption for extragalactic and galactic signals
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Abstract

Utilizing the Fermi measurement of the gamma-ray spectrum toward the Galactic Center, we derive
some of the strongest constraints to date on the dark matter (DM) lifetime in the mass range from
hundreds of MeV to above an EeV. Our profile-likelihood based analysis relies on 413 weeks of Fermi
Pass 8 data from 200 MeV to 2 TeV, along with up-to-date models for di↵use gamma-ray emission
within the Milky Way. We model Galactic and extragalactic DM decay and include contributions to
the DM-induced gamma-ray flux resulting from both primary emission and inverse-Compton scat-
tering of primary electrons and positrons. For the extragalactic flux, we also calculate the spectrum
associated with cascades of high-energy gamma-rays scattering o↵ of the cosmic background radi-
ation. We argue that a decaying DM interpretation for the 10 TeV-1 PeV neutrino flux observed
by IceCube is disfavored by our constraints. Our results also challenge a decaying DM explanation
of the AMS-02 positron flux. We interpret the results in terms of individual final states and in the
context of simplified scenarios such as a hidden-sector glueball model.

A primary goal of the particle physics program is to
discover the connection between dark matter (DM) and
the Standard Model (SM). While the DM is known to
be stable over cosmological timescales, rare DM decays
may give rise to observable signals in the spectrum of
high-energy cosmic rays. Such decays would be induced
through operators involving both the dark sector and the
SM. In this work, we derive some of the strongest con-
straints to date on decaying DM for masses from ⇠400
MeV to ⇠107 GeV by performing a dedicated analysis of
Fermi gamma-ray data from 200MeV to 2TeV.

The solid red line in Fig. 1 gives an example of our
constraint on the DM (�) lifetime, ⌧ , as a function of
its mass, m�, assuming the DM decays exclusively to a
pair of bottom quarks. Our analysis includes three con-
tributions to the photon spectrum: (1) prompt emission,
(2) gamma-rays that are up-scattered by primary elec-
trons/positions through inverse Compton (IC) within the
Galaxy, and (3) extragalactic contributions.

In addition to deriving some of the strongest limits on
the DM lifetime across many DM decay channels, our re-
sults provide the first dedicated constraints on DM using
the latest Fermi data for m� & 10TeV. To emphasize
this point, we provide a comparison with other limits in
Fig. 1. The dashed red curve indicates our new estimate
of the limits set by high-energy neutrino observations at
the IceCube experiment [1–4]. Our IceCube constraint
dominates in the range from ⇠107 to 109 GeV.

Constraints from previous studies are plotted as solid
grey lines labeled from 1-6. Curve 6 shows that for masses
above ⇠109 GeV, limits from null observations of ultra-
high-energy gamma-rays at air shower experiments [5],
such as the Pierre Auger Observatory (PAO) [6], KAS-
CADE [7], and CASA-MIA [8], surpass our IceCube lim-
its. Curves 2, 5, and 3 are from previous analyses of the
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FIG. 1: Limits derived in this work on DM decays to b b̄,
as compared to previously computed limits using data from
Fermi (2,3,5), AMS-02 (1,4), and PAO/KASCADE/CASA-
MIA (6). The hashed green (blue) region suggests parameter
space where DM decay may provide a ⇠3� improvement to
the description of the combined maximum likelihood (MESE)
IceCube neutrino flux. The best-fit points, marked as stars,
are in strong tension with our gamma-ray results. The red
dotted line provides a limit if we assume a combination of
DM decay and astrophysical sources are responsible for the
spectrum.

extragalactic [9, 10] and Galactic [11] Fermi gamma-ray
flux (for related work see [12–14]). Our results are less
sensitive to astrophysical modeling than [9], which makes
assumptions about the classes of sources and their spec-
tra that contribute to the unresolved component of the
extragalactic gamma-ray background. We improve and
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DM decays + Astro: HESE analysis
DM ! b b̄ DM ! W+ W�

Figure 3. DM lifetime-mass (top panels) and astrophysical normalization-spectral index

(bottom panels) correlation for DM ! b b̄ (left panels) and DM ! W+ W� (right panels).

The contours indicated by the solid black curves represent the 1� CL preferred regions around

the best fit (indicated by a white ‘?’ sign), while the corresponding 2� CL regions are indi-

cated by the dashed curves. The very di↵erent looking 1� CL preferred regions between the

two channels is representative of the di↵erences between hard-spectrum and soft-spectrum

channels.

to explain the PeV events. Indeed, this is borne out by a similar, and complementary,

1� CL region opening up in the �–�astro correlation plot (bottom panels of Figures 3),

preferring low values of �.

For channels with even harder spectra, e.g., DM decays into leptons (left panels

of Figure 4) or neutrinos (right panels of Figure 4), the low-mass 1� CL preference

disappears, while that at high mDM remains qualitatively similar, except for shrinking
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-

right panel), DM ! µ+ µ� (bottom-left panel) and DM ! ⌫e ⌫̄e (bottom-right panel).

In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-

trino events (blue histogram), astrophysical neutrino events (green histogram), neutrino

events from DM decays (black histogram), and total event spectrum (purple histogram).

We indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-

right panel), DM ! µ+ µ� (bottom-left panel) and DM ! ⌫e ⌫̄e (bottom-right panel).

In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-

trino events (blue histogram), astrophysical neutrino events (green histogram), neutrino

events from DM decays (black histogram), and total event spectrum (purple histogram).

We indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].
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DM ! µ+µ� DM ! ⌫e⌫̄e

Figure 4. Same as Figure 3, but for DM ! µ+ µ� and DM ! ⌫e ⌫̄e.

slightly in extent. The generic shape of the allowed �–�astro regions bear out the

requirement that a very steep index comes at the cost of lowering the normalization.

While, for the soft-spectrum channels, such as b b̄, the spectral index necessarily has

to be on the lower side, the flux normalization rapidly drops as one goes to indexes

of ⇠ 2 or lower. For hard channels, which generically provide a better fit to the data,

the allowed 1� CL region for � extends from around 2.7 to above 4, for nearly uniform

normalization, thus indicating the necessity of a steeply falling astrophysical flux for

these cases. Qualitatively, the more sharply-peaked event-spectrum the flux from DM

decays generates, the smaller the preferred region is. Thus, very narrow-width decays

directly to neutrinos lead to a more localized 1� CL region in the mDM-⌧DM plane,

whereas for decays to b b̄, with an event spectrum that is distributed over a wide energy

range, the preferred region is much larger. The 2� CL regions in all the correlation
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-

right panel), DM ! µ+ µ� (bottom-left panel) and DM ! ⌫e ⌫̄e (bottom-right panel).

In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-

trino events (blue histogram), astrophysical neutrino events (green histogram), neutrino

events from DM decays (black histogram), and total event spectrum (purple histogram).

We indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].
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Figure 2. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for four DM decay channels: DM ! b b̄ (top-left panel), DM ! W+ W� (top-

right panel), DM ! µ+ µ� (bottom-left panel) and DM ! ⌫e ⌫̄e (bottom-right panel).

In all panels: atmospheric muon events (red histogram), conventional atmospheric neu-

trino events (blue histogram), astrophysical neutrino events (green histogram), neutrino

events from DM decays (black histogram), and total event spectrum (purple histogram).

We indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in units of

1028 s and TeV, and the per-flavor normalization of the power-law flux (�astro) in units

of 10�8 GeV cm�2 s�1 sr�1. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].
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Figure 9. Event spectra in the IceCube detector after 1347 days. We show the re-

sults corresponding to the best fits in the EM-equivalent deposited energy interval [60 TeV–

10 PeV] for DM decays into two two channel combinations: DM ! {b b̄, ⌫e ⌫̄e} (left panel)

and DM ! {u ū, ⌫e ⌫̄e} (right panel), with their corresponding branching fractions into the

quark channel also indicated. In both panels: atmospheric muon events (red histogram),

conventional atmospheric neutrino events (blue histogram), astrophysical neutrino events

(green histogram), neutrino events from DM decays into the quark channel (brown his-

togram) and into the lepton channel (black histogram), and total event spectrum (purple

histogram). We indicate the best fit values of the DM lifetime and mass [⌧28(mDM)] in

units of 1028 s and TeV. We also show the spectrum obtained using the 4-year IceCube

best fit in the EM-equivalent deposited energy interval [60 TeV–3 PeV] (gray histogram),

E2
⌫ d�/dE⌫ = 2.2 ⇥ 10�8 (E⌫/100 TeV)�0.58 GeV cm�2 s�1 sr�1 (per flavor), and the binned

high-energy neutrino event data (black dots) [80] with Feldman-Cousins errors [150].

7 Discussion and conclusions

In view of the increasing incompatibility between the IceCube HESE and through-going

muon track data sets if interpreted in terms of a single power-law astrophysical flux,

we have considered the possibility of DM decays also contributing to HESE data. We

have considered HESE data in the EM-equivalent deposited energy intervals [10 TeV–

10 PeV] and [60 TeV–10 PeV], the latter corresponding to the sample analyzed by the

IceCube collaboration, as it is less populated by background events.

In our analyses we have considered simultaneously the topology (shower or track)

and energy distributions of the events, as well as the hemisphere where they were

originated. In a series of analyses, we have varied four parameters: the astrophysical

flux normalization and power-law index, the DM mass, lifetime, and, for multi-channel
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µ+ µ�, and ⌫e ⌫̄e) as a function of mDM. The best-fit point for each channel is shown by the

‘?’ mark, while the gray dotted curve shows the �-ray constraint on ⌧DM for each channel

obtained in Ref. [120]. These results correspond to the the EM-equivalent deposited energy

interval [60 TeV–10 PeV].

channels as a function of mDM, for the energy interval [60 TeV – 10 PeV]. In terms of

NDM, these limits express the 95% CL upper limit to number of events from DM decays

as a function of mDM. We compare these limits, obtained by analyzing the IceCube

HESE data considering a combined model with contributions from DM decays and

from a power-law astrophysical flux, against those obtained from �-ray observations

in Ref. [120]. In the case of the hardest channels (DM decays into leptons, bottom

panels), we find our constraints to be stronger than gamma-ray limits, by more than
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Neutrino limits are better than gamma-ray ones 
for relatively hard channels

DM decays + Astro: HESE analysis

gamma-ray  
limits

A. Bhattacharya, A. Esmaili, SPR and I. Sarcevic, arXiv:1706.05746
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Dark matter decay models
A unified solution for the matter-antimatter 

asymmetry and dark matter? 
In the standard see-saw scenario the decays of right-handed neutrinos 
can explain the baryon asymmetry via leptogenesis… but the decays are 

too fast so that none of them is a good dark matter candidate

A. Anisimov and P. Di Bari, Phys, Rev. D80:073017, 2009

If one is decoupled (vanishing Yukawas), 
it can play the role of dark matter

mD =
0 mD( )e2 mD( )e3
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0 mD( )τ 2 mD( )τ3
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But how is it produced then? RH-LH mixing is too small

via Higgs portal interactions (non-diagonal couplings)
λij
Λ

φ†φ  Ni
cN j

via medium effects DM can be produced non-
adiabatically from RH-RH neutrino mixing ΔH !
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P. Di Bari, O. Ludl and SPR, JCAP 1611:044, 2016
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These small couplings induce long lifetimes
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Figure 2: Top panel: Bounds on MDM in the plane (MDM, ⌧min
DM ) for MDM/MS= 1.8 (blue line),

5 (red line), 104 (yellow line) and 2 ⇥ 10

6 (cyan line), as indicated. The tiny dashed horizontal line
is the reference value ⌧min

DM = 10

28
s. The allowed regions (in the same respective light colours) are

then obtained as a combination of the lower bound Mmin
DM from two body decay Eq. (76), visible only

for MDM/MS = 1.8 and 5, with the upper bound from four-body decay Eq. (77) for ⌧min
DM = 10

28
s.

Central panel: zres as a function of MDM from Eq. (24) for the same values of MDM/MS as in the top
panel. Bottom panel: MS as a function of MDM for the same values of MDM/MS as in the top panel.
The grey area is the region excluded by the lower bound MS & 2T out

sph ' 300GeV from leptogenesis.
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Figure 9: Event spectra in the IceCube detector after 1347 days: atmospheric muon events (red
histogram); conventional atmospheric neutrino events (blue histogram); astrophysical neutrino
events (green histogram), E2

⌫ d�a/dE⌫ = 1.6 ⇥ 10

�8
GeV cm

�2
s

�1
sr

�1; events from DM de-
cays (black histogram), MDM = 300 TeV and ⌧DM = 10

28 s; and total event spectrum (purple
histogram). We also show the spectrum obtained using the preliminary IceCube best fit for
(1 : 1 : 1)� in the EM-equivalent deposited energy interval [60 TeV � 3 PeV] (gray histogram),
E2

⌫ d�/dE⌫ = 6.6⇥10

�8
(E⌫/100TeV)

�0.58
GeV cm

�2
s

�1
sr

�1, and the binned high-energy neu-
trino event data (black dots) [49] with Feldman-Cousins errors [67].

the total expected event spectra (purple histogram), along with the spectrum obtained using
the preliminary IceCube best fit for (1 : 1 : 1)� in the EM-equivalent deposited energy interval
[60 TeV � 3 PeV] (gray histogram) and the 4-year data points [49]. Note that, for these values of
the DM lifetime, the diffuse ��ray background is well above the expected DM signal [13, 23, 24].

In Fig. 9 we see that the DM signal (for MDM = 300 TeV and ⌧DM = 10

28
s) represents the

dominant contribution between 40 TeV and 150 TeV, whereas the hard astrophysical power-law
flux (E2

⌫ d�a/dE⌫ = 1.6 ⇥ 10

�8
GeV cm

�2
s

�1
sr

�1) would explain the high-energy part of the
observed event spectrum. The small low-energy excess of events with respect to the 3-year
results can be nicely explained by neutrinos from DM decays within the scenario described in
this paper. This also implies that the astrophysical neutrino flux does not have to be as soft

39

50% :N → ℓ±W ∓

25% :N →ναZ,ναZ

25% :N →ναh,ναh

Dark matter decay models
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Dark matter decay models

Y. Daikoku and H. Okada, Phys. Rev. D91:075009, 2015

PeV RH neutrino in an S4 flavor symmetric extra U(1) model: 
resonant leptogenesis, non-thermal production of the 

heaviest RHN, signatures at colliders (new colored particles)

Extended SM with an U(1)B-L symmetry, 3 RHN and new Higgs: 
can explain leptogenesis, dark matter and neutrino masses

T. Higaki, R. Kitano and R. Sato, JHEP 1407:044, 2014

after U(1)B-L symmetry breaking RHN acquire mass, then 
impose one of them is almost decoupled. Same Yukawa 
structure as in Anisimov and Di Bari, 2009, although the 
production mechanism (via inflaton decay) is different 

J
H
E
P
0
7
(
2
0
1
4
)
0
4
4

103

104

105

106

107

108

109

1010

1011

1012

1013

1014

103 104 105 106 107 108 109 1010

M1 [GeV]

M
2

[G
eV

]

M1
=

M2

Non-thermal Leptogenesis

(vB−L, mφ)

(10MPl, 1013 GeV)

(5MPl, 5 × 1012 GeV)

(100MPl , 1013 GeV)

(0.01MPl, 1010 GeV)

(MPl, 1012 GeV)

(0
.0

1M
P
l
,

10
1
0

G
eV

)
(M

P
l
,

10
1
2

G
eV

)

(5
M

P
l
,

5
×

10
1
2

G
eV

)

(1
0M

P
l
,

10
1
3

G
eV

)

(1
00

M
P
l
,

10
1
3

G
eV

)

thermal Leptogenesis
+ non-thermal Dark Matter

N
on

-th
er

m
al

 D
ar

k 
M

at
te

r

IceC
ube?

Figure 3. Consistent regions with neutrino masses and cosmological observations. The two shaded
regions (green and light orange) are consistent with the BICEP2 at 1σ level respectively, and
imply that the non-thermal leptogenesis works (green) and the dark matter is explained via the
inflaton decay (light orange). Here, we assume normal hierarchy. We also show the mass range
of N1 favored by the IceCube experiment (pink shaded region). In the dark orange region where
thermal leptogenesis is viable, the reheating temperature is treated as a free parameter satisfying
M2 ≤ TR ≤ mφ = 1013 GeV with 5MPl ≤ vB−L. A high reheating temperature is realized by the
decay into hh, WW and ZZ via the coupling in eq. (2.3).

dark matter can be explained for M1 = O(1) PeV. Since there is no reason to expect that

N1 is absolutely stable, we have a chance to see high energy cosmic rays produced from the

decay of N1. It is interesting that the PeV is indeed the energy region where an excess of

high energy neutrinos events are observed at the IceCube experiment. In this section, we

discuss the possibility that neutrino excess which is observed at IceCube experiment [40, 41]

is explained by the decay products of N1.

5.1 The branching fractions of N1

The partial decay widths of N1 at tree level are,

Γ(N1 → ℓ−W+) = Γ(N1 → ℓ+W−) =
|y1ℓν |2M1

16π

(

1−
m2

W

M2
1

)2(

1 +
2m2

W

M2
1

)

, (5.1)

Γ(N1 → νℓZ) = Γ(N1 → ν̄ℓZ) =
|y1ℓν |2M1

32π

(

1−
m2

Z

M2
1

)2(

1 +
2m2

Z

M2
1

)

, (5.2)

Γ(N1 → νℓh) = Γ(N1 → ν̄ℓh) =
|y1ℓν |2M1

32π

(

1−
m2

h

M2
1

)2

. (5.3)
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U(1) dark gauge symmetry with a dark fermion (DM) and a RH 
neutrino that connects with SM. DM decays into three particles

P. Ko and Y. Tang, Phys. Lett. B751:81, 2015
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Dark matter decay models

Leptophilic DM as a fermion singlet with a dim-6 portal 

 Non-thermal production (during reheating)  
requires low reheating temperature

yαβγ

MPl
2 Lαℓβ( ) Lγ χ( ) y Lα

!φχ

S. M. Boucenna et al, JCAP 1510:055, 2015

Background
Best fit ± 68% CL
Unbroken Power Law
Dark Matter

Background
Best fit ± 68% CL
Broken Power Law
Dark Matter

68% CL
95% CL

68% CL
95% CL

(A) (B)

Figure 1. Results of the analysis for model 1). First row shows the neutrino events as a function
of the neutrino energy E⌫ for the DM + UPL (column A) and DM+BPL (column B) models. The
red (long-dashed) line is the best fit (background + astrophysical + DM components), and its band
represents the 68% C.L. resulting from the fit. The purple (dashed) and green (solid) lines are the
astrophysical and DM contributions, respectively. The black points are the IC data, and the blue
region shows the upper limit for the sum of all backgrounds (see Ref. [5]). In the second row we report
the 68% C.L. (dashed) and 95% C.L. (solid) contours for the two parameters y and J0 corresponding
to DM + UPL (column A) and DM+BPL (column B). The crosses are the best-fit points.

A) and DM+BPL (column B). The crosses stand for the best-fit points. The same quantities,
but corresponding to the A4 model, are reported in Fig. 2. The plots in Figs. 1 and 2 show
that there is no significative difference between the two models: both two models predict
the observation of neutrinos in the energy range [0.3 PeV, 1.0 PeV] and a sharp cutoff at
the energy of few PeV. Notice that since in both Uf (1) and A4 symmetry cases the galactic
and extragalactic components of the DM neutrino flux are of the same order of magnitude,
we expect at the PeV energies an almost isotropic neutrino flux with a significant level of
anisotropy near the galactic center. This is in a good agreement with the IC observations.

In order to understand the reason for the strong similarity between the predictions of
model 1) and 2), we have also considered two situations where the operator of Eq. (3.2) is
characterized by a single term only, {↵,�, �} ⌘ {e, e, e} and {↵,�, �} ⌘ {⌧, ⌧, ⌧}, though
they cannot be realized by using the flavour symmetries considered here, as shown in the
Appendix. From a phenomenological point of view it is interesting to consider such cases
because they correspond to the extreme situations with respect to the number of ⌧ leptons
produced and thus, of secondary neutrinos from their decays. In the left panel of Fig. 3 we

– 11 –

DM explains high-energy 
IceCube events 

3-year HESE data 
mDM = [1,10] PeV 

best fit: mDM = 5 PeV 
spectral index = [2,3] 
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Dark matter decay models

Leptogenesis-DM scenario within a left-right model:          
DM produced thermally via interactions with SU(2)R gauge 

bosons, negligible production from RH-RH mixing
M. Re Fiorentin, V. Niro and N. Fornengo, JHEP 1611:022, 2016

PeV RH neutrino with extra SU(2)’ gauge interactions and a 
softly broken Z2 symmetry, which allows for DM decays

P. S. B. Dev, D. Kazanas, R. N. Mohapatra, V. L. Teplitz and Y. Zhang, JCAP 1608:034, 2016

Secluded DM, decaying into neutrinos and dark fermions. 
The larger the number of fermions the broader the spectrum

N. Hiroshima, R. Kitano, K. Kohri and K. Murase, arXiv:1705.04419

D. Borah, A. Dasgupta, U. K. Dey, S. Patra and G. Tomar, arXiv:1704.04138

Left-right model with two DM candidates (decays into 
light DM and neutrinos) and thermal production of DM 

via s-channel annihilations with extra fields
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Boosted Dark matter

DM composed of two particles: 
a dominant contribution with a mass m𝝓= few PeV 

a lighter one 𝝌 (m𝝌 << m𝝓) produced from decays of 𝝓

Signal: scatterings of highly relativistic 𝝌  
with nucleons of the detector 

undistinguishable from NC neutrino interactions
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Figure 1. (a) Interaction of the incoming TeV mass DM particle � with a nucleus, mediated by a
heavy non-standard boson Z 0. (b) The �N DIS interaction cross-section and the corresponding hy(E)i
are shown for the benchmark value of m� and mZ0 . The overall normalisation to the �N cross-section
is set by the product of coupling constants G, and is here arbitrarily chosen to be G = 0.05. The real
magnitude of G will be determined by comparing event rates to those seen at IC in the succeeding sec-
tion. For comparison, the ⌫N neutral current cross-section and the corresponding hyi are also shown.

The FDM interacts with the nucleus within the IceCube detector via a neutral current
interaction mediated by a beyond-SM heavy gauge boson, Z 0 (figure 1a) that couples to both
the � and quarks and gluons.

For both the ��Z 0 and qqZ 0 interactions we assume the interaction vertex to be vector-
like, with hitherto undetermined coupling constants g��Z and gqqZ respectively.5 The DIS
cross-section for �N ! �X is then computed in the lab-frame, with the product G =
g��ZgqqZ as the undetermined parameter, over a broad range of incoming FDM energies,
100 GeV  Ein

�  10PeV, using tree-level CT10 parton distribution functions [22]. We set
the Z 0 mass to be 5TeV. For Z 0 with mass > 2.9TeV, the couplings g��Z and gqqZ are largely
unconstrained by collider searches [23], thus are limited only by unitarity.6

Since the IC can only measure the deposited energy Edep for neutral current events,
it is important to determine the nature of the inelasticity parameter, relating the deposited

5
We have deliberately tried to avoid limiting the scenario to any particular theoretical model in order to

focus solely on the phenomenological signatures of the two-sector DM that we have discussed here. Theoretical

models that encompass our DM spectrum have been discussed in the literature in terms of Z or Z0
portal

sectors with the Z0
vector boson typically acquiring mass through the breaking of an additional U(1) gauge

group at the high energies (see e.g., [20, 21]).

6
We note here that due to the presence of ��Z0

vertex, the possibility that Z0
-bremsstrahlung a↵ects the

two-body � ! �� decay and thus the energies of the outgoing �-particles becomes worth considering. We have

verified by means of explicit calculations that, for the value of the parametersG2
and ⌧� that we require in order

to fit the predicted events from �N NC scattering with IC observations (see section 3.1), Z0
bremsstrahlung-

included decay rate is about 5% of the total decay rate and therefore negligible. A presentation of the full

computation is beyond the scope of this paper, but closely follows a similar computation made in [24].
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Figure 1. (a) Interaction of the incoming TeV mass DM particle � with a nucleus, mediated by a
heavy non-standard boson Z 0. (b) The �N DIS interaction cross-section and the corresponding hy(E)i
are shown for the benchmark value of m� and mZ0 . The overall normalisation to the �N cross-section
is set by the product of coupling constants G, and is here arbitrarily chosen to be G = 0.05. The real
magnitude of G will be determined by comparing event rates to those seen at IC in the succeeding sec-
tion. For comparison, the ⌫N neutral current cross-section and the corresponding hyi are also shown.

The FDM interacts with the nucleus within the IceCube detector via a neutral current
interaction mediated by a beyond-SM heavy gauge boson, Z 0 (figure 1a) that couples to both
the � and quarks and gluons.

For both the ��Z 0 and qqZ 0 interactions we assume the interaction vertex to be vector-
like, with hitherto undetermined coupling constants g��Z and gqqZ respectively.5 The DIS
cross-section for �N ! �X is then computed in the lab-frame, with the product G =
g��ZgqqZ as the undetermined parameter, over a broad range of incoming FDM energies,
100 GeV  Ein

�  10PeV, using tree-level CT10 parton distribution functions [22]. We set
the Z 0 mass to be 5TeV. For Z 0 with mass > 2.9TeV, the couplings g��Z and gqqZ are largely
unconstrained by collider searches [23], thus are limited only by unitarity.6

Since the IC can only measure the deposited energy Edep for neutral current events,
it is important to determine the nature of the inelasticity parameter, relating the deposited

5
We have deliberately tried to avoid limiting the scenario to any particular theoretical model in order to

focus solely on the phenomenological signatures of the two-sector DM that we have discussed here. Theoretical

models that encompass our DM spectrum have been discussed in the literature in terms of Z or Z0
portal

sectors with the Z0
vector boson typically acquiring mass through the breaking of an additional U(1) gauge

group at the high energies (see e.g., [20, 21]).

6
We note here that due to the presence of ��Z0

vertex, the possibility that Z0
-bremsstrahlung a↵ects the

two-body � ! �� decay and thus the energies of the outgoing �-particles becomes worth considering. We have

verified by means of explicit calculations that, for the value of the parametersG2
and ⌧� that we require in order

to fit the predicted events from �N NC scattering with IC observations (see section 3.1), Z0
bremsstrahlung-

included decay rate is about 5% of the total decay rate and therefore negligible. A presentation of the full

computation is beyond the scope of this paper, but closely follows a similar computation made in [24].
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G2 ∼ 2 ×1024s

To explain PeV events
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Figure 3. Predicted and observed total event rates at the IceCube. The gray shaded region represents
energies at which we expect events predominantly from the DM sector. The green line shows event-
rate predictions from our best fit flux to the sub-PeV event-rates observed at IC, with the flux given
by eq. (3.2). The event rates predicted due to the IC best-fit E�2 flux (gray dashed line) and the
observed data (red diamonds) are shown. The IC-estimate for the atmospheric background events is
shown as the yellow shaded region.

detection of high energy DM particles. Such particles cannot form the bulk of DM, which
must be non-relativistic, but may be a small population that lends itself to detection via
methods di↵erent from those currently implemented at current DM detectors. One possible
way such a component could exisit at and around a specific high energy, would be due to
its creation by the decay of another significantly more massive non-thermal DM relic. If
the lighter DM particle interacts with nucleons, its cross-section at high energies may be
detectable as neutrino-like cascades in a massive detector like IC. Using the neutrino-nucleon
NC deep inelastic cross-section as a guiding analogy, we have applied this to the cluster of
three ⇠ PeV events seen at IC.

Thus, this cluster of three events has a di↵erent origin from the remainder of the IC event
sample, which we assume to be primarily astrophysical extra-galactic neutrinos. It results in
a softer astrophysical spectral best-fit than the one which includes the full-event sample. In
this picture, the gap currently seen in the data between 400TeV–1PeV is physical, and the
result of two distinct spectra. While it may partially get filled in or otherwise modified due
to future data, it would remain as a demarcating feature between 2 fluxes of di↵erent origins,
a UHE neutrino flux with a softer than currently estimated spectrum, and a DM flux that
generates cascade interactions in the detector. Additionally, the PeV events should continue
to cluster in the 1–3PeV region, with a galactic bias [19] due to the fact that about half of
the DM induced PeV flux contribution is expected to be galactic. We note that at present 2
of the 3 events appear to come from the direction of the galaxy. This scenario also provides a
natural explanation for the lack of events beyond 3PeV. Other recent proposals, in addition
to certain models of astrophysical sources referred to previously, which also account for the
cut-o↵ at PeV energies are discussed in [51, 52, 59–63].
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Boosted Dark matter
Adding bremsstrahlung of the (pseudo-scalar) 

mediator, produces also a low-energy neutrino flux

J
H
E
P
0
4
(
2
0
1
5
)
1
0
5

(a) (b)

Figure 5. Comparison of IceCube high energy data [3] to the prediction at our two benchmark
points (see table 1. We plot the signals from galactic (brown dashed) and extragalactic (black
dot-dashed) φ → χχ̄ decays, as well as the contribution from secondary neutrinos produced in
φ→ χχ̄+(a → bb̄) (purple dashed) separately. The red dotted lines show the atmospheric neutrino
background (“ATM”), the blue bars depict the background uncertainty and the solid blue lines
show the total expected event rate. We have taken the mass of the pseudoscalar mediator ma to
be 12GeV (80GeV) in the left panel (right panel). We always use mχ = 30GeV for the mass of
the light (boosted) DM particle here, motivated by the galactic center gamma ray excess, but note
that mχ does not affect the IceCube event rate as long as mχ ≪ mφ.

3.4 Results

We show the results of our fit in figure 4 and compare the best fit points to the IceCube data

in figure 5. For the mediator mass ma = 12GeV (80GeV), the three panels of figure 4 give

the best fit points (black (red) “+” signs) and preferred parameter regions (black unshaded

contours (red shaded contours)) at 1, 2, 3σ confidence level. For ma = 80GeV, the best

fit point, marked by a red “×” sign, corresponds to one of our benchmark points from

table 1, while for ma = 12GeV, the benchmark point (indicated by the black “×” sign)

is slightly shifted compared to the best fit in order to be consistent also with the galactic

center excess and with all constraints. The larger value of ma is particularly interesting

for the MSSM-like and Flipped models, where it helps to evade important constraints from

Bs → µ+µ− decays and from h → aa decays. (see section 6.4). Note that we parameterize

the parameter space in figure 4 in terms of three parameters: the heavy DM mass mφ; the

combination g2Yb
g2χfφ/τφ of the a coupling constants, the cosmological abundance fφ of the

heavy DM particle φ and its lifetime τφ, to which the χ scattering rate is proportional;

and the ratio g2χfφ/τφ to which the interaction rate of secondary neutrinos is proportional.

In the upper left hand plot, we also show constraints from the diffuse γ ray flux (see

section 6.2) as thick black (red) lines. We always fix the mass of the light DM particle at

mχ = 30GeV, as motivated by the galactic center gamma ray excess, see section 5. As

expected, the best fit point is always around mφ ∼ 4 PeV due to the lack of IceCube events
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Figure 9. Same as figure 4, for the scalar mediator scenario, with the mediator dominantly decay-
ing to cc̄.

3.3 Vector and axial-vector mediators
The double di�erential cross section in the case of a vector mediator is given by:

d2‡

dxdy
=

ÿ

q

1
32 fi

1
x MN E‰

(g‰ gq)2

(Q2 + m2
ZÕ)2

◊
A

(Q2)2

2 + s2 ≠ s Q2
B

fq(x, Q2). (3.7)

where, gq is the coupling of Z Õ to the quark q, and s ¥ 2 xE‰MN .
To evade the strong bounds particular to vector (and axial-vector) mediators coming

from dijet resonance searches in collider experiments, as discussed in section 2.3.1, we im-
pose a penalty on the ‰2 computation whenever the combination of the coupling constant
and MZÕ extends into a region disfavoured at more than 90% confidence level. Once we
have thus determined the allowed region of the parameter space, we show the results (fig-
ure 10) corresponding to a benchmark point in this space, defined by the values in table 3,
that maximises the contribution from secondary neutrinos from DM decay (Flux-3), and
correspondingly deems the astrophysical neutrino component insignificantly small (which we
consequently do not show). An increased flux for the latter can be accommodated by a
corresponding scaling down of the value of f„g2

‰/·„ and so on.
As seen in figure 10, unlike the pseudo-scalar and the scalar cases, we note that the

galactic and the extra galactic secondary flux events remain approximately flat with de-
creasing energy below ¥ 1 PeV. This results in the absence of a dip or deficit in the region
400 TeV–1 PeV which is one of the features of the present IC data that we would like to
reproduce in scenario I. This can be mitigated by increasing the mass of the mediator (see
figure 11). A comparison with the pseudoscalar mediator event spectrum, where this problem
is absent, is shown for a fixed mass, in the right panel figure 11.
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Figure 10. Event rates for the benchmark parameter values shown in table 3. In keeping with the
description in text, the correspondingly tiny number of events from the astrophysical flux have not
been shown here.

Benchmark Values MZÕ [GeV] gq f„g2
‰/·„

#
s≠1$

Z Õ æ qq̄ 20 3.3 ◊ 10≠3 2.5 ◊ 10≠27

Table 3. Benchmark values of relevant parameters in the case of a vector mediator Z Õ, when it
decays to all possible qq̄ pairs. The value of m„ used here is ≥ 5.0 PeV. As noted in the text, we
have chosen a benchmark point in the parameter space that maximises the secondary ‹ contribution
from DM decay, and consequently deems the astrophysical flux negligible. The latter has therefore
not been shown here.

We now turn to the relevant gamma-ray constraints, along the same lines we studied
it for the case of a pseudo-scalar mediator. While the di�erential three-body decay width of
the HDM follows somewhat di�erent distributions for di�erent choices of mediator spin and
CP properties, the very large boost of the mediator particle washes out these di�erences to a
large extent, and we arrive at a similar spectral shape as discussed for the spin-0 mediators
above. We find that the corresponding constraints are not severe, but may have mild tension
in some energy regions. As far as relic density and spin-independent direct detection bounds
are concerned, similar considerations as in the scalar mediator case would also apply to the
vector mediator scenario, and we refer the reader to the discussion in section 3.2.

Even though the di�erential ‰N cross-section behaves similarly in the vector and axial-
vector scenarios (in small m‰ and mq limit), there are additional important considerations
particular to the axial-vector case that limit the available parameter space very stringently.
As explained earlier, in order to accommodate the PeV events by ‰N DIS scattering, we
require that the three body decay width of the HDM is much smaller than its two body decay
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Figure 14. The total event rate is shown as the red solid curve. This comprises events from LDM
scattering, astrophysical neutrinos and the atmospheric background. Events from the astrophysical
power-law spectrum are shown as orange bars and stacked bars shaded in green show the LDM events
over and above the astrophysical events. The other events over and above the green/yellow bars are
due to atmospheric neutrinos and muons. The left hand side shows the pseudo-scalar case while the
right hand side gives the case of an axial-vector type mediator.
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Figure 15. Di�use gamma-ray flux for pseudo-scalar (left) and axial-vector case (right). The maxi-
mum allowed values of (f„g2

‰)/·„ have been used for the flux computation here.

5 Muon-track events

Our discussion so far has been confined to the HESE events, whose starting vertices are, by
definition, contained within the IC instrumented volume. More recently, however, a 6-year
analysis of through-going muon track events at IC has been reported [133]. The events in
this data sample include those with interaction vertices outside this volume. There are events
both in the PeV and the sub-PeV regions. When fit with a uniform astrophysical power-law
flux, this sample prefers a stronger astrophysical spectrum, with “ = 2.13 ± 0.13. This is
notably di�erent from the conclusion from the HESE analysis, which suggests “ = 2.57, whilst
disfavouring a spectrum with “ = 2.0 at more than 3‡. This tension could, perhaps be a hint
for additional flux components which cannot be accounted for in a simple power-law picture.
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Neutrino-DM interactions
As neutrinos pass through the Milky Way, they would 

be more attenuated in the direction of the GC

energy-dependent anisotropy in the 
(otherwise isotropic) neutrino sky
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suppression in 
the CG direction

3

⇢� = 0.4 GeV cm�3. A “cored” profile (↵ = 0.4) only
leads to slightly less suppression in the very center for a
range of cross sections; these to not significantly impact
the observables, as they would e.g. for DM annihilation,
which depends on the square of the DM density profile.

We take the incoming di↵erential neutrino flux, �(E),
to be isotropic, extragalactic in origin, and model it as
a power law in energy. The propagation of the extra-
galactic high-energy neutrino flux towards the Earth, as
they traverse the di↵use DM halo, can be described by a
cascade equation

d�(E)

d⌧

= ��(E)�(E) +

Z 1

E

dẼ

d�(Ẽ, E)

dE

�(Ẽ), (1)

where E is the neutrino energy. �(E) is the model-
dependent scattering rate from ⌫ energy E to any other,
while d�(Ẽ, E)/dE is the scattering rate from Ẽ to E. ⌧
is the DM column density

⌧(b, l) =

Z

l.o.s

n

�

(x; b, l) dx, (2)

b and l are respectively the galactic latitude and lon-
gitude, and n

�

(x; b, l) = ⇢

�

(r)/m
�

is the DM number
density along the line of sight (l.o.s). The DM column
density and the arrival direction of high-energy cosmic
neutrinos are shown in Fig 1.

Likelihood function We construct an extended un-
binned likelihood function for a given parameter set
# = {m

�

,m

�

, g} and set events of observed topologies
t, energies E, and arrival directions, ~x = (b, l)

L({t, E, ~x}|#) = e

�
P

b

N

b

N

obsY

i=1

X

a

N

a

P

a

(t
i

, E

i

, ~x

i

|#), (3)

where the indices a, b run over the number of astro-
physical events (N

astro

), atmospheric neutrinos (N
atm

),
and atmospheric muons (N

µ

) in the model; while the
product in i runs over the observed events (N

obs

= 53).
The probability of the astrophysical component is
proportional to the solution �(E, b, l) of Eq. (1). A sup-
pression from dark matter in the extragalactic neutrino
flux from the (b, l) = (0, 0) direction thus suppresses the
likelihood of observing astrophysical events from that
direction. The probability distributions of the neutrino
components in Eq. (3) are given in the appendix.

Results The likelihood is incorporated into a custom-
built Markov Chain Monte Carlo (MCMC) code3, which
is used to produce posterior likelihood distributions in the
six-dimensional space of (g,m

�

,m

�

, N

astro

, N

atm

, N

µ

).

3
We use the publicly available emcee [44] sampler.

FIG. 2. E↵ect on the energy and spatial distribution of
HESE as seen at IceCube, due to interactions with the DM
halo of the Milky Way for three di↵erent examples represen-
tative of the parameter space explored in this study. Pale
grey and cyan lines represent atmospheric background fluxes.
Darker lines are: Black: standard astrophysical flux; yellow:
fermionic DM with a spin-1 mediator (g = 1, m� = 10 MeV,
m� = 10 MeV). Blue: the same model but with g =

p
5,

m� = 100 MeV; and orange: scalar DM with a fermionic
mediator (g =

p
10, m� = 20 keV, m� = 6 GeV). The new

physics models can be probed with our analysis of HESE neu-
trinos, but are not accessible to cosmological studies. We
show binned IceCube HESE data as black crosses.

We note that posteriors on {N
a

} reproduce indepen-
dently obtained results [17, 39], with N

astro

= 34.3 ±
6.5, N

atm

= 14.4± 4.6, and N

µ

= 7.1± 2.8. We find that
these are completely uncorrelated with the other model
parameters.
Fig. 2 shows examples of the event distributions in four

di↵erent scenarios, as they would be expected in IceCube.
The top panel shows the deposited energy distribution,
while the lower one shows the event rate versus angular
distance from the Galactic center, where DM-induced at-

4

tenuation is strongest. Fig. 2, highlights the two main
e↵ects we observe: 1) a suppression of the event rate as a
function of energy, and 2) a suppression of the event rate
near the Galactic center. It is the combination of these
e↵ects that constrain such models. In the bottom panel
of Fig. 2 we show only events with energies above 60
TeV to avoid confusion with the atmopheric contamina-
tion, which comes predominantly from low energies and
low declinations.

We contrast four di↵erent examples: 1) a null isotropic
(black) hypothesis where no DM-neutrino interaction is
present, 2) the case (yellow) with a fermionic (S

�

= 1/2,
m

�

= 10 MeV) DM particle, with a vector (S
�

= 1, m
�

=
10 MeV) mediator and a coupling g = 1; 3) the same
(blue), but with larger g =

p
5 and mass m

�

= 100 MeV,
and finally 4) a scalar DM candidate with a fermionic
mediator (S

�

= 0, S
�

= 1/2), and with m

�

= 20 keV,
m

�

= 6 GeV, and g =
p
10. For reference, we also show

atmospheric muons (grey) and neutrinos (cyan).

Models 2 and 3 are chosen to give an observable e↵ect:
these are large, and we will show that they can be probed
by our analysis. However, the resulting low-energy cross
sections are not large enough to a↵ect the cosmological
limits. Indeed, even the more extreme (blue) of these sce-
narios remains two orders of magnitude below the large-
scale structure limits, and it is therefore clear that in
certain regions of the parameter space, IceCube data can
provide strong constraints on new Z

0-like mediators. The
final scenario is chosen such that resonant (s-channel)
scattering occurs at E

⌫

= m

2
�

/2m
�

= 810 TeV, close

to where the event “gap” between 4̃00 TeV to 1 PeV,
in the observed IceCube events energy distribution (see
crosses in the upper panel of Fig. 2). This resonant sup-
pression can clearly be seen in the orange line. However,
we note that though the cross section is allowed by dif-
fusion damping constraints, the DM masses required for
such an e↵ect are so low that their thermal contact with
neutrinos at early times will inevitably increase the num-
ber of e↵ective relativistic degrees of freedom, a↵ecting
nucleosynthesis and recombination.

In Fig. 3, we show the results of our MCMC explo-
ration of the full parameter space, marginalized over
possible astrophysical and atmospheric fluxes. Each
panel shows contours of the maximum allowed value of
the coupling g, as a function of the dark matter and
mediator masses. The top panel corresponds to the
vector mediator case. Above the purple line, our Ice-
Cube exclusions are more sensitive than the constraint
on �(E

⌫

⌧ m) from cosmology. The bottom panel
shows the same parameter space, for the scalar DM
model. Here, IceCube fares better on the right-hand
side of the purple line. Of particular interest are the
distinct resonance regions: from cosmology, this occurs
at m

�

! m

�

; in the case of galactic dark matter, the
enhancement (and hence, stronger constraints) occurs
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FIG. 3. Contours of the maximum value of the coupling
(shown as log g) allowed by IceCube data, as a function of the
dark matter mass m� and mediator mass m�. Top: fermionic
dark matter coupled to neutrinos via a vector mediator. Bot-
tom: Scalar dark matter, coupled via a fermionic mediator.
In each panel, the thick purple line indicates whether cosmo-
logical or IceCube limits are strongest.

for m2
�

/2m
�

⇠ 0.1� 1 PeV.

Conclusions We have used the recently opened cos-
mic neutrino frontier to seek out new dark sector interac-
tions, and to boldly explore the parameter space of their
interactions with high-energy neutrinos. The isotropic
distribution of the high-energy extraterrestrial neutri-
nos leads to constraints on the DM-neutrino interaction
in the Galaxy. Our study considers not only the spa-
tial component, but also the energy and topology of the
events. We obtain the strongest constraints to date in
some regions of parameter space, and our new method is
sensitive to the DM-neutrino interaction details. Meson
decay experiments have constrained similar interactions
[45], but not, as yet, for the models considered here, nor
in a flavor-blind way.



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

What about flavor?



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

It carries information about the
mechanism of production...

What about flavor?



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

It carries information about the
mechanism of production...

Exotic physics could produce deviations
from the standard expectations

...but also about the way neutrinos
propagate from the sources to the detector

What about flavor?



Sergio Palomares-Ruiz
Sergio Palomares-RuizSergio Palomares-Ruiz

Neutrinos on the Earth and from the Sky

Neutrino

α j ,⊕{ } = Ujk
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∑ Uik

2
α i,S{ }

flavor ratios at source : 
         α e,S :α µ ,S :ατ ,S( )

flavor ratios at Earth : 
         α e,⊕ :α µ ,⊕ :ατ ,⊕( )

Credit: DESY
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Pion sources νe :νµ :ντ( )S = 1: 2 : 0( )⇒ νe :νµ :ντ( )⊕ = 1:1:1( )
           

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)

Muon damped  
sources

νe :νµ :ντ( )S = 0 :1: 0( )⇒ νe :νµ :ντ( )⊕ = 4: 7 : 7( )
           Muon sources νe :νµ :ντ( )S = 1:1: 0( )⇒ νe :νµ :ντ( )⊕ = 14:11:11( )

           

Neutron sources νe :νµ :ντ( )S = 1: 0 : 0( )⇒ νe :νµ :ντ( )⊕ = 5 : 2 : 2( )
           n→p+e- +νe

Flavor ratios at source and Earth

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)
✖

π± → µ± +νµ(νµ)

e± +νe(νe) +νµ(νµ)

✖
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FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [203], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,�,↵µ,�, �, Na, Nµ, N⌫ , Np} as the set
of free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ,� = ↵⌧,�) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted
and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [205] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of
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Neutrino decay
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Lepton flavor violation implies neutrino decays
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νi →ν j + X

Astrophysical neutrino decay

L = gijνiν jX+ hijνiγ 5ν jX

e-
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τ
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3 L
Gpc
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E
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⎞
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decay rates depend on:

Energy spectra at the source(s) are known.
Flavor ratios at the sources(s) are known.

(3) Detection aspects:
Energy is measured well for each neutrino.
Flavor is measured well for each neutrino.
Negligible contribution from background events.

At present, none of these conditions are fully met. Despite
this, we show that interesting sensitivity, robust against
uncertainties, can be obtained with IceCube in the near
term. We focus on methods and order-of-magnitude esti-
mates, leaving details to experimental studies.
The prospects for testing neutrino decay with

high-energy neutrinos have been studied earlier, in
Refs. [12,15–26]. Our paper is the first to comprehensively
consider the obstacles to using the present IceCube data
for this purpose, as well as methods to evade all of these
obstacles. The recent analysis of Ref. [23] tested decay by
using the highest-energy IceCube events to derive a
quantity related to flavor composition. In contrast, we
use the flavor-composition results that are provided by the
IceCube Collaboration [8], derived by combining several
data sets, including the highest-energy one, and by taking
into account detection aspects unavailable outside the
Collaboration. Further, we show in detail how interesting
sensitivity can be obtained for either neutrino mass hier-
archy, including a new point about how the Glashow
resonance can be exploited.
This paper is organized as follows. In Sec. II, we review

neutrino lifetime limits and sensitivities. In Secs. III, IV,

and V, we show that uncertainties in neutrino properties,
uncertainties in source properties, and detection aspects are
manageable. In Sec. VI, we estimate lifetime sensitivities
achievable by IceCube. In Sec. VII, we summarize and
conclude.

II. OVERVIEW OF NEUTRINO LIFETIME
LIMITS AND SENSITIVITIES

Figure 1 shows present limits and future sensitivities on
lifetimes and masses of mass eigenstates νi (i ¼ 1, 2, 3).
[Here and below, νi stands for νi þ ν̄i and να stands for
να þ ν̄α (α ¼ e, μ, τ), unless otherwise indicated.] Since the
neutrino mass hierarchy is unknown, we consider the two
possibilities. In the normal hierarchy (NH), ν2 and ν3 are
unstable and heavier than ν1, which is stable. In the inverted
hierarchy (IH), ν1 and ν2 are unstable and heavier than ν3,
which is stable. (We assume only three active neutrinos—νe,
νμ, ντ, or ν1, ν2, ν3—and no mixing with sterile neutrinos
[27–30].)
The allowed mass range is strikingly narrow. Lower

limits come from the squared-mass differences Δm2
ij ≡

m2
i −m2

j measured in neutrino oscillation experiments [31].
Upper limits come from cosmological constraints on
the sum of masses [32]. We have conservatively
assumed

P
imi ≲ 0.3 eV. Recent work [33] claimsP

imi ≲ 0.12 eV—and the bounds are expected to con-
tinue improving—which would result in even narrower
allowed mass ranges. In these plots, we considered m1 ¼ 0

FIG. 1. Constraints on neutrino masses and lifetimes, as labeled and discussed in the text, with hatched gray disallowed, hatched white
allowed only for some eigenstates, and unhatched white allowed for all. Solid lines are lower limits. The thick red dashed lines indicate
the sensitivity estimates of this paper. Left: Normal hierarchy. Right: Inverted hierarchy.
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If daughter neutrinos are sterile (“invisible”), they will not
contribute at all. If daughter neutrinos are active (“visible”),
they will contribute some fraction of the parent energy,
inheriting the same spectral index. Therefore, with limited
data, we are insensitive to whether or not decay products
contribute to the detected flux.
We forgo looking for the transition between no decay

and complete decay, which would help as an additional
observable. More sophisticated analyses, with more data,
could do that, by combining flavor and spectral information
[26]. If there is a feature in the neutrino spectrum due to
decay—or from a cutoff in the emission spectrum—then
the properties of daughter neutrinos should be considered
more carefully.

B. Managing uncertainties in neutrino mixing

Decay occurs between mass eigenstates, but neutrino
detectors are sensitive to flavor states for the dominant
detection channel of neutrino-nucleon charged-current
interactions. Mixing between the two bases is large.
It is commonly represented by the Pontecorvo-Maki-
Nakagawa-Sakata matrix U and parametrized by three
angles—θ12 ≈ 34°, θ23 ≈ 45°, and θ13 ≈ 9°—and one
CP-violation phase δCP, still unconstrained.
Uncertainties in the angles are small and shrinking, but
not negligible [31] (also, Refs. [61,62]). Next, we show that
present uncertainties are not an obstacle to testing decay.
Figure 2 shows the regions of flavor content jUαij2 of

the mass eigenstates νi, generated by varying the mixing
parameters within their allowed ranges, from Ref. [24].
They are clearly separable, which means that a flux of pure
ν1 and a flux of pure ν3 would be distinguishable, barring
detection aspects. Results for NH and IH are similar; see
Fig. A.1 in Ref. [24].
The size of the short sides of the regions in Fig. 2 is

determined by the small uncertainties in θ12 and θ13; the
size of the long sides is determined by the larger uncer-
tainties in θ23 and δCP. Future reduced uncertainties in the
mixing angles will shrink the flavor-content regions in
Fig. 2, sharpening the separation between them; see
Fig. C.1 in Ref. [24] and Figs. 5 and 8 in Ref. [26].

C. Summary

Because the neutrino flux—a power law, as indicated by
data—has a normalization that is a priori unknown, under
complete decay there is no sensitivity to whether or not
daughter neutrinos are active and to what fraction of the
parent neutrino energy they receive. As a result, there is no
sensitivity to different decay modes. This lack of sensitivity
is exploited here to estimate model-independent sensitiv-
ities to neutrino lifetime. Additionally, uncertainties in
mixing parameters are small enough for the flavor-content
regions of ν1 and ν3, corresponding to complete decay in
the NH and IH, to be well separated.

IV. MANAGING UNCERTAINTIES IN
SOURCE PROPERTIES

A. Introducing cosmological effects on decay

So far in our discussion, we have neglected two physical
effects: the scaling of energy with redshift due to cosmo-
logical expansion and the dependence on redshift of the
time traveled by the neutrino, as measured by its own clock,
via the look-back distance [12]. Taking them into account,
the fraction of νi, emitted by a source with redshift z, that
remains upon reaching Earth, is

DðE0; z; τ=mÞ ¼ ½ZðzÞ%−
m
τ ·
LH
E0 ; ð3Þ

where E0 is the received neutrino energy, while the energy
at emission was E0ð1þ zÞ, and LH ≈ 3.89 Gpc is the
Hubble length. The redshift-dependent part is ZðzÞ≃
aþ be−cz, with a ≈ 1.71, b ¼ 1 − a, and c ≈ 1.27 for a
ΛCDM cosmology with Ωm ¼ 0.27 and ΩΛ ¼ 0.73.
For stable eigenstates, D ¼ 1; for unstable ones, D < 1.
If D ≪ 1 for all unstable neutrinos, decay is complete.
Equation (3) was first derived in Ref. [12] (see Ref. [63] for
a related application to neutrino oscillations).
Figure 3 shows the cumulative effect of decay, for a fixed

received energy of 1 PeV. For a lifetime of 103 s eV−1,
D ≈ 1 for the most important redshifts, which means
that reaching the ultimate IceCube sensitivity will be

FIG. 2. Flavor content of mass eigenstates ν1, ν2, and ν3, in the
NH (results for the IH are very similar [24]). The regions are
generated using the best-fit value of the mixing parameters (light
yellow), and their 1σ (darker) and 3σ (darkest) uncertainty ranges
from Ref. [31]. IceCube astrophysical flavor composition mea-
surements [8] are shown. Values are read parallel to their ticks.
Figure modified from Fig. 1 in Ref. [24].
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The region of allowed flavor ratios at Earth, under
standard mixing, is generated by varying flavor ratios at
the sources freely and mixing parameters within allowed
ranges. It is surprisingly small. It was first shown in Fig. 2
of Ref. [24] (see also Fig. 1 of Ref. [77]); the 3σ contour is
shown here as the “no decay” region of Fig. 6. This region
and the flavor-content regions of pure ν1 and pure ν3
are well separated, at >3σ. Therefore, barring detection
aspects, flavor ratios under standard mixing and under
complete decay cannot be confused.
This conclusion holds whether or not different sources

emit with different flavor ratios. It also holds if flavor ratios
at the sources vary with energy—as long as flavor ratios
at Earth are measured using events binned in a single,
wide energy bin, on account of limited statistics; see the
Supplemental Material of Ref. [24] for details.

F. Summary

Sources of high-energy astrophysical neutrinos, while
undetected, likely trace the redshift distribution of other
objects. Hence, most of the diffuse flux originates from
z ≈ 0.5 − 1, which naturally allows decay to have a strong
effect. Additionally, uncertainties in the spectral index of
the power-law diffuse flux and in the flavor composition at
the sources are unable to mask the effect of decay.

V. MANAGING DETECTION ASPECTS

A. Flavor measurements in IceCube

In IceCube, high-energy neutrinos interact with
nucleons in the Antarctic ice via deep-inelastic scattering;

see Appendix C for details. The interactions are detected by
collecting the Cherenkov light of the final-state particles.
Charged-current interactions create final-state hadrons

and charged leptons. A final-state muon leaves a track of
light a few kilometers long that is clearly identifiable.
(Tracks also come from the decay of taus, produced in ντ
interactions, into muons, which occurs 17% of the time;
and, at higher energies, from taus themselves [83].) A final-
state electron or tau initiates a localized shower whose light
adds to that of the shower initiated by final-state hadrons.
Using the observed energy spectrum of showers allows to
identify the astrophysical neutrino component more clearly
than using the spectrum of tracks [84]. While the particle
content of showers created by final-state hadrons, electrons,
and taus is different, IceCube is currently insensitive to the
difference (muon and neutron echoes might solve this
problem [85]). From the relative number of tracks (mostly
from νμ) and showers (mostly from νe and ντ) the under-
lying flavor ratios are inferred.
Neutral-current interactions create final-state hadrons

and final-state neutrinos. Because, on average, hadrons
receive a small fraction of the incoming neutrino energy,
and because the neutrino spectrum falls with energy, these
showers are subdominant.
IceCube recently reported the flavor ratios of the diffuse

astrophysical neutrino flux [8,75]; their results are shown in
Figs. 2 and 6. They are compatible with the standard
expectation of ð13 ∶

1
3 ∶

1
3Þ⊕, as well as with other composi-

tions expected from standard flavor mixing and from
various new physics [24,77].
In events that start inside the detector (“high-energy

starting events,” or HESE), the energy of the incoming
neutrino can be well reconstructed because all (for showers)
or a large fraction (for tracks) of it is deposited in final-state
particles that shower inside the detector. On the contrary, in
through-going track events, the energy of the incoming
neutrino must be loosely reconstructed using the relatively
short track segment that traverses the detector. However,
this is not a problem for flavor measurements. By sta-
tistically inferring the νμ spectrum from the through-going
track spectrum, IceCube has demonstrated that flavor ratios
can be inferred from the combined HESE and through-
going track data [8], assuming they are constant over a wide
enough energy range. Just as with standard mixing, under
complete decay flavor ratios would be constant and,
therefore, the same kind of combined analysis could be
used (see, however, the recommendations in Sec. V C).
Above ∼5 PeV, flavor-specific detection signatures

become accessible [18,86–92]; none have been observed
yet, and low, but observable, event rates are nominally
expected. For ν̄e of energies around 6.3 PeV, the Glashow
resonance [93] is expected to increase the shower rate; we
will use this to study decay in the IH in Sec. VI B.

B. Managing uncertainties in flavor ratios at Earth
Because muon tracks can be clearly identified, but

showers initiated by νe and ντ cannot presently be

FIG. 6. Allowed να þ ν̄α flavor ratios at Earth with decay to ν1
(NH). For each value of the decay damping D, the region is
generated by scanning over all possible flavor ratios at the source
and mixing parameters within 3σ [31]. The flavor-content region
of ν1 is outlined in dashed yellow [24].
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Using flavor ratios in IceCube

complete decay of ν2 and ν3 is disfavored at 2σ τ/m > 10 s/eV

See also: G. Pagliaroli, A. Palladino, F. L. Villante and F. Vissani, Phys. Rev. D92:113008, 2015
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Figure 5: The hatched areas in (a) show the dependence of R on α for the case of no sterile

neutrinos (red) and the case with average on the 2nd and 3rd pairs of almost degenerate neutrinos

(green). The initial flavor ratio we : wµ : 0 has been varied in the region depicted in (b). In drawing

this figure we have assumed the best-fit values for the mixing parameters and varied λe ∈ (0.8, 1).

have varied n in Eq. (15) such that the separated regions in Fig. (2-f) begin to overlap.

In drawing Fig. (5-a) we have varied n ∈ (0.25, 0.75). The initial flavor ratios we : wµ : 0

corresponding to this interval are shown in Fig. (5-b). As can be seen, for nearly large

deviations of the initial flavor ratio from 1 : 1.85 : 0, the hatched areas remain separated,

which means that the lack of knowledge about the exact value of the initial flavor ratio of

neutrinos at the source do not affect substantially the capability of neutrino telescopes in

probing pseudo-Dirac neutrino scenario.

5 Conclusion

The new generation of km3 neutrino telescopes opens a new window to study cosmos via the

detection of high energy neutrinos predicted to be emitted from the astrophysical objects.

Because of the extremely large distance of the sources (! Mpc) the flavor oscillation is

sensitive to the very tiny mass squared differences 10−18 eV2 " ∆m2 " 10−12 eV2. The

existence of sterile neutrinos with masses almost degenerate with the active ones such that

the mass squared differences between the active and sterile neutrinos lie in the above region

is hypothesized in many models (the so-called pseudo-Dirac scenario.) We have studied the

effect of these sterile neutrinos on the flux of cosmic neutrinos and discussed the capability

of IceCube to verify the existence of them. In the analysis we have considered different cases

19

A. Esmaili, Phys, Rev. D81:013006, 2010

Testable:

R=tracks/showers

A. S. Joshipura and S. Mohanty and S. Pakvasa, Phys. Rev. D89:033003, 2014 
Y. H. Ahn, S. K. Kang and C. S. Kim, JHEP 1610:092, 2016
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years, including through-going muons. The exclusion
curves of both analyses are compatible.
Figure 3 shows that if the flavor composition at the

source could be restricted from astrophysical arguments,
the allowed regions at Earth could become tiny (and will
shrink when the mixing parameters are better known). A
source composition of ð1∶0∶0ÞS is already disfavored at
≳2σ. While the current IceCube fit is compatible with the
standard ð13 ∶

1
3 ∶

1
3Þ⊕ at 1σ, the best-fit point cannot be

reached within the Standard Model.
An upgrade of IceCube would have excellent discrimina-

tion power, as indicated by the projected sensitivity curveswe
estimate for IceCube-Gen2and showinFig. 3.We reduced the
IceCube uncertainties by a factor of 5, corresponding to an
exposure increased by a factor∼25 (∼6 times larger effective
area [40] and twelve years instead of three). The true
sensitivity might be worse (due to sparser instrumentation)
or better (due to new techniques or to the discovery of
flavor-identifying signals [44,45,47,49,52,67–75]). To be
conservative, we assumed the best fit will correspond to the
most-frequently considered composition, ð13 ∶

1
3 ∶

1
3Þ⊕, for

which it will be most difficult to test for new physics.
Flavor ratios with new physics.—New physics can

modify the flavor composition at production, during
propagation, or in interaction. In the first two cases, it
will affect the flavor composition that reaches the detector;
this is our focus. In the last case—which includes, e.g.,
nonstandard interactions [76] and renormalization group
running of the mixing parameters [77]—we assume that
new physics, possibly energy-dependent, can be separated

by probing the interaction length in Earth via the angular
dependence of the neutrino flux [78–81].
In extreme scenarios, there could be only one mass

eigenstate present at detection, and the flavor composition
would correspond to that of one eigenstate. This could
happen if all but one mass eigenstate completely decays or
if matter-affected mixing at the source singles out a specific
one for emission.
Figure 4 shows the allowed region if we restrict

ourselves to a general class of new-physics models—those
in which arbitrary combinations of incoherent mass eigen-
states are allowed (we give examples below of models
that can access the area outside this region). The α-flavor
content of an allowed point is computed as k1jUα1j2þ
k2jUα2j2 þ k3jUα3j2, where the ki are varied under the
constraint k1 þ k2 þ k3 ¼ 1 and the values of the mixing
parameters are fixed. To generate the complete region, we
repeat the procedure by varying the mixing parameters
within their uncertainties.
For a particular new-physics model, the functional forms

and values of the ki are determined by its parameters. The
most dramatic examples include all variants of neutrino
decay among mass eigenstates, both partial and complete
[25,82–85], and secret neutrino interactions [86–92];
the ki in these cases depend on neutrino lifetimes and
new coupling constants, respectively. Other examples are
pseudo-Dirac neutrinos [93–95] and decoherence on the
Planck-scale structure of spacetime [96–102].
Even with this general class of new-physics models, only

about 25% of the flavor triangle can be accessed. The

FIG. 3 (color online). Allowed flavor ratios at Earth for
different choices of source ratios, assuming standard mixing.
Projected 1σ, 2σ, and 3σ exclusion curves from IceCube-Gen2
are included for comparison (gray, dotted); see main text.

FIG. 4 (color online). Allowed flavor ratios at Earth in a general
class of new-physics models. These produce linear combinations
of the flavor content of ν3, ν2, and ν1, shown as yellow (dashed)
curves, from left to right. The standard mixing 3σ region from
Fig. 2 is shown as a magenta (dotted) curve.

PRL 115, 161302 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
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other scenarios

What if any incoherent mixture of mass eigenstates is possible?

M. Bustamante, J. F. Beacom and W. Winter, Phys. Rev. Lett. 115:161302, 2015

Yet, flavor triangle 
not fully covered!

neutrino decays, pseudo-Dirac neutrinos… or neutrino secret interactions, Planck-scale decoherence

More extreme 
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required!
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more extreme scenarios
Using effective operators:  

general evolution hamiltonian

H = 1
2E

UM 2U † + E
Λn

⎛
⎝⎜

⎞
⎠⎟

n

n
∑ !UnOn

!Un
†

n=0 : neutrino couplings to spacetime torsion, CPT-odd Lorentz violation, NSI  

n=1 : CPT-even Lorentz violation, equivalence principle violation 

flavor structure 
of new physics

Using the probability given in this equation and the flux at
production ϕp

α , we can calculate the neutrino flux on the
Earth, ϕ⊕

β ðEÞ, for a flavor β. It is more convenient to define
the energy averaged flavor composition as

ϕ̄⊕
β ¼ 1

jΔEj

Z

ΔE

X

α

P̄να→νβðEÞϕ
p
αðEÞdE; ð3Þ

where we assume E−2 power law for the production flux
and ΔE ¼ ½10 TeV; 10 PeV%. Note, however, that our main
results are largely insensitive to the spectral index. We also
assume that all flavors have the same energy dependence at
the source.
In astrophysics, charged pion decay from proton-proton

collisions is one of the preferred neutrino production
channels. In this scenario, the initial flavor composition
is ðϕe∶ϕμ∶ϕτÞ ¼ ð1∶2∶0Þ. Other scenarios, such as rapid
muon energy loss, produce ð0∶1∶0Þ; neutron decay domi-
nated sources produce ð1∶0∶0Þ and are of interest, while
compositions such as ð0∶0∶1Þ are not expected in the
standard particle astrophysics scenarios. In order to plot the
flavor content in a flavor triangle, we introduce the flavor
fraction, α⊕β ¼ ϕ̄⊕

β =
P

γϕ̄
⊕
γ .

For the vacuum propagation, the Hamiltonian of the
standard neutrino oscillation only depends on the neutrino
mass term

H ¼ 1

2E
U

0

B@
0 0 0

0 Δm2
21 0

0 0 Δm2
31

1

CAU† ¼ 1

2E
UM2U†; ð4Þ

where E is neutrino energy, Δm2
ij ¼ m2

i −m2
j , and U is the

standard lepton mixing matrix U. Throughout this Letter,
we assume the normal mass ordering. We also performed
the same study by assuming the inverted mass ordering;
however, differences are minor, and mass ordering does not
affect any of our main conclusions.
The current measurements of the standard neutrino

oscillation experiments allow us to determine the astro-
physical neutrino flavor content at detection given an
assumption of the neutrino production. In Fig. 1, we show
allowed regions of the flavor content on the Earth, where
we use the standard mixing angles and their errors from the
global fits [27] in order to produce probability density
distributions for the flavor content. Since the CP phase is
not strongly constrained by either terrestrial [28,29] or
astrophysical [30] neutrinos, we assume a flat distribution
from 0 to 2π. Note that, for simplicity, we use the larger of
the asymmetric errors and implement them as Gaussian. In
the left plot, we assume four different production flavor
composition hypotheses. We observe that all the allowed
regions of astrophysical neutrino flavor content on the
Earth are close to ð1∶1∶1Þ, except when the initial flavor
content is ð1∶0∶0Þ [31]. In the right plot, we show the
allowed region of the flavor content of the astrophysical
neutrinos with all possible astrophysical production

mechanisms; i.e., the production flavor composition is
sampled with ðx∶1 − x∶0Þ uniformly on x [32].
Therefore, this rather narrow band covers all possible
scenarios of the standard neutrino oscillations with the
standard astrophysical neutrino production mechanisms.
New physics in effective Hamiltonians.—An effective

way of introducing new physics in neutrino oscillations is
by introducing new operators. The full Hamiltonian that
incorporates the new physics operators, in the flavor basis,
can be expressed as

H ¼ 1

2E
UM2U† þ

X

n

!
E
Λn

"
n
~UnOn

~U†
n ¼ V†ðEÞΔVðEÞ;

whereOn¼diagðOn;1;On;2;On;3Þ and Δ¼diagðΔ1;Δ2;Δ3Þ.
On and Λn set the scale of the new physics and ~Un is the
mixing matrix that describes the new physics flavor
structure. In the effective theory approach, lower order
operators are more relevant; thus, in this Letter, we will
only study the first terms in the expansion, namely n ¼ 0
and n ¼ 1.
Although, in this Letter, we will study n ¼ 0 and n ¼ 1,

results can be extended to higher orders. These new
operators can be interpreted in different new physics
contexts. Some examples for n ¼ 0 new physics are
couplings between neutrinos and spacetime torsion [33],
CPT-odd Lorenz violation [34–37], and nonstandard
neutrino interactions [38–41]. As for n ¼ 1 new physics
operators, CPT-even Lorentz violation [42,43] and equiv-
alence principle violation [44,45] are possible examples.
There are some constraints from neutrino oscillation

experiments to these effective operators in the context of
Lorentz and CPT violation [46]. The most stringent limits
on certain parameters are obtained from Super-Kamiokande
and IceCube atmospheric neutrino analyses [47,48]. In this
context, the CPT-odd and CPT-even Lorentz violation
coefficients are constrained to be ∼10−23 GeV and
∼10−27 depending on the flavor structure ~Un. These

FIG. 1 (color). Allowed regions of the flavor content on the
Earth using the priors on the mixing angles and errors given from
the current neutrino oscillation measurements. In the left plot, the
different colors correspond to different assumptions on flavor
content at the production. The color intensity is proportional to
the probability density. In the right plot, we further sample the
initial flavor content as ðx∶1 − x∶0Þ.
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constraints can be used to set the scales of n ¼ 0 and n ¼ 1
operators introduced in this Letter. For example, we set
O0 ¼ 1 × 10−23 GeV as a current limit of the n ¼ 0 oper-
ator, and O1 ¼ 1 × 10−23 GeV with Λ1 ¼ 1 TeV as a
current limit of n ¼ 1 operators, where ðO1=Λ1Þ ¼ 10−27.
Throughout this Letter, we have assumed the scale of O1 is
of the order of O0 without loss of generality.
Anarchic sampling prediction and IceCube results.—In

order to predict the flavor composition on the Earth in the
presence of new physics, the values of the mixing matrices
~Un should be specified. In order to show a prediction with
new physics operators, we have to account for all the free
parameters in the mixing matrix; we use a random sampling
scheme to construct the mixing matrix. A well established
schema is the anarchic sampling [49–52], which samples a
flat distribution given by the Haar measure

d ~Un ¼ d~s212∧d~c413∧d~s223∧d~δ; ð5Þ

where, ~sij, ~cij, and ~δ correspond to sines, cosines, and
phase for the new physics n-operator mixing angles. We
omit the Majorana phases since they do not affect neutrino
oscillations.
In Fig. 2, we show the allowed regions using anarchic

sampling in the case where H ¼ ðE=ΛnÞn ~UnOn
~U†
n. In this

case, we neglect the mass term, we are considering that the
Hamiltonian has only one operator, i.e., V ¼ ~Un, and the
result does not depend on n. Each plot in this figure
corresponds to a different production flavor composition.
We show the pion decay production ð1∶2∶0Þ [yellow], beta

decay ð1∶0∶0Þ [green], muon cooling ð0∶1∶0Þ [red], and
for completeness, we show the exotic ντ dominant model
ð0∶0∶1Þ [blue]. The color density in these plots is a
representation of the probability given by the anarchic
sampling.
In Fig. 3, we show the case where we have a mass term

and the n ¼ 0 operators. In the top plot, we set
O0 ¼ 1.0 × 10−23 GeV, corresponding to the order of
the current best limit on this operator. In the bottom left
plot, we setO0 ¼ 3.6 × 10−26 GeV, and in the bottom right
plot we set O0 ¼ 6.3 × 10−28 GeV. These values are
chosen because they have the same magnitude as the mass
term with neutrino energy of Eν ¼ 35 TeV and
Eν ¼ 2 PeV, respectively. In this plot, the colors represent
different assumptions in the production flavor content, and
the color intensity is the probability given by the anarchic
sampling as in Fig. 2.
In Fig. 4, we show the case for the n ¼ 1 operators. The

color notations and their intensities have the equivalent
meaning as Fig. 3. As before, in the top plot, we set the new
physics operator to the current best limit ðO1=Λ1Þ ∼ 10−27.
This is achieved by choosingO1 ¼ O0 ¼ 1.0 × 10−23 GeV
and Λ1 ¼ 1 TeV. In the bottom left plot, O1 ¼
3.6 × 10−26 GeV and Λ1 ¼ 35 TeV are used, and in the
bottom right plot, the parameters are O1 ¼ 6.3 ×
10−28 GeV and Λ1 ¼ 2 PeV. These choices make new
physics to be the same magnitude as the mass term with a
neutrino energy of Eν ¼ 35 TeV and Eν ¼ 2 PeV,

FIG. 2 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics operator when the mass term in
the Hamiltonian is neglected. The different plots correspond to
different assumptions on flavor content at production. The color
intensity is proportional to the probability predicted by anarchic
sampling.

FIG. 3 (color). Allowed region using anarchic sampling on the
mixing angles for the new physics n ¼ 0 operators. The top plot
corresponds to the current limits on n ¼ 0 operator; the bottom
left plot corresponds toO0 ¼ 3.6 × 10−26 GeV, while the bottom
right plot corresponds to O0 ¼ 6.3 × 10−28 GeV.
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respectively. In other words, these choices explore new
physics down to ðO1=Λ1Þ¼1.0×10−30 and ðO1=Λ1Þ¼
3.2×10−34. This can be compared, for example, to the
aforementioned best limits of Lorentz and CPT violation in
the neutrino sector [47,48]. The potential limits from
astrophysical neutrino flavor content can be well beyond
what terrestrial neutrino experiments can achieve.
From Figs. 3 and 4, we observe that the allowed regions

in the flavor triangle change in a similar way to a function
of the energy scale. This is true for any higher operators,
because what matters is the scale where they dominate over
standard neutrino mass terms, and these two operators are
sufficient to predict behaviors of any higher order oper-
ators. Comparing Figs. 3 and 4 with respect to Fig. 2, where
the allowed regions are more symmetric, there is a preferred
region along the vacuum oscillation triangle shown in
Fig. 1. It is interesting to notice that, due to the unitary
evolution and the fact that the oscillations are averaged, for
a given production flavor content, only a subset of the
flavor triangle is accessible. The pion decay production
mechanism ð1∶2∶0Þ is one of the most natural astrophysi-
cal scenarios for high energy neutrino production. From
Figs. 3 and 4, the allowed region for this case is the
smallest, which means that, if future measurements exclude
this region, the pion production dominant mechanism is
excluded regardless of the presence of new oscillation
physics.

In the analyses of the IceCube high energy neutrino
events, different results have been shown. The first result
[53], using the IceCube result [2], showed a best fit at
ð1∶0∶0Þ disfavoring ð1∶1∶1Þ at 92% C.L. Later, the same
authors did an improved analysis [14] including energy
dependence and extra systematic errors, finding that the
best fit may move considerably depending on the features
of the energy spectrum such as including an energy cutoff
or not. The IceCube Collaboration later published an
analysis of the flavor ratio above 30 TeV [15] finding a
best fit at ð0∶ 1

5 ∶
4
5Þ, as well as excluding ð1∶0∶0Þ and

ð0∶1∶0Þ at more than 90% C.L. This IceCube result shows
a best fit dominated by the ντ component, which can be
explained by the correlation between the energy cutoff and
the Glashow resonance, as noted by [14]. In obtaining this
best fit, the IceCube Collaboration has assumed an equal
amount of neutrinos and antineutrinos, which best corre-
sponds to a proton-proton source. On the other hand, if the
neutrino source is proton-photon dominated, then the
neutrino-antineutrino ratio weakens, making the previous
conclusion. It is interesting to notice that, if this IceCube
best fit does not change considerably after adding more
data, the production mechanism has to include a ντ
component. This is because the new physics in the
propagation can not give the best fit value for any plausible
astrophysical scenarios. This implies not only new physics
in the neutrino oscillations, but also new physics in the
production mechanism.
Conclusions.—We performed the first new physics study

on the astrophysical neutrino flavor content using effective
operators in the standard three neutrino scenario. These
operators can represent a variety of models such as Lorentz
and CPT violation, violation of equivalent principle,
cosmic torsion, nonstandard interactions, etc., making this
Letter the most general study of new physics in astro-
physical neutrino flavor content to date.
We found that large effects in the flavor content on the

Earth are still allowed with given terrestrial bounds on new
physics in the neutrino sector. This implies that an accurate
measurement of the flavor content will provide stronger
bounds on new physics. Furthermore, there are regions on
the flavor triangle that cannot be accessed even in the
presence of new physics in the neutrino oscillations for any
of the plausible astrophysical mechanisms. Interestingly,
the most natural astrophysical mechanism, pion decay, has
the smallest region in the flavor triangle even when new
physics is considered. The real astrophysical neutrino
production mechanism in nature may be the combination
of channels, but our results hold for such a case. Therefore,
a higher statistics measurement by future neutrino tele-
scopes, such as IceCube-Gen2 [54], could reveal not only
the initial neutrino flavor ratios, but also the presence of
new physics in neutrinos.

We thank Logan Wille, Markus Ahlers, and Jorge Díaz
for useful discussions. The authors acknowledge support
from the Wisconsin IceCube Particle Astrophysics Center

FIG. 4 (color). Allowed region using anarchic sampling on
the mixing angles for the new physics n ¼ 1 operators. The
top plot corresponds to the current limits on n ¼ 1 operator;
the bottom left plot corresponds to O1 ¼ 3.6 × 10−26 GeV
and Λ1 ¼ 35 TeV (ðO1=Λ1Þ ¼ 1.0 × 10−30), while the bottom
right plot corresponds to O1 ¼ 6.3 × 10−28 GeV and
Λ1 ¼ 2 PeV (ðO1=Λ1Þ ¼ 3.2 × 10−34).
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TeV Gravity model
One extra dimension with a fundamental scale at M5 ~ TeV 

and a mass > 50 MeV for the first KK mode (graviton)

between 1.5 and 2.4 TeV on M5 [14]. These bounds are also quite
model dependent: they become weaker if, for example, we hide
the right-handed electron in the UV brane. Notice that the partic-
ular model with just one extra dimension under study has not
attracted the interest of the experimentalists at the LHC, as they
may consider it excluded by astrophysical observations. In any
case, we would like to emphasize that the very soft collisions that
we propose, with the incident particle losing a very small fraction
of energy, are invisible in colliders: they imply new ultraforward
physics, at rapidities out of reach there. The ideal place to test such
type of cross sections is not colliders, it is IceCube.

4. Fit of the IceCube data

To fit the IceCube data we will use the cosmogenic neutrino flux
in Fig. 1b [6] and the eikonal collisions discussed in the previous
section. The cosmogenic flux is mostly produced in collisions of cos-
mic rays with the CMB radiation, and it consists of a few hundred
neutrinos of energy between 108 and 1010 GeV per km2 and year.

Cosmogenic neutrinos can reach the center of IceCube from
zenith angles hz 6 90! and deposit there a small fraction of energy
through an eikonal scattering. Notice that these soft collisions do
not destroy the incident neutrino, which could actually interact
once or several times in the ice before reaching the detector. How-
ever, short distance (both standard and gravitational) interactions
will always prevent cosmogenic neutrinos from reaching IceCube
from high inclinations (i.e., upgoing directions). For example, a
109 GeV neutrino has a cross section rCC

mN " 10 nb for W exchange
with a nucleon, or rBH

mN " 8 nb to produce a black hole5 through
short distance gravitational interactions. However, the cross section
for an eikonal interactions is much larger, reik

mN " 1 lb. Therefore, soft
(long-distance) gravitational collisions would introduce in IceCube

an excess of downgoing and near-horizontal showers only.
In Table 2 we give the number of eikonal events for the diffuse

cosmogenic flux in Fig. 1 that corresponds to M5 ¼ 1:7 TeV,
mc ¼ 1 GeV in a 3 year period. For comparison, we include our esti-
mate using the diffuse E$2 flux proposed by IceCube.

It is apparent that the sum of the atmospheric background and
our hypothesis provides the most accurate fit of the data. In partic-
ular, the likelihood ratio k [18]

$2 ln k ¼
XN

i

2 Ei $ Xi þ Xi ln
Xi

Ei

! "
; ð11Þ

where Ei is the prediction, Xi the data and N the number of bins,
gives a significant difference between both hypotheses:

$2 ln kNP ¼ 5:9; $2 ln kE$2
¼ 15:4: ð12Þ

If the 5 ambiguous tracks were included in the analysis, we
would obtain similar values:

$2 ln kNP ¼ 7:3; $2 ln kE$2
¼ 15:1: ð13Þ

5. Summary and discussion

The observation by IceCube of 37 events with energy above
30 TeV during the past 3 years is with no doubt a very remarkable
and interesting result. Their analysis has shown (and ours con-
firms) that atmospheric neutrinos are unable to explain the data.
Therefore, IceCube has most certainly discovered a neutrino flux
of different origin. We think, however, that the determination of
the nature and the possible origin of this flux is still work in
progress.

The events observed do not exhibit a clear preference for the
galactic disc and/or the galactic center. The best fit of the data by
IceCube has been obtained using a diffuse cosmic flux with a
spectrum proportional to E$2. Since neutrinos can propagate with-

Fig. 2. (a) mN cross sections for processes mediated by TeV-gravity and by W exchange. (b) Differential cross sections ydr=dy for Em ¼ 109 GeV. In both panels M5 ¼ 1:7 TeV
and mc ¼ 5 GeV (solid), 50 MeV (dashed).

5 We take M5 ¼ 1:7 TeV and a geometrical cross section to produce a mini-black
hole.

Table 2
Data, atmospheric background, excess from a E$2 diffuse flux, and excess from eikonal collisions of cosmogenic neutrinos (M5 ¼ 1:7 TeV, mc ¼ 1 GeV) in 988 days.

Data Atm E$2 NP Data Atm E$2 NP

Tracks 2 0.8 0.6 0.0 0 0.0 0.1 0.0 UPGOING
Showers 5 2.7 3.6 0.0 0 0.0 0.7 0.0 (þ20! < d < þ90!)

Tracks 2 3.5 1.5 0.0 0 0.0 0.5 0.0 NEAR HORIZONTAL
Showers 8 5.9 6.4 4.2 1 0.2 2.6 1.9 ($20! < d < þ20!)

Tracks 0 0.2 1.6 0.0 0 0.0 0.6 0.0 DOWNGOING
Showers 11 0.6 6.5 8.0 3 0.0 2.9 3.5 ($90! < d < $20!)

30–300 TeV 300–3000 TeV

J.I. Illana et al. / Astroparticle Physics 65 (2015) 64–68 67
enhancement of the cross 

section at high energies (s>M52)
very soft interaction

interactions of downgoing cosmogenic neutrinos 
would only produce showers (like NC interactions) 

and might explain the lack of tracks

J. I. Illana, M. Masip and D. Meloni, Astropart. Phys. 65:64, 2015
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Leptoquarks are colored particles with lepton and baryon number 
that appear in GUTs and recently can solve some flavor anomalies
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Figure 2. The event rate distribution dN/dEν for various cases. The coupling λ2 is shown in
each plot.
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Figure 3. Event rate distribution for leptoquark with λ2 = 1 and M
Φ−1/3

3
= 500GeV (left)

650GeV (right).

contribution of LQ with mass M
Φ

−1/3
3

= 500GeV and M
Φ

−1/3
3

= 650GeV respectively to

the IceCube events. We see that in the mass range M
Φ

−1/3
3

= 500–650GeV with coupling

λ2 = 1 there is an improvement in the fit for the events in the 1–2PeV bins compared to

the standard model.

– 6 –

efficiency, it leads to the after-cut signal σeejj ¼ 0.5ð0.3Þ fb
and σeνjj ¼ 0.96ð0.9Þ fb, within 2σ uncertainty of the CMS
observed event rates.
It is worthwhile to notice that a sizable yR23 is needed to

prevent yL13 from dominating all of the non-ej decay
branching ratio, in which case a large signal σeνjj may
easily be ruled out by the current CMS measurement.

IV. ICECUBE NEUTRINO EVENTS

At the IceCube detector, the incoming neutrinos with
PeV energy would have enough center-of-mass (COM)
energy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mpEν

p
≥ MLQ to trigger a resonant s-channel

leptoquark exchange. Due to the threshold neutrino energy
for the leptoquark resonance, the neutrino-nucleon scatter-
ing cross section deviates from that in the SM (as in Fig. 1),
and can generally explain the emergence of the few PeV
events with a coupling yL ∼ 1 [7]. In comparison, while an
explanation using only the SM can also account for the
observed number of PeV events due to its power-law
spectrum which follows the shape of the incoming cosmic
neutrinos, it would be difficult to develop features at a
particular energy scale in the event energy spectrum.
Admittedly the current data are statistics limited and the
“discontinuous” spectral feature needs future measure-
ments; the leptoquark resonance is a very interesting
interpretation, and can be predictive when it is used to
explain the CMS excess as well.
If the leptoquark interactions only involve light quarks,

the differential resonance cross sections are simplified
compared to those in Ref. [18],

dσNC=CC

dy
¼ π

2
R

DðM2
LQ=sÞ
s

; ð8Þ

RCC ¼ y2Lðy2L þ y2RÞ
2y2L þ y2R

; ð9Þ

RNC ¼ y4L
2y2L þ y2R

; ð10Þ

where y≡ El=Eν is the daughter lepton energy fraction. D
is the averaged2 nucleon’s parton probability distribution at
the resonance COM energy fraction ŝ=s ¼ M2

LQ=s.
Depending on the leptoquark’s decay channel, the analogue
to the SM’s charged-current (CC) final states S → lq
deposits all the incoming energy into visible showers; in
a neutral current (NC) S → νlq0 event, the invisible neutrino
hides away a fraction of the total energy. Therefore, the CC
events are better candidates for the several highest-energy
IceCube shower events, while the lower, sub-PeV ones
could be a continuum due to NC events.
In terms of the couplings shown in Table I, we have

y2L ¼ ðyL13Þ2 and y2R ¼ ðyR21Þ2 þ ðyR23Þ2. It is clear that the
CC process is less suppressed from sizable right-handed
couplings compared to the NC process, as S → νlq0 is
strictly left-handed. Figure 1 shows the SM and the
leptoquark-enhanced neutrino cross sections. Due to the
appearance of the leptoquark resonance, the total cross
section exhibits a rise near the threshold neutrino
energy Eth ¼ M2

LQ=ð2MpÞ.
The cosmic neutrino flux is assumed to be isotropic,

dϕ
dEν

¼ 3ϕ0fi

"
Eν

100 TeV

#−γ
; ð11Þ

where fi is the fraction of neutrinos of the ith flavor. The
observed spectral parameters are given as γ ¼ 2.6% 0.15
and ϕ0 ¼ ð2.3% 0.4Þ × 10−18 GeV−1 s−1 cm−2 sr−1 in
Ref. [6], which also reported good consistency with the
conventional neutrino flavor ratio (13 ∶

1
3 ∶

1
3), and a best,

however unphysical, fit at (0∶0.2∶0.8) with the current
data. While muon track events only originate from νμ, the
shower events include contributions from the NC scattering
from all favors as well as the CC scattering from both νe
and ντ. For shower events, we only consider the “con-
tained” type of events in which the shower develops inside
the IceCube’s detector array volume. The contained shower
event spectrum is

dN
dE

¼ Ntargets

"Z
∞

E

dσNCðEνÞ
dE

dϕν

dEν
dEν

þ
Z

∞

E

dσCCðEντÞ
dE

dϕντ

dEντ

dEντ þ σCCðEÞ
dϕνe

dE

#
:

ð12Þ
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FIG. 1 (color online). (Left) ντ neutrino-nucleon scattering
cross section from the SM and a 600 GeV leptoquark resonance
with yL13 ¼ 1. Both NC and CC interactions are included. νe and
νμ do not receive enhancement under our flavor assignment, and
the leptoquark contribution to ν̄τ is subdominant.

2With a 5∶4 proton to neutron ratio in ice. The d quark’s proton
distribution is taken to be the same as the u quark inside a
neutron.
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It is evident that for the aforementioned choices of leptoquark parameters,
one can explain the observed excess in the IceCube HESE Data.

7 Conclusion

The scalar doublet leptoquark R2, has had the potential to explain the ob-
served excess at IceCube and (g � 2)

µ

. When it comes to the latest measure-
ments of R

K

? , the common wisdom dictates that the leptoquark contribution
which arises at tree level would increase the tension with experiments. How-
ever, this inference can be circumvented if certain couplings are negligibly
small and the dominant contribution is at one-loop level.

It is seen in this work that leptoquark R2 with a peculiar structure of
coupling matrices can simultaneously explain the anomalies in (g � 2)

µ

, R
K

,
R

K

? , and IceCube HESE data.

12

B. Chauhan, B. Kindra and A. Narang , arXiv:1706:04598
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Lorentz-violating scenarios 

decays of a O(100) PeV particle 

secret neutrino interactions  
via a MeV mediator 

shortcuts in extra dimensions 

 your proposal? 

non-standard neutrino interactions

other exotic scenarios
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final comments

Neutrinos opened a window to 
build the Standard Model

A lot has been learnt… but 
a lot more yet to be learnt

A huge range of energies,  
a huge variety of phenomenology, 

a lot to be tested

Neutrinos could be the right tool 
to understand the missing blocks
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THANK  YOU for 

your attention!


