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Observation of Astrophysical Neutrinos in Six Years of IceCube Data

(a) deposited energies (b) arrival directions

Figure 4: Deposited energies and arrival directions of the observed events and expected contribu-
tions from backgrounds and astrophysical neutrinos. Atmospheric muon backgrounds (estimated
from data) are shown in red. Atmospheric neutrino backgrounds are shown in blue with 1s uncer-
tainties on the prediction shown as a gray band. For scale, the 90% CL upper bound on the charm
component of atmospheric neutrinos is shown as a magenta line. The best-fit astrophysical spec-
tra (assuming an unbroken power-law model) are shown in gray. The solid line assumes a single
power-law model, whereas the dashed line assumes a two power-law model, using the spectrum
derived in [10] as a prior for the high-energy component. Only events above 60 TeV are considered
in the fit.

like events in the sample. We removed events 32 and 55 (two coincident muons from unrelated air
showers) and 28 (event with sub-threshold hits in the IceTop array) for purposes of all clustering
analyses. This test (see Fig. 5) did not yield significant evidence of clustering with p-values of 44%
and 77% for the shower-only and the all-events tests, respectively. We also performed a galac-
tic plane clustering test using a fixed width of 2.5� around the plane (p-value 23.4%) and using a
variable-width scan (p-value 17.4%). All above p-values are corrected for trials.

6. Future Plans

Modified analysis strategies in IceCube have managed to reduce the energy threshold for a selec-
tion of starting events even further in order to be better able to describe the observed flux and its
properties [7], but at this time they have only been applied to the first two years of data used for
this study. Corresponding lower-threshold datasets, using the full set of data collected by IceCube
will become available soon [11]. In addition, combined fits of this dataset and others like the
through-going muon channel [10] are currently in preparation [11].

Due to the simplicity and robustness of this search with respect to systematics when compared
to more detailed searches, it is well suited towards triggering and providing input for follow-up
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Figure 1: Arrival angles and electromagnetic-equivalent deposited energies of the events. Track-
like events are indicated with crosses whereas shower-like events are shown as filled circles. The
error bars show 68% confidence intervals including statistical and systematic errors. Deposited
energy as shown here is always a lower limit on the primary neutrino energy.

IceCube Preliminary

Figure 2: Best-fit per-flavor neutrino flux results (combined neutrino and anti-neutrino) as a func-
tion of energy. The black points with 1s uncertainties are extracted from a combined likelihood fit
of all background components together with an astrophysical flux component with an independent
normalization in each energy band (assuming an E�2 spectrum within each band). The atmospheric
neutrino and muon fluxes are already subtracted. The best-fit conventional flux and the best-fit up-
per limit on “prompt” neutrinos are shown separately, not taking into account the effect of the
atmospheric self-veto, which will significantly reduce their contribution. The blue band shows the
1s uncertainties on the result of a single power-law fit to the HESE data. The pink band shows
the nµ,up best fit [10] with 1s uncertainties. Its length indicates the approximate sensitive energy
range of the nµ,up analysis.
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Dark matter decays

Can the highest energy IceCube neutrinos 
be explained by heavy dark matter decays?
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B. Feldstein, A. Kusenko, S. Matsumoto and T. T. Yanagida, Phys, Rev. D88:015004, 2013

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.

– 5 –

JCAP12(2014)054

Data
Isotropic
Dark matter

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

! !degree"
C
D
F

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
1iN

⇢
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  
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Probing exotic DM scenarios with neutrinos

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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Figure 6. 95% CL limits on ⌧DM and NDM for the four representative channels (b b̄, W+ W�,

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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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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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
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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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may even explain GC gamma-ray excess

JCAP05(2017)002

104 105 106 107

E [GeV]

10�2

10�1

100

101

102

E
ve

nt
s

[1
34

7
da

ys
]

Total predicted events
Secondary � from a � cc̄

Astrophysical neutrinos

Atmospheric bkg. (IC est.)
Events from �N scattering
IC data

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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Probing exotic DM scenarios with neutrinos

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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C. A. Argüelles, A. Kheirandish, A. C. Vincent, Phys. Rev. Lett. 119:201801, 2017

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. This is not an assumption that all sources
are the same: it is rather the statement that in any given
direction, the sum of contributions from neutrino sources
along the line of sight is the same as from any other di-
rection. We model �(⌧ = 0) as a power law in energy.
The propagation of the extragalactic high-energy neu-
trino 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 total cross section of ⌫ with energy E, while
d�(Ẽ, E)/dE is the di↵erential cross section 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 set of parameters
# = {m�,m�, g} and events of observed topologies t, en-
ergies E, and arrival directions, ~x = (b, l)

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

�
P

b Nb

N
obsY

i=1

X

a

NaPa(ti, Ei, ~xi|#), (3)

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

astro

), atmospheric neutrinos (N
atm

),
and atmospheric muons (Nµ) 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 Appendix A of
Supplemental material [45].

Results The likelihood is incorporated into a custom-
built Markov Chain Monte Carlo (MCMC) code3, which

3
We use the publicly available emcee [46] 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 representative
of the parameter space explored in this study. Pale grey
and purple 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 gray crosses.

is used to produce posterior likelihood distributions in the
six-dimensional space of (g,m�,m�, Nastro

, N

atm

, Nµ).
We note that posteriors on {Na} reproduce indepen-
dently obtained results [17, 39], with N

astro

= 34.3 ±
6.5, N

atm

= 14.4± 4.6, and Nµ = 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 Ice-
Cube, in the case of an E

�2 di↵use isotropic flux. The

4

top panel shows the deposited energy distribution, while
the lower one shows the event rate versus angular dis-
tance from the Galactic center, where DM-induced at-
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 (purple).
Models 2 and 3 are chosen to give an observable e↵ect:

these are large, and we will show that they are excluded
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
fourth and 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 distri-
bution (see crosses in the upper panel of Fig. 2). This
resonant suppression can clearly be seen in the orange
line. However, we note that although the cross section is
allowed by di↵usion 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 in-
crease the number of e↵ective relativistic degrees of free-
dom, 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, including
values of the astrophysical spectral index between
� = 2 and � = 2.9.4 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

4
Appendix B of Supplemental Material [45] shows the small e↵ect

of fixing the spectral index.
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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. Examples 2 and 3
from Figure 2 are shown as a yellow diamond and blue star,
respectively. Their coupling lies above the maximum value for
their location on the plot. Example 4 is shown in the bottom
panel, as an orange star. In this case, cosmology is providing
the strongest limits.

purple line, our IceCube exclusions are more sensitive
than bounds from large scale structure. 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
for m

2

�/2m� ⇠ 0.1 � 1 PeV. We note that variations of
the astrophysical spectral index a↵ect constraints near
the edges of the region under investigation. However, it
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Figure 3. Enhancement factor ⇠2(z), divided by h(z), as a function of redshift for IDM with a DM-�
(or similarly for DM-⌫) elastic cross section �el = 2.0⇥ 10

�9
(mDM/GeV)⇥�T and for CDM. Results

are shown for Mmin = 10

�6 h�1 M� (black lines) and Mmin = 4 ⇥ 10

9 h�1 M� (magenta lines). The
solid lines are for IDM and the dashed lines for CDM. For comparison, we also show the enhancement
factor for CDM when the concentration parameter is kept constant below Mcut = 4 ⇥ 10

9 h�1 M�
(dot-dashed blue line).

consequently they have little impact on the signal.

5.3 Enhancement factor

As discussed in previous sections, the enhancement in the isotropic extragalactic ��ray and
neutrino flux from DM annihilations depends on the number density of haloes of all masses
at all redshifts and on their internal properties, i.e., their concentration parameter. However,
we only have access to these quantities over a limited mass range from the simulations, so we
have to rely on extrapolations to lower masses. For the halo mass function we use Eq. (5.4),
which was obtained from a fit to the simulation results. On the other hand, in Ref. [134]
an upturn in the concentration parameter at low masses was found for WDM scenarios with
suppressed small-scale perturbations, which is also hinted from our results at z = 4 (Fig. 2).
However, in the absence of more conclusive results, we take the concentration parameter to be
constant below the minimum halo mass for which we can determine the halo density profile,
i.e., Mcut = 4⇥ 10

9 h�1M�.
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Contribution from all halos in the Universe

OscillationsEnhancement Flux from  
DM annihilations

A. Moliné, J. A. Schewtschenko, SPR, C. Boehm and C. M Baugh, JCAP 1608: no. 09, 069, 2016

Suppression at  
small scales

Neutrino-DM interactions
(M

2
0

0
/ρ

m
,0

) 
d
n
/d

ln
 M

2
0

0

M200 [h-1 MO• ]

Simulations

IDM [Eq. (5.3)]

IDM [Eq. (5.4)]
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10-3
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Figure 1. Halo mass function at z = 0 for IDM with an elastic DM-� (similarly for DM-⌫) scattering
cross section �el = 2.0 ⇥ 10

�9
(mDM/GeV) ⇥ �T (blue dots). We show the results from the small

volume (30 h�1
Mpc) simulations up to M200 = 4⇥ 10

11 h�1M� and for larger masses, we show the
results from the large volume (100 h�1

Mpc) simulations. The fitting functions in Eq. (5.3) (solid red
line) and Eq. (5.4) (solid black line), and the Sheth-Tormen parameterisation for the standard CDM
scenario [43–45] (dashed black line) with normalisation A = 0.285, are also shown.

fitting the results of the simulations7 for M200 > 10

9 h�1M� [105], for the scattering cross
section used here. Note that the subindex IDM,ST in Eq. (5.3) indicates the use of the IDM
power spectrum and the Sheth-Tormen parameterisation. Moreover, we have used a different
criterion to identify halos from that used in Ref. [105], so we have also used a different
normalisation, A = 0.285, from the one usually quoted for the Sheth-Tormen halo mass
function for CDM, A = 0.322.

However, as seen in Ref. [105], the aforementioned correction term, which works for
WDM [151], does not reproduce the IDM results for masses below M ' 10

9 h�1M�. An
alternative correction term is given by

dn(M, z)

dM
=

✓
1 +

Mhm

�M

◆↵✓
1 +

Mhm

�M

◆� dnCDM,ST(M, z)

dM
, (5.4)

7We have used the results from the small volume (30 h�1 Mpc) simulations up to M200 = 4⇥ 1011 h�1M�
and for larger masses, we have used the results from the large volume (100 h�1 Mpc) simulations. Moreover,
regarding the contamination limit, we were a bit less strict for the halo mass function than for the concentration
parameter.

– 8 –
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arXiv:1711.05283 (accepted in PRD)

Study of all renormalizable operators 
coupling DM and neutrinos and use 
small-scale suppression and neutrino data

SPR and S. Pascoli, Phys. Rev. D77:025025, 2008 
SPR, Phys. Lett. B665:50, 2008
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Finally, in the high-energy limit,
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◆
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(B38)
Thus, this is the only scenario with the cross section proportional to the neutrino energy in the high-energy limit.

Appendix C: Results for all scenarios

1. Scalar DM and Dirac mediator

FIG. 5: Same as Fig. 2 but for complex DM (left) and real DM (right) with a Dirac mediator.

2. Real DM and Majorana mediator

FIG. 6: Same as Fig. 2, but for real DM with a Majorana mediator.

JCAP06(2014)014

0 10 20 30 40 50 60
Eν [MeV]

10-4

10-3

10-2

10-1

100

101

F(
z=

0,
E ν

)  
[c

m
-2

 s-1
 M

eV
-1

]

0 10 20 30 40 50 60
Eν [MeV]

10-4

10-3

10-2

10-1

100

101

F(
z=

0,
E ν

)  
[c

m
-2

 s-1
 M

eV
-1

]
0 10 20 30 40 50 60

Eν [MeV]
10-4

10-3

10-2

10-1

100

101

F(
z=

0,
E ν

)  
[c

m
-2

 s-1
 M

eV
-1

]

0 10 20 30 40 50 60
Eν [MeV]

10-4

10-3

10-2

10-1

100

101

F(
z=

0,
E ν

)  
[c

m
-2

 s-1
 M

eV
-1

]

Figure 2. DSNB ν̄e spectra for model A (left panels) and model B (right panels), assuming gτ = 0.1
(upper panels) and gτ = 0.5 (lower panels). In the four panels, we assume mφ = mDM = 1MeV,
mN = mr = 6.5MeV (Dirac) and ge = gµ = 0, for NH (lower black lines at high energies) and IH
(upper red lines at high energies). The effect of the redshift-integrated absorption is depicted by the
thick solid lines. The case of no absorption is represented by thin solid lines, whereas dashed lines do
not include the redistribution of the flux to lower energies after the interaction (e.g., ν̄iφ → N → ν̄sφ).

We see that for gτ = 0.5 (lower panels), in all the cases, even for the SK threshold of
16MeV, the drop in the event spectrum below the resonance energy is very significant. For
gτ = 0.1, in the case of IH and model A, the dip is also very likely to be detectable (even
once backgrounds are properly added and a full analysis performed). This would signal
the presence of new physics producing a suppression with respect to the expected DSNB
flux. For the other cases and gτ = 0.1, the suppression of the expected flux is also significant.
However it might be non trivial to disentangle this signal from a spectrum with lower average
energies. For this less favorable case (gτ = 0.1) and the assumed parameters, we expect a
∼30% (∼20%) effect in the whole energy range considered in figure 3 for a threshold energy
of 10MeV (16MeV), whereas for gτ = 0.5, we expect a suppression of ∼55% (∼45%). On
the other hand, the suppression when only considering the bins affected by the resonant
interaction is ∼40% (∼35%) for gτ = 0.1, and ∼65% (∼70%) for gτ = 0.5. In the less
optimistic scenario, i.e., gτ = 0.1, model B and NH, HK would detect ∼8 (∼28) events/year
in the energy interval 16 MeV < Evis < 22 MeV (10 MeV < Evis < 22 MeV) as compared to
the ∼12 (∼40) events/year when no absorption occurs. In the most optimistic scenario, i.e.,
gτ = 0.5, model A and IH, HK would detect ∼10 (∼25) events/year as compared to the ∼35

– 11 –
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WIMPs elastically scatter with the nuclei of the Sun to a velocity 
smaller than the escape velocity, so they remain trapped inside 

  Additional scattering give rise to an isothermal distribution 

Trapped WIMPs can annihilate into SM particles 

After some time, annihilation and capture rates usually 
equilibrate 

Only neutrinos can escape
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dN
dt = C⊙ -A⊙N

2 -E⊙N

Capture rate Annihilation rate Evaporation rate

N t⊙( )= 1
τ⊙A⊙

tanh 1+(E⊙τ⊙ /2) t⊙ /τ⊙( )( )
1+ (E⊙τ⊙ /2) + (E⊙τ⊙ /2)tanh 1+(E⊙τ⊙ /2) t⊙ /τ⊙( )( )      ;   τ⊙ ≡

1
C⊙A⊙

Γ t⊙( )= 1
2A⊙N t⊙( )2

E⊙ ≈0→Γ t⊙( ) ! 12C⊙tanh2 t⊙ /τ⊙( )

Evolution equation
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What about interactions with electrons?
J. Kopp, V. Niro, T. Schwetz and J. Zupan, Phys. Rev. D80:083502, 2009

smaller mass of targets thermal motion is crucial

Introduction

• If DM (�) has a non vanishing ��T , it can be captured in the Sun.
Griest and Seckel ’86, Gould ‘87

• Dynamics governed by the equation

dN�

dt
= C� � E�N� � A�N

2
�

N�
=

✓
C�

A�

◆1/2
tanh (t�/⌧)

+

1
2E�⌧ tanh (t�/⌧)

.

Dark Matter in the Sun: scattering o↵ ,
electrons vs nucleons Introduction 3 / 26

R. Garani and SPR, JCAP 1705:007, 2017

Figure 1. Capture rates as a function of the DM mass, for DM-electron interactions (solid
red curves), DM-nucleon SD interactions (dashed green curves) and DM-nucleon SI interactions (dot-
dashed blue curves). Left panels: capture rates for the three types of interactions. The geometric
capture rate is also shown (dashed black curves.) Right panels: ratio of capture rates with respect
to the limit of targets at rest (T�(r) = 0). Top panels: constant (velocity-independent and isotropic)
scattering cross section with �i,0 = 10

�40 cm2. Middle panels: v2
rel

-dependent scattering cross section
with �i,0 = 10

�42 cm2. Bottom panels: q2-dependent scattering cross section with �i,0 = 10

�42 cm2.
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Figure 5. Neutrino production rates as a function of the DM mass. Same cases as in the
left panels of Fig. 3. Note the different values of �i,0 for the top and bottom panels.

m� ⇠ (0.3 � 0.5) GeV for the three types of cross sections we study if the DM velocity
distribution extends up to ve(r). Although the form of the high-velocity tail does not have a
strong impact when DM scatters off nucleons, in the case of interactions with electrons, this
minimum shifts to m� ⇠ (0.1 � 0.2) GeV for vc(r) = 0.9 ve(r) and the neutrino production
rate is significant for masses m� & 0.4 GeV for constant cross sections and m� & 0.5 GeV for
v2
rel

-dependent and q2-dependent cross sections. This is to be compared to the minimum DM
mass for which there could be a significant neutrino production rate in the case of interactions
with nucleons (and with electrons with vc(r) = ve(r)), the commonly quoted lower limit
m� & 3 GeV.
Above the evaporation mass, the neutrino production rates for DM-nucleon SI interactions are
the largest for the three types of cross sections (for the normalizations used here). For constant
DM-nucleon SD cross sections, these rates are larger than for scatterings off electrons. How-
ever, for v2

rel

-dependent and q2-dependent cross sections, the relative importance gets inverted,
being the case of interactions with electrons the most favorable one, because of the larger en-
hancement due to thermal effects. This illustrates how, for some scenarios, interactions with
electrons could give rise to the largest signals in neutrino detectors/telescopes [164].
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Usually only considered annihilations into  
heavy quarks, gauge bosons or tau leptons... 

Why not annihilations into light quarks, muons or 

Electrons/positrons do not produce neutrinos... 

Muons lose energy electromagnetically very rapidly and 
decay at rest  

Light-quark hadrons, as pions, are stopped via nuclear 
interactions and decay at rest 
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N. Bernal, J
. Martín-Alb

o and SPR,
JCAP 130

8:011, 2013

(see also C. R
ott, J. Siegal-

Gaskins and
J. F. Beacom,

Phys. Rev. D8
8:055005

, 2013)
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Electrons/positrons, in their propagation in the Sun, could 
produce pions, which then can decay at rest 

Muons lose energy electromagnetically and decay at rest  

Pions get stopped     

      decay at rest 

      are captured by nuclei and practically all get absorbed 

π +

π −

π + → µ+ + νµ

e+ + νe + νµ
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K. Bays et al. [Super-Kamiokande Collaboration],  
Phys. Rev. D85:052007, 2012

Diffuse Supernova Neutrino 
Background search WIMPs annihilations in the Sun
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FIG. 3: Detectable signal in Super-K induced by low-energy
ν̄e from solar WIMP annihilation, along with the measured
background (both 4.1 livetime years). The signal shape is
independent of WIMP properties, and its normalization scales
with σ

SD
χp (here chosen to be at the edge of exclusion). For

a WIMP mass of 10 GeV, the signal shown corresponds to a
cross section of 4.5× 10−37cm2.

ments are discussed below.
Our estimate is compared with published upper limits

from direct nuclear scattering experiments (see also new
results in Ref. [25]) and indirect searches for high-energy
neutrinos from the Sun. The sensitivities of both are
expected to improve greatly with better detectors and
analyses. However, it is very difficult for each to ex-
tend to lower mχ, as the signals decrease while the back-
grounds increase, and there are kinematic thresholds. In
contrast, the sensitivity of our proposed low-energy neu-
trino signal improves with decreasing mχ. There are also
strong limits on the SD WIMP-nucleon scattering cross
section that can be deduced from limits on mono-jet and
mono-photon signals at hadron colliders; these require
that the masses of mediators coupling WIMPs to the SM
be large [26, 27].

VI. CONCLUSIONS

We propose a new probe of the SD WIMP-nucleon
scattering cross section, using low-energy neutrinos pro-
duced through pion multiplication and decay follow-
ing WIMP annihilations in the Sun. We estimate the
prospects for Super-K, finding sensitivity to σSD

χP in a
range competitive to that of other, rather different, ex-
periments. Importantly, our results are nearly insensi-
tive to the annihilation final states and the details of the
astrophysical inputs (in standard scenarios [28]); non-
standard scenarios can be different and are mentioned
below. In addition, the sensitivity easily extends to the
region of low masses, which is currently of great interest
and is challenging to probe with other methods. A ded-
icated study by the Super-K collaboration, using more
data, neutrino-electron scattering signals for all flavors,
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FIG. 4: New sensitivity to σ
SD
χp using low-energy ν̄e in

Super-K. Possible improvements using neutron tagging with
Gadolinium (details see text) are included in the projected
sensitivity for 4 years of Hyper-Kamiokande [39] data. For
mχ ! 4 GeV, evaporation of solar WIMPs will degrade
the signal. Published upper limits (90% C.L.) from di-
rect scattering [29–31] and high-energy neutrino searches are
shown [32, 33], along with the possible DAMA/LIBRA signal
region [34, 35].

and full energy spectra and angular distributions, should
give immediate improvements over our estimates.
In the future, Super-K may be enhanced with dissolved

gadolinium to allow neutron detection and thereby bet-
ter separation of signals and backgrounds [36]. If a com-
bination of techniques removed the backgrounds, then
the sensitivity to the neutrino signal and hence also σSD

χP

could improve by∼ 15, beyond which even Super-K is too
small to expect any signal events. The quoted improve-
ment factor is obtained with inverse beta decay alone
assuming a signal event detection in a zero background
environment. Hyper-Kamiokande [39], which is intended
to be about 25 times larger than Super-K and which
also may have gadolinium, could potentially improve on
present estimates by up to ∼ 15 × 25 ∼ 375. Figure 4
shows our rough Hyper-Kamiokande sensitivity estimate
under the assumption that backgrounds can be reduced
and that only the inverse beta decay detection channel is
utilized. Further studies on how to reduce backgrounds
as well as contributions from other detection channels are
needed but are beyond the scope of this paper. Proposed
large liquid scintillator [37] or liquid argon [38] detectors
would also have interesting sensitivity.

Direct, indirect, and collider probes of the SD WIMP-
proton scattering cross section rely on different assump-
tions and hence are complementary. Multiple methods
with comparable sensitivity are needed to test results
from one search against the others. These tests could
provide deep insights into the astrophysical distributions
and particle properties of WIMPs.

If common assumptions about dark matter are incor-
rect, then the relative power of different methods could
change dramatically. A dark matter disk with low-

See also: C. Rott, J. Siegal-Gaskins and J. F. Beacom, Phys. Rev. D88:055005, 2013
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Secluded from SM particles by a long-lived mediator 

In the simplest scenario, 
DM annihilates into 2 dark 

mediators, which after 
escaping the Sun, decay 

into SM particles

E.g., vector portal (or Higgs portal)

L = LSM + iχ( /∂+ ig A')χ +mχ χχ -
1
4F'

µνFµν + ε  F'µνBµν +Ldark

P. Schuster, N. Toro and I. Yavin, Phys. Rev. D81:016002, 2010 
P. Meade, S. Nussinov, M. Papucci and T. Volansky, JHEP 1006:029, 2010

M. Pospelov, A. Ritz and M. Voloshin, Phys. Lett. B662:53, 2008 

signals in neutrino telescopes: from annihilation in the Sun
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Figure 3. IC79 90% CL upper limits on WIMP-proton cross section as a function of WIMP mass.
The top panel refers to spin-dependent and the bottom one to spin-independent WIMP interactions.
A decay length of 2.8⇥ 107 km is considered. The results from an ANTARES search [27], as well as
the current bounds from PICO [33–35] and LUX [36] are also shown.

Secondly, the branching ratio of A0 decay into muons (or pions) and its decay length
according to Eq. 3.1 should be adequate to produce a large neutrino flux.

In Figure 4 the excluded regions using the IC79 data are presented in the (mA0 , ")
plane considering a DM mass of 10 TeV and compared to other bounds from direct detection,
accelerator or astrophysic results. Here ↵X = ↵th

X is considered for the red region and ↵max

X for
the magenta region. Naturally, the test presented is only possible for mA0 > 2mµ. Most of the
regions are constrained by the decay into muons since the energy spectrum of the neutrinos
produced is hard and the branching ratio for mA0 ⇠ 250 MeV is quite large. However, the
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Secondly, the branching ratio of A0 decay into muons (or pions) and its decay length
according to Eq. 3.1 should be adequate to produce a large neutrino flux.

In Figure 4 the excluded regions using the IC79 data are presented in the (mA0 , ")
plane considering a DM mass of 10 TeV and compared to other bounds from direct detection,
accelerator or astrophysic results. Here ↵X = ↵th

X is considered for the red region and ↵max

X for
the magenta region. Naturally, the test presented is only possible for mA0 > 2mµ. Most of the
regions are constrained by the decay into muons since the energy spectrum of the neutrinos
produced is hard and the branching ratio for mA0 ⇠ 250 MeV is quite large. However, the
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