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galaxy cluster, but failed to fit the data. The Newtonian dark matter result outweighed the visible ICM gas mass
profiles by an order of magnitude.

In the solar system, the Doppler data from the Pioneer 10 and 11 spacecraft suggest a deviation from the Newtonian
1/r2 gravitational force law beyond Saturn’s orbit. Brownstein and Moffat (2006c) applied MOG to fit the available
anomalous acceleration data (Nieto and Anderson, 2005) for the Pioneer 10/11 spacecraft. The solution showed
a remarkably low variance of residuals corresponding to a reduced χ2 per degree of freedom of 0.42 signalling a
good fit. The magnitude of the satellite acceleration exceeds the MOND critical acceleration, negating the MOND
solution (Sanders, 2006). The dark matter paradigm is severely limited within the solar system by stability issues
of the sun, and precision gravitational experiments including satellite, lunar laser ranging, and measurements of the
Gaussian gravitational constant and Kepler’s law of planetary motion. Without an actual theory of dark matter, no
attempt to fit the Pioneer anomaly with dark matter has been suggested. Remarkably, MOG provides a closely fit
solution to the Pioneer 10/11 anomaly and is consistent with the accurate equivalence principle, all current satellite,
laser ranging observations for the inner planets, and the precession of perihelion for all of the planets.

A fit to the acoustical wave peaks observed in the cosmic microwave background (CMB) data using MOG has been
achieved without dark matter. Moreover, a possible explanation for the accelerated expansion of the Universe has
been obtained in MOG (Moffat, 2007).

Presently, on both an empirical and theoretical level, MOG is the most successful alternative to dark matter. The
successful application of MOG across scales ranging from clusters of galaxies (Megaparsecs) to HSB, LSB and dwarf
galaxies (kiloparsecs), to the solar system (AU’s) provides a clue to the question of missing mass. The apparent
necessity of the dark matter paradigm may be an artifact of applying the Newtonian 1/r2 gravitational force law to
scales where it is not valid, where a theory such as MOG takes over. The “excess gravity” that MOG accounts for
may have nothing to do with the hypothesized missing mass of dark matter. But how can we distinguish the two?
In most observable systems, gravity creates a central potential, where the baryon density is naturally the highest.
So in most situations, the matter which is creating the gravity potential occupies the same volume as the visible
matter. Clowe et al. (2006c) describes this as a degeneracy between whether gravity comes from dark matter, or
from the observed baryonic mass of the hot ICM and visible galaxies where the excess gravity is due to MOG. This
degeneracy may be split by examining a system that is out of steady state, where there is spatial separation between
the hot ICM and visible galaxies. This is precisely the case in galaxy cluster mergers: the galaxies will experience
a different gravitational potential created by the hot ICM than if they were concentrated at the center of the ICM.
Moffat (2006a) considered the possibility that MOG may provide the explanation of the recently reported “extra
gravity” without non-baryonic dark matter which has so far been interpreted as direct evidence of dark matter. The
research presented here addresses the full-sky data product for the Bullet Cluster 1E0657-558, recently released to
the public (Clowe et al., 2006b).

FIG. 1:
False colour image of Bullet Cluster 1E0657-558.
The surface density Σ-map reconstructed from
X-ray imaging observations is shown in red
and the convergence κ-map as reconstructed
from strong and weak gravitational lensing ob-
servations is shown in blue. Image pro-
vided courtesy of Chandra X-ray Observatory.



EVIDENCE FOR DARK MATTER 

Observations indicate the existence of 
non-luminous matter with density profile at 
far distances in the form  

In 1930’s Zwicky observed the 
Coma cluster and found  that 
galaxies were  moving too fast 
to be contained by the visible 
matter.  
In 1970’s Vera Rubin and 
collaborators discovered that 
stars in galaxies were rotating 
too fast implying existance of 
invisible matter 

ρ ∼ 1
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.
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    Bullet Cluster (IE0657-56) 

Many observations indicate presence of dark matter:  
Galaxy rotation curves, galaxy clusters, BBN, CMB radiation,  
 gravitational lensing, etc.    



Dark Matter Density Profiles 

In the Milkyway, the rotation curves of the stars suggest that the dark 
 matter density in the vicinity of our Solar System is:    
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Dark Matter –What do we know? 

  Dark matter is about 23% of the total 
density of the Universe, while baryonic matter 
is only 4% 

  Large-scale structure formation in the  
   Universe imply that dark matter is “cold”  
   (i.e. non-relativistic at freeze-out time) 



Dark Matter as a Cold Relic 

Feng, arXiv:1003.0904 

The current dark matter abundance in the Universe depends on 
the annihilation cross section at freeze-out.  

Thermal relic density: 

dn

dt
= −3Hn− < σv > (n2 − n

2
eq)

Freese out time when 

Ωχ = 0.23

�
< σv >f.o.

3× 10−26cm3/s

�−1

n < σv >= H

Comoving number density Y 

n ∼ e−mχ/T

neq

Universe cools 

Initially DM is in thermal  
equilibrium 

χχ ↔ f̄f
χχ ↔ f̄f

n ∼ e−mχ/T

(time ) 

DM produced as a thermal relic of the  
Big Bang (Zeldovich,Steigman,Turner) 



What is dark matter? The unknowns: 
   Modification of the standard, Newtonian  
            law, so that the observed effect is due  
    to only baryonic matter is ruled out by Bullet          
     Cluster observations 

   Particle physics candidate for dark matter: 
    weakly interacting particle which is non 
    -relativistic at the time of freeze-out. 

   No viable candidate for dark matter in the 
Standard Model 

1/r2
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scattering 
  (Direct detection) 

 annihilation 
(Indirect detection) 

DARK MATTER DETECTION 



Dark Matter Detection  

Direct Detection Experiments :  
Look for energy deposition via nuclear recoils from dark 
matter scattering by using different target nuclei and 
detection strategies 
 DAMA, NAIAD, KIMS, CDMS, EDELWEISS, EURECA, 
ZEPLIN, XENON, WARP, LUX 

Indirect Detection Experiments : 
Look for annihilation products of dark matter (Gamma-rays,  
positrons, electrons, neutrinos ) 
 HESS, MAGIC, VERITAS, CANGAROO-III, EGRET, 
Fermi/LAT, INTEGRAL, PAMELA, ATIC, AMS, HEAT, 
ICECUBE, KM3NET  



   Direct searches: 
   look for DM interactions with target 

nuclei (XENON, CDMS, CoGeNT, DAMA, 
CRESST-II) 

Dark Matter Searches                               
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FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

CoGeNT Collaboration:  
arXiv:1002.4703v2, PRL 106, 
131301 (2011) 



Recent CRESST-II data (4.7     )                                

CRESST-II Collaboration:  
arXiv:1109.0702 
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Figure 1: Model-independent result: residual rate of the single-hit events, measured by
DAMA/LIBRA,1-6 in (2 – 6) keV range as a function of the time. The experimental points
present the errors as vertical bars and the associated time bin width as horizontal bars. The
superimposed curve is the function A cosω(t − t0) with T = 2π

ω = 1 yr, t0 = 152.5 day (June
2nd) and with modulation amplitudes, A, equal to the central values obtained by best fit over
the DAMA/LIBRA and DAMA/NaI cumulative exposure (1.17 ton × yr). The dashed vertical
lines correspond to the maximum expected for the DM signal (June 2nd), while the dotted
vertical lines correspond to the minimum [20].

The DAMA/LIBRA set-up [14] is composed by a sensitive part made of 25 highly radiopure
NaI(Tl) crystal scintillators placed in a 5-rows by 5-columns matrix; the detectors’ responses
range from 5.5 to 7.5 photoelectrons/keV, allowing the experiment to set the software energy
threshold at 2 keV (here and hereafter keV means keV electron equivalent), while the hardware
threshold of each photomultiplier (PMT) is at single photoelectron (each detector is equipped
with two low background PMTs working in coincidence); energy calibration with X-rays/γ
sources are regularly carried out down to few keV in the same conditions as the production
runs.

The DAMA/LIBRA data released so far corresponds to six annual cycles for an exposure
of 0.87 ton×yr [15, 20]. Considering these data together with those previously collected by
DAMA/NaI over 7 annual cycles (0.29 ton×yr), the total exposure collected over 13 annual
cycles is 1.17 ton×yr; this is orders of magnitude larger than the exposures typically collected
in the field.

Several analyses to investigate the model-independent DM annual modulation signature
have been performed (see ref. [15, 20] and references therein); here just few arguments are
mentioned. In particular, Fig. 1 shows the time behaviour of the experimental residual rates
of the single-hit events collected by DAMA/LIBRA in the (2–6) keV energy interval. The
superimposed curve is the cosinusoidal function: A cosω(t − t0) with a period T = 2π

ω = 1 yr
and with a phase t0 = 152.5 day (June 2nd), and modulation amplitude, A, obtained by best
fit over the seven cycles of DAMA/NaI [4, 5] and the six of DAMA/LIBRA [15, 20]. When
the period and the phase parameters are also released in the fit, values well compatible with
those expected for a DM particle induced effect are obtained; in the (2–6) keV energy interval it
results: A = (0.0116±0.0013) cpd/kg/keV, T = (0.999±0.002) yr and t0 = (146±7) day. The
analysis of the single-hit residual rate favours the presence of a modulated cosine-like behaviour
with proper features at 8.9 σ C.L..

A Fourier analysis on the the (2–6) keV single-hit residuals has been performed in order
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range from 5.5 to 7.5 photoelectrons/keV, allowing the experiment to set the software energy
threshold at 2 keV (here and hereafter keV means keV electron equivalent), while the hardware
threshold of each photomultiplier (PMT) is at single photoelectron (each detector is equipped
with two low background PMTs working in coincidence); energy calibration with X-rays/γ
sources are regularly carried out down to few keV in the same conditions as the production
runs.

The DAMA/LIBRA data released so far corresponds to six annual cycles for an exposure
of 0.87 ton×yr [15, 20]. Considering these data together with those previously collected by
DAMA/NaI over 7 annual cycles (0.29 ton×yr), the total exposure collected over 13 annual
cycles is 1.17 ton×yr; this is orders of magnitude larger than the exposures typically collected
in the field.

Several analyses to investigate the model-independent DM annual modulation signature
have been performed (see ref. [15, 20] and references therein); here just few arguments are
mentioned. In particular, Fig. 1 shows the time behaviour of the experimental residual rates
of the single-hit events collected by DAMA/LIBRA in the (2–6) keV energy interval. The
superimposed curve is the cosinusoidal function: A cosω(t − t0) with a period T = 2π
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analysis of the single-hit residual rate favours the presence of a modulated cosine-like behaviour
with proper features at 8.9 σ C.L..

A Fourier analysis on the the (2–6) keV single-hit residuals has been performed in order
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DAMA  8    signal  

Rate should change  as  
Earth’s velocity adds  
constructively/destructively  
to the Sun’s -> annual modulation   

σ

DM-Ice Dark Matter Experiment at the South Pole will cross-
check DAMA annual modulation observation  



   Indirect DM searches: 
   Detection of the products of DM 

annihilation (or decay) in the Galactic 
Center, Sun, Earth, DM halo, etc. 
producing electrons, positrons, gamma-
rays (PAMELA, ATIC, FERMI/LAT, 
HESS, Veritas …) and neutrinos (IceCube, 
KM3Net…) 



Indirect Dark Matter Detection  

ATIC 

PAMELA 

AMS 

HESS 

FERMI/LAT 



PAMELA Positron Fraction 



FERMI Cosmic Ray Electron Spectrum 



If the observed anomalies are due to dark matter 
annihilation the annihilation cross sections must be 
10-1000 times more than the thermal relic value of 

The required enhancement in the signal is quantified by 
the factor called the “Boost Factor” : 

Low-velocity enhancement 
     (particle physics) Sub-halo structures in the  

Galaxy (astrophysics)  

< σv >= 3× 10−26cm3/s



Dark Matter Signals in Neutrino Telescopes 
Neutrinos are highly stable, neutral particles.  
Detection of neutrinos depend on their interactions, i.e 
cross section.  

Annihilation of dark matter particles  
could produce neutrinos, directly or via  
decay of Standard Model particles 

Neutrinos interacting with the matter,i.e 
nucleons, produce muons which leave  
charged tracks in the neutrino detector 

IceCube 



             Erkoca, Reno and Sarcevic, PRD 80, 043514 (2009) 

 Neutrino flux from DM annihilation in 
the core of the Sun/Earth, produced 
directly or from particles that decay 
into neutrinos (taus, W’s, b’s) 

 Model-independent results for neutrino 
signal  from DM annihilation in the 
Galactic Center 

 Signals for dark matter when DM is 
gravitino, Kaluza-Klein particle or 
leptophilic DM.  

Erkoca, Gelimini, Reno and Sarcevic, PRD 81, 096007 (2010) 

Erkoca, Reno and Sarcevic, PRD 82, 113006 (2010) 



Neutrinos from DM annihilations in 
the core of the Sun/Earth 

In	  equilibrium,	  annihila/on	  rate	  and	  capture	  rate	  related:	  

Neutrino flux depends  on annihilation 
rate, distance to source (Earth’s core or 
Sun-Earth distance) and energy 
distribution of neutrinos, i.e. 



● Dark Matter Capture Rate : 

   for the Sun                         for the Earth   
  M  is the mass of the Sun/Earth 
  Capture rate in the Sun is about      times 

larger than capture rate in the Earth 
  For the Sun, annihilation rate = C/2 

C ∼ ρDM

mχvDM

�
M

mp

�
σχN < v2esc >

vDM ∼ 270 km s−1ρDM = 0.3 GeV cm−3

vesc = 1156 km/s vesc = 13.2 km/s
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  Neutrinos from DM annihilation 
interact with matter      

   attenuation of the neutrino Flux in 
the Sun is important effect 

  Neutrinos also interact as they 
propagate through the Earth 
producing muons below the detector 

=⇒

νµ +N → µ+X νµ,e,τ +N → νµ,e,τ +X
νe +N → e+X



               Neutrino  Detection 

  Neutrinos  interact as they propagate 
through the Earth producing muons 
below the detector (upward muons) or 
in the detector (contained muons) or 
producing showers/cascades in the 
detector: 

νµ +N → µ+X
νµ,e,τ +N → νµ,e,τ +X

νe +N → e+X



                                  Muon Flux  
  The probability of the conversion of a neutrino 

into a muon over a distance dr via CC interactions: 

 where the neutrino scattering cross section is: 

● Muons can be created in the detector (contained 
events) or in the rock below the detector (upward 
events).  



      Contained and Upward Muon Flux 
● The contained muon flux, for a detector 

with size l 

●   The upward muon flux is given by 



where the neutrino flux is 

 Muon survival probabilty is 

 where  

  RE= 6400 km (Earth) or 
  RSE=150 Mkm           (Sun-Earth distance) 



Neutrinos produced directly or through 
decays of leptons, quarks and gauge bosons: 

Neutrinos from DM annihilations 
Neutrinos produced directly or through 
decays of leptons, quarks and gauge bosons: 

Neutrinos from DM annihilations 



      Neutrino Energy Distribution 
●                     channel : 

●                              channels : 
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cross section times velocity 〈σv〉 or a decay time τ spe-
cific to the model is required. Characteristically for an-
nihilation, the required 〈σv〉 is larger [16, 19, 22, 25, 26]
than the value required for a thermal relic abundance
[34]: 〈σv〉0 = 3 × 10−26 cm3s−1. Following the current
convention, we write

〈σv〉 = B 〈σv〉0 , (1)

with a boost factor B. There are theoretical evaluations
of the boost factor [35], however, we treat the boost fac-
tor as a phenomenological parameter in this paper. To
explain the lepton excesses, some models have constraints
on the boost factor as a function of DM mass [16].
In leptophilic DM models [7, 16] explaining the

PAMELA positron excess, the DM annihilation or decay
must proceed dominantly to leptons in order to avoid
the overproduction of antiprotons. Moreover, according
to the FERMI data, the direct production of electrons
must be suppressed with respect to the production of
electrons (and positrons) as secondaries. It was shown
[16] that the leptophilic DM with mass (mχ) in the range
between 150 GeV and a few TeV, which annihilates or
decays into τ ’s or µ’s can fit the PAMELA [4] and Fermi
[5] data as well as the HESS high energy photon data [6].
The best fit parameters for the boost factor (B) and the
decay time (τ) which determine the overall normaliza-
tions, for the specific case involving muons from annihi-
lation (χχ → µ+µ−) or decay (χ → µ+µ−), respectively,
are given by [16]

B = 431mχ − 38.9

τ =

(

2.29 +
1.182

mχ

)

× 1026 sec

= Bτ × 1026 sec (2)

for mχ in TeV. The annihilation channel into tau pairs
is less favored by the data [16].
Some Kaluza-Klein models can provide a DM candi-

date which gives the correct relic density [30]. To ac-
count for the HESS results [6], the lightest Kaluza-Klein
particle (LKP) would have a mass of the order of a TeV
[14]. The LKP is also assumed to be neutral and non-
baryonic. In this model, the particle couplings are fixed
such that LKP pairs annihilate into quark pairs (35%),
charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].
The first DM candidate proposed in the context of su-

persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
In order to account for the observed anomalous

positron excess in the PAMELA data and positron plus

electron excess in the FERMI data, the lifetime of the
gravitino DM is constrained to be of the order of ∼ 1026

seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.

mψ3/2
(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)

10 1 0 0

85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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In leptophilic DM models [7, 16] explaining the

PAMELA positron excess, the DM annihilation or decay
must proceed dominantly to leptons in order to avoid
the overproduction of antiprotons. Moreover, according
to the FERMI data, the direct production of electrons
must be suppressed with respect to the production of
electrons (and positrons) as secondaries. It was shown
[16] that the leptophilic DM with mass (mχ) in the range
between 150 GeV and a few TeV, which annihilates or
decays into τ ’s or µ’s can fit the PAMELA [4] and Fermi
[5] data as well as the HESS high energy photon data [6].
The best fit parameters for the boost factor (B) and the
decay time (τ) which determine the overall normaliza-
tions, for the specific case involving muons from annihi-
lation (χχ → µ+µ−) or decay (χ → µ+µ−), respectively,
are given by [16]

B = 431mχ − 38.9

τ =

(

2.29 +
1.182

mχ

)

× 1026 sec

= Bτ × 1026 sec (2)

for mχ in TeV. The annihilation channel into tau pairs
is less favored by the data [16].
Some Kaluza-Klein models can provide a DM candi-

date which gives the correct relic density [30]. To ac-
count for the HESS results [6], the lightest Kaluza-Klein
particle (LKP) would have a mass of the order of a TeV
[14]. The LKP is also assumed to be neutral and non-
baryonic. In this model, the particle couplings are fixed
such that LKP pairs annihilate into quark pairs (35%),
charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].
The first DM candidate proposed in the context of su-

persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
In order to account for the observed anomalous

positron excess in the PAMELA data and positron plus

electron excess in the FERMI data, the lifetime of the
gravitino DM is constrained to be of the order of ∼ 1026

seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.

mψ3/2
(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)

10 1 0 0

85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
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FIG. 1: Muon neutrino (νµ) spectra in terms of x =
Eν/Eν,max from the three-body decay of gravitino (dot-dash-
dashed line), from the decay of τ (dashed line), Z boson (solid
line) and from one of the two-body decay channels of gravitino
(ψ → Zν) for which Breit-Wigner distribution is used. The
distributions should be multiplied by the branching fractions,
and oscillations should be taken into account for the flux of
neutrinos at Earth.

III. NEUTRINO FLUX

The neutrino flux at Earth can be evaluated using the
neutrino flux expressions given by Eqs. (A1) and (A2)
in Appendix A and the neutrino spectra given in Ap-
pendix B with taking the neutrino oscillation effects into
account. In Fig. 2, we show the muon neutrino flux
at Earth for three decay channels and two annihilation
channels.

In some DM models all three flavors of neutrinos can
be generated by DM annihilation or decay, implying the
flavor ratio at the production to be νe : νµ : ντ is 1:1:1.
This ratio remains unchanged with oscillation. This is
the case for the gravitino decay and Kaluza-Klein DM
annihilation. However, in case of the leptophilic DM
model, in which χ → µ+µ−, the initial neutrino flavor
ratio is 1 : 1 : 0 which becomes 1 : 0.5 : 0.5 as neutrinos
travel astrophysical distances. We take this oscillation ef-
fect into account when we evaluate muon neutrino fluxes
presented in Fig. 2 and when we evaluate muon event
rates below.

Fig. 2 shows that with the exception of the gravitino
decays, the distributions of neutrinos have very weak en-
ergy dependence. The two-body gravitino decay gives a
spiked feature at the kinematic limit in neutrino energy.
The relative normalizations of the DM curves comes from
different DM lifetimes or boost factors.
Also shown in Fig. 2 is the angle-averaged atmospheric
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FIG. 2: Muon neutrino (νµ) fluxes from the annihilation of the
Kaluza-Klein (dotted line), leptophilic (dashed line), and the
decay of leptophilic (dash-dot-dashed line), three-body decay
(dot-dashed line) and two-body decay (dot-dot-dashed line) of
gravitino DM particles. Neutrino oscillations have been taken
into account. The angle-averaged atmospheric muon neutrino
flux at the surface of the Earth is also presented (solid line).
The corresponding values of the parameters for each model
are shown as well.

muon neutrino flux at the surface of the Earth. It is char-
acterized by an approximate formula [31, 37], (in units
of GeV−1km−2yr−1sr−1)

(

dφν

dEνdΩ

)

ATM,avg

= N0Eν
−γ−1

(

a

bEν
ln(1 + bEν) +

+
c

eEν
ln(1 + eEν)

)

, (3)

where the parameters in the formula are listed in Ta-
ble III. These same parameters appear in the angle-
dependent atmospheric neutrino flux for zenith angle θ,

dφν

dEνdΩ
= N0Eν

−γ−1

×
(

a

1 + bEνcosθ
+

c

1 + eEνcosθ

)

. (4)

This formula does not account for the prompt neutrino
flux [38], however, for the energy range of interest, the
prompt atmospheric neutrino flux is negligible.

The angle-averaged atmospheric neutrino flux is a good
approximation. In Fig. 3, we show the angle-averaged
flux from Eq. (4) and the flux from Eq. (5) with θ = 60◦

and the integrated flux measured by the AMANDA-II
detector from Ref. [39]. The angle-averaged flux is a bit
larger than the flux at 60◦, so at least for θ less than 60◦,

x = Eν/Eν,max
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γ 1.74

a 0.018

b 0.024 GeV−1

c 0.0069

e 0.00139 GeV−1

N0
1.95 × 1017 for ν

1.35 × 1017 for ν.

TABLE I: Parameters for the atmospheric νµ + ν̄µ flux, in
units of GeV−1km−2yr−1sr−1.
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FIG. 1: Muon flux obtained from dark matter annihilation
into neutrinos in the core of the Earth, when muons are
created in neutrino interactions with nucleons in the rock
below the detector (dot-dashed and dot-dot-dashed curves),
when muons are created in the detector, i.e. contained events
(dashed and dot-dash-dashed curves). The upper curves are
for the direct production of neutrinos, while the lower curves
are for neutrinos from tau decays. The background from con-
tained atmospheric neutrinos, evaluated for a cone of angle
θ = 1◦ are shown with the dotted (black) curve and the up-
ward muon flux from atmospheric neutrinos is shown by the
solid (black) curve.

ture [10, 11, 21, 41]. There, the upward flux of muons is
written as

dφµ

dEµ
=

ΓA

4πR2
E

∫ mχ

Eµ

dEν

(

dNν

dEν

)

F,µ

Rµ(Eµ, Eth)

×
{

dσp
ν

dEµ
ρp + (p → n)

}

+ (ν → ν), (27)

where Eth = 50 GeV. This expression accounts for the
fact that muons have a range with an energy dependence,
however, it does not account for the fact that over the
distance R(Eµ, Eth), the muon has a final energy of Eth.
Eq. (27) does not represent the energy dependent muon
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FIG. 2: Upward muons flux obtained using Eq. (27) for
χχ → νµν̄µ (dashed curve) and for χχ → τ+τ−, followed
by τ → ντµν̄µ (dot-dashed curve), and the muon upward flux
for χχ → τ+τ− channel from Ref. [22] (solid curve). The up-
ward muon flux from Eq. (27) is inconsistent with the upward
flux shown in Fig. 1.

flux, however, the integral number of upward events with
Eµ > Eth obtained using Eq. (27) and the results using
Eq. (22) are approximately equal. In Fig. 2, we show
the upward muon fluxes from Eq. (27), for the direct
neutrino production (dashed curve) and from the τ de-
cay (dot-dashed curve). Comparing results from Figs. 1
and 2, we find that the upward muon flux of Eq. (27)
for χχ → νν̄ case follows more closely the contained
muon flux at high energies presented in Fig.1 (dashed
curve) than the upward flux, with an enhancement at
high Eµ because the muon range increases with muon
energy. Clearly, the upward muon flux in Fig. 2 (dashed
curve) does not accurately reflect the muon energy dis-
tribution of upward events from DM annihilation in the
Earth. Similarly, a comparison of upward muon flux for
χχ → τ+τ−, followed by τ → ντµν̄µ, obtained using
Eq. (27) has a very different shape than the same flux
obtained with Eq. (23). Comparable discrepancies are
found between upward fluxes from Eq. (27) and our eval-
uation of upward events for DM annihilation in the Sun
as well.

We also show with the solid line in Fig. 2 the re-
sults for upward muon flux from the χχ → τ+τ− from
Ref. [22]. In Ref. [22], the flux of muons comes from
a PYTHIA simulation of the resultant muon neutrino
flux and a simulation of muon electromagnetic energy
loss. A dark matter distribution has been assumed in the
Earth’s core and contribution from dark matter annihi-
lation around the center of the core with specific angular
cuts (θ ≤ 5◦) have been applied, so the normalization
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should be lower. The energy distribution has qualita-
tively the same behavior as our results, however, it does
not vanish at the kinematic limit when Eµ = mχ.

B. DM annihilation in the Sun

Similar conclusions can be derived in the case of cap-
ture of WIMPs in the core of the Sun. As noted ear-
lier, there is attenuation of the initial neutrino flux as
it propagates from the core to the exterior of the Sun.
The interaction length of the neutrinos with energy ∼ 30
GeV becomes equal to the column depth of the Sun (the
average density of the core of the Sun is ∼ 150 g/cm3).
At higher energies, the interaction length becomes even
smaller and the neutrino flux is reduced significantly. We
do not include neutrino oscillation in the Sun [10], which
depending on the dark matter model, might affect the
flux of νµ + ν̄µ.

In Fig. 3, we show the upward muon and the con-
tained muon fluxes for the direct production and for the
τ production channels. In our calculations, we approxi-
mate neutrino attenuation in the Sun with an exponen-
tial suppression as presented in the previous section. We
note that this effect becomes stronger for higher neutrino
energies which manifests itself when mχ is large. Recall
that the charged current neutrino nucleon cross section
increases with the neutrino energy. As an example, the
muon flux decreases by a factor of 3 for mχ = 250 GeV,
factor of 10 for mχ = 500 GeV and two orders of magni-
tude for mχ = 1 TeV, as compared to the case with no
attenuation.

We compare our results for muon flux with those in
Ref. [22], where there is assumption of dark matter dis-
tribution in the core of the Sun and contribution from
dark matter annihilation around the center of the core
with specific angular cuts have been applied. Effects due
to neutrino flavor oscillations in the Sun have not been
incorporated. The shape of the energy distribution is
similar to our result, but with lower normalization and
with a lack of the kinematic cutoff when Eµ = mχ.

As in the case of the Earth, the upward muon flux from
χχ → νν̄ is larger than the contained flux for muon en-
ergies, Eµ < 380 GeV, while in the case when neutrinos
are produced via χχ → τ+τ−, followed by τ → ντµν̄µ,
the contained muon flux is always larger than the up-
ward flux. We also show the angle-averaged atmospheric
flux for a cone of half-angle 1◦. For direct annihilation
into neutrinos for the model in which the branching frac-
tion is of the order of one, the signal is larger than the
atmospheric background for both contained and upward
muons. For the tau channel, signal is comparable to the
background for upward muons when muons have energy
around 200 GeV, however taking into account the effects
of kinematics on the angular pointing of the muons at
low energy may make this less apparent.
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FIG. 3: Muon fluxes obtained from dark matter annihilation
into neutrinos in the core of the Sun, for upward events (dot-
dashed and dot-dot-dashed curves), and for contained events
(dashed and dot-dash-dashed curves). The upper curves are
for the direct production of neutrinos, while the lower curves
are for neutrinos from tau decays. Background upward muons
are shown with the solid (black) curve and the contained
muons are shown with the dotted (black) curve, where the
evaluation used the angle-averaged atmospheric neutrino flux
integrated over a solid angle with θ = 1◦. The grey solid curve
is from Edsjö’s parameterization of the muon flux [22].

C. Muons in IceCube

With the upward muon fluxes evaluated above from
annihilation of DM in the Earth and the Sun, it is possi-
ble to estimate the event rate of muons in IceCube using
the muon effective area [43]. Following Ref. [43], we
parameterized

Aeff (Eµ, θ) # 2πA0(Eµ)(0.92 − 0.45 cos θ) (28)

where θ is the zenith angle measured from vertical and

Eµ ≤ 101.6 GeV :

A0(Eµ) = 0

101.6 GeV ≤ Eµ ≤ 102.8 GeV :

A0(Eµ) = 0.748(log10(Eµ/GeV) − 1.6) km

102.8 GeV ≤ Eµ :

A0(Eµ) = 0.9 + 0.54(log10(Eµ/GeV) − 2.8) km .

This effective muon area models the threshold detection
effects near Eµ ∼ 50 GeV and local rock and ice below
the IceCube detector [43].

To facilitate comparisons with other muon energy dis-
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tributions which appear in the literature, we evaluate

dNµ

dEµ
=

dφµ

dEµ
· 〈Aeff (Eµ, θ)〉 (29)

for DM annihilation to neutrinos in the Earth and Sun
which convert to muons outside the detector. Here,
〈Aeff 〉 is the angle averaged effective area, averaged over
zenith angles θ = π/2 − π. Fig. 4 shows our results
for the upward muon flux times effective area with the
solid and dot-dashed lines (solid for the Earth), and by
comparison, the results for the contained muon flux mul-
tiplied by 1 km2 (dotted and dashed lines, dotted for
the Earth). The energy dependence of the effective area
changes the shapes of the curves for upward muons at
low energies, but it does not change the large discrepan-
cies between our upward muon rates compared with Eq.
(27) at energies closer to Eµ ∼ mχ.
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FIG. 4: The upward muon flux times muon effective area
obtained from dark matter annihilation to neutrinos in the
core of the Earth (solid line) and Sun (dot-dashed line). For
comparison, we also show the contained muon flux times 1
km2 for the Earth (dotted) and for the Sun (dashed).

D. Cosmic Diffuse Neutrino Flux

In addition to the astrophysical object such as the Sun
and the Earth being potential sources of dark matter,
relic dark matter can also annihilate in halos in the uni-
verse [42], providing a promising source of cosmic diffuse
neutrinos from dark matter annihilation.

To determine this flux one needs to sum over all ha-
los to yield a flux of neutrinos. This diffuse neutrino flux
depends on several factors such as the evolution with red-
shift, the radial density profiles and the number density

of halos of a given mass at a given redshift [42, 50, 51].
In Ref. [42], dark matter annihilation process, χχ → νν,
is proposed to be used to determine an upper limit on
the annihilation cross section.

The cosmic diffuse neutrinos for the χχ → νν channel
from Ref. [42] is approximately a power law function of
Eν , i.e.
(

dφν

dEν dΩ

)

νµ+νµ

& A
(Eν/GeV)0.5

(mχ/GeV)3.5
Eν ≤ mχ . (30)

In Ref. [42], the normalization A is determined by set-
ting the number of neutrinos from the diffuse flux (here
approximated by Eq. (30)) equal to the number of at-
mospheric neutrinos from the same energy interval, from
10−0.5mχ to mχ, i.e.

∫ mχ

mχ
√

10

dEνA
(Eν/GeV)0.5

(mχ/GeV)3.5
=

∫ mχ

mχ
√

10

dEν

(

dφν

dEνdΩ

)

av

(31)

where
(

dφν

dEνdΩ

)

av
is the angle-averaged atmospheric flux

given by Eq. (26). We consider here a case when mχ = 1
TeV.

In Fig. 5, we show upward and contained muon fluxes
from cosmic diffuse neutrinos, integrating over the full
2π solid angle. For Eµ > 400 GeV, the contained flux
dominates the upward flux, an artifact of the triangular
shape of the neutrino flux. For comparison we also show
the contained and upward fluxes for the atmospheric neu-
trino background. The falling energy spectrum of the at-
mospheric neutrinos results in the upward flux of muons
from atmospheric neutrinos dominating the contained
muon flux for Eµ > 400 GeV for mχ = 1 TeV.

The direct production of neutrinos χχ → νν̄ is the
most favorable channel in terms of neutrino detection for
the diffuse DM limits since the muon flux stands out more
from the background than the muons from a χ → τ → νµ

cascade (or similar production and decay process). In ad-
dition, the χχ → νν̄ channel has no other astrophysical
observable. Nevertheless, the muon flux is not as dra-
matic a peak in the falling neutrino induced atmospheric
muon flux as the direct comparison of the neutrino fluxes
is. A more comprehensive analysis of a diffuse DM an-
nihilation signal could include both the νν̄ and cascade
channels as possibilities, and focus on the muon signals
rather than the neutrino signals.

V. CONCLUSIONS

We have calculated muon fluxes from dark matter an-
nihilation, when dark matter is trapped in the the Sun’s
(Earth’s) core and when dark matter annihilates in ha-
los in the universe (cosmic diffuse flux). Without us-
ing a specific model for dark matter, we have considered
χχ → νν̄ and χχ → τ+τ−, followed by τ → ντµν̄µ chan-
nels as representatives of direct and of the secondary neu-
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cross section times velocity 〈σv〉 or a decay time τ spe-
cific to the model is required. Characteristically for an-
nihilation, the required 〈σv〉 is larger [16, 19, 22, 25, 26]
than the value required for a thermal relic abundance
[34]: 〈σv〉0 = 3 × 10−26 cm3s−1. Following the current
convention, we write

〈σv〉 = B 〈σv〉0 , (1)

with a boost factor B. There are theoretical evaluations
of the boost factor [35], however, we treat the boost fac-
tor as a phenomenological parameter in this paper. To
explain the lepton excesses, some models have constraints
on the boost factor as a function of DM mass [16].

In leptophilic DM models [7, 16] explaining the
PAMELA positron excess, the DM annihilation or decay
must proceed dominantly to leptons in order to avoid
the overproduction of antiprotons. Moreover, according
to the FERMI data, the direct production of electrons
must be suppressed with respect to the production of
electrons (and positrons) as secondaries. It was shown
[16] that the leptophilic DM with mass (mχ) in the range
between 150 GeV and a few TeV, which annihilates or
decays into τ ’s or µ’s can fit the PAMELA [4] and Fermi
[5] data as well as the HESS high energy photon data [6].
The best fit parameters for the boost factor (B) and the
decay time (τ) which determine the overall normaliza-
tions, for the specific case involving muons from annihi-
lation (χχ → µ+µ−) or decay (χ → µ+µ−), respectively,
are given by [16]

B = 431mχ − 38.9

τ =

(

2.29 +
1.182

mχ

)

× 1026 sec

= Bτ × 1026 sec (2)

for mχ in TeV. The annihilation channel into tau pairs
is less favored by the data [16].
Some Kaluza-Klein models can provide a DM candi-

date which gives the correct relic density [30]. To ac-
count for the HESS results [6], the lightest Kaluza-Klein
particle (LKP) would have a mass of the order of a TeV
[14]. The LKP is also assumed to be neutral and non-
baryonic. In this model, the particle couplings are fixed
such that LKP pairs annihilate into quark pairs (35%),
charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].

The first DM candidate proposed in the context of su-
persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.

In order to account for the observed anomalous
positron excess in the PAMELA data and positron plus

electron excess in the FERMI data, the lifetime of the
gravitino DM is constrained to be of the order of ∼ 1026

seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.

mψ3/2
(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)

10 1 0 0

85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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)

× 1026 sec

= Bτ × 1026 sec (2)

for mχ in TeV. The annihilation channel into tau pairs
is less favored by the data [16].
Some Kaluza-Klein models can provide a DM candi-

date which gives the correct relic density [30]. To ac-
count for the HESS results [6], the lightest Kaluza-Klein
particle (LKP) would have a mass of the order of a TeV
[14]. The LKP is also assumed to be neutral and non-
baryonic. In this model, the particle couplings are fixed
such that LKP pairs annihilate into quark pairs (35%),
charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].
The first DM candidate proposed in the context of su-

persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
In order to account for the observed anomalous

positron excess in the PAMELA data and positron plus

electron excess in the FERMI data, the lifetime of the
gravitino DM is constrained to be of the order of ∼ 1026

seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.

mψ3/2
(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)

10 1 0 0

85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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must be suppressed with respect to the production of
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The first DM candidate proposed in the context of su-
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the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
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GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
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tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
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curves in the figure are normalized to count the number
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the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
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seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
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Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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tor as a phenomenological parameter in this paper. To
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to the FERMI data, the direct production of electrons
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electrons (and positrons) as secondaries. It was shown
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count for the HESS results [6], the lightest Kaluza-Klein
particle (LKP) would have a mass of the order of a TeV
[14]. The LKP is also assumed to be neutral and non-
baryonic. In this model, the particle couplings are fixed
such that LKP pairs annihilate into quark pairs (35%),
charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].
The first DM candidate proposed in the context of su-

persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
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seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
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For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
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tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
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of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
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cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
In order to account for the observed anomalous

positron excess in the PAMELA data and positron plus

electron excess in the FERMI data, the lifetime of the
gravitino DM is constrained to be of the order of ∼ 1026

seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.
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85 0.66 0.34 0
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TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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count for the HESS results [6], the lightest Kaluza-Klein
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(1.5%) and higgs bosons (0.5%) [14, 30].
The first DM candidate proposed in the context of su-

persymmetry is the gravitino (ψ3/2) which would be the
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the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
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ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
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of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
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of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
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curves in the figure are normalized to count the number
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spectra in the figure should be multiplied by the branch-
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ered [17]. We use the parameters of this model to explore
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For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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persymmetry is the gravitino (ψ3/2) which would be the
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the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
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seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
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Table I.

mψ3/2
(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)

10 1 0 0

85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
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tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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FIG. 1: Muon neutrino (νµ) spectra in terms of x =
Eν/Eν,max from the three-body decay of gravitino (dot-dash-
dashed line), from the decay of τ (dashed line), Z boson (solid
line) and from one of the two-body decay channels of gravitino
(ψ → Zν) for which Breit-Wigner distribution is used. The
distributions should be multiplied by the branching fractions,
and oscillations should be taken into account for the flux of
neutrinos at Earth.

III. NEUTRINO FLUX

The neutrino flux at Earth can be evaluated using the
neutrino flux expressions given by Eqs. (A1) and (A2)
in Appendix A and the neutrino spectra given in Ap-
pendix B with taking the neutrino oscillation effects into
account. In Fig. 2, we show the muon neutrino flux
at Earth for three decay channels and two annihilation
channels.
In some DM models all three flavors of neutrinos can

be generated by DM annihilation or decay, implying the
flavor ratio at the production to be νe : νµ : ντ is 1:1:1.
This ratio remains unchanged with oscillation. This is
the case for the gravitino decay and Kaluza-Klein DM
annihilation. However, in case of the leptophilic DM
model, in which χ → µ+µ−, the initial neutrino flavor
ratio is 1 : 1 : 0 which becomes 1 : 0.5 : 0.5 as neutrinos
travel astrophysical distances. We take this oscillation ef-
fect into account when we evaluate muon neutrino fluxes
presented in Fig. 2 and when we evaluate muon event
rates below.
Fig. 2 shows that with the exception of the gravitino

decays, the distributions of neutrinos have very weak en-
ergy dependence. The two-body gravitino decay gives a
spiked feature at the kinematic limit in neutrino energy.
The relative normalizations of the DM curves comes from
different DM lifetimes or boost factors.
Also shown in Fig. 2 is the angle-averaged atmospheric
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FIG. 2: Muon neutrino (νµ) fluxes from the annihilation of the
Kaluza-Klein (dotted line), leptophilic (dashed line), and the
decay of leptophilic (dash-dot-dashed line), three-body decay
(dot-dashed line) and two-body decay (dot-dot-dashed line) of
gravitino DM particles. Neutrino oscillations have been taken
into account. The angle-averaged atmospheric muon neutrino
flux at the surface of the Earth is also presented (solid line).
The corresponding values of the parameters for each model
are shown as well.

muon neutrino flux at the surface of the Earth. It is char-
acterized by an approximate formula [31, 37], (in units
of GeV−1km−2yr−1sr−1)

(

dφν

dEνdΩ

)

ATM,avg

= N0Eν
−γ−1

(

a

bEν
ln(1 + bEν) +

+
c

eEν
ln(1 + eEν)

)

, (3)

where the parameters in the formula are listed in Ta-
ble III. These same parameters appear in the angle-
dependent atmospheric neutrino flux for zenith angle θ,

dφν

dEνdΩ
= N0Eν

−γ−1

×
(

a

1 + bEνcosθ
+

c

1 + eEνcosθ

)

. (4)

This formula does not account for the prompt neutrino
flux [38], however, for the energy range of interest, the
prompt atmospheric neutrino flux is negligible.
The angle-averaged atmospheric neutrino flux is a good

approximation. In Fig. 3, we show the angle-averaged
flux from Eq. (4) and the flux from Eq. (5) with θ = 60◦

and the integrated flux measured by the AMANDA-II
detector from Ref. [39]. The angle-averaged flux is a bit
larger than the flux at 60◦, so at least for θ less than 60◦,
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cross section times velocity 〈σv〉 or a decay time τ spe-
cific to the model is required. Characteristically for an-
nihilation, the required 〈σv〉 is larger [16, 19, 22, 25, 26]
than the value required for a thermal relic abundance
[34]: 〈σv〉0 = 3 × 10−26 cm3s−1. Following the current
convention, we write

〈σv〉 = B 〈σv〉0 , (1)

with a boost factor B. There are theoretical evaluations
of the boost factor [35], however, we treat the boost fac-
tor as a phenomenological parameter in this paper. To
explain the lepton excesses, some models have constraints
on the boost factor as a function of DM mass [16].
In leptophilic DM models [7, 16] explaining the

PAMELA positron excess, the DM annihilation or decay
must proceed dominantly to leptons in order to avoid
the overproduction of antiprotons. Moreover, according
to the FERMI data, the direct production of electrons
must be suppressed with respect to the production of
electrons (and positrons) as secondaries. It was shown
[16] that the leptophilic DM with mass (mχ) in the range
between 150 GeV and a few TeV, which annihilates or
decays into τ ’s or µ’s can fit the PAMELA [4] and Fermi
[5] data as well as the HESS high energy photon data [6].
The best fit parameters for the boost factor (B) and the
decay time (τ) which determine the overall normaliza-
tions, for the specific case involving muons from annihi-
lation (χχ → µ+µ−) or decay (χ → µ+µ−), respectively,
are given by [16]

B = 431mχ − 38.9

τ =

(

2.29 +
1.182

mχ

)

× 1026 sec

= Bτ × 1026 sec (2)

for mχ in TeV. The annihilation channel into tau pairs
is less favored by the data [16].
Some Kaluza-Klein models can provide a DM candi-

date which gives the correct relic density [30]. To ac-
count for the HESS results [6], the lightest Kaluza-Klein
particle (LKP) would have a mass of the order of a TeV
[14]. The LKP is also assumed to be neutral and non-
baryonic. In this model, the particle couplings are fixed
such that LKP pairs annihilate into quark pairs (35%),
charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].
The first DM candidate proposed in the context of su-

persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
In order to account for the observed anomalous

positron excess in the PAMELA data and positron plus

electron excess in the FERMI data, the lifetime of the
gravitino DM is constrained to be of the order of ∼ 1026

seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.

mψ3/2
(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)

10 1 0 0

85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].
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persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
In order to account for the observed anomalous
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seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.
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(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)
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masses [15].

Particle/mode mass Bτ or B
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TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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explain the lepton excesses, some models have constraints
on the boost factor as a function of DM mass [16].
In leptophilic DM models [7, 16] explaining the

PAMELA positron excess, the DM annihilation or decay
must proceed dominantly to leptons in order to avoid
the overproduction of antiprotons. Moreover, according
to the FERMI data, the direct production of electrons
must be suppressed with respect to the production of
electrons (and positrons) as secondaries. It was shown
[16] that the leptophilic DM with mass (mχ) in the range
between 150 GeV and a few TeV, which annihilates or
decays into τ ’s or µ’s can fit the PAMELA [4] and Fermi
[5] data as well as the HESS high energy photon data [6].
The best fit parameters for the boost factor (B) and the
decay time (τ) which determine the overall normaliza-
tions, for the specific case involving muons from annihi-
lation (χχ → µ+µ−) or decay (χ → µ+µ−), respectively,
are given by [16]

B = 431mχ − 38.9

τ =

(

2.29 +
1.182

mχ

)

× 1026 sec

= Bτ × 1026 sec (2)

for mχ in TeV. The annihilation channel into tau pairs
is less favored by the data [16].
Some Kaluza-Klein models can provide a DM candi-

date which gives the correct relic density [30]. To ac-
count for the HESS results [6], the lightest Kaluza-Klein
particle (LKP) would have a mass of the order of a TeV
[14]. The LKP is also assumed to be neutral and non-
baryonic. In this model, the particle couplings are fixed
such that LKP pairs annihilate into quark pairs (35%),
charged lepton pairs (59%), neutrinos (4%), gauge bosons
(1.5%) and higgs bosons (0.5%) [14, 30].
The first DM candidate proposed in the context of su-

persymmetry is the gravitino (ψ3/2) which would be the
lightest supersymmetric particle (LSP). The gravitino is
the superpartner of the graviton. With the existence of
small R-parity breaking to allow the LSP to decay, the
gravitino decays into standard model particles. The de-
cay rate of the gravitino in this scenario is so small that
it can have a sufficiently long lifetime for the correct DM
relic density today.
In order to account for the observed anomalous

positron excess in the PAMELA data and positron plus

electron excess in the FERMI data, the lifetime of the
gravitino DM is constrained to be of the order of ∼ 1026

seconds and its mass to be in the range between few 100
GeV and few TeV [17]. To explain the data, the three-
body gravitino decay mode (ψ3/2 → l+l−ν) was consid-
ered [17]. We use the parameters of this model to explore
neutrino signals from gravitino decay. For illustration, in
addition to three-body decay, we also consider the two-
body gravitino decay modes (ψ3/2 → (W∓l±, Zν, γν))
assuming the same lifetime and mass as for the three-
body decay, and with the branching fractions given in
Table I.

mψ3/2
(GeV) BF (ψ3/2 → γν) BF (ψ3/2 → Wl) BF (ψ3/2 → Zν)

10 1 0 0

85 0.66 0.34 0

100 0.16 0.76 0.08

150 0.05 0.71 0.24

200 0.03 0.69 0.28

400 0.03 0.68 0.29

TABLE I: Branching fractions for the two-body gravitino
decay into different R-parity violating channels for different
masses [15].

Particle/mode mass Bτ or B

ψ3/2 → l+l−ν 400 GeV Bτ=2.3

ψ3/2 → (Wl,Zν, γν) 400 GeV Bτ=2.3

χ → µ+µ− 2 TeV Bτ=2.9

B(1)B(1) → (qq̄, l+l−,W+W−, ZZ, νν̄) 800 GeV B = 200

χχ → µ+µ− 1 TeV B = 400

TABLE II: Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this
paper.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay dis-
tribution of the produced particles to neutrinos in case
of DM annihilation, or the gravitino decay distribution
to neutrinos, enters into the calculation of the neutrino
fluxes that arrive at Earth. For annihilation directly to
neutrinos, the energy distribution of each neutrino is a
delta function in energy, with the energy equal to the DM
mass. This case has been well studied in the literature
[21, 31, 32, 36]. Here, we look at the secondary neu-
trinos. Fig. 1 shows neutrino spectra, plotted in terms
of x ≡ Eν/Eν,max where Eν,max = mχ for annihilating
DM and Eν,max = mχ/2 for decaying DM models. The
curves in the figure are normalized to count the number
of neutrinos, and in the case of the Zν final state, the
fraction of Z decays to neutrinos. The muon neutrino
spectra in the figure should be multiplied by the branch-
ing fraction for a specific decay channel in a given model.
Analytic expressions for the neutrino spectra are given
in Appendix B.
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γ 1.74

a 0.018

b 0.024 GeV−1

c 0.0069

e 0.00139 GeV−1

N0
1.95× 1017 for ν

1.35× 1017 for ν.

TABLE III: Parameters for the atmospheric νµ and ν̄µ fluxes
given by Eqs. (3) and (4), in units of GeV−1km−2yr−1sr−1

[37].

using the angle-averaged atmospheric flux gives a small
overestimate of the atmospheric background.
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FIG. 3: Angle-averaged atmospheric muon neutrino (νµ+νµ)
flux (solid line) and the atmospheric flux for fixed θ = 60◦

(dashed line) compared with the angle-averaged (νµ+νµ) flux
from AMANDA-II muon neutrino flux measurements [39].

IV. NEUTRINO SIGNALS

For each DM candidate and model, there are several
signals to pursue in underground detectors. One possibil-
ity is to measure or constrain the rate of muons produced
by muon neutrinos, over and above the expected atmo-
spheric background rate. High energy muons point es-
sentially in the same direction as the incident neutrino,
and the angular resolution of high energy muon tracks
is quite good. With good enough energy and angular
resolution, and a large enough target volume, one looks
for neutrinos coming directly from DM annihilation in
the Galactic center, however, the target volume may be
a limitation for constraining model parameters includ-

ing the boost factor. A comparison of the upward-going
muon rate, where the target volume is enhanced by the
muon range at high energies, and the contained rate of
muon production by neutrinos in the detector, is a useful
exercise.

For the IceCube/DeepCore detector, the Galactic cen-
ter is above the horizon, so the upward muon rate of DM
produced neutrinos is from the Galactic halo in a direc-
tion pointing away from the Galactic center. We consider
this possibility as well.

Showers, either electromagnetic or hadronic, are pro-
duced by neutrinos. We look at the optimization for these
as well as a function of cone half angle, but we note that
the current capabilities for shower angular resolution are
somewhat limited, on the order of 50◦ [40, 41].

A. Muons

The neutrinos coming from the Galactic center and
Galactic halo can produce muons through charged cur-
rent interactions in the detector (contained muons). The
flux is given by

dφµ

dEµ
=

∫ Emax

Eµ

dEν

(

dφν

dEν

)

NAρ

2
×

×
(

dσp
ν(Eν , Eµ)

dEµ
+ (p → n)

)

+ (ν → ν̄). (5)

where NA = 6.022 × 1023 is Avogadro’s number, ρ is
the density of the medium, Emax = mχ for annihilation
and Emax = mχ/2 for decay. The differential cross sec-
tions dσp,n

ν /dEµ are the weak scattering charged-current
cross sections for neutrino and antineutrino scattering
with protons and neutrons [42].

We evaluate the muon flux from neutrino charged-
current interactions in the detector, when neutrinos are
produced in DM annihilation or DM decay. In Fig. 4
we show muon fluxes for the case when the DM parti-
cle is a gravitino, a Kaluza-Klein particle and for a lep-
tophilic model in which DM annihilation or decay pro-
duces µ+µ−, for the model parameters listed in Table II.
We take the cone half angle around the Galactic center
to be θmax = 1◦.

In case of the gravitino DM decay and for Kaluza-Klein
DM annihilation, there are discontinuities in the slopes
at the highest muon energies coming from the superpo-
sition of the direct neutrino production (dot-dot-dashed
line for DM decay and dotted line for the Kaluza-Klein
annihilation). The direct neutrino production, χχ → νν̄
is the “golden channel” for DM detection because in this
case the muon flux is increasing with energy, and it peaks
at Eµ = mχ [32].

As noted in Sec. II, the parameters used for DM
masses, boost factors and lifetimes are characteristic of
those that were shown to describe PAMELA, Fermi/LAT
and HESS data [14, 16, 17]. Changing the value of the
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FIG. 4: Muon flux for the contained events for gravitino decay
(dot-dashed and dot-dot-dashed lines), Kaluza-Klein annihi-
lation (dotted line), leptophilic model (dashed line for anni-
hilation and dash-dash-dotted line for decay) compared with
the atmospheric background (solid line), for the case when
θmax = 1◦. Model parameters are given in Table II.

boost factor or the lifetime affects only the overall nor-
malization of the muon flux. We find that for this choice
of the parameters, DM signals in leptophilic model ex-
ceed the atmospheric background for Eµ > 175 GeV,
while for the Kaluza-Klein DM model the signal is above
the background for Eµ > 275 GeV. In both cases, the
signal cuts off when Eµ = mχ.
We consider the effect on the muon flux shape when

we change the parameters, for example for the leptophilic
model. In Fig. 5 we show the contained muon flux from
DM annihilation and decay in a leptophilic model for
different values of the parameters B, τ andmχ, which are
constrained to satisfy Eq. (2) to describe the data [16].
The decays (lower thin lines) have lower fluxes than the
annihilations (upper thick lines), even though the shapes
are similar. For leptophilic models, one cannot enhance
the signal rate by increasing B or decreasing τ with mχ

fixed if the Fermi and PAMELA data are explained by
the model.
Contained muons, produced by neutrino interactions

in the detector, make up one set of muon signals. Muons
can also be produced in neutrino interaction in the rock
below the detector. Muons produced with energy Ei

µ,
interact with the medium and finally reach the detector
with energy Eµ. The effective volume of the detector is
enhanced by the muon range at high energies. We denote
these events as upward muon events.
The muon range in the rock, Rµ(Ei

µ, Eµ), depends on
the initial muon energy Ei

µ, the final energy Eµ and
the parameters α and β which characterize muon en-
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FIG. 5: Contained muon flux from the annihilation, χχ →
µ+µ− (thick lines) and the decay, χ → µ+µ− (thin lines)
processes. The relation between the boost factor and mχ,
and between the lifetime and mχ are given by Eq. (2). We
take θmax = 1◦.

ergy loss. Numerically, α ! 2 × 10−3 GeVcm2/g ac-
counts for the ionization energy loss and β ! 3.0× 10−6

cm2/g for the bremsstrahlung, pair production and pho-
tonuclear interactions. The range is then approximated
by Rµ(Ei

µ, Eµ) = ln
[

(Ei
µ + α/β)/(Eµ + α/β)

]

/βρ. For
muon transit through the rock, the muon range is 1 km
for Ei

µ ! 1 TeV.
Taking into account the energy losses, the final muon

flux at the position of the detector can be written as [31],

dφµ

dEµ
=

∫ Rµ(E
i
µ,Eµ)

0
eβρzdz

∫ Emax

Ei
µ

dEν

(

dφν

dEν

)

× Psurv(E
i
µ, Eµ)

NAρ

2

(

dσp
ν(Eν , Eµ)

dEµ
+ (p → n)

)

+

+ (ν → ν̄), (6)

where Psurv(Ei
µ, Eµ) is the survival probability for a

muon with initial energy Ei
µ to reach final energy Eµ.

A detailed derivation of Eq. (6) can be found in Ref.
[31]. To first approximation, Psurv ! 1 since at high
energies, the muon has a long decay length. The muon
energy at the production point is related to the muon
energy a distance z from that point by

Ei
µ(z) ! eβρzEµ + (eβρz − 1)

α

β
. (7)

We show in Fig. 6, the upward muon flux for a generic
northern hemisphere detector, looking down through the
Earth with a cone half angle of θmax = 1◦ around the
Galactic center. The muon fluxes are smoothed rela-
tive to Fig. 4 as a consequence of the energy loss. For
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FIG. 6: Upward muon flux for the annihilating and decaying
DM models from Table II. We take θmax = 1◦.

DM particles with masses of order 1 TeV, the upward
muon flux is larger at low energies than for the contained
muons because the muon range is larger than 1 km, effec-
tively enhancing the volume of the kilometer-size detec-
tor. When mχ = 400 GeV, the energies of the produced
muons are such that the muon range is less than 1 km,
which is the size of the detector for which the contained
muon flux was calculated. If the depth of the detector is
500 m, the contained and upward muon fluxes for the DM
mass of 400 GeV would be approximately equal at low
energies, although the contained muon flux would have
a little harder spectrum. This is direct consequence of
muon range dependence on the DM mass. For example,
muon with initial energy of 400 GeV (1 TeV) has a range
of 500m (1 km).

The contained muon event rate, N ct
µ (mχ), is obtained

by integrating muon flux folded with the effective volume
of the detector, Veff , i.e.

N ct
µ (mχ) =

∫ Emax

Eth
µ

dφct
µ

dEµ
Veff(Eµ)dEµ (8)

where dφct
µ /dEµ is given in Eq. (5) and Eth

µ is the muon
detector threshold, typically 10-100 GeV for deep ice
or water detectors [28]. In our calculations, we choose
Eth

µ = 50 GeV. We also consider an energy independent
IceCube/DeepCore effective volume, Veff = 0.04 km3, for
the contained muon events [27, 40].

Similarly, the upward muon event rate, is obtained by

Nup
µ (mχ) =

∫ Emax

Eth
µ

dφup
µ

dEµ
Aeff(Eµ)dEµ (9)

where dφup
µ /dEµ is given by Eq. (6), Aeff is the angle-

averaged muon effective area for which we assume Aeff =

1 km2.
The event rates for contained and upward muons for

a cone half angle of θmax = 1◦ are shown in Table IV
for the DM models shown in Figs. 4 and 6 and listed in
Table II. We also obtain the number of years required for
the rate of signal events s and background events b to
satisfy the condition

s√
s+ b

≥ 2 . (10)

From Table IV we note that for the parameters that we
considered, only the Kaluza-Klein DM and leptophilic
annihilation models have a reasonable chance of detection
for θmax = 1◦.

Aeff = 1km2 Veff = 0.04 km3

Nup
µ t (yr) Nct

µ t (yr)

ψ3/2 →l+l−ν 0.12 7811 0.0224 1.8×104

ψ3/2 → (Wl,Zν,γν) 0.1 1.1×104 0.0156 3.8×104

χ → µ+µ− 0.6 317 0.027 1.2×104

B(1)B(1) → (qq̄, l+l−, νν̄, ...) 16 0.7 0.72 23

χχ → µ+µ− 46 0.14 2.1 4

ATM 28 2.28

TABLE IV: Event rates per year and the time required to
reach 2σ detection significance for the upward and the con-
tained muons (µ) for a cone half angle of θmax = 1◦. Results
for different DM models are obtained by taking Aeff = 1km2

and Veff = 0.04 km3 for the upward and contained muon
events, respectively.

The model parameters such as DM masses, annihila-
tion cross sections and decay times that we consider are
introduced to explain some indirect DM searches as ex-
plained in the previous section. However, it is also pos-
sible that the signals that have been observed [4–6] in
these searches have no DM origin. Then, mχ and B or
τ can be varied independently. In terms of the neutrino
signals, the dependence of the signals on the annihilation
cross sections or on the decay times is trivial since these
parameters affect only the overall normalization. The
dependence on DM mass is not that straightforward.

In order to see the dependence of the signals on DM
mass, we set the values of the boost factor and the decay
times to those in Table II and calculate the event rates
as a function of DM mass for each model. We present
our results for the contained muon event rates in Fig. 7
and for the upward muons in Fig. 8. The solid line in
each figure corresponds to the muon background due to
the atmospheric neutrinos.

From Fig. 7 we note that the contained muon events
rates for annihilating DM models decrease with mχ. On
the other hand the event rates for the decaying DM mod-
els increase slowly with mχ, for mχ < 1 TeV and for
mχ > 1 TeV, they become almost independent of mχ.
The mχ dependence of the contained muon event rates is
mainly due to the m−2

χ (m−1
χ ) dependence in the neu-

trino flux for DM annihilation (DM decay) combined
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FIG. 7: Contained muon rates as a function of DM mass for
the models presented in Table II. We take the muon detector
threshold to be Eth

µ = 50 GeV and the cone half angle to be
θmax = 1◦.
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FIG. 8: Upward muon rates as a function of DM mass for the
DM models presented in Table II. We take the muon detector
threshold to be Eth

µ = 50 GeV and the cone half angle to be
θmax = 1◦.

with the upper limit of integration dependence on mχ.
For DM masses in the range Eth

µ < mχ < 400 GeV,
where Eth

µ = 50 GeV, the integration region is sensitive

to the value of the DM mass, while for mχ ! Eth
µ there

is only weak dependence on mχ. These combined effects
are responsible for the observed mχ dependence of the

contained muon event rates presented in Fig. 7.

Themχ dependence of the upward muon rates is shown
in Fig. 8. We find that the event rates for decaying DM
models increase with mχ while for annihilating DM mod-
els there is almost no mχ dependence for a wide range of
DM masses. In contrast to the contained muon rates, for
upward muons there is additional mχ that is present in
the muon range. As we increase the value of DM mass,
the effective volume which depends on the muon range
in rock becomes larger.

The upward muon rates for a decaying DM particle
have steeper increase with increasing DM mass than for
contained muon rates, because of the energy dependent
effective volume which increases with mχ, when com-
pared to the case for the contained muon events.

In Fig. 9, we present results for DM annihilation cross
section required for a given DM mass in order to reach 2σ
detection significance in five years of observation within
θmax = 1◦ for Kaluza-Klein (solid lines) and annihilating
leptophilic (dashed lines) models. From Fig. 7 we note
that the contained muon event rates decrease withmχ for
a fixed annihilation cross section (i.e. fixed boost factor).
Therefore, in order to have the same detection signifi-
cance for each DM mass, DM annihilation cross section
needs to increase with mχ as shown in Fig. 9. However,
for the upward muons, the event rates increase with mχ

for mχ < 1 TeV and exhibit a slight decrease for higher
DM masses for a fixed annihilation cross section. Thus,
in order to have the same significance independent of the
DM mass for the upward muon events the DM annihila-
tion cross section has to decrease with mχ for mχ < 1
TeV and increase for mχ > 1 TeV as seen in Fig. 9. If
there is no signal detected at 2σ level in five years, the
parameter space above each curve is excluded at that sig-
nificance level. Our results also indicate that the upward
muons are more promising than the contained muons in
constraining the model parameters. Increasing the ob-
servation time would result in larger excluded parameter
space.

Similar to the models for the annihilating DM, we eval-
uate the parameter space for the decaying DM models.
In Fig. 10 we show the decay time as a function of the
DM mass for θmax = 1◦ that is needed in order to reach
2σ detection significance with five year observation pe-
riod. For a wide range of DM masses, the contained
muon event rates have weak dependence on mχ, while
the upward muon event rates show a steep increase with
increasing mχ as can be seen from Figs. 7 and 8. This
implies that we need longer decay time for the upward
muon events than for the contained muon events to reach
the same detection significance for a five year observation
time while the decay time has almost no dependence on
the DM mass for the contained muon events. The param-
eter space below each curve corresponds to the exclusion
region at 2σ level after five years of no signal detection.

Eth
µ = 50GeV
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The dependence of the signal on the cone half angle is
different for the annihilating DM particles than for the
decaying DM particles. We have demonstrated this by
choosing wedges between θmax − 1◦ and θmax centered
at the Galactic center and calculating 〈Jn〉Ω∆Ω, which
defines an overall normalization for the neutrino signals,
for different θmax for both annihilating and decaying DM
particles. The angular wedges can be used to rescale
event rates as well. Our results indicate that the J fac-
tor for annihilating DM particle decreases sharply with
θmax whereas for the case of decaying DM particle, for a
wide range of θmax, the J factor has a weak θmax depen-
dence. In determining the nature of the DM (annihilating
or decaying), the directional dependence of the neutrino
signals gives valuable information.
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Appendix A: Neutrino Flux

The neutrino flux observed at the Earth due to the DM
annihilation or decay in the galaxy for a given neutrino
flavor can be written as [22]

dφν

dEν
= Roρ

2
oB

〈σv〉
8πm2

χ

(

∑

F

BF
dNF

ν

dEν

)

〈J2〉Ω∆Ω (A1)

for the case of annihilating DM, and

dφν

dEν
= Roρo

1

4πmχτ

(

∑

F

BF
dNF

ν

dEν

)

〈J1〉Ω∆Ω (A2)

for the case of decaying DM where dNF
ν /dEν is the neu-

trino spectrum for a given annihilation or decay channel
F with branching fraction BF , B is the boost factor, τ
is the decay time, Ro is the distance of the solar sys-
tem from the Galactic center and ρo is the local den-
sity near the solar system. The neutrino energy spec-
trum, dNF

ν /dEν for different channels can be found in
Appendix B. In the above equations, the dimensionless
quantity 〈Jn〉Ω is defined as [12, 22, 26]

〈Jn〉Ω =

∫

dΩ

∆Ω

∫

l.o.s

dl(θ)

Ro

(

ρ(l)

ρo

)n

, (A3)

where ρ(l) is the DM density, l(θ) is the distance between
the source and the Earth in the direction of θ which is the
cone half angle from the Galactic center and the integral
is over the line of sight (l.o.s) within a solid angle ∆Ω =
2π(1− cosθmax), centered in the Galactic center.

In our calculations, we take the DM annihilation cross
section to have the typical thermal relic value 〈σv〉 =
3 × 10−26 cm3s−1 and we use the Navarro-Frenk-White
(NFW) DM density profile [33]

ρ(r) =
ρs

(r/Rs)(1 + r/Rs)2
, (A4)

where ρs and Rs are the parameters which vary from halo
to halo. In our calculations we set ρs = 0.2589 GeV/cm3

and Rs = 20 kpc so that the DM density in the vicinity
of the solar system (r = Ro = 8.5 kpc) takes the typical
value ρ(Ro) = 0.3 GeV/cm3 [44]. Using these definitions,
we can write r =

√

R2
o + l2 − 2Rol cos θ and the upper

limit for the l integral in Eq. (A3) can be obtained as

lmax = Ro cos θ +
√

R2
s −R2

o sin
2 θ for a given θ.

For the NFW profile, some values for 〈J2〉Ω∆Ω and
〈J1〉Ω∆Ω are summarized in Table VII.

0.1◦ 1◦ 5◦ 25◦ 50◦ 70◦ 90◦

〈J2〉Ω∆Ω 0.14 1.35 5.94 19.68 27.75 31.73 33.42

〈J1〉Ω∆Ω 0.00027 0.018 0.30 3.69 8.79 12.24 14.90

TABLE VII: The values of J factors for NFW profile for
θmax = 0.1◦, 1◦, 5◦, 25◦, 50◦, 70◦, 90◦.

In Fig. 20 we show 〈Jn〉Ω∆Ω factors as a function of
θmax for DM annihilation (n = 2) and DM decay (n = 1)
evaluated for a cone wedge between θmax − 1◦ and θmax

around the Galactic center.

Appendix B: Neutrino Spectra

In this study, we have studied the model dependent
neutrino signals from the annihilation/decay of the DM
particles that reside in the galaxy. We assumed that
the DM particles are non-relativistic so that their total
energy is close to their rest energy (Eχ % mχ). The
neutrinos with energy Eν can be produced from the an-
nihilation/decay of the DM or from the decay of quarks,
charged leptons and gauge bosons which are produced by
the annihilation/decay of the DM. In our calculations, we
have used the standard unpolarized decay distributions
which, in general, take one of the following forms

dN

dx
= 2Bf(3x

2 − 2x3) (B1)

dN

dx
= 12Bf(x

2 − x3) (B2)

θmax
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        DM Detection with NeutrinoTelescopes 

   IceCUBE : 1 km3 neutrino detector at South Pole 
●  detects Cherenkov radiation from the charged 

particles produced in neutrino interactions  
●  contained and upward  muon events and showers 
●  contained muons from GC 
●  showers from GC with IceCUBE+DeepCore 

    KM3Net : a future deep-sea neutrino telescope   
● contained and upward muon events and 

showers 
● upward muons from GC 
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FIG. 8. Relative difference in number of events in the on/off–
source region as a function of offset from the nominal posi-
tion. The regions are shifted by 60◦ steps to be centered at
∆RA+ δ. Error bars represent the statistical uncertainty in
the bin. Adjacent bins are correlated, as regions partially
overlap. Note the first bin corresponds to the result obtained
by this analysis. Bins 4-6 are closely related to bins 1-3, as
Non and Noff are swapped in them.

by Li and Ma to compute the significance of an on–source
observation [44]. The significance ξ is defined as

ξ =
Non − ηNoff

η
√
Non +Noff

≈
∆N√
2×Noff

. (13)

Here η is the ratio in exposure, or ratio of the size of the
two regions. For our case of an equally sized on– and
off–source region, η = 1.
Figure 9 shows the obtained exclusion limit compared

to the “natural scale”, for which dark matter candidates
are consistent with being a thermal relic [45, 46]. Larger
cross sections are possible if, for example, dark matter is
produced non-thermally or acquires mass only in the late
universe [47].
Applying the same procedure as that above for the

annihilation cross section, we compute a 90% C.L. lower
limit on the WIMP lifetime, τ , as function of the WIMP
mass, as shown in Fig. 10. We assume a line spectrum,
χ → νν and apply Eq. 9 for the expected neutrino flux.
If dark matter is a thermal relic and unstable, the only
requirement in order for it to be present today is that it
has a lifetime much longer than the age of the Universe
TU & 4× 1017 s.
Our limit calculation assumes smooth, spherically sym-

metric halo models. However, N-body simulations in-
dicate that dark matter in the halo should have some
substructure [50, 51]. While this will have negligible ef-
fects on the expected neutrino flux from dark matter de-
cay, the presence of substructure will enhance the self-
annihilation rate since it is proportional to the square
of the dark matter density. To quantify the average ex-
pected enhancement in the annihilation rate compared
to a smooth dark matter distribution, one can define a
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FIG. 9. (Color online) 90% C.L. upper limit on the dark mat-
ter self annihilation cross section for five different annihilation
channels. Also shown are the natural scale (red dotted line),
for which the WIMP is a thermal relic [45, 46], and unitarity
bound (blue line) [48, 49]. For the limit curves, the central line
is for the Einasto and NFW profiles, while the shaded width
identifies the extrema results from the Moore and Kravtsov
profiles. We consider only smooth halo profiles. The limits
for ττ and µµ overlay, due to their very similar high energy
neutrino spectra.
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FIG. 10. Lower limit on WIMP lifetime τ assuming χ → νν̄
at 90% C.L..

boost factor as a function of the distance from the Galac-
tic Center [52, 53]:

B(r) =

∫

ρ2dV
∫

(ρ̄)2dV
, (14)

where we defined ρ̄ as the mean density of the smooth
halo component. To determine the impact of a boosted



Summary 
 Neutrinos could be used to detect dark 
matter and to probe its physical origin 

 Contained and upward muon flux is sensitive 
to the DM annihilation mode and to the 
mass of dark matter particle 

 Combined measurements of cascade events 
and muons with IceCube+DeepCore and 
KM3Net look promising  

 Neutrinos can probe DM candidates, such as 
gravitino, Kaluza-Klein DM, and a particle in 
leptophilic models 


