PHYSICAL REVIEW D 82, 113006 (2010)

Probing dark matter models with neutrinos from the Galactic center
Arif Emre Erkoca,’ Mary Hall Reno,” and Ina Sarcevic'?
'Department of Physics, University of Arizona, Tucson, Arizona 85721, USA
2Department of Physics and Astronomy, University of lowa, lowa City, lowa 52242, USA

3Department of Astronomy and Steward Observatory, University of Arizona, Tucson, Arizona 85721, USA
(Received 14 September 2010; published 6 December 2010)

We calculate the contained and upward muon and shower fluxes due to neutrinos produced via dark
matter annihilation or decay in the Galactic center. We consider dark matter models in which the dark
matter particle is a gravitino, a Kaluza-Klein particle and a particle in leptophilic models. The Navarro-
Frenk-White profile for the dark matter density distribution in the Galaxy is used. We incorporate neutrino
oscillations by assuming maximal mixing and parametrize our results for muon and shower distributions.
The muon and shower event rates and the minimum observation times in order to reach 20 detection
significance are evaluated. We illustrate how observation times vary with the cone half angle chosen about
the Galactic center, with the result that the optimum angles are about 10° and 50° for the muon events and
shower events, respectively. We find that for the annihilating dark matter models such as the leptophilic
and Kaluza-Klein models, upward and contained muon as well as showers are promising signals for dark
matter detection in just a few years of observation, whereas for decaying dark matter models, the same
observation times can only be reached with showers. We also illustrate for each model the parameter space
probed with the 20 signal detection in five years. We discuss how the shape of the parameter space probed
change with significance and the observation time.
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I. INTRODUCTION

The identity of dark matter (DM), which constitutes
23% of the total density of the Universe [1], has been
one of the most important open questions in astrophysics
for more than seven decades [2]. Concerted theoretical and
observational efforts are being made to detect the DM
through photonic and leptonic signals [3—19]. Extensions
of the standard model of particle physics have been pro-
posed to account for the observed anomalies in the
PAMELA positron and FERMI electron plus positron
data [4,5,7,9,10,16-18]. These models also predict neu-
trino production via DM annihilation or decay [20-27].

Neutrino signals are complementary to photon or charged
lepton signals from the Galactic center, or more generally
from the Galactic halo. Neutrinos with energies of the order
of the DM mass, E, < m, for m, = 10 TeV, propagate
without being absorbed or deflected in transit toward the
Earth. Neutrino telescopes have the capabilities to probe
higher energies than the satellite based telescopes [28,29].
The approaches to DM searches, including the optimal
angular coverage of the Galactic center or halo, are different
depending on the details of the DM model and the location
of the detector relative to the Galactic center. The strategies
for uncovering neutrino signals of DM decay or annihilation
in the Galactic halo seen in underground or underwater
detectors are the subject of this paper.

We calculate the neutrino induced contained and upward
muon flux, hadronic shower flux and the muon and shower
event rates for different DM models which are considered
to explain data excesses in other indirect DM searches.
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In this paper, we study the annihilation of the lightest
Kaluza-Klein particle [14,30], leptophilic DM particle
annihilation [7,16], two-body and three-body decay chan-
nels of gravitino, as well as the decay of the leptophilic DM
[10,15-17,23,24]. We show that for each model, the shape
of the muon and shower fluxes differs significantly from
the shape of the neutrino fluxes at production due to the
smearing produced by neutrino interactions and muon
propagation as discussed in Refs. [31,32]. We also calcu-
late the detection significances of the DM signals at the
IceCube/DeepCore [28] detector and compare the different
DM models in terms of the energy spectra and the total
counts of the muon and shower events. We show the
parameter space of different DM models that is being
probed when we require 20 muon or shower signal within
five years of observation.

II. MODELS FOR DARK MATTER

The ingredients for theoretical predictions of particle
fluxes from DM annihilation or decay include a model
for the DM distribution, a particle physics model for the
DM particle couplings to standard model particles, and
standard model physics processes for the resulting pro-
duced particles. For the DM distribution in the galaxy,
we use the Navarro-Frenk-White (NFW) [33] profile as a
typical realistic DM density profile. The expressions for
the neutrino fluxes and its dependence on the DM profile
are presented in Appendix A. In case of DM decay (anni-
hilation), the neutrino spectrum has linear (quadratic)
dependence on the DM density.
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The particle physics models on which we focus in this
study consist of the leptophilic, Kaluza-Klein and gravitino
dark matters. Either thermal averaged annihilation cross
section times velocity (ov) or a decay time 7 specific to the
model is required. Characteristically for annihilation, the
required (o) is larger [16,19,22,25,26] than the value
required for a thermal relic abundance [34]: (ov), = 3 X
1072 ¢cm? s~!. Following the current convention, we write

(ov) = B{ov),, (1)

with a boost factor B. There are theoretical evaluations of
the boost factor [35], however, we treat the boost factor 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 lep-
tophilic DM with mass (m ) in the range between 150 GeV
and a few TeV, which annihilates or decays into 7’s or w’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 (7) which
determine the overall normalizations, for the specific
case involving muons from annihilation (yy — u* u ™)
or decay (y — u* u ™), respectively, are given by [16]

B =431m, — 38.9

1.182 2)
T = (2.29 + ) X 10% sec = B, X 10%° sec

my
for m, in TeV. The annihilation channel into tau pairs is

less favored by the data [16].

Some Kaluza-Klein models can provide a DM candidate
which gives the correct relic density [30]. To account 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 nonbaryonic.
In this model, the particle couplings are fixed such that
LKP pairs annihilate into quark pairs (35%), charged lep-
ton pairs (59%), neutrinos (4%), gauge bosons (1.5%) and
Higgs bosons (0.5%) [14,30].

The first DM candidate proposed in the context of
supersymmetry is the gravitino (3,,) 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 decay
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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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 ~10%¢ 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 (3, — [T1”v) was considered [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 (3, — (W*I*, Zv, yv)) assuming the same life-
time and mass as for the three-body decay, and with the
branching fractions given in Table I.

Selected DM model parameters are shown in Table II.
For each of the DM models considered, the decay distri-
bution of the produced particles to neutrinos in the 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 neutrinos. Figure 1 shows neu-
trino spectra, plotted in terms of x = E,/E,, ..., Where
E, max = m,, for annihilating DM and E,, ,,x = m, /2 for
decaying DM models. The curves in the figure are normal-
ized to count the number of neutrinos, and in the case of the
Zv final state, the fraction of Z decays to neutrinos. The
muon neutrino spectra in the figure should be multiplied by
the branching fraction for a specific decay channel in a

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

my., . (GeV) Bp(3;, — yv) Bp(sn — W) Bp(hsn — Zv)

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 II. Model parameters characterizing fits to explain
FERMI and PAMELA anomalies used as examples in this paper.
Particle/mode mass B,orB
Yap— 1w 400 GeV B, =123
W3 — (Wl Zv, yv) 400 GeV B, =23
X—putu” 2 TeV B. =29
BWBW — (¢g, IT1~, W"W~,ZZ vp) 800GeV B =200
xx— pntu” 1 TeV B =400
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FIG. 1 (color online). Muon neutrino (v,,) spectra in terms of
x=E,/E, n. from the three-body decay of gravitino (dot-
dash-dashed line), from the decay of 7 (dashed line), Z boson
(solid line) and from one of the two-body decay channels of
gravitino (¢ — Zv) for which Breit-Wigner distribution is used.
The distributions should be multiplied by the branching frac-
tions, and oscillations should be taken into account for the flux of
neutrinos at Earth.

given model. Analytic expressions for the neutrino spectra
are given in Appendix B.

III. NEUTRINO FLUX

The neutrino flux at Earth can be evaluated using the
neutrino flux expressions given by Egs. (Al) and (A2) in
Appendix A and the neutrino spectra given in Appendix 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 v,:v,:v, at the production site to be 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
x — m u~, the initial neutrino flavor ratio is 1:1:0 which
becomes 1:0.5:0.5 as neutrinos travel astrophysical dis-
tances. We take this oscillation effect into account when
we evaluate muon neutrino fluxes presented in Fig. 2 and
when we evaluate muon event rates below.

Figure 2 shows that with the exception of the gravitino
decays, the distributions of neutrinos have very weak
energy dependence. The two-body gravitino decay gives
a spiked feature at the kinematic limit in neutrino energy.
The relative normalizations of the DM curves come from
different DM lifetimes or boost factors.

Also shown in Fig. 2 is the angle-averaged atmospheric
muon neutrino flux at the surface of the Earth. It is char-
acterized by an approximate formula [31,37], (in units of
GeV 'km2yr'sr!)
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FIG. 2 (color online). Muon neutrino (v,) 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 oscil-
lations have been taken into account. The angle-averaged atmos-
pheric muon neutrino flux at the surface of the Earth is also
presented (solid line). The corresponding values of the parame-
ters for each model are shown as well.

(Lﬁv

=N, E;W(il | + bE
dEVdQ)ATM,avg 0 bE a( 2

14

+ % In(1 + eE,,)), (3)

er,

where the parameters in the formula are listed in Table III.
These same parameters appear in the angle-dependent
atmospheric neutrino flux for zenith angle 6,

dé,
dE,dQ

= NoE, 7' % ( - - < )
0=y 1+ bE,cosf 1+ eE,cosb)

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 # = 60° and the

TABLE III.  Parameters for the atmospheric v, and 7, fluxes
given by Egs. (3) and (4), in units of GeV ' km 2 yr~ ' sr~! [37].
Y 1.74

a 0.018

b 0.024 GeV~!

c 0.0069

e 0.00139 GeV™!
Ny 1.95 X 10'7 for v

1.35 X 10'7 for »
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FIG. 3 (color online). Angle-averaged atmospheric muon neu-
trino (v, + 7,) flux (solid line) and the atmospheric flux for
fixed 6 = 60° (dashed line) compared with the angle-averaged
(v, + v,) flux from AMANDA-II muon neutrino flux measure-
ments [39].

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 € less than 60°, using
the angle-averaged atmospheric flux gives a small over-
estimate of the atmospheric background.

IV. NEUTRINO SIGNALS

For each DM candidate and model, there are several
signals to pursue in underground detectors. One possibility
is to measure or constrain the rate of muons produced by
muon neutrinos, over and above the expected atmospheric
background rate. High energy muons point essentially 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, how-
ever, the target volume may be a limitation for constraining
model parameters including 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 center
is above the horizon, so the upward muon rate of DM
produced neutrinos is from the Galactic halo in a direction
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].
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A. Muons

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

@ _ /Emux dEy(d(ﬁy)M
dE, E, dE,] 2

) <do';<E,,, E,)

dE

+<p~n))+(v~a>, 5)
"

where N, = 6.022 X 10?* is Avogadro’s number, p is the
density of the medium, E,, = m, for annihilation and
Epax = m, /2 for decay. The differential cross sections
do}"/dE, are the weak scattering charged-current cross
sections for neutrino and antineutrino scattering with pro-
tons 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 particle is a
gravitino, a Kaluza-Klein particle and for a leptophilic
model in which DM annihilation or decay produces
utu~, for the model parameters listed in Table II. We
take the cone half angle around the Galactic center to be
Omax = 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 superposition
of the direct neutrino production (dot-dot-dashed line for
DM decay and dotted line for the Kaluza-Klein annihila-
tion). The direct neutrino production, yy — v7p, is the
“golden channel” for DM detection because in this case
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FIG. 4 (color online). Muon flux for the contained events for
gravitino decay (dot-dashed and dot-dot-dashed lines), Kaluza-
Klein annihilation (dotted line), leptophilic model (dashed line
for annihilation and dash-dash-dotted line for decay) compared
with the atmospheric background (solid line), for the case when
Omax = 1°. Model parameters are given in Table II.
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the muon flux is increasing with energy, and it peaks at
E, =m, [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 boost factor or
the lifetime affects only the overall normalization of the
muon flux. We find that for this choice of the parameters,
DM signals in leptophilic model exceed the atmospheric
background for E, > 175 GeV, while for the Kaluza-
Klein DM model the signal is above the background for
E, > 275 GeV. In both cases, the signal cuts off when
E,=m,.

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, 7 and m v which are
constrained to satisfy Eq. (2) to describe the data [16]. The
decays (lower thin lines) have lower fluxes than the anni-
hilations (upper thick lines), even though the shapes are
similar. For leptophilic models, one cannot enhance the
signal rate by increasing B or decreasing 7 with m,, 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 EL, interact
with the medium and finally reach the detector with energy
E,, . The effective volume of the detector is enhanced by the
muon range at high energies. We denote these events as
upward muon events.
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FIG. 5 (color online). Contained muon flux from the annihila-
tion, yy — mtu~ (thick lines), and the decay, y — utu~
(thin lines), processes. The relation between the boost factor
and m, and between the lifetime and m, are given by Eq. (2).
We take 0, = 1°.
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The muon range in the rock, R M(Ei ,E,), depends on
the initial muon energy Ei“ the final energy E, and the
parameters « and B which characterize muon energy
loss. Numerically, a =2 X 1073 GeVcm?/g accounts
for the ionization energy loss and 8 =~ 3.0 X 107 cm?/g
for the bremsstrahlung, pair production and photonuclear
interactions. The range is then approximated by
R,(E), E,) =In[(E}, + a/B)/(E, + a/B)l/Bp.  For
muon transit through the rock, the muon range is 1 km
for Ei, =1 TeV.

Taking into account the energy losses, the final muon
flux at the position of the detector can be written as [31],

= [R”(EL’E”) ePridz
dE,M 0
EmﬂX d¢ .
X dE I x p E E
LL V(dEV) surv( /_L)
NAp<dU$(EV,E,L) ) _
X +(p—=n))+@w—1p), (6
) RN

where Py, (E',, E,) is the survival probability for a muon
with initial energy E', to reach final energy E,,. A detailed
derivation of Eq. (6) can be found in Ref. [31]. To first
approximation, Pg,, = 1 since at high energies, the muon
has a long decay length. The muon energy at the produc-
tion point is related to the muon energy a distance z from
that point by

Ei,(z) = ePPiE, + (ePri — 1)%. %)

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 6, = 1° around the
Galactic center. The muon fluxes are smoothed relative
to Fig. 4 as a consequence of the energy loss. For DM
particles with masses of order 1 TeV, the upward muon flux
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FIG. 6 (color online). Upward muon flux for the annihilating
and decaying DM models from Table II. We take 6., = 1°.
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is larger at low energies than for the contained muons
because the muon range is larger than 1 km, effectively
enhancing the volume of the kilometer-size detector. When
m, = 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 500 m
(1 km).

The contained muon event rate, N f[(m X), is obtained by
integrating muon flux folded with the effective volume of
the detector, V., i.e.

Ernax d(b;t

Nim = [ SV € aE,  ®)
“ M

where d¢<//dE,, is given in Eq. (5) and E' is the muon
detector threshold, typically 10-100 GeV for deep ice or
water detectors [28]. In our calculations, we choose Ei‘} =
50 GeV. We also consider an energy independent IceCube/
DeepCore effective volume, V4 = 0.04 km?, for the con-
tained muon events [27,40].

Similarly, the upward muon event rate, is obtained by

u Emax d¢up
Npmy = [ R AEE, O
“ I

where de)l/ dE, is given by Eq. (6), Ay is the angle-
averaged muon effective area for which we assume A =
1 km?.

The event rates for contained and upward muons for a
cone half angle of 6,,,, = 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
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)
s+

=3 (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 0. = 1°.

The model parameters such as DM masses, annihilation
cross sections and decay times that we consider are intro-
duced to explain some indirect DM searches as explained
in the previous section. However, it is also possible that the
signals that have been observed [4-6] in these searches
have no DM origin. Then, m, and B or 7 can be varied
independently. In terms of the neutrino signals, the depen-
dence 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 atmos-
pheric neutrinos.

From Fig. 7 we note that the contained muon events
rates for annihilating DM models decrease with m .. On the
other hand the event rates for the decaying DM models
increase slowly with m, for m, <1 TeV and for m, >
1 TeV, they become almost independent of m,. The m,
dependence of the contained muon event rates is mainly
due to the m,* (m,') dependence in the neutrino flux for
DM annihilation (DM decay) combined with the upper
limit of integration dependence on m,. For DM masses
in the range E;ﬁ' <m, <400 GeV, where E;ﬁ' = 50 GeV,
the integration region is sensitive to the value of the DM
mass, while for m, > E‘:j there is only weak dependence
on m,. These combined effects are responsible for the
observed m, dependence of the contained muon event
rates presented in Fig. 7.

TABLE IV. Event rates per year and the time required to reach 2o detection significance for
the upward and the contained muons (u) for a cone half angle of 6,,,,, = 1°. Results for different
DM models are obtained by taking A.s = 1 km? and V. = 0.04 km?® for the upward and

contained muon events, respectively.

Agr = 1 km? Ve = 0.04 km®
Ny £ (yr) N¢! 1 (yr)

Yip— Il +1—v 0.12 7811 0.0224 1.8 x 10
W3 — (WL, Zv, yv) 0.1 1.1 X 10* 0.0156 3.8 X 10*
x—ptu 0.6 317 0.027 1.2 x 10*
BYBW — (¢g, 117, vp,...) 16 0.7 0.72 23
xXx— utp” 46 0.14 2.1 4
ATM 28 2.28
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FIG. 7 (color online). Contained muon rates as a function of
DM mass for the models presented in Table II. We take the muon
detector threshold to be E*)} = 50 GeV and the cone half angle to
be O = 1°.

The m,, dependence of the upward muon rates is shown
in Fig. 8. We find that the event rates for decaying
DM models increase with m, while for annihilating DM
models there is almost no m, dependence for a wide range
of DM masses. In contrast to the contained muon rates, for
upward muons there is additional m, 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 con-
tained muon rates, because of the energy dependent effec-
tive volume which increases with m,, when compared to
the case for the contained muon events.

— Wy, I'Tv 3
c=em Wy, > (WLZv,) 3
x>uu ]
BB > (qa.lT.W'W zZvv) =

T 1
— ATM -

T

1000 10000

FIG. 8 (color online). 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 E‘)} = 50 GeV and the cone half angle to
be 0. = 1°.
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FIG. 9 (color online). Annihilation cross section versus DM
mass for upward and for contained muon events to reach 2o
detection significance with five years of observation for the case
of Kaluza-Klein (solid lines) and leptophilic (dashed lines)
models. We take 6., = 1° and E;‘j =50 GeV.

In Fig. 9, we present results for DM annihilation cross
section required for a given DM mass in order to reach 2o
detection significance in five years of observation within
Omax = 1° for Kaluza-Klein (solid lines) and annihilating
leptophilic (dashed lines) models. From Fig. 7 we note that
the contained muon event rates decrease with m, for a
fixed annihilation cross section (i.e. fixed boost factor).
Therefore, in order to have the same detection significance
for each DM mass, the DM annihilation cross section needs
to increase with m, as shown in Fig. 9. However, for the
upward muons, the event rates increase with m, for m, <
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 annihilation cross section has
to decrease with m, for m, <1 TeV and increase for
m, > 1 TeV as seen in Fig. 9. If there is no signal detected
at 20 level in five years, the parameter space above each
curve is excluded at that significance level. Our results also
indicate that the upward muons are more promising than
the contained muons in constraining the model parameters.
Increasing the observation time would result in larger
excluded parameter space.

Similar to the models for the annihilating DM, we
evaluate the parameter space for the decaying DM models.
In Fig. 10 we show the decay time as a function of the DM
mass for 6, = 1° that is needed in order to reach 20
detection significance with a 5 yr observation period. For a
wide range of DM masses, the contained muon event rates
have weak dependence on m,, while the upward muon
event rates show a steep increase with increasing m, 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
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FIG. 10 (color online). Decay time versus DM mass for up-
ward and for contained muon events to reach 2o detection
significance with five years of observation for the case of decay-
ing DM models: gravitino three-body (solid lines), gravitino
two-body (dashed lines) and leptophilic (dotted lines). We take
Omax = 1° and E = 50 GeV.

contained muon events to reach the same detection signifi-
cance for a 5 yr observation time while the decay time has
almost no dependence on the DM mass for the contained
muon events. The parameter space below each curve cor-
responds to the exclusion region at 2o level after five years
of no signal detection.

B. Optimal angles and muon signals

As noted earlier, the size of the cone (cone half angle
value) that is too small can restrict the number of events too
much. In Fig. 11, we present contour plots similar to those
in Fig. 10 but for 6,,,, = 10°. With increasing 6,,,, from
1° to 10°, the J factor ({J;)q AQ) entering into the neutrino
flux increases, resulting in stronger restriction on the DM
lifetime.

For more general use in discussing the dependence on
cone half angles, the values of (J;)oAQ and (J,)qAQ
given in Appendix A can be combined with the parametric
forms for the muon fluxes given in Appendix C to calculate
event rates for different cone half angles around the
Galactic center. We note that the cone size dependence of
the J factors is quite different for the case of DM annihi-
lation than for decaying DM.

The difference between DM density contributions to
DM annihilation and decay can also be seen in Fig. 20 in
Appendix A, where we present (J,,)q A factors for DM
annihilation (n = 2) and DM decay (n = 1) evaluated for
a cone wedge between 6., —1° and 6,,,, around the
Galactic center. We note that moving the wedge away
from the Galactic center leads to a significant reduction
of the signal from annihilating DM due to the dependence
of (J)q AQ on the square of the density (see Eq. (A3)). We
find that the signal is reduced by a factor of 17 when the

PHYSICAL REVIEW D 82, 113006 (2010)
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FIG. 11 (color online). Decay time versus DM mass for both
upward and contained muon events to reach 2¢ detection
significance after five years of observation for the case of decay-
ing DM models: gravitino three-body (solid lines), gravitino
two-body (dashed lines) and leptophilic (dotted lines). We take
Omax = 10° and ET = 50 GeV.

wedge is moved from 1° to 90° off the Galactic center. On
the other hand, in a wedge between 50° and 90° around the
Galactic center, the value of (J,)o A€} is about 5.6, a value
close to what one obtains for a cone centered at the
Galactic center with 6,,,, = 5°.

In contrast, for a decaying DM, the signal from a wedge
between 6,,,, — 1° and 6,,,, around the Galactic center
increases with 6, for 6., <30° and decreases slowly
for higher 6., For example, (J;(1°))qAQ = 0.018
whereas (J;(30°) — J,(29°))qAQ = 0.2 which is only a
factor of 2 higher than (J;(90°) — J,(89°))qAQ = 0.1.
This is a consequence of the dependence of the signal
for a decaying DM particle on density which is one power
less when compared to an annihilating DM particle. An
increase in the size of the wedge (i.e., the volume of
the source region) can result in an enhancement in the
signal even if the chosen wedge is away from the
Galactic center.

TABLE V. Shower event rates per year and the time required
to reach 20 detection significance for the hadronic showers. We
consider DM signals from different models described in the text.
We take the effective volume to be Vo = 0.02 km?.

Oppax = 50°
Nsh tsh (yr)
P3p — 1T 1w 11 23
Y3p— (WL Zv, yv) 7 56
X— mp” 20 7
BWBW — (¢g,1t1~, vp,...) 15 12
xx— untu” 68 0.64

ATM 676
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TABLE VL
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Summary of the results for the event rates and the time that it takes to reach the 20 effect for different values of m, and

0 max> Where the threshold energy is taken as 50 GeV for both muon and shower events. In this table we do not include results which
have > 15 years for all m,. Results for the specific choice of the parameters in each model corresponding to fitting PAMELA,

FERMI/LAT and HESS data are presented in red italic fonts.

m, (TeV)
0.2 04 0.6 0.8 1 2 4 6 8 10
3 — 1w N¢(50°) 494 1115 138 153 162 181  19.0 19.3 195 196
B, =23 N (50°) 868 595 120 180 239 503 912 1228 1485 1704
Ny, (50°) 4 11 13 15 163 19 21 22 2 22
ff (10°)  13x10* 277 69 30 17 4 1.2 0.7 05 04
i (50°) 3490 74 18 8 5 1 032 0.18 0.12  0.09
ta (50°) 196 23 16 12 0 7 63 5.8 58 58
W3 — (WL, Zv, yv) N (50°) 6.1 84 8.9 9.1 915 92 92 9.2 92 92
B, =23 N (50°) 99 509 956 139 181 364 638 844 1010 1150
Ny, (50°) 3.6 766 9.6 1074 115 1317 1412 14.46 14.64 14.74
nP(10°)  1x10° 378 107 51 30 75 25 1.4 1 0.8
tf (50°) 2693 101 29 14 8 207 04 03 02
ta (50°) 210 47 30 24 21 16 14 13 13 13
x—utu N¢(50°) 213 645 843 9.5 102 11.5 122 12.4 125 126
B, =29 NS (50°) 314 29 623 97 131 286 533 728 886 1022
Ng, (50°) 195 822 1209 1455 162 202 2245 2327 23.68 23.94
ny(10°)  1X10°5 1x10° 252 104 57 12 35 1.9 13 097
tf (50°) 2.6 x10* 316 68 28 15 32 093 0.5 034 026
ta (50°) 709 40 19 13 11 69 55 52 5 48
BUBW — . N (10°) 142 9.8 72 56 46 24 125 0.84 0.63 051
B = 200 N (10°)  86.1 131 140 130 128 124 108 92 81 72
Ny, (10°) 11 9 7 57 48 26 14 0.9 07 06
nl(1°) 1.27 063 054 0.65 066 07 087 1.14 142 172
ty (10°) 1.55 068 057 0.71 072 076 1.0 1.36 176 22
1 (50°) 5.1 22 184 2.29 23 244 32 45 58 72
ta (1°) 34 44 59 7.7 96 22 6l 116 189 280
ta (10°) 1.3 1.9 2.9 4.3 58 18 64 136 237 364
ta (50°) 33 5 8 12 163 57 204 445 777 1202
Xx— ptpu NS (10°) 4019 2958 2201 1739 143 759 390 2.63 198  1.59
B = 400 N (10°) 144 241 273 283 320 266 221 190 167 151
Ng, (10°) 514 456 364 30 25 14 74 5 3.8 3
£ (1°) 111 1.68 255 3.61 4 1364 44 92 156 238
£ (10°) 0.66 118 206 324 47 1631 61 133 234 364
15 (50°) 1.93 355 638 10.2 15 53 201 444 781 1213
P (1°) 0.54 024 02 0.18 014 021 028 035 043 050
nP (10°) 047 021 016 0.15 012 017 025 033 042 052
1 (50°) 1.83 065 051 047 037 054 078 1.1 135 1.7
ta (1°) 0.63 072 091 1.12 137 258 55 9 13 18
tw (10°) 012 0.14 02 0.26 034 087 263 534 9 136
tw (50°)  0.18 022 033 0.48 07 21 12 155 27 42
Atmospheric N/ 2.28 (1°) 227.5 (10°) 5347 (50°)
N 28 (1°) 2794 (10°) 65668 (50°)
Ny, 03 (1°) 28.8 (10°) 676 (50°)

In what follows we consider cone half angles larger than
Omax = 1°. In Fig. 12, the detection times required for the
signal s to satisfy Eq. (10) for the Kaluza-Klein and
leptophilic annihilation cases are shown as a function of
cone half angle. The optimal angle depends on the model
and is of the order of a few degrees. The observation time is

almost independent on the cone half angle in the range of a
few degrees to about 10 degrees, but it increases for larger
cone half angles where the signal increases slower than the
background.

As shown in Fig. 13 for the decaying DM models, the
observation time to reach the same significance decreases
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FIG. 12 (color online). The observation time ¢ versus cone half
angle 6,,,, centered at the Galactic center to reach 20 detection
significance for the upward and contained muon events produced
by the muon neutrinos originated from the annihilation of
DM particles. Kaluza-Klein (solid lines) and leptophilic where
xx — s u~ (dashed lines) models are considered. We take
E' =50 GeV.
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FIG. 13 (color online). The observation time ¢ versus cone half
angle 6,,,, centered at the Galactic center to reach 20 detection
significance for the upward and contained muon events produced
by the muon neutrinos originated from the decaying DM parti-
cles. Decay of leptophilic where y — u*u~ (dashed lines),
two-body decay (solid lines) and three-body decay (dotted lines)
of gravitino are considered. We take E;‘L‘ = 50 GeV.

with the cone half angle 6., for 6, <50°, and it
increases only slowly for the higher cone sizes, as the
signal in directions away from the Galactic center are
relatively more important.

We find that it takes, in general, a shorter amount of time
for the upward muon events than the contained muon ones
to reach the desired detection significance. It is mostly

PHYSICAL REVIEW D 82, 113006 (2010)

because of the small effective volume of the detector
for contained events which results in lower event rates.
The background is also small in this situation, however,
still longer observation times are required due to low
statistics. Among all the decaying DM models that we
consider, the leptophilic model (y — " u ™) seems most
promising for detection of DM signal at 20 level for
0 max = 20° via upward muon events within a few years
of observation.

C. Hadronic and electromagnetic showers

In addition to muons, the showers (hadronic and/or
electromagnetic) produced in neutrino interactions could
be used as signals of DM. The shower flux is given by [43]

s _ o i (0:\ Nar

dEg, Eq, dE, 2
dO',IZ(E,,, E, - Esh)
X +(p—
( o (p n>)
+ (v — ), (11

where doP"/dE, is the differential cross section for
showers produced in neutrino and antineutrino charged-
current and neutral-current interactions with protons and
neutrons.

In Fig. 14. we show shower flux for the case when the
DM particle is a Kaluza-Klein particle, a gravitino and for
a leptophilic model, for the model parameters listed in
Table II. We take the cone half angle around the Galactic
center to be 6,,,, = 50°. The shapes of the shower fluxes
are similar to the contained muon fluxes presented in
Fig. 4. The “golden channel”, yxy — v¥, as in the case

..... Wy, > 1Ty, m, = 400 GeV,1=2.3x 10 sec

wE o V> (WLZv, W) m, =400 GeV, =23 x 10% sec

x>, m = 2TeV,1=29x 10% sec

B(I)B(l)

> (qaI'T,W'W,ZZ,wv), my» = 800 GeV, B = 200
R xx—>p+p_,mxz 1 TeV, B =400

ATM

S
BL LRl L L

vod vod vood cood voued v vl vl 3o

do/dE (GeV' km” yr')

o T |

=)
S
S

E, (GeV)

FIG. 14 (color online). Flux for the shower events for two-
body (dot-dot-dashed line) and three-body (dot-dashed line)
gravitino decay, decaying leptophilic model (dash-dash-dotted
line), Kaluza-Klein annihilation (dotted line) and annihilating
leptophilic model (dashed line) compared with the atmospheric
background (solid line), for the case when 6,,,, = 50°. Model
parameters are given in Table II.
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of contained muons, contributes to the shower events at the
highest kinematically allowed energy for the case when the
DM particle is a Kaluza-Klein particle (dotted line) and
when it is a gravitino (dot-dot-dashed line). While for the
case of contained muons (Fig. 4), the DM signal in models
with annihilating DM (Kaluza-Klein and leptophilic)
exceeded the atmospheric background at high energies,
shower signals for the same models are below the back-
ground. In addition, shower signals for the models in which
DM annihilate are comparable to those in which DM
decays. This is mainly due to our choice of large 6,,,, for
the showers (6,,,x = 50°). This can be seen by comparing
(J2)q (for DM annihilation) and (J,)q, (for DM decay)
given in Appendix A (Eq. (A3)) for different values of
the cone size. For example, (J5)q/{J1)q = 75 for 0, =
1° whereas (J,)q /{J)q = 3 for 0,,,, = 50°. Furthermore,
shower fluxes extend to higher energies for the models in
which DM annihilates than the case of DM decay, due to
the kinematic constraints.

We evaluated the shower rates by integrating Eq. (11)
over the shower energies

Emi\X d¢ Sh
N, = Z7sh
sh (m)() fEﬂ;] dEsh

where V4 (Eg,) is the effective volume of the detector for
measuring showers.

In Table V, we present the shower rates for a cone size of
O max = 50° for the DM models shown in Fig. 14. For the
detector volume, we use an energy independent IceCube/
DeepCore volume whose value is Vi = 0.02 km? for the
showers [27,40,44]. The detector threshold is again set to
be E = 50 GeV. Although the number of events for all
models is relatively small compared to the atmospheric

Veir(Egn)dEg, (12)

£ — =y, I'Tv

s s Wy > (WLZvaw)
e

-
BB > (qqI'T,W'W,zZw) 3

—— ATM

-1
N, (yr )
3
T
|

T T

FIG. 15 (color online). Shower event rates as a function of DM
mass for models considered in Table II. The boost factors for
annihilating DM models and the decay times for the decaying
DM models are fixed to the values in Table II. We take 6,,,x =
50° and E'} = 50 GeV.
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background, the number of years needed for detection of
the 20 effect is encouraging for the leptophilic model as
seen in Table V. We note that showers seem to be the best
way to look for the signal of decaying DM.

The shower event rates depend on the DM decay time
and the boost factor as an overall normalization while the
dependence on DM mass is nontrivial. In order to illustrate
shower event rate dependence on the DM mass, we take
fixed boost factor or fixed decay time used in Fig. 14 for the
annihilating (decaying) DM models and we obtain shower
rates for different m . From Fig. 15 we note that the shower
event rate dependence on m, has similar behavior to the
case of contained muon events (see Fig. 7), due to the
similar flux of showers and muons in neutrino charged-
current and neutral-current interactions. For the case when
the DM is a Kaluza-Klein particle or in the leptophilic
(xx — m u7) model the shower rates decrease with the
DM mass while for the decaying DM models it is slowly
increasing with m, for m, <1 TeV and become almost
m,, independent for higher values of m,. For the shower
events, the differential weak scattering cross section in
Eq. (11) becomes higher for low shower energies so that
the rates for the showers tend to increase more than those
for the muons as the energy decreases. Consequently, the
dependence on the choice of the detector threshold
becomes more significant for the DM masses close to the
threshold energy. We also note that within the cone half
angle of 50° and with the chosen model parameters the
rates for showers due to decaying DM models are compa-
rable to those for the annihilating DM models. For m, >
1 TeV (m, >4 TeV), the shower rates for decaying DM
models are larger than for the Kaluza-Klein (leptophilic
where yy — ' u~) model.

10° F T — T T — T

— B"BY > (qqIT.W'W .2Zw)
SRl ey

t (years)
/

0.1 1 10
0, (degrees)

FIG. 16 (color online). The time ¢ versus cone half angle 6,
centered at the Galactic center to reach 20 detection significance
for the hadronic showers produced by the neutrinos from y y —
utu (dashed line) and from the Kaluza-Klein DM particle
(solid line). We take E = 50 GeV.
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FIG. 17 (color online). The time ¢ versus cone half angle 6,,,,
centered at the Galactic center to reach 2o detection significance
for the hadronic showers produced by the neutrinos from y —
ut ™ (dashed line) and from the two-body (solid line) and
three-body (dotted line) decay models of gravitino. We take
E =50 GeV.

The time required for the shower signal to be at 2o level
for different values of the cone half angle centered at the
Galactic center is presented in Fig. 16 for the Kaluza-Klein
DM particle (solid line) and for leptophilic model (dashed
line) as an example for annihilating and decaying DM
models. We find that the optimum time is for the cone
half angle of 4°—10°. For the leptophilic model, one could
reach the 20 signal within few months of observation for
0ax = 10°. In the case of the Kaluza-Klein DM particle,
one needs about 4 years of data taking for 6,,, = 4°. For
comparison, in Fig. 17 we show the time needed for
detection of 20 signal for the leptophilic model when a

— BB > (qal T.W'W,zZw)
ey
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DM particle decays (dashed line), and for gravitino two-
body (solid line) and three-body decay (dotted line) mod-
els. The optimum angle for decaying DM models is about
50°. This is similar to the previously discussed muon signal
presented in Fig. 13, but shower signals seem to be better
for possible detection of the gravitino. This is because of
better statistics with the increase in the cone half angle and
also the inclusion of the contributions from the charged-
current and neutral-current interactions of the tau neutrinos
and electron neutrinos with the detector medium. We note,
however, that the 20 years required for § = 50° for these
parameters is not feasible in practice.

In Fig. 18, we present results for DM annihilation cross
section required for a given DM mass in order to reach 2o
detection significance with shower events in five years of
observation within 6,,,, = 1°. From Fig. 15 we note that
the shower event rates decrease with m ), for annihilating
DM particles for a fixed annihilation cross section, there-
fore the curves for DM annihilation cross section versus
DM mass in Fig. 18 increase in order for reach 2o effect
for a given m,. The parameter space above the curves
defines the exclusion region and the leptophilic model
seems to be more constrained than the Kaluza-Klein
model. For the decaying DM models, our results for
shower event rates obtained with fixed decay times
(Fig. 15) indicate that the 20 detection significance in
5-yr curves for the decay time versus DM mass should
increase with m, for m, <1 TeV and becomes almost flat
for m,, > 1 TeV. This is shown in Fig. 19. In this case, the
exclusion regions for the model parameters, decay time
and the mass, at 20 level in five years, are the regions
below the curves. For the leptophilic models with parame-
ters that satisfy Eq. (2), 20 signal detection would imply

— vy,
Yy, (WLZV)
Coxuw

<cv>(3x 1076 cms/s)

1000

10000

m, (GeV)

FIG. 18 (color online). Annihilation cross section versus DM
mass for shower events to reach 20 detection significance after
five years of observation for the case of Kaluza-Klein (solid
lines) and leptophilic (dashed lines) models. We take 6,,,, = 50°
and El = 50 GeV.

m_ (GeV)

FIG. 19 (color online). Decay time versus DM mass for both
shower events to reach 2o detection significance after five years
of observation for the case of decaying DM models: gravitino
three-body (solid lines), gravitino three-body (dashed lines) and
leptophilic (dotted lines). We take 6, =50° and E® =
50 GeV.
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FIG. 20 (color online). J factor values both for annihilating
(dashed line) and decaying (solid line) DM models for a wedge
between 6., — 1° and 6,,, about the Galactic center as a
function of 6.

that the DM particle mass is 250 GeV in the case of the
annihilating DM, while for the case of the decaying lep-
tophilic DM the DM mass would be 3 TeV.

V. CONCLUSIONS

We have studied neutrino signals from DM annihilation
and decay in the Galactic center assuming an NFW profile
as the DM density distribution in the Galaxy. We have
considered models in which the DM particle is a gravitino,
a Kaluza-Klein particle and a particle in a leptophilic
model. In the case of the leptophilic model, we have
considered both the case of decaying and annihilating
DM. For a gravitino, we have taken into account both
two-body and three-body decay channels. For each DM
model, we have calculated contained and upward muons
and showers using the model parameters that were
obtained by fitting the excesses in the y-ray and in the
positron or electron plus positron data from the observa-
tions of HESS, PAMELA and FERMI/LAT. We have used
arange of cone half angles for the muon and shower events,
and we have studied the dependence on the choice of the
cone size and DM mass.

Our results are summarized in Table VI. The specific
models which are designed to account for the lepton ex-
cesses, listed in Table II, are indicated by the italic entries
(highlighted in red in the online version). In addition, in

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

0.1° 1° 5¢ 25°  50°  70°  90°
(UaAQ 0.14 1.35 594 19.68 27.75 31.73 33.42
(J1)oAQ 0.00027 0018 030 369 879 1224 1490
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Table VI, we show the event rates and time required for a
20 observation for a range of masses and several values of
0..x- Note that the event rates for different 6,,,, can be
obtained by using a rescaling of J-factors, for example
J1(50°)/J,(10°) = 9 and J,(10°)/J,(1°) = 50 for decay-
ing dark matter models; J,(50°)/J,(10°) = 2.7 and
J>(10°)/J,(1°) = 7.2 for annihilating dark matter models.
In Table VII one can find the values of J(6,,,4)-

For the leptophilic model (yxy — ut u ™), for example,
with m v = 1 TeV and B = 400, the muon flux due to DM
annihilation dominates over muons produced by the atmos-
pheric neutrinos, for the muon energies in the range,
200 GeV < E, <950 GeV (50 GeV < E,, <750 GeV)
for the contained (upward) muon events with cone half
angle 6., = 1°. The shower event rates for this same
model never exceed the atmospheric neutrino induced
shower rates, for 6,,,, = 50°, in part due to the cone size.

For m), = 800 GeV, B = 200 and 6,,,x = 1°, the con-
tained muon flux due to annihilating Kaluza-Klein
particles becomes larger than the background for E, >
300 GeV and up to the kinematic cutoff E, = m, =
800 GeV. The muon flux is comparable to the background
for muon energies 200 GeV < E,, <400 GeV for the up-
ward muons.

With the model parameters that we considered, the
decaying DM models do not produce the muon signal
(upward or contained) that is above the atmospheric back-
ground. The muon flux from the decaying DM would be
comparable to those for the annihilating DM models only
if the decay times were of the order ~10% sec and
~10?* sec for contained muon and upward muon events,
respectively. In contrast to the muon case, we find that for a
wide range of shower energies, the shower flux for decay-
ing leptophilic particle (y — u* ™) is larger than for the
annihilating Kaluza-Klein particle.

We have also calculated the total muon and shower event
rates by folding the corresponding fluxes with the energy
independent IceCube/DeepCore effective volume, i.e.
Ve = 0.04(0.02) km? for the contained muon (shower)
events. Because of its location the IceCube detector is
unable to study the upward muons produced by the neu-
trinos coming from the Galactic center. However, we have
calculated the upward muon rates for the IceCube-type
detector in the Northern hemisphere by folding the muon
fluxes with a muon effective area, which is assumed to be
Aeff =1 km2.

Even if there is a significant signal to background ratio,
low statistics may yield difficulties in confirming the pres-
ence of a DM signal via neutrinos. Thus, we have evaluated
how many years it would take to observe a 2¢ effect. Using
our results for the muon and shower event rates, we have
also obtained the contour exclusion plots in which we show
the regions for the model parameter space for each DM
model in the case of no signal detection at 20~ detection
significance in five years.
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We find that the leptophilic model (yy — s u ™) has
stronger constraints on the DM annihilation cross section
(or the boost factor) and m, than the case of the Kaluza-
Klein particle. In terms of the constraint on the annihilation
cross section, for the leptophilic DM model where the
boost factor and DM mass are related by Eq. (2), after
five years, the range of m, > 250 GeV would be excluded
by upward muon events for A, = 1 km?> and events
within a cone half angle of 6, = 1°. A similar limit is
obtained from the shower rate as well. More generally, we
find that the upward muon and the shower events are more
constraining than the contained muon ones. If there is no
upward muon signal detected in five years, with 6, =
10°, for the decaying leptophilic model (y — u* ™)
which satisfies the constraint given by Eq. (2), m is con-
strained to be smaller than 3 TeV.

In our calculations, we have taken the detector muon and
shower energy thresholds to be 50 GeV. Changing the
detector threshold energy to about 100 GeV does not affect
our results significantly. However, decreasing the threshold
energy down to ~10 GeV results in a larger atmospheric
background relative to the DM signal. Consequently, de-
tecting a DM signal via muon or shower events with low
detector thresholds ( ~ 10 GeV) becomes more difficult.

Increasing the cone half angle, 6,,,, about the Galactic
center increases the DM signal, however it does not
necessarily improve the detection significance since the
background signal due to atmospheric neutrinos is also
enhanced. We have found the optimum cone half angles
for all types of events in order to reach the 20 detection
level. For the annihilating DM models, we have found the
optimum angle to be a few degrees for the muon events and
about 10° for the shower events. In both cases, we have
shown that there is a good chance of detecting both lep-
tophilic and Kaluza-Klein particles in less than ten years
for some DM masses.

In the case of the decaying DM models, the optimum
angle is about 50° for both muons and showers. For
gravitino DM, signals could be detected in ten years only
with shower events, while the decaying leptophilic particle
can be detected with upward muon events as well in a few
years.

Our results with fixed annihilation cross section or decay
time and variable DM mass can be used to predict neutrino
signals for any other values for the parameters of the
models we consider. For example, in the literature, the
HESS data is also explained by a hypothetical Kaluza-
Klein particle with mass m, = 10 TeV [14]. The boost
factor that is required, in this case, is B = 1000. By rescal-
ing the results in the previous sections, we find that the
observation time to reach 20 detection significance be-
comes 0.1 years for the upward muon events. For contained
muons and showers, it is not feasible to detect the 2o effect
within reasonable time (¢ >> 20 years). Increasing the
boost factor by a factor of 5 and the DM mass by a factor
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of about 10 relative to the parameters of Table II signifi-
cantly improves the chance for detecting the Kaluza-Klein
particle via upward muon events.

Similar to the decaying leptophilic model, the gravitino
model (3, — 71~ v) with a gravitino mass of 3.3 TeV
and decay time 7 = 5 X 10% sec can also account for the
FERMI data [17]. For a decaying DM particle, increasing
the DM mass (for a fixed decay time) increases the event
rates. Since the neutrino flux scales as ~7~! (see Eq. (A2)
), decreasing the decay time also enhances the neutrino
signals for a decaying DM particle. Therefore, a combina-
tion of higher mass and shorter decay time should increase
all the event rates that we have calculated for a lighter
(my,, =400 GeV) gravitino particle which has a longer
decay time (7 = 2.3 X 10?° sec). For the model parame-
ters, m, = 3.3 TeV and 7 =5 X 10% sec, we find that
the 20 detection significance can be reached in 2.6 years
via upward muons and in less than a year via the hadronic
showers. In addition, for the contained muons the obser-
vation time decreases by 2 orders of magnitude relative to
the value given in Table IV.

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 6,,,, — 1° and 6,,, centered
at the Galactic center and calculating (J,)q AL}, which
defines an overall normalization for the neutrino signals,
for different 6,,,, 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 factor for the
annihilating DM particle decreases sharply with 6.,
whereas for the case of the decaying DM particle, for a
wide range of 6, the J factor has a weak 6,,,, 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]

do,
dE,

(ov) dN¥
= 2 v
ROPOBgﬂmi (;BF dEV)<JZ>QAQ (Al)

for the case of annihilating DM, and
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dé,
dE,

=R ! (ZB de)(J) AQ  (A2)
oPo 47TmX’T < F dE,, 1/Q

for the case of decaying DM where dNL/dE, is the
neutrino spectrum for a given annihilation or decay chan-
nel F with branching fraction B, B is the boost factor, 7 is
the decay time, R, is the distance of the solar system from
the Galactic center and p,, is the local density near the solar
system. The neutrino energy spectrum, dN% /dE, for dif-
ferent channels can be found in Appendix B. In the above
equations, the dimensionless quantity (J,)q is defined as

[12.22.26]
aa [ poy
AQ Lo.s Ro (po '

where p(I) is the DM density, I(6) is the distance between
the source and the Earth in the direction of € 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 AQ) =
277(1 — cos6,,,), centered in the Galactic center.

In our calculations, we take the DM annihilation cross
section to have the typical thermal relic value (ov) = 3 X
10720 cm®s™! and we use the Navarro-Frenk-White
(NFW) DM density profile [33]

Ps
(r/R)(1 + r/R)*

where p, and R, are the parameters which vary from halo
to halo. In our calculations we set p; = 0.2589 GeV/cm?
and R, = 20 kpc so that the DM density in the vicinity of
the solar system (r = R, = 8.5 kpc) takes the typical
value p(R,) = 0.3 GeV/cm? [45]. Using these definitions,

we can write r = «/R2 + [> — 2R, [ cosf and the upper

o = (A3)

p(r) = (Ad)

limit for the / integral in Eq. (A3) can be obtained as [,,,, =
R, cosf + /R2 — R2sin’6 for a given 6.

For the NFW profile, some values for (J,)qA{) and
(J1)oAQ are summarized in Table VII.

In Fig. 20 we show (J,)oAQ) factors as a function of
0 nax for DM annihilation (n = 2) and DM decay (n = 1)
evaluated for a cone wedge between 6, — 1° and 6,
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 nonrelativistic so that their total energy is
close to their rest energy (E, =~ m,). The neutrinos with
energy E, can be produced from the annihilation/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:
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dN

— =2B,(3x* — 2x° Bl
dx f(x x’) (B1)
dN

2 =12B,(x* — x° B2
yp (" = x) (B2)
dN

— =B/6(x—1 B3
dx f(x ) (B3)

in the rest frame of the decaying particle where x =
2E,/m,, m, is the mass of the decaying particle and B/
is the decay branching fraction for a given decay channel.
Once the distribution in the rest frame is known, the
neutrino energy spectrum from a decaying particle with
velocity B, and energy E; = y,m, is given by [46]

<dNV>=l[E+§ 1 (d_N)rest
dEV 2 E_ € ’ydﬁd de ’

where E= = E,y;'(1 = B,) .

(B4)

1. Neutrino spectrum from y — Zv decay channel
In our calculations, for the channel y — Zv we use the
Breit-Wigner distribution given as [23]
dN, 1
dE,  (E} = E3;)’ + Ej, 13,

X ( f ” dE )71 (BS)
o (E*— Ezuz)2 + Eizriz ’
where the distribution peaks at
_ My my
Ez=—\1735) (B6)
X
and
U= ﬂrz (B7)
my

We take I', = 2.5 GeV.

2. Neutrino spectrum from 7+, u* decay channels

In this section, we present the v, spectrum from  and 7
decays. The spectra for other neutrino flavors can be de-
duced from these results. For example, the v, spectrum
from w decay is identical to the v, spectrum from 7 decay
and the v, spectrum from 7 decay to that of v, from u
decay. For these three-body decays, the v, spectrum from
7 decay is given by Eq. (B2) and from u decay by Eq. (B1)
in the frame where the decaying particle is at rest. Then,
after boosting these results by using Eq. (B4) for charged
leptons produced via the DM annihilation or decay, we
obtain
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B
deM B Ff(% —3x2 + %x3)’ n—=vev, B3)
dEVu %(1 — 3+ 2x3), T VUV,

E, o
where x = Tf = 1 and E; = m, for the case of annihila-

tion or E; =m,/2 for the case of decay. The decay
branching fraction, B, = 0.18(1) for 7(u) decay. In addi-
tion to the three-body decays, 7 can also decay into v, via
7— v.Mort— v_X where M = 7, p, a; mesons and X
indicates hadrons. The neutrino spectra from these chan-
nels are given as [43]

Bf 1 E,
dN, _ when o <ry for mesons BY)
dE, 3 when g— < 0.3 for hadrons,

where ry; = 1 — m3,/m2 with m,; and m, being the mass
of the meson M and the 7 lepton, respectively. Here, By =
0.12, 0.26, 0.13 and ry; = 0.99, 0.81, 0.52 for M = , p,
a, respectively.

3. Neutrino spectrum from b(b) and ¢(¢) decay channels

The b and ¢ quarks hadronize before they decay into
neutrinos. The hadronization effect is taken into account
by scaling the initial quark energy, Ej;, in the form E; =
2¢E;,, where f = b, ¢, zy = 0.73(0.58) for b (c) quarks
[46] and Ej, = m, for an annihilating DM particle or
E;, = m,/2 for a decaying DM particle with mass m,.

The neutrino spectrum from the decay of f = b, b, c or
from yy — ff can also be approximated by the second
equation in Eq. (B8) (see also [46,47)), i.e.,

dN, 2B
Sy T (1 =32 4223 forx=1=0
dE, Ey (B10)
otherwise,
where x = g— and
f
__ [(0.73E;,,0.103) b channel
(E, By) = {(O.SSEin, 0.13)  c¢channel. (BID)

4. W* and Z decay channels

In the W* and Z decay channels, the neutrino spectrum
from the decaying particle with velocity, 85, and energy,
Ep, can be obtained by using Eqs. (B3) and (B4), i.e.,

dN,, _ I’lfo
dEV EBﬂB
E E
for (1= By <E, <L+ =0 P
otherwise,

where
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(1,0.105) W channel,

(ny, By) = { (2,0.067) Zchannel. (B13)

5. Neutrino spectrum from #(f) decay channel

The top quark decays into a W boson and a b quark (+ —
Wb) with a branching fraction close to unity. Thus, the sum
of neutrino spectra of W and b channels gives the required
spectrum, i.e.,

(dN,,)reSt . (dN,,) n (dN,,)

dE,, 7 dEV wtw— dEV h};'
Then, boosting this expression yields the neutrino spec-
trum from top quarks moving with velocity 8, and energy

(B14)

E, = y,m, [46],
dN dN dN
v o_ v + v B1
iE, (dEV)W (dEy)b’ (B15)
where
(dN,,) _ Bw I‘min(E+, €.)
dE,)w  2v.BEwBy max(E_, €_)
. B16
if (1 — e <E, <y +B)e, =0 B0
otherwise,
and
dN,,) B, .
= D,[E_/E,; min(1, E./E,)
(dEV = DIE/Es JED]
(B17)

if E,<vy,(1+ B)E; =0
otherwise,

where By, = 0.105, B, = 0.103, €+ = Ey(1 ¥ By)/2,

E: = Ev'yt_l(l * Bt)_l and Ed = O73Eb with Ew, BW

and E, being equal to their values in the top-quark rest
frame, i.e.,

g Mo my _mi +myy _E
b 2m, v 2m, Y Ey
(B18)

The function D,, is given by

Dylm, n] = %[9(1112 —n?) —4m® —nd) + 61n<%)].

(B19)

6. Neutrino spectrum from 3, — 171" v
decay channel

In the zero mass limit, the primary lepton (I or [~ or v)
spectrum from the decay channel, ¢3,, — ["1" v, can be
approximated to be
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dN[(,,) _ 60
dEl(V) My,

2F
x*(1 —x) where x = —— =1,
My,
(B20)

by using the results in [48]. In order to obtain the spectrum
for the secondary neutrinos produced from the primary
charged lepton decays, one can use

dN 430 /2 1 dN)\(dN
v fm”” dE,(— —1)( ) . B2
dE, E, N, dE;J\dE,] -,
Here, Z—g is the primary charged lepton spectrum given by

Eq. (B20) and the spectra (%:);ﬁy are given by Egs. (B8)
and (B9). Then, the secondary v, spectrum is derived to be
5By

N,
< ”) =—L (1 —6x% +8x° — 3x%),
dEV# md,m

(B22)

from the primary u decays and

dN, 6B
(—) = —L (1 — 1042 + 2023 — 15x* + 4x9),
dEV# m¢3/2

(B23)

from the primary 7 decays, requiring that x = 1 in each
case where x = 2E,/m,, . Finally, for the v, spectrum
from the primary 7 decays accompanied with the meson/
hadron production, we find
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dN, 3B, 5 4
(G- 20
dE, rumy,, ry ry

with the requirement ry; > x.

(B24)

APPENDIX C: PARAMETRIZATIONS

1. Contained and upward muons

Our results for the contained muon fluxes given in Fig. 4
can be parametrized as

doy _ (B \(UAQ) &)

dE, (100)( 1.35 )(mX/TeV)Z -
doy _ (7 \YUDADY £ v
dE, (1026 sec) ( 0.018 )(mX/TeV)

for annihilation and decay processes, respectively. The
upward muon fluxes presented in Fig. 6 can be parame-
trized as

ey’ _ ( B )<<12>AQ> 1 C(0)é(x)
dE, 100/\ 1.35 /(m,/TeV) (1 + 1.5%)

doy () '(e) e
dE,, 10%° sec 0.018 /(1 + 1_5% '
where x = E, /m,, for DM annihilation and x = 2E,, /m,

for the DM decay. The functions £(x) and C(x) are fitted to
our results for muon fluxes and parametrize as

TABLE VIII. The best fit parameter values for the contained muon fluxes for different DM
models.

Y3/ (three-body) ¢35 (two-body) x — u'u™ BUBY — -+ yy—u'u”
a 16.651 —32.032 0.0554 2.5637 0.029
a —16.642 32.04 —0.0472 —2.5470 —0.0012
as —16.640 32.03 —0.0472 —2.5546 —0.0012
ay 8.242 —15.93 —0.009 34 1.2381 —0.11
as —2.553 5.022 0.0254 —0.3780 0.11
ag 0.423 —0.87 —0.0069 0.06929 —0.027
a;(107) 0 0 —0.0765 215.8 —0.04

TABLE IX. Same as Table VIII but for the upward muon fluxes.

Y35 (three-body) ¢35 (two-body) xy = u'pu” BUBY — -+ yy—putp”
a 1.251 1.292 —-0.7716 —3.4381 —4.60
a, —1.239 —1.285 0.781 3.4847 4.67
as —1.266 —1.296 0.747 3.3390 4.44
ay 0.638 0.641 —0.341 —1.5573 —-2.0
as —0.203 —0.196 0.0918 0.4439 0.526
ag 0.0364 0.032 —0.0132 —0.0694 —0.073
a,(1079) 0 0 0.45 41.47 3.6
ag 0.3 0.3 1.5 1.2 1.5
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TABLE X. The best fit parameter values for the shower fluxes for different DM models.

Y32 (three-body) ¢35 (two-body) xy = u'pu” BUBY — - yy—putp”

a; —6.335 — 14.129 —22.867 —8.765 —32.43
a, 6.355 14.139 22.898 8.78 3248
as 6.274 14.100 22.765 8.72 32.29
ay —2.991 —6.952 —11.134 —4.25 —15.79
as 0.813 2.127 3.325 1.25 4.71
ag —0.099 —0.347 —0.5125 —0.189 —0.73
a,(1073) —0.472 0 0 0 0

E(x) = a; + are ™ + asx + a,x* + asx® + agx* 2. Showers

+ a7 In(x)
C(x) =1+ agx,

(C3)

with the best fit values for the parameters given in
Tables VIII and IX for the contained and upward muons,
respectively.

The background muon flux from atmospheric neutrinos
can be written in a parametric form as

de,\e E, \-2002/ AQ
= 3186.2 i) (7) C4
(dEM)ATM,avg (GeV 1073 sr 4

in units of GeV 'km 3yr~! for the contained muon
events and

de,, \vw E \-1475/ AQ
—_— = 89.0 —'u) (7) C5
(dEM )ATM,avg <GeV 1073 sr ©5)

1

in units of GeV ™ 'km Z2yr~
events.

for the upward muon

Our results for shower flux presented in Fig. 14 can be
parametrized as

dqbsh:( B )(<JZ>AQ> £(x)
dEg, 100/\ 27.75 (mX/IOO GeV)?

Z?:: = (1026T sec)_l(<J§]§.>7A9Q) (m j/( é)eV)

for DM annihilation and DM decay processes, respectively.
The best fit values for the parameters are given in Table X

The background shower flux from atmospheric neutri-
nos can be written in a parametric form as

E -2.1557/ AQ)
=321 X 1O6< e ) ( ) C7
GeV 2.24 sr €7

(dd)sh)
dEsh ATM,avg

in units of GeV~'km 3 yr~!.
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