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We calculate contained and upward muon flux and contained shower event rates from neutrino
interactions, when neutrinos are produced from annihilation of the dark matter in the Galactic center.
We consider model-independent direct neutrino production and secondary neutrino production from the
decay of taus, W bosons, and bottom quarks produced in the annihilation of dark matter. We illustrate how
muon flux from dark matter annihilation has a very different shape than the muon flux from atmospheric
neutrinos. We also discuss the dependence of the muon fluxes on the dark matter density profile and on the
dark matter mass and of the total muon rates on the detector threshold. We consider both the upward muon
flux, when muons are created in the rock below the detector, and the contained flux when muons are
created in the (ice) detector. We also calculate the event rates for showers from neutrino interactions in the

detector and show that the signal dominates over the background for 150 GeV <m, <1 TeV for Eh =

100 GeV.
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I. INTRODUCTION

Dark matter’s presence is inferred from gravitational
effects on visible matter at astronomical scales. A wide
range of observational data show that the dark matter is
cold or warm (i.e. it became nonrelativistic before or at the
time of galaxy formation) and composes about 23% of the
total density of the Universe [1]. There are no viable
candidates for dark matter within the standard model of
elementary particles, but many in proposed extensions of
the standard model. Among these, weakly interacting mas-
sive particles (WIMPs) of mass in the 100 GeV to several
TeV range provide a natural explanation for the observed
dark matter density [2]. We are going to concentrate on
WIMPs in this paper.

Although the detection of dark matter particles may be
possible at the Large Hadron Collider (LHC), finding them
in direct or indirect dark matter searches will be necessary
to determine if they are indeed stable on cosmological time
scales and how abundant they are at present [3]. Many
direct or indirect dark matter searches are being carried on
at present [4]. Indirect dark matter searches look for WIMP
annihilation (or sometimes decay) products, either photons
[5-7] or anomalous cosmic rays, such as positrons and
antiprotons [8—14], or neutrinos [15-17]. For some years,
observations of an excess in the positron fraction
e’ /(et + e¢7) by the High Energy Antimatter Telescope
(HEAT) [9], a bright 511 keV gamma-ray line from the
Galactic center by the International Gamma Ray
Astrophysics Laboratory (INTEGRAL) [6], and a possible
unaccounted-for component of the foreground of WMAP
around the Galactic center, the “WMAP haze’ [7] (among
others) have been considered possible hints of WIMP dark
matter annihilations.
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More recently, the PAMELA satellite (Payload of
Antimatter Matter Exploration and Light-nuclei
Astrophysics (PAMELA) satellite reported an excess in
the positron fraction in the energy range of 10-100 GeV
with respect to what is expected from cosmic rays secon-
daries [10], which confirmed the HEAT excess. Also the
Advanced Thin Ionization Calorimeter (ATIC) and the
Polar Patrol Balloon and Balloon Borne Electron
Telescope with Scintillating fibers (PPB-BETS) observed
a bump in the e™ + ¢~ flux from 200 to 800 GeV [11,12],
but this was not confirmed by the air Cherenkov telescope
HESS [13] nor by the Fermi gamma ray telescope. Fermi
found a slight excess in the e* + ¢~ flux between 200 GeV
and 1 TeV [14].

Indirect searches for dark matter annihilations via neu-
trinos with experiments such as the Antarctic Muon and
Neutrino Detector Array (AMANDA) [15] and IceCube
[16] also constrain dark matter models. The cubic kilo-
meter size neutrino telescope (KM3NeT), planned to be
built at the bottom of the Mediterrancan Sea [17], will
provide additional constraints, with its different view of the
sky and, in particular, the Galactic center. Many theoretical
studies have concentrated on the indirect dark matter de-
tection via neutrino signals [18-22].

The positron excess observed by PAMELA may be
explained by the presence of particular astrophysical
sources (e.g., pulsars) [23], or by the annihilation [24,25]
or decay [26] of dark matter particles. If the observed
anomalies in the PAMELA and Fermi data are due to
dark matter annihilation, a larger annihilation rate than
expected for typical thermal relics must be assumed. This
enhancement may happen due to either large inhomogene-
ities in the dark matter distribution near Earth (subhalos)
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and/or a larger annihilation cross section of the dark matter
particles. This last possibility may happen if the dark
matter particles are not thermal relics [4,25], in which case
they can have larger annihilation cross sections in the early
Universe, or due to an enhancement of the annihilation
cross section only at very low velocities [27], which would
not affect their annihilation in the early Universe.
Whatever its origin may be, the needed enhancement is
quantified by a “boost factor,” B, ranging from 10 to 10*
[2,20-22]. The typical WIMP thermal relic annihilation
cross section is {(ov) =3 X 10720 cm3s™ .

WIMP models explaining the PAMELA positron excess
must be peculiar in other aspects as well. To avoid over-
production of antiprotons, the dark matter annihilation or
decay must proceed dominantly to leptons. Moreover, the
absence of a sharp shoulder in the electron plus positron
spectrum (that had been observed by ATIC) in the Fermi
data corresponding to an energy close to the parent dark
matter particle mass means that the direct production of
electrons must be suppressed with respect to the production
of electrons (and positrons) as secondaries. Final states
including 7’s or u’s of dark matter not lighter than
1 TeV fit the PAMELA, HESS, and Fermi data best [28].
These leptophilic dark matter candidates [24] would copi-
ously produce neutrinos [19] whose fluxes are constrained
by the observations of Super Kamiokande [29] toward the
direction of the Galactic center. Neutrinos with energies of
the order of the dark matter mass, £, = m,, would propa-
gate without being deflected toward the Earth. However,
during their travel, vacuum oscillation effects would mix
the three flavors. Some fraction of the arriving muon
neutrinos would be converted into muons via charged-
current interactions in the Earth which can be detected in
Earth based neutrino telescopes.

Neutrino signals in underground or underwater detectors
of dark matter annihilation in the Galactic center are the
subject of this paper. We calculate the neutrino induced
upward and contained muon flux, as well as the neutrino
induced muon and shower event rates due to dark matter
annihilation in the Galactic center. We take into account
the muon propagation in the Earth when evaluating the
upward muon flux [30] and study the energy range of
muons for which upward muon events dominate over the
contained ones. We show that the shape of upward muon
fluxes differs significantly from the shape of the neutrino
spectra at production, due to the smearing produced by
neutrino interactions and muon propagation. The muon
propagation shifts the flux to lower energies, while the
contained muon flux increases with muon energy due to
the linear energy dependence of the neutrino charged-
current interaction. We consider different WIMPs annihi-
lation channels that contribute to the neutrino signal, in-
cluding direct annihilation to neutrinos, to charged leptons
and to quarks or gauge bosons. We evaluate rates of con-
tained events and upward events, of relevance to IceCube
and future neutrino detectors like KM3NeT.

PHYSICAL REVIEW D 81, 096007 (2010)

In the next section, we evaluate expressions for muon
flux from the incident neutrino flux interacting with the
medium. In Sec. III we present our results for muon flux
and muon event rates from the annihilation of the dark
matter in the Galactic center compared with the atmos-
pheric background and evaluate rates for hadronic and
electromagnetic showers. Finally, in Sec. IV we summarize
and discuss our results.

II. MUON FLUX

The neutrino flux at the Earth due to the annihilation of
dark matter particles with mass m, in the Galactic center is
given by

do, dN¥
=RX B , 1
iE, (; riE.) M

where R is the annihilation rate given by

_ p ov) 2
R=Bets j 0 j1 o)), @)

where dN’'/dE, is the neutrino spectrum at the production
for a given annihilation channel F with branching fraction
Bp, B is the boost factor, p(/) is the dark matter density, the
integral is over the line of sight (1.0.s.) within a solid angle
AQ), centered in the Galactic center. The neutrino energy
distribution, dN’ /dE,,, depends on the particle produced.
Some examples appear in Appendix A. For all of the
evaluations below, we take the dark matter annihilation
cross section to have the typical thermal relic value {(ov) =
3X 1072 cm?s™!.

For practical reasons the dimensionless quantity {J,)q is
defined in which the dark matter density profile p(/) is
embedded [19],

S bl M v

where [(0) is the distance from us in the direction of 0
which is the cone half angle from the Galactic center, R,, is
the distance of the solar system from the Galactic center,
and p,, is the local density near the Solar System, which are
taken to be R, = 8.5 kpc and p, = 0.3 GeVcm 3. As a
practical matter, we consider two profiles, the Navarro-
Frenk-White (NFW) [31] profile and a cored isothermal
profile. Some typical values for (/,)q AQ can be found in
Ref. [32], where (J,)qAQ = 6.0(10.0) for 6 = 5°(10°)
for the NFW profile, and (J,)qoAQ = 1.3(4.3) with 6 =
5°(10°) for the isothermal profile.

The high energy neutrinos coming from the Galactic
center then interact with the matter in the Earth and pro-
duce muons that traverse to the detector (upward events),
or they interact in the detector producing muons or showers
(contained events). Muon range or stopping distance,
R, (E!, Ey), is given by
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where a corresponds to the ionization energy loss and 3
accounts for the bremsstrahlung, pair production, and pho-
tonuclear interactions. For example, for a muon with initial
energy E;L ~ 1 TeV, when E;, = 1 GeV the muon range is
roughly 1 km whereas the decay length of a muon with the
same initial energy is much larger (~ a few thousand
kilometers). For detectors with a characteristic size of
1 km?, contained events are most important for WIMP
masses below about 1 TeV, while for smaller detectors
like Super Kamiokande, upward events are relatively
more important.

Using Eq. (1) and following the theoretical framework
presented in Ref. [30], the upward muon flux at the detec-
tor is given by

dé, R, (EL E,) do, .
EPu _ dz [ aE (B E
dElL '/;) El (dE ) surv( ,lL)
dPcc dE,
X = —
dzdE, dE, T = 9). )

Here P, accounts for muon energy loss in transit from its
production position to the muon’s entry into the detector.
For an energy independent energy loss parameter (3, the
survival probability is

Puntle £ = () (Zi—gg’i)r, ©)

where I' = m,, /(c7,, ap) in terms of the muon mass, muon
lifetime, and the density of the medium p in g/cm?.

For production in the detector, the contained muon flux
is

do,

T R R

where D is the size of the detector. The quantity dP . is
the probability for a neutrino with energy E,, to convert into
a muon within the energy interval of dE! and over a
distance dz:

) dPcc +(w—1p), ()

dsz’

N,p (dol(E,, E
dPcc = dzdEl, Ap( 7oy, B}

P(TE ) ©

where N, = 6.022 X 103 is Avogadro’s number. The dif-
ferential cross sections da}" / dE’ are the weak scattering
cross sections of (ant1—)neutr1nos on the nucleons, which
can be approximated by [33]

daly  2m,Gr of Ei
- = ( + 007 ( ) > 9)
dE), T E,;

The parameters a and b for charged-current scattering are
shown in Table 1.

PHYSICAL REVIEW D 81, 096007 (2010)

TABLE I. Parameters for the charged-current neutrino-
nucleon differential cross section, as noted in Ref. [33].

ab 0.15 bh 0.04
ab 0.04 bl 0.15
al 0.25 b’ 0.06
al 0.06 bl 0.25
TABLE II. Parameters for the neutral-current neutrino-
nucleon differential cross section, as noted in Ref. [33].

ab 0.058 b 0.022
ab 0.019 bh 0.064
all 0.064 b 0.019
ay 0.022 bl 0.058

Muon rates, N, (m, ), are obtained by integrating Eqs.
(5) and (7) over the muon energies, i.e.,

o d
Natm) = [ d‘g“ dE,, (10)

where Ej, is the muon detector threshold.

Another set of possible signals of dark matter are the
showers produced in neutrino charged-current (CC) and
neutral-current (NC) interactions in the detector. The con-
tained shower flux in CC and NC interactions is given by

[34]
ol A R 7 el
(11
where the shower energy is
Egp, =~ E, —E, ;.. (12)

The neutral-current cross section can also be approximated
with Eq. (9) where the parameters a and b appear in
Table II.

In the limit of the survival probability P, going to
unity, the energy dependent flux can be calculated analyti-
cally when Eq. (9) is used for the neutrino-nucleon cross
section. The analytic results for a variety of decay channels
are shown in Appendix B.

II1. RESULTS

The direct production channel, yy — v, 7, where y is
the WIMP, is the most promising channel for the detection
of dark matter annihilation, assuming an adequate annihi-
lation cross section, because of the monoenergetic neutri-
nos. A typical example of a dark matter particle candidate
which annihilates into a neutrino pair is the lightest
Kaluza-Klein particle. However, some particle candidates,
for example, neutralinos and leptophilic dark matter, pro-

duce neutrinos only as secondary particles, via the decay of
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the particles into which the dark matter particles annihilate,
suchas u*u™, 7777, bb, WrW~, etc.

In Figs. 1 and 2, we present our results for the differen-
tial upward muon flux due to the annihilation of a dark
matter particle via the direct production (yx — v,7,)
channel. To illustrate various contributions, we choose
the dark matter particle mass m, = 500 GeV, and for
Fig. 1, the NFW dark matter density profile [31] and the
boost factor B = 200 which is in the range of the boost
factor values that explain the PAMELA data [21]. For
Fig. 2, the dark matter density profile is the cored isother-
mal profile and we use a boost factor B = 800 to match the
normalization of the NFW density profile for the 5° cone
half angle.

We show our results for two different choices of the cone
half angle (5° and 10°) and compare them with the angle-
averaged background due to the atmospheric neutrinos (in
units of GeV~'km 2 yr~!sr™ 1)

(i£.i0)
dEde ATM,avg

=N, E;7‘1<L1 | + bE
0 bE Il( 1/)

14

C
+ Il + eEV)>, (13)

14

which was obtained using the angle-dependent atmos-
pheric neutrino flux parametrization in Ref. [35],

dé,
dE,dQ

—v—1 a C
— NoE,” ( + )
1 +bE,cosf 1+ eE,cosf
(14)
The values of the parameters N, v, a, b, ¢, and e, given in

100 — T . T .

B=200, 7mx:500 GeV, NFW profile — ATMS°
AX>VV, -= ATM 10°
~ 0
.Y~ =+ DM, 5
"""" Sl - DM, 10°
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FIG. 1 (color online). Upward muon flux obtained from dark
matter annihilation into neutrinos in the Galactic center, for a
cone half angle (6) of 5° (dot-dashed curve) and 10° (dotted
curve). The background upward muon fluxes due to (angle-
averaged) atmospheric neutrinos are shown with the solid (for
6 = 5°) and the dashed (for & = 10°) curves. The NFW dark
matter profile is used, along with a boost factor B = 200 and
m, = 500 GeV.
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FIG. 2 (color online). Same as Fig. 1 but for the cored iso-
thermal dark matter density profile and a boost factor B = 800.

Table III, were determined by fitting angle-dependent at-
mospheric neutrino data from Ref. [36]. The resulting final
muon flux with this approximated neutrino background is
about 50% larger (smaller) than that from the vertical
(horizontal) atmospheric neutrinos.

For a 10° cone half angle, the signal dominates over the
background in the range 180 GeV < E,, <420 GeV for
the NFW profile. We note that the background signal is
suppressed more than the dark matter signal with the
decrease in the cone of half angle. As a comparison, for
a 5° cone half angle the signal exceeds the background in a
wider range of energies, 60 GeV < E,, <480 GeV.

From Fig. 2, we note that in the case of the isothermal
profile for the dark matter in which there is a relatively less
dense core region in the isothermal profile, by increasing
the cone half angle from 5° to 10°, there is an almost equal
enhancement of the upward muon fluxes from the atmos-
pheric neutrino background and from the dark matter
annihilation in the center of the galaxy. For the set of
parameters that we choose here, the dark matter signal
becomes larger than the background in the energy ranges
of 100 GeV <E, <470 GeV and 70 GeV<E, <
480 GeV for the cone half angles 10° and 5°, respectively.

Figure 3 shows the dependence of the differential muon
fluxes from dark matter annihilation via the direct produc-
tion channel for m, = 200, 500, and 800 GeV. We again

TABLE IIl.  Parameters for the atmospheric v,, and 7,, flux, in
units of GeV ™ 'km 2 yr !sr!.

1.74
0.018
0.024 GeV~!
0.0069
0.00139 GeV~!
1.95 X 10" for v
1.35 X 107 for .

Zao o sax
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FIG. 3 (color online). Muon flux due to the dark matter anni-
hilation into neutrinos in the Galactic center for different dark
matter masses; curves correspond to the dark matter masses of
200, 500, and 800 GeV, respectively. The corresponding back-
grounds are also shown. All the solid lines correspond to the
contained events with D = 1 km, whereas the dashed ones to
upward events.

consider the NFW profile, a fixed boost factor (B = 200)
and a fixed cone half angle (8 = 5°). The figure shows the
upward flux as well as the contained flux assuming a
detector size D = 1 km in Eq. (7). We find that regardless
of the mass dependence, the upward event spectrum is a
decreasing function of the muon energy whereas the cor-
responding spectrum of the contained events increases with
the muon energy up to the cutoff set by the initial neutrino
energy. In our calculations, we assume that the dark matter
particles annihilate at rest and thus the neutrino energy for
this decay mode can be set to the rest mass of the dark
matter particle, E w = My

The signal for the muon flux from the contained events
has a stronger suppression with the increase in the dark
matter mass than for the upward muon events. This is due
to the m;z dependence in Eq. (2). The mass dependence
for upward events is more complex because of the mass
dependence in the upper limit of the z integration in
Eq. (5). A large mass m (and therefore higher E,) pro-
duces a higher energy muon which has a longer range in
the rock below the detector. For example, for E, >
380 GeV, the upward event signal from the annihilation
of the dark matter particle with mass m, = 800 GeV
dominates over the one from that of the dark matter particle
with mass m, = 500 GeV.

For a wide range of muon energies, the dark matter
signal is above the atmospheric background both for con-
tained and upward events in the y y — v, ¥, channel with
the boost factor used here. We find that for a given dark
matter mass the contained events exceed the upward ones
in the range E,, = 0.6m,.
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FIG. 4 (color online). Muon fluxes due to the secondary neu-
trinos produced through the dark matter annihilation into tau
particles in the Galactic center for different dark matter masses;
m, = 200, 500, and 800 GeV. The solid (dashed) curves corre-

spond to contained (upward) events.

In Fig. 4, we present our results for the differential muon
flux due to the yy — 7"7~ channel. This channel is
characteristic of all three-body decays into neutrinos (sec-
ondary neutrinos). Again shown are the upward and con-
tained signals from m, = 200, 500, and 800 GeV with the
NFW profile and B = 200.

Note that in the case of secondary neutrinos, the signals
for both upward and contained events decrease as the muon
energy increases, and for a fixed m,, the contained events,
in general, dominate over the upward events for muon
energies 100 GeV = E, = m,. This is a consequence of
considering a detector size of D = 1 km, a size larger than
the range of a muon with an energy of less than 1 TeV. The
figure shows that even for a half angle of 5°, in the case of a
NFW profile one would need a boost factor on the order of
about 2000 for the dark matter signals from the secondary
neutrinos to be above the atmospheric background.

Measurement of the muon flux can also be used to
distinguish different dark matter models, as seen in Fig. 5
where we compare signals from different annihilation
channels: yy = W"W~, yx — 777, and yy — bb for
the NFW profile, with B = 200, the half angle equal to 5°,
and m, = 500 GeV. The signals from the b quark and the
tau decay modes differ only by an overall factor which is
close to the ratio of the decay branching fractions of the
corresponding modes given in Appendix A. However, for
the W decay, being a 2-body decay, the shape of the
differential muon spectrum is quite different than those
of the b quark and tau which are both 3-body decay modes.
This indicates that muon flux from the secondary neutrinos
as a by-product of the dark matter annihilation can also be
useful in discriminating different dark matter models.

We now turn to the total rate of upward and contained
muons produced by v, + 7, from direct dark matter
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FIG. 5 (color online). Muon fluxes due to the secondary neu-
trinos produced through the dark matter annihilation into
W bosons (upper curves), tau particles (middle curves), and
bottom quarks (lower curves) in the Galactic center. The solid
(dashed) lines for each channel correspond to contained (up-
ward) events. The detector size is taken to be D = 1 km, and the
cone half angle is § = 5° for the NFW profile with B = 200.

annihilation to neutrinos. Integrating the differential fluxes
over the final muon energy, we obtain the muon rate from
the annihilation of the dark matter as a function of the mass
m,, (Fig. 6) for the NFW profile with B = 200 and 6 = 5°.
Here, the threshold energy is taken to be Ey = 80 GeV.
Because of the finite size of the detector (D = 1 km), and
m;z dependence of the annihilation rate, the signal for the
contained events decreases with increasing the dark matter
mass. On the other hand for upward events, heavier dark
matter particles yield more energetic neutrinos which
makes a larger portion of muons in the rock below the
detector to contribute to the final muon flux. This effect
combined with the energy dependence of the neutrino

10000 T T T T T . T .
NFW profile, B=200, 6=5"
XAV,

solid lines : contained
dashed lines : upward

—— E,=80GeV
—— ATM.E, =80 GeV

T T T T
MR

1000

Muon Rate (yr‘1 km‘z)

| L | L | L | L
200 400 600 800 1000

m, (GeV)

100

FIG. 6 (color online). Total muon fluxes due to the dark matter
annihilation into neutrinos in the Galactic center. The solid
(dashed) lines correspond to contained (upward) events.
Atmospheric background is presented with horizontal lines.
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charged-current cross section results in an increasing
muon rate up to m, = 650 GeV, at which point the m;z
dependence of the annihilation rate takes over resulting in a
slow decrease of the muon rate. Comparison of contained
and upward muon rates presented in Fig. 6 indicates that
for m, = 500 GeV the signal from the contained events
still dominates over the signal from the upward events.
Even though the signal depends weakly on the value of the
threshold energy, the background is very sensitive to it due
to the large contribution from the low energy atmospheric
neutrinos. The signal-to-background ratio increases with
increasing the muon energy threshold. We obtain the same
results for the isothermal dark matter density halo profile if
the boost factor is taken to be 800 for the same cone half
angle of 5°.

In Fig. 7 we show our results for the 10° cone half angle.
We note that in the case of contained events the signal
dominates over the background for 100 GeV =m, =
200 GeV, when the threshold energy is 80 GeV. For up-
ward events, the signal is below the background for all m,.
The isothermal dark matter density halo profile gives a
larger signal than obtained with the NFW profile by about a
factor of 2, due to its larger increase of (J,)q for 10°
relative to 5°.

In Fig. 8 we show contour plots for upward muon events,
N, = (0.5,5,50,500,850) km~2yr~'. The solid (dashed)
lines correspond to the muon energy threshold of 50
(80) GeV. We also calculate that N, =
714(516) km 2 yr~! for the upward muon events due to
the atmospheric muon neutrinos for the muon energy
threshold of 50 (80) GeV. We find that for a fixed cone
half angle the annihilation cross section does not depend on
m,, for m, > 200 GeV to produce a given total muon flux
since the decrease in the annihilation rate with m, is
compensated with the increase in the muon range and
neutrino cross section with m,. The dependence on the

choice of the threshold is also negligible. However, for low

1x10° T T T T T T T T

NFW profile, B=200, 6=10°
XA=>V V.

solid lines : contained
dashed lines : upward

— E,=80GeV
— ATM, E, =80 GeV

T T T T
Lo

10000

Muon Rate (km'2 yr'l)

1000

T T
~

~
Lo

=

| L | L | L | L
100 200 400 600 800 1000

m, (GeV)

FIG. 7 (color online).
angle.

Same as Fig. 6 but for a 10° cone half
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FIG. 8 (color online). Upward muon events curves, N, =
(0.5,5, 50, 500, 850) km 2 yr~!, for the energy threshold of 50
and 80 GeV are shown by the solid and the dashed lines,
respectively. The boost factor is set to be unity and the cone
half angle is chosen to be 5°.

mass dark matter particles, higher values of the annihila-
tion cross sections are required in order to have the same
total muon flux. This is due to the fact that the neutrinos
originated from this low mass dark matter annihilation
mostly contribute to the muon flux at energies less than
the thresholds we choose. The parameter space above the
dotted line is excluded at 90% C.L. by Super Kamiokande
observations toward the direction of the Galactic center
with a cone half angle of 5° [29].

The dominant atmospheric neutrino flavor at neutrino
energies above 40 GeV is v, which produces tracklike
events through charged-current interactions in the neutrino
telescopes. Identifying tracklike events could reduce the
background substantially. Recently it has been argued that
IceCube+DeepCore will be able to put constraints on dark
matter properties in a more efficient way by just analyzing
the cascade (i.e. shower) events which are due to charged-
current interactions of v, , and the neutral-current inter-
actions of all of the neutrino flavors [22]. Since the weak
scattering cross sections are independent of the flavors, the
signal-to-background ratio is enhanced in shower events
since v, can only contribute to the shower events through
neutral-current interactions where the cross section is
about 1/3 of the charged-current cross section.

In Fig. 9, we show hadronic shower rates as a function of
m,, from neutral-current and charged-current interactions
of muon neutrinos and antineutrinos. These rates are the
same for any other neutrino flavor with a democratic y y —
v annihilation rate. Also shown is the hadronic shower
rate due to the atmospheric muon neutrinos: N3i™ =
524(168) km 2yr~! for the charged-current (neutral-
current) interactions. The shower threshold is taken to be
100 GeV. We note that the background due to the atmos-
pheric electron and tau neutrinos is much smaller than for
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FIG. 9 (color online). Hadronic shower rates for charged-
current (dashed curve) and neutral-current (dot-dashed curve)
interactions of v, + 7, when muon neutrinos are produced
directly from the dark matter annihilation in the Galactic center,
compared with the atmospheric background. The NFW profiles
with B = 200, # = 5°, and D = 1 km are used.

the muon neutrinos, so the signal to background would not
change much here when all the neutrino flavors were
included.

We also evaluate the electromagnetic shower rate as a
function of m, due to electrons produced by the charged-
current interactions of »,, with an electromagnetic shower
threshold set at 100 GeV. The atmospheric shower rate is
evaluated using the atmospheric », and 7, fluxes for an
effective zenith angle 0.4 < cosf, < 0.5, which roughly
corresponds to the angle describing the position of the
Galactic center relative to the IceCube,

do _ 500.0 E \-357
(dEdQ),,G (GeV m? s sr) <GeV) ’

( d¢ ) _ 382.6 ( E )_3-57
dEdQ);,  (GeVm?ssr) \GeV ’

From Fig. 10 we see that the signal-to-background ratio is
increased for the electromagnetic showers relative to had-
ronic showers (see Fig. 9) mainly due to a very small
atmospheric electron neutrino flux which is about
34 km~2yr~!. For secondary electron neutrinos from the
decay of taus which are produced via yy — 777, the
signal becomes comparable to the background.

For the future neutrino detector which is positioned in
the northern hemisphere, such as KM3Net, the relevant
background would be coming from almost horizontal
showers, which is about a factor of 3 to 4 times larger
than the flux given by Eq. (14), giving approximately an
electromagnetic shower flux of 100 km =2 yr~!.

In Figs. 11 and 12, we present the contour plots for
contained showers with the energy threshold of 100 GeV.
The main difference between the showers and the upward
muons appears for m, > 200 GeV where for a given total

(15)
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FIG. 10 (color online). Electromagnetic shower rates as a
function of m, for v, + v, charged-current interactions when
electron neutrinos are produced directly in the annihilation of
dark matter in the Galactic center, compared with the atmos-
pheric background for shower energies above 100 GeV. The
NFW profiles with B = 200, § = 5°, and D = 1 km are used.

number of shower events higher annihilation cross sections
is required with the increase in m,. This is due to the
contained event nature of the shower events which are all
produced inside the detector with finite size. Thus, in
contrast to the case for the upward muon events that we
discussed earlier, the strong suppression of the annihilation
rate with m, cannot be compensated because of the finite
size of the detector. The charged-current showers actually
require smaller annihilation cross sections in order to
produce the same number of total shower events that
neutral-current showers produce for a fixed m,, due to the
larger weak scattering cross sections.

T T T T T T T T
— showers from XX*>V,,;“ with CC J

m

— — showers from Xx—>vuvp with NC -

1

<6 v>JAQ (10‘24 em’s™)

L
200 400 600 800 1000
m, (GeV)

FIG. 11 (color online). Hadronic shower event curves, N:’h =
(0.5,5,50,500) km 2yr~!, for the charged-current (solid
curves) and neutral-current (dashed curves) processes, for a
NFW dark matter density profile, a 5° cone half angle, the boost
factor set to be unity, and D = 1 km.
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FIG. 12 (color online). Electromagnetic shower event curves,
N&™ = (0.5, 5,50,500) km~2yr~! for a NFW dark matter den-
sity profile, a 5° cone half angle, the boost factor set to be unity,
and D = 1 km.

The signal detection significance can be evaluated using

S=L (16)

V(NS +Nb)’

where N, corresponds to the number of events for the
signal, while N, is the background. We obtain the time it
would take to observe a 5o effect using our results for the
contained muon events (Fig. 6), hadronic showers (Fig. 9),
and electromagnetic showers (Fig. 10),

1x10°

T T T T T T T
...... contained muon events, E =80 GeV
. — . — em showers, Elh =100 GeV

— — — showers with CC, E =100 GeV
showers with NC, E; =100 GeV

T
TR

blue lines : B, =1

10000 red lines : B, =0.1

T
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1000

Ty

100

|
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01 L1 . | . | . | .

[S]
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S
B
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=]
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S
%
=]
S
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S
=]

FIG. 13 (color online). Time as a function of dark matter mass,
m,, for the direct neutrino production channel (yy — v¥) to
reach a 5o detection level for the IceCube+DeepCore detector.
The curves correspond to hadronic showers (solid for neutral-
current, dashed for charged-current interactions), electromag-
netic showers (dotted curves) and the contained muon events
(dot-dashed curves). By = 1(0.1) for the lower (upper) curves,
the boost factor is taken to be 200, and the cone half angle is 5°
for all curves.
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_ 25(N52+ N,,), (17

NV
where V = 0.04(0.02) km?® is the effective volume of
IceCube+DeepCore for the tracklike (shower) events. In
Fig. 13, we show the observation time (f) required for
IceCube+DeepCore detector to detect or exclude the dark
matter signal via the direct production channel at a 5o
level. Here, we again use a fixed boost factor (B = 200)
and cone half angle (6 = 5°). Our results, when we take
Br =1 for the direct production channel, suggest that in
less than 2 years of observation IceCube+DeepCore will be
able to reach a 5o detection for the contained muon and
electromagnetic shower events for a wide range of m,.
Decreasing the branching fraction by an order of magni-
tude increases the observation time significantly in order to
reach the same significance. For instance, ¢ = 10-50 yr, for
150 GeV = m, = 500 GeV in the case of contained muon
events, and somewhat shorter for the electromagnetic
showers.

In the case of secondary neutrino production, when
neutrinos are produced from tau decays, and taus are
products of dark matter annihilation, these neutrinos
can interact inside the detector producing hadronic and
electromagnetic showers, in addition to muon neutrinos
producing muons via charge-current interactions. In
Fig. 14 we show that the IceCube+DeepCore detector
could potentially detect a 20 effect in 5 (8) yr for m, =
300 GeV (1 TeV), in the case of excluding muonlike
events. To reach a 20 detection for the electromagnetic
showers due to the secondary electron neutrinos IceCube
+DeepCore will need about 10-20 yr of observation for

F T T T T T T T ]
B =200, 6 = 5°, NFW profile ]
w->TT
Lsrrvvvy
Tl
dashed lines : 56
solid lines : 26

— em showers
— hadronic showers E
without track-like events J

E =100 GeV 7
th

1000

T T T T

100

t (years)

T T

. . | . | . | .
400 600 800 1000

m, (GeV)

FIG. 14 (color online). Time as a function of dark matter mass,
m,, for the secondary neutrino production channel yy —
7" = IYI"v.p.v,7; to reach a 20 (solid curves) or a 50
(dashed curves) detection level when measuring electromagnetic
showers (top curves) and hadronic showers without charged
tracklike events (lower curves).
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250 GeV = m,, = 1 TeV. When muonlike events are in-
cluded, the observation times for the hadronic showers
become similar to those for the electromagnetic showers.
The time needed for a 5o effect for hadronic (electromag-
netic) showers is almost an order of magnitude longer than
for a 20 effect.

Comparing the secondary and direct production
(Fig. 13) one sees that it takes longer (by about 1 order
of magnitude) to detect showers from secondary neutrinos
than to detect showers from primary neutrinos. This is
because of the different shape of the shower energy dis-
tributions: for direct neutrinos it increases with energy and
for secondary neutrinos it decreases with energy.

Since the angular resolution for showers is expected to
be much worse than for muons, for the angular resolution
of 30°, the number of signal events will be larger by a
factor of 6, while the background will increase by a factor
of 35, which results in reducing the time it would take
IceCube+DeepCore to see a 20 effect to 3 yr for hadronic
showers without tracklike events. This is in qualitative
agreement with the results presented in Ref. [37].

For dark matter models in which neutrinos are decay
products of taus produced in the dark matter annihilation,
looking for contained hadronic showers in IceCube
+DeepCore seems promising to detect a signal at the 20
level, assuming the NFW dark matter halo profile and a
boost factor B = 200.

In Table IV we give a summary of our results for the
event rates for various dark matter masses. We consider the
direct production of neutrinos (yy — »v7) and the neutri-
nos from the tau decay (yx — 777~ — [T v, v,v,D)).
We classify the event rates as contained (ct) and upward
(up) for the tracklike muon (w) events, and depending on
the type of the interaction involved, charged current (CC),
neutral current (NC), and electromagnetic (em) for the
shower events. Two different cone half angles are chosen,
6 =5° and 6 = 10°, and the threshold energies for the
tracklike muon (shower) events are set to be 80 (100) GeV.
We also show the atmospheric neutrino background for the
tracklike muon and for the shower events.

IV. CONCLUSION

We have studied neutrino signals from dark matter an-
nihilation in the Galactic center. We have calculated
contained and upward muon fluxes from neutrino interac-
tions, when neutrinos are produced in annihilation of
dark matter either directly or via the decay of taus,
W bosons, or b quarks. We have shown that in the case
of direct neutrino production, the signal is above the at-
mospheric background for both contained and upward
events, assuming that the annihilation rate is enhanced by
a boost factor of 200 (when the NFW dark matter halo
profile is used) and that the branching ratio of dark matter
annihilation into neutrinos is 1. In general, the boost factor
values that are required to explain the data obtained by
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TABLE IV. Event rates per km? per yr for the contained (ct), upward (up) muons (), and for the showers (sh) produced via charged-
current (CC), neutral-current (NC), and electromagnetic (em) interactions. Neutrinos from direct production (y y — »#) channel and
secondary neutrinos from yy — 7" 7~ channel are considered. We have set B - By = 200 for each channel. The cone half angle is
chosen to be 5° and 10°. The threshold energy for the muon (shower) events is set to be 80 (100) GeV. The backgrounds due to

atmospheric neutrinos are also presented.

m, (GeV)

200 300 400 500 600 700 800 900 1000
XX — ve
NE(5°) 2240 1750 1385 1135 976 850 750 670 611
NE(10°) 3808 2975 2355 1930 1659 1445 1275 1139 1039
N{p(5°) 615 850 960 1010 1035 1042 1040 1033 1023
NIp(10°) 1046 1445 1632 1717 1760 1771 1768 1756 1739
NYC(5°) 430 400 355 310 274 240 220 200 182
NYC(10°) 731 680 604 527 466 408 374 340 309
NSE(5°) 1310 1230 1080 935 830 741 665 605 556
N§E(10°) 2227 2091 1836 1590 1411 1260 1131 1029 945
NE™(5°) 1920 1600 1300 1100 950 820 730 660 600
N&m(10°) 3264 2720 2210 1870 1615 1394 1241 1122 1020
XX — Tt
NYC(5°) 17 28 33 33 32 31 28 27 24
NYC(10°) 29 48 56 56 54 53 48 46 41
NSE(5°) 39 66 73 72 70 66 61 58 55
NSGE(10°) 66 112 124 122 119 112 104 99 94
N&m(5°) 20 34 38 37 35 33 31 29 27
NEM(10°) 34 58 65 63 60 56 53 49 46
ATMf 839 (5°) 3356 (10°)
ATMA, 564 (5°) 2256 (10°)
ATMAC 169 (5°) 676 (10°)
ATMSC 523 (5°) 2092 (10°)
ATME® 34 (5°) 136 (10°)

the indirect detection experiments vary depending on the
dark matter model and the dark matter mass. For the
specific dark matter model our results can be rescaled by
the corresponding product of the boost factor B and the
branching ratio Bp.

We have found that the contained muon flux dominates
over the upward muon flux for all energies when m, =
200 GeV. However, as we increase the mass m, of the
dark matter particle, for example, when m, = 500 GeV,
the upward muon flux dominates up to E, = 300 GeV,
and for m, = 800 GeV, up to Eu = 500 GeV. This is due
to the increasing muon range as the muon initial energy
increases, which becomes possible when m, is larger, thus
producing higher energy neutrinos in the annihilation. In
the case of secondary neutrino production, the signal
becomes comparable to the background if the boost factor
is an order of magnitude larger than the value we consid-
ered. We have shown that the shape of the muon flux
depends on the specific decay mode, and that the dominant
flux comes from tau decay at low muon energies, and from
W decay for muon energies above 200 GeV. The total
upward muon rates have a weak dependence on m, and
on the muon energy threshold for m, > 400 GeV, due to

the balance of the energy dependence of the muon range,
the upper limit of the muon energy (given by m, ) and the
explicit dependence on m, (~ m;z) of the muon flux.
However, the total contained muon rates show a sharp
decrease with m, for m, > 150 GeV due to the finite
size of the detector. Upward muon events dominate over
contained muon events for m, > 550 GeV.

We have also shown that showers produced by neutrino
interactions, when neutrinos are produced directly in dark
matter annihilation, could also be used to detect a dark
matter signal from the Galactic center. In particular,
electromagnetic showers have much smaller background,
from atmospheric electron neutrinos, than the hadronic
showers. In addition, we have studied the contour plots
of both the upward muon events and the showers and we
have shown the required dependence of the annihilation
cross section on the dark matter mass in order to observe
a fixed number of event rates. We have discussed the origin
of different shapes for the contour curves in each case
and pointed out the contained event nature of the shower
events. We have shown that after 1 yr the IceCube
+DeepCore detector could potentially observe a So signal
effect by measuring contained muons (for direct neutrino
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production), or in 5 to 8 yr a 20 effect with hadronic
showers even in the case when they are due to secondary
neutrinos.

IceCube+DeepCore will be able to identify tracklike
events due to the charged-current interactions of muon
neutrinos, the showers due to neutral-current interactions
of all the neutrino flavors, and the charged-current inter-
actions of electron and tau neutrinos. In particular, above
the neutrino energy of 40 GeV the signal-to-background
ratio for showers is further enhanced since the atmospheric
tau and electron neutrino fluxes are suppressed relative to
the atmospheric muon neutrino flux. Thus, the main back-
ground is the neutral-current interaction whose cross sec-
tion is about a factor of 3 less than the charged-current
cross section of the atmospheric muon neutrinos. The
measurement of the ratio of tracklike muon and shower
events eliminates the dependence on some parameters of
the theory (e.g., boost factor, the dark matter density
profile, etc.) which only determine the overall normaliza-
tion for the energy dependent differential muon fluxes, so
the physical properties of the dark matter particle can
better be determined.

In addition to the boost factor due to Sommerfeld en-
hancement that we have considered, there is potential
enhancement of the dark matter signal due to the existence
of small substructures in the Milky Way halo [38]. Possible
observation of this additional boost may be difficult to
observe because of the small population of these substruc-
tures unless the neutrino detectors have a very good angu-
lar resolution [20].

Because of its location in the northern hemisphere,
the future KM3NeT experiment will be complementary
to IceCube+DeepCore in searching for neutrino signals
from dark matter annihilation in the Galactic center
through the observation of upward muon events. The at-
mospheric muon background at the KM3NeT will be sup-
pressed significantly since the Earth will act as a shield to
those muons. Independent searches of the upward muon
events by KM3NeT and the contained muon and shower
events by IceCube+DeepCore look promising for the dis-
covery of the mysterious dark matter particle or for setting
stringent constraints on its properties.
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APPENDIX A: NEUTRINO ENERGY
DISTRIBUTIONS
1. Neutrino energy distribution from direct production

The neutrino energy distribution when neutrinos are
produced directly from dark matter annihilation is given
by a delta function,

dN,
dE,

= 0(E, — my), (AD)
where the assumption is that the dark matter particles are
essentially at rest when they annihilate.

2. Neutrino energy distribution from 77~ and bb
decay modes

In these decay modes, we use the unpolarized decay
distributions, so the » and » distributions are assumed to be
the same. The decay branching fraction is denoted by B
for a given decay mode f, f = 7, b. The b quarks hadron-
ize before they decay into neutrinos. The hadronization
effect is taken into account by scaling the initial quark
energy, Ei, = m,, in the form E; = z;m,, where z; =
0.73 for b quarks [39].

The neutrino energy distribution from the decay of f =
7", 77, b, or b from yy — ff is approximately

dN 2B E
v — 201 = 3x2 + 2%3), where x = -2 < 1,
dE,  E; E;

(A2)

where for each neutrino or antineutrino flavor (v,, v,, v

17/.[,)7

y7Al

(m v 0. 18) 7 decay,

(Ey, By) = { (0.73m,,0.103) b decay. A

The energy distribution of the tau neutrinos from the
decay of f = b or b is given by (A2) and the distribution
from the decay of 77 or 7~ is given by [34]

ANy, 4By

=" <
dEV, where x 1.

(A4)
3E; E;
3. WHW~ decay mode

In the W* W™~ mode, when the dark matter particle is at

rest when it annihilates, Ey =m,/2 and By =

‘/1 — m},/m%. The decay distribution, for each W, is

dN,
dE,

with
m)(ﬁW
TH1 = ) <E <X F By). (A9

Here, B = 0.105 for each neutrino flavor.
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APPENDIX B: MUON ENERGY DISTRIBUTION

The differential muon flux for the y y — v channel can
be given as

dd)ﬂ C b
= —E,)+—(m} —E} ]
dE, mi(EM + a/B)I:a(mX w 3m§((m)( w
(B1)
where
.= BRop%BF<0-v>F<J2>QAQ'mpG%"NA‘ (B2)

47?3

There is a separate distribution for neutrino and antineu-
trinos, since the parameters a and b depend on the incident
particle and the target. Here, for isoscalar nucleon targets,
a=a,; =020, 005 and b =b,; = 0.05, 0.20. Also
appearing are the Fermi constant Gp=1.17 X
107> GeV~? and Avogadro’s number N, = 6 X 10?3, For
standard rock, @ =2 X 1073 GeV cm?/g accounts for the
ionization energy loss and B =~3.0 X 107 cm?/g ac-
counts for the bremsstrahlung, pair production, and photo-
nuclear interactions and we take p = 2.6 cm?/g.

For the contained events, a similar expression can be
derived as

do, ¢!
dE# m2

E2
<a + b—’;)@(mx —E,), (B3)
X my

where O(x) = 1 if x = 0 and O(x) = 0 otherwise, and

B R()plz)BF<0-v>F<J2>QAQmPG%NAID

¢ =D
4772

. (B4

where D is the size of the detector.
‘We note that

d

Ay « p° for the upward events,
dE,

d

ﬂ « p! for the contained events,
dE,,

so, the muon flux does not depend on the rock density for
the upward events except through « and B3, whereas for the
contained events, the muon flux is directly proportional to
the density of the medium.

All the expressions for the muon flux derived below
contain a ®(m v — E,) function. For secondary neutrinos
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which possess an energy spectrum in the form

dN E, \"
(), = 4G)
dE), m,
where A is an overall factor, the differential upward muon
flux can be calculated by using

do, cA
= [P(m,, E, n)+ K(m, E,, n)
dE, mg:'”)(EM +9) X Su x Fu

(BS)

+ L(m,, E,,n) + M(m,, E,, n)], (B6)

where

amgfﬂ)(mx -E,)
(n+1) ’

(n+2) (n+2)
(my ™ — Eu ")

m+1n+2 °

bmgffl)(mi — Ez)
3(n—1) ’

B b(mf\il+2) _ Ef(:l+2))

m—1Dm+2 °

P(my, E,, n) =

K(my, E,, n) = —
(B7)

L(m,, E,, n) =

M(m,, E,, n) =

for n # 1 and when n = 1,

db, _ cA I:m3 (a N é) _ 3aE,my
3 a X
dE,  3my(E, + [7’)

+ Ei(b ln(i—’;) +5- g)]
For the contained events and when n # 1,
deo, _ c'A
dE, i)

which reduces to

(B8)

a n+l n+l1
[(n+ 1)<m(X+>_ES‘+ )

(B9)

dp, ATa, , m
—FE ="z — E? +bE21<—X>] B10
dE, — m} [2(’”X w) T bE,In E, (B10)

when n = 1.

[1] See, e.g., J. Einasto, arXiv:0901.0632, and references
therein.

[2] See, e.g., L. Bergstrom, New J. Phys. 11, 105006 (2009),
and references therein.

[3] D. Hooper and E. A. Baltz, Annu. Rev. Nucl. Part. Sci. 58,
293 (2008).

[4] See, e.g., G.B. Gelmini, Int. J. Mod. Phys. A 23, 4273
(2008), and references therein.

096007-12


http://arXiv.org/abs/0901.0632
http://dx.doi.org/10.1088/1367-2630/11/10/105006
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171217
http://dx.doi.org/10.1146/annurev.nucl.58.110707.171217
http://dx.doi.org/10.1142/S0217751X08042729
http://dx.doi.org/10.1142/S0217751X08042729

MUON FLUXES AND SHOWERS FROM DARK MATTER ...

(5]

(6]

(7]

[11]
[12]

[13]

[14]

[15]

[16]

(17]

[18]

W.B. Atwood et al. (Fermi/LAT Collaboration),
Astrophys. J. 697, 1071 (2009); E.O. Wilhelmi (HESS
Collaboration), AIP Conf. Proc. 1112, 16 (2009); M.
Beilicke (VERITAS Collaboration), AIP Conf. Proc.
1112, 33 (2009); T. Mizukami (CANGAROO-III
Collaboration), AIP Conf. Proc. 1085, 364 (2008); Y.
Yukawa (CANGAROO Collaboration), J. Phys. Conf.
Ser. 120, 062018 (2008); J. Rico et al. (MAGIC
Collaboration), AIP Conf. Proc. 1112, 23 (2009).

P. Jean et al., Astron. Astrophys. 407, L55 (2003); C.
Boehm, D. Hooper, J. Silk, M. Casse, and J. Paul, Phys.
Rev. Lett. 92, 101301 (2004).

D. P. Finkbeiner, Astrophys. J. 614, 186 (2004); G. Dobler
and D. P. Finkbeiner, Astrophys. J. 680, 1222 (2008); M.
Bottino, A.J. Banday, and D. Maino, arXiv:0807.1865; D.
Hooper, D. P. Finkbeiner, and G. Dobler, Phys. Rev. D 76,
083012 (2007).

M. Aguilar et al. (AMS-01 Collaboration), Phys. Lett. B
646, 145 (2007); C. Goy (AMS Collaboration), J. Phys.
Conf. Ser. 39, 185 (2006); D. Casadei, arXiv:0609072.
S. W. Barwick et al. (HEAT Collaboration), Astrophys. J.
482, L191 (1997).

O. Adriani et al. (PAMELA Collaboration), Nature
(London) 458, 607 (2009); E. Mocchiutti et al,
arXiv:0905.2551.

J. Chang et al., Nature (London) 456, 362 (2008).

S. Torii et al. (PPB-BETS Collaboration),
arXiv:0809.0760; K. Yoshida et al., Adv. Space Res. 42,
1670 (2008).

H.E.S. Aharonian, Astron. Astrophys. 508, 561 (2009).
A.A. Abdo et al. (Fermi LAT Collaboration), Phys. Rev.
Lett. 102, 181101 (2009).

J. Braun and D. Hubert (IceCube Collaboration),
arXiv:0906.1615; D. Hubert (IceCube Collaboration),
Nucl. Phys. B, Proc. Suppl. 173, 87 (2007).

R. Abbasi et al. (IceCube Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 601, 294 (2009); C. Rott
(IceCube Collaboration), arXiv:0810.3698.

U.F. Katz (KM3NeT Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 602, 40 (2009).

See, e.g., P. Gondolo and J. Silk, Phys. Rev. Lett. 83, 1719
(1999); D. Hooper and G.D. Kribs, Phys. Rev. D 67,
055003 (2003); G. Bertone, E. Nezri, J. Orloff, and J.
Silk, Phys. Rev. D 70, 063503 (2004).

J. Hisano, M. Kawasaki, K. Kohri, and K. Nakayama,
Phys. Rev. D 79, 043516 (2009).

J. Liu, P.F. Yin, and S. H. Zhu, Phys. Rev. D 79, 063522
(2009).

D. Spolyar, M. Buckley, K. Freese, D. Hooper, and H.
Murayama, arXiv:0905.4764; 1. Cholis, L. Goodenough,
D. Hooper, M. Simet, and N. Wiener, Phys. Rev. D 80,
123511 (2009).

M.R. Buckley, K. Freese, D. Hooper, D. Spolyar, and H.
Murayama, Phys. Rev. D 81, 016006 (2010).

A.M. Atoian, F. A. Aharonian, and H.J. Volk, Phys. Rev.
D 52, 3265 (1995); D. Hooper, P. Blasi, and P. D. Serpico,
J. Cosmol. Astropart. Phys. 01 (2009) 025; P.D. Serpico,
Phys. Rev. D 79, 021302 (2009); H. Yuksel, M. D. Kistler,

[24]

[25]

[26]

(27]

(28]

[29]
(30]
(31]
(32]

(33]
[34]

(35]
(36]
[37]
(38]

[39]

096007-13

PHYSICAL REVIEW D 81, 096007 (2010)

and T. Stanev, Phys. Rev. Lett. 103, 051101 (2009); S.
Profumo, arXiv:0812.4457; P. Blasi and P.D. Serpico,
Phys. Rev. Lett. 103, 081103 (2009); P. Mertsch and S.
Sarkar, Phys. Rev. Lett. 103, 081104 (2009).

See, e.g., P.J. Fox and E. Poppitz, Phys. Rev. D 79, 083528
(2009); R. Harnik and G.D. Kribs, Phys. Rev. D 79,
095007 (2009); Q.H. Cao, E. Ma, and G. Shaughnessy,
Phys. Lett. B 673, 152 (2009); B. Kyae, J. Cosmol.
Astropart. Phys. 07 (2009) 028; X.J. Bi, X.G. He, and
Q. Yuan, Phys. Lett. B 678, 168 (2009); S. Baek and P. Ko,
J. Cosmol. Astropart. Phys. 10 (2009) 011; D. J. Phalen, A.
Pierce, and N. Wiener, Phys. Rev. D 80, 063513 (2009);
H.S. Goh, L.J. Hall, and P. Kumar, J. High Energy Phys.
05 (2009) 097; A. Ibarra, A. Ringwald, D. Tran, and C.
Weniger, J. Cosmol. Astropart. Phys. 08 (2009) 017.
See, e.g., G. Kane, R. Lu, and S. Watson, Phys. Lett. B
681, 151 (2009).

See, e.g., E. Nardi, F. Sannino, and A. Strumia, J. Cosmol.
Astropart. Phys. 01 (2009) 043; A. Arvanitaki, S.
Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik, and
S. Rajendran, Phys. Rev. D 80, 055011 (2009); A. Ibarra,
D. Tran, and C. Weniger, J. Cosmol. Astropart. Phys. 01
(2010) 009.

A. Sommerfeld, Ann. Phys. (Leipzig) 403, 257 (1931); J.
Hisano, S. Matsumoto, and M. M. Nojiri, Phys. Rev. Lett.
92, 031303 (2004); N. Arkani-Hamed, D.P. Finkbeiner,
T.R. Slatyer, and N. Weiner, Phys. Rev. D 79, 015014
(2009); 1. Cholis, G. Dobler, D.P. Finkbeiner, L.
Goodenough, and N. Weiner, Phys. Rev. D 80, 123518
(2009); J. M. Russell, S. M. West, D. Cumberbatch, and D.
Hooper, J. High Energy Phys. 07 (2008) 058; J. M. Russell
and S. M. West, Phys. Lett. B 676, 133 (2009).

P. Meade, M. Papucci, A. Strumia, and T. Volansky, Nucl.
Phys. B831, 178 (2010); V. Barger, Y. Gao, W. Y. Keung,
D. Marfatia, and G. Shaughnessy, Phys. Lett. B 678, 283
(2009).

S. Desai et al. (Super-K Collaboration), Phys. Rev. D 70,
083523 (2004); 70, 109901(E) (2004).

A.E. Erkoca, M. H. Reno, and I. Sarcevic, Phys. Rev. D
80, 043514 (2009).

J.F. Navarro, C.S. Frenk, and S.D. M. White, Astrophys.
J. 462, 563 (1996).

J. Hisano, K. Nakayama, and Masaki J.S. Yang, Phys.
Lett. B 678, 101 (2009).

A. Strumia and F. Vissani, arXiv:0606054.

S.1. Dutta, M. H. Reno, and I. Sarcevic, Phys. Rev. D 62,
123001 (2000).

T. K. Gaisser and M. Honda, Annu. Rev. Nucl. Part. Sci.
52, 153 (2002).

M. Honda, T. Kajita, K. Kasahara, S. Midorikawa, and T.
Sanuki, Phys. Rev. D 75, 043006 (2007).

S. K. Mandal, M. R. Buckley, K. Freese, D. Spolyar, and
H. Murayama, Phys. Rev. D 81, 043508 (2010).

M. Kamionkowski, S. M. Koushiappas, and M. Kuhlen,
Phys. Rev. D 81, 043532 (2010).

G. Jungman and M. Kamionkowski, Phys. Rev. D 51, 328
(1995); P. Lipari, Astropart. Phys. 1, 195 (1993).


http://dx.doi.org/10.1088/0004-637X/697/2/1071
http://dx.doi.org/10.1063/1.3125778
http://dx.doi.org/10.1063/1.3125789
http://dx.doi.org/10.1063/1.3125789
http://dx.doi.org/10.1063/1.3076682
http://dx.doi.org/10.1088/1742-6596/120/6/062018
http://dx.doi.org/10.1088/1742-6596/120/6/062018
http://dx.doi.org/10.1063/1.3125788
http://dx.doi.org/10.1051/0004-6361:20031056
http://dx.doi.org/10.1103/PhysRevLett.92.101301
http://dx.doi.org/10.1103/PhysRevLett.92.101301
http://dx.doi.org/10.1086/423482
http://dx.doi.org/10.1086/587862
http://arXiv.org/abs/0807.1865
http://dx.doi.org/10.1103/PhysRevD.76.083012
http://dx.doi.org/10.1103/PhysRevD.76.083012
http://dx.doi.org/10.1016/j.physletb.2007.01.024
http://dx.doi.org/10.1016/j.physletb.2007.01.024
http://dx.doi.org/10.1088/1742-6596/39/1/046
http://dx.doi.org/10.1088/1742-6596/39/1/046
http://arXiv.org/abs/0609072
http://dx.doi.org/10.1086/310706
http://dx.doi.org/10.1086/310706
http://dx.doi.org/10.1038/nature07942
http://dx.doi.org/10.1038/nature07942
http://arXiv.org/abs/0905.2551
http://dx.doi.org/10.1038/nature07477
http://arXiv.org/abs/0809.0760
http://dx.doi.org/10.1016/j.asr.2007.04.043
http://dx.doi.org/10.1016/j.asr.2007.04.043
http://dx.doi.org/10.1051/0004-6361/200913323
http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://arXiv.org/abs/0906.1615
http://dx.doi.org/10.1016/j.nuclphysbps.2007.08.058
http://dx.doi.org/10.1016/j.nima.2009.01.001
http://dx.doi.org/10.1016/j.nima.2009.01.001
http://arXiv.org/abs/0810.3698
http://dx.doi.org/10.1016/j.nima.2008.12.215
http://dx.doi.org/10.1016/j.nima.2008.12.215
http://dx.doi.org/10.1103/PhysRevLett.83.1719
http://dx.doi.org/10.1103/PhysRevLett.83.1719
http://dx.doi.org/10.1103/PhysRevD.67.055003
http://dx.doi.org/10.1103/PhysRevD.67.055003
http://dx.doi.org/10.1103/PhysRevD.70.063503
http://dx.doi.org/10.1103/PhysRevD.79.043516
http://dx.doi.org/10.1103/PhysRevD.79.063522
http://dx.doi.org/10.1103/PhysRevD.79.063522
http://arXiv.org/abs/0905.4764
http://dx.doi.org/10.1103/PhysRevD.80.123511
http://dx.doi.org/10.1103/PhysRevD.80.123511
http://dx.doi.org/10.1103/PhysRevD.81.016006
http://dx.doi.org/10.1103/PhysRevD.52.3265
http://dx.doi.org/10.1103/PhysRevD.52.3265
http://dx.doi.org/10.1088/1475-7516/2009/01/025
http://dx.doi.org/10.1103/PhysRevD.79.021302
http://dx.doi.org/10.1103/PhysRevLett.103.051101
http://arXiv.org/abs/0812.4457
http://dx.doi.org/10.1103/PhysRevLett.103.081103
http://dx.doi.org/10.1103/PhysRevLett.103.081104
http://dx.doi.org/10.1103/PhysRevD.79.083528
http://dx.doi.org/10.1103/PhysRevD.79.083528
http://dx.doi.org/10.1103/PhysRevD.79.095007
http://dx.doi.org/10.1103/PhysRevD.79.095007
http://dx.doi.org/10.1016/j.physletb.2009.02.015
http://dx.doi.org/10.1088/1475-7516/2009/07/028
http://dx.doi.org/10.1088/1475-7516/2009/07/028
http://dx.doi.org/10.1016/j.physletb.2009.06.009
http://dx.doi.org/10.1088/1475-7516/2009/10/011
http://dx.doi.org/10.1103/PhysRevD.80.063513
http://dx.doi.org/10.1088/1126-6708/2009/05/097
http://dx.doi.org/10.1088/1126-6708/2009/05/097
http://dx.doi.org/10.1088/1475-7516/2009/08/017
http://dx.doi.org/10.1016/j.physletb.2009.09.053
http://dx.doi.org/10.1016/j.physletb.2009.09.053
http://dx.doi.org/10.1088/1475-7516/2009/01/043
http://dx.doi.org/10.1088/1475-7516/2009/01/043
http://dx.doi.org/10.1103/PhysRevD.80.055011
http://dx.doi.org/10.1088/1475-7516/2010/01/009
http://dx.doi.org/10.1088/1475-7516/2010/01/009
http://dx.doi.org/10.1002/andp.19314030302
http://dx.doi.org/10.1103/PhysRevLett.92.031303
http://dx.doi.org/10.1103/PhysRevLett.92.031303
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://dx.doi.org/10.1103/PhysRevD.80.123518
http://dx.doi.org/10.1103/PhysRevD.80.123518
http://dx.doi.org/10.1088/1126-6708/2008/07/058
http://dx.doi.org/10.1016/j.physletb.2009.04.010
http://dx.doi.org/10.1016/j.nuclphysb.2010.01.012
http://dx.doi.org/10.1016/j.nuclphysb.2010.01.012
http://dx.doi.org/10.1016/j.physletb.2009.06.030
http://dx.doi.org/10.1016/j.physletb.2009.06.030
http://dx.doi.org/10.1103/PhysRevD.70.083523
http://dx.doi.org/10.1103/PhysRevD.70.083523
http://dx.doi.org/10.1103/PhysRevD.70.109901
http://dx.doi.org/10.1103/PhysRevD.80.043514
http://dx.doi.org/10.1103/PhysRevD.80.043514
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1086/177173
http://dx.doi.org/10.1016/j.physletb.2009.06.014
http://dx.doi.org/10.1016/j.physletb.2009.06.014
http://arXiv.org/abs/0606054
http://dx.doi.org/10.1103/PhysRevD.62.123001
http://dx.doi.org/10.1103/PhysRevD.62.123001
http://dx.doi.org/10.1146/annurev.nucl.52.050102.090645
http://dx.doi.org/10.1146/annurev.nucl.52.050102.090645
http://dx.doi.org/10.1103/PhysRevD.75.043006
http://dx.doi.org/10.1103/PhysRevD.81.043508
http://dx.doi.org/10.1103/PhysRevD.81.043532
http://dx.doi.org/10.1103/PhysRevD.51.328
http://dx.doi.org/10.1103/PhysRevD.51.328
http://dx.doi.org/10.1016/0927-6505(93)90022-6

