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We study the sensitivity of IceCube/DeepCore detector to dark matter annihilations in the Earth’s core.
We focus on annihilation modes yy — vo, t777, bb, and WHW~. Both track and cascade events are con-
sidered in our analysis. By fixing the dark matter annihilation cross section (ov) at some nominal values,
we study the sensitivity of the IceCube/DeepCore detector to dark matter spin-independent cross section
af,l for m, ranging from few tens of GeV to 10 TeV. This sensitivity is compared with the existing IceCube
79-string constraint on the same cross section, which was obtained by searching for dark matter annihi-
lations in the Sun. We compare this sensitivity to dark matter direct detection results as well, in particular
the XENON100 (2012) limit and the parameter regions preferred by DAMA and CRESST-II experiments.
We also present IceCube/DeepCore sensitivity to (ov) as a function of m, by fixing 02‘ at XENON100
(2012) and XENONIT limits, respectively. This sensitivity is compared with the preferred dark matter
parameter range derived from the combined fitting to PAMELA and AMSO02 positron fraction data.
We conclude that the search for dark matter annihilations in the Earth’s core provides competitive con-
straints on 0,531 and (ov) in the case of low-mass dark matter. Particularly, the expected constraint on ¢5'

P
for 5 years of data taking in IceCube/DeepCore is more stringent than the current IceCube 79-string limit

mentioned above.
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I. INTRODUCTION

Evidence for the dark matter (DM) are provided by many
astrophysical observations, although the nature of DM is
yet to be uncovered. The most popular candidates for
DM are weak interacting massive particles (WIMPs),
which we shall assume in this work. Dark matter can be
detected either directly or indirectly with the former observ-
ing the nucleus recoil as DM interacts with the target nuclei
in the detector and the latter detecting final state particles
resulting from DM annihilations or decays. The direct
detection is possible because the dark matter particles
constantly bombard the Earth as the Earth sweeps through
the local halos. As just stated, the direct detection experi-
ments record the nuclei recoil energy of nuclei-WIMPs
scattering. At present, DAMA [1], CoGeNT [2], and
CRESST [3] have reported the detection of DM signal with
the DM mass m, ranging from few GeV to 50 GeV and the
spin-independent scattering cross section o3 ~ 107 pb.
On the other hand, XENON100 [4] only collects 2 events
which are consistent with the background. This result
then sets the limit 65 <2 x 107 pb for m, = 55 GeV.
Interestingly, a recent CDMS 1I result [5] reports three
signal events which gives a p-value 0.19% (less than
40). The corresponding best-fit values of DM parameters
are m, = 8.6 GeV and &' ~ 1.9 x 107 pb.

Dark matter can also be detected indirectly by measuring
the positron signals from the Milky Way. PAMELA
observed a rise of the cosmic ray positron fraction for
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positron energy greater than 10 GeV [6]. This anomalous
enhancement is confirmed by Fermi-LAT [7] and the
recently released AMSO02 first result [8]. In the recent
AMSO02 result, this continuous rise of the positron fraction
is extended up to positron energy ~350 GeV. Such a spec-
tral behavior makes the DM annihilation explanation of the
data difficult because it requires a large boost factor for
annihilation cross section (cv) provided the thermal equi-
librium for DM in the early universe is reached with
(6v) ~3x 1072 cm?s~!. For example, several groups
[9-15] fit the updated galactic positron fraction with the
AMSO02 new results included. They have found that the
favored DM parameter region is located at m,~ few
TeVand 1072 < (ov)/cm? s™! <1072 if DM annihilation
channel yy — 17 is responsible for the positron excess.
The favored DM mass range can be lowered to a few hun-
dred GeV if nearby pulsar sources are considered together
with yy — 77t~ annihilations [12]. However, the favored
values for (ov) do not decrease much in such a combined
fitting. It is important to note that DM annihilations in the
galactic halo are constrained by Fermi-LAT gamma ray
observations [16]. The constraint on (6(yy — 777 )v) is
in fact located in the preferred DM parameter region result-
ing from PAMELA and AMS02 measurements for the
same range of m,,.

It has been pointed out some time ago that the preferred
DM parameter region by PAMELA and Fermi-LAT mea-
surements can be examined through the observation of neu-
trinos [17-19] (see also discussions in Refs. [20,21]) by the
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IceCube detector augmented with DeepCore array. Indeed
IceCube 22 string result on searching for DM annihilations
from the galactic halo [22] has set the upper limit for
(6(yy —» 777 )v) comparable to the required annihilation
cross section for explaining PAMELA and Fermi-LAT
data. The IceCube sensitivity on DM signature from the
galactic halo is expected to improve with the data from
all 86 strings analyzed. The analysis of DeepCore array
data will further enhance the sensitivity in the small m,
regime [23,24] which is of interest due to direct detection
results mentioned above.

It is interesting to note that the constraints on DM capture
cross section and annihilation cross section (ov) can be
obtained from the searching for DM annihilations from the
Earth’s core. The detection of DM-induced neutrino signa-
ture from the Earth’s core has been discussed previously
[25-28]. It has been shown that the chemical composition
of the Earth’s core results in several DM annihilation peaks
for m, ranging from 20 to 60 GeV. These peaks do not
appear for annihilations inside the Sun. Furthermore, the
DM annihilation rate inside the Sun is completely deter-
mined by the capture cross section (contributed by both
spin-dependent cross section af,D and spin-independent
cross section GIS,I, respectively) while DM annihilation rate
in the Earth’s core depends on both ¢3' (contribution pro-
portional to 63" is negligible) and (ov). This is understood
by the fact that DM density in the former case has already
reached equilibrium while DM density in the latter case has
not. Hence the search for neutrino signature from the
Earth’s core can probe both cross sections.

Model-independent sensitivity studies on IceCube detec-
tion of DM induced neutrino signature from the Earth core
were reported in [29,30] for DM mass around TeV. In this
work, we consider an extended DM mass range from a few
tens of GeV to TeV. In the low mass range, our results can
be compared with direct detection results from DAMA,
CoGeNT, CRESST-II, and XENON100 mentioned above.
In the high mass range around TeV, our results can be com-
pared with those from cosmic ray observations by
PAMELA, Fermi-LAT, and AMS02. We study both muon
track events and cascade events induced by neutrinos. We
consider annihilation channels yy — vo, yy — vttt
W+W~, bb for signature neutrino productions. For nonmo-
nochromatic modes, we note that yy — vz~ produces the
hardest neutrino spectrum while yy — bb produces the
softest one. We also include v, — v, oscillations for lower
energy neutrinos.

This paper is organized as follows. In Sec. II, we discuss
the neutrino flux produced in the Earth’s core by DM anni-
hilations. The procedure for calculating such a flux is out-
lined. In Sec. III, we discuss the track and shower event
rates resulting from DM annihilations in the Earth’s core.
The background event rates from atmospheric neutrino flux
are also calculated. We adopt the effective areas published
by the IceCube observatory for event rate calculations. In
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Sec. IV, we present IceCube/DeepCore 5-year sensitivities
for detecting DM-induced neutrino signature from the
Earth’s core. We first fix the DM mass at two representative
values, m, =50 GeV and m, =2 TeV. The IceCube/
DeepCore 206 sensitivity for 5-year data taking is then pre-
sented as a curve on ((ov), 05)) plane. Next, we fix the anni-
hilation cross section (ov) at conservative values,
3x 1072 cm?s™! and 3 x 10727 cm?®s~!. We then present
IceCube/DeepCore sensitivities to spin-independent cross
section o3 as a function of m, for different assumptions
on dominant DM annihilation channels. Such sensitivities
are then compared with existing constraints from direct
detection experiments and that obtained from the
IceCube/DeepCore search of DM annihilations in the
Sun. Finally, we take different experimental bounds on

SI as inputs to obtain different IceCube/DeepCore sensi-
t1v1t1es to DM annihilation cross section on the (m, SI)
plane for different annihilation channels. There are thus
three scenarios for the input o5 (i) o5 favored by
DAMA and CRESST-II; (i) af;l bound set by
XENON100; (iii) o—f;l bound set by XENONIT (2017)
[31] assuming nondetection. We particularly compare
IceCube sensitivity to (6(yy — 7777 )v) to the favored
range on the same quantity implied by PAMELA,
Fermi-LAT, and AMSO02. It is seen that neither yy —
W*W~ nor yy — bb can simultaneously fit well to
PAMELA and AMSO02 [12] if either channel is assumed
to be dominant. We note that our work has assumed the
dark matter interpretations for PAMELA, FERMI-LAT,
and AMSO02 data. The pulsar interpretations of these data
are discussed in Ref. [32]. We conclude in Sec. V.

II. NEUTRINO FLUX FROM DM ANNIHILATION
IN THE EARTH’S CORE

To facilitate our discussions, let us define dN,’j,. /dE,
as the energy spectrum of v; produced per DM annihi-
lation yy — ff in the Earth’s core. The differential DM
neutrino flux of flavor i on the Earth’s surface is then
given by

dopM dN{,
dE,

=P, (E,.D)

235

where I'4 is the DM annihilation rate, Bf( is the branching
ratio for the DM annihilation channel yy — ff, D is the
distance between the source and the detector, and
P, ., (E,.D) is the neutrino oscillation probability from
the source to the detector.

To calculate d®M/dE,, we employ WIMPSIM [33]
with a total of 50000 Monte Carlo generated events.
Although we are particularly interested in IceCube/
DeepCore measurements, the DM neutrino flux from
the Earth core is the same for all detector locations
near the Earth’s surface due to the spherical symmetry.
The oscillation probability P, ., (E,,D) is calculated

6]
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with the best-fit neutrino oscillation parameters summa-
rized in Table I of Ref. [34], 6,,=33.65, 6,;=8.93",
03 =38.41", 8= 1087, om3}, =7.54x 107> eV2, and
om3,=2.47x103eV2.

The DM annihilation rate I’y can be determined by the
following argument. When the Earth sweeps through DM
halo, the WIMP could collide with matter inside the Earth
and lose its speed. If the WIMP speed becomes less than its
escape velocity, the WIMP can be captured by Earth’s
gravitational force and then sinks into the core of the
Earth. After a long period of accumulation, WIMPs inside
the core of the Earth can begin to annihilate into standard
model particles at an appreciable rate. Among the annihi-
lation final states, neutrinos can be detected by neutrino
telescopes. Let N(f) be the number of WIMPs in the
Earth’s core at time ¢, we have

dN

=C,—2Iy4(t) —
dt c A()

CeN, 2
where C. is the capture rate and Cf, is the evaporation rate.
It has been shown that WIMPS with masses between
5-10 GeV may evaporate from the Earth [26,28,35,36].
Since we are interested in the mass range m, > 10 GeV,
we neglect Cg in our discussions. The capture rate C,
depends on the DM-nuclei elastic scattering cross section
which contains spin- dependent component a D and spin-
independent component ap The DM annlhllatlon rate
[4(1) is proportional to N?(¢). One writes

1
FA(I) :ECANz(t>' (3)

Taking into account the quasithermal distribution of
WIMPs in the Earth’s core, the annihilation coefficient
C, can be written as [37]
2/3
) : “4)

C, = <6av> m)(
A7 v, \20 GeV
where V, = 2.3 x 10% c¢cm?® for the Earth.
By solving N(t) in Eq. (2), we obtain [36]

Fa() = Sank? (;A ) )

where 7 is the age of the macroscopic body, for example
t = 4.5 Gyr for the Sun and the Earth, while 7, is the
equilibration time scale, 7, = (C,C,)~"/2. Numerically
tanh?(¢/7,) — 1 for =~ > 2. In such a case FA( )=C./2
so that the DM annihilation rate in the Earth’s core depends
only on the capture rate C. and is independent of the
annihilation cross section (o-v).

Since the heavy nuclei such as iron are abundant in the
Earth’s core, the capture cross section is enhanced due to its
quadratic dependence on the nuclear atomic number.
Therefore, the corresponding capture rate is given by [38]
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with o the DM velocity dispersion, p, the local DM density,
and A the atomic number of chemical element in the Earth’s
core. F; (m,,) is the product of various factors including the
mass fractlon of element A, the gravitational potential for
element A, kinematic suppression factor, form factor, and a
factor of reduced mass. The explicit form of F (m,,) is not
essential for our discussions. It can be found, for instance,
in Ref. [38]. However, we like to stress that there are sig-
nificant astrophysical uncertainties on the DM local density
and its velocity distributions involved in C, [39]. In this
work, we use approximate formulas given in [38], which
are adopted by DARKSUSY [40].

Lo kms_l

C [S3 _3 X —
GeVcm v

II1. DM SIGNAL AND ATMOSPHERIC
BACKGROUND EVENTS

Neutrino telescopes such as IceCube detect neutrinos by
measuring muon track and cascade events, which are
induced by neutrino-nucleon charged-current (CC) and
neutral-current (NC) scatterings. We calculate neutrino
event rate according to IceCube published neutrino effec-
tive area A’ (E,) [41] of the full IceCube 86-string detec-
tor, where k is the interaction type for different neutrino
flavor i. For example, for muon track events, i is the
(anti-) muon neutrino and k is the (anti-) muon neutrino
CC interaction. On the other hand, for cascade events, i
includes all three neutrino flavors. For (anti-) electron neu-
trinos and (anti-) tau neutrinos, k runs over CC and NC
interactions while k is exclusively NC interaction for
(anti-) muon neutrinos. The effective area accounts for
the detection efficiency including the neutrino-nucleon
interaction probability, the energy loss of muon from its
production point to the detector, and the detector trigger,
and analysis efficiency. Hence, the neutrino event rate from
the Earth’s DM is given by

d(I)DM

Nsignal = /gmlz dE

where d®PM/dE, is the differential neutrino flux in the
vicinity of detector for a given neutrino flavor i, which
is given by Eq. (1), and the index k can be either NC or
CC interaction. The effective area can be defined as
Aé:fl;( ) plCCNAGI/ N( )Véfl;( ) [18], where pj. =
0.9 g/cm? is the density of ice, N, = 6.022 x 10?3 g~!
is the Avogadro number, o, N(E ) is the neutrino-nucleon
cross-section, and Veff( ,) is the effective volume of
IceCube for different neutrino-nucleon interaction events.
In this work, we shall take the detector threshold energy
Eth for IceCube/DeepCore as 10 and 100 GeV, respec-
tively. To compute the rate for v, track events, we shall

ALK(E)dE,dQ,  (7)
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use the effective area (DeepCore+IceCube Trigger) given
by Ref. [41].

Unlike the calculation of track event rate, which requires
only one effective area, the calculation of cascade event rate
requires 5 different effective areas. The cascade-event
effective area given by Ref. [41] is only for v, CC interac-
tion events. Here we also adopt the effective area marked as
DeepCore + IceCube Trigger for estimating the v, event
rate. To obtain effective areas for other cascade events, we
perform the rescaling

an(E) Ve () E)
..CC
Vléff (Eb)

ik ,.CC
Aéff(Ev) = Asff (E,) x

®)

where (y) is the averaged fraction of neutrino energy E,
converted into shower energy after a neutrino-nucleon
CC or NC interaction. One has (y) = 0.3 for NC inter-
actions of v, and v, while (y) = 1 for v, CC interaction
[42]. For v, the fraction (y) resulting from v, CC interac-
tion and subsequent tau-lepton decay is approximately
0.6 x (y,) + 0.4 where (y,) is the energy fraction of v,
taken by hadrons in v,-nucleon CC interaction [43]. The
factor 0.4 is the visible energy fraction in tau lepton decays,
which can be estimated by using PYTHIA [44]. It should
be noted that the final effective area/effective volume for
cascade events may be significantly reduced due to the
background rejection cut. In a recent IceCube 79-string
result on atmospheric v, flux measurement [45], the final
effective volume for v, events is much smaller than the one
at the DeepCore filter level for lower energies while such a
difference is within an order of magnitude for
E, > 10° GeV, as can be seen from Fig. 2 of that paper.
Since our sensitivity calculations for cascade events are
based upon effective areas in Ref. [41], we only present
IceCube/DeepCore  sensitivities for E® = 100 GeV in
the case of cascade events.

For calculating the atmospheric (ATM) background
event rates, we use the atmospheric neutrino flux taken
from Ref. [46]. Because the intrinsic ATM v, flux is neg-
ligible, we only consider ATM v, and v, fluxes at the pro-
duction point. It is essential to include the effect of neutrino
transmissions through the Earth. Since the Earth becomes
opaque to neutrinos only for E, > 40 TeV [43], the
neutrino transmission in our interested energy range is
essentially the neutrino oscillation effect. Hence the
ATM background event rate is given by

™

Elﬂ‘dX .
N = .
background i d Ey

ik

ALK(E,)dE,dQ,  (9)

where d®™ /dE, is the ATM neutrino flux in the vicinity
of the detector. Such a flux is given by
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d@QTM B dq)OATM

Yip E, L0
dEy dED uj—w,-( v (1/))’

(10)

where d@éf}_“ /dE, is the ATM neutrino flux at the source,
P, ., (E, L(0,)) is the neutrino oscillation probability
with L(6,) the neutrino traversing distance through the
Earth along the direction of 6,. For comparison with the
signal event rate induced by Earth’s DM annihilation with
DM mass m,, Ey,, is taken as m, in Eq. (9). We remark
that E,,, should differ from m, in practice due to the
energy resolution effect. However, the impact of energy
resolution on our sensitivity estimation will be shown
insignificant in the next section.

In Fig. 1, we show the number of neutrino events
in 5 years from DM annihilations (yy — z"7~) and the
ATM background as functions of the maximum
open angle ., (left) and the DM mass m, (right),
respectively. We stress that N 1S the total number
of neutrino events integrated from the detector threshold
energy to the maximal energy m,. Such information is
useful for later discussions. Here, we take (ov) =
3x 1072 cm®s™! and o5 the 90% CL upper limit f
rom XENON100. From Eq. (4), we can see the annihila-
tion coefficient C, is inversely proportional to a m, de-
pendent effective volume Vi = V(20 GeV/m,)*>,
which describes the volume of dark matter occupation
in the Earth’s core. Hence it is seen from the left
panel of Fig. 1 that N, reaches to the maximum for
sufficiently large ., that can cover the entire DM popu-
lated region in the Earth’s core. The critical value of
for covering the DM populated region in the Earth’s core
is a function of m,, which we denote as yf,(m,). We
have

Whhax (M) = max [Sin_l (i X <3V%7([m1)> §>, 10} .
(11)

where Rg the radius of the Earth. The 1° on the right-hand
side of the equation is to ensure a minimal open angle of
1°. We have seen that Vg (m,) decreases as m,, increases.
Hence, yi,x for m, = 500 GeV is smaller than yy,,, for
m, = 50 GeV, as can be seen from the left panel of Fig. 1.
The right panel of Fig. 1 shows DM and ATM back-
ground event numbers as functions of m, where .«
for each m, is taken to be . (m,). The Ny for
the ATM background should have been increasing with
m,, for a fixed y,, since the maximal energy for these
neutrino events is taken to be m,. However, as just men-
tioned, we have taken wp,c to be wi,..(m,), which
decreases with m,,. As a result, Neyens for the ATM back-
ground stays almost a constant over a wide range of m,,.
The Neyenis for DM signal peaks at three different values
of m,,. This is due to the enhancement of the capture rate

when m,, is close to the mass of any dominantly populated
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FIG. 1 (color online).
(right).

nuclei in the Earth’s core. In fact, the three peaks from
small to large m, correspond to the resonant capture
by oxygen, Mg/Si, and Fe/Ni, respectively. Effects of
these resonant capture peaks have been studied in inert
doublet [47] and supersymmetry neutralino DM models
[48,49]. In Ref. [50], the authors also included the effect
from dark disc and found that the search for DM annihi-
lation in the Earth can have the same level of sensitivity as
the search for DM annihilation in the Sun for

m, <100 GeV.

IV. RESULT

We present the sensitivity as a 2¢ detection significance
in 5 years, calculated with the standard formula

DM signal -
/ATM background

2.0. (12)

The ATM here is the number of atmospheric background
events, which we calculate with the flux data from
Ref. [46]. The right-hand side of Eq. (12)) refers to the
20 detection significance.

As mentioned earlier, the effect of detector energy res-
olution on the sensitivity estimation needs to be under-
stood. The energy resolution for muon track events in
IceCube/DeepCore can be parametrized as (o5/GeV)? =
52+ (0.2- E/GeV)? [51], while the energy resolution
for cascade events can reach to A(log,o(E/GeV)) = 0.1
[52]. Here we take a conservative energy resolution
og/E = 50%, which is roughly the resolution for track
events near the threshold energy E; = 10 GeV. One
expects the energy resolution of neutrino events to be sig-
nificantly improved in the liquid scintillation detector,
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The events collected in 5 years. We display the total events in the detector as function of y,, (left) and m,

which could measure the direction and energy of the
recoiling nucleon from scintillation light [53-55]. With
or/E = 50%, we may compare the ATM track event rate
in Eq. (9) with E},, = m, and the similar event rate with
Eax = 3m,/2, which has taken into account the 50%
energy resolution. We have found that, for E%M =
10 GeV and 12 < E,,,/GeV < 10°, the ratio of the
ATM background event rate with E,, = 3m,/2 to that
with Ey,, = m, varies between 2.7 and unity. From
Eq. (12), we can see that the magnitude of DM annihilation
cross section which the detector can probe is proportional
to the square root of the ATM background event number.
Thus the IceCube sensitivity to (ov) with track events is
changed only slightly by a factor f in the range
1 < f<1.65. We expect a similar effect for cascade
events. Therefore, the effect of energy resolution on our
sensitivity estimation is insignificant.

In Fig. 2, we show the 5 year sensitivity of the full
IceCube 86-string detector to Earth’s DM signal on
((ov), 03" plane. We consider annihilation channels
XX = Vel,, V0, and 7477, The first annihilation mode
produces cascade events while the second and third chan-
nels produce both track and cascade events due to v, — v,
oscillations. Each annihilation channel is assumed to be
dominant when IceCube/DeepCore sensitivity to that chan-
nel is derived. We note that the branching fraction for
monochromatic channel yy — vv can be sizeable or even
dominant in certain DM models [56—-58]. The uncertainty
on the angle between the incoming neutrino and the out-
going charged lepton directions in neutrino-nucleon CC
interaction sets the lower limit for the open angle y .

The above uncertainty can be approximated by A¢ = 30" x
v/ (1 GeV)/E, [59]. We have taken the open angle y,,,, for

025003-5



FEI-FAN LEE, GUEY-LIN LIN, AND YUE-LIN SMING TSAI

10—

E - . track B
[ DM neutrinos from the Earth X trac 1
[ 5-year, m, =50 GeV, ,,,,=5°
107 :-Em=10 GeV, 20 significance. .

— Xx—V,7,, track ]

XENON100 (2012) 90% exclusion 7]

sl sl L PR
10° 10° 10
(ov) [3 %1072 (cm®s™1)]

PHYSICAL REVIEW D 89, 025003 (2014)

104 E e ———rrr —r—rrrrr
F — xx—7r, track
- -- xx—77, cascade
— Xxx =y, track
10°F === xx—v7,, cascade H
—~ 10°F E
o]
o
=
@ o
© 107
108 E DM neutrinos from the Earth 0=
F 5-year, m,=2TeV, ¥, =5 ~=33
[ E,, =100 GeV, 20 significance. )
-9 sl sl 1 PR
10
10! 10° 10° 10*

<av> [3x107%0 (cm®s )]

FIG. 2 (color online). The 5 year sensitivity in 26 significance on the ({(cv), 63') plane. In the left panel, the DM mass is 50 GeV and
the threshold energy is 10 GeV. The DM mass is 2 TeV and threshold energy is taken to be 100 GeV in the right panel. Solid lines are
sensitivities with track events while dashed lines are sensitivities with cascade events. The pink shaded area represents the 90%

exclusion from XENON100 (2012) result.

collecting events from the Earth’s core to be 5° for both
track and cascade events. For track events, this choice is
slightly optimistic for events near the threshold energy
Ey, = 10 GeV in the left panel. However, it is reasonable
for all track events in the right panel with E,; = 100 GeV.
For the former case, a more realistic choice for y,,, will
also be taken in our later discussions. For cascade events,
we only consider high threshold energy Ey; = 100 GeV
which is presented in the right panel. Hence the above
choice for y, is also achievable for cascade events
according to the angular resolution study in Ref. [60].
We note that the angular resolution for neutrino events
can be significantly improved in the liquid scintillation
detectors mentioned above [53-55], since the direction
and energy of the recoiling nucleon can be measured in
such type of detectors.

In the right panel of Fig. 2, we can see that yy — v,7,
channel is most sensitive to o3 In particular, this channel
provides a better sensitivity to 65 than yy — v,7, does, i.e.,
one can probe yy — v,U, to aregime of smaller event rates.
This is true since the v, cascade background event rate for
the former channel is suppressed compared to the v, track
background event rate for the latter channel.

We note that the 5 year sensitivity curve on ({(ov), o5
plane is almost linear in logarithmic scale so that o}
approximates to (ov) % with slope —k. As (o) increases,
a smaller scattering cross section GIS)I is sufficient to achieve
the same detection significance. However, Eq. (3) implies
that this trend cannot continue indefinitely. As tanh(;") is
driven to the plateau by a sufficiently large (ov), C,. must
approach to a constant value for maintaining the same anni-
hilation rate I'4. This then implies that o,s,l also approaches

to a constant value. In the reverse direction where (o)
decreases, a larger af,l is required to achieve the same detec-
tion significance. On the other hand, the XENON100 limit
(pink shaded region) eventually sets the upper bound for
af,l. This constraint is clearly seen for the yy — "7~ chan-
nel with m,, = 2 TeV. Due to the XENON100 limit, such a
channel cannot produce enough neutrino events in IceCube
for reaching 20 sensitivity in 5 years, unless the boost factor
for (ov) is larger than 1000.

It is clear that the XENON100 limit sets a m, -dependent
bound on (ov) for each annihilation channel. However, if
one takes different experimental bounds on ¢3!, the pros-
pect of observing neutrinos from the Earth’s core differs
drastically. There are thus three possibilities:

Case A: Neutrino observation implied by DAMA and
CRESST-II favored parameter space;

Case B: (ov) exclusion limits implied by the
XENON100 bound on af,l;

Case C: Pessimistic scenario by assuming nondetec-

tion of XENONIT (2017).
Below we shall discuss in turn these three cases.

A. Neutrino observation implied by
DAMA and CRESST-II

In Fig. 3, we present IceCube/DeepCore sensitivities to
yx — tte-, WHW~, and bb annihilations in the Earth’s
core on the (m,, a?}) plane for track events with different
Wmax and {ov) with E® = 10 GeV. The sensitivities to
xx = WTW~ (black dashed-doted) and yy — 77~ (grey
solid) are comparable, albeit the W*W~ channel only
opens at m, > my. The experimental upper limits of
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The IceCube/DeepCore 5 year sensitivity curves on the (m,, 5?,1) plane for yy — tte—, WHW~, and bb

annihilation channels. The upper figures are based on (6v) =3 x 1072 cm®s™' while the lower figures are based
on (6v) =3 x 10727 cm3s~!. The track-event sensitivities with yr, = 5" are presented in figures on the left column and that with
Wmax = 10" are presented in figures on the right column. The energy threshold is taken to be 10 GeV. The IceCube 79-string upper limits
on yy — bb (red dashed-squared line) and yy — W*W~/z*7~ (red solid-squared line) from the search for DM-induced neutrino sig-

nature from the Sun are also shown for comparison [61].

xr — bb (red dashed-squared line) and yy —
WHW~/7t7~ (red solid-squared line) are taken from the
IceCube 79-string result on the search for muon neutrino
events induced by DM annihilations in the Sun [61].
The IceCube 79-string result is based upon one year
(317 days) of data between June 2010 and May 2011.
We note that the constraint on yy — WTW~ /777~ stands
for a constraint on yy — W*W~ for m, > my and a con-
straint on yy — 7"z~ for m, < my,. For m, <100 GeV, it
is seen that the 5-year IceCube/DeepCore sensitivity to o?'
from detecting DM annihilations in the Earth’s core is
stronger than the above IceCube 1-year bound from

detecting DM annihilations in the Sun. In fact, the former
sensitivity to GISJI remains stronger than the latter constraint
even with just one year of data. Since the 1-year sensitivity
is v/5 times weaker than the 5-year sensitivity, our calcu-
lated af,‘ sensitivity curves can be easily scaled up for
describing the 1-year sensitivity.

The favored region of DAMA at higher m, is not com-
patible with the IceCube 79-string constraint on
xx — ™. This region can also be probed by searching
for neutrinos from yy — z77~ and bb annihilations in
the Earth’s core. In fact, the search for muon track events
induced by yy — 77~ with (6v) = 3 x 1072° cm?®s~! can
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The IceCube/DeepCore 5 year track-event sensitivity curves in 2¢ significance on the (m,,(ov)) plane for

Eg =10 GeV and y,,,, = 5. The aSI input values are taken from no channeling DAMA and CRESST-II shown in Fig. 3. The figure
in the left panel is for yy — bb channel while the figure on the right panel is for yy — 7"z~ channel. The dashed/solid lines correspond
to sensitivities obtained with input a ! given by the lower/upper boundary of DAMA and CRESST contours. The allowed regions for

(ov) are indicated by hatched areas.

probe the full allowed region of DAMA and most of the
allowed region of CRESST-II. With a 10 times smaller
(o), the full allowed region of DAMA can still be probed
by the same annihilation channel.

From Fig. 2, we can see that the sensitivity is correlated
as o) ~ (ov)~%. Therefore, if one takes DAMA and
CRESST-II favored regions as input, it is possible to probe
(ov) to a value much smaller than 3 x 1072° cm?s~! as
shown by Fig. 4. In this figure, it is assumed that DM
parameter regions are those given by DAMA and
CRESST-II. We then present the IceCube/DeepCore 5 year
track-event sensitivity curves on the (m,, (ov)) plane. We
take the boundary of the discovery contour of DAMA and
CRESST-II as our ¢ inputs. The upper IceCube/DeepCore
sensitivity curves (thin lines) are driven by the lower boun-
dary of 63' contours of DAMA and CRESST-II, while the
lower sensitivity curves (thick lines) are driven by the upper
boundary of a ! contours. We do not use the data of CoGent
because their favored DM mass range is below the energy
threshold Ey = 10 GeV. For the same reason, we also
ignore the m, < 15 GeV favored regions of DAMA and
CRESST-II. We choose the open angle Y. =5
Because of the large capture rate C,. resulted from the iron
resonance region, (ov) for this m, range can be probed
to values much smaller than the thermal average cross
section (6v) ~3 x 1072 cm? s~

B. (ov) exclusion limits implied by
XENON100 bound on 5"

We can take the XENON100 90% upper limit as the
input o3, Let us begin by taking E™ =10 GeV and

consider only track events. The 5-year IceCube/
DeepCore 26 sensitivities to (6 (yy — v,7,)v) and (o (yy —
7777 )v) as functions of m, are presented in Fig. 5. We note
that the annihilation channel yy — 77~ can give rise to

10%° ——————ry

tanh(t/7, ) ~1

DM neutrinos from the Earth

<av> (ecm?s71)

10k 5-year, with XENON100 (2012) |
E,,=10 GeV, 20 significance.

/ —_5°
Pmax =9

-25

10 3 — xx—r, track E

— XX TV track |]

2 --- Yuksel et al. )

107 st * —
10! 10° 10°

m, (GeV)

FIG. 5 (color online) The 5-year IceCube/DeepCore 20 sensitiv-
ities to (o(yy — v,7,)v) and (6(yy — 77~ )v) as functions of m,
with track events. The ai‘ is taken from the XENON100 90% upper
limit. The yellow shaded area corresponds to the steady state with
tanh(é) ~ 1. We take EM = 10 GeV and y,,,x = 5 . The bound on
xy — vu annihilation cross section [62] using the data of Fréjus,

Super-Kamiokande, and AMANDA detectors is also shown.
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track events due to the v, — v, oscillations for lower E,.
The results are obtained by considering track events
with . = 5. The yellow shaded region corresponds
to the steady state with tanh(;>) ~ 1, which is caused by
a sufficiently large (ov) when o' is fixed at the current
XENON100 upper limit. In this case, the number of DM
trapped in the Earth’s core reaches to the equilibrium value
since I’y = C,./2. As a result, the annihilation rate which
dictates the neutrino flux is determined entirely by the cap-
ture rate and is independent of (o). The latter only deter-
mines the number of DM in the equilibrium. Hence the
measurement of neutrino flux in the steady state can only
determine &7

10%° T
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FIG. 6 (color online).
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We can see the strongest limit comes from the iron res-
onance region m, ~50 GeV where the capture rate C,
peaks. On the other hand, the weakest bound of (6v) occurs
at the lowest point of the XENON100 o' upper limit
located at m, ~ 100 — 200 GeV. Moreover, the curves
are broken near the boundary of the yellowed region.
Hence, for each annihilation channel, there exists a range
of m, where the 26 significance curve disappears. This
means that the DM event number in this m, range cannot
reach the 2o significance before (ov) reaches to the steady
state tanh() ~ 1. One should bear in mind that this yel-
lowed region varies with the input 6?,1. Before we move
on, it is instructive to compare our derived sensitivities

10° T

tanh(t/7,4 ) ~1

DM neutrinos from the Earth
10-25 L 5-year, with XENON100 (2012)
E,;,=100 GeV, 20 significance.

- == xx—7r, track
—— xx—7, cascade
- == xx—w,p,, track

Yunax =5 — Xxx—,7,, cascade

10-26
10? 10°

<0'v> (cm®s™1)

10-24 L DM neutrinos from the Earth .
5-year, with XENON100 (2012)

E,;,=100 GeV, 20 significance.

=50°

wmax
25| |
10 - XX, track
— XX —V/7,, cascade
— xx—7, from GC, cascade
-26 L
10
10° 10° 10*
m, (GeV)

The 5-year IceCube/DeepCore 20 sensitivities to (ov) of various channels as functions of m, with track and

X

cascade events. The threshold energy is taken to be 100 GeV and the m, range is extended to 10 TeV. The cyan contours refer to 5o
confidence region of PAMELA and AMS02 combined analysis, for yy — +7~ channel, taken from Ref. [9]. The black solid line is the
5 year sensitivity upper limit of (¢(yy — 7777 )v) in 26 significance obtained from the search of neutrino cascade events from the
galactic center with y,,,, = 50" relative to the direction of galactic center.
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to existing bounds on the DM annihilation cross section in
the galactic halo. These bounds were derived some time
ago [62] by comparing the expected neutrino spectrum
from DM annihilations in the galactic halo with the
well-measured atmospheric neutrino spectrum by Fréjus,
Super-Kamiokande, and AMANDA detectors [63]. We
show one of those bounds on the yy — v annihilation
cross section in Fig. 5 for comparison. Such a bound is
referred to as Milky Way Halo Average by the authors,
which considers the average of DM distribution integrated
over the line-of-sight for the entire sky. It is seen that
the current IceCube/DeepCore detector can probe into a
much smaller DM annihilation cross section compared to
neutrino detectors mentioned above.

We next take E™ = 100 GeV and consider both track
and cascade events. We present in Fig. 6 the IceCube/
DeepCore sensitivities to (ov) of various channels as
functions of m,. The result in the upper left panel is
obtained by taking W . = Wiax (1), While yr,,, is taken
to be 5°, 10°, and 50° for results in the upper right, lower
left, and lower right panels, respectively. For the yy —
777~ channel, we also plot the 56 confidence region
favored by PAMELA and AMSO02 positron fraction data
[9] for comparison. One can see that the search for yy —
777~ cascade events can probe almost all the 56 favored
region by PAMELA and AMS02 with y,,,, = 5. For
comparison, we also estimate the IceCube/DeepCore sen-
sitivity to the DM annihilation cross section in the galactic
halo with a 100 GeV threshold energy by using the
method of Ref. [24] and the energy-dependent effective
volume Vi (E) [41]. The 5 year sensitivity upper limit
of (6(yy — 7777 )v) obtained from searching for neutrino
cascade events from the galactic center with y,,, = 50’
relative to the direction of the galactic center is also plot-
ted. We note that this sensitivity is independent of af},
unlike the search for DM annihilations in the Earth’s core.
One can see that the search for galactic DM annihilations
by IceCube/DeepCore can probe the entire 5S¢ confidence
region favored by PAMELA and AMS02 in 5 years of run-
ning. We note the idea of using DM-induced neutrinos
from the galactic center to examine the PAMELA and
FERMI favored parameter space was first proposed in
Refs. [17-19].

It is interesting to note that yy — t7z~ at the current
energy range also produces track events since a tau lepton
can decay into muon neutrinos. In Fig. 7, we summarize the
sensitivities with track events for the 77z~ channel with dif-
ferent open angles, Y.« = 1° (red solid), 2° (green dashed-
dot), 5° (black dot), 10° (grey solid), and y . = Wi (1)
(blue dashed). We note that the sensitivity curves for
Wmax = 1 and 2° cross at m,, ~ 600 GeV. In other words,
for m, < 600 GeV, the numerator in Eq. (12) increases
faster than the denominator as y,,,, increases from 1° to
2° (see the left panel of Fig. 1). Moreover, we note that
the sensitivity to (ov) can change by more than one order

PHYSICAL REVIEW D 89, 025003 (2014)
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FIG. 7 (color online). The IceCube/DeepCore sensitivities
to (o(yy — vz~ )v) with track events for several different open
angles.

of magnitude as the open angle v, increases from 1° to
10°. Finally, with y,,,, = 1°, IceCube 5 year data can probe
the PAMELA and AMSO02 positron favored region
for m, 2 2 TeV.

T
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FIG. 8 (color online). The IceCube/DeepCore 5 year sensitivity
with 26 significance on the (m,, (6v)) plane. The o' input is taken
from the XENONIT sensitivity curve. We take y . =5 . The
threshold energy is taken to be 100 GeV. The red solid line
and blue dashed line are IceCube sensitivities to yy — v,0,
cascade events and yy — v,b, track events, respectively.
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C. Pessimistic scenario by assuming nondetection
of XENONIT (2017)

Finally we discuss a pessimistic scenario that DM is not
detected by XENONIT (a future ton-size DM detector). In
Fig. 8, instead of using the current XENON100 limit as the
input for 63!, we compute the IceCube 5-year 2o sensitivity
upper limit with the projected ¢3! limit from XENONIT
[31] as the input. We set the threshold energy at
100 GeV and present our result for m, up to 10 TeV.
Even if XENONIT o3 sensitivity limits at larger m, are
weaker, only those (ov) arising from monochromatic anni-
hilation channels can be probed by IceCube, i.e., by observ-
ing cascade events from yy — v, and yy — v, channels
(not shown on the figure), and by observing track events
from yy — v,v, channel. However this upper limit is not
stringent since the strongest bound for (ov) in this case

is roughly 10722 cm? s~

V. SUMMARY AND CONCLUSIONS

In this paper, we study the neutrino signature arising
from DM annihilations inside the Earth’s core. Applying
IceCube/DeepCore effective areas, we have computed
IceCube/DeepCore 5-year sensitivities in 2¢ significance
with track and cascade events. We note that our sensitivity
calculations based upon Eq. (12) should be viewed as
approximations. In actual experimental analysis, detailed
Monte Carlo studies of systematic uncertainties are
involved. From the slope of sensitivity curves in Fig. 2,
it is seen that the neutrino event rate is more sensitive to
oy than (ov). To illustrate the impact of o' on the neutrino
event rate, we have focused on three different scenarios
according to different input 0_1571_ Hence our results can
be divided by three categories.

A. Implications from ¢5' favored by DAMA and
CRESST 11

We have compared the 5-year full IceCube/DeepCore
sensitivity to o,s,l derived from the search for DM annihila-
tions in the Earth’s core with the recent limit on 0,5,1 by the
IceCube 79-string detector search for DM annihilations in
the Sun. We found that the small DM mass region,
m, < 100 GeV, can be better probed by detecting DM
annihilations in the Earth’s core. By fixing (ov) =
3x 1072 cm?s~!, we found that our 777~ track event
result can probe the entire DAMA allowed region and most
of the CRESST-II allowed region. If one takes the large 6,5,1
favored by DAMA and CRESST-II as input, a rather low
(ov) is sufficient for IceCube/DeepCore to achieve 20
detection significance in 5 years on DM annihilations in
the Earth’s core. It will be quite a challenge for other

PHYSICAL REVIEW D 89, 025003 (2014)

indirect detection experiments to achieve such a sensitivity
to (ov) in the near future.

B. Implication from 0'1§I bound set by XENON100:

We have also considered the scenario of taking the
current XENON100 bound as our input ;. We have dis-
cussed the implications by taking E™ as 10 and 100 GeV,
respectively. In the former case, we study the IceCube/
DeepCore sensitivities for m, up to 1 TeV and consider
only track events. In the latter case, the IceCube/
DeepCore sensitivities are studied for m, up to 10 TeV with
both track and cascade events.

For E;, = 10 GeV, we found that the strongest limit of
(ov) comes from the iron resonance region m, ~ 50 GeV.
Among all the DM annihilation channels, the most strin-
gent limit with track events arises from yy — v,0,
annihilation.

For E;, = 100 GeV where both track and cascade events
are considered, the most stringent limit of (ov) is from
xx — v,U, cascade events. Moreover, we have compared
the IceCube/DeepCore sensitivities on the (1, (ov)) plane
with the parameter range favored by PAMELA and AMS02
data. We found that both track and cascade events in the
xx — vHt~ annihilation channel can test the PAMELA
and AMSO02 favored parameter space. With . = 1,
the search for DM induced neutrino track events from
the Earth’s core can rule out the PAMELA and AMSO02
favored parameter region at m, 2 2 TeV.

C. Implication of future XENONIT sensitivity

We finally discussed the pessimistic scenario that DM
is not discovered by the future XENONIT. With an input
o5 given by XENONIT sensitivity, we again discuss the
implication on neutrino search.

With E™ =100 GeV and 10> < m,/GeV < 10%, we
found that only those (o) arising from monochromatic
annihilation channels, yy — vo, can be probed by
IceCube in 5 years of data taking. However the expected
bound on (ov) by IceCube is disfavored by the current
AMS-02 positron flux result.
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