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vatory (INO) facility due to neutrinos arising out of annihilation of Weakly Interactive
Massive Particles (WIMP) in the centre of the earth. The atmospheric neutrinos coming
from the direction of earth core presents an irreducible background. We consider 50kt x
10 years of ICAL running and WIMP masses between 10-100 GeV and present 90 % C.L.
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trino detector. For a WIMP mass of 52.14 GeV, where the signal fluxes are enhanced due
to resonance capture of WIMP in earth due to Fe nuclei, the sensitivity limits, assuming
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1 Introduction

The Weakly Interacting Massive Particles (WIMP) have been proposed as one of the lead-
ing particle dark matter candidates to explain the missing non-luminous matter of the
universe [1-3]. The WIMP with masses in the mass range of a few GeVs to tens of TeV
would get gravitationally attracted to the celestial body, scatter off the nucleons in the ce-
lestial bodies and lose energy. WIMP whose velocities become less than the escape velocity
of the celestial body are then trapped in the gravitational potential well of the celestial
body. The trapped WIMP eventually sink to the centre of the celestial body due to grav-
ity where their concentration increases. Subsequent annihilations of WIMP is expected
to produce neutrinos in their final states. These neutrinos are expected to come with an
energy spectrum in the range [0 — m,/], where m, is the WIMP mass. These neutrinos
can be detected in the neutrino detectors, providing an indirect evidence for the existence
of WIMP dark matter. Such indirect detection signals for WIMP in the sun [4-6] and
earth [6, 7] have been looked for in the currently running neutrino detectors such as Ice-
Cube [4], Antares [6] and Super-Kamiokande (SK) [5]. Since none of the detectors have
recorded any positive signal for WIMP annihilations in the sun and earth, they have given
exclusion limits in the WIMP scattering cross-section — WIMP mass space.

The magnetised Iron CALorimeter (ICAL) detector proposed to be built at the India-
based Neutrino Observatory (INO) should be able to detect the neutrinos from WIMP
annihilations if the WIMP indeed have masses in the few GeV to 100s of GeV range. In
our previous work [8] we explored the prospects of indirect detection of WIMP annihilation
in the sun at the ICAL detector at INO. In this work we study the prospect of indirect
detection of WIMP at ICAL from their annihilations in the centre of the earth. As is well
known, the WIMP annihilation cross-section can be related to the WIMP-nucleus scattering



cross-section. The WIMP scattering on nucleons can proceed both via Spin Independent
(SI) as well as Spin Dependent (SD) process, where the SI cross-section depends on the mass
of the nucleus involved while the SD cross-section does not. Rather, SD WIMP nucleon
scattering is relevant only for nuclei which have a non-zero spin in their ground state and
therefore, only the target nuclei with unpaired nucleons are sensitive to SD scattering cross
section. Since the sun has a large abundance of hydrogen, SD scattering and capture is
significant and hence the neutrino detectors looking for dark matter annihilation in the sun
have provided competetive bounds on SD WIMP-proton cross section. The earth, however,
has only a negligible fraction of nuclei with spin and hence SD scattering is not relevant
for the case of the earth [9]. On the other hand, since heavier target nuclei offer better
sensitivity to SI cross-section, the earth can be sensitive to SI cross-sections. Similarly, the
WIMP direct detection experiments, which look for the recoil energy of target nuclei due
to WIMP scattering on them in dedicated terrestrial detectors, are more sensitivity to SI
or SD cross-section, depending on the nature of their target material.

While the direct detection experiments continue to be several order of magnitude
more sensitive for SI interactions, indirect searches provide a complementary probe to dark
matter and are essential to fully reconstruct the particle nature of dark matter.

The organisation of the paper is as follows. In section 2 we calculate the signal neutrino
spectra due to WIMP annihilation in the earth. In section 3 we describe the detector and
the event generation procedure. Thereafter, in section 4, we describe the atmospheric
background suppression scheme. In section 5 we describe our statistical analysis, present
results in section 6 and finally conclude in section 7.

2 Neutrino flux from WIMP annihilation in the earth

The number of WIMP (N) inside the earth as a function of time ¢ is given by the following

differential equation [9],

dN

o =(C —~Cy\N?*-EN, (2.1)
where the terms on the right-hand side correspond to capture of WIMP inside the earth
(C), annihilation in the core (Ca) and evaporation from its surface (E), respectively. In this
work we neglect the effect of evaporation from the earth assuming that it is not significant
for reasonably heavy WIMP [10-13]. Each annihilation reduces the number of WIMP
by two units and hence the rate of depletion of WIMP is twice the annihilation rate in

the earth,
1
[a = 5CAN2. (2.2)

The quantity Cy is a function of total WIMP annihilation cross-section times the relative

velocity of the WIMP ((oav)) and the distribution of WIMP in the earth and can be
written as [9, 14],
Vs

Ca = (oav) (2.3)

where Vj is the effective volume of the earth and is given by V; = 2 x 10%5(j mio)?’/ 2 cm3,

and mio being WIMP mass in the units of 10 GeV [9, 14]. Solving eq. (2.1) for N, we find



the annihilation rate at any given time as,
1 2
I'a= iCtanh (t/7), (2.4)

where 7 is the time required for equilibrium to be established between the capture and
annihilation of WIMP in the earth and is related to C' and Cs through the expression

T = (CCy) V2. (2.5)

In case t > 7, equilibrium would have reached and the relation I"'y = C'/2 would hold. For
a 50 GeV WIMP, assuming (oav) = 3 x 107%cm3s~! in eq. (2.3), and og; = 10~*cm? in
the capture rate expression (eq. (2.7)), we get value of C'x and C, respectively. Putting
these values of Cx and C in from eq. (2.5), we get 7 ~ 1018 s. For WIMP masses less than
50 GeV, the value of 7 increases by a few orders of magnitude. For masses above 50 GeV it
is seen to increase by an order of magnitude. For the age of the earth, which of the order
of ~ 107 s, we therefore see that equilibrium between the annihilation and capture rate is
never achieved and hence I'y # C/2. Nevertheless, /7 can be related to the capture rate
C' and annihilation cross-sections (ocav) via the following relation [9]:

1/2 1/2 3/4
o _19x10t(C _oav) ) (2.6)
T s—1 cm3 s—1 10 GeV

where t = tg ~ 4.5 x 10? years is the age of the earth. From eq. (2.3), we can see that for a
given WIMP mass and for a fixed value of (oav), Cy is constant and using eq. (2.4) a direct
proportionality between I's and C' can be established. Hence, the annihilation of WIMP in
earth can be related to the WIMP-nucleon scattering cross section. The scattering of the
WIMP could proceed via both Spin Dependent (SD) and Spin Independent (SI) processes.
The SI scattering cross-section depends on the number of nucleons present in the nucleus
and hence is dominant for heavy nuclei. Since the earth comprises mainly heavy nuclei,
the SI WIMP-nucleon scattering is dominant and is given by [9, 15]:

_(1GeV Plocal 270 km /s | s S(my/mi)
C = C< Mo ) <03 GeV/cm3> ( ) ;Fz(mx)aslfz¢zm]w/>€1 GeV) y (27)

Vlocal

where ¢ is a constant with value 4.8 x 10 s~! for the case of earth and my is the mass
of WIMP. pjocqr and ¥jpcal are the local DM density and velocity dispersion in the halo
respectively. The summation in eq. (2.7) has to be carried out over all the nuclei in the
earth where Fj(m,) is the form-factor suppression for the capture of a WIMP of mass
m,, with the i*! nucleus. For the i*® nuclear species with mass my; (in GeV), f; is the
mass fraction of the i*" element. The normalised average “potential energy” ¢; depends on
the spatial distribution of the i*" element in the earth and is expressed as ¢; = (v2);/vo,
where (v?); being the escape velocity square of WIMP, averaged over the distribution of
the element ¢ and vy is the escape velocity at the surface of the earth [9, 15]. of; is the
cross-section for elastic scattering of the WIMP on i*! nuclear species via SI interaction
in the units of 1074 ¢cm2. For the capture of the WIMP on *! nuclei, S(m,/my,) gives
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Figure 1. SI capture rate for WIMP in the earth as a function of WIMP mass m,,. The enhanced
capture rate due to resonance scattering on various nuclei is also shown.

the corresponding kinematic suppression factor. The cross-section for interaction of WIMP
aél with i*® nucleus can be related to WIMP-nucleon interaction cross-section ogy by the
following expression:

2

. .

oy = os? (2220) (25)
Hxp

where for the i*® nucleus: A; is the atomic number, i is its reduced mass and my, ~
A;my, my being the proton’s mass. Here we assume the proton mass to be equal to the
neutron mass. The annihilation of WIMP produce standard model particle antiparticle
pairs. Subsequently, hadronisation and/or decay of these pair products can give rise to
neutrinos. Due to WIMP annihilation in the earth, the differential neutrino flux arising at

the detector is given by:
dN/,

dQdtdE, 47rR2 Z RJ dE

(2.9)

where I' 4 and C' are related as discussed above, R is the distance travelled by the neutrinos
between the point of creation in the earth’s core and detection at the detector. dN;/dE,
is the differential neutrino flux for a given WIMP annihilation channel j such as W+TW—,
bb, cé, 7t7~ etc. The sum in eq. (2.9), which is over all possible channels j, has to be
weighted with the branching ratio (BR;) of the particular channel j. Considering a generic
WIMP scenario, we take one annihilation channel at a time and assume 100% branching
ratio for each of the channels. For a specific model predicting a different BR;, the above
fluxes would be simply mixture of different channels scaled linearly.

The annihilation of WIMP into standard model particle-antiparticle pairs in the centre
of the earth, followed by the propagation of the produced neutrinos up to the detector is
done using the WIMPSIM [16, 17] package. WIMPSIM uses Nusigma [18] for simulation of



Paramter Best-Fit Value
012 34°
913 9.2°
023 45°
) 0
Am3, 7.5 x 107%eV?
Am?3, 2.4 x 1073eV?

Table 1. Oscillation parameters used in the Simulation.
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Figure 2. The v and 7 fluxes at ICAL due to annihilation of 25 GeV WIMP in the earth for various

3L

channels assuming og; = 10738 ¢cm? and (oav) = 3 x 10726 cm

neutrino-nucleon interactions. For the hadronisation, decay and production of neutrinos it
uses PYTHIA [19]. For the results presented in this paper, we consider WIMP mass in the
range (10—100) GeV and for b, 777~ and 1,7, annihilation channels. The propagation of
neutrinos through earth matter involves neutrino oscillations which has been incorporated
in a full three flavour neutrino framework with the oscillation parameters given in table 1.
Throughout our analysis, we consider normal mass hierarchy.

WIMP can annihilate through various channels: c¢, bb, tt, ete™, pTp=, 7Hr=, WTW—,
7970, g g, dd, v and s5. Among these channels, electrons are stable and the muons would
interact and get absorbed inside the earth before they could produce high energy neutrinos.
Therefore, electron and muon channels are not relevant to our analysis. The annihilation
of WIMP into particles like protons, anti-deuterons, gamma rays will not produce neutrino
fluxes, and hence such channels are also not considered in our work. The quark-antiquark
annihilation channels like ui, dd and s5 will produce a weaker neutrino spectra and hence



not competitive. For the WIMP mass range considered in this work, the channels WTW—,
Z970, tt are not kinematically relevant as they open up from masses 80.4 GeV, 91.2 GeV
and 173 GeV, respectively. The annihilation to Higgs boson has also not been considered
for the same reason.

Figure 2 shows the neutrino and antineutrino fluxes (in units of GeV~1m=2Q"1s71) at
ICAL due to WIMP annihilations in the earth. For each of the annihilation channels, we
assume 100 % BR. We take piocal = 0.3 GeV/cm? and vjgea1 = 270 km sec™! in our flux
calculations. The fluxes shown in figure 2 are for 25 GeV WIMP assuming a WIMP-nucleon
scattering cross section ogr = 10738 cm?. We can see from the figure that the fluxes for both
neutrinos as well as antineutrinos are nearly same, with antineutrino fluxes being slightly
higher than the neutrino fluxes. This feature seems to hold for nearly all WIMP masses.
The maximum kinematically possible energy of neutrinos produced from annihilation of
WIMP is set by the WIMP mass i.e. for a WIMP mass of 25 GeV, the produced neutrinos
will have energies in the range (0 — 25) GeV. For the 777~ channel, the neutrino fluxes
fall by about 1 order of magnitude in the above range. However, for the bb channel, the
fluxes fall sharply by many orders of magnitude and well before E),, = 20 GeV it becomes
negligible. Therefore, stronger indirect detection bounds are expected with neutrino fluxes
from 777~ channel in comparison to bb channel. We can see from the figure that the fluxes
arising due to annihilation channels involving the other quark-antiquark pairs such as c¢, dd,
uu and s§ are even weaker. Also shown are fluxes due to g g channel and we can see that this
channel is not competitive. Hence we do not consider those channels while discussing the
expected sensitivity to indirect detection of dark matter in ICAL. Certain models, such as
Kaluza-Klein (KK) [20], predicting WIMP annihilating directly into neutrino-antineutrino
pairs can give rise to highly monoenergetic v, v, v-; fluxes. Therefore, we expect a
better sensitivity due to such channels. For the analysis carried out in this paper, we have
considered the case of WIMP annihilating into v,#,,. The individual BR for a particular
channel depends on a specific model considered. We, however, take a model-independent
approach in this paper and quote the expected sensitivity limits for the 7+7~, bb and
v,y channels with 100 % BR each, as mentioned above. For a specific WIMP model,
the flux with mixed BR for these channels will be between these extremes and hence the
corresponding bounds. The figure 2 show fluxes for benchmark values of WIMP mass and
cross-sections. The fluxes for other values of ogr can be obtained by simply scaling with the
value of the cross-section. The above mentioned features of fluxes from various annihilation
channels hold for all WIMP masses.

3 Event generation at ICAL

India-Based Neutrino Observatory (INO) is a proposed underground research facility to be
built in Theni district of Tamil Nadu which is in the southern part of India. INO, among
a few other experiments, will host be a 50 kt Iron CALorimeter (ICAL) detector. ICAL
will have 150 layers of glass Resistive Plate Chambers (RPCs) as an active medium. Each
of these RPC layers will have iron plates between them which will act as an interaction
medium where the muon neutrinos will interact with iron and produce muons. These
muons will leave long tracks. Since the iron in the detector will be magnetised, ™ and



p~ will bend in opposite directions giving ICAL a capability of charge identification [21].
ICAL, with its excellent angular resolution of muons, can be used to put limits on the
WIMP annihilation from the earth, competitive with other indirect searches.

GENIE [22], suitably modified for our purpose, has been used for generating neutrino
events with an ICAL geometry comprising 50 kt iron mass and 150 layers of glass RPCs.
We use fluxes calculated by Honda et al. [23] for Theni site for the simulation of atmospheric
neutrino background. Signal calculation is done with the fluxes as prescribed in section 2.
Events are generated for a benchmark WIMP-nucleon cross-sections of ogy = 1074 cm?,
assuming 100 % BR for each of the annihilation channel, and then scaled appropriately for
other WIMP-nucleon cross-sections.

We generate the signal and background events separately. Subsequently, we pass them
through our reconstruction code whereby ICAL energy and angle resolutions, reconstruc-
tion and charge identification efficiencies are applied to get the final events at the detector.
The muons, in our analysis, are binned in reconstructed energy and zenith angle bins. We
perform detector simulations for ICAL geometry with Geant4 [24] and obtain the muon re-
construction efficiency, muon charge identification efficiency, muon zenith angle resolution
and muon energy resolution values. We tabulate these resolutions and efficiencies in a two
dimensional table implying that the muon energy and angle resolutions are a function of
both muon energy as well as muon zenith angle and are described in detail in our previous
work [8]. After incorporating the efficiencies and resolutions, the number of reconstructed
p~ events in the 35 bin are:

NP =N N KF(ER) M(cos ©%) (epCrimu (1) + el = Ce)nu(nh)) - (3.1)
k l

where A is the normalisation that we require for a given exposure in ICAL. The summation
in eq. (3.1) is over true muon energy and true muon zenith angle bins and are indicated
by indices k and [, respectively. Ep and cosOp are the true (kinetic) energy and true
zenith angle of the muon, respectively, whereas E and cos © are the corresponding recon-
structed (kinetic) energy and zenith angle of reconstructed of p~. Using the reweighting
algorithm prescribed in [25], the raw u~ and p* events from GENIE are folded with the
three-generation oscillation probabilities and subsequently binned in terms of muon energy
and zenith angles. The subsequent number of ;~ and pt events, in the respective k" true
energy and ' true angle bin, are denoted by the quantities ng (™) and ng(ut). For

the k" energy and the *

zenith angle bin, the quantities €;; and &;; are the reconstruc-
tion efficiencies of = and pt, respectively, and Cj; and Cj,; are the corresponding charge
identification quantities. The reconstruction efficiencies as well as the charge identifica-
tion efficiencies are the functions of the true muon energy E7 and true muon zenith angle
cos Op. The Gaussian resolution functions Kf and M ]l are used to apply muon energy and

angle smearing respectively and are given as:

EHi 1 Ek ) 2
Er, V2nog 20g
cosOp .

fM]l-(cosgl ) :/ J dcosO®——exp <_(COS T . cos ©) > '
T cos @Lj \/%Ucosg 2O'cose
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Figure 3. p~ event distribution at ICAL due to atmospheric neutrino background for 50 x 10
kt-years of ICAL exposure. ICAL has zero efficiency for horizontal tracks which is reflected in the
bins around cos @ = 0. Note that in ICAL convention cos # = 1 represents upward going muons.
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Figure 4. The cone regions where signal from the WIMP annihilations are expected for the earth.

The values of o and o5 are as given in appendix of [8]. Similar expressions can be
written for the u* events and Ni’;-h (ut). All analysis in this work is done for 10 years of
ICAL running.

4 Atmospheric neutrino background suppression

The major source of background to the indirect searches of WIMP annihilation in the
earth is due to the atmospheric neutrinos. However, unlike the neutrinos from WIMP



annihilation which come from the direction of the earth core, the atmospheric neutrinos
have a distribution over all zenith and azimuth angular bins and is comparatively well
studied. We can exploit this feature and use it to suppress the atmospheric background
considerably. Other source of neutrinos such a geothermal neutrinos coming from the core
direction are in the MeV range and hence are not relevant here. The signal neutrinos, for
the case of WIMP annihilation in the earth, will come from the direction of earth core. The
signal search region for the WIMP annihilation in the earth is shown in figure 4. These
neutrinos on reaching ICAL will interact with the detector iron through charge current
interaction and produce charged leptons, muons being the lepton of interest for ICAL.
The scattered muon will make an angle (6,,,) with their parent neutrino, where (6,,) is a
function of parent v energy and detector medium. Due to finite detector resolution there
will be smearing effects. However, we choose to work with true muon direction rather than
the reconstructed muon direction at the stage of background suppression. ICAL has an
excellent muon angle resolution [8] for the considered energy range and hence this choice
will not affect the final results significantly. We define gy to be the half angle of the cone
that contains 90% of the signal muons, the axis of the cone being in the direction of the
earth’s centre. Harder channels like v,7, and 777~ with higher energy neutrinos will have
a narrower fgg in comparison to softer channels like bb with lower energy neutrinos which
will have a broader 6yg. Likewise, we expect that the neutrino spectra from annihilation of
massive WIMP to have most of the associated muons in a narrower cones than neutrinos
by lighter WIMP. Also, the heavier the WIMP, the closer it is to the centre of the earth
and hence smaller cone opening! Using WIMPSIM and GENIE, we estimate fgg for each
WIMP mass and for a given annihilation channel. Figure 5 shows the 69y obtained for
WIMP annihilation inside earth, as a function of WIMP mass (m,), and for different
annihilation channels.

The atmospheric neutrino background is then suppressed as follows. For each WIMP
mass and annihilation channel, we accept only those muons whose zenith angle are within
A9y with respect to the earth core. These atmospheric background events that fall within
this cone represents an irreducible background for we can not distinguish them from the
neutrinos due to WIMP annihilation in the core. After applying this suppression scheme,
we fold the background events with detector resolution and efficiencies as described in
the previous section 3 to obtain the final reconstructed and suppressed background events
which are then used for y? analysis.

!The captured WIMP is expected to settle in core of the earth with an isothermal distribution at a
temperature equal to the core temperature. In order to calculate WIMP annihilation profile for the earth,
WIMPSIM uses the expression eq. (1) and (2) described in ref. [26]. At a distance r from the center of the
earth, the annihilation rate per unit volume is proportional to the square of the WIMP number density
n(r) and can be written as

n(r) = n(0)e™" /%, (4.1)

where r, can be written as:
1
3T |°
4G pmy

_ 056Rs
T /my/GeV'

In eq. 4.2, k and G are the Boltzmann and Gravitational constants respectively, Rg is the radius of the

(4.2)

ry =

earth, p is the density of the earth centre and T is the temperature at the centre of the earth.
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is expected is marked. The probability distribution for the unsuppressed atmospheric background
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Figure 6 shows the angular probability distribution of =~ due to WIMP annihilations
in the earth for the 777~ channel along with the distribution of the (unsuppressed) at-
mospheric background muon events at ICAL. A comparison for three WIMP masses 5, 50
and 100 GeV has been shown. The above probability distribution, for each of the WIMP
mass, has been obtained by normalising the reconstructed p~ events in each bin by total
number of reconstructed pu~ events for that WIMP mass. It can be noted that as WIMP
mass increases, the angular probability distribution peaks towards the direction of the core.
This is expected because of the reasons discussed above. The signal search is carried out
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background after applying the suppression scheme as described in 4.

Also shown are the corresponding events coming from the atmospheric

in the region right of the vertical line represents 6gg. We draw a line at ~ 30° from the
earth centre (cos @ = 1) just for illustration. The actual values of fyg for each WIMP mass
and channel is taken from figure 5 while doing the analysis. Figure 7 shows the signal
events due to a 52.14 GeV WIMP annihilating through 7+7~ and bb channels and figure 8
due to v,v, annihilation channel. Also shown are corresponding suppressed atmospheric
background events.

5 The statistical analysis

We estimate the 90 % C.L. sensitivity limits on ST WIMP-nucleon cross-sections through a
x? analysis. In our analysis, we generate prospective data at ICAL comprising atmospheric
background events only. To this ‘data’, we fit our hypothesis in which we consider combined
events predicated at ICAL due to WIMP annihilation in the earth and atmospheric neutrino

- 11 -



background. This choice is consistent with ‘no WIMP scenario’ in the data and hence the
limits calculated are the expected exclusion limits in the WIMP mass - WIMP SI cross-
section plane from 10 years of running of ICAL.

We combine the pt and p~ events while performing y? analysis. A x? function is
defined as

X =) + P (wt) (5.1)
where
S 5
20,,E£\ _ the £\ _ arex/, £ gy{:ﬁ:nw
0 = min 3 (%0 -850 ) 2350 (i )|
!
+3 e, (5.2)
k=1
l
NP () = N’E?(;F)<1 +wajggﬂ> + O, (5.3)
k=1

where N’ :;l(,ui) are the pu* events that we ‘predict’ and N%"(,ui) are the events ‘observed’
at ICAL. For k' systematic uncertainty we have associated Trfj correction factors with §ki
being the corresponding pull parameters. The quantity defined in eq. 5.3 is the predicted
number of events including systematic uncertainties and is used in eq. 5.2 which defines
the x? for Poisson distribution of errors. Similar to our previous analysis [28], we include 5
systematic errors as follows. We take 20 % error on neutrino flux normalisation and 10 %
error on neutrino-nucleon cross-section. On the zenith angle distribution of atmospheric
neutrino fluxes, we include a 5 % uncorrelated error and 5 % tilt error. Finally, we take a
5 % overall error to account for detector systematics. Minimisation over the pull parameters
gives the individual contributions from p~ and ut data samples. Thereafter, we add them
up and calculate the x? for a given set of WIMP mass and WIMP-nucleon cross-sections.

6 Results

We present the main results in this section. As mentioned in section 2, for the case of
WIMP annihilation in the earth, the spin-independent WIMP nucleon cross sections ogy and
annihilation rate I'a are related by eq. (2.2)—(2.6). The capture rate and the annihilation
rate are not in equilibrium, and hence the annihilation rate depends on the ogy as well as on
the annihilation cross section (opv). Figure 9 shows our expected sensitivity upper limits
at 90 % C.L. in the ogy - (oav) plane for a WIMP mass of 50 GeV. As shown in figure 1,
the capture rate for the WIMP masses closer to iron mass is greatly enhanced and hence
we expect stronger bounds. It is evident that for a 50 GeV WIMP, in comparison to other
neutrino detectors, ICAL seems to put a stronger bound on ogy for a given (oav) for a given
annihilation channel such as 77 7. For the obvious reasons, described in earlier sections,
the harder channel v,7, gives a stronger limit in comparison to the softer channel b b. The
shaded region of the parameter space where equilibrium between the WIMP capture and
annihilation in the earth has reached is calculated using eq. (2.6) and eq. (2.7).
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Figure 9. The expected 90 % C.L. sensitivity limits on og; for ICAL as a function of annihilation
cross-section (oav) shown for a 50 GeV WIMP annihilating through b b (black dashed), 7+ and 7~
(black solid) and v, 7, (black dotted) channels. The upper limits at 90 % C.L. obtained by other
neutrino experiments: IceCube [7] 7 and 7~ (green), ANTARES [6] 7+ and 7~ (ved solid), b b
(red dashed), v,7, (red dotted) and direct detection experiments: LUX [29] (blue) and XENON-
1T [30] are shown for comparison. Exclusion limit at 95 % C.L. for FERMI-LAT [31] (magenta)
and estimated sensitivity at 95 %C.L. of the upcoming CTA [32] (cyan) are also shown, where the
region right to these limits are excluded. The region of the parameter space where equilibrium
between the WIMP capture and annihilation in the earth has reached is marked as grey shaded.
For ICAL, systematics have been included.

In figure 10 we present the expected 90 % C.L. sensitivity limits on the WIMP-nucleon
SI interaction cross-section as a function of WIMP mass for 500 kt-years of ICAL exposure
and compare it with the exclusion limits obtained from various other direct and indirect
detection experiments. The direct detection experiment XENON-1T [30] gives the most
stringent bound till date. Bounds from indirect searches are, in general, weaker in compar-
ison to direct detection experiments. However, among the neutrino detectors, ICAL seems
to give the most stringent bound for the chosen WIMP mass range. For the WIMP masses
close to iron mass, there is a resonant capture and hence enhance event rates resulting in
a stronger bound.

For calculating sensitivity limits on annihilation rate and ogr in case of the earth, we
assume an annihilation cross-section (oav) = 3 x 10726cm3s™!. As discussed in section 2,
we have a relation between the annihilation rate I'y and SI WIMP-nucleon cross-section
os1. Using the y? analysis described in section 5, we derive limits on the ogr as a function
of WIMP mass m,. Using eq. (2.2)—(2.6) from section 2, we transported these sensitivity
limits from os; — m, plane to I'a — m, plane. Figure 11 shows the expected sensitivity
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Figure 10. The expected 90% C.L. sensitivity limits on ogr as a function of WIMP mass, assuming
a WIMP annihilation cross section (oav) = 3 x 10725cm3s™! are shown. The displayed sensitivity

limits are for the local dark matter density p = 0.3GeVem™3. Among the indirect detection

experiments, involving neutrinos as a probe, ICAL provides the most stringent bound. The dip
around 50 GeV in the limits obtained for Earth WIMP annihilation is a prominent feature in all
experiments and is due to resonant capture of WIMPs on Fe. ICAL 90% C.L. sensitivity limits for
7+ and 77 (black solid), b b (black dashed) and v,7, (black dotted) for WIMP annihilation in the
earth are shown; 90% C.L. upper limits from SK [33] for 7% and 7~ (light orange), IceCube [7]
7t and 77 (green) and ANTARES [6] 7" and 7~ (red). Also, shown are the limits obtained from
DARKSIDE [34] (teal), LUX (blue) [29], XENON-1T [30] (brown) and PANDA [35] (cyan).

limits at 90 % C.L. calculated on the WIMP annihilation rate for annihilation in the
earth through channels v,7,, 7+ and 7~ and b b. Results from other experiments are
also shown for comparison.? Again, we can see that for chosen WIMP mass range, ICAL
presents a stronger bound on the WIMP annihilation rate for a given channel. Again,
v, and 77 77 bounds are stronger than that of b b for the obvious reason that the
channels with weaker neutrino fluxes are expected to give worse sensitivity limits for the
corresponding WIMP masses. It should be noted that the results presented in this work
assumes a particular annihilation cross section (oav) = 3 x 10726cm3s~!. We expect the
results would become proportionately weaker if the annihilation cross section is smaller (or
stronger if it is larger).?

Finally, in figure 12 we present the effect of systematic uncertainties on the expected
90 % C.L. sensitivity limits on the WIMP-nucleon SI interaction cross-section. The dashed
lines are the limits calculated while taking only statistical uncertainties. As expected, the

2For SK latest preliminary results please see [36].
3 Also see ref. [37] for more precise calculations of annihilation cross section.
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Figure 11. The expected 90% C.L. ICAL sensitivity limits on the annihilation rate ("4 ) as function
of WIMP mass (m,) due to WIMP annihilating into v,7, (black dotted), 7 7~ (black solid) and
b b (black dashed), assuming 100% branching ratio for each channel, are shown. The limits are for
10 years of ICAL running. For comparison limits from various other experiments have been shown:
ANATARES [6] 7+ 7 (red solid), b b (red dashed), v,7, (red dotted), and IceCube [7] 7+ and
7~ for m, < 50GeV and WTW~ for m, > 50GeV (green solid). We show these limits for a fixed
(oav) =3 x 107 20cm3s 7L,

effect of systematic uncertainties is to worsen the limits as can be seen from the figure.
However, the effect of systematics decreases for the harder channels and is almost negligible
for the neutrino channel. This is expected since the harder the channel, the better is
background suppression and hence lesser is the impact of systematic uncertainties.

7  Summary

The analysis presented in this work is a part of ongoing studies to probe the physics
potential of the upcoming ICAL detector. Neutrinos arising out of WIMP annihilations
in the earth could be used to probe dark matter signatures. We presented a study of
prospects of detecting muon events at ICAL arising due to WIMP annihilation in the
earth for 7777, b b and v, v, annihilation channels. Employing an effective atmospheric
background suppression scheme, the expected 90 % C.L. sensitivity limits obtained for SI
WIMP-nucleon cross-section for the case for the earth is better than any other neutrino
detection experiment.

Such WIMP searches offer complementarity to direct detection approach. Firstly, a
joint detection in ICAL and a direct-detection experiment would be useful in pinning down
dark matter properties. A combined analysis of the data from ICAL and a direct-detection
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Figure 12. The expected 90% C.L. sensitivity limits for WIMP annihilation in the earth for
different masses and the three annihilation channels are shown. The black lines are the sensitivity
limits calculated using detector systematics as described in section 5. The corresponding orange
lines are without systematics. The 90% C.L. expected sensitivity limits for b b are shown in black
dashed (with systematics) and orange dashed lines (without systematics), for 7+ and 7~ in black
solid (with systematics) and orange solid lines (without systematics) and for v,7, in black dotted
(with systematics) and orange dotted lines (without systematics). The effect of systematics, as we
expect, is to worsen the limits.

experiment can be useful in providing constraints on dark matter properties by cancelling
out the astrophysical uncertainties such as those coming from lack of information on the
correct local dark matter density and their local velocity distribution. Further, there
could be dark matter models which might give signal in indirect detection experiments
while remaining hidden from direct detection experiments and vice-versa. Finally, while
both direct-detection experiments and ICAL are sensitive to WIMP nucleon scattering
cross-section, for the latter case annihilation rate factors into the signal rate, resulting
in sensitivity to WIMP annihilation cross-section. The extent of complementarity, or the
extent to which combining ICAL data with other direct detection experiment data would
help constrain dark matter cross section parameter space is under way and will be reported
via a dedicated analyses in a future work.
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