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Abstract. We calculate the sensitivity of next generation neutrino telescopes to the 28
(isoscalar and isovector) coupling constants defining the non-relativistic effective theory of
(spin 1/2) dark matter (DM)-nucleon interactions. We take as a benchmark detector the
proposed Precision IceCube Next Generation Upgrade (PINGU), although our results are
valid for any other neutrino telescope of similar effective volume. We express PINGU’s
sensitivity in terms of 5o sensitivity contours in the DM mass-coupling constant plane, and
compare our sensitivity contours with the 90% C.L. exclusion limits on the same coupling
constants that we obtain from a reanalysis of the null result of current DM searches at
IceCube/DeepCore. We find that PINGU can effectively probe not only the canonical spin-
independent and spin-dependent DM-nucleon interactions, but also some of the velocity-
dependent or momentum-dependent interactions that generate DM-nucleus scattering cross
sections scaling like the number of nucleons squared. We also find that PINGU’s 5o sensitivity
contours are significantly below current IceCube/DeepCore 90% C.L. exclusion limits when
bb is the leading DM annihilation channel. This result shows the importance of lowering
the experimental energy threshold when probing models that generate soft neutrino energy
spectra, and holds true independently of the assumed DM-nucleon interaction and for all
DM masses tested here. When DM primarily annihilates into 77, a PINGU-like detector will
improve upon current exclusion limits for DM masses below 30 GeV, independently of the
assumed DM-nucleon interaction.
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1 Introduction

Elucidating the nature of dark matter (DM) remains one of the major unsolved questions
in modern physics [1]. In the leading paradigm, DM is made of weakly interacting massive
particles, WIMPs. WIMPs are hypothetical particles with interactions at the weak scale,
typical masses in the 1 GeV-100 TeV range, and present cosmological density set in the early
Universe by the chemical decoupling mechanism [2]. Because of these properties, existing ex-
perimental techniques can be used to search for non gravitational signals of WIMP DM [3].
These include direct detection experiments searching for DM-nucleus or -electron interac-
tions in low-background environments [4], indirect detection experiments searching for DM
annihilation products with space satellites [5], ground-based observatories [6] or neutrino tele-
scopes [7], and particle accelerators, like the LHC, searching for DM as missing transverse
momentum in the final state of energetic collisions between Standard Model particles [8, 9].
A unique feature of neutrino telescopes is the ability to simultaneously probe the physics of
DM annihilation (as indirect detection experiments) and the nature of DM-nucleus scatter-
ing (similarly to direct detection experiments). This is a consequence of the physical process
neutrino telescopes aim at probing [7]. They search for neutrinos from the annihilation of
DM particles which in the past few billion years accumulated at the centre of the Sun (or of
the Earth) by losing energy via DM-nucleus scattering while crossing the solar (or terrestrial)
interior [10-13].

The theoretical modelling of DM capture and annihilation in the Sun (or in the Earth)
involves several non trivial steps [13-23]. Firstly, one has to calculate the rate at which DM
particles are captured in the Sun. The rate of DM capture in the Sun depends on the cross
section for DM-nucleus scattering (which requires particle and nuclear physics inputs), on
the kinematics of DM-nucleus scattering (elastics vs. inelastic scattering), on the chemical
composition of the Sun, and, finally, on the velocity distribution of DM particles in the solar
neighbourhood.



Secondly, one has to calculate the rate at which DM particles pair annihilate in the Sun.
The DM pair annihilation rate depends on whether or not dynamical equilibrium between
capture and annihilation has been reached during the Sun’s lifetime. If not, it explicitly
depends on the thermally averaged DM annihilation cross section (times relative velocity of
the annihilating DM particles) and on the spatial distribution of DM in the Sun, which is
not necessarily isothermal.

Finally, the DM pair annihilation rate has to be converted into the measurable flux of
neutrinos at the detector. The neutrino flux from DM annihilation in the Sun depends on
the branching ratios for DM pair annihilation into Standard Model final states, on the energy
spectra of neutrinos produced from the decay of the particles in the allowed final states, on
the transport of neutrinos from where they are produced to the detector, and on a number
of experimental inputs, e.g. angular resolution and energy threshold (which is encoded in the
detector effective area).

From the experimental side, neutrino telescopes currently searching for neutrinos
from DM annihilation in the Sun (or in the Earth) include IceCube, Super-Kamiokande,
ANTARES, Baksan and Baikal [24-28]. While the experimental effort has been remarkable,
DM has so far escaped detection at neutrino telescopes, as well as at experiments using dif-
ferent methods. The null result of the present generation of neutrino telescopes has been
used to set exclusion limits on the strength of DM-nucleon interactions, under different as-
sumption regarding how DM pair annihilates [29-36], and how DM interacts with nuclei (or
electrons [37]) in the Sun [38] (or in the Earth [39, 40]). Next generation neutrino telescopes
will include: 1) The Baikal-GVD detector [41] in Lake Baikal, Russia, designed to detect
astrophysical neutrinos at energies from a few TeV up to 100 PeV. 2) The KM3NeT research
infrastructure [42] in the Mediterranean sea, housing the neutrino telescopes ARCA opti-
mized for the search for high-energy neutrinos from distant astrophysical sources (such as
active galactic nuclei, gamma ray bursters or colliding stars), and a low-energy array, ORCA
(which is optimised to study atmospheric neutrino oscillations); and 3) IceCube-Gen2 [43]
at the South Pole, whose scientific goal is to record large samples of astrophysical neutri-
nos in the PeV to EeV range, and yield hundreds of neutrinos across all flavors at energies
above 100 TeV. IceCube-Gen-2 will also include a low-energy core with a denser sensor
configuration which will target the determination of the neutrino mass hierarchy, precision
measurements of the atmospheric oscillation parameters, and search for DM in a mass range
which is currently unexplored at neutrino telescopes.

Motivated by the rapid progress the field of DM searches at neutrino telescopes has
experienced in recent years, this article aims at a critical assessment of the sensitivity of next
generation neutrino telescopes to DM-nucleon interactions. We will address this question
within the non-relativistic effective theory of DM-nucleon interactions [44-63] (see also [64-71]
for a discussion on relativistic effective theories for DM-quark and -gluon interactions). We
use the proposed Precision IceCube Next Generation Upgrade (PINGU) [72] as a benchmark
detector for our studies, clarifying its physics reach and providing additional motivations to
further investigate the phenomenology of low-mass WIMP DM with future similar neutrino
telescopes.

This article is organised as follows. In section 2 we review the theory of DM capture
and annihilation in the Sun. Section 3 is devoted to a description of how we calculate the
sensitivity of PINGU to DM-nucleon interactions, while results are presented in section 4.
We finally conclude in section 5.



2 Theoretical framework

In this section, we review the theory of DM capture in the Sun (section 2.1) and the predicted
neutrino flux at neutrino telescopes (section 2.2). This prediction depends on the cross section
for DM-nucleus scattering, which we calculate within the effective theory of DM-nucleon
interactions (section 2.3).

2.1 Dark matter capture in the Sun

For the WIMPs forming our galactic halo, the rate of scattering from an initial velocity w to
a velocity less than the local escape velocity at a distance r from the Sun’s centre, v(r), is
given by [73]
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where doyr/dE, is the differential cross section for DM-nucleus scattering, £, the nuclear
recoil energy deposited in the collision, w = y/u? + v%(r) the DM particle velocity in the
target nucleus rest frame at a distance r from the centre of the Sun, u the speed such a
particle would have at r — oo, puy = (ur + 1)/2, where pp is the WIMP-nucleus reduced
mass, FF = mxw2 /2, and the index T runs over the 16 most abundant elements in the Sun,
namely H, 3He, “He, 12C, N, 160, 2°Ne, 23Na, 24Mg, 27Al, 28Si, 328, 49Ar, 40Ca, %Fe, and
%8Ni. The density of the T-th element at a distance r from the Sun’s centre is denoted by
np(r) and modelled as in the DARKSUSY package, which also provides an expression for v(r)
in terms of the Sun’s gravitational potential [74]. Multiplying eq. (2.1) by the rate at which
DM particles cross an infinitesimal solar shell at r and the time spent by each DM particle on
that shell, one obtains the differential rate at which WIMPs with velocity at infinity around
u are captured at a distance r from the Sun’s centre. By integrating the latter over all radii
r and velocities u that can contribute to WIMP capture, one finds for the total rate of DM
capture in the Sun [15]:
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where 1 is the solar radius, m, the DM particle mass, p, the density of DM particles in the

solar neighbourhood, and f(u) the DM speed distribution in the Sun’s rest frame, for which
we assume [75]
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In our calculations, we set p, = 0.4 GeV/em3, vese = 544 km 57!, vy = 220 km s~! and

Vobs = 232 km 571, e.g. [76-79].



2.2 Neutrinos from dark matter annihilation in the Sun

The average number of WIMP annihilations per unit time in the Sun’s interior, I',, is given by

1

r, = B /d3x 62(x) (TannVrel) (2.5)

where x, is the three-dimensional WIMP position vector, ¢(x) is the spatial density of WIMPs
in the Sun, and (Gannvrel) =~ 3 x 10726 cm? s71 is the thermally averaged WIMP annihilation
cross-section o,y, times relative velocity vye. Consistently with eq. (2.5), the probability of
WIMP pair annihilation per unit time, C,, can be written in terms of the annihilation rate
I', as follows C, = 2T, /Ni, where N, (t) is the time dependent number of WIMPs trapped
in the Sun at the time ¢t. The above expression for C, leads to the following relation between
Cq and <Uannvrel>
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and ¢q is the WIMP density at the Sun’s centre. Here, the time evolution of N, is governed
by the differential equation

Ny = C — CyN?, (2.8)

which admits the following solution

Ny (t) = \/Cﬁatanh ( C’Cat) , (2.9)

from which we find

r, = %tanh2 ( CCat) . (2.10)

In the above equation, I', has to be evaluated at the present time, namely tg = 4.5 x 10°
years, which implies /CCyte < 1 and T, ~ C/2 for all DM interactions considered in this
study [80].

The differential neutrino flux from WIMP annihilation in the Sun depends linearly on
Iy, and is given by [81]

a®, T, ANy
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where Bf; is the branching ratio for WIMP pair annihilation into the final state f, lef /dE,
is the neutrino energy spectrum at the detector from the decay of Standard Model particles in
the final state f, D is the detector’s distance to the Sun’s centre, and F, is the neutrino energy.

We compute the expected number of signal neutrinos using DARKSUSY [82] to obtain the
double differential flux of DM-induced neutrinos at the detector as a function of neutrino
energy and polar angle, see section 3.2. From now onwards, the term neutrinos refers to
muon neutrinos.
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Table 1. Quantum mechanical operators defining the non-relativistic effective theory of DM-nucleon
interactions [45]. Here we do not consider the interaction operators @2 and @167 since the former is
quadratic in v+ (and we truncate the effective theory expansion at linear order in ¥+ and second order
in q) and the latter is a linear combination of @12 and @15. The operators are expressed in terms of
the basic invariants under Galilean transformations and Hermitian conjugation: the identities in the
nucleon and DM spin spaces, 1, and 1, the nucleon and DM spin operators, denoted by Sy and
ng respectively, the momentum transfer, §, and the transverse relative velocity operator ¥+. Here,
my is the nucleon mass, and all operators have the same mass dimension. Standard spin-independent
and spin-dependent interactions correspond to the operators (’)1 and (’)47 respectively. The symbol S
denotes a symmetric combination of spin 1 polarisation vectors. The operators O17 and O;5 can only
arise for spin 1 DM [83].

2.3 Effective theory of dark matter-nucleon interactions

Let us now focus on the cross section for DM-nucleus scattering, do,7/dE,. We calculate
doyr/dE, within the non-relativistic effective theory of DM-nucleon interactions [44, 45].
The theory is built upon two assumptions: 1) In the non-relativistic limit, the amplitude for
dark matter scattering off nucleons in target nuclei can be expanded in powers of |q|/my < 1,
where my is the nucleon mass and |q| is the momentum transferred in the scattering. 2) Each
term in the above expansion is invariant under Galilean transformations and Hermitian con-
jugation. As a result, it can be expressed in terms of S,, SN, iq, and vi=v+ a/2un,
where S, (Sn) is the DM (nucleon) spin, and pn and v are the DM-nucleon reduced mass
and relative velocity, respectively. These, together with the identity, are the basic invariants
under Galilean transformations and Hermitian conjugation. At second order in the momen-
tum transfer, and at first order in the transverse relative velocity v, the effective theory of
DM-nucleon interactions predicts 16 interaction operators, see table 1. Here we only con-
sider 14 of them, i.e. all possible interactions that can arise for spin < 1/2 DM and are at
most quadratic in the momentum transfer and linear in the transverse relative velocity, and
neglect the operators denoted by @17 and @18 [83]. We refer to the original literature for
further details concerning the construction of the effective theory of DM-nucleon interactions.
Within this theory, the differential cross section for DM-nucleus scattering, dor, /dE,, can



be expressed as follows

7,7k

where a( ) = 2myp/[(2J7 + 1)w?], my is the target nucleus mass, Jp is the nuclear spin,

vl = w? — ¢?/(4p2), and ¢ = |q| = v/2mrE,. Eight DM response functions, R;™, with
k= M, E’,E”, " "M, D' A, AY [45] appear in eq. (2.12). They are known analytically
and depend on v%z, the expansion “parameter” ¢* /m?\,7 and on the coupling constants for
DM-nucleon interactions, ¢j. The index j runs over all DM-nucleon interactions listed in
table 1, while the indexes 7 and 7/ run from 0 to 1. Here, 7 = 0 refers to so-called “isoscalar”
interactions and 7 =1 corresponds to “isovector” interactions. In eq. (2.12), (k) = 0 for
k= M,%" %" and ¢(k) = 1 otherwise. Explicitly, the DM response functions for spin < 1/2
DM are given by [45]

2 2
77! 12 4 _ 7.7 LQTT 12 7 7 5
M <’UT N 5 > =C1C + |: 2 U C5Cy +’UT CgCg + 2 011011:|
My My My
2
T/ 12 4 q / J. ( )

2 2
< ) ( C12 — q2c{5> (Ciz - (]2015)
my my
REJ/,M (U%Qa 73) = Cgcfl ( ) 011
() s

J(J—%) q?
19 121 %v 13013

2 Jy+1 /
_q q0w+ Jy( [TT+

4 4

12

4 72

q q 12 7

(C4C6 + cgey ) + oy 0606 +vp? 012012 + m2 %73 013013
N N

2
3
N
2
7! 12 4 _ 1 12 7 7 12 7 7 JX(JX + 1) T 7
5/ <UT ’m%) =3 [ vpTc3cy + Ut 0707} Ty |“a Tt
2 12 2 2 2
q T o UT T q T/ q T/ q 12 7
CoCy + —5— <012 015> <C12 - C15> + 55T 014014]
m3, 2 my, my; 2my
2 2
/ q ( 1) q / /
RTT ,UL2 — X 70767— + CTCT
A < T e, 3 w2, 5C5 8C8
, 2 J(J, +1 , )
B (o824 ) = DD [ - ] (213
N

where we denote by .J, the DM particle spin. In eq. (2.12), the eight nuclear response func-

tions Wk”/, k= MY X" &" & M, A AY are quadratic in reduced matrix elements of

nuclear charges and currents, and must be computed numerically. For the 16 most abundant

elements in the Sun, we use nuclear response functions obtained through nuclear shell model

calculations in [73]. In our numerical computations, we will set the DM particle spin to
=1/2.



3 Analysis

The main purpose of this article is to assess the sensitivity of a PINGU-like detector to
the isoscalar and isovector component of the DM-nucleon interactions in table 1. In this
section we describe our analysis strategy, concentrating on statistical methods (section 3.1),
neutrino signal (section 3.2), neutrino background (section 3.3), and assumed effective area
and angular resolution (section 3.4), separately.

3.1 Statistical methods

Assessing PINGU’s sensitivity, we test the background-only hypothesis against the back-
ground-plus-signal hypothesis using the standard likelihood ratio method. For a counting
experiment with a sufficiently large number of background events, this yields the following
asymptotic result for the significance S with which a point in the DM mass-coupling constant
plane can be observed [84]!

S = \/2 ((Ns + Ny) log <1 + %}) = NS> ~ \jvm (3.1)

where Ny is the number of signal muon neutrinos and N, is the number of background muon
neutrinos times a veto factor to account for atmospheric muon contamination (see section 3.3
for further details on how we compute Np). In the last step in eq. (3.1), we assumed N; < Ny,
consistently with previous background estimations [85]. The significance, S, is related to the
p-value via

S=a"1(1—p), (3.2)

where ®~! is the inverse cumulative distribution of a Gaussian function with mean 0 and
variance 1, i.e. the so-called quantile. In section 4, we will use eq. (3.2) to compare cur-
rent exclusion limits on DM-nucleon coupling constants to the projected sensitivity that we
find for PINGU. Specifically, we will compare 90% confidence level (C.L.) exclusion limits
corresponding to S = 1.28, to 5o sensitivity projections corresponding to S = 5. Strictly
speaking, this comparison is only accurate when the significance for exclusion coincides with
the significance for discovery [84].

3.2 Neutrino signal

In order to calculate the number of signal neutrino events at PINGU (and, for comparison, at
IceCube), we proceed as follows. First, we calculate the rate of DM capture in the Sun using a
modified version of the MATHEMATICA package DMFormFactor [47] which implements eq. (2.2)
and the nuclear response functions found in [73] for the 16 most abundant elements in the Sun.
We then use the capture rates found in this way as an input for the DARKSUSY code [82], from
which we extract the double differential muon neutrino flux at the detector, d®,, /(dE,,,dS2),
and the corresponding antineutrino flux, d®;, /(dEp,d?), where energies, £, and Ej,, and
solid angle d©2 = dcosfd¢ are defined below eq. (3.3). Finally, we convolve the double
differential neutrino and antineutrino fluxes with the corresponding detector effective areas,
Ale,g and A,e;if, respectively, obtaining?
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'Here, the approximation in the last equality in eq. (3.1) induces a relative error on S of at most 20%.
2For IceCube/DeepCore, A,‘iﬁ = A,%fj = A°T and A°T is given in figure 1.



where 6 and ¢ are polar and azimuthal angle in a reference frame with centre at the detector
location and z-axis pointing in the Sun’s centre direction, E,, (Ej,) is the incoming neutrino
(antineutrino) energy, Eyy, is the detector’s energy threshold (which we extract from figure 1),
Ores is the energy dependent median detector angular resolution [31], and, finally, At is the
time of data taking (e.g. 532 days for IceCube/DeepCore). Further details on 6,5 and AT
are provided in section 3.4.

3.3 Neutrino background

The neutrino background consists of atmospheric neutrinos from cosmic ray interactions in
the atmosphere, and solar neutrinos from fusion processes inside the Sun. Compared to
neutrinos from WIMP annihilation, solar neutrinos are less energetic. Furthermore, their
expected rate at the detector is of about 1 event per year [31]. For these reasons, solar
neutrinos will not be considered here. Atmospheric neutrinos divide into a prompt fluz (from
atmospheric charm production by cosmic rays [86]) and a conventional flux (from the decay
of charged pions and kaons). The prompt flux is roughly a thousand times smaller than the
conventional flux at energies in the WIMP mass range and it will therefore be neglected [87].
For the South Pole, the conventional atmospheric neutrino flux has been measured and
tabulated by Honda et al. [85]. In this analysis, we use the results published in [85] after
averaging the collected data over polar angle and time.

In addition to muon neutrinos, atmospheric muons constitute a second type of experi-
mental background at neutrino telescopes, since muon neutrinos are detected by their con-
version into muons via charged current interactions in ice. Therefore, muon neutrinos from
WIMP annihilation and atmospheric muons from cosmic rays interactions can be misidenti-
fied at neutrino telescopes. At IceCube, misidentification of atmospheric muons is reduced
by rejecting (or vetoing) events that start at the outer strings or events that show activity
in the IceTop detector at the surface of the ice. These events are more likely to be caused
by atmospheric muons rather than muon neutrinos [72]. Furthermore, only data collected
when the Sun is below the horizon are considered, as in this case the Earth is used as a
filter for atmospheric muons from the direction of the Sun [31, 88]. This occurs in Winter,
when the local zenith angle is > 90°. We assume here that veto techniques in PINGU will
be good enough to allow for data taking throughout the whole year [31]. In practice, atmo-
spheric muon contamination is taken into account by multiplying N, by a correction, or veto
factor, n > 1. We assume that 1 does not depend on energy, and use the same value of 7
for IceCube/DeepCore and PINGU. For DeepCore, we estimate n as follows. We compute
the expected number of muon neutrino events in the DeepCore detector during the time in
which the Sun is below the horizon, integrating Honda’s flux in a cone of opening angle 10°
around the Sun [31, 88]. We find 243 expected muon neutrino events from this region during
the lifetime of the analysis presented in [88] whereas — including muon contamination —
the IceCube Collaboration finds 428 neutrino events from the same region. Accordingly, for
the veto factor we use the estimate n = 428/243 ~ 1.76. This estimate is very close to the
one reported by the IceCube collaboration, i.e. 7 >~ 1.52. As already anticipated, we assume,
conservatively, that the veto factor n ~ 1.76 also applies to the PINGU experiment.

Taking into account the misidentification of atmospheric muons, we compute the ex-
pected number of atmospheric muon neutrino events, Ny, in a time interval At, using the
following expression

m atm
Ny =nAt - 27 Z / : dE, [1 — cos Ores (E,)] A (E,) <§g”d9> , (3.4)
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Figure 1. Muon neutrino effective areas used in this analysis. For IceCube (red line) and DeepCore
(blue line) we plot the total effective areas from [31]. For PINGU (black lines), we show A’iif and A?;if
separately (see [72] and eq. (3.5)).

where the notation is the same as in eq. (3.3), while (d®2™ /dE,dQ) is the double differential
muon neutrino flux from [85] averaged over time and solid angle. We assume At = 532 days
of data taking with the Sun below the horizon for IceCube/DeepCore and At = 3 years of
continuous data taking for PINGU. Atmospheric muon contamination is taken into account
through 7.

3.4 Effective area and angular resolution

A first experimental input that we need to evaluate for egs. (3.3) and (3.4) is the effective
area. The effective area used in egs. (3.3) and (3.4) depends on the assumed detector and
is defined as the area for which the detector observes a neutrino with 100% efficiency. In
this analysis, we assume the effective areas given in [31] for IceCube and DeepCore, and
the effective mass reported in [72] for PINGU. Effective mass and area are related by the
following expression

Meff

Aeff —
v
Mice

“ No(npovp + npoun) , V=V, (3.5)

where meg is the effective mass (defined as ice density times effective detector volume), Mice
is the mass of ice per mole, N, is Avogadro’s number, n, (n,) is the number of neutrons
(protons) in a ice molecule, and o,,, (0,p) is the cross section for neutrino-neutron (-proton)
scattering. These cross sections were taken from [89]. Figure 1 shows the effective areas
used in this analysis. To obtain figure 1, we extrapolated PINGU’s effective mass [72] from
50 GeV to 100 GeV.



The second experimental input that we need is the median angular resolution of the
assumed detector, Oyes in egs. (3.3) and (3.4). Here we use the angular resolution given in [31]
for the DeepCore and IceCube detectors, and the one reported in [72] for PINGU. Since the
angular resolution is only given up to 29 GeV in [72], we assume that it remains flat from 29
to 100 GeV.

4 Results

In this section, we calculate PINGU’s sensitivity to the 28 coupling constants that charac-
terise the non-relativistic effective theory of (spin 1/2) DM-nucleon interactions introduced
in section 2 (and references therein). We express PINGU’s sensitivity in terms of 5o contours
in the DM mass-coupling constant plane. These correspond to a significance of S = 5, where
S is given in eq. (3.1). For each DM-nucleon interaction type, we compute the sensitivity
contours by solving the equation S = 5 for the corresponding coupling constant at each value
of the DM particle mass in the 5-100 GeV range, and assuming three years of continuous
data taking. For each DM mass-coupling constant pair, we compare our sensitivity contours
with 90% C.L. exclusion limits that we obtain from a reanalysis of the null result of current
DM searches at IceCube/DeepCore [31]. For each DM-nucleon interaction type, we sepa-
rately consider two cases. In the first one, DM annihilates into bb pairs, producing a soft
neutrino energy spectrum. In the second one, DM annihilates into 77 pairs, generating a
hard neutrino energy spectrum.

Figure 2 shows PINGU’s 50 sensitivity contours together with 90% C.L. exclusion lim-
its from the null result of DM searches at IceCube/DeepCore for the interaction operators
O = 1,1y and O, = S - Sy. These correspond to canonical spin-independent and spin-
dependent interactions, respectlvely. The left panels refer to the isoscalar component of the
two interaction operators, whereas the right panels correspond to the isovector counterpart.
On the y-axis, coupling constants are expressed in units of the electroweak scale, here denoted
by my = 246.2 GeV. For comparison, ¢ = 1073/ m%/ corresponds to a spin-independent cross
section for DM-nucleon scattering equal to 10*6;@( N/ (47rm‘%/), where p, n is the DM-nucleon
reduced mass. Evaluating this expression at m, = 50 GeV, one finds the value 8 x 1074 cm™—2.

Assuming that DM primarily annihilates into 77 pairs (hard neutrino energy spectrum),
we find that PINGU will be able to detect values of ¢{ as low as 1.3 x 1072/m}, with a sta-
tistical significance of at least 50 for m, ~ 50 GeV. Similarly, it will be able to detect values
of ¢} as low as 4 x 107 /m? with a statistical significance of at least 5o for m, ~ 10 GeV.
When DM primarily annihilates into bb pairs (soft neutrino energy spectrum), the smallest
coupling constant that PINGU can detect with a statistical significance of 5o is a factor of
~ 3 larger, both for ¢{ and for cj.

While PINGU’s sensitivity contours and IceCube/DeepCore 90% C.L. exclusion limits
intersects at m, ~ 30GeV in the case of DM annihilation into 77 (both for O, and for
@4), sensitivity contours extend far below the corresponding exclusion limits in the case of
DM annihilation into bb. This shows that by lowering the experimental energy threshold
from Fi, ~ 10GeV, as in the case of IceCube/DeepCore (see figure 1), to Ey, ~ 1GeV,
as in the case of PINGU, leads to a dramatic improvement in terms of sensitivity to DM-
nucleon interactions, especially when the expected neutrino energy spectrum is soft, as for
DM annihilation into bb.

Let us now compare the results that we obtain for isoscalar interactions with those
found for isovector couplings. Figure 2 shows that PINGU’s sensitivity to isoscalar couplings
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Figure 2. PINGU’s 50 sensitivity contours (corresponding to a 5o significance) and 90% C.L. exclu-
sion limits from the null result of DM searches at IceCube/DeepCore for the interaction operators O
(canonical spin-independent interaction) and O, (canonical spin-dependent interaction). Sensitivity
contours (black) and exclusion limits (light blue) are presented in the DM mass-coupling constant
plane. Left panels refer to isoscalar interactions (Opl0 and Op40) while right panels correspond to
isovector interactions (Opl1 and Op41). Solid (dashed) lines assume 77 (bb) as the leading DM an-
nihilation channel. On the y-axis, coupling constants are expressed in units of the electroweak scale,
i.e. my = 246.2 GeV.

is greater than to isovector couplings, and that IceCube/DeepCore 90% C.L. exclusion limits
on the former are stronger than on the latter, but not for the interaction operators that
couple DM to the nuclear spin current, like O,. This result is expected since in the case of
isovector couplings, the constants for DM coupling to protons and neutrons have opposite
signs, which implies a cancellation in the nuclear matrix elements of the nuclear charge upon
which the corresponding scattering amplitudes depend. This results in suppressed DM-
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Figure 3. Same as figure 2, but now for the isoscalar component of the operators Q; = iSy -
(ff[/m]\l) X {’L]IX, 05 :A ’L'SX A[(fl/’lz’LN) X {’L]]l]\h 06 = SX . (Q/mN)SN . ((E[/Tn]\[)7 07 = SN . {’L]IX,
Og = SX ~\7J‘]lN, and Og = ’iSX . [SN X (Q/mN)]

nucleus scattering cross sections, lower sensitivity and weaker limits for O;. In contrast, for
operators that couple DM to the nuclear spin current, the above cancellation does not occur,
even in the case of isovector couplings [38].

Let us now focus on DM-nucleon interaction operators different from the canonical O
and Oy. Figure 3 shows PINGU’s 50 sensitivity contours together with 90% C.L. exclusion
limits from the null result of DM searches at IceCube/DeepCore for the isoscalar component
of the interaction operators Qs = iSy - (§/my) X o1, Os = iSy - [(@/mn) x vH1y, O =
SX'(Q/mN)SN-(fl/mN), @7 = SN-A\A’L]IX, (/:)8 = SXWA’L]IN, and @9 = igx~ [SN X (Q/mN)} (see
table 1). Among these operators, O7 and Og are the only ones generating a differential cross
section for DM-nucleus scattering which does not go to zero in the limit of zero momentum
transfer (see eq. (2.13)). Within this set of interaction operators, PINGU is particularly
sensitive to Og (and O3, but only for my ~ 50 GeV). PINGU has a good sensitivity to O
since this operator generates a DM-nucleus scattering cross section scaling like AQU% in the
limit of zero momentum transfer, where A is the number of nucleons bound in the nucleus.
The A? factor partly compensates for the v% suppression. One should also notice that while
crossing the Sun DM particles gain speed due to the Sun’s gravitational potential. This
makes the v% suppression less dramatic than, e.g. in the case of direct detection experiments.
A detailed analysis of this effect can be found in [38]. Figure 4 shows PINGU’s 50 sensitivity
contours together with 90% C.L. exclusion limits from the null result of DM searches at
IceCube/DeepCore for the isovector component of the above interaction operators. Similarly
to the case of the interaction operators O; and Oy (see figure 2), the sensitivity of PINGU
to isovector DM-nucleon interactions is lower, as compared to PINGU’s sensitivity to the
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Figure 4. Same as figure 2, but now for the isovector component of the operators @;, = Sy -
(@/my) x ¥y, O5 =4S, - [(@/my) x ¥y, Og = Sy - (&/mn)Sn - (@/my), Or = Sy - ¥*1,4,
Og = SX '\A/LILN, and Og = iSX . [SN X (C]/m]\/)]

corresponding isoscalar interactions, but not for the interaction operators that couple DM to
the nuclear spin current, like O7 and Oqg. For these operators, cancellations between proton
and neutron contributions to the scattering cross section do not occur, even in the case of
isovector couplings [38].

Finally, figure 5 and figure 6 show PINGU’s 50 sensitivity contours together with 90%
C.L. exclusion limits from the null result of DM searches at IceCube/DeepCore for, re-
spectively, the isoscalar and isovector component of the interaction operators O1p = iSy -
(@/mn)1Ly, O = iSy - (@/mn)ly, O12 = 8\ - Sy x ¥1), O13 = i(Sy - ¥1)(Sw - &/mn),
O14 = i8S, -(@/mn)(Sn-¥1) and O15 = -8, - (&/mn)[(Sy x ¥1)-(§/my)]. Within this set of
interaction operators, PINGU is particularly sensitive to the operator O11, which generates
DM-nucleus scattering cross sections scaling like A%¢? in the zero momentum transfer limit.
Similarly to Og, also in this case the A? factor partly compensates for the ¢? suppression.
Notice however that PINGU is more sensitive to @11 than to @g since the capture rate is
smaller when the cross section for DM-nucleus scattering is proportional to v% (as compared
to the case of q2 suppression).

Another interaction that can be probed with PINGU in the small DM particle mass
limit is the one corresponding to the Q15 operator. In terms of coupling constants, PINGU’s
projected sensitivity to the operator O12 is about one order of magnitude lower than for
@11, and about a factor of 2 lower than for @8. This is due the fact that @12 generates
the nuclear response Wg/, which for the most abundant elements in the Sun is generically

smaller than WX/[T/ .
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Figure 5. Same as figure 2, but now for the isoscalar component of the operators O =
Sy - (@/mn)Ly, O1 =Sy - (§/my)ly, Oz = Sy - (Sy x ¥*), O13 = i(Sy - v4)(Sn - §/mu),
O =Sy - (@/mn)(Sn - ¥*) and O15 = =S, - (@/mn)[(Sy x ) - (@/my)].

We refer to [62] for a comparison between our results and current exclusion limits
from direct detection experiments. As already noticed in [38], compared to direct detec-
tion experiments neutrino telescopes can currently probe smaller values of the DM-nucleon
coupling constants for some of the spin-dependent interactions in table 1, and for the velocity-
dependent operator Os. Strictly speaking, this comparison between neutrino telescopes and
direct detection is model dependent and only holds true when DM does not exclusively couple
to light quarks. In the latter case, all annihilation products are stopped in the Sun and no
neutrino signal is produced.

For some of the operators considered here, the projected sensitivity of PINGU cor-
responds to coupling constant values as large as 10° x (246.2GeV)~2? ~ 1/(0.7GeV)2. In
these cases the applicability of our effective theory approach, which is based on the limit
of contact DM-nucleon interactions, is called into question. However, assuming the form
g192 /aned for the effective theory couplings, where g; and go are dimension-less coupling
constants (their largest value compatible with perturbativity is v4m) and Myeq is the
mass of the mediator which has been integrated out in the contact interaction limit, we
find that Mied ~ O(1)GeV? > ¢?, which qualitatively justifies a non-relativistic effective
theory approach.

In all figures presented in this work we find that PINGU’s sensitivity curves are flatter
than IceCube upper bounds as a function of the DM mass. The reason is that for neutrino
energies below about 100 GeV PINGU'’s effective area is less steep than the one associated
with IceCube.
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F}gure 6. Same as ﬁguAre 2, but now for the _isovector component of the operators 019 =
Sy - (@/mn)1y, O = iSy - (@/mn)ly, O12 = Sy - (Sy x V), O13 = i(Sy - V5)(Sy - @/mw),
O11 =4Sy - (@/mn)(Sn - 1) and O15 = =S, - (@/mn)[(Sn x 1) - (@/mn)]-

5 Conclusion

In this work, we calculated PINGU’s sensitivity to the 28 coupling constants characteris-
ing the non-relativistic effective theory of (spin 1/2) DM-nucleon interactions introduced in
section 2. In this calculation, we expressed PINGU’s sensitivity in terms of 50 sensitivity
contours in the DM mass-coupling constant plane, focusing on DM masses in the 5-100 GeV
range. For each DM mass-coupling constant pair, we then compared our sensitivity contours
with the 90% C.L. exclusion limits on the same (isoscalar and isovector) coupling constants
that we obtained from a reanalysis of the null result of current searches for DM at Ice-
Cube/DeepCore. For PINGU we assumed three years of continuous data taking, while for
IceCube/DeepCore we considered 532 days of data taking (discarding periods of the year
when the Sun is above horizon). For each DM-nucleon interaction type, we considered two
cases separately: in the first one, DM primarily annihilates into bb pairs; in the second one,
DM primarily annihilates into 77 pairs.

We found that PINGU will be able to detect values of ¢} (i.e. canonical isoscalar spin-
independent interactions) as low as 1.3 x 1072/m#, with a statistical significance of at least
50 for m, ~ 50GeV, if DM primarily annihilates into 77 pairs (producing a hard neutrino
energy spectrum). Similarly, if DM primarily annihilates into 77 pairs, PINGU will be able to
detect values of ¢ (i.e. canonical isoscalar spin-dependent interactions) as low as 4 x 1071 /m2,
with a statistical significance of at least 50 for m, around 10GeV. The smallest coupling
constant that PINGU can detect with a statistical significance of 5o is a factor of ~ 3 larger,
both for ¢ and for ¢}, when DM primarily annihilates into bb pairs (producing a soft neutrino
energy spectrum).
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We then extended our analysis of the canonical spin-independent and spin-dependent
interactions to all DM-nucleon interaction operators in the effective theory of (spin 1/2) DM-
nucleon interactions. Within this large set of interaction operators, we found that PINGU
is particularly sensitive to the interaction operators Og and (’)11, which, analogously to the
O1 operator, generate a DM-nucleus scattering cross section scaling like A?. For each non-
relativistic interaction operator, we presented our results for both isoscalar and isovector
couplings.

Comparing isoscalar and isovector interactions, we found that for isovector couplings,
PINGU sensitivity is lower than for isoscalar couplings when DM couples to nuclei via the
response W77, but it is not suppressed for interactions that couple DM to the nuclear spin
current (which generates other responses). This result is expected, and can be explained as
follows. While in the isoscalar case, the constants for DM coupling to protons and neutrons
have the same sign, in the isovector case the above coupling constants have opposite signs.
This implies a cancellation in the nuclear matrix elements upon which the nuclear response
W]T/[T/ depends, and, therefore, a lower sensitivity to the DM-nucleon interactions studied
here. On the other end, such a cancellation does not occur for interactions coupling DM to
the nuclear spin current.

Finally, we found that PINGU’s sensitivity contours are significantly below current
IceCube/DeepCore 90% C.L. exclusion limits when bb is the leading DM annihilation channel.
This conclusion holds true independently of the assumed DM-nucleon interaction. It thus
shows that lowering the experimental energy threshold from Ei, ~ 10 GeV, to Ei, ~ 1 GeV,
as in the case of PINGU, will improve the current sensitivity of neutrino telescopes to any
DM-nucleon interaction dramatically, when bb is the leading DM annihilation channel. When
DM primarily annihilates into 77 pair, the value of the DM particle mass below which PINGU
will improve upon current exclusion limits is m, ~ 30 GeV, independently of the assumed
DM-nucleon interaction.
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