PHYSICAL REVIEW D 76, 095008 (2007)

High energy neutrinos from neutralino annihilations in the Sun
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Neutralino annihilations in the Sun to weak boson and top-quark pairs lead to high-energy neutrinos
that can be detected by the IceCube and KM3 experiments in the search for neutralino dark matter. We
calculate the neutrino signals from real and virtual WW, ZZ, Zh, and tf production and decays, accounting
for the spin dependences of the matrix elements, which can have important influences on the neutrino
energy spectra. We take into account neutrino propagation including neutrino oscillations, matter-
resonance, absorption, and v, regeneration effects in the Sun and evaluate the neutrino flux at the
Earth. We concentrate on the compelling focus point (FP) region of the supergravity model that
reproduces the observed dark matter relic density. For the FP region, the lightest neutralino has a large
bino-Higgsino mixture that leads to a high neutrino flux and the spin-dependent neutralino capture rate in
the Sun is enhanced by 10 over the spin-independent rate. For the standard estimate of neutralino
captures, the muon signal rates in IceCube are identifiable over the atmospheric neutrino background for

neutralino masses above M, up to 400 GeV.
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I. INTRODUCTION

A stable weakly interacting massive particle (WIMP) of
mass of order 100 GeV that was produced in the early
Universe, thermalized, and froze-out due to the Hubble
expansion provides a natural explanation for observed
density of dark matter today [1]. A well motivated dark
matter (DM) candidate is the lightest stable particle (LSP)
of supersymmetry (SUSY) with R-parity conservation [2—
4]. The LSP is nominally the lightest neutralino (denoted
by xV), a neutral spin-1/2 particle that is a linear combi-
nation of gauginos (spin-1/2 SUSY companions of the
spin-1 standard model bino and wino) and Higgsinos
(spin-1/2 companions of two spin-0 Higgs bosons) [5].
The minimal supergravity model (mSUGRA) has minimal
SUSY particle content with the exact supersymmetry bro-
ken by gravity [6]. With gauge and Yukawa coupling at the
grand unified scale (GUT) [7-9] the mSUGRA model
predictions are given in terms of a small number of pa-
rameters [10,11]. The consequences of mSUGRA for neu-
tralino dark matter detection have been the subject of
numerous phenomenological studies that have considered
the predictions for forthcoming experiments; some recent
surveys are given in Refs. [12—19]. There are three com-
plementary experimental approaches: direct detection via
nuclear recoils from WIMP scattering, indirect detection
via astrophysics experiments wherein WIMP annihilations
give neutrino, gamma ray, positron, and antideuteron sig-
nals, and collider experiments where the supersymmetric
particles undergo cascade decays to final states with two
LSPs that give missing energy in the events.
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Our focus is on the signals in neutrino telescopes that
should result from the annihilations of neutralinos that
have been gravitationally captured by the Sun [20,21].
Neutrino telescopes are poised to search for the high-
energy neutrinos of this origin [22]. The IceCube experi-
ment at the South Pole is under way and expects to have
about 50 000 events from atmospheric neutrinos in the near
future [23,24]. The KM3 detector in the Mediterranean Sea
is currently being built [25—-31]. The IceCube detector has
a neutrino energy threshold of about 50 GeV. These experi-
ments are expected to have the capability to find or limit
signals from neutralino DM annihilations in the Sun [21]. It
is therefore of particular interest to refine the characteristic
features imprinted on the neutrino energy spectra of this
origin.

We make substantial improvements on previous theo-
retical studies [32] by including the full spin-dependence
of the matrix elements from real and virtual WW, ZZ, Zh,
and #f production and subsequent decays to neutrinos, by
noting the importance of the spin-dependent capture rate in
the Sun, and by concentrating on the region of mSUGRA
parameter space known as the hyperbolic branch (HB) [33]
or focus point (FP) [34] region, where the neutralino
annihilations have the highest rates. (Hereafter we denote
this region simply by FP). The above mentioned annihila-
tion processes lead to the high-energy neutrinos of interest
for neutrino telescopes. We propagate the neutrinos
through the Sun, taking into account neutrino oscillations,
matter resonance, absorption, and v, regeneration effects,
and give the resulting muon-neutrino energy spectra at
Earth and the muon energy spectra in km? area detectors.

Neutralinos are gravitationally trapped and accumulate
at the center of the Sun where capture and annihilation
rates equilibrate over the lifetime of the Sun. The solar
capture rate of neutralinos in the galactic halo is approxi-
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mately given by [35]

Co =3.4x100g7! Plocal (270 km/s>3
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where pjo.q and vy, are the local density and velocity of
relic dark matter, respectively. The average density is taken
to be pioca = 0.3 GeV/cm?, but may be enhanced due to
caustics in the galactic plane [36]. The capture rate is
highly dependent on the strength of the neutralino inter-
actions with matter [13,37]. The spin-independent (SI) and
spin-dependent (SD) scattering rates determine how
strongly the Sun slows and captures the neutralinos and
are limited by present direct detection experiments. The
factor of 0.07 before ol comes from the relative abun-
dance of helium and hydrogen in the Sun, as well as other
dynamical and form factor effects [22]. For a discussion of
the present limits on the SI and SD cross sections from
direct detection experiments see Ref. [12].

As neutralinos accumulate in the solar core, their anni-
hilations deplete the population. The competition between
neutralino capture and annihilation can be expressed
through the annihilation rate, I', in the solar core by

1
r=s Cotanh?(/CoAgtsuy), 2

where Agp = @ is the annihilation rate times relative

velocity per unit volume and fg,, = 4.5 Gy is the age of
the Sun. When /CoAgts,, >> 1, the capture and annihila-
tion processes are in equilibrium, which is expected to be a
good approximation for the Sun. Thus the annihilation rate
is equivalent to half the solar capture rate today since two
neutralinos create one annihilation event.

From the thermalization of the captured neutralinos, it
has been estimated that the neutralinos are concentrated
with a core region of very small radius, of order 0.01Rg,,
[32], so we can approximate the source of the neutrinos
from annihilations as arising from the center of the Sun.
We propagate the neutrinos from the solar center to the
surface, taking into account neutrino oscillations with
Mikheyev-Smirnov-Wolfenstein (MSW) effects [38—40],
as well as absorption and reinjection of neutrinos resulting
from neutral current (NC) and charged current (CC) inter-
actions. Since neutralino annihilation is flavor blind,1 the
relative populations of different neutrino species are the
same at the center of the Sun. MSW effects that change the
neutrino flavors as they propagate through the Sun are
small in the present application because the injection spec-

!Strictly speaking, secondary neutrinos from the 7-leptons and
b-quarks from W and Z decays break this flavor democracy but
these contributions result in softer neutrino energy spectra that
are less likely to pass the experimental acceptance cuts.
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tra are uniformly populated among flavors (i.e. the com-
mutator which describes the evolution of the neutrino
states as they propagate through the Sun vanishes, yielding
a steady state solution). In addition, MSW effects are
smaller at energies above order 100 GeV that are of present
interest.” In the results that we present here, we take 65 =
0, but we do not anticipate substantial changes for nonzero
6,5 over its experimentally allowed range.’ The analysis of
Ref. [32] found that a value of sin?26,; = 0.04 gave little
change in the overall neutrino spectra in the high-energy
region.

Absorption and reinjection effects due to NC and CC
interactions are important. The effects from NC interac-
tions are neutrino flavor blind and tend to soften the initial
spectra; when a neutrino of energy E, is absorbed, a
neutrino of the same flavor but lower energy E), < E, is
reinjected into the flux. The CC absorption is also flavor
blind, but the resulting reinjected spectra are not, due to the
regenerated 7, and 7, from the leptonic decays of 7~
leptons. A 7~ decays promptly 100% to v, and 18% to
each of 7, and 17#.4 Although the », number population
remains the same, the v, energy spectrum is softened by
the interactions. Additionally, other neutrino flavors re-
ceive contributions from the v CC interaction. This asym-
metry in the population of neutrino species introduces
small, but nonetheless non-negligible vacuum oscillation
and NC and CC effects. Once the neutrinos emerge from
the Sun, they propagate as matter eigenstates to the Earth
where they can be detected in neutrino telescopes by the
high-energy muons and electrons produced by the CC
interactions in the surrounding ice or water.

The above effects were included in a number of works
[14,23,32]. In Ref. [32] the reconstruction of a general dark
matter candidate was studied. However, since the spin of
the DM particle was not specified, the spin dependence of
the amplitudes could not be taken into account. The intent
to treat the DM annihilations in a model independent way
is laudable, but this approach can have serious shortcom-
ings. For instance, DM annihilation in the static limit to the
two body neutrino-antineutrino process is absent in SUSY
models, due to helicity suppression. Additionally, pro-
cesses such as annihilations to weak bosons exhibit a
striking helicity dependence in the neutrino spectra from
their decays. The spectra of neutrinos of energy
O(100 GeV) can be substantially altered by the
spin dependence of the matrix elements.

In Sec. II, we review the regions of mSUGRA parameter
space that can account for the observed relic density of

A concurrent study in Ref. [41] analytically considers the
MSW effects of low-energy neutrinos from dark matter with
mass up to 100 GeV.

*Its experimentally allowed range is sin®26; < 0.19 [42].

“The u* leptons can also inject ¥, and v,, but are stopped by
ionizing radiation before they decay, resulting in very soft
neutrinos [43].
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neutralinos [44]. We concentrate on the FP region which
solves a variety of problems with SUSY phenomenology
[45—-47]. In this region of parameter space, the lightest
neutralino is a bino-Higgsino mixture and the neutralino
annihilation rates are large. In Sec. III, we discuss the
neutrino production modes that occur through neutralino
annihilation in the present epoch. In Sec. IV, we calculate
the neutrino energy spectra for each contributing process.
We give analytic formulas for the neutrino spectra in the
static limit where the intermediate state heavy particles are
on-shell and show that they closely approximate the matrix
elements obtained from SMADGRAPH [48-52].
Propagation of the high-energy neutrinos from the center
of the Sun to the km? area detectors on Earth are discussed
in Sec. V. The prospects of detecting neutrinos from neu-
tralino annihilation are presented in Sec. VI. We provide
our conclusions in Sec. VIIL.

II. SUSY PARAMETER SPACE

In our illustrations we implicitly assume the model of
minimal supergravity (nSUGRA). In this model the scalar,
gaugino and trilinear masses unify at the grand unification
(GUT) scale. The predictions are determined by the five
parameters [11]

mo, my, Ao, tanp, sign(u). (3)

Here my, m; /, and A, are the common scalar, gaugino and
trilinear masses at the GUT scale. The parameter tang is
the ratio vacuum expectation values of the up-type and
down-type neutral Higgs fields and w is the supersymme-
try conserving Higgsino mass parameter at the electroweak
scale. The absence of a Higgs signal from LEP and the relic
density determination from WMAP [44] limit the
mSUGRA parameter space to four distinct regions:

(1) The focus point with large values of m and rela-
tively small values of p can naturally yield the
observed relic density [33,34,45—-47,53,54]. This
region provides a decoupling solution to the SUSY
flavor and CP problems, suppress proton decay rates,
and has low fine tuning. The FP has large sfermion
masses and mixed Higgsino-bino dark matter and
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can be suitable for sparticle mass measurements at
the LHC [55]. The annihilation modes of the lightest
neutralino are predominantly to weak bosons and
top-quark pairs due to the large Higgsino-bino mix-
ture of the lightest neutralino.

(i) The slepton coannihilation region has low m and the
lightest slepton (stau) mass is almost degenerate in
mass with the lightest neutralino mass [S6—59]. The
resulting coannihilation can drop the neutralino relic
density into the observed range.

(iii) The bulk region is characterized by low m and m, /,
[60,61]. In this region, neutralino annihilation is
dominated by the ¢-channel exchange of light scalar
fermions. However, this region is now disfavored by
the limits from LEP on the lightest chargino and
sleptons [10,62].

(iv) The Higgs funnel region is characterized by large
values of tanf where the lightest neutralino annihi-
lates via a light & or broad A resonance [60,63—69].

Throughout the remainder of this paper, we adopt the

low-energy determination of the FP region given in
Ref. [47], which is preferred for b — 7 Yukawa unification
[70,71]. This parametrization adopts tan = 50 and m, =
174.3 GeV. The central values of this narrow wedge are
reproduced in Fig. 1 in the space of the parameters w and
M, at the electroweak scale, where M is the U(1) gaugino
mass parameter. The narrow allowed band lies just above
the region where radiative electroweak symmetry breaking
is not allowed. The sfermions and heavy Higgs bosons
decouple, so p and M, are the critical parameters for FP
phenomenology of the light gauginos. The mass matrix of
the neutralinos in the (B°, W°, A9, AY) basis given in terms
of these parameters is

M, 0 _glvd/2 glvu/z
M o= 0 M, 8va/2  —gv,/2
X —g1v/2  gv4/2 0 oy
glvu/2 _g2vu/2 M 0
C))

where g; and g, are the U(1) and SU(2) gauge couplings,
respectively. Gaugino mass unification restricts the SU(2)

1 —r

,,,,,

0 R | Tt it
0 200 400 600 800 1000
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FIG. 1 (color online).

MX (GeV)

The central FP region in u and M, (left panel) with m, = 174.3 GeV and tanf3 = 50 as given in [47]. As the

mass of the lightest neutralino increases, it becomes largely Higgsino shown by the solid, black curve (right panel). However, the
Higgsino asymmetry, an important quantity for the Zx?x? coupling, decreases as shown by the red, dashed curve.
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TABLE I. Representative points in the FP region showing the
composition of the lightest neutralino.

Mo Ny Npp Ni3 Ny

90 GeV 0.80 —0.20 0.49 —0.29
110 GeV 0.83 —0.17 0.45 —0.28
200 GeV 0.90 —0.09 0.34 —0.24
400 GeV 0.87 —0.06 0.37 —-0.32
700 GeV 0.65 —0.06 0.55 —0.52
1000 GeV 0.24 —0.04 0.69 —0.68

2
gaugino mass M, = ?’?%M | = 2M,, and consequently the
1

lightest neutralino has substantially more bino content than
wino. The mass matrix is diagonalized by the rotation
matrix N;;

MD, = N"M N 5)

The lightest neutralino can then be expressed in the
gaugino-Higgsino eigenbasis as

X =N B+ N,W+Ni3Hy+ NyH, (6)

Using these methods, we numerically diagonalize Eq. (4)
and determine the mass and composition of the lightest
neutralino. The composition of the lightest neutralino at
some representative points in the FP region is given in
Table L.
The mass matrix of the charginos in the (W=, H™) basis
is
L M, V2My, cosB
My (ﬁMW sinf i ) ™

The chargino mass matrix is diagonalized by the rotation
matrices U;; and V;;

MP. = UM, V7. ®)

The relic density of the lightest neutralino is very sensi-
tive to its gaugino-Higgsino content. To accommodate the

X W X9

0 7
X1 !

W+
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observed relic density, the lightest neutralino is required to
have large bino and Higgsino components, leading to the
relation w = M, for light neutralinos as shown in Fig. 1.
As the lightest neutralino mass increases, so do the p and
M, values and the neutralino mass increasingly controls
the annihilation rate until the x° mass cannot increase
further as the relic density would increase above the ob-
served value. This behavior is seen by the plateau in Fig. 1
athigh M, and u =~ 1 TeV. The heaviest that the x? can be
in the FP region (and still give the correct relic density)
corresponds nearly pure Higgsino content (i.e. N7, +
N3, ~ 1, where N3 and N4 are the Higgsino components
of the lightest neutralino). However, since the value of w is
much larger than the off-block-diagonal elements that are
O(My), the Higgsino asymmetry, [N, — N,|, that deter-
mines the strength of the Zx9x" coupling, is very small.
Since p = M, throughout most of the FP region, the
lightest chargino is dominantly Higgsino and the heavier
chargino state is dominantly Wino, with a mass that is
approximately double that of the lightest chargino.

III. NEUTRINO SPECTRA

High-energy neutrinos (£, = 50 GeV) may be created
via neutralino annihilation through a variety of channels.
Since the FP region has a neutralino with large Higgsino
and bino components, certain diagrams dominate, the most
prominent of which are the following:

(1) Annihilation to weak boson pairs, WW or ZZ, where

one or both weak bosons decay leptonically.

The annihilation rate to WW is dominated by the
t-channel chargino exchange and s-channel Z and
Higgs boson exchanges shown in the top panels of
Fig. 2. The chargino diagram can be enhanced by
either large Higgsino contents of the chargino and
neutralino or by a large wino content in the chargino
and bino content in the neutralino. The ZZ and WW
diagrams involving }xYZ vertex are enhanced by
the Higgsino asymmetry that can be large, as shown
in Fig. 1. For large tan 3, the Higgs boson mass is in

W xt W

h/1
= - v

> w+
X
zZ
h/H
- - 12
4
v

0
X1

FIG. 2. Feynman diagrams for the annihilation of the lightest neutralino into WW, ZZ where the weak bosons decay into neutrinos.
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h/H/A

2

FIG. 4. Feynman diagrams for the annihilation of the lightest neutralino into ¢7 and decays into neutrinos. If the scalar fermions

decouple, the amplitude for the process in the left panel vanishes.

the decoupling limit where the light Higgs boson
mimics the SM Higgs boson and the masses of the
heavy Higgs states, H°, A® and H™ are nearly degen-
erate and large. Therefore, the light Higgs exchange
processes require both the Higgsino and bino con-
tents to be substantial in the neutralino exchange
diagram. After including all contributing processes,
it is found that a strong neutrino signal is expected
through the WW and ZZ channels if M W= My, M,
and u < M, M,.

(i) Annihilation to Zh, where the Z-boson decays to
neutrinos, as shown in Fig. 3. This process is en-
hanced if the Higgsino asymmetry is large, due to the
X1XZ coupling that occurs in both diagrams.
However, a substantial #-channel neutralino ex-
change amplitude requires a large bino component
of the lightest neutralino. This process is similar to
the annihilation to weak bosons except that the emis-
sion of the Higgs boson changes the helicity struc-
ture of the amplitude which alters the shape of the
neutrino energy spectra.

(iii) Annihilation to top-quark pairs as shown in Fig. 4.
Contributions from annihilations to top quarks,’
whose primary decay is t — bW, with subsequent
W' — € v decay, are dominant if kinematically
accessible (M P > m,). This process can result in a

softer neutrino energy spectra compared to direct
W*W~ leptonic decays due to the smaller available
phase space for the neutrinos. The scalar fermion
exchange is suppressed due to the large m values in
the FP region while the Z and Higgs boson ex-
changes require Higgsino asymmetry and

SWe neglect the QCD corrections [72] to the annihilation to
top-quark pairs.

Higgsino-bino dominance, respectively.

(iv) Neutralino annihilation to light quarks and leptons.
Because of the Majorana nature of the neutralino, the
annihilation amplitude to light fermions is sup-
pressed by the fermion mass, and direct production
of a neutrino-antineutrino pair is therefore negli-
gible.® If a y or Z boson is emitted, the helicity
suppression can be lifted. The leading contribution
to x"x) — ¢gZ via t-channel squark exchange is
a3mf(? /M5 for heavy squark masses [73]. In addition

to squark exchange, s-channel Higgs and Z boson
processes contribute when the lightest neutralino is
dominantly Higgsino. We do not consider the
smaller contributions from these processes.
Moreover, since the neutralino is above the W mass
throughout most of the parameter space in the FP
region, these modes are negligible.’

Table II summarizes the dominant subprocess discussed
above and gives the corresponding neutralino annihilation
modes and the composition of the x! that yields a large rate
in each case.

The total annihilation cross section must remain rela-
tively fixed in order to provide the observed relic density
Q X?hz = (2‘;5?, where (ov) is the thermally averaged
cross section at freeze-out. The DM density is thus in-

SNote in the analysis in Ref. [32] of the neutrino spectra from
dark matter annihilation it was assumed that the dark matter
particle was not Majorana, yielding very clean and distinct
neutrino signals from the direct dark matter annihilation to
neutrino pairs. This possibility is not allowed in SUSY models
where the neutralino DM candidate is a Majorana particle.

"The neutralino lower mass bound is approximately 80 GeV
due to the lower mass limit on the lightest chargino (M- >

. . . . 1
104 GeV) and the gaugino mass unification assumption.
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TABLE II. Dominant subprocesses for neutrino annihilation to final states that decay to neutrinos. The X? components are given that
maximize the subprocess contributions. Note that since M; ~ u, the )((1”2‘3 states have a large Higgsino and/or bino fraction and
relatively similar masses. The light chargino is mainly Higgsino while the heavier chargino is mainly wino. The top-quark Yukawa
coupling is denoted by Y,. The Higgsino, bino, and wino contents are denoted by H, B, and W, respectively.

Xix) — Ww

Relevant ! components

Comments

t-channel i
t-channel x5
s-channel Z
s-channel h

SIISVES N

T
e~

XX — 2z
t-channel ?
s-channel A H

R T
S~

x| — Zh
t-channel y?
s-channel Z

I?&(l:zorW)

T

0.0 z
XiXi — it
t-channel 7

s-channel Z
s-channel h H

R T

B

xi dominantly A
X5 dominantly W
Suppressed by Higgsino asymmetry

Xg suppressed by small A fraction

X} suppressed by small A fraction
Suppressed by Higgsino asymmetry

Suppressed by Mio / M‘}
Suppressed by Higgsino 1asyfnmetry
Enhanced by large Y,

versely proportional to the total annihilation rate to neu-
trinos today.®

The annihilation cross section to the neutrinos (o,) via
the WW, ZZ, Zh and tf modes are shown in Fig. 5. Once
the neutralino mass exceeds the top-quark mass, annihila-
tion to top-quark pairs dominates, because the Higgs boson
coupling to top quarks, Y, is large. However, since the x!
is then dominantly Higgsino with large mass, its coupling
to the lightest Higgs boson decreases since some bino or
wino content is necessary. Therefore, at TeV scale X(1) mass,
the annihilation to WW and ZZ dominates.

IV. CALCULATION OF NEUTRINO FLUX

The high-energy neutrino spectra in the FP region are
mainly determined by the diagrams in Figs. 2—-4. We
provide analytic results for the neutrino spectra in the cases
of on-shell WW, ZZ, Zh, and tf and show that these
formulas reproduce a Monte Carlo (MC) integration of
the exact matrix elements provided by SMADGRAPH
[50], the supersymmetric version of MADGRAPH. In the
analytic calculation the phase space integration is per-
formed by simple partitioning [74] and is summarized in
Appendix A. We calculate the spectra for the illustrative
points in Table I.

A. Annihilation to weak bosons

We calculate the annihilation process xJx? — WW* —
W<{v including both on-shell and off-shell contributions.
The annihilation process of xJx? — W* W~ is isotropic in

8Up to factors that include the p-wave terms, which are
suppressed in the present epoch.

the static limit when the W polarizations are not measured.
The amplitude of the annihilation to on-shell WW is given
by the y;- exchange with vanishing contributions from the
s-channel Z/H diagrams in the static limit,

:]Vl o EaB,uVE*(kl)aE*(kZ)Bk’iLkg' (9)
Because the amplitude involves the Levi-Civita antisym-
metric tensor, only the two transversely polarized configu-

rations (+ + and — — ) of WTW™ are allowed and the

40

30—

FIG. 5 (color online). The annihilation cross section of the
lightest neutralino to neutrinos via the WW, ZZ, Zh and tf
channels in the FP region with tan8 = 50. Note that when the
top quark threshold is crossed, the cross section for #7 production
abruptly increases, and the cross sections of all other modes
correspondingly decrease in order to give the same oy, as is
required to maintain the observed relic density.
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longitudinal mode is absent. Conservation of CP at tree
level implies the two polarization channels carry equal
weight.

In the rest frame of W+, the neutrino v from the decay
process Wt — € v is described by the normalized angular
distribution dN/d cosf = %(1 — hcosf)? with h = *+1 for
the right (left) handed polarized W* with respect to the
axis defined by the W momentum in the x{x CM frame.
The antineutrino angular distributions can be obtained by a
similar formula with & < —h.

Including the contributions of both helicities of the W,
we find the normalized neutrino event rate in the WW CM
frame to be

1 dN 3

———=_"_[(E, — E,)?+ A?] 10
Vi el EF A o)
where 8 = (1 — 4M3,/5)"/? is the velocity of the W gauge
boson and E, = \/s/4 is the average energy. The energy
interval A = E.B is such that £, — A<E,<E.+ A.

The center of mass energy of the process is given by s =
4Mf(0 in the static limit. The antineutrino from W~ has the
1

same energy distribution. The result of Eq. (10) is in
agreement with Ref. [75]. Note that the differential rates
at the kinematic end points of the decay are twice that of
energy 1o /4. In principle, the distribution in E, could be

useful to roughly determine the lightest neutralino mass,
provided there is little distortion through NC and CC
effects and neutrino propagation. Ignoring the W helicity,
the differential cross section is instead given by a flat E,
spectrum, as is often applied incorrectly for neutralino
DM.

In Fig. 6, we show the analytic and numerical evaluation
of the neutrino energy spectra for ! y{ — W{v in the FP
for m 0= 110 and 200 GeV. The analytic result applies

only above WW threshold. Of note is the clear dependence
on the polarization and the slight tail on either side of the
numerical result, from off-shell decays, in contrast with the
sharp cutoff of the analytic result.

The analytic calculation for the neutrino spectra from
X)X — ZZ proceeds in a similar way, with Z and W

M)(: 110 GeV
0.02
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couplings and masses appropriately changed, since the
neutrinos have definite helicity. As the neutralino mass
increases, the spectra from WW and ZZ become similar
since the W/Z mass difference is relatively small. Note
that even when one gauge boson is off-shell, there is still a
rather hard neutrino energy spectra with an appreciable
rate. This is reminiscent of the significant branching frac-
tions of Higgs boson to gauge boson pairs below threshold
[76]. Indeed, the neutralino pair in the static limit acts as a
pseudoscalar state when coupling to fermions [77].

B. Annihilation to Zh

Next we analytically calculate the neutrino energy dis-
tribution from the static neutralino annihilation, y y — Zh,
Z — vp. The primary process yy — Zh is isotropic in the
static limit. Only the longitudinal mode of Z is produced in
the yy annihilation because of conservation of angular
momentum.

In the rest frame of the longitudinal Z, the neutrino v
from the decay process Z — v is described by the nor-
malized angular distribution with respect to the axis de-
fined by the Z momentum in the }?x? CM frame,
dN/dcos® = 3 (1 — cos?6). Then the decay of the Z boson
to neutrinos Z — v gives the neutrino spectra

1 dN

3
N dx W(]#—B—x)(x—l-i—ﬁ) (1)

where x = SMX?E,,/(4M3(? + M2 — M?) obeys the kine-
matic range

lx—1] = 8. (12)

We present these analytic results in Fig. 7, along with

comparison  with our numerical results from

SMADGRAPH. Since the only longitudinal mode of the

Z boson contributes, the distribution is very different than

that given by the WW or ZZ distribution where only the
transverse modes contribute.
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FIG. 6 (color online). Neutrino energy spectra for X? X(l) — WW* and WW where at least one W decays leptonically for m 0=

and 200 GeV. Analytic results are given by the dashed curves.
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FIG. 7 (color online). Neutrino energy spectra for X(l) X? — Zh where the Z decays to neutrinos for m

Analytic results are given by the dashed curves.

C. Annihilation to heavy fermions

The hardest neutrino energies come from annihilation to
top-quark pairs, when this channel is kinematically acces-
sible. As the threshold for ¢7 is crossed, the cross section to
tb€™" v, jumps dramatically and dominates the overall neu-
trino rate. The amplitude of the top-quark decay, t —
b€ v, has the known structure, (¢ - €7)(b - v), which leads
to the neutrino energy spectra in the rest frame of the .
Boosting into the #f center of mass frame, we arrive at the
neutrino energy spectra from annihilation to top quarks,
assuming a narrow W-width, massless b-quarks and an
average over the ¢t-quark polarization

L= 110, 200, and 400 GeV.

Here we have defined

1

2

i

2
A

t

(14)

FO) = (14 20) 2

2y\2
(&)
where 8 and E, = M o are the ¢ velocity and energy,
respectively, @ = m%/m?, D =1/6 - w?/2 + 03/3,
and the expression applies over the energy range (1 —
,B)a)% =E,=(1+ ,8)%. It is interesting to note that

the analytic structure of this distribution has two qualita-
tively different neutrino energy distributions, depending on

—ow(l+ w)log[

1 dN E, . ( E, E . . S
~ IE = 3D {F <m1n< — 3 7)) the neutralino mass. Specifically, the distribution is divided
NdE, B B into three energy regions, the central of which, |E, —
_ F(max< v w&)ﬂ 13) iE(0+e+B-Bo)l={Ell—w—-B-Bol, may
1+ 2 form a plateau
|
M o M o 2+ m2

1 dN F<T‘ — F<a) T‘) for MX? > ’2mWW = 222 GeV,

——x (15)

N dE E, \ _ E,

v F(p,g) F<1+ ) for Mx? <222 GeV.

These features can clearly be seen in Fig. 8(a), which displays the results for the E,, distributions at neutralino masses of
180, 222, and 400 GeV. The high-energy tail of the distribution is described by a simple function of the neutrino energy,

namely

Analytic Results
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FIG. 8 (color online). (a) MC result for off-shell ¢7 channel, where M L=
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dN (E, E,

o (Ev 1 \(Er _
(=)

dE,
We show MC results for the t*7 — 7b{" v, channel in
Fig. 8(b) for the FP with neutralino mass m 0= 170 GeV.

E
+w(l+ w)logfv. (16)

t

(1 +4w)>

D. Total neutrino energy spectra

We combine the above MC results WW, ZZ, Zh, and tf
channels to arrive at the neutrino energy spectra from
neutralino annihilation, as shown in Fig. 9 for neutralino
masses m o = 90, 110, 200, 400, 700 GeV, and 1 TeV. The

first two panels illustrate how the WW and ZZ spectra
change with E, below the ¢ threshold. The on-shell ZZ
mode turns on at m 0= M. A characteristic double edge

PHYSICAL REVIEW D 76, 095008 (2007)

spectra in principle would allow a measurement of the
lightest neutralino mass. However, as we will see later,
propagation through the Sun can change the neutrino spec-
tra significantly, especially for large neutrino energies,
rendering such ! mass measurements difficult. We verify
that the Zh signal is naturally suppressed; it is considerably
smaller than the ZZ and WW modes [37,78].

V. NEUTRINO PROPAGATION

The neutrino flux at Earth from annihilating neutralinos
in the core of the Sun requires a full treatment of the
propagation through solar matter and the vacuum between
the Sun and Earth. To retain the information on coherency
of the states, we utilize the quantum mechanical evolution
equation

feature is apparent in the total spectra at the low and high dp dp dp
neutrino energies edges. However, as the neutralino mass is dr = —i[H, p] + dr NC+ dr e
increased, this double edge becomes less prominent. d
Further increasing the neutralino mass includes the domi- + ap —€e[H, [H, p]], (17)
nant top spectra. In these cases, the upper edge of the dr | inj
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FIG. 9 (color online).

- e
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Differential cross sections do,/dE, at the solar center for representative neutralino masses ranging from 90 to

1000 GeV. Note that when the neutralino mass exceeds the top mass, the cross section of the ¢f channel abruptly increases dramatically,
and the other cross sections abruptly decrease to maintain the same Qpy,.
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where p is the complex density matrix in the gauge eigen-
basis describing the state of the neutrino as it propagates.
Because of the fact that fast oscillations can only be
observed as average values due to finite energy resolution,
the epsilon term is included in Eq. (17) for convenience in
making the energy average [14,79]. The choice of € =
0.017 in this decoherence term damps all off-diagonal
terms to zero [14]. The Hamiltonian, H, includes the
vacuum oscillation effects from nonzero mass splitting
and the MSW terms:
t
e \/EGF|:Ne(r)8i15jl - N,,T(r)

H
2E

0; j} (18)
14
Here m is the neutrino mass matrix in the gauge eigenstate
basis, FE, is the neutrino energy, Gp = 1.66 X
107> GeV~? is the Fermi constant and N,(r) and N, (r)
are the electron and neutron densities in the Sun [80]. The
source terms, Z_Ir) Inc,cc describe the absorption and reinjec-
tion of neutrinos caused by neutral current (NC) and
charged current (CC) processes while the injection source
term di: linj describes the initial spectra injected by neutra-

d
lino annihilation in the core of the Sun.

A. Vacuum oscillations and MSW effects

The m*tm term in Eq. (18) drives pure vacuum oscilla-
tions. In our illustrations we adopt the vacuum mass-
squared difference values of Aml; =2.5X 1073 eV?,
Am?3, = 8.0 X 107> eV? and mixing angles 6, = 35.3°,
0,3 = 45° and 6,3 = 0. The matter interactions with the
varying solar density suppresses vacuum oscillations.
However, since the injected spectra are uniformly popu-
lated among the neutrino species, vacuum oscillations and
MSW effects do not change the relative populations, since
[H, p] = 0, making the initial state p ~ l;x3 a steady
state.

B. Source terms

The source terms in the propagation equation account
for the absorption and reinjection of neutrinos as the neu-

NC included, Mx =200 GeV

PHYSICAL REVIEW D 76, 095008 (2007)

trinos propagate through matter. The CC and NC interac-
tions absorb higher energy neutrinos and reinject them with
lower energy.

1. Injection spectra

The source term %linj represents the injected initial
neutrino spectra from neutralino annihilation and is given
by ‘fl—’r’ linj = 6(r)8;;+ j—g. Here, we make the justified as-
sumption that the neutrino flux is initially injected at the
center of the Sun [32]. In the following, we illustrate the
effect of each term in Eq. (17). Neutralino annihilation
produces neutrinos and antineutrinos with each v and »
flavor having approximately equal probability.

2. Neutral current

As NC effects are flavor blind, all neutrino species have
spectra that are skewed equally towards a lower energy.
The source term is given by

dFNC (E IV’ E V)

e e e Y
- p(EV)(Np(V)O'(le - V?X)
+ N, (ro(vin — v)X)).

d_p
dr

19)

The first term represents the reinjection of lowered energy
neutrinos with energy E, from an incoming neutrino of
energy E!,. The negative term accounts for the absorption
of neutrinos of energy E,,.

In Fig. 10(a) we show the neutrino populations in propa-
gation from the center of the Sun, where annihilation of a
M L= 200 GeV neutralino occurs, to the solar surface

including only the NC effects for £, = 50 GeV and E, =
100 GeV. Because of the flavor diagonal NC interactions,
the three neutrino flavors remain distinct as they propagate.
The neutrino spectrum of each flavor is equivalent and
given in Fig. 10(b).

NC included, MX =200 GeV
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FIG. 10 (color online).
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(a) Neutrino spectra vs radius for £, = 50 and 100 GeV including the NC source term. (b) Neutrino energy

spectra at Earth. Because of the flavor blind NC interactions, the populations of the three neutrino flavors remain unchanged as they

propagate.
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FIG. 11 (color online). Probability density functions, (a) f,—,(«) and f,_; ;(u) and (b) f+.-(u) and fr_, , (), where u = E, /E}".

3. Charged current

The CC effects are also flavor blind to the extent that the
7 mass is negligible compared to E,. However, the lepton
produced in deep inelastic scattering can be stable (in the
case of the electron), can stop before it decays (muon), or
decay before radiation losses decrease its energy (tau). The
tau lepton is the dominant source of reinjection of neutri-
nos. The channels are

X
Ve,

TV;L/“L!

v,N—1X—

(20)

N Y XY

d_p
dr | cc

where X denotes hadronic decay products. The source term
_ {Lce. p} 4 dE}

1S
o

X[ p(EY)TE(EY) fr—r(E,/EY)
+ T#p (ESTCC(EY) frme (B ED))
(2D
with a similar term for antineutrinos. The II,, = 8,;8,,

are flavor projection operators where i = 1, 2, 3 for the e,
M, 7 leptons, respectively, and I is a 3 X 3 diagonal matrix

CC included, My =200 GeV

which describes the CC interaction rate for a particular
flavor,

Lo =Téc = N,(No(vep — €X)

+ N,(r)o(ven — €X). (22)
The functions f(u) in Eq. (21) are the energy distributions
of an outgoing neutrino with energy E,, given an incoming
neutrino with energy EY; they are -calculated in
Appendix D and shown in Fig. 11. Including this 7 regen-
eration effect, the total v, population does not change, but
the v, energy distribution becomes skewed to lower en-
ergy. The populations »,, energy spectra are increased
from the leptonic decays of the 7~ lepton, and likewise for
the v, , for the 7 lepton.

In Fig. 12 we show the populations of the neutrino
similar to those of Fig. 10, but now including only CC
interactions. In this case the 7 decay reinjects 7 neutrinos
and occasionally 7, , neutrinos, breaking the flavor sym-
metry. This is clearly seen in the left panel of Fig. 12(a) for
the case of an £, = 50 GeV neutrino.

C. Propagation through the Sun

We include all the above effects when propagating the
neutrino states to the surface of the Sun. We illustrate

CC included, MV =200 GeV

v
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FIG. 12 (color online).
breaks the flavor symmetry among the three neutrino states.
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NC & CC included, Mx =200 GeV
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FIG. 13 (color online).
larger r/Rg is achieved by the decoherence term in Eq. (17).

results in Fig. 13 at neutrino energies of 50 and 100 GeV
for neutralino masses with values 200 GeV and 1 TeV. Note
that as the neutralino mass increases, the flavor asymmetry
increases. This is due to the larger CC effects at higher
energy.

D. Propagation to the Earth
Once propagated to the surface of the Sun, the neutrino
states must be propagated in their mass eigenstates to the
Earth, which is achieved by rotating the density matrix p
with the unitary MNSP matrix, V, [81,82]

pL=Vp,, .Vt (23)

which diagonalizes the neutrino mass-squared matrix,

M2 =Vmtmvft, (24)
where M?2 is the diagonal neutrino mass-squared matrix
and m is the neutrino mass matrix in the flavor basis. We
use the tri-bimaximal mixing matrix for the rotation [83].
The density matrix in the mass eigenbasis is denoted by p.
Additionally, the neutrino oscillations are averaged by
forcing the off-diagonal elements of p to zero in the
propagation to Earth. This averaging could equally well
be achieved by including the decoherence term in the
propagation equation in Eq. (17). The neutrino spectra at
Earth are quite similar to those at the surface of the Sun, as
shown in Fig. 14.

VI. NEUTRINO DETECTION

Once the neutrinos are propagated to Earth, we need to
address their rate of detection in a km? area detector. The

fractional rate of annihilation to neutrinos is given by # X
Zg” where o ,,, includes all SM inclusive modes: WW, ZZ,
FT. Zh, hh and @, = 00,0,y includes all the modes
discussed above in Sec. III. We calculate the total rates
using Calchep and can be analytically found in Ref. [84].

Neutrino spectra after all propagation effects through the Sun are included. The averaging of oscillations at

A. Neutrino flux at Earth

We illustrate the detection rates using the simulation for
IceCube outlined in Ref. [23]. The flux of neutrinos from
neutralino annihilation at the Earth is given by

do,
dE,

_ 1 da-X(I)X(l'—»VXl CO

2
dE, 2 4mR* 25)

Otot

where the factor of % is associated with the fact that two
neutralinos produce one annihilation event; here R =
1.49 X 10" m is the Earth-Sun distance. The parameter
C,, is the neutralino solar capture rate of Eq. (1) and is
dependent on the neutralino mass, velocity and local den-
sity in the galaxy.

B. FP capture rate predictions

The solar capture rate of neutralinos in the galactic halo
is approximately given by Eq. (1) and depends on the spin-
independent (SI) and spin-dependent (SD) scattering
rates.

To predict the neutrino flux at Earth, we calculate the
spin-dependent cross section for the Z exchange'®

°The present 90% C.L. on the SI cross section from the
XENON10 experiment places an upper limit on the scattering
rate of 8.8 X 1078 pb for a WIMP of mass 100 GeV and 4.5 X
1078 pb for a WIMP of mass 30 GeV [85]. These rates are still
higher than the SI rate throughout the FP region, which should be
probed in the future by CDMS 2007 with an expected reach of
1 X 107% pb [86]. The SD scattering rate off protons, however, is
less constrained with a current upper limit of 7 X 1072 pb from
ZEPLIN-II for neutralino masses at 65 GeV [87]. Future detec-
tors such as COUPP can greatly improve these limits down to
1072 pb with a 2 kg chamber of superheated CF;I [88].
However, the SD scattering limits would still be too weak to
constrain the FP region.

'Note that the scalar quark exchange is also relevant for the SD
scattering rate. However, since the squarks have large masses in
the FP region, they decouple, and squark exchange contributions
are not included in the calculation.
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FIG. 14 (color online).
surface.

oop 32200+ 1) 5,T! g
Osp = T Z 2.2 4M:
q=u,d,s w
2
X (N2, — N@)} , (26)
here J = 1/2 is the spin of th _ Mg
where J = 1/2 is the spin of the proton, Py = 37y 18

1
the reduced mass of the neutralino proton system, 77 is the

isospin of quark ¢ and &, includes the parton distribution
function and hadronic matrix element of the proton and are
given by the values 6, = 0.78, 6, = —0.48 and 6, =
—0.15 [64,89]. The calculated SD and SI cross sections
along the FP region are shown in Fig. 15. The SD
cross section varies between O(1073) — O(107°) pb,
while the SI cross section is below few X 1078 pb and is
consistent with the limit from XENONI10O of 4.5 X
10~3 pb, making the predicted SD cross section dominate
over the typical SI rate by a factor of 10°.

PR |
0 100 200

E, (GeV)
Y

h L 1 1 I I
300 400 500 600 700 800 900 1000

The neutrino energy spectra at production in the Sun, after propagation to the Sun’s surface, and at the Earth’s

1x10”

T

1x10”

T,

1x10™

T,

2 1x10”
C

Ty

© 1x10°

Ty

1x107

Ty

1x10°

Ty

©°

L

covd cvvd el o e il

—
X
jay
(=]

(=}

FIG. 15 (color

online).

|
400

|
600

Mx (GeV)

The

spin-dependent

and

1000

spin-

independent scattering cross section of the lightest neutralino

with protons.

095008-13



BARGER, KEUNG, SHAUGHNESSY, AND TREGRE
C. Muon rate at IceCube

Once the neutrino flux is known, the associated total
muon rate through a time 7 in a km? area detector such as
IceCube can be determined by folding the muon produc-
tion cross section with the neutrino flux

dN, (e d®,rdou(E, E,)
dE L dE,,#[ dE, 7
_;’_ M

dE,
+ (v — b). (27)

w

Pn :|R,u,(E,u,)Aeff(Ep,)dE1/M

The densities of protons and neutrons near the detector are
taken tobe p, = 3N, cm ™ and p, = 5N, cm ™, respec-
tively, where N, is Avagadro’s number.'' Muons lose
energy according to [90]

e _ —a — BE, (28)

dx
which can be used to determine the length of a muon track.
The parameters a = 2.0 X 107® TeVem?/g and B =
4.2 X 107® cm?/g describe the loss rate [22,23,90,91].
The muon range,

R,(E,) =2 h{ (29)

B

is the distance a muon propagates through matter of density
p before its energy drops below the threshold energy, E‘li“
[91]. We take Eﬁ“ = 50 GeV, as expected for IceCube.
Because of the long muon range, the fiducial volume of the
detector can be factored into the range and the cross sec-
tional area of the detector, called the effective area. The
effective area of the detector, A, is calculated for IceCube
following Ref. [23], and is given in Fig. 16.

The super-Kamiokande experiment has placed a limit on
the flux of muon induced by neutrinos from DM annihila-
tions in the Sun of ®, <5 X 107" cm™2s~! for a half-
angle of 0° — 5° [92]. We calculate the induced muon flux
according to

a+ BE,
a+ ﬁEt}L‘r:|’

dd 1 dN
dE, Aeff(E'M) dE,

and find a total muon flux above the super-K bound for 90
and 110 GeV with 1.3 X 107"% cm 257! and 7.9 X
1071 cm™2s™ !, respectively. The other points we study
are well below the present bound with 4.5 X
10716 em 2571, 21X 1077 em~2s7 !, 3.2 %
107 cm™2s7! and 4.4 X 1078 ecm~2s~!, for 200, 400,

"Since the muon range is at most 1 km for a 1 TeV muon, the
point of muon production can be assumed to be in ice, rather
than the Earth’s crust.
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FIG. 16. IceCube effective area for given muon energy.

700 and 1000 GeV neutralino masses along the FP region,
respectively.

We apply Eq. (27) to calculate neutrino signals in
IceCube from neutralino annihilations as well as back-
grounds from atmospheric neutrinos.'? The differential
flux  of atmospheric v, and v; neutrinos,
d®,/dE,dcosb,, are taken from Ref. [94], where 6, is
the zenith angle.

To severely reduce the background from atmospheric
neutrinos, we include only events within a narrow angular
cone along the line of sight from the IceCube detector to
the Sun. We parametrize the zenith angle of the Sun at the
South Pole as

dec

cosf, = cos[g + gmax sin(ZWT)} €1V

where 672 = 23°26’ is the maximum declination of the
Sun in the celestial sphere throughout the year. Here we
have denoted the time of year by the dimensionless pa-
rameter 7 which spans a full year with the values 0 < 7 =
1, where 7 =0, 1 correspond to the September and March
equinoxes, respectively. The total muon rate along the line
of sight to the Sun is given by

dN o 12 rdoy(E, ,E,)
—F = dE, dr| ——# % Py
dEM E, “Jo dEM

do(E,, E,)
+ Lok
dE,
do,
X
dE, dcos6, dt

pn} X R, (E,)Aui(E,)

d z
€05: p(cosd,) + (v — ), (32)

where R(cosf,) = 0.70 — 0.48cosf, is a detector effi-

?Backgrounds from solar atmospheric neutrinos also exist,
where cosmic rays produce neutrinos in the solar atmosphere
[93]. These backgrounds are expected to be a few per year for a
km? size detector triggering on upward going muons.
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FIG. 17 (color online). Muon event rates and atmospheric backgrounds in IceCube.

ciency for up-going muons that takes into account the rock  pendent of the neutralino mass, but once a signal is seen the

bed below the detector and other angular dependence  window can be narrowed to improve the signal to back-

factors in IceCube [23]. The factor of % in the upper limit ~ ground ratio. In the above window with a few years of data,

of the  integration takes into account the time that the Sun ~ IceCube can make a 5o x{ discovery from My up to

is below the horizon. The 1o resolution of IceCube is 1° 400 GeV. The case for O(M) is even better, easily yielding

[95]; we therefore include the flux observed along the line  a discovery signal in the first year of data.

of sight to the Sun within a cone of angular diameter 3°.

This dramatically reduces the background from atmos-

pheric neutrinos to that shown in Fig. 17. TABLE III. Muon rates in 1 yr of IceCube data from neutra-
We show the signal muon event rate and atmospheric  ino annihilations and atmospheric neutrino backgrounds and the

background [94] in IceCube for six parameter points in  total statistical significance oy, = S/+/B. The event rates in-

Fig. 17 and Table III. Defining the signal region of E‘}}r < clude all events where EU"<E, <300 GeV, with EWr =

E, <300 GeV, we determine the statistical significance 50 GeV.

of the six illustrative points in Table I11.'* This choice of M, (GeV) ysignal APke o
the upper cut at 300 GeV is because of the large attenuation A - £ o
of high-energy neutrinos by the CC and NC interactions in 90 41 10.4 13
the Sun makes the signal contribution at higher energies 110 170 104 33
small. Here, we purposely chose the window to be inde- 200 29 104 9.0
400 7.0 104 22
— _ _ _ 700 4.1 10.4 1.3
“Note that smearing of the muon energy can yield a tail on the 1000 0.29 10.4 0.09

lower end of the spectrum.
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FIG. 18 (color online).
and the limit spectra.

From the signal in Fig. 17, one can use the signal rate
and the shape of the differential muon rate to extract
further information on the nature of the neutralino. A
determination of the neutralino mass can be made from
the shape of the muon energy distribution and the capture
rate of neutralinos in the Sun can be determined from the
total signal rate. The capture rate in turn gives information
on the local galactic DM density and its velocity
[cf. Eq. (1)] that can complement inferences from direct
detection experiments.

D. Limit spectra

When the DM particle is very massive and thus produces
very energetic neutrinos, the features of the neutrino en-
ergy distribution tend to be washed out, due to the neutri-
nos interacting more with the solar matter. This gives rise
to the so-called “limit spectra,” which becomes a fair
description for E, greater than 200 GeV or so [32]. The
limit spectra assumes that (i) oscillations and interactions

Given are our exact calculation for neutrinos (solid black line), the approximate spectra as described in [32],

with matter populate the different neutrino flavors uni-
formly so that the density matrix can be reduced to a scalar,
(ii) the reinjection spectra from scattering is flat in E',/E,,
and (iii) the cross section is proportional to the energy of
the incoming neutrino. In our case, the first assumption is
satisfied to zeroth order since the initial neutrino popula-
tions uniformly populate the three flavors. However, 7
regeneration breaks this uniformity and makes the v,
population different than the », population.'* The reinjec-
tion spectra are preferentially skewed toward lower ener-
gies as calculated in Appendix D and shown in Fig. 11 and
are not well approximated by flat spectra. The third as-
sumption is valid in the appropriate neutrino energy range
of few GeV = E, = few TeV.

For all », the limit spectra can be determined analyti-
cally [32]

“Oscillations between the v, and v
these two flavors equally populated.

» Deutrinos tend to keep
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o(r, E) = e~ E/O/Ro) { o(r =0, E)

41 fm p(r =0, E’)dE’} (33)
& JE

and approximated as a decaying exponential in the high-
energy limit

p(r, E) o e~ E/O)0/Ra), (34)

Here £ is = 100 GeV for neutrinos and =~ 140 GeV for
antineutrinos [32]. For very high neutrino energies, the
spectral distributions become less distinctive and bear little
resemblance to the injected spectra. This effect unfortu-
nately limits the ability to detect neutrinos of energies
greater than =~ 400 GeV or so, as can be seen in Fig. 18.
Combined with the aforementioned low-energy cutoff
from the effective area of the detector, we are confined to
a “window” of possible muon detection energies from
roughly 50 to 400 GeV for IceCube.

VII. CONCLUSIONS

We have made a comprehensive analysis of the pros-
pects for observation in km? area detectors of high-energy
neutrinos from the annihilations of neutralino dark matter
in the Sun. The underlying assumptions of this study are
the following:

(i) The lightest stable neutralino of the mSUGRA
model accounts for the dark matter density deter-
mined by the WMAP experiment

(i) The neutralinos are gravitationally captured by the

Sun and settle to the core of the Sun where they
annihilate with the annihilation and capture rates in
equilibrium. We have assumed the standard estimate
of the neutralino capture rate of Eq. (1) in estimating
the signal.

(iii) The focus point/hyperbolic branch is the relevant
region of the parameter space of the mSUGRA
model, since the high sfermion masses at the FP
solves the SUSY flavor and CP problems and gives
low fine tuning.

(iv) The mass of the lightest neutralino has mass above
that of the W-boson, so that WW, ZZ, and ¢f are the
dominant annihilation channels, giving high-energy
neutrinos from their decays.

The focus point region gives large fluxes of high-energy
neutrinos for two reasons:

(i) The spin-dependent cross section for neutralino cap-
ture in the Sun is enhanced by a factor of 10° over the
spin-independent cross section relevant to most cur-
rent searches for direct detection of neutralinos
through nuclear recoils.

(i1) The lightest neutralino is a bino-Higgsino admixture
which gives a large cross section for the WW and ZZ
production processes.

PHYSICAL REVIEW D 76, 095008 (2007)

(ii1) The contributions to the neutrino flux are dominated
by the top-quark contributions once the LSP mass
exceeds the top-quark mass.

Our calculations included all the physically relevant
processes in neutrino propagation through the Sun with
the quantum mechanical density evolution Eq. (17), in-
cluding:

(1) Production at the center of the Sun with equal popu-

lation of the three neutrino flavors.

(i1) Oscillations of three neutrinos with vacuum oscilla-
tions due to the atmospheric and solar mass-squared
differences in the tribimaximal approximation to the
mixing matrix which has a zero 6,3 mixing angle and
with MSW effects for nonzero 6,5; MSW effects are
not expected to be significant for high neutrino en-
ergy threshold of IceCube.

(iii) Source terms due to the absorption and reinjection of
neutrinos propagating through matter, including both
CC and NC interactions that reinject neutrinos with
lower energy. In particular, we include all neutrino
decay products from the production of tau-leptons
with exact calculations of the tau decay distributions.
We find that the tau-regeneration effects are not
large, but that the absorption effects strongly dimin-
ish the event rates from neutralinos of mass above a
few hundred GeV.

Our study made major improvements over previous
analyses:

(1) We take into account the full spin-dependence of the
production and decay processes, which have impor-
tant effects on the neutrino energy distributions.

(i1)) We make quantitative predictions for the absolute
neutrino rates, since we specialize to the specific FP
region.

(iii) We include off-shell W, Z, and top decays in addition
to on-shell.

(iv) We provide analytic formulas for on-shell decays
and show that the numerical calculations of exact
matrix elements obtained with the SMADGRAPH
program are in agreement.

We have compared our results with other analyses and
approximations where possible:

(i) We find that the approximation to the density evolu-
tion of Eq. (33) is reasonably good for neutralino
masses of order 100 GeV, but shows substantial
deviations from the exact results at higher neutralino
masses: see Fig. 18.

(i) We find that the limit spectra from Cirelli er al.
Eq. (33) is not so good in representing the exact
results at any neutralino mass, even though it does
qualitatively describe the falloff with neutrino en-
ergy due to absorption effects.

(iii) The signal region is broadly defined in muon energy
by the 50 GeV threshold cut and the rapid decrease at
energies above 300 GeV from absorption effects.
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In the detection of muon-neutrino signals from the an-
nihilations, we calculate event rates for the IceCube ex-
periment, taking into account

(i) A muon energy threshold of 50 GeV.

(i) The dependence of the detector area on muon energy

due to the range of the muons in ice.

(iii) The backgrounds from atmospheric neutrinos as cal-
culated from the flux in Ref. [94]; we include a 3°
cone for the angular resolution along the line of sight
from the Sun to the detector.

The major conclusions of our study are as follows:

(i) The signals from the annihilations of neutralinos in
the mass range of 90 to 400 GeV should be easily
identifiable above the atmospheric neutrino back-
grounds: see Table III. About 10 to 200 muons events
are created from muon neutrinos by neutralino anni-
hilations in the Sun on an atmospheric muon back-
ground of about 10 events (within a 3° angular cone
the center of the Sun). The breadth of the signal is in
muon energies a measure of the neutralino mass. The
size of the signal is governed by the neutralino mass
and its couplings to weak bosons and top-quark pairs
as well as the capture rate of neutralinos in the Sun.

(i) The IceCube experiment is most sensitive to neutra-

linos of mass around 110 GeV, above the thresholds
for WW and ZZ production by the neutralino anni-
hilation process. However, the signals from neutra-
linos of mass M X = My where tf annihilation

dominates can also be large for neutralinos of mass
M o of order 200 GeV.

(iii) The absorption effects in the Sun likely preclude the
detection in IceCube of neutralino annihilations for
neutralino masses above 400 GeV.

(iv) The predicted large signals depend on several as-
sumptions that could be overly optimistic: The focus
point with large bino-Higgsino mixing is the relevant
region of mSUGRA parameter space (this is subject
to validation at the LHC); the spin-dependent capture
cross section is much larger than the spin-
independent capture cross section (this is subject to
test in direct detection experiments of WIMP re-
coils); the estimated gravitational capture rate of
neutralinos in the Sun is realistic (it could be en-
hanced by caustics or reduced if there is a dark
matter density under-density in our galactic region).

(v) The forthcoming data from IceCube and KM3 offer
the prospect for discovery of neutralino DM if nature
has cooperated.
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APPENDIX A: PHASE SPACE PARTITIONING

The calculations of the cross sections o(yy — Wev)
and o(y Yy — Zvp) are quite similar. Here, we compute the
cross section for WW* production, and then give the cor-
responding expressions for the ZZ* process. The
cross section o(yy — WeD) is given by

1
o=
202(s, p3,, p,) 2

5 D | MPldy(PSxx — WeD),

(AD)
where A is the triangular function
Ma, b, c) =a*>+ b>+ ¢ —2(ab + ac + be).  (A2)
The phase space is
2/7dON2 2 2
d;(PSxyx — Web) = TV (E2) a2 l,ﬂ,@
2) \4m s s
m2 m?
X ,\1/2<1, —, —2”>dm§, (A3)
my nmy

where we integrate over the range m, + m, =< my = \/s —
my. The corresponding calculation for ZZ*, with m, = 0,
yields

2/dON2 2 2

ds(PSxyx — Zv¥) = (;) <Z—> /\'/2<1,@,@>dm§,
o S R

(A4

where 0 < my = \/s — my.

APPENDIX B: NEUTRALINO NUMBER IN THE
SOLAR CORE

It is interesting to estimate the number of the accumu-
lated dark matter particles in the solar core. The content of
the dark matter located at the core by the equilibrium
condition can be modeled by [22]
_Co, _C°V

Ay {ov)’
The effective volume V of the DM core of the Sun is
estimated to be [96,97]

V =57 X107 cm*(100 GeV/M 0)*/2.

N? (B1)

(B2)

The annihilation cross section is dimensionally estimated
as

(ov) = Baz/Mi(l, (B3)

with the coefficient B of order 1. For M 0= 100 GeV, We

find N = 10°® for the SD capture rate. This number is
many orders of magnitude larger than the average number
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N of dark matter particles enclosed by a volume in the
space of the size of the Sun, N = 4 X 10%,

APPENDIX C: NEUTRINO-NUCLEON
SCATTERING

Neutrinos scatter off nucleons via the NC or CC inter-
actions. The cross-section expressions are relatively simple
for neutrinos in the energy range we consider
(O(1 GeV) = E, = O(1 TeV)) where the W and Z propa-
gator effects can be neglected since Q> < M3,.

1. CC interaction

For CC scattering, the neutrino-quark cross sections are
given by [74,98]

2 A
_ Gg$

, (ChH

~ A 2 A
Z—‘y’(y&—» i) = %(ﬁd—» Tu) = %(1 — )% (C2)

where y =1 — E,/E,, \/§ = \/sx is the CM energy of the
subprocess and x is the fraction of nucleon momenta
imparted on the quark. The resulting scattering off a proton
is given by [14]

do 1 dé -

Lwp—txX)= | dx""(via— €A)f;

o vp = 00 = [Cax i tfyy 0
do

+ d—y(Vd - €u)fd/p(x)

2m,E,G?
~ 2R (015 4 0.04(1 — y)2),  (C3)
a

do  _ — 1 dbd _ - -
d—y(VP_’€X)=jOdxd—y(Vd_’€“)f&/p(x)
o ,_ ~
+d—y(vu—>€d)fu/p(x)

2m,E,G?
- o

£0.06 +0.25(1 — y)2), (C4)

where f,/y(x) is the parton density function for parton g in

nucleon N. The corresponding neutron differential
cross sections are [14]

fl—(y’(vn o X) = ﬁ' dxfl—(;(vﬁ — ) fan(x)
do
+ E(Vd — Cu)fq/n(x)

2m,E,G?%
~ S ZTE (025 4+ 0.06(1 — v)2),  (C5)
o
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do _ 1 do - _
—(vn— €X) = dx— (vd—=LCi)fi (x
=00 = [LaxC i)
dé _
+ d—‘y’ (1t — €d)f (%)
- 2m, E,G>
- ar

£(0.04 + 0.15(1 — y)?). (C6)

2. NC interaction

The NC scattering is calculated in the same way. The
subprocess are given by

do do
di;(vq — Vq) = di;(ﬂq — 7))

G35
=—— (g1, + &k (1 =¥, (€D

do

o
3y (74— 74 = d—j(vq — V)

G2§
= (g, + 81,1 =), (C8)

where y = 1 — E,,/E, and the Z boson couplings are

2., 2.,
8Lu = B - §s1n Ow, 8Ru = _55111 Ow,
11 (C9
grd = — 5 + gsinzaw, 8Rd = gsinzew.

The total differential cross sections for proton target are
then given by [14]

do
S = ) )
q=u,d,i,d Y

- 2m,E,G%
T

d 1
_O-(Vp—> ]}/X) = f dx
dy 0
[0.058 + 0.022(1 — y)?],
(C10)

do | dé
% (5p— vx) = f i S Liog— 7q)f 0
dy 0 q=u,d,i,d dy
2m E,G?
~ %[0.022 +0.058(1 — y)2]
(C11)

and for a neutron target by

d |
—O-(Vn — VX)) = f dx
dy 0

(C12)
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1 )
Ton=r0= [(dx 5 Tiog= )00

q=u,d,ﬁ,c?

2m,E,G>
~ M0 019 + 0.064(1 — v)2]
a

(C13)

APPENDIX D: 7 REGENERATION

To account for 7 regeneration, we fold the CC produc-
tion cross section of leptons with decay distribution of the

r
Fomn W) = Nj:(l + Z5—2>ZBF1'<801'<;>

+ Pgu(;))%dz, (D1)
1/1
Jo—p, () = Nju <§ + z2>ZBF,~<g0i<g>
+ Pgu(Z))idz, (D2)

with similar expressions for f A and f VB Here, the

factors of 1/5 [99] approximate the more precise values in
Appendix C. In this parametrization, u = ES"/E" and z =
E./E™. The normalization factor N is chosen such that

v, — Vv,

1 !
N‘ﬁ d”fw(”)_{o.ls v, — b

The first factor in each equation arises from the CC pro-
duction cross section for 7~ and 7", respectively. The sum
is over each contributing mode (note that for modes with v,
or v, in the final state, there is only one term in the sum),
and BF; is the corresponding branching fraction. P is the
polarization of the decaying 7, and is =1 for 7*. g(y) is the
energy spectra of the neutrinos from the decaying 7. We
now calculate this spectra for the modes v, €7y, v.e/uv
and v, and give a table of all results.

To calculate the spectra, let f(x) be the v, distribution
in the static frame of the parent 7 [e.g. fo(x) = 2x*(3 — 2x)
for v, from 7]. The distribution is transformed into g(y) in
the fragmentation frame, with y = (x/2)(1 + Bcosh),
where 3 is the velocity and 6 is the polar angle. Each
x bin at xy or §(x — xy) contributes a flat y distribution
0(xy — y)/x, in the limit 8 — 1 for an unpolarized parent.
Therefore,

1 1
go(y) = ﬁ dxfo(0)8(x — y)/x = [ Ldxfyl0/x (D)

(D3)

e, ur

e/u

For v, from 7, we have

5

1 4
goy) = f 2x(3 — 2x)dx = = — 3y* + §y3. (D5)
y

W
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Another way to obtain the result is

1 1
goy) = /_11 Edcosqﬁ /: dxfo(x)6<y - Ex(l + cos¢)>.
(D6)

If the polarization effect in the rest frame is defined by

1 dN

- D7
N dxd cos6 (D7)

= fo(x) + fi(x) cosé

which, in the laboratory frame, can be parametrized by
[90,100]

1 dN
Nd go() + Pgi(y), (D8)
then
1
gy) = + f dx(2y - 0fi(0)/. (DY)
y
For the v, from 7 — v, + u + 7,
filx) = —2x*2x — 1) (D10)

and

1
g1(y) = f 2(1 = 2x)(2y — x)dx = % + §y3 — 3y2,
y
(D11)

We now move to the case of 7, in the 7 decay. The
transition probability is [101]

S IMP = 64G3(w - v)P,, - (7 = m.S,)

= 16GZm*(1 — x)x(1 + cosf) (D12)

folx) = 12x*(1 — x), f1(x) = +12x*(1 — x).

(D13)

Then

1
goy) = ] 12(1 — x)xdx = 2 — 6y* + 4y° (D14)
y

@10) = [ ar20 - vey -

= —2+ 12y — 18y + 83 (D15)
in agreement with Eq. (96) in [102]. Note that the corre-
sponding spectra for the 7+ decay are obtained with the
substitution g7 (y) = —g7 (y).
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TABLE V. Fragmentation functions for various decay modes of the 7~ lepton, with y = EE“

and ry = m%/m? [103].

PHYSICAL REVIEW D 76, 095008 (2007)

7~ decay mode BF

go(y)

&1(y)

0.18

VTgljg

2— 6y2 + 4y3

—2+ 12y — 18y% + 83

TABLE IV. Fragmentation functions for various decay modes of the 7~ lepton, with y = If{"
and ry = m%/m?. '
7~ decay mode BF goy) 21(y)

v 07, 0.18 S—3)2 4y 18 =32

v 0.12 20— =) = e = = y)
v.a, 0.13 R U ) ~ 2 00— 1, )
v.p 0.26 l—lr, 0l —r, =) N 2y;_1:rpr,, ;52} 01 —r, =)
v.X 0.13 %0(0.3 -y) 0

For the mode 7 — 7~ v,, we define

2 2
_ mz mez _2EVT
EVT_i’ 'x_—)
2m, m,
2
_m77' __ 1_
r77__2’ X = Ve
mz

The rest frame distribution is a delta function, f(x) =
8(x — (1 —r;)). We can follow what we did before to
obtain the boost fragmentation function,

g0(y) = j L dxfo)/x = f Laxd(e — (1= rp)/x
y y

(3]

(4]

(5]

(6]

(71

(8]
[9]

=01 —ry = y)/(1 = ry). (D16)

This agrees with formulas by Ref. [103]. For the polarized
distribution, the angular distribution in the parent rest
frame is « 1 — cosé, so,

21(y) =

— fl dx(2y — x)8(x — 1 + r,)/x?
y

= =2y —1+r)00 —r, —y)/(1 = r37). (DI7)

We summarize the 7= decay modes and their respective
fragmentation functions in Tables IV and V.
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