
PHYSICAL REVIEW D 66, 063504 ~2002!
High-energy neutrino fluxes from supermassive dark matter

Patrick Crotty*
Department of Physics, University of Chicago, Chicago, Illinois 60637

~Received 12 May 2002; published 16 September 2002!

We calculate the fluxes and energy spectra of high-energy (E.50 GeV) neutrinos from the annihilations of
supermassive (108 GeV,M,1016 GeV), strongly interacting dark matter particles in the core of the Sun. We
take all significant aspects of neutrino propagation through matter into account, as well as oscillations in matter
and vacuum. We also calculate the resulting event rates in an idealized 1 km3 ice detector. We find that the
signal should be well above background and easily observed by next-generation neutrino detectors such as
IceCube.

DOI: 10.1103/PhysRevD.66.063504 PACS number~s!: 95.35.1d, 13.15.1g, 14.60.Pq
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I. INTRODUCTION

The identity of the nonbaryonic dark matter, believed
account for about 30% of the total density of the Unive
@1#, is one of the major unanswered questions in cosmol
today. There is much speculation that the dark matter c
sists of massive non-standard-model elementary partic
The so-called ‘‘WIMPs,’’ or weakly interacting massive pa
ticles, are the best known such candidate. These are o
taken as the lightest supersymmetric particle, with a mas
no more than about 7 TeV@2#. Any dark matter particle
which is a thermal relic cannot have a mass of more t
about 340 TeV@3#. It has been shown that WIMPs could b
captured by the Sun@4,5#, and that their subsequent annih
lations could produce an observable flux of high-energy n
trinos @6#.

Recently, another candidate for particle dark matter
been proposed, the ‘‘wimpzilla’’@7–11#. These are gravita
tionally produced towards the end of inflation by the inte
action of the wimpzilla field with the inflating space-tim
and in sufficient abundance to be the dark matter. T
wimpzilla is usually not assumed to be coupled to any ot
fields, although the case of coupling between the wimpz
and the inflaton has been studied and wimpzilla produc
was still found to be robust@12#; inflaton decays have als
been shown to be a possible source of supermassive par
@13,14#. The original wimpzilla calculations were done in th
context of chaotic inflation@V(f)5 1

2 mf
2 f2#, but they have

been shown to be abundantly produced for other infla
potentials too@15#. Wimpzillas are most efficiently produce
at extremely high masses, on the order of 1012 GeV.

A crucial difference between WIMPs and wimpzillas
that the latter are never in thermal equilibrium, and as su
their masses are not thermodynamically constrained. It
follows from this that their present-day abundance does
depend on whether they have strong, weak, electromagn
or only gravitational interactions~although there are othe
considerations which generally rule out charged dark ma
@16,17#!.

We assume in this paper that the nonbaryonic dark ma
consists of wimpzillas with strong interactions, referred
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from now on as ‘‘simpzillas.’’ Simpzillas, like therma
WIMPs, can be captured by the Sun, and their annihilati
in the solar core can produce high-energy neutrinos.
present the results of a detailed Monte Carlo calculat
simulating the propagation of high-energy neutrinos fro
simpzilla annihilations through the Sun, and also taking
cillations in matter and vacuum into account.

Our general conclusion is that the flux of high-ener
neutrinos from simpzilla annihilations should be well abo
background for a broad range of parameter space, and
servable by next-generation neutrino detectors such
IceCube.

II. INITIAL NEUTRINO FLUX

Albuquerque, Hui and Kolb@18# ~AHK ! derived the cap-
ture rate of simpzillas by the Sun. The capture of therm
WIMPs by the Sun had previously been studied in@4,5#.
AHK assumed that the dark matter consists entirely of s
pzillas in a Maxwell-Boltzmann velocity distribution, an
that the interaction cross sections is of the order of the
strong force, implying that the Sun is many interacti
lengths thick. AHK’s formulas for the capture rate are giv
in Eqs.~2.5! and~2.7! of their paper. We plot the capture ra
GC in Fig. 1. The capture rate has two different forms, d
termined by the efficiency of the simpzilla energy loss in t
Sun.

Once captured by the Sun, the simpzillas rapidly fall
the core and annihilate with each other. AHK showed t
equilibrium between annihilation and capture is reached v
early in the lifetime of the Sun, and would obtain today.
equilibrium, by definition,GA5GC/2 ~each annihilation de-
stroys two simpzillas!. Note that this has the effect of makin
the equilibrium value ofGA dependent only on the interac
tion cross sections and not the annihilation cross sectio
sA .

High-energy neutrinos are produced by the simpzilla
nihilations, which produce a quark or gluon pair that th
fragments into hadronic jets containing a large number
particles. AHK used the fragmentation function formalism
@19# to calculate the numbers of hadrons produced per a
hilation. In the dense solar core, hadrons composed of l
and charmed quarks lose most of their energy before de
ing. Hadrons with bottom and top quarks, however, ha
©2002 The American Physical Society04-1
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much shorter lifetimes and decay before substantial ene
losses. The neutrinos from these decays are at high ener

In this paper, as AHK did, we consider the high-ener
neutrinos from top hadrons produced in simpzilla annih
tions. Although high-energy neutrinos can also come fr
bottom hadrons, it is generally quite difficult to calcula
their flux due to the large number ofB meson decay modes
the products of which may interact in the Sun before the

FIG. 1. The capture rate of simpzillas by the Sun as a func
of simpzilla massmX , for three different choices of the interactio
cross sections. In the shallower parts of the curves, most of t
simpzillas are captured. In the steeper parts, the simpzilla en
loss in the Sun is inefficient and only those with lower velocities
captured.
e
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selves decaying. Since we find that the neutrino flux from
hadron decays alone is well above background, including
neutrinos fromB decays will only add to an already detec
able signal, although most of these will be below the 50 G
cutoff energy we choose.

Approximately 2.83105AM12 top hadrons are produce
per simpzilla annihilation, whereM12[mX/1012 GeV. Top
quarks almost always decay in the channelt→Wb. The W,
in turn, decays with equal branching ratios~each about
10.5%) intoene , mnm , andtnt . The W, like the t, decays
before virtually any energy loss. When thetnt pair is pro-
duced by theW decay, thet also decays before losing muc
energy, producing a secondnt . About 18% of the time, it
also produces a secondne and another 18% of the time
secondnm .

AHK showed that the top hadrons have an energy dis
bution proportional toE23/2. They also calculated the distri
bution of the subsequent neutrinos. The total number of n
trinos produced above 50 GeV from thist→W decay chain
is

dF0
l

dt
'k l104AM12GA , ~2.1!

where l denotes the neutrino flavor (e, m, or t). k l51 for
l 5t and 1/2 for the other two flavors, representing the f
that roughly twice as manynt are produced per annihilation

The initial neutrino energy distribution calculated b
AHK is

n

gy
e

dF0
l

dEdt
5k l104AM12GAAEmin30.9393

E1mW

A@E1mt#@~E1mt!
22mt

2#@~E1mW!22mW
2 #

Q~E2Emin!. ~2.2!
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Here,Emin[50 GeV. This is near the lower limit ofnm en-
ergies detectable by IceCube@20#, and also roughly the low-
est neutrino energy possible in the two-bodyW decay.

In Fig. 2, we show the initial simpzilla neutrino flux at th
core of the Sun.

III. NEUTRINO INTERACTIONS

Neutrinos with energies above about 100 GeV have
nificant interactions with matter as they propagate throu
the Sun. The majority are charged-current~CC! interactions
with nucleons. The rest are neutral-current~NC! scatterings;
the cross sections for the latter are about one-third of
charged-current scattering cross sections at the same en
Neutrino-electron scatterings in this energy range are ne
gible compared to neutrino-nucleon scatterings1 @21#, and ac-

1Except for n̄e in the vicinity of the Glashow resonance
6.3 PeV. However, the fluxes we consider are far below this.
-
h

e
rgy.
li-

cordingly we do not consider them in our code.
We have calculated the charged and neutral-curr

neutrino-nucleon cross sections between 1 GeV
109 GeV. The most recent previous calculations in this e
ergy range@21,22# have assumed an isoscalar nucleon; t
is, one in which the quark distribution functions are the a
erage of those for the proton and neutron. This is a go
approximation for a medium such as rock~the calculations
were in the context of high-energy neutrino beams propa
ing through the Earth!. However, the proton number densi
in the Sun is between two and six times the neutron num
density, and the isoscalar approximation does not hold.
show the ratio of proton and neutron number densities in F
3, calculated using the Standard Solar Model of@23#.

We have used the recently published CTEQ6-L~leading
order! parton distribution functions@24#, together with the
deep inelastic scattering formalism of@25#, to calculate the
cross sections. Given the energies involved, we may neg
the electron and muon masses, and so thene and nm CC
cross sections are identical. Thet mass, however, signifi-
4-2
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cantly suppresses thent CC cross sections up to abo
50 GeV. Although the effect of this on our calculation of th
emergent simpzilla neutrino fluxes is minor~we only con-
sider energies above 50 GeV, and neutrino interaction
the Sun are significant only above about 100 GeV), we h
taken it into account. The NC cross sections are identical
all three flavors. We show our results in Figs. 4–6.

Note that forEn&104 GeV ~and in the case ofnt , above
energies where thet mass suppression is significant!, the
cross sections are approximately proportional to energy
higher energies, the rate at which the cross section incre
is suppressed by the gauge boson propagator@21#. However,
almost all of the simpzilla neutrino flux is below 104 GeV.

We have also calculated the differential cross secti
ds/dy, where the inelasticity parametery is

y[12
E8

En
~3.1!

FIG. 2. The initial energy distribution of neutrinos from to
hadrons produced in simpzilla annihilations.k l51 for nt and 1/2
for ne andnm . Note that the typical neutrino energy is much low
than the simpzilla mass, due to the large numbers of neutrinos
duced per annihilation.

FIG. 3. The ratio of the proton and neutron number densitie
the Sun as a function of radius. The number of neutrons is grea
in the core where more hydrogen has been processed into he
Isotopes other than1H and 4He are neglected.
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andE8 is the final charged lepton~neutrino! energy in a CC
~NC! scattering. We show these forne /nm andnt CC scat-
tering in Figs. 7 and 8; the others are similar. Our code u
these differential cross sections to obtain probability dis
butions forE8.

We find numerically that almost all neutrino interactio
take place in the deepest part of the Sun, where the dens
greatest, out to about 0.1R( . This is significant when oscil-
lations are taken into account, because at high energies
oscillations and interactions effectively decouple in rad
~see Sec. V!.

IV. CHARGED LEPTON INTERACTIONS

The charged leptons produced in charged-current inte
tions are very important in determining the emergent n
trino flux. Electrons and muons tend to be stopped by th
electromagnetic energy losses. However, taus have
short lifetimes. They tend to decay before losing any sign
cant fraction of their energy, and so the resultingnt are also
high-energy. CC interactions, in effect, absorb thene andnm

o-

n
st
m.

FIG. 4. The charged-current interaction cross section betw
an electron or muon neutrino and a neutron (n), proton (p), and
isoscalar nucleon (N).

FIG. 5. The charged-current cross sections for a tau neutr
The electron/muon neutrino cross sections are also shown to i
trate the kinematic suppression due to thet mass.
4-3
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but regenerate thent . This phenomenon was first remarke
upon by Ritz and Seckel@6# in the context of a calculation o
neutrino spectra from thermal wimp annihilations in the S
~see also@26#!; Halzen and Saltzberg@27# have shown it to
obtain for high-energy neutrino beams propagating thro
the Earth~see also@28–30#!.

In the absence of oscillations, this means that high-ene
nt are much more likely than high-energyne andnm to sur-
vive. Thent are moderated down to lower energies, to t
point where the probability of further interactions is sma
However, the total number ofnt emerging is essentially
equal to the initial number, whereas thene andnm are attenu-
ated. We will discuss the properties of thent versusne /nm
emergent fluxes in greater detail in the penultimate sect
including the effects of oscillations.

In this section, we consider the energy losses and de
of the charged leptons in the solar medium.

A. Energy losses

As the charged leptons move through the Sun, they h
electromagnetic interactions with the medium and lose

FIG. 6. The neutral-current cross sections for all three flavo

FIG. 7. CC differential cross sections for ane or nm . From top
to bottom at y5531023, the curves correspond to 10 Ge
102 GeV, . . . ,109 GeV. The cutoffs in the 10 GeV curves aty
'331023 are where theQ2 of the gauge boson decreases bel
LQCD

2 , and hence the parton formalism used to calculate deep
elastic scattering becomes invalid.
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ergy. ~Weak interactions, apart from decays, are insignific
for charged leptons at energies below 1016 GeV @31#.! The
general equation for energy loss as a function of colu
depthx is

2 K dE

dxL 5a1(
j

b jE, ~4.1!

wherea represents interactions with electrons and$b j% rep-
resent interactions with nuclei, with the summation bei
over the different processes: bremsstrahlung, pair produc
and photonuclear scattering. Below 104 GeV, where most of
the simpzilla neutrinos~and charged leptons from their C
scatterings! are produced, electronic losses dominate.
most terrestrial situations, these are ionization losses wh
can be calculated with the Bethe-Bloch formula@32,33#, but
inside the Sun the electrons are unbound. Therefore,a is the
energy loss rate of a charged particle in a plasma@6#,

a5~9.23106!S Z

Ab2c
D F ln~2megb2!2 lnSA4pane

me
D G .
~4.2!

The units ofa in Eq. ~4.2! are GeV/(g/cm2). The quantities
Z andA are the atomic number and weight of the nuclei
the medium—for the Sun, which is~approximately! a mix-
ture of 1H and 4He, we calculate the energy losses sep
rately for the two isotopes and then weight them by th
mass fractions. Theb and g are the Lorentz parameters o
the charged lepton andne is the electron number density.

The nuclear energy losses become dominant at ener
above about 104 GeV, although as mentioned they are n
very important for the simpzilla neutrino flux which tends
be at energies below this. The formulas for$b j% are given,
for example, in@31#.

Our code simulates both electronic and nuclear ene
losses form and t. We do not followe since they never
decay. In Fig. 9, we show the muon and tau ranges and de
lengths in the core of the Sun, which is where the majority

.

n-

FIG. 8. CC differential cross sections for ant . The energies are
the same as in Fig. 7. The cutoffs at largey in the 10 GeV and
100 GeV curves are due to thet mass.
4-4
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HIGH-ENERGY NEUTRINO FLUXES FROM . . . PHYSICAL REVIEW D66, 063504 ~2002!
neutrino interactions take place. The range is defined as
distance, in the absence of decays, over which the lep
would lose all its energy; and similarly the decay length
the ~mean! distance, in the absence of energy losses,
lepton would travel before decaying.

B. Decays

Both muons and taus decay back into neutrinos, but
muons have lost almost all their energy by this point a
essentially decay at rest. The resultingnm are below 50 MeV
and do not concern us. The taus, on the other hand, h
negligible energy losses except at very high energiesE
*107 GeV), which again does not concern us since v
little of the initial simpzilla neutrino flux is in this range. Th
nt from the decay carries on average about 2/5 the energ
the t, or about 1/4 the energy of the incidentnt ~the mean
energy of thet relative to the incidentnt can be obtained
from the inelasticity parameter distributions; in the ener
range we consider, the mean value ofy is about 0.4, higher
than for the energies at which neutrinos interact significan
in the Earth!.

One phenomenon our code takes into account is the
duction of secondaryne andnm in t decays, as discussed b
@30#. Approximately 18% oft decays produce anm @for t7,
a n̄m (nm)], and another 18% produce ane . These secondary
neutrinos are created with about half the energy of the
companyingnt , or about 1/8 the energy of the incidentnt .
When thent experiences its last few charged-current scat
ings and is downscattered to energies at which it escape
Sun, these secondary neutrinos emerge too. Reference@30#
considered high-energy neutrino beams from extragala
point sources propagating through the Earth, and showed
the additional flux of secondaries could substantially mod
the detected signal.

The major decay channels oft are t→ntmnm ~18%!; t
→nt ene ~18%!; t→ntp ~12%!; t→ntr ~26%!; t→nt a1

FIG. 9. Decay lengths and ranges ofm andt in the solar core
~where most charged-current interactions take place!. Note that ex-
cept at the highest energies, thet decay length is much shorter tha
its range; hence it decays before losing virtually any energy.
opposite is true for them, which is essentially brought to rest befo
decaying.
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~13%!; andt→nt X ~13%!, whereX indicates other massive
hadrons. The combinednt decay distribution is given in
@31#. We show it in Fig. 10, along with that of the seconda
ne andnm , which is straightforward to obtain~see e.g.@34#!.
Our code randomly samples over the appropriate distri
tions to obtain the energies of the neutrinos fromt decays.

V. NEUTRINO OSCILLATIONS

Both matter and vacuum oscillations are significant
simpzilla neutrinos, and have a large effect on the emerg
flux. Our code takes the oscillations of all three flavors in
account. We use values for the mass-squared differences
mixing angles which are consistent with recent observatio
From the Super-Kamiokande results@35,36#, we choose
Dm31

2 5331023 eV2, sin2j50.1 ~which is the upper limit on
j), and sin2u50.5, where the angles in the three-flavor mi
ing matrix are as in Eq.~3.1! of @37#. The other parameter
are constrained by solar neutrino observations, such as t
recently recorded by the Sudbury Neutrino Observat
~SNO! @38–40#. Analysis of the SNO data favors the ‘‘larg
mixing angle’’ ~LMA ! solution @41#, and so we choose val
ues characteristic of this:Dm21

2 5231025 eV2 and sin2v
50.2. We assume the normal mass hierarchy withm1,m2
,m3, and set theCP-violating phase in the mixing matrix
to 0.

To simulate the oscillations, we evolve the flavor amp
tudes using the analytical solution for the time-evolution o
erator in@42,43#. Our Monte Carlo step sizes are sufficient
small that the oscillation probabilities do not change sign
cantly over the step, and the density at each step may

e

FIG. 10. Distributions of neutrino energies fromt decays, with
z[En /Et and thet assumed to be ultrarelativistic. Solid curve:nt

energy distribution, summing over all significant decay channels
the t and weighting by the branching ratios. Some of the chann
produce massive hadrons and become kinematically imposs
above a certainz, the reason for the jagged appearance. Das
curve: secondarynm andne decay distributions from the 18% oft
decays which produce them. Dotted curve: thent energy distribu-
tion in the secondary-producing channels. We assume thet to have
the parity it would have if produced in ant CC interaction~for t2,
negative; fort1, positive!.
4-5
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PATRICK CROTTY PHYSICAL REVIEW D66, 063504 ~2002!
taken as constant. If the neutrino is determined to have h
charged-current interaction during the step, we sample o
the current probabilities to find the flavor of the resulti
charged lepton; if the lepton subsequently decays at h
energy, the resulting neutrino begins purely in that flavor

In Figs. 11 and 12, we show the oscillation probabiliti
of 100 GeV neutrinos and antineutrinos traveling through
Sun without interacting~so their energies do not change!.
This is roughly the lower limit of where neutrino interaction
in the Sun are significant.

We have noted above that most neutrino interactions t
place between the center of the Sun and 0.1R( . At higher
energies, the oscillation wavelengths increase, to the p
where the oscillation probabilities do not vary substantia
over this distance. Interactions at energies much greater
100 GeV thus effectively ‘‘decouple’’ in radius from oscilla
tions ~though if our calculation were extended to inclu
sterile neutrinos, this might not hold; see@44#!.

FIG. 11. Oscillation of 100 GeV neutrinos propagating~without
interactions! from the center of the Sun to its surface. From top
bottom: oscillation probabilities ofne , nm , andnt . Note that the
oscillations ofne are almost completely suppressed until the re
nance.

FIG. 12. Oscillations of 100 GeV antineutrinos propagati

from the center of the Sun to its surface. Then̄e , unlike thene ,
does not encounter a resonance, and its oscillations are minim
06350
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We also would not expect different reasonable choices
the oscillation parameters to make a difference of more t
a factor of 2 or so in the detection rates. Real-world detec
most easily observe the muons created innm andn̄m charged-
current interactions~the ne and nt signals are much les
directional!, so the relevant issue is how much different p
rameter choices would change the emergentnm1 n̄m flux. As
can be seen from Figs. 11 and 12, the worst-case scen
would completely deplete thenm flux by maximizing thene

conversion probabilities; however, then̄m flux would be un-
affected since then̄e do not encounter a resonance and bar
oscillate.~A difference in the sign ofDm31

2 , which is cur-
rently unknown and which we assume to be positive, wo
cause then̄e rather than thene to have a resonance, so th
graphs would essentially be interchanged.!

The nm↔nt oscillations in the Sun are vacuum oscill
tions with the atmospheric mixing parameters. Thene reso-
nance is governed by the mixing anglej ~corresponding to
Ue3) andDm31

2 . This is in contrast to normal solar neutrino
whose Mikheyev-Smirnov-Wolfenstein~MSW! resonance is
governed byDm21

2 and v. For the simpzilla neutrinos, tha
resonance is in the outermost layers of the Sun at very
densities, and is not numerically significant compared to
other resonance. We note that vacuum oscillations out
the Sun are completely averaged out by the detector en
resolution~see Sec. VI!. We also note that although the de
tector is considered to be looking at upcoming simpzilla n
trinos which have come through the Earth, the density of
Earth is too high for MSW oscillations inside it to be impo
tant.

VI. NEUTRINO FLUX AT EARTH

Using the initial neutrino energy distribution given in E
~2.2! and taking all the physical effects discussed above i
account, we have calculated the resulting neutrino flux
Earth. We have also, with IceCube in mind, calculated
event rates it would produce in an idealized 1 km3 ice de-
tector.

A. Monte Carlo code

We have written a Monte Carlo code to simulate t
propagation of high energy neutrinos through matter. E
neutrino is followed as it passes through the Sun. The s
sizes are chosen to be much smaller than both the interac
length and the neutrino oscillation length.

At each step, we use a pseudo-random number gene
to determine whether an interaction occurred over that s
whether it was a charged- or neutral-current interaction,
whether it occurred on a proton or neutron. In the event o
neutral-current interaction, the final neutrino energy is de
mined by randomly sampling over the appropriate inelas
ity parameter distribution~see Sec. III!.

Charged-current interactions are effectively measurem
of the neutrino flavor. As such, when a charged-current
teraction occurs, we randomly sample over the current os
lation probabilities to determine the flavor of the neutri

-

.

4-6
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HIGH-ENERGY NEUTRINO FLUXES FROM . . . PHYSICAL REVIEW D66, 063504 ~2002!
and outgoing lepton. When and if the lepton decays back
a neutrino, it starts in a pure flavor state. We calculate
initial energy of the lepton using the inelasticity parame
distribution.

Them andt produced in charged-current interactions a
followed until they decay or their energies fall belo
50 GeV. Thee produced inne charged-current interaction
are not followed since they never decay.~In practice, them
almost never decay at high energies either, but we fol
them for consistency.! We calculate their energy losses ov
each step according to Eq.~4.1!. We also use their booste
decay lengths to randomly determine whether a decay oc
on each step. If so, we sample over the appropriate de
distribution to determine the energy of the outgoing neutri
We also calculate the energies of the secondaryne andnm in
t decays using the energy distributions for those modes

Neutrino oscillations are simulated both in the Sun and
the vacuum between the Sun and the Earth. We average
oscillation probabilities over 10% of the Sun-Earth distan
which is mathematically equivalent to a 10% energy reso
tion in the detector~characteristic of real-world detectors!.

The detector is considered to be able to detect every n
trino charged-current interaction above 50 GeV taking pl
in a cubic kilometer of ice. In practice, real detectors a
considerably more complex than this and a sophistica
treatment would require a detector Monte Carlo progra
which is beyond the scope of this work. The detector is a
assumed to have an angular resolution of 1°, which is
proximately the size of the Sun on the sky.

Having calculated the neutrino flux at the Earth, we c
culate the detection rate by integrating the product of
flux, the area of the detector (1 km2), and the probability of
the neutrino having a charged-current interaction, the in
gration being over the energyE. The probability of a
charged-current interaction in the detector is

Pcc~E!512e2l/Lint(E), ~6.1!

with the interaction length

Lint~E!5
1

npsp
cc~E!1nnsn

cc~E!
~6.2!

andl51 km is the size of the detector. The number den
ties nn and np are for ice, and the charged-current cro
sectionsscc(E) were discussed in Sec. III.

The background flux from atmospheric neutrinos abo
50 GeV is approximately@45#

dFatm

dEdAdtdv

5~1.131012!E23.2@km22 yr21 deg22 GeV21#.

~6.3!

Integrating this over energy, the detection probability,
detector area, and the angular size of the Sun gives abo
atmospheric neutrino events per year above 50 GeV wh
come from the direction of the Sun. These will be almo
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exclusively muon neutrinos, if we assume the detector
looking at upcoming neutrinos. We take this as our ba
ground.

We also note that the Baksan neutrino telescope
placed a 90% confidence level limit of muon fluxes fro
nonatmospheric neutrinos coming from the direction of
Sun of about 104 km22 yr21 @46#. We take this as a rough
upper limit. The future analysis of the data from Antarc
Muon and Neutrino Detector Array~AMANDA ! @47# may
lower this limit.

B. Results

In Figs. 13 and 14, we show our numerical results for
simpzilla neutrino flux at the Earth. In Figs. 15 and 16, w
show the event rates as a function of simpzilla massmX for
three different choices of the interaction cross sections. We
show two cases: when neither oscillations nor seconda
are included, and when both are included. We have fo
that the secondaries alone do not make a dramatic differe
to the flux, largely because it falls over several decades
energy, and much of it is in a region where neutrino inter
tions are not significant and thus secondaries are not
duced. We accordingly do not show the other two permu

FIG. 13. The simpzilla neutrino fluxes at the Earth, neglect
both neutrino oscillations and secondary neutrinos fromt decays.

FIG. 14. The simpzilla neutrino fluxes at the Earth calcula
with our Monte Carlo program, taking both oscillations and seco
aries into account.
4-7



o

1
rs

n-
r
.

rg
t

c
he

the
e

a
not
rgy
w-

he
u-

rical
first

ngs.
ugh

ott

to

nd

-

ds

PATRICK CROTTY PHYSICAL REVIEW D66, 063504 ~2002!
tions. Previously, only the case without oscillations
secondaries has been studied@18,48#.

We discuss this case briefly. As can be seen from Fig.
the emergentnt fluxes exceed those of the other two flavo
by more than the initial factor of 2~see Sec. II!. This is due
to the fact that thent which experience charged-current i
teractions are not, as are thene andnm , absorbed, but rathe
regenerated at lower energies, as remarked upon in Sec

The unscattered components of thene , nm , andnt beams
relate to their initial fluxes as@18#

dF f

dEdt
5

dF0

dEdt
e2E/Ek, ~6.4!

whereEk is the ‘‘transparency energy,’’ defined as the ene
such that the mean number of interactions experienced by
neutrino is 1. Equation~6.4! obtains because the cross se
tions are approximately linear functions of energy in t
range we are considering. Numerically, we find thatEk

FIG. 15. The simpzilla neutrino event rates in a 1 km3 idealized
detector, neglecting secondaries and oscillations. The rate is pl
as a function of the simpzilla massmX . We show three different
values fors, the simpzilla interaction cross section: from left
right, these ares510226 cm2, 10224 cm2, and 10222 cm2. The

background from atmospheric neutrinos (nm and n̄m) is approxi-
mately 2 yr21. An upper limit from Baksan is about 104 yr21.

FIG. 16. The simpzilla neutrino event rates, taking both seco
aries and oscillations into account. The same choices fors are
plotted as in Fig. 15.
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'130 GeV forne andnm , 160 GeV fornt , 200 GeV forn̄e

andn̄m , and 230 GeV forn̄t . We use Eq.~6.4! as the emer-
gent flux for the electron and muon neutrinos.2

To model the scattered component of thent , we use the
observation of ourselves and several other groups that
scatterednt emerge in a roughly log-normal distribution. W
find numerically that about 80% of the emergentnt and n̄t
are scattered. The log-normal distribution is defined as

dn

dE
5

1

A2p ln 10sE
expF2

1

2s2
log2S E

Et
D G , ~6.5!

and when transformed to a distribution in logE, is a Gauss-
ian with mean logEt and standard deviations ~whose units
are decades!. Note thatEtÞEk , although they turn out to be
similar. We show how the numerical results compare to
log-normal distribution in Fig. 17. The correspondence is
exact, and the log-normal fit overestimates the high-ene
neutrinos while underestimating the low-energy ones. Ho
ever, it is evidently a decent approximation. Thent log-
normal fit hass50.53 and Et560 GeV; the n̄t has s
50.49 andEt5113 GeV.

In Fig. 18, we plot these analytical approximations. T
ne and nm fluxes are in qualitative agreement with the n
merical results. Thent fluxes are somewhat lower at low
energies and higher at high energies than are the nume
results, again due to the log-normal underestimating the
while overestimating the second. We note that Eq.~6.5! dif-

2A small number ofne andnm ~as well asnt) experience repeated
neutral-current scatterings without any charged-current scatteri
We neglect this neutral-current-scattered component here, altho
it is taken into account by our code.

ed

-

FIG. 17. Distribution of emergentnt energies for a monoener
getic beam with initial energyE05103 GeV. We have calculated
the emergent distribution for other choices ofE0 too, and found it to
be generally independent ofE0. We plot as a distribution in logE
rather thanE, and neglect oscillations. The distribution correspon
approximately~although obviously not exactly! to the log-normal
distribution with the parameters shown.
4-8
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HIGH-ENERGY NEUTRINO FLUXES FROM . . . PHYSICAL REVIEW D66, 063504 ~2002!
fers from Eq.~4.6! of @18#, leading to a much smaller differ
ence between thent andne /nm event rates; this is due to ou
correctly taking the 1/E term in the Jacobian factor in th
log-normal distribution into account.

The oscillations clearly have a substantial effect on
flux. The nt are depleted, whereas thenm and ne are en-
hanced. In a real world detector, this is advantageous,
cause it is generally easiest to observe muons fromnm
charged-current interactions. The detectability of the sim
zilla neutrino flux is therefore improved by oscillations.

In Fig. 19, we show the excludable region of simpzi
parameter space; that is, the range ofmX ands which would
be ruled out by the failure to observe a high-energy neutr
signal coming from the direction of the Sun. Even better,
course, would be the observation of such a signal. Howe
a more detailed analysis, which we leave to others, would
necessary to rule out other possible sources such as the
WIMPs, particularly massive ones that could produce neu
nos in roughly the same energy range.

VII. CONCLUSIONS

We have shown that the annihilations of simpzillas in t
Sun should produce a conspicuous high-energy neutrino
nal in a 1 km3 ice detector for a fairly large range of simp

FIG. 18. Analytical approximation for the emergent simpzi
neutrino fluxes, neglecting secondaries and oscillations. We ass
thene andnm fluxes to consist entirely of the remaining unscatter
neutrinos, and thent flux to be the sum of an unscattered comp
nent and a scattered component obeying a log-normal distribu
We make similar assumptions about the antineutrinos. The pa
eters used are given in the text.
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zilla mass and interaction cross section. Much of this ran
of parameter space has not yet been ruled out by cur
observations.

Our flux calculation takes all important physical effec
into account, including neutrino oscillations, which appro
mately equalize the fluxes of the different flavors. In calc
lating the event rates, we have made some simplifying
sumptions about the detector, and a more realistic calcula
~say, for IceCube! would take the actual detector respon
characteristics into account. However, we would not exp
this to alter our general conclusion that the simpzilla neutr
signal would be observable in such a detector.

The next generation of neutrino detectors should be a
to either rule out a large range of simpzilla parameter spa
or provide observational evidence for them.
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FIG. 19. The regions of simpzilla parameter space which p
duce neutrino fluxes~in each flavor! that are above and below th
background event rate of 2 yr21. If no high-energy neutrino signa
is observed from the Sun, it would definitively exclude the range
simpzilla mass and cross section to the left of the line. The plot w
generated using the event rates which include both secondaries
oscillations.
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