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High-energy neutrino fluxes from supermassive dark matter
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We calculate the fluxes and energy spectra of high-endtgy50 GeV) neutrinos from the annihilations of
supermassive (£0GeV<M <10'° 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 kcdmdetector. We find that the
signal should be well above background and easily observed by next-generation neutrino detectors such as
IceCube.
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I. INTRODUCTION from now on as “simpzillas.” Simpzillas, like thermal
WIMPs, can be captured by the Sun, and their annihilations
The identity of the nonbaryonic dark matter, believed toin the solar core can produce high-energy neutrinos. We
account for about 30% of the total density of the Universepresent the results of a detailed Monte Carlo calculation
[1], is one of the major unanswered questions in cosmologgimulating the propagation of high-energy neutrinos from
today. There is much speculation that the dark matter consimpzilla annihilations through the Sun, and also taking os-
sists of massive non-standard-model elementary particlesillations in matter and vacuum into account.
The so-called “WIMPs,” or weakly interacting massive par-  Our general conclusion is that the flux of high-energy
ticles, are the best known such candidate. These are oftgreutrinos from simpzilla annihilations should be well above
taken as the lightest supersymmetric particle, with a mass dfackground for a broad range of parameter space, and ob-
no more than about 7 TeY2]. Any dark matter particle servable by next-generation neutrino detectors such as
which is a thermal relic cannot have a mass of more thahceCube.
about 340 Te\[3]. It has been shown that WIMPs could be
captured by the Suf4,5], and that their subsequent annihi-
lations could produce an observable flux of high-energy neu-
trinos [6]. Albuguerque, Hui and Kolh18] (AHK) derived the cap-
Recently, another candidate for particle dark matter hasure rate of simpzillas by the Sun. The capture of thermal
been proposed, the “wimpzilla[7—11]. These are gravita- WIMPs by the Sun had previously been studied[45].
tionally produced towards the end of inflation by the inter- AHK assumed that the dark matter consists entirely of sim-
action of the wimpzilla field with the inflating space-time, pzillas in a Maxwell-Boltzmann velocity distribution, and
and in sufficient abundance to be the dark matter. Thehat the interaction cross sectian is of the order of the
wimpzilla is usually not assumed to be coupled to any othestrong force, implying that the Sun is many interaction
fields, although the case of coupling between the wimpzilldengths thick. AHK’s formulas for the capture rate are given
and the inflaton has been studied and wimpzilla productiorin Egs.(2.5) and(2.7) of their paper. We plot the capture rate
was still found to be robudtl2]; inflaton decays have also TI'¢ in Fig. 1. The capture rate has two different forms, de-
been shown to be a possible source of supermassive particlessmined by the efficiency of the simpzilla energy loss in the
[13,14). The original wimpzilla calculations were done in the Sun.
context of chaotic inﬂatiorﬁV(¢)=%m(2ﬁ¢2], but they have Once captured by the Sun, the simpzillas rapidly fall to
been shown to be abundantly produced for other inflatorthe core and annihilate with each other. AHK showed that
potentials tod 15]. Wimpzillas are most efficiently produced equilibrium between annihilation and capture is reached very
at extremely high masses, on the order of?1BeV. early in the lifetime of the Sun, and would obtain today. In
A crucial difference between WIMPs and wimpzillas is equilibrium, by definitionI'a=1"¢/2 (each annihilation de-
that the latter are never in thermal equilibrium, and as suchstroys two simpzillas Note that this has the effect of making
their masses are not thermodynamically constrained. It alsthe equilibrium value of", dependent only on the interac-
follows from this that their present-day abundance does naion cross sectiornr and not the annihilation cross section
depend on whether they have strong, weak, electromagnetio;, .
or only gravitational interactiongalthough there are other High-energy neutrinos are produced by the simpzilla an-
considerations which generally rule out charged dark mattenihilations, which produce a quark or gluon pair that then
[16,17). fragments into hadronic jets containing a large number of
We assume in this paper that the nonbaryonic dark matteparticles. AHK used the fragmentation function formalism of
consists of wimpzillas with strong interactions, referred to[19] to calculate the numbers of hadrons produced per anni-
hilation. In the dense solar core, hadrons composed of light
and charmed quarks lose most of their energy before decay-
*Email address: prcrotty@oddjob.uchicago.edu ing. Hadrons with bottom and top quarks, however, have

II. INITIAL NEUTRINO FLUX
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selves decaying. Since we find that the neutrino flux from top
hadron decays alone is well above background, including the
neutrinos fromB decays will only add to an already detect-
able signal, although most of these will be below the 50 GeV
cutoff energy we choose.

Approximately 2.8 10°y/M,, top hadrons are produced
per simpzilla annihilation, whert,,=m,/10'2 GeV. Top
quarks almost always decay in the chanrelWhb. The W,

1020

1019

Fe [s7]

=102 cm?

100 o = 10 em? e ] in turn, decays with equal branching ratigeach about
0T o 10.5%) intoeve, uv,, andrv,. TheW, like thet, decays
- - - o =10 cm? Y before virtually any energy loss. When the, pair is pro-
1 duced by theN decay, ther also decays before losing much
108 10'10 ' 10'12 ' 10'14 016 energy, producing a second.. About 18% of the time, it
my [GeV] also produces a secong and another 18% of the time a
secondv,, .

FIG. 1. The capture rate of simpzillas by the Sun as a function AHK showed that the top hadrons have an energy distri-
of simpzilla massmy, for three different choices of the interaction pution proportional t&€ ~ %2 They also calculated the distri-
cross sectiorr. In the shallower parts of the curves, most of the pytion of the subsequent neutrinos. The total number of neu-

simpzillas are captured. In the steeper parts, the simpzilla energyinos produced above 50 GeV from this>W decay chain
loss in the Sun is inefficient and only those with lower velocities arejg

captured.
dd}
T%K,lo“\/MleA, (2.1

much shorter lifetimes and decay before substantial energy
losses. The neutrinos from these decays are at high energies.

In this paper, as AHK did, we consider the high-energy
neutrinos from top hadrons produced in simpzilla annihila-wherel denotes the neutrino flavoe( u, or 7). k=1 for
tions. Although high-energy neutrinos can also come froml =7 and 1/2 for the other two flavors, representing the fact
bottom hadrons, it is generally quite difficult to calculate that roughly twice as many.. are produced per annihilation.
their flux due to the large number 8 meson decay modes, The initial neutrino energy distribution calculated by
the products of which may interact in the Sun before themAHK is

dd))
Edt

E+my
VIE+mI[(E+m)2—mZ ][ (E+my)2—mg]

10*VM 15" AVE min X 0.939%

O(E—Emin). 2.2

o

Here,E,i»=50 GeV. This is near the lower limit of, en-  cordingly we do not consider them in our code.

ergies detectable by IceCuf20], and also roughly the low- We have calculated the charged and neutral-current
est neutrino energy possible in the two-bddydecay. neutrino-nucleon cross sections between 1 GeV and
In Fig. 2, we show the initial simpzilla neutrino flux at the 10° GeV. The most recent previous calculations in this en-
core of the Sun. ergy rangg/21,22 have assumed an isoscalar nucleon; that
is, one in which the quark distribution functions are the av-

1. NEUTRINO INTERACTIONS erage of those for the proton and neutron. This is a good

approximation for a medium such as rottke calculations
Neutrinos with energies above about 100 GeV have sigwere in the context of high-energy neutrino beams propagat-
nificant interactions with matter as they propagate throughing through the Earth However, the proton number density
the Sun. The majority are charged-curr€@C) interactions  in the Sun is between two and six times the neutron number
with nucleons. The rest are neutral-curr@dC) scatterings; density, and the isoscalar approximation does not hold. We
the cross sections for the latter are about one-third of thehow the ratio of proton and neutron number densities in Fig.
charged-current scattering cross sections at the same energy.calculated using the Standard Solar Mode]28].
Neutrino-electron scatterings in this energy range are negli- We have used the recently published CTEQ@dading
gible compared to neutrino-nucleon scatteriri@d], and ac-  ordep parton distribution function§24], together with the
deep inelastic scattering formalism [&5], to calculate the
cross sections. Given the energies involved, we may neglect
Except for v, in the vicinity of the Glashow resonance at the electron and muon masses, and so thend », CC
6.3 PeV. However, the fluxes we consider are far below this. cross sections are identical. Themass, however, signifi-
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FIG. 4. The charged-current interaction cross section between

FIG. 2. The init_ial energy distri_b_utiqn of neutrinos from top an electron or muon neutrino and a neutrar), (proton (), and
hadrons produced in simpzilla annihilationg=1 for v, and 1/2 isoscalar nucleoni)

for v andv, . Note that the typical neutrino energy is much lower

than the simpzilla mass, due to the large numbers of neutrinos pro- ) . . .
duced per annihilation. andE’ is the final charged leptotneutring energy in a CC

(NC) scattering. We show these fot/v, and v, CC scat-
t tering in Figs. 7 and 8; the others are similar. Our code uses

cantly suppresses the, CC cross sections up to abou : k g i [ooHE U
these differential cross sections to obtain probability distri-

50 GeV. Although the effect of this on our calculation of the "™ ]
emergent simpzilla neutrino fluxes is mintwe only con- ~ Putions forE’. o _
sider energies above 50 GeV, and neutrino interactions in We find numerically that almost all neutrino interactions

the Sun are significant only above about 100 GeV), we havéake place in the deepest part of the Sun, where the density is

taken it into account. The NC cross sections are identical fof '€atest, out to about (L. This is significant when oscil-
all three flavors. We show our results in Figs. 4—6. lations are taken into account, because at high energies the

Note that forE,<10" GeV (and in the case of., above oscillations and interactions effectively decouple in radius

energies where the mass suppression is significanthe (see Sec. ¥/
cross sections are approximately proportional to energy. At
higher energies, the rate at which the cross section increases
is suppressed by the gauge boson propad2tdr However,
almost all of the simpzilla neutrino flux is below 4 GeV.

We have also calculated the differential cross section
do/dy, where the inelasticity parametgris

IV. CHARGED LEPTON INTERACTIONS

The charged leptons produced in charged-current interac-
%ions are very important in determining the emergent neu-
trino flux. Electrons and muons tend to be stopped by their
electromagnetic energy losses. However, taus have very

E’ short lifetimes. They tend to decay before losing any signifi-
y=1-& (3.1)  cant fraction of their energy, and so the resultingare also
v high-energy. CC interactions, in effect, absorb theandv,,
8 T T T T
[ ] 0% (Vn V)
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FIG. 3. The ratio of the proton and neutron number densities in
the Sun as a function of radius. The number of neutrons is greatest FIG. 5. The charged-current cross sections for a tau neutrino.
in the core where more hydrogen has been processed into heliuriihe electron/muon neutrino cross sections are also shown to illus-
Isotopes other thafH and “He are neglected. trate the kinematic suppression due to thmass.
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FIG. 6. The neutral-current cross sections for all three flavors. FIG. 8. CC differential cross sections fowa. The energies are

. . the same as in Fig. 7. The cutoffs at largeén the 10 GeV and
but regenerate the,. This phenomenon was first remarked 199 Gev curves are due to themass.

upon by Ritz and Seckégb] in the context of a calculation of

neutrino spectra from thermal wimp annihilations in the Sung,q\ (\Weak interactions. apart from decavs. are insignificant
(see alsd26)); Halzen and Saltzber®7] have shown it to 9y.( , 8P yS, 9

obtain for high-energy neutrino beams propagating throug for charged leptons at energies below1GeV [31]) The
the Earth(see alsq28—30). eneral equation for energy loss as a function of column

In the absence of oscillations, this means that high-energgepthx IS
v, are much more likely than high-energy andv,, to sur- dE _
vive. The v, are moderated down to lower energies, to the —<> =a+>, BE,
point where the probability of further interactions is small. dx j

However, the total number of, emerging is essentially h ts int . ith elect ;
equal to the initial number, whereas thgandv,, are attenu- wheréa represents interactions with electrons ém} rep-
° resent interactions with nuclei, with the summation being

ated. We will discuss the properties of the versusve/v,, ver the different pr “bremsstrahlun ir production
emergent fluxes in greater detail in the penultimate section? Ve (e difierent processes. bremsstraniung, pair production,

including the effects of oscillations. and photo_nuclear s_cattering. Below*1BeV, where mos_t of
In this section, we consider the energy losses and deca)}ge S'”?pz'”a heutrinogand charged .Ieptons from the|r cc
of the charged leptons in the solar medium. scatterings are prodl_Jced, electronlc. Io_ssgs dominate. !n
most terrestrial situations, these are ionization losses which
can be calculated with the Bethe-Bloch form{&2,33], but

inside the Sun the electrons are unbound. Theretoiie,the
As the charged leptons move through the Sun, they haV@nergy loss rate of a charged particle in a plagfia

electromagnetic interactions with the medium and lose en-
5 4dang
In(2mgyB<)—In - .

e

(4.

A. Energy losses

do*/dy (v, V“)

z
a=(9.2¥x 106)(A)

B*c

4.2

The units ofa in Eq. (4.2) are GeV/(g/crf). The quantities
Z and A are the atomic number and weight of the nuclei in
the medium—for the Sun, which i@pproximately a mix-

(1/E,) do=/dy [107* cm® / GeV]

107 p - ture of *H and “He, we calculate the energy losses sepa-
rately for the two isotopes and then weight them by their
== — \; mass fractions. Th@g and y are the Lorentz parameters of
= the charged lepton aml, is the electron number density.
107 N = The nuclear energy losses become dominant at energies
103 102 y 10-' ] above about 1DGeV, although as mentioned they are not

very important for the simpzilla neutrino flux which tends to

FIG. 7. CC differential cross sections forg or v, . From top be at energies below this. The formulas {@'} are given,
to bottom aty=5x10"3, the curves correspond to 10 Gev, for example, in[31].
102 GeV, ...,10 GeV. The cutoffs in the 10 GeV curves gt Our code simulates both electronic and nuclear energy
~3% 1072 are where th€)? of the gauge boson decreases belowlosses foru and 7. We do not followe since they never
Adcp. and hence the parton formalism used to calculate deep indecay. In Fig. 9, we show the muon and tau ranges and decay
elastic scattering becomes invalid. lengths in the core of the Sun, which is where the majority of
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FIG. 9. Decay lengths and ranges fand 7 in the solar core FIG. 10. Distributions of neutrino energies frordecays, with

(where most charged-current interactions take pladete that ex-  ;=E, /E_and ther assumed to be ultrarelativistic. Solid curue:

cept at the highest energies, thelecay length is much shorter than energy distribution, summing over all significant decay channels of
its range; hence it decays before losing virtually any energy. Thehe r and weighting by the branching ratios. Some of the channels
opposite is true for thex, which is essentially brought to rest before produce massive hadrons and become kinematically impossible
decaying. above a certairg, the reason for the jagged appearance. Dashed

. . . . . curve: secondary, andv, decay distributions from the 18% of
neutrino interactions take place. The range is defined as tr‘@ecays which produce them. Dotted curve: theenergy distribu-

distance, in the absence of decays, over which the leptofyy, in the secondary-producing channels. We assume thehave

would lose all its energy; and similarly the decay length isthe parity it would have if produced inm, CC interaction(for =~
the (mean distance, in the absence of energy losses, th@egative; forr*, positive.

lepton would travel before decaying.

B. Decays (13%); and 7— v, X (13%), whereX indicates other massive
i i hadrons. The combined, decay distribution is given in
Both muons and taus decay back into neutrinos, but the31) \ye show it in Fig. 10, along with that of the secondary
muons have lost almost all their energy by this point an b andw,,, which is straightforward to obtaitsee e.gf34]),

essentially decay at rest. The resultingare below 50 MeV 5,1 code randomly samples over the appropriate distribu-

and do not concern us. The taus, on the other hand, havg,q 15 optain the energies of the neutrinos frordecays.
negligible energy losses except at very high energigs (

=10’ GeV), which again does not concern us since very
little of the initial simpzilla neutrino flux is in this range. The
v, from the decay carries on average about 2/5 the energy of Both matter and vacuum oscillations are significant for
the 7, or about 1/4 the energy of the incident (the mean simpzilla neutrinos, and have a large effect on the emergent
energy of ther relative to the incidenw, can be obtained flux. Our code takes the oscillations of all three flavors into
from the inelasticity parameter distributions; in the energyaccount. We use values for the mass-squared differences and
range we consider, the mean valueyat about 0.4, higher mixing angles which are consistent with recent observations.
than for the energies at which neutrinos interact significantlyfFrom the Super-Kamiokande resulf85,36, we choose
in the Earth. Am3,=3%x10"% eV?, sirfé=0.1 (which is the upper limit on
One phenomenon our code takes into account is the prgs), and sif¢=0.5, where the angles in the three-flavor mix-
duction of secondary, andv,, in 7 decays, as discussed by ing matrix are as in Eq(3.1) of [37]. The other parameters
[30]. Approximately 18% ofr decays produce &, [for 7,  are constrained by solar neutrino observations, such as those
av, (VM)]’ and another 18% producera. These secondary recently recorded by the Sudbury Neutrino Observatory
neutrinos are created with about half the energy of the accSNO) [38—4(. Analysis of the SNO data favors the “large
companyingy,, or about 1/8 the energy of the incidemt. ~ mixing angle” (LMA) solution[41], and so we choose val-
When thev, experiences its last few charged-current scatterues characteristic of thisAm3,=2x10 ° eV? and sifw
ings and is downscattered to energies at which it escapes the0.2. We assume the normal mass hierarchy wig< m,
Sun, these secondary neutrinos emerge too. Refef@ite <ms, and set theC P-violating phase in the mixing matrix
considered high-energy neutrino beams from extragalactito O.
point sources propagating through the Earth, and showed that To simulate the oscillations, we evolve the flavor ampli-
the additional flux of secondaries could substantially modifytudes using the analytical solution for the time-evolution op-
the detected signal. erator in[42,43. Our Monte Carlo step sizes are sufficiently
The major decay channels efare — v uv, (18%); 7  small that the oscillation probabilities do not change signifi-
— v, eve (18%); 7—v.m (12%); 7—v,p (26%); 7—wv,a;  cantly over the step, and the density at each step may be

V. NEUTRINO OSCILLATIONS
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o 100 GeV Vo Vi ¥y We also would not expect different reasonable choices of
the oscillation parameters to make a difference of more than
a factor of 2 or so in the detection rates. Real-world detectors

most easily observe the muons created jrandv,, charged-
current interactiongthe v, and v, signals are much less
directiona), so the relevant issue is how much different pa-
rameter choices would change the emergent v, flux. As

can be seen from Figs. 11 and 12, the worst-case scenario
would completely deplete the, flux by maximizing thev,
conversion probabilities; however, the, flux would be un-
affected since the, do not encounter a resonance and barely
oscillate. (A difference in the sign oAm3,, which is cur-
rently unknown and which we assume to be positive, would
R/Re S cause thev, rather than thes, to have a resonance, so the

graphs would essentially be interchanged.
The v, v, oscillations in the Sun are vacuum oscilla-

FIG. 11. Oscillation of 100 GeV neutrinos propagatimgthout

interaction$ from the center of the Sun to its surface. From top to . ith th heri . 5
bottom: oscillation probabilities of,, v,,, andv,. Note that the tions with the atmospheric mixing parameters. Tihereso-

oscillations ofv, are almost completely suppressed until the reso-Nance IS gogefneo! by the mixing ange(corresponding to
nance. Ues) andAms;. This is in contrast to normal solar neutrinos,

whose Mikheyev-Smirnov-WolfensteifMSW) resonance is

taken as constant. If the neutrino is determined to have had@overned byAm, and w. For the simpzilla neutrinos, that
charged-current interaction during the step, we sample ovefsonance is in the outermost layers of the Sun at very low
the current probabilities to find the flavor of the resulting densities, and is not numerically significant compared to the
charged lepton; if the lepton subsequently decays at highther resonance. We note that vacuum oscillations outside
energy, the resulting neutrino begins purely in that flavor. the Sun are completely averaged out by the detector energy
In Figs. 11 and 12, we show the oscillation probabilitiesresolution(see Sec. VI We also note that although the de-
of 100 GeV neutrinos and antineutrinos traveling through théector is considered to be looking at upcoming simpzilla neu-
Sun without interactingso their energies do not change trinos which have come through the Earth, the density of the
This is roughly the lower limit of where neutrino interactions Earth is too high for MSW oscillations inside it to be impor-

in the Sun are significant. tant.
We have noted above that most neutrino interactions take
place between the center of the Sun andR@,1 At higher VI. NEUTRINO ELUX AT EARTH

energies, the oscillation wavelengths increase, to the point

where the oscillation probabilities do not vary substantially —Using the initial neutrino energy distribution given in Eq.
over this distance. Interactions at energies much greater thd.2) and taking all the physical effects discussed above into
100 GeV thus effectively “decouple” in radius from oscilla- account, we have calculated the resulting neutrino flux at
tions (though if our calculation were extended to include Earth. We have also, with IceCube in mind, calculated the

sterile neutrinos, this might not hold; sp&]). event rates it would produce in an idealized 1°kive de-
tector.
100 GeV p,, 7, 7,
- e P
........... x =€ A. Monte Carlo code
Fos - x=u T We have written a Monte Carlo code to simulate the
x =T propagation of high energy neutrinos through matter. Each

neutrino is followed as it passes through the Sun. The step
sizes are chosen to be much smaller than both the interaction
length and the neutrino oscillation length.

At each step, we use a pseudo-random number generator
to determine whether an interaction occurred over that step,
whether it was a charged- or neutral-current interaction, and
whether it occurred on a proton or neutron. In the event of a
neutral-current interaction, the final neutrino energy is deter-
y 5 mined by randomly sampling over the appropriate inelastic-

o o1 0z 03 o4 03 08 07 08 - 1.0 ity parameter distributiorisee Sec. I\
Charged-current interactions are effectively measurements

FIG. 12. Oscillations of 100 GeV antineutrinos propagating of the neutrino flavor. As such, when a charged-current in-
from the center of the Sun to its surface. The, unlike the v, teraction occurs, we randomly sample over the current oscil-
does not encounter a resonance, and its oscillations are minimal. lation probabilities to determine the flavor of the neutrino
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and outgoing lepton. When and if the lepton decays back intc Without secondaries or oscillations
a neutrino, it starts in a pure flavor state. We calculate the _, 107°F
initial energy of the lepton using the inelasticity parameter % 107k
distribution.

The w and 7 produced in charged-current interactions are
followed until they decay or their energies fall below
50 GeV. Thee produced inv, charged-current interactions
are not followed since they never decéy practice, theu
almost never decay at high energies either, but we followsy _ _F
them for consistencyWe calculate their energy losses over 210 3
each step according to E#.1). We also use their boosted ¥ 107k
decay lengths to randomly determine whether a decay occur ~ 107'°t
on each step. If so, we sample over the appropriate deca 10 10°
distribution to determine the energy of the outgoing neutrino. Energy [GeV]

We also Calgulate the energies (_)f th.e secondgrgndw,, in FIG. 13. The simpzilla neutrino fluxes at the Earth, neglecting
T decay§ usmg.the. energy d_'Str'bUt'ons for,those modes. . both neutrino oscillations and secondary neutrinos frodecays.
Neutrino oscillations are simulated both in the Sun and in

the vacuum between the Sun and the Earth. We average th§c|usively muon neutrinos, if we assume the detector is

oscillation probabilities over 10% of the Sun-Earth dlstance|ooking at upcoming neutrinos. We take this as our back-

which is mathematically equivalent to a 10% energy resoluyround.

tion in the detectofcharacteristic of real-world detectors We also note that the Baksan neutrino telescope has
_ The detector is considered to be able to detect every nelsiaced a 90% confidence level limit of muon fluxes from

trino charged-current interaction above 50 GeV taking placgonatmospheric neutrinos coming from the direction of the

in a cubic kilometer of ice. In practice, real detectors aregyn of about 1Hkm™2 yr1 [46]. We take this as a rough

considerably more complex than this and a sophisticategipper [imit. The future analysis of the data from Antarctic

treatment would require a detector Monte Carlo programpiyon and Neutrino Detector ArragAMANDA ) [47] may
which is beyond the scope of this work. The detector is alsqgwer this limit.

assumed to have an angular resolution of 1°, which is ap-
proximately the size of the Sun on the sky.

Having calculated the neutrino flux at the Earth, we cal-
culate the detection rate by integrating the product of the In Figs. 13 and 14, we show our numerical results for the
flux, the area of the detector (1 Kjn and the probability of ~simpzilla neutrino flux at the Earth. In Figs. 15 and 16, we
the neutrino having a charged-current interaction, the inteshow the event rates as a function of simpzilla magsfor
gration being over the energ¥. The probability of a three different choices of the interaction cross sectioiwe

107" fr

[km™ Gev™']

08 é_

B10-19F
u10
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©
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B. Results

charged-current interaction in the detector is show two cases: when neither oscillations nor secondaries
are included, and when both are included. We have found
Pe(E)=1—e Mtind®), (6.1)  that the secondaries alone do not make a dramatic difference

. ] ] to the flux, largely because it falls over several decades in
with the interaction length energy, and much of it is in a region where neutrino interac-

tions are not significant and thus secondaries are not pro-
duced. We accordingly do not show the other two permuta-

1
Lin(E)= (6.2
" npoSS(E) +naoSS(E) . _ o
With secondaries and oscillations

and\=1 km is the size of the detector. The number densi- — 10 15?
ties n, and n, are for ice, and the charged-current cross 3, 10_'6;' 3
sectionso®“(E) were discussed in Sec. lIl. ¢ 1077k 4
The background flux from atmospheric neutrinos above § 10_185_ 3
50 GeV is approximately45] . iof
%%10

dq)atm S107® — é
dEdAdtdx) EI_} 10-17;_ _;
=(1.1x10")E~3Tkm 2yr ‘deg 2GeV ']. Froep 1

~ 10" F E

(6.3 10? 10°
. . . - Energy [GeV]

Integrating this over energy, the detection probability, the

detector area, and the angular size of the Sun gives about 2 FIG. 14. The simpzilla neutrino fluxes at the Earth calculated
atmospheric neutrino events per year above 50 GeV whiclwith our Monte Carlo program, taking both oscillations and second-

come from the direction of the Sun. These will be almostaries into account.
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o8 Without secondaries or oscillations Vp B = 10% GeVv
E. 3 1. ! T
108 T — = Vr 1 of 1
10; r NN Vo 3 i .
10 r \\\ \\\ ------ ST Ve y 0.8 g = 0.53 -
— 10°F I N N L [ ]
5 1<1J;r DN NN 3 = F ]
= 1§ > > > - 0.6 .
T v, - s I ]
=] 104;_ S, .; =1 | J
10°F IR 1 go4r ]
E ~e ~o \\\ 3 3 J
10? r D N, S 1 - ]
10 r \\\ \\\ \\\ -+ 02 - J
1E ~ . . 3 2 1
102 10° 10" 10" 10? 10"” 10" 10" 10" [ ]
my [GeV] 0.0
R PN | N P | PN
FIG. 15. The simpzilla neutrino event rates in a 134dealized 1 10 100 1000

detector, neglecting secondaries and oscillations. The rate is plotteu Energy [GeV]

as a function of the simpzilla massy . We show three different

;gwteihfgsrg’a:Zf:Sirngzgll?ﬂgtelrgg?r;:]goi:njefgg?'Cfrrr?zrln_l_lﬁfet o getic beam Wit!"l ipitia! energg,= 10° QeV. We have calcul.ated

’ ’ o = . . the emergent distribution for other choicesgftoo, and found it to
background 1from atmospheric neutrinos, (and v,) is approxi- pe generally independent &, We plot as a distribution in 10§
mately 2 yr*. An upper limit from Baksan is about 1gr~*. rather tharE, and neglect oscillations. The distribution corresponds

) ) ) o approximately(although obviously not exactiyto the log-normal
tions. Previously, only the case without oscillations or gistribution with the parameters shown.

secondaries has been studjd8,48§.
We discuss this case briefly. As can be seen from Fig. 13,130 gev forve andv,,, 160 GeV forv., 200 GeV for?e
y7ul T

the emergent . fluxes exceed those of the other two flavors . — —
by more than the initial factor of 2see Sec. )l This is due andw, , and 230 GeV fow,. We use EQ(G'.A') as the emer-
gent flux for the electron and muon neutrirfos.

to the fact that thes, which experience charged-current in-
. To model the scattered component of the we use the
teractions are not, as are thgandv,, absorbed, but rather .
; © : bservation of ourselves and several other groups that the
regenerated at lower energies, as remarked upon in Sec. IV. : A
Scatteredv,. emerge in a roughly log-normal distribution. We

The unscattered components of the v, , andv, beams , —
relate to their initial fluxes agl8] find numerically that about 80% of the emergentand v,
are scattered. The log-normal distribution is defined as

FIG. 17. Distribution of emergent, energies for a monoener-

db;  db,
dEdt dEAt® . dn ! p[_ibgz(E)

dE  \27In100E TR 52 Y E
whereE, is the “transparency energy,” defined as the energy
such that the mean number of interactions experienced by thend when transformed to a distribution in lggis a Gauss-
neutrino is 1. Equatiori6.4) obtains because the cross sec-ian with mean lods; and standard deviatios (whose units
tions are approximately linear functions of energy in theare decadgsNote thatE;# E,, although they turn out to be
range we are considering. Numerically, we find thigt  similar. We show how the numerical results compare to a
log-normal distribution in Fig. 17. The correspondence is not
With secondaries and oscillations exact, and the log-normal fit overestimates the high-energy

, (6.5

18: 3 neutrinos while underestimating the low-energy ones. How-
1043 1 ever, it is evidently a decent approximation. The log-
10°f 4 normal fit haso=0.53 andE,=60 GeV; thev, has o
— 10° 1 =0.49 andE;=113 GeV.
= 1?; k In Fig. 18, we plot these analytical approximations. The
3 10:.,% 3 ve and v, fluxes are in qualitative agreement with the nu-
3 10'F E merical results. Thes, fluxes are somewhat lower at low
10%E 3 energies and higher at high energies than are the numerical
102 E results, again due to the log-normal underestimating the first
1(132 > while overestimating the second. We note that &) dif-
0

108 10° 10" 10" 102 10" 10" 10®
my [GeV]

-

2A small number ofy, and v, (as well asv;) experience repeated
FIG. 16. The simpzilla neutrino event rates, taking both secondneutral-current scatterings without any charged-current scatterings.
aries and oscillations into account. The same choicesof@are  We neglect this neutral-current-scattered component here, although
plotted as in Fig. 15. it is taken into account by our code.
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, W/o secondaries, oscillations (analytical) 107% T T ' T ' ' '
1075 :
—_— 3 v,
'-> 10-16;_ eV Y, -22
K ——— 3 107
¢ 1077 T— - L above background
€ T
= 10—18 E \\\\ 3 ol 10_24 r N
Byo-10f ~ E €
w K 2,
el E
S0tk ® 107 .
21077F
g g8 107 .
Z - I below background
10_30 1 1 1 1 1 1
Energy [GeV] 108 10 10" 10" 10?2 10" 10" 10" 10'®

my [GeV]

FIG. 18. Analytical approximation for the emergent simpzilla
neutrino fluxes, neglecting secondaries and oscillations. We assume FIG. 19. The regions of simpzilla parameter space which pro-
the v, andv,, fluxes to consist entirely of the remaining unscatteredduce neutrino fluxesin each flavoy that are above and below the
neutrinos, and the , flux to be the sum of an unscattered compo- background event rate of 2 yt. If no high-energy neutrino signal
nent and a scattered component obeying a log-normal distributioris observed from the Sun, it would definitively exclude the range of
We make similar assumptions about the antineutrinos. The paransimpzilla mass and cross section to the left of the line. The plot was
eters used are given in the text. generated using the event rates which include both secondaries and
oscillations.

fers from Eq.(4.6) of [18], leading to a much smaller differ- zjjla mass and interaction cross section. Much of this range

ence between the; andv./v, event rates; this is due to our of parameter space has not yet been ruled out by current
correctly taking the H term in the Jacobian factor in the gpservations.

log-normal distribution into account. Our flux calculation takes all important physical effects
The oscillations clearly have a substantial effect on theinto account, including neutrino oscillations, which approxi-
flux. The v, are depleted, whereas the, and v, are en- mately equalize the fluxes of the different flavors. In calcu-
hanced. In a real world detector, this is advantageous, bdating the event rates, we have made some simplifying as-
cause it is generally easiest to observe muons figm sumptions about the detector, and a more realistic calculation
charged-current interactions. The detectability of the simp{say, for IceCubpwould take the actual detector response
zilla neutrino flux is therefore improved by oscillations. characteristics into account. However, we would not expect
In Fig. 19, we show the excludable region of simpzilla this to alter our general conclusion that the simpzilla neutrino
parameter space; that is, the rangengfand o which would ~ signal would be observable in such a detector.
be ruled out by the failure to observe a high-energy neutrino The next generation of neutrino detectors should be able
signal coming from the direction of the Sun. Even better, ofto either rule out a large range of simpzilla parameter space,
course, would be the observation of such a signal. Howevegr provide observational evidence for them.
a more detailed analysis, which we leave to others, would be
necessary to rule out other possible sources such as thermal ACKNOWLEDGMENTS
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