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High energy neutrinos from superheavy dark matter annihilation
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Superheavy (M.1010 GeV! particles produced during inflation may be the dark matter, independent of their
interaction strength. Strongly interacting superheavy particles will be captured by the Sun, and their annihila-
tion in the center of the Sun will produce a flux of energetic neutrinos that should be detectable by neutrino
telescopes. Depending on the particle mass, event rates in a cubic-kilometer detector range from several per
hour to several per year. The signature of the process is a predominance of tau neutrinos, with a relatively flat
energy spectrum of events ranging from 50 GeV to many TeV, and with the mean energy of detected tau
neutrinos about 3 TeV.
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I. INTRODUCTION

It is usually assumed that the interactions of dark ma
and ordinary matter are weak, at least as small as ordin
weak interactions. It is also often assumed that the dark m
ter is a thermal relic of the big bang. If it is a thermal re
particle, then its mass should be less than 340 TeV, the
tarity limit @1#. These considerations lead to the popular p
ture for relic dark matter of an electrically neutral partic
without strong interactions, and with mass less than a cou
of hundred TeV. In this paper we explore a path less trave
and assume that the dark matter is a nonthermal relic
interacts strongly with normal matter, and it is very massi
We show that the clean signature of this possibility is a
tectable flux of energetic neutrinos from the Sun.

It has long been appreciated that if the dark matter
massive, say larger than a few TeV, it will behave effectiv
as dissipationless dark matter regardless of whether it
strong or electromagnetic interactions@2,3#. However, since
the upper limit to the mass of a thermal relic is a few hu
dred TeV, the window for very massive dark matter partic
was thought to be not very wide.

The recent development of scenarios for nonthermal p
duction of dark matter has opened the window to the po
bility that the dark matter might be supermassive, indep
dent of its interaction strength@4–6#. Of the many
possibilities for producing supermassive dark matter, perh
gravitational production is the most general@4,5#. In this
scenario, dark matter is produced by vacuum quantum fl
tuations toward the end of inflation. The resulting partic
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density is independent of the interaction strength of the p
ticle, which leads to the possibility that the dark matter m
be electrically charged, strongly interacting, weakly intera
ing, or may have only gravitational interactions with norm
matter.

A particularly promising mass range for gravitational pr
duction of dark matter is the mass scale of the inflaton, ab
1012 GeV in chaotic inflation models. If the inflaton mas
heralds a new mass scale, then it would be reasonabl
imagine that there are other particles of similar mass. F
thermore, gravitational production of particles with a ma
comparable to the inflaton mass naturally leaves behin
cosmologically interesting density of dark matter today@4#.
The particle content may include exotic quarks or oth
strongly interacting particles in the spectrum of new partic
@7#.

In this paper we will consider the case that the dark ma
is strongly interacting and supermassive, a simpzilla.
though our calculations will not be sensitive to whether t
simpzilla is electrically charged, there are arguments t
suggest that the simpzilla must be neutral@8,9#. The possi-
bility that the dark matter may be very massive and stron
interacting was recently discussed by Faraggi, Olive, a
Pospelov@10#. In that paper they have a nice discussion
the particle physics motivations for the existence of a m
sive, stable, strongly interacting particle, and they point
that the Sun and Earth may be the source of high-ene
neutrinos from the annihilation of the particles.

In the next section we will calculate the trapping rate a
annihilation rate of simpzillas in the Sun~and Earth! as a
function of the simpzilla mass and interaction cross secti
In Sec. III we will discuss the emergent spectrum of neu
nos from simpzilla annihilation in the center of the Sun.
Sec. IV we will calculate the event rate in cubic-kilomet
underwater or underice neutrino detectors. Finally, the
©2001 The American Physical Society04-1
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section contains our conclusions.
A preview of our main conclusion is that we expect

detectable high-energy solar neutrino flux for much of
parameter range of interest.

II. CAPTURE AND ANNIHILATION RATE

Before launching into the details of the capture-rate c
culation it is useful to make some extremely crude estima
The first estimate is for the number of simpzillas that hit t
Sun.

Assuming the simpzillas comprise the local dark mat
density of 0.3 GeV cm23, the local number density of sim
pzillas is 3310213 M12

21 cm23, whereM12 is the simpzilla
mass in units of 1012 GeV. Assuming a typical velocity o
240 km s21 for the simpzillas, the local flux is approxi
mately 631027M12

21 cm22 s21. The surface area of the Su
is about 631022 cm2, and the product of the surface area a
the flux, 431016M12

21 s21, is a crude estimate of the rate o
simpzillas hitting the Sun.

Now consider trapping of simpzillas in the Sun. Assumi
the simpzilla impacts the sun with the solar escape velo
of 600 km s21, the kinetic energy of the simpzilla is abou
106M12 GeV. Suppose the simpzilla scatters with proto
with a cross section ofs510224s224 cm2 @11#, and in every
collision suffers an energy loss ofmprotonv

2/25231026

GeV. Through the center of the Sun is abo
231036 cm22 of material, so there will be abou
231012s224 collisions with a total energy loss o
43106s224 GeV. Since the initial kinetic energy is abou
106M12 GeV, for masses much less than 1012s224

21 GeV, sim-
pzillas with average velocity hitting the Sun will be trappe
but if the simpzilla mass is much larger than that, only t
low-velocity tail of the phase-space distribution will be ca
tured.

These considerations determine the gross behavior o
dependence of the simpzilla trapping rate on the simpz
mass and its interaction cross section. For a mass of a
1012 GeV, about 1017 simpzillas hit the sun per second. F
an interaction cross section of about 10224 cm2, most of
those simpzillas are captured.

Now we turn to the details of the capture calculation. T
capture of dark matter particles in the Sun and Earth
been studied in detail@12,13#; here we adapt the conside
ations to the capture of simpzillas by the Sun. The capt
rate of dark matter by the Sun is given in terms of an integ
over f (u), the phase-space density of dark matter in the s
neighborhood normalized such that*0

` f (u)du gives the
number density of particles atR, some sufficiently large ra
dius where the gravitational pull of the Sun is negligible. T
capture rate is given by

GC54pR2E F1

4
f ~u! u du dsin2 uGP~u,u!, ~2.1!

whereu is the angle between the velocity of the particle a
the normal to the surface atR, and hence the expressio
inside the square brackets is the contribution to the inw
flux at radiusR from particles at velocityu and angleu.
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Finally, P(u,u) gives the probability that particles with th
given velocity and direction at some large radiusR will be
captured by the Sun.

Writing the angular momentum per unit mass asJ
5Rusinu, and definingw(

2 5u21v(
2 wherev( is the es-

cape velocity at the surface of the Sun, we can rewrite
above as

GC5pE
0

`

f ~u! u duE
0

R(w( dJ2

u2
P~J,u!, ~2.2!

where R( is the solar radius, andP(J,u) now gives the
capture probability for a particle with angular momentumJ
and a velocity at infinity ofu.

The regime in which dark matter capture is often cons
ered is that of weakly interacting particles, where the opti
depth of the Sun is much less than unity, i.e.,nNsR(!1
wherenN is the number density of protons in the Sun, ands
is the dark-matter–proton cross section. In this caseP(J,u)
is given by@12#

P~J,u!5S E
0

R(w(dJ2

u2 D 21E
0

R(

drE
0

rwdJ2

u2

2nNs

A12~J/rw !2

3S 12
mu2

4w2D QS 4

m
2

u2

w2D , ~2.3!

wherew now stands foru21v2, wherev is the escape ve
locity at radiusr, andm5mX /mN , wheremX is the mass of
the dark matter particle~in our case, the simpzilla! andmN is
the average nucleon mass. The first term in parentheses
normalizing factor, the term 2nNsdr/A12(J/rw)2 gives the
probability of collision, and the last two terms give the pro
ability that the particle gets scattered into a bound orbit. T
step functionQ(x) equals 1 or 0 depending on whether
argument is positive or not. It is simple to show that a co
sion produces a fractional energy changeDE/E that is uni-
formly distributed between 0 and 4/m where we have taken
the large m limit @otherwise, 4/m is replaced by 4m/(m
11)2].

The above assumes that the dark matter particle typic
suffers at most one collision in its passage through the S
We are interested here in the opposite regime wh
nNsR(@1. For each collision, the fractional energy chan
is of the order of 1/m. Therefore, afternNsR( collisions in
the Sun, the simpzilla would get captured ifv(

2 & (v(
2

1u2)(121/m)nNsR(, implying all particles withu,u* get
captured whereu* 5v(@1/(121/m)nNsR(21#1/2. For cap-
ture by the Sun, it is adequate to approximateu* by u*
5v( /Am/(nNsR()21 if m/nNsR(.1 or u!5` if
m/nNsR(<1. In other words, we approximateP in Eq.
~2.2! as a step function.

Using the Maxwell-Boltzmann phase spa
distribution function for the simpzillas f (u)
54(nX /Aputh

2 )(u/uth)
2exp(2u2/uth

2 ) @14# with rX

50.3(GeV/mX) cm23, we obtain from Eq.~2.2! the capture
4-2
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HIGH ENERGY NEUTRINOS FROM SUPERHEAVY DARK . . . PHYSICAL REVIEW D64 083504
rate for simpzillas. The capture rate has two forms, depe
ing on the efficiency of energy loss in the Sun. This is p
rametrized byq, defined as

q[
m

nNsR(

520S mX

1012 GeV
D S 10224 cm2

s D
3S R(

731010 cm
D 2S 231033 g

M (
D . ~2.4!

If q<1, the simpzilla will be efficient in losing energy in it
passage through the sun, and the capture rate is

GC51017 s21~11y2!S 1012 GeV

mX
D S uth

240 km s21D
3S R(

731010 cm
D 2

, ~2.5!

where

y[2.5S v(

600 km s21D S uth

240 km s21D 21

. ~2.6!

On the other hand, ifq.1, only low velocity simpzillas are
captured and the capture rate is

GC51017s21 @11y22exp~2x2!~11y21x2!#S 1012 GeV

mX
D

3S uth

240 km s21D S R(

731010 cm
D 2

~2.7!

where

x[
y

Aq21
. ~2.8!

The capture rate as a function of simpzilla mass and c
section is shown in Fig. 1. The above capture rate is su
ciently high that equilibrium is easily reached within the lif
time of the Sun for our parameters of interest. This impl
2GA;GC ~whereGA5 annihilation rate!, which is what we
use in the rest of the paper. Below, we consider in m
detail what happens to the simpzillas after capture. Rea
not interested in details can skip directly to Sec. III.

The captured simpzillas settle into the core of the Sun
a time scale determined by their drift velocity,tdrift;r /vdrift
where vdrift can be estimated by balancing gravity wi
the viscous drag due to scattering with nucleons@15#:
Gr̄r 3mX /r 2;snNvdriftmN(T̄/mN)1/2. Here, r̄ and T̄ are
the typical mass density and temperature of the Sun.
time scale is very short, of order 100 s (s/10224

cm2)(1012 GeV/mX)(T̄/107 K) 1/2.
The subsequent evolution of the collection of simpzillas

the core can be divided into two stages. The first stag
whenN, the total number of simpzillas, is less thanNSG, the
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critical number necessary for the simpzillas to become s
gravitating. In this first stage the simpzillas are suppor
by the thermal pressure of the surrounding plasma
the simpzilla profile follows an isothermal distribution give
by rX(r )}exp(2r2/2r

*
2 ) where r * 5(3T(/4pGmXr()1/2

5 5000 cm( 1012 GeV/mX ) 1/2( T( /107 K) 1/2( 150 g cm23 /
r()1/2, andT( andr( are the core temperature and dens
respectively. The critical number is defined by 4pr

*
3 r(/3

;NSGmX , and is equal to

NSG;1026S 1012 GeV

mX
D 5/2S T(

107 K
D 3/2S 150 g cm23

r(
D 1/2

.

~2.9!

To determine ifN ever exceedsNSG, we have to determine
NEQ , the number of simpzillas in the Sun when there is
equilibrium between annihilation and capture. If the size
given byr * above, thenNEQ is found by equating the anni
hilation rate and the capture rate: 2^sAv&(NEQ)2/(4pr

*
3 /3)

;GC . Using the annihilation cross-section̂ sAv&
&1/(mX

2v), we obtain

NEQ;1030S mX

1012 GeV
D 1/2S T(

107 K
D 3/2S 150 g cm23

r(
D 3/2

3S GC

1017 s21D 1/2S v

1029c
D 1/2

. ~2.10!

The above means that unlessmX is significantly smaller than
1012 GeV, no equilibrium is reached forN,NSG. With the
capture rate given above,N can reachNSG on a time-scale

FIG. 1. The capture rate by the Sun~solid curves! and Earth
~dashed curves! for different values of the simpzilla-proton cros
section. The three curves for the Sun and for the Earth corresp
to, from top to bottom,s510222, 10224, and 10226 cm2.
4-3
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much shorter than the lifetime of the Sun. The next stag
then set for the collapse of the simpzilla collection, who
final state will be determined by a number of factors.

First, the criticalNChandra, beyond which the collection o
simpzillas cannot be supported by degeneracy pressur
given by balancingGmX

2NChandra/r;a1/3NChandra
1/3 /r :

NChandra;a1/21021S mX

1012 GeV
D 23

, ~2.11!

wherea is the ratio of electron number density to simpzi
number density. This is initially a large number, i.e., the m
density of simpzillas and the mass density of nucleons
initially comparable, which impliesa;mX /mN . It is unclear
how mucha would be reduced in the collapse process
depends on how effective simpzillas are in dragging alo
protons. If a * 1010(mX/1012GeV), Ngrav is smaller than
NChandra, and so the collapse would result in a simpzilla c
lection supported by non-relativistic electron degener
pressure. Ifa&1010(mX/1012GeV), the configuration will
collapse to a black hole, unless sufficient annihilation occ
along the way.

Let us consider the question of whether annihilati
would halt an otherwise catastrophic collapse. Following@3#,
the fractional change inN can be estimated by

DN

N
;NE dt 3

^sAv&
4pr 3~ t !

. ~2.12!

Whether sufficient annihilation occurs or not depends
whether the integral is dominated by smallr ~late times! or
large r ~early times!. The longer the configuration spends
small radii, or in other words, the slower the acceleration,
better the chance for annihilation to work against collap
The relationdr/dt;(r 0/r )2(r 0 /tdrift) was used in Ref.@3#,
wherer 0 is the initial radius andtdrift is the drift-time given
before ~the time scale for collapse is set by viscous dra!.
Perhaps a more reasonable limit to how fast a given shell
accelerate is given by free fall:dr/dt}1/r 1/2. Integrating,
one obtains

DN

N
;

N

2p

^sAv&tdrift

r 0
3/2r f

3/2
, ~2.13!

where we have taken the limit ofr f!r 0. Clearly, if r f is
sufficiently small,DN/N;1 can always be achieved. Th
only thing one has to make sure of is that the requiredr f is
larger than the Schwarzschild radius. Usingr 0;r * and N
;NSG, it can be verified that

r f;1024 cmS N

1030D 2/3S ^sAv&

10232 cm3 s21D 2/3

3S tdrift

100 sD
2/3S 5000 cm

r 0
D ~2.14!

would satisfy DN/N;1 while staying larger than the
Schwarzschild radius.
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After shedding a fair fraction of the simpzillas, the equ
librium configuration should in principle be one where su
port is provided by non-relativistic electron degeneracy pr
sure:GmX

2N/r;a2/3N2/3/(2mer
2) whereme is the electron

mass. The above, together with the requirement of the
ance of annihilation and capture, gives

NEQ;1020a2/3S GC

1017 s21D 1/3S 1012 GeV

mX
D 4/3S 531024 GeV

me
D

3S v

1029c
D 1/3

. ~2.15!

Comparing the above withNChandrashows that the final
configuration is just barely stable, depending somewhat
the exact value ofa andmX . If not stable, then the configu
ration goes through another cycle of collapse and even
halt by annihilation. It is curious that this cycle might go o
indefinitely, in which case each collapse would be accom
nied by enhanced annihilation and therefore a mild neutr
outburst~using for exampleDN;1020 andtdrift;100 s gives
an annihilation rate of 1019 s21, not overwhelmingly larger
than the capture rate of;1017s21). We will assume for the
rest of this paper that the annihilation rate is given by capt
rate, or more precisely, 2GA;GC .

Finally, there is the possibility thata drops to a suffi-
ciently small value later on that electron degeneracy pres
is irrelevant, and the simpzillas are supported instead by t
own degeneracy pressure~or its analog if it were a boson
see e.g., Ref.@16#!. In this case the expression equivalent
Eq. ~2.11! is

NChandra;1021~1012 GeV/mX!3, ~2.16!

and the equilibrium number will be

NEQ;105~GC /1017 s21!1/3~1012 GeV/mX!7/3~v/1029c!1/3,
~2.17!

so that the final equilibrium configuration is clearly stab
The annihilation rate of simpzillas is therefore given by t
equilibrium rate determined by capture.

For completeness, we give the capture rate of simpzi
by Earth:

GC5831012s21@11y22exp~2x2!~11y21x2!#

3S 1012 GeV

mX
D , ~2.18!

where nowy50.04, andx is given by

x[yF 1

~12m21!Ncoll
21G 1/2

,

Ncoll[23109S s

10224 cm2D , m[1012S mX

1012 GeVD .

~2.19!
4-4
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HIGH ENERGY NEUTRINOS FROM SUPERHEAVY DARK . . . PHYSICAL REVIEW D64 083504
The parameterNcoll is the average number of collisions th
simpzilla suffers. It may be identified withm/q in the case of
the Sun@17#. The expression forGC is well approximated by
the corresponding expressions in Eqs.~2.4!–~2.7! for y.1,
which applies for the case of the Sun. For Earth we have
resort to this more complicated expression; however, it
simple limiting forms. ForNcoll /m@1, one can use@cf. Eq.
~2.5!#

GC5831012 s21~11y2!S 1012 GeV

mX
D . ~2.20!

For Ncoll /m!1, the capture rate is well approximated by@cf.
Eq. ~2.7!#

GC5831012s21x2y2S 1012 GeV

mX
D ~2.21!

with x5y/Aq21, where q553102(mX/1012 GeV!
(10224 cm2/s). For most, but not all, of the para
meters of interest, it is this last regime that is re
vant for capture by Earth, which gives GC
;43104 s21(1012 GeV/mX)2(s/10224 cm2). The total
number of simpzillas captured in the lifetime of Earth,tE
;1017 s, is then 431021(1012 GeV/mX)2(s/10224 cm2). We
can compare this with the number of simpzillas in equil
rium using Eq. ~2.10!, with the replacementsT(→T%

.5000 K, r(→r % .10 g cm23, and v→2310211c, ob-
taining NEQ;531018(mX /GeV)1/2(GC /400 s21)1/2. There-
fore, the simpzillas captured in Earth would be in equil
rium unless the mass or cross section is significan
different from what is assumed above. In general, the a
hilation rate is given by

GA523104 s21F GC

43104 s21G tanh2F103S 1012 GeV

mX
D 1/2

3S GC

43104 s21D 1/2S tE

1017 s
D G . ~2.22!

The capture rate for Earth is shown in Fig. 1 along w
the capture rate for the Sun.

III. SIMPZILLA ANNIHILATION IN THE SUN

Take a simple picture where the simpzilla annihilates a
produces two quarks or two gluons, each of energymX
wheremX is the mass of the simpzilla. The quarks and g
ons then fragment into high multiplicity jets of hadrons a
secondary decay products.

Defining x5E/Ejet5E/mX , one can take the fragmenta
tion function for the total number of hadrons to be@18#

dNH

dx
5ax23/2~12x!2. ~3.1!

Herea is some constant that can be set by total energy c
siderations:
08350
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15E
0

1

x
dNH

dx
dx5a

16

15
, ~3.2!

so a515/16.
The total number of hadrons produced in the fragmen

tion of the jet is

NH5E
e

1dNH

dx
dx5

15

8

1

Ae
F12

8

3
Ae12e2e2/3G . ~3.3!

When calculating the total multiplicity, the cutoff for th
integral should bee5LQCD/mX . UsingLQCD50.1 GeV and
definingM125mX/1012GeV,

NH5
15

8 S mX

LQCD
D 1/2

563106M12
1/2. ~3.4!

The final decay chain of the hadrons will contain all spec
of neutrinos.

We will be interested in the number of heavy quarks, b
tom and top. If all quarks were light, then all flavors wou
be produced equally. However, because of the mass of
heavy quark, the number must be found by usinge
5MQ /mX in Eq. ~3.4! rather thane5LQCD/mX :

NQ.NHALQCD

MQ
, ~3.5!

where MQ is the mass of a typical meson containing t
heavy quark: 2 GeV for the charm, 5 GeV for bottom, a
175 GeV for top. Therefore, per annihilation, one expe
Ncharm/NH50.23, Nbottom/NH50.14, andNtop/NH50.024.
This means that each annihilation into two jets produ
7.43106M12

1/2 light hadrons, 2.83106M12
1/2 charmed hadrons

1.63106M12
1/2 bottom hadrons, and 2.83105M12

1/2 top had-
rons.

It is also possible to estimate the spectrum of the hea
quark hadrons:

Emin

NTOTAL

dN

dE
;

1

2 S E

Emin
D 23/2

~E.Emin!, ~3.6!

whereEmin is the mass of the top quark, bottom quark,
charm quark.

The resultingE23/2 fragmentation spectrum for top had
rons is shown by the dotted line labeled ‘‘fragmentation’’
Fig. 2. The minimum energy is approximately the mass
the top quark, 175 GeV.

We will assume that simpzilla annihilation occurs in
medium of density found in the center of the sun,r
;200 g cm23, or n;1026 cm23. Using an interaction cross
section of 10224cm2, the hadronic interaction length is abo
1022 cm. Light and charmed hadrons scatter many times
fore decay and the resultant neutrinos will have very l
energy. TheB lifetime is about 10212s, so the decay length i
331022(E/MB) cm, or 631023(E/GeV) cm using MB
55 GeV. The ratio of the decay length to interaction leng
is LD /LI50.6(E/GeV). So forE.5 GeV theB will also
4-5
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scatter and lose energy before decay. It will not complet
stop after one scattering. Most of the cross section is diffr
tive production of low-energy debris and there should still
a leadingB, soB decay is a potential source of high-ener
neutrinos.

However, top hadrons are a promising source. The
lifetime is short, and almost 100% of the time decays at
→Wb. TheW lifetime is 3310225(E/80 GeV! s, which re-
sults in a decay length of about 10216(E/GeV)cm, which
will be much less than the interaction length for even
most energetic tops. TheW then decays with a branchin
ratio of 1/3 asW→ ln l ~equally into tnt , mnm and ene).
Therefore it is reasonable to assume the top quark will p
duce energetic neutrinos before losing energy.

The spectrum of neutrinos produced in the chaint→W
→n is straightforward to calculate. A convenient analytic
to the spectrum is given by

dN

dE
5N E1MW

A@E1Mt#@~E1Mt!
22Mt

2#@~E1MW!22MW
2 #

,

~3.7!

whereN is a normalization factor. This spectrum is shown
Fig. 2. As expected, at energies larger than the top mass
E23/2 spectrum is recovered.

We will use the spectrum in Fig. 2 as the spectrum
neutrinos produced by simpzilla annihilation. Since there
about 2.83105M12

1/2 tops produced per annihilation, and 10
of them maketnt followed by t decay including ant , the
total yield of nt’s per annihilation is 5.63104M12

1/2. Top ~as
well as t) decay also producesm1nm and e1ne , but the
electrons are absorbed and the muons are stopped b
decay. As the top also decays 10% of the time intomnm and
with the same fraction intoene , and the tau decays 18% o
the time into these modes, the yield of high-energynm andne

FIG. 2. The spectrum of top hadrons produced by the fragm
tation of quark and gluon jets from simpzilla annihilation~dotted
line!, and thent spectrum produced by decay of top~dashed line!.
For the fragmentation spectrum,Emin5175 GeV and NTOTAL

52.83105M12
1/2 per annihilation. For the decay spectrum, we w

only be concerned with neutrinos aboveEmin550 GeV. The number
of tau neutrinos aboveEmin is NTOTAL5104M12

1/2 per annihilation,
and half that for the other neutrinos.
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per annihilation is about 3.83104M12
1/2. Only about 20% of

the neutrinos will be produced with energy above 50 GeV,
the emission rate of tau neutrinos in the core is ab
104M12

1/2GA with a spectrum above 50 GeV shown in th
figure. This, of course, is the emission rate in the core.
now turn to the propagation of the neutrinos through the s

IV. THE EMERGENT SPECTRUM OF NEUTRINOS

The total neutrino emission rate above 50 GeV from
core of the Sun isf core5104M12

1/2GA for nt , and half that for
nm andne . HereGA5GC/2 is the simpzilla annihilation rate
The core emission rate spectrum above 50 GeV for e
neutrino species is@see Eq.~3.7!#

S d f

dED
core

5333 GeV3/2
f core

Emin

3
E1MW

A@E1Mt#@~E1Mt!
22Mt

2#@~E1MW!22MW
2 #

3Q~E2Emin!, ~4.1!

where Emin550 GeV and the theta-function vanishes f
negative argument and is unity for positive argument.
coursed f /dE has been normalized such that

f core5E
Emin

` S d f

dED
core

dE. ~4.2!

But since the Sun is opaque to energetic neutrinos,
emergent emission rate spectrum is not the same as the
emission rate spectrum. The emission rate spectrum of n
trinos that emerge unscathed is

S d f

dED
unscattered

5S d f

dED
core

expS 2s~E!E
0

`

n~r ! dr D ,

~4.3!

wheren(r ) is the radial dependence of the number density
the sun andsCC(E) is the energy-dependent charged-curre
cross section given in Table I. Also given in Table I is th
neutral-current cross section.

The electrons and muons produced by charged-curren
teractions are rapidly thermalized, so the effect of charg
current interactions is effectively to removenm and ne
neutrinos above a transparency energyEk where
s(Ek)*n(r ) dr becomes unity. Using

n~r !51.431026exp~2r /0.1R(! cm23 ~4.4!

for the density profile and adopting the cross section foE
,104 GeV, the transparency energy isEk5150 GeV, and the
emission spectrum ofnm andne emergent from the Sun is

n-
4-6
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TABLE I. The energy-dependent cross sections used to calculate the flux of neutrinos from the Sun@19#.

Energy Range@GeV# sNC @cm2# sCC @cm2#

0<E<104

2.0310239S E

GeVD 6.6310239S E

GeVD
104<E<105

2.1310238S E

GeVD 0.714

6.1310238S E

GeVD 0.714

105<E<107

0.3310236S E

GeVD 0.462

1.0310236S E

GeVD 0.462

107<E<1012

2.3310236S E

GeVD 0.363

5.5310236S E

GeVD 0.363
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S d f

dED
emergent

5S d f

dED
core

exp~2E/Ek!. ~4.5!

This emission rate spectrum is shown in Fig. 3.
The situation is different for tau neutrinos. The lifetime

the tau produced in a charged-current scattering is so s
that it decays before significant energy loss. Since the de
of the tau includes ant , the effect of the scattering an
subsequent decay is simply to reduce the energy of the
dentnt to about 20% of its incident value. The energy de
radation suffered due to neutral current interactions will
negligible. Therefore, an incident tau neutrino above
transparency energy will continually suffer tau producti
and decay interactions, but will not be removed from the fl
of high-energy neutrinos. The process will continue until t
tau-neutrino energy has been degraded to the transpar
energy or below, then the tau neutrino will escape.

This process has been considered by Halzen and Saltz
@20# for very energetic neutrinos propagating through Ea
They found that the emergent spectrum of neutrinos w
very well described by a log-normal distribution centered
the transparency energy with a dispersion of 0.49 decade
energy. We will assume that the flux of scattered tau neu
nos above the transparency energy emerges in a log-no
distribution peaked atEk5150 GeV with a dispersion o
0.49 decades in energy.

FIG. 3. The emergent emission rate spectrum of neutrinos f
the Sun. Fornt , f core5104M12

1/2GA , and for nm and ne , half that
value. In all cases,Emin550 GeV.
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The emergent emission spectrum of tau neutrinos has
contributions. The first contribution is the unscattered em
sion spectrum, given by Eq.~4.3!. The second contribution is
the fraction of the original emission above the transpare
energy which will emerge as a log-normal distribution ce
tered on the transparency energy,

S d f

dED
scattered

5
f core

Emin
F exp@2~ logE2 logEk!2/2s2#,

~4.6!

wheres50.49 andF is found by demanding that the inte
gral of Eq. ~4.6! results in the total number of neutrino
above 150 GeV that are scattered.~If the initial energy of the
neutrino is below 150 GeV, a scattering will produce a ne
trino belowEmin .) The result isF54.631022.

So for tau neutrinos, the emergent neutrino spectrum

S d f

dED
emergent

5S d f

dED
unscattered

1S d f

dED
scattered

. ~4.7!

This spectrum is also shown in Fig. 3.1

V. THE EVENT RATE

In the last section we calculated the emission rate
emission rate spectrum of neutrinos from the Sun. In t
section we will calculate the event rate in a suppositio
underice or underwater neutrino detector of approximate
of a cubic kilometer@21#. We will only consider the rate for
‘‘contained events,’’ where the neutrino converts inside t
volume of the detector. Including ‘‘uncontained events’’ w
not significantly alter our results because the muon rang
the relevant energy range here is comparable to a kilome
We will assume that the efficiency of detection is a st

1The muon and electron neutrino spectrum should strictly spe
ing also have a ‘‘scattered’’ component, due to decays of tau
wards the end of its chain of scattering in the Sun. The muon
electron neutrinos are still subdominant compared to the tau ne
nos because of a branching ratio suppression of 18%. We will
form a more detailed calculation of the neutrino spectra in the
ture.

m
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function: zero below 50 GeV and unity above 50 GeV.
The first step in calculating the event rate is the sim

step of converting the emission rate spectrum calculate
the last section to a flux spectrum arriving at Earth. Since
Sun-Earth distance isD51.53108 km, the flux spectrum is

dF

dE
5

1

4pD2 S d f

dED
emergent

53.5310218S d f

dED
emergent

km22.

~5.1!
The mean-free-path of neutrinos is much larger than

size of the detector, so the fraction of the incident neutrin
of energyE that convert inside the detector isnice sCC(E) L
wherenice is the number density of the target andL51 km is
the size of the detector. The event-rate spectrum is gi
simply by

dR

dE
5

dF

dE
@nice sCC~E! L#A Q~E250 GeV!, ~5.2!

whereA is the area of the detector, assumed to be 1 km2, and
the Q-function represents the detector efficiency.

Since nice sCC(E) L54310210(E/1 GeV!, we find for
the event-rate spectrum

dR

dE
51.4310227

E

GeVS d f

dED
emergent

Q~E250 GeV!.

~5.3!

The total event rate is the integral of the event-rate spectr
For muon or electron neutrinos, the total event rate can

found using Eq.~4.5! for the emergent emission spectrum
with the result

RTOTAL~nm ,ne!51.6310222M12
1/2GA . ~5.4!

This event rate is shown in Fig. 4, and the event-rate sp

FIG. 4. The event rate in a cubic-kilometer underice/underwa
detector for different values of the simpzilla-proton cross secti
from top to bottom the curves are fors510222, 10224, and
10226 cm2. The upper solid curves are for tau neutrinos and
lower dashed curves are for muon and electron neutrinos. For c
parison, the 90% C.L. upper limits on muon fluxes of nonatm
spheric origin in the direction of the Earth’s core or the Sun
approximately 104 km22year21 @22#.
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trum is shown in Fig. 5.
For tau neutrinos, the total event rate is found using

~4.7! for the emergent emission spectrum. For tau neutri
the total event rate is

RTOTAL~nt!51.1310220M12
1/2GA . ~5.5!

This event rate is also shown in Fig. 4, along with the eve
rate spectrum in Fig. 5.

The contribution of scattered tau neutrinos dominates
event rate. While thenm and ne events would be peake
toward the lower energy of the detector and drop rapidly,
nt events would have a relatively flat spectrum extend
from the lower limit of the detector out to about 1000 Ge

The mean energies of the detected neutrinos are

^E&5197 GeV ~nm ,ne!

~5.6!
^E&53454 GeV ~nt!.

We close this section by remarking on the possibility o
detectable event rate from annihilation of simpzillas captu
by Earth. The ratio of the event rate for neutrinos of so
origin to the event rate for neutrinos of terrestrial origin
shown in Fig. 6. For small mass or large interaction cro
section the signal from the center of Earth may be larger t
the solar signal. Fors&10224 cm2 the solar signal will
dominate for simpzilla masses larger than about 109 GeV,
while for s&10226 cm2, the solar signal dominates for th
entire range of simpzilla mass considered here.

VI. CONCLUSIONS

If the local dark matter is very massive and strongly
teracting, it should collect in the Sun and Earth in sufficie
numbers that equilibrium will be maintained between t
capture rate and the annihilation rate.

Annihilation or decay of very massive particles into ha
ronic channels in the solar core or at the center of Earth le
to the production of high-energy neutrinos. While electr

r
:

e
m-
-

FIG. 5. The spectrum of events for different neutrino speci
The total event rateRTOTAL51.1310220M12

1/2GA is the sum of the
electron-neutrino, muon-neutrino, and tau-neutrino rates. A
shown are the two contributions to the tau-neutrino events, fr
unscattered neutrinos and from scattered neutrinos@see Eq.~4.7!#.
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and muon neutrinos above 150 GeV are mostly absorb
energetic tau neutrinos will be emitted, and will be the s
nature of energetic jet fragmentation at the center of the S

For most of the range of parameter space, the event
expected in kilometer-scale neutrino detectors will be w
within detection limits. Such detectors should be able to
clude ~or confirm! the possibility of simpzillas as dark ma
ter.

In this paper we have only considered production of n
trinos through top quark production and decay. Another
tential source of tau neutrinos is bottom quark product
and decay. While this may increase the emission rate of
neutrinos, the spectrum is expected to be the same.

It is important to note that there is essentially no ba
ground. For example consider the background from cosm
ray produced neutrinos. To produce a 1 TeV neutrino
center-of-momentum energy of aroundAs5A2mprotonE
510 TeV is required, whereE is the cosmic ray energy
Thus, a threshold energy ofETH5531016 eV is required to
produce a 1 TeV neutrino. The cosmic-ray flux at high en
gies is approximately

E3
dF

dE
51024.5

eV2

s sr m2
, ~6.1!

which when integrated to give the total flux of particles w
energy greater thanE gives

F~E.ETH!5
1

2ETH
2

1024.5
eV2

s sr m2
5

6.1

yr deg2 km2
.

~6.2!

Since the Sun subtends about a square degree, this se
scale of the background. For much of parameter space
signal should be well above the background.

In Fig. 7 we present out results in thes vs mX plane and
compare them with other limits. Clearly our consideratio
greatly extend the excluded region. It is important to n
that our analysis does not model the interaction betw
complex nuclei and the simpzillas. If additional assumptio

FIG. 6. The ratio of the event rates from solar and terrest
neutrinos originating from simpzilla annihilation. The ratio is
function of simpzilla massmX and scattering cross sections
through the dependence of the capture rates onmX ands.
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are made about quantities such as the simpzilla–nuc
form factors, stronger direct search constraints can be
tained ~see e.g.@3,23,24#!. In any case, indirect search vi
neutrinos provides a useful independent check.

Indirect detection of simpzillas through annihilation in th
Sun is complementary to the other idea for indirect detecti
WIMPZILLA decay producing ultrahigh energy cosmic ra
@25,26#.

Finally, we comment on the possible role of neutrino o
cillations. Neutrino oscillations will be important if

Dm2

1023 eV2

102 GeV

En

L

23109 cm
*1, ~6.3!

where L is the path length. Since 23109 cm is R(/35, if
Dm2 is greater than or of the order of 331025 eV2, oscilla-
tions will occur in the sun. IfDm2 is greater than or of orde
of 1027 eV2, then oscillations will be important during th
neutrino’s transit to Earth. Oscillations betweennt andnm or
ne in the Sun will decrease thent emission rate, while oscil-
lations in transit will change the flavor signature of the s
nal. Reference@27# has considered related oscillation issu
in more detail.

ACKNOWLEDGMENTS

I.F.M.A. was supported in part by NSF KDI Gran
9872979. The work of E.W.K. was supported in part
NASA ~grant number NAG5-7092!. L.H. was supported by
NASA NAG5-7047, NSF PHY-9513835, and by the Ou
standing Junior Investigator program through DOE gr
DE-FG02-92-ER40699. We would like to acknowledge us
ful conversations with Pasquale Blasi, Gustavo Burdm
Francis Halzen, Chris Hill and George Smoot. I.F.M.
would like to acknowledge the hospitality of Boston Unive
sity.

l FIG. 7. The shaded region above the jagged line is excluded
a variety of considerations as discussed in@3#. Slightly stronger,
model-dependent constraints can be found in Refs.@3,23,24#. The
shaded region above the straight line would result in more than
events per year in a cubic-kilometer underice or underwater de
tor and should easily be able to be excluded.
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