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High energy neutrinos from superheavy dark matter annihilation
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Superheavy 1> 10 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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[. INTRODUCTION density is independent of the interaction strength of the par-
ticle, which leads to the possibility that the dark matter may
It is usually assumed that the interactions of dark mattebe electrically charged, strongly interacting, weakly interact-
and ordinary matter are weak, at least as small as ordinaiyg, or may have only gravitational interactions with normal
weak interactions. It is also often assumed that the dark matnatter.
ter is a thermal relic of the big bang. If it is a thermal relic A particularly promising mass range for gravitational pro-
particle, then its mass should be less than 340 TeV, the unduction of dark matter is the mass scale of the inflaton, about
tarity limit [1]. These considerations lead to the popular pic-10'? GeV in chaotic inflation models. If the inflaton mass
ture for relic dark matter of an electrically neutral particle, heralds a new mass scale, then it would be reasonable to
without strong interactions, and with mass less than a couplenagine that there are other particles of similar mass. Fur-
of hundred TeV. In this paper we explore a path less traveledhermore, gravitational production of particles with a mass
and assume that the dark matter is a nonthermal relic, tomparable to the inflaton mass naturally leaves behind a
interacts strongly with normal matter, and it is very massive cosmologically interesting density of dark matter today.
We show that the clean signature of this possibility is a deThe particle content may include exotic quarks or other
tectable flux of energetic neutrinos from the Sun. strongly interacting particles in the spectrum of new particles
It has long been appreciated that if the dark matter i§7].
massive, say larger than a few TeV, it will behave effectively In this paper we will consider the case that the dark matter
as dissipationless dark matter regardless of whether it has strongly interacting and supermassive, a simpzilla. Al-
strong or electromagnetic interactiofs3]. However, since though our calculations will not be sensitive to whether the
the upper limit to the mass of a thermal relic is a few hun-simpzilla is electrically charged, there are arguments that
dred TeV, the window for very massive dark matter particlessuggest that the simpzilla must be neufi&l9]. The possi-
was thought to be not very wide. bility that the dark matter may be very massive and strongly
The recent development of scenarios for nonthermal prointeracting was recently discussed by Faraggi, Olive, and
duction of dark matter has opened the window to the possiPospelov{10]. In that paper they have a nice discussion of
bility that the dark matter might be supermassive, indepenthe particle physics motivations for the existence of a mas-
dent of its interaction strengtff4—6]. Of the many sive, stable, strongly interacting particle, and they point out
possibilities for producing supermassive dark matter, perhaphat the Sun and Earth may be the source of high-energy
gravitational production is the most genefdl,5]. In this  neutrinos from the annihilation of the particles.
scenario, dark matter is produced by vacuum quantum fluc- In the next section we will calculate the trapping rate and
tuations toward the end of inflation. The resulting particleannihilation rate of simpzillas in the Su@and Earth as a
function of the simpzilla mass and interaction cross section.
In Sec. Il we will discuss the emergent spectrum of neutri-

*Email address: ifreire@fnal.gov nos from simpzilla annihilation in the center of the Sun. In
"Email address: Ihui@ias.edu Sec. IV we will calculate the event rate in cubic-kilometer
*Email address: rocky@fnal.gov underwater or underice neutrino detectors. Finally, the last
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section contains our conclusions. Finally, P(6,u) gives the probability that particles with the
A preview of our main conclusion is that we expect agiven velocity and direction at some large radRswill be
detectable high-energy solar neutrino flux for much of thecaptured by the Sun.

parameter range of interest. Writing the angular momentum per unit mass as
=Rusing, and definingw? =u?+v2 wherev, is the es-
Il. CAPTURE AND ANNIHILATION RATE cape velocity at the surface of the Sun, we can rewrite the
above as

Before launching into the details of the capture-rate cal-

culation it is useful to make some extremely crude estimates. 47
i i i i i i @ Rowo dJ
grl](; first estimate is for the number of simpzillas that hit the FcZWf f(u) U duf raw, @2
. 0 u

Assuming the simpzillas comprise the local dark matter
density of 0.3 GeV cm?, the local number density of sim-
pzillas is 3x 10" M, cm 3, whereM ,, is the simpzilla
mass in units of 1% GeV. Assuming a typical velocity of

_1 . . . .
240 km s f?; trlel smjgz@?s, the local flux is approxi- e regime in which dark matter capture is often consid-
mately 6<10 2M 12 Cm “s = The surface area of the Sun greq js that of weakly interacting particles, where the optical
is about 6< 10?2 cn?, and the product of the surface area andgepth of the Sun is much less than unity, iR <1
the flux, 4<10'°M ;;'s™, is a crude estimate of the rate of \yheren, is the number density of protons in the Sun, and

simpzillas hitting the Sun. ~is the dark-matter—proton cross section. In this dagé u)
Now consider trapping of simpzillas in the Sun. Assumingis given by[12]

the simpzilla impacts the sun with the solar escape velocity
of 600 kms1, the kinetic energy of the simpzilla is about o\ —1 5
10°M,, GeV. Suppose the simpzilla scatters with protons P(J.u)= fRQW@d_J JRer wdJ® - 2nyo
with a cross section af=10"%%o_,, cn? [11], and in every ’ u2 0 o u? J1-(@Jrw)?
collision suffers an energy loss afiy oo %/2=2x10°

GeV. Through the center of the Sun is about 4 u?

2x10*® cm 2 of material, so there will be about ® w v?) 2.3
2x 100 _,, collisions with a total energy loss of

4x10Po_,, GeV. Since the initial kinetic energy is about 2, 2 .
10°M. GeV. for masses much less thang %, Gev sim-  Wherew now stands fou“+uv<, wherev is the escape ve-
2 ’ 24 ’ locity at radiusr, and u=my/my, wheremy is the mass of

pzillas with average velocity hitting the Sun will be trapped, L . . .
but if the simpzilla mass is much larger than that, only themg gsrekrz;nZttr?l:g:(r)thdrér‘lggsr'l(':r?g‘?‘i,rtsqeiesrlnr?Erfmirnednrtr;]’\‘e!sses i a
low-velocity tail of the phase-space distribution will be cap- 9 ' P

tured. normalizing factor, the termrgyadr/\1— (J/rw)? gives the

These considerations determine the gross behavior of th%“??ab”“y of coIIis[on, and the last two terms give the prob—
dependence of the simpzilla trapping rate on the simpzill2Pility that the particle gets scattered into a bound orbit. The
mass and its interaction cross section. For a mass of abogfeP function®(x) equals 1 or 0 depending on whether its
102 GeV, about 18 simpzillas hit the sun per second. For a_rgument is positive or not. It is simple to show th_at a golh-
an interaction cross section of about 20cr?, most of ~ SION produces a fractional energy changé/E that is uni-
those simpzillas are captured. formly distributed between O and#/where we have taken

Now we turn to the details of the capture calculation. Thet® large x limit [otherwise, 44 is replaced by #/(u

capture of dark matter particles in the Sun and Earth hag 1)71- i ,
been studied in detafll2,13; here we adapt the consider- The above assumes that the dark matter particle typically

ations to the capture of simpzillas by the Sun. The capturguffers at most one collision in its passage through the Sun.
rate of dark matter by the Sun is given in terms of an integral’Vé are interested here in the opposite regime where
overf(u), the phase-space density of dark matter in the solafnoRo>1. For each collision, the fractional energy change
neighborhood normalized such thdgf(u)du gives the 'S of the order o_f ];lc._Therefore, aftenyoRg co!hsmns ;n
number density of particles & some sufficiently large ra- h€_Sun, the simpzilla would get captured if, = (v6

2 oR H H H H
dius where the gravitational pull of the Sun is negligible. The*U%) (1~ 1/u)™7", implying all partlgles Wllt/r21u<u* get
capture rate is given by captured wherel, =ve[1/(1-1/u)™7 e —1]" For cap-

ture by the Sun, it is adequate to approximaige by u,
1 i =ve/Jul(nyoRg)—1 if w/nyoRa>1 or u,=« if
zf(Wudu dsir? 6|P(6,u), (2.) winyoRo<1. In other words, we approximate in Eq.
(2.2) as a step function.
whered is the angle between the velocity of the particle and Using  the = Maxwell-Boltzmann  phase  space
the normal to the surface @& and hence the expression distribution  function  for  the  simpzillas f(u)
inside the square brackets is the contribution to the inward=4(nX/\/7rut2h)(u/uth)zexp(—uzlutzh) [14]  with  pyx
flux at radiusR from particles at velocityu and angleé. =0.3(GeViy) cm 3, we obtain from Eq(2.2) the capture

0

where Ry is the solar radius, ané®(J,u) now gives the
capture probability for a particle with angular momentdm
and a velocity at infinity ofu.

2
u
"l

X
4w?

Fc=47Tsz
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rate for simpzillas. The capture rate has two forms, depend:

ing on the efﬁciency of energy IOSS in the Sun. Th|s iS pa_ F USULULLLL I 111 A1 L B AL B L L |||||2
rametrized byg, defined as 20 -
i 20 my ( 10 % crr12) i ]
= = 16 - —
a nnoRo 102 GeV o L .
2 L _
Ro 2x10% g 12 _
X (2.4 — =L 3
7x10°% cm Mo W[ ]
~ L 3
—
If g=<1, the simpzilla will be efficient in losing energy in its E &= N
passage through the sun, and the capture rate is - - -
4 — —
102 GeV u L 1
Fc:101751(1+y2)( ) th - i 1
My 240 kms - ~ ]
) 0 _— Earth \\ \\ \—_
Ro r \\ \\ b
e — L ~N =
>< 7><1010 Cm ! (2.5) _4 1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIIT'\J Ihll
108 10° 10'° 10! 10! 10'® 10 10'5 10!
where m, [GeV]
Vo U -1 FIG. 1. The capture rate by the Susolid curve$ and Earth
y=2. - - (2.6 (dashed curvesfor different values of the simpzilla-proton cross
600 kms 240 kms section. The three curves for the Sun and for the Earth correspond

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

to, from top to bottomg=10"22 10 24 and 10 2% cn?.

critical number necessary for the simpzillas to become self-

102 GeV gravitating. In this first stage the simpzillas are supported
FC=1017S1[1+y2—exp(—x2)(1+y2+x2)](—> by the thermal pressure of the surrounding plasma and
X the simpzilla profile follows an isothermal distribution given
U R 2 by px(r)=exp(-r?/2r2) where r, =(3To/47Gmypc)Y?
> th © (277 =5000 cm(1&” GeV/my)¥?(T5/10"K) ¥2(150 gcm 3/
240 kmst/\7x10°° cm po)Y? andT, andpg, are the core temperature and density
respectively. The critical number is defined byrrtﬁ pol3
where ~Nggmy, and is equal to
e 2.8 026( 1012 Gev) 52/ T, 3’2( 150 g cm3) v2
va-1 Neo™1 my 107 K po '

(2.9

The capture rate as a function of simpzilla mass and cross
s_ect;?nhl_s r?':r?vﬁ:n N 'Fllag: L. The aﬁ>ove cr;l]ptéjre.t:]a_lteﬂl]s T.lfjtff'To determine ifN ever exceeddlsg, we have to determine
clently high that equitiorium 1S easily reached within the fitt- Neq. the number of simpzillas in the Sun when there is an

time of the Sun for our parameters of Interest. This Impllesequilibrium between annihilation and capture. If the size is
2I'y~T' ¢ (wherel’ = annihilation ratg, which is what we

. . . iven byr, above, therNgq is found by equating the anni-
use in the rest of the paper. Below, we consider in mor%ilation rate and the capture rate(:(QAv)(NEQ)zl(47rri/3)

detail what happens to the simpzillas after capture. Reade@r Using the annihilation ~cross-section{oav)
not interested in details can skip directly to Sec. Ill. _ C, 9 ; A
The captured simpzillas settle into the core of the Sun on“ll(mxv)' we obtain
a time scale determined by their drift velocity~r/v gt
where vy can be estimated by balancing gravity with
the viscous drag due to scattering with nucledds]:
Gpr3my /12~ anyu giemMn(T/my) Y2 Here, p and T are
the typical mass density and temperature of the Sun. The x(

1/2

My To )3/2( 150 g cm‘3) 82
K

N EQN 1030(

102 Gev) |10’ Po
c 2.1
time scale is very short, of order 100 so/(0 % (2.10

12 12
v
ry 107 s—l) (10‘%) '
cnm?) (10'2 GeVimy) (T/10° K) Y2,
The subsequent evolution of the collection of simpzillas atThe above means that unlass is significantly smaller than
the core can be divided into two stages. The first stage i40'? GeV, no equilibrium is reached fad<Ngg. With the
whenN, the total number of simpzillas, is less thidgg, the  capture rate given abové| can reachiNgg on a time-scale
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much shorter than the lifetime of the Sun. The next stage is After shedding a fair fraction of the simpzillas, the equi-
then set for the collapse of the simpzilla collection, whosedibrium configuration should in principle be one where sup-
final state will be determined by a number of factors. port is provided by non-relativistic electron degeneracy pres-
First, the criticalNcpanara 0€YONd Which the collection of  sure: GmaN/r ~ N2/ (2m,r?) wherem, is the electron
simpzillas cannot be supported by degeneracy pressure, isass. The above, together with the requirement of the bal-

given by balancing MaN cpanard F ~ N, rdr : ance of annihilation and capture, gives
-3 1/3 _
m r 10" GeV|\*3/5x 10" * GeV
Nehanaa @102 ———| | (21D Ngg~10P%?y —= ) )
10" GeV 101 st My Me
where« is the ratio of electron number density to simpzilla v PP
number density. This is initially a large number, i.e., the mass 10-% (2.19

density of simpzillas and the mass density of nucleons are
initially comparable, which impliea~my/my . It is unclear
how mucha would be reduced in the collapse process. It
depends on how eoffective Zsimpzillas are in dragging alongpe exact value of andmy . If not stable, then the configu-
protons. If @ = 10"(my/10**GeV), Ny is smaller than o400 goes through another cycle of collapse and eventual
Nchanara @Nnd SO the collapse would result in a simpzilla col- ay¢ by annihilation. It is curious that this cycle might go on
lection supported Oby non;relatlwsuc electron degeneracypqefinitely, in which case each collapse would be accompa-
pressure. Ifa=10"Y(m,/10*2GeV), the configuration will - hiaq by enhanced annihilation and therefore a mild neutrino
collapse to a black hole, unless sufficient annihilation Occur%utburst(using for exampIeAN~102° andty;~ 100 s gives

along the way. an annihilation rate of 8 s, not overwhelmingly larger

L?dt husl consir?er the questionh_of lellhether ""I?nihrgationthan the capture rate of 10t’s™1). We will assume for the
would halt an otherwise catastrophic collapse. Fo OWBD  rest of this paper that the annihilation rate is given by capture
the fractional change il can be estimated by rate, or more precisely, 12~ T

Finally, there is the possibility that drops to a suffi-
AN (oav) .
WNNJ' dt 3 (2.12 ciently small value later on that electron degeneracy pressure

Comparing the above withNchangraShows that the final
configuration is just barely stable, depending somewhat on

4mr=(t) is irrelevant, and the simpzillas are supported instead by their
own degeneracy pressuer its analog if it were a boson;

. . X . .g., Ref.16)). In thi he expression ivalen
whether the integral is dominated by smalllate times or See e 9.t ef.16]). In this case the expression equivalent to

larger (early times. The longer the configuration spends at
small radii, or in other words, the slower the acceleration, the Npanara~ 1P 1012 GeVimy)3, (2.16
better the chance for annihilation to work against collapse.

The relationdr/dt~(ro/r)?(ro/tei) wWas used in Refl3],  and the equilibrium number will be

wherer is the initial radius andy, is the drift-time given

before (the time scale for collapse is set by viscous drag Ngo~10°(T' /10t s~ 1)Y3(10" GeVimy) "3(v/10 °%¢) 3

Perhaps a more reasonable limit to how fast a given shell can (2.17
accelerate is given by free faldr/dtc1/r¥2 Integrating,
one obtains so that the final equilibrium configuration is clearly stable.
The annihilation rate of simpzillas is therefore given by the
AN N (a0 tgin equilibrium rate determined by capture.
N 2. L3z32 (2.13 For completeness, we give the capture rate of simpzillas
T rsT .
ot by Earth:
where we have taken the limit afi<<rq. Clearly, if r; is Ie=8X102s [ 1+y2—exg —x2)(1+y2+x?)]

sufficiently small,AN/N~1 can always be achieved. The
only thing one has to make sure of is that the requirets
larger than the Schwarzschild radius. Using-r, and N
~Ngg, it can be verified that

l) 2/3( (O’AU> ) 2/3
10%0 10 %2 cmPs?t

10%? GeV)
x| ———], (2.18

My

where nowy=0.04, andx is given by

re~10"% cm 12

1

X=Y T TN
tar | 2% 5000 ¢ (L=p )T
X (2.14
100 ro
Neg=2X10°| —— Mslolz(L).
would satisfy AN/N~1 while staying larger than the coll 10 2 cm?)’ 10 GeV
Schwarzschild radius. (2.19
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simpzilla suffers. It may be identified with/q in the case of 1= . X~y dx=ate, (3.2
the Sun[17]. The expression faf ¢ is well approximated by
the corresponding expressions in E(@A4—(2.7) for y>1, ¢ -_15/16

which applies for the case of the Sun. For Earth we have 10 1y 1a] number of hadrons produced in the fragmenta-
resort to this more complicated expression; however, it hag, of the jet is

simple limiting forms. FoN,/u«>1, one can usgcf. Eq.
(2.5)] 1dN, 15 1
10" GeV o= ) ax T
(—) (2.20

When calculating the total multiplicity, the cutoff for the
ForNy /<1, the capture rate is well approximated[og. ~ Intégral should b&= A ocp/my. UsingA qcp=0.1GeV and

The parameteN,, is the average number of collisions the J'1 dNy 16

8
1— §&+ 2e—€%3|. (3.3

Ic=8X10"s ' (1+y?)

e _ 2
Eq. (2.7)] defining M ;,=my/10*2GeV,
172
10'2 GeV 15[ my |7 2
[o=8x 1025 1x2y2 (2.21) Ny= 5 x =6x10°M 5. (3.9
My QCD

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

We will be interested in the number of heavy quarks, bot-
tom and top. If all quarks were light, then all flavors would
be produced equally. However, because of the mass of the
heavy quark, the number must be found by usiag
=Mq/my in Eq. (3.4 rather thane= A gcp/My:

with  x=y/\Jg—1, where q=5X10?(my/10? GeV)
(10" %*cnf/o). For most, but not all, of the para-
meters of interest, it is this last regime that is rele-
vant for capture by Earth, which givesT¢
~4x 10 s71(10* GeVimy)2(o/10 %*cn?).  The total
number of simpzillas captured in the lifetime of Earth,
~10Y s, is then & 107Y(10"? GeV/my)?(a/10™ 24 cn?). We

can compare this with the number of simpzillas in equilib- A
rium using Eq. (2.10, with t3he replacementsT;?HT@ NQ:NH‘/ N?CE{ (3.5
=5000 K, pe—pe=10gcm >, andv—2X10 *c, ob- Q

taining Ngo~5x 10"(my /GeV)Y4I'¢/400 s 1)*2 There- . . .
fore, the simpzillas captured in Earth would be in equilib—\"’here'\/IQ Ilf' t2heGm\;';\?s ctJI] a t%/plcal 5mgs<\)/nfcogta}[|tn|ng thz
rium unless the mass or cross section is signiﬁcan'[bheavy quark. ey for Ihe charm, eV for bottom, an

different from what is assumed above. In general, the anni-175 GeV for top. Therefore, per annihilation, one expects

hilation rate is given by Neharm/ Nk =0.23, Npoom/Niy=0.14, andNy,,/Ny=0.024.
This means that each annihilation into two jets produces

r 102 Gev! 12 7.4x 10°M 12 light hadrons, 2.8 10°M 2 charmed hadrons,
Fa=2x10" st Oi - [tant? 103(—) 1.6x 10°M1% bottom hadrons, and 2:810°M 1% top had-
4X1 S X rons.
12 It is also possible to estimate the spectrum of the heavy-
% I'c te ) (2.22 quark hadrons:
4x10* st 107 s

E... dN 1/ E
The capture rate for Earth is shown in Fig. 1 along with NiomaL dE 2| Epin

the capture rate for the Sun.

~31
) (E>Emin), (3.9

whereE,, is the mass of the top quark, bottom quark, or
Ill. SIMPZILLA ANNIHILATION IN THE SUN charm quark.
The resultingE ~*? fragmentation spectrum for top had-
Take a simple picture where the simpzilla annihilates andons is shown by the dotted line labeled “fragmentation” in
produces two quarks or two gluons, each of enengy  Fig. 2. The minimum energy is approximately the mass of
wheremy is the mass of the simpzilla. The quarks and glu-the top quark, 175 GeV.
ons then fragment into high multiplicity jets of hadrons and  We will assume that simpzilla annihilation occurs in a

secongi&}ry decay products. medium of density found in the center of the sum,
~ Defining x=E/E;e=E/my, one can take the fragmenta- ~200 gcm 3, or n~10°° cm™ 3. Using an interaction cross
tion function for the total number of hadrons to [He] section of 10%*cn?, the hadronic interaction length is about

10~ 2 cm. Light and charmed hadrons scatter many times be-
3.1 fore decay and the resultant neutrinos will have very low
' energy. TheB lifetime is about 10'?s, so the decay length is
3x 10 2(E/Mg) cm, or 6x10 3(E/GeV)cm using Mg
Herea is some constant that can be set by total energy con=5 GeV. The ratio of the decay length to interaction length
siderations: is Lp/L;=0.6(E/GeV). So forE>5 GeV theB will also

ANy

ix ax (1-x)2
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100 f———r———————1———————1———3  per annihilation is about 3:810*M 2. Only about 20% of
i ] the neutrinos will be produced with energy above 50 GeV, so
S the emission rate of tau neutrinos in the core is about
BI0NE TS "L 37 10'MIZr, with a spectrum above 50 GeV shown in the
% 3 | \\\ ’“-9{?;@% ] figure. This, of course, is the emission rate in the core. We
sgs | S, il ] now turn to the propagation of the neutrinos through the sun.
BT | T -2 .
- : \\\'”--. ] IV. THE EMERGENT SPECTRUM OF NEUTRINOS
= -3 L a
=18 | O The total neutrino emission rate above 50 GeV from the
o 5 ‘N ]  core of the Sun i$goe=10'M 5T 5 for v,, and half that for
10-+ lovsn  Ho oo pup I T S v, andv,. Herel'y=I"¢/2 is the simpzilla annihilation rate.
10° E (%):v) 10¢ The core emission rate spectrum above 50 GeV for each

neutrino species isee Eq(3.7)]

FIG. 2. The spectrum of top hadrons produced by the fragmen-
tation of quark and gluon jets from simpzilla annihilati¢adotted df
line), and thev, spectrum produced by decay of t¢gashed ling dE
For the fragmentation spectrunt, ;=175 GeV and NqgmaL core

=2.8x 10°M1% per annihilation. For the decay spectrum, we will f

. . /> ! core
only be concerned with neutrinos abdgg;,= 50 GeV. The number =333 Gel\? =
of tau neutrinos aboVe& , is Nrora, =10*M12 per annihilation, min
and half that for the other neutrinos.

E+My
X
. 2 2

scatter and lose energy before decay. It will not completely VIE+MIL(E+M)2=M{I[(E+My)?—M§]

stop after one scattering. Most of the cross section is diffrac-
tive production of low-energy debris and there should still be
a leadingB, soB decay is a potential source of high-energy
neutrinos.

However, top hadrons are a promising source. The to
lifetime is short, and almost 100% of the time decayd as
—Whb. TheW lifetime is 3x 10" 2% E/80 Ge\) s, which re-
sults in a decay length of about 1¥(E/GeV)cm, which f :fw (ﬂ) dE 4.2
will be much less than the interaction length for even the core dE/ . '
most energetic tops. Th&/ then decays with a branching

X O(E—Enin), 4.7

where E,,;,=50 GeV and the theta-function vanishes for
Iglegative argument and is unity for positive argument. Of
coursed f/dE has been normalized such that

Emin

ratio of 1/3 asW—1lv, (equally into7v,, uv, andeve). But since the Sun is opaque to energetic neutrinos, the
Therefore it is reasonable to assume the top quark will proemergent emission rate spectrum is not the same as the core
duce energetic neutrinos before losing energy. emission rate spectrum. The emission rate spectrum of neu-

The spectrum of neutrinos produced in the chaidW  trinos that emerge unscathed is
— v is straightforward to calculate. A convenient analytic fit
to the spectrum is given by df df -
- =\ gE ex| —a(E)j n(r) drj,
dN E+M unscattered core 0
w 4.3

dE
R :j\lf
dE " VIE+MJL(E+M)?~M7ILE+My)2~My]’
(3.7  wheren(r) is the radial dependence of the number density of
the sun andrcc(E) is the energy-dependent charged-current
whereN is a normalization factor. This spectrum is shown incross section given in Table I. Also given in Table | is the
Fig. 2. As expected, at energies larger than the top mass threeutral-current cross section.
E %2 spectrum is recovered. The electrons and muons produced by charged-current in-
We will use the spectrum in Fig. 2 as the spectrum ofteractions are rapidly thermalized, so the effect of charged-
neutrinos produced by simpzilla annihilation. Since there areurrent interactions is effectively to remove, and v,
about 2.8< 10°M 1% tops produced per annihilation, and 10% neutrinos above a transparency enerdy, where
of them makerv. followed by = decay including av,, the  o(E,)/n(r) dr becomes unity. Using
total yield of »,’s per annihilation is 5.8 10'M1%. Top (as
well as 7) decay also produces+ v, ande+ v, but the n(r)=1.4xX10°%xp(—r/0.1Ry) cm? (4.9
electrons are absorbed and the muons are stopped before
decay. As the top also decays 10% of the time jatg, and  for the density profile and adopting the cross sectionEor
with the same fraction intev,, and the tau decays 18% of <10* GeV, the transparency energyls= 150 GeV, and the
the time into these modes, the yield of high-energyandv,  emission spectrum of, and v, emergent from the Sun is
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TABLE I. The energy-dependent cross sections used to calculate the flux of neutrinos from H&Sun

PHYSICAL REVIEW B4 083504

Energy RangéGeV] one [en?] occ [cn?]
O<E=<10 E E
2.0 10*39( @) 6.6x 10 39( @)
100<E<10° E \0.714 E 0714
— 38 — 38
2.1x10 (_GeV) 6.1x10 (_GeV)
10°P<E=<10’ E 0462 E 0462
— 36| — 36
0.3x10 (_GeV) 1.0xX 10 (_GeV)
10'<E<10'? E 0363 E 0363
— 36 — 36
2.3X10 (_GeV) 5.5X10 (_GeV)
df df The emergent emission spectrum of tau neutrinos has two
JE =\ gg| € —E/E. (4.5  contributions. The first contribution is the unscattered emis-
emergent

core sion spectrum, given by E¢.3). The second contribution is
the fraction of the original emission above the transparency

This emission rate spectrum is shown in Fig. 3. energy which will emerge as a log-normal distribution cen-
The situation is different for tau neutrinos. The lifetime of ;o .o on the transparency energy,

the tau produced in a charged-current scattering is so short

that it decays before significant energy loss. Since the decay [ gt f eore
of the tau includes a ., the effect of the scattering and —) “E_ F exd —(logE—IlogE,)?%/20?],
subsequent decay is simply to reduce the energy of the inci- scattered MM

dent v to about 20% of its incident value. The energy deg- (4.6
radation suffered due to neutral current interactions will b%herea=0 49 andF is found by demanding that the inte-
negligible. Therefore, an incident tau neutrino above thegral of Eq '(4 6 results in the total number of neutrinos
transparency energy will continually suffer tau production‘,jlbove 150.Ge'v that are scatterédithe initial energy of the
and decay interactions, but will not be removed from the flu

. . : . ; eutrino is below 150 GeV, a scattering will produce a neu-

of high-energy neutrinos. The process will continue until the, . Sy )
. trino belowE,,,.) The result isF=4.6X10 “.
tau-neutrino energy has been deg(aded_to the transparencySO for tau neutrinos, the emergent neutrino spectrum is
energy or below, then the tau neutrino will escape. '
. . ) df df

[20] for very energetic neutrinos propagating through Earth. d d_) + (d_) .4
They found that the emergent spectrum of neutrinos was E EJ unscattered \ 9B/ scattered
very well described by a log-normal distribution centered on
energy. We will assume that the flux of scattered tau neutri-
nos above the transparency energy emerges in a log-normal
distribution peaked aE,=150 GeV with a dispersion of

This process has been considered by Halzen and Saltzberg ( df)
the transparency energy with a dispersion of 0.49 decades iFis spectrum is also shown in Fig.'3.
0.49 decades in energy.

emergent

V. THE EVENT RATE

In the last section we calculated the emission rate and
emission rate spectrum of neutrinos from the Sun. In this
— : S ——— section we will calculate the event rate in a suppositious
~ ] underice or underwater neutrino detector of approximate size
of a cubic kilometeff21]. We will only consider the rate for
~ ] “contained events,” where the neutrino converts inside the

N 1 volume of the detector. Including “uncontained events” will
E not significantly alter our results because the muon range at
<\ the relevant energy range here is comparable to a kilometer.
=5\ ] We will assume that the efficiency of detection is a step

/

Emin (df/dE)emergenl
o
®
T
v
Gl
1

—_

o
&
T

/
1

-1
core

\ 1 The muon and electron neutrino spectrum should strictly speak-

' 1'02 R T ing also have a “scattered” component, due to decays of tau to-

E (GeV) wards the end of its chain of scattering in the Sun. The muon and

electron neutrinos are still subdominant compared to the tau neutri-

FIG. 3. The emergent emission rate spectrum of neutrinos fronrmos because of a branching ratio suppression of 18%. We will per-

the Sun. Forv,., f.oe= 104Mi/22FA, and forv, and v, half that  form a more detailed calculation of the neutrino spectra in the fu-
value. In all casesk,,,;,=50 GeV. ture.
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FIG. 4. The event rate in a cubic-kilometer underice/underwater FIG. 5. The spectrum of events for different neutrino species.
detector for different values of the simpzilla-proton cross section:The total event rat®Rrora =1.1X 107%™ i/ZZFA is the sum of the
from top to bottom the curves are far=10 2%, 10 %4 and electron-neutrino, muon-neutrino, and tau-neutrino rates. Also
10-26 cn?. The upper solid curves are for tau neutrinos and theshown are the two contributions to the tau-neutrino events, from
lower dashed curves are for muon and electron neutrinos. For conunscattered neutrinos and from scattered neutiises Eq.(4.7)].
parison, the 90% C.L. upper limits on muon fluxes of nonatmo-
spheric origin in the direction of the Earth’s core or the Sun istrum is shown in Fig. 5.
approximately 16 km~2year * [22]. For tau neutrinos, the total event rate is found using Eq.

(4.7) for the emergent emission spectrum. For tau neutrinos
function: zero below 50 GeV and unity above 50 GeV. the total event rate is

The first step in calculating the event rate is the simple
step of converting the emission rate spectrum calculated in RrotaL(v,)=1.1X10 %M 1’2211\. (5.5
the last section to a flux spectrum arriving at Earth. Since the
Sun-Earth distance i®=1.5x 10® km, the flux spectrum is This event rate is also shown in Fig. 4, along with the event-

rate spectrum in Fig. 5.

dF 1 /df o df ) The contribution of scattered tau neutrinos dominates the

=== =35x10718 — km™<. event rate. While thev, and v, events would be peaked

dE 4;D2\dE dE u .
emergent emergent 5. toward the lower energy of the detector and drop rapidly, the

v, events would have a relatively flat spectrum extending

_ The mean-free-path of neutrinos is much larger than the., 1 the |ower limit of the detector out to about 1000 GeYV.
size of the detector, so the fraction of the incident neutrinos The mean energies of the detected neutrinos are

of energyE that convert inside the detectorng,. occ(E) L

wheren;. is the number density of the target alner 1 km is (E)=197 GeV (v, ,ve)
the size of the detector. The event-rate spectrum is given # (5.6)
simply by (E)=3454 GeV (v,).
dR dF i i i ibili
T _ We close this section by remarking on the possibility of a
= n; E) L]IA ©(E-50 GeV), (5.2 . X
dE dE[ ce 7cc(E) L] ( v, (62 detectable event rate from annihilation of simpzillas captured

. by Earth. The ratio of the event rate for neutrinos of solar
whereA is the area of the detector, assumed to be 4,land  origin to the event rate for neutrinos of terrestrial origin is

the O-function represents the detector efficiency. shown in Fig. 6. For small mass or large interaction cross
Since nige occ(E) L=4x10"*(E/1 GeV), we find for  section the signal from the center of Earth may be larger than
the event-rate spectrum the solar signal. Folr=10 2*cn? the solar signal will
dominate for simpzilla masses larger than about GeV,
d_R:1_4X 10-27 E ﬂ) O(E—50 GeV. while for o=10"?® cn¥, the solar signal dominates for the
dE GeV\dE emergent entire range of simpzilla mass considered here.

(5.3

) ) VI. CONCLUSIONS
The total event rate is the integral of the event-rate spectrum.

For muon or electron neutrinos, the total event rate can be If the local dark matter is very massive and strongly in-
found using Eq.(4.5 for the emergent emission spectrum, teracting, it should collect in the Sun and Earth in sufficient

with the result numbers that equilibrium will be maintained between the
capture rate and the annihilation rate.
RromaL(V,,,ve) = 1.6X10 %M or,. (5.9 Annihilation or decay of very massive particles into had-

ronic channels in the solar core or at the center of Earth leads
This event rate is shown in Fig. 4, and the event-rate spedo the production of high-energy neutrinos. While electron
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FIG. 6. The ratio of the event rates from solar and terrestrial FIG. 7. The shaded region above the jagged line is excluded by
neutrinos originating from simpzilla annihilation. The ratio is a a variety of considerations as discussed3f Slightly stronger,
function of simpzilla massmy and scattering cross section model-dependent constraints can be found in R&23,24. The
through the dependence of the capture ratesgrand o shaded region above the straight line would result in more than 10

events per year in a cubic-kilometer underice or underwater detec-
and muon neutrinos above 150 GeV are mostly absorbedor and should easily be able to be excluded.
energetic tau neutrinos will be emitted, and will be the sig-

nature of energetic jet fragmentation at the center of the Suryre made about quantities such as the simpzilla—nucleon
For most of the range of parameter space, the event rafgrm factors, stronger direct search constraints can be ob-
expected in kilometer-scale neutrino detectors will be welkajned (see e.g[3,23,24). In any case, indirect search via
within detection limits. Such detectors should be able to €Xneutrinos provides a useful independent check.
clude (or confirm the possibility of simpzillas as dark mat- |ndirect detection of simpzillas through annihilation in the
ter. Sun is complementary to the other idea for indirect detection:
In this paper we have only considered production of neuyvpziLLa decay producing ultrahigh energy cosmic rays
trinos through top quark production and decay. Another Pof25 26|,
tential source of tau neutrinos is bottom quark production Finally, we comment on the possible role of neutrino os-
and decay. While this may increase the emission rate of tagijjations. Neutrino oscillations will be important if
neutrinos, the spectrum is expected to be the same.
It is important to note that there is essentially no back-
ground. For example consider the background from cosmic- Am? 107 GeV L
ray produced neutrinos. To produce a 1 TeV neutrino, a 102 e2 E
center-of-momentum energy of aroungs= V2Myot0iE
=10 TeV is required, wherd& is the cosmic ray energy.
Thus, a threshold energy & =5x10 eV is required to  whereL is the path length. Since>210° cm is Ro/35, if
produce a 1 TeV neutrino. The cosmic-ray flux at high enerAm? is greater than or of the order 08310 ° eV?, oscilla-

=1, 6.3
»  2x10° cm ©3

gies is approximately tions will occur in the sun. IA\m? is greater than or of order
of 10”7 eV?, then oscillations will be important during the
E3dF L ons eV? 6.1) neutrino’s transit to Earth. Oscillations betweenandv,, or

dE 1 s st v, in the Sun will decrease the, emission rate, while oscil-
lations in transit will change the flavor signature of the sig-

which when integrated to give the total flux of particles with nal. Referencé27] has considered related oscillation issues

energy greater thak gives in more detalil.
1 eV? 6.1
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