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Indirect neutralino detection rates in neutrino telescopes
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Neutralinos annihilating in the center of the Sun or the Earth may give rise to a detectable signal of
neutrinos. We derive the indirect detection rates for neutrino telescopes in the minimal supersymmetric exten-
sion of the standard model. We show that even after imposing all phenomenological and experimental con-
straints that make the theories viable, regions of parameter space exist which can already be probed by existing
neutrino telescopes. We compare with the discovery potential of supersymmetry at CERN LEP 2 as well as
direct detections and point out the complementarity of the metH&@%656-282(97)01704-9

PACS numbsgps): 95.35:+d, 14.60.Lm, 14.80.Ly

I. INTRODUCTION charged-current interactions of neutrinos with the medium

. i ith in th urrounding the detector. Undergroundrénkov detectors,
Supersymmetric neutralinos with masses in the GeV-Te\jgina|ly built to search for proton decay, have already

range are among the leading nonbaryonic candidates for dagarted to exploréand constrainneutralinos as dark matter
matter in our galactic halo. One of the most promising methtandidate$5,6]. A new generation of much larger neutrino
ods for the discovery of neutralinos in the halo is via obsertelescopes, utilizing large volumes of natural water or ice
vation of energetic neutrinos from their annihilation in the (for a review, se¢7]) is currently under construction, which
Sun[1] and/or Eart{2]. Through elastic scattering with the will increase the sensitivity for high-energy neutrino point
atomic nuclei in the Sun or Earth, a neutralino from the halosources by an order of magnitude or more.

can lose enough energy to remain gravitationally trafgéd The prediction of muon rates is quite involved: We com-

Trapped neutralinos sink to the core of the Sun or EartfPUte neutralino capture rates in the Sun and Earth, fragmen-
tation functions in basic annihilation processes, propagation

where they annihilate into ordinary particles: leptons, quarks ) ;
y yp P q Qrough the solar or terrestrial medium, charged-current cross

luons, and—depending on the masses—Higgs and gau , S .
g b 9 99 g gectlons, and muon propagation in the rock, ice, or water

bosons. Because of absorption in the solar or terrestrial me= . o .
P esurrourldlng the detector. In addition, there may be scattering

of the Gerenkov photons generated by the muons, due to
lj]mpurities in the medium.

dium, only neutrinos are capable of escaping to the surfac

Neutralinos do not annihilate into neutrinos direduy}, but

energetic neutrinos may be produced via hadronizatio

and_/or dec_ay of the dlrec_t annihilation produc.ts. Thesg ener- | HEFINITION OF THE SUPERSYMMETRIC MODEL

getic neutrinos may be discovered by terrestrial neutrino de-

tectors. . The minimalN=1 supersymmetric extension of the stan-
In this paper, we considerdZenkov neutrino telescopes. dard model is defined by the following superpotential and

They consist of large underground arrays of photomultipliersoft supersymmetry-breaking potent{&r notation and de-

to detect the €renkov light emitted by muons generated intails, see Ref]8]):

W=e;j(—ex Yl HL—d& YpaL AL+ UR Y yag Ab— wAAY), (1)
Veor= € (—BRAEY el HL — 5 ALY pd HL + TAALY UG Hb — BH HL + H.c) + H m2H ) + HY m3H), + G * MAT,

I MEL+ UM G+ M Bdr+ BEMEBe 3 M1BB+ 3 Ma(WAWS+2W W)+ 3 MG, @
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Herei andj are SU2) indices (,=+1), Y’s, A’s, and X0=Ni1B+ N, W3+ N;H2+ N ,HY, (11)
M’s are 3X3 matrices in generation space, and the other
boldface letters are vectors in generation space. the lightest of which, to be calleg, is then the candidate for
Electroweak symmetry breaking is caused by tefrend e particle making ugat least some ¢fthe dark matter in
H% acquiring vacuum expectation values, the universe.
1 ) We consider only models that satisfy all accelerator con-
(Hp)=v1, (H3)=v,, () straints on supersymmetric particles and couplings, in par-

. s 2. 2 ) . . ticular, the measurement of the- sy process at the Cornell
with g*(vi+v3)=2mjy, with the further assumption that zccelerator{10], which provides important bounds. How-
vacuum expectation values of all other scalar fididspar-  ever, to show the impact of present dark matter searches, we
ticular, squarks and sleptonsanish. This avoids color- piot also models which are excluded by these nonaccelerator
and/or charge-breaking vacua. searches.

To reduce the number of free parameters, we make sim-

lifying unification assumptions for the gaugino mass param-
P fy 9 P gaug P IIl. RELIC DENSITY AND CAPTURE RATES

eters
5 For each model allowed by the accelerator constraints we
M, =3tarf6,M,, (4) calculate the relic density of neutralin@kxhz. We use the
formalism in Ref.[11] to carefully treat resonant annihila-
M. — Oem M 5) tions and threshold effects, keeping finite widths of unstable
27 sito,as o particles, including all two-body annihilation channels of

neutralinos. The annihilation cross sections were derived us-
érjg a novel helicity projection techniqugl2], and were

and a simple ansatz for the soft supersymmetry-breaking p checked against published results for several of the subpro-

rameters in the sfermion sector:

cesses.
Mo=My=Mp=Mg=M =mol, (6) I_n this paper, we keep only models jn which the neu-
tralino density does not overclose the Universe and in which
A, =diag0,0A,), 7 neutralinos can make up the totality of the galactic dark mat-
v 90.0A) @) ter. Namely, we requir€ 4, pyh?<Q ,h?<1, where(some-
Ap=diag0,0A,), ®) what arbitrarily we choose(gy ovh?=0.025. We have

adopted a local dark matter density of 0.3 GeVicm
The capture rate in the Earth is dominated by scalar inter-
actions, and presents kinematic enhancements whenever the
mass of the neutralino almost matches one of the heavy ele-
ents in the Earth. For the Sun, both axial interactions with
ydrogen and scalar interactions with heavier elements are
important. For both the Sun and Earth we use the convenient
approximations available ifl3].

Ag=0. (9)

We choose as independent parameters the mass the
CP-odd Higgs boson, the ratio of Higgs vacuum expectatio
values (VEVs) tanB=wv,/v,, the gaugino mass parameter
M,, the Higgg$ino) mass parameter, and the quantities
mg, A;, andA, above.

We include one-loop radiative corrections and two-loop

leading-logarithmic contributions to the Higgs boson mass IV. MUON FLUXES FROM NEUTRALINO
matrices using the effective potential approach described in ANNIHILATIONS
[9]. Neutralinos in the core of the Sun and/or Earth can anni-

The neutralinog;’ are linear combinations of the neutral et fermion-antifermion pair, to gauge bosons, Higgs
gauginosB, W and of the neutral Higgsinds?, H3. Inthis  posons, and gluonsyy—/"~"~, qq, gg, qag, W W-,

basis, their mass matrix Z°7° Z°H°, W*H*, H°H®). These annihilation products
will hadronize and/or decay, eventually producing high-
M 0 _ g'vy n g'vs energy muon neutrinos. Since the rate of muons in a neutrino
1 2 V2 telescope is approximately proportional to the neutrino en-
ergy squaredsince both the cross section and the muon
0 M gu, gu, range are approximately proportional to the engrgye an-
2 * N E nihilation channels with the hardest neutrino spectra will be
Moo = (10 the most important, i.eW*W~, z°2° tt, etc. In our calcu-
X12,34 g'vy guq lation of the neutrino fluxes we have, however, included all
N 2 +E 0 K annihilation channelgexcept gluons since they give very
soft neutrino spectja
g'v, gu, With Monte Carlo simulations we have considered the
+ 2 - E R 0 whole chain of processes from the annihilation products in

the core of the Sun or Earth to detectable muons at the sur-

face of the EartH14]. We have performed a full Monte
can be diagonalized analytically to give four neutral Majo-Carlo simulation of the hadronization and decay of the anni-
rana states hilation products usingeTseT7.4[15], of the neutrino inter-
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FIG. 1. The indirect detection rates from neutralino annihila- Qxh2

tions in (a) the Earth andb) the Sun versus the neutralino mass.
The horizontal line is the Baksan linfi6]. Solid circles are from a
“normal” scan and open circles are from a “special” scan with
ma<150 GeV.

FIG. 2. The indirect detection rates from neutralino annihila-
tions in (a) the Earth andb) the Sun versuﬂxhz. The horizontal
line is the Baksan limif6]. Solid circles are from a “normal” scan

) ) and open circles are from a “special” scan witt <150 GeV.
actions on their way out of the Sun and of the charged-

current neutrino interactions near the detector usintHIA o . —

5.7 [15], and finally of the multiple Coulomb scattering of 5000 GeVf and annihilation channelsc¢, bb, tt, 77",

the muon on its way to the detector using distributions fromW W™, and Z°Z°). For each mass and channel, 2 50°

Ref. [16]. annihilations have been simulated. For masses other than
With respect to calculations using Réfl7] (e.g., Ref. those simulated, an interpolation is performed and the muon

[]_8]), this Monte Carlo treatment of the neutrino propagationﬂux from channels other than those listed above are easily

through the Sun bypasses simplifying assumptions previcalculated since all other annihilation products decay to these

ously made; namely, neutral currents are no longer assumgfrticles(lighter quarks, electrons, and muons do not con-

to be much weaker than charged currents and energy losstigbute significantly to the neutrino flux For the Higgs

no longer considered continuous. For details on this treatbosons, which decay in flight, an integration over the angle

ment, see Ref§14,19,. of the decay products with respect to the direction of the
The muon flux at a detector has been simulated for a sétliggs boson is performed. Given the branching ratios for

of neutralino massesr; = 10, 25, 50, 80.3, 91.2, 100, 150, different annihilation channels it is then straightforward to

176, 200, 250, 350, 500, 750, 1000, 1500, 2000, 3000, andbtain the muon flux above any given energy threshold and
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within any angular region around the Sun or the center of th&arth or Sun, we present the results of our full calcu-
Earth. lation. We show together results obtained with one
“normal” scan in the parameter space, letting,
V. INDIRECT DETECTION RATES M, tand, ms, m, A,, and A, vary at random
To illustrate the potential of neutrino telescopes forbetween generous bounds, and one *“special” scan
discovery of dark matter through neutrinos from thewhere we have been more restrictive on fenass:

ue[—5000,5000 GeV ne[—5000,500Q GeV

M, e[ —5000,5000 GeV M,e[—5000,500Q GeV
tanBe[1.2,50 tanBe[1,2,50

m,e[0,1000 GeV “normal” mpe[0,150] GeV “special”
mge[100,300Q GeV mye[100,3000 GeV
Ape[—3,3Img Aye[—3,3]mg

Aie[—3,3lmg Aie[—3,3]mg

We recall that the density of points in the figures reflects ouhalf-angle aperture of 30° with a muon energy threshold of 1
choices for scanning the parameter space, and is therefoeV. Quite a few models with high neutrino rates are al-
subjective(for a discussion on this, see Rg8)). ready ruled out by the Baksan data. These models have large
In Fig. 1 we show our predictions for the indirect detec-tan3=30, low H, mass, and large mixing for stop squarks.
tion rates as a function of neutralino mass. The horizontaln Fig. 1 it can also be seen that a neutrino telescope of an
lines are the best present limits for indirect searches andrea around 1 ki which is a size currently being discussed,
come from the Baksan detectdi6]. The limits are would have a large discovery potential for supersymmetric
PEM<21x10°* cm ?s”t and ®;'"<3.5x10°*  dark matter. We recall that, after subtraction of the atmo-
cm 2s™ ! at 90% confidence level and integrated over aspheric neutrino fluxe€by means of an on-source off-source
difference, e.g, the remaining background is due to high-
energy nheutrinos produced by cosmic ray collisions in the
solar atmosphere, and is at the level of 15 muonsl (

~ 105, i GeV)/km?/yr [20].

5 5§ i In Fig. 2 we show the muon rates versm§h2. The gen-

% 107 4 eral trend is that Iargé)Xh2 corresponds to lower rates, as

X 1043_ would be expected from crossing symmetry between annihi-

£ lation and scattering cross sections. Note, however, the large

S - . .

& 10%E spread of the predicted rates for a given valueQth.

£ F In Fig. 3 a comparison is made between the predicted

3 102;‘ rates from the Earth and from the Sun for the same set of

‘: 10 i models. In the region yet to explore, the rate from the Sun is

S generally larger than the rate from the Earth.

RS P .. In Fig. 4 the indirect detection rate is compared to the

W af e 5 o2, direct detection rate if°Ge. As can be seen, there is a cor-

£10 ¢ 7250 relation between the two, although for the Sun it is not as

3 10 2r strong as for the Earth, where a high capture rate is due to a

§ 3 A large scalar cross section, which also means a high rate in

10 [ N AT germaniumt Without forgetting the huge spread, we see that

af el AR for a given factor of improvement in sensitivity, indirect de-

10" Vil sl oINS A tetud_atd sl sl oo from the Sun generally scores better than direct de-

10%10%10%107 1 10 10® 10® 10* 10° 10
Muons with E, > 1 GeV from the Sun (km™ yr™)

IRecently, a paper appearéd.A. Bednyakovet al, Report No.

FIG. 3. The indirect detection rates in the Earth versus the indihep-ph/960626)1 where no high germanium rates were found in a
rect detection rates in the Sun. The horizontal and vertical lines argariant of the special scan employed here. This seems to be due to
the Baksan limit§6]. The dashed line, indicating equal rates, is their use of a more restricted model, imposing unification condi-
shown just for convenience. Solid circles are from a “normal” scantions of the scalar mass parameters at the grand unified theory
and open circles are from a “special” scan with, <150 GeV. (GUT) scale, which we do not.
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tions in (a) the Earth andb) the Sun versusny,,. The horizontal

line is the Baksan limit6]. The upper part shows models which can

be excluded at LEP 2 after 150 pbof running at 192 GeV and the
lower part shows models which cannot be excluded by LEP 2. The
open triangles are models that can be excluded due to no Higgs
boson discovery and the open squares are models that can be ex-
cluded due to no chargino discovery.

FIG. 4. The indirect detection rates from neutralino annihila-
tions in(a) the Earth andb) the Sun versus the direct detection rate
in 7%Ge. The horizontal line is the Baksan li@]. Solid circles are
from a “normal” scan and open circles are from a “special” scan
with m,<150 GeV.

tection, which in turn generally scores better than indirect Since the special scan employs fairly low values of the
detection from the Earth. A mass, one may wonder whether ther the lightest Higgs
Note that the muon rates in real experiments may be sigeosonH, would be light enough to be discovered or ex-
nificantly lower (by as much as an order of magnitude for cluded at the CERN:"e™ collider LEP 2. In particular, one
neutralinos in the lower-mass rangdue to the need to im- could expect this for the models that give high neutrino rates,
pose a higher-energy threshold for the signal than assumesince a low Higgs boson mass gives a large spin-independent
here. We have taken 1 GeV for neutrino telescopes which iscattering cross section @hixed neutralinos and therefore
true for a small scale detector such as Baksan; for darge capture and annihilation rates. Using the expected ex-
kilometer-scale array, it is more likely to be tens of GeV. clusion limits for LEP 2 given in Refl21] we find, indeed,
Likewise, the germanium rate given is the integrated ratdéhat the models in our sample with the highest rates are
from zero recoil energy to the kinematical limit. Present-daywithin reach of LEP 2, because of the large cross section for
detectors typically only sample a small range of recoil enere*e” —AH,. Technically this is due to the fact that these
gies. models have a large value of the factor ¥@s- ) that gov-
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erns theZAH, coupling (with « being theCP-even Higgs eter space. Moreover, direct detecti@ee[8]) is reaching a
mixing angle. In Fig. 5 we show the indirect detection rates sensitivity that allows some models to be excluded, with
versusmy : The models that can be probed by LEP 2 aresomewnhat different characteristics than those probed by the
shown in the upper part of the figure, the others in the lowePther methods. This illustrates a nice complementarity be-
part. We have used the combination of all four LEP experi-tween direct detection, indirect detection, and accelerator
ments and assumed a total integrated luminosity of 15@nethods to bound or confirm the minimal supersymmetric
pb~1 at 192 GeV. We have also included the possible LEP Standard model.
lower limit of 95 GeV on the mass of the chargino and the

bounds coming from the*e™—ZH,— Zbb process. LEP 2

will prObe all models in our scan WithZS 90 GeV and, in This work has been parua"y Supported by the EC Theo-

particular, most of the models already ruled out by Baksanretical Astroparticle Network under contract No. CHRX-

On the other hand, there are many models giving quite larg€T93-0120(Direction Generale 12 COMA. L.B. wants to

indirect detection rates that cannot be probed by LEP 2, buhank the Swedish Natural Science Research ColNE&R)

that would be accessible at a large neutrino telescope. for support. P.G. is grateful to the organizers of the Uppsala
In conclusion, indirect dark matter searches and LEP Z2stroparticle Workshop, during which this work was com-
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