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An analysis is carried out within mMSUGRA of the estimated number of events originating from upward
moving ultrahigh energy neutralinos passing through Earth’s crust that could be detected by the Extreme
Universe Space ObservatofifUSO. The analysis exploits a recently proposed technique that differentiates
ultrahigh energy neutralinos from ultrahigh energy neutrinos using their different absorption lengths in the
Earth’s crust. It is shown that for the part of the parameter space, where the neutralino is nibatly and
with squark mass-1 TeV, EUSO could see ultrahigh energy neutralino events within mSUGRA models with
essentially no background. In the energy rangé Gev< E;< 10" GeV the unprecedented aperture of EUSO
makes the telescope sensitive, after 3 yr of observation, to neutralino fluxes as lo/d&;>1.1
X107 (E;/GeV) *3GeVv tem 2 yrt sr !, at the 95% confidence limitCL). Such a hard spectrum is
characteristic of supermassive particldsbody hadronic decay. The case in which the flux of ultrahigh energy
neutralinos is produced via decay of metastable heayy=(2x 10'? GeV) particles with uniform distribution
throughout the Universe, and primary decay mode into 5 quarks squarks, is analyzed in detail. The
normalization of the ratio of the relics’ density to their lifetime has been fixed so that the baryon flux produced
in the supermassive particle decays contributes to about 1/3 of the events reported by the AGASA Collabora-
tion below 168! GeV, and hence the associated GgVay flux is in complete agreement with EGRET data.

For this particular case, EUSO will collect between 4 and 5 neutralino eveits 0.3 of backgroungin
~3 yr of running. NASA's planned mission, the Orbiting Wide-angle Light-collect@¥/L), is also briefly
discussed in this context.
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I. INTRODUCTION Microwave Anisotropy ProbéWMAP), which imposes a
narrow range for cold dark mattglCDM) so that[5,6]

Minimal supergravity(mSUGRA [1] and its extensions ()ph2=0.1126"39%. The candidacy of neutralinos as the
(generically called SUGRA modelare currently the leading dark matter of the Universe is based on relic densities sur-
candidates for physics beyond the standard model. Thesgving annihilation processes of nonrelativistic particles. De-
models contain a consistent mechanism for the breaking ahiled analyses show that mSUGRA allows for a small
supersymmetry softly by gravity mediation. An attractive amount of the parameter space in agreement with WMAP
feature of these models is that withparity conservation the observations[7]. As a consequence, the applicability of
lightest neutralino is a possible candidate for cold dark matmSUGRA demands that the contribution of other sources of
ter[2] in a significant part of the mSUGRA parameter, spaceCDM to the dark matter mix is negligible. In this paper, we
[3]. Further, over most of the parameter space the phenonyill be interested in a flux of ultrarelativistic neutralinos re-
enon of scaling occurg3] so that the light neutralino is sulting from decays of a population of CDM metastable su-
mostly the supersymmetric partner of tb&1)y gauge bo- perheavy particle$8,9]. In concert with the previous state-
sonB,, i.e., itis mostly aU(1)y gaugino or &-ino [3,4].  ment, these particles should contribute negligibly to the dark
The parameter space of mMSUGRA is characterized by theatter density.
universal scalar masgy,, the universal gaugino mass;,, The weak couplings of neutralinos imply an interaction
the universal trilinear couplingd, (all taken at the grand length in air that is greater than the atmospheric depth, even
unification scaleMg~2x10' GeV), tang=(H,)/(Hi),  at horizontal incidence. The interaction probability is then
whereH, gives mass to the up quark, akd gives mass to  roughly uniform throughout the atmosphere. As with neutri-
the down quark and the lepton. In addition the model connos, showers initiated by neutralino primaries can be distin-
tains the Higgs mixing parametgr, which enters in the guished from hadronic events by restricting the zenith angle
superpotential in the fornxHH,. The magnitude ojx is  space to near horizontal—this maximizes the probability to
determined by the constraint of radiative electroweak symdetect showers of weakly interacting primaries, while screen-
metry breaking in the theory while sgnis arbitrary and ing out the electromagnetic component of hadronic showers
must be constrained by experiment. that are initiated high in the atmosphere. However, deeply

MSUGRA has been put to a stringent test by the recendeveloping neutralino cascades cannot be isolated from
precision data from the satellite experiment, the Wilkinsonneutrino-induced air showers.

In this paper we show that the part of the parameter space
where the neutralino is mostly Bino and the massr; of

*Electronic address: l.anchordoqui@neu.edu the first and second generation squarks-id TeV can lead
"Electronic address: goldberg@neu.edu to ultrahigh energy neutralino signals that may be seen by the
*Electronic address: nath@neu.edu Extreme Universe Space ObservatoffUSO [10,11].
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These two conditions are fully compatible with the WMAP  The sensitivity of the detector depends primarily on the
constraint and the neutralino as lightest supersymmetric pasignal (S to noise(N) ratio [14],
ticle. Further, with appropriate cuts the background events

arising from ultrahigh energy neutrinos are essentially negli- S NN/ ¢ \ Y2 4 | D3\ 12
gible. We discuss now the details of the analysis. . &(_> ﬂ(_) 1)
The problem of discriminating between neutralino and N 8w \(B) Rg/z d

neutrino-induced showers with space-based experiments has
been examined recentfL2]. The method makes use of the
Earth as a filter. Specifically, in the region of the mSUGRA
parameter space under consideration the cross section for t
neutralino-nucleon interaction is smaller than that for
neutrino-nucleon scattering processes. Thus, by restrictin
the angular bin for arrival of upward going showers to a
region where neutrinos are largely absorbed during travers

where(B)~400 mi 2 sr ! ns! is the average photon night
low background in the ultraviolet band5], e~20% is the
Bantum efficiency of the detectat;~1 is the transmission
coefficient in the ozone layek,=e" "R is the transmission
Boefficient in the atmospher&g~23 km (at 400 nm is the
I?ayleigh scattering length at sea lev}, is the distance of
Yosest approach between the shower and the detactor,

in the Earth, it may t_)e pos_5|ble to obtain a clear_l sigha). ~15 km is the effective slant depth of the lower atmosphere,
In Ref. [12], the discussion was presented in terms of. ~ . . .
D=2.5m is the diameter of the mirror aperture, add

neutralino-nucleon cross sections parametrized as a series 0f, . . -

: . . =5 mm is the diameter of the PMT. The fluorescence trail is
constant fractions of the neutrino-nucleon cross section. In . . ; i ) . : :
.emitted isotropically with an intensity that is proportional to

this paper, we first calculate _the neutrallno Cross section I e number of charged particles in the showes, The fluo-
the squark-resonance approximation. We then proceed to es-

timate the sensitivity of EUSO to neutralino-induced airrescent signal is roughl,~4 photons/(electron m) and

showers. The sensitivity will be characterized by a Iowert'\rl]er:S?]'géso(F/ GeV). This translates into a o4 energy
bound on the neutralino flux, which is then related to some
particular models oK-particle decay.

E=2.7<10°RY%expr/\g) GeV. 2

Il. EUSO OUTLINE .
In addition to the fluorescence process, the electrons produce

In view of a mission starting in 2006—2007, the Extremea large photon signal fromeZenkov radiation that is prima-
Universe Space Observatof$0,11] has been designed to rily beamed in the forward direction. The production of fluo-
observe the complex relativistic cascades induced by the irrescence light is less than 19of that in the @renkov cone
coming extraterrestrial radiation using sensors in the ultraf16]. For Earth-penetrating showers emerging upward in the
violet band (300-400 nm, a technique pioneered by the direction of the orbiting telescope, thissfenkov signal ex-
Fly's Eye experimen{14]. The telescope will operate for tends the 4 threshold of EUSO to the PeV energy band.
more than 3 yr on board of the International Space Station.
The eye will be equipped with wide-angle Fresnel optics lens
that provide a field of view oft30°, at an orbit altitude of
about 400 km. The monocular stand-alone configuration of
the instrument will cover an area of1.6x 10° km?, imag-
ing an air target mass that exceeds?bns. This corre-
sponds to a water equivalertiv.e) effective volume of

Ill. CROSS SECTIONS

The cross section for the resonant scatter}}gq(a)
—q(q)—all [17],

~ 2400 kn?. Observations can only be done on clear moon- 1 1 5

less nights. Limitations associated with the cloud system and U;N:E_ 27Tf dXQ(X)4 — 7 SEin ||
ultraviolet background sources result in an average 10%— a9 Pg-Py ™ <P

15% duty cycle[11]. Hence, th_e incredibly large geometric % 5(2(pq.p;)—mg), 3)
aperture A~ 7500 kn? w.e. sr, is somewhat reduced. q

The fluorescence eye consists of several large light collec-
tors (or telescopesthat image regions of the sky onto clus- Where p, and p;, are the four-momenta of the quark and
ters of light sensing and amplification devices. The basideutralino in the interaction,
elements of a telescope are the diaphragm, which defines the
telescope aperture, the spherical mirror that must be dimen- 1 1 5
sioned to collect all the light entering the diaphragm in the a > |m |2=Z[|aqL|2+|aqR|2]ma, (4
acceptance angular range, and the camera, which consists of spin
an array of photomultiplier tubg®MTs) positioned approxi-
mately on the mirror focal surface. The PMTs effectively where we have included the contributions from the left-
pixelize the region of the sky covered by the telescope. Théaanded and right-handed squarks assuming they are degen-
shower development is detected as a long, rather narrow serate. In the above the first sum runs over all quark flavors
quence of hit PMTs. As the pointlike image of the showerwith parton distribution functiongpdf’s) indicated byq(x).
proceeds through an individual PMT, the signal rises, level$-or smallL-R mixing, and ignoring quark masses and small
off, and falls again. Higgsino mixings, one hal 8]
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2

< sirPay | —2 x= -8 (10
W] cosbyy 2M\E,

ay, ) 1
—=(X,C086\,— X1Sin by) 57

V2

2 _ We use the CTEQ6D pdf’B21], which in the energy re-
+ 38(X1080y+ XzSin ), (5)  gion of interest for up, down, strange, and charmed quarks
and antiquarks can be parametrized as

a,. 2 xq(x)~0.15% %382 with 10 <x<10" %" (11
Zr_2 92 Gieg (X,C0860y— X1Sin by)
- W
\/5 3 cosby Then, for
2 m \2  E: m |2
+ = e(X,cosby+ X5sinbyy), (6) q < X 1. q
R 10 T ey “Toev- 10 11T 7ey » @2
ay 1 1 g the neutralino-nucleon interaction cross section becomes
L . . 2
—=(X,C086y— X,Sin 6 (—smza ——)—
\/E (X3 W A1 w) 3 wT 5 CoSOy - 1 TeV 2.784 = 0.382
o}N=1.73>< 10 1 Gev
1 m
- §e(chosaw+ X,Sin by), (7)
XqEE [lag [*+]aqJ?] cn?. (13)
a 1
Tr_-_ 92 Sin? Byy(X,C080y,— XSin 6y) We comment briefly on the relation of our calculation to a
3 cosé ; ;
V2 w previous estimat¢22]. In contrast to that work, we do not
1 characterize the SUSY parameter space according to the de-
— 3 8(X1c080y+ X;sin by) (8)  cay branching ratid’(q—qg)/I'(q—qy). The total cross

section, as given above, is independent of any branching to
gluinos. Comparison of Eq13) with the cross section for
&he competing proceSeg— qq estimated in Ref{22] shows

that the resonant cross section is about an order of magnitude
greater.

and similar relations hold for the charm and the strang
squarks. In Eqgs(5)—(8) g, is the weak SP) gauge cou-
pling constant gy, is the weak mixing anglee=g,sin 6, is
the U(1),, charge, an&, andX, are the projection of on
the B-ino andW-ino superpartners, respectively, and we have
ignored small Higgsino component; and X, where

= ,|Xi|?=1. In the analysis we use renormalization group  The most popular mechanism to date to produce ultrahigh
evolution of the soft parameters from the grand unificationenergy neutralinos is annihilation or decay of supermassive
scaleM to low energy to compute the neutralino mass ma<{10" GeV=my=10'® GeV) X particles. To maintain an ap-
trix. This matrix depends on the sign of. The recent ex- preciable decay rate today, one has to tuneXligetime to
periment on the anomalous magnetic moment of the muoke longer(but not too much longgrthan the age of the
[19] indicates a positive sign for for the supersymmetric Universe[8,9], or else “store” short-livedX particles in to-
contribution[20] and thus in this analysis we have chosen apological vestiges of early Universe phase transitif2@j.
positive u sign. The diagonalization of the neutralino massThe cascade decay to cosmic ray particles is driven by the
matrix determines the projection$;,X,, which are com- ratio of the volume density of theX particle (yx
puted in terms of the input MSUGRA parameters. In the=pc{lx/mMy) to its decay time € ). This is very model de-
parameter space of interest, i.e., wharg~1 TeV, and the pendent, as neither the cosmic average mass density contrib-
WMAP constraint is obeyed, the neutralino is essentially auted by the relics Q) nor 7, is known with any degree of
B-ino, and one ha;=1 while X;,X3,X, are relatively  confidence  f.~1.05<10 4 h? GeV cnmi'3, with h
small. =Hubble constant in units of 100 km secMpc™1). More-

Through use of the parton model relationp2py  over, the internal mechanisms of the decay and the detailed
=2xPy-py (P is the nucleon momentunand thed func-  gynamics of the first secondaries do depend on the exact

IV. EVENT RATES

tion, one finds the compact expression nature of the particles. Consequently, no firm prediction on
the expected flux of neutralinos can be made. However, if
T ) , 1 there are no new mass scales bethagUSw_l TeV _and
o=7 > [lag,[*+[aq.l] RXQ(X), (9  my, the squark and sleptons would behave like their corre-
a4 q sponding supersymmetric partners, enabling one to infer

from the “known” evolution of quarks and leptons the gross
where, using the laboratory relatipy- p,=MyE, , we now  features of theX-particle cascade: the quarks hadronize, pro-
have ducing jets of hadrons containing mainly pions together with
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FIG. 1. The solid line is a 2-component prediction of the ultra-  FIG. 2. The solid(dashedl line indicates the neutralinpl2]
high energy proton flux, consisting of emission from ultrahigh en-(neutrino plus antineutrinf30]) energy spectrum corresponding to
ergy “stars” plus decay of super heavy relics, both sources distribthe proton flux fromX-particle decay given in Fig. 1. The horizon-
uted uniformly throughout the universg80]. The dashed line tally hatched region at the top of the figure has been already ex-
indicates the contribution from th¥ decay, with initial state of 5 cluded from null results at AGASAFIly's Eye (95% CL) [35] and
quarks+ 5 squarks anany=2x 102 GeV. The upper end of the GLUE+FORTE(90% CL) [36]. The thick dashed line indicates the
spectrum as seen by different experime(AGASA [29], HiRes  95% CL sensitivity of the EUSO mission.
[31], Fly’'s Eye[32] SUGAR[33], and Haverah Parf34]) is also
shown for comparison. the AGASA data below 18 GeV, with the baryonic flux
from X decay contributing less than 1/3 of the tdta0]. It is
a 3% admixture of nucleorf@4]. The final spectrum is then Noteworthy that the associated flux of neutrinos fram
dominated byy rays and neutrinos produced via pion decay.fjecay produ.ce_d in this scenario is also consistent with exist-
In light of the mounting evidence that ultrahigh energy iNg data. This is shown in Fig. 2. .
cosmic rays are noy rays[25], proton dominance at ultra- _As_ me_ntloned in the Introduction, in order to comply W_|th
high energies is achieved by efficient absorption of the domi€Xisting fits of nNSUGRA to the WMAP dark matter density,
nant ultrahigh energy photon flux on the universal and/othe contribution to this density fr_om supe_rheavy relics must
Galactic radio background. This results in a recycling of thebe much .Iess than that of the relic neujralmos. We recall that
photon energy down to the MeV-GeV region. Thus, since thdhe cosmic ray f_qu resulting froX-particle decays depends
baryon and photon components of tHeparticle decay are ©n the dimensionless parametex=éxto/7,, where &x
correlated by the dynamics, the measurement of the GeW Qy/Qcpy, andty is the age of the universe. Scenarios
diffuse y ray flux can significantly constrain the cosmic ray which include in the rate normalization photon flux frofn
production byX particles, integrated over the redsHit5].  particles clustered in the halo lead to a vatye-5x 10~
In this direction, the new EGRET Ilimif27] on the photon [8]. Omission of the photon channel in the normalization
flux in the GeV region have severely limit¢@8] the contri-  increasesy by a factor of about 10, and the extension from
bution of X-particle decay to the high energy end of the halo dominance to the homogeneous population used in this
cosmic ray spectrum reported by the AGASA Collaborationwork further increasesy by a factor of 15. Since models of
[29]. X production and decay typically lead to exponential depen-
In our analysis we adopt the recent estimates of neutralindence of bottéy and T.ona reheating temperatufg and a

fluxes from decay of superheavy relics derived in R&2].  quantum mechanical tunneling action, respectively, there is
The normalization is determined by matChing m@artide no impediment on accommodating this Change‘*nvvhiie
baryon flux to the difference between the observed SpectrufhaintainingQy<Qcpy. (For example, for the model pro-

at E~10" GeV and contributions from a homogeneousided in Ref.[8], &xxe 2™ /TrR~1074-1078.)

population of astrophysical sources. Among the homoge- Establishing a neutralino signal in upward going showers
neous models discussed in REf2], the only one to accom- il require suppression of neutrino events that create a
modate both the ultrahigh energy cosmic ray intensity anghackground. This occurs naturally because the difference in
the GeV photon flux is a distribution ok particles with  neutrino and neutralino cross sections leads to differing ab-
my~2X 10" GeV and primary 10-body deca¥—5q 5q. sorption lengths in the Earth’s crust. The neutrino flux is
As can be seen in Fig. 1, this model is constrained to fit onlygreatly attenuated by selecting events entering the Earth at
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_

Q=N &s~0 0 N 0o o

T T T T T T TTT finds that for the full mission lifetime EUSO will typlcally
collect between 4 and 5 events, and hence provide sensitivity

to the neutralino flux given in Fig. 2 at more than 95% CL.

m;=1.0TeV _ee-
myz=1.2TeV

hllllllllllllllll;

V. CONCLUSIONS

Using a technique that exploits the different absorption
lengths of neutrinos and neutralinos in the Earth’s crust, we
Ll have estimated the sensitivity of EUSO to isolate upward

10'° 10" coming showers of ultrahigh energy. The neutralino-
E (GeV) nucleon interaction has been approximated by resonant
squark production, with the neutralino being larg&yino
EIG. 3. Fraction of neutralinos that_traverse the Earth, for allj, composition, andnz=1 TeV. We have shown that, dur-
zenith angles less than 857, as a function of energy. ing the complete mission lifetime, the telescope will be sen-

i 2 - -6 (=~ 0.7 =2

angles>5° below the horizon. For the EUSO effective ap- 5|t1\/1e tf)l E} d®/dE;>1.1x10 * (E;/GeV) lGeV cm
erture (duty cycle of 10%, the neutrino background from a Y© ~ S~ at the 95% CL, for 10 GeV<E;<10" Ge\f,lgpd
homogeneous population Xfs decaying into § 57 (during ~ for the regionmg=1.0+0.2 TeV. A hard spectrumE; " is
the 3-yr mission lifetimgis about 0.3 even{87]. The use of  typical of superheavy relid\-body decays that are purely
Poisson statistics implies the observation=e8.09 events hadronic. This is a conservative estimate, since regeneration
establishes a signal significance at 95% [GB]. effects have been only considered in computing the neutrino

The determination of a neutralino event rate will dependbackground. We have explicitly analyzed the case in which
strongly on the neutralino-nucleon cross section, and hencéhe flux of ultrahigh energy neutralinos is produced via decay
through Eq.(13), on the squark mass. Let us defiRas the  of metastable heavynfy=2x 10"2 GeV) particles with uni-
probability that the neutralino does not interact while traversform distribution throughout the Universe, and primary de-
ing the Earth’s crust. A large cross section will redcand ~ cay mode into 5 quarks- 5 squarks. The normalization of
lead to a lowering of emerging flux. In Fig. 3 we illustrate Nx/7x has been fixed to contribute about 1/3 of the events
the behavior ofP with energy, for two different values of reported by the AGASA Collaboration below£@GeV [29].
mg . On the other hand, it will enhance the event rate in thd=or this particular case, EUSO will collect between 4 and 5
atmosphere for the neutralinos that do emerge without intereutralino eventswith 0.3 of backgroungin ~3 yr of run-
acting. (Conservatively, we omit regeneration effects in thening.
Earth when estimating a signehpart from the direct effect Existing limits on the diffuse photon flux in the GeV re-
on the size of the cross section, the squark mass will alsgion strongly limit the sensitivity of EUSO for primary
influence the event rate through the position of the resonar-body decays of hadronic nature. This is because, for the
peak: A larger squark mass will probe higher valuesgf, normalization of the baryonic contribution to the ultrahigh
and hence lead to a decrease in event rate because of theergy cosmic ray flux assumed in REE2], which is mar-
sharply falling flux. After considering these effects, we haveginally consistent with new EGRET bounds, the accompany-
found that a value ofi;=1 TeV leads to an optimal signal. ing neutralino flux produced fayq andqg is about an order
The degree of tolerance is fairly narrow: Values lower thanof magnitude below the flux generated in the primary 10-
800 GeV or larger than 1200 GeV will vitiate a signal at 95%body decay discussed above. On the other hand, the tele-
CL We note once more that this coincides with the region ofscope can still be sensitive to the leptonic mote IT. In
B-ino dominance for the parameter space compatible withhis case, by reducingy /7y by a factor of~2, one lessens

fraction not interacting™

ud NN}

Olo lllll IlillllllllllllllllllIIIIIIlIlIIIIIIIlIIII

-

WMAP data[7]. the problem with EGRET data and still leaves a window
For a given flux of neutralinod®/dE; and observation open for neutralino detection at EUSO.
time t, the event rate at EUSO is found to be We note that for é-ino-like neutralino, the primary de-

cay mode (90% branching fraction of the squark isg
—qQ, with a subsequent deca&y—qqy. Thus, the neu-

gmax do tralino energy of the decay is about 1/6 of the primary en-
N= fEﬁn dE}NAPEU;NAGDCt' (14 ergy. In the remaining 10% of the deca@s>qY. In either
X case, the shower energies are far above-tliePeV thresh-

old for the detector. If more detailed considerations are war-

. , . ranted in the future, regeneration effects during passage
whereN, is Avogadro’s number and, ~10% is the duty ,,,9h Earth can be assessed, taking into account the energy
cycle. The fraction of unscathed neutralinos, integrated ovefpsses of the decay modes. These effects will lead to some
zenith angle<85°, emerging upward in the direction of the enhancement d, and consequently of the event rate.

orbiting telescope, is found to be~107 (E;/GeV) % We turn now to a brief discussion on the potential of the
Now, by settingE?""=10° GeV andE]*=10"" GeV, one  planned NASA mission Orbiting Wide-angle Light-collectors
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(OWL) [39]. This mission will involve photodetectors more deeply the parameter space of mMSUGRA and its exten-
mounted on two satellites in low equatorial ort600—-1200  sions.

km). The eyes of the OWL will stereoscopically image a

geometric area of ~9x10° km?, vyielding A~3 ACKNOWLEDGMENTS
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