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In scenarios with large extra dimensions and TeV scale gravity, ultrahigh energy neutrinos produce black
holes in their interactions with the nucleons. We show that OWL may observe a large number of black hole
events and provide valuable information about the fundamental Planck scale and the number of extra dimen-
sions. OWL is especially well suited to observe black hole events produced by neutrinos from the interactions
of cosmic rays with te 3 K background radiation. Depending on the parameters of the scenario of large extra
dimensions and on the flux model, as many as 28 events per year are expected for a Planck scale of 3 TeV.
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[. INTRODUCTION The OWL experiment will involve photodetectors
mounted on two satellites orbiting at 640 km above Earth’s

A recent proposal of lowering the fundamental Plancksurface. There are three possible satellite configurations: a
scale to the TeV range has provided a new perspective 0B00 km stereo view, a 2000 km stereo view, and two mo-
studying black hole formation in ultrarelativistic collisions nocular eyes. In the case of the stereo configurations, the
[1]. It has been argued that in particle collisions with ener-satellites are separated by a distance of 500 km or 2000 km,
gies above the Planck scdlg, (Mp~TeV), black holes can respectively, such that they monitor a common region of
be produced and their production and decay can be describédarth’s atmosphergl4]. The 2000 km stereo configuration
semiclassically and thermodynamica]Bj. In proton-proton  can view a larger volume but, comparatively, the events are
collisions at the Large Hadron CollidérHC) at CERN with  observed at a further distance from the satellites. However, in
a center-of-mass energy of several TeV, for example, the dighe case of the two monocular eyes configuration, the satel-
tinctive characteristics of black hole production would belites look down at Earth’s surface independently, therefore
large multiplicity events[3—5]. The event rates depend only one satellite will view an event. The EUSO experiment
strongly on the ratio of the minimum mass of the black holeuses the same principles as the OWL experiment, however it
and the Planck scale and to a lesser extent on the number isf proposed to be a single eye located on the international
extra dimension$4]. Recently, it has also been pointed out space station 380 km above Earth’s surface. The geometric
that cosmic ray detectors sensitive to neutrino-induced aireduction in viewing volume, going from two eyes to one, at
showers, such as the large Pierre Auger Observatory, coull lower altitude, results in a reduction in the event rate by a
detect black holes produced in neutrino interactions with théactor of ~0.2 compared to OWL. We will concentrate on
atmospher¢5-9], for example, from interactions of the cos- OWL event rates below.
mogenic neutrinos produced in the interaction of cosmic rays OWL detects ultrahigh energy neutrino interactions via air
with the cosmic microwave background. If interactions arefluorescence. The large interaction lengths of neutrinos mean
not detected, then cosmic ray detectors could provide corthat neutrinos initiate horizontal air showers. By setting an
straints on the fundamental Planck scale for any number ofngular threshold of column depti500 g/cm (zenith
extra dimension$5—10. angle greater than-50°) in the atmosphere, neutrino inter-

In this paper, we show that air shower telescopes such agctions are distinct from the hadronic and electromagnetic
the Orbiting Wide-Angle Light-Collectors Experiment showers initiated by cosmic ray41]. Because the electron
(OWL) [11] and the Extreme Universe Space Observatoryin electron neutrino charged current interactions carries a
(EUSO [12] have a very good chance of detecting blacklarge fraction (~-80% of the incident neutrino energgand
holes produced in interactions of ultrahigh energy neutrinosnitiates an electromagnetic shower, detection of standard
from extragalactic and cosmogenic sources and provide valunodel electron neutrino interactions is favored over muon
able information about the fundamental Planck scale and theeutrino interactions. So that we can compare black hole
number of extra dimensions. We investigate whether thevent rates with the standard model event rates, we concen-
OWL air shower telescopes can probe a region of parametdrate on event rates initiated by electron neutrinos and an-
space that is not accessible to LHC and Auger, and compatieutrinos. We comment on the multiplicative factors that
the reach of OWL with a krhunderground detector such as are relevant when muon and tau neutrinos plus antineutrinos
ICECUBE[13]. are included.
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107 E—rrrrrm T Eq. (1). The muon neutrino plus antineutrino flux is approxi-
E — rpt 3 mately a factor of 2 largef18]. The cosmogenic neutrino
ol e Cosmnto (standard) | flux by Engel, Seckel, and Stanev peaks at the same energy
1077k -~ Comio (strong) 3 [(2—3)x10® GeV] as the flux calculated by Yoshida and
SN . 1 Teshima 20] and by Protheroe and Johnd@i]. The flux of
ol N — Yoshida and Teshima is slightly narrower, while the agree-

T uu_‘ul
/

ment with the flux of Protheroe and Johnson is very good.
In the next section we review the black hole cross section.

E dN/dE {(em™® s7! ster™)

107 2 \ 3 This is followed by a discussion of the evaluation of the
: 3 OWL event rates and a comparison with the capabilities of

1071 _ ICECUBE. Our conclusions are presented in the final sec-
N tion.
C D ]

1 o ,(l,o ' lolm 10111 I Il. BLACK HOLE CROSS SECTION

E, (GeV . . . .
(GeV) At very high energies and at small impact parameters, in

FIG. 1. The cosmogenic electron neutrino plus antineutrino fluxthe case of large extra dimensions, neutrino-parton interac-
evaluated by Engel, Seckel, and Staneyifl]. tions will result in the creation of a black hole. For this to
happen, the center-of-mass energy has to be above the

Theoretical work has been done to set upper bounds oRlanck scalp,, s>M?2 and the impact parameter has to be
high energy neutrino fluxes from active galactic nucleimuch smaller than the Scharzschild radius i rt dimen-
(AGN) jets and gamma ray burst&RB) [15]. The bounds sjons.
are based on the theoretical correlations between the cosmic In this case, the neutrino-parton cross section is given by
ray flux and/or the extragalactic gamma ray flux and the
neutrino flux. These bounds have some model dependepce. &(vj—>BH)=7Tr§(MBH= \/g) o( \/E_Manll_‘n , )

An upper bound, depending on cosmic ray source evolution
discussed recently by Waxman and Bahfh], corresponds

o the i dN. /dE.— (1-5)x 10-8(E, /GeV) > wherer g is a Schwarzschild radius given by
ux v v - v

(GeVentssr) ! for the sum of muon neutrino plus an- 34n 1/(1+n)
tineutrino fluxes. The electron neutrino plus antineutrino lim- 2N (=32 | ——

) . 1 | Mgy

its are a factor of 0.5 lower and are dominated by the neu- = )
trino component. For convenience, we use Mp L Mp 2+n

dN,/dE,=10"8E,/GeV) 2(GeVentssht (1) Here, MQ,_L,”»MD para_lmetri_zes the C(_anter-of-r_nass energy
above which the semiclassical reasoning mentioned above is

for the sum of the electron neutrino plus antineutrino boundfassume‘j to be valid. It has been argued that in the case of

; ) : o mic r howers initi
In the case of bimaximab,« v, neutrino oscillations, as cosmic ray showers initiated by black hole decay, one can

favored by the Super-Kamiokande experimental das, relax thi_s constraint because the details. of the fml?l state are

half of the muon neutrino plus antineutrino flux oscillates not that importanf22]. In our StUdY’ we will varyM g, from

into tau neutrinos plus antineutrinos, yielding a ratio of 1:1:11*Mp to 10-Mp. We will considerMp=1 TeV for n

for electron, muon, and tau neutrino flavors, each of which~ 2:4:6. ) i

we take as limited by Eq). _ The n_eutrlno-nucleon cross section for black hole produc-
While the sources of ultrahigh energy cosmic rays are notion 1S given by

completely understood, cosmic ray fluxes are measured. As N

the cosmic rays must traverse a portion of the universe filed ;N BH)=>, _

with the 3 K background radiation, at sufficiently high ener- T J(mMg?rs

gies, neutrinos will be produced by photoproduction of

charged pions which decay into neutrifds]. We use here wheres is the center-of-mass energy squarse,2myE,,,

a new evaluation of this cosmogenic neutrino flux by Engeland f;(x,Q?) is the parton distribution function for partan

Seckel, and StaneM 8]. They have evaluated the electron [23]. All partons contribute, and the antineutrino-nucleon

neutrino plus antineutrino fluxe@nd muon neutrino plus cross section for black hole production is identical to €.

antineutrino fluxepusing photoproduction rates based on the Qualitatively, we are interested in cross sectionsNgs

event generatosOPHIA[19]. They have presented results for ~1 TeV, since one motivation for TeV-scale compactifica-

two models of source evolution, one with a parametrizatiortion is the gauge hierarchy problem. Scales much lower than

scaling like (1+ z)® for redshiftz<1.9 (standard evolution 1 TeV would be manifest in collider experiments by addi-

another scaling like (% z)* for redshiftz<1.9 (strong evo- tional contributions from virtual graviton exchange, requir-

lution). Their results for the sum of the electron neutrino anding Mp=1 TeV [22]. Direct graviton emission is already

antineutrino fluxes, foE,>10® GeV, are shown in Fig. 1, constrained by the CERNe"e~ collider LEP to Mp

along with a line associated with the approximate limit of >870 GeV forn=4 andMp>610 GeV forn=6 [24,25.

dxoBH(xs)fi(x,Q%), (4)
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102 tions in the range of tens of millibarns. As a result, even with

”vN(nb)

the enhanced cross sections for black hole production, the

10° g—r—r Ty our comments to the geometrical cross section.

F — n=4 ] From Fig. 2, we see that for the energies of interest for the
il e ¢ | OWL detector, the largest black hole production cross sec-
tions are on the order of £b. While these are larger than
100 the standard model neutrino-nucleon cross sections, they are

U™ 2T still small compared to typical strong interaction cross sec-

neutrino still penetrates deep into the atmosphere, as demon-

W e E strated below.
10° £ Mp=2 TeV lll. DETECTION OF BLACK HOLE PRODUCTION
zlo Tev : l | 3 WITH OWL
10—1 Lo iriin Lo [ R TITE Lo uain [ . . .
10° 10° 10° 10! 1012 The detection of neutrino production of black holes by
E, (GeV) interactions of neutrinos with nuclei in the atmosphere fol-

lows the same principle as detection of neutrinos via their
standard model interactions. Since neutrinos are weakly in-
eracting, they are more likely to penetrate the atmosphere in
he horizontal direction, whereas cosmic rays interact in a
shell about 20 km above the surface of the Earth.
. ) ] ) To estimate the critical cross section, below which the
The radii of n extra dimensions is of the ordeR  propapility of interaction in the atmosphere is peaked at sea
~2X10"'" cm (TeVMp)- (1.2 10" TeV/Mp)®". level, one can compare the column depth of the atmosphere

Deviations from Newtonian gravity over solar system dis-yyith the interaction cross section. The column depth at zenith
tances exclude the=1 andMp~1 TeV possibility[22].  angleg is

For n=2, submillimeter tests of the gravitational inverse-

square law constraikl >3.5 TeV[26] assuming two equal o

large extra dimensions. For larger valuesnpexperimental X= fo dxp(h(x,6)) ®)
nonobservation of deviations from Newtonian gravity do not

constrainMp>1 TeV. There are also astrophysical limits as measured along the particle trajectory from a point on the
from, for example, supernova coolirj@7], however these surface of the Earttiof radiusR.), in terms of the atmo-
are more model-dependent. spheric density p as a function of altitude h

In Fig. 2, we show the cross sections for black hole pro-= \/RZ +2xR, cos¢+x>—R, . To a good approximation, the
duction for two values of the number of extra dimensions,y 5. Standard Atmospher@976 [31] is

n=4,6, forMp=2 TeV as a function of incident neutrino
energy for several values &fig}}. We also show the stan- 1.225< 103 glent exp(—h/9.192 km),
dard model neutrino cross sectif@8]. For neutrino energies h<10 km
above 16 GeV, o(vN)=c(»N) to within 5%, so we need Panih) = 3
not distinguish bet(wegn inE:ide)nt neutrinos and antineutrinos 1.944x10°° gfen? exp(—h/6.452 km,
in our discussion. h=10 km.
ForMp=1 TeV, the cross sections are larger than in Fig. (6)
2, with the range of cross sections ©fL0—10° nb for the . . o
Numerically, the column depth for neutrinos arriving

; in_ —
same range of energies WhiE'=Mp . Eor M.D 3 Tev, vertically is 1¢ cmwe, while the column depth for neutrinos
at the highest energies, the cross sections in Fig. 2 are re-

duced by a factor of- 3. The standard model cross section is mving horlzontally s 3.6 .104 cmwe. By comparison, the
. A neutrino interaction length is

exceeded by the black hole production cross section in the

energy range of~10°— 10" GeV, depending om, Mp, N, =1.7%10° (o/nb) 1 cmwe, @

andMgy. !

There has been a suggestion by Volosf@9] that the so for o<o.;=5%10* nb, the horizontal column depth is
geometrical black hole cross section is an overestimate. farger than the interaction length. The black hole cross sec-
suppression factor that depends on the exponential of thiéon in Fig. 2 is below 16 nb for E,<10' GeV, soX/\,
black hole entropy has the effect of reducing the geometricak 0.2 for horizontal neutrinos. In fact, the cosmogenic neu-
cross sectior Eq. (4)] by a factor of ~1/3—1/8 for Mp trino flux falls with energy more rapidly thaE;2 above
=Mgy=1-3 TeV andn=4,6 in the relevant OWL energy E,~10° GeV, and the Waxman-Bahcall bound falls with
range: E,=10'"-10"2 GeV. For n=2, the reduction is E,?, so the bulk of the contribution to the event rate is at
more dramatic, as is the case wHdl}] is large comparedto E,<10" GeV whereX/\ ,<1.

Mp. This suppression, however, has recently been chal- The standard model electron neutrino effective aperture is
lenged by several authof30]. Thus, in this paper we restrict shown in Fig. 3 11]. At high energies, the effective aperture

FIG. 2. Cross section for the black hole production in neutrino-
nucleon scattering as a function of neutrino energyrfer4,6 and
Mp=2 TeV. We also show the standard model charged-curreni
cross sectionf28].
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FIG. 3. OWL electron neutringstandard modgleffective aper-

ture as a function of energy for 500 km, 2000 km satellite separaa ZlG' i IEt\)/enli rate p()jer yeafr for .blal(\;k r‘:‘(/)ll/? pfroductlorj plus stan-
tion and 2 monocular eydd 1]. ard model background as a functionMf}{/Mp, for cosmic(stan-

dard incidentv,+ v flux. The OWL rates are shown in the case of

roughly scales with energy as the standard model neutring@ menocular eyes forn=2,4,6 extra dimensions andp
gnly 9y =1,2,3 TeV. We also show separately the standard model event

nucleon cross section does. To a good approximation, all of
the energy of the decaying black hole is deposited into hadr—ates'
ronic or electromagnetic showers, just as all of the energy in, .
electron neutrino charged current interactions is deposited i IN SOUrces as represent_ed by D). Thes_e are shown for
the shower. Since the neutrino interaction length, even wheH'® two monocular eyes in Fig. 6. Foip=1 TeV andn
black hole production is included, is small, one may evaluate 4 We find that OWL would detect between 20 and 200
the number of black holes detected with OWL by rescalingevents per year, abo_ut .tWO orders of magnitude above the
the neutrino aperture for electron neutrinos by the ratio of thetandard model predictions. For largefp, the rates de-

_ min__
black hole cross section to the neutrino-nucleon standarfréase so that foMp=Mgy=2 TeV andn=4, there are

model charged current cross sectiargl): tens of events per year. FtMD:M_g“,L”=3 TeV andn=4
there are a handful of events with a background of 0.8
. oau(E,) dN, events. ' .
N=T eAnud B)—— dE,, The event rates above can be compared with contained
min oo(E,) dE, rates for electron neutrino interaction in a katetector like

ICECUBE. We find a handful of event in ICECUBE using an

where T is the duration of data takings=0.1 is the duty
cycle, Ay JE) is the OWL aperture as it appears in Fig. 3 R
[11], dN,/dE, is the neutrino flux, andgy(E,) is the cross B 2 Monocular Eyes
section for the production of black hole. :
The resulting event rates are shown in Figs. 4 and 5 for

the standard evolution and the strong evolutigr- v, cos-
mogenic fluxes of Engel, Seckel, and Stan&8]. We show
the results for the two monocular eyes configuration. The
stereo configurations have larger threshold energies which
gives smaller event rates. The standard model contributions
are also shown. In the case of the cosmogenic electron neu-
trino plus antineutrino flux obtained with the standard evo-
lution, the background from the standard model charged cur-
rent interaction is very smallabout 0.4 events per year
while the showers from black hole evaporation give two oqbe b o B b b
events per year foMp=MEg}'=3 TeV andn=4, and give 2 4 " m‘“/ia 8 10
between three and eight events fMp=2 TeV, Mg’ o
<4Mp, andn=4. As many as 100 events are possible with  FIG. 5. Event rate per year for black hole production plus stan-
Mp=1 TeV andn=6. The cosmogenic neutrino flux with dard model background as a function M"/Mp for cosmic
strong evolution gives larger event rates, by about a factor ofstrong incident v+ v, flux. The OWL rates are shown in the case
2, both for the signal and the background. of 2 monocular eyes fon=2,4,6 extra dimensions antp
Similar results for event rates are obtained with the=1,2,3 TeV. We also show separately the standard model event
Waxman-Bahcall bound on the neutrino flux from optically rates.

non
[

N(Mgy > Mpg™™)

N(SM)

T T,
H
1l ALl

COSMIC (STRONG)
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Tt T T T T T T neutrino plus antineutrino flux. The net effect is essentially a
2 Monocular Eyes o ::i . factor of 3, since generically, the neutrinos are coming from

100 e ity — m=6 7t —v,u"—v,v,ve’. Thisis borne out numerically in,
e 3 for example, the cosmogenic flux of Engel, Seckel, and
O . ] Stanev. This leads to a factor of 3 enhancement of all of the
B 10 black hole rates in Figs. 4—6. The standard model rates are
A not necessarily increased by such a large factor because the
§s charged lepton carries, on average, about 80% of the incident
= neutrino energy after the charged current interaction, leaving

the shower with 20% of the incident neutrino energy. For a

- Mp = 3 TeV flux falling like E;, ? and standard model cross sections that
[ F.=107"xE* increase like~ ES"‘ [28], the rate of hadronic showers from
oqbo b vy o b by Ly the charged current interaction will be suppressed by a factor
2 4 6 8 10 of ~(0.2)°6=0.4. By including all three neutrino flavors, the
Mes™"/Mp standard model rates increase by roughly a factor of 2. For

FIG. 6. Event rate per year for black hole production plus stan-thfe _contained rates induced by cosmogenic neutrinos with a
dard model background as a function MEI"M,, for dN,/dE, ~ Minimum shower energy around ?@eV, the standard
=10"8E; 2 incident neutrino flux. The OWL rates are shown in the Mmodel rates are increased by a factor-e8 for the total
case of 2 monocular eyes for=2,4,6 extra dimensions and neutrino flux. This is due to the relative insensitivity of the
=1,2,3 TeV. We also show separately the standard model evergvent rate to the minimum shower energy with the flatter
rates. shape of the cosmogenig,dN, /dE, below E,~10° GeV.

A related issue is the uncertainty in the event rates pre-
energy threshold of f0GeV for Mp=1,2,3 TeV, depending sented here due to the approximation that all of the black
on the value of the number of extra dimenSionS, for all threq“'_ﬂe energy goes into the showers. It has been argued that
fluxes. The standard model rates per year are 0083,  only ~75% of the incident neutrino energy ends up in the
0.09 for the Waxman-Bahcall bounddfl™ “ (standard cos- hagdronic shower associated with the black hole dgeay.
mogenic, strong cosmogenidlux with the same energy pgecause the black hole cross sections grow with incident
threshg!gj. Even with the most optimistic parameters,g neutrino energy like~ E(V"S— ES‘S, given dNV/dE,,~E;2
andMg=Mp=1 TeV, the Waxman-Bahcall boundéd = . 4r _ 075 the rates will be suppressed by (0.%3)
flux (standard cosmogenic, strong cosmogeaimual event _(0.750°5, between a 5-15% decrease in the rates. The
rates for downward contained events in ICECUBE are 8.0~ ! . . S
(3.9,10.5. OWL rates for the same parameters are on the | PPression will be even less for the contained cosmogenic
order of 100 events per year. Our ICECUBE rates agreéar;[]ﬁs since the shower threshold dependence is weak for
qualitatively with the recent results of Alvarez-Maret al. Eshr”lq3 GeV. ) L,

[32], who used a lower threshold energy, includedand v, Neutrino fluxes that consistently decrease kg~ will
fluxes, and had different assumptions about the shower ermost likely be seen at lower energy thresholds than consid-
ergy in the decay of the black hole. We comment on theered here, in detectors like ICECUBE. Alvarez-Nuet al.
consequences of these different assumptions for the OWin Ref.[32] have emphasized the differef@nd complemen-
rates in the next sections. tary) signals of muons, taus, and showers that can be used as

The OWL rates as shown in the figures are a factor ofdiagnostics. For the cosmogenic flux, the spectrum is such
more than 20 times higher than ICECUBE downward con-that higher energies are emphasized and larger volumes are
tained event rates with an energy threshold & GeV. Low- required.
ering the energy threshold for ICECUBE increases the event The OWL telescope has the capability of probing the cos-
rates for the Waxman-Bahcall flux bOUnd, but decreases thﬁ‘]ogenic flux farther than ground-based air shower experi-
signal to background ratio. The cosmogenic neutrino flux ispents. The nonobservation of an excess of shower events at
less sensitive to the energy threshold because it does not fagle AGASA air shower array led to limits on the black hole
~E;2 for E,<10® GeV. ICECUBE should be able to detect production parameters and requivg,=>1.3—1.8 TeV[22].
black hole eventéshowers and muohsvith E,~ 10° Gev i The OWL standard model rates are at the 1.5—3 events per
Mp=<2 TeV andn=6 [32], however at higher energies year |evel, depending on the flux, when one includes all fla-
OWL will have more sensitivity. vors of neutrinos. The rates for OWL are ten to hundreds of

events per year fal =1 TeV for MI"=1-10, even in the
IV. DISCUSSION case of the conservative evolution of the cosmogenic flux.

tron neutrino and antineutrino fluxes. Since the cross sectioWhich represents the upper bound for optically thin sources.
for neutrino production of black holes is lepton flavor-blind, Multiplying the black hole rates for cosmogenic fluxes in the
the black hole production rates can be multiplied by the ratidigures by a factor of 3 means that fdtg))=5(1)Mp, Mp

of the total neutrino plus antineutrino flux to the electron=3 TeV, n=6, the annual signal event rates will be on the
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