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Black holes from cosmic rays: Probes of extra dimensions and new limits on TeV-scale gravity
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If extra spacetime dimensions and low-scale gravity exist, black holes will be produced in observable
collisions of elementary particles. For the next several years, ultrahigh-energy cosmic rays provide the most
promising window on this phenomenon. In particular, cosmic neutrinos can produce black holes deep in the
Earth’s atmosphere, leading to quasihorizontal giant air showers. We determine the sensitivity of cosmic ray
detectors to black hole production and compare the results to other probes of extra dimensioms=¥Vith
extra dimensions, current bounds on deeply penetrating showers from AGASA already provide the most
stringent bound on low-scale gravity, requiring a fundamental Planck 84gle 1.3—-1.8 TeV. The Auger
Observatory will probéV ; as large as 4 TeV and may observe on the order of a hundred black holes in 5 years.
We also consider the implications of angular momentum and possible exponentially suppressed parton cross
sections; including these effects, large black hole rates are still possible. Finally, we demonstrate that even if
only a few black hole events are observed, a standard model interpretation may be excluded by comparison
with Earth-skimming neutrino rates.
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[. INTRODUCTION tory [11] as quasihorizontal, deeply penetrating showers with
distinctive propertie$13]. The possibility of BH production
Tiny black holes(BHs) can be produced in particle colli- by cosmic rays supplements possible sub-Planckian signa-
sions with center-of-mass energies above the fundamentalres of low-scale gravity17-21.
scale of gravity[1,2], where they should be well-described In this article we extend previous work to derive bounds
semiclassically and thermodynamicall§]. In conventional from the nonobservation of BH-initiated showers in current
4-dimensional theories, viz., where the Planck scalalata at the Akeno Giant Air Shower ArrgAGASA). We
~10* GeV is fundamental and the weak scatld TeVis also extend previous analyses of BH discovery prospects at
derived from it via some dynamical mechanism, the study ofAuger, and discuss in detail the possibility of distinguishing
such BHs is far beyond the realm of experimental particleBH events from SM events. A preliminary version of some
physics. Over the past few years, however, physicists havef these results was presented in Reg].
begun exploring an alternative approach to the long-standing We begin in Sec. Il with an overview of TeV-scale gravity.
gauge hierarchy problem, wherein the weak scale becomaae collect and review existing bounds on the fundamental
the fundamental scale of nature and the Planck scale is d&lanck scale in a uniform convention. In Sec. Il we discuss
rived from this, with the hierarchy in scales a consequence ofemiclassical BH production, including the effects of angular
large or warped extra dimensiof5]. If this is the case, the  momentum and the production of Kerr BHs, as well as the
fundamental scale of gravity can i TeV), and BH pro- proposed exponential suppression advocated by Voloshin
duction and evaporation may be observed in collisions 0f23,24. This is followed in Secs. IV and V by detailed dis-
elementary particlegs—10. cussions of cosmogenic neutrino fluxes and ground array ex-
If gravity indeed becomes strong at the TeV scaleperiments, respectively.
ultrahigh-energy cosmic rays provide a powerful opportunity — Our results for event rates and new limits on the scale of
to probe BH production at super-Planckian enerdies.  higher-dimensional gravity are presented in Secs. VI and VII.
Cosmic rays with energies-10'° eV have been observed We begin with current data from AGASA. The AGASA Col-
[12]. They interact in the Earth’s atmosphere and crust witHaboration has already reported no significant signal for neu-
center-of-mass energies100 TeV, far beyond the reach of trino air showers during an observation tirfliee) of 1710.5
present and planned manmade colliders. These cosmic ragays [25]. Given the standard assumption of a geometric
may therefore produce BHs, allowing cosmic ray detectors tdlack hole cross section, we find that this data implies the
test the existence of TeV-scale gravity and extra dimensionsiost stringent bound on the fundamental Planck scale to date
by searching for evidence of BH productiphl,13-18. A for n=4 extra dimensions, exceeding limits derivEtb]
particularly promising signal is provided by ultrahigh-energy from Fly’s Eye data[26] and also more stringent than the
cosmic neutrinos, which may produce BHs with cross seceonstraints from graviton emission and exchange obtained by
tions two or more orders of magnitude above their standarthe CERNe*e™ collider LEP[27] and DO[28] Collabora-
model (SM) interactions. These BHs will decay promptly in tions. In Sec. VII we then consider the prospects for BH
a thermal distribution of SM particles. Of the order of a production at the Auger Observatory. Tens of black holes
hundred BH events may be detected at the Auger Observanay be observed per year; conversely, nonobservation of
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BHs will imply bounds as large as 4 TeV on the fundamentalquence of the existence of large compact dimensions is the
Planck scale. deviation from Newtonian gravity at distances of ordgr

In Sec. VIII we note that comparison to Earth-skimming For n=1 andMp~1 TeV, r.~10" cm, implying devia-
neutrino event ratef29-33 allows one to distinguish BH  tions from Newtonian gravity over solar system distances, so
events from SM events. This point was noted already in Refihis case is empirically excluded. Far=2, sub-millimeter
[11], but was not considered in R¢fL6], leading to weaker tests of the gravitational inverse-square law constidig
conclusions. Here, we consider this point quantitatively and. 1 g Tev [41]. For n=3, r, becomes microscopic and

find that, even with a handful of BH events, a SM explana-yeefore eludes the search for deviations in gravitational
tion may be excluded based on event rates alone. If Seehaasurements

black holes created by cosmic rays will provide the first evi-
dence for extra dimensions and TeV-scale gravity, initiating
an era of detailed study of black hole properties at both cos-
mic ray detectors and future colliders, such as the CERN In the presence of large compact dimensions, however,
Large Hadron CollidefLHC) [9,10,33—3T. Our conclusions  the effects of gravity are enhanced at high energies, due to

B. Astrophysical bounds

are collected in Sec. IX. the accessibility of numerous excited states of the graviton
[referred to as Kaluza-KleirfKK) gravitons[42]], corre-
Il. EXISTING LIMITS ON LOW-SCALE GRAVITY sponding to excitations of the graviton field in the compac-

. : . . : tified dimensions. For low numbers of extra dimensions, by
Depending on the dimensionality and the particular form o -

; : far the most restrictive limits on the radii of large compact
of spacetime, the gauge hierarchy problem may be reex:

pressed as a hierarchy in length scales. In the canonical eglmens!ons come from the effects of KK graviton emission
ample[4], spacetime is a direct product of a noncompact” cooling of supernovae, and from neutron star heating by

4-dimensional spacetime manifold and a flat spatisorus KK decays [43]. For n=2 the latter reguiresMD
of common linear size 2r, and volumeV,,= (27 )". Only >600-1800 TeV, far above the weak scale; for 3, the

gravity propagates in the full (#n)-dimensional spacetime; Pound isMp>10-100 TeV. These limits apply only for the
all others fields are confined to a 3-brane extended in thaltuation where all extra dimensions have the same compac-
noncompact dimensions. Here, the low energy 4-dimensionaification radius. In the general case, the bounds could be less

Planck scaléM p, is related to the fundamental scale of grav- "estrictive.
ity in (4+n) dimensionsM, , according to
C. Collider bounds
MgleiMVn:Vn/G(Mn)- oy For n=4 extra dimensions, only high energy collisions

_ , . . ) . are useful as probes. The effects of direct graviton emission,
with G4 n) defmedl by the (4 n)-dimensional Einstein jnq|,ding production of single photons &fs, were sought at
field equationRag—39as= —87G(44mTap- In What fol- | Ep 144] The resulting bounds are fairly model-
lows it will be convenient to work with the mass sc#88]  jndependent, as the relatively low energies at LEP imply a

negligible dependence on the soft-brane damping factor dis-
Mp=[(2m)"/8m]"" "M, , D=4+n. @ cussed below. Fon=4(6), these null results implyMp
>870(610) GeV27].

The effects of low-scale gravity can also be seen through
virtual graviton effects. These are most stringently bounded
by the DO Collaboration, which recently reportd@8] the
first results for virtual graviton effects at a hadron collider.
The data collected afs=1.8 TeV for dielectron and dipho-
ton production at the Fermilab Tevatron agree well with the
SM predictions and provide the most restrictive limits on an

ffectiveextra-dimensional Planck scale foe4. This scale
ﬁcalled A+ in [38], and related toMg in [45,4€]) simply
parametrizes the KK graviton exchange amplitudes for these
processes: except for the different conventions used, they
simply convey the experimental limit in terms of an energy-
independent four-point function. In the context of low-scale
gravity, the effective scale depends on bG{f , ,) and on an
ultraviolet cutoff on the contributing KK modd$88,45,44.
This cutoff represents the energy where emission of graviton
) ) modes from the brane into the extra dimensions are damped

A. Bounds from Newtonian gravity by the effects of a nonrigid brane, and it is expected to be of

The provocative new features of these scenarios have m@rderG(;ﬂ’(r?)*Z) .
tivated many phenomenological studies to assess their ex- In this work we will use a Gaussian cut¢#7,48, which
perimental viability. Naturally, the most obvious conse-emerges if one includes in the interaction the brane Gold-

If r. is significantly larger than the Planck length, a hierarchy
is introduced betweeMp and M, and gravity becomes
strong in the entire (4 n)-dimensional spacetime at the
scale M far below the conventional Planck scalp,
~10 GeV. Our conclusions will be essentially unchanged
for more general “asymmetric” compactifications, with, e.g.,
p “small” dimensions with sizes<TeV™! and ngz=n—p
large extra dimensior89]. (Note, however, that in this case,
the production of brane configurations wrapped around sma
extra dimensions may be competitive with black hole pro-
duction[40].) Many of our results for black hole production
and detection also apply for warped compactificatidisin
which the curvature length is much larger than a TéV
Hereafter, we will focus our discussion on bounds in flat
compactification scenarios. In the figures, for 1 results,
warped scenarios are implicit.
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stone modes. With this cutoff, a form facter ™ 21272 is in- TABLE I. 95% C.L. lower limits onMy from the DOCollabo-

troduced at each graviton-matter vertex, whexis the mass ~ ration at the Tevatron.
of the graviton and\ parametrizes the cutoff. In real gravi-

ton emission processes, the effect of the cutoff is somewnhat AMp Mp, min (TEV)

alleviated because of finite cuts on the missing energy. How- n=3 n=4 n=5 n=6 n=7

ever, at LHC energies, the corrections become significant

[49] in the expected regioh <My, and are of order 100% 0.5 0.98 0.80 0.70 0.63 0.58

when A/Mp=0.5. For virtual processes, the-channel 0.6 1.02 0.88 0.80 0.76 0.73

diphoton or dielectron amplitude has the fof&8,45 0.7 1.06 0.95 0.90 0.89 0.88
0.8 1.10 1.01 1.00 1.01 1.04

A=8(s)T 0.9 1.13 1.07 1.09 1.14 1.21
1.0 1.16 1.13 1.18 1.26 1.38
S 877 1
®= M3 7 m?—5

ing from their nonobservation. In particular, far=4 to 7,
the quoted lower limit orM comes from the nonobserva-
TATY 3 tion at DO of processes involving KK gravitons. The spec-
n+2 #° " trum and interactions of KK gravitons are model-dependent,
to an increasing degree at increasing scales abtye Here
where the sum o denotes a sum over the KK graviton we describe a more universal and model- -independent predic-
modes, labeled by an-dimensional lattice vectof, with tion of low-scale gravity scenarios: the production in particle

graviton massesn=||/r.. The first and second,,’s are collisions of microscopic BHSs.
the stress tensors for the incomimgy,gg and outgoing

T=T,,TH -

e"e",yy states, respectively, angs is the parton center-of- A. Geometric cross section

mass energy. The sum dnmay be approximated by a con- It has been arguei®] that BH formation should occur in

tinuous integration over KK masses, modified by the cutoff the scattering of two incident particles when their impact

with the resulf38,45 parameter is approximately less than the Schwarzschild ra-
dius of a BH of mass equal to their center-of-mass energy

2 =
S(3)= Sn-1 J m"~ tdme A @ \/; This suggests a geometric cross section
M2+n 0 m —S R
D o~ 7TI'§, (6)

where explicit integration over the—1 angular variables
leads to the factoB,_;=27"4T(n/2). The connection to where
an effective four-point contact interaction in R€f38,45,44

is made by setting=0 in Eq. (4). This allows an explicit n+3\1Yan
; - . . on(n=3)2p 2
evaluation of the integration oven, with the result(for n 1 MB 1/(1+n)
=3) rs(Mgy) = Moy e
0 A\"2 1 Ax 5 0
S(0)= " n =2\ Mgy M_é_A_i' )

is the radius of a Schwarzschild BH of maM;BHZ\/g

In the last line we have used the convention of FR88] to [50,57] in 4+ n dimensions. Even if the incident particles are
parametrize the four-point amplitude. At 95% C.L., the Teva-StUCk on the SM brane', the ,blaCk hgle formed should.be
tron data requiré\t>1.2 TeV. With the use of Eq5), this treated asa fully (+ n)-dlmensmnal object inan asymptoti-
allows us to generate Table I, which shows the bounds oY Minkowskian spacetime, as long agis small com-
Mp for n=3,...,7 and 0.5A/Mp=<1. It is important to Pared torc. _ e _

note that(except for small variations for the case of Ref.  The cross section E¢6) grows likes , more rapidly
[46], which permits a sign ambiguity in the amplitydeable ~ than any SM cross section. Thus, at energies sufficiently far
| is independent of the conventions in [38,45,46k can see aboveMp, BH production is expected to become the domi-

that the lower bounds oM, depend on both andA. Typi-  nhant process. Ipp collisions at the LHC, rates as high as
cally, Mp min=1 TeV. 10% events per year have been predicted in scenarios with
' Mp~1 TeV[9,10.
Ill. BH PRODUCTION IN PARTICLE COLLISIONS In our investigation of BH production by cosmic rays, we

will be most interested in collisions of neutrinos with atmo-
The preceding section discussed some potentially obsenspheric nucleons. Since, at the energy scale of interest, gravi-
able consequences of scenarios with TeV-scale gravity, antétional cross sections will be far smaller than the geometric
the limits on the scale of higher-dimensional gravity result-area of a parton, we write theN cross section afl1]
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FIG. 1. Cross sections(¢vN—BH) for n=1, ...,
sectionszr? (left) and 7rr2e ™ 'e (right). The SM cross section(vN—

o(vN—BH)= >, '

T J s

dxoi(Vx9)fi(x,Q), (8

wheres=2myE, , the sum is over all partons in the nucleon,
and thef; are parton distribution functions. We set the mo-
mentum transfeiQ=min{Mg,,10 TeM}, where the upper
limit is from the CTEQ5MA1 distribution functions2]. The
cross sectiowr(vN— BH) is highly insensitive to the details
of this choice [11]. For example, choosing instea@
=min{r;*,10 Te\} [14] changes BH production rates by
only 10% to 20%. For the conservativefluxes considered
below, our results are also insensitive to I&vFor concrete-
ness, however, we extrapolatexer 10~ ° assuming a power
law behavior f;(x,Q)xx [ *M(Q1 ] Finally, Mg} is the
minimal BH mass for which Eq6) is expected to be valid.
The appropriate choice df§}} is subject to theoretical un-

BH
certainties, as discussed below. We define

Xmin= M gli-?/M D

9

and present results for varioussk,,;,<5. The dependence
of our event rates oR,, is found to be rather mild.

PHYSICAL REVIEW B5 124027

106

7 from below forMp=1 TeV, x,i,=1 (solid) and 3(dashed, and parton cross

{X) (dotted is also shown.

are still far larger than the Earth’s atmospheric depth, which
is only 0.36 kmwe even when traversed horizontally. Neu-
trinos therefore produce BHs uniformly at all atmospheric
depths. As a result, the most promising signal of BH creation
by cosmic rays will be quasihorizontal showers initiated by
neutrinos deep in the atmosphere. For showers with large
enough zenith angles, the likelihood of interaction is maxi-
mized and the background from hadronic cosmic rays is
eliminated, since these shower high in the atmosphere.

Once produced, the BH will Hawking evaporate, provided
the semiclassical approximation is valid. In this case, a
Schwarzschild BH will behave like a thermodynamic system
with temperature

n+1
H=47Trs (12)
and entropy
+3)/2
_ 27(n+3) ni2_ 47 Mgy s (13

n+3
2

n+2

)rs

4G,T

Cross sections for BH production by cosmic neutrinos are

given in Fig. 1 forMp=1 TeV; they scale as
(2+n)/(1+n)

o(vN—BH)x (10

M2
Mb

The SM cross section farN— ¢ X is also included for com-
parison.(Note that cross sections rise with increasmfpr
fixed Mp, whereas they decrease for increasmfpr fixed
M, .) As noted in Ref[11], in contrast to the SM process,

According to the semiclassical description, a BH pro-
duced in a scattering event should be regarded as an inter-
mediate state, which decays on a time scale

|

Sincer<10 % s forMp=1 TeV andMg,<10 TeV, the
decay is effectively instantaneous. In the decay process, par-

1
e~ —

Mp

Mgy

(3+n)/(1+n)
My ) (14

BH production is not suppressed by perturbative couplingsicles will be radiated into all available SM channels, into
and is enhanced by the sum over all partons, particularly thguanta with energies typically of orddi, or above. These
gluon. As a result of these effects, BH production may ex-decays are predicted to lead to highly distinctive signals in
ceed deep inelastic scattering rates in the SM by two or moreollider eventd9,10,33, with high multiplicity, large trans-

orders of magnitude.

verse energy, hard leptons and jets, and a characteristic ratio

Although greatly reduced by the cross section for BH pro-of hadronic to leptonic activity.

duction, neutrino interaction lengths

b
L=1.7x10" kmwe (p ) (11

g

The magnitude of the entropy determines the validity of
this picture. Thermal fluctuations due to particle emission are
small whenS>1 [53], and statistical fluctuations in the mi-
crocanonical ensemble are small fofS>1 [9]. For
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Mgy/Mp=5, Eq.(13) givesSranging from 29 fom=4 to 1. Mass ejection
25 forn=7. ForMgy/Mp=3 (or 1), Sis about 13or 3) for Classical general relativity calculatiof4] indicate that
n between 4 and 7. the mass of a BH formed in a head-on collision is somewhat

In searches for BH mediated events at colliders, it is estess(about 16% lessthan the total center-of-mass energy. At
sential to sek,,, high enough that the decay branching ra-least in four dimensions, this suggests that the formula Eq.
tios predicted by the semiclassical picture of BH evaporatiori6) should be modified by replacingrg(Mgy) by
are reliable, as there are very large QCD backgrounds, and(0-84Mg), leading to a slight reduction of. Very re-
the extraction of signal from background relies on knowingcently, corresponding calculations in more than four dimen-
the BH decay branching ratios reliably. This is especiallySions have been presentgis).
true if one is attempting to determine discovery limits, where
the overall rates for BH production are not necessarily large.
Thus, in collider searches, a cutoff ®f;,=5 or more may The analytic techniques used to study head-on collisions
be appropriate. are not applicable to collisions at nonzero impact parameter.

By contrast, the search for deeply penetrating quasihoriThus the claim that a BH will be produced whem
zontal showers initiated by BH decays can afford to be mUC@rS( \/g) can only be expected to be true up to a numerical
less concerned with the details of the final state, since theyctor.,
background is, relative to colliders, almost nonexistent. As a One issue that arises at nonzero impact parameter that we
result, the signal relies only on the existence of visible decayan address is that the BHs formed will have angular mo-
products, which, in this context, includes all particles othermentum[34]. In particular, the Schwarzschild radius appear-
than neutrinos, muons, and gravitons. Indeed, there is vemyg in the formula Eq.(7) should more accurately be re-
little about the final state, other than its total energy and tqjaced by the radius of a Kerr BH of the appropriate angular
some degree its multiplicity and electromagnetic componeniomentum. This will alter the critical impact parameter at
[13], that we can reasonably expect to observe, since deta"%ﬁhich a BH will form, for givens. For two particles each of

reconstruction of prompt decay particles is not possible af,orqvE in the center-of-mass frame colliding with impact
cosmic ray detectors. Thus, it seems reasonable to cho0se,grameten, the total angular momentum with respect to the
significantly lower value oMgy' than is needed for collider anier of mass i9=2(b/2)E=bMg./2. So the maximum

searches; in our estimates of rates below we will \kgas  jmpact parameter at which a BH will form should occur at a

low as 1. While BHs of mass arouM;, will be outside the  ajye ofb for which the radius ((M,J=bMgy/2) of a Kerr
semiclassical regime, it seems quite reasonable to expect th8ly andb are equal. The Kerr radius satisfigo]
they, or their stringy progenitors, will nevertheless decay vis-

2. Angular momentum

ibly, whatever stringy or quantum gravitational description Mpu=cCnri [ri+(n+2)232/4M3,]
applies. _
As an illustration, we examine the scattering in the string =calk '[re+(n+2)%b?/16] (15

regime. Fom=6 large extra dimension$s~g*M, (Mg
= string scale; gs=string coupling). As shown irf1], the
string cross sectiowr saturates to~ 1/M§ for \/§>Ms/gS MBHzcan+l[1+(n+2)2/16]. (16)
(or in terms ofM, , o~M_?g; 2 for \/§>M*/g§’4). As _ _ -

noted in[36] this matches the classical black hole cross secSince for a Schwarzschild B g =c,rs" ", the cross sec-
tion at an energMg/g2~M, /g”*. Thus, if g5 is not too ~ tion I Eq. (6) should be corrected to

small (implying a small hierarchy betweeévl; andM,), the
transition to the geometric cross section is rapid. In this work

with ¢, ann-dependent constant. Setting=b we get

a'% Wrﬁ(MBH,J)

we adopt a minimum energf~MDz3M* (for n=6), so =[1+(n+2)2/16]’2’(”“)7rr§(MBH). (17
that while there are probably stringy corrections, the cross
section should be substantially geometric. For 1=n<7, the correction factor is remarkably stable,

ranging from 0.62 to 0.64. This result has been recently con-
firmed[55] in a classical analysis of black hole formation for
B. Uncertainties in the cross section collisions with nonzero impact parameter. We see, then, that

Although the details of the process by which BHs decay’ncluding the effect of angular momentum also leads to a

are not of great concern to us, the production process is ofnall reduction o
central importance, since our rat@nd the lower limits we
will be able to set orMp) will depend directly on the form
of the cross section. It should be emphasized that the heuris- While the corrections related to mass ejection and angular
tic arguments on which E@6) is based only determine up  momentum both appear to decreasdy factors of order 1,

to an overall factor of order one. Even at the classical levelanother potential correction to the naive cross section&q.

our conclusions could be significantly affected by theoreticacould enhance it by a more-than-compensating factor.
uncertainties in this factor, four sources of which we nowNamely, the critical impact parameter may be somewhat
discuss. larger than the radius of the BH formed. An argument that

3. Subrelativistic limit

124027-5
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supports this conjecture may be given in the case where thhe enhancement suggested by this definition of the cross
incident particles are subrelativistic with rest mass approxisection could be significant and could easily offset other pos-
matelyE=Mgy/2. In this case, the incident particles may besible reductions.

treated as BHs with maddlg/2. If b<2r (Mgy/2), they

will touch as they pass, and thus merge into a BH of mass

. . . I ion?
Mgy. In this regime, we expect as an approximate lower C. Exponential suppressions

bound ono of Quantum mechanical corrections to the amplitude for BH
production may be even more significant than classical un-
certainties. In particular, Voloshif23,24] has proposed that
o= mh?= [ 2r (M g/2) ]2= 4" Drp (M )2, p 123,24 has prop

(18) the cross section of E¢6) should be modified by an expo-
nential suppression factor

For largen, the correction factor approaches 4. Of course, o~ wrge"E, (21)
the situation may change considerably in the ultrarelativistic
limit, but this estimate, in a limit that we understand, at least ) ) ) )
makes it plausible that the correct coefficient in E&).might with I the Euclidean Gibbons-Hawking action for the BH,
be larger than 1. Thus our choice to take 72 may well  Which, in terms of the entropy of E¢13), is
turn out to be conservative.

S

4. Gravitational infall and capture le= nrl (22

It could also be argued that the cross section of (Bgis
too small, because it supposes that a black hole only forms ) » ) )
when the two particles come within a Schwarzschild radius " Part, Voloshin's critique is based on previous attempts
of each other, when in fact we expect that gravitational col{0 calculate amplitudes for the production of classical field
lapse will occur for somewhat larger impact parameters a§onfigurations(in which the multiplicity is greater than the
well. Another problem with Eq(6) is that while the cross nverse coupling fr_om initial quantum states. The intrinsi-
section is measured with respect to the flat geometry of th&ally nonperturbative nature of such processes suggests em-
asymptotic region, the Schwarzschild radius is a property oP!0Ying an instantonlike approximation, which could lead to
the highly curved region close to the singulafig]. exponential suppression. Such an approach can be taken

A better measure of the cross-sectional area associat&Yen for processes that are semiclassically alloedh as
with a black hole of given mass, which overcomes thesdnulti-Higgs productior} 59,60)) that do not require tunneling
objections, is given by the classical cross section for photoff? Order to take place. The problem is not yet solved. For
capture[57]. If a beam of parallel light rays is sent in to- example, a recent lattice S|mulat|{>ﬁ1]_ s_hows no ewdence_
wards a Schwarzschild black hole from the asymptoticallyfor the enhancement of large multiplicity amplitudes mani-
Minkowskian region of spacetime, the black hole’s classicaf€st in perturbation theory, perhaps counter-indicating the
cross section is defined to be the cross-sectional area of th@rmation of a classical field state in the quantum collision.
portion of the beam that gets captured. In four dimensions, e are cognizant of the uniqueness of gravitatuch as
one finds from the geodesic equatitsee, e.g., Refl57])  the onset of strong coupling fexr>M%), and the support in
that favor of the geometric cross section based on classical cal-
culations for both vanishinfp4] and nonvanishing55] im-
pact parameter. An additional supporting argument based on
a string calculation has been givg36], and the applicability
of CPT arguments when comparing black hole formation and
independent of the energies of the incoming phot¢fiae  decay, an element in Voloshin's criticisfi23], has been
relevance of this cross section for black hole production haguestioned58,62. Nevertheless, for completeness, we will
been independently argued in RES8].) The maximum im-  also present results below for the exponentially suppressed
pact parameteb, at which capture occurs is about 2.6 times Cross section of E¢(21). For cosmic rays, we will see that
as large as the Schwarzschild radius, and the cross sectiong¥en with Voloshin's suppression factor included, useful
enhanced by a factor of 27/4. A straightforward extension opounds will emerge after 5 years of operation of Auger.
this calculation to Schwarzschild black holes i#t#4 dimen-
sions giveq 7]

o=mb%=277G2M?2,,, (19
[ 4"V1BH

IA somewhat more refined estimate of the cross section would
take into account the rotation of the black hole. One may derive a
(20) geodesic equation for null geodesics in the equatorial plane of a
rotating black holgsince the incoming particlesre in the equato-
rial plang, and calculate the impact parameté¢M g, ,a) at infinite
distance from a black hole of mad4gy and rotation parametex
For n=1, the cross section is 4 times larger than the crossas defined in Ref$50,57)). In four dimensions, the extremal value
section of Eq(6), and forn=7, it is still 87% larger. Thus a=Mgy givesb=2Mgy,, reproducing the cross section of £§).

(3+n)WAE+n/(1+n)

be 21 1o s
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IV. THE COSMOGENIC NEUTRINO FLUX

Among the many possible sources of ultrahigh-energy Is:;\
neutrinos, the cosmogenic flux is the most reliable. This neu- = 3
trino flux relies only on the assumption that the observed &
extremely high-energy cosmic rays contain nucleons and are ¢ ~
primarily extragalactic in origin. If the charge of the prima- g 3
ries satisfieZ<(1), asrecently reported63], an extraga- 3 ]
lactic origin is almost guaranteed, as the observed nearly _»
isotropic angular distribution strongly disfavors galactic disk =
sourced 64]. Moreover, even if the absence of the Greisen- E 3
Zatsepin-Kuzmin(GZK) cutoff [65] on cosmic ray energies ° :
is a reflection of our coincidental position near a nucleus or M ;9-3

" ) 7 8 9 10 11 12
nucleon-emitting source, one still expects the full cos- 10 10 1% (Gl%) 10 10
mogenic neutrino flux. v (b€

Briefly, the argument for this is as followt56]: the FIG. 2. Cosmogenicv,+ v,+ v, fluxes from Protheroe and
. : o . 2. nar
Iénown astrophysical enr\lllronmer(mthlnfal fe".V Mpc O.f }he Johnson with an energy cutoff 0b&10?* eV (solid) [70], Hill and
arth are not amO”Q the m.ost powgr ul, bl prlnC|p o . Schramm(dashedl[72], and a previous estimate by Stecker without

can produce hadronic cosmic rays Wlth the_deswed energieg, rce evolutiordotted [68]. See text for discussion.
when parameters are stretched to their limits. Thus if these
|1e;23 p\)/ov_\;erful ¢ EOLiLCGtS can acc?l?:ja}t? rtJartches ﬁbovgdditional contributions from semilocal nucleon sources, we

eV, it must be that more powerful distant sour¢gsc also consider below the cosmogenic neutrino flux estimates

as Fanaroﬁ—RiIey I radiogalaxia?span 'accelerate protons .of Hill and Schramm(HS) [72], which are also given in Fig.
above the photopion threshold, giving rise to the coSmogenis » 1, estimate of Stecker is also given there. As noted in

neutrino flux. Moreover, the approximately smooth power[ll] th ; -
. 9 , the PJ, HS, and Stecker fluxes all yield approximately
law behavior of the observed spectrum abové’16V [12] the same rates for BH production.

seems to indicate that any “local source” contribution should We stress that the PJ flux agrees with the most recent

be comparable to that of all other sources in the UNIVErS€,qtimate[71] in the entire energy range, whereas the spec-

OthteLv_wse, fone SthOlild mvoket ?n tz;pparentlyt/h m'racu:otﬁrum obtained in earlier calculatio§9] is somewhat nar-
matching of spectra to account for the Smoothness ot thg,, . probably as a result of different assumptions regard-
§pectrum. This sm.oothnes_s will prowde_ the baS|§ for Obtalr]ing the propagation of protons. The PJ analysis is performed
:ng the cosmogenic neutrino flux, as discussed in what fOIi/vithin Friedmann cosmology with vanishing cosmological
OWS. constantA, go,=0.5, andHy,=75 kms ! Mpc !, assum-

noght?' Cr:jg] q rsag'glz gﬁgerﬁgg’_ t:]oedsect(':gr?msogzrllllT(ﬂrl)eur:rlhg an extragalactic magnetic field of 1 nG and a source
» 11199 y pion p production, IS wi W spectrum proportional t& 2 up to redshiftz=9. The ex-

o e e o fensin o cosmaloicl models Wik o nl i
. gical evol Y . duce remarkable changes. For example, fp3=0.3 and
their proton injection spectrg69—-71. The high energy tail - ; s
. ; D () ,=0.7, the neutrino flux is increased by a factor<of.7
of the neutrino spectrum can also receive a significant con-.
o . , 71].
tribution from semilocal sources, such as the Virgo cluste
[72]. Additionally, there is a weak dependence on the details
of the cosmological expansion of the universe. For exampley. ACCEPTANCE OF SURFACE ARRAYS FOR NEUTRINO
a small cosmological constant tends to increase the contribu- SHOWERS
tion to neutrino fluxes from higher redshifftg1]. . . )
In our analysis we adopt the cosmogenic neutrino flux Jltrahigh-energy cosmic neutrinos may be detected by

estimates of Protheroe and Johng®3) [70]. We consider ground arrays and fluorescence detectors on the surface of
. — . . s ... the Earth, as well as by space-based fluorescence detectors,
their v,+v, estimate with an injection spectrum with

. - and neutrino telescopes beneath the Earth’s surface. Here we
E_cutoff:3><102 eV. In addition tov, andw,,, electron neu-  concentrate on ground arrays, and consider two prominent
trinos also contribute to blac_k hole production. In the h'ghexamples: AGASA, the largest surface array currently in op-
energy peak, the,, v, , andv, fluxes are nearly identical eration, and the Auger Observatory now under construction.
[71], and we include thig, flux in our analysis. The study of AGASA consists of 111 scintillation detectors each of
PJ incorporates the source cosmological evolution from estiarea 2.2 rh, spread over an area of 100 krwith 1 km
mates[73] of the power per comoving volume injected in spacing[75]. The array detectors are connected and con-
protons by powerful radio galaxies, taking into account thetrolled through a sophisticated optical fiber network. The ar-
radio luminosity functions given in Ref74]. The shape of ray also contains a number of shielded scintillation detectors
the resulting neutrino spectrum is shown in Fig. 2. The fluxwhich provide information about the muon content of the
peaks aroundE~2x10'" eV, which is roughly the same showers. The full AGASA experiment has been running
energy suggested by other analyses following a source evaince 1992, and has recorded the majority of events claimed
lution proportional to (#z)* [69,71. To explore possible to have energies above the GZK cutoff.
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FIG. 3. Slant depths corresponding to various zenith angles FIG. 4. Ground array acceptances for quasihorizontal air show-
6. ers at the Auger Observatofgolid) and AGASA(dashed See text
for discussion.

The Auger Observatory is a hybrid experiment, with two ) .
sites(one in the northern hemisphere and one in the southef fully contained showers, a value @, below 90° is
ern), each covering an area of 3000 kmnd consisting of required for showers to deposit all of their energy within the
1600 particle detectors overviewed by 4 fluorescence deteéfay- _ _ , ,
tors [76]. The surface array stations are cylindrical water ~Reliable Monte Carlo simulations to determine Auger's
Cerenkov detectors with area 102jspaced 1.5 km from acceptance for quasihorizontal showers have been performed
each other in a hexagonal grid. Event timing is made posPY several grouppr9,84. Of course, the acceptance depends
sible through global positioning system receivers. The opti" the amount and type of energy generated by neutrino
cal system uses the fluorescence technique pioneered by tigeractions in the atmos+phere. For example, the charged cur-
University of Utah’s Fly's Eye detectof77]. “Golden ~ rent interactionv,p— w "X produces a muon that carries
events,” events detected by both methods simultaneousljaPProximately 80% of the incoming energy and is not detect-
will be extremely valuable for experimental calibration. @bl at Auger. Acceptances for both electromagnetic and had-
However, atmospheric fluorescence detection is possiblEPNiC showers have been determined in iR@@). BHs decay
only on clear, dark nights, and so the golden event rate i§1€rmally, according to the number of degrees of freedom
expected to be less than 10% of the total event rate. yavailable, and so their decays are mainly hadronic. We there-
consider only the ground array below. The full southern sitdore adopt the hadronic acceptance of R&0] |ncLud|ng
is scheduled for completion in 2003. Its engineering array, aPartially contained showers with zenith anglés 75°. The
1/40 of the full size, is now complete and is already detectincceptance is given in Fig. 4. Partially contained showers,
giant air shower§78]. where the shower axis does not pass through the array, do not

A surface array’s acceptance for neutrino detection ma)$;ontribute significantly to the Auger acceptance for shower

be expressed, in units of Kmwater equivalent steradians €nergies below 16 Gev. .
(kmiwe sr), ag79] The AGASA Collaboration has searched for deeply pen-

etrating shower$25,81. In these studies, they find that, for

showers with energy above Y0GeV and the requisite ze-
hmax Po nith angle, the detection probabilit® becomes effectively
100% and independent of altitud25]. For these energies,
then, Eq.(23) may be rewritten as

gmax
A(E)=Sf ZwsinedHJ

Omin 0  Pwater

x e "HP(E, 6,h)dh, (23
max 0

A(E>10"° Ge\/)~(smeﬁ(E)foh e "Hdh, (249

Pwater
where S is the area of the ground arrayy~1.15

X 10 3pyaeris the density of the atmosphere at ground level where
H~8 km, h,,=15 km, andP(E, 6,h) is the probability of ,
detecting a shower with enerdy and zenith angle that _ max ;

begins at altituddr. The minimum zenith angle is set by the (Sﬂ)eﬁ(E)_Sf 2m sinoP(E, 0)d6 @9
desire to separate deep neutrino-initiated showers from far

showers initiated by hadronic primaries. Typically, a mini- is the “effective areax solid angle”[82]. Acceptances for
mum zenith angle in the range 60%9,,,<75° is imposed. extremely energetic showers may then be quoted in terms of
This range corresponds to atmospheric slant depths of 2003(2).¢. The AGASA Collaboration has searched for deeply
to 4000 g/cr. (See Fig. 3. The maximum zenith anglé,,,  penetrating showers of any origin in RéB1]. They find
varies from analysis to analysis. For example, in an analysisone with energy above 10 GeV in 9.7x10" s of expo-

Omin
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sure. Given an upper bound of 2.44 events at 90% C.L., then, a0l | I | I | I
they derive a flux limit for deeply penetrating showers of L

1.9x10 1 km 2 sr! s!,  which implies Q) s ]
=132 knt srfor quasihorizontal air showers. Equivalently, i _,—,_
given Eq.(24), the AGASA acceptance for neutrino initiated i 4,—,__
events is ]

A(E>10" GeV)~1.0 knfwe sr. (26)

My (TeV)
|
|

This acceptance is roughly 30 times smaller than the neu- | I
trino acceptance of Auger, as one would naively guess from 5 [
the ratio between the Auger and AGASA surface areas. For
lower energies, since the separation between detectors is | | | | | | |
smaller at AGASA than at Auger, a conservative approach is 0.5 1 2 3 4 5 6 I
to model the AGASA acceptance as that of Auger reduced by n
a factor of 30. We adopt this estimate for energies below 5
x 108 GeV, and interpo|ate Smooth]y between this and Eq. FIG. 5. 95% C.L. lower bound oM from nonobservation of
(26) for energies X 10° GeV<E,<10" GeV. The result- quasihorizo_ntal air showers in 1710.5 live days at AGASA_for
ing AGASA acceptance is shown in Fig. 4. Xmin=21 (solid) and 3(dasheg, assuming th(_e cosmogenic neutrino

flux of Protheroe and Johnsdtower) and Hill and Schramntup-

pen.

VI. NEW BOUNDS FROM AGASA
4+0.65

. s At
Given the cross sections, apertures, and fluxes discuss@@ckground from hadronic showers is 13477043, where

above, the number of BHs detected by a given experiment i§1€ first uncertainty is from Monte Carlo statistics, and the
second is systematic. Of the 6 candidate events, however, 5

dd have values ofX?”_ and/or X2, that barely exceed
N:f dE, Nagg o(E,)A(E,)T, (27) 2500 g/cm, and are well withinA X, of this value, where
g AXhax IS the estimated precision with whicK,,,, can be
where A(E,) is the experiment's acceptance in e sr, reconstruc?ed. The AGASA Collaboration thus concludes
NA:6.0222 102 is Avogadro’s numberd®/dE, is the that there is no significant enhancement of deeply penetrat-

source flux of neutrinos, and is the running time of the 'ngTihox\VgA?fs gl\/len_theldeltectors resdolut|onh o of
detector. We now determine current bounds on BH produc- € results imply lower bounds on the scale of
tion from the AGASA experiment. In the next section, we low-scale gravity, assuming the conservative cosmogenic

; ; fluxes of Sec. IV. For these fluxes, the expected rate for

g;(?vr;gfyfuture prospects for BH detection at the Auger Ob_deeply .pene_trating showers at AGASA from SM neuFri'no

The AGASA Collaboration has searched for deeply pen_m.teractlons is about 0.02 eyents per year, and so negligible.
etrating quasihorizontal showe5]. The depth at which a Given 1 event that unambiguously passes all cuts, and the
shower is initiated is, of course, not directly measurable in ai:entral value of 1.72 background events, the AGASA results
ground array. However, the electromagnetic components dfP!y @n upper bound of 3.5 black hole events at 95% C.L.
far showers are extinguished by ground level, leaving only : . . . o
muon component, whereas for deeply penetrating showers, The 3.5 event contour is given for various dlmen_smms
both electromagnetic and muon components are detected. Ifg'.S' FOrXpmin=1, the a.bsef.‘ce of deeply penetrating show-
exploiting this difference, deeply penetrating quasihorizontaf's N the AGASA data implies

showers may be distinguished from showers induced by had- =4 M.o>13-15 TeV
ronic cosmic rays. : p~ L. .
Relative to showers with muon components only, showers n=7: Mp>16-18 TeV. 28)

with eletromagnetic components have charged particle den-
sities that are more concentrated near the shower axis, ampgbsults forxmn=3 are also given in Fig. 5. They imply
their shower fronts are more curved. The depth at showeMD> 1.0-1.1 TeV forn=4, andMp>1.1-1.3 TeV forn
maximumXp,a, may then be determined through its correla- =7: even forx,,,=3, these bounds exceed or are competi-
tion to two measurable quantitie; which parametrizes the tive with all existing collider and astrophysical bounds. As
lateral distribution of charged particles, afdwhich param- argued in Sec. lll Ax,,=1 is a reasonable assumption for
etrizes the curvature of the shower front. The valueX,pf,  the present application, as the derivation of limits relies only
as determined by these correlations, dendt@d, andX?.,,  on the assumption that BHs or their lighter progenitors with
are then required to be large to distinguish candidate neutrinmass aroundvi, decay visibly. This assumption is violated
events from showers induced by hadronic cosmic rays.  only if their decays are limited to neutrinos, gravitons, and
In 1710.5 days of data recorded from December 1995 tenuons.
November 2000, the AGASA Collaboration found 6 candi- The range in Eq(28) is from considering both PJ and HS
date events withX/,,,X5,=2500 g/cmd. The expected fluxes. As noted in Ref(11], the dependence of the bounds

124027-9



ANCHORDOQUI, FENG, GOLDBERG, AND SHAPERE PHYSICAL REVIEW B5 124027

3.0 T T - Before leaving the AGASA results, we derive their impli-
i ] cations for extra dimensions if taken at face value. Given 6
25 events with an expected background of 1.72 events, the ex-
r pected signal is 0.86 to 11 events at 95% C.L. The preferred
R ; region of the ,Mp) plane is given in Fig. 6(In Fig. 6, and
% 20 all following figures, we use the PJ flux. The HS flux yields
B slightly larger rates. The evidence for BH productiofor
aqs _ any other anomalyis speculative, given the statistics and the
= Ut peculiarities of the data noted above. However, this analysis
[ shows the power of cosmic ray measurements for probing
10 extra dimensions. The preferred Planck scales are not probed
[ by any other experiment. At the same time, they will be
0.5 thoroughly explored in the near future at larger cosmic ray

experiments, such as the Auger Observatory, to which we
now turn.

FIG. 6. 95% C.L. upper and lower bounds ity for variousn,
given 6 candidate events above a background of 1.72 in 1710.5 live VIl. FUTURE PROBES AT AUGER
days at AGASA, and ascribing the excess to BH production. We

assumex,=1 and the cosmogenic neutrino flux of Protheroe and ~ Given the apertures discussed in Sec. V, it is a simple
Johnson. matter to estimate the BH event rate for Auger. The number

of detected BH events are given in Fig. 7 for variouas a

on variations in the evaluations of cosmogenic fluxes isunction of M. The Auger ground array is expected to be-
weak. These bounds are conservative in that larger noncoseme fully operational in 2003. We assume a running time of
mogenic fluxes, as predicted by some models and, as may beyears, roughly the data expected before the LHC begins.
indicated by super-GZK cosmic rays, will strengthen them For x,,=1, Auger will probe fundamental Planck scales as
possibly dramatically. Note also that we have neglected enarge asMp=4 TeV. ForMp~1 TeV andn=4, 100 BHs
hancements to cosmic neutrino interactions from subeould be detected.
Planckian extra-dimensional physics, which are more model- Given the prospects for fairly high statistics, detailed BH
dependent, but can only serve to strengthen these bounds.studies are in principle possible. While BHs with mass near

The bounds of Eq(28) are, of course, subject to tife(1) Mp are in some sense of the greatest interest, for detailed
uncertainties inherent in the parton level cross section. Givestudies, one might first restrict attention to more massive
this cross section, however, they are direct bounds on thBHs (more energetic showerswhere the semiclassical de-
fundamental Planck scal®ly, and are not subject to the scription of BHs is expected to be justified. The distribution
uncertainties inherent in collider bounds, such as the choicef BH masses in cosmic ray collisions is given in Fig. 8.
of brane softening parametdr discussed in Sec. Il C. Any They are concentrated nebtp, but the event rate is re-
comparison of collider and cosmic ray bounds is then subjeaduced by onlyO(1) factors forx,, as large as 5. This con-
to the independent uncertainties associated with each bounglasts strongly with the case at colliders, where there is little
Nevertheless, fon=4, given the geometric BH cross sec- energy to spare, cross sections are suppressed by two parton
tion, the AGASA limit is more stringent than all existing distribution functions, and event rates are reduced by two
collider bounds for all choices of/Mp=<1. orders of magnitude fox,,,=>5 relative tox,,;,=1[10]. Total

5

—

T —F— T T 11 9T T T T T T 1

(V]

—
w

M, (TeV)

N

FIG. 7. Event rates in 5 years for the Auger ground arrayxfgr=1 (left) and 3(right).
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500

ers may fake deeply penetrating showers. As noted above,
the Auger aperture of Sec. V assumes zenith angleg5°,
corresponding to slant depths Xf,,,=4000 g/cm, signifi-
cantly more stringent than for the AGASA stuf®5]. Nev-
ertheless, hadronic showers may be a significant background.
We know of no detailed study, but consider the possibility of
ng background events from hadronic showers in 5 years be-
low.

Given these assumptions, the expected background in 5
years is roughly 2-ng events. To determine the expected
limit on BH production we assume thatthg deeply pen-
etrating events are in fact observed. At 95% C.L., then, the
3 upper bound on signal events fog=0, 5, and 10 is 4.7, 6.8,
Mgﬁn/MD and 8.3 events, respectively. In Fig. 9, contours for these

event rates are also given. We find that, fy=<10, Xuin
FIG. 8. Event rates for BHs with mass abdvd" at the Auger =1, andn==6, if no events above background are observed,

min)
BH

-
[ =]
o O

N(Mgz>M
5

(V)]

ground array as a function ME‘L{‘IMD_ forn=1,...,7from below,  Auger will extend current bounds ol to above 2 TeV
éssumlzng\/l p=1 TeV,25 years running time, and parton cross sec-after the first year of live time. After 5 years, fag,,=1,
tion 7rrg (solid) and rrge™ e (dashegl Auger will set a limit ofMp=3 TeV for n=4. In conjunc-

tion with astrophysical bounds, this will requirdlp

event rates forxmin:3 are also given in F|g 7. Even for =3 TeV for a”n, Signiﬁcantly Straining attempts tO |dent|fy
Xmin=3, We find that~100 BHs may be detected for, the Planck scale with the weak scale in scenarios of large
near 1 TeV. extra dimensions. Note that we have neglected model-

The dependence of BH event rates on running tiiis ~ dependent sub-Planckian effects that may increase the rates
given in Fig. 9. The event rate contours rise rapidly atand strengthen the bounds presented here.
first—in even the first few months, Auger will be sensitive to  Finally, we consider the impact of the proposed exponen-
values ofM beyond present experiments. tial suppression of BH production cross sections. In Fig. 8,

If no enhancement of quasihorizontal showers is seefvé show the dependence &g,=Mg}i/Mp for black hole
Auger will set stringent limits on low-scale gravity and sce- event rates including this suppression. kgf,=1, the expo-
narios with extra dimensions. To determine these limits, wehential suppression is not particularly severe, reducing event
again assume the cosmogenic fluxes of Sec. IV and that onkgtes by factors of 3 for large. Of course, the impact is
SM sources of deeply penetrating showers are observed. uch larger for largexy,. In Fig. 10, we show the number
contrast to AGASA, SM neutrino interactions lead to observ-of BHs observed in timd for parton cross sectionr2e'E.
able rates—given the cross section of Fig. 1, 0.5 events péfor X,,,,=1, Auger may still see tens of BHs in 5 years, and
year are expected. In addition, as at AGASA, hadronic showwill extend current bounds ttp~2.5 TeV. Forxmin=3,

3 4 5 0 1

S
(o)}

2 3
T (yr)

2
T (yr)
FIG. 9. BH event rates at the Auger ground arrayrfer6 andx,,;,=1 (left) and 3(right). The dashed contours indicate the expected 95%

C.L. lower bound orM, in the absence of physics beyond the SM and asswyred, 5, and 10 background events from hadronic showers
(from above. The geometric cross sectiofr_fj is assumed.
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FIG. 10. BH event rates as in Fig. 9, but for parton cross seotilfre"E.

the event rates are quite suppressed, but a few BH events ao& order 1 per year in both ground arraj29] and fluores-

still observable in 5 years. cence detectorg30]. The optimal angle for Earth-skimming
neutrinos is energy dependent. AB;~10® (10'% Gev,

the optimal angle relative to the horizon-s3°(1°). Given

the angular resolution of cosmic ray detectors, these Earth-
skimming events are easily differentiated from standard hori-

If an excess of quasihorizontal showers is observed, hogontal neutrino showers. _ _ _
can it be identified as arising from BH events? After all, at _The scenario changes radically in the presence of a sig-
first S|ght’ an excess may arise S|mp|y from an enhancea|f|cant Cross section fOI’ BH pI’OdUCtIOI’l. FII’St, BHs decay
flux. With sufficient statistics, a SM explanation may be ex-largely to hadrons, which do not escape the Earth. Such an
cluded based on shower properties, as black hole showefyent is pictured in the bottom panel of Fig. 11. Of course,
differ markedly from those produced by SM charged angBHs also have a significant leptonic branc_hmg fractpn_, _but
neutral current neutrino interactiofs3). It may also be pos- leptons from BH decay carry only a fraction of the initial
sible to confirm specific predictions of BH production by heutrino energy, and their detection rate is therefore highly
verifying Hawking radiation through correlations betweenSuppressed. The probability of detecting BHs produced in the
Ximax @nd shower energ1]. Earth by grOl_Jnd_ arrays and surface fl_uprescence detectors is

It is also possible, however, to differentiate BH from SM therefore insignificant. Second, a sufficiently large BH cross
events by considering additional constraints on ultrahighS€ction also depletes the original neutrino beam through ab-
energy neutrino properties. In particular, comparison withSOrption, leading to a substantial suppression of all Earth-
Earth-skimming neutrino rates may allow one to distinguishSkimming events, including those in the top panel of Fig. 11.
BH and SM interpretationfl1]. In this section, we develop ~ To determine the effects of BH production on Earth-
this possibility quantitatively, focusing on the question of SKimming rates, we consider here a simple analysis that is
excluding a SM interpretation for BH events. We also Com_nevertheles_s su_ff|C|ent to isolate the fu_nctlonal dependence
ment briefly on the task of differentiating black hole eventsOf Earth-skimming rates on cross section parameters. The
from other new physics possibilities at the end of this sec-
tion.

At ultrahigh energies, even the SM neutrino cross section
is large enough that upward-going neutrinos are blocked by
the Earth. However, neutrinos that skim the Earth, traveling
at low angles along chords with lengths of order their inter-
action length, are nd29—-32. These Earth-skimming neu-
trinos may then convert to charged leptons in the Earth’s
crust, and the resulting charged leptons may emerge into the
atmosphere, producing a signal in cosmic ray detectors. A
schematic picture of such an event is given in the top panel
of Fig. 11. The best signal is fromleptons. Unlike electrons
that do not escape the Earth’s crust, or muons that do not F|G. 11. Top: A neutrino enters the Earth and converts into a
produce any visible signal in the atmosphere, taus can traveharged lepton, which exits the Earth and may be detected. Bottom:
for tens of km in rock, escape, and then decay in the atmoA neutrino enters the Earth and produces a BH, which is captured in
sphere, leading to spectacular showers and observable ratés Earth.

VIII. DISTINGUISHING BLACK HOLES FROM SM
EVENTS WITH EARTH-SKIMMING NEUTRINOS

T conversion
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analysis extends the discussion of 80|, where additional possibility of detectable signals from BH production by

details and discussion may be found. Earth-skimming neutrinosHere ¢ = 2R, cosé is the chord
Consider a flux of neutrinos with enerdy,. Given the length of the intersection of the neutrino’s trajectory with the

high energies required for detection, the most relevant eneiarth, withR,~6371 km the Earth’s radius. Evaluating the

gies are E,~10°-10° GeV, even for cosmogenic flux integrals, we find31]

evaluations peaked at somewhat lower energies, and we may

therefore limit the discussion to this rather narrow band of Lot

energy. Earth-skimming events occur in the Earth’s crust, QeﬁzzﬂLT[eL Mor—1]
and so the relevant neutrinos and taus sample only the cc
Earth’s surface densitp,~2.65 g/cm. In the SM, the neu- L”\2 (LY Ly \2
trino’s path length is o) | O} e=2Re ILig
P g 2R.] “\2r, T\2R. '
Léc=[Napsoecl ™ (29) (35)

whereN,=6.022x 10?® g~! and ¢ is the charged current At the relevant energies, the neutrino interaction length sat-
cross section foE,=E,. (We neglect neutral current inter- isfiesL;<R,, . In addition, forL;>L", valid when the BH
actions, which at these energies serve only to reduce theross section is not very large, E®5) simplifies to

neutrino energy by approximately 20p6.For E,

~10 GeV, L¢~0(100) km. Supplemented by the pos- Ly2LT
sibility of BH production, the neutrino’s path length is Qeff”27T4R2 L (36)
(7]
v o_ v v -1
Lio=[Naps(occt opu)] (30 Equation (36) gives the functional dependence of the

Earth-skimming event rate on the BH cross section. This rate

WhZ{et(;BH is the BH prt(;dutcno’n Cross setgtmnl fErV; E.O‘d ; is, of course, also proportional to the source neutrino 4iix

ined esteber_lterg(;jles, Ie atl;]sbptrobpa%a lon engi IS'H? elat E,. Finally, the constant of proportionality is determined
minéd not by 1ts decay length but by IS energy 0Ss. The by previous studie$29,30, where all the experimental is-
lepton loses energy in the Earth according to

sues entering tau detection have been included. Given these

dE inputs, the number of Earth-skimming neutrino events de-
dzT: —(a,+B,E.)ps, (31) tectedin 5 years is
here, for th ies,, is negligible, and k @ ot
where, for these energies,, is negligible, and we tak@, Ngs~Ces (37)

~0.8x10°% cn?/g[84]. The maximal path length for a de- DY (ogct apy)?’

tectabler is, then, . o
whereCggis the number of Earth-skimming events expected

i for the standard cosmogenic flukg in the absence of BH
L :Brpsln(Emax/Emin)' (32 production. For detection by the Auger ground arr@yg
~3.0, assuming maximal neutrino mixing and e value
whereE ,,,~E, is the energy at which the tau is created, andgiven above[29]. The fluorescence detectors of HiRes pro-
Emin is the minimal energy at which acan be detected. For vide additional sensitivity30], as do those of Augef85].
cosmogenic neutrino fluxes and other reasonable sourced/e conservatively tak€gs=3 for the combined rate in 5
and the acceptances of typical cosmic ray detectors, taus cayears expected in the SM. Note, however, that the rate may
not lose much energy and be detected. Egr,/Ein=10, be greatly suppressed for large BH cross sections, as antici-
L™=11 km. pated.
Given an isotropicv,+ v, flux, the number of taus that In contrast to Eq(37), the rate for quasihorizontal show-
emerge from the Earth with sufficient energy to be detecte®'s follows simply from Eq(27), and has the form
is proportional to an “effective solid angle”

OV oletop
Nor=Con—; ——— (38)
— Oy of
Qeﬁ=f d cosfd¢ cosOP(6,), (33 0 cc
whereCqy=2.5 for the Auger ground array, as noted previ-
where ously.
Given a flux®” and BH cross sectionrg,,, bothNggand
tdz__ v Noy are determined. Event contours are given in the left
P(6,¢)=| ——e “rt@[z—({~L7)] (34) QH . ' arg o
oLée panel of Fig. 12. As can be seen, given a quasihorizontal
event rateNqy, it is impossible to differentiate between an
is the probability for a neutrino with incident nadir angle enhancement from large BH cross section and large flux.
and azimuthal anglé) to emerge as a detectabte[In Eq.  However, in the region where significant event rates are ex-
(34), for the reasons noted above, we have neglected theected, theNg andNgs contours are more or less orthogo-
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FIG. 12. Left: Contours of constant number of quasihorizontal shoigrs(dashed and Earth-skimming neutrino everitgg (dotted
as functions of source flusp” and BH production cross sectiangy. 5 year running times for Auger and HiRes are assumed. Right:
Confidence level contours, assumifg=®; and ogy=30¢c, corresponding toNgy,Ngg) ~(10,0.2).

nal, and provide complementary information. With measuredistinguishing BH events from other types of new physics.
ments ofNoy andNgs, bothog, and®” may be determined However, the prediction of enhanced quasihorizontal event
independently, and neutrino interactions beyond the SM maygatesand diminished Earth-skimming rates is incisive. For
be unambiguously identifiedSee also Ref.31].) example, new physics that increases quasihorizontal rates by
As an example, consider the case in whigf,/o¢c=3, enhancing cross sections foiN—¢X will also increase

and®”/d}=1. On average, one would then observe a totaFarth-skimming rates. The prediction of suppressed Earth-
of Noy=10 deep quasihorizontal showers, an excess of gkimming rates relies on the efficient conversion of neutrino
above SM expectations. On average, one also expéets €nergy directly to hadronic energy, that is, a process with
~0.2 Earth-skimming events. A SM explanationith o2, large cross section and large inelasticity. This is a peculiar
=0) of the deeply penetrating event rate would requirepr()p‘?rty of BHs that separates BH productlo.n from other
®¥/d2=4 and predict 12 Earth-skimming events, a pOSSi_pOSS|bIe forms of new physics. The comparison between

bility that would be clearly excluded at high confidencedeep quasi-horizontal shower.and Earth-skimming neutrino
level rates therefore not only effectively excludes a SM interpre-

More generally, one might try to salvage a SM explana-tatlon of BH ev_ents, but goes a long way toward excluding
tion by attributing the observed rates to statistical fluctua-Other new physics explanations.
tions in bothNgy and Ngs. Using a maximum likelihood
method for Poisson-distributed ddi@6], we give contours
of constanty? in the right panel of Fig. 12. The possibility of
a SM interpretation along theg,=0 axis would be ex- In this work we have shown that cosmic ray observations
cluded at greater than 99.9% C.L. for any assumed flux. Thén the recent pastAGASA) and in the near futuréAugern
power of the Earth-skimming information is such that theprovide extremely sensitive probes of low-scale gravity and
best fit is in fact found ford”<d . We find, then, that if extra dimensions. We have focused on the production of
even an excess of a handful of quasihorizontal events is obFeV-scale BHs resulting from collisions of ultrahigh-energy
served, by comparing to the Earth-skimming neutrino ratecosmic neutrinos in the Earth’s atmosphere, and have con-
attempts to explain the excess by SM interactions alone masidered the impact of various theoretical issues in the deter-
be excluded. These arguments require only counting experinination of the BH production cross section. In particular,
ments, and do not rely on measurements of shower propemass shedding, the production of BHs with nonzero angular
ties. momentum, and a possible enhancement of the BH cross

BH production will most likely be accompanied by more section can be expected to give minor perturbations. The
model-independent sub-Planckian effects. In particular, netexponential suppression proposed by Voloshin is more sig-
tral current neutrino cross sections may be enhanced in extraificant, but large and observable BH event rates are still
dimensional scenarios through the exchange of KK gravipossible.
tons. This will raise the quasihorizontal rate, but will have  More specifically, in the case ofextra spatial dimensions
very little effect on the Earth-skimming event rate, since neucompactified on am-torus with a common radius, we have
trinos suffer very little energy loss during this procg¢sd|.  found the following:
We expect such effects, then, to further enhance the ratio Present bounds on atmospheric BH production imply 95%
Non/Ngs, making a SM explanation even more untenable. C.L. lower limits on the fundamental Planck massM$

So far, we have not explicitly considered the question of=1.3-1.5 TeV forn=4, rising to Mp=1.6-1.8 TeV for

IX. SUMMARY OF RESULTS AND CONCLUSIONS
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n=7. These bounds follow from the nonobservation of a
significant excess of deep, quasihorizontal showers in 1710.5 103 =
days of running recently reported by the AGASA Collabora- i ]
tion [25].

The absence of a deeply penetrating signal in the Fly’'s = 102 =
Eye datg[26] also implies lower bounds okl . These are K i ]
consistently weaker, however. For example, figf 6, Xin ~
=1, and the samé&) flux we have used, Ringwald and Tu 2‘:'
find Mp>900 GeV[16]. We find this difference to be sig-
nificant: the AGASA and Fly's Eye constraints rely on iden-

10l |- 3
Fsub—mm gravity :

tical theoretical assumptions, and given the scaling in Eq. 100 ooy PXar e RRRRIRECECER S
(10), a factor of 2 difference i bounds corresponds to a E | | | Tevatron
factor of more than 4 in acceptance or, equivalently, running 2 3 4 5 6 v
time. n

M T>h((a) Q_Gf ZS AT(I;\T It\?v:eerg\/;de T/Zi?asgr?iztaet:ti/ L?r%lejrr;gin ¢ FIG. 13. Bounds on the fundamental Planck sdal¢from tests
D=~ ’ ! Yof Newton’s law on sub-millimeter scales, bounds on supernova

from the choice of ultraviolet CUtOfT for gra\_/lton mom(_enta cooling and neutron star heating, dielectron and diphoton produc-
transverse to the brane. The cosmic ray limits are subject tgoy at the Tevatron, and nonobservation of BH production at
a separate set of uncertainties, discussed at length above, lEASA. Future limits from the Auger ground array, assuming 5
follow from conservative evaluations of the neutrino flux andyears of data and no excess above the SM neutrino background, are
experimental aperture, ang,,=1. Forx,=3, these limits  also shown. The range in Tevatron bounds corresponds to the range
are somewhat reduced, but still generally exceed the Tevaf brane softening parametér/M,=0.5-1. The range in cosmic
tron bounds. ray bounds is fox,,=1-3. See text for discussion.

The cosmic ray bounds from AGASA therefore represent, .y distinguish BH events from almost all other possible
the best existing limits on the scale of TeV gravity for y 9 P

=4 extra spatial dimensions. A summary of the most strin-forms of new physics. ;
ent present bounds ok fér n=2 extra dimensions is . In conclusion, in the next several years prior to the an(_';\ly-
givenpin Fig. 13 D - sis of data from the LHC, super-Planckian BH production
C . N from cosmic rays provides a promising probe of extra dimen-
theTZigr:ra%]b(s); rf‘/gtﬁrSyA I‘]fv'rl:obguz)gﬁggign?ﬁnggzggg dbéi sions. Searches for BH-initiated quasihorizontal showers in
h i b ) din 5 yet dth red the Earth’s atmosphere at AGASA provide the most stringent
shower events are observed in 5 yedrsyond the expecte ounds on low-scale gravity at present, and the Auger Ob-

thwc(; SM T)eUtlsz e\:jents s;gplemenhed kt)y ?S 'fcnapl\)/ll as 1 ervatory will extend this sensitivity to fundamental Planck
adronic background eveptstuger will set a limit ofMp scales well above the TeV scale.

=3 TeV, at 95% C.L., fon=4. Even in the case where the
cross section is decreased by the exponential suppression
factor in Eq.(21), a boundM ;=2 TeV may be found under
the same background assumptions. We thank R. Emparan, S. Giddings, A. Ringwald, and G.
Conversely, given the large reach of Auger, tens of BHSigl for useful communications. J.L.F. thanks A. Guth and A.
events may be observed per year. We have discussed in soidienkin for discussions regarding Kerr BHs. A.D.S. thanks
detail how combined measurements of quasihorizontal aiD. Eardley for a discussion about BH collisions. The work of
showers and Earth-skimming,— 7 events may be used to L.A.A. and H.G. has been partially supported by the US
identify new neutrino interactions beyond the SM, even withNational Science FoundatidiNSP, under Grants No. PHY-
complete uncertainty about the incident neutrino flux. In the9972170 and No. PHY-0073034, respectively. The work of
case of BH production, the quasihorizontal event rate is end.L.F. was supported in part by the Department of Energy
hanced, while the Earth-skimming rate is suppressed, sinad®OE) under cooperative research agreement DF-FCO02-
BH production in the Earth acts as an absorptive channeR4ER40818. The work of A.D.S. is supported in part by
depleting the SM rate. With counting experiments alone, on®OE Grant No. DE-FG01-00ER45832 and NSF Grant No.
can therefore exclude a SM interpretation of BH events, an®®HY-0071312.
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