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Updated limits on TeV-scale gravity from the absence of neutrino cosmic ray showers mediated
by black holes

Luis A. Anchordoqui,1 Jonathan L. Feng,2 Haim Goldberg,1,3 and Alfred D. Shapere4
1Department of Physics, Northeastern University, Boston, Massachusetts 02115, USA

2Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
3Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

4Department of Physics, University of Kentucky, Lexington, Kentucky 40506, USA
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We revise existing limits on theD-dimensional Planck scaleMD from the nonobservation of microscopic
black holes produced by high energy cosmic neutrinos in scenarios withD541n large extra dimensions.
Previous studies have neglected the energy radiated in gravitational waves by the multipole moments of the
incoming shock waves. We include the effects of energy loss, as well as form factors for black hole production
and recent null results from cosmic ray detectors. Forn>5, we obtainMD.1.0–1.4 TeV. These bounds are
among the most stringent and conservative to date.
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I. INTRODUCTION

Forthcoming colliders @1#, cosmic ray observatorie
@2–4#, neutrino telescopes@5#, and space-based experimen
@6# will be able to observe black holes~BHs! if the funda-
mental scale of gravity is sufficiently close to 1 TeV@7#.
Observations of highly characteristic BH events at any
these facilities could conceivably provide the first eviden
for the existence of extra dimensions and make possible
direct study of strong quantum gravity effects and strings.
the other hand, the lack of such events in any experimen
date leads to lower limits on the scale of higher-dimensio
gravity @8#.

To make useful predictions about higher-dimensio
gravity based on observations of such events, or their
sence, a quantitative understanding of the process of BH
duction in high-energy collisions is required. An intuitiv
picture of this process is provided by a simple model kno
as Thorne’s hoop conjecture@9#, according to which a BH
forms in a two-particle collision when and only when th
impact parameter is smaller than the radiusr s of a Schwarzs-
child BH of mass equal to the total center-of-mass ene
ECM . The hoop conjecture thus predicts a total cross sec
for BH production equal to the area subtended by a ‘‘hoo
of radiusr s :

sBH
hoop5pr s

2~ECM!. ~1!

Up to now, all studies of BH production in TeV-scale gravi
have been based on this rather heuristic cross section,
have thus been subject to substantial theoretical uncer
ties.

Relatively recently, significant progress has been mad
determining the cross section for BH production. Early a
lytic calculations in four dimensions@10,11# for head-on col-
lisions illustrated the process of horizon formation and fou
that the mass of the final BH was about 84% of the init
center-of-mass energy. These calculations were extende
nonzero impact parameter by Eardley and Giddings@12#,
who analytically derived a lower bound on the total cro
0556-2821/2003/68~10!/104025~6!/$20.00 68 1040
f
e
he
n
to
l

l
b-
o-

n

y
n

’’

nd
in-

in
-

d
l
to

s

section of approximately 65% of Eq.~1!. Relatively recently,
a calculation of the cross section in higher dimensions w
performed by Yoshino and Nambu using numerical te
niques@13#. In addition, these authors observed significa
reductions in the mass of the final-state black hole as a fu
tion both of impact parameter and dimension. Approxim
agreement with these results has also been obtained u
other methods@14#.

If TeV-scale gravity is realized in nature, then the fir
observational evidence for it will likely come from BH
mediated neutrino cosmic ray showers. Ultrahigh energy c
mic rays hit Earth with collision center-of-mass energ
ranging up to roughly 105 GeV. QCD cross sections dom
nate over the BH production cross section by a factor
roughly 109. Thus, black holes produced by hadronic cosm
rays are effectively unobservable. This is not the case
incoming neutrinos, whose cross section for producing bl
holes can be orders of magnitude larger than SM cross
tions, but much less than hadronic@2#. As a consequence
neutrinos interact with roughly equal probability at any po
in the atmosphere, and the light descendants of the b
hole may initiate quasi-horizontal showers in the volume
air immediately above the detector. Because of these con
erations the atmosphere provides a buffer against contam
tion by mismeasured hadrons, allowing a good character
tion of BH-induced showers when the BH entropyS@1 @3#.
Additionally, neutrinos that traverse the atmosphere
scathed may produce black holes through interactions in
ice or water@5#. Because the BH production cross section
suppressed by a power of the fundamental Planck scaleMD

~approachingMD
2 for large numbers of extra dimensions!, the

absence of neutrino showers mediated by black holes imp
lower bounds onMD .

In this paper we bring up to date existing limits@8,15# on
MD from the nonobservation of BHs at cosmic neutrino d
tection experiments. Besides incorporating the cross sec
and energy loss results of Yoshino and Nambu, we also m
use of updated parton distribution functions and recen
available cosmic ray data.
©2003 The American Physical Society25-1
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II. ENERGY LOSS IN BLACK HOLE CREATION

Previous calculations of the cross section for producin
BH have neglected energy loss in the creation of a BH,
suming that the mass of the created black holeMBH was

identical to the incoming parton center-of-mass energyAŝ.
However, recent work@13# has shown that the energy lost
gravitational radiation is not negligible, and in fact is lar
for larger n and for large impact parameters. The trapp
mass~called MA.H. in Ref. @13#, and which we continue to
call MBH @16#!, is given by

MBH~z!5y~z!Aŝ, ~2!

where the inelasticityy is a function ofz[b/bmax. Hereb is
the impact parameter and

bmax5AF~n! r s~Aŝ,n,MD! ~3!

is the maximum impact parameter for collapse, where

r s~Aŝ,n,MD!

5
1

MD
F Aŝ

MD
G1/(11n) F 2np (n23)/2GS n13

2 D
n12

G 1/(11n)

~4!

is the radius of a Schwarzschild BH in (41n) dimensions
@17#, and F(n) is the form factor explicitly given in Ref.
@13#.

This complicates the parton model calculation, since
production of a BH of massMBH requires that ŝ be
MBH

2 /y2(z), thus requiring the lower cutoff on parton mo
mentum fraction to be a function of impact parameter@18#.
In what follows we take thenN cross section as an impa
parameter-weighted average over parton cross sections,
the lower parton fractional momentum cutoff determined
the requirementMBH

min5xminMD @19#. This gives a lower
boundxmin

2 MD
2 /@y2(z)s# on the parton momentum fractionx.

With this in mind, thenN→BH cross section is

s~En ,xmin ,n,MD![ E
0

1

2zdzE
(xminMD)2/y2s

1

dx F~n!

3pr s
2~Aŝ,n,MD! (

i
f i~x,Q!, ~5!

where xmin is determined by the requirement that the B
have at least an approximate semiclassical descriptioŝ
52xmNEn , i labels parton species, and thef i(x,Q) are par-
ton distribution functions~PDFs! @8#.

The choice of the momentum transferQ is governed by
considering the time or distance scale probed by the inte
tion. Roughly speaking, the formation of a well-defined h
rizon occurs when the colliding particles are at a dista
;r s apart. This has led to the advocacy of the choiceQ
.r s

21 @4#, which has the advantage of a sensible limit at ve
high energies. However, the dual resonance picture of st
10402
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theory would suggest a choiceQ;Aŝ. Fortunately, as noted
in Refs. @8,15#, the BH production cross section is large
insensitive to the details of the choice ofQ. In what follows
we use the CTEQ6M PDFs @20# with Q
5min$r s

21 ,10 TeV%.
In Fig. 1 we show the BH production cross section f

n51, . . . ,7extra dimensions with energy loss incorporat
as given in Eq.~5!. The rapid rise in the cross section
pushed to higherEn than in the case with energy loss n
glected. However, the cross sections are still well above
SM cross section atEn;108 GeV and above, where, as w
will see, the cosmogenic neutrino flux is large.

III. COSMIC NEUTRINO DETECTORS

Energy loss also impacts event rates at cosmic neut
detectors, not only because the cross section is modified
also because the apertures of cosmic neutrino detectors
functions of shower energy. LetNA be Avogadro’s number,
A(yEn ,t) the neutrino aperture of a given experiment f
shower energyyEn at timet, andT be the experiment’s run
ning time. The number of neutrino showers mediated by B
is then

N~xmin ,n,MD!5NA E
0

T

dt E dEn E
0

1

2zdz

3E
(xminMD)2/y2s

1

dx
dF

dEn
A~yEn ,t ! F~n!

3pr s
2~Aŝ,n,MD! (

i
f i~x,Q!, ~6!

wheredF/dEn is the diffuse flux of cosmic neutrinos hittin
Earth.

There are several techniques employed in detecting n
trino showers@21#. The most commonly used method in

FIG. 1. Cross sectionss(nN→BH) for n51, . . . ,7 from be-
low, assumingMD51 TeV andxmin51. Energy loss has been in
cluded according to Eq.~5!. The SM cross sections(nN→,X) is
indicated by the dotted line.
5-2
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volves giant arrays of particle counters that sample the lat
and temporal density profiles of the muon and electrom
netic components of the shower front. Another we
established method involves measurement of the air sho
evolution—its growth and subsequent attenuation— as it
velops by sensing the fluorescence light produced via in
actions of the charged particles in the atmosphere. A th
method exploits naturally occurring large volume Cˇ erenkov
radiators such as deep water or ice. Especially useful at
evant center-of-mass energies for BH production is the em
sion of Čerenkov radiation at radio frequencies. For fluore
cence data, a direct measurement of the depth of sho
maximumXmax and the shape of the longitudinal profile pr
vide sensitive diagnostics in discrminating between neutr
and hadron showers. In the case of surface arrays, the c
position information is extracted from a number of show
characteristics which reflect the depth of shower maxim
and the ratio of muon to electromagnetic content of
shower.

The AGASA Collaboration@22# reports no significant en
hancement of deeply developing shower rates given the
tector’s resolution. Specifically, there is only one event o
served, consistent with the expected background of 1
from hadronic cosmic rays. For details, see Ref.@8#.

The Fly’s Eye detector ceased operation in July 1992 a
a life of 11 years. It was designed to collect the atmosph
nitrogen fluorescence light produced by air shower partic
on moonless nights without cloud cover, achieving an ove
duty cycle of '10%. The experiment recorded more th
5000 events, but no unusual deeply developing showers h
been found@23#.

Recently, data from an upscaled version of the Fly’s E
experiment have become available@24#. The effective aper-
ture of the High Resolution Fly’s Eye detector is on avera
about 6 times the Fly’s Eye aperture, with a threshold aro
108 GeV. The instrument includes two sites~HiRes I and II!
located 12.6 km apart. Each site consists of a large num
~22 at HiRes I and 42 at HiRes II! of telescope units pointing
at different parts of the sky. Between November 1999 a
September 2001, 1198 events were recorded with at leas
reconstructed energy greater than 108.7 GeV @24#. Because of
bad weather conditions, 272 events were discarded from
sample. None of the 723 events that survived all of the c
required for stereo-mode triggering hasXmax.1200 g/cm2.
Additionally, there are no events detected in monocu
mode withXmax.1500 g/cm2. In the spirit of Ref.@25#, we
parametrize the HiRes aperture for deeply (Xmax
.1500 g/cm2) developing showers by

A~En!51.8H F2.71 logS En

1010 GeV
D G 2

20.5J km3 ~w.e.! sr.

~7!

We note that there is an additional small contribution to
HiRes exposure in the energy range 108–109 GeV from data
collected during 2878 h live time@26#.

The Radio Ice Cˇ erenkov Experiment~RICE! is designed
to detect the radio frequency Cˇ erenkov radiation produce
10402
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by neutrino-induced showers in ice@27#. Specifically, the
electromagnetic channel of the shower produces a ra
pulse with a duration of a few nanoseconds and with pow
concentrated around the Cˇ erenkov angle. Several radio an
tennae positioned in the ice allow for reconstruction of t
interaction vertex. For primary energies above 109 GeV, the
Landau-Pomeranchuk-Migdal~LPM! effect @28# leads to a
significant suppression of the Bethe-Heitler cross sections
the pair production and Bremsstrahlung processes in de
materials, and thus dramatically changes the character o
development of electromagnetic showers.

Almost instantaneously after its formation, the TeV-sca
BH decays@29#, predominantly through radiation of standa
model ~SM! particles@30#. About 75% of the BH energy is
carried off by quarks and gluons and roughly a third of th
energy goes into the electromagnetic channel viap0 decay.
Only about 5% of particles directly emitted from the B
(n ’s, t ’s, m ’s) do not partake in the shower. The rest of t
energy eventually devolves into secondary electromagn
cascades with particle energies below that for which
LPM effect is important@31#. As a conservative estimate w
model the aperture for neutrino showers mediated by B
using the hadronic effective volume reported by the RIC
Collaboration@32# with average inelasticitŷy&50.8. This
estimate is supported by the fact that BH-induced show
mimic SM neutral current events, characterized by hadro
dominated showers with no leading charged lepton. A m
rigorous analysis of the BH acceptance at the RICE faci
is underway@33#.

The RICE detector comprises 16 dipole radio receiv
installed in the holes drilled for the AMANDA experiment i
the Antaractic ice. Four transmitter antennae are also
ployed in the ice for calibration purposes. The trigger
quires a fourfold coincidence within a 1.2ms time window,
and various cuts are applied to reject thermal and anthro
genic backgrounds. For example, shower vertices are re
structed using ax2 fit to the signal arrival times, and th
resulting fits are required to be of sufficient quality and
indicate vertices at least 50 m below the ice’s surface. Dur
a 1 month run in August 2000 with a live time of 333.3 h,
total of 22 events passed all the automated cuts. These ev
were then scanned for quality and the RICE Collaborat
concluded that there are no events consistent with neut
sources@32#.

The relative exposures for the different experiments
given in Fig. 2. For details on the apertures of AGASA a
Fly’s Eye, the reader is referred to our previous paper@15#.
All in all, there is only 1 event observed with an expect
background of 1.72 from hadronic cosmic rays, leading t
95% C.L. limit of 3.5 BH events@34#.

To derive the bounds onMD , we use the ‘‘guaranteed’
flux of cosmogenic neutrinos arising from the decay ofp6

produced in collisions of ultrahigh energy protons with t
cosmic microwave background. As in our previous analys
we conservatively adopt the estimates of Protheroe
Johnson@35# with the nucleon source spectrum scaling
5-3
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dFN /dE}E22 and extending up to the cutoff energ
1012.5 GeV. The total ultrahigh energy cosmogenic neutri
flux is also shown in Fig. 2.

IV. BOUNDS

In Fig. 3 we show 95% C.L. lower bounds onMD as
derived from Eq.~6! using the exposures and the cosmoge
neutrino flux given in Fig. 2, requiringN,3.5 events to be
observed in cosmic neutrino data samples@36#. The BH en-
tropy is a measure of the validity of the semiclassical
proximation. Forxmin*3 andn>5, the entropy

S5
4pMBHr s~MBH!

n12
@10, ~8!

yielding small thermal fluctuations in the emission proce
@37#. Hence, forxmin*3 andn>5, strong quantum gravity
effects may be safely neglected. Moreover, gravitational
fects due to brane back reaction are expected to be insig
cant for MBH well beyond the brane tension, which is pr
sumably of the order ofMD . The uncertainty illustrated in
Fig. 3 associated withxmin only concerns BH production an
is highly insensitive to decay characteristics@38#. This is

FIG. 2. The monotonically rising curves are the exposures
functions of shower energy for AGASA~solid line!, Fly’s Eye~dot-
ted line!, HiRes ~short-dashed line!, and RICE~long-dashed line!.
The remaining solid curve, with a peak around 108.5 GeV, is the
cosmogenic neutrino flux.

FIG. 3. 95% C.L. lower limits on the fundamental Planck sc
as a function ofxmin for n51, . . . ,7extra dimensions~from below!.
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because the signal in neutrino detection experiments re
only on the existence of visible decay products. Whate
happens aroundxmin'1, it seems quite reasonable to expe
that BHs or their Planckian progenitors will cascade dec
on the brane.

String theory provides a more complete picture of t
decay forMBH close toMD , which may further justify set-
ting xmin51. ~Such arguments do not address the issue
brane back reaction, however.! In string theory, the ultimate
fate of the black hole is determined by the string/BH cor
spondence principle@39#: when the Schwarzschild radius o
the black hole shrinks to the fundamental string length,s
@,D , where ,D is the fundamental (41n)-dimensional
Planck length, an adiabatic transition occurs to a mass
superstring mode. Subsequent energy loss continues as
mal radiation at the unchanging Hagedorn temperature@40#.
The continuity of the cross section at the corresponde
point, parametrically in both the energy and the string co
pling, provides independent support for this picture@41#.
Thus, the cross sections given in Fig. 1 can be thought o
lower bounds ons asMBH approachesMD @42#.

V. SUMMARY

Incorporation of the results of Ref.@13# has eliminated
many of the sources of uncertainty enumerated in Ref.@8#
and recapitulated in Ref.@43#. In Ref. @8# we identified two
sources of uncertainty that could reduce the total cross
tion: the reduction of the mass of the final-state BH relat
to the initial center-of-mass energy, and expectations fo
reduced cross section at nonzero center-of-mass ang
momentum.1 On the other hand, we pointed out that the cla
sical photon capture cross section and nonrelativistic e
mates suggest a possible enhancement to the naı¨ve geometric
cross sectionpr s

2 by a factor of 2 or more.~The claim of
@43# that this upside uncertainty casts doubt on the progr
of setting limits onMD from nonobservation of BHs is mis
taken.! Thus we concluded that, in the absence of a be
quantitative understanding of the process of BH formati
the naı¨ve geometric cross section provided a reasonable
timate.

With such calculations now in hand@13# we have repeated
our analysis and eliminated much of the uncertainty c
tained in our previous limits onMD , as well as incorporating
updated exposures from the HiRes and RICE facilities a
updated PDFs.@Incidentally, using the new PDFs contribute
a net difference of about 2% to our results, confirming o
previous claim@8# that there is very little sensitivity to dif-
ferent choices of PDFs. Furthermore, the bulk of the se
tivity is for PDFs atx.mBH

2 /(2mNEn);1022 and largeQ,
where the PDFs are expected to be quite accurate.# In the
course of our analysis we observed a competition of effe

1In fact, a slight modification of our estimate for the modificatio
of the cross section due to angular momentum effects has been
to give a surprisingly accurate postdiction of the higher-dimensio
cross section for BH production@44#, providing further evidence for
the correctness of the Yoshino and Nambu calculations.

s
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leading to corrections to our previous estimates: enhan
ment of the geometric cross section by form factors of up
1.9 and enhancement of apertures from new cosmic ray d
but a simultaneous reduction in the rate of production of B
of mass greater thanxminMD , after taking energy losses int
account. It turns out that the latter effect dominates and le
to a slight weakening of our limits onMD . At the same time,
our limits are now on a much firmer theoretical footing, a
maximally conservative in all respects.

In Fig. 4 we compare the bounds derived in this pa
with existing limits on the fundamental scale of large ex
dimensions. Tests of the gravitational inverse-square law
length scales well below 1 mm show no evidence for sh
range Yukawa interactions. Forn52, this negative result can

FIG. 4. Bounds on the fundamental Planck scaleMD from tests
of Newton’s law on sub-millimeter scales, bounds on supern
cooling and neutron star heating, dielectron and diphoton prod
tion at the Tevatron, and nonobservation of BH production by c
mic neutrinos. The uncertainty in the Tevatron bounds correspo
to the range of brane softening parameterP(MD/2,MD); for details
see Ref.@8#. The range in the cosmic ray bounds is forxmin

51 –3.
D.

R.

a-
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be translated into a 95% C.L. upper limit of 150mm on the
compactification radius of flat extra dimensions, or equiv
lently to a unification mass scaleMD.1.8 TeV@45#. In such
toroidal compactifications the accessibility of towers
Kaluza-Klein gravitons may drastically affect the pheno
enology of supenovae and neutron stars. Forn<3, anoma-
lous cooling of supernovae due to bulk graviton emiss
and neutron star heating by decay of gravitationally trapp
Kaluza-Klein modes provide limits onMD that greatly ex-
ceed 1 TeV@46#.

For n>4 the sensitivity of table-top experiments and a
trophysical observations to TeV-scale gravity is largely
duced: already forn54 (n55) supernova cooling yields
MD.4.0 TeV (MD.0.8 TeV) @47#. For n>5, the best ex-
isting limits on TeV-scale gravity are from the absence
trans-Planckian signatures~BH/stringball production! in neu-
trino detection experiments discussed here, and fr
searches for sub-Planckian signatures~graviton emission and
virtual graviton exchanges! at the Tevatron@48# and LEP
@49#. For n>5 we have derived conservative bounds inc
porating the lower limits on the the mass trapped in
gravitational collapse. The resulting bounds,MD
.1.0–1.4 TeV forxmin51 –3, are competitive with those
obtained in colliders and among the most stringent to da
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