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Abstract

In spacetimes with asymmetric extra dimensions, cosmic neutrino interactions may be extraordinarily enhanbeahley
production. Brane formation and decay may then initiate showers deep in the Earth’s atmosphere at rates far above the standarc
model rate. We explore the-brane discovery potential of cosmic ray experiments. The absence of deeply penetrating showers
at AGASA already provides multi-TeV bounds on the fundamental Planck scale that significantly exceed those obtained
from black hole production in symmetric compactification scenarios. This sensitivity will be further enhanced at the Auger
observatory. We also examine the possibility thpalbrane formation resolves the GZK paradox. For flat compactifications,
astrophysical bounds exclude this explanation. For warped scenarios, a solution could be consistent with the absence of deep
showers only for extra dimensions with fine-tuned sizes well below the fundamental Planck length. In addition, it requires
moderately penetrating showers, so far not reported~ah@0% modifications to standard model phenomenology at 100 GeV
energies 2002 Published by Elsevier Science B.V.

PACS:04.70.-s; 96.40.Tv; 13.15.+g; 04.50.+h

A spectacular prediction of scenarios with strong cay promptly, initiating spectacular quasi-horizontal
gravity and large (or warped) extra dimensions [1] air showers deep in the atmosphere. The distinctive
is the production of microscopic black holes (BHs) features of BH evaporation allow BHs to be differ-
in particle collisions with center-of-mass energies entiated from background [6], and the production and
larger than a TeV [2]. Cosmic neutrinos with en- subsequent evaporation of such BHs may be studied
ergies above f0GeV that strike a nucleon in the in detail at cosmic ray observatories [3,7,8]. Addition-
Earth’'s atmosphere may then create BHs with cross ally, neutrinos that traverse the atmosphere unscathed
sections two or more orders of magnitude above their may produce BHs through interactions in the Earth;
standard model cross sections [3]. Criticisms [4] of detailed simulations [9] of these BH events also find
the assumptions leading to these cross sections haveobservable rates at neutrino telescopes.
been addressed [5]. These BHs are expected to de- Recently, based on the absence of a significant

signal of deeply developing showers reported by the
AGASA Collaboration [10], we derived new limits
 E-mail addressgoldberg@neu.edu (H. Goldberg). on the fundamental Planck scale in spacetimes with
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extra dimensions of equal length [8]. More recently,
it was pointed out that for TeV-scale gravity with
asymmetric large extra dimensions [11] the formation
of p-branes could be competitive with black hole
production [12]. The decay of-branes is not well-
understood. One possibility is that they may decay
into lower-dimensional brane—antibrane pairs, leading
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tion scale [15]. Such limits are further strengthened
by constraints on KK graviton decay in typical as-
trophysical environments, yielding/,. > 10 TeV for
n—m < 3 [16]. Forn —m > 4, bounds from collid-
ers imply M, = 300 GeV [8]. All of these bounds are

for flat compactifications. Warped compactifications,
in which bounds for smalk — m are much less re-

to a cascade of branes [13]. In any case, there is nostrictive, will be discussed below.

reason for them to decay only to invisible particles,

We now consider an uncharged, non-rotating

and it is reasonable to expect their decays, as with BH p-brane with massM,, that lives in this (4 + n)-
decays, to be dominated by visible quanta observabledimensional spacetime and wrapsPlanckian di-

at cosmic ray observatories [12]. With this in mind, we
study the implications op-brane showers for cosmic
ray physics.

Once one entertains the notion of asymmetric com-
pactifications, a wide variety of possibilities arise, as
one can consider the possibility of several compact-
ification scales. We consider first the simplest exam-
ple in whichn flat extra dimensions are divided into
two sets, withm dimensions of lengthL, andn — m
larger dimensions of length’. Brane production will
be significant only in the presence of Planckian ex-
tra dimensions, and so we assuthe~ L, = M*—l,
whereL, and M, are the fundamental Planck length
and massM,. and the four-dimensional Planck mass
Mp)~ 1.2 x 10'° GeV are related by [11]

M3 =Mz, (1)

For simple toroidal compactificationg, and L” are
related to radii by factors of/2 Motivated by string/M
theory, we will focus on the cases = 6,7. To
facilitate comparison with our earlier analysis and
collider data, we will give results in terms of both
M, andMp = [(2n)" /87 1Y "2 M,. Forn =6 (7),
Mp = 2.65M, (2.92M,).

Scenarios with low values of — m are already
tightly constrained. Sub-millimeter tests of the grav-
itational inverse-square law show no deviation from
Newtonian gravity [14], yieldingL'/27 < 0.2 mm.
Forn —m =1(2) andL < L, this impliesM,. > 2 x
10°(1.4) TeV. Additionally, in the presence of large
extra dimensions, the usual four-dimensional graviton
is complemented by a tower of Kaluza—Klein (KK)

states, corresponding to the new available phase spac%ij%p_brané\/g) — 772

in the bulk. The requirement that the neutrino signal
of supernova 1987A not be unduly shortened by the
emission of KK modes into the part of the bulk with

large extra dimensions also bounds the compactifica-

mensions andp —r large extra dimensions. Such
a p-brane is described by the metric [17]

ds? = RA/PHY(—ds? 4 dz?) + R@-1-D/@=D g2
1
+r2RA-/@=D g2 )
wherez; (i =1,..., p) arethe brane coordinatemj
(g =24 n — p) is the metric of theg-dimensional

unit sphere,A = [g(p + 1)/(p + ¢)1¥?, and R =
1— (rp/r)4~1. The radius', is given by

1
1 M, \Tn—>
= , , 3
where V, = (L/Ly)"(L'/L,)?~" is the volume

wrapped by thep-brane in fundamental Planck units,
and

y(n, p)
:[8F<3+n—p) 1+p }Hlx
2 (2+n)2+n—p)
(4)

For p = 0, Eq. (2) reduces to the metric of
a (4 + n)-dimensional black hole and, becomes
the Schwarzschild radius [18]. Fgr > 1, Eqg. (2)
has a naked singularity at,. Following Ref. [12],
we assume that this curvature singularity is smoothed
out by the core of the-brane. We also assume that
a BH or p-brane is formed when two partons j
with center-of-mass energy’s scatter with impact
parameterb < rp,, leading to the geometric cross
section

(5)

p’

wherer, is given by Eq. (3) withM, = v/5.
Of interest for this work is the parameter space for
which ap-brane cross section dominates the BH cross
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section. The ratio of these is [12]

X(@$;n,m,p,r)

0jj— p-brane

Gij—BH
Mp\™( L\ Py, p)? (5 \mdmn
= (M*> (L_*> y(n,0)2 (W) ’
(6)
where
o 4p—r)
n—mA+n—p)~
2(nr —mp)
B = P (7)

(n—=m)Q+n—p)~
For TeV-scale gravity withW, < Mp,, p-brane pro-
duction is negligible relative to BH production unless
p =r,i.e., thep-brane wraps only Planck size dimen-
sions. (It is also suppressed for symmetric compacti-
fications withL = L’.) In this case, Eq. (6) simplifies
to

2(S;n,m, p, p)

. 2, AN
L 1+n—p )/(n’ p) Ky (I+n)(A+n—p)
T ooz \ 2 C)
Ly y(n,0)2 \ Mg

As can be seen from Eq. (8), and as noted in [12],
p-brane production significantly enhances BH pro-
ductiononly if L < L... The enhancement results from

wrapping on small dimensions and is a consequence

of the dependence of, solely on the density of the

L.A. Anchordoqui et al. / Physics Letters B 535 (2002) 302-308

L cannot be much smaller thdn : in the string-based
low energy Lagrangian, the gauge coupling squared is
inversely proportional to the compactification volume.
A small volume corresponds to strong coupling and in-
troduces low mass winding modes. In certain explicit
models, these small volumes can be removed from the
gauge sector via &-duality transformation [20]. Be-
low, we avoid reference to specific models, and present
results for the generous rangd & L/L, < 10.

The cross section fop-brane production from
neutrino—nucleon scattering is

o(vN — p-brane

1
:Z / dxa’i(\/ﬁ)‘fi(xv Q)v

i

9)
M;winZ/S

wheres = 2my E,,, the sum is over all partons in the
nucleon, and theg; are parton distribution functions.
As in [3,8], we set the momentum transfer =
min{M, 10 TeV}, where the upper limit is from the
CTEQ5ML1 distribution functions [21]. Finally/;""

is the minimump-brane mass required for production,
which we assume equal M p.

To obtain the total cross section for brane produc-
tion, we assume thgt-brane production is possible
for all p, and so the total cross section is

m
o(vN — brang = Za(uN — p-brane. (10)
p=0

p-brane; thus, for a given mass, the density and radius Total cross sections for brane production by cosmic

rp increase with decreasirig[19]. On the other hand,

neutrinos are given in Fig. 1 fot./L, = 0.25 and

1
1012 4 102
1
1010 4 1010
—~ _; —~~
;% 108 : :_-é 108
b 105 _i b 105
________ -
104 - 104
1
10° - - 10° .
108 108 1010 1012 108 108 1010 1012
E, (GeV) E, (GeV)

Fig. 1. Total cross section(vN — brane for n = 6 (left), n = 7 (right), L/Ly = 0.25, Mp = M;,“i” =1TeV,andn =0,...,

n — 1 from

below. The standard model cross sectiaiw N — ¢X) (dotted) is also shown.
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Mp =1 TeV. The lowest solid curves fon = 0
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where N4 = 6.022 x 10?2 is Avogadro’s number,

are for BH production only, and are greatly enhanced d®/dE, is the neutrino fluxA(E,) is the acceptance
relative to the standard model. We see, however, for quasi-horizontal showers in chwater equivalent

that for small values ofL/L., even larger cross
sections are possible fgr-branes, especially for low
n—m.

It has recently been proposed [22] that ultra-high
energy neutrinos interacting via-brane production
may provide a solution to the puzzle of the ob-
served cosmic rays with energies aboveé!1GeV,
i.e., above the Greisen—Zatsepin—Kuzmin (GZK) limit

steradians, andl is the experiment’s running time. For
the neutrino flux, we consider the conservative cos-
mogenic flux produced by interactions of the observed
ultra-high energy protons with the cosmic microwave
background. Specifically, as in our previous paper [8],
we adopt the estimates of Protheroe and Johnson with
an injection spectrum with cutoff energy3L02 GeV

[24]. Additional fluxes are possible and would only

[23]. These cosmic ray showers begin high in the at- strengthen the conclusions below.
mosphere, and so requiteV cross sections of order The AGASA Collaboration has searched for deeply
100 mb. We see from Fig. 1, however, that such cross penetrating showers [10]. An estimate of the AGASA
sections are approached only for one or two large extra acceptance for deeply penetrating events is given in
dimensiongn —m =1, 2) andMp ~ 1 TeV, aregion [8]. In T =17105 days of data taking, they find 1
of parameter space excluded by the sub-mm gravity event with an expected background of 1.72, leading
experiments and astrophysical constraints discussedto a 95% CL limit of 3.5 events fromp-brane
above Cosmic neutrinos with interaction strengths en- creation.
hanced byp-brane production cannot resolve the GZK The absence of evidence for deeply penetrating
paradox in flat compactification scenariddfe will re- showers then places bounds on the parameter space
turn to the possibility of warped compactifications be- of asymmetric compactifications. These bounds are
low. given in Fig. 2, and the results can besummarized
While p-brane cross sections far— m > 3 are ir- as follows: (1) Form = 0, only O-branes (BHs) are
relevant for the GZK paradox, they may nevertheless produced. The bounds a1, are therefore indepen-
enhance deep shower rates, with strong implications dent of L/L,, and we recover the constraiMp >
for cosmic ray experiments. For asymmetric space- 1.6 TeV, first given in [8]. (2) ForL/L, — oo, the
times withn —m > 3, the event rate for deep showers contribution fromp # 0 vanishes, and all limits as-
is ymptotically approach the BH bound. (3) Even for
dd L ~ L,, the limits onMp from p-brane production
NZ/dEv NAdEv are significantly enhanced above limits from BH pro-

o(vN — braneA(E,)T, (11)

—~~ ;

3 It a
-2

E‘ - N N

N—" Fo — —

a,l ) )

= 4r = Nt

TN ST
05 10 20 50 100 05 10 20
L/L, L/L,

Fig. 2. 95% CL lower bounds oM p in asymmetric compactification scenarios from the absencg-bfane-induced deep showers at
AGASA. Bounds are given for various Planckian compactification lengths = 6 (left) andn =7 (right), m =0, ..., n — 3 from below,
andMp"" = Mp. For eachn, contributions fromp =0, ..., m are summed.
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duction alone, and are as large as 3 TeV. (4) For deep shower rates assuming conservatively that only
smaller values of./L,, the lower bounds oM p, rise neutrinos with total cross sections below 0.56 mb
dramatically. (5) The Auger observatory, scheduled for contribute [26].
completion by 2004 with an acceptance roughly 30—  Second, ifo (vN) > 100 mb forE, > 10! GeV,
100 times that of AGASA, will provide an extremely then one expects (vN) ~ 1 to 10 mb for E, ~
sensitive probe of asymmetric compactifications. 10° GeV. (See Fig. 1.) This implies that cosmic
We now return to scenarios with— m =1 or 2, neutrinos should producg-brane showers (akin to
but consider the possibility that these dimensions are black hole showers [6]), but with primaries with mean
warped [25]. Although no explicit models are avail- free paths ofd,-air ~ 4-30 times larger than ,-ajr.
able, these scenarios may evade the stringent con-Suchmoderatelypenetrating showers were discussed
straints onMp from astrophysics and Newtonian in [27]. Because this cross section would occur near
gravity. At the same time, the cross sections for the peak of the cosmogenic flux [24], such showers
p-brane production may be as in the flat compactifica- will be copiously produced and should be observed
tion case if the curvature length scales are large com- at cosmic ray detectors. This is an important test for
pared withr,,. In these scenarios, canbrane produc-  these scenarios—an abundance of such moderately
tion provide an explanation for cosmic rays above the penetrating showers have not been reported to date.
GZK cutoff? Third, very large cross sections lead, via a disper-
This possibility is constrained by at least three sion relation, to large deviations in standard model
considerations. First, as in the — m > 3 cases, predictions at lower energies [28]. With the cross sec-
these scenarios are limited by the absence of deeplytions of Fig. 1, it is straightforward to apply the results
penetrating showers at AGASA. The expected deep of [28] to show that cross sections
shower event rate is determined essentially as before,
but now cross sections may be so large tﬁlat showers""’l\’(1011 Ge\/) =300 mb (12)
begin high in the atmosphere and so do not contribute lead to~ 100% corrections to, e.g., neutrino proper-
to deep shower rates. The atmospheric depth for quasi-ties at energies- 100 GeV.
horizontal showers with zenith angle 7@ about Cross sections (vN) at E, = 10! GeV are given
3000 g/cn?. This interaction length corresponds to in Fig. 3 for two scenarios with —m = 1, 2. [Results
a cross section of,y = 0.56 mb. We determine  for (n,m) = (7,6) are very similar to those for

30

2 T Z

Fig. 3. Contours of total cross sectietivN — brang (in mb) ate, = 101 GeVin the(L/Ly, Mp) plane for(n, m) = (6, 5) (left) and(7, 5)
(right). The shaded region is excluded by the non-observation of deeply penetrating showers at AGASA. In the hatched region, large corrections
to standard model physics at 100 GeV energies are expected (see text).
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(6,5).] The shaded area is excluded by the AGASA Acknowledgements
bound on deeply penetrating showers. For la¥fjg,

cross sections are sufficiently suppressed to eliminate  we thank Eun-Joo Ahn, Marco Cavaglia, Carlos
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As can be seen in Fig. 3, in some regions of
parameter space, cross sections~ofl00 mb are
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