MISSOURI
E Missouri University of Science and Technology

Scholars' Mine

Physics Faculty Research & Creative Works Physics

01 Jan 2003

Brane Factories

Eun-Joo Ahn

Marco Cavaglia
Missouri University of Science and Technology, cavagliam@mst.edu

Angela V. Olinto

Follow this and additional works at: https://scholarsmine.mst.edu/phys_facwork

b Part of the Physics Commons

Recommended Citation

E. Ahn et al,, "Brane Factories," Physics Letters, Section B: Nuclear, Elementary Particle and High-Energy
Physics, vol. 551, no. 1-2, pp. 1-6, Elsevier, Jan 2003.
The definitive version is available at https://doi.org/10.1016/S0370-2693(02)03011-3

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Physics Faculty Research & Creative Works by an authorized administrator of Scholars' Mine. This work
is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/phys_facwork
https://scholarsmine.mst.edu/phys
https://scholarsmine.mst.edu/phys_facwork?utm_source=scholarsmine.mst.edu%2Fphys_facwork%2F1779&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=scholarsmine.mst.edu%2Fphys_facwork%2F1779&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1016/S0370-2693(02)03011-3
mailto:scholarsmine@mst.edu

E] H Available online at www.sciencedirect.com
S

S S
i @

ELSEVIER Physics Letters B 551 (2003) 1-6

PHYSICS LETTERS B

www.elsevier.com/locate/npe

Brane factories

Eun-Joo Ahr#, Marco Cavaglid¢, Angela V. Olintg*¢

@ Department of Astronomy and Astrophysics and Enrico Fermi Institute, University of Chicago,
5640 S. Ellis Avenue, Chicago, IL 60637, USA®
b Center for Theoretical Physics, Massachusetts I nstitute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139-4307, USA
¢ Ingtitute of Cosmology and Gravitation, University of Portsmouth, Portsmouth PO1 2EG, UK
d Center for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
Received 24 September 2002; received in revised form 5 November 2002; accepted 5 November 2002

Editor: J. Frieman

Abstract

We propose that higher-dimensional extended objegtbranes) are created by super-Planckian scattering processes in
theories with TeV scale gravity. As an example, we compute the cross sectiprbf@ne creation in & + 4)-dimensional
spacetime with asymmetric compactification. We find that the cross section for the formation of a brane which is wounded
on a compact submanifold of size of the fundamental gravitational scale is larger than the cross section for the creation of a
spherically symmetric black hole. Therefore, we predict that branes are more likely to be created than black holes in super-
Planckian scattering processes in these manifolds. The higher ratdmine production has important phenomenological
consequences, as it significantly enhances possible detection of non-perturbative gravitational events in future hadron colliders
and cosmic rays detectors.

0 2002 Elsevier Science B.V. Open access under CC BY license.

PACS: 04.80.Cc; 04.50.+h; 11.27.+d; 11.80.-m; 13.85.Tp; 13.85.-t

The fundamental Planck scale may be of the order of super-Planckian black holes and their subsequent
TeV as in some models of extra dimensions [1-7]. In evaporation would be detectable in future hadron col-
these theories, processes at energiebeV may ex- liders [10—12] and in high energy cosmic ray detectors
perimentally test quantum gravitational effects. In a as black holes would form in the Earth’s atmosphere
series of recent papers [8-13] it has been proposed thaf13-17].2 The detection of black hole formation can
particle collisions with center-of-mass energy larger open an era in both experimental and theoretical high-
than a few TeV and sufficiently small impact pa- energy physics. Thus the recent explosion of papers
rameter might generate black holes. The formation on the phenomenological aspects of black hole pro-

duction is of no surprise. If super-Planckian scattering
probes non-perturbative quantum gravity, then forma-
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olinto@oddjob.uchicago.edu (A.V. Qlinto). 2 See Refs. [18,19] for criticisms and Refs. [20—22] for counter
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tion of spherically symmetric black holes is just the
simplest of a plethora of possible high-energy physical

processes. At super-Planckian energies, we expect the

creation ofany non-perturbative gravitational object
which is predicted by a given theory of quantum grav-
ity. In particular, in the presence of extra dimensions,

An uncharged, statig-brane living in a(n + 4)-
dimensional spacetime is described by the ansatz [27]
ds? = A(r)(—dt® + dz?) + B(r)dr? + C(r)d$22,

()

wherez; (i =1, ..., p) are the brane coordinates and

one should expect the creation of higher-dimensional d.qu (g =n — p+ 2) is the line element of the

objects p-branes) [23,24]. Thus far, this exciting pos-
sibility has been overlooked in the literature.
In this Letter we propose thagt-branes are cre-

g-dimensional unit sphere.
The general solution of Eq. (1) with ansatz (3)
has been found in Ref. [27] and later generalized to

ated by super-Planckian scattering processes. To makenon boost-symmetric configurations in Ref. [28]. The
our claim quantitative, we compute the cross section metric is

for p-brane creation in a simple model. We assume a

flat asymmetric compactification for the extra dimen-

sions. Asymmetric compactifications are suggested by

some string theory models [25,26]. Specifically, we
considenn flat compact extra dimensions with size of
order of the fundamental scalg, = M andn — m

flat extra dimensions with size of ordér > M L.

(The generalization to more than two different com-
pactification scales is trivial.) Setting=m we obtain

the standard flat symmetric compactification of [2,3].
We find that the cross section for the formation of
a p-brane whose dimensions are wound (“wrapped”)
around then extra dimensions is larger than the cross
section for the formation of spherically symmetric

A 2—q—A
ds® = R+ (=di® +dz2) + R oL dr?
2p2 152
+r“Ra-1 d.Qq,

where

—1
R(ry=1— (%”)q . (5)

A is a constant parameter related to the brane dimen-
sion p and to the sphere dimensigrby

qg(p+1)
\ r+q

The spherically symmetric solution is recovered for

4)

A= (6)

black holes. In this case, if super-Planckian scatter- p = 0. In this caseA = 1, and Eq. (4) reduces to the
ing processes lead to non-perturbative formation of (n + 4)-dimensional Schwarzschild black hole.

gravitational objects, the rate of formation of higher-

Let us briefly discuss two interesting features of

dimensional branes is higher than the rate of formation Eq. (4). Whenp = 0 (black hole case) = r, defines

of spherically symmetric black holes.

We consider for simplicity uncharged, non-spinning
p-brane solutions of(n + 4)-dimensional Einstein
gravity. The generalization of the model to either the
charged case or to string theory is straightforward
and leads to no significantly different results. Using
standard notations, we write tle + 4)-dimensional
Einstein—Hilbert action

n+2

M, f " =g Rg).

SEH = 1
EH= o (1)

The fundamental Planck scalé, is related to the ob-
served Planck scal®fons~ 10t TeV by the relation

)

where V, is the volume of the extra dimensions in
fundamental Planck units. i, ~ 10%2, M, is of order
TeV.

-1/2
M, = MobsV, / ,

the Schwarzschild horizon. Fgr#£ 0 (p-brane case)
the metric (4) possesses a naked singularity-atr,,
which is the higher-dimensional analogue of a cosmic
string conical singularity [27]r, sets the curvature
scale of the geometry. Thereforg can be interpreted

as the physical radius of the brane though the proper
area of thep-brane per unit brane-volumg, is in-
finite. The interpretation of the curvature singularity
has been discussed in Ref. [27]. The metric (4) is in-
terpreted avacuum exterior solution to thep-brane,
with the curvature singularity being smoothed out by
the core of thep-brane. In analogy to the black hole
case, we expect that a scattering process with impact
parameterb < r, will produce a p-brane which is
described by a suitable localized energy field config-
uration. Being an extended object endowed with ten-
sion (mass/unip-volume), thep-brane (4) is unsta-
ble [29]. The decay process of thebrane depends on
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the type of instability and is presently very speculative. The cross section fgs-brane formation is
String field theory arguments [30—-36] suggest that the 1 o o
p-brane decays into lower-dimensional branes, and Gijbr (53 Py, Vp) & =y (n, p)2V, n+1<i) ,
eventually into gauge radiation. On the other hand, Sk s

analogy to cosmic strings [37—39] suggest a nonper- (10)
turbative instability, which would unlikely lead to a fi-
nal fragmentation into 0-branes. For the bosonic un-
chargedp-brane (4), the main difference from the
black hole scenario is that the absence of an event
horizon does not immediately lead to Hawking evap-

*

wheres, = M?2. Let us compare Eq. (10) to the cross
section for the production of a spherically symmetric
black hole with massd/4, (see, e.g., Ref. [13]). The
latter is recovered fop = 0 and is explicitly given by

oration, though we expect the-branes to eventually 1 s =

evaporate by emission of observable, possibly thermal, ij—bi (s:1) ~ =y (1, 0)2<—) (11)
particles. The intermediate states of fhwbrane decay ) * * ) )

are highly dependent on the details of the theory con- The ratio of the two cross sections is

sidered. However, we do not expect significant quali- S(sin, p,V,) = Oij—br

tative differences as far as the final evaporation stage =" "7 oijopn

is concerned. For instance, when the model is embed- 2 3 (n. )2 (s w1

ded in string theory, the presence of charges usually ~ V;"Tl Y, p 5 (—) ) (12)
lead to p-branes with horizons. As long as the solu- v (n, 0% \ s

tion does not saturate the Bogomol'ny bound [23,24] Sincew > 1 for anyn > p > 0, ¥ becomes larger
the p-brane will have non-zero entropy and will evap- for higher energy. At fixed, the value of Xdepends
orate by Hawking radiation. on the dimensionality of the brane and on the size

p-branes form when two partorisj with center- of the extra dimensions. In the scenario withextra
of-mass energys;; = /s scatter with impact para-  dimensions compactified on thie scale and: — m
meterb < r,. The geometrical cross section for this dimensions compactified on tlié scale, Eq. (2) gives
process can be approximated by an absorptive black

m n—m 2
disk with arearr2, i.e., LN\" /L _ (Mobs\™ 13)
L, L, M,
Oijbr (531, p) = F(s)nrf,, (7) If we assume that the-brane wraps on- small

dimensions £ < m) and onp — r large dimensions,
where F(s) is a dimensionless form factor of order the volumeV,, is
one. By analogy to the black hole case, in the follow- F s per
ing we will assumeF (s) = 1. This is a rather conser- _ (i) (L)
vative choice that has been widely discussed in the lit- b L, L,

erature (see Refs. [14,21,22]). From Eq. (4) the radius LN\ Ap-n)
of a p-brane with mas#/,, is = (—) ( obs . (14)
L, M,
1 ( )Vf”%l (Mp>,%+’l - Substituting Eq. (14) in Eq. (12) we find
r, = y(n, p — .
P T M, b M, Z(s;n,m, p,r)
V, is the volume of the extra dimensions in funda- [ Mops\ (L Py, p)? (s = 15
niental PIanlck_linits (;/vhere the-brane wrapsw = A L) yn.02\s, - )
[1-p/(n+D] " an where
» P) = . n—m)n—p
@+ (p+D71A - p/(n +2)) 207 — mp)
9) B >0. (16)

T i—mn—-p+1)
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z

In theories with TeV scale gravitWops/ M, ~ 1014
(10%%) for M, ~ 100 TeV (1 TeV). Since X
(w—1)/(n+1) <1, for physically interesting energy
scales thep-brane cross section is suppressed w.r.t.
spherically symmetric black hole cross section by a 1.6 1
factora 1014 (10'6%). The largest cross section is ob-
tained forp =r, i.e., when thep-brane is completely
wrapped on small-size dimensions:

1.8 4

Y(s;n,m, p<m)

__2p T 2 %
o L Ty p)t s\ (17) 2 4 6 8 o/
L. y(n,0)2 \ s, *

. . Fig. 1. Ratio between the cross section for the creatiop-bfanes
Since L 5 L., the p-brane formation process dom- (p < m) completely wrapped on fundamental-size dimensions and
inates the black hole formation process. When the a spherically symmetric black hole in a spacetime with= 5
p-brane is wrapped on some of the large extra dimen- fundamental-size extra dimensiofis= L, = 102 (TeV)~! and
sions, thep-brane cross section is instead suppressed” —m = 2 large extra dimensions of sizé ~ 10'% (TeV) ™' > L..
w.r.t. black hole cross sectior® slightly increases
with the dimension of the brane. Therefore, in a space- = 5 |
time with m fundamental-scale extra dimensions and
n —m large extra dimensions m-brane is the most
likely object to be created. 4

In the following, we give a 11-dimensional space-
time as a concrete example. Let us consiget 5
fundamental-scale extra dimensions = L, =
102 (TeV)~1 and two large extra dimensioris ~

102 (TeV)~1l. At s ~ 10s, the cross sections for 5 ]
the formation of a 5-brane and a 4-brane completely p=3 >
wrapped on the fundamental-size dimensions are en- P= p=t
hanced by a factorr 2 and~ 1.5 w.r.t. cross section

200 400 600 800

for creation of a spherically symmetric black hole, re- s/s
spectively. If the 5-brane wraps on four extra dimen-
sions with fundamental scale size and on one large ex-

. . . of p-branes p < m) completely wrapped on fundamen-
tra dimension X (s ~ 10s,) is suppressed by a factor i size dimensions and a spherically symmetric black hole in
~ 108 (see Figs. 1, 2). a spacetime withm = 5 fundamental-size extra dimensions

The cross sections are enhanced if the dimensionsL = L, = 107! (Tev)~! andn — m = 2 large extra dimensions
where thep-brane is wrapped are smaller than the ©f Sizecf’%m“ (T}:e\/)‘lé2x012;3 cn;. If the fundamental-size

H XL Iimension Vi 12€ = V. f on I n-

fundamental scale. For instance, assunting 0.5L. Eatnie y b; sions na 1%511196’ hy ZLI; iy ; c;s;s:cg? e f,
(L = 0.25L,) the cross section for the creation of oo cciively.
5-branes in a 11-dimensional spacetime is enhanced
by a factor~ 10 (100). This result is of special interest
to the ultra high energy cosmic ray community, as
the enhancement of the cross section should allow a (Mobs>_”?”w+p1) Y, p)2 ( s )wﬂl

Fig. 2. Ratio between the cross section for the creation

have

sufficient flux of p-branes to be detected by ground X =~ —

array and air fluorescence detectors [40]. M, y(n.0)
Finally, let us consider the case where all extra In this case the cross section fefbrane formation is

dimensions are compactified on the same stal&Ve subdominant to the cross section for black hole forma-

(18)

Sx
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tion. This result is understood qualitatively as follows.
If all the extra dimensions have (large) identical char-
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