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Black hole production at the CERN LHC: String balls and black holes
from pp and lead-lead collisions
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If the fundamental Planck scale is near a TeV, then parton collisions with high enough center-of-mass energy
should produce black holes. The production rate for such black holes at the CERN LHC has been extensively
studied for the case of a proton-proton collision. In this paper, we extend this analysis to a lead-lead collision
at LHC. We find that the cross section for small black holes which may in principle be produced in such a
collision is either enhanced or suppressed, depending upon the black hole mass. For example, for black holes
with a mass around 3 TeV we find that the differential black hole production cross section,ds/dM, in a typical
lead-lead collision is up to 90 times larger than that for black holes produced in a typical proton-proton
collision. We also discuss the cross sections for ‘‘string ball’’ production in these collisions. For string balls of
mass about 1~2! TeV, we find that the differential production cross section in a typical lead-lead collision may
be enhanced by a factor up to 3300~850! times that of a proton-proton collision at LHC.
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I. INTRODUCTION

It is now generally accepted that the scale of quant
gravity could beas low as a TeV@1#. If this is true, then we
stand on the threshold of an exciting revolution in our und
standing of quantum gravity and perhaps even string the
One of the most exciting aspects of this revolution will
the production of black holes in particle accelerators. Th
‘‘brane-world’’ black holes will be our first window into the
extra dimensions of space predicted by string theory,
required by the several brane-world scenarios that prov
for a low energy planck scale@1#. While the exact metrics
describing black holes in brane-world scenarios are
largely unknown, considerable work on this issue is und
way @2#. Furthermore, even without the exact metrics it is
course possible to make estimates based on crude info
tion. In particular, it is well understood that when the mass
the black hole is greater than the Planck scale, the grav
tional field of the brane can be neglected; furthermore,
long as the size of the black hole is small compared to
characteristic length scales, then a brane-world black h
may be regarded, to very good approximation, as simp
higher-dimensional black hole in flat space. Using these
proximations, in a number of recent papers people have s
ied the production of microscopic black holes in proto
proton (pp) collisions and cosmic ray events@3–16#.

The principle aim of this paper is to extend the analysis
black hole production to include collisions involving hea
nuclei, such as lead or gold at very high energy. We a
estimate the string ball production cross section both at app
and PbPb collision at the CERN Large Hadron Collid
~LHC!. String balls are lighter than black holes and hen
they should be produced in larger amounts at LHC.
0556-2821/2002/66~9!/091901~5!/$20.00 66 0919
r-
y.

e

d
e

ll
r-
f
a-
f
a-
s
e
le
a
p-
d-
-

f

o

r
e

At present the Relativistic Heavy Ion Collider~RHIC! at
BNL collide two gold nuclei~to produce the ‘‘quark-gluon
plasma’’ @17#! at AsNN5200 GeV, which is insufficient to
create any black hole of TeV scale mass. This is becaus
create a black hole of massMBH the minimum center of
mass energy of two colliding partons must be greater t
MBH which is not the case at the RHIC energy. However,
future LHC will collide two lead nuclei atAsNN55.5 TeV.
The total center of mass energy of this system is 5.53208
51144 TeV which is much larger than the 14 TeV at app
collision at LHC. Hence, it is expected that many more bla
holes of mass less than 5.5 TeV will be produced in a Pb
collision than in app collision.

Intuitively, this looks straightforward: A proton is a co
lection of partons, i.e., quarks and gluons. At high enou
energy, app collision may cause some of the partons to ha
a high enough center-of-mass energy to form a black h
Lead ~at rest! consists of many protons and neutrons, a
therefore at high energy collisions this system is just a lar
aggregate of partons. Thus, we would expect to prod
more small black holes in a lead-lead collision atAsNN

55.5 TeV at LHC. An interesting feature of a PbPb collisio
is that the string ball production is much more dominant th
that in app collision.

Of course, one should address one point here: As the
ergy of the colliding partons is increased, the size of
black hole which is created may become large and it m
absorb nearby partons. For a typical black hole formed
LHC (M;TeV) the rate at which the black hole can abso
nearby partons depends on the energy density of the qu
and gluons at LHC. The typical energy density of the qua
and gluons formed in PbPb collisions at LHC is of the ord
of 1000 GeV/fm3 @21#. It follows that the absorption is no
©2002 The American Physical Society01-1
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very large for a TeV scale black hole at LHC@22#. This is
because the rate of evaporation for a TeV scale black ho
very large@23#. In PbPb collisions at LHC the evaporatio
rate of a black hole is much larger than the absorption r
and hence a black hole will evaporate nearly instantaneo
after its formation. In order for the black hole mass to
stable against decay, the energy density of the partons h
be very much larger than the achievable energy density
the partons at LHC. These issues will be addressed elsew
@22#.

II. BLACK HOLE AND STRING BALL PRODUCTION IN
pp AND PbPb COLLISIONS

The black hole ~string ball! production cross section
sBH(sSB) at high energy hadronic collisions at zero impa
parameter is given by@4#

dsAB→BH(SB)1X~s!

dM2
5( abE

t

1

dxaE
t/xa

1

dxb

3 f a/A~xa ,Q2! f b/B~xb ,Q2!

3ŝab→BH(SB)~ ŝ!d~ ŝ2M2!. ~1!

In the above expressionxa(xb) is the longitudinal momen-
tum fraction of the parton inside the hadron A~B! and t
5M2/s, with As being the NN center of mass energy
Energy-momentum conservation impliesŝ5xaxbs5M2,
whereM is the mass of the black hole or string ball. Usin
the above relation we get

sAB→BH(SB)1X~s!5( ab

1

sEM2.Mmin
2

dM2E
t

1dxa

xa

3 f a/A~xa ,Q2! f b/B~t/xa ,Q2!

3ŝab→BH(SB)~ ŝ!. ~2!

Q25M2 is the scale at which the parton distribution functi
is measured.Mmin is the minimum mass of the black ho
~string ball! above which the total cross section is comput
(ab represents sum over all partonic combinations@5#. The
black hole~string ball! production cross sections in a bina
partonic collision are given by@4,18#

ŝab→BH~ ŝ!5
1

M P
2
F MBH

M P

S 8GS n13

2 D
n12

D G 2/(n11)

ŝab→SB~ ŝ!5
1

Ms
2

for Ms /gs,MSB,Ms /gs
2

ŝab→SB~ ŝ!5
gs

2MSB
2

Ms
4

for Ms,MSB,Ms /gs ~3!
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wheregs is the string coupling strength, andMs ,M P ,MSB
andMBH are the string mass scale, Planck mass scale, s
ball mass and black hole mass respectively.n denotes the
number of extra spatial dimensions.

For nuclear collisions at very high energy the calculati
is similar to that of the minijet production inAA collisions at
RHIC and LHC@20#. The parton distribution function inside
a large nucleus is given by

Ra/A~xa ,Q2!5
f a/A~xa ,Q2!

A fa/N~xa ,Q2!
~4!

where f a/A(xa ,Q2) and f a/N(xa ,Q2) are the parton distribu-
tion functions inside the free nucleus and free nucleon
spectively. The NMC and EMC experiments show th
Ra/A(xa ,Q2)Þ1 for all values ofx. In fact there is a strong
shadowing effect@Ra/A(xa ,Q2),1# for much smaller values
of x (x!0.01). However, for black hole~string ball! produc-
tion the shadowing effects should not be important. This
because we assume a minimum mass for the black
~string ball! ;1 TeV, and we probe the minimum value ofx
at xmin5M2/s51/(5.535.5)50.033 where there are n
shadowing effects. Also the present parametrizations@24,25#
for the ratio functionRA(x,Q2) do not cover theQ2 range up
to 1 TeV2. For this reason we will consider the unshadow
parton distribution functionRA(x,Q2)51 in this paper, as
there is no shadowing forxmin50.033 at the TeV mass scal
domain of black hole~string ball! production. One also doe
not have to worry about the saturation of parton distribut
functions in PbPb collisions at LHC. This is because satu
tion happens at a very low value ofx ~equivalent toQ
;2 GeV atAsNN55.5 TeV PbPb collisions@26#! which is
much less than our minimum valuexmin50.033. Hence for
black hole~or string ball! production of TeV mass scale on
does not need to worry about both shadowing and satura
at LHC.

III. BLACK HOLE AND STRING BALL PRODUCTION
CROSS SECTIONS AT LHC: A COMPARISON

WITH pp COLLISIONS

In this section we compute the cross sections for bla
hole ~string ball! production at LHC for a PbPb andpp col-
lision. We use the recent parton distribution function s
CTEQ6M@27# in our calculation which is the more advance
version of CTEQ5@28#. The scaleQ at which the parton
distribution is determined in our study lies within the a
lowed range for this PDF set. For black hole production
take n54 throughout our calculation. The dependence
cross section onn is very weak@4#. In Fig. 1~a! we present
the differential cross section for black hole production in
pp collision and in Fig. 1~b! we present the correspondin
results for a PbPb collision at LHC. Clearly, the cross sect
for black hole production at lower mass is much enhance
a PbPb collision over that in app collision: The differential
cross section is approximately 3300~90! times larger for
black holes of mass 1~3! TeV. Of course, the GR approxi
mation fails at a mass scale that is typically larger than
Planck scale, since the minimum mass at which a black h
1-2
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FIG. 1. ~a! The differential cross section for black hole productionds/dMBH in a pp collision at AsNN514 TeV at LHC. ~b! The
differential cross section for black hole productionds/dMBH in a PbPb collision atAsNN55.5 TeV at LHC.
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2 , and

in order to trust perturbative string theory the string coupl
must be less than 1. Thus, it is unclear that it even ma
sense to talk about black holes with a mass scale right a
string scale of 1 TeV, unless of course we are actually
strong coupling—a point to which we shall return in th
conclusions.

On the other hand, the cross section is much smaller
higher mass black hole production in PbPb collisions
cause the maximum center of mass energy available
binary parton collision is 5.5 TeV. As app collision is at 14
09190
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TeV c.m. energy, more larger mass black holes are produ
at this experiment. If one is trying to produce black hol
with masses;5 TeV thenpp collisions at LHC constitute a
good black hole production factory.

In string theory, it is now well understood@18# that in the
lower mass range it does not make sense to talk about b
holes, but instead we encounter new and exotic obje
known as ‘‘string balls.’’ Crudely, these are highly excite
long strings which decay through evaporation at the Ha
dorn temperature. We will present the results for the str
ball production cross section using Eq.~1! along with the
FIG. 2. ~a! The differential cross section for string ball productionds/dMSB in a pp collision atAsNN514 TeV at LHC. Three curves
correspond to three different values ofMs used, as discussed in the text.gs50.3 is used in the calculation.~b! The differential cross section
for string ball productionds/dMSB in a PbPb collision atAsNN55.5 TeV at LHC. Other parameters are the same as in~a!.
1-3
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FIG. 3. ~a! Ratio of the black hole~string ball! production in a PbPb/pp collision at LHC as a function of black hole~string ball! mass.
~b! The total cross section for black hole production in app collision at AsNN514 TeV at LHC and in a PbPb collision atAsNN

55.5 TeV at LHC.
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second and third expressions of Eq.~3!. In Fig. 2a~2b! we
present the differential cross sections for string ball prod
tion for pp ~PbPb! colliisons at LHC. We have chosengs
50.3 in our calculations. In Fig. 2 the upper„middle~lower!…
line corresponds toMs51„2(3)… TeV respectively. For any
other values ofgs

2 our results can be multiplied by an appr
priate factor which is evident from third expression of E
~3!. It should be mentioned that for weak string coupli
gs!1 the string ball production cross section decreases
there is no black hole production as is evident from the f
that more black holes are produced in the strong coup
limit. We also note that the differential cross section f
string ball production is approximately 3300, 850, 90 tim
larger for string balls of mass 1, 2, 3 TeV respectively in
PbPb collision than in app collision at LHC. The ratio of the
differential cross sections for black hole production in
PbPb collision to that in app collision at LHC is the same a
that of string ball production. This is plotted in Fig. 3a as
function of string ball~black hole! mass. Finally we predic
the total cross section from Eq.~2! by doing a Monte Carlo
integration. We find that the cross sections are about
respectively 28000~nb!, in a pp, respectively PbPb, collision
which produces at least 1 TeV black holes. In Fig. 3b
present the total black hole production cross section inpp
and PbPb collisions at LHC above different values of mi
mum black hole mass withM P51 TeV. Note that thesPbPb

we obtain here is not simply equal toA2 timesspp, since the
PbPb collisions are atAsNN55.5 TeV, whereas thepp colli-
sions are atAsNN514 TeV.

IV. CONCLUSION

If the fundamental planck scale is near a TeV, then par
collisions with high enough center-of-mass energy sho
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produce black holes and string balls. Black hole product
in a pp collision at LHC has been extensively studied in t
literature. In this paper we have calculated the cross sect
for black hole and string ball production at LHC in a PbP
collision at AsNN55.5 TeV. We have also computed th
string ball production cross section for a pp collision atAsNN

5 14 TeV at LHC. We find that the cross section of sm
black holes which may in principle be produced in such c
lisions is either enhanced or suppressed, depending upo
black hole mass. For example, for black holes with a m
around 3 TeV we find that a typical lead-lead collision m
produce up to 90 times theds/dM of such black holes tha
would be produced in a typical proton-proton collision. F
string balls of mass about 1, 2, 3 TeV we find that a typi
lead-lead collision may produce up to 3300, 850, 90 tim
the ds/dM of such string balls that would be produced in
proton-proton collisions at LHC.

The key mass scale in this story is the minimum ma
Ms /gs

2 , at which it makes sense to talk about a black ho
and at which we see the transition to string balls. Obviou
this mass scale depends explicitly upon the string coupl
Furthermore, it has the intriguing property that welower the
mass scale for black holes as we run to stronger coupl
This is particularly interesting from the vantage point of r
cent ideas which are emerging in string cosmology. In p
ticular, it has been suggested that several problems, inclu
even the famous cosmological constant problem, may be
solved in scenarios where the dilaton or string couplingruns
to infinity @19#. In such a scenario, it is clear that the strin
ball picture must break down, since we are in the stron
coupled regime or ‘‘M theory.’’ Indeed, if string theory i
strongly coupled, the window for string balls presumab
disappears, and all massive ‘‘string’’ states will be bla
1-4
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holes. This means that it may be possible to place str
experimental contraints on these cosmological models wi
runaway dilaton, if we donot see black holes in collide
experiments. Research on this and related issues is curr
underway.
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