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Ever since physicists invented particle accelera-

tors, nearly 80 years ago, they have used them 

for such exotic tasks as splitting atoms, transmuting 

elements, producing antimatter and creating par-

ticles not previously observed in nature. With luck, 

though, they could soon undertake a challenge that 

will make those achievements seem almost pedes-

trian. Accelerators may produce the most profound-

ly mysterious objects in the universe: black holes.

When one thinks of black holes, one usually envi-

sions massive monsters that can swallow spaceships, 

or even stars, whole. But the holes that might be 

produced at the highest-energy accelerators—per-

haps as early as 2007, when the Large Hadron Col-

lider (LHC) at CERN near Geneva starts up—are 

distant cousins of such astrophysical behemoths. 

They would be microscopic, comparable in size to 

elementary particles. They would not rip apart stars, 

reign over galaxies or pose a threat to our planet, 

but in some respects their properties should be even 

more dramatic. Because of quantum effects, they

PHYSICISTS COULD SOON BE CREATING BLACK HOLES IN THE LABORATORY

QUANTUM  BLACK HOLESBLACK HOLES
By Bernard J. Carr and Steven B. Giddings
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would evaporate shortly after they 
formed, lighting up the particle detec-
tors like Christmas trees. In so doing, 
they could give clues about how space-
time is woven together and whether it 
has unseen higher dimensions.

A Tight Squeeze
in i ts moder n for m, the concept 
of black holes emerges from Einstein’s 
general theory of relativity, which pre-
dicts that if matter is suffi ciently com-
pressed, its gravity becomes so strong 
that it carves out a region of space from 
which nothing can escape. The bound-

ary of the region is the black hole’s event 
horizon: objects can fall in, but none 
can come out. In the simplest case, 
where space has no hidden dimensions 
or those dimensions are smaller than the 
hole, its size is directly proportional to 
its mass. If you compressed the sun to a 
radius of three kilometers, about four-
millionths of its present size, it would 
become a black hole. For Earth to meet 
the same fate, you would need to squeeze 
it into a radius of nine millimeters, 
about a billionth its present size.

Thus, the smaller the hole, the higher 
the degree of compression that is re-

quired to create it. The density to which 
matter must be squeezed scales as the in-
verse square of the mass. For a hole with 
the mass of the sun, the density is about 
1019 kilograms per cubic meter, higher 
than that of an atomic nucleus. Such a 
density is about the highest that can be 
created through gravitational collapse in 
the present universe. A body lighter than 
the sun resists collapse because it gets 
stabilized by repulsive quantum forces 
between subatomic particles. Observa-
tionally, the lightest black hole candi-
dates are about six solar masses.

Stellar collapse is not the only way 
that holes might form, however. In the 
early 1970s Stephen W. Hawking of the 
University of Cambridge and one of us 
(Carr) investigated a mechanism for gen-
erating holes in the early universe. These 
are termed “primordial” black holes. As 
space expands, the average density of 
matter decreases; therefore, the density 
was much higher in the past, in particu-
lar exceeding nuclear levels within the 
fi rst microsecond of the big bang. The 
known laws of physics allow for a matter 
density up to the so-called Planck value 
of 1097 kilograms per cubic meter—the 
density at which the strength of gravity 
becomes so strong that quantum-me-
chanical fluctuations should break 

� � �Black holes need not be gargantuan, ravenous monsters. Theory implies that 
they can come in a huge variety of sizes, some even smaller than subatomic 
particles. Tiny holes should be wracked by quantum effects, and the very 
smallest would explode almost as soon as they formed.

� � �Small black holes might be left over from the early stages of the big bang, and 
astronomers might be able to detect some of them exploding today.

� � �Theorists have recently proposed that small black holes might be created in 
collisions in the present universe, even on Earth. They had thought that the 
requisite energies were too high, but if space has extra dimensions with the 
right properties, then the energy threshold for black hole production is much 
lower. If so, holes might be produced by the Large Hadron Collider (LHC) at 
CERN and in cosmic-ray collisions high in the atmosphere. Physicists could 
use the holes to probe the extra dimensions of space.

Overview/Black Hole Factories
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Mass: 1031 kilograms
Radius: 20 kilometers
Evaporation time: 1067 years

Companion star

Black hole

Accretion 
disk

Jet
Mass: 10–23 kilogram
Radius: 10–19 meter
Evaporation time: 10–26 second

Proton

MICROSCOPIC BL ACK HOLES have masses ranging up to that of a large 
asteroid. They might have been churned out by the collapse of matter 
early in the big bang. If space has unseen extra dimensions, they 
might also be created by energetic particle collisions in today’s 
universe. Rather than swallowing matter, they would give off 
radiation and decay away rapidly.

A S TROPHYSIC AL BL ACK HOLES are thought to be the corpses of massive 
stars that collapsed under their own weight. As matter falls into them, 
they act like cosmic hydroelectric plants, releasing gravitational 
potential energy—the only power source that can account for the intense 
x-rays and gaseous jets that astronomers see spurting out of celestial 
systems such as the x-ray binary shown here.

A TALE OF TWO BLACK HOLES

Black hole
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down the fabric of spacetime. Such a 
density would have been enough to cre-
ate black holes a mere 10–35 meter across 
(a dimension known as the Planck 
length) with a mass of 10–8 kilogram 
(the Planck mass).

This is the lightest possible black 
hole according to conventional descrip-
tions of gravity. It is much more massive 
but much smaller in size than an elemen-
tary particle. Progressively heavier pri-
mordial black holes could have formed 
as the cosmic density fell. Any lighter 
than 1012 kilograms would still be small-
er than a proton, but beyond this mass 
the holes would be as large as more fa-
miliar physical objects. Those forming 
during the epoch when the cosmic den-
sity matched nuclear density would have 
a mass comparable to the sun’s and so 
would be macroscopic.

The high densities of the early uni-
verse were a prerequisite for the forma-
tion of primordial black holes but did not 
guarantee it. For a region to stop expand-
ing and collapse to a black hole, it must 
have been denser than average, so den-
sity fl uctuations were also necessary. As-
tronomers know that such fl uctuations 
existed, at least on large scales, or else 
structures such as galaxies and clusters 
of galaxies would never have coalesced. 
For primordial black holes to form, these 
fl uctuations must have been stronger on 
smaller scales than on large ones, which 
is possible though not inevitable. Even in 
the absence of fl uctuations, holes might 
have formed spontaneously at various 
cosmological phase transitions—for ex-
ample, when the universe ended its early 
period of accelerated expansion, known 
as infl ation, or at the nuclear density ep-
och, when particles such as protons con-
densed out of the soup of their constitu-
ent quarks. Indeed, cosmologists can 
place important constraints on models of 
the early universe from the fact that not 
too much matter ended up in primordial 
black holes. 

Going, Going, Gone?
t he r e al izat ion that holes could 
be small prompted Hawking to consider 
what quantum effects might come into 
play, and in 1974 he came to his famous 

conclusion that black holes do not just 
swallow particles but also spit them out 
[see “The Quantum Mechanics of Black 
Holes,” by S. W. Hawking; Scientifi c 
American, January 1977]. Hawking 
predicted that a hole radiates thermally 
like a hot coal, with a temperature in-
versely proportional to its mass. For a 
solar-mass hole, the temperature is 
around a millionth of a kelvin, which is 
completely negligible in today’s universe. 
But for a black hole of 1012 kilograms, 
which is about the mass of a mountain, 
it is 1012 kelvins—hot enough to emit 
both massless particles, such as photons, 
and massive ones, such as electrons and 
positrons.

Because the emission carries off en-
ergy, the mass of the hole tends to de-
crease. So a black hole is highly unsta-

ble. As it shrinks, it gets steadily hotter, 
emitting increasingly energetic particles 
and shrinking faster and faster. When 
the hole shrivels to a mass of about 106 

kilograms, the game is up: within a sec-
ond, it explodes with the energy of a 
million-megaton nuclear bomb. The to-
tal time for a black hole to evaporate 
away is proportional to the cube of its 
initial mass. For a solar-mass hole, the 
lifetime is an unobservably long 1064 
years. For a 1012-kilogram one, it is 1010 
years—about the present age of the uni-
verse. Hence, any primordial black holes 
of this mass would be completing their 
evaporation and exploding right now. 
Any smaller ones would have evaporat-
ed at an earlier cosmological epoch.

Hawking’s work was a tremendous 
conceptual advance because it linked 

COSMIC-RAY COLLISIONS
Cosmic rays—highly energetic 
particles from celestial 
sources—could smack into Earth’s 
atmosphere and form black 
holes. They would explode in a 
shower of radiation and secondary 
particles that could be detected 
on the ground.

PRIMORDIAL DENSIT Y 
FLUCTUATIONS
Early in the history of our 
universe, space was fi lled with 
hot, dense plasma. The density 
varied from place to place, and 
in locations where the relative 
density was suffi ciently high, 
the plasma could collapse into 
a black hole.

Black hole

Cosmic ray 

Exploding  
black hole

PARTICLE ACCELERATOR
An accelerator such as the 
LHC could crash two particles 
together at such an energy that 
they would collapse into a black 
hole. Detectors would register 
the subsequent decay of the hole. 

WAYS TO MAKE A MINI BLACK HOLE
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three previously disparate areas of phys-
ics: general relativity, quantum theory 
and thermodynamics. It was also a step 
toward a full quantum theory of gravity. 
Even if primordial black holes never ac-
tually formed, thinking about them has 
led to remarkable physical insights. So it 
can be useful to study something even if 
it does not exist.

In particular, the discovery opened 
up a profound paradox that aims at the 
heart of why general relativity and quan-
tum mechanics are so hard to reconcile. 
According to relativity theory, informa-
tion about what falls into a black hole is 
forever lost. If the hole evaporates, how-
ever, what happens to the information 
contained within? Hawking suggested 
that black holes completely evaporate, 
destroying the information—in contra-
diction with the tenets of quantum me-
chanics. Destruction of information con-
fl icts with the law of energy conserva-
tion, making this scenario implausible. 

One alternative, that black holes 
leave behind remnants, is equally unpal-

atable. For these remnants to encode all 
the information that could have gone 
into the black hole, they would have to 
come in an infi nite variety of types. The 
laws of physics predict that the rate of 
production of a particle is proportional 
to the number of types of that particle. 
Therefore, the black hole remnants 
would be produced at an infi nite rate; 
even such everyday physical processes as 
turning on a microwave oven would gen-
erate them. Nature would be catastroph-
ically unstable. A third possibility is that 
locality—the notion that events at spa-
tially separated points can infl uence one 
another only after light has had time to 
travel between them—fails. This conun-
drum challenges theorists to this day 
[see “Black Hole Computers,” by Seth 
Lloyd and Y. Jack Ng; Scientific 
American, November 2004].

Looking for Holes
progr ess in ph ysics usually re-
quires some guidance from experiment, 
so the questions raised by microscopic 

black holes motivate an empirical search 
for them. One possibility is that astrono-
mers might be able to detect primordial 
black holes with an initial mass of 1012 
kilograms exploding in the present uni-
verse. Most of the mass of these holes 
would go into gamma rays. In 1976 
Hawking and Don Page, then at the Cal-
ifornia Institute of Technology, realized 
that gamma-ray background observa-
tions place stringent upper limits on the 
number of such holes. They could not, 
for example, constitute a significant 
amount of the universe’s dark matter, 
and their explosions would rarely be 
close enough to be detectable. In the mid-
1990s, however, David Cline of the Uni-
versity of California at Los Angeles and 
his colleagues suggested that the shortest 
gamma-ray bursts might be primordial 
black holes blowing up. Although longer 
bursts are thought to be associated with 
exploding or merging stars, the short 
events may have another explanation. 
Future observations should settle this is-
sue, but the possibility that astronomical 

THE RISE AND DEMISE OF A QUANTUM BLACK HOLE

If conditions are right, two particles 
(shown here as wave packets) can 
collide to create a black hole. The 
newborn hole is asymmetrical. It can 
be rotating, vibrating and electrically 
charged. (Times and masses are 
approximate; 1 TeV is the energy 
equivalent of about 10–24 kilogram.)

As it settles down, the black hole emits 
gravitational and electromagnetic waves. 
To paraphrase physicist John A. Wheeler, the 
hole loses its hair—it becomes an almost 
featureless body, characterized solely by 
charge, spin and mass. Even the charge 
quickly leaks away as the hole gives off 
charged particles. 

The black hole is no longer black: it radiates. 
At fi rst, the emission comes at the expense 
of spin, so the hole slows down and relaxes 
into a spherical shape. The radiation 
emerges mainly along the equatorial plane 
of the black hole. 
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Mass: 8 to 6 TeV 
0

Mass: 10 to 8 TeV
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observations could probe the fi nal stages 
of black hole evaporation is tantalizing.

The production of black holes by par-
ticle accelerators is an even more exciting 
possibility. When it comes to producing 
high densities, no device outdoes accel-
erators such as the LHC and the Teva-
tron at the Fermi National Accelerator 
Laboratory near Chicago. These ma-
chines accelerate subatomic particles, 
such as protons, to velocities exceedingly 
close to the speed of light. The particles 
then have enormous kinetic energies. At 
the LHC, a proton will reach an energy 
of roughly seven tera-electron volts 
(TeV). In accord with Einstein’s famous 
relation E = mc2, this energy is equivalent 
to a mass of 10–23 kilogram, or 7,000 
times the proton’s rest mass. When two 
such particles collide at close range, their 
energy is concentrated into a tiny region 
of space. So one might guess that, once in 
a while, the colliding particles will get 
close enough to form a black hole.

As it stands, this argument has a 
problem: a mass of 10–23 kilogram is far 

shy of the Planck value of 10–8 kilogram, 
which conventional gravity theory im-
plies is the lightest possible hole. This 
lower limit arises from the uncertainty 
principle of quantum mechanics. Be-
cause particles also behave like waves, 
they are smeared out over a distance that 
decreases with increasing energy—at 
LHC energies, about 10–19 meter. So 
this is the smallest region into which a 
particle’s energy can be packed. It allows 
for a density of 1034 kilograms per cubic 
meter, which is high but not high enough 
to create a hole. For a particle to be both 
energetic enough and compact enough 

to form a black hole, it must have the 
Planck energy, a factor of 1015 beyond 
the energy of the LHC. Although accel-
erators might create objects mathemati-
cally related to black holes (and accord-
ing to some theorists have already done 
so), the holes themselves appear to lie 
out of reach.

Reaching into 
Other Dimensions
over the past decade , however,  
physicists have realized that the stan-
dard estimate of the necessary Planckian 
density could be too high. String theory, 

BERNARD J. CARR and STEVEN B. GIDDINGS fi rst met in person at a conference to celebrate 
Stephen W. Hawking’s 60th birthday in 2002. Carr traces his enthusiasm for astrophysics 
to the famous 1969 BBC television documentary by Nigel Calder entitled “The Violent Uni-
verse.” He became a graduate student of Hawking’s in the 1970s, was one of the fi rst 
scientists to investigate small black holes and today is a professor at Queen Mary, Uni-
versity of London. Giddings says he caught the physics bug when his father fi rst told him 
about the weird properties of quantum mechanics. He went on to become an expert on 
quantum gravity and cosmology, was among the fi rst to study the possibility of creating 
black holes in particle accelerators and is now a professor at the University of California, 
Santa Barbara. When not theorizing about gravity, he defi es it by rock climbing.
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Having lost its spin, the black hole is 
now an even simpler body than before, 
characterized solely by mass. Even the 
mass leaks away in the form of radiation 
and massive particles, which emerge in 
every direction.

The hole approaches the Planck mass—the lowest mass possible for a hole, 
according to present theory—and winks into nothingness. String theory suggests 
that the hole would begin to emit strings, the most fundamental units of matter. 

SIMUL ATED DEC AY of a black hole 
shows a particle accelerator and 
detector in cross section. From the 
center of the accelerator pipe (black 
circle) emerge particles (spokes) 
registered by layers of detectors 
(concentric colored rings).
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one of the leading contenders for a quan-
tum theory of gravity, predicts that space 
has dimensions beyond the usual three. 
Gravity, unlike other forces, should 
propagate into these dimensions and, as 
a result, grow unexpectedly stronger at 
short distances. In three dimensions, the 
force of gravity quadruples as you halve 
the distance between two objects. But in 
nine dimensions, gravity would get 256 
times as strong. This effect can be quite 
important if the extra dimensions of 
space are suffi ciently large, and it has 

been widely investigated in the past few 
years [see “The Universe’s Unseen Di-
mensions,” by Nima Arkani-Hamed, 
Savas Dimopoulos and Georgi Dvali; 
Scientifi c American, August 2000]. 
There are also other confi gurations of 
extra dimensions, known as warped 
compactifi cations, that have the same 
gravity-magnifying effect and may be 
even more likely to occur if string theory 
is correct.

This enhanced growth of the strength 
of gravity means that the true energy 

scale at which the laws of gravity and 
quantum mechanics clash—and black 
holes can be made—could be much low-
er than its traditional value. Although 
no experimental evidence yet supports 
this possibility, the idea sheds light on 
numerous theoretical conundrums. And 
if it is true, the density required to create 
black holes could lie within the range of 
the LHC.

The theoretical study of black hole 
production in high-energy collisions 
goes back to the work of Roger Penrose 
of the University of Oxford in the mid-
1970s and Peter D’Eath and Philip Nor-
bert Payne, both then at Cambridge, in 
the early 1990s. The newfound possibil-
ity of large extra dimensions breathed 
new life into these investigations and 
motivated Tom Banks of the University 
of California at Santa Cruz and Rutgers 
University and Willy Fischler of the Uni-
versity of Texas to give a preliminary 
discussion in 1999.

At a 2001 workshop, two groups—

one of us (Giddings) with Scott Thomas 
of Stanford University, and Savas Dimo-
poulos of Stanford with Greg Lands-
berg of Brown University—indepen-
dently described what one would actu-
ally see at particle colliders such as the 
LHC. After a few calculations, we were 
astounded. Rough estimates indicated 
that under the most optimistic scenari-
os, corresponding to the lowest plausi-
ble value for the Planck scale, black 
holes could be produced at the rate of 
one per second. Physicists refer to an ac-
celerator producing a particle at this 
rate as a “factory,” so the LHC would 
be a black hole factory.

The evaporation of these holes 
would leave very distinctive imprints on 
the detectors. Typical collisions produce 
moderate numbers of high-energy par-
ticles, but a decaying black hole is dif-
ferent. According to Hawking’s work, it 
radiates a large number of particles in 
all directions with very high energies. 
The decay products include all the par-
ticle species in nature. Several groups 
have since done increasingly detailed in-
vestigations into the remarkable signa-
tures that black holes would produce in 
the detectors at the LHC.

How much do you need to squeeze a piece of matter to turn it into a black hole? The 
lighter a body is, the more you must compress it before its gravity becomes strong 
enough to make a hole. Planets and people are farther from the brink than stars 
are (graph). The wave nature of matter resists compression; particles cannot be 
squeezed into a region smaller than their characteristic wavelength (diagram), 
suggesting that no hole could be smaller than 10–8 kilogram. But if space has extra 
dimensions, gravity would be inherently stronger over short distances and an 
object would not need to be squeezed as much, giving would-be hole makers hope 
that they might succeed in the near future.
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MAKING HOLES IS HARD TO DO
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Is it Raining Black Holes?
t h e prospec t of producing black 
holes on Earth may strike some as folly. 
How do we know that they would safe-
ly decay, as Hawking predicted, instead 
of continuing to grow, eventually con-
suming the entire planet? At fi rst glance, 
this seems like a serious concern, espe-
cially given that some details of Hawk-
ing’s original argument may be incor-
rect—specifi cally the claim that infor-
mation is destroyed in black holes. But 
it turns out that general quantum rea-
soning implies that microscopic black 
holes cannot be stable and therefore are 
safe. Concentrations of mass energy, 
such as elementary particles, are stable 
only if a conservation law forbids their 
decay; examples include the conserva-
tion of electric charge and of baryon 
number (which, unless it is somehow 
violated, assures the stability of pro-
tons). There is no such conservation law 
to stabilize a small black hole. In quan-
tum theory, anything not expressly for-
bidden is compulsory, so small black 
holes will rapidly decay, in accord with 
the second law of thermodynamics.

Indeed, an empirical argument cor-
roborates that black hole factories 
would pose no danger. High-energy col-
lisions such as those at the LHC have 
already taken place—for example, in the 
early universe and even now, when suf-
fi ciently high energy cosmic rays hit our 
atmosphere. So if collisions at LHC en-
ergies can make black holes, nature has 
already been harmlessly producing them 
right over our heads. Early estimates by 
Giddings and Thomas indicated that 
the highest-energy cosmic rays—pro-
tons or heavier atomic nuclei with ener-
gies of up to 109 TeV—could produce as 
many as 100 black holes in the atmo-
sphere a year.

In addition, they—along with David 
Dorfan of U.C. Santa Cruz and Tom 
Rizzo of the Stanford Linear Accelera-
tor Center and, independently, Jonathan 
L. Feng of the University of California 
at Irvine and Alfred D. Shapere of the 
University of Kentucky—have discov-
ered that collisions of cosmic neutrinos 
might be even more productive. If so, 
the new Auger cosmic-ray observatory 
in Argentina, which is now taking data, 
and the upgraded Fly’s Eye observatory 
in Utah may be able to see upward of 
several holes a year. These observations, 
however, would not obviate the need for 
accelerator experiments, which could 
generate holes more reliably, in greater 
numbers and under more controlled 
circumstances.

Producing black holes would open 
up a whole new frontier of physics. 
Their mere presence would be proof 
positive of the previously hidden dimen-
sions of space, and by observing their 
properties, physicists might begin to ex-
plore the geographic features of those 
dimensions. For example, as accelera-
tors manufacture black holes of increas-
ing mass, the holes would poke further 
into the extra dimensions and could be-
come comparable in size to one or more 
of them, leading to a distinctive change 

in the dependence of a hole’s tempera-
ture on mass. Likewise, if a black hole 
grows large enough to intersect a paral-
lel three-dimensional universe in the ex-
tra dimensions, its decay properties 
would suddenly change.

Producing black holes in accelera-
tors would also represent the end of one  
of humankind’s historic quests: under-
standing matter on ever finer scales. 
Over the past century, physicists have 
pushed back the frontier of the small—
from dust motes to atoms to protons 
and neutrons to quarks. If they can cre-
ate black holes, they will have reached 
the Planck scale, which is believed to be 
the shortest meaningful length, the lim-
iting distance below which the very no-
tions of space and length probably cease 
to exist. Any attempt to investigate the 
possible existence of shorter distances, 
by performing higher-energy collisions, 
would inevitably result in black hole 
production. Higher-energy collisions, 
rather than splitting matter into fi ner 
pieces, would simply produce bigger 
black holes. In this way, the appearance 
of black holes would mark the close of a 
frontier of science. In its place, however, 
would be a new frontier, that of explor-
ing the geography of the extra dimen-
sions of space.  
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BL ACK HOLES OF DIFFERENT SIZES could probe extra 
dimensions that are otherwise inaccessible to us. Because 
gravity, unlike other forces, extends into those 
dimensions, so do black holes. Physicists would vary their 
size by tuning the particle accelerator to different 
energies. If a hole intersects a parallel universe, it will 
decay faster and appear to give off less energy (because 
some of the energy is absorbed by that other universe).

Our universe

Parallel universe
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