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ŝ
reach

es
th
e
fu
n
d
am

en
tal

P
lan

ck
scale

M
P
�

T
eV

th
en

th
e
cross

section
if
of

or-
d
er

T
eV

�
2�

400
p
b
.
A
t
th
e
L
H
C
,
w
ith

th
e
total

c.o.m
.

en
ergy

p
s
=

14
T
eV

,
B
H
s
w
ill

b
e
p
ro
d
u
ced

cop
iou

sly.
T
o
calcu

late
total

p
ro
d
u
ction

cross
section

,
w
e
n
eed

to
take

in
to

accou
n
t
th
at

on
ly

a
fraction

of
th
e
total

c.o.m
.

en
ergy

in
a
p
p
collision

is
ach

ieved
in

a
p
arton

-p
arton

scatterin
g.

W
e
com

p
u
te

th
e
fu
ll
p
article

level
cross

sec-
tion

u
sin

g
th
e
p
arton

lu
m
in
osity

ap
p
roach

(after
R
ef.[7]):

d
�
(p
p!

B
H
+
X
)

d
M

B
H

=
d
L

d
M

B
H

�̂
(a
b!

B
H
) ���ŝ
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FIG. 1: a) Parton-level production cross section, b) di�eren-
tial cross section d�=dMBH at the LHC, c) Hawking temper-
ature, and d) average decay multiplicity for a Schwarzschild
black hole. The number of extra spatial dimensions n = 4 is
used for a)-c). The dependence of the cross section and Hawk-
ing temperature on n is weak and would be hardly noticable
on the logarithmic scale.

radius, and given by [5]:

TH = MP

 
MP

MBH

n+ 2
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2
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! 1
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n+ 1

4
p
�

(3)

(see Fig. 1b). As the parton collision energy increases,
the resulting black hole gets heavier and its decay prod-
ucts get colder.
Note that the wavelength � = 2�

TH
corresponding to

the Hawking temperature is larger than the size of the
black hole. Therefore, the BH is, to �rst approxima-
tion, a point-radiator and therefore emits mostly s-waves.
This indicates that it decays equally to a particle on the
brane and in the bulk, since it is only sensitive to the
radial coordinate and does not make use of the extra an-
gular modes available in the bulk. Since there are many
more particles on our brane than in the bulk, this has the
crucial consequence that the black hole decays visibly to
standard model (SM) particles [4, 9].
The average multiplicity of particles produced in the

process of BH evaporation is given by: hN i =
D
MBH
E

E
,

where E is the energy spectrum of the decay products.
In order to �nd hN i, we note that the BH evaporation
is a blackbody radiation process, with the energy ux

per unit of time given by Planck's formula: df
dx � x3

ex�c ,
where x � E=TH , and c is a constant, which depends on
the quantum statistics of the decay products (c = �1 for
bosons, +1 for fermions, and 0 for Boltzmann statistics).

The spectrum of the BH decay products in the massless

particle approximation is given by: dN
dE � 1

E
df
dE � x2

ex�c .
In order to calculate the average multiplicity of the par-
ticles produced in the BH decay, we use the average of
the distribution in the inverse particle energy:�

1

E

�
=

1

TH

R1
0

dx 1
x

x2

ex�cR1
0

dx x2

ex�c

= a=TH ; (4)

where a is a dimensionless constant that depends on the
type of produced particles and numerically equals 0.68 for
bosons, 0.46 for fermions, and 1

2
for Boltzmann statistics.

Since a mixture of fermions and bosons is produced in
the BH decay, we can approximate the average by using
Boltzmann statistics, which gives the following formula

for the average multiplicity: hN i � MBH
2TH

. Using Eq. (3)
for Hawking temperature, we obtain:

hN i = 2
p
�

n+ 1

�
MBH

MP

�n+2

n+1

 
8�
�
n+3
2

�
n + 2

! 1
n+1

: (5)

Eq. (5) is reliable when the mass of the BH is much
larger than the Hawking temperature, i.e. hN i � 1; oth-
erwise, the Planck spectrum is truncated at E �MBH=2
by the decay kinematics [10]. The average number of
particles produced in the process of BH evaporation is
shown in Fig. 1d, as a function of MBH=MP , for several
values of n.
We emphasize that, throughout this paper, we ignore

time evolution: as the BH decays, it gets lighter and hot-
ter and its decay accelerates. We adopt the \sudden ap-
proximation" in which the BH decays, at its original tem-
perature, into its decay products. This approximation
should be reliable as the BH spends most of its time near
its original mass and temperature, because that is when
it evolves the slowest; furthermore, that is also when it
emits the most particles. Later, when we test the Hawk-
ing mass-temperature relation by reconstructing Wien's
dispacement law, we will minimize the sensitivity to the
late and hot stages of the BHs life by looking at only
the soft part of the decay spectrum. Proper treatment
of time evolution, for MBH � MP , is diÆcult, since it
immediately takes us to the stringy regime.
Branching Fractions: The decay of a BH is ther-

mal: it obeys all local conservation laws, but otherwise
does not discriminate between particle species (of the
same mass and spin). Theories with quantum gravity
near a TeV must have additional symmetries, beyond
the standard SU (3) � SU (2) � U (1), to guarantee pro-
ton longevity, approximate lepton number(s) and avor
conservation [11]. There are many possibilities: discrete
or continuous symmetries, four dimensional or higher di-
mensional \bulk" symmetries [12]. Each of these possi-
ble symmetries constrains the decays of the black holes.
Since the typical decay involves a large number of par-
ticles, we will ignore the constraints imposed by the few
conservation laws and assume that the BH decays with
roughly equal probability to all o� � 60 particles of the
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FIG. 3: Determination of the dimensionality of space via
Wien's displacement law at the LHC with 100 fb�1 of data.

TABLE I: Determination of MP and n from Hawking's radi-
ation. The two numbers in each column correspond to frac-
tional uncertainty in MP and absolute uncertainty in n, re-
spectively.

MP 1 TeV 2 TeV 3 TeV 4 TeV 5 TeV

n = 2 1%/0.01 1%/0.02 3.3%/0.10 16%/0.35 40%/0.46

n = 3 1%/0.01 1.4%/0.06 7.5%/0.22 30%/1.0 48%/1.2

n = 4 1%/0.01 2.3%/0.13 9.5%/0.34 35%/1.5 54%/2.0

n = 5 1%/0.02 3.2%/0.23 17%/1.1

n = 6 1%/0.03 4.2%/0.34 23%/2.5 Fit fails

n = 7 1%/0.07 4.5%/0.40 24%/3.8

with large extra dimensions.

Test of the Wien's law at the LHC would provide a
con�rmation that the observed e + X and  + X event
excess is due to the BH production. It would also be
the �rst experimental test of the Hawking's radiation hy-
pothesis. Figure 3 shows typical �ts to the simulated
BH data at the LHC, corresponding to 100 fb�1 of in-
tegrated luminosity, for the highest fundamental Planck
scales that still allow for determination of the dimension-
ality of space with reasonable precision. The reach of the
LHC for the fundamental Planck scale and the number
of extra dimensions via Hawking's radiation extends to
MP � 5 TeV and is summarized in Table [14].

Note, that the BH discovery potential at the LHC is
maximized in the e=�+X channels, where background is
much smaller than that in the +X channel (see Fig. 2).
The reach of a simple counting experiment extends up to
MP � 9 TeV (n = 2{7), where one would expect to see
a handful of BH events with negligible background.

Summary: Black hole production at the LHC may be
one of the early signatures of TeV-scale quantum gravity.
It has three advantages:

Large Cross Section. Because no small dimension-
less coupling constants, analogous to �, suppress the pro-
duction of BHs. This leads to enormous rates.

Hard, Prompt, Charged Leptons and Photons.

Because thermal decays are avor-blind. This signature
has practically vanishing SM background.

Little Missing Energy. This facilitates the deter-

mination of the mass and the temperature of the black
hole, and may lead to a test of Hawking's radiation.
It is desirable to improve our primitive estimates, es-

pecially for the light black holes (MBH � MP ); this will
involve string theory. Nevertheless, the most telling sig-
natures of BH production { large and growing cross sec-
tions; hard leptons, photons, and jets { emerge from qual-
itative features that are expected to be reliably estimated
from the semiclassical arguments of this paper.
Perhaps black holes will be the �rst signal of TeV-scale

quantum gravity. This depends on, among other factors,
the relative magnitude of MP and the (smaller) string
scale MS . For MS � MP , the vibrational modes of the
string may be the �rst indication of the new physics.
Note added: After the completion of this work, a re-

lated paper [15] has appeared in the LANL archives.
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