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We use the four- and higher-dimensional general relativity
and study the AH formation in the particle collisions.

We adopt the model of a high-energy particle by 
Aichelburg and Sexl (AS).

We ignore

charge, color charge, spin of incoming particle

the effect of the brane tension

the structure of extra dimensions

We will find the lower bound on          .σBH
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ds2 = −dūdv̄ + dr̄2 + r̄2dΩ̄2
D−3 + Φ(r̄)δ(ū)dū2,
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ds2 = −dūdv̄ + dr̄2 + r̄2dΩ̄2
D−3 + Φ(r̄)δ(ū)dū2,
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ū = u

v̄ =
{

v − 2 log rθ(u) + uθ(u)/r2 (D = 4),
v + 2θ(u)/(D − 4)rD−4 + uθ(u)/r2D−6 (D ≥ 5),

r̄ = r
(
1 − u

rD−2
θ(u)

)
,

Flat coordinates

Null geodesic coordinates

Φ(r̄) =

−2 ln r̄ (D = 4)
2

(D − 4)r̄D−4
(D ≥ 5)

r0 =
(

8πGDµ

ΩD−3

)1/(D−3)



Aichelburg-Sexl particle length unit:
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ds2 = −dudv +
[
1 + (D − 3)

uθ(u)
rD−2

]2

dr2 + r2

[
1 − uθ(u)

rD−2

]2

dΩ2
D−3

v, r,φi = const.
u

is a null geodesic
is an affine parameter
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ds2 = −dūdv̄ + dr̄2 + r̄2dΩ̄2
D−3 + Φ(r̄)δ(ū)dū2,
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FIG. 1: Quantitative measures of the validity of the semi-
classical analysis of BH production for n = 6. (See text.)

FIG. 2: The number of BHs produced at the LHC with in-
elasticity included (N , solid) and neglected (Ny=1, dashed)
for integrated luminosity 1 ab−1 and n = 6 extra dimensions.

In many string models, the string ball cross section lies
well above the semi-classical BH cross section, perhaps
justifying extrapolation to xmin ≈ 1 [10].

The number of BHs produced at the LHC with and
without inelasticity is given in Fig. 2 in the (xmin, MD)
plane, assuming a cumulative integrated luminosity of
1 ab−1 over the life of the collider. Inelasticity suppresses
event rates by factors of 103 to 106 in the region of pa-
rameter space where more than 1 inelastic BH event is
expected. The effect is large because the LHC is energy-
limited for BH production, and inelasticity effectively
suppresses the available energy to below BH production
threshold in much of parameter space.

Inelasticity also affects event rates for BH-mediated
showers at cosmic ray facilities. These showers are ini-
tiated by very high energy neutrinos in the atmosphere,

FIG. 3: The number of BHs produced at the PAO with in-
elasticity included (N , solid) and neglected (Ny=1, dashed)
for 10 years of running and n = 6 extra dimensions. The
hadronic aperture of the PAO is given in Ref. [19].

and the observable event rate is a function of BH cross
section, exposure, and the incoming neutrino flux [10]. In
this case, inelasticity affects not only the BH production
cross section, but also the exposure, which is a function of
shower energy. We have presented the effect of inelastic-
ity on existing cosmic ray data elsewhere [10]. Following
that analysis, we show event rates for a future cosmic
ray experiment, the Pierre Auger Observatory (PAO), in
Fig. 3, assuming a cosmogenic flux, again with and with-
out inelasticity. Cosmic ray experiments are flux-, not
energy-, limited. Consequently, the effect of inelasticity
is much less severe than at the LHC, typically reducing
event rates by an order of magnitude.

We turn now to a detailed evaluation of BH discov-
ery prospects at the LHC. Following Dimopoulos and
Landsberg [3], we consider the signal of events with total
multiplicity N ≥ 4 and at least one e±/γ with energy
> 100 GeV. To implement these cuts, we first deter-
mine average multiplicities 〈N〉 for the various particle
species, incorporating evolution effects during Hawking
radiation.

The average total emission rate for particle species i is

d〈N〉
dt

=
1

2π

(∑
ci gi Γi

)
ζ(3)Γ(3) r2 T 3 , (4)

where ci is the number of internal degrees of freedom of
particle species i, gi = 1 (3/4) for bosons (fermions),

Γi =
1

4πr2

∫
σi(ω)ω2 dω
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[∫
ω2 dω

eω/T ± 1

]−1

, (5)

where σi is the greybody absorption area due to the
backscattering of part of the outgoing radiation of fre-
quency ω into the BH [20], and r and T are the instan-
taneous Schwarzschild radius and Hawking temperature,
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MBH = 2µ
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FIG. 1: Quantitative measures of the validity of the semi-
classical analysis of BH production for n = 6. (See text.)

FIG. 2: The number of BHs produced at the LHC with in-
elasticity included (N , solid) and neglected (Ny=1, dashed)
for integrated luminosity 1 ab−1 and n = 6 extra dimensions.

In many string models, the string ball cross section lies
well above the semi-classical BH cross section, perhaps
justifying extrapolation to xmin ≈ 1 [10].

The number of BHs produced at the LHC with and
without inelasticity is given in Fig. 2 in the (xmin, MD)
plane, assuming a cumulative integrated luminosity of
1 ab−1 over the life of the collider. Inelasticity suppresses
event rates by factors of 103 to 106 in the region of pa-
rameter space where more than 1 inelastic BH event is
expected. The effect is large because the LHC is energy-
limited for BH production, and inelasticity effectively
suppresses the available energy to below BH production
threshold in much of parameter space.

Inelasticity also affects event rates for BH-mediated
showers at cosmic ray facilities. These showers are ini-
tiated by very high energy neutrinos in the atmosphere,

FIG. 3: The number of BHs produced at the PAO with in-
elasticity included (N , solid) and neglected (Ny=1, dashed)
for 10 years of running and n = 6 extra dimensions. The
hadronic aperture of the PAO is given in Ref. [19].

and the observable event rate is a function of BH cross
section, exposure, and the incoming neutrino flux [10]. In
this case, inelasticity affects not only the BH production
cross section, but also the exposure, which is a function of
shower energy. We have presented the effect of inelastic-
ity on existing cosmic ray data elsewhere [10]. Following
that analysis, we show event rates for a future cosmic
ray experiment, the Pierre Auger Observatory (PAO), in
Fig. 3, assuming a cosmogenic flux, again with and with-
out inelasticity. Cosmic ray experiments are flux-, not
energy-, limited. Consequently, the effect of inelasticity
is much less severe than at the LHC, typically reducing
event rates by an order of magnitude.

We turn now to a detailed evaluation of BH discov-
ery prospects at the LHC. Following Dimopoulos and
Landsberg [3], we consider the signal of events with total
multiplicity N ≥ 4 and at least one e±/γ with energy
> 100 GeV. To implement these cuts, we first deter-
mine average multiplicities 〈N〉 for the various particle
species, incorporating evolution effects during Hawking
radiation.

The average total emission rate for particle species i is

d〈N〉
dt

=
1

2π

(∑
ci gi Γi

)
ζ(3)Γ(3) r2 T 3 , (4)

where ci is the number of internal degrees of freedom of
particle species i, gi = 1 (3/4) for bosons (fermions),

Γi =
1

4πr2

∫
σi(ω)ω2 dω

eω/T ± 1

[∫
ω2 dω

eω/T ± 1

]−1

, (5)

where σi is the greybody absorption area due to the
backscattering of part of the outgoing radiation of fre-
quency ω into the BH [20], and r and T are the instan-
taneous Schwarzschild radius and Hawking temperature,

MP (TeV)

Mthreshold/MP

MBH = MAH

MBH = 2µ

BH production rate highly depends on the amount
of radiated energy.
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If the energy loss by gravitational radiation is small, 
the production rate is fairly larger than 1BH/1s.
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Final state restriction
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Quasi-local mass of the horizon

Area theorem

AKerr(M,J) > AAH

MAH :=
(D − 2)ΩD−2

16πGD

(
AAH

ΩD−2

)(D−3)/(D−2)



Angular momentum & AH formation

q ≡ Jsystem/J!(Msystem) ! 1,

J!(M) =
{

(1/2)Mrh(M) (D = 4)
(2/3)Mrh(M) (D = 5)

q =
{

0.84 (D = 4)
0.93 (D = 5)In our system,

This criterion was well confirmed in the collapse of 
rapidly rotating stars in 4-dim. by many authors, 
e.g, Sekiguchi & Shibata

The Kerr BH is extremal if J = J!(M)

The BH (or AH) is expected to form only if 


