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Large Extra Dimensions 

F(r > R)∼ G4+n
m1m2

r2Rn

F(r < R)∼ G4+n
m1m2

r2+n

⇒ G4 =
G4+n

Rn

For n extra dimensions compactified at scale R

R



TeV-Scale Gravity

G4+n = M−2−n
PL

⇒M(4)
PL = MPL

(
MPLc

h̄
R
)n/2

1019 GeV∼ 103 GeV× (104 R/fm)n/2

G4 = G4+n/Rn

Hence for              TeV we need

mm for n=2, nm for n=3, pm for n=4

MPL = 1



• Black hole production

• Black hole decay

• Event simulation & model uncertainties

• Measuring black hole mass

• Determining the number of extra dimensions

Black Holes in Particle Collisions
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Black hole production
Parton (quark or gluon)-level cross section:

Usually set Planck scale                TeV for illustration
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Fn = form factor of order unity (hoop conjecture)

σ̂(ŝ = M2
BH) = Fn πr2

S

Schwarzschild radius in 4+n dimensions:rS =

rS =
1√

πMPL

[
8Γ

(n+3
2

)
MBH

(n+2)MPL

] 1
n+1

(Dimopoulos-Landsberg                               )

MPL = 1

MPL ≡
[
G(4+n)

]− 1
n+2



BH formation factor (1)

b

bmax = 2rh = 2rs
[
1+a2

∗
]− 1

n+1

σ̂ = Fn πr2
S ! πb2

max

J ! bMBH/2a∗ =
(n+2)J
2rh MBH

,

Fn ! 4

[
1+

(
n+2

2

)2
]− 2

n+1

(“geometric”)
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BH formation factor (2)

H Yoshino & VS Rychkov, hep-th/0503171
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Yoshino-Rychkov

Yoshino-Nambu

“geometric”

H Yoshino & Y Nambu, gr-qc/0209003



Yoshino-Rychkov Bound on 
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FIG. 2: Schematic picture of the spacetime of colliding high-energy particles with (D − 3) dimen-

sions suppressed. The schematic shape of AH on the new slice (u > 0, v = 0 and v > 0, u = 0) is

shown by solid lines, while the AH on the old slice (u < 0, v = 0 and v < 0, u = 0) is shown by

dashed lines. Dotted lines indicate coordinate singularities.

one dimension to Fig. 1. Our goal is to construct an AH on the new slice, i.e., on the union

of the two null surfaces u = 0, v > 0 and u > 0, v = 0. By the left-right symmetry (we

work in the center-of-mass frame), it is sufficient to consider the u > 0, v = 0 surface. We

introduce a coordinate φ such that the metric in region II is given by

ds2 = −dudv +
[

1 + (D − 3)
u

rD−2

]2
dr2 + r2

[

1 −
u

rD−2

]2
(

dφ2 + sin2 φdΩ2
D−4

)

. (10)

The radial coordinate r in region II is adapted to the left particle, which is thus located

at r = 0. In these coordinates, the right particle will cross the transverse collision plane

u = v = 0 at a point distance b from the origin, where b is the impact parameter. We will

choose coordinate φ so that this point is r = b, φ = 0. This setup is identical to the one

used in [17] and [18].

B. AH equation and boundary conditions

The schematic shape of the AH on the new slice is also shown in Fig. 2. Because u = rD−2

is a coordinate singularity, we have two boundaries in this analysis: Cin at u = v = 0 and
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YN bound is          for AH on past lightcone (boundary of region I) 

YR bound is          for AH on future lightcone (boundary of regions II & III) 

AH = apparent horizon 
(closed trapped surface)

πb2
max

πb2
max

σ̂BH

Area of AH sets limits on MBH and JBH



Limits on MBH and JBH
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FIG. 13: The regions (ii) and (iii) in the (ξ, ζ)-plane for b = 0.5, 1.0, 1.3 in the D = 6 case.
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FIG. 14: The regions (ii) and (iii) in the (ξ, ζ)-plane for b = 0.5, 1.0, 1.5 in the D = 9 case.

the five-dimensional case holds only for formation of the AH with spherical topology.

IV. SUMMARY AND DISCUSSION

In this paper, we have analyzed the AH formation in the high-energy particle collision

using a new slice u = 0, v > 0 and v = 0, u > 0, which lies to the future of the slice

u = 0, v < 0 and v = 0, u < 0 used in the previous studies of [17, 18]. Our main results

are summarized in Table II. Compared to the previous results for b̂max, we have obtained

maximal impact parameters bmax of the AH formation larger by 18-30% in the higher-

dimensional cases. These results lead to 40-70% larger cross section of the AH formation,

the present value being σAH ! 3π [rh(2µ)]2 for large D.

We have also estimated the mass M and angular momentum J of the final state of the

produced black hole, as allowed by the area theorem Mirr > Mlb. This condition provides a

stricter restriction on the final M and J than the simple condition M > Mlb, and becomes
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M2
BH = ŝ, so impliesM/2µ = 1

forbidden

allowed

forbiddenforbidden

allowed allowed

(n=2)

µ≡
√

ŝ/2

We’ll assume JBH ! bµ! bMBH/2MBH ! 2µ =
√

ŝ ,



BH cross section vs Planck mass

Little sensitivity to n 
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Figure 1: Yoshino-Rychkov (YR), Yoshino-Nambu (YN) and geometrical (geom) estimates of black hole formation factor.

Figure 2: Parton-level black hole cross section.

T030 Sensitive to assumption that MBH !
√

ŝ



BH cross sections at LHC
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Several 5 TeV BH per minute at LHC!
Figure 3: Hadron-level black hole cross section at the LHC.

Of course, one also expects some dramatic changes in the cross section and final state at partonic c.m. energies
around the Planck scale, due to the onset of strong gravitational scattering. However, to predict those changes one
needs a quantum theory of gravity, whereas measurements well above the Planck scale can reasonably be interpreted
in a classical approximation, as we are doing here.

The problem in any case is to make a reliable measurement of the black hole mass, or more correctly the partonic
c.m. energy for black hole formation. Since we do not observe the colliding partons, this can only be inferred from
properties of the final state, which will be dominated by the decay of the black hole.

3. BLACK HOLE DECAY

Although the formation of a horizon in parton collisions well above the Planck scale seems reliably established,
the nature and fate of the object thus created is much less clear. The usual working hypothesis has been that the
evolution of the system has four phases:

• Balding phase: all ‘hair’ (characteristics other than mass, charge and angular momentum) and multipole
moments are lost, mainly through gravitational radiation, and the object becomes the multidimensional gen-
eralization of a Kerr-Newman black hole. In fact any residual charge after this phase is probably negligible, so
the Kerr solution is assumed.

• Spin-down phase: the Kerr black hole loses angular momentum by Hawking radiation and becomes a
Schwarzschild black hole.

• Schwarzschild phase: the black hole loses mass through Hawking radiation and its Hawking temperature rises
until the mass and/or temperature reach the Planck scale.

T030



Black hole decay (1)
Balding phase

Spin-down phase

Schwarzschild phase

Planck phase

loses `hair’ and multipole moments,

loses angular momentum,

loses mass by Hawking radiation,

mass and/or temperature

mainly by gravitational radiation

mainly by Hawking radiation

temperature increases

reach Planck scale: remnant = ??
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Black hole decay (2)
We’ll assume Schwarzschild phase is dominant

all types of SM particles emitted with Hawking spectrum

Hawking temperature

γ is (4+n)-dimensional grey-body factor
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TH =
n+1
4πrBH

∝ (MBH)−
1

n+1

dN
dE

∝ γE2

(eE/TH ∓1)T n+6
H



Grey-body factors
scalar

vector

spinor

Emission on brane only

Low-energy vector suppression

CM Harris, hep-ph/0502005
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Integrated Hawking flux

N.B. at large n
Transit time ! time between emissions

Decay no longer quasi-stationary at large n 
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Figure 6: Grey-body factors for gauge boson emission on the brane from a (4 + n)D black hole.
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Figure 7: Integrated flux of Hawking emission on the brane from a (4 + n)D black hole.

Equation (9) throughout (which we have just seen must be doubtful), we can integrate the total energy flux to find
the time at which the entire mass of the black hole has been radiated away. This measure of the lifetime, expressed in
units of the inverse of the initial mass, is shown in Figure 8. We see that the lifetime falls very steeply as a function
of the number of dimensions, and indeed can be comparable with the inverse mass when n > 4, even for masses well
above the Planck scale. In this situation the object formed can no longer really be said to have any independent
existence as a black hole.

T030

Ftot rS! 1



Black hole lifetime

N.B. at large n

MBH = 5 TeV⇒M−1
BH ∼ 10−28 s

τMBH ∼ 1

Black hole no longer well-defined?
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Figure 8: Mean lifetime of a (4 + n)D black hole.

4. EVENT SIMULATION

4.1. Model Uncertainties

4.2. CHARYBDIS Event Generator

4.3. Event Characteristics
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5.1. Measuring Black Hole Masses

5.2. Fitting Emission Spectra
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Spin-down phase (1)
Some results becoming available for spinning BH

Power spectrum for scalar emission on brane (n=1)

CM Harris & P Kanti, hep-th/0503010

a∗ =
(n+2)J
2rh MBH
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Figure 2: Power spectra for scalar emission on the brane from rotating black holes, for
n = 1 and various values of a∗.

tal axis adequately covers the low, intermediate and high-energy regimes. The different
curves in the figure allow us to compare the energy emission rates for black holes with the
same horizon radius and different angular momentum. When rh is kept fixed, as in this
case, the temperature of the black hole decreases sharply with a∗, leading to the observed
suppression of the energy emission rate in the low-energy regime – this is in agreement
with the behaviour found by analytical methods in the low ω and low a limit [11]. As the
energy increases further, however, the absorption probability is significantly enhanced;
this enhancement gradually overcomes the decrease in the black hole temperature leading
to the observed increase in the energy emission rate, as a∗ increases, both in the inter-
mediate and high-energy regimes. This in turn leads to a significant enhancement of the
total emissivity of a 5-dimensional rotating black hole (that is, energy emitted per unit
time over the whole frequency band) compared to that of a non-rotating black hole of the
same dimensionality.

The numerical results produced above allowed the statement made in [3], according
to which the emission of Hawking radiation is dominated by modes with " = m, to be
tested. We have found that Fig. 2 looks the same at the ∼ 90% level if only the " = m
modes are included in the sum of Eq. (11), a result that confirms this statement.

Keeping the black hole horizon value rh fixed during our analysis was a convenient
choice from a calculational point of view. However, as a varies, this leads to the comparison
of energy emission rates for black holes with different masses. From a phenomenological
point of view, fixing the mass parameter µ of the black hole, instead, makes more sense.
In Fig. 3, we present the energy emission spectrum on the brane for a 6-dimensional
black hole, i.e. for n = 2. The angular momentum parameter now varies from zero to
the maximum value – derived from Eqs. (4)-(5) – of amax = 1.17 M−1

∗ , where M∗ is the
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Spin-down phase (2)
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LHC Event Simulation
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Black Hole Event Generators
TRUENOIR (Dimopoulos & Landsberg, hep-ph/0106295)

CHARYBDIS (Harris, Richardson & BW, hep-ph/0307305)

CATFISH (Cavaglia et al., hep-ph/0609001)

J=0 only; no energy loss; fixed T; no g.b.f.

J=0 only; no energy loss; variable T; g.b.f. included

J=0 only; energy loss option; variable T; g.b.f. included

All need interfacing to a parton shower and 
hadronization generator (PYTHIA or HERWIG)



Main CHARYBDIS parameters
Name Description Values Default
TOTDIM Total dimension (n+4)  6-11 6

MPLNCK Planck mass (GeV) real 1000

GTSCA Use scale (1/rS) not MBH logical .FALSE.

TIMVAR Use time-dependent TH logical .TRUE.

MSSDEC Include t,W,Z(2), h(3) decay 1-3 3

GRYBDY Include grey-body factors logical .TRUE.

KINCUT Use kinematic cutoff logical .TRUE.
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CHARYBDIS Event at LHC

 Atlantis  ATLAS 

TOTDIM =10 MPLNCK =1 TeV MBH = 8 TeV



Effects of grey-body factors
Primary photons from 5 TeV BH (n=2)

including both

neglecting T var.

neglecting g.b.f.

Vector boson suppression 20-30%

Generator-theory differences due 
to masses & charge conservation

Particle emissivity (%)
GRYBDY=.TRUE.GRYBDY=.FALSE.

Particle type Generator Theory Generator Theory
Quarks 63.9 61.8 58.2 56.5
Gluons 11.7 12.2 16.9 16.8
Charged leptons 9.4 10.3 8.4 9.4
Neutrinos 5.1 5.2 4.6 4.7
Photon 1.5 1.5 2.1 2.1
Z0 2.6 2.6 3.1 3.1
W+ and W− 4.7 5.3 5.7 6.3
Higgs boson 1.1 1.1 1.0 1.1
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Abstract: In some extra dimension theories with a TeV fundamental Planck scale, black

holes could be produced in future collider experiments. Although cross sections can be

large, measuring the model parameters is difficult due to the many theoretical uncertainties.

Here we discuss those uncertainties and then we study the experimental characteristics of

black hole production and decay at a typical detector using the ATLAS detector as a guide.

We present a new technique for measuring the temperature of black holes that applies to

many models. We apply this technique to a test case with four extra dimensions and, using

an estimate of the parton-level production cross section error of 20%, determine the Planck

mass to 15% and the number of extra dimensions to ±0.75.
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Typically larger E   than SM or even MSSM

5.2 Black hole charge

Black holes are typically formed from valence quarks, so it is expected that the black

holes would be charged. The average charge is somewhat energy dependent, but should

be ∼ +2/3. The rest of the charge from the protons is expected to disappear down the

beam pipes or at very high |η|. The average black hole charge, 〈QBH〉, can be measured by

determining the average charge of the charged leptons, 〈QLept〉, which should be equal to

the black hole charge times the probability of emitting a charged lepton. Figure 7 shows

such a measurement for the test case with n = 2 which gives 〈QLept〉 = 0.1266 ± 0.002

and thus 〈QBH〉 = 0.654± 0.008 using the expected charged lepton emission probability of

0.1936.
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Figure 6: The distribution of the !pT for
Standard Model QCD events (with generator
level cut pT > 600 GeV), SUSY events (at
LHCC SUGRA point 5), and 5 TeV black
hole with n = 2 and 6.

Figure 7: The average charge of electrons
and muons for n = 2 with approximately
1 fb−1 of data.

5.3 Kinematic distributions

The authors of [29] have studied the hadronic decay of a black hole and found that the

transverse momentum distribution of charged hadrons depends weakly on the number of

large extra dimensions. In addition to the event multiplicity and transverse momentum

distribution, figure 8, we have also looked at the average pT of the events, jets, leptons, and

the ratio of the difference and sum of the ith and the jth highest pT jet (i , j = 1, 2, 3, 4)

and found that these variables also depend only weakly on n. It is therefore not possible

to get a constraint on n using these distributions.

5.4 Event shape variables

In addition to the event multiplicity and spectra, we have studied the following event shape

variables: the sphericity [30], thrust [31], and the Fox-Wolfram moment ratios [32]. Since

the sphericity (S) and thrust (T ) are sensitive to underlying event and longitudinal motion,

we have used the corresponding quantities for transverse momenta only.

– 10 –

Missing transverse energy
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and 300 GeV respectively.3 In order to improve the reconstructed mass resolution, events

were rejected if the missing transverse momentum was greater than 100 GeV.

The reconstructed Gaussian mass resolution and the overall signal efficiency (the frac-

tion of accepted events) after the selection cuts for 5 and 8 TeV black hole in n = 2, 4 and

6 are given in table 2 with sample plots in figure 11. The mass resolution can be improved

slightly by raising the threshold of the jet pT , but at the cost of a sharp drop in overall

signal efficiency.

Topology Mass Resolution (GeV) Efficiency (%)

n = 2 202.1 26.1

5 TeV black hole n = 4 188.4 30.0

n = 6 184.4 31.9

n = 2 293.9 13.2

8 TeV black hole n = 4 234.0 17.8

n = 6 226.4 19.3

Table 2: The reconstructed Gaussian mass resolution and the overall signal efficiency after the
selection cuts.
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Figure 11: Mass resolution for n = 2 and (a) MBH = 5 TeV and (b) MBH = 8 TeV.

7. Measurement of the Planck mass

Some authors [9] have suggested that since n can be determined from the TH–MBH rela-

tionship (equation 2.5), MPL can be measured from the normalisation of the temperature.

For reasons outlined in the next section, we choose not to use this method but instead to

3A reconstructed jet was required to have a minimum momentum of 10 GeV within an η − φ cone of

radius 0.4.

– 13 –

Measuring black hole masses

Need E  < 100 GeV for adequate resolutionT

ΔM ~MBHBH 4%
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Figure 1: Energy of the generator level decay products in the rest frame of the black hole for a
5 TeV black hole and 1000 events. The colour scale indicates the number of particles in each bin.
(a) for n = 2 the kinematic limit (E = MBH/2, black lines) constricts the energy distribution at
low masses. (b) for n = 4 the kinematic limit clearly affects the energy distribution at all masses.
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Figure 2: The photon energy distributions for (a) n = 2 and (b) n = 4. The black and red lines
are for 2-body and 4-body remnant decays respectively.

4.6 Time-variation and black hole recoil

It has been argued [9] that due to the speed of the decay, the black hole does not have

enough time to equilibrate between emissions and therefore that the time variation of

the temperature can be ignored. Therefore, the initial Hawking temperature might be

measured by fitting Planck’s formula for black-body radiation to the energy spectrum of

the decay products for different bins in the initial black hole mass. Using equation 2.5 the

number of dimensions can then be extracted. This is the approach taken at a theoretical

level in [9].

To illustrate this procedure, we have used the test case with n = 2. Events were

generated without grey-body factors in 500 GeV mass bins between 5000 and 10000 GeV.

For each mass bin we have fitted the black-body spectrum to the generator level electron

energy. Figure 3a shows the result of this together with the fit using equation 2.5 from

which we determine n = 1.7 ± 0.3. Figure 3b shows the result of the same procedure

and the same test case but with time dependence turned on. In this case we determine

– 7 –

Effect of energy cutoff E < M   /2BH

n=2 n=4

Energy distribution of primary emissions vs MBH

Cutoff affects spectrum at low mass and/or high n
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Effects of time dependence
TIMVAR off TIMVAR on

Fits to primary electron spectrum for n=2

Neglecting time variation of  
TH  leads to over-estimate of n
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Fit: n = 1.7 ! 0.3 Fit: n = 3.8 ! 1.0
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(b) n = 3
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(c) n = 4
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Figure 16: Fraction of events passing the cut, p, as a function of MBH for different values of n for
the test case. Appropriate upper and lower bounds are shown.
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Figure 17: Temperature against MBH for
n = 4 and 30 fb−1 of integrated luminosity.
The band shows the systematic uncertainty
corresponding to the upper and lower bounds
on p with a systematic on the MBH measure-
ment of ±200 GeV.

Figure 18: The determination of n and
MPL from the measurement of TH and an as-
sumed measurement of the parton-level cross
section (see text).

detector. A number of different attempts to determine the model parameters have been

discussed and a new technique has been introduced. This new technique has been shown

to control many of the theoretical uncertainties and can be used to measure the black hole

temperature. We have applied this technique to our test case with four extra dimensions

– 20 –

n

Combined measurement of M   and nPL
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ΔM ~PL 15% ,PL Δn ~M 0.75



• Large cross section if Planck mass ~ 1 TeV

• Clear signature, with large

• But BH mass measurement needs small

• BH decay not well understood:  early 
phases, time variation, spectrum cutoff, 
Planck-scale remnant ....

• Measuring n difficult but may be possible

• Soon: spin-down phase in CHARYBDIS

Conclusions
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