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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
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TeV-Scale Gravity
G4 = G4+n/Rn

Hence for              TeV we need

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

3

G4+n = M−2−n
D

⇒ MPl = MD

(
MDc

! R

)n/2

MD = 1

1018 GeV ∼ 103 GeV× (104 R/fm)n/2



• Black hole production

• Black hole decay

• Event simulation & model uncertainties

• Observable effects of rotation?

• Conclusions and prospects

Black Holes in Particle Collisions
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CHARYBDIS2:  M Casals, SR Dolan, J Frost, JR Gaunt,  
MA Parker, MOP Sampaio, BRW, in preparation
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Black hole production
Expect parton (quark or gluon)-level cross section

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

Schwarzschild radius in 4+n dimensions:rS =

σ
(
ŝ = M2

)
= Fnπr2

S

rS =
2π

MD

[
1

(n + 2)πSn+2

M

MD

] 1
n+1

, Sp =
2π

p+1
2

Γ
(p+1

2

)

MD = 1
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Rotating Black Holes
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Myers-Perry (Kerr) solution (Q=0)

rh = rS

(
1 + a2

∗
)− 1

n+1 , Ah = Sn+2 rn+2
h

(
1 + a2

∗
)

Angular momentum parameter a∗ =
(n + 2)J
2Mrh
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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
DM Eardley & SB Giddings, gr-qc/0201034
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Yoshino-Rychkov Bound on 
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IV
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old-slice AH

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

7

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:

9

Ah(M,J) > Ah(Mlb, 0)
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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

22

M2
BH = ŝ, so impliesM/2µ = 1

forbidden

allowed

forbiddenforbidden

allowed allowed

(n=2)

µ≡
√

ŝ/2

We need a model for the distribution in the allowed region
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Model for M,J Lost
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Comparison with other models
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Results from method in which collision is viewed as an ultrarelativistic
particle falling into a Schwarzchild-Tangherlini black hole

Results from method based on instantaneous collision assumption

Results from method based on finding first two terms of Bondi’s news function

Trapped surface method upper bound on mass loss

Average output from simulation

.
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BH cross section at LHC
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A ~5 TeV BH per minute at LHC!
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Black hole decay (1)
Formation (balding) phase

Spin-down phase

Schwarzschild phase

Planck phase

loses `hair’ and multipole moments,

loses angular momentum and mass

loses mass by Hawking radiation,

mass and/or temperature

mainly by gravitational radiation

by Hawking radiation

temperature increases

reach Planck scale: remnant = ??

14
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Black Hole Thermodynamics

15

Bekenstein-Hawking entropy

First Law

Hawking temperature

Angular velocity of horizon Ω =
(

∂U

∂J

)

S

=
(

∂M

∂J

)

Ah

dU = dM = T dS + Ω dJ

Ω =
a∗

rh(1 + a2
∗)

T =
(n + 1) + (n− 1)a2

∗
4πrh(1 + a2

∗)

S = (2π)1−nMn+2
D Ah

T =
(

∂M

∂S

)

J

=
(2π)n−1

Mn+2
D

(
∂M

∂Ah

)

J
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Black Hole Properties

16

Temperature not strongly J-dependent (but spectrum is)

For n>1, angular velocity decreases at large J!
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Black hole decay (2)
We assume SM particle emission on brane is dominant

Hawking distribution

energy in co-rotating frame:  favours 

is transmission coefficient (greybody factor)

17

ω −mΩ = m = j

Tjm

λSjm is (generalized) spheroidal harmonic

“Democratic” emission:  fermions dominate

Superradiant bosons: Tjm < 0⇒ Rjm > 1 for m > ω/Ω

d3Nλ

d cos θ dω dt
=

1
4π

∑

jm

Tjm

e
ω−mΩ

T ± 1
|λSjm(θ, φ)|2
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Degrees of Freedom

18

Particle Scalar Spinor Vector
Quark 72
Gluon 16
Lepton 12

Neutrino 6*

Photon 2
Z 1 2
W 2 4

Higgs 1
Total 4 90 24
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Fermion power flux (1)

19

8.5. Numerical results 185
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Figure 8.3: Emission spectrum of a rotating five-dimensional black hole at a! = 1.5. The top plot shows
the transmission coefficients (red, solid) and the Fermi factors (green, dotted) as a function of coupling
ωrh, for the m = j modes up to j = 33/2. For each mode, the region of overlap is small, leading to
sharply-peaked oscillations in the power emission spectrum, shown in the bottom plot.

tends to emit more low-energy particles (ωrh < 1) than high-energy ones. For higher values of

n, however, as Figs. 8.4(b) and 8.5 reveal, the black hole consistently prefers to emit particles

with energies ωrh ≥ 1. Rotation also plays a significant role: increasing a! shifts the peak of the

emission curve towards higher energies ωrh. This enhancement-with-a! was also seen in the 4D

case; however, there are qualitative differences in the higher-dimensional case, which we consider

below.

In section 2.7.3, we saw that emission from a 4D Schwarzschild black hole is dominated by

the lowest mode j = 1
2 , m = ±1

2 . In section 7.6.3, it was shown that the introduction of rotation

leads to the excitation of higher angular modes. In the fast-rotating limit, that is, as a/M → 1,

the m = +j modes were found to dominate the emission. This leads to a jagged saw-tooth

emission profile – for example, Fig. 7.8 – and a fast loss rate for angular momentum. It is clear

that similar oscillations are present in the emission profile of the 5D hole, Fig. 8.4a. These

oscillations also arise from the m = +j modes. However, as extra dimensions are included, the

modes with lower azimuthal angular momentum m < j also contribute to the emission. The

emission profile of the 11-dimensional hole (Fig. 8.4b) is a much smoother curve; since different

m = j = 1/2

D = 5
a∗ = 1.5

j ∼ ωb ≤ 2ωrh

m = j = 31/2
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Classical Limit

20

p
J

b
x

y

)

θ

ζ

p = ω(sin θ, 0, cos θ)
b = b(− cos θ sin ζ, cos ζ, sin θ sin ζ)

|Alm|2 → Pabs(b, θ, ζ) = Θ (bc(θ, ζ)− b)

σclass =
1
4

∫
d cos θ dζ b2

c(θ, ζ)

l = b ω(− cos θ cos ζ, sin ζ,− sin θ cos ζ)l

l

l · J/lJ ≡ cos β = − sin θ cos ζl
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Classical impact parameter profile

21

Black disc grows with

Absorption/emission largest for l ||Jl

a∗
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Fermion power flux (2)
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Integrated Hawking flux

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

a∗ = 0

Will be enhanced by rotation
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Angular distributions
PP

Equatorial (centrifugal) bulge
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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)

BlackMax (Dai et al., arXiv:0711.3012)

CHARYBDIS2 (Casals et al., in preparation)
J=0; energy loss option; variable T; split branes; g.b.f. 

J=0; energy loss model; variable T; remnant options; g.b.f. 
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LHC event simulation
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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.

NBODY Remnant decay multiplicity 2-5 2

27
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New CHARYBDIS2 parameters

28

Name Description Values Default
MJLOST M,J loss in production  logical .TRUE.

BHSPIN Include BH rotation effects logical .TRUE.

BHJVAR Vary BH spin axis in decay logical .TRUE.

RMBOIL Boiling remnant model logical .FALSE.

THWMAX Boiling temperature (GeV) real 1000

RMMINM Minimum remnant mass (GeV) real 350

NBODYVAR Variable n-body remnant decay logical .TRUE.

RMSTAB Stable remnant model logical .FALSE.
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Back-reaction issues

29

Emissions cause black hole recoil (on brane)

Black hole gets significant pt

Angular momentum emission (j,m) changes J

Fixed axis option:  J’ = J-m

Variable axis option:  (J’,mJ’) chosen
using Clebsch-Gordan probabilities
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Primary Multiplicity vs Entropy

30

“Error bars” show r.m.s. fluctuations

is approximately universal〈n〉 # S/4

CHARYBDIS2.0
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Black Hole Spin-Down

31
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Figure 2: 2D correlation/evolution contour plots
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MBH

Typical JBH ~ MBH/MD

TBH ~ constant

n=4

TBH

JBHMinit > 5 TeV

CHARYBDIS2.0
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Black Hole Histories(1)
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CHARYBDIS2.0



Black Holes at Colliders CERN 23/02/09

Black Hole Histories (2)
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CHARYBDIS2.0



Black Holes at Colliders CERN 23/02/09

CHARYBDIS Event at LHC

 Atlantis  ATLAS 

TOTDIM =10 MPLNCK =1 TeV MBH = 8 TeV

34
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Figure 10: Particle Production Probabilities for n=2 (top), n=4 (middle) and n=6 (bottom) -
linear and logarithmic scales

5.3 BH mass and spin

[JF, MAP]

• Initial J spectrum

– 20 –

Observable effects of BH spin?
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Figure 7: Particle Multiplicity Distributions and PT spectra at generator level (left) and after Fast
Simulation (right)

• Sum PT, MET

Similar trends can be seen in event variables such as Missing ET (MET) and Σ|PT |.
The reduced particle multiplicity increases the probability of minimal MET; the greater

energy of the Hawking emissions increase the very high MET tail. The result is a flatter,

longer tail for the rotating case, extending out beyond 1 TeV. Discuss other variables

• Event Shapes - Do we want these eg. Sphericity, Circularity, F-W Moments,

Thrust?

5.2 Particle Production Probabilities

[JF, MAP]

• Normalised pdgid plots (key?)
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Effects of BH Spin (2)

36

Atlfast_Reconstructed Mass
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Nu
m

be
r /

  2
00

/ E
ve

nt
-410

-310

-210

-110

NonR n=2
NonR n=4
NonR n=6
Spin n=2
Spin n=4
Spin n=6

CHARYBDIS 2.0

Atlfast MET [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Nu
m

be
r /

   
50

 G
eV

 / 
Ev

en
t

-410

-310

-210

-110

NonR n=2
NonR n=4
NonR n=6
Spin n=2
Spin n=4
Spin n=6

CHARYBDIS 2.0

Atlfast P_T Sum
0 1000 2000 3000 4000 5000 6000 7000 8000

Nu
m

be
r /

  2
00

/ E
ve

nt

-410

-310

-210

-110

NonR n=2
NonR n=4
NonR n=6
Spin n=2
Spin n=4
Spin n=6

CHARYBDIS 2.0

Figure 9: Event Variables after Fast Simulation

Similarly, the net positive colour charge of the input state requires the need to conserve

colour charge for hadronisation leads to a preference for quarks, explaining the surfeit of

quarks over antiquarks. This is often achieved at the remnant stage Drop?.

The particle production probabilities vary little with n, whose dominant effect is upon

black hole temperature, and consequently the number and energy of emissions. Little varia-

tion is seen between samples (Figure 12, leading this particle distribution, if experimentally

reproducible, to be powerful evidence of the presence of black holes.

• Discussion of salient features - Vectors, Leptons, Charge Asymmetry

• Fixed Multiplicity plots

• Photon ratio to all particles/jets/bjets
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Figure 8: Particle Eta Distributions at generator level (left) and after Fast Simulation (right)

Black hole rotation has a large effect on the particle production probabilities 10. The

most dramatic of these is the enhanced emission coefficient for vector particles - partly

due to their emission being less constrained to lie in the equatorial plane Ref Ida,Oda?

/ super-radiance? - plots better, or a table?. Scalar (Higgs) emission is slightly

supressed, relative to the non-rotating case. Higgs mass 115 GeV

The greater proportion of vector emissions would provide strong evidence of rotating,

rather than Schwarzschild black holes. However such measurements are difficult to make

in practice - at the LHC it will not be possible to distinguish gluon jets from quark ones,

whilst highly boosted vector bosons provide their own experimental difficulties. Perhaps

the most accessible evidence/means to investigate black hole rotation might be the study

of the photon multiplicity or its ratio to other particles - TeV energy photons being one

manifestation of black holes reproduced by neither other BSM scenarios or SM backgrounds.

Expand/expound - how about photon/b jet or lepton ratio. Another experimental

difficulty of the detection and isolation of signal for rotating black holes is the decrease in

the probability of a lepton - often useful in reducing jet-like SM backgrounds to black hole

events (ref CSC).

The probabilities of each particle’s emission are largely independent of the number

of extra dimensions, so that a reproduction of the particle spectrum would be powerful

evidence of black holes (Figure 12.

The particle-antiparticle imbalance in black hole events is chiefly caused by the (usually

postively charged) input state. Similarly, up-type quarks, and down-type antiquarks are

favoured, so as to meet the constraints of charge balance. The apparent increase in this

is a reflection of the reduced particle multiplicity: with fewer particles amongst which to

share the charge imbalance, the effect is magnified. These asymmetries are lessened slightly

when only considering events with the same number of primary emissions (Figure 11.
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Figure 7: Particle Multiplicity Distributions and PT spectra at generator level (left) and after Fast
Simulation (right)

• Sum PT, MET

Similar trends can be seen in event variables such as Missing ET (MET) and Σ|PT |.
The reduced particle multiplicity increases the probability of minimal MET; the greater

energy of the Hawking emissions increase the very high MET tail. The result is a flatter,

longer tail for the rotating case, extending out beyond 1 TeV. Discuss other variables

• Event Shapes - Do we want these eg. Sphericity, Circularity, F-W Moments,

Thrust?

5.2 Particle Production Probabilities

[JF, MAP]

• Normalised pdgid plots (key?)
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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.
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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 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
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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
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Combined measurement of M   and nPL
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• Large cross section if Planck scale ~ TeV

• Clear signature, with large

• But BH mass measurement needs small

• Particle spectra, angular distributions and 
multiplicities strongly affected by BH spin

• Measuring n, MD difficult but may be possible

• CHARYBDIS2 will be released soon!

Conclusions
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