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Black hole production
Parton-level cross section:

Usually set Planck scale MPL = 1 TeV in this study

2
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BH formation factor (2)

H Yoshino & VS Rychkov, hep-th/0503171
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H Yoshino & Y Nambu, gr-qc/0209003



follow the suggestion of [33] and determine MPL from the cross section. In the convention

used in this paper (and also in [33]), the cross section is largely independent of n. Figure 12

shows the parton-level cross section including the corrective form factors calculated in [26].

As can be seen, there is very little variation with n.
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Figure 12: The parton level cross section for 5 TeV black holes as a function of MPL for different
values of n. The form factors calculated in [26] are included.

Due to the very high statistics available, the measurement of the parton-level cross

section will be dominated by the various systematic errors. The main experimental error

will be the luminosity which should be measured to 5% or better, together with some

uncertainty in the efficiency. This is however likely to be small compared to the theoretical

uncertainties discussed in section 4.1. We therefore conservatively estimate that the parton-

level cross section could be determined to 20% which, for our test case of MPL = 1 TeV,

gives an error in MPL of about 10%. Obviously, the optimal approach is to fit the cross

section and temperature data simultaneously and this will be demonstrated at the end of

section 8.2. It is also possible that other processes and observations of new physics at the

Planck scale may provide independent measurements of MPL.

8. Determination of the number of extra dimensions

Measuring the number of extra dimensions is not a straight-forward task given the uncer-

tainties outlined in section 4. One technique that has been suggested [9] uses the energy

spectrum of electrons and photons below MBH/2. However the authors of [9] ignore the

likely effects on the low energy spectrum from the initial parts of the decay (section 4.2),

the effect of the remnant decay (section 4.5) and the recoil of the black hole (section 4.6).

Their analysis is particularly sensitive to these effects because they were attempting to

use the variation of TH with MBH to measure n. To give some numerical estimates, the

expected variation, TH(10 TeV) − TH(5 TeV) is about 40 GeV for n = 2 and 20 GeV for
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Topology Total Cross Section (fb)

n = 2 62, 000

5 TeV black hole n = 4 37, 000

n = 6 34, 000

n = 2 580

8 TeV black hole n = 4 310

n = 6 270

n = 2 6.7

10 TeV black hole n = 4 3.4

n = 6 2.9

Table 1: The black hole production cross sections at the LHC for MPL = 1 TeV as given by
CHARYBDIS. Note that CHARYBDIS does not include the form factors mentioned in section 7.

in order for our analyses to be as widely applicable as possible. In this section we review

these uncertainties.

4.1 Production cross section

The process of black hole production in hadron collisions is subject to a number of basic

uncertainties. The order of magnitude of the parton-level cross section should be given by

equation 2.1, but the form factor relating the left- and right-hand sides is uncertain and

would be expected to be n-dependent. Classical numerical simulations [26] suggest values

in the range 0.5–2, increasing with n. These values are not included in the CHARYBDIS

generator, but we take them into account when cross section data are used in our analysis

(in sections 7 and 8).

More fundamentally, the transition from the parton-level to the hadron-level cross

section is based on the factorization formula

σ(S) =

∫

dx1 dx2 f(x1)f(x2)σ̂(ŝ = x1x2S) (4.1)

where f(x) is the parton distribution function (PDF) summed over parton flavours. The

validity of this formula in the trans-Planckian energy region is unclear. Even if factoriza-

tion remains valid, the extrapolation of the PDFs into this region based on Standard Model

evolution from present energies is questionable. Also, comparison to Standard Model pro-

cesses in the trans-Planckian regime would be difficult since perturbative physics would be

suppressed.

4.2 The first stages of decay

CHARYBDIS does not model the initial balding or spin-down phases of the black hole decay.

The amount of energy emitted from the black hole during these phases is expected to be

small [8] so such an omission should not be significant. However, it is probable that the

energy spectrum will be modified at low energies.

– 5 –
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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 assume Schwarzschild phase is dominant

all types of SM particles emitted with Hawking spectrum

Hawking temperature

γ is (4+n)-dimensional grey-body factor

8

TH =
n+1
4πrBH

∝ (MBH)−
1

n+1

dN
dE

∝ γE2

(eE/TH ∓1)T n+6
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Grey-body factors

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1.0 1.2

!
(0

)
a

b
s
("

) 
[#

r2 H
]

" rH

n=0

n=1

n=6

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1.0 1.2

!
(1

)
a
b
s
("

) 
[#

r2 H
]

" rH

n=0

n=2

n=6

0

2

4

6

8

10

0 0.2 0.4 0.6 0.8 1.0 1.2

!
(1

/2
)

a
b
s
 (
"

) 
[#

r2 H
]

" rH

n=6

n=4

n=2

n=0

scalar

vector

spinor

Emission on brane only

Low-energy vector suppression

CM Harris, hep-ph/0502005

9



Integrated Hawking flux
n rhF (0) rhF (1/2) rhF (1) rhFtot

0 0.00133 0.000486 0.000148 0.0526
1 0.00631 0.00439 0.00283 0.489
2 0.0173 0.0134 0.0119 1.56
3 0.0364 0.0283 0.0301 3.41
4 0.0655 0.0499 0.0596 6.18
5 0.106 0.0789 0.102 9.98
6 0.160 0.116 0.159 14.9
7 0.229 0.163 0.231 21.1

N.B. rhFtot ! 1 at large n

Transit time ! time between emissions

Decay no longer quasi-stationary at large n 
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Black hole lifetime
τMBH

n MBH = 5MPL MBH = 10MPL
0 47500 761000
1 202 1610
2 23.3 148
3 6.60 37.4
4 2.77 14.6
5 1.43 7.23
6 0.846 4.12
7 0.544 2.59

N.B. at large n

MBH = 5 TeV⇒M−1
BH ∼ 10−28 s

τMBH ∼ 1

Black hole no longer well-defined?

11
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Spin-down phase
Few results available for spinning BH

3
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FIG. 1: The angular eigenvalues Em
! , for s = 0, as a function

of aω for three angular momentum modes: " = m = 1, " =
m = 2, and " = 3, m = 2.

where Sm
! (θ) are the usual spherical harmonics. To em-

ploy the continuation method, we write the T m
! (θ, aω)

functions in the basis of the θ-parts of the spherical har-
monics:

T m
! (θ, aω) =

∑

!′

Bm
!!′(aω)Sm

!′ (θ) . (18)

By differentiating Eq. (16) and applying the same tech-
niques as in perturbation theory, we obtain the results

dEm
!

d(aω)
= −

∑

α,β

Bm
!α Bm

!β 〈α|β〉 , (19)

and

dB!!′

d(aω)
= −

∑

α,β,γ !=l

Bγα B!β

Em
! − Em

γ
〈α|β〉Bγ!′ , (20)

where 〈α|β〉 ≡ 〈αm|dH1/d(aω)|βm〉. The initial con-
ditions are obtained from Eqs. (17) which imply that
Bm

!!′(0) = δ!!′ . By integrating Eqs. (19) and (20) it is
possible to obtain the eigenvalues of the spheroidal func-
tions for any & and m and for arbitrarily large values of
aω. This integration was performed numerically by us-
ing a Runge-Kutta method. Figure 1 shows the angular
eigenvalues Em

! for scalar fields as a function of aω, for
some indicative angular momentum modes.

Having derived the eigenvalues Em
! , we can now pro-

ceed to integrate Eq. (6) and derive the solution for the
radial function R(r). The integration starts at the hori-
zon of the black hole and proceeds towards infinity. Com-
paring our numerical results with the asymptotic solution
at infinity (15), we determine the integration constants
B1 and B2. The absorption probability for scalar fields
can then be derived from the relation

|A!,m|2 = 1 − |R!,m|2 = 1 −
∣

∣

∣

∣

B1

B2

∣

∣

∣

∣

2

, (21)
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FIG. 2: Power spectra for scalar emission from rotating black
holes, for n = 1 and various values of a∗.

where R!,m is the reflection coefficient given by the ratio
of the outgoing and ingoing amplitudes at infinity.

The value of the absorption probability |A!,m|2 is then
inserted into Eq. (10) to determine the differential en-
ergy emission rate per unit time and frequency by the
black hole on the brane. This rate is shown in Fig. 2
for n = 1 and various values of the angular parameter
a∗. The dimensionless parameter on the horizontal axis
extends up to the value ωrh = 2, which adequately cov-
ers 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 hori-
zon radius but different angular momentum. Contrary
to the suppression of the emission rate with a∗ at the
low-energy regime – as was found by analytical methods
in the low-energy and low-angular momentum limit [15],
and successfully reproduced numerically here – the emis-
sion rate is enhanced, as a∗ increases, both in the inter-
mediate and high-energy regimes. This leads to the en-
hancement of the total emissivity of a higher-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. (10), a result that confirms this statement.

An interesting effect which takes place during the prop-
agation of a bosonic field in the background of a rotating
black hole is super-radiance [16], that is, the amplifica-
tion of the amplitude of the incident wave. This be-
comes manifest when the reflection probability becomes
larger than unity, or equivalently when the absorption
probability becomes negative. In the context of a higher-
dimensional model, the only studies in the literature are

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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LHC Event Simulation
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HERWIG Event Generator
Most important SM & MSSM processes at LO

parton showers at leading log (LL)
spin correlations included

no showering from SUSY particles

MC@NLO provides some SM processes at NLO
see S Frixione & BW, hep-ph/0506182 & refs therein

Interface to CHARYBDIS black hole generator

14



Main CHARYBDIS parameters

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

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 .FALSE.

NBODY Multiplicity from remnant 2-5 2

15



Effects of grey-body factors
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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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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

Typically larger E   than SM or even MSSMT
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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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n = 3.8 ± 1.0 which is well away from the model value. Time dependence is therefore a

systematic effect with a strong impact on any measurement of n.
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Fit: n = 1.7 ± 0.3 Fit: n = 3.8 ± 1.0

Figure 3: The plot of TH versus MBH for n = 2 and MPL = 1 TeV, (a) with a fixed Hawking
temperature, and (b) with changing (time dependent) Hawking temperature. The statistics used
correspond to 30 fb−1 of running at the LHC.

Another effect that has not been taken into account in previous studies is the recoil

of the black hole. When a particle is emitted from the black hole, the black hole recoils

against it. Therefore the next emission is in a boosted frame. Even in the case of a fixed

temperature decay, the effects of recoil become more significant as the decay progresses

and the black hole gets lighter. This is exacerbated in the time varying case since the black

hole also gets hotter as it decays. Any analysis which makes use of the energy spectrum

should therefore account for this.

5. Characteristics of the black hole decay

Black hole decays in the semi-classical limit have high multiplicity. However at LHC

energies black holes would be on the edge of the semi-classical limit (depending on n)

which can reduce the multiplicity and make predictions uncertain. This effect can be seen

in figure 4 which shows that the multiplicity decreases significantly with n. This is due to

fact that TH is higher for larger n at the same mass.

A black hole decay is also characterised by a large total transverse energy (figure 5)

which increases as the black hole mass increases. Even the low multiplicity events tend to

be rather spherical with high multiplicity events more so. These characteristics are very

different from standard model and SUSY events which do not have the same access to very

high energies and tend to produce less spherical events. Therefore, we believe that selecting

events with high
∑

pT , high multiplicity (> 4) and high sphericity will give a pure set of

black hole events. In addition, it should be noted that the already small Standard Model

background will be suppressed by the black hole production [9]. There are two further

characteristics which will be interesting to measure and confirm the nature of the events:

the missing pT (!pT ) distribution and the charge asymmetry.

– 8 –

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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Figure 15: Fraction of events passing the cut, p, as a function of MBH for different models all with
n = 4. Upper and lower bounds for n = 4 are also shown.

is not determined sufficiently to constrain n without first measuring MPL. So instead, we

fix the normalisation of TH at the black hole mass at which it is best measured. In this

case, we take TH = 340± 30 GeV at MBH = 7000 GeV. This measurement has been taken

together with the parton-level cross section with an error of 20% (see section 7) and used

to determine the model parameters n and MPL in figure 18. In this case, this gives an

error on the determination of n of 0.75 and an error on MPL of 150 GeV. These results are

indicative of how well this analysis can do. If the cross section error were reduced to 10%,

the error on MPL would be 70 GeV and on n, 0.6, showing that, as expected, the cross

section dominates the determination of MPL.

Any improvement in our understanding of how the distribution above the kinematic

limit should be handled, or how the remnant would decay, would greatly improve this

analysis by reducing the width of the bands in figures 15, 16 and 17.

9. Conclusions

We have discussed the many theoretical uncertainties that can affect black hole decays

and shown that in at least one case, these can lead to systematic mis-measurements of the

number of extra dimensions if the analyses previously suggested are used. We have then

shown the characteristics of black hole decays as they would be measured in the ATLAS
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P(Emax > MBH/2−400 GeV)
A possible observable sensitive to n

Not highly sensitive to model assumptions
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(b) n = 3
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(c) n = 4
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(d) n = 5

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
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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

Conclusions
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