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• Black hole production and decay

Simulation of New Physics at the LHC
Bryan Webber, Cambridge
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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

UED model put in ‘by hand’ at present
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Spin Correlations in SUSY & UED
SUSY:  new particles are superpartners
q ! q̃ , g ! g̃ , l ! l̃ , (γ,Z, . . .) ! (χ̃0

1, χ̃0
2, . . .)

spins differ by one-half

UED: new particles are KK excitations
q ! q" , g ! g" , l ! l" , (γ,Z, . . .) ! (γ" ,Z" , . . .)

spins are the same!

Suppose masses have been measured:
how could we distinguish?

need evidence on spins to be sure
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Distinguishing Spins in Supersymmetric and Universal

Extra Dimension Models at the Large Hadron Collider∗
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A bst r act : An interesting alternative to supersymmetry (SUSY) for extending physics
beyond the Standard Model is a model with universal extra dimensions (UED), in which
the SUSY superpartners are replaced by Kaluza-Klein excitations of the Standard Model
particles. If new particles are discovered at the LHC, even if their mass spectrum favours
SUSY or UED, it will be vital to distinguish between their spin assignments in the two
models as far as possible. We extend the method proposed by Barr [1] to the UED case
and investigate the angular and charge asymmetries of decay distributions for sample mass
spectra of both SUSY and UED types. For SUSY-type mass spectra there is a good chance
of distinguishing the spin structures of the two models. However, a mass spectrum of the
quasi-degenerate type expected in UED would make it difficult to observe spin correlations.

K eywor ds: Hadronic Colliders, Beyond Standard Model, Supersymmetry
Phenomenology, Large Extra Dimensions.
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SUSY and UED decay chains

ant iquarks. We have therefore computed the lowest-order two-parton to two-KK-parton
matrix elements, which are expected to dominate the product ion of these part icles. Our
results, which di! er somewhat from those presented in ref. [9], are discussed in sect ion 5
and listed in appendix A.

Using our results on the UED product ion matrix elements and decay correlat ions,
together with the decay branching rat ios suggested in ref. [5], we have included a full
simulat ion of the relevant UED processes in the HERWIG Monte Carlo event generator [10,
11]. Since thecorresponding SUSY processes, with full spin correlat ions, are already a well-
established featureof HERWIG [12, 13], weareable in sect ion 6 to present Þrst detector-level
results on dist inguishing UED and SUSY spin correlat ions at the LHC. Our results and
conclusions are summarized in sect ion 6.

2. Decay chains in SUSY and UED

(a)

q̃L

qL
lnear

lfar

χ̃0
1

χ̃0
2 ÷l

(b)

q∗L

qL
lnear

lfar

γ∗

Z∗
l∗

Figure 1: (a) SUSY and (b) UED decay chains considered here.

The SUSY decay chain that we shall consider, which is the same as that studied in
ref. [1], is shown in Þgure 1, together with the corresponding UED process. In both cases
the visible decay products are a quark jet and a pair of opposite-sign same-ßavour (OSSF)
leptons with the same chirality. We suppose that the new part icle masses have been
measured, either by an edge analysis along the lines of refs. [2, 3] or some other means, and
it remains to decide whether the decay angular dist ribut ions agree bet ter with the SUSY
or UED spin assignments.

The angular dist ribut ions depend on whether or not the chirality of the slepton/ KK-
lepton is the same at that of the decaying squark/ KK-quark.3 For deÞniteness, we assume

3We should emphasise that we use the term ‘chirality’ loosely here, since neither the sparticles nor the

KK-excitations concerned have definite handedness: what we mean is that they couple to SM particles of

that chirality.

Ð3 Ð

that the lat ter is left -handed, which is preferred in both of the models under considerat ion.
We can then characterise the process by the chirality and charge of the ÒnearÓ lepton,
deÞned as shown in Þgure 1. Of course, we cannot dist inguish experimentally between the
ÒnearÓ and ÒfarÓ leptons, and so their contribut ions to any dist ribut ion will eventually
have to be combined. However, in principle (in the zero-width approximat ion that we use)
the processes with opposite ÒnearÓand ÒfarÓcharge assignments are dist inct . There are
then two fundamental processes, which (as in ref. [1]) we label 1 and 2:

• Process 1: {q, l near , l far} = {qL , l−L , l+L } or {øqL , l+L , l−L } or {qL , l+R , l−R } or {øqL , l−R , l+R };

• Process 2: {q, l near , l far} = {qL , l+L , l−L } or {øqL , l−L , l+L } or {qL , l−R , l+R } or {øqL , l+R , l−R }.

3. Spin correlations in SUSY

We Þrst recapitulate from ref. [1] the angular dist ribut ions that are expected in the SUSY
decay chain 1(a). The !̃ 0

2 has spin one-half and its helicity is the same as that of the
quark, since the squark is a scalar. Therefore a near lepton with the same helicity as the
quark (process 1) will be emit ted preferent ially at large values of the angle " ∗ between its
direct ion and that of the quark in the !̃ 0

2 rest frame, with angular dist ribut ion (neglect ing
all SM part icle masses)

dPSUSY
1

d cos" ∗
=

1
2

(1− cos" ∗) . (3.1)

A near lepton with helicity opposite to the quark (process 2), on the other hand, will have
angular dist ribut ion

dPSUSY
2

d cos" ∗
=

1
2

(1 + cos" ∗) . (3.2)

In terms of the qlnear invariant mass,

(mnear
lq )2 = 2|pl ||pq|(1− cos" ∗) =

1
2

(mnear
lq )2

max(1− cos" ∗) , (3.3)

deÞning the rescaled invariant mass variable to be

m̂ = mnear
lq / (mnear

lq )max = sin(" ∗/ 2) (3.4)

we therefore have
dPSUSY

1

dm̂
= 4m̂3 (3.5)

and
dPSUSY

2

dm̂
= 4m̂(1− m̂2) . (3.6)

The slepton produced in the decay of the !̃ 0
2 is a scalar part icle, and so its decay is

isotropic in its rest frame, and the near and far lepton direct ions are uncorrelated in that
frame. Therefore the only spin correlat ions to consider in the SUSY scenario are those
between the quark and near lepton given above.

Ð4 Ð

Two distinct helicity structures, with different spin correlations:
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UED and SUSY mass spectra
UED models tend to have quasi-degenerate spectra

spectrum (from [5]) is given in Table 1 with inverse radius R! 1 = 500GeV, cut-o! " such
that " R = 20 and mh = 120 GeV. This model also assumes vanishing boundary terms
at the cut-o! scale " , and a vanishing boundary mass term for the Higgs mass, m2

h. The
lightest four left KK-quarks are degenerate in mass and are labelled here collectively as
q"
L. Similarly the right and left KK-electrons and KK-muons are degenerate in mass and

are labelled here as l "
R and l "L respectively. This spectrum illustrates the feature of UED

that the new particles have masses which are much closer to each other (usually within
100 ! 200 GeV) than in a typical SUSY spectrum.

In the UED model we have eqs. (4.5) and (4.6) ! " Z " q"
L l "R l "L

501 536 598 505 515

Table 1: UED masses in GeV, for
R−1 = 500GeV, ΛR = 20, mh =
120GeV, m2

h = 0 and vanishing
boundary terms at cut-off scale Λ.

with x = m2
Z ! / m2

q! = 0.803; the Z " decays preferen-
tially to a left-handed excited lepton and so we use
y = m2

l!L
/ m2

Z ! = 0.923, which yields

dPUED
1

dm̂
= 0.727m̂ + 2.577m̂3 ! 0.047m̂5 ,

dPUED
2

dm̂
= 3.257m̂ ! 2.483m̂3 ! 0.047m̂5 . (4.7)

These should be compared with the corresponding SUSY expressions (3.5) and (3.6), which
are independent of the particle masses.

(a) (b)

Figure 2: UED and SUSY distributions for (a) Process 1 and (b) Process 2 with respect to the
qlnear invariant mass, for the UED mass spectrum given above. Dotted: phase space. Dashed:
SUSY. Solid/red: UED.

The UED and SUSY angular distributions are plotted against each other for processes
1 and 2 in figures 2(a) and 2(b) respectively. Since x = m2

Z ! / m2
q! is large in the typical

UED scenario, and the e! ect of y = m2
l! / m2

Z ! is weak at large x, the UED and SUSY
distributions are similar. Therefore it will be di# cult to verify the UED spin assignments
if the spectrum is characteristic of UED.

The typical SUSY mass spectrum, on the other hand, does not have the same near-
degeneracy of neutralinos and squarks, and therefore the UED and SUSY angular distri-
butions are more distinct. For illustration, we consider the MSSM Snowmass point SPS

– 6 –

1a [14], which has the mass spectrum shown in Table 2. The decay !̃ 0
2 ! ll̃R is preferred

and therefore we use x = m2
e! 0
2
/m2

euL
= 0.109 and y = m2

eeR
/m2

e! 0
2

= 0.653 for the comparative
UED distributions, giving

dPUED
1

dm̂
= 1.213m̂ + 3.108m̂3 " 2.301m̂5 ,

dPUED
2

dm̂
= 2.020m̂ + 1.493m̂3 " 2.301m̂5 . (4.8)

(a) (b)

Figure 3: UED and SUSY distributions for (a) Process 1 and (b) Process 2 with respect to the
qlnear invariant mass, for the SUSY mass spectrum given above. Dotted: phase space. Dashed:
SUSY. Solid/red: UED.

The resulting mass distributions are compared in !̃ 0
1 !̃ 0

2 ũL ẽR ẽL

96 177 537 143 202

Table 2: SUSY masses in GeV, for
SPS point 1a.

fig. 3. Owing to the small value of x, the UED predic-
tions for the two processes are similar to each other, and
different from the SUSY predictions. This gives some
grounds for optimism that, if the spectrum is consis-
tent with SUSY, then the SUSY spin assignments can
be confirmed or ruled out in comparison with the UED assignments.

4.3 Cor r elat ions in l∗ decay

In the SUSY decay chain (figure 1a) , the slepton l̃ is spinless and therefore it decays
isotropically in its rest frame. In the UED case (figure 1b), the spin of the KK lepton l∗

induces non-trivial correlations. Up to an overall constant, the full matrix elements for
UED processes 1 and 2, as defined in section 2, take the form

|M|2 # 2z(1 " z)Wl∗ + (1 " 2z)Wf (4.9)

where z = m2
" ∗/m

2
l∗ , f represents the far lepton and, for l = l∗ or f ,

Wl = (1 " x)(2pZ∗ · pn pZ∗ · pl + m2
Z∗ pn · pl) " 4x(pn · pq pZ∗ · pl + pn · pZ∗ pq · pl) +

+

{
8x2 pn · pq pq∗ · pl for process 1
8x2 pn · pq∗ pq · pl for process 2

(4.10)

– 7 –

SUSY spectra typically more hierarchical

( Mn∼ n/R
broken by boundary 
terms and loops, with 

low cutoff)

(high-scale universality)
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Production cross sections (pb) 

(a) (b)

Figure 9: UED and SUSY charge asymmetries with respect to the jet + lepton rescaled invariant
mass, for (a) the UED and (b) the SUSY mass spectrum given above. Dotted: phase space. Dashed:
SUSY. Solid/red: UED.

branching rat ios suggested in ref. [5], to est imate the UED product ion cross sect ions and
the quant it ies f q and f q̄ appearing in eqs. (4.18) and (4.19).

Our expressions for the subprocess matrix elements are listed in appendix B. These
results were obtained by including the Feynman rules for the e! ect ive four-dimensional
theory in CompHEP [15]. They di! er in some important respects from those computed
earlier by Macesanu et al. [9]. For example, the matrix element for gg → q∗øq∗ should be
t − u symmetric and ident ical to that for the QCD process gg → Q øQ at this order, but
the expression given in ref. [9] lacks these propert ies. In addit ion, we Þnd a larger overall
normalizat ion.

Our numerical results for the produc- Masses Model ! all ! q∗ ! q̄∗ f q

UED UED 253 163 84 0.66

UED SUSY 28 18 9 0.65

SPS 1a UED 433 224 80 0.74

SPS 1a SUSY 55 26 11 0.70

Table 3: Production cross sections (pb) in UED
and SUSY models, with UED or SUSY masses.

t ion cross sect ions at the LHC are pre-
sented in table 3. These results were ob-
tained from parton-level MonteCarlo sim-
ulat ions of the product ion processes and
decay chains, using theHERWIG event gen-
erator in SUSY mode with parton show-
ering, hadronizat ion and underlying event
switched o! . TheHERWIG default (MRST
leading-order [16]) parton dist ribut ionswere
used. For theUED simulat ions, theSUSY
matrix element subrout ine was replaced
by a UED oneand theSUSY part icle data
input Þle consisted of UED data based on
ref. [5].

As a result of the more singular st ructure of the matrix elements and the extra helicity
states, the UED product ion cross sect ions tend to be larger than those of the analogous
SUSY processes for ident ical mass spectra, leading to an overall enhancement of the cross

Ð12 Ð

q∗/q̄∗ ∼ 2 ⇒ charge asymmetry

! UED ! ! SUSY for same masses (100 pb = 1/sec)
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Angular variables

!χ0
2/ Z!

÷l/ l∗

!χ0
1/γ∗

lnear

l f arq

÷l/ l∗defined in rest frameθ,φ

θ !

!χ0
2/ Z!defined in rest frameθ!

θ!
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Invariant masses

qlnear

lnearl f ar

ql f ar mql/ (mql)max =
1
2

[
(1− y)(1−cos! ∗cos! )+

+ (1 ! y)(cosθ" ! cosθ) ! 2
#

ysinθ" sinθcosφ
! 1

2

x = m2
Z∗/m2

q∗, y = m2
l∗/m2

Z∗, z = m2
γ∗/m2

l∗

:

:

:

mql/(mql)max = sin(! ∗/2)

mll/(mll)max = sin(θ/2)

where
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Helicity dependence
Process 1 (SUSY)

Process 1 (UED, transverse Z*:  P /P = 2x)

qL

q!

q̃ !̃ 0
2

l−L

÷l+

Z∗
l∗

l−L
qL

qL

(ql! )nearBoth prefer high invariant mass

11
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UED masses SPS 1a masses

UED and SUSY not distinguishable for UED masses

ql mass distributionnear

12



UED masses SPS 1a masses

Correlation weak but slightly enhances UED-SUSY difference

ql mass distributionfar
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Jet + lepton mass distribution
UED masses SPS 1a masses

Not resolvable for UED masses, maybe for SUSY masses

14

Charge asymmetry due to quark vs antiquark excess



Charge Asymmetry
A =

( j l+) ! ( j l ! )
( j l+)+( j l ! )

UED masses SPS 1a masses

Similar form, different magnitude
Not detectable for UED masses

15



dPUED

dm̂ll
=

4m̂ll

(2+ y)(1+2z)
[
y+4z+(2! y)(1! 2z)m̂2

ll
]

SPS 1a:

y = m2
l∗/m2

Z∗ z = m2
! ∗/m2

l∗and

UED: y = 0.92 z = 0.95

z= 0.45y = 0.65

Sensitivity greatest at small y zand

Dilepton mass distribution

16



Dilepton mass distribution (2)

No sensitivity for these masses!

17



z= 0.05

z = 0.95

y = m2
l∗/m2

Z∗ = 0.65 z= m2
γ! / m2

l ! = 0.95" 0.05,

Independentof massesandspinsat m̂ = 1/
!

2 (θ = π/2)

Dilepton mass distribution (3)

18



Conclusions on spin correlations
Distinguishing SUSY from UED at LHC will be difficult

If masses favour UED, spin confirmation very difficult

jets typically have low energy

little sensitivity to spins

If masses favour SUSY, spin sensitivity is better

dilepton distribution clean but not sensitive

good prospect of excluding UED spins

other methods may be better (Z  ,...)*
2

jet+lepton charge asymmetry similar in shape

19



• Black hole production

• Measuring the Planck scale

• Black hole decay

• Event simulation & model uncertainties

• Measuring black hole mass

• Determining number of extra dimensions

Black Holes at LHC?
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Exploring Higher Dimensional Black Holes at the

Large Hadron Collider

C.M. Harris  , M.J. Palmer  , M.A. Parker  , P. Richardsonà, A. Sabetfakhri  and

B.R. Webber 

† Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge,
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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 sect ions can be
large, measuring themodel parameters isdifficult dueto themany theoret ical uncertaint ies.
Here we discuss those uncertaint ies and then we study the experimental characterist ics of
black hole product ion 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 est imate of the parton-level product ion cross sect ion error of 20%, determine the Planck
mass to 15% and the number of extra dimensions to ±0.75.

Keywords: Hadronic Colliders, Beyond Standard Model, Extra Dimensions, Black Hole.

hep-ph/0411022,  JHEP05(2005)053;  see also CM Harris, 
PhD thesis, hep-ph/0502005;  CM Harris et al (CHARYBDIS 

event generator) hep-ph/0307035,   JHEP08(2003)033
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Black hole production

black hole production is treated as a semi-classical process (black hole mass, M BH ! M PL)

and it is assumed that the extra dimensions are large (! rBH). For black hole masses close

to M PL this semi-classical approximation is not valid and a theory of quantum gravity

would be required to calculate the cross section. To be within the semi-classical domain

we restrict the mass of the black hole to be M BH ≥ 5 M PL. By geometrical arguments the

semi-classical parton-level cross section for black hole production would be [6]

!̂ (ŝ = M 2
BH) ≈ " r 2

BH (2.1)

where
√

ŝ is the centre-of-mass energy of the colliding particles (see [18, equation 2.4]).

The radius for a Schwarzschild black hole is

rBH =
1√

" M PL

(

M BH

M PL

)
1

n+1

(

8!
(n+3

2

)

n + 2

)
1

n+1

(2.2)

where we have used the convention M n+2
PL = 1/ G(n+4) where G(n+4) denotes the n + 4

dimensional Newton’s constant [9], so for a fixed black hole mass, the cross section is lower

for a higher number of extra dimensions. This convention has been used throughout this

paper.

The decay of a spinning black hole comprises three phases [8]: 1) the balding phase,

in which the black hole loses its ‘hair’ (associated with the multipole moments) by the

emission of radiation; 2) the evaporation phase, which starts with a brief spin-down phase,

shedding away its angular momentum, followed by the Schwarzschild phase, emitting a

large number of quanta which reduce the mass of the black hole; 3) finally the Planck

phase (also called the remnant decay), when M BH approaches M PL, in which the final

decay takes place by the emission of a few quanta.

CHARYBDIS only models the Schwarzschild phase which is expected [8] to account for

the greatest proportion of the mass loss. The energy spectrum of decay products is ap-

proximately black body with corrective ‘grey-body’ factors [19], #, which the generator

includes. The spectrum for a fixed temperature black hole is

dN
dE

∝
E 2#

(

eE / TH ∓ 1
)

Tn+6
H

(2.3)

the denominator includes a spin-statistics term which is −1 for bosons and +1 for fermions.

The energy spectrum has a characteristic Hawking temperature, TH , which is given by

TH =
n + 1

4" rBH
(2.4)

and is thus related to the black hole mass and the number of extra dimensions by

log TH =
−1

n + 1
log M BH + constant (2.5)

where the constant is dependent only on n and M PL. The generator can also model the

time dependence in which case TH is recalculated after each emission (so as the black hole

decays it gets hotter). Otherwise the initial TH is used throughout the decay.

– 3 –

Parton-level cross section:

Schwarzschild radius in 4+n dimensions:

Usually set Planck scale M   = 1 TeV in this studyPL

22

σ̂(ŝ = M2
BH) = Fnπr2

BH

rBH =

Fn = form factor of order unity (hoop conjecture)



follow the suggest ion of [33] and determine M PL from the cross sect ion. In the convent ion
used in this paper (and also in [33]), the cross sect ion is largely independent of n. Figure 12
shows the parton-level cross sect ion including the correct ive form factors calculated in [26].
As can be seen, there is very lit t le variat ion with n.

 (TeV)PLM
0.5 1 1.5 2 2.5

 (
nb

)
!

1

10

210
n=2

n=3

n=4

n=5

n=6

n=7

Figure 12: The parton level cross sect ion for 5 TeV black holes as a funct ion of M PL for different
values of n. The form factors calculated in [26] are included.

Due to the very high stat ist ics available, the measurement of the parton-level cross
sect ion will be dominated by the various systemat ic errors. The main experimental error
will be the luminosity which should be measured to 5% or bet ter, together with some
uncertainty in the efficiency. This is however likely to be small compared to the theoret ical
uncertaint ies discussed in sect ion 4.1. We thereforeconservat ively est imate that theparton-
level cross sect ion could be determined to 20% which, for our test case of M PL = 1 TeV,
gives an error in M PL of about 10%. Obviously, the opt imal approach is to Þt the cross
sect ion and temperature data simultaneously and this will be demonstrated at the end of
sect ion 8.2. It is also possible that other processes and observat ions of new physics at the
Planck scale may provide independent measurements of M PL.

8. D et erminat ion of t he number of ext ra dimensions

Measuring the number of extra dimensions is not a straight-forward task given the uncer-
taint ies out lined in sect ion 4. One technique that has been suggested [9] uses the energy
spectrum of elect rons and photons below M BH/ 2. However the authors of [9] ignore the
likely effects on the low energy spectrum from the init ial parts of the decay (sect ion 4.2),
the effect of the remnant decay (sect ion 4.5) and the recoil of the black hole (sect ion 4.6).
Their analysis is part icularly sensit ive to these effects because they were at tempt ing to
use the variat ion of TH with M BH to measure n. To give some numerical est imates, the
expected variat ion, TH (10 TeV) − TH (5 TeV) is about 40 GeV for n = 2 and 20 GeV for

Ð14 Ð

[13] D ELPH I Collaboration, P. Abreu et. al., Photon events with missing energy at
√

s = 183 to
189 GeV, Eur. Phys. J. C17 (2000) 53–65, [hep-ex/0103044].

[14] OPA L Collaboration, G. Abbiendi et. al., Photonic events with missing energy in e+ e!

collisions at s1/ 2 = 189 GeV, Eur. Phys. J. C18 (2000) 253–272, [hep-ex/0005002].

[15] CD F Collaboration, D. Acosta et. al., Limits on extra dimensions and new particle
production in the exclusive photon and missing energy signature in p anti-p collisions at s1/ 2

= 1.8 TeV, Phys. Rev. Lett. 89 (2002) 281801, [hep-ex/0205057].

[16] D 0 Collaboration, V. M. Abazov et. al., Search for large extra dimensions in the monojet +
missing-E(T) channel at D0, Phys. Rev. Lett. 90 (2003) 251802, [hep-ex/0302014].

[17] J. Hewett and M. Spiropulu, Particle physics probes of extra spacetime dimensions, Ann.
Rev. Nucl. Part. Sci. 52 (2002) 397–424, [hep-ph/0205106].

[18] C. M. Harris, P. Richardson, and B. R. Webber, CHARYBDIS: A black hole event generator ,
JHEP 08 (2003) 033, [hep-ph/0307305].

[19] C. M. Harris and P. Kanti, Hawking radiation from a (4+ n)-dimensional black hole: Exact
results for the Schwarzschild phase, JHEP 10 (2003) 014, [hep-ph/0309054].

[20] E. Richter-Was, D. Froidevaux, and L. Poggioli, ATLFAST 2.0: A fast simulation package
for ATLAS, ATLAS Notes (1998), no. ATL-PHYS-98-131.

[21] AT LA S Collaboration, “ATLAS o! ine software framework: Athena.”

[22] E. Boos et. al., Generic user process interface for event generators, hep-ph/0109068.

[23] G. Corcella et. al., HERWIG 6: An event generator for hadron emission reactions with
interfering gluons (including supersymmetric processes), JHEP 01 (2001) 010,
[hep-ph/0011363].

[24] G. Corcella et. al., HERWIG 6.5 release note, hep-ph/0210213.

[25] A. D. Martin, W. J. Stirling, and R. G. Roberts, Parton distr ibutions updated, Phys. Lett.
B 306 (1993) 145–150.

[26] H. Yoshino and Y. Nambu, Black hole formation in the grazing collision of high-energy
particles, Phys. Rev. D 67 (2003) 024009, [gr-qc/0209003].

[27] C. M. Harris, Physics Beyond the Standard Model: Exotic Leptons and Black Holes at Future
Colliders. PhD thesis, University of Cambridge, 2003.

[28] LHCC supersymmetry workshop, Oct, 1996.

[29] I. Mocioiu, Y. Nara, and I. Sarcevic, Hadrons as signature of black hole production at the
LHC, Phys. Lett. B 557 (2003) 87–93, [hep-ph/0301073].

[30] J. D. Bjorken and S. J. Brodsky, Statistical model for electronÐpositron annihilation into
hadrons, Phys. Rev. D 1 (1970) 1416–1420.

[31] S. Brandt, C. Peyrou, R. Sosnowski, and A. Wroblewski, The principal axis of jets. An
attempt to analyze high-energy collisions as two-body processes, Phys. Lett. 12 (1964) 57–61.

[32] G. C. Fox and S. Wolfram, Tests for planar events in e+ e! annihilation, Phys. Lett. B 82
(1979) 134.

[33] J. Tanaka, T. Yamamura, S. Asai, and J. Kanzaki, Study of black holes with the ATLAS
detector at the LHC, 2003. ATL-PHYS-2003-037.

– 22 –

BH cross section vs Planck mass
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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
CHARYBDI S. Note that CHARYBDI Sdoes 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 CHARYBDI S
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

! (S) =

!
dx1 dx2 f(x1)f(x2)!̂ (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 di! cult since perturbative physics would be

suppressed.

4.2 The first stages of decay

CHARYBDI Sdoes 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 –

BH cross sections at LHC
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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

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

∝ (MBH)! 1
n+1

dN
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(eE/ TH ! 1)T n+ 6
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Grey-body factors
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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 i th and the j th 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) M BH = 5 TeV and (b) M BH = 8 TeV.

7. Measurement of the Planck mass

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

tionship (equation 2.5), M PL 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

" M �dMBHBH 4%

29



 (GeV)BHM

1000 1500 2000 2500 3000 3500 4000 4500 5000

P
a

rt
ic

le
 E

n
e

rg
y

 (
G

e
V

)

0

500

1000

1500

2000

2500

0

2

4

6

8

10

12

14

(a)

 (GeV)BHM

1000 1500 2000 2500 3000 3500 4000 4500 5000

P
a

rt
ic

le
 E

n
e

rg
y

 (
G

e
V

)

0

500

1000

1500

2000

2500

0

2

4

6

8

10

12

(b)

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 = M BH/ 2, black lines) constricts the energy distribution at
low masses. (b) for n = 4 the kinematic limit clearly a! ects 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 T ime-var iat ion and black hole r ecoi l

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 di! erent 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 e! ect 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 e! ect 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 e! ects 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. Charact er ist ics of t he 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 e! ect 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

di! erent 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
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leads to over-estimate of n
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(d) 4-body remnant decay

Figure 15: Fract ion of events passing the cut , p, as a funct ion of MBH for di! erent models all with
n = 4. Upper and lower bounds for n = 4 are also shown.

is not determined su" cient ly to constrain n without Þrst measuring MPL. So instead, we
Þx the normalisat ion 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 sect ion with an error of 20% (see sect ion 7) and used
to determine the model parameters n and MPL in Þgure 18. In this case, this gives an
error on the determinat ion of n of 0.75 and an error on MPL of 150 GeV. These results are
indicat ive of how well this analysis can do. If the cross sect ion error were reduced to 10%,
the error on MPL would be 70 GeV and on n, 0.6, showing that , as expected, the cross
sect ion dominates the determinat ion of MPL.

Any improvement in our understanding of how the dist ribut ion above the kinemat ic
limit should be handled, or how the remnant would decay, would great ly improve this
analysis by reducing the width of the bands in Þgures 15, 16 and 17.

9. Conclusions

We have discussed the many theoret ical uncertaint ies that can a! ect black hole decays
and shown that in at least one case, these can lead to systemat ic mis-measurements of the
number of extra dimensions if the analyses previously suggested are used. We have then
shown the characterist ics of black hole decays as they would be measured in the ATLAS

Ð19 Ð

P(Emax> MBH/2! 400GeV)

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: Fract ion of events passing the cut , p, as a funct ion of M BH for different values of n for
the test case. Appropriate upper and lower bounds are shown.
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Figure 17: Temperature against M BH for
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Figure 18: The determinat ion of n and
M PL from the measurement of TH and an as-
sumed measurement of the parton-level cross
sect ion (see text).

detector. A number of different at tempts to determine the model parameters have been
discussed and a new technique has been int roduced. This new technique has been shown
to control many of the theoret ical uncertaint ies and can be used to measure the black hole
temperature. We have applied this technique to our test case with four extra dimensions

Ð20 Ð

n

Combined measurement of M   and nPL
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• 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 on black holes at LHC
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