Published by Institute of Physics Publishing for SISSA Received: Navember 8, 2004 Revised: April 24, 2005 Accepted: April 29, 2005 Published: May 24, 2005

Exploring higher dimensional black holes at the Large Hadron Collider

Christopher M. Harris^a, Matthew J. Palmer^a, Michael A. Parker^a, Peter Richardson^b, Ali Sabetfakhri^a and Bryan R. Webber^a

aCavendish Laboratory, University of Cambridge Madingley Road, Cambridge, CB3 0HE, U.K.

bInstitute for Particle Physics Phenomenology, University of Durham DH1 3LE, U.K.

E-mail: harris@hep.phy.cam.ac.uk, palmer@hep.phy.cam.ac.uk,

parker@hep.phy.cam.ac.uk, peter.richardson@cern.ch,
sabetf@hep.phy.cam.ac.uk, webber@hep.phy.cam.ac.uk

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.

Keywords: Large Extra Dimensions, Black Holes.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep052005053/jhep052005053.pdf

Contents

1. Introduction 1

2. Black hole production and decay 3

3. Event generation and detector simulation 4

4. Model uncertainties 5 4.1 Production cross section 5 4.2 The first stages of decay 5 4.3 Deposition on the brane 6 4.4 Kinematic limit 6 4.5 ‘Remaining object’ decay 7 4.6 Time-variation and black hole recoil 7

5. Characteristics of the black hole decay 8 5.1 �p_T distribution 9 5.2 Black hole charge 10 5.3 Kinematic distributions 10 5.4 Event shape variables 11

6. Measurement of the black hole mass 12

7. Measurement of the Planck mass 13

8. Determination of the number of extra dimensions 14 8.1 Correlations 15 8.2 Kinematic limit 16

9. Conclusions 19

1. Introduction

In recent theories with extra dimensions the fundamental Planck mass, M_{PL}, can be as low as the TeV scale [1 – 4] making the trans-Planckian regime accessible for future high energy colliders. These models aroused great theoretical interest because they address the

– 1 – weak-Planck scale hierarchy. In these theories microscopic quantum black holes could be produced at energies higher than the Planck mass at the LHC [5 – 18]. Once produced, the black hole would decay very rapidly to a spectrum of particles by Hawking radiation. Assuming that all the Standard Model matter and gauge fields are confined to the physical three-branes in a higher dimensional space, it has been shown that most of the black hole decay products are Standard Model quanta emitted on the brane [7] and are therefore visible experimentally as very spectacular events.

We stress that quantum extra dimensional black holes in no way constitute any threat, being distinguished from the more familiar astrophysical variety by being much lighter and highly unstable. The astrophysical variety is much too heavy to be produced in current or planned collider experiments. Hereafter, all discussion of black holes relates only to the extra dimensional variety.

In the large extra dimensions scenario [1, 2] at distances small compared with the size of the extra dimensions and in the warped scenario [3, 4] at distances small compared to the curvature scale of the geometry associated with the extra dimensions, black holes with a horizon radius, r_{BH}, smaller than the size of the extra dimensions can be treated as higher-dimensional objects located on the brane and extending along the extra dimensions. It has been shown that these small black holes have modified properties, e.g. they are larger and colder compared to a 4-dimensional black hole with exactly the same mass [5].

The black hole discovery potential is critically dependent on the value of M_{PL}. Short scale gravity experiments and particle collider experiments provide limits on the fundamental Planck scale. However for smaller values of the number of extra dimensions, n, the more stringent constraints come from astrophysical and cosmological data, albeit with larger uncertainties. It is widely agreed that the one large extra dimension scenario is ruled out by such data. The present collider limits^1 on the Planck scale range from 1.3 TeV for n = 2 to 0.3 TeV for n = 6 arising from the production of real (from missing energy signatures) or virtual Kaluza-Klein gravitons at the Tevatron Run I and LEP II [19 – 22]. For a comprehensive recent review of these constraints see, for example, [23]. The LHC, with a centre of mass energy of 14 TeV, offers a good opportunity for black hole production if M_{PL} ∼ TeV. The very large cross section for production of black holes not too much heavier than the fundamental Planck scale corresponds to a production rate of a few Hertz at the LHC design luminosity.

In the following sections, the process of the black hole production and decay is reviewed (section 2), followed by a description of the CHARYBDIS [24] event generator (section 3). We then present a review of the principal theoretical uncertainties (section 4) before moving on to experimental discussions. The characteristics of black hole decays are presented in section 5 followed by a discussion of the measurement of the black hole mass in section 6. We then discuss ways of determining the Planck mass (section 7) and finally, in section 8, we study methods of determining the number of extra dimensions. Throughout, we have used the ATLAS fast simulation software [27] to give a description of a typical detector and we have used the full simulation [28] to verify the main results.

1Limits are given in the convention of [11] which is used throughout this paper (see section 2).

– 2 –

2. Black hole production and decay

In the black hole event generator CHARYBDIS, which has been used in these studies, the 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 (≫ r_{BH}). 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]

σ̂(ŝ = M^2_{BH}) ≈ π r^2_{BH} (2.1)

where √ ŝ is the centre-of-mass energy of the colliding particles (see [24, equation 2.4]).

The radius for a Schwarzschild black hole is

r_{BH} = 1 √ πM_{PL} ( M_{BH} M_{PL}

) 1_{n+1} ( 8Γ (_{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 [11], 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 [10]: 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, when M_{BH} approaches M_{PL}, in which the final decay of the remaining Planck-scale object takes place by the emission of a few quanta.

CHARYBDIS only models the Schwarzschild phase which is expected [10] to account

for the greatest proportion of the mass loss. The energy spectrum of decay products is approximately black body with corrective ‘grey-body’ factors [25, 26], γ, which the generator includes. The spectrum for a fixed temperature black hole is dN dE ∝ E^2γ ( e^{E/TH} ∓ 1 ) T^{n+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, T_H , which is given by

T_H = n + 1 4πr_{BH}

(2.4)

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

log T_H = −1 n + 1 log M_{BH} + constant (2.5)

– 3 – where the constant is dependent only on n and M_{PL}. The generator can also model the time dependence in which case T_H is recalculated after each emission (so as the black hole decays it gets hotter). Otherwise the initial T_H is used throughout the decay.

Due to their high mass, black hole decays are very spectacular events with a large visible transverse energy, large multiplicity, and high sphericity with many hard jets and leptons. Since most of the black hole decay products result from the evaporation phase, as visible Standard Model particles, the ratio of the total hadronic to leptonic activity is expected to be roughly 5:1 [10]. A few hard quanta with energy a sizable fraction of M_{PL} are also expected from the final Planck decay phase [10].

The theoretical work to date has been done in the semi-classical approximation. This approximation is only valid if M_{BH} ≫ M_{PL}, M_{BH} ≫ T_H and the average multiplicity is large, ⟨N⟩ ≫ 1. This approximation can only be valid at the LHC if the Planck mass is low and even then, there will be problems if the number of dimensions is large (since this gives a temperature close to the Planck mass and thus low multiplicity).

3. Event generation and detector simulation

CHARYBDIS has been used to generate Monte Carlo event samples. It is interfaced, via the

Les Houches accord [29], to HERWIG [30, 31] to perform the parton shower evolution of the partons produced in the decay and their hadronization. The generated events are then passed through the ATLAS fast simulation, ATLFAST [27], in order to give a reasonable description of detector resolution and efficiency.

Unless otherwise mentioned, the CHARYBDIS options were set as follows:

• Time variation of the black hole temperature was on (TIMVAR=TRUE).

• Grey-body effects were on (GRYBDY=TRUE).

• The black hole was allowed to decay to all Standard Model particles including Higgs particles (MSSDEC=3).

• Kinematic cut-off was turned off (KINCUT=FALSE).

• The number of particles in the remaining object decay was 2 (NBODY=2).

This set of options together with the Planck mass set to 1 TeV is called the ‘test case’ and we have used this to illustrate our techniques. Several samples have been generated, so to avoid confusion the number of dimensions is always specified. If a mass is given, then the generator was forced to produce black holes with a fixed mass, otherwise the range was set to 5000–14000 GeV.

Table 1 summarises the black hole production cross sections at the LHC for n = 2, 4, and 6 with M_{PL} = 1 TeV.^2

2In this analysis, we have used the MRSD-’ (DIS) parton distribution function (PDF) set [32] with Q^2 = 1/r^2_{BH}, where Q^2 is the momentum scale squared at which a PDF is evaluated.

– 4 –

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 M_{PL} = 1 TeV as given by

CHARYBDIS. Note that CHARYBDIS does not include the form factors mentioned in section 7.

4. Model uncertainties

The theory of black hole production and decay contains many uncertainties and assumptions, particularly at LHC energies. A clear understanding of these is therefore essential 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 [33] 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) = ∫ dx_1 dx_2 f(x_1)f(x_2)σ̂(ŝ = x_1x_2S) (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 factorization remains valid, the extrapolation of the PDFs into this region based on Standard Model evolution from present energies is questionable, since the evolution equations neglect gravity. Also, comparison to Standard Model processes 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

– 5 – small but non-negligible [10]. Studies of emission on the brane from spinning black holes have so far been limited to scalar particle emission [34]. The main effect should be seen in the angular distribution, but our analysis is not sensitive to this. In addition, the energy spectrum may be modified at low energies. We avoid this region anyway, since it is strongly affected by secondary decays.

4.3 Deposition on the brane

Estimates vary as to how much energy is expected to be emitted into the bulk via graviton emission, but it could be significant. One estimate suggests that the fraction of energy emitted into the bulk could be as high as 20% for n = 2–4 rising to nearly 50% for n = 7 [34]. Any energy emitted into the bulk will make an accurate measurement of the mass extremely difficult. Although this effect could in principle be observed as a change in the expected shape of the cross section as a function of black hole mass, determining this would be experimentally challenging. In these studies we have assumed that all the energy is deposited on our brane. A modified generator and a more detailed study would be necessary to understand the full impact of this assumption.

4.4 Kinematic limit

A black hole can only emit a particle with an energy up to half of its mass in order to conserve energy-momentum. However, the grey-body distribution used to describe the Hawking radiation extends to infinite energy. Although the distribution is only valid for very massive (M_{BH} ≫ M_{PL}) black holes it is still necessary to deal with the black holes as they become lighter. It is expected that given a full theory, the distribution would be modified to take this into account, but we have no such theory.

Figure 1 shows the energy of the primary generator level decay products in the rest frame of the black hole. As can be seen, the kinematic limit affects most of the decays. This greatly modifies the energy spectrum and also leaves open the question of what to do when

(a) (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 affects the energy distribution at all masses.

– 6 –

(a) (b)

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 remaining object decays respectively.

the generator chooses an unphysical decay, i.e. when it samples from the energy spectrum above the kinematic limit. Two options are implemented in CHARYBDIS. In the first case (KINECUT=FALSE), if an unphysical decay is chosen, it is thrown away and a new one is chosen. This process continues until the black hole has a mass less than the Planck mass at which point the decay moves to the final, remaining object, stage. In the other option (KINECUT=TRUE), when an unphysical decay is chosen, the black hole decay moves straight to the final stage. The final stage of the decay is dealt with in the next section. It should be noted that for high temperature black holes, where the probability of an unphysical decay is large, the different choices implemented in the generator will lead to a large difference in the multiplicities and will have a significant impact of the energy distributions.

4.5 ‘Remaining object’ decay

At the end of the evaporation phase, there is a light Planck-scale ‘remaining object’, which the generator must decay. How this would happen is unknown and will only be predicted by a quantum theory of gravity. However, it is likely [10] that the remaining object will decay into a few quanta in a relatively short time, of the order of 1/M_{PL}. CHARYBDIS implements this decay as a prompt isotropic decay into 2–5 bodies (the number is an option). At what stage the remaining object decay occurs depends on the option chosen for handling the kinematic limit as described in section 4.4. It should be noted therefore, that the uncertainty here can easily affect the multiplicity and energy spectra. One example of an affected experimental observable is the photon energy spectrum. Figure 2 shows the photon energy distributions (of all photons in the event) for 2-body and 4-body remaining object decays for two values of n. Even for n = 2 there is a noticeable effect, but for n = 4, the effect is large.

4.6 Time-variation and black hole recoil

It has been argued [11] 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 de-

– 7 –

Figure 3: The plot of T_H versus M_{BH} for n = 2 and M_{PL} = 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.

cay 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 [11].

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 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.

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 T_H 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

– 8 –

(a) (b)

Figure 4: (a) Average event multiplicities and (b) typical multiplicity distribution with n = 2, 3, 4, 5, and 6 (black, green, red, cyan, and blue curves, respectively) for 100 fb^{−1} of integrated luminosity.

Figure 5: The distribution of ∑ p_T for n = 2, 3, 4, 5, and 6 (black, green, red, cyan, and blue curves, respectively) for 100 fb^{−1} of integrated luminosity. (a) for 5 TeV and (b) for 8 TeV black holes.

high energies and tend to produce less spherical events. Therefore, we believe that selecting events with high ∑ p_T , 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 [11]. There are two further characteristics which will be interesting to measure and confirm the nature of the events: the missing p_T (�p_T ) distribution and the charge asymmetry.

5.1 �p_T distribution

Although not all black hole decays contain neutrinos, some will have one or more with energies that can be as high as half the black hole mass. The missing energy can be even larger than for much of SUSY parameter space. In contrast, most of the Standard Model

– 9 –

Figure 6: The distribution of the �p_T for Standard Model QCD events (with generator level cut p_T > 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.

processes tend to have much lower missing transverse momenta. Figure 6 presents the distribution of the �p_T for Standard Model QCD events (with generator level cut p_T > 600 GeV), SUSY events (at LHCC SUGRA point 5 [35]), and 5 TeV black holes with n = 2 and 6.

5.2 Black hole charge

As highly massive objects, black holes are formed in the collisions of partons with high momentum fractions. These are typically valence quarks, so it is expected that black holes produced in pp collisions 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, ⟨Q_{BH}⟩, can be measured by determining the average charge of the charged leptons, ⟨Q_{Lept}⟩, 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 ⟨Q_{Lept}⟩ = 0.1266 ± 0.002 and thus ⟨Q_{BH}⟩ = 0.654 ± 0.008 using the expected charged lepton emission probability of 0.1936.

5.3 Kinematic distributions

The authors of [36] 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 p_T of the events, jets, leptons, and the ratio of the difference and sum of the i^{th} and the j^{th} highest p_T 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.

– 10 –

Figure 8: The distribution of (a) the transverse momenta for the highest p_T jets, (b) the second highest p_T jets, (c) the p_T of the leptons, and (d) �p_T in the decay of 8 TeV black holes with n = 2, 3, 4, 5, and 6 (black, green, red, cyan, and blue curves, respectively) for 100 fb^{−1} of integrated luminosity.

5.4 Event shape variables

In addition to the event multiplicity and spectra, we have studied the following event shape variables: the sphericity [37], thrust [38], and the Fox-Wolfram moment ratios [39]. 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.

Defining the Fox-Wolfram moments [39]

H_l = ∑ i,j |p_i| |p_j| E^2_{vis}

P_l (cos θ_{ij}) , l = 1, 2, 3, . . . (5.1)

the Fox-Wolfram moment ratios can be expressed as H_l/H_0, where θ_{ij} is the opening angle between particles i and j, E_{vis} is the total visible energy of the event, and P_l(x) are the Legendre polynomials.

Figures 9 and 10 show the distribution of the event shape variables for 5 and 8 TeV black holes with n = 2 − 6. The distributions are relatively similar for higher values of n, making it hard to distinguish them from one another. Events are relatively spherical

– 11 –

(a) (b)

Figure 9: Event thrust and sphericity for n = 2, 3, 4, 5, and 6 (black, green, red, cyan, and blue curves, respectively). (a) The variation of the average thrust and sphericity with mass and n. (b) A typical set of distributions of the sphericity for 5 TeV black holes.

(a) (b)

Figure 10: Fox-Wolfram variables for n = 2, 3, 4, 5, and 6 (black, green, red, cyan, and blue curves, respectively). (a) The variation with mass and n. (b) A typical set of distributions for 5 TeV black holes.

with a high transverse energy of a few M_{PL}. For higher dimensions, the events become significantly less spherical and are more susceptible to variations in the treatment of the remaining object decay.

6. Measurement of the black hole mass

The black hole 4-momentum is reconstructed simply by summing the 4-momenta of all of the particles in the event. We have illustrated this procedure for selected black hole mass points 5 and 8 TeV with n = 2 to 6 which were generated with masses ranging 200 GeV above and below the selected mass point. Events were selected by requiring at least 4

– 12 –

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.

(a) (b)

Figure 11: Mass resolution for n = 2 and (a) M_{BH} = 5 TeV and (b) M_{BH} = 8 TeV.

jets, all within the acceptance of the ATLAS tracking detector (|η| < 2.5). Requiring the multiplicity to be greater than 4 ensures that the remaining object decay will not be too dominant. The transverse momenta of the three highest p_T jets was required to be above 500, 400, 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 fraction 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 p_T , but at the cost of a sharp drop in overall signal efficiency.

7. Measurement of the Planck mass

Some authors [11] have suggested that since n can be determined from the T_H –M_{BH} relationship (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 –

Figure 12: The parton level cross section for 5 TeV black holes as a function of M_{PL} for different values of n. The form factors calculated in [33] are included.

follow the suggestion of [40] and determine M_{PL} from the cross section. In the convention used in this paper (and also in [40]), the cross section is largely independent of n. Figure 12 shows the parton-level cross section including the corrective form factors calculated in [33]. As can be seen, there is very little variation with n.

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 partonlevel cross section 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 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 M_{PL}.

8. Determination of the number of extra dimensions

Measuring the number of extra dimensions is not a straight-forward task given the uncertainties outlined in section 4. One technique that has been suggested [11] uses the energy spectrum of electrons and photons below M_{BH}/2. However the authors of [11] ignore the likely effects on the low energy spectrum from the initial parts of the decay (section 4.2), the effect of the remaining object 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 T_H with M_{BH} to measure n. To give some numerical estimates, the expected variation, T_H (10 TeV) − T_H (5 TeV) is about 40 GeV for n = 2 and 20 GeV for n = 5 given T_H (5 TeV) ∼ 200 GeV. This is clearly not a large variation to attempt to measure.

– 14 –

It should also be noted that the differences between different number of dimensions become less significant for higher n due to the power law nature of equation 2.5. We have investigated a number of variables and techniques whilst considering the effects of the many uncertainties.

8.1 Correlations

Notwithstanding the comment above, we initially tried to make maximum use of the M_{BH}– T_H relationship. In the case that T_H varies with time, there is one M_{BH}–T_H point per emission, rather than just one per event. We therefore developed a technique that used all the information. The method is:

1. Reconstruct the black hole from all the particles in the event.

2. Determine the first(next) particle to be emitted.

3. Use the measured properties of this particle to determine the temperature of the black hole.

4. Record this mass-temperature point.

5. Reconstruct the black hole for the next stage using all the particles except for those that have been emitted

6. Repeat steps 2–5 until there are no particles left.

There are two key parts to this algorithm: determining the order of the emitted particles and using the particle properties to determine the temperature. It was hoped that a method might be found which when averaged over many events would give the correct M_{BH}–T_H relation.

The method used to determine the order was to assume that the softest particles were emitted first. This is because as the black hole decays it gets hotter, and so the average energy of the emitted particles should increase.

The most probable energy and thus p_T for the emitted particle is proportional to the temperature of the black hole. Since the expected M_{BH}–T_H relation is a power law, the M_{BH}–p_T relation should have the same dependence on n. Thus we have plotted the average p_T of the emitted particles for each mass bin.

Figure 13 shows the result of this method. The shape of the graph is very different from that expected, but does show a separation between the numbers of dimensions. This is perhaps not surprising since all black hole decays will at some point be affected by the kinematic limit problem to which this technique is particularly sensitive. Unfortunately this means that extracting the number of dimensions is extremely difficult to do without relying purely on Monte Carlo data. Further details on this method are given in [41].

– 15 –

(a) (b)

Figure 13: Correlation plots (see text) for 8 TeV black holes (a) with n = 2, 3, 4, 5, 6 and (b) with M_{PL}=900, 1000, 1100 GeV.

8.2 Kinematic limit

In this section we present a new idea that shows a strong variation with the number of dimensions and is valid for many different scenarios. It may therefore allow n to be determined despite the many uncertainties that affect black hole decays.

If a particle is emitted with an energy close to the kinematic limit (i.e. E ∼ M_{BH}/2), then that particle is probably the first to be emitted. In particular, it is possible to measure the fraction of events, p, where the highest energy particle has an energy, E_{max} > E_{cut} where E_{cut} = M_{BH}/2 − E_d and E_d is a parameter of the analysis that can be chosen, but should be small. The probability of the first emission being greater than E_{cut} can also be calculated from integrating the Planck spectrum (equation 2.3) thus there is a reasonably direct connection between the experimental measurement and theory.

This method has many advantages: since it deals with the first emission, the probability of E_{max} > E_{cut} will be the same regardless of whether the black hole temperature is timevarying or not. Also, since we restrict ourselves to black hole with masses much larger than the Planck mass, this measurement will not be affected by Planck scale effects or the remaining object decay. Any effects which modify the low energy part of the spectrum should also have no effect. Finally, the effect of the black hole boost can be taken into account by determining E_{max} in the black hole rest frame.

This technique is however strongly affected by the uncertainty in dealing with the kinematic limit (see section 4.4) since we do not know what the shape of the energy spectrum would be near the kinematic limit. Fortunately this uncertainty can be controlled by putting upper and a lower bounds on the theoretical estimate of p. The lower bound is set by assuming that none of the unphysical region of the Planck spectrum corresponds to an emission with energy greater than E_{cut} in the actual energy spectrum. The lower bound

– 16 – is therefore p_{lower} = k

∫_{MBH/2}

E_{cut}

P (E)dE (8.1)

where k is a normalising constant, P (E) is the Planck spectrum (equation 2.3) and we have ignored the effects of the ‘grey-body’ factors (which are largest at low energy). The difference between fermions and bosons is small here. The upper bound uses the opposite assumption to the lower bound: that is, that all of the unphysical region in the Planck spectrum would correspond to an emission with energy greater than E_{cut} in the actual energy spectrum. The upper bound is therefore

p_{upper} = k

∫_∞

E_{cut}

P (E)dE . (8.2)

It should be noted that at very high energies and in the semi-classical limit, p → 0 as M_{BH} → ∞ for any fixed E_d. These equations are therefore only valid when p is small.

There are two competing effects: we would like to set E_{cut} as low as possible so that the upper and lower bound are similar (note that they move apart as E_{cut} → M_{BH}/2). However, the lower we set the cut, the greater the chance that the highest emission is not the first one. Whilst this is not in itself a problem, it does mean that the differences between the time varying and non-time varying cases become more pronounced. In the rest of this study we have set E_d = 400 GeV — setting it lower is difficult as experimental resolution effects start to dominate. The chance of a soft emission is strongly temperature dependent. Points have been omitted if this chance is greater than 50% which affects only n = 2, 5 TeV black holes, but would be more significant at lower M_{PL}.

We have included an approximate corrective factor for the emission of a first soft particle. This was calculated as

k_{cor} = k

∫_{xEcut} 0 P (E)dE (8.3)

giving p_{cor} = (1 + k_{cor})p. It is possible for a first emission of any energy to be followed by an emission of energy up to the kinematic limit, but the probability of this drops sharply if the first emission has an energy greater than 2E_{cut}. The correction factor, x, was therefore set to 2 for the lower bound and 3 for the upper bound.

A plot of the upper and lower bounds on p for M_{PL} = 1 TeV is shown in figure 14. As can be seen, if M_{PL} is known, there is good potential for extracting n if it is below 5 and could be constrained if n is larger.

One experimentally tricky aspect of this measurement is that since the black hole mass is measured by adding all the particles in the event, the maximum energy in the reconstructed black hole rest frame must be less than M_{BH}/2. This introduces a bias to low energies in the measurement of E_{max} and thus reduces the measurement of p. This has been corrected for by increasing E_d by 100 GeV which is an estimate for the average mis-measurement of E_{max}. It should be noted that not boosting into the black hole rest frame would give a very significant over-measurement of p. In addition, to ensure that the

– 17 –

Figure 14: Upper and lower bounds for p for different n with M_{PL} = 1 TeV.

black hole mass was well measured, events were excluded if they had �p_T > 100 GeV, had any particles with |η| > 2.5 or if the three highest energy particles accounted for more than 95% of the total energy in the black hole rest frame.

Figure 15 shows the results of this analysis for four different models all with n = 4. The theoretical upper and lower limits are also shown. For models which have the kinematic cut off (see section 4.4), we would expect them to be consistent with the lower limit; this is the case for plots a, b and d in figure 15. However, if the kinematic limit is on and the remaining object decay is set to 2-body (plot c), we would expect the data to be consistent with the upper limit. This is because if an energy is chosen in the forbidden region (which is the additional region included in the upper limit integral), it will cause the decay to be terminated and the black hole to split into two. One of the two particles from the remaining object decay must pass the cut. As can be seen from the figure, the plots do agree with these expectations.

Figure 16 shows similar plots to figure 15, but for the test case (see section 3) with different values of n. This emphasises that this technique is sensitive to n whilst being largely model independent. Note that at high n, the data start to drop below the lower limit. This is due to the high temperature here (T_H ∼ 470 GeV for n = 5) which significantly reduces the multiplicity. This result suggests that this analysis has an upper limit of validity in the region of T_H ∼ 450–500 GeV. Also, from figure 16a, it can be seen that at low temperatures, this analysis will not measure the temperature (unless lighter black holes are seen, or very high statistics are available), but would instead place an upper limit on it. This may be enough to constrain n, or alternatively, measuring the energy distribution may be more successful here and these analyses could be combined to give a temperature measurement.

At higher temperatures, this technique becomes strongly sensitive to the temperature of the black hole. Indeed the plots above can easily be converted into temperature as a function of M_{BH}. This has been done for the test case with n = 4 in figure 17 which also includes a band equivalent to the upper and lower limits on p. The band includes a systematic uncertainty on the measurement of the black hole mass of ±200 GeV. Note

– 18 –

(a) Test case (see section 3) (b) No time variation

(c) Kinematic cut on (d) 4-body remaining object decay

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

that as suggested at the beginning of this section, the temperature variation with M_{BH} is not determined sufficiently to constrain n without first measuring M_{PL}. So instead, we fix the normalisation of T_H at the black hole mass at which it is best measured. In this case, we take T_H = 340 ± 30 GeV at M_{BH} = 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 M_{PL} in figure 18. In this case, this gives an error on the determination of n of 0.75 and an error on M_{PL} 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 M_{PL} would be 70 GeV and on n, 0.6, showing that, as expected, the cross section dominates the determination of M_{PL}.

Any improvement in our understanding of how the distribution above the kinematic limit should be handled, or how the remaining object 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

– 19 –

(a) n = 2 (b) n = 3

(c) n = 4 (d) n = 5

Figure 16: Fraction of events passing the cut, p, as a function of M_{BH} for different values of n for the test case. Appropriate upper and lower bounds are shown.

Figure 17: Temperature against M_{BH} 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 M_{BH} measurement of ±200 GeV.

Figure 18: The determination of n and M_{PL} from the measurement of T_H and an assumed measurement of the parton-level cross section (see text).

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

– 20 –

ATLAS 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 and found the temperature to be 340 ± 30 GeV for a black hole mass of 7 TeV. This was combined with the parton-level cross section, assumed to be known to 20%, to give estimates of the Planck mass and the number of extra dimensions. We conclude that in this case the Planck mass can be determined to 15% and the number of extra dimensions to ±0.75, with strongly correlated errors.

Acknowledgments

We thank members of the Cambridge SUSY Working Group; in particular C.G. Lester, for many useful suggestions and discussions. BRW thanks the CERN Theory Group for hospitality during part of this work. We thank the ATLAS Collaboration for the use the ATLAS physics analysis framework and tools which are the result of collaboration-wide efforts. This work was funded by the U.K. Particle Physics and Astronomy Research Council.

References

[1] N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315].

[2] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a millimeter to a Fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398].

[3] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys.

Rev. Lett. 83 (1999) 3370 [hep-ph/9905221].

[4] L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690 [hep-th/9906064].

[5] P.C. Argyres, S. Dimopoulos and J. March-Russell, Black holes and sub-millimeter dimensions, Phys. Lett. B 441 (1998) 96 [hep-th/9808138].

[6] T. Banks and W. Fischler, A model for high energy scattering in quantum gravity,

hep-th/9906038.

[7] R. Emparan, G.T. Horowitz and R.C. Myers, Exact description of black holes on branes, JHEP 01 (2000) 007 [hep-th/9911043].

[8] S.B. Giddings and E. Katz, Effective theories and black hole production in warped compactifications, J. Math. Phys. 42 (2001) 3082 [hep-th/0009176].

[9] R. Casadio and B. Harms, Black hole evaporation and compact extra dimensions, Phys. Rev.

D 64 (2001) 024016 [hep-th/0101154]; Can black holes and naked singularities be detected in accelerators?, Int. J. Mod. Phys. A 17 (2002) 4635 [hep-th/0110255].

[10] S.B. Giddings and S. Thomas, High energy colliders as black hole factories: the end of short distance physics, Phys. Rev. D 65 (2002) 056010 [hep-ph/0106219].

– 21 –

[11] S. Dimopoulos and G. Landsberg, Black holes at the LHC, Phys. Rev. Lett. 87 (2001) 161602 [hep-ph/0106295].

[12] S. Hossenfelder, S. Hofmann, M. Bleicher and H. Stocker, Quasi-stable black holes at LHC, Phys. Rev. D 66 (2002) 101502 [hep-ph/0109085].

[13] M.B. Voloshin, Semiclassical suppression of black hole production in particle collisions, Phys.

Lett. B 518 (2001) 137 [hep-ph/0107119].

[14] D.M. Eardley and S.B. Giddings, Classical black hole production in high-energy collisions, Phys. Rev. D 66 (2002) 044011 [gr-qc/0201034].

[15] S.B. Giddings and V.S. Rychkov, Black holes from colliding wavepackets, Phys. Rev. D 70 (2004) 104026 [hep-th/0409131].

[16] V.S. Rychkov, Topics in black hole production, hep-th/0410295.

[17] D. Stojkovic, Distinguishing between the small ADD and RS black holes in accelerators, Phys.

Rev. Lett. 94 (2005) 011603 [hep-ph/0409124].

[18] C.G. Lester, Black hole production at the Large Hadron Collider, Czech. J. Phys. 54 (2004) A303.

[19] DELPHI collaboration, P. Abreu et al., Photon events with missing energy at √ s = 183 to 189 GeV, Eur. Phys. J. C 17 (2000) 53 [hep-ex/0103044].

[20] OPAL collaboration, G. Abbiendi et al., Photonic events with missing energy in e^+e^− collisions at √ s = 189 GeV, Eur. Phys. J. C 18 (2000) 253 [hep-ex/0005002].

[21] CDF collaboration, D. Acosta et al., Limits on extra dimensions and new particle production in the exclusive photon and missing energy signature in pp̄ collisions at √ s = 1.8 TeV, Phys.

Rev. Lett. 89 (2002) 281801 [hep-ex/0205057].

[22] D0 collaboration, V.M. Abazov et al., Search for large extra dimensions in the Monojet+ E̸_T channel at DØ, Phys. Rev. Lett. 90 (2003) 251802 [hep-ex/0302014].

[23] J. Hewett and M. Spiropulu, Particle physics probes of extra spacetime dimensions, Ann.

Rev. Nucl. Part. Sci. 52 (2002) 397 [hep-ph/0205106].

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

[25] P. Kanti and J. March-Russell, Calculable corrections to brane black hole decay, I. The scalar case, Phys. Rev. D 66 (2002) 024023 [hep-ph/0203223]; Calculable corrections to brane black hole decay, II. Greybody factors for spin 1/2 and 1, Phys. Rev. D 67 (2003) 104019 [hep-ph/0212199].

[26] 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].

[27] 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.

[28] ATLAS collaboration, ATLAS offline software framework: Athena.

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

[30] 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].

– 22 –

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

[32] A.D. Martin, W.J. Stirling and R.G. Roberts, Parton distributions updated, Phys. Lett. B 306 (1993) 145.

[33] 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].

[34] C.M. Harris, Physics beyond the standard model: exotic leptons and black holes at future colliders, hep-ph/0502005.

[35] LHCC supersymmetry workshop, Oct, 1996.

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

[37] J.D. Bjorken and S.J. Brodsky, Statistical model for electron-positron annihilation into hadrons, Phys. Rev. D 1 (1970) 1416.

[38] 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. A 12 (1964) 57.

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

[40] 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.

[41] M.J. Palmer, Studies of extra dimensional models with the ATLAS detector, Ph.D. thesis, University of Cambridge, 2004.

– 23 –