arXiv:hep-ph/0109085 v4 14 Oct 2002

Quasi-stable black holes at the large hadron collider

Sabine Hossenfelder, Stefan Hofmann, Marcus Bleicher, Horst Stöcker Institut für Theoretische Physik J. W. Goethe Universität 60054 Frankfurt am Main, Germany

We address the production of black holes at LHC and their time evolution in space times with compactified space like extra dimensions. It is shown that black holes with life times of several hundred fm/c can be produced at LHC. The possibility of quasi-stable remnants is discussed.

An outstanding problem in physics is to understand the ratio between the electroweak scale m_W = 10^3 GeV and the four-dimensional Planck scale m_p = 10^{19} GeV. Proposals that address this so called hierarchy problem within the context of brane world scenarios have emerged recently [1]. In these scenarios the Standard Model of particle physics is localized on a three dimensional brane in a higher dimensional space. This raises the exciting possibility that the fundamental Planck scale M_f can be as low as m_W . As a consequence, future high energy colliders like LHC could probe the scale of quantum gravity with its exciting new phenomena: A possible end of small distance physics as been investigated by Giddings and Thomas [2] while Dimopoulos and Landsberg opened a new road to study black holes with their work on the production of black holes in high energetic interactions [3]. In this letter we investigate TeV scale gravity associated with black hole production and evaporation at LHC and beyond. For a discussion of black hole production at Tevatron and from cosmic rays, the reader is referred to Refs. [4,5,8].

One scenario for realizing TeV scale gravity is a brane world in which the Standard Model particles including gauge degrees of freedom reside on a 3-brane within a flat compact space of volume V_d, where d is the number of compactified spatial extra dimensions with radius L. Gravity propagates in both the compact and noncompact dimensions.

Let us first characterize black holes in space times with compactified space-like extra dimensions [6]. We can consider two cases:

1. The size of the black hole given by its Schwarzschild radius R_H is ≫ L.

2. If R_H ≪ L the topology of the horizon is spherical in 3 + d space like dimensions.

The mass of a black hole with R_H ≈ L in D = 4 is called the critical mass M_c ≈ m_pL/l_p and 1/l_p = m_p. Since

L ≈ (1TeV/M_f )^{1+ 2d} 10^{31d −16} mm (1)

M_c is typically of the order of the Earth mass. Since we are interested in black holes produced in partonparton collisions with a maximum c.o.m. energy of √ s = 14 TeV, these black holes have R_H ≪ L and belong to the second case.

Spherically symmetric solutions describing black holes in D = 4+d dimensions have been obtained [7] by making the ansatz

ds^2 = −e^{2ϕ(r)}dt^2 + e^{2Λ(r)}dr^2 + r^2dΩ_{(2+d)} , (2)

with dΩ_{(2+d)} denoting the surface element of a unit 3+dsphere. Solving the field equations R_{μν} = 0 gives

e^{2ϕ(r)} = e^{−2Λ(r)} = 1 − ( C r )_{1+d} , (3)

with C being a constant of integration. We identify C by the requirement that for r ≫ L the force derived from the potential in a space time with d compactified extra dimensions

V (r) = 1 (1 + d) ( 1 M_f )_{1+d} M M_f 1 L^d 1 r (4) equals the force derived from the usual 4-dimensional Newton potential. Note, the mass M of the black hole is defined by M = ∫ d^{3+d}x T_{00} (5)

with T_{μν} denoting the energy momentum tensor which acts as a source term in the Poisson equation for a slightly perturbed metric in 3 + d dimensional space time [7,10]. In this way the horizon radius is obtained as

R^{1+d}_H = 2 d + 1 ( 1 M_f )_{1+d} M M_f (6) with M denoting the black hole mass.

Let us now investigate the production rate of these black holes at LHC. Note that we neglect complications due to the finite angular momentum and assume nonspinning black holes in the formation and evaporation process^1. Consider two partons moving in opposite directions. If the partons center of mass energy √ ŝ reaches

1In fact finite angular momentum decreases the production probability by ≈ 50% at LHC energies [8,9].

the fundamental Planck scale M_f ∼ 1 TeV and if the impact parameter is less than R_H , a black hole with Mass M ≈ √ ŝ can be produced. The total cross section for such a process can be estimated on geometrical grounds [11,12] and is of order σ(M ) ≈ πR^2_H . This expression contains only the fundamental Planck scale as a coupling constant. Note that the given classical estimate of the black hole production cross section has been under debate [13,14]. Investigations by [15] justify the use of the classical limit^2. Further, the recent works done by Jevecki and Thaler [16] and those done by Eardley and Giddings [17] support this estimate. Thus, we proceed with the classical approximation. Setting M_f ∼ 1TeV and d = 2 one finds σ ≈ 1 TeV^{−2} ≈ 400 pb. However, we have to take into account that in a pp-collision each parton carries only a fraction of the total c.o.m. energy. The relevant quantity is therefore the Feynman x distribution of black holes at LHC for masses M ∈ [M^−, M^+] given by dσ dx_F = ∑ p_1,p_2

M^+∫

M^− dy (7) 2y x_2s f_1(x_1, Q^2)f_2(x_2, Q^2)σ(y, d) , (8)

with x_F = x_2 − x_1 and the restriction x_1x_2s = M^2. We used the CTEQ4 [19] parton distribution functions f_1, f_2 with Q^2 = M^2. All kinematic combinations of partons from projectile p_1 and target p_2 are summed over.

FIG. 1. Feynman x distribution of black holes with M ≥ 1 TeV produced in pp interactions at LHC with 4 compactified spatial extra dimensions.

2Even if this additional suppression would be present, the maximal suppression in the cross section is by a factor 10^{−1} [18].

Fig. 1 depicts the momentum distribution of produced black holes in pp interactions at √ s = 14 TeV. The Feynman x distribution scales with the black hole mass like M^{2(2+d)/(1+d)}. As a consequence, black holes of lowest masses (≈ 1 TeV) receive a major contribution from gg scattering, while heavier black holes are formed in scattering processes of quarks. Since for masses below 10 TeV heavy quarks give a vanishing contribution to the black hole production cross section, those black holes are primarily formed in scattering processes of up and down quarks.

Let us now investigate the evaporation of black holes with R_H ≪ L and study the influence of compact extra dimensions on the emitted quanta. In the framework of black hole thermodynamics the entropie S of a black hole is given by its surface area. In the case under consideration S ∼ M^{(2+d)}_f Ω_{(d+3)} R^{2+d}_H [10] with Ω_{(d+3)} the surface of the unit d + 3-sphere

Ω_{(d+3)} =

2π^{d+32} Γ(^{d+3}_2 )

. (9)

The single particle spectrum of the emitted quanta is then n(ω) = exp[S(M − ω)] exp[S(M )]

. (10)

FIG. 2. Decay rate in TeVc/fm as a function of the initial mass of the black hole. Different line styles correspond to different numbers of extra dimensions d.

It has been claimed that it may not be possible to observe the emission spectrum directly, since most of the energy is radiated in Kaluza-Klein modes. However, from the higher dimensional perspective this seems to be incorrect and most of the energy goes into modes on the brane. In the following we assume that most of the emitted quanta will be localized on our 3-brane [20].

Summing over all possible multi-particle spectra we obtain the black holes evaporation rate Ṁ through the Schwarzschild surface A_D in D space-time dimensions,

Ṁ = −A_D Ω^{(d+3)} (2π)^{d+3} M∫ 0 dω (M/ω)∑

j=1 ω^{D−1}n(jω) . (11)

Neglecting finite size effects Eq.(11) becomes

Ṁ = A_D Ω^{(d+3)} (2π)^{d+3} e^{−S(M)} ∞∑ j=1 ( 1 j )_D × (1−j)M ∫ M dx (M − x)^{D−1}e^{S(x)}Θ(x) , (12)

with x = M − jω, denoting the energy of the black hole after emitting j quanta of energy ω. Thus, ignoring finite size effects we are lead to the interpretation that the black hole emits only a single quanta per energy interval. We finally arrive at

Ṁ = A_Dζ(D) Ω^{(d+3)} (2π)^{d+3} e^{−S(M)} × M∫ 0 dx (M − x)^{D−1}e^{S(x)} . (13)

Fig. 2 shows the decay rate (13) in TeVc/fm as a function of the initial mass of the black hole. Since the Temperature T_h of the black hole decreases like M^{−1/(1+d)} it is evident that extra dimensions help stabilizing the black hole, too. One should note that the mass decay law presented here is more complicated than the one derived in [21]. This is due to the micro canonical treatment used here compared to the grand canonical approach given in [21]. The grand canonical approach is suited only in settings when the energy of the emitted particle can be neglected as might be the case for astrophysical black holes. For a detailed comparison between the micro canonical and the canonical approach the reader is referred to [22,10].

From (13) we calculate the time evolution of a black hole with given Mass M . The result is depicted in Fig. 3 for different numbers of compactified space like extra dimensions. As can be seen again, extra dimensions lead to an increase in lifetime of black holes. The calculation shows that a black hole with M ∼ 10 TeV at least exist for 100 fm/c for d > 5 and is sensitive to the number of extra dimensions. If the black hole has been created at large x_F its apparent lifetime in the center of mass frame may even be larger by a factor seven due to relativistic time delay. Afterwards the mass of the black hole drops below the fundamental Planck scale M_f . The quantum physics at this scale is unknown and therefore the fate of the extended black object. However, statistical mechanics may still be valid. If this would be the case it seems that after dropping below M_f a quasi-stable remnant remains.

FIG. 3. Time evolution of a black hole. Different line styles correspond to different numbers of extra dimensions d.

In conclusion, we have predicted the momentum distribution of black holes in space times with large and compact extra dimensions. Using the micro canonical ensemble we calculated the decay rate of black holes in this space time neglecting finite size effects. If statistical mechanics is still valid below the fundamental Planck scale M_f , the black holes may be quasi-stable. In the minimal scenario (M_f ∼ 10 TeV, d > 5) the lifetime is at least 100 fm/c.

The authors want to thank L. Gerland and D. J. Schwarz for fruitful and stimulating discussions. This work was supported in parts by BMBF, DFG, and GSI.

Note added in proof: In previous proceedings (J.Phys.G28:1657,2002; hep-ph/0111052 and Proceedings of the XL International Winter meeting on Nuclear Physics, p.58), we have published figures for the lifetimes and evaporation rates of black holes with an omitted prefactor that has been included here.

[1] N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys.

Lett. B 429, 263 (1998); I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Lett. B 436, 257 (1998); N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys. Rev. D 59, 086004 (1999).

[2] S. B. Giddings and S. Thomas, arXiv:hep-ph/0106219. [3] S. Dimopoulos and G. Landsberg, Phys. Rev. Lett. 87 (2001) 161602 [arXiv:hep-ph/0106295].

[4] M. Bleicher, S. Hofmann, S. Hossenfelder and H. Stocker, arXiv:hep-ph/0112186, Phys. Lett. B in print [5] A. Ringwald and H. Tu, Phys. Lett. B 525, 135 (2002) [arXiv:hep-ph/0111042].

[6] P.C. Argyres, S. Dimopoulos, and J. March-Russell, Phys.

Lett. B441, 96 (1998).

[7] R.C. Myers and M.J. Perry, Ann. of. Phys. 172, 304 (1986). [8] L. A. Anchordoqui, J. L. Feng, H. Goldberg and A. D. Shapere, arXiv:hep-ph/0112247.

[9] S. Hossenfelder, et al., in preparation [10] S. Hossenfelder, et al., in preparation [11] K. S. Thorne, Nonspherical gravitational collapse: A short review, in J R Klauder, Magic Without Magic, San Francisco 1972, 231-258.

[12] T. Banks and W. Fischler, arXiv:hep-th/9906038. [13] M. B. Voloshin, arXiv:hep-ph/0111099. [14] S. B. Giddings, arXiv:hep-ph/0110127. [15] S. N. Solodukhin, arXiv:hep-ph/0201248. [16] A. Jevicki and J. Thaler, arXiv:hep-th/0203172 [17] D. M. Eardley and S. B. Giddings arXiv:gr-qc/0201034 [18] T. G. Rizzo, arXiv:hep-ph/0111230.

[19] R. Brock et al. [CTEQ Collaboration], Rev. Mod. Phys.

67, 157 (1995); H. L. Lai et al., Phys. Rev. D 55, 1280 (1997); H. L. Lai and W. K. Tung, Z. Phys. C74, 463 (1997).

[20] R. Emparan, G.T. Horowitz, and R.C. Myers, Phys. Rev.

Lett. 85, 499 (2000) [hep-th/0003118].

[21] D. N. Page, Phys. Rev. D 13 (1976) 198. D. N. Page, Phys.

Rev. D 14 (1976) 3260.

[22] R. Casadio and B. Harms, Phys. Rev. D 64 (2001) 024016 [arXiv:hep-th/0101154].