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Abstract

The Gauss—Bonnet invariant is one of the most promising candidates for a quadratic curvature correction to the Einstein
action in expansions of supersymmetric string theory. We study the evaporation of such Schwarzschild-Gauss—Bonnet black
holes which could be formed at future colliders if the Planck scale is of order of TeV, as predicted by some modern brane
world models. We show that, beyond the dimensionality of space, the corresponding coupling constant could be measured by
the LHC. This opens new windows for physics investigation in spite of the possible screening of microphysics due to the event
horizon.
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1. Introduction

It has recently been pointed out that black holes could be formed at future colliders if the Planck scale is of
order of TeV, as is the case in some extra-dimension scenarios [1,2]. This idea has driven a considerable amount
of interest (see, e.g., [3]). The same phenomenon could also occur due to ultrahigh energy neutrino interactions in
the atmosphere [4]. Most works consider that those black holes could be describedbdithensional D > 5)
generalized Schwarzschild or Kerr metrics [5]. The aim of this Letter is to study the experimental consequences of
the existence of the Gauss—Bonnet term (as a step toward quantum gravity) if it is include®idimensional
action. This approach should be more general and relies on a real expansion of supersymmetric string theory. In
Section 2, the basics of black hole formation at colliders and the related cross sections are reminded. The details
of the multi-dimensional Gauss—Bonnet black hole solutions and their thermodynamical properties are given in
Section 3. The flux computation and the main analytical formulae are explained in Section 4. It is shown in
Section 5 that the Gauss—Bonnet (string) coupling constant can be measured in most cases, together with the
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dimensionality of space. Finally, some possible consequences and developments, especially with an additional
cosmological constant, are discussed.

2. Black holeformation at colliders

The “large extra dimensions” scenario [6] is a very exciting way to address geometrically the hierarchy problem
(among others), allowing only the gravity to propagate in the bulk. The Gauss law relates the Planck scale of the
effective 4D low-energy theory/p| with the fundamental Planck scalép through the volume of the compactified
dimensionsyp_4, via:

M2\ D2
Mp = ( Pl ) .
Vp—4

It is thus possible to se¥p ~ TeV without being in contradiction with any currently available experimental data.

This translates into radii values between a fraction of a millimeter and a few Fermi for the compactification radius
of the extra dimensions (assumed to be of same size and flat, i.e., of toroidal shape). Furthermore, such a small value
for the Planck energy can be naturally expected to minimize the difference between the weak and Planck scales,
as motivated by the construction of this approach. In such a scenario, at sub-weak energies, the Standard Model
(SM) fields must be localized to a 4-dimensional manifold of weak scale “thickness” in the extra dimensions. As
shown in [6], as an example based on a dynamical assumptionDwit6, it is possible to build such a SM field
localization. This is however the non-trivial task of those models.

Another important way for realizing TeV scale gravity arises from properties of warped extra-dimensional
geometries used in Randall-Sundrum scenarios [7]. If the warp factor is small in the vicinity of the standard
model brane, particle masses can take TeV values, thereby giving rise to a large hierarchy between the TeV and
conventional Planck scales [2,8]. Strong gravitational effects are therefore also expected in high-energy scattering
processes on the brane.

In those frameworks, black holes could be formed by the Large Hadron Collider (LHC). Two partons with a
center-of-mass energys moving in opposite directions with an impact parameter less than the horizon radius
should form a black hole of masdg ~ /s with a cross section expected to be of ordex n'rer. Those values
are in fact approximations as the black hole mass will be only a fraction of the center-of-mass energy whose exact
value depends on the dimensionality of the spacetime and the angular momentum of the produced black hole
[9,10]. Furthermore, suppression effects in the cross section should be considered and are taken into account in
Section 5 of this Letter. Although the accurate values are not yet known, a semiclassical analysis of quantum black
hole formation is now being constructed and the existence of a closed trapped surface in the collision geometry of
relativistic particles is demonstrated. To compute the real probability to form black holes atthe LHC, it is necessary
to take into account that only a fraction of the total center-of-mass energy is carried out by each parton and to
convolve the previous estimate with the parton luminosity [1]. Many clear experimental signatures are expected
[2], in particular very high multiplicity events with a large fraction of the beam energy converted into transverse
energy with a growing cross section. Depending on the value of the Planck scale, up to approximately a billion
black holes could be produced at the LHC.

3. Schwar zschild—Gauss—-Bonnet black holes

The classical Einstein theory can be considered as the weak field and low-energy limit of a quantum gravity
model which is not yet built. The curvature expansion of string gravity therefore provides an interesting step in
the modelling of a quasiclassical approximation of quantum gravity. As pointed out in [11], among higher order
curvature corrections to the general relativity action, the quadratic term is especially important as it is the leading



116 A. Barrau et al. / Physics Letters B 584 (2004) 114-122

one and as it can affect the graviton excitation spectrum near flat space. If, like the string itself, its slope expansion is
to be ghost free, the quadratic tenmst be the Gauss—Bonnet combinatidge = Rvap RHvep _ 4Rup R*P 4+ R2.
Furthermore, this term is naturally generated in heterotic string theories [12] and makes possible the localization
of the graviton zero-mode on the brane [13]. It has been successfully used in cosmology, especially to address
the cosmological constant problem (see, e.g., [14] and references therein) and in black hole physics, especially to
address the endpoint of the Hawking evaporation problem (see, e.g., [15] and references therein). We consider here
black holes described by such an action:

~ 16x G/deV g{R + 2 (Ryvap R — ARap R + R?)},

where is the Gauss—Bonnet coupling constant. The measurement of thisn would allow an important step
forward in the understanding of the ultimate gravity theory. Following [16], we assume the metric to be of the
following form:

ds? = —e® dr® + e dr? + rh;j dx’ dx/,

wherev and« are functions of- only and;; dx dx/ represents the line element of(® — 2)-dimensional
hypersurface with constant curvatui®e — 2)(D — 3). The substitution of this metric into the action [11] leads to
the following solutions:

2 D-1
20_ 2 _q r (1:|:\/1+3271’ Gi(D —3)(D — 4MT (2; )>.

T oD -3(D-4 (D—2)/D1

The mass of the black hole can then be expressed [11,16] in terms of the horizontadius

_(D-2m 7D 3<1+ (D —3)(D —4))
~ 8rGIr (2 r2 ’

whereT stands for the Gamma function. The temperature is obtained by the usual requirement that no conical

singularity appears at the horizon in the Euclidean sector of the hole solution,

TgH = 1 (e=2)

_ (D—3)r24(D—5)(D—4)(D—23))
Ax - ’

Arri(r2 +20(D — 4 (D — 3))

r=ry

In the caseD = 5, those black holes have a singular behavior [16] and, depending on the valueaof become
thermodynamically unstable or form stable relics. Bot 5, which is the only relevant hypothesis for this study

(as D =5 would alter the solar system dynamics if the Planck scale is expectedtaé¥), a quantitatively
different evaporation scenario is expected. Fig. 1 shows the ratio of the temperatures with and without the Gauss—
Bonnet term for different values dp anda. It should be pointed out that the non-monotonic behavior makes an
unambiguous measurement quite difficult and requires to take advantage of the full dynamics of the evaporation.
The next sections focus on this point to investigatextiparameter reconstruction.

4. Flux computation

Using the high-energy limit of multi-dimensional grey-body factors [17], the spectrum per unit of tme of
energyQ can be written, for each degree of freedom, for particles of tyged spins as

N, 4r2(251)75(B=h)r2 g2
dodr eQ/TeH — (—1)%
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Fig. 1. Ratio of the temperatures with and without the Gauss—Bonnet terth$06, 7, 8,9, 10,11 (from up to bottom in the low mass region)
as a function of mass with= 1 TeV~2 (top) andx = 0.01 TeV—2 (bottom).

This is an approximation as modifications might arise when the exact values of the grey-body factors are taken into
account due to their dependence, in the low energy regime, on both the dimensionality of the spacetime and on
the spin of the emitted particle. Fortunately, as demonstrated in the 4-dimensional case [is&lidbeoscillating
behaviour induces compensations that makes the differences probably quantitatively quite small. As shown in the
previous section, as long @ > 5, the horizon radius;. cannot be explicitly given as a function of the mass and,

to compute the experimental integral spectrum &lQ, the following change of variable is convenient:

0
W[ &N
do %_1;4 dr, dQdr
Finit+

where

dM (D -2n7 rP°
d — 8rGr(27)

dm 478 /D -1 D—-1 2.4 7N N
oM _ _ 4r” .
dr 15\ 2 D—3) +'BHI g/ T

Ny and N, being the total fermionic and bosonic degrees of freedom. The mean number of emitted particle can
then be written as

[(D—3)r2 + (D —5)(D - 4(D - 3],

Niot =

15(D—2)n 7 ¢ (3) 4Nf+Nb[

-2
|n|t+
+2(D — S)Ar ]
D-1 7 init+
Ir'(%2)G N+ Ny

D -2
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Fig. 2. Integrated flux as a function of the total energy of the emitted quanta for an initial black holemad® TeV. Upper left:x =0,
D =6,7,8,9,10,11. Upper right:» = 0,5 TeV=2, D =6,7,8,9,10,11. Lower left: D =6, A = 0.1,0.5,1,5,10 TeV-2. Lower right:
D=11,>.=0.1,051,5,10 Tev 2,

whererinit+ is the initial horizon radius of a black hole with maa&g,;; and, interestingly, the ratio of a given
species to the total emission is given by

N;

A5 8i

Niot B %Nf + Ntot’

wherec; is 1 for bosons and is 3/4 for fermions agdis the number of internal degrees of freedom for the
considered particles. The mean number of particles emitted by a Schwarzschild-Gauss—Bonnet black hole ranges
from 25 to 4.7 depending on the valuesofand D, for Mp ~ 1 TeV andMj,it ~ 10 TeV. Those values are
decreased to 5 and 1.05Mj,; is set at 2 TeV. Fig. 2 shows the flux for different values.adnd D. Although

some combinations seem to be strongly degenerated, the next section shows that in any case the\ahge3 of

can be well reconstructed.

5. String coupling constant measurement

To investigate the LHC capability to reconstruct the fundamental paramgetez have fixed the Planck scale
at 1 TeV. Although a small excursion range around this value would not change dramatically our conclusions, it
cannot be taken much above, due to the very fast decrease of the number of formed black holes with increasing
Mp. Following [1], we consider the number of black holes produced between 1 and 10 TeV with a bin width
of 500 GeV (much larger than the energy resolution of the detector), rescaled with the valuerafdified
by the Gauss—Bonnet term. For each black hole event, the emitted particles are randomly chosen by a Monte
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Fig. 3. Upper part: values of trpez/d.o.f. for the reconstructed spectra as a functiorDoinda for “input” valuesa =1 Tev—2 andD = 10;

the right side shows rectangles proportional to the logarithm ofxthed.o.f. Lower part (left and right): values of thg2/d.o.f. for the
reconstructed spectra as a functionzoenda for “input” valuesi =5 Tev—2 and D = 8; the right side shows rectangles proportional to the
logarithm of they2/d.o.f.

Carlo simulation according to the spectra given in the previous section, weighted by the appropriate number of
degrees of freedom. The Hawking radiation takes place predominantly in the S-wave channel [19], so bulk modes
can be neglected and the evaporation can be considered as occurring within the brane. As the intrinsic spectrum
dnN; /dQ is very strongly modified by fragmentation process, only the direct emission of electrons and photons
above 100 GeV is considered. We have checked with the Pythia [20] hadronization program that only a small
fraction of directly emitted/-rays and electrons fall within an hadronic jet, making them impossible to distinguish
from the background of decay products. Furthermore, the background from standard teedelj@ts andy + jets

remains much lower than the expected signal. The value of the Planck scale is assumed to be known as a clear
threshold effect should appear in the data and a negligible uncertainty is expected on this measurement. For each
event, the initial mass of the black hole is also assumed to be known as it can be easily determined with the
full spectrum of decay products (only 5% of missing energy is expected due to the small number of degrees of
freedom of neutrinos and gravitons). The energy resolution of the detector is taken into account and parametrized
[21] aso/E = /a?/E + b? with a ~ 10%/GeV andb ~ 0.5%. Unlike [1], we also take into account the time
evolution of the black holes and perform a full fit for each event. Once all the particles have been generated,
spectra are reconstructed for all the mass bins and compared with theoretical computations. The aaresof
compatible with the simulated data are then investigated. Fig. 3 show&fiako.f. for the reconstructed spectra
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Table 1
Reconstructed values fd and). (TeV~2) as a function of the “real” input values requiring < ZX%in. The first line assumes = nri, the
second liner = 772 /10, the third lineo = 772 /100 and the fourth line' = 772 /1000

Allowed values (min/max) A =05Tev 2 A=1Tev 2 A =5TeV 2
D=6 : 0.39/0.58; D: 6/6 1:0.78/1.18; D: 6/6 A > 3.15; D: 6/7
2:0.39/0.58; D:6/6 2:0.78/1.18; D:6/6 A > 3.15; D:6/8
1:0.39/058;  D:6/6 2:0.78/1.18;  D:6/6 A > 2.20; D: 6/8
A:0.39/0.58; D:6/6 A:0.78/1.32; D:6/7 reconstruction fails
D=7 2:0.39/058;  D:7/7 2:078/1.18;  D:7/7 2 > 3.96: D:7/8
2:0.39/058;  D:7/7 2:0.78/1.18;  D:7/7 A > 37T D:7/9
A:0.39/0.58; D:7/7 A:0.78/1.18; D:7/8 A > 3.56; D:7/9
: 0.16/0.58; D:7/8 :0.18/1.37; D:7/11 A > 158; D: 6/11
D=8 2:0.39/0.58; D:8/8 2:0.99/1.18; D:8/8 : 4.56/6.92; D: 8/9
: 0.39/0.58; D: 8/8 1:0.99/1.18; D: 8/8 A: 4.34/7.50; D: 8/9
A:0.39/0.58; D: 8/8 A:0.77/1.18; D:8/9 A > 3.95; D:8/11
2:0.20/0.79;  D:7/9 1:0.22/156;  D:7/11 A > 2.34; D:7/11
D=9 1:0.39/0.58;  D:9/9 2:0.99/1.18;  D:9/9 A 4.74/5.34; D:9/9
2:0.39/0.58;  D:9/9 2:0.99/1.18;  D:9/9 2:455/591;  D:9/10
2:0.18/058;  D:9/10 2:0.37/1.18;  D:9/11 1:359/7.29;  D:8/11
A < 0.96; D: 8/11 A:0.22/1.58; D:8/11 A > 237, D:7/11
D=10 2:0.18/0.58; D: 10/11 2:0.99/1.18; D: 10/10 A 4.74/5.53; D:10/10
:0.18/0.58; D:10/11 : 0.58/1.18; D:10/11 A: 4.36/5.71; D:10/11
: 0.18/0.58; D:10/11 1: 0.58/1.58; D:9/11 A: 3.58/6.72; D:9/11
:0.18/0.97; D:9/11 : 0.39/1.96; D:8/11 A o> 27T D:8/11
D=11 A: 0.39/0.99; D:10/11 A: 0.99/1.58; D:10/11 A: 4.74/5.53; D:11/11
: 0.39/0.99; D:10/11 : 0.98/1.58; D:10/11 A 457/6.12;  D:10/11
2: 0.39/0.99; D:10/11 2 0.75/1.77; D:10/11 A: 4.14/7.16; D:9/11
2:0.39/156;  D:9/11 2:0.75/2.37;  D:9/11 A > 2.96; D:8/11

for 2 different couplegi [TeV—2], D) = (1, 10)and(x [TeV—2], D) = (5, 8). The statistical significance of thjg

should be taken with care since a real statistical analysis would require a full Monte Carlo simulation of the detector.
Nevertheless, the “input” values can clearly be extracted from the data. Furthermore, it is important to notice that
for reasonable values of (around the order of the quantum gravity scale, i.e., around a @V our case) it

can unambiguously be distinguished between the wétbeand the cas&ithout a Gauss—Bonnet term. Table 1
summarizes the LHC reconstruction capability requiring tR¢d.o.f. to remain smaller than)@in/d.o.f. where
Xr%in/d.o.f. corresponds to the “physical” case (i.&.= Ainput and D = Dinpyt). This is quite conservative and
should translate into high confidence levels which would require a much more detailed modelling of the detector
to be accurately computed. For each set of parameters, the cross section has beemta?p(emnis/ 10, zrr?r /100
andnri/looo to account for uncertainties on the production procesb far4 with a non-zero impact parameter.

Based on the methods developed by Penrose and by D’Eath and Payne [9] and on the hoop conjecture [10], severa
estimates have been derived and confirm the formation of an apparent horizon. The wide range investigated in this
study should account for all physical cases.

6. Discussion

In case the Planck scale lies in the TeV range due to extra dimensions, this study shows that, beyond the
dimensionality of space, the next generation of colliders should be able to measure the coefficient of a possible
Gauss—Bonnet term in the gravitational action. This would allow an important step forward in the construction of a
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full quantum theory of gravity. It is also interesting to notice that this would be a nice example of the convergence
between astrophysics and particle physics in the final understanding of black holes and gravity in the Planckian
region.

Nevertheless, those results could be improved and refined in several ways. First, the endpoint of the Hawking
evaporation process is still an unsolved problem. In this Letter, we have considered that the time integral of
the instantaneous spectrum is valid up to the total disappearance of the black hole. Although usually a good
approximation (as most particles are emitted at masses close to the initial mass), this can become a serious problen
if the number of extra dimensions is high. In such cases, the mean number of emitted particles can be very small
and even smaller than one. The spectrum therefwst be truncated properly. A possibility could be to add a
Heaviside function to ensure energy conservation while keeping the same probability distribution, as suggested in
[22], but a full understanding of the phenomenon would be required as the analytical formulae derived in this work
would not stand anymore.

Then, as studied in [16,23], a cosmological constant could also be included in the action. On the theoretical
side, this would be strongly motivated by the great deal of attention paid to the Anti-de Sitter and, recently, de
Sitter/Conformal Field Theory (AdS and dS/CFT) correspondences. On the experimental side, this would open
an interesting window as there is no unambiguous relation betweep-tlienensional and the 4-dimensional
cosmological constants.

Finally, it would be very interesting to extend this study to Kerr—-Gauss—Bonnet black holes [24] as the holes
possibly produced at colliders are expected to be spinning. Although qualitatively equivalent, the results are
expected to be quantitatively quite different and probably more realistic.
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