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High energy colliders as black hole factories: The end of short distance physics
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If the fundamental Planck scale is of order of a TeV, as is the case in some extra-dimension scenarios, future
hadron colliders such as the CERN Large Hadron Collider will be black hole factories. The nonperturbative
process of black hole formation and decay by Hawking evaporation gives rise to spectacular events with up to
many dozens of relatively hard jets and leptons with a characteristic ratio of hadronic to leptonic activity of
roughly 5:1. The total transverse energy of such events is typically a sizable fraction of the beam energy.
Perturbative hard scattering processes at energies well above the Planck scale are cloaked behind a horizon,
thus limiting the ability to probe short distances. The high energy black hole cross sg@igswith energy
at a rate determined by the dimensionality and geometry of the extra dimensions. This dependence therefore
probes the extra dimensions at distances larger than the Planck scale.
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An outstanding problem in physics is the ratio between The observability of black hole production at future col-
the four-dimensional Planck scaf& /2~ 10'°GeV and the liders of course depends on the value of the fundamental
electroweak scal&y *>~100 GeV. Scenarios have emerged Planck scale. The present bound on the Planck scale in a
recently that address this hierarchy within the context of thérane-world scenario wittD=10 space-time dimensions
old idea that the standard model is confined to a brane in arising from missing energy signatures at the Fermilab Teva-
higher dimensional space. In this case the fundamentaton run | and CERNe*e™ collider LEP Il associated with
Planck scale—the energy at which gravitational interactiongperturbative graviton production is just undeM ,
become strong—can be as low as the TeV scale. This raisesg00 GeV/[2,3] in the standard normalization given below.
the exciting possibility that future high energy colliders canas detailed below, if the fundamental Planck scale is of order
directly probe strongly coupled gravitational physics. In thisa Tev, the black hole cross section at the CERN Large Had-
paper we investigate the dramatic TeV scale gravity signargn Collider (LHC) is large enough to qualify the LHC as a
tures associated with black hole production and evaporatiog|gck hole factory. This opens up the possibility of detailed

at high energy colliders. experimental study of black hole production and decay, in
A description of scattering processes at center of Masgygition to perturbative quantum gravity processes.

energies of the order of the fundamental Planck scale re- . specific signatures associated with black holes pro-

quires a full the(_)ry of quantum gravity. However, as we will duced in high energy collisions depend on the decay prod-
discuss, scattering at energies well above the Planck scale I%:ts The decay of an excited spinnina black hole state pro-
believed to be described in any theory by semi-classical genq j y xcl pinning P

eral relativity. Probably the most interesting phenomenon ili?;eds through several stages. The initial configuration loses

this regime is the production and subsequent evaporation ¢fir @ssociated with multipole moments irbalding phase
black holes. Black hole intermediate states are in fact beby the emission of classical gravitational and gauge radia-

lieved to dominates-channel scattering at super-Planckiantion. Gauge charges inherited from the initial state partons
energies. Indeed, the number of such non-perturbative stat@se discharged by Schwinger emission. After this transient
grows faster than that of any perturbative state; for exampledhase, the subsequent spinning black hole evaporates by
the number of black hole states Ihspace-time dimensions Semi-classical Hawking radiation in two phases: a tsjgh-
grows with mass like exp(°~2/(~3)) while the number down phase in which angular momentum is shed, and a
of perturbative string states grows like ekp). The impor-  longer Schwarzschildphase. The evaporation phases give
tance of black holes is also apparent in a geometric picture-fise to a large number of quanta characteristic of the total
scattering impact parameters which are smaller than thentropy of the initial black hole. At present it is not possible
Schwarzschild radius associated with the center of mass ete describe quantitatively the end point of Hawking evapo-
ergy result in black hole formation. In the high energy limit ration but a reasonable expectation is that when the black
this classical non-perturbative process leads to a cross seleole mass decreases to the fundamental Planck scale it enters
tion which growswith energy much faster than that associ- a Planckphase in which final decay takes place by the emis-
ated with any known perturbative local physics. Some ofsion of a few Planck scale quanta. Most of the black hole
these features of high energy scattering have been discussddcay products are standard model quanta emitted on the
previously in[1]. brane[4] and are therefore visible experimentally.

0556-2821/2002/65)/05601312)/$20.00 65 056010-1 ©2002 The American Physical Society



STEVEN B. GIDDINGS AND SCOTT THOMAS PHYSICAL REVIEW D55 056010

The large number of visible quanta emitted in the decay Gp
of a black hole gives rise to the very distinctive signature of GN=V . (1.2
large multiplicity events with large total transverse energy, as D4

described in detail below. The observation of such eventqhe reduced fundamental Planck scale in this case is gener-

with a parton level cross section which grows with energyajly related to theD-dimensional Newton’s constant in the
would be a smoking gun for black hole production. phenomenology literatuteas

As discussed below, black hole production cross sections
rise with energy whereas cross sections from other conven- MD_z_(ZW)Df"' 13
tional hard perturbative processes should fall. Correspond- p _W' (1.3
ingly, as the energy grows, the range of impact parameters
for which black holes are formed grows, and other hard proThe fundamental Planck scale can in principle be experimen-
cesses will be cloaked and invisible due to the formation otally accessible in high energy collisions\it;_ 4 is large in
the event horizo1]. This means that the era of black hole fundamental units. For exampl®],~TeV for D=10 with
formation represents the end of experimental short distancég~fm® [5]. Although the total volume of the compact space
physics. Nonetheless, scattering at higher energies can rerust be large in fundamental units, the radii of some of the
main interesting, as it can begin to reveal the structure of thextra dimensionsR., can in principle be not much larger
extra dimensions on scales large as compared to the Plantkan the fundamental scale. We refer to this as the “flat sce-
scale through features such as the energy dependence of thario.”
cross section. Another scenario for realizing TeV scale gravity arises
In Sec. | two classes of brane-world scenarios with flatfrom properties of warped extra-dimensional geometries
and warped geometries for the extra dimensions are repointed out in[7]. Examples of string theory solutions that
viewed. The relevant black hole properties of Schwarzschildjenerate a hierarchy this way were recently exhibitef8in
radius, temperature, and entropy are presented for the twa warped geometry is described by a metric of the form
scenarios. The question of applicability of a black hole de-
scription for a generic high energy state produced in a colli- ds?=e?A0dx;+ gy dy™dy". (1.9
sion is also addressed. In Sec. Il the cross section for black 5 L ) )
hole production is discussed. Production rates for the LHG1ere dx;=7,,dx“dx” is the standard four-dimensional
are estimated and shown to be sizable for a Planck scale offinkowski line element, and the coordinatgsparametrize
TeV. The initial balding phase of black hole decay in whichthe e_xtraAd!mensmns of space-time, with metwig,. The
multipole moment hair is shed by gauge and gravitationafunctione” is the warp factor, and leads to scales for four-
radiation is also described. Section Il describes the spindimensional physics that depend on location within the extra
down and Schwarzschild eras of Hawking evaporation. Thélimensions. Gravity propagates in both the compact and
total number and energy of quanta emitted in this phase i{§oN-compact directions. As we see from the actibii), in
shown to be characteristic of the initial black hole entropyth's case the four-dlmensmnal Newton’s constant is related to
and Hawking temperature, respectively. The spectacular sighe D-dimensional one by
natures resulting from black hole production and decay
which could pe observed at the_ LHC if the fundam_ental GﬁlzGBlf dP %y \/ge?A. (1.5
Planck scale is a TeV are described in Sec. IV. Section V
includes a discussion of the dependence of the high ener . _
black hole cross section on the dimensionality and geometgghe Standard .'rl]?]del conljmed toa brafnt?]al%/o within such
of the extra dimensions as a manifestation of the infrared— geometry will have a Lagrangian of the form
ultraviolet connection in a theory of gravity, and implications
for the future of experimental short-distance physics are also Ssu= f d'xe™ 0o £(e2A) gy, mi)  (1.6)
discussed.

in which the metricy,,, appears accompanied by factors of
| TeV SCALE GRAVITY AND BLACK HOLES e?A0) Here ¢ denote the matter fields, ant, are mass
parameters which naturally take values of order the conven-
One scenario for realizing TeV scale gravity is a branetional Planck scal&,. By rescaling the kinetic terms in Eq.
world in which the standard model matter and gauge degreg4.6) to canonical forms, the measured four-dimensional
of freedom reside on a 3-brane within a flat compact space ahasses all take values of orde’?'(yo)Mp; alternatively one
volumeVp_4 [5,6]. Gravity propagates in both the compact may use the redundancy under-A+\ andx—e " in the
and non-compact dimensions. The Einstein action metric (1.4) to choose units in which the masses @M ).
If the warp factore” is small in the vicinity of the standard

1 model brane, particle masses can take TeV vajogsn the

1
_ D -
SE_sﬂefd xV=g 5R (1.0

IHere we use the conventions [&], which differs from the con-
implies the relation between the four-dimensional andventions for the Planck madd in the first reference of2] as
D-dimensional Newton’s constants: M,=2YC"2M, .
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rescale_d units, the extra (_j|men3|ons are _Iarge as in the flat o, (D—2)2J2 167GoM 30
scenarig, thereby giving rise to a large hierarchy between rﬁ 5 re+ 5 = ) rn

the TeV and conventional Planck scales. Conversely, high 4M (D-2)Qp-

energy scattering processes on the brane at apparent energy 4(27)P*M 1/(D-3)

scales of order TeV actually probe energies approaching the = 5
fundamental Planck scaM,, and can probe strong gravi- (D-2)0p_,M;
tational effects including black hole formatig8]. We will (1.7)
refer to this as the “warped scenario.”

In either scenario the Planck scale threshold for strongvhere
gravity effects can be in the TeV range, and collider physics

. . . 27T(D—1)/2
at such energies may reveal a wealth of fascinating and new Qp_,=
physics. If this is the case, a description of the physics in this I D-1
regime requires a quantum theory of gravity, such as string 2

theory, which would predict many new effects. However, a
generic effect in any theory of quantum gravity is the forma-is the area of a unib —2 sphere. Note that the horizon size
tion of black holes. While a quantitative understanding ofgrows with mass like a power that depends on the space-time
black holes with masses of order of the Planck scale is quitdimensiony,MY(®~3)_ For later convenience it is useful to
difficult, for masses well above this scale black holes exhibitntroduce a dimensionless rotation parameter,

many features well described by semi-classical physics. And, (D—2)J

as discussed below, it is possible that black holes not too e
much heavier than the fundamental Planck scale may be pro- 2Mry,

duced at future colliders. . . .
In order to discuss black hole production and evaporatiorﬁo‘ccOrdlng to Hawking such black holes are unstable semi-

in the laboratory we therefore consider black holes _vvithg:fescstlfuarlrlly(gfl géraglgsfii\(/:i?g ;ﬂfngrg&egoglicﬁeg/ thermal
massesM = (few)M, where features of the semi-classical

analysis are expected to begin to be valid. Several simplify- D-3+(D-5)a2 90 D-3

ing assumptions are appropriate. To begin with, the brane on = *

which the standard model lives will have a gravitational field
which should be accounted for in solving Einstein’s equa- .
tions. While some features of such solutions were discusse%orreSpondlngly’ the black holes have entropy
in [10-13, we will assume that the only effect of the brane

(1.8

Amrp(1+aZ) Agry” (2.9

2 J—0 D-2
field is to bind the black hole to the brane, and that otherwise Syn= ( D_3- 2a; N QD—zl
the black hole may be treated as an isolated black hole in the (D=2)Ty 1+ag 4Gp
extra dimensions; this is the “probe brane approximation.” (1.10

Secondly, initially we assume that the black hole can be . ) ) . _

treated as a solution iD flat space-time dimensions. This ~ FOr @ horizon radius,~R the higher dimensional Kerr
assumption will be valid in the large-dimensions scenario apolutions are no longer a valid description. First consider the
distance small compared with any radii<R., and in the flat scenario. For honzqn sizes larger than some raqn,
warped scenario at distances small as compared to the cur-Rc. the relevant solution is instead a lower dimensional
vature scale of the geometry associated with the extra dimer/ack hole solution extended uniformly over the extra dimen-
sions, which we also denote Rs. Finally, string theory has SIONS with small radii. The mass dependgnce of the horizon
a number of other fields such as the dilaton: we will assumé&iz€ for black holes larger than these radii would be that for
that these are fixed and do not play an important role in théhe lower dimensional space-time. A somewhat similar phe-
relevant black hole solutions. We will also argue that gaugdl®menon is expected in the warped case. A heuristic argu-
charges do not have a big effect on the black hole solutiond€nt for the form of the black hole solutions in this case
but will see that spin of the black holes is important. For anfollows from the linearized approximation. There we expect
earlier discussion of some properties of black holes in thesE® metric to be of the form

approximations, sefgl4].

Black holes relevant to experimental investigation in the |4 16mGpM 2
_ ) ds*=—| 1 +V(p) | dto+ - --
laboratory are therefore neutral but spinning solutions of the (D—2)Qp_,rP73
D-dimensional Einstein actiofil.1). These are the higher- (1.11)

dimensional Kerr solutions discussed[kb]. While we will

not rewrite such solutions explicitly, let us recall some ofwherep is the distance transverse to the brane ¥igd) is
their salient features. In general these hple —1)/2] an-  an effective gravitational potential associated with the warp-
gular momentum parameteds, but as argued below only a ing and curvature in the extra dimensioWgp) grows with
single angular momentum paramet&rparametrizing the increasingp and by definition becomes important fer
four-dimensional spin is relevant. The horizon radius is given~R. . The effective potential slows the growth of the hori-
by zon into the extra dimensiorsletermined by the vanishing
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of Eq. (1.11)] for increasing black hole mass. We expect thisis more rapid, implying a slightly lower mass for which the
to be qualitatively similar to the inability of the horizon to black hole description should be valid.
grow transversely pafk. in the large-dimensions case. The  Another necessary requirement for the validity of a de-
horizon can, however, grow in the flat four-dimensional di-scription of black hole production and decay is that the life-
rections with increasing mass. This implies a crossover of théime determined by the Hawking evaporation process be suf-
mass dependence of the horizon size from that for flaficiently larger than the massM>1. In this case a black
D-dimensional space-time given above fogf<R; to r,,  hole is a well defined resonance, and may be thought of as an
«M*“ for r=R., where the powet is bounded from below intermediate state in the channel. The parametric depen-
by the flatD dimensional value and from above by the four- dences and numerical estimates for black hole lifetimes are
dimensional value, 1§ —3)<a<1, with a corresponding presented in Sec. Ill. Numerically, fob=10 and M,
modification of the temperature and entropy formula®), =1 TeV the lifetime of a 5 TeV mass black hole is estimated
(1.10. Note that, in either scenario, there may be multiplevery roughly to ber(SMp)~1OM*1, while for a 10 TeV
thresholds where these formulas change, caused either by theass black hole(10M )~ 12M -1
existence of different radii for the extra dimensions, or by In a weakly coupled string theory another requirement for
different curvature scales encountered in warped compactifthe validity of a semi-classical black hole description comes
cations. from possible stringy corrections to the classical geometry.
If the fundamental Planck scale is of order of a TeV, cen-Black holes with horizon size less than the string length

ter of mass energies not too much larger than the fundamenvould receive large corrections. Conversely, a generic string
tal Planck scale will be available for producing black holes.state larger than the string scale is a semi-classical black hole
It is therefore important to address the applicability of the[18]. In typical models where the string and Planck scales are
description of a generic massive state as a semi-classicabt widely separated the above conditions on the validity of
black hole in this mass range. For masses of order of tha black hole description of a generic massive state produced
fundamental Planck scale there is no control over quantunm a high energy collision are not significantly modified. For
gravity effects which are likely to invalidate the semi- example, inD= 10, the string and Planck scales are related
classical and statistical thermodynamic pictures. A precis®@y L gying~ 1/(gY¥*M p), With g the string coupling. In cases
criterion for the quantum corrections to be small is hard towhere the Planck scale is significantly higher than the string
formulate and would ideally be studied in the context of ascale, there is an intermediate regime where excited string
quantum theory for gravity. One measure of the quantunstates would be produced; for some discussion of the phe-
corrections to a semi-classical black hole is the change imomenology of such a scenario 4d®)].
Hawking temperature per particle emission. A necessary con-
dition for the quantum back-reaction on the black hole ge-
ometry to be small and for a quasi-static classical description
of the metric to be good, is that this quantity is small com-  Particle scattering at super-Planckian energies is domi-
pared with the Hawking temperatuf&7] nated in thes channel by black hole production. In this limit

the eikonal approximation for the initial state becomes valid
(1.12 ar_1d is described by a metric V\_/hic_h contains a pair of

Aichelburg-Sexl shock wavd20] with impact parametelb.

A classical picture of black hole formation in this metric
A second criterion based on the statistical thermodynamighould capture the essential features of the scattering process
interpretation of a black hole is that the fluctuations in ain the high energy limit. For an impact parameteger,,,
micro-canonical description be small. Since the number ofyherer, is the Schwarzschild radius associated with the cen-
degrees of freedom in an ensemble describing a black hole {gr of mass energy/s, the incident relativistic particles pass
roughly the entropy, small statistical fluctuations requirewithin the event horizon. Formation of the event horizon
1/\Syn=<1. These criteria are related, since from E@s?),  should occur before the particles come in causal contact and
(1.9, and(1.10 be a classical process. Once inside the event horizon, no
matter how violent and non-linear the subsequent collision,
formation of an excited black hole state results. The process
of scattering two particles,andj, confined on a 3-brane to
form a D-dimensional black hole as shown in Fig. 1 may
The first criteria is then equivalent &,,>1, while the sec- then be modeled by a scattering amplitude described by an
ond more stringent statistical one {&S,,>1. Numerically  absorptive black disk with arear?. This gives a cross sec-
for D=10 the entropy i$=4(M/M,)¥". With a fundamen-  tion
tal Planck scale oM ,=1 TeV the entropy of a 5 TeV mass
black hole isS,,(5M ) =27, while for a 10 TeV mass black
hole S,(10M ;) =59. Since a specific numerical criterion on

II. BLACK HOLE PRODUCTION AND BALDING

ITh
IM

Tul=| <Ty.

(9M_

T, (2—D)Sph- (1.13

aij_pn(S)=F(s)mr}

the mass at which the black hole description becomes valid 4(2m)°4s 2/(D—3)
is subjective, we consider both masses given above for the =F(s)m — D—2
: X (D-2)Qp > M
cross section estimates below. For a smaller number of P
space-time dimensions the growth of the entropy with mass (2.1
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be thought of as a single massive degree of freedom, but
rather as a state with a number of degrees of free@pven
__,;(S) by the entropy in approximate statistical thermodynamic
o h equilibrium. For black hole masses close to the fundamental
T Planck scale a full quantum treatment is necessary to address
analogous non-perturbative scattering processes. However,
for center of mass energies for which semi-classical black
FIG. 1. Two partonsi, andj, form a black hole by passing within holes are well defined objects a semi-classical description of
the event horizon determined by the Schwarzschild radius associhe event horizon should be applicable and the geometric
ated with the center of mass energy. cross sectior(2.1) should therefore provide a reliable esti-
mate. As discussed in Sec. |, this may be achieved for masses
whereF(s) is a dimensionless order one form factor coeffi- not far above the fundamental Planck scale.
cient, and where a black hole is by definition any matter or  The non-perturbative process of black hole formation in
energy trapped behind the event horizon formed by the colhigh energy collisions also has an effect on the amplitudes
lision. Even though the process of black hole formation is &or other processes. Hard perturbative processes at center of
highly non-linear, non-perturbative process, formation of themass energies well above the fundamental Planck scale
event horizon ensures that the black disk approximatioshould be highly suppressed. This may be understood from
gives the correct magnitude and parametric dependence gfie statistical thermodynamic properties of semi-classical
the amplitude in the high energy limit. The precise mass oblack holeq1]. The amplitude for a massive black hole with
the black hole formed in a collision depends on the amoung significant entropy to decay to a state with a few very
of energy and matter which becomes trapped behind thenergetic particles is Boltzmann suppressed. And since a ge-
event horizon. In the high energy limit this in turn dependsneric state at energies far above the fundamental Planck scale
on the impact parametér So a range of black hole masses js well approximated by a black hole, the high energy am-

3-brane

will result for a given center of mass energy plitude for 2— few scattering is Boltzmann suppressed com-
pared with the Hawking emission final state resulting from
F(s)=f deF(S,M) 2.2 an intermediate black hole. This suppression may also be

dM ' understood geometrically. In the high energy limit an event

horizon forms before the particles come in causal contact.

However, since the cross section is dominated geometricall§ny hard processes taking place at short distances are there-
by |arge impact parameterbgrh’ the average black hole Tore cloaked behind a horizon and cannot lead to final state
mass Shou'd be Of Order Of th¢ center of mass energy, hard quanta which escape thescatte”ng Center..ThiS f-eature
(M)= Js. The precise order one coefficiefits) appearing a!so has the _eff(_act of suppressing initial state radiation in the
in the cross section(2.1), as well as the distribution high energy limit. o _ _
dF(s,M)/dM, could be calculated in the high energy limit The only colliders envisioned which can rea_lch energies
numerically within classical general relativity by evolving Well above the TeV scale, and therefore potentially produce
the colliding Aichelburg-Sexl shock waves and integratingP/ack holes, are hadron colliders. In order to obtain e
over a range of impact parameters. —bh cross s_ectlon, the par'gon_cro_ss sect{anl) must be

The cross section for black hole productiGdl) has a convoluted Wlth th_e parton distribution functloqu long as
number of interesting and important features. Since it is "€ cross section is smaller than the geometric area of the
classical non-perturbative gravitational phenomenon, it conProton. An intermediate resonance produced in a parton col-
tains no small numbers or coupling constants. As such, blacksion must carry the gauge and spin quantum numbers of the
hole production would not appear at any order in perturbam'F'al parton pair. In the hlgh energy limit, black hole states
tion theory. Most strikingly, the cross sectigmowswith the ~ €Xist with gauge and spin quantum numbers corresponding
center of mass energy like a power which depends on thto any possible combination ofquar.k or gluon par_tons within
dimensionality of space-time. This is connected with theth€ protons. Thepp—bh cross section therefore includes a
rapid growth of the density of black hole states at large massUMm overall possible parton pairings
It may also be understood as a manifestation of the infrared-
ultraviolet connection within gravitational theories—super- o (7 S)IE
Planckian energies correspond to large rather than short dis- PP~P" "™’ ]
tances. A power law growth of the cross section with energy
does not result from any known perturbative local physics, =h(\/7m) 7ij _bn(S) 2.3
and is one of the most characteristic features of black hole
formation. Additionally, in the high energy limit in which the Where hereys is the collider center of mass energyis the
classical picture of formation is valid, a black hole can beparton-momentum fractiom=Xx;x; is the parton-parton cen-
formed for any incident center of mass energy. The blacker of mass energy squared fractioy‘w_rﬁ is the minimum
hole may therefore be thought of as a intermediate resonancenter of mass energy for which the parton cross section into
with effectively a continuum of states representing the largeblack holes is applicable, and the black hole mass is assumed
number of black hole states. In this language the intermedito be M= \/7s. The sum over parton distributiorfg(x) in-
ate black hole state produced in a given collision should notludes a factor of two for#j. The sum over all initial par-

1 1dx
de Yfi(X)fj(T/X)O'ij_)bh(TS)

T
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TABLE I. Large Hadron Collidepp—bh integrated cross sec- Large Hadron CollidefVLHC) with 100 TeV center of mass
tions for black holes of mass larger thah with M,=1TeV for  energy and 100 fo'yr~* luminosity would produce black
D=8,10. Black holes formed in parton collisions are assumed tthgles of average mass roughly 10 TeV at a rate of order kHz,
have mass equal to the parton-parton center of mass energy Wihd would produce black holes heavier than 50 TeV at a rate
form factor coefficient=(s)=1. of roughly 0.5 Hz.

The rate of growth of the black hole cross section with a

M D=8 D=10 center of mass energy depends on the black hole density of

states as a function of mass. In a flat background of large
5 TeV 1.6x1CF fb 2 4 1P fb uniform volume, and for black holes smaller than the trans-
7 Tev 6.1x 10° fb 8.9x 16° fb verse size of the extra dimensions, it depends on the space-
10 TeV 6.9 fb 10 fb time dimensionality as indicated in E¢R.1). In principle,

the radii of some of the extra dimensions could be compa-
rable to the fundamental Planck scdkez M ;1 . In this case

i - ¢ th h t of the hiah the cross section dependence on the center of mass energy
on pairings represents another enhancement of the hig e%’ould increase as a function of energy as the threshold for

ergy black hole cross section compared with standar roducing black holes of size,~R, was crossed. Alter-
perturbative processes. This is in addition to the lack of smal ately, the radius of curvature for a warped background can

couplings and growth with energy. _ _ also be comparable to or larger than the Planck sddle,
The momentum scale squardgt, at which a parton dis- =M, " (see, e.g.[8]). This would also increase the energy

tribution function is evaluated is determined by the mversedependence of the cross section. These dependences illus-

Iength' scale associated V.Vith the scattering Process. For P&Fate that massive black holes probe features of the extra
turbative h_ard_scattermg in a local field theory th|_s MOMeN-4imensions on scales larger than the Planck scale—another
tum Sca'? is given by the momenium transfer, which inshe manifestation of the infrared-ultraviolet connection in gravi-
channel is the parton-parton center of mass en€gy-s. tational theories

For the non-perturbative processsthannel black hole for- Black holes which are formed in high energy collisions

mation in a theory of grgvity, however, the relevant Iengthhave non-vanishing angular momentum which is determined
scale is the Schwarzschild radius rather than the black hOISy the impact parameter. Since the impact parameter is only
2__,—2 [P : _ e - ; =t
mass,_Q M <. ThIS is a consequence of the mfrg;lred non-vanishing in directions along the brane, the angular mo-
ultraviolet properties of black hole formation—scattering atmentum lies within the brane directions. For a given parton-
super-PIanckla}n energies corresponds to large distances. parton center of mass energy a range of angular momenta
The LHC with a center of mass energy of 14 TeV offers,jj result for the range of the impact parameters which lead
the first opportunity for black hole production My {4 g plack hole. The order one form factor coefficient of the
~ TeV. Because of the rapid decrease of the parton distrigross sectior(2.1) therefore in general depends on both the

butions at largex, the LHC production cross section falls 355 and angular momentum of the black hole formed in a
rapidly with black hole mass for any space-time dimengdon  qjjision

even though the intrinsic parton-parton cross section grows
with energy. For the production of black holes more massive d?F(s,M,J)

than 5 TeV at the LHC, wittM ,=1 TeV andD =10, using F(S)Zf dM dI— g7

the CTEQ5 structure functiong1], the integrated cross sec-

tion function |sh(02.36)_z_0.02, corresponding to & cross sec- gince the production cross section is dominated geometri-
tion of 2.4x 10° fb.? This is a very large cross section by new cally by impact parametets=<r,,, the black holes will typi-

physics standards and is only a factor of a few smaller that&a"y be formed with large angular momentum components
that for pp—tt. With a luminosity of 30 fo'yr™* such a in the brane directiong,J)~Mr, . The direction of the spin
cross section would correspond to a black hole productiorxis within the standard model brane is perpendicular to the
rate of 1 Hz, and would qualify the LHC as a black hole collision axis in the high energy limit. In the high energy
factory. For the production of black holes more massive thammit, the distribution of both masses and angular momenta
10 TeV at the LHC, withM,=1 TeV andD =10, the inte-  could be calculated numerically within general relativity as
grated cross section function I%0.71)=5X10"7, corre-  described above, and are presumably correlated through the
sponding to a cross section of roughly 10 fb. Even at thesnitial impact parameter.
large masses this corresponds to a production rate of Before any radiation of excess energy, the black hole state
3 day . Black hole production cross sections at the LHC forwill also carry gauge quantum numbers of the initial state
D=8,10 withM,=1 TeV and assuming a form factor coef- parton pair. In addition, since formation is a violent process
ficient F(s)=1 are summarized in Tablée’l. the initial horizon is likely to be very asymmetric. The ex-
With TeV scale gravity, black hole production would be- cited black hole state then carries additional hair correspond-
come the dominant process at hadron colliders beyond thiag to multipole moments for the distribution of gauge
LHC. For example, withM ;=1 TeV andD =10, the Very  charges and energy momentum within the asymmetric con-
figuration.
An excited black hole state produced in a collision will
2We thank Tom Rizzo for cross section estimates. shed the hair associated with the multipole moments during

(2.9
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an initial transient balding phase. In the large mass limit this '
occurs through classical gauge radiation to gauge fields or
the brane, and through gravitational radiation. The frequency
of this radiation, or equivalently the energy of emitted

quanta, is determined by the frequency of oscillation of the LT T TN
multipole moments. Both the frequency of multipole oscilla- P i\\
tion and the balding time scale are characterized by the A Black hole
Schwarzschild radiusp~ 1/r,, and 7,=r,,. The rate of en- T J /
ergy loss for gauge and gravitational radiation in the balding 3-brane ThelloT

phase can be estimated parametrically. Power emitted irf
gauge radiation should be dominated by the dipole mode, kg 2. A D-dimensional black hole bound to a 3-brane. The
di~gry, whereg is a gauge coupling constant. Ignoring any pjack hole emits Hawking radiation predominantly into brane
prefactors the parametric dependence of such dipole powgfiodes(solid lineg and also into bulk modedotted lines. Gray

loss is body factors for brane modes are determined from the metric in-

duced by theD-dimensional black hole geometry on the brane.
03
Pgaugewaa (2.5 of its hair and is characterized essentially by the mass and
angular momentum, and is therefore described by a spinning
wheree is a fine structure constant. Power emitted in gravi-Kerr solution.

tational radiation should be dominated by the energy-

momentum quadrupole momeQ;;~Mrf. Again ignoring 1. BLACK HOLE SPIN DOWN AND EVAPORATION
any prefactors the parametric dependence of such quadrapole ) i
power loss is After the balding phase, the black hole will decay more
slowly via the semi-classical Hawking evaporation process
2 [16]. It emits modes both along the brane and into the extra
GpM . ; . g :
Pyravity™ 55 - (2.6)  dimensions, as illustrated in Fig. 2. If the standard model is
D-2 . .
Mh comprised solely of brane modes, the bulk modes will be

. o o ~gravitational and thus invisible. Furthermore, as argued in
The ratio of gauge to gravitation radiation in the balding[4], radiation along the brane is the dominant mechanism for

phase is then parametrically mass loss. This follows from the observation that Hawking
evaporation takes place predominantly in Bevave. The
P gauge a emissivity to a given brane or bulk mode is then roughly
PgravityN (rhMp)D72 (2.7 comparable, and the large number of standard model brane

modes then dominate the evaporation process. Our discus-

suggesting that gravitational radiation dominates. It is intu-Sion therefore neglects the bulk modes. We also assume that

itively apparent that with order one gauge charges, gaugg‘e only relevant modes on the t_)rane are those of the stan-
radiation is insignificant in the large mass limit. dard model, although the discussion easily generalidéste

In four dimensions the total mass loss by classical graviln particular that in four dimensions for a large number of
tational radiation in the balding phase for an excited black>calar modes, there is no Schwarzschild phase discussed be-

. 2 5
hole produced by collision of neutral relativistic particles is'©W: J/M* asymptotes to a fixed valyes],

estimated to be 16922]. This result should be indicative of __FOr black holes with temperatures down to the order of
the total energy lost by an excited black hole during thel00 GeV, all standard model particles may be treated as es-

balding phase also in the higher dimensional case since, firstentially massless; for temperatures smaller than this phase

gravitational radiation is expected to dominate, and seconcPace suppression for the heavy gauge bosons and top quark
because the energy-momentum multipole moments genepjust pe included. For_ a massless particle the emission rate
ated during the process of formation take values within thd?€" Unit energyE and time is

standard model brane. For production of large mass excited dN 1 _

black holes by collision of relativistic charged particles in the LELmA - YiELmA (3.0

high energy limit, numerical work at the classical level could dEdt 27 exp{(E-mQ)/Ty}+1

significantly improve these rough estimates. For black hole ) ]

masses near the fundamental Planck scale these estimatidere here denotes species,m angular quantum numbers,

may receive potentially important quantum corrections. A\ polarization, and

The gauge charges inherited by the black hole from the
initial state partons should discharge through the emission of 0= i ax — i 3.2
a small number of quanta via the Schwinger pro¢8s24. rhl+aZ ry * '

This should take place either during the balding phase, or

near the beginning of the evaporation phases discussed bis-the surface angular frequency of the black hole, &nd
low. So at the end of the transient balding phase, an excitethe dimensionless frequency. Theare gray-body(tunnel-
black hole produced in a high energy collision has lost mosing) factors which modify the spectrum of emitted particles
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from that of a perfect thermal black body. Estimates for graywhereng denotes the total number of polarization degrees of
body factors in the four-dimensional case are given infreedom for spins. For the standard model, this gives
[26,27]. The gray body factors for Hawking emission into =0.5 in four dimensions. If the dimension dependence of the
brane modes in the higher dimensional case will differ quangray body factors is ignored, this may be used to crudely
titatively from the purely four-dimensional case, but shouldestimate the consta in the higher dimension case by tak-
have the same qualitative features. fEop,<1 they vanish ing account of the dimension dependence of the Schwarzs-
asE?' "1, whereas folEr,>1 geometric optics predicts the child radius on mass. 1B = 10 this gives rough\C~6.5.
J=0 valuesy~=~ 6(Kr,E—1), with 6 the step function an The energy spectrum of particles emitted in the Hawking
a constant, and thé+ 0 valuesy~e™ ¢ with /=0O(1). process is derived by integrating E®.1) over the lifetime
The evaporative time evolution &fl andJ for the black  of the spin down and Schwarzschild phases up to a cutoff
hole follows by summing Eq3.1) over modes to which the time 7p where the Planck phase discussed below begins.
black hole can evaporate. The relevant equations are mo¥his gives
easily studied in dimensionless variab[@8]; in particular,

definex=Er, andT=T, /r,,. The evolution equations then dN; g n\ fr*rp dt YiermalMh(DE,a, ()]
become dE Jo 27 exp{[ry(DE—mQ, (DT, ()} 51"
,dInM Jr,dInJ 3.8
rn =—f, ———=-g (3.3 ) ) i
dt a, dt In particular, consider the Schwarzschild phase. Eor
. >1/r,~Ty, the scaling of the gray body factors discussed
with above givesS, ,y=(r,E)?. This results in[31] in a spec-

trum which falls likeE1~P at high energies, and is power
suppressef26] at low energies

(f) _ i 2 foch 'yi,E,I,m,A(Xva*) ( X
g/ 2mifmrJo  exp(x—mQ, )T, }+1\m/a,
(3.9 dN (E¥P,  E=Ty,
. . . dE | E7, E<Th, 3.9
Dimension dependence enters these equations both through

the gray body factors and the dependence of the Schwarzs- . . . _
child radius on mass and angular momentum. where 7 is a positive power, and, is the Hawking tem-

The parametric dependence of the black hole lifetime Orperature of the initial black hole. The dominant radiation is at
mass follows directly from Eq(3.3) energies ¥4,~ T, determined by the initial black-hole mass.

The total number of particles emitted is characteristic of the
C [ M \(@-1/I(O-3) entropy(1.10 of the initial black holeN~S,,,. The evapo-
= —( ) (3.5 ration phases may therefore be thought of as literally the
My evaporate escape of the degrees of freedom which make up
) ) ) ) ) the black hole state produced in the collision. Numerical es-
whereC is a _numencal constant o_btalne_d by mtegr_at_lr?g Edtimates forT, and S, in D=10 are presented in the next
(3.3), and which depends on the dimensionalityand initial  gection. Numerical study of the evaporation equations is re-
angular momentund. This parametric dependence may alsOqired to improve all the rough estimates presented above.
be derived from the Stefan-Boltzmann law associated with' g relative emissivities for various types of particles de-
Hawking emission. Equation€3.3 have been solved nu- nenq on the gray body factors. In four dimension these ratios
merically in the four-dimensional case by Pa@8]. The 3y e extracted from the relative coefficients given in Eq.

Mp

half-life for spin down is computed from (3.7). Summing over four-dimensional transverse degrees of
freedom, the relative emissivity for massless spin 0, gpin

dinJ _ D-2 9 (3.6) spin 1, and spin 2 particles in the four-dimensional case is

dinM 2 f° ' 42%:40%:16%:2%. These ratios should be indicative of

those in higher dimensions. Numerical calculation of gray
In the four-dimensional case this half-life is 7% of the blackbody factors, y; g, m,, in the higher dimensional case
hole lifetime. In the present casandg differ from Page’sin ~ should be pursued in order to improve these estimates.
the dimension dependence of the gray body factors and in Note that for black holes with,>R;, the above expres-
the number of species considered, but the results should kons and estimates for the lifetime, decay spectra, etc. must
similar. During spin down the angular momentum is shed inbe modified to account for the effective change in dimen-
quanta with typicallyl=m~1 and energye~1/r,. In the  sionality discussed in Sec. I.
four-dimensional case this phase accounts for about 25% of A discussion of the end point of Hawking evaporation
the mass loss. The remaining mass is lost in a Schwarzschilequires a full theory of quantum gravity. The semi-classical
phase characterized by the decay of dre0 black hole. In  description breaks down when the Hawking temperature
the four-dimensional case, the constadtis numerically reaches the fundamental scalg~M,. At this point the
found to be[26,29,3Q black hole reaches a final Planck phase of decay. We expect

the black hole in this phase to decay to several quanta with

C 1=(40ng+ 19N+ 7.0, +0.9M,)x 102 (3.7 energies of order of the Planck or string scale.
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Finally, in the case of primordial black holes in four di- particles is the initial Hawking temperature of the black hole
mensions with the standard Planck scale, there are controveafter the balding phase. Numerically, the Hawking tempera-
sial claims that a photosphere forms around an evaporatingire forD=10 is
black hole, and thermally degrades the Hawking spectra
[32]. However, in the higher dimensional case with TeV Tu=0.2M ,(M,/M)*7. (4.1
Planck scale, the much smaller total entropy of a given mass
black hole implies that the outgoing Hawking radiation is The distribution of energies extends up to roughly the fun-
sufficiently dilute so as not to thermalize. This may alsodamental Planck scale with a spectrdiN/dE~E*~P. The
be understood from the much shorter lifetime in the higheitotal number of particles emitted by evaporation in this phase
dimensional case which implies that the outgoing radiation igs roughly the entropy of the initial black hole after the bald-
emitted in a relatively thin shell of thickness order the life- ing phase. Numerically, the entropy fBr=10 is
time 7, which is too thin to thermalize.

M
S= ?:4(M/Mp)8’7, 4.2
IV. EXPERIMENTAL SIGNATURES 8Th

The potentially large production cross section at hadrorso a large number of relatively hard primary partons arise
colliders presents the possibility of studying black hole for-from the evaporation phase. For example, for a 10 TeV mass
mation and decay in some detail. The various stages of decayack hole, of order 50 quanta with a typical energy of order
described above give rise to distinctive distributions of decayi50-200 GeV result from the evaporation phase. As de-
products in both type, energy spectrum, multiplicity, and an-scribed below, almost all of these emitted particles appear as
gular distribution. For definiteness we consider the signavisible energy. For smaller space-time dimension the Hawk-
tures which could be observed at the LHC associated witlng temperature is slightly lower for a given black hole mass.
parameters oM ,=1TeV andD=10. The signatures for In this case a slightly higher multiplicity of somewhat lower
other space-time dimensions are qualitatively similar, ancgnergy quanta would be released in the evaporation phases.
modifications forM ;=1 TeV are mentioned briefly below. Perhaps the most distinctive feature of the evaporation

At the LHC, because of the rapidly falling parton struc- phase, aside from the high multiplicity, is the distribution in
ture functions a typical black hole of any given mass is pro-type of particle emitted. Because of the large fraction of
duced without a large boost in the laboratory frargg) standard model states which are strongly interacting, most of
=<1. This implies that the decay products are also not highlythe emitted particles are strongly interacting. As described in
boosted in the laboratory frame. So the angular and energ$ec. lll, the relative emissivities depend on the intrinsic spin
distributions described below are largely preserved in thef the emitted particle through the gray body factors. Using
laboratory frame for a typical event, although there are exthe relative emissivities quoted in Sec. lll, the standard
ceptional events with sizable boost factors for lower massnodel fractions of quarks and gluons, leptons, massive
black holes. gauge bosons, neutrinos and gravitons, Higgs boson, and

The first stage of decay for an excited black hole pro-photons emitted from a non-rotating black hole in four di-
duced in a high energy collision is the balding phase. Asmensions, ignoring particle masses, is
discussed in Sec. Il the energy lost in the process of sheddingR%:11%:8%:6%:2%:1%. Accounting for the decay of top
multipole hair is a small but non-negligible fraction of the quarks, massive gauge bosons, and the Higgs boson, the ratio
excited black hole mass, perhaps 15%. In the large massf hadronic to leptonic activityprimary e, u, and7) in the
limit, gravitational radiation is expected to dominate the en-evaporation process in this case is roughly 5:1, while the
ergy loss in this phase. For black hole masses not too famtio of hadronic to photonic activity is roughly 100:1. Tak-
above the fundamental Planck scale some fraction of the ering account of heavy quark and tau semi-leptonic decays
ergy may be emitted in gauge quanta. The energy of thevould decrease these ratios slightly. The specific ratios in the
quanta emitted in this phase is determined by the multipoldigher dimensional case with Hawking evaporation along the
frequencies which are characterized by the Schwarzschildtandard model brane requires integration of the evaporation
radius,E~1/r,. This energy scale coincides with that of the equations given in Sec. Ill, including appropriate gray body
Hawking temperature at the end of the balding phase. Afactors and black hole angular momentum. However, the
discussed below, the Hawking temperature of a 10 TeV blackour-dimensional values are expected to be indicative of
hole for D=10 is roughly 150 GeV, and slightly less for a those for the higher dimensional case. The fraction of energy
smaller number of space-time dimensions. In this case thehich is visible resulting from the evaporation phases is
balding phase could give rise to probably at most only a fewtherefore expected to be in the 85-90 % range.
gauge quanta, predominantly gluons, with energies of the Additional states to which the black hole could evaporate,
order of 100-200 GeV. Distinguishing any visible quantasuch as supersymmetric partners, would of course modify the
emitted during the balding phase from those emitted duringpecific ratios of final state partons. However, such states
the evaporation phase discussed below would seem to lwehich decay to visible particles are sure to be identified at
difficult. the LHC, and so the total amount of Hawking radiation

The highest multiplicity of particles from black hole de- which appears as visible energy, as well as the ratios of had-
cay comes from the spin-down and Schwarzschild-Hawkingonic to leptonic and hadronic to photonic activity, will be
evaporation phases. The characteristic energy scale for thesealculable parameters in the large black hole mass limit.
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Another feature of the evaporation phase is the angulathe total visible transverse energy of a typical black hole
distribution of emitted particles. As described in Sec. Il, aevent is betweerd and 3 of the total deposited visible en-
typical black hole is produced with a large angular momen-ergy.
tum. The spin-down process of Hawking evaporation emits Another feature of the large multiplicity in a black hole
quanta predominantly in the=m~1 modes. The angular event is that any missing energy either from primary emis-
dependence of the particles emitted during the evaporatiogion by the black hole of gravitons, neutrinos, or other non-
phase is then roughly interacting particles, such as(guas)-stable neutralino, or

from neutrinos in subsequent cascade decays tends to aver-
_ age out within a given event. However, there can be excep-
@NNM 2N, sir’ ¢ (4.3 tional events in which the missing energy fluctuates upward,
from for example, emission of two charged or strongly inter-

) ) _ acting particles recoiling against a hard graviton in the
whereN, andN, are the number of particles radiated in the pjgnck decay phase.

Schwarzschild and spin-down evaporation processes, respec- gince the transverse energy is an invariant it provides a

tively, where the subscript refers to thealue,No+N1=N,  yary go0d measure of the black hole mass. This is true on a

]?”d ¢ is tpe ag_g'e with resﬁed to éhe Sp"r‘] axis in the refs"statistical basis if the initial black hole spins are averaged,
rame. In four dimensions the spin-down phase accounts fo nd is also true for a given large multiplicity event if the

about 25% of the evaporative mass loss, and is expected RBlative multiplicities Ny, N, discussed above can be ex-

be similar in the higher dimensional case with Hawking ra- . : :
diation on the brane. It might therefore be possible in Iargé[raCted' As discussed above, most of the energy emitted in

multiplicity events to discern the magnitude of initial black the evaporation phases is visible. So depending on the spin,

hole spin and the direction of the spin axis from the angulafn€ Plack hole mass should therefore by very roughly of or-
distribution of emitted particles. The distribution of both the 9€r twice the visible transverse energy—this ratio could be
magnitudes and spin axis directions measured from a largiliably calculated by numerical simulation of cascade de-
number of events would provide information about the non-ays of the primary partons to determine the precise fraction
perturbative process of black hole formation which deter-of energy which is visible.
mines the initial spin. For example, deviations of the spin Special purpose triggers are not required to accept black
axis from a direction perpendicular to the collision axis inhole events because of the large total transverse hadronic
the rest frame may occur for black hole masses not too fagnergy and non-negligible leptonic fraction. Even without a
above the fundamental Planck scale. dedicated search, such events would appear in any number of
The end point of the black hole evaporation is the Plancknew physics analyses which utilize hadronic or leptonic ac-
phase in which the black hole completely decays. Without divity. In fact, if the fundamental Planck scale is a TeV, be-
fundamental theory of gravity it is hard to quantify this cause of the relatively large cross section, it is likely that
phase. But any visible partons emitted in this phase wouldblack hole production and decay would represent a signifi-
have energies characteristic of the Planck or perhaps stringant background in many new physics searches.
scales. The identity and distributions of the highest energy The most striking features of black hole decay are both
final state partons within a black event would provide infor-the large multiplicity and total transverse energy of the decay
mation about the Planck phase and the end point of Hawkingroducts. At a hadron collider an obvious cut to select black
evaporation. hole events is therefore large total transverse hadronic energy
Because of the large cross section, large total visible enef at least a few times the fundamental Planck scale, and
ergy, and large multiplicity of final state partons, black hole(very) large multiplicity of relatively hard jets. A requirement
production gives rise to very spectacular events at a hadroof relatively hard leptonic activity could also be applied. The
collider. For a 10 TeV black hole with =10, on the order of requirement of a large multiplicity of final state partons sig-
50 visible final state primary partons result, each with typicalnificantly reduces the background from perturbative pro-
energy in the 100-200 GeV range from the balding anctcesses which typically only have a few hard final state par-
evaporative decay phases, with a few hard visible partons upns from cascade decays of the primaries. In addition, black
to energies of the order of the fundamental Planck scale frorhole events have the feature that the multiplicity and average
the end of the evaporation phase and Planck decay phadinal state primary parton energy in any event is correlated
Since most of the black hole decay products result from thevith the black hole mass$as indicated by the event total
evaporation phase, the ratio of the total hadronic to leptonitransverse visible enerfjyin a manner determined by the
activity is expected to be roughly 5:1. In addition, most of Hawking evaporation process. Specifically, the multiplicity is
these particles are emitted Inm=<1 modes leading to a higher and average energy per primary final state parton
fairly spherical distribution of primary final state partons in lower for higher mass events. This is another manifestation
the black hole rest frame. Since a typical black hole is pro-of the infrared-ultraviolet connection of gravity—higher en-
duced with only a moderate boost factor, this results inergy events have lower energy per particle. A growing
events with a high degree of sphericity. For a completelyparton-parton cross section for events satisfying these cuts,
spherical event corresponding to a spinless black hole at reatong with a roughly 5:1 ratio of hadronic to leptonic activ-
in the laboratory frame, the transverse energy of the total ity, would represent a smoking gun for black hole production
energy. The moderate boost and high sphericity imply thaand decay.
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A calorimetric measurement of the number of identified The use of black hole signatures at the LHC to set a
black hole events as well as the average multiplicity and finaspecific lower limit on the fundamental Planck scale would
state parton energy as a function of total event energy woultequire additional work. This includes a detailed study of
give a measure of the black hole production cross sectiorRotential backgrounds. Just as important would be a theoret-
This in turn is sensitive the dimensionality and geometry ofical estimate of the energy at which the black hole descrip-
the extra dimensions. tion of intermediate states in both production and decay be-

A measurement of the distribution of multiplicities and comes reliable, which is not available at this time. However,
spectra of primary final state partons energies as a functiofi® LHC center of mass beam energy is fixed at 14 TeV, and
of black hole mass, as indicated by event transverse visibithe applicability of the description of high energy scattering
energy, over a large number of events would allow a quanti'_ﬁhrough black hole states is likely limited to energies more
tative test of the Hawking evaporation process. Even thougH“an at least a few times the fun_damental Planck scale. So_ if
black holes produced in high energy collisions Hawking ra-the fundamental Planck scale is Iarger than a few TeV it
diate mainly to standard model particles on the brane, a pre3®ems unlikely that the non-perturbative effect of black hole
cise measurement of the decay spectrum would be sensitigoduction and decay is a relevant description of gravita-
to the number of extra dimensions through the effect on th&ional effects at the LHC—perturbative gravitational effects
evaporation evolution equations. would Ilkely. be more relevant. Therg is, therefore, a window

The final signal of black hole production is the suppres-Of opportunity forM ,<few TeV in which the LHC would be
sion of hard scattering processes at energies at which bladPlack hole factory, with very dramatic signatures. The win-
hole production becomes important. As described in Sec. (140w is limited mainly by the center of mass beam energy,
perturbative hard scattering processes are Boltzmann suphd the rapidly falling parton distributions. The window
pressed at energies well above the fundamental Planck scaiuld of course be much larger for the VLHC.
by the statistical thermodynamic properties of black holes, or
equivalently b.ecause such ha'rd processes are hidden behind V. CONCLUSIONS
the event horizon formed during collision. Such a suppres-
sion would be apparent in, for example, the Drell-Yan or two The signatures outlined above—in particular very high
jet cross sections at very high energies. multiplicity events with a large fraction of the beam energy

In summary, the spectacular experimental signatures assoenverted into transverse energy with a growing cross
ciated with black hole production and decay at a hadron colsection—should serve as clear signals for the formation and
lider include the following: a very large total cross sectionHawking evaporation of black holes at colliders. The observ-
with production rates at the LHC approaching up to the orderbility of black hole production and decay is, of course, criti-
of 1 Hz possible; the parton level cross sectgmows with cally dependent on the magnitude of the fundamental Planck
energy at a rate determined by the dimensionality and geonscaleM,. But once this threshold is crossed, the production
etry of the extra dimensions; large total deposited energy upate is large and rapidly rising. Note that f&r=10 the
to a sizable fraction of the beam energy, with visible transpresent bound of abo ;=800 GeV([3] from missing en-
verse energy typically of ordef the total energy; large mul- ergy signatures due to perturbative graviton emission will not
tiplicity events, with up to many dozens of relatively hard be significantly improved by the Tevatron run Il since this
jets and leptons; the average energy per primary final staterocess is energy rather than rate limited by the rapidly
parton decreases with total event transverse energy as indjirowing density of perturbative graviton states. We therefore
cated by the relation between initial Hawking temperaturearrive at the surprising conclusion that if the fundamental
and black hole mass; the ratio of hadronic to leptonic activityPlanck scale is of the order of a TeV the LHC will be a black
of roughly 5:1 from the Hawking evaporation phase; highhole factory, and that this possibility cannot obviously be
sphericity events due to large multiplicity and the moderateexcluded before LHC begins operation. It is also amusing to
black hole boost factor in the laboratory frame; the angulanote that, if the Planck scale is indeed of the order of a TeV,
distribution within a given event is characteristic of the ini- formation of black holes through binary collisions could be
tial black hole spin; some events contain a few hard visibleobserved at LHC by the end of the decade, quite possibly
guanta with energy up to the order of the fundamental Planckefore being observed astrophysically by the Laser Interfero-
scale from the Planck decay phase; and suppression of handetric Gravitational Wave Observatoty|GO).
perturbative scattering processes at energies for which black Perhaps one of the most stunning features of such a sce-
hole production becomes important. nario is that, because of the infrared-ultraviolet properties of

A search for all of these features together should be esgravity, black hole production seems to representetheof
sentially free of background from any perturbative physics orexperimental investigation of short-distance physics by rela-
instrumental sources. An observation of these signaturesvistic high-energy collisions. Through the formation of
would represent compelling evidence for black hole producevent horizons, black hole formation in the high center of
tion and decay and TeV scale gravity. It is likely that a de-mass energy scattering effectively cloaks hard processes. At
tailed study of the potentially large number of such eventsigh center of mass energies the non-perturbative production
could provide information about both the process of pro-of black holes dominates all perturbative processes. And as
duction of black holes in high energy collisions, as wellwe have argued, at high energies black hole production is
as the Planck decay phase and the end point of Hawkingncreasingly a long-distance, semi-classical process. How-
evaporation. ever, therecan be interesting features in high energy scatter-
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ing experiments as the thresholRs for sizes or curvature Note addedWhile this work was in progress, we learned

scales of the extra dimensions are reached and passed. Thigt some aspects of black hole production were also under

would provide information about the structure of the extraconsideration by another group; that work has appeared sub-

dimensions that is complimentary to that found by studyingsequent to our paper’s appearaihda].

the perturbative graviton Kaluza-Klein spectrum at lower
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