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Simulation of a Quantum Black Hole event

TeV-Scale BLACK HOLES @ the LHC
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Professor.andsberg was fast regretting
becoming the first man to successfully
create a mini black hole in the laboratory.

Simulation of a black hole
event with Mg, ~ 8 TeV in CMS
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Cartoons and Tom Hanks aside, | will not talk about
LHC Death-by-BH scenarios | These are excluded by
astrophysics & the general arguments by Giddings &
Mangano given in arXiv:0806.3381 & 0808.4087.

After alll we re st



TeV-scale BH are usually discussed within the context of ED
models involving gravity with D=n+4, e.g., ADD and/or RS.

For all practical purposes the BH in RS=ADD(n=1) provided
the BH horizon radius, r, and the RS AdS curvature, k, satisfy

(krh )2 << 1 ":EHQ — 'If.f_2k|y|'J"F“”(j.'!."“d;!.‘u — drygf

which we can check a posteriori, //the SM fields are restricted
to the TeV brane. Bulk SM fields are more complicated..

In all cases it is assumed that the BH does not globally modify
the model s setup/ metric and t
radius is large comparedtor,s o t hat t he BH d
spatial curvature in the higher dimensions: (r,/ R)?<<1
which can also be checked a posteriori.



Notational Issues WARNING!!!

gn+2 .
S = [d“”:n vV —g M. R+
. 2 .
-1 :
S. . = fd4I d'y ———— h{';I'T”“E[y]I Graviton-SM matter
E M2 Zn: g interaction
> ﬁi = VM2 V, = (2nR.)" For toroidal
compactifications

Note that M, can be related to several other mass parameters used in the liter-

ature. The Planck scale employed by Dimopoulos and Landsberg[] is given by Mpy =
(87) Y/ (" +2) M, while that of Giddings and Thomas[J] is found to be Mg = [2(27)"]Y ("2 M, ;

moreover, Giudice et al.[3] employ a different scale Mp = (2m)™ "+ M, . Further note that

M, 1s thus correspondingly smaller than all of these other parameters with consequently far

weaker bounds[2]. For example, if n. = 2(6) and Mp = 1.5 TeV then M, = 0.60(0.38) TeV: 1




BH Formation in High Energy Collisions

Thorne s Ho o:ADdmensianal horizorei.e., a BH,
forms when M (or E) I s compres
all directigAaG,M. Thishiad netbderepsoveA in
all generality but seems to be verified in numerical analyses &
simulations.

Simplest Case: Head on collision, no angular momentum, no

gravitational energy |l oss, no
o Banks & Fischler
Full collision energy forms BH Giddings & Thomas
Dimopoulos & Landsberg

S=p Rsz (n, Mg=C8) q(G M.)

A threshold at the Planck
scale where gravity becomes

) ) strong is assumed
D=n+4 Schwarzschild radius ] 5



R. =77

S
- = 1 _ (n+2)n(nt3)/2
MBH / M*— C (M* RS n+ &= 1"(%)
All pgssible
S0 at a ¢ /Apén Bals
dJPP—*BH+}: 2M L dr )
dM (S) - g ; -/.';rfzf's T f ( ) fb( j ﬂ-a,b—rBH(S =M )
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o

My =x M, Q (pdf g, 18R 222 M

One may argue that the threshold reglon IS quantum domlnated
so GR should not apply there & so X several’



Warning (Again!)

different !l

R, (M, = 1 TeV) 7 when all other
parameters are
R.(My, =1 TeV)

fixed
which can be easily seen on
Even the n-dependence of the cross section can be

different !

Becarefulwhen reading & using th



But no matter what these are HUGEc r o s s

sect.
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v.2 Myers-Perry D-dimensional Rotating BH

We need to correct for finite impact parameters and for finite
(single component) angular momentum ofthe BH: b .. =21,

$=EpR2(M, M=) qG& M.)

B (n+2)J
rn=rs (L+az) ™" Y Vo

1 D LI N | LN B | LIS | T T T LI L T T T

Rs — Schwarzschild radius

opEeED
3 = L B

<4 Jis the angular momentum
I, is the inner horizon radgius

,_._
ml =
o I
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F = 2Pt s slightly larger

4 I I I I I I I I I I I
i | | |

= 2
1 Yoshino & Rychkov —
[ hep-th/0503171
ol | | |
0 2 4 8

n

Obtained from the numerical study of the collision of 2 boosted
Myers-Perry (Kerr) solutions. The cross section is enhanced at
thev.2l evel 0



V.3

Not all of the center of mass energy in the partonic collision goes
i nto BH formation due to | ost

M = e(n, J, b) Gs

The ef f i &n,éa, b)cnyst be obtained from numerical cal-
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But what
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I N
here a -on
at the boundary is
assumed. See Webber
etal. for model details..

Most of the energy is
trapped i n
just a model though it
agrees with many other

e Distribution vanishes on boundary curve €stimates when b=0

® Concentrated around Q(M,.J) = (21, bu)

These effects, though significant, still lead to large rates for

BH producti on

at

t he

LHC

13

general ?

E



Large BH cross section at LHC
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o (fb)

but
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o (fb)

but Kknowing tdritcalef fi ci «
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v.4 Charge Effects ? Yoshino & Mann

Gingrich
At the LHC, most of the colliding partons carry EM charges and
all carry non-abeliancolorc har ges 1 s this 1iIr

formation process? Cana Co ul o mb prévent BH ifrenr
forming? Even the EM case has not yet been explored in any
model-independent way.

For EM, authors use boosted collisions of D-dimensional
Reissner-Nordstrom BH (without angular momentum) & have
the EM fields extending throughout a thick brane assuming the
horizon radius is smaller than the brane thickness so that the
D-dimensional solution is applicable. Mass & charge are

treated the s a mvay. This is certainly a very questionable
assumption.

Solutions with only 4-d EM fields are not yet known & further
exploration is more than warranted. 18
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Comments :

Some experts believe that this approach is not applicable as
the EM fields extend into the extra dimensions although the SM
Is supposed to be 4-D. Putting in a thick brane allows extension
of the EM field to D-dimensions but the geometry is not really
multi-D spherically symmetric in any physically realizable limit
since it requires the horizon radii to be much smaller than the
brane thickness. Until the proper background metric can be
employed where the EM fields are properly treated only in 4-D
& explored, the jury is still out as to whether or notthese E M
effects are important.

20



v.5 Bulk SM Fields ????

In modern RS models the SM fields are in the bulk so the over-
lap of their 5-d wavefunctions is important in determining the
BH cross section. ADD (n=1) + (kRg)? <<1 + simple scaling
leads to

o MBH|Tev opy _

T
(0BH)12 = ] dy opr(y) fi(y) f2(y) opr(y) =€ ——m— e = ek y—mre)
— e ML *

E.g.,

a0 1
7BH.g9 = SggT0 = 2wk, - TIJD !

1 ‘vjl T 2w E:'rk-:r‘,_q(u—l—lg'i*} o EQ

S = —— . etc.
af Vrkre v—+5/2 [emhrelv+l) _q)1/2

21



o (fb)

Substanti al Cross

section

104: :_I | | | | | | I | | | | | | | | I I_:
M.=2 TeV
o2 L héMJgrane _
1N localized
10! ;— -H'_x_ R | . —;
E BulkSM > N i
100 = fields / =
—1 I I I I I | / | I I I ]
2000 EDGU EODG
Mgy (GeV)
hep-ph/0611224

Different fermion localizations

22



V.6

The threshold region is certainly NOT a step function but we can
only speculate what goes on there w/o quantum gravity. Many
modelsdo predicta mass t hr e s h o ik efkaise

Higher curvature terms hep-ph/0503163
Non-commutative gravity hep-ph/0606051
Gravitation fixed-points hep-th/0511260
Resummed/RGE-improved gravity hep-ph/0607198
Loop QG inspired gr-qc/0503041

Minimum length hep-ph/0305223

Or things may be completely different and String Balls are
produced! hep-ph/0108060

These assumptions also influence the final stages of BH decay.
23
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V.7

We need to include the effect of the spins of the colliding
particles thi s begeningdtagdsl onl vy

Yoshino, Zelnikov
& Frolov

We also may worry about the BH modifying brane physics, at
least locally, so that the metric is not, e.g., pure Schwarzschild

Dai, Kaloper, Starkman

& Stojkovic
25



BH Decay After BH formation the BH will decay
emitting gravitons (bulk) and various SM

A particles (brane).
*—»
‘f 7 Balding Phase: | o0s
Lbadice moments via gravitational radiation

4l
.fr zions SPIN-down Phase: loses angular momentum
S 2”1 and mass via Hawking radiation; becomes

spherical

Schwarzschild Phase: loses mass by
spherical emission of Hawking radiation
while temperature increases (in GR)

£ ~ Planck Phase: final decay or stable
e © @7 remnant determined by quantum gravity



Black hole decay is controlled by the Hawking temperature
which is not very sensitive to rotation whenn >1:

4mTyR, /(n+1)

(n+1)+(n-1)a.? _ (n+2)J
= with e = 3
4pr, (1+a.?) rh
N
1.00 : e, n=7_____r ]
n=2
D75 — _ |
0.60 — |
n=1
0.25 :— n=0
D'DD{}_ 1 ; — é 4 27




Hawking radiation will consist of both the emission of SM fields
on the brane (in ADD) as well as KK gravitons into the bulk.

For the simplest possible, non-rotating case (ignoring a// details)
one expects the mass loss by spherical emission of black-body
SM radiation to be given by:

3

dMpy 2 c, W 2

where s; = 1(-1) for fermions (bosons). This leads to very short
BH lifetimes :

t ~ M. (Mgy/ M, )(+3)(+1) - 10-26 sec ~ (100 GeV)?

Of course, there are MANY corrections to this naive estimate.



We have to correct this for lots of things including:

(i) non-spherical emission from a rotating BH

(i) g rbeoydy factors that arise
& associated BH barrier boun

particles of various spins in the BH background

(iif) the cooling of the BH as particles are emitted (canonical vs.
microcanonical ensemble)

(iv) account for graviton emission into the bulk
(v) account for BH recoil during the emission process
(vi) the possibility that a remnant may exist

Nobody has accounted for all of these possibilities simultaneéasly



The Grey-Body Factor is supposed to correct

/MBH
w| A (W, J) |7

oo 3
e >~ e
/D ew/T | g /D ew/T 1+ g

and contains both energy-dependent & angular emission info
for a particular BH angular momentum and patrticle spin final
state

These are not easily obtained

30



GBF, e.g., for a scalar field in the case of 4-d brane emission

f(tr.a) ) =exp(-wt) exp(imj ) R(r) T,.(q,J)

\ Spheroidal
harmonics

Satisfies radial KG equation in the
Myers-Perry background

R(horizon) must be in-falling plane waves in the rotating frame
whereas R(@) is a sum of in-going & out-going spherical waves:

R(2) = [A, exp(iwr) +B,, exp(-iwn)] r =

The GB factors are then defined as the transmission coefficients
1 - K |A/B| ? for all (I,m) where K corrects for the patrticle spin
(K=1 for scalars)

Needless to say, the GBF can only be obtained numerically 5,
especially for higher spins & decay into the bulk!



As of now, GBF have been calculated for spin=0, 2 & 1 for
brane emission from a rotating BH as well as for bulk scalars.
GBF for bulk graviton emission are, so far, known only in the
Schwarzschild case.

Kanti etal
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Figure 5 Angular distribution of the power spectra for scalar emmission from rotating Emission pea‘ks
black holes, for n = 1 and o, = (0,0.6,1). on the collision

plane as Jis
increased

& c R . 0 "B
BE el L 22 3 I 2 romil) (1] oosil)

Figure 9 Angular distribution of the power spectra for scalar emussion from rotating

black holes, for n — 4 and a, = (0,0.6,1). 32
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Spin comparisons
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