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Multidimensional models, TeV-scale gravity







4+1)D-Tteopusa ceBobogHoro ckansapHoro nond. OgHo

KOMMakKTHOE AONOJIHUTESIbHOE MNMPOCTPaHCTBEHHOE
n3aMepeHune C ycnosmem nepmnoagn4HoCT no Aori. Koopa.:

i — +1-1-1..-1 (a#a# i a§)¢ — 01 H = 011;2;3

Y
(x,y)=e™" e R, n=04+112
) ¢ 1y_ ) /_ = e
N
p,p'=—= m? «— Maccel KK-moa YrroBON MOMEHT

R2
CyLU,eCTByeT oaAHOpOoAHadA HyJ'IeBaFl Moada C m:O, pacnpocCTpaHALWaACA
(MO,D,yﬂb). 4D-J‘I0peHLI,-I/IHBapVIaHTHOCTb He HapyLueHa, TPaHCIIAUMOHHAA NHB-Tb
HapyLweHa B HaripaBJiIEHUN, I'Iepl'leH,El,I/IKyﬂFIpHOM 6paHe

My HEe HXe TaB (13 akcnepumeHTa)

. inlﬁ in Y2 in In
ip, p* R~ °R, N Ry
Heckonbko ED: g(x,y)=e"" e "e T..e Y — R, Ry
No-npexHemy ogHa
Hynesasi Moga, HO 2
KK-mog ¢ dounkenp. 2 N 00
PHEC m{n}_ZR_z
|

MaCCOu



pcTBme SD-ckanapHoro nons:

2R 4 2R [CD]:M%
S = jd“x OjdyEaAcDaAcD: jd“x Oj dyz(éﬂd)@“cb—@ycbaycb)

inl
KK-gekomnosnuyus: CD(X, y) - Z¢n (x)e R
B

S = jd“xz (27R
- obbem ED

CBobogHoe aencTt

KaHoHn4yeckasi Ho ePLUEHHO
CTaHOapTHOMY B



7 = W/
S/=jdx [ay19¢*, [491=
0

OTpI/ILI,aTeJ'IbHaFI cternneHb MacceCbl AJ14 K-Tbl CBA3U — HETNEPEHOPMMPYyEMada TeOpus

1EM

strong = 1(5) (5)

= dyHoamMeHTanbHbIV MaclTab

Kak cBs3aHbl MHOromepHasa un 4D K
Y4eT TOMNbKO HyreBon MOk

imogencTeuna? (KK-gekomnosaunums,

S = [d*x(27R)

4D KoHCcTaHTa cBA
MHOroOMepHOU

biIBEOEHHAA N3



_ T g

. 4 5
cnosue Ansa cnabocssa3aHHON TEopUm = R 0 -~

\Y
(5)
Pasmep ED He OormkeH npeBbiwaTtb 3Ha4YeHne obpaTtHon oyHaamMeHTanbHOM Mmacchbl!
n
2. Ycnosue Ha maccel KK-mog M, = R = m,<<Mg mmm nxl

nerkne KK-moasl

3. BzanmopgencTame HyneBom MoAbl U BbICLLUNX BO30YXAEeHWI

Sint ~ _"d4X12/1(4)Z(ﬁ02ﬁnﬁ—n

n=0




M,N =0,1,2,3,4,5 — 5D nHaekceil,
u,v=0,1,2,3 — 4D nHOeKChl

S = Tiids xjdx[ i MNFMN}:TrszlXJdX [_iF FW_%F Fﬂﬂ
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AKcmanbHas kanubposka: A;=0

=

KomnakTuopuumpyem aon. usmepeHue : Xs=R¢p, —n<¢<nrm

A, &0 - AP & Y i " &Y™ + he. KK-aekomnosmuus
n=1

(kanunbp. Np-a He YAOBNETBOPAHOT YCIOBUHO NEPUOANYHOCTU) 7



Raman Sundrum “To the fifth dimension and back”, hep-th/0508134
: : N B .
/@)E As( ) 6(/ . «noYTM» akcuanbHas (almost axial) kannbposka

S —Hli§ 'fd4x7]d¢R{—% F,F* +% ()ﬂAéo)j+% ésAﬂ j} T
2}+O(A3j

~ 24RTr [d 4{—% 6,A0 —5,A0) +% 6,A9 )+ i{_%\aﬂw 5, A
=il
Taxenbie KK-moasbr,

pOXAAOTCS NONapHo,
-3a coxp. KK-umnynbca

2
3 _|_n_‘A(n)
R2 H

4D kanubposoyHoe 4D “xurrc”
none,
4D kanubp. UHB-Tb.

-

SPPeKTUBHOE H



complex field
charged under
Sth momentum

KK-moabr - poxaaroTcs
COMNPAXEHHLIMU NApamu, BCreacTeue
coxpaHeHusa KK umnynbca

4D

effective T
thecry

Monaa A5© urpaet ponb XUrrcoeckoro 603oHa agppexTuBHoOM 4D Teopuu -

&8

nonyyaetca nocne KK-gekomnosmumm naTMmMepHoro KanmbposoyHoro nons.

Mopabr A5(M (KK-moabl NATOM KOMNOHEHTBI) OTCYTCTBYHOT



= < _—_M" =
D aencteue - TONbKO NpOU3BOAHbIE OT NOSeu

S5DEinstein i Idsx 167Z_G(§D
\

h,f,lo,zl (X) HyneBast Mmoga — 6eamaccoBoe 4D none, 6e3 noteHumnana
(B NpMONuXeHNn ManocTu nykTyawmn)

R®[Gyy ]

h&H (G maccueHble KK-nons

0 LLIEHHOE OCTaTO4YHOW
h,s (X)
"UHAJ1bHA4A naeqa
1-KneviHa no
HEeHUO rpasmtTaumnm
OMarHeTm3ma
SPPEKTUBHO
S,p = |ON.
AD u nnbpoBo4vHas

LLleKoopaMHaTHas
10



e
has . A,B=1,..5 - MHOromepHoe none.
TTocne aekomnosuumm nonyvaem Habop

nonew B agppexTueHom 4D aeucteuum:

4D TeH3opbI
(maccusHbIie KK-moabrl)

CTAHAAPTHBIN
4D rpasuToH

(h)=0

(h2)=0

15

Ckansp BBOAUTCA Kak none 6e3 noteHumana
W He 3aBUCUT OT AOM. KOOpAUHAT (No BbIbOpy
KanMObpoBKU)

HeHynesoe npoussosnbHoe <hég)> =£
By M <d82> = 77, 0X“dX" = (L + &)dx,ax, =77, dx“dx” — (L+ &)Ridg”



(ds?) = 7,,,0x“dX” = (L+ E)dxglXs =77, Ax“dx” — (1+ £)R*dg?

TTaTUMepHBIM rMNepUnUIMHAP - JIyKTyauum paamyca ! —)
PasHbIe paanychl COOTBETCTBYHOT PU3UYECKU HEIKBUBASIEHTHBIM CUTYALIUAM.
NPOCTPAHCTBO MOAYJSIEN Teopuu.

Kak Bb16paTh 0AHO 3HAYeHWe - cTabunmsmupoeaTb MOAYIb?

MHoro pa3sHbIx cnocoboBs - 3. NoTeHUuan, A06aeka cKanapos Ha FPaHULILI U np.
2
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= ed, M.Schmaltz '99

JTokanmnayTcs ToMbKo doepMUOHDI

BBOAOUM TpaBble Yepe3 3apAaAaoB0OeE COrpaxxeHne

e O
(Q,U°,Df,L,E) C5=7°7275=[0 _g]

nogasneHne HexenaTternbHbIX npoueccos, Tuna B- u L-
Hapywatouwmx nepexonoB (HET CAMMETPUM apOMaTOB Ha MariblX PACCTOSAHUSX)

8

MoaxopsLle CBSI31 B XMITCOBCKOM ceKkTope 6e3
anennupoBaHus K rnobarnbHbIM HapyLLEHHbIM CUMMETPUSM

S = dexZ?i[i@S + AD(Xs) —m],; P,

Leptons

- Bsanmopgencrteue u cMelunBaHme
MeXy NMOKOoNeHNSAMU onpeaensercs

napameTpom —
paccTosHMEM MEXAY TOYKamu e — o= =~ > 3
riokanusauun apoMaTtosB thick wall

- Ctabunmnsauyma oTH. pacnaga npotoHa !



(npaBble hepMnoHbI NpeacTa |
/ yepes 3apﬂnoso-ccmpﬂ\x<eHFmﬂewe4sM
S = [d°X L[ids + ®(xs)] L+ E°[ids + D(x;) ~m]E® + xHL'C,E°

|

oC e

HyneBas Mofa Xurrca, pacnpocTpaHsoLwasncs BOOsb
TONcTon OpaHbl (HeNokanuM3oBaHHas Ha PacCTOSHUM
nopsiAka TONWWHbI GpaHbl)

/2

B3anmopgencTeme ¢ kannbpoBoYHbIM CEKTOPOM — 3apsiaoBast yHUBEpPCAMbHOCTb
Ansa Hyneson modbl GB 1 cnabele HapylweHns Ha maclutabe Bbile [/

KOraa OTKpbIBaOTCA

0 mode AOMNOJTHUTErNbHbIE N3MepPEHNA

quarks leptons

1st KK
mode




/ d, S.Dimopo G- 1 '98

Multidimensional gravity action with multidimensional constant 6,

1 N
IdDX w/g(D)R(D’ effective
©>

‘ eff N jd X V h@
1 1 - 672%)
G i = 4D-action
©)™ M D2 5 Md+2 1
GN("*): M 2
Pl

@Ianck mass becomes effective derived from the “"true"” multidimensional mass scale

M7 =V M¥? where VgyoeR®  d-D-4

A size of extra dimensions depends on a number of ED and a multidimensional scale

1 Mp i 32/d 17
R~M 5 ~10°7" x10~" sm

The hierarchy problem solution!

15



N AononHUTEeNbHBIX U3MepeHUn pasHoro paauyca (MpoCTeullnIA Cryyail)
2

n;
Yi.¥n Rl""RN , m{zn} = Z?

V(d)oc/Rd M2 =V M®?
ocHR‘

MoxxHo nogobpatb T
OoKaxxemcsi 6osibw

... OOUH U3 paduycoe

Bo3mMoOXHOCTb Hab Oro noteHumana

16



& 4 dimensional Mp related to
the (4+n)-dimensional Mp by 1

10

(Mp;_)z ~ R”(MD)2+” 10

10
0

£10°

; . Z10°
¢ Setting Mp=ITeV oo
10°

e n=1 = R=10"m 10°

10"
excluded by astro. data 10

e n=2 = R~400 pm
same order as direct probes of gravity
e n=6=R=10"3m

only testable at high energy colliders

1
2
3

'y

4 My, i 32/n 17
R = M W = 10 ><10 Sm



m ﬁMN (X, y) ﬁMN (X’ y) — WAy VIR
Z n )

Bsaumopeuncteue ¢ 4D matepuei:

1 n
Sy = A8/ -GE, ™ (x, y) = > Jdx T, 00

INobon npouecc B3auMoAencTBUa rpasutoHa U 4D matepuu noaasreH
MSIGHKOBCKUM maclwtabom (kak u ang obbryHom 4D rpasuTtaumm)

Hano yyecTb MHOXecTBeHt (OYeHb Nerkux):

obmeHamum nnu
K-moa rpasuTtoHa
Ha 3KcrepumeHTe,
MHOXeCTBEHHOCTU
oWUX B npoueccax !

18



/%heﬂng and G. Landsberg, PRDN

T. Han, J.D. Lykken, R.-J.Zhang, PRD59

do/dM, . pb/30GeV
do/dM, . pb/30GeV

i
2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
My, GeVi/c’ M, GeVic®

19



CMS PAS EXO-11-039

CMS preliminary ‘~.|'§=TTe'l.|'.J-Ldt= 1.18 b’

CMS PAS EXO-11-038

3, 3

5,

500 1000 1500 2000 2500 3000

M, [GeV]

3.1 26 2.3 2.1

— LI | LI I LI | LI I LI | LI
= ] .
& 10° = ?’T‘ﬁ pu Effective Planck scale (TeV) in ADD
and Diboson
o 104 _ Kfactor | mpp =2 wep=3 mep=4 nmep =5 ngp =6 npp=7
% ] ADD, ":"‘T =26TeV 14 3.2 34 Lh L 4 22
o 107 | Data 1.6 35 37 31 28 26 24
=
@ 107
1 10 E"F | CI‘JIS Pr!eliminary Iigbg.lgwed | E
—Diphoton ]
g 1.1fblat 7 TeV B et 1
1 E 10 =g;::: Unceriainty_g

200 300 400 500 GOO 700 800 900 1000
M,, [GeV]

Sergei Shmatov, Searches for Physics Beyond the Standard Model at the CMS Experiment, NPD RAS Conference 2011, Moscow



Mm is a subject for fine-tuning:
S, = . J‘d“xdz\/g@R@—A Id4xdz\/g@—o- Id4xw/g@
167G ¢,

4D asymptotically flat metric ~ ds® = a° Q)]de“dxv _dz?

can be obtained only putting

A7 5
A==

1
G@): GG# a2 _q ﬁ Mg, ~




M 4D):

*S.Higgs = / {fl;?:-\,.-""— Tind { E,r:':;érj# H Jf.E}E_,H — 1\[ |H |

0, (X)=G,,(x,¢=7)=e""g,)(x)

TOJIbKO HyneBas MOAQA rpaBUTOHA YHMTbIBCleTCQ!

J

/fflj_n.,..-_glz:ﬂ.: { TR S, HY O, H — e TN H P — o] 21

TTepeonpeaenum none: € ““H — H

PelwweHwe npobnemsbr nepapxum
3a CYeT CTArmMBaroLLero gpaxkTopa !

22
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XopoLo onpefeneHHbIN Npeaen Npy pasBopayruBaHUU AONONHUTESbHOrO
n3mepeHua : I

Hynesaa moga fiokannsoBsaHa B
okpecTHocTAX 6paHbl ¢ =0

OueHKu B HenepeHo

% (Mk?
Mg Mg

pameTpbl Moaenu -
|

nuyue ot cutyauureADD



— L andall, R._undrum (_ﬂn,qm'o),/
PRL83 3370 (1999)

H. Davoudiasl, J.L. Hewett, and T.G. Rizzo, hep-ph/0006041

5D curve space with
AdS; metric

qq,9g — GKK sete ”u+/u— Y, je’[ + jet 1060 2000 L;Dm;:(} " 4000 6000 6000

Model Parameters:
Curvature: k (~M)

Signals:

Narrow; nigh-mass resonances
statesin di-leptons, di-jets, di-
Coupling constant: c = k/M, photonsievents:

Compactification radius: r

Gravity scale : A =MeX™ A



Ldt = 1.1fb™

CMS preliminary,

L

-
Q..
L

median expected
| 168% expected -
B 95% expected
Z'sem N
Z'y

B G, /N -0.1
W G, WM,=0.05 |
— 95% C.L. limit

nalysis 2011

Dilepton resonances,
. combined ee/pp,
1.09 fb-1:

|
1500

ee+L

MiCev)

Gy In RS1-type models is
excluded up to 1.78 TeV 0.2
for c=0.1

and up to 1.45 TeV
for ¢c=0.05
at 95 % C.L. 0

0.17

| | 68% expected
B 95% expected
Z'ssu

Z'y

B G, V0.1

— 95% C.L. limit

median expected

W G KM,=0.05

———

|
1500

2;\20[?5 eV]
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Modification of gravity potential b

¢ Gravitational Potential in 4 Dimensions (Newton)

myme I myme
1’ ( J = C.T"n., =

(il‘lrfplf_}:'} T
¢ n extra dimensions, compactiﬁed at radius R

> MMy mymas 1
r<<R L('r) ('LJI'D n+£ TrH—J * 1 ’LID]H-I-:_ R ?_ r R

mpact

Co
Dimension

Flat Dimension
At large distances, must return to original potential
(Mp1)2 ~ Rn(Mp)2*n




U

- 2l formation in TeV-scale gravit)

In large extra dimension models
» Gravity stronger at small distances

» Horizon radius larger
« For M ~ TeV it increases from 103 fm to 104 fm
For these BH R;<< R and they have approximately higher dimensional spherical

symmetry

Pictures by Sabine Hossenfelder

At the LHC partons can come closer than their Schwarzschild horizon

black hole production p



U

Pa3Hble BO3MOXHOCTU (dum3nyeckme cueHapum) ans onncaxHmsa Y wn
anbTepHaTUBHbLIX OOBbEKTOB, CYLLLECTBEHHO MEHSAIOLLNE TPAKTOBKY
9KcnepuMeHTarbHbIX AaHHbIX

“ «HopmanbHas» kBasuknaccuveckas Y[, aHeprum xsataet ang cobnogeHns
YyCNoBMA O0TXo4a AOCTaTOMHO Adarneko oT doyHaAaMeHTarnbHoro Mmaclutaba
(«XOpOoLLMIA TPaHCMNaHKOBCKUU pexnmy ), UL ¢ 6onbLon SHTponuen, TepmMmarnbHbIi

CNEeKTp

“ KBaHToBas Y[l, poxxaeHne Bbnn3m nopora, manas 3HeEPrns n SHTponus,
MCTUHHO KBa3nKaccuyeckoe onmcaHmne HENPUMEHNUMO, YCUSTEHUE POXOEHUA

AOBYX- N TPEXCTPYUHbIX KOHUrypauun ¢ 6onbwmnmm p;

" CTpyHHbIN Wap (MPOMEXYTOYHOE COCTOAHME MEXAY YMCTO KBAHTOBLIMUA
HaUHU3LWNMK Mo dHeprun coctosaHuamMn n KYL), dukcpoBaHHas TemnepaTypa
BO BpeMs 3BONtounmn, nHas doopma CnekTpoB donHarbHbIX YacTuLy

“ O606LLEeHHbIE NpaBuia KBaHTOBaHUSA 1 AUCKPETHBIN CNEKTP HANHU3LLUNX COCTOSIHWIA
4y (2011)

"~ YT0-TO ewwe? MbICnib HE OCTaHaBNMBAETCA Ha MECTE. .. 29



Balding phase
Asymmetric production, but “"No hair” theorem: BH sheds
its high multipole moments for fields (graviton and GB
emitting classically), as electric charge and color.
Characteristic time is about t ~ Rg
Result: BH are classically stable objects

Hawking radiation phases (short spin down +
more longer Schwarzschild)
Quantum-mechanical decay trough tunneling, transition
from Kerr spinning BH to stationary Schwarzschild one.
angular momentum shedding.
After this — thermal decay to all SM particles with black
body energy spectra. Accelerating decay with a varying
growing temperature. No flavor dependence, only humber
of D.o.f— “democratic” decay
Correction with Gray Body Factors

a

Planck phase: final explosion (subj for QGr)
BH remnant (non-detectable energy losses), N-body
decay, Q, B, color are conserved or not conserved 30
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2 Production in pp collisions: well-known formulas

4 _ 1
(8F(n +3) " Schwarzschild raduis of a
R _ Mg, multidimensional BH
S \/;M M N+ 2 R.C. Myers and M.J. Perry, Ann. Phys. 172
i \ J |
d dL
On _ &(ab — BH)|_, [
dM BH b :
TR
1
dL F 2M g, Z an ; MéH
o]\Y/ I S Wb mis .\/ SX,

PDF’s
52



2 Production In pp collisions at the LFC

h I:r_.:- (5} o IDJ.-. (53 th

h |:r-._'| (5

Q
£
~
>
+
I
m
A
a
(o}
Nt
&

—
- oh D_. (53

, M,=3 TeV, =
M

, ¢ = k/Mp, = 0.01-0.1
M=1.5 TeV,

Increasing cross section, N0 suppression
from small couplings

r=)

do/dM (pb/GeV)

10°-10° P2
eV
4o 10102 P2
dM GeV 33



—Hawking-Eva
/ igh

- ) n+1

M n+2 n+1 n+1 Hawking temperature
(R.C. Myers and M.J. Perry,

X =
Mey 81“( =7 3) 4r  AaRs  ann. Phys. 172, 304, 1986)

2
N J
Multiplicity of produced particles in BH decay -

<N>:<MBH/E>

T, =M

ack body)

R

T,

34
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Gray Body Factors for S5 Decay

-
st,I,m = 1 FSJ,m
dodt 2 exple/T,]F1
Ty = N Grey body factors
Ant.

ro<<l T oco(o™™)
ro>>1 TI'=0(Kro-I)

Papers on GBF:

P. Kanti, J. March-Russell, I. Olasagasti K. Tamvakis, 2002;

G. Duffy, C. Harris, P. Kanti and E. Winstanley, 2005;

M. Casals, P. Kanti and E. Winstanley, S. R. Dolan, 2006-2007
D. Ida, K.-y. Oda and S. C. Park, 2003-2006

dN dN,5, N,

dN
e :2 i 1,I,m
dodt IZ dadt I G

I, m I, m

dI\|O,I,m

# D.o.F. for e- # D.o.F. for GB 35



2 Produc

For the LHC energies:

: a) Parton-level production
% 3TV N Cross section

b '.Illu

7

| I I | | N | | It'll

000 10000

b) Differential cross section

c) Hawking temperature

d) Average decay
multiplicity
for Schwarzschild BH

(S. Dimopoulos, G. Landsberg, Phys:ReV.Lett.8 /161602, 2001, hep-ph/0106295v1)



> ;fFEﬁﬁfur)y\/

("8 h43) e

2 Ny 217 7 (R.C. Myers and M.J. Perry,
A7 ( M sy | 9 Ann. Phys. 172, 304, 1986)

n+2\ M

SBH 2

Sgy must be large enough to
reproduce thermal BH decay

1

l<<——
SEL.

(S.B. Giddings, hep-ph/0110127v3,
K. Cheung, Phys. Rev. Lett. 88, 221602,

2002)

= Spul

M >5M

Democratic decay blinded to flavor:
probabilities are the same for all species
(violation of some conservation laws)




D.o.f. # counting and “democracy” of BH decay

Z,W*, »,0,H; e, i,z ,v.,,v,,v.; u d, s c b t

Ti
N R N N N N N N
4 4 4 2 2 2

L

3 6 2 uiGe 2 12 12 12

38



//T$IMII and an inelasticity in BH production

07 € Xy, 0, M )= [2201 [, » du f‘i—" F(n)ar2(us,n, M)

y’s

2. i(v,.Q) f;(u/v.Q)

Xm'n = I\/II;“Hn/I\/I

H. Yoshino anc

L. A. Anchordoc 0311365
39
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e

s loss during EF formation in different models

Fractional mass lost during production

Simulation ———
Trapped surface bound
News function
Instantaneous collision
Particle falling into BH

J. A. Frost, J. R. Gaunt, M. O.P. Sampaio, M. Casals, S. R. Dolan, M. A. Parker, and B. R. Webber,
arXiv:0904.0979 40




Lmn
—
('\\

_rg J'J\)J'J _)_fl

otring Ball?

»-——

particle string scattering
scaftering

string ball black hole

Picture by Kingman Cheung
Mg, >> My : semiclassical well-known description for BH'’s

What happens when Mg, approach M,?

BH becomes “stringy”, their properties become complex

M, =1300 GeV/

M, =1600 GeV

41



d

Matching:
MI =M. /g2  o(SB) =o(BH)

MSB:Ms/gg MBH:Ms/gg

T MBH d+1
(M @ Yesm,
aeB/BH3=<|\Z2(M/gz]d+ll(d)ﬂ——[(d)ﬂ <My s M

M M
ﬂg;/ﬂss [(d)j M <<MSB—_

S. Dimopoulos a
Phys. Lett. B526, f(n)=




— . . = =) )
cross sections for BEH, SB and p-brane

My=1.5TeV

—-— SB
— —— p-brane

—— BH

n=~6 (upper)
n=3 (lower)

. Cheung, PR D66, 036007 (2002), hep-ph/0305003



Final Episode

Bad news about BH
and

new hopes:

more careful semiclassical
analysis and directions
beyond




BH not as spectacular as advertized!!

BH Production near the threshold and careful counting

Conventions on a fundamental mass

Inelasticity for BH f the UHECR

Minimal M fo

45



: //&\\ -
/c@mvemtions on a fwndlﬁnfm/

Just numerical coefficients

But: there is essential difference
between M about 1 TeV and 2 TeV
for the LHC!

M, =1.3M,

O M, =29M,,
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el o B A R - - M P~ 0 =Y B
What energy allows to speak—about™true” Bl

Clearly E > Mp. But how much large?

Patrick Meade and Lisa Randall, ArXiv:0708.3017

> MBH>M
« As advertised, not even convention
Independent

> 271/(M/2)<Re
« More stringent version of above
e ADD (n=6) Mg ,>4M—almost at experimental
limit
« RS Mg>16M—if taken seriously, bhs already
out of reach

From the talk by Lisa Randall at String’2007

47



e Quantum Blacik Holes

Production near the threshold, small entropy, M,i,

l
<
o

Patrick Meade and Lisa Randall, arXiv:0708.3017
Douglas M. Gingrich, arXiv:0912.0826

— significant back-reaction,
Chaia strongly coupled resonances or gravity bound state

Quantum black holes with charge, colowr, and spin at the LHC

(2/3,u g)

25

(—1/3.d g)
(1/3,u d)

—
h

=
=
=
=1
S
g
o 20
::f:.
o
o
=]
e
bl

0,22) (4/3, u u)
0,q7 . =

.49 (1, ud)

(—2/3,d d) (1/3,d g)

(—1.d™M (-2/3,7 g) _
- (137 d)
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Search for BEH at the LHC

» Potentially large cross sections (can be really suppressed by factors coming
from production process details)

Increasing cross sections with an energy, according to an absense of small
gauge couplings

High multiplicity of pr ne | to a BH entropy

Hard leptons and Ificant numbers

Approximately ratic decay)

Relatively hi
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Pictures by Sabine Hossenfelder

* Multi-jet and hard leptons events Experimental observables
< High spherical E=D \yhich are sensitive to these

“ High energy and p- features
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Black FAole Event Generators

WIS 1.003 (August 2006)
.M. Harris, P. Richardson and B.R. Webber
“CHARYBDIS: A Black Hole Event Generator”, JHEP 0308:033, hep-ph/0307305, 2003

http://www.ippp.dur.ac.uk/montecarlo/leshouches/generators/charybdis/

CHARYBDIS2 (April 2009)

J. A. Frost, J. R. Gaunt, M. O.P. Sampaio, M. Casals, S. R. Dolan, M. A. Parker, and B. R.
Webber, arXiv:0904.0979

http://projects.hepforge.org/charybdis2/

CATFISH 1.1 (October 2006),
M. Cavaglia, R. Godang, L. Cremaldi and D. Summers, “CATFISH:
A Monte Carlo simulator for black holes at the LHC", arXiv: hep-ph/0609001

http://www.phy.olemiss.edu/GR/catfish/catfish-v1.01.docu.pdf

BlackMax (April 2008, the latest version — March 2010)

De-Chang Dai, G. Starkman, D. Stojkovic, C. Issever, E. Rizvi, J. Tseng

“BlackMax: A black-hole event generator with rotation, recoil, split branes and brane tension”,
Phys.Rev. D77:076007, 2008, arXi:0711:3012v4

http://projects.hepforge.org/blackmax/
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CRIARYEDISZ: number of partons in r events
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s s=no T e S J e i e e o
lnvisible (missing) = from neutrines and geavitons,

_— in percents of total energy, CHARYEDIS2
Table 1. Particles from BH used.

[ e [ oot [ova [ s [ et
w0 a17 | o |28 | 210 |

“7o00 | 245 | 712 | 281 299 |

w0 | w08 | | zua | 205 |
TR EDEDEAED
o0 || 210 209 | 302 | o14
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Jets, photons and leptons,
E; > 50 GeV
Missing E; > 50 GeV
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CWIS 3D rezal even: visuzaliszation,
N =29 Brl candidate

CMS Data, 2011

CMS Experiment al LRC, CERN

Data recarded: Mon \‘ay 23 214626 201 EDT
RurvEvent. 165567 ( 347495624

Lumi sachon: 280

Ortx{Crossing. 73255863 ( 3161

S: = 2.5 TeV (Run 165567, Event 347495624)
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CHIS real event visualisation:
= = L o " ' T P——— —— r —— [ —— -
the transverse view, N =10-Errcandidate

CMS Data, 2011

CMS Expenment al LHC, CEREN
Data recorded: Sat Apr 23 08:05:38 2011 EDT
Run/Evant: 163332 [ 18637 1106

S:=1.1 TeV (Run 163332, Event 196371106)
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The CMS analysis 2011, 4.7 fb-L:
Data [ Photon+Jets

Background = “Wb;:ets

Uncertainty Z+lJets

M, =15TeV,M"=45TeV,n=6
Mp=20TeV,M™ =40TeV,n=4
Mp=25TeV,M™ =35TeV,n=2

CMS Data 2011 b)
Data [ Photon+Jets

(s=7 TeV, 4.7 b’ Background =ﬂwb;‘:9t5

Uncertainty Z+lJets

M, =15TeV, M =45TeV,n=6

Mp=2.0TeV, M™ =40TeV,n=4
- Mp=25TeV,M™ =35TeV,n=2

CMS Data 2011
=7 TeV, 4.7 fb

2

Events / 102(33\!
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T

10"

1500 2000 2500 3000 3500 4000 4500
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@ Data

Background
Uncertainty
M, =15TeV,M"=45TeV,n =6
M, =2.0TeV, MB"; =40TeV,n=4
M, =25TeV, MB": =35TeV,n=2

2

Events / 100 GeV

Background
Uncertainty
M, =15TeV, MB"l‘_'I" =45TeV,n=6
M, =20TeV, MB":'" =40TeV,n=4
M, =25 TeV, MB":'" =35TeV,n=2

CMS Data 2011
(s=7TeV, 4.7 b

b | L1 1 | 1
4000 4500 -
S, (GeV)

CMS Data 2011

\s=7TeV, 4.7 fb"
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Background

Uncertainty

M, =16TeV, M =46Te'" — "~
M, =20TeV,M" =40Te @

M, =2.5TeV, M =35Te

Events / 100 GeV

S

Background

Uncertainty

M, =15TeV,MI"=45TeV,n=6

M, =2.0TeV,M"" = 4.0 TeV, n = 4
————— M,=25TeV,M™ =35TeV,n=2

[
Events / 100 GeV

CMS Data 2011
- {s=7TeV, 4.7 b’

CMS Data 2011
Ys=7TeV,47fb" |

2000 2500

|
3500 4000 4500
S, (GeV)
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Mgk (TeV)
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432

41

CMS Data 2011
{s=7TeV, 4.7 ib”

| BlackMax

—a— Non-Rotating
--l-- Rotating
Rotating {with mass and angular momentum loss)

ng
Rotating (with Yoshino-Rychkov loss)
—u— Rotating, low multiplicity regime
—{#= Boiling Remnant (with Yoshino-Rychkov loss)
--%-- Stable Remnant {with Yoshino-Rychkov loss)

26 28 3 32 34 36 38 4
M, (TeV)

45

44

43

CMS Data 2011
(s =7 TeV, 4.7 b

S
L
., i ey e, n — 2
-..L_. ...... o . &
Ty T,
CHARYBIMS2 e
-~ Rotating e
—8— Non-Rotating °
Rotating (with Yoshino-Rychkov loss)
«—i— Rotating, low multiplicity regime
«~=— Boiling Remnant [with Yoshino-Rychkov loss)
--%-. Stable Remnant (with ino-Rychkov loss)
1 1 1 1 | 1 1 1 | 1 1
32 34
M, (TeV)

CMS Data 2011
(s =7 TeV, 4.7 fb”

--m-- Rotating
—a— Hon-Rotating
Rotating (with Yoshino-Rychkov loss)
wei= Rotafing, low multiplicity regime
«=== Boiling Remnant (with Yoshino-Rychkov loss)
--%-- Stable Remnant (with Yoshino-Rychkov loss)

26 2.8 3 3.2 34 1.6 38 4
M, (TeV)




Quantum Black Holes, signatures with 2,3 jets and more

2
=

a) b)
Background
Uncertainty
=20TeV, M™ =20 TeV. n=1
2
— - M,=30TeV, M’ =30TeV,n=3
_—— 40TeV, n=5

Background
Uncertainty
-- M, =20TeV, M™ =20TeV, n=1
i)
I'|.|l|:|=3.1IITE’|.|I’,I|Inl =30TeV,n=3
um=4.l:|TeU,n=5

3

2

@
o
g
2
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Events / 100 GeV

&
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e !

CMS Data 2011
53 47 o’

iy
CMS Data 2011 T
{s=7TeV, 4.7 fb"
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95_5
c CMS Data 2011 QBH Signatures
£3 - -1
§ (s=7TeV, 4.7 fb The CMS 2011, 4.7 fb-
g5
L’E M. ., IS excluded from

3.8t0 5.2 TeV

45 for
Mp up to 4 TeV
at
95 % CL.

QBH

&= Quantum Black Holesn=1

=i Quantum Black Holesn=2
Quantum Black Holesn=3

=== Quantum Black Holesn=4
—=— Quantum Black Holesn=5
=i Quantum Black Holesn =6
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Theoretical Cross Section
Mp=13TeV. M —1[]'Te"l.fg =04

Mn—21TeVI".I'I:—1TTe‘I.fg—I]4
Mp=16TeV, M =13 TeV, g = 0.4

Siring Ball (BlackMax)
—e8— Mp=13TeV,M, —1[]'Te‘l.l"g =04

v —m— My=21TeV,M =17TeV,g =04 _ _
WA Mg=16TeV,M =13TeV, g =04 String Ball Exclusion Plot

The CMS 2011, 4.7 fb!

String ball limits from the counting experiments for a set of model parameters (string
coupling g.=0.4, fundamental scale M4 and string scale M,)

M., IS excluded from 4.6 to 4.8 TeV at 95 % CL. =
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5 Procduetion in URECR

> —

BH

-=—— . Horizontal
- air shower

Pierre-Auger Observatory

n=1-7, 5 Yrs.

)

min
BH

Lol
-
=
HE
=
S
=

Luis A. Anchordoqui, Haim Goldberg; anc
Alfred D. Shapere, hep-ph/0204228




LHC
1000 b7t
100 b1

10 tb !

This region excluded by PAO
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Beyond 4D —multidimensionaltheories and. EWSB—

last decade

Large extra spatial dimensions:

Flat multidimensional space - Antoniadis, Arkani-Hamed, Dimopoulos, Dvali,
Curve bulk space, AdS5-slice, exponential hierarchy — Randall&Sundrum,

Higgs as a component of a multidimensional gauge field (Manton, :
Hosotani, )

Deconstracted dimensions, goldstone bosons, little higgs and little hierarchy
(Arkani-Hamed, Cohen, Katz, Georqgi )

Warped ED and the higgs from the multidimensional gauge field (Agashe,
Contino, Pomarol ), the higgs as a composite scalar through AAS/CFT

- correspondence (reincarnation of ideas by Georgi&Caplan, )

Higgsless models — the most radical variant (Csaki, Grojean, Pilo, Terning,
Nomura, Barbieri, Pomarol, Rattazzi * Hewett, Lillie, Rizzo, Davoudiasl,

Cacciapaglia, Chivukula, He )
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= CBOM METOAbI [MoTeHUmnan «nogxogsalLero smga»

KTl — nokannsaumsa Ha TONONorn4eckom AeekTe  gps MOTYT GbiTb PA3BEPHYT
(Pyb6akos, LLlanowHukos, 1983)

(6eCKOHEYHbIE)
©) 4 1 A B OV
S = [d*x [dyZ0,p0 0=V ()] —gop O -
=V Knaccuyeckue IR Bakyymbl Teopum
p=-v ( )

V(p) =19 (p* -v?)?

[IOMEHHas cTeHKa (KUHK), 3aBUCSILLEE TOMNBbKO OT
[AOMNOMHUTENbHOW KOOpAUHAaThI - OAHOMEPHOE

HapyLuaeT TpaHCNSLUMOHHY MHBAapUaHTHOCTb BAOSb Y




CDnyKTya CKalAapHOro n JlacCnN4eCkKMM peLleHneM-

(X, Y) =@ (Y) + 06X, Y)

oV
JlnneapwnsoBaHHble E.0.M. 5A5A(5¢) + F[Cﬂ . (00]5(p =0

\
NnoTeHUManbHas CTeHkKa
KK-oekomno3unuus:

e eip“ s 5gpm (y),l' P, p* = m?® 4D-macca

m2§¢m (y) 3 [_ay

Hynesaa moga, m=0C

. 1
50,(Y) = @, (y) ¢ ————
?o(Y) = 9. (Y) o2 w)

as 4D-moga nokannsoBaHa Ha bpaHe.
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OUCKPETHbIN CMEKTP, OTAENEHHbLIN OT HYNIEBOW MOAbI LLESbHO,
m ~ l(S)V MOZAbl BCe eLle rpynnupytoTcs Bbnnam 6paHbl, 1 nogaBneHsbl
cTeneHHblM ob6pasom BOanu ot Hee

HeﬂpeprBHbIVI CNeKTp MO, HEJTOKAaJTIN30BaHHbIX

m > mcom = 8/1(5)V BO6NM3n OGpaHsbl, 1 yxoadaLwmx BAOAb AONOAHUTENBHOMO

N3mepeHus Ha 6€CKOH43y T

[1pn aHeprusx Bbille pyHOaMeHTanbHOro
macwTaba YacTuubl MOryT YXOAUTb B
AOONONHUTENbHbIE U3MEPEHMUS:

- noporoBbie 3pPeKTbI
- SIBHOE HEeCOXpaHeHne 3Heprum B npoueccax
B3anMOOENCTBUM




=S, = [d*xdy (18, - hoizy)

EoM. iI'0,u —he (Y)y =0

HyneBaa moga ¢ m=0 ij/#@ﬂlﬂo =0
Lk
IC°05y/, = 7°0,Wo = he (V)

5
CyLUeCTBYeT €MHCTBEHHOE peLLUEHNe YW, =3y,

E—— = eMad moaa
WO oC e 0] }/ WO — WO HOPMUPY il



—yjhcoc(y')dy'

Wo(X,y)=¢° v (X)

Hynesas moga nosiydunach fokanm3oBaHHOM U
KupaneHou (Teopema 06 nHaekce)

s =

m =1

UTO6bI NONYy4YMTb HECKOSBKO HYNEBLIX Mog (3 nokoneHust Yyactmy, CM), Hago
YBENUYNTb YUCIO AOMOSNHUTENBHbIX UBMEPEHNN, N PACCMOTPETH
TONosIorM4yeckme gedekTbl BbICLLUNX Pa3sMeEPHOCTEN:

N=2 — ANO Buxpb
N=3 — MmoHononb ‘T XodTta-lonskoea

KonnyecTBo Nokanu3oBaHHbIX HYNEBLIX MOA PaBHO TOMOSIOrM4eckomMy
yucny gedpekra



N e S i

maue dhepMNOHHBIE MOAbI, JTOKaNM30BaHHbIE HA O4HOM TOMOSOrMYECKOM
nedekte (6D-Teopusi, KoCMosiorm4yeckasl CTpyHa), UMetoLme pasHble npogunu:

Wo(l) — f@ (p) +———— 1 nokoneHue

WO(Z) =g'9f @ (,0) < 2 nokonetue

w0(3) — pllCui (/O) +— 3 nokorneHue

1. MNpubnusntenbHass CUMMETPUSA BpaLWeHUW B NEPNeHAUKYNAPHbIX K bpaHe
HanpasrieHusiX (B 4omn. U3MePEHUAX) obecnevnBaeT Maroe cMelluBaHne Mexay
MOKONEHNAMU

2. PasHble macchl hepMnoHOB obecnevnBaloTcst pasHon pagunansHon opmon
npodpunen Hynesbix Mo4 W pasHbIM nepekpbitTnem WF doepMmnoHoB 1
XWUITCOBCKOM HYIIEBOM MOAbI, NOKanmM3oBaHHOW Ha aedekTte

3. Cnabble B3anMoaeUCTBUS, HECOXPaHSAOLLNE NENTOHHOE U BapNOHHOE YnCnOo

TOW, Zy@
ﬁ LT HE W,ZOCe_'HfZ(p)

f (1) (,0) e“G\N(,o) L () ) COXp. Yrf. MOM.
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Y& g D> P& KK aexomnosuumsa 5D qpepmmoHos

.

S .fd4xjdx5?(DMFM —m}: Id4xj.dx5W(Dﬂy" —m}’—?ySaS‘PHg?ASy;P:

= 27R jd ‘X3 @m(iwaﬂ —m—i %j‘?‘”) +O(PAY)

N=-—o0

maccbl KK-mopa

AdyonupoBaHue cnektpa KK-mog — 4D gupakoBckue (a He
2-X KOMMOHEHTHLIE BENIIEBCKUE) CNNHOPBI —

S zl 27R Id“x [{7(0) (7u D, - m)’(O) +igP Oy AP O

4D cdbepMUOHDI B “FOKaBCKUN”~ CEKTOP
HeKkuparnbHOM NpeacT. &




—— .

B obuwem crnyyae 5-mepHOro HernokanmM3oBaHHOIO
doepMMOHHOIo Nons — KK-moabl.

. i

OduckpetHas cummeTpus nNo Aon. KOOpAUHaTe - opbudpona

P(XS) 3 _X5
mem) P(A)=+A,
0)y _ A0
- BO3HUKHOBEHUE rpaHULbI N ) =—A
P(W,)=+¥,
= 1

e i | TTpeobpa3zosaHusa YeTHOCTU
pprnd ' | ans nonewi -
(le =2 with —=,) ﬂ.ﬂﬂ
HyJ1eBOW MacCCbI
5D qpepmuoHos




P> e s
(MHTepBan - npocTeviliee
CUHTYnspHOe MHoroobpasued)

E ,-15.“ ) cos(ne) P (X5 =—X;
(1 Lost “Higgs"! P(Aﬂ) E +Aﬂ

o 0)y _ (0)
E L:rj-.muuj P(AS )——A5
. ) =+,
E W (x) sin(ne)  Lost @) | P(¥,)=-%¥

=1

KupanbHasa teopus,

1 MAaCCOBbIE YTEHb!

J 3anpeLleHbl kanuop.
CUMMETPUENn

N

_ 1

[.fl |||:|:I +'1Ir':ll:| p Ill-_|1Ir|:II|

pis
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/KawsepHyTb XWUITC B paCCMOTpeH\me’?\//

. from SU(2)=S0O(3) to SO(4) (broken to SO(3) by orbifold
projection)

tr [nr."g: / ﬂ‘.:r:_.u:,{ i;-;.,_r 4 é[ DA ) + é( D, A

1 .

+ "'_ll"'i: Jr_:'p-":.".l'-" i} E..;“ Hﬁ 0 4 “;E!JEJE (1 s "'L"_Ii }

310 nencTBne MHBAapPUaAHTHO OTHOCUTENbHO CreaylLnX Npeobpa3oBaHNn YETHOCTY :

P(AY) = +A] P(AT) = AT P(U) = +0  P(Iy) = 0y

PAM) = — AL PASY = 44D PO = 0y P(dyd) =+
i i A . !

B HN3KO3HEPIreTn4eCKkom I'IpI/I6J'Il/I)KeHl/IVI BbIP)KUBAKOT TOJIBKO TaKUe MNorsAa .

A 5:_.?'];[]::‘ A aj LEF T Iz':'u;l::lj:nl "-];"|'5;] (0

i

4D SO(3)

4D XUIrCoBCKUN 4D neBbIN -
D "
kannubp. none R PEEs!

Tpunner TpunneT gepm. cuHrnet doepm. '
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« from measurements of the gravitational potential

d =1 excluded by solar system (verification of the Newton’s law up
to R<0.19 mm)

d =2 too large value of the fundamental scale M ~ 30 TeV

« from supernova SN1987 (graviton emission speeds up
the supernova cooling)

VI R A CER A ACEE)

« from energy spectrum of the diffuse gamma-ray background
(CDG) due to Gy = YY

Mg>110TeV (d =2),5TeV (d = 3)
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