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Hiera rchy problem: why gravit y is so weak

compa red to the other interactions?

Quantum theo ry: all particle masses % M P � 10 19 GeV

� T eV strings: low UV cuto�

) M s � T eV

� Framew ork of t yp e I string theo ry

) D-b rane world

Natural separation of

global SUSY from gravit y

. &

D-b ranes/op en strings closed strings



Branew orld

open string

closed string

Extra dimension(s) perp. to the brane
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two t yp es of compact extra dimensions:

� parallel ( dk): can be as large as 10 � 16 cm (T eV � 1)

� transverse ( ? ): can be as large as 0:1 mm



Adelb erger et al. '04
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Adelb erger et al. '06

R?
<� 50 � m at 95% CL



Dimensions of �nite size: p � 3 parallel

n = 9 � p transverse

calculabilit y ) Rk ' lstring ; R? arbitra ry

M 2
P ' 1

� 2 M 2+ n
s Rn

?
-

Planck mass in 4 + n dims: M 2+ n
�

small M s=M P ) extra-la rge R?

M s � 1 T eV ) R? � :1 � 10 � 13 mm ( n = 2 � 6)

I.A.-Ark ani Hamed-Dimop oulos-Dvali '98

� weak string coupling: gs = �

� gravit y strong at M � � M s << M P

10 30 stronger than thought previously!

deviations from Newton's law at distances < R?



Sup ernova constraints

co oling due to graviton pro duction

e.g. N N ! N N + graviton

numb er of gravitons: � ( T R? ) n T >> R � 1
?

%
� 10 MeV

) pro duction rate:

Pgr � 1
M 2

p
( T R? ) n � T n

M (2+ n)
�

Pgr < P� ) M �
�
�
�
n=2

>� 50 T eV

) M s >� 10 T eV



Hidden submillimeter dimensions

) strong gravit y at the T eV

Gravitational radiation in the bulk

3d: Kaluza Klein gravitons very light

) high energy: huge numb er of particles pro duced

LHC: 10 30 massive gravitons of intensit y 10 � 30 each

P

P g  or je t

Signal: missing energy

Angula r distribution ) spin of the graviton



Giudice-Rattazzi-W ells '98
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n

-

no observation )

R?
<� 10 � 2 � 10 � 12 mm ( n = 2 � 6) ; 95% CL

- mo re dimensions ) weaker limits



Limits on R? in mm

Exp eriment R? ( n = 2) R? ( n = 4) R? ( n = 6)

Collider b ounds

LEP 2 4:8 � 10 � 1 1:9 � 10 � 8 6:8 � 10 � 11

T evatron 5:5 � 10 � 1 1:4 � 10 � 8 4:1 � 10 � 11

LHC 4:5 � 10 � 3 5:6 � 10 � 10 2:7 � 10 � 12

NLC 1:2 � 10 � 2 1:2 � 10 � 9 6:5 � 10 � 12

Astrophysics/cosmology b ounds

SN1987A 3 � 10 � 4 1 � 10 � 8 6 � 10 � 10

COMPTEL 5 � 10 � 5 - -



La rge T eV dimensions

longitudinal dimensions: R � 1 <� M s )

R � 1 �rst scale of new physics I.A. '90

increasing the energy

� could happ en fo r some of the internal dims

� explain coupling constant ratios g2=g3

� susy breaking

� fermion masses displace light generations

Massive to wer of Kaluza Klein mo des

fo r Standa rd Mo del particles

M 2
n = M 2

0 +
n2

R2 ; n = � 1; � 2; : : :

) excited states of photon, W � , Z , gluons



Lo calized fermions (on 3-b rane intersections)

) single pro duction of KK mo des
I.A.-Benakli '94f

f
_

n_
R

� strong bounds indirect e�ects: R � 1 >� 3T eV

� new resonances but at most n = 1

Otherwise KK momentum conservation

) pair pro duction of KK mo des (universal dims)

n_
R

- n_
R

f

f
_

� weak bounds R � 1 >� 300-500 GeV

� no resonances

� lightest KK stable ) dark matter candidate

Servant-T ait '02



I.A.-Benakli-Quiros '94, '99
R � 1 = 4 T eV
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- no observation in dijets

) R � 1 >� 20 T eV ; 95% CL

- mo re than one dimension ) stronger limits



Massive string vib rations ) indirect e�ects

virtual exchanges ) e�ective interactions

e.g. four-fermion op erato rs

Actual limits: Matter fermions on

� same set of branes ) M s >� 500 GeV

dim-8: g2

M 4
s

( � @ ) 2 Cullen-P erelstein-P eskin '00

� brane intersections ) M s >� 2 � 3 T eV

dim-6: g2

M 2
s

( �  ) 2 I.A.-Benakli-Laugier '00

High energies )

- direct pro duction: string physics

- strong gravit y: pro duction of micro-black holes?

Giddings-Thomas, Dimop oulos-Landsb erg '01



Generic spectrum

N coincident branes ) U( N )

a-stack

- endp oint transfo rmation: N a or �N a

U(1) a charge: +1 or � 1

U(1): \ba ryon" numb er

� op en strings from the same stack )

adjoint gauge multiplets of U( N a)

� stretched between two stacks
 

a-stack
 

   

 
 

b-stack

in p dims

in p0 dims

) bifundamentals of U( Na) � U( Nb)

in p \ p0 dims



A D-b rane emb edding of the Standa rd Mo del

I.A.-Kiritsis-T oma ras '00

I.A.-Kiritsis-Rizos-T oma ras '02

� oriented strings )

need at least 4 brane-stacks

� existence of bulk with large dimensions )

minimal choice: U(3) � U(2) � U(1) � U(1) bulk

% -

colo r branes ( g3) weak branes ( g2)

� also fo r non-o riented strings

with Ba ryon and Lepton numb er symmetries



Standa rd Mo del on D-b ranes

� g2
2=g2

3 = R=ls ) KK mo des fo r SU(2) L

� U(1) 4 ) hyp ercha rge + B, L, PQ global

� U(1) on top of U(2) or U(3) ) prediction fo r sin2 � W

� � R in the bulk ) small neutrino masses



The remaining three U(1)'s : anomalous

Green-Schw arz anomaly cancellation )

� they become massive (abso rb three axions)

� the global symmetries remain in perturbation

- Ba ryon numb er ) proton stabilit y

- Lepton numb er ) protect small neutrino masses

no Lepton numb er ) 1
M s

LLH H

) Majo rana mass: hH i 2

M s
LL

%
� GeV

- PQ-t yp e symmetry ) electro weak axion

can be explicitly brok en by moving slightly away from

the orbifold point



sin2 � W ( M s)

g1 = g3
.
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-

g1 = g2

) correct prediction fo r sin2 � W

fo r M s � a few T eV



R-neutrinos: op en strings in the bulk H 0L� R

Ark ani Hamed-Dimop oulos-Dvali-Ma rch Russell '98

Dienes-Dudas-Gherghetta '98

�
R

d4+ nx �� =@� � = ( � R ; � c
R) )

Rn
?

R
d4x

P
m

n
�� Rm=@� Rm + �� c

Rm=@� c
Rm + m

R?
� Rm � c

Rm + c:c:
o

� Sint = gs
R

d4xH ( x) L ( x) � R ( x; y = 0)

hH i = v ) mass-terms: gsv

Rn=2
?

P
m � L � Rm

gsv

Rn=2
?

<< 1
R?

, gsv << Rn=2� 1
? in string units )

- m 6= 0: masses fo r KK � m una�ected

- m = 0: Dirac neutrino masses

m � ' gsv

Rn=2
?

' gs
g2 v M s

M p

' 10 � 3 � 10 � 2 eV fo r M s ' 1 � 10 T eV



In principle one � R )

both solar and atmospheric oscillations

two frequencies: solar $ m � <<

atmospheric $ 1st KK excitation

however cannot be made realistic

e.g. KK mo des ! imp ortant sterile comp onent

) need to intro duce three � i
R (at least 2)

explain oscillations in the traditional way

- only from zero mo des � i
R0

- mak e KK mo des heavy

Davoudiasl-Langack er-P erelstein '02



- global SUSY:

� No need to be there at least fo r hiera rchy

� New ways of breaking

using extra dimensions

branes at angles/internal magnetic �elds

- SUGRA: probably unb rok en in the bulk )

very weakly brok en

� Non linea r realization on branes

SM + (light) goldstino

� New fo rces at submm scales

e.g. radion, graviphoton



Non-linea r SUSY on the brane )

(nea rly) massless goldstino �

Dudas-Mourad, Pradisi-Riccioni '01

Standa rd realization of Volk ov-Akulov )

universal coupling to stress-tenso r

L � = � i
2 �� �

$
@� �� + i � 2( �

$
@� � � �� ) T��

� : goldstino decay constant

But not the most general

e.g. a new 4-fermion op erato r not �xed by NL SUSY

Brignole-F eruglio-Zwirner '97, I.A.-Benakli-Laugier '01

General analysis of goldstino couplings

to SM �elds in D-b rane mo dels

I.A.-T uckmantel '04

Matter on intersection of two brane stacks:
1

2� 2 = T1 + T2 Ti = M 4
s

4� 2g2
i
N i



� L � = i
p

2� F�� f � � @� �� + 2� D � � ( f @� � ) + h:c:

+ 2� 2( @� �f 1)( @� �� �f 2) + O( � 3)

F : gauge �elds, f : W eyl fermions, � : scala rs

� universal co e�cients indep endent of brane-angles

� 3rd term: �xes the �eld theo ry ambiguit y

of 4-fermion op erato r

� 1st term: hyp ercha rge + fermion singlet

� 2nd term: higgs + lepton doublets

preserves lepton numb er if L ( � ) = � 1

I.A.-T uckmantel-Zwirner '04

Z; H ! � � W � ! l � � )

- bounds: M s >� 500 GeV (e.g. invisible Z width)

- signal: invisible Higgs decay

dominant or non-negligible in a large range of ( M s; M H )



M s ' 2M



Higgs non-minimal coupling to gravit y

� R H yH confo rmal: � = 1=6

) Higgs-radion mixing hH i = v 6= 0

Giudice-Rattazzi-W ells '00

invisible Higgs width � � 2v2 m1+ n
H

M 2+ n
�

String theo ry: no such � but Higgs coupling to

internal Riemann tenso r and graviphoton )

e�ective � =
r

n+5
6n( n� 1)

<� 0:8

Higss on same brane stack

= 1
4

r
n+2

6n( n� 1)
<� 1=7

Higss on brane intersections

I.A.-Sturani '02
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2 Experiments

-1
 L dt=2*30 fbò

sensitivit y to new physics

in Higgs decays at LHC

Duhrssen-Heinemey er-Logan-

Rainw ater-W eiglein-

Zepp enfeld '04



Origin of EW symmetry breaking?

little hiera rchy: mW =M s <� O(10 � 1)

string tree-level: mW = 0 or O( M s)

possible solution: radiative breaking

I.A.-Benakli-Quiros '00

V = � 2H yH + � ( H yH ) 2

� 2 = 0 at tree but becomes < 0 at one lo op

non susy vacuum

simplest case: one Higgs from the same brane

) tree-level V same as susy: � = 1
8 ( g2 + g02)

D-terms

� 2 = � g2" 2M 2
s  e�ective UV cuto�

-
lo op-facto r estimated by a to y mo del computation



UV e� � l

& %

" 2( R) =
R3

2� 2

Z 1

0
dl l3=2 � 4

2

16 l4� 12

�
il +

1
2

� X

n

n2e� 2� n2R2 l

% &
IR 1
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R

0.00
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e

R ! 1 : " ( R) M s � " 1 =R " 1 ' 0:008
-

UV cuto�: M s ! 1=R

R ! 0 : " ( R) ' 0:14 large transverse dim



� M H = M Z at tree

same as MSSM fo r tan � ; mA ! 1

� M s = M H =(
p

2g" )

Lo w-energy SM radiative corrections

top qua rk secto r

M H � 120 GeV

)

M s � a few T eV



Energy densit y: � bulk , � brane

generic non-SUSY string mo del )

� bulk � M 4+ n
s ) � brane � M 4+ n

s Rn
? � M 2

s M 2
P

analog in softly brok en SUSY: m2
SUSY � 2

UV

quadratic divergence to �

vanishing if bulk is (app roximately) SUSY

� brane � M 4
s ) � bulk � M 4

s =Rn
?

Prediction: possible new fo rces at submm scales

e.g. radion � ln R?

mass: (T eV ) 2=M P � 10 � 4 eV ! mm range

coupling: 1
m

@m
@ln R?

=
q

n
n+2 � gravit y

) can be exp erimentally tested fo r all n � 2

I.A.-Benakli-Mailla rd-Laugier '02



V ( r ) = � G m1m2
r

�
1 + �e � r =�

�

Radion ) M � >� 3 - 4:5 T eV 95% CL ( n=2-6)

Adelb erger et al. '04



V ( r ) = � G m1m2
r

�
1 + �e � r =�

�



Light U(1) gauge bosons
I.A.-Kiritsis-Rizos '02

U(1) anomalies ) Green-Schw arz mechanism

� A = d� ) � a = � M �
- -
gauge �eld axion

� 1
4g2

A
F 2

A � 1
2 ( da+ M A) 2+ a

M kA
I T rFI ^ FI

%
cancel the anomaly

) U(1) A mass: mA = gA M

� a: Poinca r�e dual of a 2-fo rm

from RR closed string secto r

� U(1) A global symmetry remains
(in perturbation)

ex. Ba ryon and Lepton numb er needed to

pro dect proton decay and neutrino masses



mA = gA M

small mass ) small coupling

) A in the bulk and a on the brane:

lo calized mass

gA � 1=
p

V?

) mA
>� M 2

s =M P ' 10 � 4 eV
-

A propagates in part of the bulk

) new submm fo rces

gA � 1=
p

V?
>� M s=M P � 10 � 16

) >� 10 6 � 10 8 � gravit y
-

mproton =M P

sup ernova ) dim of the bulk � 4



an order of magnitude imp rovement

on bounds in the range 6-20 � m

Smullin-Geraci-W eld-Chiaverini-Holmes-Kapitulnik '05

10 -6   10 -5   10 -4   10 -3

Dilaton

Gauge 
Bosons

l (meters)

a

10 8

10 4

10 0 Washington

ColoradoModuli

KK gravitons

Lamoreaux

Stanford 1

Stanford 2 



an order of magnitude imp rovement

on bounds in the range 200 nm

Decca-L� op ez-Chan-Fischbach-Krause-Jamell '05

5: Colo rado 4: Stanfo rd

3: Lamoureaux 1: Mohideen et al.



Conclusions

T eV strings and large extra dimensions:

Physical realit y or imagination?

W ell motivated theo retical framew ork

with many testable exp erimental predictions

new resonances, missing energy

Stimulus fo r micro-gravit y exp eriments

lo ok fo r new fo rces at short distances

higher dim graviton, scala rs, gauge �elds


