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OUTLINE

Motivations

Framew ork of low scale strings

large extra dimensions, low scale gravit y

Exp predictions for particle accelerato rs

strong gravit y, TeV dimensions, string e ects

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

uni cation, proton stabilit y, Right-neutrinos

SUSY breaking / SUSY in the bulk

Invisible Higgs decay

goldstino of non-linea r SUSY, Higgs-radion mixing

Short range forces & microgravit y experiments

radion force, gauge bosons in the bulk



Hierarchy problem: why gravit y is so weak

compa red to the other interactions?

Quantum theory: all particle masses % Mp

TeV strings: low UV cuto

) Ms TeV

Framew ork of type | string theory

) D-brane world

Natural separation of

global SUSY from gravity
&

101° GeVv

D-b ranes/op en strings closed strings



Branew orld

3-dimensional brane open string

closed string

Minkowski 3+1 dinensions

NS
_onso?

L2 grne®
e

EXtra ;
d/me :
Non(y) PerD. 1o 4
e bf'ane

two types of compact extra dimensions:

parallel (dy): can be as large as 10 ® cm (TeVv 1)

transverse (7). can be as large as 0:1 mm



Adelb erger et al. '04
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R, < 130 m at 95% CL



Adelb erger et al. '06

R, <50 m at 95% CL



Dimensions of nite size: p 3 parallel

9 p transverse

calculabilit 'y ) Ry lsying ; Ro arbitra ry

1 1 2+ n
|v|F2, “MS" "R

Planck mass in 4 + n dims: M?2*"
small Ms=Mp ) extra-la rge R-

Ms 1TeV) R, :1 10 13 mm

l.LA.-Ark ani Hamed-Dimop oulos-Dvali
weak string coupling: gs =
gravit y strong at M Ms<< Mp

1030 stronger than thought previously!

deviations from Newton's law at distances < R»

'98



Sup ernova constraints

cooling due to graviton production
e.g. NN ! NN+ graviton

numb er of gravitons: (TR, )"
%
10 MeV

) production rate:

1 n T
Pgr M—g(TR?) S
Pgr <P ) M - > 50 TeV

) Mg~ 10 TeV



Hidden submillimeter dimensions

) strong gravity at the TeV

Gravitational radiation in the bulk
3d: Kaluza Klein gravitons very light

) high energy: huge numb er of particles produced

LHC: 103° massive gravitons of intensit y 10 30 each

3
—

gorje t

Signal: missing energy

Angula r distribution ) spin of the graviton



Giudice-Rattazzi-W ells '98
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no observation )

R, <10 2 10 2 mm . 95% CL

- more dimensions ) weaker limits



Limits

on R, in mm

Exp eriment Ro(n=2) | R,(h=4) | R,(n= 6)
Collider bounds
LEP 2 48 101} 19 10°% |6:8 10 1
T evatron 55 10 ' | 1:4 10 ® |41 10 U
LHC 45 10 3|56 10 19 |2:7 10 12
NLC 1:2 10 2| 1:2 10 ° |6:5 10 *?
Astrophysics/cosmology b ounds
SN1987A 3 10 4 1 108 |6 10 1
COMPTEL 5 10 ° - -




Large TeV dimensions

longitudinal dimensions: R L= Ms)

R 1 rst scale of new physics LA, '90

could happ en for some of the internal dims
explain coupling constant ratios
susy breaking

fermion masses

Massive tower of Kaluza Klein mo des

for Standa rd Mo del particles

) excited states of



Lo calized fermions (on 3-brane intersections)

) single production of KK mo des
f |.A.-Benakli '94

ol =

f
strong bounds indirect eects; R 1~ 3TeVv

new resonances but at most n= 1

Otherwise KK momentum conservation

) pair production of KK mo des (universal dims)

f n

f N\N\NNN =

R
£ n
R

weak bounds R 1> 300-500 GeV
Nno resonances

lightest KK stable ) dark matter candidate
Servant-T ait '02



l.A.-Benakli-Quiros ‘94, '99

R 1= 4TeVv

Events /| GeV

| | | | | | | | | | | |
1500 3000 4500 6000 7500
Dilepton mass

- no observation in dijets

) R 1220 Tev ; 95% CL

- more than one dimension ) stronger limits



Massive string vibrations ) indirect e ects

virtual exchanges ) e ective interactions

e.g. four-fermion operato rs

Actual limits: Matter fermions on

same set of branes ) Mg~ 500 GeV
2
dim-8: %( @ )2 Cullen-P erelstein-P eskin '00
S
brane intersections ) Ms~ 2 3 TeV
dim-g: 92 5 . . .
IMm-6: M_g( ) |.A.-Benakli-Laugier ~ '00
High energies )

- direct production: string physics

- strong gravit y: production of micro-black holes?

Giddings-Thomas, Dimop oulos-Landsb erg '01



Generic spectrum

N coincident branes ) U(N)

a-stack

VA VYAVAVAVA
- endpoint transfo rmation: Nga or Na

U(l) 4 charge: +1 or 1

open strings from the same stack )

adjoint gauge multiplets of U(Ng)

stretched between two stacks
a-stack in p dims

b-stack in p°dims

) bifundamentals of U(Ng) U(Nyp)

in p\ p®dims



A D-brane emb edding of the Standa rd Mo del

|.A.-Kiritsis-T omaras '00

|.A.-Kiritsis-Rizos-T omaras '02
oriented strings )
need at least 4 brane-stacks
existence of bulk with large dimensions )

minimal choice: U(3) U(1)
00 -

color branes (g3)

also for non-o riented strings

with Baryon and Lepton numb er symmetries



Standa rd Mo del on D-b ranes

U2),

- ]
Pl N

uG)’

g5=g5s = R=ls) KK modes for SU(2) .
U()#) hypercharge + B, L, PQ global
U(1) on top of U(2) or UR) ) prediction for sin?

r in the bulk ) small neutrino masses



The remaining three U(1l)'s : anomalous
Green-Schw arz anomaly cancellation )
they become massive (absorb three axions)
the global symmetries remain in perturbation
- Baryon numb er ) proton stabilit y
- Lepton numb er ) protect small neutrino masses

no Lepton numb er ) MLSLLH H

2
) Majo rana mass: hI,JI—'LL
% S

GeV

- PQ-t ype symmetry ) electro weak axion

can be explicitly broken by moving slightly away from

the orbifold point



sin? \y (Ms)

91 = O3
0. 27
0. 26
0. 25} :_\-
0. 24
10

M in TeV

) correct prediction for sin?

for Mg a few TeV



R-neutrinos: open strings in the bulk HL R

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

Dienes-Dudas-Gherghetta '08

R
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- P
hHi = v ) mass-terms: gﬁzz m L Rm

R

v 1 N .
s << R, in string units )

-m 6 0: masses for KK m una ected

- m = 0:; Dirac neutrino masses

m ! gsV_ ggvMS

-]
I
N
«Q
Z‘
o
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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 modes! imp ortant sterile comp onent

) need to intro duce three L
explain oscillations in the traditional way

i
- only from zero modes R,

- make KK mo des heavy

Davoudiasl-Langack er-P erelstein '02



- global SUSY:
No need to be there
New ways of breaking
using extra dimensions

branes at angles/internal magnetic elds

- SUGRA: probably unbroken in the bulk )

Non linear realization on branes

SM + (light) goldstino

New forces at submm scales

e.g. radion, graviphoton



Non-linea r SUSY on the brane )
(nearly) massless goldstino

Dudas-Mourad, Pradisi-Riccioni '01

Standa rd realization of Volkov-Akulov )

universal coupling to stress-tenso r

. $ $
L = 5 @ +i“(@ )T

But not the most general
e.g. a new 4-fermion operator not xed by NL SUSY

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

General analysis of goldstino couplings
to SM elds in D-brane mo dels

[.A.-T uckmantel '04

Matter on intersection of two brane stacks:

;7= Tt T2 Ti= ;5N




L:ip§Ff @ +2D (f@ )+ hwc:
+2 (@f 1)(@ f2)+ O( )
F:. gauge elds, f: Weyl fermions, : scalars
universal coe cients

3rd term: xes the eld theory ambiguit y

of 4-fermion operator
1st term: hypercharge + fermion singlet

2nd term: higgs + lepton doublets

preserves lepton numberif L( )= 1

[.A.-T uckmantel-Zwirner '04
Z:H ! W )
- bounds: Ms~ 500 GeV

- signal: invisible Higgs decay

dominant or non-negligible in a large range of (Ms;My)
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Higgs non-minimal coupling to gravity
RHYH

) Higgs-radion mixing Hi=veé O
Giudice-Rattazzi-W ells '00

1+ n
2V2mH
M2+ n

invisible Higgs width

String theory: no such but Higgs coupling to

internal Riemann tensor and graviphoton )

'
e ective =

n+5 < N-
6n(n 1) 0:8

|.A.-Sturani  '02



new
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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?
littte hierarchy: my=Ms< 010 1)

string tree-level: my = 0 or O(My)

possible solution: radiative breaking

|.A.-Benakli-Quiros '00

V= ZHYH+ (HYH)?

= 0 at tree but becomes < 0 at one loop

simplest case: one Higgs from the same brane

) tree-level V same as susy: = %(92+ 9®)

2= ¢g2"?M2 eective UV cuto

loop-facto r estimated by a toy mo del computation



&Z %
R3 1 ~ 4 1 X
n2 —_ 3=2 2 2 2 n?R?l
(R) = 5 OdII 614 12 I > n<e
n
% &
IR 1
0.20 L e e B L L A A B S
0.15 ~ -

€ 0.10

0.05

0.00 e Y I
0.25 1.00 1.75 2.50 3.25 4.00 4.75
R
R! 1 : "(R)Ms "1=R ", ' 0:008

UV cuto: Ms! 1=R

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



|V||_| = MZ at tree

same as MSSM for tan ;mpa! 1
p_ll
Ms= My=(" 2g")

Low-energy SM radiative corrections

My 120 GeV

Ms afew TeV



Energy density: puk, brane

generic non-SUSY string mo del )

4 2\ 2
bulk Ms4+ ) brane Ms+ MSMP

analog in softly broken SUSY: m% o, 3y

quadratic divergence to

vanishing if bulk is (app roximately) SUSY

brane M 34 ) bulk M 34

Prediction: possible new forces at submm scales

e.g. radion In R»

mass: (T eV)Z:Mp 10 4 eV ! mm range

. g .
coupling: %@n@g?: N~ gravity

) can be experimentally tested for all n 2

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



V(r)= GMI2 1+ e '

Radion ) M ~ 3-4:55TeV 95% CL (n=2-6)

Adelb erger et al. '04



lal

V(r)= GMI2 1+ e '
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Light U(1) gauge bosons
l.A.-Kiritsis-Rizos  '02

U(1) anomalies ) Green-Schw arz mechanism

A=d ) a= M

gauge eld axion

1 2 1 2. a A
@FA 5(da+ MA)“+ kP TrF| ~ F
A %
cancel the anomaly

) U(l) o mass: mpa = gaM

a:. Poincare dual of a 2-form

from RR closed string sector

U(1) o global symmetry remains
(in perturbation)

ex. Baryon and Lepton numb er needed to

prodect 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 pW
) mp~ MZ=Mp ' 10 “4eV

A propagates in part of the bulk
) new submm forces
A 1:pW > Ms=Mp 10 16
) = 10% 108 gravity

Mproton =M p

supernova ) 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

Lamoreaux |
. Gauge
8 Bosons
10 ° |
| Stanford 1
Dilaton
4
10 = b N
a Stanford 2
— Moduli Colorado
B KK gravitons
O _
10 Washington
| | |
-6 5 -4 -
10 10 10 10

| (meters)



an order of magnitude imp rovement

on bounds in the range 200 nm

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

5: Colorado 4: Stanfo rd

3. Lamoureaux 1: Mohideen et al.



Conclusions

TeV strings and large extra dimensions:

Physical realit y or imagination?

W ell motivated theo retical framew ork
with many testable experimental predictions

new resonances, missing energy

Stimulus for micro-gravit y experiments
look for new forces at short distances

higher dim graviton, scalars, gauge elds



