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I. Antoniadis

Phenomenological aspects
of

String Theory



Hierarchy problem: why gravity is so weak
compared to the other interactions?

Quantum theory: all particle masses /' Mp ~ 10'° GeV

e Supersymmetry: protection of hierarchy due
to cancellations between fermions and bosons

= Msusy "~ TeV

e TeV strings: low UV cutoff

e Split supersymmetry: unknown solution
live with the hierarchy

= mqo heavy, fermions light



e Heterotic string:

Natural framework for susy and unification

MS = gMp ~ 5OMGUT

e Framework of type I string theory

= D-brane world

Natural separation of

global SUSY from gravity
/ N

D-branes/open strings closed strings

= 2 new scenaria besides ‘conventional’

low energy susy Standard Model

- low string scale

- split supersymmetry



OUTLINE

I) Low string scale /

strong gravity at low energies

II) High SUSY breaking scale: Split SUSY

III) Non compact extra dimensions

and localized gravity



I) Low string scale /

strong gravity at low energies

I[.A.-Arkani Hamed-Dimopoulos-Dvali '98

e Framework

e Experimental predictions

particle accelerators, microgravity experiments

e SUSY in the bulk

SUSY breaking, non-linear SUSY on the brane
e Electroweak symmetry breaking

e A D-brane embedding of the Standard Model

unification, proton stability, Right-neutrinos



Braneworld

3-dimensional brane open string
A closed string
72}
=
2
2}
=
Q
E
S
i
cn
=2
75}
3
o
2
g
=
Extry imey sion
® Perp. 1o the p,.
dne

two types of compact extra dimensions:
e parallel (d)): can be as large as 1071 cm (Tev™1)

I[.LA. '90
e transverse (L): can be as large as 0.1 mm



Dimensions of finite size: p — 3 parallel

O — p transverse
calculability = Ry~ lstring 7 F21 arbitrary

1 2
MI% ~ 5 M _I_nR?i

AN

Planck mass in 4 +n dims: M21"

small Ms/Mp = extra-large R |
Mg~1TeV=R ~.1-10713 mm

e weak string coupling: gs = «
e gravity strong at My ~ Ms << Mp
1039 stronger than thought previously!

deviations from Newton’s law at distances < R



Adelberger et al. '04

tungsten
fiber
mirror for

optical readout

detector

source
mass disks
(Cu)

R, 130 um at 95% CL



Supernova constraints

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

number of gravitons: ~ (TR )"

/!
~ 10 MeV
= production rate:
Py~ L (TR Y ~ I
gr MpQ( J_) M,SQ_HL)

Pgr < P, = M, < 50 TeV

n=

= Ms;= 10 TeV



Limits on R iIn mm

Experiment | Ry(n=2) | Ri(n=4) | Ri(n=06)
Collider bounds

LEP 2 48x1071 | 1.9x10°% | 6.8 x 107!

Tevatron | 55x 1071 | 1.4x1078 | 4.1 x 10711

LHC 45x1073 | 56 x10710 | 2.7 x 10712

NLC 1.2x1072 | 1.2x107° | 6.5 x 10712

Astrophysics/cosmology bounds

SN1987A

3x 1074

1x 108

6 x 1010

COMPTEL

5x 10°°




Experimental predictions

e particle accelerators

- Large TeV dimensions

- Extra large hidden dimensions

= strong gravity

- massive string vibrations

e Microgravity experiments

- gravity modifications at short distances

new submillimeter forces



Large TeV dimensions

longitudinal dimensions: R—1 < M, =

R~1 first scale of new physics I.LA. '90

e could happen for some of the internal dims
e explain coupling constant ratios
e susy breaking

e fermion masses

Massive tower of Kaluza Klein modes

for Standard Model particles

2
n
M2 =

= excited states of



Localized fermions (on 3-brane intersections)

= single production of KK modes
I.A.-Benakli '94

e strong bounds indirect effects: R—1 2 3TeV

e Nnew resonances but at most n =1

Otherwise KK momentum conservation

= pair production of KK modes (universal dims)

e weak bounds R~1 2 300-500 GeV
® NO resonances

e lightest KK stable = dark matter candidate
Servant-Tait '02



Massive string vibrations = indirect effects

virtual exchanges = effective interactions

Actual limits: Matter fermions on
2 500 GeV
2 -3 TeV

%

branes = Mg

NV

brane intersections = Mg

Cullen-Perelstein-Peskin, I.A.-Benakli-Laugier "00

High energies =
- direct production: string physics
- strong gravity: production of micro-black holes?

Giddings-Thomas, Dimopoulos-Landsberg '01



Matter fermions: open strings ending
- on the same set of branes
= dimension-8 effective operators

A@—?(@awﬁ — M, 2500 GeV

Cullen-Perelstein-Peskin '00

4 _
virtual graviton exchange: ]\?M(zmw)Q

- on different set of branes
= dimension-6 effective operators

2 -
A@—g(w)? = Ms=22—3 TeV

I.A.-Benakli-Laugier '00



- global SUSY:

e NO need to be there

e New ways of breaking
using extra dimensions

branes at angles/internal magnetic fields

- SUGRA: probably unbroken in the bulk =

e New forces at submm scales

e.g. radion, graviphoton

e Non linear realization on branes

SM + (light) goldstino



Scherk-Schwarz (SS) SUSY breaking
Scherk-Schwarz '79, Rohm '84, Fayet '85

Ferrara-Kounnas-Porrati-Zwirner '88, I.A. "90
Periodicity up to R-symmetry transformation
d(y + 21R) = Ud(y) =
KK-momentum: p = % = mass-shifts
R-symmetry: discrete internal rotation

= () quantized in units of 1/N

Closed strings: modular invariance =

windings n —n, Q — Q@

Open strings: R” = like in field theory

R| = brane supersymmetry

[.A.-Dudas-Sagnotti '98



Brane supersymmetry breaking
I.A.-Dudas-Sagnotti, Aldazabal-Uranga '99
Stable configurations of branes with orientifolds

e absence of tachyons

e bulk susy breaking suppressed by R |

D D O O
RR charge + — — -+
tension -+ -+ — —

linear SUSY Qe Qo Qe Qo

NL SUSY Qo Qe

Model I: DO or DO

local charge conservation, brane SUSY (locally)

Model II: DO or DO
brane SUSY breaking (linear), NL SUSY



Example: I = S1/7Z, with SS SUSY breaking

O8 TR O8

e SS SUSY breaking: 16 D9 branes along I

= SO(32) with fermion mass-shifts

e Model I: 8 D8 branes on OS8
8 D8 branes on OS8

= SO(16) x SO(16) 'SUSY"’

e Model II: 8 D8 branes on O8
8 D8 branes on O8

= S0O(16) xSO(16) with fermions in the sym

(136,1)+(1,136) 136 = 135+



Energy density: Apuik: Nbrane
generic non-SUSY string model =
/\bulk ~ M§+ = /\brane ~ M;H_ ~ MSQM]%

analog in softly broken SUSY: mZ A7y

quadratic divergence to A
vanishing if bulk is (approximately) SUSY

Nbprane ~ M? = Npulk ~ M?

Prediction: possible new forces at submm scales

e.g. radion =InR |

mass: (TeV)2/Mp ~ 1074 eV — mm range

coupling: %3%—”&1 = ’/nL—FQ X gravity

= can be experimentally tested for all n > 2

[.A.-Benakli-Maillard-Laugier '02



lat|

Radion = M, < 3-4.5TeV 95% CL

Adelberger et al. '04
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an order of magnitude improvement

on bounds in the range 6-20 um

Smullin-Geraci-Weld-Chiaverini-Holmes-Kapitulnik '05

Lamoreaux |
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an order of magnitude improvement

on bounds in the range 200 nm

Decca-Lopez-Chan-Fischbach-Krause-Jamell '05

AL (meters)

5: Colorado 4: Stanford

3: Lamoureaux 1: Mohideen et al.



Non-linear SUSY on the brane =
(nearly) massless goldstino

Dudas-Mourad, Pradisi-Riccioni '01

Standard realization of Volkov-Akulov =

universal coupling to stress-tensor

Ly = —5x0HOuX + 7 (x0"0" ) Ty

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

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

General analysis of goldstino couplings
to SM fields in D-brane models

I[.A.-Tuckmantel '04

Matter on intersection of two brane stacks:
=T+ 1> T; = 755N

“\
o



§Ly = iV 2k Fu foloVx + 2D ué(f0#x) + h.c.
+ 217 (Oux f1) (B f2) + O(+7)

F': gauge fields, f: Weyl fermions, ¢: scalars

e universal coefficients

e 3rd term: fixes the field theory ambiguity

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

e 2nd term: higgs -+ lepton doublets

preserves lepton number if L(x) = —1

[.LA.-Tuckmantel-Zwirner '04
Z.H—vy WTolTy=
- bounds: Ms =< 500 GeV

- signal: invisible Higgs decay

dominant or non-negligible in a large range of (M, M)



Ms >~ 2M

BR(H) at M=300 GeV
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Origin of EW symmetry breaking?
little hierarchy: myy/Ms S O(1071)

string tree-level: myy = 0 or O(Ms)

possible solution: radiative breaking

I.A.-Benakli-Quiros '00

V = °HTH 4+ X\(HTH)?

— O at tree but becomes < 0 at one loop

simplest case: one Higgs from the same brane

= tree-level V same as susy: A = £(g°% + ¢'?)

p2 = —g2:2M2 — effective UV cutoff

AN

loop-factor estimated by a toy model computation
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R—0: e(R)~0.14 large transverse dim



) MH:MZ at tree

same as MSSM for tan3,m 4 — o
[ MS = MH/(\/§g€)

Low-energy SM radiative corrections

My ~ 120 GeV

Ms ~ a few TeV



A D-brane embedding of the Standard Model

I.A.-Kiritsis-Tomaras '00

I[.A .-Kiritsis-Rizos- Tomaras '02

N coincident branes = U(N)

a-stack

aVavaVvaVavVva

endpoint transformation: N, or N,

U(1l) coupling: gn/V2N
non-abelian generators: TrTT® = 25
abelian: TU(].) — ]I-NXN

= gauged “baryon” number

minimal choice: U(3) x x U(1)
/ N\

color branes (g3)



Standard Model on D-branes

U2),

------

~~~~~
~

-t
Pl

uG)’

e g5/95 = R/ls = KK modes for SU(2)
e U(1)* = hypercharge + B, L, PQ global
e U(1) on top of U(2) or U(3) = prediction for sin? Oy,

e v in the bulk = small neutrino masses



The remaining three U(1)'s : anomalous
Green-Schwarz anomaly cancellation =

e they become massive (absorb three axions)

e the global symmetries remain in perturbation

- Baryon number = proton stability

- Lepton number = protect small neutrino masses
no Lepton number = M%SLLHH

2
— Majorana mass: %LL

/
~ GeV

- PQ-type symmetry = electroweak axion

can be explicitly broken by moving slightly away from

the orbifold point



Green-Schwarz anomany cancellation:

shifting of axions = U(1)4 become massive
0A = dA
—@fo — 2(da )2 + LkAtrEr A Fy
AN
cancel the anomaly

= U(1l)4 mass: My = gaM

a: Poincaré dual of a 2-form B>



sin? Oy (Ms)

91 = g3
/
0.27 —
\\
\\
0.26] S
\\;‘_——_— EEEE—
0. T —

6
Ms 1n TeV

= correct prediction for sin? 6y
for Ms ~ a few TeV



R-neutrinos: open strings in the bulk H/LI/R

Arkani Hamed-Dimopoulos-Dvali-March Russell '98

Dienes-Dudas-Gherghetta '98
o [d*TNg UPv v = (vRp,VR) =
R" f d*x > {DRm@VRm + vg, Pve + %VRmV%m + c.c.}

o Sint = gs [ d*zH(z)L(z)vg(z,y = 0)

(HY =v = mass-terms: L5 _ vivpm,

Rn/2
i
gsv 1 : : .
qu/g << Ry in string units =

- m #= 0: masses for KK v, unaffected
- m = 0: Dirac neutrino masses

sU
Y
my n/

J_

1072 eV for Mg~ 10 TeV

QM|Q
B

2



II) High SUSY breaking scale: Split SUSY

Arkani Hamed-Dimopoulos '04
e Motivations
e Framework
Type I string theory with magnetized D9 branes
e Spectrum with S.Dimopoulos

e gauge coupling unification
Non abelian

Standard Model embedding with sin®6y = 2 at Mgyt

e Mass scales
e Gaugino masses

e Split extended supersymmetry

with K.Benakli, A.Delgado, M.Quirds, M. Tuckmantel



Physics beyond the Standard Model «

stabilization of mass hierarchy?

e SUSY

e Extra dimensions
e Low string scale
e Compositeness

e Little Higgs

However actual precision tests + bounds =

already some degree of fine tuning a few % !

Need very clever theory beyond the SM

OR



Live with the hierarchy

still unknown explanation perhaps related to

the cosmological constant problem

Split Supersymmetry: raise SUSY breaking scale

but keep SUSY main predictions:

unification + dark matter candidate =

keep all MSSM fermions light
but let squarks and sleptons become heavy
TeV physics: SM with a ‘fine tuned’ light Higgs

+ gauginos + a pair of higgsinos

All MSSM ‘problems’ solved:

FCNC, B/L violation, CP, nb of parameters,...

Arkani Hamed-Dimopoulos, Giudice-Romanino '04



Main signatures of split susy:

e squarks superheavy = long lived gluino

Tg ™ <3 X 10_25) <1Oﬁ§nﬁ)4 (1Izzv>5

= displaced vertices

late decays captured near the detector, etc

e susy unification of 5 couplings at mg:

AL =29, HWipy, + V294HW g+

Hi B, — Lg4H By — 3(HH)?
N /

higgsinos

1
EQ&

susy relations: g, =gsin3, g =gcospg, g/, = g sin3
gy =gcosB, A= 2(g%+ g"?) cos? 23

= 5 relations in terms of one parameter



General framework

e Type I string theory compactified in 4d
on 6d Calabi-Yau
= N = 2 SUSY in the bulk, N =1 on branes

e Magnetic fluxes on 2-cycles
= SUSY breaking

Dirac quantization: H = nﬂA
H: constant magnetic field
m:. units of magnetic flux

n. brane wrapping

A: area of the 2-cycle

Spin-dependent mass shifts for all charged states
[pi, 0] = iqHe;;
= Landau spectrum



6d — 4d on T2 with abelian magnetic field H

SM? = (2k 4+ 1)|qH| 4+ 2¢H -~

k=0,1,2,... . Landau level

Landau multiplicity: mn
e Spin-0: > = 0 = mMass gap

e spin-1/2: > = +1/2 = chiral 0O-mode
k=0 : 6M?=|qH|+qH
= 6M?=0

e Spin-1: > = +1 = tachyon

Nielsen-Olesen instability
k=0 : 6M?=|qH|+2qH

= §M? = —qH



Exact open string description:

q — qr, + qr endpoint charges

gH — 05, +6r , 0 p=arctanqg; pHo'
weak field limit = field theory

H constant = Fy = eH A, = —5Fja!
world-sheet boundary action:

q/Akﬁa:k = —H/ (qukga:l -+ qukga:l

o=0

)

= frequency shift by 0 g : tan0p p = q;, RH



T-dual representation: branes at angles

magnetized D9-brane wrapped on T2

—m 1
1%, H =7 R1R>

R4

Ry — o’/Ry, = R, = D8-brane

wrapped around a direction of angle 6 in T2

5 _m Ry _
Ry | m H = n R tand
m,n . wrapping numbers
0 n
R4



(T2)3 generalization: H; with I =1,2,3
SM?2 = Y {(2k; + 1)|qH | + 2¢H [~}

e spin-1/2: one chiral 0-mode

SM? =0 for kj =0 and ;= —1/2

e Spin-1: tachyon can be avoided Bachas 95
|H1| + |H2| — [H3| >0
|H1| — |Ho| + [H3| >0

— |Hi| + |Hz| + |H3| >0

massless scalar < partial brane susy restoration

Angelantonj-I.A.-Dudas-Sagnotti 00

01+0>+03=0



Generic spectrum

Turn on H{ in several U(1)q directions

= Gauge group: [[,U(Ng)

a-stack

endpoint transformation: N, or N,

U(1), charge: +1 or —1

e Neutral strings: adjoint representations

= massless gauge supermultiplets

e Charged strings = massless chiral fermions



same stack: antisymmetric or symmetric

(A %(Hfzmg) (Hjng+ 1)
multiplicities :
S .

(HI Qm%) (Hjng— 1)

N|—

\

different stacks: bifundamentals

(Na, Np) : H[(m‘}nl} - n?m?)
multiplicities :

(Na, Ny) o T17(m%nY — ndmb)

= @Generic spectrum of split SUSY:

e Mmassless gauginos
e Massive squarks and sleptons
e Mmassless Higgs < non chiral susy intersection

two Higgs multiplets



Gauge couplings

I.LA.-Dimopoulos '04

1V
SUN) : = TT 1n%1/1 + (H%)?

Ng s g

gs. string coupling

V: compactification volume

U(1) DBI action on T2:

\/det(ciz-j -+ Fz’ja,) = \/1 -+ (HOA,)Q
|

1 Hdo'
—Ho' 1

. an,
Ua: av), = 55,

non-abelian generators: Tr7eT? = 5590

abelian: TU(l) = ]I-NXN



Gauge couplings

I.LA.-Dimopoulos '04

1 V
= T In%V1 + (H5a')?
aNa gs I

SU(Ng) :

gs. string coupling

V: compactification volume

. an,
Ua: ap@), = 5

Non abelian unification conditions:
(i) TI7 [n%| independent of a

follows from absence of chiral symmetric reps

no color sextets and weak triplets = []; n% =1

independent of a
(i) [H{
<< M2

= more quantitative analysis



= L1+ (gl
N, ds g

1% error in azg =ap = H%/' S0.1

=V = H[ V[ r% 103
too high to keep strings weakly coupled?

aguT ~ 1/25 — gs & O(10)

can be partly relaxed if H? = H# for some I:

it follows from the absence of chiral (3,2)

no antiquark doublets

= keep gs S O(1)



Minimal Standard Model embedding

New possibilities using intersecting branes

e NO large dimensions for low string scale

e NO need for B or L conservation

e but need sin? gy, = 3

General analysis using 3 brane stacks
= U@B)xUR2) xU(1)
antiquarks u¢, d¢ (3,1):

antisymmetric of U(3) or
bifundamental U(3) <« U(1)

= 3 models: antisymmetric is u¢, d° or none



Model A

Q (3,2;1,1,0)1/6

u® (3,1;2,0,0)_2/3
d° (3,1, -1,0,e4)1/3
L (1,2,0,-1,e1)_1)
I (1,1;0,2,0)1

v° (1,1;0,0,2¢,)0

1 1
Y= —— —
A 3Q3-|- 2@2
Model A ; sin? Gy =

Model B,C sin? yy =

Model B

(3,2,1,60,0)1/6
(3,1,-1,0,1) _o/3
(3,1;2,0,0)13
(1,2;0,7,1) 1,
(1,1;0,0,—-2)1
(1,1;0,2¢,,0)0

Model C

(3,2,1,60,0)1/6
(3,1;,-1,0,1)_y3
(3,1,-1,0,—1) 13
(1,2;0,e1,1) 1,
(1,1;0,0,—-2)1
(1,1;0,2¢,,0)0

1 1
Y; = — - —
B,C 6Q3 2@1

1

2+ 2az/3as

Q=03

1

14 az/2a1 + az/6as

3
8

. 6
—— 7+ 3az/a;




Y =c1Q1 + co@Q2 + c3Q3 =

1 201 4+ 402 4+ 903

1+462—|—26%C¥2/Oé1 —|—6c§a2/a3



e Higgs can be easily implemented
massless = susy intersection
Hq, H> U(Q) — U(l)

Model A Model B, C

Hl (172;07_17€H1>—1/2 (172;078H171)—1/2
H2 (172;07176H2)1/2 (172;075H27_1)1/2

e 2 extra U(1)'s

- One combination can be B — L

B—L=-3Q3+3Q2— 4Q1
broken by a SM singlet VEV at high scale
or survive at low energies

- The other/both is/are anomalous



Mass scales

o Mgyt = compactification scale
~ 101% GeV

e smallest H{a/ ~ 0.1 =
MS ~ 3 X MGUT

® Msusy ~ scalar mass mg

. free parameter
branes: m3 ~ §H® = e1 H{ + exHS + e3HS
brane intersections: m3 ~ §H® = §H* — §H?

“natural” scale: mg ~ Mgy

but can be much smaller



Gaugino masses: protected by R-symmetry

However problem with SUGRA:
- keep R-symmetry at low energies

- generate light gaugino masses

Two possible solutions:
(1) brane susy = generate my 5, from mg/5

one gravitational loop: 1 handle 4+ 1 boundary

3
m
= My o ~ ggMLéQ L.A.-Taylor '04

(2) keep gravity subdominant =

generate myq 5 from brane a/-corrections

two gauge loops: 3 boundaries

4

™9 I.A.-Narain-Taylor '05
0E A, y

2
= My /2~ gs



gauginos: open strings

— at least one boundary h > 1
N = 2 superconformal charge:

3/2 units for each (chiral) gaugino

+1 unit for each 2d supercurrent T

= at least 3 Ty insertions

lowest ‘“‘genus”: g+ h/2 = 3/2

independently of the source of SUSY breaking!



Oriented case

(1) g=1 h =1 from mirror involution of g = 2

ai < a2

b1 < —bo

(1) g = 0 h = 3 from mirror involution of g = 2




‘Topological partition function Fy

AN

genus ¢
computes N =2 SUSY F-terms

29 2 r2g—2
Wi—s — ReT<I

e graviphoton vertex T = (gaugino)?

e graviton vertex = (gauge field)?

= MR
AN

or SUSY breaking

/

= M\ FZ?




. . . T
Invariant period matrix: 2 = ( i
71 + 47> : modulus of the torus (handle)

[ : radius of the hole
Modular transformations
T: mT—14+1 [ — 1
_ det Q2

) . T . [
S: T 7]2-12 l /Lﬂ2‘42'//

Fundamental domain:

7] < 1/2 712 > 1+ 12 1>0

Ta

~(1+13" 1 2)12

(1+1

N =



SS radius R — oo (mgp ~1/R—0) = T — 00

m2m R2

dl I mR? -
mppdf | dn FT D a2 =T D

integration 4d non-compact SS partition function
measure coordinates X0Xgg

possible divergence in [ ~ 0 cancels by I' =

[ dl convergent

m27TR2
dr>
= m1/2 / 7/2 ZmRQ T2

92 4 3
S 2
3 Y9 Mzo gs ~ g

Y



- anomaly mediation:
2 2
my/2~ 9 mMmz/2 g ~9s

e power of gs does not match

one loop correction always vanishes

by N = 2 superconformal charge

e higher loops behave ~ mg/Q

no linear term - dl integral converges

- hierarchy between gaugino and scalar masses



Sherk-Schwarz along an interval L branes

:>m3/2N 1/R

gravity strength = R—1 = i% 1013 Gev
p

2
G
3
m3 o

m2

e mg R gs-1/2 ~ 108 GeV




Break SUGRA keeping R-symmetry

SS breaking on S1/Z5 1 brane = 3/2-KK states

+Q —

n=2~0 —_ - -

e generic shift Q = Majorana masses, R
E << Q/R = 4d non-SUSY
Q/R< E <1/R = 4d SUGRA

E >>1/R = 5d SUGRA

e () =1/2 = pairing |[n+Q), with —Q
= Dirac masses, unbroken R-symmetry

no intermediate regime = no 4d SUGRA description



Effective QFT description: D-breaking
magnetic field H ~ (D)-term of U(1)

(D) ~ mg

gaugino masses:. protected by R-symmetry
broken by string corrections

= higher-dim effective operators:

[ d2OW2TrIv?2 (W) = 6(D)

I.A.-Narain-Taylor '05

4
mg

Mg

— m1/2N€2

~ TeV for mg ~ 1013 — 1014 GeVv



Simple toroidal models

gauge multiplets: N =4 (or N = 2) SUSY

= Dirac gaugino masses without R

2
ma

J2OWVTIWA = mp ~ e

N = 2 vector = N = 1 vector W 4 chiral A

they can still be consistent with unification

[.A.-Benakli-Delgado-Quiros-Tuckmantel '05

MguT mo mp | my/»

N =4 Mp | 10%® —10'7 | 1013 | 10°

N =2 1018 1013 107 | 107°

N = 2/2 higgses | 10'® | 10'® - 104 | 10° | 102



e Dark matter: higgsinos?

no vector-like couplings up to 50 TeV

Am 2 100 keV = mp S 10° GeV

/ m2
EW symmetry breaking = Am ~ O(—Vg)

m

= - N =2/1 higgs ok
- N =4/1 higgs or N = 2/2 higgses:

with mp = 0 for Binos

e Higgsino mass

4
mqg

- fdQQWQDQﬁ]_ﬁQ — Y EM? ~ m1/2

V1Yo ok for N = 2/2 higgses

- or free parameter



DM constraints = mq 5 &

- mq /5 ~ p = LSP:I higgsino + Bino

- mq /5 >> p = LSP=higgsino p~ 1.1 TeV

e gauginos lifetime:

4 (102 S
_( m 102GeV
Tg = (101383ev) ( my ) Tuniverse =

N = 1 split susy:

mo S 1013 — 1013 GeV for mg ~ 0.1 — 10 TeV
N = 2: ok

N = 4: replace mg with Mg for one pair

of gauginos = 14 ~ 0.17niverse

e lOow energy signals:

charged higgsinos

decays — leptons + LSP, neutralinos



II) Non-compact extra dimensions

and localized gravity

e NO problem with fixing the size moduli
e new approach to the hierarchy problem

e gravity modification at large distances

- curved space: Randall-Sundrum '99

- flat space : Dvali-Gabadadze-Porrati '00

more attractive for string theory realization



spacetime = slice of AdSs

our universe = 4d flat boundary
ds? = e_2k|y|nﬂyda¢“da¢’/ + dy?

UV-brane — 0 <y < mre < IR-brane
e fine-tuned tensions: T = —T' = 24 M3k?
e [R-brane can move to infinity: r. — oo

—27Tk7”c

M3 = M3 1_€k internal volume V

finite V even in the non-compact Ilimit =
e always 4d gravity on the brane
localized on the UV-brane

potential: % + k2—1r3 — deviations (r. — o)

k1 <S0.1 mm= M> 108 GeV, TV4 > 1 TeV



Two Einstein-Hilbert actions

in 4 +n and 4 dimensions

M2 [adzanyRG+D 4 M3 d4:c72(4)‘
y=0

/ | \
y = 0 : p2—n M2—|—n T? p2

= M2 (pn )

short distances: p~! << r. = 4d p2
large distances: p~1 >> r. = (4+n)d p2—n
/

crossover scale

However: “brane thickness’ w =

important effects



n=1. M2= M3r,
re = 1028 cm = M 5100 MeV

dark energy = 7.~ 1028 cm

or M 1l~1mm?7 DGP

Moreover. new crossover scale Rq ~ Jwre

Kiritsis-Tetradis-Tomaras '01

3/5 . .
or ~v ’rc/ w2/5 Luty-Porrati-Rattazzi, Rubakov '03

| | 4d | 5d
| | |
w Rc Tc
/ T
UV cutoff 5d or strong coupling

re~ 1028 cm = R~ 1074 —-10 m !



n > 2 . UV divergences in the bulk =

w = 0: always 4d behavior on the ‘brane’

w #= 0: crossover scale becomes R, = w (—C)
w
4d | higher d
|
Re
D(p)

2-pt function at y = 0: G(p) =

14 r2p2 D(p)

n=1: 1/p
d"k
D — ~J
(p) 21 <

| n>2: w?™
UV divergent

w~lp = Re~ MY (Mp/M)"?
M ~1 TeV = Rq~ 108(n=2) cm

21028 cm = n > 6



string realization of localized gravity?

- what is its strength?

- what is its width w 7
I[.A.-Minasian-VVanhove '02

string corrections to 'R

e Heterotic: vanishing in perturbation theory

I.A.-Gava-Narain '92

e Open strings: 4d SUSY corrections vanish

in the decompactification limit

e Closed type II strings: 4d localized terms in

non-trivial non-compact Calabi-Yau manifolds

e M-theory: 5d localization



10d effective action:

M8
/M { SR(lo)—I—MSQf(gs)R/\R/\R/\R/\e/\e}
10

92
IIA
/ 2
f(gs) = —3%]2 ¢(3) £ 2% + non-perturbative
AN
I1IB
Mig = Mg x CYg RANRNR=yx =
CVYg

/

Euler number

MSS/
92 JM4xCYe

RUO 4 xf(gs) M /M R
4

e It preserves N = 2 SUSY
e In general x = >y xs localized at y;

x7 = 4 x (nb of N = 2 vectors - nb of hypers)



e strength of the localized term

M2 = xf(gs)M? f(gs)=;—g-|—c1_|_...

while M2 = M2/g%/? =

Mp>>M = gs— 0 or x large

e width of the localized term

1%

Mp=Ipt — o0 : expect w~ -t —0

computation in orbifolds = v =1

difficulty for computing v:

eco#=0=Ilp~gsls = w=0Iin perturbation

e orbifolds: cg = 0 but need x —

X = Z X7J : ZN-OI’bifOld: X1 ™~ N
fixed points



Summary of the results  (¢g #= 0)

Mp ~ (X/QS)l/QMs w ~ lp Re ~ gslﬁ/l%
/ /

width crossover scale
Ms~1TeV = Rc~gsx 1032 cm

x| ~ gs x 1010

e x~0O(1) = gs~ 10716

Re ~ 1016 cm  excluded
e ReR 108 cm = gsR107% ; |x| R 1024

IIA CY : need hypermultiplets

IIB CY and orbifolds : need vector multiplets



Open problems

localization of gauge fields:

e.g. put D3-branes where gravity is localized

Effective field theory: UV - IR correlation

appearance of ghosts Dubovsky-Rubakov '02

String theory realization:

consistent framework to address the problems

gravity and matter source localization

effective UV cutoff(s)

gravity force among D-brane sources

model building



Conclusions

Hierarchy problem =

e susy GUTs

e |low string scale
D-brane models

e Split susy /

LLow scale strings = large extra dimensions

- spectacular effects in accelerators
- gravity modification at short distances

- new framework of EW symmetry breaking

Split susy

fine-tuned low energy world

but new susy phenomenology

LHC will show the way



