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CosmologyCosmology ((InflationInflation, CMP,, CMP,……))
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Moduli Stabilisation and Moduli Stabilisation and 
the String Landscapethe String Landscape



The ProblemThe Problem

String/MString/M--Theory unique but has many solutions Theory unique but has many solutions 
or or vacuavacua. . ModuliModuli::

Some solutions resemble the Standard Model Some solutions resemble the Standard Model 
and MSSM but and MSSM but modulimoduli unrealistic.unrealistic.

Degeneracy : Discrete + Continuous (SUSY) .Degeneracy : Discrete + Continuous (SUSY) .

Outstanding Problems:Outstanding Problems: SUSY breaking + Vacuum degeneracy.SUSY breaking + Vacuum degeneracy.

Dilaton S, 
Kähler T
Complex structure U
Wilson lines W, Brane separation Y



KKLT ScenarioKKLT Scenario
Type IIB String on Type IIB String on CalabiCalabi--YauYau

Turn on FluxesTurn on Fluxes
∫∫aa FF33 = n = n aa ∫∫bb HH33 = m = m bb

SuperpotentialSuperpotential W =W = ∫∫ GG33 ΛΛ ΩΩ,     G,     G3 3 = = FF3 3 ––iSiS HH33

Scalar Potential:Scalar Potential: V= V= eeKK |D|DaaW|W|22

MinimumMinimum DDaaWW = 0 = 0 Fixes Fixes UUaa and Sand S
T T modulimoduli unfixed: unfixed: NoNo--Scale modelsScale models

Size of cycle a = Size of cycle a = UUaa

GKPGKP



To fix KTo fix Käählerhler modulimoduli: Non: Non--perturbativeperturbative D7 effectsD7 effects

FluxesFluxes NonNon--perturbativeperturbative

VolumeVolume

SUSY SUSY AdSAdS minimumminimum

(W(W00 << 1)<< 1)



Lifting to de Sitter (add anti D3 Lifting to de Sitter (add anti D3 branesbranes, D, D--terms, etc.)terms, etc.)

SUSY breaking termSUSY breaking term

KKLT, BKQ, SS,KKLT, BKQ, SS,……

VV

axionaxion volumevolume



The LandscapeThe Landscape

Huge number of Huge number of 
discrete discrete vacuavacua >10>10500500

StatisticsStatistics
RandallRandall--SundrumSundrum
warping from strings!warping from strings!
Non SUSY de SitterNon SUSY de Sitter
Dark energy?Dark energy?

AD, DD, GKTT,CQ,BGHLWAD, DD, GKTT,CQ,BGHLW

GKPGKP

BPBP



ExponentiallyExponentially LargeLarge VolumesVolumes



Exponentially Large VolumesExponentially Large Volumes
BBCQ, CQSBBCQ, CQS

At least two KAt least two Käählerhler modulimoduli (h(h2121>h>h1111>1)>1)
PerturbativePerturbative corrections to Kcorrections to K

Example :Example :

Exponentially large !Exponentially large !



Non SUSY Non SUSY AdSAdS

WW00~1~1--1010

String scale: MsString scale: Ms22=Mp=Mp22//VV



KKLT KKLT AdSAdS

Non SUSY Non SUSY AdSAdS

Both minima Both minima 
mergemerge

WW00~10~10--1010

WW00<10<10--1111



SUSY SUSY BreakingBreaking
(LHC (LHC SignaturesSignatures))



TheThe Standard Standard ModelModel in in thethe CYCY



4D 4D effectiveeffective ActionAction

ΦΦ modulimoduli, C , C mattermatter, H , H HiggsHiggs

NewNew!!

ChiralChiral mattermatter in CY
ConlonConlon, , CremadesCremades, FQ , FQ 

in CY



Soft SUSY BreakingSoft SUSY Breaking

Large Volume (SM on D3 Large Volume (SM on D3 branebrane)) CQS, AQSCQS, AQS

Matter on D3Matter on D3

MsMs~10~101313 GeVGeV GauginoGaugino masses ~ 10masses ~ 1022 GeVGeV, scalars m ~, scalars m ~ 101077 GeVGeV
Ms=MMs=MGUTGUT viable if warping,viable if warping,
Ms=Ms=TevTev `viable`viable’’ if SM anti Dif SM anti D--branebrane (but 5(but 5thth force and force and cmpcmp?)?)



Standard Model on D3 Standard Model on D3 BraneBrane
Two General ScenariosTwo General Scenarios

Intermediate Scale Split SUSYIntermediate Scale Split SUSY

Stringy Stringy mSUGRAmSUGRA

SM on D3 SM on D3 branebrane, Ms=10, Ms=101212GevGev

SM on D3 SM on D3 branebrane, Ms=10, Ms=101717GevGev

Do Do notnot solvesolve hierarchyhierarchy problemproblem(?)(?)



Standard Standard ModelModel onon D7 D7 BranesBranes

SolveSolve hierarchyhierarchy problemproblem MMstringstring = 10= 101111 GeVGeV!!

WW00~1 (no fine tuning)~1 (no fine tuning)

KahlerKahler potential for potential for chiralchiral matter computedmatter computed
ConlonConlon, , CremadesCremades, FQ , FQ 



ChiralChiral MatterMatter onon D7 D7 BranesBranes
SoftSoft SUSY SUSY BreakingBreaking termsterms

SimplestSimplest casecase

ConlonConlon et al.et al. •• UniversalityUniversality!!
•• No extra CP No extra CP violationviolation!!
•• MMii = m= m3/23/2 / / loglog ((MpMp/m/m3/23/2))
•• StringString scalescale 10101111 GeVGeV
•• SolvesSolves hierarchyhierarchy problemproblem!!

More general caseMore general case



StringyStringy sourcesource ofof universalityuniversality
((approximateapproximate))

CP CP ViolationViolation

PhysicalPhysical phasesphases vanishvanish !!

AlsoAlso: : AnomalyAnomaly mediationmediation suppressedsuppressed !!



FromFrom StringsStrings toto LHC dataLHC data
StabiliseStabilise ModuliModuli
SUSY SUSY brokenbroken withwith hierarchyhierarchy
““RealisticRealistic”” Observable sector Observable sector 
SoftSoft SUSY SUSY BreakingBreaking termsterms@Ms @Ms 
RGRG--Running of Soft terms to Running of Soft terms to TeVTeV ((softsusysoftsusy))

Event Generators Event Generators (PYTHIA(PYTHIA--HerwigHerwig))

Detector Simulators Detector Simulators (PGS, GEANT)(PGS, GEANT)

Data AnalysisData Analysis (Root)(Root)

Estimate overall uncertaintyEstimate overall uncertainty



RenormalisationRenormalisation groupgroup runrun

AllowedAllowed RegionsRegions



LowLow energyenergy spectrumspectrum



SomeSome observablesobservables





SourcesSources ofof uncertaintyuncertainty

•• GauginoGaugino massesmasses

•• SpectrumSpectrum BeyondBeyond MSSMMSSM



SpectrumSpectrum uncertaintyuncertainty



ComparisonComparison
withwith
MSUGRAMSUGRA



SmokingSmoking gungun??

GauginoGaugino massesmasses

ScalarScalar massesmasses ((focusfocus))

LargeLarge volumevolume

MSUGRAMSUGRA

IntermediateIntermediate vsvs
GUT GUT scalescale !!



CosmologyCosmology

((InflationInflation, , CosmologicalCosmological modulimoduli
problemproblem, etc.), etc.)



InflationInflation
Need to compute scalar potential from String Need to compute scalar potential from String 
theory satisfying slowtheory satisfying slow--roll conditions:roll conditions:

Number of e-folds N>60

Density perturbations



InflationInflation andand ModuliModuli StabilisationStabilisation

BraneBrane--antibraneantibrane inflationinflation ((alsoalso DBI)DBI)

RacetrackRacetrack inflationinflation

FirstFirst explicitexplicit inflationinflation realisationsrealisations in in stringstring theorytheory

Fine Fine tuningtuning 1/1000 1/1000 oror large large fluxesfluxes ??



KKäählerhler ModuliModuli InflationInflation
ConlonConlon--FQ FQ 

BondBond--KofmanKofman--ProkushkinProkushkin
Calabi-Yau: 
h2121>>h1111>2

Small field inflation
No fine-tuning!!
0.960<n<0.967

volume τn

V

GUT GUT scalescale MsMs?, ?, LoopsLoops??



OtherOther CosmologicalCosmological ImplicationsImplications
CosmologicalCosmological modulimoduli problemproblem

ObservationalObservational implicationsimplications ofof lightlight volumevolume
modulusmodulus??

U,SU,S: : trappedtrapped atat theirtheir minimumminimum
T: T: exceptexcept forfor volumevolume, , heavyheavy ad ad decaydecay fastfast ! (No ! (No 

CMP CMP nornor gravitinogravitino overproductionoverproduction))
VolumeVolume: (: (massmass MeVMeV) CMP () CMP (thermalthermal inflationinflation?). ?). 

DarkDark mattermatter??

XX--rays,Gammarays,Gamma raysrays, , ee++--ee-- (511 (511 KeVKeV?)?)



CONCLUSIONSCONCLUSIONS

Exciting times for string phenomenology!Exciting times for string phenomenology!
Soft terms calculable for first time       rich Soft terms calculable for first time       rich 
phenomenologyphenomenology
Intermediate scale strings: hierarchy, QCD Intermediate scale strings: hierarchy, QCD 
axionsaxions, neutrino masses , neutrino masses (Conlon, (Conlon, Conlon+CremadesConlon+Cremades))

Concrete models of inflationConcrete models of inflation
Model independent light modulusModel independent light modulus
Many open questionsMany open questions(A fully realistic model?)(A fully realistic model?)

(String Vacuum Project (SVP)?)(String Vacuum Project (SVP)?)
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