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OutlineOutline
•• Brief Review of Moduli Stabilisation in IIB Brief Review of Moduli Stabilisation in IIB 

SUGRASUGRA
•• General Analysis of LARGE Volume General Analysis of LARGE Volume 

ScenariosScenarios
•• General Structure of String Loop Corrections General Structure of String Loop Corrections 

in IIB SUGRAin IIB SUGRA
•• Inclusion of String Loop CorrectionsInclusion of String Loop Corrections
•• CalabiCalabi--Yau examplesYau examples
•• ConclusionsConclusions



Type IIB CY Flux CompactificationsType IIB CY Flux Compactifications
•• Low energy limit to N=1 4D Type IIB SUGRA via dimensional Low energy limit to N=1 4D Type IIB SUGRA via dimensional 

reductionreduction
Need to know f, W, K!Need to know f, W, K!

•• Ubiquitous presence of moduli: massless uncharged scalar particlUbiquitous presence of moduli: massless uncharged scalar particles es 
with effective gravitational coupling that would give rise to lowith effective gravitational coupling that would give rise to long ng 
range unobserved fifth forcesrange unobserved fifth forces

Need to stabilise them!Need to stabilise them!
•• Closed string moduli: U (complex structure), S (axioClosed string moduli: U (complex structure), S (axio--dilaton), T dilaton), T 

(K(Käähler)hler)
•• Open string moduli: Wilson lines, D3 and D7 moduliOpen string moduli: Wilson lines, D3 and D7 moduli
•• Turn on background 3Turn on background 3--form fluxes (GKP)form fluxes (GKP)

DDUUW = W = DDssWW =0=0 fixes U and S moduli fixes U and S moduli supersymmetricallysupersymmetrically

•• NoNo--scale structure              flat potential for T moduli at treescale structure              flat potential for T moduli at tree levellevel

T moduli still unfixed!T moduli still unfixed!
•• Need to study perturbative versus nonNeed to study perturbative versus non--perturbative corrections!perturbative corrections!



Perturbative Perturbative vsvs Non perturbativeNon perturbative

•• In general:In general:

where                                                           where                                                           for for 

and                                       withand                                       with

Neglect loop corrections and getNeglect loop corrections and get

negligiblenegligible



LARGE VolumeLARGE Volume
•• Fix T moduli in a Fix T moduli in a naturalnatural wayway
•• Set Set WW0 0 ~~ 11--1010 andand VV ~exp(~exp(aaiiττii))

αα’’ and nonand non--perturbative corrections compete naturally to give perturbative corrections compete naturally to give 
an exponentially large volume AdS minimum that breaks an exponentially large volume AdS minimum that breaks 
SUSYSUSY

•• Need to upNeed to up--lift to dS (antilift to dS (anti--D3, DD3, D--terms, Fterms, F--terms, nonterms, non--perturbative perturbative αα’’ corrcorr.).)
•• Simplest realisation of LVS: Simplest realisation of LVS: PP44

[1,1,1,6,9][1,1,1,6,9] with hwith h1111=2 =2 

•• Generalisation: SwissGeneralisation: Swiss--cheese CY cheese CY (F(F1111, , PP44
[1,3,3,3,5],[1,3,3,3,5], PP44

[1,1,3,10,15][1,1,3,10,15] for hfor h1111=3 )=3 )



Mass Mass scalesscales

NBNB Get Get aa robust effective field theory robust effective field theory and generate and generate hierarchies hierarchies 
(axionic, (axionic, weakweak and neutrino scale)!!!and neutrino scale)!!!

((forfor V V ~~ 101015 15 llss66))



Some open Some open questionsquestions in LVSin LVS
•• No No general analysisgeneral analysis: : what happens for an arbitrary what happens for an arbitrary CY?CY?

•• No No inclusioninclusion of of loop corrections for an arbitrary loop corrections for an arbitrary CYCY
((exceptexcept SwissSwiss--cheesecheese CY CY byby BHP)BHP)

•• Tension between Tension between moduli moduli stabilisationstabilisation and and chiralitychirality

•• Inflation flatness spoiled by loop correctionsInflation flatness spoiled by loop corrections
•• No No detectable tensor modesdetectable tensor modes

⇒⇒ LARGE Volume LARGE Volume ClaimClaim

⇒⇒ general structure of string loop corrections in IIB SUGRAgeneral structure of string loop corrections in IIB SUGRA

⇒⇒ string loop corrections can give a solution: string loop corrections can give a solution: PP44
[1,3,3,3,5][1,3,3,3,5]

⇒⇒ string loop corrections can give a solution: string loop corrections can give a solution: K3 FibrationK3 Fibration ??????



LARGE Volume ClaimLARGE Volume Claim

ProofProof: 40 : 40 pages pages long long →→ skip itskip it!!



Necessary and Sufficient Necessary and Sufficient 
Conditions for LARGE VolumeConditions for LARGE Volume

•• hh1212 > h> h11  11  > 1                 > 1                 ξ ξ > 0> 0

•• At least one blowAt least one blow--up mode (pointup mode (point--like singularity) with a nonlike singularity) with a non--
perturbative superpotential (guaranteed since the cycle is rigidperturbative superpotential (guaranteed since the cycle is rigid!)!)

•• BlowBlow--up modes fixed by nonup modes fixed by non--perturbative effects, volume by perturbative effects, volume by αα’’
corrections + corrections + WWnpnp

•• For For NNsmallsmall blowblow--up modes, there are still L=(hup modes, there are still L=(h1111--NNsmallsmall--1) moduli which 1) moduli which 
are sent large (e.g. fibration moduli)are sent large (e.g. fibration moduli)

their nontheir non--perturbative corrections are switched offperturbative corrections are switched off

•• Get L flat directions!Get L flat directions!

•• These directions are usually lifted by string loop corrections  These directions are usually lifted by string loop corrections  

L moduli lighter than the volume!L moduli lighter than the volume!



String Loop Corrections to KString Loop Corrections to K

•• Explicit calculation known only for unfluxed Explicit calculation known only for unfluxed toroidal orientifolds toroidal orientifolds asas

wherewhere

isis due due to to the the exchange exchange of KK of KK strings between strings between D7s and D3s andD7s and D3s and

isis due due to to the the exchange exchange of Winding of Winding strings between intersecting strings between intersecting D7sD7s

NBNB Complicated dependence Complicated dependence on the U moduli BUT on the U moduli BUT simple dependence simple dependence on on 
the T moduli!the T moduli!

(BHK)(BHK)



Generalisation to CYGeneralisation to CY

•• Generalisation to Generalisation to CalabiCalabi--Yau Yau threethree--foldsfolds (BHP)(BHP)

where eitherwhere either

oror

In In fact for fact for TT66/(Z/(Z22××ZZ22):):

Conjecture forConjecture for
an arbitraryan arbitrary CY!CY!

transverse to transverse to D7D7

intersectionintersection of D7sof D7s



Low Energy ApproachLow Energy Approach
•• The The reduced reduced DBI action DBI action contains contains a a term liketerm like

•• Expand Expand ττ around its around its VEVVEV

•• Read Read off the gauge off the gauge coupling coupling 

•• Loop corrected kinetic termsLoop corrected kinetic terms

•• Analogy with charged Analogy with charged scalar scalar fieldsfields



ExampleExample: : PP44
[1,1,1,6,9][1,1,1,6,9]

•• Match the Match the conjecture forconjecture for
•• LoopLoop corrections fromcorrections from the the conjecture for conjecture for PP44

[1,1,1,6,9][1,1,1,6,9]

Low Energy InterpretationLow Energy Interpretation::

•• Match the Match the conjecture also forconjecture also for PP44
[1,1,2,2,6][1,1,2,2,6]

(BHP)(BHP)

NBNB LoopsLoops are are leading withleading with respect torespect to the the αα’’ correctionscorrections!!

OK!OK!



Extended Extended NoNo--scale scale StructureStructure

ProofProof: : ExpandExpand KK--11 and and use homogeneityuse homogeneity!!

The loop corrections to V are subleading with respect to the The loop corrections to V are subleading with respect to the αα’’ ones BUT ones BUT 
are crucial to stabilise the SM cycle or to lift the L flat direare crucial to stabilise the SM cycle or to lift the L flat directions!!!ctions!!!



General General formula formula forfor the 1 the 1 loop loop 
corrections to corrections to VV

Homogeneity allows us to simplify it toHomogeneity allows us to simplify it to::

NBNB Everything Everything in in terms terms of of KKiiii and and δδKKWW!!!!!!

NBNB We know We know thethe
signsign of of these these 
correctionscorrections!!!!!!



Field Theory InterpretationField Theory Interpretation
•• Use Use the the ColemanColeman--Weinberg PotentialWeinberg Potential

•• Single Single modulus examplemodulus example

wherewhere due due to to SUSYSUSY

SUSY SUSY is is the the physical explanation forphysical explanation for the the extended extended 
nono--scale scale structurestructure!!



EvaluationEvaluation of the of the ColemanColeman--WeinbergWeinberg

Perfect matchingPerfect matching!!!!!!

NBNB It is possible to get a matching with the ColemanIt is possible to get a matching with the Coleman--Weinberg Weinberg 
also for the also for the PP44

[1,1,1,6,9] [1,1,1,6,9] and the and the PP44
[1,1,2,2,6] [1,1,2,2,6] casecase

wherewhere



InclusionInclusion of of loop correctionsloop corrections
Loop corrections Loop corrections are subleading w.r.are subleading w.r.to Vto Vnpnp and Vand Vαα’’

do do not destroy not destroy the the exponentially large exponentially large volumevolume
minimumminimum VV ~exp(~exp(aaiiττii))

BUTBUT they they can:can:
StabiliseStabilise the L nonthe L non--blow blow moduli LARGEmoduli LARGE
Fix Fix the SM the SM cycle which does not get anycycle which does not get any nonnon--perturbative Wperturbative W

forfor <<ΦΦSMSM>=0>=0 (BMP)(BMP)=0=0



The Standard Model in the CYThe Standard Model in the CY
•• SM on a SM on a small cycle assmall cycle as gg22=1/=1/ττSMSM

•• BUT BUT ττSM SM cannot have anycannot have any nonnon--perturbative superpotential!perturbative superpotential!



•• SolutionSolution: : fix fix ττSM SM via via stringstring loops loops 
•• PP44

[1,3,3,3,5][1,3,3,3,5] for hfor h1111=3=3

Example 1: SM cycle fixed by loopsExample 1: SM cycle fixed by loops



Example 2:Flat directions lifted by loopsExample 2:Flat directions lifted by loops
•• K3 Fibration with hK3 Fibration with h1111=2: =2: PP44

[1,1,2,2,6][1,1,2,2,6]

•• No blowNo blow--up mode            No LARGE Volumeup mode            No LARGE Volume

•• K3 Fibration with hK3 Fibration with h1111=3=3

•• NowNow ττ33 is a blowis a blow--up mode          LARGE Volumeup mode          LARGE Volume



•• Field redefinitionField redefinition

•• Scalar potential without loop correctionsScalar potential without loop corrections

ΩΩ is a flat direction, is a flat direction, VV ~ exp(a~ exp(a33ττ33)!)!

•• Consider loop correctionsConsider loop corrections
•• Wrap Wrap D7s D7s around around ττ11, , ττ22 and and ττ33

•• KK KK corrections corrections in in ττ33 do do not depend not depend on on ΩΩ and are subleading w.r.and are subleading w.r.to to 
the the αα’’ onesones

•• The 4The 4--cyclecycle ττ33 isis a a blow blow up mode  up mode  it does not intersect with it does not intersect with the the 
other other 44--cycles cycles No No winding coorectionswinding coorections!!

negligiblenegligible!!



•• Relevant loop correctionsRelevant loop corrections

•• Loop corrections forLoop corrections for A=1, C=A=1, C=--20, D=2/920, D=2/9

NBNB The minimum The minimum lies lies 
withinwithin the Kthe Käähler hler conecone

VV << ΩΩ < 2 < 2 VV

NBNB A>0, D>0 !!!A>0, D>0 !!!

NO D7 NO D7 wrapping wrapping ττ11 NO minimumNO minimum

NO D7 NO D7 wrapping wrapping ττ22 Minimum at Minimum at ΩΩ = 3 = 3 V          V          out of the Kout of the Käähler cone!hler cone!



New candidate inflatonsNew candidate inflatons

•• Main source of SUSY breaking: still Main source of SUSY breaking: still VV, F, FV V ≠≠0  0  
no drastic changes in phenomenology expected!no drastic changes in phenomenology expected!

•• L=(hL=(h1111--NNsmallsmall--1) flat directions lifted by loops are light1) flat directions lifted by loops are light
•• mmΩΩ

22==V V --10/310/3, H ~ m, H ~ mVV
22==V V --33

ηη ~ m~ m22/H ~ /H ~ V V --1/31/3 11

GetGet L L good good inflaton inflaton candidatescandidates!!

i.i. Loop corrections Loop corrections under control!??under control!??
ii.ii. Detectable tensor modesDetectable tensor modes!?? !?? withwith 0.009<r<0.010.009<r<0.01
iii.iii. Spectral index Spectral index 0.966<n<0.9710.966<n<0.971
iv.iv. Need Need VV =10=1022 to keep to keep the Volume minimum the Volume minimum stablestable!!

Cicoli, Quevedo (in Cicoli, Quevedo (in preparationpreparation))



ConclusionsConclusions
•• NonNon--perturbative effects fix only blowperturbative effects fix only blow--up Kup Käählerhler modulimoduli
•• Then Then αα’’ effects + effects + WWnpnp fix the Volume exponentially largefix the Volume exponentially large
•• All the other KAll the other Käählerhler moduli are flat directionsmoduli are flat directions
•• Loop corrections to K are leading w.r. to the Loop corrections to K are leading w.r. to the αα’’ onesones
•• Loop corrections to V are SUBLoop corrections to V are SUB--leading w.r. to the leading w.r. to the αα’’ ones due to the ones due to the 

““extended noextended no--scale structurescale structure””
•• ColemanColeman--Weinberg potential gives a nice physical understanding of Weinberg potential gives a nice physical understanding of 

this cancellation: SUSY!this cancellation: SUSY!
•• Loop corrections needed to fix the rest of KLoop corrections needed to fix the rest of Käählerhler moduli!moduli!
•• Loop corrections crucial to:Loop corrections crucial to:
1)1) Extend LVS to fibration CYsExtend LVS to fibration CYs
2)2) Fix SM cycleFix SM cycle
3)3) Get natural inflation with r=0.01?Get natural inflation with r=0.01?
4)4) Give a forest of monochromatic lines?Give a forest of monochromatic lines?

Need to compute explicit gNeed to compute explicit gss corrections for arbitrary CY!!!corrections for arbitrary CY!!!


