
Standard-like Heteroti Vauavia Unitary Gauge FluxesRalph Blumenhagen, Gabriele Honeker, T.W.: hep-th/0504232Ralph Blumenhagen, Sebastian Moster, T.W.: hep-th/0603015Ralph Blumenhagen, Sebastian Moster, Ren�e Reinbaher, T.W.: to appearTimo Weigandweigand�mppmu.mpg.deMPI f�ur Physik, M�unhen
ICTP Vauum Workshop, 29/05/2006 { p.1



Brie�ng on string model building

How physial is String Theory?How stringy is Physis?Among the plethora of (semi-)stable string vaua,how dense do the MSSM-like vaua lie?Do they exhibit generi features beyond the Standard Model?One step bak: Can we give examples of string vaua inagreement with experiments up to 1 TeV?Minimal wishlist inludes:� right gauge setor� dynamial SUSY breaking� all moduli stabilized� osmologial onstant �neNeed to be unprejudied and explore all regions of thelandsape we an! ICTP Vauum Workshop, 29/05/2006 { p.2



ICTP Vauum Workshop, 29/05/2006 { p.3



Plan� Intro: String Model building brie�ng� Group theoreti embeddings of U(N) bundles intoE8 �E8: ipped SU(5) MSSM gauge group� Physial impliations: Anomalies Massless U(1)s SUSY and �-stability� Model building and phenomenology� Conlusions
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Brie�ng on string model buildingStandard approahes to engineering of gauge setor:M-theory orners:Open Strings $ Heteroti Strings(or duals thereof: M-theory at singularities, F-Theory, ...)Methods:Exatly solvable CFTs $ Geometri/E�etive Field Theorylimit(depending on details of bakground manifold)

In this talk fous on geometri methods, mainly heteroti
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Brie�ng on string model buildingOpen Strings� Type II A orientifolds: Interseting Braneworlds (IBW)� Type I: magnetized D9/D5-branes� Type II B orientifolds: D7/D3-branes, branes atsingularities [Blumenhagen,Bianhi,Cremades,Cveti,Douglas,Font,Honeker,Ibanez,Kiritsis,Koers,Kokorelis,Kumar,Luest,Maillard,Marhesano,Rabadan,Sagnotti,Shiu,Stieberger,Taylor,Uranga,Verlinde,Wijnholt℄Main ingredients of IBW in IIA orientifolds:� staks of Na oinident D6-branes�!U(Na) gauge �eld on worldvolume� intersetion of staks of Na and Nb branes�! hiral fermion in (Na; N b)Idea: Combine various U(Na) gauge modulesICTP Vauum Workshop, 29/05/2006 { p.6



Brie�ng on string model buildingProblem: SUSY onstraint:A-yles must be speial Lagrangian = real onstraint beyond the power of omplex geometry!Ways out:� Very speial CY3  toroidal orientifoldsCY3 = T 6=ZN � ZMpartiular lass of fatorizable branes wrap one-yle oneah T 2� RCFT methods: Gepner model orientifoldsabstrat CFT desribes string propagation at speialsmall radius point in moduli spae of ertain CY3branes �! boundary statesplethora of appealing solutions[Dijkstra,Huiszoon,Shellekens'04℄, [Anastasopoulos, Dijkstra,Kiritsis,Shellekens'06℄ ICTP Vauum Workshop, 29/05/2006 { p.7



Brie�ng on string model buildingQuestion: Extension to more general bakground manifoldspossible?(Homologial) Mirror symmetry (slightly simpli�ed):real objets $ omplex objetsSUSY ondition more approahable in mirror dual Type Itheory?stak of Na D6-branes ! Na D9-branesnon-trivial intersetion ! gauge ux (holomorphi bundles!)Toroidal example:Dual of fatorizable yles �a: VEV to diagonalU(1)a � U(Na)extendable to more general CY3 and non-abelian subgroupsU(na) � U(Na)In fat: Standard proedure in the S-dual Heteroti piture!ICTP Vauum Workshop, 29/05/2006 { p.8



Classi Heteroti Compati�ationsAppealing GUT groups as natural subgroups of E8 [Witten '85℄Ansatz: M(10) = R (1;3) �MVEV to internal gauge �eld in subgroup G � E8 !gauge group in 4D = ommutant H � E8 onept of bakground gauge bundle V overMusually: struture group G of V semi-simple:SU(3) � E8 ! E6 SU(4) � E8 ! Spin(10)SU(5) � E8 ! SU(5) SU(6) � E8 ! SU(3)� SU(2)hiral matter from indued deomposition of 10D gaugino248!Mi (Ri; ri)

ri assoiated with bundle Ui ! Ri ounted by H�(M; Ui)ICTP Vauum Workshop, 29/05/2006 { p.9



Classi Heteroti Compati�ationsEx.: SU(5) � E8 ! SU(5)248! (24;1)� (1;24)� (5;10)� :� (10;5)� :24 $ H�(M;O) 10 $ H�(M; V )5 $ H�(M;�2V ) 1 $ H�(M; adjV )GUT breaking?No GUT Higgs in 24 sine H�(M;O) = (1; 0; 0; 1) (for CY3)! Need non-trivial Wilson lines for GUT breaking! approah restrited toM with �1(M) 6= 0[Donagi,Ovrut,Pantev,Waldram '00℄[Braun,Ovrut,Pantev,Reinbaher '04℄[Braun,He,Ovrut,Pantev '05℄[Cveti,Donagi,Bouhard '06℄
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Classi Heteroti Compati�ationsGauge setor hinges on very spei� properties ofMWhat if internal manifold even harder to desribe thanCalabi-Yau manifolds (non-K�ahler, uxes)?Why restrit ourselves to gauge bundles with semi-simplestruture group?Can we replae Wilson line GUT breaking by suitableembedding of line bundles or more general unitary gaugebundles? "deoupling"of gauge setor from topology ofM restore symmetry between dual heteroti / Type I setup new model building possibilities
ICTP Vauum Workshop, 29/05/2006 { p.11



Unitary embeddings� Embedding of single U(N) bundles not possible due toSU(N) � E8, but� SU(N)� U(1) � SU(N + 1) � E8 ! HN+1 � U(1)

!W = VN � L�1; 1(VN ) = 1(L) VN : U(N)� bundle;L : line bundlespetrum:248!Li(Ri; ri)qi, ri; qi from elementary deomp.Adj(N+ 1) ! Adj(N)0 + (1)0 + (N)N+1 + (N)�(N+1);(N+ 1) ! (N)1 + 1�N ;�2(N+ 1) ! �2(N)2 + (N)�(N�1);�3(N+ 1) ! �3(N)3 + �2(N)�(N�2)ICTP Vauum Workshop, 29/05/2006 { p.12



Example: Flipped SU(5)� U(1)XSU(5) � E8 ! SU(5)248 �! (24;1) + (1;24) + (5;10) + (5;10) + (10;5) + (10;5)SU(4)� U(1) � SU(5)24 �! 150 + 10 + 45 + 4�5; 10 �! 62 + 4�35 �! 41 + 1�4;

248 SU(4)�SU(5)�U(1)X�!
8>>>>>><>>>>>>:

(15;1)0(1;1)0 + (1;10)�4 + (1;10)4 + (1;24)0(4;1)5 + (4;5)�3 + (4;10)1(4;1)�5 + (4;5)3 + (4;10)�1(6;5)�2 + (6;5)2
9>>>>>>=>>>>>>;ICTP Vauum Workshop, 29/05/2006 { p.13



Flipped SU(5)� U(1)Xassoiate U(1)X-harge to V; L: QX(V ) = 1; QX(L�1) = �4

SU(5)� U(1)X ohomology SM part.101 H�(V ) (qL; dR; �R) + [H10 +H10℄10�4 H�(L�1) �5�3 H�(V 
 L�1) (uR; lL)52 H�(V2 V ) [(h3; h2) + (h3; h2)℄15 H�(V 
 L) eRGUT Higgs as (10) + (10) ! possible on arbitrary CYNote the ip dR $ uR; eR $ �R ICTP Vauum Workshop, 29/05/2006 { p.14



Example II: SU(3)� SU(2)� U(1)YSU(5)� U(1) � SU(6) � E8 �! SU(3)� SU(2)� U(1)!W = V5 � L�1
SU(3)� SU(2)� U(1)Y ohom. SM part.(3;2) 13 H�(V ) qL(3;2)� 53 H�(L�1) �(3;1) 23 H�(V2 V ) dR(3;1)� 43 H�(V 
 L�1) uR(1;2)�1 H�(V2 V 
 L�1) lL(1;1)2 H�(V 
 L) eR

ICTP Vauum Workshop, 29/05/2006 { p.15



AnomaliesCaution: U(1) are a priori anomalous!Field theoreti anomaly six-forms (for ipped SU(5)):

AU(1)�G2�� ' ZM 1(L) h12�� 2(V ) + 21(L)�+ 5 2(T )i ;

AU(1)�SU(5)2 ' ZM 1(L) h2�� 2(V ) + 21(L)�+ 2(T )i ;

AU(1)3 ' ZM 1(L) �� 122(V ) + 1721(L) + 6 2(T )� ;

! Anomaly must be anelled by Green-Shwarz mehanism massive U(1)!! Careful analysis of e�etive N = 1 SUGRA required to�nd way out

ICTP Vauum Workshop, 29/05/2006 { p.16



General setup

W = W1 �W2; Wi = VNi � MiMmi=1Lmi ; 1(Wi) = 0

$ SU(Ni)� U(1)Mi � SU(Ni +Mi) � E(i)8! H = H1 �H2; Hi = E(9�Ni�Mi) � U(1)Mi

plus optional �ve-branes along holomorphi two-yle a !Anomaly anellation ondition [Donagi,Lukas,Ovrut,Waldram `99℄

2Xi=1
 h2(VNi) + 12 MiXmi=1 21(Lmi)!�Xa Naa = �2(T )PaNaa: e�etive lass! ICTP Vauum Workshop, 29/05/2006 { p.17



General setupTree-level Killing spinor equation for gaugino:Fab = Fab = 0! VNi ; Lmi holomorphi bundlesgab Fab = 0 ! J ^ J ^ FNi=mi = 0 (HYM)zero-slope limit ofJ ^ J ^ FNi=mi = 2� �(VNi=mi) volM id;where �(VNi=mi) = 1rk(VNi=mi) ZM J ^ J ^ 1(VNi=mi):

$ VNi �-stable (i.e. every proper subsheaf is of lower �-slope)(trivially satis�ed for line bundles Lmi)! in addition: RM J ^ J ^ 1(VNi=mi) = 0 (DUY)will �nd one-loop orretions later
ICTP Vauum Workshop, 29/05/2006 { p.18



AnomaliesIn general: all U(1) fators are anomalous

AU(1)mi�E29�Ni � fmi ^ trF 2i �ZM fmi ^ �trF 2i � 12trR2�� ;

AU(1)mi�G2�� � fmi ^ trR2 �ZM fmi ^ �12 trF 2i � 5 trR2��

plus ubi abelian! anelled by 4D generalised GS-mehanismin Type I:[Bianhi,Sagnotti;Ibanez,Rabadan,Uranga;Anastasopoulos,Bianhi, Dudas, Kiritsis℄important far beyond issue of anomalies essential for determining e�etive gauge group (massiveU(1)s!) new physis (one-loop modi�ations of stability ondition) worthwhile to study in detail ICTP Vauum Workshop, 29/05/2006 { p.19



4D GS-mehanism
ICTP Vauum Workshop, 29/05/2006 { p.20



4D GS-mehanism

Sjkin = �j ZIR1;3 db(2)j ^ ?4db(2)j db(0)j = �j ?4 db(2)j

need as dynamial input:
Svertex = Xj Aj ZIR1;3 b(0)j ^ trF2;

Smass = Xj
ZIR1;3 b(2)j ^Xm Mjmfm

Anomalous oupling indues assoiated anomaly six-form:

AGSU(1)n�F2 �Xj �j�jAjMjn �fn ^ trF2� :ICTP Vauum Workshop, 29/05/2006 { p.21



GS-mehanismaxions/2-forms via dimensional redution from:

B(2) = b(2)0 + `2s h11Xk=1 b(0)k !k; B(6) = `6s b(0)0 vol6 + `4s h11Xk=1 b(2)k b!k

Dynamial input:
SGS = 124 (2�)5 �0 ZM(10) B(2) ^X8(F1; F2; R)

Skin = � 14�210 ZM(10) e�2�10 H ^ ?10Hollet vertex and mass terms and ompute anomaly six-form

ICTP Vauum Workshop, 29/05/2006 { p.22



GS-mehanismUpon using tadpole anellation ondition �nd:

A � Apert � 124(2�)4�0 Xa Na Za tr(F1F 1)��14 �trF 21 + trF 22 � trR2�+ 34 �trF 21 � trF 22 ��+ (1$ 2)

Apert anels �eld theoreti (mixed/ubi) abelian anomaliesBut: Five-branes indue additional anomaly in presene ofU(1)s!Additional �ve-brane dependent ounter terms required

ICTP Vauum Workshop, 29/05/2006 { p.23



GS-mehanismFirst part anelled by:

S(1)GS = 196(2�)3�0 Xa Na Z�a B(2) ^ �trF 21 + trF 22 � trR2�

On worldvolume �a of �ve-brane a: self-dual 2-form eBad eBa = ?a d eBaeBa = eb(2)a + `2seb(0)a ba with deb(0)a = ?4 deb(2)a(ba: Hodge dual of a)

S(2)GS = 18(2�)3�0 Xa Na Z�a eBa ^ �trF 21 � trF 22 �

anels seond anomaly term ICTP Vauum Workshop, 29/05/2006 { p.24



GS-mehanismBoth �ve-brane dependent GS-terms also follow from detailedredution of heteroti M-theorySummary:One-loop ounter terms of form:
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 Canel all �eld-theoreti anomaliesAdditional information: enode threshold orretions of gauge kineti funtions give rise to mass terms of U(1) potentials! deide on low-energy gauge group ICTP Vauum Workshop, 29/05/2006 { p.25



Massive U(1)From Smass =Pj RIR1;3 b(2)j ^PmMjmfm �nd

SStukelberg = �Xm;n (M)2m;n (Am ^ ?4An) where

(M)2m;n = Xj 1�jMjmMjn

U(1)f =Xm am U(1)m ismassless () Xm Mjm am = 0

! need to identify mass terms in low-energy �eld theory!

ICTP Vauum Workshop, 29/05/2006 { p.26



Massive U(1)Reall: Smass =Pj RIR1;3 b(2)j ^PmMjmfm

M0;ni ' ZM 1(Lni) ^ 14�2 [tr(F 2i )� 12tr(R2)℄� 14Xa Naa!universal axio� dilatonMk;ni ' ZM 1(Lni) ^ b!k Kahler axions

Ma;ni ' �ZM 1(Lni) ^ a �ve� brane axions

For SUSY: bosoni partners in N = 1 supermultiplet mustget massive!BUT: SUSY ondition RM J ^ J ^ FNi=mi = 0 only involvesK�ahler moduli ICTP Vauum Workshop, 29/05/2006 { p.27



SUSY and �-stabilityAim: �nd missing terms in SUSY onditionIdea: Massive/anomalous U(1)s $ Fayet-Iliopoulos D-termsN = 1 SUGRA: �mg2m = �K�Vm ����Vm=0Vm: super�eld ontaining Am How do gauge �elds appear in K�ahler potential?
ICTP Vauum Workshop, 29/05/2006 { p.28



SUSY and �-stabilityaxioni U(1) oupling requires gauging of N = 1 SUGRA:

Saxion = ZIR1;3 db(0)j ^ �db(0)j +Mjm b(0)j ^ d � Am;

then unbroken U(1)m gauge symmetry requires that

Am ! Am + d�m  ! b(0)j ! b(0)j + 12Mjm �m:for super�elds:
A�m ! A�m + ����b(0)j ! b(0)j + 12Mjm �m  ! Vm ! Vm + �m + ��meBj ! eBj +Mjm �mICTP Vauum Workshop, 29/05/2006 { p.29



SUSY and �-stability guideline to onstrut gauge invariant K�ahler potentialK = �ln[Bj +Bj �XMjmVm℄

Bj: super�eld ontaining b(0)j for axio-dilaton, K�ahler axions,�ve-brane axions (more ompliated: [Derendinger,Sauser'00℄[Moore,Peradze,Saulina'00℄ )

S = e�2�10Vol(M)`6s +Xa Na �2a2`2s Z�a J + ib(0)0

Tk = � 1`2s ZM J ^ b!k + ib(0)k ;

�a = ��a Vol(a)`2s + ieb(0)a ICTP Vauum Workshop, 29/05/2006 { p.30



SUSY and �-stabilityResult: FI-term vanishes i�ZM J ^ J ^ 1(Lmi)

�`4s g2s ZM 1(Lmi) ^ �h2(VNi) + 12 MiXni 1(L2ni) + 12 2(T )�

+`4s g2sXa Na�12 � �a�2 Za 1(Lmi) = 0

involves all moduli �elds, as required from mass termsinludes tree-level part of DUY equation one-loop modi�ation of DUY there must exist a perturbative orretion also of (loal)Hermitian Yang-Mills equation ICTP Vauum Workshop, 29/05/2006 { p.31



SUSY and �-stabilityConjeture 1: perturbatively exat SUSY ondition (HYM):

J ^ J ^ Fki � (2��0)2 g2s4 Fki ^ d�!YMi � 12!L� = 2� �ki volM id

�ki: �-slope
�(Vki ; gs) � 1rk(Vki) ZM J ^ J ^ 1(Vki)

�(2��0)2 g2s4 1(Vki) ^ d�!YMi � 12!L� ;together with: �ki = 0 (DUY) (in absene of harged matterVEV!)Coneptually: SUSY omes in two parts: HYM + DUY4D SUGRA D-term only knows about DUYICTP Vauum Workshop, 29/05/2006 { p.32



SUSY and �-stabilityStability at one-loop?Conjeture 2: if gs < gs(Vki): HYM $ Vki stable w.r.t. �(gs)(inspired by Gieseker stability [Leung'97;Enger,Lutken'03℄)�-stability as perturbative stability oneptfor arbitrary �-slope: �-stablity ! �-stabilityrequires that tree-level part dominates over one-loop partnot true if one-loop term not vanishing by itself!What is the orret stability onept in most general ase?Whih are the additional non-pert. orretions? Heteroti version of �-stability of B-type branes?Loop orretions diretly from 10 D analysis?
ICTP Vauum Workshop, 29/05/2006 { p.33



Model buildingReall: natural appearane of� ipped SU(5)� U(1)XW1 = V4 � L�1 in E(1)8 $SU(4)� U(1) � E(1)8 ! SU(5)� U(1)1� SU(3)� SU(2)� U(1)YW1 = V5 � L�1 in E(1)8 $SU(5)� U(1) � E(1)8 ! SU(3)��SU(2)� U(1)1Lesson:Massless U(1) as linear ombination of at least two U(1)fatorsseond U(1) from same E8  hiral exotis, hard to ontrolsimpler: seond U(1) from seond E8 ICTP Vauum Workshop, 29/05/2006 { p.34



Model buildingEasiest: W2 = L� L�1 in E(2)8 $U(1)� U(1) � E(2)8 ! E7 � U(1)2

248 E7�U(1)�! n (133)0 + (1)0 + (56)1 + (56)�1 + (1)2 + (1)�2 o

TAD : h2(V ) + 3 h2(L)�Xa Naa != �2(T ):

Detailed analysis: U(1)X = 12 �U(1)X 0 � 52 U(1)2�anomaly-free and massless i�:ZM 1(L) ^ 2(V ) != 0; Za 1(L) != 0 for all M5 branesICTP Vauum Workshop, 29/05/2006 { p.35



Model building

repr hirality SM part.(10;1) 12 �(V ) = g (qL; dR; �R) + [H10 +H10℄(10;1)�2 �(L�1) = 0 �(5;1)� 32 �(V 
 L�1) = g (uR; lL)(5;1)1 �(V2 V ) = 0 [(h3; h2) + (h3; h2)℄(1;1) 52 �(V 
 L) + �(L�2) = g eR(1;56) 54 �(L�1) = 0 �

absene of eR from E(2)8 $ RM 1(L)3 = 0 one-loop part in DUY vanishes: RM J ^ J ^ 1(L) != 0�-stability ! �-stability ! HYM ICTP Vauum Workshop, 29/05/2006 { p.36



Model buildingTask: Find, on arbitrary CY3 M, �-stable, holomorphirank 4/5 bundle V and omplex non-trivial line bundle L,1(V ) = 1(L), suh that:Xa Naa = h2(V ) + 3 h2(L) + 2(T ) is e�etiveZM 1(L) ^ 2(V ) = 0 = ZM 1(L)3 = Za 1(L)ZM J ^ J ^ 1(L) = 0

�(V ) = 12 ZM 3(V ) = 3

 3 gen. of ipped SU(5)�U(1)X/ SU(3)�SU(2)�U(1)YICTP Vauum Workshop, 29/05/2006 { p.37



Model buildingAny onstrution of �-stable bundles does the jobExample: Spetral over onstrution (SCC) on elliptially�bered CY3:[Friedman,Morgan,Witten'97℄,[Donagi�97℄,[Andreas,Ruiperez`04℄onstrut SU(N) bundles on ellipti �ber and extend toU(N) bundles over CY3Took as CY3 �bration over del Pezzo surfaessearhed up to dP4 in very restrited parameter spae found some dozens of hiral 3-gen. models in both setups

ICTP Vauum Workshop, 29/05/2006 { p.38



Model buildingNext steps:� More general onstrutions:non-split extensions of lower rank SCC bundles0! V2 ! V4=5 ! V2=3 ! 0�-stable if�(V2) < 0 and ExtM(V2=3; V2) ' (H1(M; V2 
 V �2=3) 6= 0[Donagi,Ovrut,Pantev,Waldram '00℄ muh more exibility� Compute ohomology lasses, in part. H�(M; Va 
 Vb) forSCC bundlesnew tehniques, F-theory inspiredDetermine vetor-like spetrum (in part. GUT Higgses foripped SU(5)) ICTP Vauum Workshop, 29/05/2006 { p.39



Model buildingResult: O(100) models with preisely 3 families -exept weakHiggs setor- (and no vetor-like exotis) of MSSM matter inboth frameworksfor ipped SU(5): preisely one GUT-Higgs pairweak Higgs: under omputation (need H�(M;�2V ))
ICTP Vauum Workshop, 29/05/2006 { p.40



Phenomenology-ipped SU(5)� Good proton stability:weak Higgs: 51  ! (uR; l): 5� 32 : di�erent quantum numbersgauge invariant Yukawas present:10i12 10j12 5�1; 10i12 5j� 32 51; 5i� 32 1j52 5�1;dim 4 proton deay operators absent: (not gauge invariant)

l l e 2 5i� 32 1j52 5k� 32 ; qd l; udd 2 10i12 10j12 5k� 32see also [Tatar,Watari'06℄also dim.5 (doublet-triplet splitting) and dim-6 ops.[Dorsner,Perez'04℄ absent� MSSM-like gauge oupling relations only for thresholdorreted gauge ouplings (to be heked in eah ase)ICTP Vauum Workshop, 29/05/2006 { p.41



ConlusionsUnitary gauge uxes provide alternative gauge breakingmehanism to Wilson line approahHeteroti/ Type II model building on same footingPossible also for SO(32) heteroti theoryWorks on general Calabi-Yau manifoldsExtendable to non-K�ahler ompati�ations where geometryeven harder to ontrol?Need even more general onstrution of stable holomorphibundlesUnderstand �-stability and non-pert. orretionsExpliit omputation of Yukawas? �-terms? Higgs-setor?Statistial analysis? Heteroti landsape?
ICTP Vauum Workshop, 29/05/2006 { p.42
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