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I. Model building with interse
ting branesConsider Type IIA 
�(�1)FL orientifolds with � : zi ! zileading to O6-planes with in general interse
ting D6-branes
R(3,1)I

O6D6 D6’

σ

M

� Gauge symmetry: U(N) or SO(2N)=SP(2N) gaugesymmetry on the D6-branes� Chiral matter: lo
alized on the interse
tion of theD6-branes with nf � nf = Iabwith Iab denoting the topologi
al interse
tion num-ber of two 3-
y
les on M 3



Following:(Blumenhagen, Braun, K�ors, L�ust, JHEP 0207, 026 (2002) )� Supersymmetry: 3-
y
les have to be sLag 
y
les,�xes some of the 
omplex stru
ture moduliA 3-
y
le �a is 
alled spe
ial Lagrangian ifJ j�a = 0=(ei'
3)j�a = 0One 
an show that this last property implies thatthe volume of the 3-
y
le is given byVol(�a) = Z�a <(ei'a 
3)� R-R tadpole 
an
ellation: Consider the part ofthe supergravity Lagrangian where the R-R �eldC7 appearsS = � 14�2 ZIR3;1�M dC7 ^ ?dC7+ �6Xa Na ZIR3;1��a C7+ �6Xa Na ZIR3;1��0a C7 � 4�6 ZIR3;1��O6 C7;where the ten-dimensional gravitational 
oupling is�2 = 12(2�)7(�0)4 and the R-R 
harge of a D6 branereads �6 = (�0)�72=(2�)6. 4



� The resulting equation of motion for the R-R �eldstrength G8 = dC7 is1�2 d ? G8 = �6Xa Na Æ(�a) + �6Xa Na Æ(�0a)� 4�6 Æ(�O6);where Æ(�a) denotes the Poin
ar�e dual 3-form of �a.Sin
e the left hand side is exa
t, the R-R tadpole
an
ellation 
ondition boils down to just a simple
ondition on the homology 
lassesXa Na (�a+ �0a)� 4�O6 = 0:� K-theory 
onstraints: Sin
e we are in an orien-tifold, there also exist stable (ta
hyon-free) non-BPS branes 
arrying torsion-type K-theory 
harges! 
an
ellation of K-theory 
harges.In
onsisten
y on the world-volume theory: Un
an-
elled K-theory 
harges lead to non-vanishing Wit-ten anomaly on probe branes with SP(2N) gaugesymmetry, i.e. there appears on odd number offundamental reps.
5



The Chiral Massless Spe
trumSin
e the 
hiral spe
trum has to satisfy some anomaly
onstraints, we expe
t that it is given by purely topo-logi
al data (Atiyah-Singer index theorem).The 
hiral massless spe
trum indeed is 
ompletely �xedby the topologi
al interse
tion numbers of the 3-
y
les of the 
on�guration.
Se
tor Rep. Numbera0 a Aa 12 (�0a Æ �a+ �O6 Æ �a)a0 a Sa 12 (�0a Æ �a � �O6 Æ �a)a b (Na; Nb) �a Æ �ba0 b (Na; Nb) �0a Æ �bThe non-abelian gauge anomalies 
an
el automati-
ally and mixed U(1)a�SU(N)2b anomalies are 
an
eledby a generalized Green-S
hwarz me
hanism involv-ing dimensionally redu
ed RR-forms.
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II. Constru
ting semi-realisti
 models(Blumenhagen, G�orli
h, K�ors, L�ust, JHEP 0010, 006 (2000) )(Angelantonj, Antoniadis, Dudas, SagnottiPhys. Lett. B 489, 223 (2000) )(Aldazabel, Fran
o, Ib�a~nez, Rabad�an, Uranga,J. Math. Phys. 42, 3103 (2001), JHEP 0102, 047 (2001) )(Blumenhagen, K�ors, L�ust, JHEP 0102, 030 (2001) )many othersRealization of the Standard Model: The easiest wayto realize the SM matter spe
trum uses four sta
ksof D6-branes with the following lo
alization of the SM�elds
b c

d

a U(3)

U(2) U(1)

U(1)

Q U

L

L

L

R DR

E R NR

H

SP(2)=SU(2) 7



The interse
tion numbers are �i Æ �j = �3. In this set-up one always gets a right handed neutrino. Simplyusing interse
ting branes on T 6 it was possible to realizethe parti
le spe
trum of just the non-supersymmetri
SM. (Ib�a~nez, Mar
hesano, Rabad�an, JHEP 0111, 0402 (2001) )Initial gauge groupG = SU(3)� SU(2)� U(1)a � U(1)b � U(1)
 � U(1)dwith 
hiral matter spe
trumInterse
tion Matter Rep. Y(a; b) QL (3;2)(1;�1;0;0) 1=3(a0; b) qL 2� (3;2)(1;1;0;0) 1=3(a; 
) UR 3� (3;1)(�1;0;1;0) �4=3(a0; 
) DR 3� (3;1)(�1;0;�1;0) 2=3(b0; d) LL 3� (1;2)(0;�1;0;�1) �1(
; d) ER 3� (1;1)(0;0;�1;1) 2(
0; d) NR 3� (1;1)(0;0;1;1) 0and QY = 13Qa �Q
+Qd.Green-S
hwarz me
hanism ! U(1) fa
tors re
eive amass. 8



Supersymmetri
 IBWsFor susy models one has to use more general ba
k-grounds, as for instan
e toroidal orbifolds or algebrai
CYs(Gepner models).� Z2 � Z2:(Cveti
, Shiu, Uranga, Nu
l. Phys. B 615, 3 (2001) )(Larosa, Pradisi, Nu
l.Phys. B667 (2003) 261 )(Cveti
, Li, Liu, hep-th/0403061 )� Z4 and Z4 � Z2:(Blumenhagen, G�orli
h, Ott, JHEP 0301, 021 (2003) )(Hone
ker, Nu
l. Phys. B 666, 175 (2003) )� Z6: (Hone
ker, Ott, hep-th/0404055)� Z7, Z8, Z12: de�ned on non-fa
torisable tori. Meth-ods to deal with these more 
ompli
ated obje
tshave been developed in(Blumenhagen, Conlon, Suruliz, hep-th/0404254)� Gepner models: se
tion VI 9



Higgs me
hanism
The mass of the bosoni
 \superpartner", �, of the 
hi-ral fermions lo
alized at the interse
tion points of twoD-branes is given byM2� = 12XI ��I �maxf��Ig:Three di�erent 
ases:� M� = 0: supersymmetri
 brane interse
tion 
on-�guration� M� > 0: stable non-BPS state (at string tree-level)� M� < 0: � is a ta
hyoni
 mode ! unstable brane
on�guration. Condensation of the ta
hyon 
or-responds to brane re
ombination pro
ess (ta
hy-oni
 Higgs e�e
t)

<ϕ>=0 <ϕ>=0

10



III. The e�e
tive low energy theoryMethods have been developed to determine the susylow energy e�e
tive: superpotential, K�ahler potential,gauge 
ouplings.� Yukawa 
ouplings: One has to 
ompute 3-point
ouplings of 3 boundary 
hanging operators at world-sheet dis
 level: Yab
 = h�ab�b
�a
idis
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b c

x

x x

b

a

c

Φ

Φ Φab

bc

acMethods to 
ompute these 
ouplings in toroidalmodels have been developed:(Cremades, Ibanez, Mar
hesano, JHEP 0307 (2003) 038 )(Cvetiv, Papadimitriou, Phys. Rev. D 68, 046001 (2003) )(Abel, Owen, Nu
l. Phys. B 663, 197 (2003) )They are of the general formYab
 = Yquantum(UI) Xws�instantons e�S
l(TI);whi
h 
ould generate hierar
hi
al Yukawas. 11



The superpotential W is expe
ted to depend only onK�ahler moduliYab
 = (KabKb
K
a)�12eK2 Wab
: (1)The mirror symmetri
 Yukawas in �eld theory limithave been 
omputed in(Cremades, Ibanez, Mar
hesano, hep-th/0404229. )� K�ahler potential: The K�ahler potential (to quadrati
order) for the 
harged massless matter has been
omputed in( L�ust, Mayr, Ri
hter, Stieberger, hep-th/0404134)
K = 14� " 3YI=1(TI + T �I )��Iabs �(�Iab)�(1� �Iab)# ��ab ���ab:� Gauge 
ouplings: Ea
h gauge fa
tor 
omes withits own gauge 
ouplingfa = M3s(2�)4 �e�' Z�a <(
3) + 2i Z�a C3� :

12



IV. Flux 
ompa
ti�
ationsType IIB string theory 
ontains so-
alled 
uxes F3 =dC2 and H3 = dB2, whi
h 
an also be turned on.� New tadpole: The CS 
ouplingZ C4 ^ F3 ^H3:indu
es a D3-brane tadpole on
e 3-form 
uxes areturned on.� S
alar potential:Kineti
 terms for F3 and H3V = 14�210Im� ZMG3 ^ ?6 �G3indu
e a 4D S
alar potentialV = 12�210Im� ZMG�3 ^ ?6 �G�3 � i4�210Im� ZMG3 ^ �G3;whi
h 
an be derived from a superpotentialW = Z 
3 ^G3 with G3 = F3 � �H3:The s
alar potential vanishes if G3 is ISD?G3 = iG3 13



G3 = G(2;1)3 +G(0;3)3Supersymmetry ! D�W ' W = 0, i.e. G3 = G(2;1)3 .Therefore, 
uxes 
an freeze some of the 
omplex stru
-ture moduli and the dilation (KKLT extension ! de Sit-ter va
ua).� Chiral models: Combination of these ideas withIBWs: Introdu
e not only D3-branes but D9- �D9pairs with magneti
 
uxes (T-dual resp. mirrorsymmetri
 to interse
ting D6-branes).For the Z2 � Z2 orbifold expli
it 
onstru
tion in(Blumenhagen,L�ust,Taylor, Nu
l. Phys. B 663,319 (2003))(Cas
ales, Uranga, JHEP 0305, 011 (2003) )Expli
it examples of MSSM like, 
hiral brane 
on-�gurations with frozen moduli(Mar
hesano, Shiu, hep-th/0408059, hep-th/0409132 )(Cveti
, Liu, hep-th/0409032 )
14



V. Phenomenologi
al issues� Threshold 
orre
tions: One-loop threshold 
or-re
tions to gauge 
ouplings for toroidal models havebeen 
omputed. (L�ust, Stieberger, hep-th/0302221)� Proton de
ay: Possible enhan
ement fa
tors of��13GUT of proton de
ay amplitudes via dimension sixoperators have been evaluated in(Klebanov, Witten, Nu
l. Phys. B 664, 3 (2003) )(in sear
hing for the smoking gun of string theory!)� FCNC: For toroidal IBW models, lower bounds onthe string s
ale have been extra
ted from FCNCsuppression in non-universal string theoreti
 4-point
ouplings( S. Abel, M. Masip, J. Santiago, JHEP 0304 (2003) 057)( S. Abel, O. Lebedev, J. Santiago, hep-ph/0312157)
15



� Soft-susy breaking terms: For Type IIB with G3
ux and D3 and D7 branes the 
ux indu
ed softterms in the world-volume theory on the branes hasbeen determined by{ expanding the DBI a
tion to lowest order inthe 
oordinates transverse to the branes(Camara,Ibanez,Uranga, hep-th/0311241,hep-th/0408036)(Grana,Grimm Jo
kers, Louis, hep-th/0312232){ employing the standard supergravity formal-ism, where the soft terms are parameterized bythe VEVs of the auxiliary F-
omponents of the
hiral supermultiplets(L�ust, Re�ert, Stieberger, hep-th/0406092,hep-th/0410074)Susy breaking s
ale: Msusy = M 2sMpl in the intermedi-ate regime.
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VI. Orientifolds of Gepner modelsFinal aim: The 
onstru
tion of MSSM-like models withD-branes on more general Calabi-Yau manifolds.Obsta
le: Not very mu
h is known about sLAG 3-
y
leson 
on
rete CY spa
es.Res
ue: At spe
i�
 points in moduli spa
e the non-linear sigma models on CY3 are exa
tly solvable andgiven by a rational SCFT ! Gepner models. Considerorientifolds of Gepner modelsConstru
tion of fully 
edged Gepner model orientifolds(Angelantonj, Bian
hi, Pradisi, Sagnotti, Stanev,Phys. Lett. B 387, 743 (1996) )(Blumenhagen, Wisskir
hen, Phys. Lett. B 438, 52 (1998) )(Aldazabal, Andres, Leston, Nunez, JHEP 0309, 067 (2003) )(Blumenhagen, JHEP 0311, 055 (2003) )(Brunner, Hori, Hosomi
hi, Wal
her, hep-th/0401137 )(Blumenhagen, Weigand, JHEP 0402, 041 (2004) )(Dijkstra, Huiszoon, S
hellekens, hep-th/0403196 )(Aldazabal, Andres, Juknevi
h, hep-th/0403262 )(Blumenhagen, Weigand, hep-th/0403299 )17



Orientifold proje
tionsDue to mirror symmetry the following relations holdfor orientifold modelsSe
tor Type IIB Type IIAproj. 
 
�B-type ZD ZCM WA-type ZC ZDW Mso that one 
an only 
onsider Type IIB models. Forthe A/B-type model it turns out that the resulting tad-poles 
an be 
an
eled by introdu
ing A/B-type RS-boundary states.In (Dijkstra, Huiszoon, S
hellekens, hep-th/0403196 )a systemati
 sear
h for susy MSSM like models has been
arried out and many models have been found.Generi
 features: Additional ve
tor-like matter, addi-tional hidden se
tors, non-hierar
hi
al Yukawas. 18



VII. Statisti
s of String Va
ua� Huge number of 
ux va
ua ' 10500� We have to be very lu
ky to �nd the realisti
 stringva
uum.� A statisti
al approa
h was proposed by M. Dou-glas(Douglas, hep-th/0303194), whi
h might allow for:{ estimates for number of Standard-like models{ statisti
al "solutions" of �ne tuning problems:�;MH, ! phenomenologi
al models of split su-persymmetry(Arkani-Hamed, Dimopoulos, hep-th/0405159),{ prospe
t of falsifying string theory{ statisti
al 
orrelations providing eviden
e forstring theory.
19



� Up to now: only 
ux se
tor analysed� Phenomenologi
ally important gauge se
tor shouldalso be 
onsidered� Hope to �nd statisti
al 
orrelations between ob-servables� How does the statisti
s depend on 
oupling to
uxes (Blumenhagen, Gmeiner, Hone
ker, L�ust, Weigand,hep-th/0411173)
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Stringy 
onsisten
y 
onditions:� D-branes wrap sLag 3-
y
les� Symple
ti
 basis: (�I; �I) of H3(M;Z), where�I 2 H+3 (M) and �I 2 H�3 (M)� O6-planes �O6 = 12 b3=2XI=1LI �I� D6-branes:�a =Pb3=2I=1(Xa;I �I + Ya;I �I);�0a =Pb3=2I=1(Xa;I �I � Ya;I �I)� Tadpole 
an
ellation: b3=2 = 1+ h21 
onditionskXa=1NaXa;I = LI � LI;flux� Iab 
hiral multiplets in the bifundamental U(Na)�U(Nb) representationIab =XI Xa;I Yb;I � Ya;I Xb;I 21



� Brute for
e 
omputer 
lassi�
ation� Use saddle point method to determine asymptoti
expansion of integralsP(L) = 12�i I dq g(q)qL+1 = 12�i I dq ef(q;L)with f(q; L) = log g(q)� (L+1) log q.� In the next to leading order SAP it 
an be approx-imated as ( f 0(q0) = 0 )N (2)(L) = 1p2� ef(q0)q�2f�q2 jq0

22



Total number of 8D models� Tadpole 
ondition in 8DkXa=1NaXa = L� Saddle point method gives
N (L) = 12�i I dq 1qL+1 exp LXX=1 qX1� qX!� S
aling N (L) ' e2pL logL

5 10 15 20 25
L

1

2

3

4

5
N(L)

Dots: Exa
t results, Line: SPA 23



8D Results - rank distribution� Rank distribution, i.e. frequen
y to get a gaugegroup of rank r
P(r) ' 12�iN (L) I dq 1qL+1 I dz 1zr+1 (2)exp LXX=1 z qX1� z qX!

5 10 15 20 25
r

0.02

0.04

0.06

0.08

P(r)

L = 25; Dots: Exa
t results, Line: SPA
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Results� Similar results in 6D and 4D� Frequen
y of SU(N) gauge fa
torP(N) ' e�p logLL N� Frequen
y of number of familiesP(�) ' e��p�� Correlation between rank and 
hirality

25



4D Results - in
lusion of 
uxesExample: rank distribution:P(r) = 1Nnorm NmaxfluxXNflux=0 (Nflux+1)K N (r;L0 �Nflux; L1; L2; L3)
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VIII. Con
lusions� Compa
ti�
ations with interse
ting D-branes (ori-entifolds) provide an interesting arena for stringmodel building .� Systemati
 sear
h for MSSM like IBW models.� Statisti
al approa
h to string va
uum problem� Un
overing the more detailed phenomenologi
al
onsequen
es of these models
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