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MotivationString theory exhibits a huge number of perturbativelymetastable 4D va
uadetermined by zero mode approximation/e�e
tive N = 1 supergravity Seff ,W;K; fSUSY va
uum given by: DW = 0 (+D-terms)How do genuine quantum e�e
ts modify the lands
apetopography?W not renormalized perturbatively non-perturbative 
orre
tions 
ru
ialExample:Closed string se
tor in Type IIB orientifolds: dependen
e ofW on K�ahler moduli only by Eu
lidean D3-branesde
isive for IIB moduli �xing industry
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MotivationNon-perturbative e�e
ts in gauge se
tor of string va
ua?� relevant for stability of model in the �rst pla
e (e.g.�-stability for B-type branes)� potential to break perturbative gauge or global symmetries� may generate perturbatively absent 
ouplings, exponentiallysuppressed w.r.t. string s
ale 
ome at genuinely stringy hierar
hi
al s
aleIndeed, MSSM does (most likely) exhibit 
ouplings with badlyunderstood strength: Majorana masses for right-handed neutrinos of order1011GeV < MM < 1015GeV hierar
hi
ally small �-terms of order O(MZ)
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MotivationVarious non-perturbative e�e
ts in gauge se
tor studied indetail in literature, e.g.worldsheet instantons in heteroti
 
ompa
ti�
ations[Dine,Seiberg,Wenn,Witten'86℄,[Distler,Greene'88℄,[Witten'99℄,[Bu
hbinder,Donagi,Ovrut'02℄,[Beasley,Witten'03,'05℄worldsheet instantons in IIA brane models[Ka
hru et al.'00℄,[Agana
i
,Vafa'00℄M2/M5-brane e�e
ts in heteroti
 M-theory[Be
ker,Be
ker,Strominger'95℄,[Harvey, Moore'99℄D3-D(-1) system in IIB[Green,Gutperle'97℄,[Billo et al.'02℄,[Green,Stahn'03℄
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MotivationThis talk:E�e
ts of wrapped Eu
lidean D-branes in Type IIAInterse
ting Brane Va
uaspe
ial fo
us on indu
ed superpotential terms involving
harged matter �elds �i
Wnp ' MYi=1�i e�Sinst:

violating global perturbative abelian symmetriesre
ent related work:[Haa
k,Krefl,Lust,VanProeyen,Zagermann, hep-th/0609211℄[Ibanez,Uranga, hep-th/0609213℄[Florea,Ka
hru,M
Greevy,Saulina, hep-th/0610003℄[Bui
an,Malyshev,Morrison,Wijnholt,Verlinde, hep-th/0610007℄University of North Carolina HEP Seminar, 10/12/2006 { p.5



Plan of the talk1. Motivation2. Reminder: Interse
ting Brane Worlds and anomalous U(1)3. E2-brane instanton generated superpotentials:� Heuristi
s� Zero mode stru
ture� CFT instanton 
al
ulus4. Appli
ations:� Matter 
ouplings (Majorana masses, proton de
ay)� Va
uum destabilisation and open string moduli �xing5. E2-brane instanton generated D-terms6. Dual formulations7. Con
lusions
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Brie�ng on string model buildingOpen Strings� Type II A orientifolds: Interse
ting Braneworlds (IBW)� Type I: magnetized D9/D5-branes� Type II B orientifolds: D7/D3-branes; branes atsingularitiesMain ingredients of IBW in IIA orientifolds:� sta
ks of Na 
oin
ident D6-branes�!U(Na) gauge �eld on worldvolume� interse
tion of sta
ks of Na and Nb branes�! 
hiral fermion in (Na; N b)Idea: Combine various U(Na) gauge modules to 
onstru
t anappropriate gauge group of quiver type Qa U(Na) atinterse
tion of all sta
ks University of North Carolina HEP Seminar, 10/12/2006 { p.7



Brie�ng on string model buildingCon
retely: M(10) =M(4) � CY3quotient Type IIA onM(10) by 
 (�1)FL �
: worldsheet parity, FL: left-handed fermion number�: anti-holomorphi
 involution on CY3 �xed-point lo
us of �: orientifold O6-planeM(4) ��O6
arries RR and NS 
harge introdu
tion of D6-branes for 
harge 
an
ellationNa D6-branes wrap 3-
y
les �a on CY3 and �llM(4)orientifold a
tion  in
lude also image branes �0a
hiral matter lo
alised at non-trivial interse
tion of internal3-
y
les
hiral number of generations is (Na; N b) = �a Æ �b(top. interse
tion number) University of North Carolina HEP Seminar, 10/12/2006 { p.8
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Brie�ng on string model buildingConsisten
y 
onditions:unbroken N = 1 SUSY in 4D at string s
ale (stability)� �a SUSY 
y
le = spe
ial Lagrangian ! J j�a = 0; =(ei�a
j�a) = 0� same N = 1 subalgebra preserved by �O6 and ea
h �a: ! �a = 0 8aTadpole 
an
ellation for global 
onsisten
yXa Na(�a +�0a)� 4�O6 = [0℄

Note: Little known about sLags on general CY3=) toroidal orientifolds CY3 = T 6=ZN � ZM=) abstra
t RCFT (Gepner Model orientifolds)University of North Carolina HEP Seminar, 10/12/2006 { p.10



Anomalous U(1) and GS-me
hanismSpe
i�
 signature of IBW:gauge group Qa U(Na) =Qa SU(Na)� U(1)ain general: U(1)a is anomalousanomaly 
an
elled by 4D Green-S
hwarz me
hanism,mediated by Chern-Simons 
oupling

SCS =Xa Na �6 ZR1;3��a etrFaXp C2p+1

abelian gauge potential be
omes massive and anomalousU(1)a survives as a global perturbative symmetryOnly spe
i�
 linear 
ombinations of U(1)s are massless in realisti
 models: only U(1)Y massless, but:additional perturbative U(1) forbid some desirable matter
ouplings e.g. right-handed neutrino masses or �-termsUniversity of North Carolina HEP Seminar, 10/12/2006 { p.11



Anomalous U(1) and GS-me
hanismCon
retely:AI ; BI : sympl. basis of H3(X;Z),�I ; �I : dual basis of H3(X;Z)Expand: 3-
y
le �a = mIaAI + na;I BIRR 3-form C(3) = `3s �C(0)I �I �D(0);I �I�CS-
oupling indu
es gauging of global axioni
 shift symmetry:under Aa;� ! Aa;� + ���athe axions (C(0)I ; D(0);I) transform asC(0)I ! C(0)I +QaI �a; D(0);I ! D(0);I + P a;I �awithQaI = �Na �na;I � n0a;I� ; P a;I = Na �mIa �m0Ia�
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Instantons-Heuristi
sStrategy: Probe for non-pert. terms by 
omputing suitableamplitudes in instanton ba
kgroundInstanton ba
kground: presen
e of Eu
lidean Ep-branewrapping internal (p+ 1)-
y
leOn X = CY3: b1(X) = 0 = b5(X) relevant obje
ts are Eu
lidean E2-branesRules:� Instanton se
tor 
orresponds to lo
al minimum of (full)string a
tion E2-brane volume minimizing on internal sLag �� Integrate over all bosoni
 and fermioni
 zero modeslo
alized on E2 All fermioni
 zero modes have to appear in somevertex operator University of North Carolina HEP Seminar, 10/12/2006 { p.13



Instantons-Heuristi
sConsequen
e:F-terms possible only if E2-se
tor is half-BPS w.r.t.D6-branes/O6-plane,i.e. if � SUSY w.r.t. �a, but 1=2 SUSY broken due tolo
alisation in 4D 2 fermioni
 zero modes �i (Goldstinos)D-terms only if E2-se
tor breaks all 4 supersymmetries, i.e. �on sLag non-SUSY w.r.t. �a  4 fermioni
 zero modes �i, �ifo
us on single-instanton 
ontribs. to superpotential W
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Instantons-Heuristi
sWnp / e�SE2 = exp h�2�`3s � 1gs R�<(
3) + i R�C3�iexponential not gauge invariant under U(1)a!e�SE2 ! e2�iQa(E2)�a e�SE2, whereQa(E2) = Na � Æ (�a ��0a)Consequen
e:If Qa(E2) 6= 0 for some a, no terms W = e�SE2 possible but:W =Yi �i e�SE2 with Xi Q(�i) +Qa(E2) = 0 8a

non-perturbative breakdown of global U(1) symmetry possibleHow 
an we understand this sele
tion rule in terms offermioni
 zero modes? University of North Carolina HEP Seminar, 10/12/2006 { p.15



Zero mode stru
ture-DetailsDistinguish 2 types of fermioni
 zero modes:1) zero modes un
harged under U(1)a:� Goldstinos �i� If 
y
le � non-rigid:b1(�) fermioni
 zero modes from open strings startingand ending on E2 $ E2-moduli� additional zero modes also at interse
tion of � and �0
ounted by 12([� \ �0℄� � [� \ �O6℄�)vertex ops of these un
harged zero modes 
an only 
ombineproperly with vertex ops of (un
harged) 
losed string �eldsfor Wnp dependent only on open �elds of gauge se
tor, theyhave to absent:� has to be rigid and [� \ �0℄� = [� \ �O6℄�University of North Carolina HEP Seminar, 10/12/2006 { p.16



Zero mode stru
ture-Details2) zero modes 
harged under U(1)a:from strings between E2 and D6aDN-boundary 
onditions in 4D, mixed boundary 
onditionsalong CY3 1/2 
omplex fermioni
 zero mode �azero modes Reps. number�a;I (�1E ; a) I = 1; : : : ; [� \ �a℄+�a;I (1E ; a) I = 1; : : : ; [� \ �a℄��a0;I (�1E ; a) I = 1; : : : ; [� \ �0a℄+�a0;I (1E ; a) I = 1; : : : ; [� \ �0a℄�total U(1)a 
harge of all zero modes:Qa(E2) = Na � Æ (�a � �0a)in agreement with e�SE2 ! e2�iQa(E2)�a e�SE2University of North Carolina HEP Seminar, 10/12/2006 { p.17



Instanton 
al
ulus - OutlineOur obje
t of desire is Wnp 'QMi=1�ai;bi e�SE2�ai;bi = �ai;bi + � ai;bi : super�elds at the interse
tion of �aiwith �bisuppress Chan-Paton labels for simpli
ityWnp dete
ted by 
orrelator in E2-ba
kground

h�a1;b1 � : : : � �aM�2;bM�2 �  aM�1;bM�1 �  aM ;bM iE2�inst =Z d4x d2� X
onf: Qa �Q[�\�a℄+I=1 d�a;I� �Q[�\�a℄�I=1 d�a;I�Yk h�kak1 ;bk1 � : : : � �kakr ;bkr igkQ�k
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Instanton 
al
ulus - OutlineWhi
h ways of splitting the h:::igkQ �k 
ontribute to W?1) Ea
h fa
tor has to involve at least one E2-boundary2) all �a and the two �i modes have to appear pre
isely on
e3) Holomorphy of W : only dependen
e on gs via exp(�SE2) analyse gs-s
aling of h:::igkQ �k :� ea
h disk: (gs)�1one-loop diagram (annulus/M�obius): (gs)0� vertex ops for �ai;bi= ai;bi: (gs)0(otherwise de
ouple as gs ! 0)vertex ops for �a: (gs)1=2 
f. D3-D(-1): [Billo et al.'03℄Consequen
e:ea
h disk 
arries pre
isely two �a verti
esannulus/M�obius 
arries no �a verti
esno worldsheets of genus higher than 1 
ontribute to WUniversity of North Carolina HEP Seminar, 10/12/2006 { p.19



Instanton 
al
ulus - Disks� fa
tor o� va
uum disks 
f.[Pol
hinski'94℄1Xn=1 1n! (h1idisk)n = exp(�SE2)

� appropriate insertion of �i verti
es hand in hand withinsertion of �ai;bi= ai;bi:
X

E2

Da Db

Φab

a b

=

X

E2

Da Db

ab

a b
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X

Da Db
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a b
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Instanton 
al
ulus - Disks� only order g0s diagrams

X

E2

Da Db

Φab

X
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� also multi-insertion disks possiblee.g. if D6-brane has deformation moduli (super�elds �a),insertion of arbitrary number of �a overall exp �� 1�0 tr(�a)�-dependen
e on open string moduli
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Instanton 
al
ulus - 1-loop amplitudesRe
all: loop-amplitudes un
harged (no �a-insertion)� fa
tor o� va
uum loops involving at least one E2 boundary:ZA(E2; D6a) = 
 R10 dtt TrE2;D6a �e�2�tL0� 6= 0likewise ZM (E2; O6) 6= 0; butZA(E2; E2) = 0 = ZA(E2; E20) (due to supersymmetrypreserved on E2 worldvolume)  1Xn=0 1n!  Xa hZA(E2; D6a) + ZA(D60a; E2)i+ ZM (E2; O6)!n

= exp (Z0);with Z0 =Pa �ZA(D6a; E2) + ZA(D60a; E2)�+ ZM (E2; O6)
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Instanton 
al
ulus - 1-loop amplitudes

E2 Da E2 Da
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Instanton 
al
ulus - 1-loop amplitudesCompare:P1n=1 1n!(h1idisk)n = e�SE2 $ P1n=1 1n!(h1i1�loop)n = eZ0Interpretation of exp(Z0) as 1-loop determinant:Z0 divergent from t!1 integration(t! 0 divergen
e 
an
els) in presen
e of bosoni
 zero mode: exp(Z0)!1 in presen
e of fermioni
 zero mode: exp(Z0)! 0Cf. worldsheet instantons in het. (0,2)-models [Witten`99℄):

W = Pfa�(�V�)(det0 �O)2 (det �O(�1))2 exp(�Sinst)
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Instanton 
al
ulus - 1-loop amplitudesAs in heteroti
 string: remove bosoni
 and fermioni
 zeromodes from 1-loop determinant!Pfa� 0(DF )pdet0(DB) =exp�Pa hZ 0A(E2; D6a) + Z 0A(E2; D60a)i+ Z 0M (E2; O6)� :

� also atta
h 
hains of �ai;bi to 1-loop diagrams with oneboundary on E2In parti
ular: moduli �a moduli dependen
e of 1-loop determinant

DaE2

∆a

∆

∆

a

a

a

∆University of North Carolina HEP Seminar, 10/12/2006 { p.25



Instanton 
al
ulus - Summary

h�a1;b1(x1) � : : : � �aM ;bM (xM )iE2�inst == Z d4x d2� X
onf: Qa�Q[�\�a℄+i=1 d�ia� �Q[�\�a℄�i=1 d�ia�exp(�SE2) � exp �Z 00�� hb�a1;b1 [~x1℄i�a1 ;�b1 � : : : � hb�aL;bL [~xL℄i�aL ;�bL �Yk hb�
k;
k [~xk℄iloopA(E2;D6
k )

W =XE2

omplex stru
turez }| {e�SE2(U) f
0BB�WSdisk instantonsz }| {exp �� T�0 � ; D6moduliz }| {exp�� tr(�)�0 �;�ab
1CCAUniversity of North Carolina HEP Seminar, 10/12/2006 { p.26



Matter 
ouplingsModulo the derived rules generation of importantperturbatively forbidden matter 
ouplings possible� Most prominently: hierar
hi
ally large Majorana masses forright-handed neutrinosFor 
on
reteness 
onsider putative MSSM from IBW

SU(2)

SU(3)

U(1)

U(1)

L L

QL
UR DR

ER NR
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Majorana MassesInterse
tion Matter Rep. Y(a; b) QL 3� (3; 2)(1;0;0) 1=3(a; 
) (UR)
 3� (3; 1)(�1;1;0) �4=3(a0; 
) (DR)
 3� (3; 1)(�1;�1;0) 2=3(b; d) LL 3� (1; 2)(0;0;�1) �1(
; d) (ER)
 3� (1; 1)(0;�1;1) 2(
0; d) (NR)
 3� (1; 1)(0;1;1) 0massless hyper
harge U(1)Y = 13 U(1)a � U(1)
 + U(1)dbaryon number QB = Qa, lepton number QL = Qb, Q
, Qdmassive i.e. perturbative global symmetries Dira
 mass WH = H+ LL (NR)
 present, butMajorana mass Wm =Mm (NR)
 (NR)
 perturbativelyforbidden University of North Carolina HEP Seminar, 10/12/2006 { p.28



Majorana MassesNon-pert. 
oupling possible if CY3 possesses rigid 3-
y
le �with zero mode stru
ture� \ �a = � \ �0a = � \ �b = � \�0b = � \�
 = � \�0d = 0[� \ �0
℄+ = 2; [� \ �0
℄� = 0; [� \ �d℄� = 2; [� \ �d℄+ = 0:Non-pert. Majorana 
oupling:Wm =Mm (NR)
 (NR)
 with Mm = xMs e� 2�`3s gsVolE2Use 1�GUT = 1`3s gsVolD6  Mm = xMs e� 2��GUT VolE2VolD6

For seesaw me
hanism need 1011GeV < Mm < 1015GeVEasily possible within natural regime for0:4 �RD6 > RE2 > 0:27 �RD6
University of North Carolina HEP Seminar, 10/12/2006 { p.29



Proton de
ay?Ni
e property of perturbative global U(1) su
h as QB, QL:Perturbative absen
e of dimension-four proton de
ayoperatorsW4 = � [QL (DR)
 LL℄ + �0 [(UR)
 (DR)
 (DR)
℄ + �00 [LL LL (ER)
℄ Is proton unstable non-perturbatively?Proton de
ay indu
ed only if stable as long as ��0 6= 0
areful analysis of restri
tive stru
ture of boundary
ombinatori
s and fermioni
 zero modes 
ru
ial:� [(UR)
 (DR)
 (DR)
℄ is possible if[� \ �a℄+ = 1; [� \ �
℄� = 1; [� \ �0
℄� = 2 3� �a; 1� �
; 2� �
0 University of North Carolina HEP Seminar, 10/12/2006 { p.30



Proton de
ay?� [LL LL (ER)
℄ likewise possible� [QL (DR)
 LL℄ not possible:Minimal number of �a-modes if E2 on � with[� \ �a℄+ = 1! 3� �a due to Na = 3but QL and (DR)
 
an only soak up 1 �a ea
h! no non-pert. dimension 4 proton de
ay operators indu
edin this manner

University of North Carolina HEP Seminar, 10/12/2006 { p.31



Additional 
ouplings� IBW GUT SU(5) su�er from absen
e of pert. trilinearYukawas 10 10 5H , where 10 from (a,a')-interse
tionNot generated by E2-instantons due to too many �-modes� depending on 
on
rete 
onstru
tion � -term �H+H� isoften forbidden pertrubatively 
an well be generated!
University of North Carolina HEP Seminar, 10/12/2006 { p.32



Va
uum destabilisationRe
all: All amplitudes require rigid E2 branes with noun
harged zero-modes! very restri
tive!2 kinds of destabilising terms 
an be indu
ed:� In presen
e of pre
isely to fermioni
 zero modes �a, �b,open string tadpole W = �a;b e�SE2is possible.� If E2-brane has only non-
hiral (ve
tor-like) �� � modeswith D6a, purely moduli dependent terms indu
ed:

λa

λa

E2

D6a

∆a
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Va
uum destabilisationDoes this destroy all known perturbative brane va
ua?� Both rigidity and zero mode stru
ture rule out thesepro
esses in most, though not all 
ases� Interplay of several su
h terms 
an in prin
iple also lead to�xing of open string moduli systemati
 analysis in 
on
rete examples required� Can
ellation of 
omplete sum of these 
ontributions likewise
on
eivable in prin
iple (see Beasley/Witten) remains to be seen!
University of North Carolina HEP Seminar, 10/12/2006 { p.34



D-termsRe
all: If E2 is half-BPS w.r.t. D6-branes: F-terms generatedIf sLag � of E2 breaks all SUSY  4 zero modes �i, �i asrequired for non-pert. D-termD6� E2 zero modes: same stru
ture of fermioni
 zeromodes as in half-BPS 
aseabsen
e of ta
hyons in bosoni
 se
tor guaranteed due toDN-boundary 
onditions in 4D! no instability due to possible re
ombination modes,at most mild non-pert. deformation of D-term SUSY
ondition

University of North Carolina HEP Seminar, 10/12/2006 { p.35



D-terms/gauge kineti
 fun
tionsExpe
t FI-term SFI = R d4x d2� d2 � VU(1) arising fromdiagrams involving vert. op. for abelian gauge �eld on D6and ve
tor-like pairs of �, �-modesi.e. only E2-branes with zero net 
harge under U(1)a
ontribute to FI-termD-term SUSY 
ondition 
entral 
harge ! gauge 
ouplings

�a ' Arg Z�a 
3; fa = 1(2�) `3s � 1gs ��� Z�a 
3��� + iZ�a C3�

 expe
t likewise non-pert. 
orre
tions to gauge kineti
fun
tionthis time from half-BPS E2-branes, but again 
arrying no netU(1) 
harge (non-
hiral interse
tion)University of North Carolina HEP Seminar, 10/12/2006 { p.36



Dual formulationsType IIA orientifolds Mirror symmetry ! Type I /Type IIBorientifolds S�duality ! Heteroti
 (0; 2)-models1.) Type I:D9-branes 
arrying (non-)abelian gauge bundle VaD5-branes wrapping holomorphi
 
urves2 types of axions:universal axion from dim. red. of C6 on CY3  
omplexi�esdilaton in SK�ahler axions: C2 redu
ed on two-
y
les of CY3  
omplexify K�ahler modulianalogue of E2-branes in IIA: E1/ E5-instantons� E1: have to wrap rigid 
urves (isolated IP1),
harged zero modes 
ounted by H�(IP1; VajIP1 
K1=2IP1 )University of North Carolina HEP Seminar, 10/12/2006 { p.37



Dual formulations� E5: wrap CY3, 
arry bundle VE,un
harged zero modes = bundle moduli of VE 
ounted byH1(CY3; VE 
 V �E) != 0in addition: symmetri
/antisymmetri
 matter inH�(CY3;�2VE) != 0 != H�(CY3;Nsym VE)
harged matter in H�(CY3; Va 
 VE); H�(CY3; Va 
 V 0E)Note: 
omplex stru
ture and bundle moduli U and B 
ontainno axions/Wilson lines! general fun
tional dependen
e possible

W =XE1 e�SE1(T ) f(U;B;�ab) +XE5 e�SE5(S;T ) f(U;B;�ab);

University of North Carolina HEP Seminar, 10/12/2006 { p.38



Dual formulations2.) Type I dire
tly S-dual to heteroti
 Spin(32)=Z2 stringwith U(N)-bundlessame stru
utre also for E8 �E8 string with general U(N)bundles embeddedrole of E1=E5 instantons played by worldsheet/NS5-braneinstantons3.) Type IIB orientifolds with O3=O7-planes
hiral matter on D7-branes wrapping holomorphi
 divisor and
arrying gauge bundle Va axions from dim. red. of C4 along4-
y
lesE3-brane instantons:rigid 4-
y
le �E : h0(�E ; N) = h(2;0)(�E) != 0absen
e of bundle moduli for VE = L :h(1;0)(�E) != 0additional 
harged zero modes if E3 and D7 brane overlapinternally! [Ganor`96℄ University of North Carolina HEP Seminar, 10/12/2006 { p.39



Con
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ept of Fukaya 
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