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Motivation

String model building

� Heteroti
 string 
ompa
ti�
ations on (X ; V )� Type II A orientifolds: Interse
ting Braneworlds (IBW)� Type I: magnetised D9/D5-branes� Type II B orientifolds: D7/D3-branes, branes atsingularitiesIn all 
lasses one 
an build semirealisti
 models, whi
h 
omewith� MSSM like physi
s� many unobserved parti
les, in parti
ular singlet states(moduli)
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MotivationIn order to make progress towards making de�nite low energypredi
tions from string theory one must resolve the issue ofmoduli stabilisation

� Tree level e�e
ts: Fluxes ("tunable")� Non-perturbative e�e
ts: instantons, gaugino
ondensation (de�ned by string ba
kground)Program: Systemati
 investigation of string instanton e�e
tsfor various 
lasses of N = 1 string va
ua(Most of the work so far was for world-sheet instantons inType II and heteroti
 string theory and for M-braneinstantons)
(Dine, Seib erg, W en, Witten), (Beck er

2

, Strominger), (Ha rvey , Mo o re), (Witten),

(Green, Gutp erle), (Antoniadis, Gava, Na rain, T a ylo r), (Ro cek, Saueressig, Theis,

V ando ren), (Berglund, Ma yr), (Kashani-P o o r, T omasiello), (Tsimpis), (Halmagyi,

Melnik ov, Sethi), (Grimm) ...
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Program

� D-brane instanton e�e
ts on N = 1 4D a
tion� Zero mode stru
ture and possible lifting� CFT instanton 
al
ulus� E2-instanton 
orre
tions to holomorphi
 obje
ts Wand f� Instanton 
orre
tions to D-terms ! brane stability� Instanton e�e
ts in realisti
 D-brane string va
ua� Generation of 
losed/open string superpotential !moduli stabilisation, in
ation� Generation of perturbatively forbidden butphenomenologi
ally desirable matter 
ouplings likeMajorana masses for neutrinos, Yukawa 
ouplings for

S U (5) models or mass terms for exoti
 matter.� Stringy derivation of �eld theory instanton e�e
ts
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Reminder: GS mechanism

Gauge group
Y

a

U (N

a

) = Y

a

S U (N

a

) � U (1)
a

in general 
ontains anomalous U (1)
a

symmetriesAnomaly 
an
ellation via the 4D Green-S
hwarz me
hanism� Anomalous U (1)s be
ome massive and survive as globalperturbative symmetries� Only spe
i�
 linear 
ombinations of U (1)s are masslessand remain as unbroken gauge symmetry (like U (1)
Y

)� Global U (1) forbid some desirable matter 
ouplings, e.g.Majorana type neutrino masses, S U (5) Yukawa 
ouplingsor � -terms ! relation to M-theory on G

2

manifolds(?)
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Instanton co rrections

Instanton 
orre
tions in string theory 
an break the axioni
shift symmetries and therefore the global U(1) symmetries.

(Bl, Cvetic, W eigand, hep-th/0609191), (Ibanez, Uranga, hep-th/0609213)Consider: D2-brane (E2) instantons in Type IIA wrapping asLag three-
y
le � on Calabi-Yau.From E2-E2 open strings:� Generi
 4 bosoni
 zero modes X

�

and 4 fermioni
 zeromodes �

� and �

_�� Due to deformations, b

1

(�) 
omplex bosoni
 zero modes

Y

i

and fermioni
 zero modes �

�
i

and �

_�
i

BW2007, 02.09.2007 { p.6/28



Instanton co rrections

Instanton 
orre
tions in string theory 
an break the axioni
shift symmetries and therefore the global U(1) symmetries.

(Bl, Cvetic, W eigand, hep-th/0609191), (Ibanez, Uranga, hep-th/0609213)Consider: D2-brane (E2) instantons in Type IIA wrapping asLag three-
y
le � on Calabi-Yau.From E2-E2 open strings:� Generi
 4 bosoni
 zero modes X

�

and 4 fermioni
 zeromodes �

� and �

_�� Due to deformations, b

1

(�) 
omplex bosoni
 zero modes

Y

i

and fermioni
 zero modes �

�
i

and �

_�
i

BW2007, 02.09.2007 { p.6/28



Instanton co rrections

Instanton 
orre
tions in string theory 
an break the axioni
shift symmetries and therefore the global U(1) symmetries.

(Bl, Cvetic, W eigand, hep-th/0609191), (Ibanez, Uranga, hep-th/0609213)Consider: D2-brane (E2) instantons in Type IIA wrapping asLag three-
y
le � on Calabi-Yau.

From E2-E2 open strings:� Generi
 4 bosoni
 zero modes X

�

and 4 fermioni
 zeromodes �

� and �

_�� Due to deformations, b

1

(�) 
omplex bosoni
 zero modes

Y

i

and fermioni
 zero modes �

�
i

and �

_�
i

BW2007, 02.09.2007 { p.6/28



Instanton co rrections

Instanton 
orre
tions in string theory 
an break the axioni
shift symmetries and therefore the global U(1) symmetries.

(Bl, Cvetic, W eigand, hep-th/0609191), (Ibanez, Uranga, hep-th/0609213)Consider: D2-brane (E2) instantons in Type IIA wrapping asLag three-
y
le � on Calabi-Yau.From E2-E2 open strings:� Generi
 4 bosoni
 zero modes X

�

and 4 fermioni
 zeromodes �

� and �

_�� Due to deformations, b

1

(�) 
omplex bosoni
 zero modes

Y

i

and fermioni
 zero modes �

�
i

and �

_�
i

BW2007, 02.09.2007 { p.6/28



F-terms via E2-Instantons

F-terms possible only if� The two �

_� zero modes are proje
ted out by 
� . For thisthe E2 must be invariant under � and must be an O (1)instanton (instead of S P (2) or U (1)) (Argurio, Bertolini, F erreti,

Lerda, P etersson) , (Ibanez, Schellek ens, Uranga) , (Bianchi, F ucito, Mo rales)� The two �

_� zero modes 
an be absorbed elsewhere, likefor instantons on top of D6-brane:

! fermioni
 ADHM-
onstraints (Billo et al., hep-th/0211250) ,
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Instanton Recombination and Fluxes

p relimina ry results of (Bl, Cvetic, Richter, W eigand, a rXiv:0708.0403)E2-E2' instanton re
ombination:�
E 2 � E 20

6= 0: After re
ombination the resulting obje
tdoes not have � zero modes, but additional fermioni
zero modes appear spoiling the generation of an F-term.

� [E 2 \ E 20 ℄� = 1: After re
ombination � are soaked upand m; �

_�

zero modes survive (deformations of theinstantons) ! generation of Beasley/Witten typemulti-fermion 
ouplings (Beasley , Witten)Fluxes are known to lift E3-instanton zero modes (Witten),

(T ripathy ,T rivedi), (Bergsho e� et al.),(L • ust et al.)� In Type IIB 
I

6

(� 1)F

L orientifolds a primitive G

2 ; 1


uxdoes not lift the � zero modes of an U(1) instanton
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T yp e I IA Space-time Instantons
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T yp e I IA Space-time Instantons

Consequen
e: If Q

a

(E 2) 6= 0 for some a , no terms

W = e

� S

E 2 possible but:

W = Y

i

�
i

e

� S

E 2 with X

i

Q

a

(�
i

) + Q

a

(E 2) = 0 8 a

i.e. non-perturbative breakdown of global U (1) symmetries.

see also e.g. : (Achuca rro, Ca rlos, Casas, Doplicher, hep-th/0601190), (Haack, Kre
,

L • ust, V an Pro ey en, Zagermann, hep-th/0609211)

How 
an we understand this sele
tion rule in terms offermioni
 zero modes?
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Instanton zero mo des

Additional Zero modes 
harged under U (1)
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:Strings between E 2 and D 6
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have DN-boundary 
onditions in4D and mixed boundary 
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Instanton calculus

E2-instantons are des
ribed by open strings ! 
omputationof stringy instanton 
orrelation fun
tions should be possible in(boundary) 
onformal �eld theory. (Gutp erle, Green, hep-th/9701093),

(Billo et al., hep-th/0211250)As a �rst step we would like to 
ompute (rigid)E2-
ontributions to the 
harged matter �eld superpotential
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i
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i

+ �  
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i

;b

i

denoting 
hiral matter super�eldsat the interse
tion of �
a

i

with �
b

i

(suppress Chan-Patonlabels for simpli
ity).
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Instanton calculus: Summa ry

Probe superpotential by 
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Instanton calculus: 1-lo op

Re
all: loop-amplitudes un
harged (no �

a

-insertion)

� Fa
tor o� va
uum loops involving at least one E 2boundary:
Z

A (E 2; D 6
a

) = c

Z
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0

dt

t

Tr
E 2 ;D 6

a

�

e

� 2 � tL
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�

6= 0

and likewise Z

M (E 2; O 6) 6= 0 but Z

A (E 2; E 2) = 0 (due tobose-fermi deg.).Therefore
exp (Z

0

) = exp  

X

a

Z

A (E 2; D 6
a

) + Z

M (E 2; O 6)!

One-loop determinants!
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Instanton calculus: 1-lo op

Diagrammati
ally we have the relation (for even spinstru
tures)
(Ab el,Go o dsell), (Ak erblom, Bl, L • ust, Plauschinn, Schmidt-Sommerfeld)Open problem: Computation of odd spin-stru
ture E 2 � D 6amplitude.
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Instanton calculus: 1-lo op

Stringy one-loop amplitudes are known to in
lude theholomorphi
 Wilsonian part and non-holo. 
ontributions fromwave-fun
tion normalisation

(Shifman, V ainshtein), (Kaplunovsky , Louis)
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Instanton calculus: 1-lo op

The CFT dis
 amplitudes 
ombine non-holomorphi
 andholomorphi
 pie
es
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Higher loop only 
ontribute to 
orre
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Applications : Mo duli p otential

For E2-instantons with no matter �eld zero modes 
orre
tionsto the un
harged 
losed/open string moduli superpotential
an be generated
W = A (T ; �) e

� U

� Va
uum destabilisation� KKLT like stabilisation of 
losed string moduli� In
aton potential for D-brane modulus � (Baumann et. al.
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Applications : matter couplings

For appropriate E2-instantons, important perturbativelyex
luded matter 
ouplings 
an be generated

� Majorana masses for right-handed neutrinos (Bl, Cvetic, W eigand,

hep-th/0609191), (Ibanez, Uranga, hep-th/0609213) , see also (Bianchi, Kiritsis),

(Cvetic, Richter, W eigand), (Ibanez, Schellek ens, Uranga), (Antusch,Ibanez, Macri)Non-pert. Majorana 
oupling:
W

M

= M

M

(N

R

)c (N

R

)c

with
M

M

= x M

s

e

�

2 �

`

3
s

g

s

V ol

E 2

The natural mass s
ale is M

s

' M

GUT

so that M

M

isnon-pert. suppressed w.r.t. to M
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SU(5) Y uk a w a couplings

Consider S U (5) GUT model via interse
ting D6-branes.se
tor number U (5)
a

� U (1)
b

reps. U (1)
X(a
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; b ) 3 1
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(1 ; 1)

+ 5H
( � 1 ; � 1)

(� 1) + (1)Perturbative Yukawa 
ouplings
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5
( � 1 ; 1)

5 H
( � 1 ; � 1)

i ; h 5
( � 1 ; 1)

1
(0 ; � 2)

5H
(1 ; 1)

iYukawa 
oupling
h 10

(2 ; 0)

10
(2 ; 0)

5H
(1 ; 1)

iis not U (1) invariant (but present on G

2

manifolds) .
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SU(5) Y uk a w a couplings

Can be generated, if the model 
ontains an O (1)-instantonwith E 2 � �

a

= � 1 and E 2 � �

b

= � 1,

(Bl, Cvetic, L • ust, Richter, W eigand, a rXiv:0708.0403)

a

W

Y

= Y

��

h 10105
H

i

�

ij k l m

10�
ij

10�
k l

5H
m

Flipped S U (5): hierar
hy between (d; s; b ) and (u; c; t ) by E2-instanton, 
avour hierar
hy by world-sheet instantons
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Applications: The ADS sup erp otential

N=1 SQCD with N
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(Ak erblom,Bl ,L • ust,Plauschinn,Schmidt-Som merf eld , hep-th/0612132)

(Flo rea, Kachru, McGreevy , Saulina, hep-th/0610003)
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The ADS sup erp otential

Issues:� Fermioni
 zero modes:
L

ferm

= �
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� Bosoni
 zero modes
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fdet[M
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0 ℄ :

generalisations (Argurio, Bertolini, F erreti, Lerda, P etersson), (Bianchi, F ucito, Mo rales),

(Billo, F rau, P esando, Di V ecchia, Lerda, Ma rotta)
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Instanton co rrections to f

Holomorphy di
tates that for D6-branes the holomorphi
gauge kineti
 fun
tion must look like

f = X

I
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I
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+ f

1 � lo op

�

e

� T

c

i

� + f

np

�

e

� U

c

I

; e

� T

c

i

�

:

For interse
ting D6-branes on T

6 the holomorphi
 one-loopgauge threshold 
orre
tions are: (L • ust, Stieb erger) , (Ak erblom, Bl, L • ust,

Schmidt-Sommerfeld )�
N = 1 se
tor: f

(1) = 0�
N = 2 se
tor: f

(1) = ln (� (i T

c ))World-sheet instanton 
orre
tions 
ome from world-sheetswith two boundaries ! expe
t E2-instantons from non-rigidones with b

1

(�) = 1.
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Instanton co rrections to f

Zero modes: Y

i

, �

� , �

_� . Distinguish two 
ases depending onhow the anti-holomorphi
 involution � a
ts on the open stringmodulus Y

� : y ! � y :The zero mode measure reads

Z

d

4

x d
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� d
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y d
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� e

� S

E 2

: : : ; for � : y ! y

and
Z

d

4

x d

2

� d

2

� e

� S

E 2

: : : ; for � : y ! � y :

(dual to w o rld-sheet instantons studied b y Beasley-Witten)
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