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[ lIl The Mirror : magnetized IIB branes ]

Mirror symmetry exchanges IIA and IIB compactifications

In Type 1IB we have D9, D7, D5 and D3 branes wrapping 6-,4-, 2- and
0-cycles in the CY and subject to magnetic fluxes.

We will consider 2 general classes of IIB models:

— 1) Magnetized Dp IIB branes in toroidal/orbifold settings

— 2) IIB D3-branes at singularities

The first class ? is T-dual (equivalent) to the intersecting D6-brane models

already discussed.

The second class may be considered also as a limiting class of magnetized

branes wrapping cycles which are collapsed at a CY singularity.

a

N

Bachas hep-th/9503030; Angelantonj et al. hep-th/0007090.

~
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Magnetized toroidal IIB branes

and with n%. units of U (1), magnetic flux:

mioe | FL =
2m 2

(2

e (n;,my) are now the dual of the D6-brane wrapping numbers.

e The relative angle of D6, — D6, branes is mapped to:

0. = arctg(Fg) — arctg(F;)

with

~

e One considers N, D9-branes wrapped mé times on the i-th 2-torus in 7'

(1)

(2)

(3)
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/o In the presence of a magnetic flux F' in a 1IB brane wrapping T? open string\

boundary conditions get modified:

0, X — F0O.Y =0 (4)
0,Y + FO,.X =0 (5)
e Note that F’ interpolates between N and D boundary conditions. At formally

infinite flux they are purely D.

e This allows us also to describe lower dimensional branes:

D9 — (ng,mg)(ng, mg) (1, my) (6)
D7y — (1,0)(%3,7713)(%2,7712) (7)
D5, — (n:,ml)(1,0)(1,0) (8)

\ D3 — (1,0)(1,0)(1,0) (9)/
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/o Any intersecting D6-brane model may be converted into a magnetized \

D9-brane model with apropriate fluxes.

e A T-duality exchanges Neumann and Dirichlet boundary conditions alog the

duality direction:

A

A N N
T-Dualities: | T, T,

\VJ \4
1B e @

Extended Pointlike With Flux

e E.g. The Zy X Zs IIA orientifold example has now the MSSM residing at

k D7, branes. RR-tadpoles cancelled by additional magnetized 9 branes. /
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ﬂduality in 3 x-tori directions exchanges D7-models models with fluxes and \

intersecting D6 IIA models

)
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In this case a T-duality along 3 horizontal directions exchanges a magnetized D7

IIB model and an intersecting D6 [IA model.

IIB :
Magnetized
222
QRRR D7-branes
T, T, T, 1
T—Dualities in X
A :
‘%, AT LA AN Intersecting
’ ” ne D6-b
A N AR . —branes
Q RRR, [27°777 T[
Tl T2 T3

e Chirality arises from the missmatch of L- and R-handed fermions in compact

dimensions in the presence of a magnetic flux.

- /
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~

Back to Type IIA: D8-branes with fluxes

e |t turns out that in order to recover full mirror symmetry one has to consider in

the lIA side new possibilities.D8-branes wrapping 5-cycles with magnetic
fluxes.
CY, CY,

/ F = magn. flux

e Naively one would say [)6-branes exhaust all the possibilities for constructing

space-filling BPS D-branes. Other Type IIA options 4,8 would wrap

homologically trivial cycles in a CY.

/
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e This is not quite true for )&’s because they can carry non-trivial magnetic

e The D&'s wrap 5-cycles 115 which are 'coisotropic’ submanifolds in the CY.

e The DS carries D6 charge corresponding to the 3-cycle Hg Poincare dual

~

flux ' in their worldvolume. The flux F' induces D6 charge in the

worldvolume of the D8 rendering them stable BPS objects:

D6 — charge : / F N Cy (10)
M4><H5

to F'inside 115.

/
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other T2
T < T° x T
|_|5: / x x
(n,,m) FZ0

e There is quantized magnetic flux inside T2 x T?:

F = nggdro Ndxs + ngydzs N\ dys + nyzdys N dzs
+  ny,dys A dys + nadxa A dys + nsdxs A dys

N

e A simple example is a D8-brane wrapping 7% x 1% and a 1-cycle on the
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/o There is a D-term condition analogous to that of D6’s. However in addition there is ah

F-term condition:

(F + Je)’jn; = 0 (11)

e since ( the T; are the Kahler moduli)

F? = (NayNyz — NaaNyy + N2ng) dre A dys A dzs A dys
(Jc)2|n5 = —T5T5dxo A dyz A dxs N dyg
F N JC|H5 = —i(ﬁQTg -+ 7~?,3T2)d5132 VAN dyz A dxs N dyg

® one gets the F-term constraint
e The F-term condition may be understood as coming from a superpotential

Wi = & (1275 = f1) 5 f1 = nayNys — NaaNyy (13)

\ where @ is an open string modulus along the first torus (L8 location + Wilson Iine)./

10
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Chirality

e Chirality arises from mixture of intersections and magnetized branes. Chiral

fermions arise at overlaps of both )6 and D8 s .

2
D8-D8, | | x| x| |1, = etan|E-F)
| 2" 2
Tx T
2
D8 - D8, ‘ — |1, = F-F)
CXkT?
D8 - D6, i X ‘ X ‘ [, = tintigd) |(F—F,)
C2

N | /
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Model building applications

e These magnetized J8-branes may be used to construct semirealistic
compactifications in Zo X Zs orientifold with MSSM-like spectrum and 3

generations 2.

e They have a couple of advantages over D6-brane models:

— One can fix the Kahler moduli without the addition of closed string fluxes

(which would require using the supergravity aproximation).
— Their D6-induced charges correspond to non-factorized cycles. This

makes the model-building more flexible.

e The model building possibilities of this new tool are still to be explored. We

will content ourselves with an example here.

2A.Font, L.E.I.,F. Marchesano, hep-th/06072109.

4 N

- /
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[ A MSSM-like D8&-D6 example ]

e Consider the Zy X Z5 Type lIA orientifold with D&'s and [D6’s as follows:

D6 || D6
X | |FZ0 X | F#0
D8
06
SU(3)xU(1)
SU(2),
SU().
N; Dp; DS : (n,m)z X (n:c:can:cyanywanyy>(jk)

D6 : (n1,m1)(n2,m2)(ns, ms)

Ng =642 D8,

(17 0)1 X (_17 3) _3a 10)(23)

Ny = 2 D6y,

(0,1)(1,0)(0,—1)

NC:2 D6C

(0,1)(0,—1)(1,0)

~

13
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/o Stacks a,b,c give rise to the SM sector. \

e Additional branes to cancel all RR-tadpoles and fix the I; (in collaboration

with brane a)).

N; Dp; DS : (n,m)z X (nxasana:yanymanyy)(jk)

D6 : (n1,m1)(n2, m2)(ns, ms)

Ny =4 D6y (=2,1)1 x (=3,1) x (=3,1)
Nx =2 D8x (1,0)2 x (=1,0,0,2)(13)
Ny = 2 D8y (1,0)3 x (=1,0,0,2)(19)

e The gauge group is

SU(S) X SU(Q)L X SU(Q)R X U(l)B_L X U(1)33_|_L X Ghridden
(14)

\o The chiral spectrum with MSSM quantum numbers is: /

14
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N

Intersection Matter fields Rep. Q33+L
a—b Qr + L 3(3+1,2r) 1
a—c Ur+ Dpr ;Er +vr | 3(3+1,2R) -1
b—c H+H (21,2R) 0
b— M L 6(2nr,21) 0
c— M R 6(2p7,2R) 0

addition there are some extra exotic leptons which can become massive at

the electroweak scale.

e The D-term conditions give

® This corresponds to 3 quark/lepton generations plus a minimal Higgs set. In

To =173 ; T172T3 = 971 + 672 + 673

15
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e The F-term conditions fix the 3 untwisted Kahler moduli 7;:

D8, — T3 =F? =1 (16)
D8y — T\1T3 = Fr = 2
D8y — T\Ty, = F2 = 2

e one thus has

Rely = 2 ; Rely = Rels =1 ; ImT; = 0 (17)

e The MSSM gauge kinetic functions are given by
Jfsu@+1) = NiNyyS — ning, U = 105 + Uy
fsu@), = 2Us
fsu@r = 3Us

e A variety of MSSM-like models may be built..

- /
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A large class of Type IIB Rational Conformal Field Theory (RCFT) orientifold
models, of order 180000 with MSSM-like spectra were constructed in 2004

RCFT Type IIB orientifold MSSM-like models

by Schellekens and colaborators 2.

These are non-geometrical compactifications in which the CY geometry is

replaced by RCFT Gepner models with total central chargec = 9.

This ¢ = 9 system is obtained by tensoring /N = 2 Minimal SCFT models

each one with central charge

3k
C:m, kzl,...,OO (18)
There are 168 ways of solving ZZ cr, = 9. In addition one can obtain new
compactifications by moding by the discrete symmetries, a 2o symmetry

per minimal factor : 5403 models.

\aDijkstra,Huiszoon,ScheIIekens hep-th/0411129. /

17
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/o Altogether there are 49304 possibilities for orientifold operations. \

sector)

models found with different spectra in 2004 sample.

e The role of branes played by certain boundary states. For a given model the
number of boundary states is finite, typically 10% — 103 .

e Search for MSSM spectra coming from a,b,c,d SM boundary states ("Madrid
guiver’ structure) plus possible hidden sector boundaries. 179520 MSSM-like

e The general structure of SM gauge group (there is also in general a hidden

| Type | SM Gauge group B-L |
0 U@B) x Sp(2) x U(1) x U(1) massless
1 UB)xUR2)xU() xU(() massless
2 U(3) x Sp(2) x O(2) x U(1) massless
3 UB)xU((2) xO2) xU(1) massless
4 U(3) x Sp(2) x Sp(2) x U(1) | massless
5 UB) xU(2) x Sp(2) x U(1) massless
6 U3) x Sp(2) x U(1) x U(1) massive
7 UB)xUR2)xU(1) xU(1) massive

18
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The geometric interpretation of these models corresponds to Type 1I1B
orientifolds with magnetized D7-branes. The D7’s would wrap 4-cycles in the
CY.

They have just the spectrum of the MSSM and vectorlike matter.

No exotics. Some have gauge coupling unification (but extra vector-like
matter).

Limitation: correspond to particular points in CY space. Do not know yet how

to extract the effective acion, feasible in principle.

But the biggest set of MSSM-like solutions in the literature!

/

19
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IV-THE LOW ENERGY EFFECTIVE ACTION

e Kahler potential
e Gauge kinetic function

e Yukava couplings

N

20
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e Type Il orientifolds have massless Kahler I; and complex structure U,,,

~

[ Closed string moduli in CY orientifolds ]

moduli. They are defined in terms of geometric quantities as follows 2

— Type llA:

T = Vol(S) +i B, U™ = e Vol(s{™) +i ™ @9)

— Type IIB (D3/D7)

U™ = / Q: T = e Vol(2P) +iC? (20
»(3)

e Here X,, denotes a cycle of dimension=n in the CY, C',, are RR n-forms
integrated over those cycles, {2 denotes the holomorphic 3.form in the CY
and ¢ is the dilaton.

K""T.Grimm, J. Louis hep-th/0412277. /

21
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[ Closed string moduli Kahler potential in CY orientifolds

e The Kahler potential for Type IIA orientifolds may be obtained by dimensional
reduction from D = 10 and is given by

Krra = —log(Voloy) — QZog/ Re(CQ) N xRe(CQ) (21)

cY
1
C:€_¢4 [—/Q/\Q*
81

® For the case of the Kahler potential for IIB (D3/D7) orientifolds one gets

where
—1/2

. P4 = e?/(Vol)!/? (22)

Krip = —2log(Volcy) — logi/ QNANQ — log(S+ S™) (23)
cYy
where

1

- : /

]\

22



L.E. Ibafiez; D-BRANE MODEL BUILDING, PART I, July 2008, PITP School, IAS Princeton

-

~

Is the complex dilaton field.

In both cases one can check that the dependence on Kahler moduli and complex structure field is

separated in the Kahler potential.

In Type IIA the perturbative superpotential depends on the Kahler moduli but not on the complex

structure.

In Type |IB the perturbative superpotential depends on the complex structure moduli but not on

the Kahler moduli.

This separation may have phenomenological relevance (flavour problem).

23
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Closed string moduli in 1IA toroidal orientifolds ]

e There are IlA orientifold closed string moduli scalars:

— The complex structure moduli. They are governed by the dilaton A = e?

and the shape of each tori. The 1)’ are the RR scalars with a role in U(1)

anomalies.
MS
s = RIMRPRB) 4 P
. M3 . . .
U = = RORDRE) + i’ | i#j+4k

— The Kahler moduli . The real part controls the size of the tori.

70 = M2 RPRY + i (Bs(i))

~

(25)

(26)
(27)

(28)

24
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N

Closed string moduli in 1IB toroidal orientifolds ]

e For the (X R? R? R? IIB orientifold (D7, D3 branes).

— The dilaton

S:%+i00

— The Kahler moduli . The real part is the 4-volume transverse to the i-th

torus. The C" are the RR scalars playing a role in U (1) anomalies.

. M4 . . .
T = TSR;ﬁRg)R;’“)R;@ +iCt i A Ak

— The complex structure moduli.

U(Z) - T;

(29)

(30)

(31)

/

25
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e Note that the real parts may be obtained from those of Type IIA through 3

T-dualities in the x-directions:

Oé,

Ry’

e Kahler and complex structure moduli are exchanged

Rg) — (32)

ITA, D6 U® . TW — [IB.D7,D3T®  U® (33

- /
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[ The toroidal moduli Kahler potential

e |t has the typical log structure.

K = —log(S5+5*)—log (11; (U(i)—FU(i)*))—lOQ (I1; (T(i)‘i‘T(i)*))
(34)

e It has the same structure for IIA and IIB although the moduli have different

meaning.

e These diagonal toroidal moduli are the untwisted moduli of the Zo X Z5

orientifold. Other orbifolds may have additional off-diagonal moduli.

= /

27
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Kahler metrics of matter fields (11B) ]

To compute low-energy physical quantities (like physical Yukawa couplings,
SUSY-breaking soft terms) it is important to know the Kahler metrics of the

matter fields

Ky @, ® (35)

K, are non-holomorphic functions of the closed string moduli. Their

dependence on the moduli is dictated by the geometric origin of the field.

These metrics have been computed for simple cases either by dimensional

reduction or explicit string correlators °.

Different origin of chiral matter fields in 11B-D3/D7 toroidal orientifolds. The

classification still applies to general CY orientifolds. (No magnetic fluxes).

a

N

L.E.l.,, C. Mufoz, S. Rigolin hep-ph/9812397; Lust et al. hep-th/0406092.

~

/
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D7

D7 D7 :ié

D3

KD
))D
O

D7,
D7

D3

a) b) C) d) e)

— a) Fields from (7%7%);, j # i. Come from dimensional reduction of D = 8 vector
multiplets in the brane. They give rise to adjoints in toroidal example but may lead to more
interesting matter in more general cases. The metricis (t; = 2ReTl’;, u; = 2ReUj)

1
Kzigiy, = —— 36
(797%) tru; (36)

— b) Fields from (7i 71‘)2,7@- = 1, 2, 3. Come from dimensional reduction of D = 8 scalar
multiplets which parametrize the position of 7'-brane in transverse dimensions. Adjoints in

\ toroidal case.

29
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% 1
(7*7) T St
— c¢) Fields from two intersecting [D7-branes.
. 1 itk
(7¢79) T T1/2 t7J
tk/ s1/2 (usuy)1/2
— d) Fields from open strings between D3 and [D7-branes.
. 1 ik
(37%) = "1/2,1/2 v7
— e) Fields from open strings in 1D 3-branes.
1
Ks), = —
L

e The results for intersecting ID6-branes may be obtained from T-duality.

N

(37)

(38)

(39)

(40)

30
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Effect of magnetic fluxes on Kahler metrics

e The above metrics corresponded to the case with no magnetic fluxes on the
D7-branes. But chirality typically requires magnetic fluxes. Consider the

presence of magnetic fluxes through i-th torus F;

1/2
t;
Fy = n ( ” ) (41)
titg

e Then for fields of types a), b) one gets ®

1 |1+z’Fk
tkigj

where 7 # j = k label the 3 2-tori

1 .
|5 Kgizy, = — L+ |F/F"), 42)

Kimimiy, = .
(7°7%); 1+ 2FY SU;

e Kahler metric for matter fields coming from intersecting magnetized D7’s one

\\\\;aLustetm.hep%hKM04134. 4’///
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has (Lust et al.)

1 _ I,
Kap = 2 u; 0 ab’ 43
’ (st1t2t3)1/4( i=1i )\/F(l—egb) *3)

where s = ReS, u; = Re(U®), t; = Re(TW).

e For dilute fluxes (large t) this behaves with ¢ = 1 = 19 = {3 like

1
s1/241/2

e In the Type IIA case the same result applies exchanging Kahler and c.s.

K., ~ (44)

moduli and interpreting the magnetic fluxes in terms of angles of intersecting
D6 branes.

e The Kahler metric is important to compute SUSY breaking soft terms.

= /
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e The gauge coupling constant in IlA orientifolds may be obtained from the
Dirac-Born-Infeld (DBI) action of the D6-branes

~

[ The gauge kinetic function

A

e Expanding to quadratic order in the gauge field strength F':

1
Sppr = / — \/dGﬁ(G + F) + Scg (45)
Ipe

= = T = S (R + (i R)?) e

e If the DG-brane preserves same SUSY as orientifold plane, the expression

simplifies a lot. Indeed, using the trigonometric expresion

H?:1 (1 + tan26i)1/2 =1 - Z tcmﬂitcmej (47)

N - /

33
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/ one finds \

1 o .
M3a2 néningRiRiR?} — Z nzm‘;mﬁR;R*;Rz (48)
»Ja ik
ninniRe(S) — Z n: mIm” Re(U") (49)
i 2k

e and hence by holomorphicity of kinetic function

fo = ntn2nisS — Z n' mImFU’ (50)
177k
e In the Type IIB case one also expands the DBI action. The mémfb pieces
come from the insertion of F' backgrounds in the expansion. One then finds

the same expression exchanging U* < T".

e Note that in general coupling constants would not unify in a MSSM model.
K The Fields 5, U contain RR scalars participating in GS mechanism. /
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e |In the MSSM-like model we described before one finds:

e SUSY condition implies ReUs = ReUs = ReU so that SU(2), and
SU (2)y, are unified due to SUSY.

e One cantune S, U(1) to get unification.

e There are more complicated models in which gauge coupling unification is

more easily achieved.

N

1 1
fsu@asy = Ur + 995 fsu), = §U2; Jsu@yn = §U3 (51)

~

/
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e One of the quantities of most phenomenological interest are the Yukawa

Yukawa couplings in |IA toroidal orientifolds

e They may be computed in Type IIA from string correlators wich involve

world-sheet instanton contributions.

couplings among fermions and Higgs multiplets in SM-like compactifications.

~

_I_2 T2 _I_2
/
QL
Do:
Q
R ‘| H
N

e Consider first one subtorus and three D-branes labeled a,b,c wrapping T?
\ with intersecting numbers 1,p, Lpc, Lcq.

/
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e Yukawa couplings come from worldsheet instanton contributions 2

i / a K

e If2,7, k= 0,1, ... label the chiral fields at intersections One expects a

semiclassical contribution

Aiik
Yijpk Zeazp —

2o’

(52)

2Aldazabal et al.(2000);D.Cremades,L.l.,F. Marchesano (2003,2004)

- /
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\
| (n,m)
\
| =2 3 a=|(1,0)
‘\
| =-5 Y b= (112)
bc \
\
| =3 ' G cH(1,-3)
\\J=2
\
\
i= =]
\
b \
\
i=0 a \ j=0
\
\
\
\
\\
\
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/o One finds in the simple T2 case

zjk X Z ‘Iablbc ca‘ (

\ where 0 is the standard Jacobi theta function with characteristics..

k
+E+E + &+

e ¢ parametrizes relative positions of branes (open string moduli).

1)2

Vig o 0 ) (1) = Zq%(5+z)2 62m(5+l)¢’ g = e 2
K=

i J k _

o = —
Iab " Ibc " Ica e

¢ = 0,
A

t = E|Iablbclca|-

~

(53)

(54)

(55)

(56)

/
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4 N

e This is easily generalized to include complex Kahler moduli J*, a = 1, 2, 3,
Wilson lines #¢ on the D6-branes and the full 7% x T* x T=.

n 5(r)
}/ijk: — hqu . hcl — hqu H v gb(r) (07 /f(m) (57)
r=1

hqu is flavor-independent 2. Here the J-function parameters are given by

COR{CONN G [C(LZ)ES”) 4 ]C(g)el()r) n Iéz)egr)

5 = + s+ = + (58)
ry 1) L) L) 1)

o = 16 + 100 + 1o, (59)

(O OO0 0 )

&Cvetic,Papadimitriou;Abel,Owen (2003);Lust, Mayr,Richter,Stieberger (2004)

- /
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N

Application to the MSSM-like model ]

2/3

€ @)
o 13
>
|
{_
............ [
— D6-brane a
D6-brane b

Wyuwe = Y QL H,UY

O6-plane

————— -

_|_

1/6

£® I

D6-brane c

D6-brane c*

Y QY HyDY

1] %

~

(61)

/
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e with Yukawa matrices

~

i 2) | | 3) L &(3)
vyl e~ | 307 (327) x st (227,
9(2) . 03 L 9B .

I 4 e®) _ g®

7 2 )
vy 3t (322) x9 : (222,
9(2) . H(3) — g@3) .

(62)
Then, the Yukawa matrices can be expressed as (A4, B, B diagonal matrices

bilinear in -functions)

11 1 11 1
YV9~A-l 111 |B, YP~A] 11 1| B 63
11 1 11 1

e |n this model only the third generation becomes massive. One can obtain:

- /
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@ 1r (B'B) - €2ImJ(3)
M Tr (B - B)

e Thus one can understand the smallness of i, in geometric terms.

e This structure could be a good starting point. The masslessness of other
generations is due to factorization of family dependence. E.qg, slight departure
from factorization would lead to smaller but non-vanishing masses for rest of

families.

e Notice the presence of complex phases (origin of SM CP-violation) are

phases from Kahler moduli and Wilson lines.

4 N

- /
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4 N

Yukawa couplings: the |IB mirror ]

e The computation of Yukawa couplings in the Type IIB mirror is quite different 2. Consider the case
of magnetized 1D9-branes. One has to do a KK-reduction and compute the massles spectrum

from the zero modes of Dirac and K-G equations in extra dimensions.

® The initial gauge group may be e.g. U(n) (ore.g. 50(32), it will not be crucial for our

purposses), in D=10.
L=-1iTr {FMNFMN} + 1Ty {\TJFMDM\IJ}

e We then compactify the theory downto D = 4. The D = 10 fields can then be expanded:

Vw) = > xn(@) ®va(y)

\aD. Cremades,L.E.l., F. Marchesano hep-th/0404229.
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verify:
T ab __ ab _
ZEG wn — mn¢n7 mn—o
Ag ¢ = MZ2¢%°,  smallest M?

constant fluxes F,, F}, etc...

[ F, \ [ A,

F = Fy, , = A= Ay

e Herex", u=0,..,3 andy"™,m = 4,...9. The internal wave functions

e The initial gauge group U (n) is brokento U (p,) X U(pp) X ... by adding
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N

and chiral fermions in bifundamentals:

[ A B
C D
Dirac eq.

family replication.

[ D=4U(p.)
B gaugino
\ CPT conj.
D=0,
D=0—-1A

D = 4 bif.(pa, pp) \

chiral fermion

D =4U(py)

gaugino )

e Ingeneral )V = O has several independent chiral fermion solutions —

~

e The DD = 10 gaugino field has now [) = 4 zero modes including gauginos

/
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-~

e Fromthe D = 10 kinetic +gauge vertex term:
Tr {\TJFMDM\II} — A - WU - Wcoupling

KK reduction: l

g 6" 7
Yok = 5 ¢1TF ¢§ 1o fapy
X6

Q H Qg

Y ukawa =

CY

a7
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4 N

e The Yukawa coupling constant are thus obtained as overlap integrals of the

three wave functions in the extra six dimensions.

e One can explicitely compute the wave-functions ¢§ and gb}y{ ; for the case of
T?™ compactifications with magnetic fluxes. They turn out to be proportional

to Jacobi theta functions depending on compact corrdinates.

e The results should be equivalent to the results found for intersecting 16

branes after the appropriate replacements.

- /
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4 N

[ Matching with intersecting D6-branes

y T4 y T%

ol ¢

| /1, y

Intersecting Branes  Magnetized torus

T-duality overy coordinate

e With T-dualities along three y-directions we go from intersecting D6-branes to

Type | string theory (1B orientifold under {2 with 1D9-branes).

= /
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N

® Yukawa couplings in intersecting D6-brane models may be rewritten

e Yukawa couplings in magnetized T-dual obtained upon explicit integration:

~

n (r)

() )

t

Vi = o [T 020 | Pl | (v, 00DEID) e
r=1

Here H .+ is a known function of the open string moduli (1) (brane locations €’ and W.L.),

J (™) are the Kahler moduli of the 3-tori.

J10 5 QImT(r) 1/4 (T)H(T) 1/4 ()
= 10 cam7T Hap Hea | Hyogn /2y
Yijk = 5 H( (A ) ) ’ )
r=1 bc
5r)
w o | Oigk (C(’r‘)ﬂ-(’r’)l 100 <r>‘) (67)
0

where [Lgp = Qab/a’, C(T) are open string moduli (actually W.L.), A(r) are the areas of the 3

tori, and (") are the complex structure of the tori.
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® One can check that both expressions agree in the large volume (small angle) limits as long as:

3 1, (m) () (/4 o) p(r) |1/4
o = groo /4 T |Hetet | = eorore |fan fee
7 0
r=1 bc bc

® This agrees with the string computation of hqu 2 for small angle :

3 (r) (r) (r) | a(r)y11/4
L(1—6")T(1 -6, )0 0ca
how = ¢#10/2 ( OIN( (0, +0) )
1 TOUNTOSNT(1 = 6457 — 65))

r=1

b RPN
—, e®10/2 _ab "4 (69)

r=1

4Cvetic,Papadimitriou;Abel,Owen (2003);Lust, Mayr,Richter,Stieberger (2004)
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In N = 1 supergravity the normalized Yukawa couplings are obtained from
the Kahler metrics K ,,,,, of the bifundamentals and from the
SUPERPOTENTIAL W

Yiie = (KapKpeKea) M2 e5/2W,

Matching is obtained if:

3 (r)
J. .
W = T00| 9 | (0 rougnome)
r=1 0
N\ V4| ) () |4
-1/2 K/2 _ 910 2Im 7 Moy Hea H
(KabecKca) € — 9 1:[1 ( A(T) Iul()r) €

This agrees with the computation of toroidal Kahler potential and metrics

previously discussed.

52
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e Note that Type IIA computation of Yukawa couplings requires a stringy

computation summing worldsheet instanton contributions.

e Type IIB computation just requires a purely field-theoretical Kaluza-Klein

reduction. No string computation involved.

e |tis a nice check of Mirror Symmetry that both computations nicely match.

N




L.E. Ibafiez; D-BRANE MODEL BUILDING, PART I, July 2008, PITP School, IAS Princeton

-

V- BRANES AT SINGULARITIES

Compact . Bulk

Singularity

approach to the string embedding of the standard model,” JHEP 0008, 002 (2000)
[arXiv:hep-th/0005067].

e D. Malyshev, H. Verlinde, 'D-branes at Singularities and String Phenomenology’,
hep-th/0711.2451.

[arXiv:hep-th/0508089]

\ (2002) 071602 [arXiv:hep-ph/0105042].

e G. Aldazabal, L. E. Ibafiez, F. Quevedo and A. M. Uranga, “D-branes at singularities: A bottom-up

e H. Verlinde and M. Wijnholt, “Building the standard model on a D3-brane,” JHEP 0701 (2007) 106

e D. Berenstein, V. Jejjala and R. G. Leigh, “The standard model on a D-brane,” Phys. Rev. Lett. 88

/

54



L.E. Ibafiez; D-BRANE MODEL BUILDING, PART I, July 2008, PITP School, IAS Princeton

-

~

Bottom-up embedding of the SM in string theory

e Top-down approach to the embedding of the SM. Start with e.g a large gauge

group (e.g. i X Eg)in D = 10 and break down the symmetry untill we
find the SM.

e Bottom-up approach:

— Look for local configurations of Dp-branes resembling as much as possible
the SM.

— This local configuration will in general be part of a global compact model.

(Most likely myriads of CY may contain such local configuration).

— Most relevant phenomenological properties depend only in the local

configuration

e Most local branes filling Minkowski space: Stacks of D3-branes at

\ singularities in the CY (required for chirality). /
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[ D3-branes at a £ singularity ]

e Complex coordinate X rotated by a discrete o« = ei2m/N

X'=0aX
)

> ¢
C C/Z
exp(i2 T/N)

a

® = fixed point under «

e There is a fixed singular point at origin. A 2y orbifold singularity

N

/
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~

Consider the local complex coordinates x1, 2, x3 in the CY. Consider the

Z N twist generated by 0:

0 (x1,x2,13) — (ozllxl,QZng,al?’azg) (70)
with 0 = 1,1, € Z. Onehas N = 1 SUSY forly + l5 + [3 = 0 mod IV,

Consider M D3-branes located on top of singularity. The open string
spectrum must be invariant under ¢ and a simultaneous action on the CP

factor degrees of freedom:

/76,3 _ dlag (Inoa 6271‘2'/]\7:[ eZﬂ‘i(N—l)/NInN_l) (71)

I

where I, is the n; X m; unit matrix, and ZZ n; = M.
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/ e The projection for massless states: \

Gauge bosons:

ML 10> — X =93\ 5 (72)

e Then the gauge symmetry is broken to (at most) N factors:

U(M) — U(no) X U(nl) X ... X U(HN_l) (73)

Chiral multiplets:

)\wil/2|0 > — A= ei%lT/N’yg,g)\fye_’; , r=1,2,3 (74)

Then there are chiral matter in bifundamentals:

N—-1

> > (i) (75)
0

\ l, i=
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U(M)

ZN
N
/

U(no) X U(nl) X...X U(nN)

D3

-1
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e We can start with D3 branes at a /v singularity with twist
V= 1/N<l1, 12, l3>

Searching for a 3 generation SM ]

and then quarks would come from

T
e Note that there are at most 3 left-handed quarks, and 3 generations are
obtained for [y = [y = [3 = 1 which corresponds to the Z3 orbifold in the
SUSY case.

e Thus only for Z3 3 generations appear(also for non-Abelian discrte groups

UB)xU(2) xU(ng) X ... x U(ny_1) (76)

> (no,nos,) (77)

K containing Z3). /

~
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e At Z3 we have gauge group U (ng) X U(n1) x U(ns) . Only 3 gauge

[ The SM from D3-branes at a /3 singularity ]

V9.3 = diag (I3, 2 /315, e2™/31,)

e This leads to gauge group and particle content:

VA%

D3

e

U@ U@ U@
3[(3,2,1)+(1,2,1)+(3*,1,1)]

~

factor possible . We want ng = 3,n1 = 2, no = 1 so we have CP matrix:

(78)
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e Gauge group, chiral content and Yukawa couplings of [D3-branes at

The SM Z3 QUIVER ]

singularities may be expressed in terms of graphs called Quivers.

e /n quivers have N nodes representing gauge groups and bifundamental
chiral fields are represented by the links. Closed triangles correspond to
Yukawa couplings.

e More complicated singularities also admit a quiver rep. (ask Herman).

! But in this example the chiral spectrum is anomalous!.
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e Overall RR charge from the 4-form should vanish:

Local RR twisted tadpole cancellation

Ir~gs3 = 0

For our case with vy 3 = diag (I3, als, ;) one has:

Trygs = 3 + 2a +a® # 0

pass through the D3-branes. RR tadpole conditions modified. For general

Z N singularities:

\ r=1 r=1

e Need to new source of RR charge: D7-branes. They should wrap the CY and

3 3
[H 2sin(mkl,. /N) | Trygr 3 + ZQSin(ﬂ'klr/N) Tryge 7, = 0 (81)

(79)

(80)

/
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N

e There is one condition for each of the N — 1 twisted sectors. This is because

e One can show that these conditions guarantee cancellation of non-Abelian

e Here the D7, are transverse to the local x,- complex coordinate. Since they

~

there are N — 1 RR twisted charges.
anomalies .

are (before compactification) infinitely extended, D7-branes give rise only to

global symetries. (Large wrapped volume corresponds to g7 = 0).

/

64



L.E. Ibafiez; D-BRANE MODEL BUILDING, PART I, July 2008, PITP School, IAS Princeton

SM

D7
2 — D7,
X
2 D7,
TLXs
X1

e 7, sector. With CP twist matrix (for e.g. r = 3)

Yo.7, = diag(1u0’€2ﬂ‘i/]\7:[ eZ?Ti(N—l)/NIUN_l) (82)

ul,...’

one has (global) D7 symmetry: U (ug) X ... X U(ux_1) and matter fields:

\o D3 — D73 chiral multiplets. (Fermions A|sg, —1/2 >) /
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4 v N

Nary = €™ Ny it = ST (nay i) (83)
i=0

e D73 — D3 chiral multiplets.

N—-1
iwls /N —1 _
A7.3 =€’ 3/ V0,75 A Vg 3 — Z (wiy Mitis) (84)
i=0
e These new multiplets precisely cancel the non-Abelian gauge anomalies from

the D3-brane sector.

CY

\o In the case of Z3 one has /
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e Then adding 3 sets of D7, branes each transverse to the x,. plane and with

~

3
31T vp 3 + ZTrfy@jr =0 (85)

r=1
CP twist matrices (ug = 0, u; = 1, ug = 2)

Vo7 = diag (€23, e*™/31,) (86)

one gets (here a = exp(i27/3))

Z Trygr + 3Trve3 = 3(a+2a?) + 3(3+2a+a?) = 0 (87)

and tadpoles cancel. Thereis a (U(1) x U(2))? global symmetry.

/
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N

e There is an important difference though: the scalars involved in the

~

U(1) anomalies

In a Zy singularity there are up to [N U (1) factors:

AN U(M) — U(no) X U(nl) X ... X U(TLN_l) (88)

Most U (1)’s have triangle anomalies which are cancelled by a generalized

GS mechanism, analogous to the one we discussed already.

cancellation are the NV — 1 twisted RR fields in the singularity.

f\_ﬁN\./
U@1). / u(1),
PN SN
\ "

] Twisted RR scalars /
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/o The general expression for the mixed U (1) — G anomaly may be written \

G
U(1)
G
Iv'k
. N—1
—1 Z ™= LLTT —7—
oI > (nje” N ) x (13, 2sin(krl, /N))x (127 5) (89)
k=0

e One can consider a a general combination of U (1)’s

N—-1
L Q’I’Lj

n .
j=0 J

(90)

\ (we take ¢c; = 0ifn,; = 0). /
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4 N

e Then one can check that weighted diagonal generator with all ¢; equal

N—1 Q |
Qdiag — Z & (91)

J=0
is always anomaly free and massless. However it must be 72 = () for all j.

e This is generic. For some particular types of twists other anomaly-free U(l)’s

may appear.

- /
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Hypercharge

e In our case we have three U (1)’s from U (3) x U(2) x U (1) and we have

there is only one anomaly free U (1): hypercharge

Y = Qdiag — _(% + % + Ql) (92)

e It automatically gives the correct asignements of hypercharge for SM particles

e Massless chiral spectrum:

- /
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Matter fields | Q3 | Q2 | Q1 Qu; ng Y
33 sector
3(3,2) 1 -1 0 0 0 1/6
3(3,1) -1 0 1 0 0 -2/3
3(1,2) 0 1 -1 0 0 1/2
37, sector
(3,1) 1 0 0 -1 0 -1/3
(3,1;2) -1 0 0 0 1 1/3
(1,2;2) 0 1 0 0 -1 -1/2
(1,1;17) 0 0 -1 1 0 1
7y [ sector
3(1;2) 0 0 0 1 -1 0
Table 1: Spectrum of SU(3) x SU(2) x U(1) model. We present the quantum numbers under

\the U(1)9 groups. The first three U(1)’s come from the D3-brane sector. The next two come frD

the D7,--brane sectors, written as a single column (Aldazabal et al. hep-th/0005067).
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e For a general embedding of SMin U (3) x U(2) x U(1)" =2 the
hypercharge is given by

[ SinQHW from D3-branes at 2 singularities ]

N-—-1

Y = Quieg = (2 2+ Y Q)

1=2

N—-1

1 1 1 5
ey = 2 S+ 4 N—-2) = 249N -9
! L, (545 ) = 3 T2 )

J=1

and then for Z ; singularities one has

. 9
0y — _
\\ SUW S T T BN —4

e Lk = relative normalization of Y compared to non-Abelian generators:

(93)

(94)

(95)
%

74



L.E. Ibafiez; D-BRANE MODEL BUILDING, PART I, July 2008, PITP School, IAS Princeton

4 N

e Thus for the Z5 singularityone has at the string scale sin’fyy = 3/14.

e In the SM construction one has at low energies (after one turns on vevs for
(1,2") 7, — 7, ) the MSSM content with 3 sets of Higgs multiplets. Doing

the running one finds no gauge coupling unification for sin?6yy, = 3/14.

e Blowing up the singularity, i.e. < M} >z 0 may correct for this since the
gauge kinetic functions for D3’s are given by:

fo=8+ ) dMy (96)
k

where M. are the twisted moduli at the singularity and dj, computable

coefficients. (The shift of the M. operates in GS mechanism)

e In fact gauge coupling unification nicely occurrs in a left-right symmetric

version of the model.

- /
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e We can construct a model with gauge group U (3) x U(2)1, x U(2) g by

~

[A left-right symmetric 23 model ]

taking seven D3 branes with CP twist matrix:

Y03 = dlag (13, 627ri/312, 647Ti/312) (97)

e The set of D7,.-branes required is quite simple. It is just 3 sets of 2 D7,

branes with twist matrix

Yo, = dlag (627ri/37 647Ti/3)7 (98)

tadpoles cancel

Z Trvyer + 3Trv93 = 3(a+a?) + 3(3+2a+2a%) = 0 (99)

\o This leads to gauge group and particle content: /
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]

LR

D7,

DY/

D7.
L IR
2D3 H 2D3
W,
L WR
QL Qr
D7i 3D3
g
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4 N

Matter fields | Q3 | Q@ | @r QU]t QU§ B—L
33 sector
3(3,2,1) 1 -1 0 0 0 1/3
3(3,1,2) -1 0 1 0 0 -1/3
3(1,2,2) 0 1 -1 0 0 0
37, sector
(3,1,1) 1 0 0 -1 0 -2/3
(3,1,1) -1 0 0 0 1 2/3
(1,2,1) 0 1 0 0 -1 -1
(1,1,2) 0 0 -1 1 0 1
1,7, Sector
3(1) 0 0 0 1 -1 0
Table 2: spectrum of SU(3) x SU(2)r, x SU(2)r model. We present the quantum numbers

under the U (1)? groups. The first three U (1)'s arise from the D3-brane sector. The next two come
rom the D7,-brane sectors (Aldazabal et al. hep-th/0001083; hep-th/0005067).
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N

~

The extra triplets from (7" — 3) + (3 — 7") sectors are generically massive.
Thus the low energy content is a minimal LR model with 3 EW Higgs sets.
(This is another example of the necessity of 3 Higgs sets to cancel U(2)

anomalies!).

There are 2 anomalous U(l)’s which disappear from the low energy

spectrum and one massless anomaly free U (1) g_ 1

Q-1 = —2(% + % + %) (100)

Recall: Y = —Tf?{ -+ %QB_L and kp_1 = 32/3. One then finds that for
My, >~ 1 TeV couplings nicely unify at 1012 Gev.

/
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4 SU(3)

SU(2) SU(2)g

U(l) .-

M = 10 GeV

string

e The breaking SU(2)g x U(1)g_1, — U(1)y may be achieved if three
\ extra D7-branes added leading to chiral fields transforming like

/
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(3,1,1) +(1,2,1) + (1,1,2) + h.c, ) which do not modify the running at

one loop.

e There are two regions for the running Mpr < () < Mgtying with Left-Right
gauge group and M, < () < Mp with SM content.

N

sin? Oy (Mz) = 13—4 (1 + Ho‘zngZ) KBL - 331) log (1\]\44;;
¢ (i) e (32) ) :
b = gn (e ges) s ()
+ (B’+BL—13—4B;3> 1og(]]\\j;” 1
where one has
B} = Bgr + iBB_L . B3 = -3, B, = Bp =43, Bg_r, =16 (103)
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4 N

e With M = 1 TeV one finds

sin®W(Mz) = 0.231; Myrings = 9 x 10M GeV (104)

e Aright-handed Wi gauge boson with M r = 1 TeV would be accesible at
LHC. It could be the signal of string unification at an intermediate scale
Mtring = 102 GeV.

o If Mstring = 102 GeV and SUSY breaking scale is also of that order then
one expects SUSY breaking soft terms of order

M?Z, .
SIY 10T eV (105)
MPlanck

Msoft —

which is of the required order of magnitude.

- /
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Concerning Yukawa couplings, They are either of order 1 or zero. There are

quark Yukawa couplings eiijiLQ%H’“ from (33)? couplings.

Lepton Yukawa couplings L’ R? H* are perturbatively forbidden by
(anomalous U(l)) gauge symmetries but may be induced by string instanton

effects.

Masses for right handed neutrinos may arise from non-renormalizable
couplings involving the fields doing the SU (2)g X U(1)p—r — U(1)y

breaking. (In any event those masses should be < 1 TeV).

This minimal L-R configuration can be embedded in a compact scheme like

F-theory. By the way....

/
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~

Some comments about F-theory

F-theory may be considered as a non-perturbative version of Type [IB

orientifolds.

Type IIB string theory in D = 10 has a non-perturbative S'L(2, Z) S-duality
symmetry under which 7 = gi + 1C) transforms. The idea is to identify
locally this 7 with the complex structure of a 2-torus living in extra 11-th and

12-th dimensions.

Thus F-theory gives a geometric description of the S-duality symmetry in

compactifications of Type IIB theory.

One considers compactifications of this 12-dimensional theory on a CY
complex 4-fold X4 downto D = 4.

The CY 4-fold must be elliptically fibered over a complex 3-dimensional CY

B3, meaning that locally one can write /
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X42T2><B32K3><S

with the complex structure modulus of the T? identified with 7.

includes transformations under which gs — 1/gs.

7-brane wrap S

Other 7-brane intersec S

~

(106)

e These are clearly non-perturbative vacua since e.g. the SL(Q, Z) symmetry

e The theory contains F-theory (p, ¢) 7-branes which wrap the complex 2-fold

K S'. Inside the 3-fold B3 these 7-branes correspond to complex codimensionl/
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/ singularities. Depending on the canonical ADE classification of the \
singularities the gauge groups are SU (n + 1), SO(2n) and Fg, E7, Es.

e Thus the gauge group in F-theoretical 7-branes goes beyond what one can
get in perturbative Type 1IB orientifold [D7-branes in which only SU(n + 1)
and SO(2n) gauge groups may be obtained.

e Furthermore in F-theory the matter content in models with SO(Zn) gauge
symmetry may include spinorial representations which are not present in

perturbative IIB orientifold compactifications.

e The D = 4 chiral matter fields in F-theory have the same qualitative origin as

in perturbative [IB orientifolds.
e In general addition of magnetic fluxes on 7-branes is required to get chirality.

e There are 3 general classes of chiral matter fields from 7-branes, analogous

to the ones in 11B orientifolds, A, ¢, I. Fields I live at intersections of two

K 7-branes in a complex curve Y inside S. /
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e Recently Beasley, Heckmann and Vafa have constructed LOCAL F-theory

e They are local brane models which are consistent with gauge coupling

e Many qualitative features of magnetized 11B D3/D7 orientifolds apply to the

models with a GUT gauge group and S = dF,, surfaces. Gauge group
broken to SM through U (1) magnetic fluxes on S.

unification.

F-theory effective action. (E.g. the structure of SUSY breaking soft terms to

be discussed later).

/
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