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Why Fluxes?

e Standard N' = 1 Calabi-Yau string compactifications suffer from two
well-known problems of string phenomenology

— Moduli stabilization
— Supersymmetry breaking
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Why Fluxes?

e Standard N' = 1 Calabi-Yau string compactifications suffer from two
well-known problems of string phenomenology

— Moduli stabilization
— Supersymmetry breaking

e Generalizations to compactifications with background fluxes may help
solving both since

— Most moduli get lifted by an effective potential
— SUSY can be broken in a controlled way
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Fluxes in Type IIB

e [ype IIB flux compactifications provide an interesting framework for
realizing these ideas. Introducing a non-trivial 3-form flux

F3 RR flux

G3 = F3 — 7H3 H3 NSNS flux
— complex dilaton
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Fluxes in Type IIB

e [ype IIB flux compactifications provide an interesting framework for
realizing these ideas. Introducing a non-trivial 3-form flux

F3 RR flux
{",-'?; — P — .-'H'*g; H3 NSNS flux
— complex dilaton

— Generates a superpotential W which freezes the complex structure
moduli and dilaton (Gukov, Vafa, Witten]
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Fluxes in Type IIB

e [ype IIB flux compactifications provide an interesting framework for
realizing these ideas. Introducing a non-trivial 3-form flux

F3 RR flux
G3 = F3 — TH3 H3 NSNS flux
— complex dilaton

— Generates a superpotential W which freezes the complex structure
moduli and dilaton GVW,DRS]

— Induces soft terms in gauge theories living on D-branes
[CIU,GGJL,LRS]

e In addition, this class of supergravity backgrounds

— Embed the Randall-Sundrum scenario by means of a warped metric

¥ =iy e g P
{ < - 4 1 | — | L ]
LWL | > e - el | L | |

— Admit the construction of de Sitter vacua
[Kachru, Kallosh, Linde, edi]
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Good. But...where is the SM?

e [ype IIB flux compactifications naturally involve D-branes, which yield
U(N) gauge theories at low energies.

e However, most of the flux literature is based on N' = 1 vacua whose
gauge theories are too simple: no chiral fermions arise.
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Good. But...where is the SM?

e lype IIB flux compactifications naturally involve D-branes, which yield
U(N) gauge theories at low energies.

e However, most of the flux literature is based on NV = 1 vacua whose
gauge theories are too simple: no chiral fermions arise.

e We know how to achieve chiral vacua in Calabi-Yau compactifications

.

( IDEA “

Implement the mechanisms
for obtaining D=4 chiral vacua
within Tlux compactification

Pirsa: 05030130 Page 10/55



D-branes & chirality

e Two known ways to achieve chirality in type IIB flux compactification

— D-branes at singularities

Orbifold Singularity
/ b /

Chiral D3Brane World

Orbifold Singularity

Chiral D3~Brane World
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D-branes & chirality

e Two known ways to achieve chirality in type IIB flux compactification

— D-branes at singularities 'Cascales Garcia del Moral. Queved

Orbifold Singularity
/ L | /

Chiral D3Brane World

Orbifiold Singularity

Chiral D3Brane World
J. Cascales’ talk

— Easier to embed in a warped throat, in a bottom-up fashion
— Good understanding of the holographic gauge dual
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D-branes & chirality

e Two known ways to achieve chirality in type IIB flux compactification

— Magnetized D-branes

11
-1
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D-branes & chirality

e Two known ways to achieve chirality in type IIB flux compactification

— Magnetized D-branes B e fc

<

— First examples of type IIB N = 1 chiral flux compactifications
[F.M., Shiu]
— They also admit chiral N =0 D=4 Minkowski vacua,

with a D = 10 supergravity description

— SUSY softly broken in the D-brane sector, with a
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richer and very interesting soft-term pattern = =



What are magnetized D-branes?

e Magnetized D-branes are type IIB D(2n + 3)-branes, filling M, and
wrapping 2n-cycles in the compact space Xg.

e They can carry a non-trivial gauge connection A, in their worldvolume,
such that F' =dA = 0 in the internal coordinates.
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What are magnetized D-branes?

e Magnetized D-branes are type IIB D(2n + 3)-branes, filling M4 and
wrapping 2n-cycles in the compact space Xg.

e They can carry a non-trivial gauge connection A, in their worldvolume,
such that F'=dA = 0 in the internal coordinates.

e Just as in the Heterotic string, a non-trivial £, allows to obtain a

D = 4 chiral theory at low energies. [Bachas,BGKL,AADS]

e [ hese constructions are T-dual to type IIA Intersecting D6-branes.

BEr K { )& =l

L b = i S = A g L), S Y

T —duality

P4 Y
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Magnetizing D-branes

USp(2N1) x USp( ) x USp(2N3)

( 2:"‘-_1 " 2.'_""""._2. 1 } + (2:'"'_]_ " ]_ " 2:"‘:‘3) —|_ ( 1 . 2:""_2 + 2:"‘._‘3 }
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Getting a Left-Right MSSM

e [ he previous example allow us to achieve a semi-realistic spectrum, by
using the identity USp(2) ~ SU(2)

U(4) x SU(2) x SU(2)

g(4,2,1) 4+ 9(4,1,2) + (1,2,2)
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Magnetizing D-branes

U(N1) x USp( ) x USp(2N3)

g(N1,2N2,1) + g(N1,1,2N3) + (1, 2N, 2N3)

2N, D7,’s

ON, D7,’s
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Getting a Left-Right MSSM

e [ he previous example allow us to achieve a semi-realistic spectrum, by
using the identity USp(2) ~ SU(2)

U(4) x SU(2) x SU(2)

g(4,2,1)+9(4,1,2)+(1,2,2)
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Getting a Left-Right MSSM

e [ he previous example allow us to achieve a semi-realistic spectrum, by
using the identity USp(2) ~ SU(2)

U(4) x SU(2) x SU(2)

g(4,2,1) + ¢(4,1,2) + (1, 2,2)

e By performing an adjoint Higgsing of U(4), we obtain a Left-Right
MSSM spectrum with g generations of chiral matter

SU(3) x SU(2) x SU(2) xU(1)B—r
;;(3. 21 }1___-3 + U(g- 1, 2}—1__-'3
g(1,2,1)1 +9(1,1,2) 4
(1.2.2)
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Constructing a Flux Compactification

e We need to embed the previous model in a fully-fledged global flux
compactification.

e [ his has been shown to be possible for a simple orientifold background

. Shiu’s talk last week
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Constructing a Flux Compactification

e We need to embed the previous model in a fully-fledged global flux
compactification.

e [ his has been shown to be possible for a simple orientifold background

G. Shiu's talk last week

I
LR

— Metric background T6,.--"{Zg x £io) O3 and O7-planes

S = K =il

— Admits constant ISD fluxes of the form
Gg = GIIZE dz1dzodz3 + G353 dz1dzodz3 + Go3dz1dzodz3 + r_.r‘Ij? dz1dz-dz4
SUSY breaking

— Consistency conditions

Usual RR tadpoles < Chiral anomalies
K — theory torsion charges < SU(2) Witten’s anomalies
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Constructing a Flux Compactification

e We need to embed the previous model in a fully-fledged global flux
compactification.

e [ his has been shown to be possible for a simple orientifold background

G. Shiu’'s talk last week

O3 and OT-pIan_eS

5T
LR

— Metric background T®/(Zs x Z»)

ek { el

— Admits constant ISD fluxes of the form
G3 = Gio3dz1dz2dz3 + G533 dz1dz2dz3 + Gio3dz1dzadz3 + Gis3sdz1dzodz3

S\JSY breaking

— Consistency conditions

Usual RR tadpoles <= Chiral anomalies
K — theory torsion charges < SU(2) Witten’s anomalies
)

N =1 requires magnetized D9 — D9 pairs
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A Cartoon
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A Cartoon
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Statistics?

e The number of models I'm going to describe is of order 10°
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Statistics?

The number of models I'm going to describe is of order 109

.. .S0 not much vacua statistics you can do today

However, the underlying techniques used in this construction are the
same as the ones used in, i.e., getting MSSM vacua in Gepner models

It is then not unlikely that a landscape of MSSM flux vacua is out there

Building and studying a simple example may give us the key to access
such hypothetical plethora of models
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Solutions

e RR tadpoles are satisfied if

g = # generations
;;‘2 + Np3 +4n = 14 Np3 — ## D3 — branes
n — amount of G3 flux
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Solutions

e RR tadpoles are satisfied if

g = # generations
_{;2 + Np3 +4n = 14 Np3 — # D3 — branes
n — amount of G3 flux

which admits several solutions

en=3, g=1, Npg=1 = N =1 chiral flux compactification
ent=2g=2 Npg=—2
] H= 1 _1_’_!:3, ;ﬁ\’ng: 1 4

| /

N i
Gz — 8§ e 6 (dz1dzodz3 + dzqdzodz3 + dz1dzodz3)
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Solutions

e RR tadpoles are satisfied if

g = # generations
_{;2 + Np3+4n = 14 Np3 — # D3 — branes
n — amount of G3 flux

which admits several solutions

® Tl — 3. g — ]., ;\'TD?) ==——1

w2 1‘;:2 ;N'MTD?}ZQ
en=1 ¢g=3, Npg=1 = 3-gen. N = Q flux compactification
o n ='~= h g—3% Nymp—>=- \

\_}"3 = 2(dzqdzodz3 + dzqdzodz3 + dz1dzodz3 + d= 'Lf-f'-- ~dz3)
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Solutions

e RR tadpoles are satisfied if

g = # generations
_{;2 + Np3+ 4n = 14 Np3 — # D3 — branes
n — amount of G3 flux

which admits several solutions

® Tl — 3. g — ]., ;\'TD?) =——7

w2 1‘;:2 ;N'MTD3:2
en=1 ¢g=3, Npg=1 = 3-gen. N = Q_flux compactification
e n I @ g—3& Nypymp—=- \

Gz = 2 (dzydzodzg + dzydzodzs + dzydzodzs + dzqdzod=3)
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The spectrum

e [ he low energy gauge group of these models is given by

[SU(3) x SU(2) x SU(2) x U(1)g_L] p7
| X

U1y = % [U(1)p7, + U(1)p7] —2[U(1)pe,—U(1)pg,]
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The spectrum

e [ he low energy gauge group of these models is given by

[SU(3) x SU(2) x SU(2) x U(1)p_rl py
1157 X

U(1) = ; [U(1)p7. +U(1)p7] — 2 [U(1)ps,~U(1)po,]

e The extra pairs of D9 — D9's induce extra chiral matter beyond the
Left-Right spectrum

e Most of these chiral exotics dissappear after giving a v.e.v. to some
scalar fields in the hidden sector

e In terms of D-brane physics, this can be understood as the process of
D-brane/gauge bundle recombination

D91 + D9 — D9
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Let us consider a Pati-Salam spectrum in the case g =3, Np3 =5

Higgsing away chiral exotics

Sector | Matter | SU(4) x SU(2) x SU(2) x [USp(40)] | Q. | Qn, | € o)
D iz | FPr | 3(4,2,1) 1 | @] 13
D7.,D7, Fr 3(4,1,2) —1 0 | —-1/3
D7,D7. H (1.2.2) 0 0 0
D7,D9, 6(4,1,1) —1 0 5/3
D7.D9- 6(4,1,1) 1 —1 | —5/3
D7,D9; 8(1,2,1) 0 0 2
D7,D9> a{l 2 1) 0 -1 —2
D7.D9; 6(1,1,2) 0 0 2
D7.D9; 8(1,1,2) 0 -1 —2
D9, D9, 231, 1, 1) 0 0 4
D9 D9 | 29(1,1,1) | O | =2] -a
D91D9> 196(1,1,1) 0 1 0
D3D9, (1,1, 1) x [40] 0 0 2
D3 D9 (1,1.1) x [40] 0 -1 -2
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Let us consider a Pati-Salam spectrum in the case g =3, Np3 =5

Sector [ Matter | SU(4) x SU(2) x SU(2) x [USp(40)] |

Higgsing away chiral exotics

D7.D7,; Fr 3(4,2,1) 1 0
D7.D7. Fg 3(4.1,2) —1 0
D7,DT. H (1,2 ) 0 0
D7,D9; 6(4,1,1) = 0
D7,D9; | 6(4,1,1) | 3 | 1
D7,D9; 8(1,2,1) 0 0
D7y D92 6(1.2.1) 0 -1
D7.D9; 6(1,1,2) 0 0
D7.D9- 8(1,1,2) 0 -1
D9, D9, 23(1, 1, 1) 0 0
D9>D9, 23(1, 1, 1) 0 o
D94 D9, 196(1,1,1) 0 1
D3D9, (1,1.1) x [40] ] @ 0
D3D9, (1,1,1) x [40] 0 =1

Pirsa: 05030130
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Higgsing away chiral exotics

e Let us consider a Pati-Salam spectrum in the case ¢ =3, Np3 =5

| Sector | Matter | SU(4) x SU(2) x SU(2) x [USp(40)] | Qa | Qn | Q@ |

D7.DT7, Fr 3(4,2,1) 1 0 1/3
D7.D7. Fr 3(4,1,2) 1) @ )—33
D7,D7. H (L, Z22) 0 0 0
D7,D9 | i 21,2, 1) [T} -1l 2
D7.D9 2(1,1,2) T =

e [ he PS sector does not get affected by this process
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From Left-Right to MSSM

e An MSSM-like spectrum can be achieved by additional Higgsing

Pirsa: 05030130

Sector | Matter | SU(4) x SU(2)r, x SU(2)g | Qa | Qn @ Q'
D7,D7, Fr 3(4,2,1) 1] @] 13
opr;| Py 3(4,1.2) 3] o | 33
Dnprn,| B (1,22 o | o 0
D73D9 2(1,.2,1) | -2 2
D7.D9 2(1.1.2) 0| +1 =2
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From Left-Right to MSSM

e An MSSM-like spectrum can be achieved by additional Higgsing

Sector | Matter | SU(3) x SU(2)y, xSU2)gp | Qa | Qg | Qr | QB_1 Q'
D7.DTs Qr 3.2 1) 1 |]0o]| @ 173 | 1)/3
D7,DT Qp 33 .1.2) J || | 13| -1)3
| Db | Ly | 3(1,2,1) o) iacjion)] 2l 13
| oo, Lgp | 3(1.1.2) T I T (Y -
D73D7. H (1.2.9) o|lo] @ 0 0
D7,D9 2(1,2.1) 0|0| - 0 2
| D7.D9 | I 2(1.1.2) 0| 0 |41 0 —2

— Step 1: Perform adjoint Higgsing SU(4) — SU(3) xU(1)
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From Left-Right to MSSM

e An MSSM-like spectrum can be achieved by additional Higgsing

Sector [ Matter [ SUB)xSU(2). [Qa | Q; [ Qn]| Qv | @
D7,DT, [T @ 1 3(3.2) |l v o] o] /6] 13
D7.D7; Up 3(3,1) 11| v o=zl 13
D7.D7, Dp 33 1) 1| ] el x| s
D7;D7, L 3(1.2) 0| 1] e 2y2| 1/
D7,D7, Ep 3(1.1) | 2| a 1 2/3
D7;D7,+ D7,D7; | Hy, Hy (1,2) Q|31 O |32 F1y3
D7,D9,, 2(1,2) 0| o] 0 2
D7,D9, 2(1.1) 0| -1 |+ 1/2 —
D7,D9;, 2(1.1) O 41|41 -1/2| -2

— Step 1: Perform adjoint Higgsing SU(4) — SU(3) xU(1)
— Step 2: Give av.ewv. to (L) SU2)pxU)p_r—=U)y

D-brane recombination D4 Dirg —* Dﬂ?j
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u-term and Yukawas

e [his Left-Right MSSM model comes equipped with a u-term.
The superpotential for two D7-branes with F,,, =0 is

»

W = p-det H= ((®) — (®})) -det H

H: (2,2) Higgs matrix
&1: Wilson lines on the first T2 factor
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u-term and Yukawas

e [his Left-Right MSSM model comes equipped with a u-term.
The superpotential for two D7-branes with F,;,, =0 is

W = p-det H= ((®) — (®})) -det H
H: (2,2) Higgs matrix
®1: Wilson lines on the first T2 factor

e The Yukawa couplings of the Left-Right sector depend on the com-
pactification moduli.
They can be computed by field theory or by using Mirror Symmetry.
One obtains:

— One heavy generation of quark and leptons
— Two massless generations i RS I i1l
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Fluxes and Soft Terms

e \' = 0ISD fluxes induce soft SUSY-breaking terms on D7-branes gauge
groups, as well as in the chiral spectrum

I
MSSM + soft terms induced by G5
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Fluxes and Soft Terms

e \' = 0ISD fluxes induce soft SUSY-breaking terms on D7-branes gauge
groups, as well as in the chiral spectrum

U

MSSM + soft terms induced by G3 |, . .. e

i

-m%_ [% — Fol(d,u2, us }] -m%___.z
rn?ﬁu H — Fo(9d, us, ug}J -m%___.,j
e, 2o
JLI"‘T-'FE-I—]_‘W f:fJSE( 'T"E') rngze—.f”f

Mgt (2), mg e

Msv(2) My e

Apr.r, | [-3+F1(85)] mapper

AxgH —mg e T

&= %fﬂ-”_lif’i gauge bundle curvature, Tan— >0

- --1|2.:
m3s o< |G z)|/Vol(T®), AN =0 flux density
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Fluxes and Soft Terms

e \ = 01ISD fluxes induce soft SUSY-breaking terms on D7-branes gauge
groups, as well as in the chiral spectrum

I

MSSM + soft terms induced by G5 .

b A LA —

TTIE % — F.:,(r{, i, i'_,.[_?:_) _r”%
mpy. % ¥ Fﬁ(ﬁ- U3, U2 n—
.'J. — 1 . _‘: N - _—
il'n.lif 3.’]’{; i
| [ Z Y — i
_'1_{_5'{'[3_'_1} (_‘fJS“( ‘T.ﬂ) M3 o€ ¥
Msyr(2), Mg pe
-'1[:%{'[2}3 Mg e 'IT
-]‘ _E—‘—F(ﬁ) 1= i —¥YT
= H.IE‘_-,}?._? | 2 - 1 -i'_ 3 _E
*‘L‘(HH —174 :r:f_" T
& %mﬂ_l% gauge bundle curvature, Taa—» 0

ms3/2 x |Go.3)|/VOI(T®), N =0 flux density
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Fluxes and Soft Terms

e \ = 01ISD fluxes induce soft SUSY-breaking terms on D7-branes gauge
groups, as well as in the chiral spectrum

I

MSSM + soft terms induced by G3 . Sl

b A LA e

General features:

— Non-universal but flavour independent scalar masses.
— Scalar masses always non-tachyonic.

— Depend on flux densities m4,, and 4, as well as on complex structure
moduli wu;.
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Fluxes vs. Moduli

e [ he superpotential generated by the fluxes naturally fixes complex

structure moduli/dilaton.

e In addition, chiral models with N = 0 fluxes may provide a source for

Kahler moduli stabilization

Page 48/55
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Fluxes vs. Moduli

e Chiral fields are stabilized by means of the scalar masses m%ﬂ

e Besides these chiral fields, these models also present non-chiral matter
beyond the MSSM, like

— Adjoints of SU(3), U(1)
— Singlets of SU(2)
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Are we happy?

The flux compactification that we have constructed contains many
ypealing features, but we can point out two problematic ones:

* Problem 1

Soft terms x m3/o, Which is tied-up to the string scale.

=

Lowering Ms by Vol (T%) — oo conflicts with a;591 — O.
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Are we happy?

The flux compactification that we have constructed contains many

yealing features, but we can point out two problematic ones:

* Problem 1

Soft terms o« m3/o, Which is tied-up to the string scale.

Lowering Ms by Vol (T%) — oo conflicts with ay;551, — O.

Solution

Problem generic of toroidal compactifications, where lowering the string
scale is difficult. It need not happen in more general Calabi-Yau ge-
ometries.

In particular, we can achieve hierarchically small mg;,, by means of
warped throats.
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Are we happy?

The flux compactification that we have constructed contains
ypealing features, but we can point out two problematic ones:

* Problem 2

Even if we get rid of all open string moduli by means of fluxes, the
masses of the MSSM adjoint fields will be of the order of magnitude
Mgoft = spoills Asymptotic Freedom
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Conclusions

e \We have constructed V' =1 and N = O chiral four-dimensional vacua
of flux compactification by means of magnetized D-branes.

e Even in the N' = 0 case (first order) NSNS tadpoles cancel, so the
instabilities associated with them are not present.

e In addition, these models admit a low energy spectrum remarkably close
to the MSSM, with 3 generations of chiral matter.

e In the NV = 0 case, SUSY is broken by the flux, which not only lifts
moduli but also induces soft terms in the MSSM sector.

e \We can analyze phenomenological features of these models, such as the
Higgsing processes, p-terms and Yukawas in terms of D-brane phyasg}jg;%.
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What have we learnt?

e D=4 N = 1 chiral Minkowski vacua with fluxes can indeed be con-
structed. N = O chiral models as well, without 15t order NSNS tadpoles.

e [ heir construction is remarkably simple compared to most chiral string
vacua, while still being quite close to realistic physics.
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What have we learnt?

e D =4 N = 1 chiral Minkowski vacua with fluxes can indeed be con-
structed. N = O chiral models as well, without 15¢ order NSNS tadpoles.

e [ heir construction is remarkably simple compared to most chiral string
vacua, while still being quite close to realistic physics.

e [ his explicit construction allows us to perform explicit computations
and, as usual with toroidal compactifications, the scales generated are
not hierarchical.

e [ his poses a problem for generating the MSSM soft term structure,
but it can be solved by extending our construction to more involved
CY geometries, with

— Warped throats
— Rigid cycles

e Until then, the present vacua represent the perfect model to study the
pteresting subject of Flux-Induced SUSY-breaking.
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