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... continuing the talks on brane model building
with yet another approach of getting towards the Standard Model
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Outline

@ Why bother with local model building in type
IIB and branes@singularities?

@ Gauge theories of toric singularities

@ Systematic search for a realistic model
(spectrum, couplings, unification)
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String Phenomenology

@ If String Theory is a model for the real world, we
need a low-energy string model that satisfies all
particle physics and cosmological observations.

@ TOO MANY? Common answer: there is a whole
landscape of string models (heterotic, IIA, IIB, I, ..)
allowing you to model almost anything so there should
be plenty of SM realisations...

@ TOO FEW? Is there a single realistic model?
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Challenges/Experimental Data for
String Models

@ Gauge and matter structure of SM

@ Hierarchy of masses (including neutrinos)

@ Flavour structure (CKM, PMNS, CP), absence of FCNC
@ Hierarchy of gauge couplings (unification)

@ Stable proton

@ Inflation, dark energy

D=

If one of them does not work, this rules out the model!!!
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.. There are a couple of approaches, some of which include

- heterotic

- intersecting branes
- F-theory

- branes@singularities

local models
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Bottom-Up Approach

Local Brane Properties Global (bulk) Properties
@ Local Brane Properties ® Moduli Stabilisation
@ Gauge group @ Cosmological Constant
@ Chiral Spectrum @ SUSY Breaking
@ Tree-level Yukawa couplings @ Scales (unification)
® Gauge couplings @ Inflation, Reheating
@ Proton Stability @ Cosmological Moduli Problem

@ Flavour symmeftries

Aldazabal, Ibanez, Quevedo, Uranga 2000
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Branes@singularities

(mostly) D3 branes at special point in CY. Study
local geometry for gauge theory properties.
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... local but having moduli stabilisation in mind

A\
y ‘\ 4-cycle size: 1

L (Kahler moduli)

3-cycle size: U
(Complex structure
moduli)

+ String Dilaton: S
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Moduli Stabilisation in type IIB

@ CY: Kahler moduli (T;, 7), complex structure moduli
(U), dilaton (S)

@ 4D N=1 supergravity leading order description.
@& Potential vanishes due to no-scale structure.

® GKP: turn on fluxes (-> stabilise cs, dilaton at susy
minimum DiW=0)

@ KKLT: non-perturbative effects (E3 branes, gaugino
condensation on D7) stabilise Kahler moduli at susy
AdS minimum, but Wo=10"1°.
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Moduli Stabilisation in type IIB

@ CY: Kahler moduli (T;, 7), complex structure moduli
(U), dilaton (S)

@ 4D N=1 supergravity leading order description.
@& Potential vanishes due to no-scale structure.
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minimum DiW=0)

@ KKLT: non-perturbative effects (E3 branes, gaugino
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K =/ 2log(V(FTs)) —log (S + S) - log K—z’ /M QA Q)

Wes — WQ—FAi@_aiTi
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Moduli Stabilisation in type IIB

@ CY: Kahler moduli (T;, 7), complex structure moduli
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Moduli Stabilisation in type IIB

@ CY: Kahler moduli (T;, 7), complex structure moduli
(U), dilaton (S)

@ 4D N=1 supergravity leading order description.
® Potential vanishes due to no-scale structure.

® GKP: turn on fluxes (-> stabilise cs, dilaton at susy
minimum DiW=0)

@ KKLT: non-perturbative effects (E3 branes, gaugino
condensation on D7) stabilise Kahler moduli at susy
AdS minimum, but Wo=10->.

K = 2log(@¥*)+ KU U,S, 9.
W H== W()—|—A6_aT
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LARGE volume type IIB Moduli Stabilisation
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LARGE volume type IIB Moduli Stabilisation

k = e (v : f/Z) +K(U,T,5,8) |
gs

R —all
W = Wyt 4e V:TE/Z_TS/Q
Minimum: hierarchical suppressions in I/Vol expansion:

V ~et s | MBiarck
2/3 MString g
TS Y € \/V

9s

_ .. stable against string loop corrections (non-trivial)
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Where can we build models?

@ LVS implies SM is
localised (cannot wrap
exponentially large
CcycC Ie) -> Bottom U P B A BLOW-UP

@ options include in IIB:
Magnetised D7 branes,
local F-theory models

® Here: Fractional D3/D7
branes

Kmatter e K(){B(Ti7 Tia Ua Ua Sa g) Ca

CCQ Inval;lcince oF physucal"fﬁ.‘;ﬁ

d_. 5 ﬂmp
b Yukawas on Kahler modull
gj Err T ii;s,‘&g._ R - SR ‘
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Gravity/Moduli mediated SUSY Breaking
(classical scenario)

MP|W()‘
%

gravitino mass: Mgy = 2 W| ~

Assumptions: V=0,
no D-term contribution, no 1-loop
redefinitions of moduli
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Gravity/Moduli mediated SUSY Breaking
(classical scenario)

i Mp|Wy
gravitino mass: Mgy = e/ 2W] ~ )L ‘
non-vanishing F-terms: Fr,, Frs, Fs
gauge kinetic function: f=Re(S)
(12’
Mgaugino \3;/2
rry Ty
.. and after many no-scale  "lscalar %2 Oor 13;/2
cancellations, we obtain the following N Mp
soft-masses < VAY
1% A

Assumptions: Vo=0,
no D-term contribution, no 1-loop
redefinitions of moduli
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Gravity/Moduli mediated SUSY Breaking
(redefined scenario)

Mp|Wy
V

gravitino mass: Mgy = 2 W| ~

Mgaugino ms3 /2
TMgcalar 13 /2

M
Mstring _\/%

e
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Gravity/Moduli mediated SUSY Breaking
(redefined scenario)

Mp|Wy
:

gravitino mass: Mgy = 2 W| ~
non-vanishing F-terms: Frsm, Frb, F1s, Fs
gauge Kinetic function: f=Re(S)+Tsm

TN Mo |
.. including 1-loop redefinitions of Mscalar Wﬁ’)/?
moduli (ts->ts+a In V) M T\Ij_

)% 10%°
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for now I mostly assume the classical scenario, keeping in mind that this
ambiguity needs to be addressed in the near future...

..and lets look at today's topic model building
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Branes@singularities

- Local 4-cycles can shrink (typical
geometries are del-Pezzo surfaces).

- Gauge theory arises from D3 branes at
singularities and D7 branes inftersecting
with singularities. SM gauge groups from
D3 branes.

- Gauge theory studied in “decoupling”
limit (i.e. long [infinite] throat), some bulk
effects are known (e.g. leading to non
commutative geometry -> different
Yukawa couplings 0512122).
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@ Orbifold Singularities

@ del Pezzo singularities (P¢ blown-up), Conifold

-> TORIC SINGULARITIES

@ non-toric singularities
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@ del Pezzo singularities (P? blown-up), Conifold

-> TORIC SINGULARITIES _

@ non-toric singularities
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Classic Example:. CS/Zg

@ n; D3-branes: U(n)xuU(nz)xU(ns)
® m; D7-branes: uU(m;)xU(mz)xU(ms)
@ Arrows: bi-fundamental matter

@ Anomaly cancellation

mo = 3(n3z — nq) + my,

D3 matter content: m3 = 3(n3 — n2) + my
3[(n1,ﬁ2,1),(1,n2,ﬁ3),(ﬁ1,1,n3)]
Wpaps = €k X}o s N

@ Hypercharge:

'3 @
Qanomaly—free T =
p T

A "

~ diqu: *0005067
B S
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Gauge theories probing toric singularities

@ Toric CY-cone: represented as T? fibration

over rational polyhedral cone (-> toric diagram)
[non-compact but embeddable in global manifold]

@ Gauge theory of bound states is a quiver
gauge theory (rank of gauge group only
freedom).

@ Gauge theory obtained via T-dual D5/NS5
brane system wrapping T2. This system on T¢ is
the dimer and encodes the whole gauge
theory.

@ Gauge theory at the tip of the cone can be
seen as bound states of D7, D5, D3 branes
after transition from the geometric regime
(marginal stability walls).
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The Dimer Language

Dimers visualise the gauge theory of foric singularities.

Gauge Theory: Dimer

KDMQ 10
ﬁ(

winding numbers of foric diagram
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The Dimer Language

Geometry: Toric Diagram | Gauge Theory: Dimer

inverse slopes in toric diagram

winding numbers of foric diagram
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Dimer Language II
Reading off the gauge theory

i
Umo.
)

® Faces
= gauge groups

o Intersection of zigzag paths
= bi-fundamental matter

R\7/ S
7/ /X 1 7
/2
@ Vertices (faces orbited by zigzag paths) \

= superpotential terms




Dimer Language II
Reading off the gauge theory

)N\ N
' —————
\
o Intersection of zigzag paths kA
= bi-fundamental matter 7/ //

/
@ Vertices (faces orbited by zigzag paths) <

- superpotential tferms NN/

® Faces
= gauge groups
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Dimer Language II
Reading off the gauge theory

® Faces
= gauge groups

N
ﬂ“
@ Intersection of zigzag paths /A
= bi-fundamental matter (
N
li‘l

W = X13X30X01 — X14X43X32X91

@ Vertices (faces orbited by zigzag paths)
= superpotential terms
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(Gulotta 0807.3012 )
; .,{, ! . RO agandic AR NP
Dimer Language III: How do I get a dimer?

@ this is the inverse problem @ higher slopes: merge zigzag
(following Gulotta) path of given winding with

o embed tforic singularity in further e.g. [0,1] paths (Farey
orbifold of conifold whose free)
dimer is known (chess-board). @ create first all positive slopes

@ collaps cycles in singularity fhen negative slopes

(= cutting toric diagram)

® merge zigzag paths according
to cutting of toric diagram
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Dimer Language III: How do I get a' d‘lmer?

@ this is the inverse problem @ higher slopes: merge zigzag
(following Gulotta) path of given winding with

o embed tforic singularity in further e.g. [0,1] paths (Farey
orbifold of conifold whose free)
dimer is known (chess-board). @ create first all positive slopes

@ collaps cycles in singularity fhen negative slopes

(= cutting toric diagram)

® merge zigzag paths according
to cutting of toric diagram

,,,,,

4

2 |
- |
1+ | _ } - 1-3

1 h-v2Ah-ov3Ah-ovi1

+
+
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Operations on the dimer

Operation 1:
(1,0) + (0,1) -> (1,1)
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Off-topic: General Results for toric
singularities using dimer techniques

1002.1790

® Maximum number of families = 3 (one exception zeroth
Hirzebruch surface with 4 families)

@ Mass Hierarchy (0, m, M)
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e.g. de|l Pezzo 3

Wap, = —Xi12Y31493 — Xys5Yeads6 + XasY312414p53 + X12Y25256Ps1
+X36Y64223V42 — X36Yo5214p53P61 Va2
X45 0 £14p53  =Yeu X3g
= Yos —Z214p53P61 V42 0 X12Pg1 Y3
25 Yea W40 — X9 0 Z56
Jé ~ note: no complex s’rrucfure moduli gﬁpe_ndenge for toric del Pezzos in the iﬁperpo’ren’rial Y
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dP3 superpotential from global symmetries

Wap, = —Xi12Y31423 — X45Yea256 + XasY312414p53 + X12Y025256P61
+X36Y64 2423V 42 — X36Yo5214P53P61 V4o

Fields SU(2) x SU®G) | U)s

(Xs6, Yo5, Z14, Y42, p53, P61) (2,3) 1/3
(X45, Zs6, Yo4) (1,3) 2/3
(Z23, Y31, X12) (1,3) 2/3

En global symmetry in dPy: infersection of 2-cycles is Cartan matrix of E;,
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dP3 superpotential from global symmetries

oy
",-'~3’,,«,.

52’ ALETAL S » = .
/ nNAr < |
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How to search for realistic Models?

@ No simple GUT groups (SU(5), SO(10))

@ Hypercharge massless (-> hypercharge should
originate from non-abelian gauge group)

@ All SM gauge groups/matter from D3s

» This leads to Pati-Salam gauge groups
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Minimal Del Pezzo?

@ dPO (no mass hierarchy unless non-commutative)

@ dP1, dP2 no correct flavour structure (no
control over kinetic terms)

@ dP3 flavour diagonal kinetic tferms and
sufficient structure in mixing
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the model of choice on dP3

SU(4a)xSU(4b)
SU(2La)xSU(2Lb)
SU(2Ra)xSU(2Rb)

arrows correspond to
bi-fundamental matter




Properties of dP3 model

@ Kahler potential flavour diagonal due
to anomalous U(1) symmetries:

Qat e ; = < & £ s
Kmatter . ]Jjg/g b) (QL,RQL,R "5 HZH@ £ (1)61(1)61 A \1142\1142 S ,053/053) ’
@ All SM fields included + add. Higgses, needed for breaking fields
breaking (P61, P42, p53)

@ The superpotential

' e e f
' L P W o R
WLE 5 _H31053 /{3?} 42 0 Hl% 5 ’

L v R
3 i~ 22 =.Hy 0 3
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Check-List for dP3 Model

@ Anomaly Cancellation @ Proton Stability
@ mu-term @ Gauge coupling
unification

@ Lepton Yukawas

@ SUSY Breaking
@ How to break to SM?

@ Radiative Corrections
@ Mass hierarchies
D ..

@ Flavour Mixing
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Anomaly cancellation

® need to intfroduce D7 branes

@ vast set of solutions is
narrowed done by requirement
of mu-term and Majorana
neutrino masses

@ 2 free D7 brane gauge groups

@ assumption: large (string scale)
masses for D7 branes ->
absent in spectrum and running
below string scale
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Non-perturbative couplings

@ Euclidean 3-branes intersecting with singularity
(Ibanez, Uranga)

v Can generate mu-term

Wip dhde "0 H M

X Neutrino masses: heavily suppressed and break
hypercharge
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Breaking to the
Standard Model

® how do the Standard Model
gauge symmetries sit in this

model?

SU(2La)xSU(2Lb)->SU(2)

SU(4a)xSU(4b)->SU(3)xU(1)s-L

SU(2Ra)xSU(2Rb)->U(1)

® which fields can be used for

breaking?

(P53) =

[

0
0
0

o

total # Fields SUB) SU2) UQ)y
3 s OF 2 a
3 U1, Uz, U3 3 1 ek
3 dl, dg, d3 ?) 1 —a—k
3 Ll, LQ, L3 1 2 —3a
3 Vi, Vg, V3 1 1 3a + k
3 e1, €2, €3 1 1 3a — k
3 H, HY, HY 1 2 —k
3 Bl Tt 1 2 k

vev for right-handed sneutrino breaks
complefely to SM gauge symmetries +
neutrino see-saw mechanism
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o g 0 up e
3T D0 0T R
e ol S

total # Fields SUB) SU2) UQ)y
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o ! Tal Y e BT TR s >
R B LA QIR YL AT e B A
. % R S\ A . A .y (Y ~4
Ve ¢ (e ViVa K- orN° Al hm ;O #., .74 A4

| [ asiero; F ! - U{ £287 b
R, G_ MRS e 'Ow"’»',r“Y'"',,,-" i
bk D T e 0 Ll r R A5 (LRt {J1HN ey Py

~ Fileviez-Perez, Spin ReRt 1 (a
v > 2 Sl e R, ' ﬁz Fivie

~'. A " ¥ 5 :. \" .‘ - A 4 'v./ 1 .

2 IR RN L B S T
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Induced R-parity violating operators
(95)
sufficiently suppressed by tuning 3

va(V2) vléw
3. S THLE

Vo(lV9) U ~
W = Watssn — 2< 2> 20

W Lolye; —

Q3 Lyd,
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Yukawa couplings 1

i 0 5 Hs vKl —Hy u{%
| | L KA - AEEas Y us
@ To achieve hierarchy r 0 Hiw  _Hd aF
between up-quarks and L d v1Y d o R
neutrinos (same Yukawas), L 77d ¥ s R g
d a see-saw 3 £ e ;
we nee. a See- L 0 Hyvw —HY A
mechanism. T, Rl o, HEe o [
L3 HyY  —Hf 0 V3
® See-saw mechanism via d d
£ b L4 08 Wt — 1 e1
vev tor sneutrino S L Héi’vzﬁw 0 Hij% e .
Ls HES RN (O €3

Avy vy + Asvevs + Asvss + Wpspr

Wednesday, 9 November 2011



Hierarchical & distinct Masses

My u |2 u2‘qj42‘2 u |2 u2|10g3)|2
(mu) 5 Oa‘Hll +‘H2| A2 7|H2| +|H3I A2 )
1)2
; Vo ? 55 |
i = (0,182 g 4 pmgpelesal” )
2
Wyo

mgL =1 (07 ‘HSP

d(2 d2‘P%3|2
, | Hy |* + |Hs| :

A? A?

m2 (4’A1‘2,4|A2’2,4’A3‘2) :

LARY

9| |2 o |2 oy |2 2 9| [ u 9 4 |2] 2. |2 2 Q| 7% 2| [H¥|2] p2., |2
m22(07<r1\+\2\142\)7(\“\3|rp531>+\1\13up53\ |

s | Ag| |Aq|AZ | As| | Ag|AZ | Ag|AZ
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Radiative Fermion Masses (1102.1973)

@ How can we lift the zero mass eigenvalue for the lightest generation?
@ As in field theory, can be traced back to global symmetry in local model

@ Local isometries broken upon compactification (no global symmetries in theory
of quantum gravity)

@ Here breaking can arise from add. Higgses or flavour-violating soft-masses (in
particular scalar masses contribution not suppressed (unlike Ibanez 1982
estimate) due to SUSY breaking structure in Large Volume Scenario)

A

1 ¥ f
~ ole By A N el g

0600

1
M2‘|‘n CL CRHMf((I)hidden)

F
L MweakCL CR TM )
M2

0600
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Yukawa couplings 2

@ CKM with the following vevs: R
‘VCKM‘ — ( € 1 62 )
S
Hy' H3'v V15 2 O, v1 Hy
i) ~Y PR i ey d g
ng €, HgA ¥ e A € an AQHg €
@ PNMS, e.g. large mixing between first and second
generation:
ngi')Sq)gl L 2
A2HY U2

@ Get 21 (masses+angles) from 14 parameters:

(p3s) | (®e1) | (Pa2) | (H"Y) | (HYY) | (HYY | A
2 | 2 |74 R R
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Proton stability

@ At the UV scale all perturbative operators are fixed by global
symmetries SU(3)xSU(2)xU(1)R and anomalous U(l) symmetries.
Only these operators could lead perturbatively to proton decay.
-> no dangerous operators, e.g. QRQrRQrRQr forbidden by U(1)s

@ After symmetry breaking the operators breaking the symmetries
were operators allowed by the UV theory.

@ Anomalous U(l)s can be broken non-perturbatively by D-
instantons. However forbidding them is much easier than
generating them (e.g. by placing some D7 branes on that cycle).
Only a global model can give a definite answer. In this example
higher suppression compared to [/-term:

f (@nteden)
A

QrQrRQrQre™ "
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Typical Questions

@ D-flatness, F-flatness (using D7-D3 states)

@ FCNC from add. Higgses (bounds not very severe)
but the Higgs sector needs to be studied more
whether this can be achieved

@ add. Higgses and unification
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Gauge coupling unification

@ Gauge coupling at UV scale given by dilaton.

@ l-loop running no threshold corrections, just interested in order of
magnitude estimate.

@ Hypercharge normalisation fixed to standard 5/3. -> Standard GUT
scale unification or Ms>10'* GeV (possible due to additional matter
content)

@ Q: Since we have gauge coupling unification are we consistent with
low-energy gauge coupling data?

@ Q: Which breaking/unification scales are possible?
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Gauge Coupling Unification

@ Q: What fixes the scales? Running of

soft-masses given some soft-masses o
should give you the answer. ul

o
100

Mb2L M, b4 M, string
Mhfees Mysq
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u
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20 B /

10

10*

107

1(;10 1013
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Check-List for dP3 Model

v Anomaly Cancellation v Proton Stability
v mu-term v Gauge coupling
unification

v Lepton Yukawas

@ SUSY Breaking
v How to break to SM?

@ Radiative Corrections
v Mass hierarchies
D ..

v Flavour Mixing
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Conclusions

@ Progress in local model building with D-branes

at toric (del Pezzo) singularities

[bound on families, mass hierarchies, CKM, PMNS mixing, proton
stability, unification]

@ Interesting phenomenological extensions of MSSM
(Higgses, additional gauge symmetries)

@ open questions: global embedding, dynamical
assignment of vevs, sub-leading effects in SUSY
breaking sector (-> flavour physics)
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Thank you!




Seiberg duality in quivers and dimers
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The zeroth Hirzebruch surface
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