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Based On...

This talk is based on the work of several groups

For brevity I will focus on only a few themes

and some potentially interesting future directions



Plan of the Talk

Bottom up Stringy Standard Models

Unification in F-theory

Extra Sectors

Fuzzy Local Models

Conclusions



SM / MSSM

Quarks: 3 x (Qd U & D)

Matter: Leptons: 3 x (L & F)

Interactions: W = H, QU + H;QD + H;LE + - - -



Some (Questions

Q1: Standard Model (SM) from Strings?

(Q2: Stringy ingredients of the SM?

Q3: Given a stringy SM, what does it predict?



Top Down Perspective

Compactify: Mg ~ MY x Minternal

+ Branes + Fluxes + Moduli + - --

= Many moving parts interacting non-trivially

Where to Look First?



Bottom Up Perspective
SM is well-tested. Planck scale less clear

Focus on gauge sector, defer gravity
My, ~ 10 GeV > M, oqr ~ 10?2 GeV

My, ~ 10 GeV > Mapyr ~ 101% GeV



Local Models

Antoniadis, Kiritsis, Tomaras '00
Aldazabel, Ibanez, Quevedo, Uranga '00

Build up n steps: Verlinde Wijnholt '05,...
1) Decouple Gravity

2) Realize SM in IR

3) Extend SM (e.g. SUSY, unification, ...)

4) Recouple to gravity
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Won’t discuss much about this



Strategy:

Closed strings for gravity O

@
Open strings for particle physics /\/

String ends on a brane

= Put SM on a spacetime filling brane



Perturbative Building Blocks

Gauge groups: U, SO, USp but no Eg 73

Matter: [ ] ® |f| [T

Yukawas: #[ ] :#lf] e.g. |f| X |f| X

but not [ ] X

X




SM is Like This!

W+
SU(2)

Quark

Gluon

SU(3)



Too Flexible?

Encourages building big quivers:

Is SM completely arbitrary?



Unification

But quivers also discourage unification

Circumstantial evidence for unification:
1) MSSM gauge coup.’s unify @ ~ 10'® GeV

2) Matter in irreps of SU(5), SO(10), Eg,...

2
3) Mneutrino ™ mweak/MGUT



SU(5) GUT

Interactions: W = 5510,,10a; + 555071087 + - - -

= t mass = b and T masses



More GUT Structures

Matter: 55, 5, dar, 10
SU(5) :
WSU(5) D oglOp 100 + 9550310,

Matter: 10[{, 16M
SO(10) :
WSO(lO) D 163,163,105

In 4D, stop after Fg (need chirality)



Open Strings & GUTS

GUTSs problematic with open strings at g, < 1

No 16;; for SO(10) GUTs

No 5H10M10M for SU(5) GUTS
[ x E X H violates #0 = #0

Main Issue: No E-type structures



Main Point:

Perturbative open strings obstruct unification

< NS

New ingredients as g; — O(1)




Roadmap

Bottom up Stringy Standard Models

\

Unification in F-theory



F-theory Review

Vafa '96

Strongly coupled IIB string theory = F-theory

rip = Co + - ~ O(1)
7+ 1

Interpret 7775 as 7 of a T2 / /

Allow 7775(y) non-trivial position dependence




(zeometric Formulation

F/CY; = 4D N =1 SUSY

y? =z’ + f(Z)z +9(Z)
>

; .’ @ ;
T-brane~ : '




Geometry = Gauge Theory
:.02/TADE

B
Locally, CY, ~ ADE — M,

= 7-brane on R*>! x M, with ADE gauge gp.

Weakly coupled when
=

VOI(M4)0pen > li

47 _ 1 VOI(M4)open

géUT ds

(OzGUT ~ 1/25)



Expansion Parameters

gs ~ O(1) = no expansion in g

1

Instead, perform expansion in: r~——r

1
VOI(M4)open

~ M4 n Mcur
M 7y = Expand In Mo



Intersecting

7-Branes 1

Each 7-brane fills out 4 directions in Mg

= (Generically expect intersections

= Further jumps in AD]

dim = 4 : TquTr = Gauge group

dim = 2: 7N 7 = Matter (non-chiral)

[ type of singularity

dlm — O . 7 M 7/ M 7// — CU.biC Couplings G7ﬂ7;:ﬂ7”



Intersecting 7-Branes 1l

Locally model as G7A7/A7» 7-Brane which is tilted:

i i

Tilt 7-branes
<(I)(Zla ZZ)> # 0 Gy

Grarar



Gauge Theory Perspective

Katz Vafa '96

Model as 8D Grq7q7 gauge theory Beasley i vafa 08

8D

Donagi Wijnholt '08

F(0.2) — (2,0) — 0,® =0

EOMs:

wAFay+ 5 |®,0T] =0

6D Matter: Fluctuations 04 and 0®

4D Yukawas: [ 0ANGA NP



Example: 5103,103, Yukawa

Locally describe as Higgsing Eg gauge theory

FE¢ — SU((5) x SU(2) x U(1) — SU(5)
| |

(@) #0




Locally Unfolding FEi

Eigenvalues(®(Z1, Z5)) = 7-Brane “Positions”

EgHSU(5)GUT XSU(5)J_ CI)ESU(5)J_

bo®> + bo(Z1, Zo)®3 + - - + bs(Z1, Z2) = 0

Hayashi et al. '09
Donagi Wijnholt '09

y? = x° + bpz° + baxz® + bsyz? + byx?z + by

valid in a local patch



Hayashi et al. '09

MOHO dromy I Cecotti Cordova JJH Vafa

(to appear)

Generically: Eigen(®(Z1, Z3)) has branch cuts

Example: Unfolding Fg — SU(5) x SU(2) x U(1)

q):#lzl ]@zz q):#lzl 1]@Z2

Z92

5H 10{7\4 21 = é 21 = Z%
SU(5) o
L SU(5
> o (5)
Z1 = —&9 <2 = O

=- 2 or more heavy gens. = 1 heavy gen.



Monodromy 11
P(®) = B + bo(Zy, Zo) D3 + - + bs(Z1, Zo) = 0
Mono. group for P(®) affects pheno of model
¥ = Galois group of P(®) = [[(® — \;); acts on \i’s
S5 Mono: 1 5-curve and 1 10-curve (not viable)
No Mono: Trouble with flavor (not viable)

Viable Cases: Gono non-triv. proper s/gp of Ss



+ Flux

Flux through 7-brane = 4D chiral matter

On a curve X

...
...
.....
L
L 4
L 4
*
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(B/ZLD + 5Z>\II6D = () 1

Zero Modes: EE\IJSB =0 ToUT

1 —
o fF7’ — Ngenerations
>




+ Hyperflux

Can also turn on “hyperflux” Fy in U(1)y

Breaks SU(5) — SU(3) x SU(2) x U(1)y

Beasley JJH Vafa '08, Donagi Wijnholt '08

Distinguishes Higgs and Matter Fields:

[Fy #0 [Fy =0

Higgs Matter



Flux and Unification

Fy splits gauge couplings at GUT scale

Donagi Wijnholt '08
Blumenhagen '08
Conlon Palti '09

a !l — ozc_;%JT + k;+ other corrections

1
kZOCny/\FyNO(l)

Yy
1]
.....
by
ay

Same as O(KK thresholds) and O(2-loop MSSM) corrections

v

— Can retain unification
Donagi Wijnholt '08



F-theory GUT Ingredients

Beasley JJH Vafa '08
Donagi Wijnholt '08
Hayashi et al. '08

Matter Curves for 55, 55, das, 10

Yukawa Points for 55103;105, 553,100

+ 7'-Brane Flux + Hyperflux + Monodromy



Rough Picture

SO(12)
— 5H5M10M
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(Geometric Unification?

Aesthetic: This does not look very unified

Practical: Also has problematic phenomenology:

CKM Matrix measures wave function alignment

If no alignment, predict O(1) mixing



The Point of Ejg

Flavor hierarchy = keep W’s overlaps aligned

To keep Yukawas aligned, unify Yukawa points

JJH Vafa '08
Bouchard, JJH, Seo, Vafa '09
JJH, Tavanfar Vafa '09

Nowhere to go beyond FEjg

far less flexible
than generic quiver




Fitting More In FEig

Es D SU(B)qur x SU(5), can accommodate:

248 — (24,1) + (1,24) + (5,10) + (10,5) + c.c.

Monodromy Gono C S5 removes some irreps

&U’Eﬁ( sector

Can also include: Minimal gauge mediation

Dynamically generated p-term



Not Flexible Enough?

When Eg gauge theory description extends
over compact My, find tight restrictions
If no special factorization, generically “exotics”

Marsano, Saulina, Schafer-Nameki '09

But, can lift these from low energy spectrum

Important to stress that no global Eg may exist

No known obstruction in general



Roadmap

Unification in F-theory

Extra Sectors



Extra Stuft?

Intuition from quivers: Keep adding nodes
E—)

Where are these extra sectors?
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Martucci '06; Cecotti, Cheng, JJH, Vafa '09

JJH, Vafa '10










Banks Douglas Seiberg '96,
Douglas Lowe Schwarz '96, ...







Minahan Nemeschansky '96






JJH Vafa '10 (see also Aharony Kachru Silverstein '96)

Follows from Green et al. '10

JJH Tachikawa Vafa Wecht '10






.....Illlllllllllll .










JJH Verlinde '10






[

Cordova '09, see also Donagi Wijnholt '09; Grimm, Krause, Weigand '09



Seiberg Witten '99




c.f. Connes...

JJH
Verlinde '10



JJH Verlinde '10




JJH Verlinde '10


















