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Motivation

Standard Model/MSSM C Strings?

What is possible in string constructions?
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Hybrid Strategy:

Top Down: Specify All Details in UV (Global Models)

Where to look first?

Bottom Up: Decouple some of UV (Local Models)

Too flexible?

LLocal Model E + F-theory Eg
UV - O
Z
®O
IR — .
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Simplifying Assumptions:

1) Low energy supersymmetry & Unification:

o~
4 i
(](1)) :
i 777
SU(2). I
I
I
SU(3)c :
I
1 p Energy

106 GeV 10" GeV

2) i\[(;(_;fr/i‘llﬂ !
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Assumption 1: GUTSs

SU'(S)(;UT D S(](3)( X SU(Q)L X U(l)y

0 U U Q Q' T,
-U 0 U Q Q T,
10..\1 — -U -U 0 Q (2 511 — Tu,
-Q -Q -Q 0 E H,
 -Q -Q -Q —-E 0 | | H, |

a1

Mm=[D D D L L]

]

wn=|Ta Ta Ty Hg Hg |

Laur O 5y X 103 X 103 = t quark mass

Lour O 51 X 5y X 104 = b quark & 7 lepton mass
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Stringy GUTs Need En

Stringy Matter From Adjoint Breaking:
Eg D Eg x SU(3) 248 — (27,3) + - -

adj(Es,7,8) 2 16 of SO(10) ¢ adj(U, USp, SO)

Interaction Terms Embed in Bigger Groups Too:

Es D SU(5) x SU(5) 2483 — 5 x 10 x 10 of SU(5)
3
Pert. forbidden in U(5) D-brane construction ss..:
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GUTs and En

How much F is necessary?” How much is aesthetics?
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Assumption 2: Mgyr /My < 1
10D C;I’El.\"ityi ]{3'1 X -/\/t(i = G’}\.’[():'m!nn. ™~ W(_l,\/i—(,-5
4D Gravity decouples when Vol(Mg) — oo

Gauge Theory on R*! x M. € R*>!' x Mg:

2 1
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Local Flexibility

Local Model suggests GUT from p - brane, p = 3,4,5,6,7
= Type Il strings

E-type Structure: g, — O(1)

F-theory branes: 3-branes & 7-branes

E-type and 4d Chiral Matter = 7-branes
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1) da GUT 2) 4 Decoupling Limit

E-type Structures [IB 7-branes
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Roadmap

Motivation

F-theory GUT's
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F-theory Review I

F-theory = Strongly Coupled Formulation of IIB in 12d
116 = Co + ie~? is cplx str. of a T

q e 9 )
This 7T“ pinches off near 7-branes:

T-brane

Thursday, September 10, 2009




F-theory Review Il

4d N =1= F / R>'x Elliptic CY}

Local Model = Vol(B3) — o0 CYs~S5xC /T Apr = T7-brane on S
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Geometry = Gauge Theory

F —th/R*>' xS x C?/T'spr = 8d SYM w/gp GapEk

Example: 8d SU(N) at z = 0 from y? = x? + 2V

10d = Gravity (decoupled in 4D)
8d : 7 on R*!'x Cplx. Surface = Gauge Group
6d: 7N 7 on R>!'x Cplx. Curve = 6D Matter

4d:7TNT N7 on R¥'x pt. = [d?0ABC or [d*94EC
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F-theory GUT's

Bgi

7-brane / S

(GUT lives here) TNTN7T =pt.C S

5H X 10;\[ X 10_.\[...

TN7 = curve C S
5,10 € SU(5), 16 € SO(10)...
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Example

E¢ D SU(5) x U(1) x U(1)

78— 95460+ 103 41 +10_3 1 +---

78% — 5460 X 10_3 41 X 10_3 3
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4d Spectrum

instanton ;
Gs > I's %

4d matter <= zero modes in instanton background

S Modes: DAV =0 -

= Index Computation

[ ch(V)Td(M)

> Modes: Dgya0 =0 — v

Beasley JJH Vafa | '08
Donagi Wijnholt | ‘08
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Minimal Spectrum

Beasley JJH Vafa Il '08

U(l)y flux > SU(3) x SU(2) x U(1)y

Gs = SU(5)

No bulk exotics = unique internal flux

H=|Ta Tq Tq| Ha Hy

o
|

nggs fF(..-"(l)y 7é 0:

— Tu. 'Tu. 'Tu [I'u [Ill

b7 511 _
out in
Matter: fF(.ﬂ'(l)L — 3 X 101\[
11

Y]
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Roadmap

F-theory GUT's

Flavor
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SM/MSSM Flavor

W > mi - UiU}L +mY - Dy D), +m)? - Ei B3, +mi - Ni N7

Diagonalize: Vi, - m - VI]; = diag(my, ms, m3)
u
(quark) I T Ve — - —
V( 'K M ‘/u V W
S
e
(le plon) Lt —
Veans =Vii -V, W= ——-
12
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Quark Wishlist

Two Light Generations

Hierarchical CKM Matrix:

1 e ] [ 097 023 0.004 ]
|V(_,’]\"}\[| ~ E | 62 ~ 023 097 004
3 2 1| | 0.008 004 0.99 |
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Qualitative Ingredients

3 10p’s on Xy curve(s)

QAF.a on Y= cnrvel e
3 5um’s on Xz curve(s)

‘ + Flux ‘

5 X 10ps X 10, point(s)

g X 5 X 10 point(s)

(1 {

Simplest Case: 1 curve & point of each type

What Yukawas Do We Get?



Quark Yukawas:

R>: WDAN!-QUH, +--

M(;I -5\11 = 0: \I’IQ. ;r, \I’U“, e

S

See Beasley JJH Vafa Il ‘08

A =Vo() ¥, (p)¥h, (p)+ - And Hayashi et al. ‘09
| ]
“““ 4 Ny
“““““ [, | 0 |
(outer product) Me = 0
i TrL¢ i i T )
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How Many Curves Are Touching?

Local Higgsing: G, — Gg X Ggef

Parameterized by Cartan(Gger) 1'1'10(1)6,,,,0,,0 C Weyl(Gaer)

Mono = less factorization
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More On Monodromy

Monodromy Important For Yukawas:

Xij - 5 x 1057 x 108

0 A B ]
No Monodromy: ¥ = | A’ 0 C | = > 2 heavy gens
B C'" 0 |
6‘"10710 | |
2(,) 4‘ """""" > E(]) — 1 lleal\/')r gell al].OV\Yed HayaSh| et al. ’'09
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Cecaotti, Cheng, JJH, Vafa
To Appear

Geometry = Rank 1

+ H-flux = Rank 3

H-flux induces deformation in superpotential:

W = [ T,.,,(EA().I + A0l A().l) * d)‘z.()
v X

.0
s
*

Non-Comm. Deformation .
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Main Idea

U(1) Froggatt-Nielsen Geometrized:

Fluxes violate U(1) selection rule = hierarchical corrections
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U(1) Selection Rules

S

U( 1 )l()(,:ul

i :‘5 :4 :3 7 [ =3 ‘:‘() ¢4 |

D D % o

Ad ~ 5? E:‘]z) €D Tr - Ay T/{ O € S ng U
ep ep 1| v € 1

IF U(1iocat # U(1)],..;: No CKM Hierarchy
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Pdown — Pup

U(1iocar — U(1)],..; = CKM Hierarchy

H,, U
Q / U( 1 );o(:ul

[ ,c3 ) E; I SHIOMIOAI
}— 2 | \ Er
: 50(12) n 5[15‘.\110‘.\[ /

|VC-'K1\1| ~
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CKM Matrix

1 e & | e ~ Flux® /M
|VC-'1\";\I| ~ 5 1 c2
L= € 1] ~ Vol(S)~' /M ~ agur

\

. 1 0.2 0.008
Véraml~ | 0.2 1 0.04
0.008 0.04 1

0.97 0.23 0.004 ]
Ve |~ | 023 097 0.04
0.008 0.04 0.99
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Neutrinos

H=Tqur N 7’_1_

_— Y r T il
L=TqurNT]

AT . . /7

Curve touching S

Beasley, JJH, Vafa '09
Bouchard, JJH, Seo Vafa '09
(see also Tatar, Tsuchiya, Watari '09)
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KK & Neutrinos

M2, .
M, ~ —\ﬁm Ay Near GUT scale

Integrating out KK Modes Yields Seesaws:

Majorana: f d?6 (’i'; " )® » m, NNy

(H) ~ My, + M26?

w

H L Ngr
‘,-

Dirac: j d49 » m,NpNpg
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Heavy States & U(1)

Integrating out Heavy States = Neutrinos Light

Bouchard, JJH, Seo Vafa '09

Vueavy # Zero Mode z,Z both contribute

Bigger U(1) Violation = Less Hierarchy:

i “')& .':‘.5,\/2 ':1,\’ 3 ~8 ~0 ~4 i
SN SN SN = <L <L
Ao~ | 23720 _1/2 Tr -\ -TH ~ | 6 24 22
v SN SN EN L [ R “L “L %L
¢ ~4 ~2
1 _1/2 € E 1
| SN ‘:‘]\,r ]. i L L L _]
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v Masses

V3
My My Myy ~Ex 1EN L= 2 “Normal Hierarchy”
P
Vi
7”2 —7”2
Predict: —*——* ~ agyr ~ 0.04
ms,. —ms,_
A
|
| Close!
m? m> E *
477 "V "2..:,)
Observe: —2——=+ = —2 ~ (.03
ms,. —msz, me,
‘5 2 arm
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v Mixing Hierarchy

U(Diocar — U(1)],.,; = Mild PMNS Hierarchy

loca

N R

U( 1 )lo(:ul

Veuns| ~ | ¢
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PMNS Matrix

Bouchard, JJH, Seo Vafa ‘09
" V9 V3

" 0.87 0.45 i0.2i7 v

VE-th |~ | 045 077 045 | v
0.2 045 0.87 | vr

C 0.77—0.86  0.50 — 0.63 :0.00 — 0. 22

0.22 —0.56 0.44 —0.73 0.57 — 0.80

obs(30)
‘VP ’\I(;\ S
- 0.21-0.55 0.40-0.71 0.59 —0.82

. 1.0
= Predict V v -« close to current bound
PMNS
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Point Unification

Beasley JJH Vafa Il '08

E¢ = 51510010 S0(12) = 5u5m 100

SU(7) = 5ubmNr
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Point Unification

E7 = 510a100r + 5507100

Wia O SudmNg
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Point Unification

‘ J\‘ R

IM '
10y

Es




CKM + PMNS = Exg

B B L | s0(12) |
Sl e 7
S e
Dy e e QS
O e N
..... ~ J
OJ/ """""""" 59
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Roadmap

Flavor

The Point of Eg
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Lett-Overs?

Eg is a BIG group:

Eg D SU(B)gur x SU(5) 1

248 — (5,10 ) + (5(’;, 10,) + (10(’;,5l) -+ (10(‘;, 51)+adj

Monodromy identifies many states, leaving only a few:
Matter 5 & 10 curves

Extra U(1)’s such as U(1)pg and U(1)p—1,
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Classification

Assumptions:

1) Hierarchical CKM and PMNS

2) 3 U(1) pg such that ppare [ d?60H,Hy excluded

- . v " ”’T
3) pess from either: [d*0SH,H, or [ d*0=X \If\H'

Then:

6,,,,0”() — ZQ,ZQ X Zg,Zg, 53 (Dil“d.(f vV &Z U(l)pQ X U(I)B_L)

Smono = Za X Zg, Dihy (Majorana v & U(1)p@)
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Dih, Curves

Two Extra Curves?

" What are these for?

X Nr pe.
,4

S: NAY%
A

10y

| 4
0

L]
7

oy
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Dih, Curves

Two Extra Curves?

GUT singlet

S . \Y’Y Gauge Mediation
A Messenger

5M ‘Y’ r
10
10,
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S)m( Mediation

min. gauge mediation review:

[ OXYRY:

aym F
47 M

Mgoft ~~
S

A
“"‘[Sp(l‘l't?'(fl(i ~ 1 TeV

~~~~~ -
p ‘ Messengers

Messengers already part of the Eg point

A Surprise: In nearly all cases messengers in 10 & 1
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Energy Scales

(X) =M + 0°F

VF = Mscale

M = Global U(1) pg symm. breaking scale = fizion

. ’ 'T 4 " ¢
p term from: | d*0=X \IIJ\H’ """"" » F ~ 107 GeV?
Msoft ~ “}—W"j{—l ~ 0.1 =1 TeV - » M ~ 102 GeV
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PQ Deformed GMSB

JJH, Vafa ‘08
String Theory = U(1) pg gauge boson

X' Q'
Heavy U(1)pq exchange = \ ApPQ /

(see e.g. Arkani-Hamed, Dine, Martin '97) / \
X Q

2

cm2 | — a2
QUV: M, = Mpanmss — 48P0

For most common 10 & 10 scenario
= charged track at LHC

71 is typically the quasi-stable NLSP
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GeV

R® R, APQ (GCV)
| €R, LR
> ke A/['m,ess ~ 1012 GeV
300 1
250 .
€Rs LR
200r %(1) ““““ E R ZZ R :Fl ““"‘ ( R f— 10. 170)
150 “. €R,[R
}2.0 4 *
S 1 d
100
T
—" (R = 5,290)
50+
0,
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Conclusions

Bottom Up GUTs and F-theory

" Flavor = Eg

" 10 @ 10 Messengers Most Common

" Global Models?
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