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(using heteroftic 73 x 79 orbifold)

© Brief discussion of the MSSIM from the heterofic string

© Summary and outlook



Introduction
Beautiful and ugly aspects of GUTs
The idea of ‘local grand unification’

Beautiful and ugly aspects of GUTs

© MSSM gauge coupling unification @ Mgyt ~ 106 GeV
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Beautiful and ugly aspects of GUTs

© MSSM gauge coupling unification @ Mgyt ~ 106 GeV
© One generation of observed matter fits intfo 16 of SO(10)
SO(]_O) — SU( ) X SU(Z) ( )Y = GgsMm

16 — (3,2)16®(3,1)_5/3®(3,1)1/3
@ (1,1 e (1, 2),1/2 (1,1)



Introduction
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The idea of ‘local grand unification’

Beautiful and ugly aspects of GUTs

© MSSM gauge coupling unification @ Mgyt ~ 1016 GeV
© One generation of observed matter fits intfo 16 of SO(10)
© However: Higgs only as doublet(s)

10 — (1,2)120 (1,2) 120 (3,1)_1/39 (3,1)1/3

doublets: needed triplets: excluded




Introduction

Beautiful and ugly aspects of GUTs
The idea of ‘local grand unification’

Beautiful and ugly aspects of GUTs

MSSM gauge coupling unification @ Mgyt ~ 106 GeV
One generation of observed matter fits into 16 of SO(10)

However: Higgs only as doublet(s)

matter
in complete
multiplets

Higgs
in split
multiplets

convincing answer:
‘localized gauge groups’




Introduction

Beautiful and ugly aspects of GUTs
The idea of ‘local grand unification’

Local grond unification (using small extra dimensions)

Glt Grt Buchmdller, Hamaguchi, Lebedev, M.R. (2004-2006)
D Lebedev, Nilles, Raby, Ramos-Sanchez,
M.R.., Vaudrevange, Wingerter (to appear)
stfandard
‘low-energy’ asan
P—— intersection
effective theory
of Grbv Gr‘tv Glt
& S0(10)
inG

SM generation(s): Higgs doublets:
localized in region with i h |
SO(10) symmetry ive somewhere else




Introduction

Beautiful and ugly aspects of GUTs
The idea of ‘local grand unification’

Higher-dimensional GUTs vs. heterofic orbifolds

top-down
— Orbifold compactifications
of the heterotic string

Dixon, Harvey, Vafa, Witten (1985-86)

Ibdfez, Nilles, Quevedo (1987)

Ibdnez, Kim, Nilles, Quevedo (1987)

Font, Iodnez, Nilles, Quevedo (1988)

Font, Ibanez, Quevedo, Sierra (1990)

Katsuki, Kawamura, Kobayashi, Ohtsubo, Ono, Tanioka (1990)

@ has UV completion
@ automatically consistent
@ explain representations

bottom-up
— Orbifold GUTs

Kawamura (1999-2001)

Altarelli, Feruglio (2001)

Hall, Nomura (2001)

Hebecker, March-Russell (2001)
Asaka, Buchmdiller, Covi (2001)
Hall, Nomura, Okui, Smith (2001)

@ simple geometrical
interpretation

@ shares many features
with 4D GUTs

combine both approaches

implement field-theoretic GUTs in
non-prime orbifold compactifica-

tions of the heterotic string

Kobayashi, Raby, Zhang (2004)
Forste, Nilles, Vaudrevange, Wingerter (2004)
Nilles (2004)
Buchmuiller, Hamaguchi, Lebedev, M.R. (2004-2006)
Faraggi, Forste, Timirgaziu (2006)
Kim, Kyae (2006)
Lebedev, Nilles, Raby, Ramos-Sanchez,
M.R.. Vaudrevange, Wingerter (to appear)
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Higher-dimensional GUTs vs. heterofic orbifolds

combine both approaches

Kobayashi, Raby, Zhang (2004)
Forste, Nilles, Vaudrevange, Wingerter (2004)
Nilles (2004)

|mp|emenT f|e|d-TheOI'eTIC GUTS In Buchmuiller, Hamaguchi, Lebedev, M.R. (2004-2006)

non-prime orbifold compactifica- e O eyas (2006
tions of the heterotic string N Votovange, Wibaror (o ooesean

What’s new?
@ systematic analysis of non-prime orbifolds with Wilson lines
@ geometric picture with various orbifold GUT limits

@ anisotropic compactification may mitigate the
discrepancy between GUT and string scales

Witten (1996)

Hebecker, Trapletti (2005)

@ localized 16-plets as the origin of complete generations



Local Grand Unification

ZG —II = Zg X Zz
orbifolds



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Compalctification on T®/Zg orbifold «, - »

Kobayashi, Raby & Zhang (2004)

T® torus is defined by the root lattice

Ac,xsu(3)xsow) = root lattice of Lie algebra of GoxSU(3)xS0(4)

€21 ReZZ ReZ’g



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Compalctification on T®/Zg orbifold «, - »

Kobayashi, Raby & Zhang (2004)

T® torus is defined by the root lattice

Ac,xsu(3)xsow) = root lattice of Lie algebra of GoxSU(3)xS0(4)

ezi Rez Rez;
The Zg action on AGZXSU(3)XSO(4) is

zi— ¥z with  vg = =(-1,-2,3)

=



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Compalctification on T®/Zg orbifold «, - »

T*® torus is defined by the root lattice Kobayash, Ralby & hang (2004
Ac,xsu(3)xsow) = root lattice of Lie algebra of GoxSU(3)xS0(4)

@=7Z¢ fixed point

X ®© X @
®
ezi Rezz Rez;
The Zg action on AGZXSU(3)XSO(4) is
27 vg’ i 1
zi—e" 0z with Ve = 6(—17 -2,3)

and has 7, (B = 2, 3, 6) fixed points:

i 2mi Sug i
Zy,pp. — € R 2y e 0 € AGyxSU3)xS0(4)



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Compalctification on T®/Zg orbifold «, - »

Kobayashi, Raby & Zhang (2004)

T® torus is defined by the root lattice
Ac,xsu(3)xsow) = root lattice of Lie algebra of GoxSU(3)xS0(4)

@=7Z¢ fixed point

@
X ® X @

€21 Re z22 R823
twist action is embedded info the gauge degrees of freedom

eftmovers X7 — X7 47 VE oy sy sy

torus translations are associated to Wilson lines, e.g.

z3 —2z3+1 <+ xr . xt + 7 Wy (whereaw, e AEg xEg)



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Light states

Light states of effective field theory (& = 0 for untwisted sector)

Uprs(x;21,22,23)

heterotic string field theory
G strings closed on the | ponents of
torus gauge fields

T, twisted sector | ‘brane fields’
= strings which are | cad 1 uderstand in
only closed on the | fedheoretical frameword
orbifold




6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

Re 23 W2




6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

projection @ z3 = 0:

w D >V € 7
1 @ R623 W2

ezﬂip'VblAﬂ(\x; o ’92’“/})/—44{3 (2;...,23)
@uge group genm
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

emerging local gauge group:

Gbl C Eg X Eg
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3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

R L
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

emerging local gduge group:

G Gur # Gl
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

Re 23 W2

Gy Gr



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

intersection of local groups:

e.9. Gy NGy, NGy N Gy ~ Gsm
but Gy, 2 Ggm etc.

C) C)
Gy Gr

Gy efc. : ‘local GUTs’

Wo
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

Ws

fundamental region




6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Local gauge symmetry (breaking)

Analyze invariance conditions locally (eoriustation just in s0(4) plane)

Imzg

‘pillow’ ‘folding edge’
Gtr
c%//
@ W,
Gbr

fundamental region

G




6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The ‘orbifold construction kit’

basic structure: one ‘corner’ with shift vV




6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The ‘orbifold construction kit’

Vlocal Glocal
Glocal —_—] I Viocal
—— —

G &

Viocal Giocal

simplest possibility: consider identical corners

=

Vlocal



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The ‘orbifold construction kit’

Viocal Giocal
Glocal _—] Vl ocal

Vlocal Glocal

the combination corresponds to an



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The ‘orbifold construction kit’

Glocal Glocal

orbifold without Wilson lines
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The ‘orbifold construction kit’

th Gtr

Ga\ — — [V
O
C C
G == === Vir

Vi Gor

one can combine different ‘corners’



6 / Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The ‘orbifold construction kit’

@
Veo=V+W+W

Gb1 Gbr

this leads to an orbifold with Wilson lines
where the Wilson lines correspond to the differences of local shifts and
Glowfenergy =GnGE@nNnGE'"'nGg”
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The ‘orbifold construction kit’

V/ G///

"

G

V//

R

G//

but there are restrictions frorn modular invariance
i.e., one may combine the ‘corners’ not arbitrarily



T8 Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

The role of localized 16-plefs of SO(10)

Buchmdller, Hamaguchi, Lebedev, M.R. (2004)

0 basic observation: the states of the 15t twisted sector
appear as complete multiplets of the local gauge group

0 main idea: use localized
16-plets of SO(10) fo explain

generations C:

0 Zg X Zsg: there are two shifts =
which “produce’ local SO(10) 16
and 16-pletin 1% twisted sector SO(10)
1
Vs = E(3’3’2’0’0’0’0’0)(2’0’0’0’0’0’0’0)
1
V(/S = 6 (2527250705070)0) (17 1707070507030)

cf. Katsuki, Kawamura, Kobayashi, Ohtsubo, Ono, Tanioka (1990)



6 Zg orbifold (Zg — II) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models
Orbifold vacua, decoupling and U(1) breaking

No-Go for three sequential families

00 simplest implementation: three ‘sequential’ 16-plets
O Only possible in Z3 x Zg

etc. but not in Zs, 74, SOlO)

7o x 7o etc. 16

Y
SO(10) SO(10)
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U (1) breaking

No-Go for three sequential families

00 simplest implementation: three ‘sequential’ 16-plets

O Only possible in Z3 x Zg
etc. but not in Zs, 74,
7o X 7o efc.

0 however: in all models
there are chiral exotics
(at least when
hypercharge is correctly
normalized)




T8 /4 orbifold (Zg — 1I) and ‘orbifold construction kit’
Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U (1) breaking

No-Go for three sequential families

00 simplest implementation: three ‘sequential’ 16-plets

O Only possible in Z3 x Zg
etc. but not in Zs, 74,
7o X 7o efc.

SO(10)
16

0 however: in all models
there are chiral exotics
(at least when
hypercharge is correctly
normalized)

16 16
P(10) SO(10)

bottom-line
noft possible in Zy <7 orbifolds
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

241 family models

SO(10 /
Features: (10) () G
O Two families come from
two equivalent fixed

points

0 3 family has to come
from ‘somewhere else’
(untwisted sector, Ty~ 1)
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

241 family models

S0(10)
16

Features:

O Two families come from
two equivalent fixed
points

0 3 family has to come
from ‘somewhere else’
(untwisted sector, Ty~ 1) 16

© 0(100) models with: S0(10)
o Eg — GSM X U(1)4 o
@ 3 generations + vector-like exotics X;, X

@ X;,X; have couplings SM singlet
Xi)_(j Si, <. .S,
——

vev—mass term
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

241 family models

S0(10)
16

Features:

O Two families come from
two equivalent fixed
points

0 3 family has to come
from ‘somewhere else’
(untwisted sector, Ty~ 1) 16

© 0(100) models with: S0(10)
o Eg — GSM X U(1)4 o
@ 3 generations + vector-like exotics X;, X

@ X;,X; have couplings SM singlet
Xi)_(j Si, <. .S,
——

vev—mass term
? are the exotics’ mass terms consistent with supersymmetry?
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The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Orbifold vacua, decoupling and U(1) breaking

Local grand unification in heterotic orbifolds

orbifold point is ‘saddle point’

. 2
Vo =& (X allon 61 +26)" + ..

19272
~ 10721 M2

O Exofics” masses are ~ (¢1...op)
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The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Orbifold vacua, decoupling and U(1) breaking

Local grand unification in heterotic orbifolds

orbifold point is ‘saddle point’

VD:g2 (quigom|(bi|2+ 5)24— ng

- 19272 D| some (¢;) ~ 0.1 Mp |~V &
~ 10721 M2

O Exofics” masses are ~ (¢1...op)

0 Scale of vector-like exotics” masses is
~ few x Mgyt ~ 1016 GeV
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The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Orbifold vacua, decoupling and U(1) breaking

Local grand unification in heterotic orbifolds

orbifold point is ‘saddle point’

Vb :g2 (qujgom |Ol|2 +g5)2 + ... ng

2

N,
\\:i_.'
gl g 'f

+ SUGRA + non-perturbative + .7+ ~

ow
ve- 3|50

O Itis possible to ‘rescale’ solutions of W /d¢; = 0 to
Vp = 0 by ‘complexified gauge transformations’

e.g. Wess & Bagger ... Gray, He, Jejiala, Nelson (06)

0 These solutions are manifolds or points in field space
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Local grand unification in heterotic orbifolds The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Orbifold vacua, decoupling and U(1) breaking

orbifold point is ‘saddle point’
i J 2 2
VD:g2 (qugom|(9i|2+g5) + ... Vf

2

+ SUGRA + non-perturbative + gl ~VéE ¢

ow
ve- 3|50

0 In models with discrete Wilson lines: there are usually
no fields charged only under U(1)anom

0 @ the minimum of V: n > 1 gauge factors are broken

(ronk reducﬂon)
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The role of localized 16-plets of SO(10)

3 vs. 2+1 family models

Orbifold vacua, decoupling and U(1) breaking

Orbifold vacua, decoupling and U(1) breaking

Local grand unification in heterotic orbifolds

orbifold point is ‘saddle point’

Vb :g2 (qujgom |Ol|2 +g5)2 + ... ng

2

N,
\\:i_.'
gl g 'f

+ SUGRA + non-perturbative + .7+ ~

ow
ve- 3|50

bottom-line B Remainder of this talk:

’rhlere are many vacua one specific model
without exotics




The MSSM

from the

heterotic string



Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point

MSSM from the heterotic string Phenomenology and U (1
B

Lattice, shift and Wilson lines

Gauge group after compactification:
SU(3) x SU(2) x U(1)y x [SU(4) x SU(2) x U(1)8]




Input: Lattice, shift and Wilson lines

MSSM from the heterofic string CEE G pf,'"' ‘
Phenomenology and U(1)p ;.

Spectrum @ orbifold point

The model exhibits 3 generations + vectorlike matter

name irep count name irep count
gi | (3,2,1,1)56 3 | (3,1;1,1) 5 3
di | (38,1;1,1)13 3+4 di | (38,1;1,1) 43 4
4 (1,2;1,1)1/2 1+4 l; (1,2;1,1),1/2 3+1+4
m; ( ,2; ,1)0 8 e; (1,1;1,1)1 3
S; (1,1;1,1)_1/2 16 .S‘iJr (1,1;1,1)1/2 16
s? 1,1;1,1), 69 hi (1,1;1,2) 14
fi (1,1;4,1) 4 fi (1,1;4,1) 4
w; (1,1;6,1)0 5
remarks:

O extra states vectorlike — U(1)y non-anomalous

[0 none of the oscillators is charged under Ggu

...and if all oscillators get vevs, G = Ggyp X SU(4) X U(1pidden




Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point

MSSM from the heterotic string Phenomenology and U (1)
B-L

Vacua with B—L symmmetry at high energies

? How to distinguish between lepton and Higgs doublets?
L] one possibility

[] break at high scale to
GSM X U( )&L >< SU

b

@ three generations feld || B 1 charges

@ onepairofd +dand /4 / " jj “
@ one pair of Higgs doublets | 0D x (=5) 49 x (+3)

&

1x (+3) +3x (-3
B+ 1) X (=) +(1+3)x0
IX (+1) + (1 43) x0

3 x (4+1)

@ three extra pairsd +d and ¢ + ¢
with B—L charges ¥2/3 and 0

O

o

[] break U(1)gz at a hierarchically smaller scale



Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point
Phenomenology and U(1)p .

MSSM from the heterotic string

Decoupling of exotics

O mass terms for the exoftic states
W = x;% MY(sx with MY (s Ry

vector-like exotics B —L neutral singlets




Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point

MSSM from the heterotic string Phenomenology and U (1)
B-L

Decoupling of exotics

O mass terms for the exoftic states

W= MIG) with MIE) = Y66
00 F 0 0 & 6
o 00 3F 0 0 & &
2 _
Ma&) =1 9 o0 % 0 0 57 &
# 00 ® ® 0 0

0 Mg has full rank
0 all extra d;-d; decoupled

O note: zeros partially dictated by B—L



Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point

MSSM from the heterotic string Phenomenology and U(1)
B-L

Decoupling of exotics

O mass terms for the exotic states
W = x5 MIGS) with MIGE) = D 5,5,

B 0 0 0 0 0 0

) $ 0 0 0 0 5 0 0
MiGy=1 5 0 0 0 0 & 0 0
0 & % 0 0 0 & 58

S 0 0 F ¥ 0 0 0

O 1 eigenvalue is zero ~ Higgs

O note: we do not need to tune VEVs against each other in
order to achieve doublet-triplet splitting

[0 mass-less ¢ eigenstate dominated by ¢ (untwisted state)



Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point
Phenomenology and U(1)p .

MSSM from the heterotic string

Gauge-Top unification

O U nTWiSTed SeCTOI’ (=imemal components of the gauge bosons)
| field-theoretic | state

description
U, | ~As5 +i4g Uy +...
Us | ~A7 +iAg q1+...

Us | ~Ag +iA1p leHu-l-...

0.09

Renormalizable coupling 008 g
0.07

yi1q1H, AN

N 0.05
yi~g@ Mcomp 004
ap

0 all other Yukawa P
couplings are 002
3456 7 8 91011121314151617
suppressed log,o (1/GeV)




Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point

MSSM from the heterotic string Phenomenology and U(1)
B-L

Some taste of flavor

Wyikawa = YY(5) by qitt; + YO (5) baqida + Y2 (5) paei g

B—L neutral singlets

O matter : right B—L charges

0 Higgs : massless SU(2) doublets with zero B—L charge



Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point
Phenomenology and U(1)p .

MSSM from the heterotic string

Some taste of flavor

Wyikawa = YY(5) by qi tt; +Y4(3) ¢q qida + Y2 (5) g i g




Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point

MSSM from the heterotic string Phenomenology and U(1)
B-L

Some taste of flavor

Wyikawa = YY(5) by qi tt; +Y4(3) ¢q qida + Y2 (5) g i g

' 0 2 2 0
Yo = [ 8 & &0
0 5 5 0

0 Y, becomes 3 x 3 matrix after integrating out the heavy d-d pair
O Yy has full rank

O flavor structure & la Froggatt-Nielsen



Input: Lattice, shift and Wilson lines
Spectrum @ orbifold point

MSSM from the heterotic string Phenomenology and U(1)
B-L

Some taste of flavor

Wyikawa = YY(5) by qi tt; +Y4(3) ¢q qida + Y2 (5) g i g

0 5 00
Y®G) = | s 0 00
0 5° 00

0 Y, becomes 3 x 3 matrix after integrating out the heavy d-d pair
0 Y. has not full rank ~ electron massless

O 7 Yukawa coupling seems unrealistic
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Summary & outlook

Summary
Guided by the idea of local grand

unification we have obtained
O(100) models with the following
features:

[] 3 x 16 + Higgs + nothing

No
exotics
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Summary

O(100) models with:
[] 3 x 16 + Higgs + nothing

[1 SU(8) x SU(2) x U(1)y x Gpia

weak force

electromagnetism
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Summary

O(100) models with:
[] 3 x 16 + Higgs + nothing

[1 SU(8) x SU(2) x U(1)y x Gpia

a3

[] unification

@2

(3

34567 8 91011121314151617
log,, (1/GeV)
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Summary

O(100) models with:
[] 3 x 16 + Higgs + nothing

0.09
[] SU(8) x SU(2) x U(1)y x Ghiq 0\ g
0.07

[] unification oo
Qi
[ y; ~ g @ Mgur & realistic flavor | °®
structures a la Froggatt-Nielsen | % a

0.03
[

0.02

345678 91011121314151617
log,,(u/GeV)
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Summary

O(100) models with:
[] 3 x 16 + Higgs + nothing

[1 SU(8) x SU(2) x U(1)y x Gpia

[] unification

9, (1)

[ y; ~ g @ Mgyr & redlistic flavor
structures & la Froggatt-Nielsen

[] hidden sector gaugino

condensation 11 12 13 14 15 16
l0g,o(1/GeV)

[] Spontaneously broken SUSY
with TeV scale soft masses
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16 ®ther geometries
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Summary & outlook OUICOR

‘Qrbifold landscape’

orbifold models

16 ®thgr geometries

10 i?fdue

R

SUSY vacuum
with B—L high
energies
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Summary & outlook

Outlook

we're studying the 0(100) MSSM...,
models. ..

? Discrete symmetries - iwoys wo
? SUSY breakdown ~ tokoy HENiles

? Neutrino mMasses. . . e we getsesan

Further questions:
? Relation to the bundle constructions?

Braun, He, Ovrut, Pantev (2005);Bouchard, Donagi (2005);
Bouchard, Cveti¢, Donagi (2006);Blumenhagen, Moster, Weigand (2006)
~ talks by R. Blumenhagen, M. Cveti¢, B. Ovrut

? Relation to free fermionic models?

~ talk by A. Faraggi

?2...
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Flavor issues and proton decay
Pillow construction

Gauge group topography

SO(10) x SO(4)
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Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Orbifold GUT limit: SO(4) plane ‘large’

0 Motivation: anisotropic compactification may allow to
understand why Mgyt < Mstring Witten (1996)
Hebecker, Trapletti (2005)
SU(5) ¢ SO(10) SU(4) x SU(2)y,
@ @
10+5+1=16

10+5+1=16

SU(5 CS0(10)  SU®4) x SU2),

further orbifold GLUIT limits



Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Orbifold GUT limit: SU(3) plane ‘large’

SU(4)" x SU(3)/

@ N
Gps C SO(10) SU(4) x SU(4)"



Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Orbifold GUT limit: Gg plane ‘large’

SU(3)c x SU(3)"

SU(6) x SU(2)’ x SU(2)"

Gsu SU(5)" x SU(2)"



Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Hidden sector gaugino condensation

[0 Hidden sector stronger coupled
g;bzs/hid =ReS+cReT+---=:ReS+A

Ibénez, Nilles 1986
Dixon, Kaplunovsky, Louis 1991
Mayr, Stieberger 1993

K&hler modulus

14

13

l0g,o(A4/GeV)

11




Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Hidden sector gaugino condensation

0 Hidden sector stronger coupled

g@i/hid:ReSi€ ReT+---=ReS £ A

Ibénez, Nilles 1986

. Dixon, Kaplunovsky, Louis 1991
@ K&hler modulus Mayr, Stieberger 1993
i o 35
e.g. Kdhler stabilization: 3
large coefficients in the 25
relation 88 2
Ai ; 15
m ~ — 1
3/2 M}z)
05
bottom-line: ms; is fine 0

16 17 18 19 2 21
ReS

e.g. Barreiro, de Carlos, Copeland 1998
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Flavor issues and proton decay

Pillow construction

Zs3 And Zg subtwists

Zs subtwist: vy = 2vg = (1,2, -3)
@ =75 fixed point

Zs subtwist: vy = 3vg = (1,2, -3)

@ =7, fixed point
@® % i @
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Pillow construction

Decoupling of the extra states for ‘generic’ SM
singlet vevs

The d,dp Mass MAtriX e

O ronk.of ’rre mMaiss Mmatrix is | di ds ds ds ds dg dr

maxima d | & & & $ &£ 5

— 1 1 3 3 3 3 3

0 four combinations dyd 22 S8 5 s S S 8
disappear from the 3|s s s S 8§ 5§ 8

dy|s® s 6 3 g3 8 g6

low-energy spectrum

(An entry s* means that
there is an allowed coupling
dadbs?l---s?n)

0 note: high powers of s do not necessarily mean strong
suppression e.g. Cvetic, Everett, Wang (1998)
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Flavor issues and proton decay

Pillow construction

Decoupling of the extra states for ‘generic’ SM
singlet vevs

The 7,0, Mass MAtrixX eoes

O ronk.of the mass matrix is 01 by O35 Oy U5
maximal / 3

/118> s s s s

4 2 2 2 6

[ How to get arank 4 mass iZ 5. % 5, 5, 5
matrix? T

see later ly|s s 80 & 57

e ls|s s° s 5 §°

lg| s s° s s 8

l7ls s s §8 §°

lg|s s3 s §3 §°




Gauge group topography & orbifold GUT limits
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Flavor issues and proton decay

Pillow construction

Decoupling of the extra states for ‘generic’ SM
singlet vevs

The m,m; MaAss MAtrix eoces

0 rank of the mass matrix is — | mimy mg mg ms mg mg mg

maximal e

my - — — — * - —

0 recall: m; are SU(2)y, 0

doublets with 0
hypercharge 0

*x Mmeans ‘there is a coupling’
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Flavor issues and proton decay

Pillow construction

Decoupling of the extra states for ‘generic’ SM
singlet vevs

The sg's, Mass MAtrix s

O rank of the mass matrix is . 51 %9 3 54 %5 %6 57 %8 %o *10°11°12°13°14 1816
maximal L
j: 93** ——————— * ok ok —  x K
0 recall: s~ are gl C e e e
SU(3) x SU(2)y, singlets A R e ——— - - -
with hypercharge +1/2 f_’; o R - oo T
B
3 P .
3 . -
Glerr e e e e
e R I I
B oo - - -
§+*x**x—x——x**—*x
A
lrrr e e e e
A




Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

F | Ovor iSSU eS (usmg d-type quarks as an exomple)

O Higher-order couplings giving rise to d-type Yukawa
couplings

W O elysdssdqs+elsdas)qs+elsdss)qs +elsdsspqs
+0€4d4892q +0€5d48?2(J3+0€4d5892%+0€5d5892q3

omit coefficients

quark doublets from localized 16 >

0 Promising: hg ~ ¢1 ~ search for ¢4 [ij qr (sO)"
appears at order 7, e.g.

W > g]_ a]_ q2 825 82639 Sg —+ .. . (15 terms at order 7)



Gauge group topography & orbifold GUT limits

Hidden sector gaugino condensation
Flavor issues and proton decay
Pillow construction

Proton decay in orbifold GUTs

0 Dimension 5 proton decay operators see e.g. Hebecker, March Russell ‘02

0 4D GUT ms [H3 [H§

0 6D GUT: Hs @ Hy S22, (Hg, HY) & (Hz, HC) in 4D

reduction
[ 8D orbifold GUT: KK masses 3 Hs Hy and 7 Hg HS in 4D
O Dimension 5 proton decay operator absent in orbifold GUT

O However: Constraints from dimension 6 operators!



Gauge group topography & orbifold GUT limits
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Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

Starting point is the torus

t— —

identify



Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

The fundamental region of the orbifold is
1/3 of the fundamental region of the torus



Gauge group topography & orbifold GUT limits
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Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

Rotating by 27/3 yields:




Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

The rotated fundamental region covers a ‘'new’ area
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Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

Further rotation yields:




Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

Now the fundamental region covers the remaining area




Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

The corners of the fundamental region are fixed under
the Zs rotation (on the torus)
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Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

The edges are pairwise identified
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Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Pi”OW COnSTrUCTiOn (...usmg a Zg orbifold as exomple)

The geometry is that of a “pillow’

A

»
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Pillow construction

Ze¢ Pillow




Gauge group topography & orbifold GUT limits
Hidden sector gaugino condensation

Flavor issues and proton decay

Pillow construction

Ve — %(3,3,2,0,0,0,0,0)(2,0,0,0,0,0,0,0)
Vg = % 2,2,2,0,0,0,0,0)(1,1,0,0,0,0,0,0)
| Ve | Vg
G [ SO(10) x SO(4) x U(1) | SO(10) x SU(3) x U(1)
Ui | (16,1,2)a ... (16,3)
Up: | (16,2,1) @ (10,1,1) | (10,8)& ...
Us: | (10,2,2) (16,1) @ (16,1)

cf. Katsuki, Kawamura, Kobayashi, Ohtsubo, Ono, Tanioka (1989)

O Ujs states always vector-like

observation
For Vg one can get Higgs pairs from Us wut not for v
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