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©® Main part: a ‘heterotic benchmark model’
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00 String theory landscape

Susskind (2003)

picture from www.nafure.com

0 SM vacuum a priori as good as many others
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A heterotic benchmark model Motivation

I—Top-down motivation

The search for realistic string vacua

"Finding a realistic vacuum is similarly difficult as find-
ing a golf ballin the Alps”

0 Our approach:
“First search for golf courses, and then for golf balls”
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A heterotic benchmark model Motivation

= Botftom-up motivation

Search strategy: ‘local GUTs’

© MSSM gauge coupling unification
© One generation of observed matter fits intfo 16 of SO(10)
SO(10) — SU(3) x SU(2) x U(1)y = Gsm

16 — (3,2)16®((3,1) 23 (3.1)1s3
3 (1,119 (1,2) 12® (1,1)
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= Botftom-up motivation

Search strategy: ‘local GUTs’

@

MSSM gauge coupling unification

©

16 of SO(10)

» However: Higgs only as doublet(s)

®

10 — (1,2)10@(1,2)_120(3,1)_13® (3, 1)1/3

doublets: needed triplets: excluded




A heterotic benchmark model Motivation
= Botftom-up motivation

Search strategy: ‘local GUTs’

© MSSM gauge coupling unification . we take

these hints
© 16 of SO(10) seriously
© However: Higgs only as doublet(s)

Higgs
in split
multiplets

convincing answer:
‘localized gauge groups’

matter
in complete
multiplets
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I—‘Lacul grand unification’

Local grond unification (a specific realization)

Buchmdiller, Hamaguchi, Lebedev, M.R. (2004-2006)
Lebedev, Nilles, Raby, Ramos-Sénchez,
M.R., Vaudrevange, Wingerter (2006-2007)

standard
model
‘low-energy’ as an inter-
effective theory section of
SO(10), G'...
in Eg x Eg

2 SM generation(s): Higgs doubles:
localized in region with Pn——
SO(10) symmetry ive in the “bu
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I—‘Locul grand unification’

Higher-dimensional GUTs vs. heteroftic orbifolds

top-down bottom-up
— Orbifold compactifications | — Orbifold GUTs
of the heterotic string Kawamura (1999-2001)
Dixon, Harvey, Vafa, Witten (1985-86) Altarelli, Feruglio (2001)
Ibénez, Nilles, Quevedo (1987) Hall, Nomura (2001)
Ibénez, Kim, Nilles, Quevedo (1987) Hebecker, March-Russell (2001)
Font, Ibdnez, Nilles, Quevedo (1988) Asaka, Buchmuller, Covi (2001)
Font, Ibdnez, Quevedo, Sierra (1990) Hall, Nomura, Okui, Smith (2001)
Katsuki, Kawamura, Kobayashi, Ohtsubo, Ono, Tanioka (1990) . .
. e simple geometrical
e has UV completion interpretation
e explain representations with 4D GUTs

combine both approaches

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

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

Faraggi, Forste, Timirgaziu (2006)

non-prime orbifold compactifica- e
Lebedev, Nilles, Raby, Ramos-Sénchez,

ﬂons Of The heTerOﬁC Sfring M.R., Vaudrevange, Wingerter (2006-7)
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Model definition and spectrum

O. Lebedev. H.R Nilles, S. Raby, S. Ramos-Sanchez, M.R.. R Vaudrevange, A. Wingerter (2007)

O Input = geometry, shift & Wilson lines

X X
ez Rez Rez;
N T [ Y
W, = (0,—%,—%,—%,%,0.0.0) <4,—3 —%.—4 -3 —% —g,%)
voe (3 ALEEALY) (beoted a0)
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Model definition and spectrum

O. Lebedev. H.R Nilles, S. Raby, S. Ramos-Sanchez, M.R.. R Vaudrevange, A. Wingerter (2007)

O Input = geometry, shift & Wilson lines

O Gauge group
c SU(5) ¢ SO(10)

G = [SU(3) x SU(2) x U(1)y x U(1)pz] x [SU(4) x SU2)'] x U(1)7

[GUT normolionion] a [gouge coupling unifico‘rion]

ty“ = (0,0,0, 1,-1)(0,0,0,0,0,0,0,0)
te__= (0,0,0,0, 2,-2)(0,0,0,0,0,2,0,0)

\1 normalization not as in SO(10) |

O l\'JI»—A
O L\’)|>—A
°°|l° coh—A
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= Model definition and spectrum

Model definition and spectrum

O. Lebedev. H.R Nilles, S. Raby, S. Ramos-Sanchez, M.R.. R Vaudrevange, A. Wingerter (2007)

O Input = geometry, shift & Wilson lines

O Gauge group
c SU(5) ¢ SO(10)

G = [SU(3) x SU(2) x U(1)y x U(1)pz] x [SU(4) x SU2)'] x U(1)7

0 Spectrum

spectrum = 3 x generation + vectorlike w.rt. Gey x U(1)p 1,
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= Model definition and spectrum

Spectrum @ orbifold point

# irep label # | irrep label
3 (3’2?1’1)(1/671/3) 4 3 (3 L1, 1)(72/3,71/:» i
3| (LL1L,L),,, e 8 | (L2111, mi
341 (3,1,1, w1 | % T BBy | d
3+1 | (LZELL) 4 |4 (L2151, 2
1 (1527151)(*1/'2,0) hd 1 (1 21 1)(1/’2 0) hu
6 3,1;1,1 e 0; 6 | BLLY) s 5 |0
14| (L1, s; 141 (LLLY) ., S;
16| (1L,L;1,1), n; 13| (1,1;1,1) _y ni
5 | (1,1;1,2),, i 5 | (1,1;1,2), i
10| (LL1,2)4, hi 2 | (1L,2:1,2)4, yi
6 | (1,14,1)q, fi 6 (1’1;4’ 1)(0,*) f
. - 1 +
2 (1,174,1)(71/2,71) f; 2 (1’1’ ’ )(1/2,1) f'o
4 | (L;1,1), Xi 32 | (LLL 1), i
2 3.1; 1’1)(71 ", Ui 21 B LL,1) 6 o3 Vi
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Spectrum @ orbifold point
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= Model definition and spectrum

Spectrum @ orbifold point

# irep label # | irrep label
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Spectrum @ orbifold point
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= Decoupling of exotics and 1. term

Decoupling of exotics vs. pu ferm

[0 Decoupling of exotics
Xl‘Xj Siy - - - Si,
N—_——
vev—nmass term

We have checked that:
O exotfics” mass matrices have full rank with

si = Ggu x SU(4) singlets with gp , =0 0or +2

O s; vevs are consistent with supersymmetry

[0 Have obtained an MSSM vacuum with R-parity

Questions:
O Is there areason why the Higgs doublets” mass is much
smaller than the exotic’s masses?

O Is there areason why the Higgs mass is of the order of the
weak scale?
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= p-term

A stringy solution fo the p problem

O The pair h,-h, are the only fields from Us

O hy kg is ‘'neutral” wir.t. to the selection rules:

e gauge invariant
e correspond o space group element (1, 0)
¢ fotal R-charges are (0,0, —-2) = (0,0,0) mod (6, 3,2)
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[

p-term

A stringy solution fo the p problem

O The pair h,-h, are the only fields from Us
O hy kg is ‘'neutral” wirt. to the selection rules:
O As a conseqguence: for any monomial .7 =s;, ...s;,

Mhyhg € W ~ M e W

0 We find cempiicaiy. ot order s6)
F,=0 ~ (#) =0 VYmonomials.zZ € W
Note: af first glance, the conditions
F,=0 A 7 =0

appear to be ‘overconstraining’.

However, the superpotential 7 has to respect many symmetries (‘dis-
crete string selection rules’).

~ 7 is not a generic (gauge invariant) polynomial of the fields.
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[

p-term

A stringy solution fo the p problem

O The pair h,-h, are the only fields from Us
O hy kg is ‘'neutral” wirt. to the selection rules:
[0 As a consequence: for any monomial .2 =s;, ...s;

N

Mhyhg € W ~ M e W
D We ﬁnd (empirically, at order s5)
F,=0 ~ (#) =0 VYmonomials.zZ € W

0 At the perturbative level

) 2%

...and all exotics are massive (mexotics ~ VFl-term ~ MGUT)
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[

p-term

A stringy solution fo the p problem

(Note: these features are not ‘put in by)
hand’, but just happen to arise in vacua
with unbroken standard model gauge
symmetry and R-parity

Qhere are several comparable models in the Mini-Landscape J

D We ﬁnd (empirically, at order s5)

F,=0 ~ (#) =0 VYmonomials.zZ € W

0 At the perturbative level

) 2%

...and all exotics are massive (mexotics ~ VFl-term ~ MGUT)
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[

p-term

Stringy solutions to the u problem - literature

00 There exist proposals for precisely this situation

O ufromw
Casas, Munoz (1993)

...the relation w7 > #4 h, hqy has been assumed
~ the b (or B ) termis 2/.m3 9
where b is the coefficient of A, hy, i.e.

L5 — (P +m3) hul? = (uf? +m3 ) hal? = b (b ha + C.C.)
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[

p-term

Stringy solutions to the u problem - literature

00 There exist proposals for precisely this situation

O ufromw

Casas, Munoz (1993)

0 pfromK

Antoniadis, Gava, Narain, Taylor (1994)
Brignole, Ibdnez, Munoz (1995-1997)
see also the recent similar discussion by Hebecker, March-Russell, Ziegler

K > —1og}CT}T_3) (ng)i(h +7a) (P +ha)

Kdhler modulus] [ complex structure modulus |
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[

p-term

Stringy solutions to the u problem - literature

00 There exist proposals for precisely this situation

O ufromw

Casas, Munoz (1993)

0 pfromK

Antoniadis, Gava, Narain, Taylor (1994)
Brignole, Ibdnez, Munoz (1995-1997)

0 Model allows to use both mechanisms (simultaneously!)

0 “Combinationtion” of both mechanisms appears
phenomenologically viable

Brimmer et al. (in preparation)
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= Gauge-Top unification

Gauge-Top unification

D UﬂTWISTed SeCTOI’ (:interncl components of the gauge bosons)
| field-theoretic | state

description
U, NA5—|—iA6 ui+...
Uy | ~A7 +iAg g1+ ...
Us | ~Ag+iA1g | hy+ ...

Renormalizable coupling 009

0.08

yt\ul ql hu 007 &

0.06 5
yi~g Q@ Mcomp 005 !

0.04

O all other Yukawa @z
couplings are o N
suppressed (i.e. 002

. 3456 7 8 91011121314151617
appear at higher log,o (1/GeV)
order)

@
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I—See-st:lw couplings

See-saw couplings

0 see-saw couplings: Weee saw = Y¥ hy l; Ui+ M;v; v
O instringmodels M, Y, ~ (s")

0 see-saw mass matrix

0 naive GUT expectation:
m, ~ (100 GeV)2/1016 GeV ~ 103 eV
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I—See-st:lw couplings

See-saw couplings

0 see-saw couplings: Weee saw = Y¥ hy l; Ui+ M;v; v
O instringmodels M, Y, ~ (s")

0 see-saw mass matrix

0 naive GUT expectation:
m, ~ (100 GeV)2/1016 GeV ~ 103 eV

. suspiciously close to observed values

Am2_ ~ 0.04eV & Am2. ~0.008eV

sol —



A benchmark model

A heterotic benchmark model

I—See-sclw couplings
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I—See-sc:w couplings
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See-saw neutrinos from the heterotic string

_ o Mm M
MDD B < Mnﬁ Mnn >
Yl/ - (Yﬁ;Yu)

bottom-line:
Y, and M exist with M & m,, = v? YT M~1Y, having full rank
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mV ~ M* ~ 10...100
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(y/Am2y, ~0.04eV & \/am2, ~0.008¢V )
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See-saw is a generic feature in heterotic MSSM vacua
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W. Buchmdiller, K. Hamaguchi, O. Lebedev, M.R. (2006)
W. Buchmdiller, K. Hamaguchi, O. Lebedeyv, S. Ramos-Sdnchez, M.R. (2007)
O. Lebedev. H.R Nilles, S. Raby, S. Ramos-Sénchez, M.R.. R Vaudrevange, A. Wingerter (2007)

O there are O(100) neutrinos (= R-parity odd SM singlets)
O O(100) contributions 1o the efectivey NEUTHINO MASS Operator
0 effective suppression of the see-saw scale

seems consistent with observation
\/AmZ, = 0.046V & [Am?, ~ 0.008eV)

sol —

Main conclusion:

See-saw is a generic feature in heterotic MSSM vacua

O Note: in Z3 orbifolds one arrives at a different conclusion

cf. Giedt, Kane, Langacker, Nelson (2005)
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Summary of search strategy

L] We started analyzing the
heterotic orbifold landscape
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SO(10)

L] The concept of ‘local grand
unification” has lead us to
beautiful spots
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Summary of features

[] 3 x 16 + Higgs + nothing

No
exotics
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[] SU(8) x SU(2) x U(1)y x Gpia
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Summary of features

[] 3 x 16 + Higgs + nothing
[] SU(8) x SU(2) x U(1)y x Gpia

[] unification
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Summary of features

[] 3 x 16 + Higgs + nothing

[] SU(8) x SU(2) x U(1)y x Ghiq
0.08 a3
[] unification 007
0.06
[ y, ~ g @ Mgyr & potentially S0l
realistic flavor structures ¢ la oos
Froggatt-Nielsen o @2
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Summary of features

L Main results

[] 3 x 16 + Higgs + nothing

[] SU(3) x SU(2) x U(1)y x Ghia

[] unification

[ y, ~ g @ Mgyr & potentially
realistic flavor structures & la

Froggatt-Nielsen

[] hidden sector gaugino
condensation

[] spontaneously broken SUSY
with TeV scale soft masses

9, (1)

11 12 13 14 15 16
10,5 (1/GeV)
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[] unification
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realistic flavor structures & la
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[] hidden sector gaugino
condensation

[] R-parity
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Summary of features
[

[

[
[

3 x 16 + Higgs + nothing
SU(3) x SU(2) x U(1)y x Gniq
unification

y: ~ g @ Mgur & potentially
realistic flavor structures & la

Froggatt-Nielsen

hidden sector gaugino
condensation

R-parity

solution to the u-problem

i.e. well-known solutions to the p-problem are automatically

o~ W)

realized in explicit models
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Summary of features

[] 3 x 16 + Higgs + nothing

[] SU(8) x SU(2) x U(1)y x Ghiq
[] unification

[ y, ~ g @ Mgyr & potentially

realistic flavor structures a la
Froggatt-Nielsen

[] hidden sector gaugino
condensation

[] R-parity

[] solution to the p-problem

[] see-saw



Thank you
very much!
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