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spinor repsn.
of  SO( 10 )

Charge  quantization
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charge quantization
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Yukawa unification
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Gauge coupling unification   

163 10    GeVGM ≈ ×
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Yukawa unification   
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Phenomenology   

charge quantization
gauge coupling unification
Yukawa unification
neutrino masses
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neutrino  masses   
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Phenomenology   

charge quantization
gauge coupling unification
Yukawa unification
neutrino masses

SO(10)  SUSY GUT  w/ L.E. SUSY



Title of talk 13

Quark & Lepton masses and mixing  
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Flavor symmetry breaking
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SUSY  flavor  problem 

~ 125  soft  SUSY  breaking  parameters !

Solution  
1. heavy  1st & 2nd generation scalars
2. degenerate squark & slepton at MG
3. alignment of fermion/sfermions

2 & 3    
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Phenomenology  ( summary )  

SO(10)  SUSY GUT  w/ L.E. SUSY

Discrete  non-Abelian flavor  symmetry
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4 D   GUT   problems

GUT  symmetry  breaking

Higgs   doublet – triplet  splitting

Orbifold GUTs



Orbifold SUSY  GUTs

N=2   ->   N=1   SUSY
gauge  symmetry  breaking
chiral gauge theory
Higgs  doublet-triplet splitting

All  this  first  observed in 
heterotic string   in  10D
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E8 x E8 heterotic string  

Constructing   MSSM /  Caveats
SUSY  solution  at   MS
100’s  moduli ( geometric & more )

moduli stabilization  &  SUSY breaking ??
save  for  later 

gauge & Yukawa couplings  fcns. of moduli
tune  to  desired  values



Orb fold GUTs / String Orbifolds
Kobayashi, SR, Zhang

Stringy  Selection Rules  
&   Discrete  Flavor  Symmetries

Mini-Landscape search for  MSSM
Kobayashi, Nilles, Ploeger, SR &  Ratz

LNRRRVW



SO4 root latticeG2 SU3× ×

ls R

Compactify 6D   on  (T2)3

Then  mod by Z6 =  (Z3 x Z2)  and 
Add  Wilson lines

Z6 embedded in  E8 x E8 gauge lattice
as  shift  V6 :  consistent with mod. inv. !



SO(4)G2 SU3

V, Σ ∈ E(6)

(27 ⊕ 27)

3(27 ⊕ 27)

Massless modes
From Untwisted sector   +     
(G2 , SU3)   twisted sector

E6 GUT 
in 5D
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E6 SO(10) SU(4)xSU(2)LxSU(2)R

F3 = (4,2,1),   F3
c = (4c,1,2) ,  H = (1,2,2)

P P’

V ∈ PS (F c
3 + χ̄c) ∈ Σ

F3 ∈ 27 + H ∈ 27

2(χc) + χ̄c + 3C ∈ 3(27 ⊕ 27)

( V2 ) ( V2+ W2 )
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T1 twisted  sector

SO(4)

0 πR

G2 SU3

SO(10) SU(6) × SU(2)

16
16

4 [(6,1)
+(6̄,1)

+2 (1,2)]

2  Light fam’s

Vector-like  exotics



3rd family in bulk gauge-Yukawa unification

1st and 2nd families  on Z2 fixed points

D4 family symmetry

Higgs for PS   symmetry breaking
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S1/Z2

m = 1

m = 0
161 162



D4 family symmetry
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PS breaking VEVs

Oi = 〈χc
α χ̄c

i 〉, i = 1, 2

———————————————————–
• Fermion mass matrix [simple form]
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Fermion mass   hierarchy



Orbifolds preserving  N=1  SUSY
(a) �N

orbifold twist

�3 (1, 1,−2)/3

�4 (1, 1,−2)/4

�6-I (1, 1,−2)/6

�6-II (1, 2,−3)/6

�7 (1, 2,−3)/7

�8-I (1, 2,−3)/8

�8-II (1, 3,−4)/8

�12-I (1, 4,−5)/12

�12-II (1, 5,−6)/12

(b) �N ×�M

orbifold v1 v2

�2 × �2 (1, 0,−1)/2 (0, 1,−1)/2

�2 × �3 (1, 0,−1)/2 (0, 1,−1)/3

�2 × �4 (1, 0,−1)/2 (0, 1,−1)/4

�2 × �6 (1, 0,−1)/2 (0, 1,−1)/6

�2 × �

′
6 (1, 0,−1)/2 (1, 1,−2)/6

�3 × �3 (1, 0,−1)/3 (0, 1,−1)/3

�3 × �6 (1, 0,−1)/3 (0, 1,−1)/6

�4 × �4 (1, 0,−1)/4 (0, 1,−1)/4

�6 × �6 (1, 0,−1)/6 (0, 1,−1)/6

Table 1: (a) �N and (b) �N × �M orbifold twists for 6D �N orbifolds
leading to N=1 SUSY.
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Stringy Selection Rules

Eg.  :  Yukawa  couplings  of   n   states 
in  first  twisted  sector

( ) ( )1(I)    3 ,     (II)   0 mod 3i

i
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Space group selection rules
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geometry
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e1

e2

(θ, 0) (θ, e1)

(θ, e1 + e2)(θ, e2)

T2/Z2 orbifold
( D4 x D4 )/Z2 4 - plet
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T2/Z4 orbifold ( θ- twisted sector )
( D4 x Z4 )/Z2

doublet

( ) ( ){ }1,0 ,  ,eθ θ
( )1,eθ

( ),0θ
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( D4 x D4 )/Z2
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T2/Z4 orbifold ( θ2 − twisted sector )
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4- singlets !
+ doublet

T2/Z4 orbifold ( θ+θ2 − twisted sectors )

( ) ( ){ }1,0 ,  ,eθ θ

combined      smaller sym.( D4 x Z4 )/Z2
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T2/Z2 orbifold (  SU(3) lattice  )

3,  
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z z e
π
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1



Title of talk 41

T2/Z2 orbifold (  SU(3) lattice  )
2:  T z zγ→

γ

1
2:  S z z→ +

1

A4
( )32 3 1S T ST= = =

Altarelli, Feruglio, Lin
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T2/Z2 orbifold (  SU(3) lattice  )

S4 ( Z2 x Z2 x Z2 )

γ

1

S4
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Buchmuller, Hamaguchi, Lebedev & Ratz  
Z6-II  orbifold

Looked for and found  SM gauge 
group in 4D with  3 families and 
vector-like exotics  

Search for MSSM Spectra in heterotic
orbifolds

LNRRRVW - Mini-Landscape search
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Mini-Landscape search  Z6-II  orbifold

1. V6 breaks  to  SO(10)  [or E(6)]
2. 2 families  [ 16 [or 27] ] in T1 twisted sect. 
3. Generate  2 Wilson lines  W3 , W2
4. Identify  ‘inequivalent’ models
5. Select models with
6. Select models with 3 net  (3,2)
7. Select models with non-anom.
8. Select models with 3 SM families +

Higgses +  vector-like exotics     

(5) (10)SMG SU SO⊂ ⊂

1( ) (5)U Y SU⊂



Title of talk 45

Mini-Landscape search  
LNRRRVW  preliminary

criterion V SO(10),1 V SO(10),2 V E6,1 V E6,2

(4) inequivalent models with 2 Wilson lines 22, 142 7, 843 675 1, 694

(5) SM gauge group ⊂ SU(5) ⊂ SO(10) (⊂ E6) 3563 1163 27 63

(6) 3 net (3,2) 1170 492 3 32

(7) non–anomalous U(1)Y ⊂ SU(5) 528 234 3 22

(8) spectrum = 3 generations + vector-like 128 90 3 2

Table 1: Statistics of �6-II orbifolds based on the shifts
V SO(10),1, V SO(10),2, V E6,1, V E6,2 with two Wilson lines.
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Mini-Landscape search  
LNRRRVW  preliminary

criterion V SO(10),1 V SO(10),2 V E6,1 V E6,2

(9) heavy top 72 37 3 2

(10) exotics decouple at order 8 56 32 3 2

Table 1: A subset of the MSSM candidates.

Probability  ~ 1/400  
For  MSSM-like  models

Very ‘fertile’ patch  in  heterotic landscape
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Future work

1. Check for  D = F = 0  directions
2. Check all exotics get mass
3. Check  fermion masses
4. Check  Rparity conservation
5. Check  neutrino masses  ( 4 & 5 related )
6. SUSY breaking and  lifting flat directions !
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Conclusions 

1. SO(10)  SUSY  GUT  w/L.E.  SUSY
2. E(8) x E(8)  heterotic string  

‘fertile’ patch of Landscape
3. Find more ‘fertile’ patches

Eg.    Z2 x Z4 search    ( RVW in progress) 
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Conclusions 
What’s new ?       Why  3  families ?
Previously :

Z3 multiples of  3 fixed points
problems  :   
NO  GUTs ( wrong Y + chiral exotics )

Z2 x Z2 3  twisted sectors +
SO(10) GUT       ( OK )

Z6 = Z2 x Z3          3  =  2 + 1   
localized  SO(10)  GUT + fam. sym.  


