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Standard Model: (SU321)®(Q L U D E N) ® (h) :
—> Unification —  SU(5)
— SO(10)®(6+2+3+3+1+1)=16®(5+5) =10
— Eg—16 4+ 10 + 1=27
BUT need large representations : e.g 126 in SO(10);
351 in Ejg
Heterotic—string theory Egs x Eg — Eg x U(1)9 x Eg

BUT no large massless representations

What can we learn from phenomenological string models?



Realistic free fermionic models

‘Phenomenology of the Standard Model and string unification’

e Top quark mass ~ 175-180GeV PLB 274 (1992) 47

e Generation mass hierarchy NPB 407 (1993) 57

e CKM mixing NPB 416 (1994) 63 (with Halyo)
e Stringy seesaw mechanism PLB 307 (1993) 311 (with Halyo)
e Gauge coupling unification NPB 457 (1993) 409 (with Dienes)
e Proton stability NPB 428 (1994) 111

e Squark degeneracy NPB 526 (1998) 21 (with Pati)

e Minimal Superstring Standard Model PLB 455 (1999) 135
(with Cleaver & Nanopoulos)

e Moduli fixing NPB 728 (2005) 83
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Point, String, Membrane ...

11D - supergravity

SO(32) heterotic

TypellB

E8x E8 heterotic

Typel



Free Fermionic Construction

Left-Movers: wa, Xi, Y, w; (1=1,---,6)

Right-Movers

 a—— e

— —

4 = Z all spin C(%) Z(%’)

structures

Models <— Basis vectors +  one—loop phases



Construction of the physical states

Fo(f) — fermion # operator

al(f)+ F(f) — U(1) charges

DO —

Qf) =




The NAHE set : {1, S, by , by | bs }

N= 4 — 2 1 1  wvacua

Z9 X Z9 orbifold compactification

—  Gauge group SO(10) x SO(6)"%3 x Eg

beyond the NAHE set Add {a, 3,7}

number of generations is reduced to three
SO(10) — SU(3) x SU(2) x U<1)TgR xU(l)g_g,

Uy =

SO(6)23  — UL x U(1)l23

(B—L) + Ty, € SO(10) !

DNO| —



Correspondence with Z5 x Z orbifold PLB 326 (1994) 62

NAHE @ (& = {¢1 ... 5,71, 75,7 =1) — {1,5,&,&,b1,b0)

Gauge group: SO(4)? x Eg x U(1)? x Ey and 24 generations.

(2 10 0 0 0)
-1 2 -1 0 0 O

toroidal 0 -1 2 -1 0 0
compactification Jij 0 0 -1 2 —1 -1
0 0 0 -1 2 0

\000—102/

bij:<

9i5 <)

0  i=j

—gij >

R; — the free fermionic point — G.G. SO(12) x Eg x Ey

mod out by a Z9 X Z9 with standard embedding

= Exact correspondence




In the realistic free fermionic models

replace & =z = {12, 7L, 72, 77} = 1

with 2y = (g1 g g G Ay = 1
Then {T, S,fl =1+ b1 + b2 + bg, 2v} — N=4 SUSY and
SO(12) x SO(16) x SO(16)

apply by x bo — Zo x Zo — N=1 SUSY and
SO(4)°x SO(10)xU(1)3x SO(16)

b1, bo, b3 = (3x8)-16 of SO(10)p
b1 + 27, by + 27, b3 + 2 = (3x8)-16 of SO(16)y
. &1\
Alternatively, c ¢ = 41 — — 1
2

b1 + &1, bo+ &1, b3+ & = (3 X 8) - 16 of SO(l6)H



Classification of fermionic Z9 x Z9 orbifolds (AEF, Kounnas, Rizos)

Basis vectors: consistent modular blocks 4,8 periodic fermions

=, b8 gl T | gl 16 p123 LS Gl 8)
= (w0,

!

o = ()

e; = {y', Wyt @'}, i=1,...,6, N =4 Vacua

bl _ {X347 56’y347y56 g34 56 —1 ¢1, . } N=4_-3N=29

by = {xX"x0 9"y g0 %), N=2- N=1

Vector bosons: NS, 219, 21 + 29, x =1+ 85+ ) e;+ 21+ 2
impose: ¢| ;] — —1 & Gauge group SO(10) x U(1)? x hidden



Independent phases c[

V1
Uy

b\

| = explim(vi|vj)]: upper block

H H H HH HH

HHHHHH H H = S
HFHHHHHHRRRF /S

———

N—

Apriori 55 independent coefficients — 2°° distinct vacua
Impose: Gauge group SO(10) x U(1)? x SO(8)?
— 40 independent coefficients



The twisted matter spectrum:

1 1 1 1 1
Bflflflfl = S + bl + 6363 + 6464 + 6565 + 6666

3¢4%556
B opp = S+ by + fier + lye + Lies + (e
142¢5%6 |
Bjaps = S +by+ ey + lhey+ Lles+ Liey 1 = 0,1
1+2¢3¢%
sectors B]i?qm — 16 or 16 of SO(10) with multiplicity (1,0, —1)

Bpys+z  — 10 of SO(10) with multiplicity (1,0)
Counting: for each B!

pqrs-
Projectors:
(1) 1 €; Zj
Poipig =16 LL{1—c(zo’ )] TT{1—c(zo" )
plglrlst plglrlsl
0 X i i)
S:t - qurs 2 Ppiqz’risi , 1=1,2,3

similarly for vectorials

Algebraic formulas for S = 223:1 ng) — S@ and V = Z:?:l v @)



Spinor—vector duality:

Invariance under exchange of #(16 + 16) < — > #(10)

0O 2 4 6 8 10 12 14 16 18 20 22 24
24+ 124

22¢ 122

0 2 4 6 8 10 12 14 16 18 20 22 24

Symmetric under exchange of rows and columns

Lg 27 =16+ 10+ 1 27 =16+ 10+ 1
Self-dual: #(16 +16) = #(10) without Eg symmetry



= Algebraic proof of spinor-vector duality

The number of vectorials and spinorials from a specific
orbifold plane I are interchanged when the ranks of the

associated Y'-vectors are interchanged

)

rank {AU) Yl((jl)} +—— rank {A([)7Y1<()])]

Induced by GSO phase change



Higgs—matter splitting in Orbifolds:  w Carlo Angelantonj, Mirian Tsulaia

Using the level-one SO(2n) characters

on o on  on
_ 1 3 4 _ 1 3 4
02n—§(n—n+ﬁ)» V2n—§<n—n—n—n>v
(gn en n n
1 2 -—n 1 1 2 -—n 1
SQn_?<77—n+7’ n_n> 0271—?(77—77,—Z n_n>
where



The partition function of the heterotic string on SO(12) lattice:

Z+ = (Vs=53) | |01 + Vizl + S12” + C12l? | (1 + S15) (O16+ Sio)
and

Z— = (Vg —5%) [ 012 + | V9] ) (016016 + C16C16)

(|512\ + |C19 ) (S16516 + Vi6Vie)
+ (012‘:/12 + V120_12) (
+ (S12C12 + C12512) (

where = refers to
c<€1> — 41
&2

connected by : 7 =71/a®b),

51 16V16 + V16516)
016C16 + C16016) | -

int 1 int 2
0= (1) b= (1)L F,



Starting from:

®6
74 = (Vg — Sg) }:Amn (0m+5%)@Mv%Qda

where as usual, for each circle,

%Rzﬂwim&
, . o
R; o

and
Oé/ /




7% = (Vg — Sg) |

g X g =

()¢5 x (1)

with  61X° = Xg + 7Ry |

Nom.n (016016 + C16C16)
+ Aomr1n (S16516 + VieVig)
+ Do % (S16V16 + V16516)
+ Ayt (016C16+ 616616)} |



.
Add ZQ ' (5(34, L5y L6y LT; LYy 339) — (—|—$4, +x5, —T6, —T7, — I8, _CE9)

Naively

<<ZQZ><+Z§>) 1%

Produces massless vectorials. No massless spinorials. (Elisa Manno, 0908.3164)

Z
—> Anal
e ((Zg X Zy X Zg//)>



f
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L
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c L T 1
L

- W
=Ml
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Y

.'( discrete torsions

i=1,-

— €

eight independent orbits



® sector c

4

4 — + m
1 (|2n 21 €op T €ou(—1) o
[ 1= + =] ) A A
Qc (2 ( 94 —+ 93 ) D,q ( 9 m,n V1234016
4 4 + — m
1 {12 2 €Enp — € (—1 .
2\ 164 6 2

€1 =+41, e9=—1, ea=+41, ea=+1, e =—1, eg=+1, e = —1,
No gauge enhancement. Spinors massless. Vectors Massive.

€1 =41, eo=+1, eg=4+1, e =+1, e5 =+1, ¢g = —1, €7 = +1,
No gauge enhancement. Spinors massive. Vectors Massless.

Spinor-Vector duality map  {e9, €5, €5, €7}— — {€9, €5, €6, €7}



Conclusions

Phenomenological string models produce interesting lessons

Higgs—matter splitting — A Cheshire Cat's Grin

Spinor—vector duality

All string vacua are connected

String point of view: Organisation of low energy spectrum — secondary

Consistency i.e. number of d.o.f. — primary



