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DATA — STANDARD MODEL
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STANDARD MODEL -> UNIFICATION

ADDITIONAL EVIDENCE:

Logarithmic running, proton longevity, neutrino masses

PRIMARY GUIDES:

3 generations

SO(10) embedding



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



Free Fermionic Construction

Left-Movers: @D?Z, Xi» Y, w; (1=1,---,06)

Right-Movers
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Model building — Construction of the physical states
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Calculation of Mass Terms

nonvanishing correlators
<v1fv2fv35 . v]@
gauge & string invariant
“anomalous” U(1) 4
TQa#0= Dy=0=A+3 Qe
Dj =0= Y Ql{enl

(W) = () =0 N=3---.

Supersymmetric vacuum (F) = (D) = 0.

nonrenormalizable terms — effective renormalizable operators
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The NAHE set:

=t Lo gl L6 | L8 L6 p123 LS L8y
— {@WaXl""ﬁ}a N = 4 Vacua
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Z9 X Zo orbifold compactification

— Gauge group SO(10) x SO(6)%7 x Fg



beyond the NAHE set

Add

{a, 8,7}

2,4 1-1,3-3 —2-4
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number of generations is reduced to three
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The massless spectrum

Three twisted generations b1, bo, b3
h11,0,o hl—l,o,o
Untwisted Higgs doublets hoy 1 o hoy 14
h30,o,1 h30,0,—1
Sector by + by + a + h h
b 7 110000 1 10000

@ SO(10) singlets
Sectors b; +2y 7=1,2,3 ——  hidden matter multiplets

“standard” SO(10) representations

NAHE + { o, 8, v} — exotic vector-like matter — superheavy

® Quasi-realistic phenomenology




Fermion mass hierarchy

Fermion mass terms

cgfifih (%) o

c - calculable coefficients g - gauge coupling
fiof; € b 7 = 12,3
h — light Higgs multiplets
M ~ 1018 GeV

(@) generalized VEVs, several sources



Top quark mass prediction

only A\ = <tCQtB1> = \/§g #+ 0 at N=3
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Cabibbo mixing PLB 307 (1993) 305

Find anomaly free solution
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Three generation mixing — NPB 416 (1994) 63
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Correspondence with Z5 x Z5 orbifold PLB 326 (1994) 62

NAHE © (& = {¢1,.. 5,775 7°} = 1) — {1,5,61,8,b1, b2}
Gauge group: SO(4)° x Fg x U(1)? x Ex and 24 generations.

toroidal compactification (67 + 6p) Gij» bij
(210 0 0 0)

-1 2 -1 0 0 0 (
gij il
0 -1 2 -1 0 0 o
BT 0 0 -1 2 —1 1 A B
0 0 0 -1 2 0 —Yij 1L

\ 0 0 0-10 2
R; — the free fermionic point —G.G. SO(12) x Fg x Ejy
mod out by a 75 X Z5 with standard embedding
= SO(4)? x Eg x U(1)? x Ex  with 24 generations

Exact correspondence




In the realistic free fermionic models
replace X = {b 2 gl 7%, 77} = 1
with 2y = {@b 5 pl g2 73 glody —
Then {1,5,&; =1+b; +by+ b3,29} — N=4 SUSY and
SO(12) x SO(16) x SO(16)
apply by x bo — Z9 x Zo — N=1 SUSY and
SO(4)?xSO(10)xU(1)3x SO(16)
b1, by, b3 = (3x8)-16 of SO(10)p

b1 + 27, by + 2, b3 + 2 = (3x8)-16 of SO(16)y

Alternatively, c(?) = 41 — — 1
2



Zy X Zy  orbifolds

A torus One complex parameter /Z =7Z+ne | t me,

T?x T2 x 2 —> Three complex coordinates z, , 2z, and z,

22 orbifold :

Z = ~— 7Z + Zl m, €, 4 fixed points
Zz = {0 , 12¢ , 12¢ , 12 (g + & ) |}
y h 9 o:(zl,z22,23 ) —> (-z1 , -z2 , +z3 ) —> 16
T“x T"x T
B:( z1,22,23 ) —> @&zl , -z2 , -z3 ) —> 16
HX 2

off:( z1,22,23 ) —> (-z1 , +z2 , —=z3 ) —> 16

43
'

v:(zl,22,23) => (z1+1/2, 22+1/2,23+1/2) —— 24



Classification of fermionic Z9 X Z5 orbifolds (FKNR, FKR)

Basis vectors: consistent modular blocks 4,8 periodic fermions

— ot LB g heb LB | g6 L6 5123 15 gL 8)
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e; = {y', gt @'}, i=1,...,6, N = 4 Vacua
b = [y 50 B4 561534 556 ol LSy N —d s N =9
by = {1213 412 56(512, —567772 5y, Neo o N =1

Vector bosons: NS, 219, 21 +29, x =1+ 5+ e+ 21+
impose: Gauge group SO(10) x U(1)? x hidden



Indepe
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ndent phases C[U]}
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Apriori 55 independent coefficients — 2°° distinct vacua
Impose: Gauge group SO(10) x U(1)? x SO(8)?

— 40 independent coefficients



RESULTS:

FKR |: Random sampling of phases. SO(10) x U(1)? x hidden
FKR II: Complete classification. SO(10) x U(1)? x SO(8)?
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log number of models

net number of generations

RESULTS ARE SIMILAR
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7 x 10? models ~ 15% with 3 gen
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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
22t 122
20t 120
18+ 118
16t T | 16
141 14
12+ 112
10+t 110
8+ 18
6 16
4t 14
2t 12
0r 10

0 2 4 6 8 10 12 14 16 18 20 22 24
Symmetric under exchange of rows and columns

Self-dual: #(16 +16) = #(10) without E symmetry



Future:
Understand in geometrical terms:

Progress:

Tristan Catelin-Jullien, AEF, C. Kounnas, J. Rizos, NPB2009 —

Operational understanding in terms of partition function free phases



NAHE-based partition functions:

Question:
7" | SO(12 .
7 % 7 > 48 fixed points 7 i Z)2 24 fixed points

Zo shift 148 «—— 24

Is this the same vacuum? In general, no.

shift that reproduces the SO(12) lattice at the free fermionic point?



Possible shifts:

A XLR—>XLR—|-%7TR,
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The partition function of the heterotic string on SO(12) lattice:

Z4 = (V3—5Sg) [|012|2 + | Vio* + | S12l* + |012|2] (016 + S16) (O16+ Si6) -
and

Z— = (Vg — Sg) [(|012| + V19| ) ( 6016+Cl6016)

(\512\ + [C19] ) (S16516 + VigVie)

+ (012V12 + V12012) (S16Vi6 + VieSie)

+ (S12C12 + C12512) (016C16 + C16016) | -
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Starting from:

X0
Z4 = (V3 — S%) Z Amon (016 + S16) (O16+ Si6)
m,n
where as usual, for each circle,
i m; | nilR
— +
PLR= R = "7

and
' 9 o 2
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ul

Add shifts : (Al, Aj, Al) : (Ag, As, Ag)

(48 — 24 yes)
(SO(12)? no)



Uniquely:

g (A, As,0),
h = (0,As, Ag),

where each A acts on a complex coordinate
(48 — 24 yes)

(SO(12)7 yes)



A STRINGY DOUBLET-TRIPLET SPLITTING MECHANIS

¢[L X12 X34 X56 y3y6 y4g4 y5g5 g3g6 y1w5 yng W6CD6 g1@5 w2w4 wl@l W3CD3 @2@4 wl ..... 5 ,)71 ,'7/2 ,’73 ¢_
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NAHE — — o0+ c.e. = (5+5); = 10; of SO(10)
a,  —  SO(0) — SO(6)x SO4)
Aj = lar(T]) — ap(T})
Aj=0— Dj,D; Aj=1—hj h;
hi, hi, D1, D1, hs, ho, Dy, Dy are projected out

hs, h3 remain in the spectrum



Conclusions

Phenomenological string models produce interesting lessons

Spinor—vector duality

relevance of non—standard geometries

Free Fermionic Models — 75 X Z5 orbifold near the self-dual point

Duality & Self-Duality < String Vacuum Selection



