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Elements of string unification:

Classically gl pof
Quantum D = 26 (Bosonic) D = 10 (Fermionic)
Heterotic—string D = 10 Dp =206
REAL WORLD D =14
= Bosonic —  4r.p + 227 + 22pR
= Fermionic —  4r.p + 6 + Op

= Heterotic-string —  4;,.p + (6 + 6p) + 16p
6D IM 16Dw Rj = /2
Moduli — size & shape of internal 6D manifold
Additionally. Twisted moduli.  SUSY moduli.
How are the moduli fixed?

Realistic string vacua «— phenomenological guide?



DATA — STANDARD MODEL

U@ x SU@ x ULy, —  SUE) > sO(10)
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STANDARD MODEL ->UNIFICATION

ADDITIONAL EVIDENCE:

L ogarithmic 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: wﬁz, Xi, Y, w; (1=1,---,06)
Right-Movers

gi,@i ?’:1776

PA=1 .. 44 = 1) 1=1,2,3
&17...75
qgl’...’g

JJ— _emoz(f)f

vV — V 4 = Z all spin C(%)Z(Oi)

structures ﬁ ﬁ
Models «— Basis vectors +  one—loop phases



The NAHE set:

=t Lo g6 L | L8 L6 pL23 LS L8y
— {¢N7X1""’6}7 N = 4 Vacua
b = {3 A0, 31 5631 56 gl LSy N4 o N —9
b2 _ {X12,X56,912,(«056@12,@56,772,1;1""’5}, N=92_N=1
bg _ {X127X347w127w34’@127@34777371;1,...,5}7 N=9_N=1

Z9 X /9 orbifold compactification

— Gauge group SO(10) x SO(6)% x Fg



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

NAHE © (& = {¢1,.. 57175 71°} = 1) — {1,561, 8, b1, b2}
Gauge group: SO(4)? x Fg x U(1)? x Es 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
00 0 -1 2 0 —Yij 1L

\ 0 0 0 -1 0 2
R; — the free fermionic point —G.G. SO(12) x Fg x Ejy
mod out by a Zy 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 = {5 gl g2 p3 gl A — |
Then {1,5,&; = 1+b; +by+ b3,29} — 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)3xSO(10)xU(1)3x SO(16)
b1, b, b3 = (3x8)-16 of SO(10)p
b1 + 27, by + 27, b3 + 27 = (3x8)-16 of SO(16)y

This will be important for the twisted moduli.



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

Basis vectors: consistent modular blocks 4,8 periodic fermions

S O S OSSR v NN OO el A R 3 B
= {gt, x 10,

2 = {@lty,

2y = {@8),
= {y", |7, @'}, i=1,...,6, N = 4 Vacua
_ {X347 567y347y56 g34 56 —1 ¢1 ...,5}7 N=4_—s N=29
_ {X127 X56>yl27 y56 g12 —567772 wl ...,5}’ N=9_—N=1

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



Indepe

V1

ndent phases C[U]}

b\

= explim(v;|v;)]: upper block

H H HHH B H

HH HHH HHH = S
HH H H B HH HH = S

—

N—

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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RESULTS ARE SIMILAR
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7 x 10? models ~ 15% with 3 gen

FKRI



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
20/ 120
18 0 W | 118
16 0 1] 116
14} 114
12} 112
10} 110
8l 18
6 16
4t 14
2} 12
o 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



beyond the NAHE set Add {a, 5,7}

number of generations is reduced to three
SO(lO) — SU(B) X SU(Q) X U(l)TSR X U(DB—L

(B—L) + T3, € SO(10) !

DN —

Ul)y =

SO6)23  —  U1)L23 x U(1)L23



The massless spectrum

Three twisted generations b1, bo, b3
h11,o,0 hl—l,o,o
Untwisted Higgs doublets hoy 1 o hoy 4
h30,o,1 h30,0,—1
Sector by +bo+a+ h h
! ’ ﬁ aﬁ_%v_%vopaoﬁ aﬁ%’%’o’o’o’o

® SO(10) singlets

Sectors b;+2vy j7=1,2,3 ——  hidden matter multiplets

“standard” SO(10) representations

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

@ Quasi-realistic phenomenology




Moduli?

Untwisted moduli — > shape & size of the internal dimensions
Twisted moduli — > arise from the twisted sectors
T6
models
ZQ X ZQ
T61 G[J : B[J [,J:1,°-~,6.

untwisted moduli: coefficients of exactly marginal operators

moduli fields: massless chiral superfields with flat scalar potential

Scalar couplings of N =4 SUGRA
S0(6,6) SU(1,1)
X
SO(6) x SO(6) U(1)

internal manifold dilaton




Up to orbifold projections

70 S0(6,6) - ( S0(2,2) )3
(2)

Zyox Zy . S0(6) x SO(0) SO2) x 5O

= 3 complex structures + 3 Kahler moduli

In all symmetric Z5 X Z9 orbifolds
We would like to identify these moduli in the fermionic formalism
In symmetric orbifolds:
EMO — ox'ox/
x 1=1---6 — 719

1 _ _
3_8—/% (Gry 0x'ox’ + Bryox'ox”)
70



In FFF 0X1 — yiw!
2’5’X£ — U(1) current in the Cartan subalgebra
In the fermionic language
ic?Xi — Jl]; — ylw!
= 0X19x7 — JL(2)Jp(z)
— WS Thirring interactions (R — %)JL(z)j(Z)
Thirring interactions vanish at free fermionic point with R = %

To identify the untwisted moduli in the free fermionic models

— find the operators of the form
I/ N 3T/
J1(2) T (2)

that are allowed by the orbifold (fermionic) symmetry group



Bosonization

1 ) . ) . . _. .
e \[§<yi +iwg) = e, = 5 (yi — iw;) = i

simlarly for the right-movers

Boundary conditions translate to twists and shifts
X1(2,2) = X1(2) + X$(2)
Complex internal coordinates

Zp = (XX gt = (T i) (k=1,2,3)



Untwisted moduli

S = / i (X)JE(2)Th(2)

E ™~ yiwi v =1,---,6 are chiral currents of U(1)6L
sz ™~ é]&*j g =1,---,22 are chiral currents of U<1)%2

hij — scalar components of untwisted moduli

some of these operators are projected out in concrete models

= some of the EMO may not be invariant



Models {1,5} N =4 SO(44)
SO(6,22)

SO(6) x SO(22)

X' ® %6 |0) moduli fields

Moduli space

6 x 22 scalar fields
Zy X Ly {1,8,&,&%} + {01, b}
30(12) X Eg X Eg ZQ X ZQ

—  SO(4) x Eg x U(1)? x Eg

The Thirring interactions that remain invariant are

1,2 71,2 | 34 3.4 | 5,6 75,6
J IR v IR v IR
yL2012502512 34343434 5.6,)5,655.6,5,6

These moduli are always present in symmetric Zo X Zo orbifolds



in realistic models

{1.5, 6. & {b,b} & {a,fF, 7}
N =4 N =1
E8><E8 Lo X L9

new feature  Asymmetric orbifold

the key focus: boundary conditions of the internal fermions

ly,wly, wj
WS fermions that have same B.C. in all basis vectors are paired
pairing of LR fermions — Ising model — symmetric real fermions

pairing of LL & RR fermions — complex fermions — asymmetric



STRING DERIVED STANDARD-LIKE MODEL (PLB278)

e X12 X34 X56 y3 ..... 6 §3,...,6 y1,2 W56 §1,2 056 | LAl ¢1 ..... 5 771 172 775 gbl ..... 8
111 1 1]1..1 1.1} 1.1 1..1 |11 1,..1|1..,1{1 1 1|L1..1
s/t{1r 1 1/0., 0.0 0.0 0.0 0.0 0.,0[0.,0[0 0 0/0,..0
bb{1]1 o o0/1..1 1.,1] 0..0 0..,0 {0..0 0..0/1..,1/1 0 00,0
b|1]0 1 0/0.,00.,0/ 1..,1 1..,1 {0..0 0..,0/1..,1/0 1 0/0,..0
by{ 1|0 o0 1/0..00.0 0..0 0.0 1.1 1.1[1.,1/0 0 1/0,..0
¢M X12 X34 X56 y3y6 y4g4 y5y_5 ﬂ3g6 y1w5 y2g2 w6@6 g1@5 u)2w4 wldjl u}3@3 @2@4 1;1 ..... ) 771 ﬁQ 773
alf0O]0 O O] 1 0 0 0| 0 0 1 1 0 0 1 1 11100 |0 0 0] 11
Blo 0 0 1 1 1 0 0 O 0 1 1 11100 |0 0 0] 11
y[0|0 0 O] 0 1 0 1 0o 1 0 1 1 0 0 |35535 35 |3 5 3|501
Asymmetric BC' = all untwisted moduli are projected out!

all y;w;y;w; are disallowed
can be translated to asymmetric bosonic identifications
X, + Xp — X; —Xp

moduli fixed at enhanced symmetry point



Twisted moduli

(22)b;Dbj+& — (16@10+1)+1=27+1 = twisted moduli

all twisted moduli are projected out



MINIMAL DOUBLET HIGGS CONTENT (EJPC50)

¢u X12 X34 X56 y3y6 y4g4 y5y_5 ﬂSgG ylwﬁ’) y2g2 WGQG ﬂ1@5 u)2W4 u)1@1 w3@3 @2@4 1;1 ..... 5 771 772 773 é
al 0 1 0 0 1 0o 0 1 1 0o 0 1 1 11100 |1 0 0| 110
3 0o 0 1 1 1 0 0 1 0 1 0 1 11100 |0 1 0] 001
v 0 1 0 O 0 1 0 O 1 0 0 0 |35335 3 |5 5 5/000

(With Elisa Manno and Cristina Timirgaziu)

SYMMETRIC < ASYMMETRIC

with respect to by & b9
hi, hi, Dy, D1, ho, ho, Do, D5 are projected out
h3, hs

remain in the spectrum

)\thtgiLg with A+ O(1)

No Phenomenologically viable flat directions




Calculation of Mass Terms

nonvanishing correlators
(VlfVvagb . Vﬁ)
gauge & string invariant
*anomalous” U(1) 4
TrQa#0= Dy=0=A+3 Q)
Dj =0= Y Qe

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

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

nonrenormalizable terms — effective renormalizable operators

<V4b . Vf@
MN—S

VlfVQfV:%b VY - V1fV2fVSb



Cleaver, Faraggi, Manno, Timirgaziu, PRD 78 (2008) 046009
Classification of F and D flat directions in EMT reduced Higgs model
No D flat direction which is F-flat up to order eight in the superpotential

no stringent flat directions to all orders

Suggesting no supersymmetric flat directions in this model (class of models)
implying no supersymmetric moduli

only remaining perturbative moduli is the dilaton

quasi—realistic model: SLM; 3 gen; SO(10) embed; Higgs & A\ ~ 1; ...
vanishing one—loop partition function, perturbatively broken SUSY

Fixed geometrical, twisted and SUSY moduli



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



