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Disclaimer:

World—sheet CFT constructions and geometrical compactifications are in-
timately related in string theory. This is exhibited in the correspondence
of Gepner models with Calabi—Yau manifolds at special points. The sim-
plest CFT constructions include free world-sheet fermions and bosons. The
correspondence between two dimensional world—sheet fermions and bosons
translates to compactifications based on these worldsheet CFTs to be math-
ematically identical. Nevertheless, to write a detailed dictionary in specific

cases remains a challenge and is, in general, unknown. Recipes exist.



STANDARD MODEL UNIFICATION

STRONGVEAKELECTROMAGNETIC — SO(10)
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Additional evidence: Log running Tp My
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: wﬁQ, Xi, Y, w; (1=1,---,06)
Right-Movers
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Models «— Basis vectors +  one—loop phases



Model building — Construction of the physical states

Fo(f) — fermion # operator

alf)+ F(f) — U(1) charges

DOl —

Qf) =



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
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The NAHE set : { 1, 5, b1 . bo . b3 }

N= 4 — 2 1 I vacua
Z9 X Z9 orbifold compactification

—  Gauge group SO(10) x SO(6)%7 x Ex

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

number of generations is reduced to three
SO(lO> — SU(S) X SU(Q) X U(l)TgR X U(UB—L
U(l)y = 3(B—1L) + T3, € SO(10) !

30(6)1’2’3 _ U(1)1,2,3 < U<1>1,2,3



Patterns of SO(10) symmetry breaking

The SO(10) — subgroup b(y)1):
2

L (0} 1 2 1} = (3333335} = SUG) x UW) U0) U() V()

2. b{p1? 7t 77 7'} = { 11100 000 } = SO(6) x SO(4) U(1) U(1) U(1)

(1.+2.) = SO(10) — SU@B)gx SU2), xU(1)cx U(1)y,

SO(lO) — SU(3>C X SU(Q)L X SU(Q)R X U(l)B—L

2. b{i 0t 77 7Y = { 11100000 } = SO(6) x SO4) U(1) U(1) U(1)
2
_ 9 111 111
I-5 -1 22 3y _ r~~*an-—

SU( 3 )axUl)gxSU2), x SUQ2)p U(1) U(1) U(1)



The massless spectrum

Three twisted generations b1, by, D3
h11,0,0 hl—l,o,o
Untwisted Higgs doublets hoo 1 o hog 1
h30.01 h3g01
Sector by +bo+a+ h h
1 2 ﬁ &/B_% _%707070 O &/8%7%70707070

® SO(10) singlets
Sectors b;+2vy j=1,2,3 ——  hidden matter multiplets

“standard” SO(10) representations

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

@ Quasi-realistic phenomenology




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

NAHE & (& = {¢1... 5,75, 757 = 1) —  {1,5,61,&,b1, b0}

Gauge group: SO(4)? x Fg x U(1)? x Es and 24 generations.
(9210 0 0 0)

-1 2 -1 0 0 0 ( S

: 9i; 1<)
toroidal | 0-1 2 -1 0 0 I -
compactification Y9=1 0 0 -1 2 —1 —1 ij = L=
0o 0 0 -1 2 0 9 > ]

\ 0 0 0 -1 0 2
R; — the free fermionic point — G.G. S0O(12) x Eg x Ejg

mod out by a Z5 X Z5 with standard embedding

= Exact correspondence




In the realistic free fermionic models

replace & = o = {10 L 72 7P} =1

Wlth 2,}/ _ {wl 5 —1 —2 3 1,"-,4} :1
Then {1,5,&; =1+b; +by+ b3,29} — N=4 SUSY and
SO(12) x SO(16) x SO(16)

apply b1 X bQ — ZQ X ZQ — N=1 SUSY and
SO(4)?xSO(10)xU(1)3x SO(16)
b1, bo, b3 = (3 X 8) 16 of 50(10)0

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

Alternatively, c(?) = 41 — — 1
2



L X Zy orbifolds

torus: One complex parameter L =7+ he + me

124 72 x T2 —= Three complex coordinates , z ,, z and z

Z, orbifold : Z = ~— Z + % m & 4 fixed points
Z = {0 , 12e , 12e , U2, (e 5 e )
2 12 12 a:(2z1,2z2,z3) —>~HAz1, -z2 , +z3 ) —> 16
szx sz B:(z1,z2,z3 ) —>+(z1 , -z2 , -z3 ) —> 16
ap:(2z1,z2,z3 ) —>+Hz1, +z2 , -z3 ) —> 16

48
'

V:(z1, z2,2z3) —> (z1+1/2, z2+1/2,23+1/2) ~ 24



NAHE-based partition functions:

Question:
7" | SO(12 .
7 % 75 > 48 fixed points 7 >E Z)2 24 fixed points

Zo shift 148 «—— 24

Is this the same model? In general, no.

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



Possible shifts:

Aq ?XLR‘%;XLRT%%WB%
AQ: JXLR—AJXLR%—2<%fﬂiZ%?>,

Ag : XLR—>XLR:|:——.

Using the level-one SO(2n) characters

1 (V5 VY (V5 V)
02"_§<77_”+77_”>’ %”_§<U”_U”>’

QWZ —nﬁn 1 S/ -—n ?
<?7 o 77”)’ 02”_§<77_”_Z W>

St
S

|
Do —



Starting from:

X0
7 = (Vg — Sy) Z Am.n (016 + S16) (016 + Sm) :
m,n
where as usual, for each circle,
i m; | niR;
— +
PLR = R = "

and
' 9 o 2
q%pLg%pR
Amn — 9
i

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

(48 — 24 yes)
(SO(12)? no)



Uniquely:

g (Ag, Ay 0),

h = (0,As, Ag),

where each As acts on a complex coordinate

(48 — 24 yes)

(SO(12)?7 yes)



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 X1 — ylo!
2’5’X£ — U(1) current in the Cartan subalgebra
In the fermionic language
ic?Xi — Jl]; — ylw!
= oxTox’ — JL(2)Jh(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



A STRINGY DOUBLET-TRIPLET SPLITTING MECHANISM
NAHE — ol 20 + c.e. — (54 5); = 10, of SO(10)
a — SO(10) — SO(6) x SO(4)
Y3ys yays Ysys Yoo Y3Yye Yays YsYs Y3Ye
1 0 0 1 1 0 0 0

Aj = lap(TY) — ar(Ty)]

A17273:1:> h] h] 7 =1,2,3

A superstring solution to the GUT hierarchy problem




MINIMAL DOUBLET HIGGS CONTENT

¢u X12 X34 X56 y3y6 y4y4 y5g5 gSyG y1w5 y2y2 CUGCDG glu—)5 w2w4 wld)l w3@3 @2@4 1;1 ..... 771 772 773 é
af0j0 0 0|1 0 0 1| 0 0 1 1 0 0 1 1 11100 |1 0 0| 110
glojo 0o 0|0 0 1 1| 1 0 0 1 0 1 0 1 11100 |0 1 0| 001

111 1 1 1 1
vy[ojlo o ol0o 1 0 0| 0 1 0 O 1 0 0 o0 |iIl1 11 11000

SYMMETRIC <~ ASYMMETRIC

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

hs, h3 remain in the spectrum

)\thtgiLg with A+ O(1)

No Phenomenologically viable flat directions




Cleaver, Faraggi, Manno, Timirgaziu, PRD 78 (2008) 046009
Classification of F and D flat directions in FMT 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

Cleaver etal, SO(10) and FSU5 analysis — > stringent flat directions



Classification of fermionic Zo x Z5 orbifolds

Basis vectors:

— o LB gleB LB | g6 L6 5123 715 gL 8)

= {gH, x 10},
5 = {phh
2 = {@81
- {yiawi@i,@i}, 1 =1,...,0, N = 4 Vacua
_ {X347 56,y34,y56 §34 56 —1 ¢1, . } N—=4_— N=29
_ {X127X 7y127y56 g12 —567772 ¢1, . } N=92_N=1
a = {P*° o2} & SO(10) — SO(6) x SO(4) x

B ={pbo=4--3 & SO(10) — SU(B) x U(1) x



V1
Uj

Independent phases ¢|,'| = explim(v;|v;)]: upper block

HH H H

o\

A priori 66 independent coefficients — 290 distinct vacua

HH H B HHH = S

HH HHHHHHH =S

|
—

- HH LR e

g

N—



The twisted matter spectrum:

1 1 1 1 1

2 2 2 2 2

B€2€2€2€2 =) + b2 + 6161 + 6262 + 6565 + 6666
1727576

B?gggggég = S+b3+€?€1+€§62+€§63+€264 l‘g = 0,1
172%3%4

sectors B]Z;qrs — 16 or 16 of SO(10) with multiplicity (1,0, —1)

Béqrs +x — 10  of SO(10) with multiplicity (1,0)

v = {2 gt 2 5} X — map <« spinor—-vector map

Algebraic formulas for 5§ = Z§:1 S@ — S@ and V = Z§:1 ()



Pati—Salam class: with Assel, Christodoulides, Kounnas, Rizos

RESULTS: of random search of over 10! vacua

108 a0 1108
06 ,_,,,,,,,,,,_:_ 6
100 - 10
o
g M —
o 1O U T o 10*
5 _
g N

102 E A LCEECEE T EEEEEEE TR 10?

0 10 20 30 40 50 60
# of massless exotic multiplets

Number of 3-generation models versus total number of exotic multiplets



Pati—Salam models statistics with respect to phenomenological constraints

constraint # of models| probability | # of models
None 100000000000 1 2.95 x 101
+ No gauge group enhancements.| 78977078333|7.90 x 10~1| 1.78 x 10%°
+ Complete families 22497003372 12.25 x 101 | 5.07 x 1014
+ 3 generations 208140621 2.98 x 1073| 6.71 x 10!2
+ PS breaking Higgs 23694017 |2.37 x 10~*| 5.34 x 101
+ SM breaking Higgs 19191088|1.92 x 10~ 4.32 x 101
+ No massless exotics 121669|1.22 x 1075 2.74 x 10”

Constraints in second column act additionally.




flipped SU(5) class: with Sonmez, Rizos

RESULTS: of random search of over 102 vacua

=N
|

Number gf Models
|

N
|
\

Number of exophobic models versus the number of generations



Spinor—vector duality:

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

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

24| 124
22} 122
20} 120
18/ | 118
16r l 0 | 116
14| 114
12} 112
10/ 110
8 18
6 16
4 14
2| 12
ol 10

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

Symmetric under exchange of rows and columns

b 27 =160+ 10+ 1 27 =16+ 10+ 1
Self-dual: #(16 + 16) = #(10) without E symmetry



Spinor-Vector duality in Orbifolds:

Using the level-one SO(2n) characters

oo Lo on
02”_§<?7”+?7”>’ %”_§<n_”_n_” |
on or on on
1 — 1 ) —n 1
S?”?Q Hnn”)’ C(rv)
where



Starting from:

X6
Zy = (V& — S3) ZAmn (016
where as usual, for each circle,
i m; | niR;
= +
pL,R RZ o
and
' o o 92
qcflpL q_%pR
Am n —




apply 4y X Zé g X ¢

g : (-t . Eyx By — SO(16) x SO(1(

192 —12 =12 =12 192 —12 =12 =12
Fro @ (O, Vigs Sig, Cig ) — (O, Vg, — S5, —Cui )

5 : X9 = Xg+ 7Ry — 5 A, — (ZD)TA,
g/ : (CE4,CE5,3§'6,CE7, CE87$9) - (_I47 —&5, —LG, — X7, —|—I'8,—|—$9)
Note: A single space twisting Zé — N=4—-N=2

E7 —> 50(12) X SU(Z)



Analyze

A 1 1 /
a=g ; b=g ; c=gg
( T € ) — Am,n' ( ) + /\m,n+1/2. ( )

massless massive



® sector b

4 4
1 [1]2 2 L
4 4
1[]2 2 S —
o A [pj@801254016] +  massive
2\ |04 63
where
1 +e(—1)" - 1 —e(—=1)"
e (B, e ().
e = +1 = P = Ao P = Nom1m
e = —1 = Pr= Aoyt P = Aom,n

and 12-2 + 4.2 32



Further :

e T he spinor—vector duality in this model is realised in terms of a continuous

interpolation between two discrete Wilson lines.

e The spinor-vector duality is realised in terms of a spectral flow operator
that operates in the bosonic side of the heterotic string. In the case of
enhanced Ejg symmetry, the spectral flow operator acts as an internal
FEg generator. When Ej is broken the spectral flow operator induces the

spinor—vector duality map.



Away from the free fermionic point:

dQT 7—2_1 1 a a+hq a+ho a-+ho
- / 5 ntepPt 28 (Z U]V {bﬂh} v [bfqz} v {b+93DW,
1 q |€ O et+hi| g |etho| g [€+h3
8 (2219 M v [€+91} v [&gg} v {ﬁ—l—gg}
6,8 L5 l2,3
! L H\Gy+HoGoq [e+H 1% 5 [erHo ]
o > D> 5 D (m)eriRtey {§+GJ v [§+G2}
Hy1,G1  Hy,Go 1.8
X (Z [ {hi”:i} o TP(7,0,8i:ti,€.8, .95, H1,G1, Ha, Go)
D Lgilti
Si,lg <ngu—)>1...6
R TR )
11l = —= ) exp |[——|(2m+g) + (2n+ h) 7]
1lg = -
m,n , i




Fermion mass hierarchy

Fermion mass terms

cgfifih (%) o

c - calculable coefficients g - gauge coupling
fiofj € b 7 =123
h — light Higgs multiplets
M ~ 1018 GeV

(@) generalized VEVs, several sources



Up/Down—type Yukawa Selection Mechanism

Wi | 12 3 0

vy° vyt vy vPy°

y1w5 y2g2 w6@6 glu—)5

w2t wtol W33 oot

—

[\]

w

nonn
al 0 0 0 1 1 0 0 1 1 11100 |0 0 0| 111
310 1 1 0 0 © 0 1 0 1 11100 |0 0 0| 111
7|0 1 0 1 0 1 1 0 0 0 |3311 11 1j000

At the cubic level — v selects trilevel Yukawa coupling:

A] — ’7<U<1>L]+3> o 7<U<1>RJ+3)‘ — 071
A]‘ =1 = u]Q]BJ

b1 1 Y3ys Y4Y1 Ys5U5 Y3Ye

v 1 0

Al =

Qjh;

)\jé?

0

i=1,2,3

A]’ =0 = d]Q]h] ; e]L]h]

YsYe YaYs Ys5Y5 Y3Ye
0

1 0

Aq

1

0



Top quark mass prediction

only A\ = <tCQJL1> = \/§g # 0 at N=3

e () ()

1
— ANy, = A = 0.35¢7 ~ i
my = A(my)vg my = Ap(myp)v2
where (02+02):U—% and vy = 2y = 246GeV
SR g2(Mz)
V0 tan (3

—  my~ 175GeV PLB274(1992)47



wysics Leiters B 274 {1992) 47-52
prih-Hollsnd FHTSICS LETTERS 8

Hierarchical top=bottom mass relation
in a superstring derived standard-like model

Alon E. Faraggi

Center For Theoretical Physics, Texar AEM University. College Stavion. TX F7845-4242 US4
ang Asiroparnicle Bhysics Group, Houston ddvanced Research Center (HARG), The Woodlands, TX T35 LEA

Received 30 Sc:ut:mbgr 1991

| propess a meshanism in a class of supersiring standacd-Jike models which explains the mass hierarchy between the top and
motiom quarks. Al the trilinear level of the juperpolential only the 1op quark geis a nonvanishing mass 1erm whils the botiom
guarks and tau lepron massierms are chiained from nonrencermatizable terms. | consicucta model which realized this mezhanism.
In this mode! the battom quark and tau lepton Yukawa souplisgs are abnined from quanic order teeme. Tshow thatdymd ~ {4,
at the unification seale. A naive estimate yields m o~ [ 75=180 GeV,

e

Oneof the unreselved puzzles of the standard model is the mass splitting between the top quark and the lighter
juarks and leptons. Especially difficult to understand within the context of the standard model is the big split-
ing in the heaviest geneération. Experimental limits [1] indicate the top mass to be above 80 GeV, while the
wottom and taw lepton masses are found at 5 GeV and 1.78 GeV respectively, Possible extensions to the standard
nodel are grand unified theories. Although the main prediction of GUTS, proton decay, has ot vet been ob-
erved, caloulations of sin'd, and of the mass ratic my/Wn, support their validity. Recent calculations seem to
uppor supersymmetric GUTs versus nonsupersymmetric ones [2]. In spite of the success of SUSY GUTs in
anfronting LEP data [2], an understanding of the mass splitting between the top quark and the lighter quarks
ind leptons is still lacking. The next level in which such an understanding may be developed is in the context of
wmpersiring theory [3].



Cabibbo mixing PLB 307 (1993) 305

Find anomaly free solution

( € Valsbas 0 \

) e
AT i
Mg~ | = ?\Wf}& ]\24—51 0 | v,
_l_
\ 0 .
130,53 V5 g 4
< 107° _ ~ 2-3x107%
‘ M3 64 73

0.98 0.2 0

= V| ~ | 0.2 0980

0 0 1

Three generation mixing — NPB 416 (1994) 63 J| ~ 1079



Conclusions

Phenomenological string models produce interesting lessons

relevance of non—standard geometries

Spinor—vector duality

Exophobia

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

Duality < Phase-Space Duality —— String Vacuum Selection



