ASPECTS OF FREE FERMIONIC HETEROTIC-STRING MODELS
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DATA — STANDARD MODEL
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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: wa, Xi, Y, w; (1=1,---,6)

Right-Movers

gi) (Di 7’:1776
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structures

Models <— Basis vectors +  one—loop phases



Model building — Construction of the physical states

bj 7=1,---, N — == Zjnjbj




Calculation of Mass Terms

nonvanishing correlators
(VlfVvagb . -V]I@
gauge & string invariant
“anomalous” U(1) 4
TiQa#0= Dy=0=A+> Q¢

Dj =0= Y QLo

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

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

nonrenormalizable terms — effective renormalizable operators

(VP V)
MN—3

V1f VQf V?)b T 'VJZ\)I — Vlf sz V3b



The NAHE set:

=, b8 gl T | gl 16 123 LS Glen8)
= {opH, x1OY N =4 Vacua

b = {x34 56 34 61534 556 pl L5y Ned s N =9

by = {312,430 y12 36512 56 p2 LB Neo s N—]

by = {X127X347W127W34|@12 34 37¢1, . } N=92_3sN=1

Z9 X Z9 orbifold compactification

— Gauge group SO(10) x SO(6)%7 x Fg



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

e X12 X34 X56 y3y6 y4§4 y5§5 ?33@6 y1w5 y2§2 WBb g1w5 W2t ol W3 o2t d—]l ..... 5 ﬁl ﬁQ 773 qgl ..... 8
a0 0 0 0] 1 0 0 1 0 0 1 1 o 0 1 1 |11100[1 0 0| 11000000
Blojo o o0 0 1 1 1 0 0 1 0o 1 0 1 |11100(0 1 0| 00110000
yf0,0 0 O] 0 1 0 O 0 1 0 O 1 0 0 0 |3333%2|3 3 2000431110

number of generations is reduced to three
SO(10) — SU(@3) x SU(2) x U<1)T3R xU(l)p_1

(B—L) + 13, € SO(10) !

|
DOl —

U(1l)y

SO(6)23  — U123 x U(1)123




The massless spectrum

Three twisted generations by, bo, b3
h11,o,0 hl—l,o,o
Untwisted Higgs doublets hoy 1 o hoy 14
h3o,0,1 h30,0,—1
Sector by +bo+ -+ h h
! ’ 6 aﬁ_%’_%aoaoaoao aﬁ%’%’o’o’o’o

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

“standard” SO(10) representations

NAHE + { a, B, v} — exotic vector-like matter — superheavy

® Quasi-realistic phenomenology




Fermion mass hierarchy

Fermion mass terms

cgfifih (%) o

c - calculable coefficients g - gauge coupling
finf5 € b J = 1,23
h — light Higgs multiplets

M ~ 1018 GeV

(¢) generalized VEVs, several sources



Top quark mass prediction

only N = (t°Qih1) = V29 # 0 at N =3

Wy — chthw(I)l + TCLThaB(I)l
— )‘b — (Cb%) A = (CT%)

1
— N, = A = 0.35¢° ~ M
Evolve A , A, to low energies

my = A\U] = )\t% sin 3 mp = ApUg =

2myy 2 2
where yg = = 246GeV and vy +v5) =

g2(Mz) i)

v tan 3

my = A(my)

DO —

V2 (1 + tan2 )

)\b% cos 3

9
Y

2

—>  my ~ 175GeV PLB274(1992)47



Cabibbo mixing PLB 307 (1993) 305

Find anomaly free solution

( ¢ VQVSCDaﬂ 0 \

_ M3
My ~ ‘@Vﬁgﬂﬁl CI)]\24—§1 0 Vo,
SRR
VeVsbas _ V59 o 5,04
M? 64 7
e < 1078 . Fix &1, &9, CTDZ_ to fit my, mg
0.98 0.2 0
= V| ~ | 02 0980
0 0 1
Three generation mixing — NPB 416 (1994) 63

J| ~ 107°



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

NAHE @ (& = {¢1,.. 57,777} = 1) — {1,5,&1, 6,01, b}
Gauge group: SO(4 ) x Fg x U(1l ) x Fs and 24 generations.

toroidal compactification (67, + 6p) 9ij bz’j

(2 10 0 0 0)
-1 2 -1 0 0 O (
0O —1 2 —1 0 0
0O 0 -1 2 —1 -1
0 0 0 -1 2 0 9 Vi
\ 0 0 0 -1 0 2)
R; — the free fermionic point —G.G. SO(12) x Eg x Eg

mod out by a Z9 X Z9 with standard embedding

= SO(4)? x Eg x U(1)? x Fs  with 24 generations

Exact correspondence

gij = bij=4 0 i=]




In the realistic free fermionic models
replace X = {1 gl 72, 7%} = 1
with 2y = {10 gl p2 73 gl —
Then {1,5,&; = 1+b; + by + b3,29} — N=4 SUSY and
SO(12) x SO(16) x SO(16)

apply by x by — Zoy x Zy — N=1SUSY and

SO(4)°x SO(10)xU(1)3x SO(16)

b1, b, b3 = (3x8)-16 of SO(10)p

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

Alternatively, c(?) = +1 — — 1
2



4 X 4, orbifolds

ATOTUS  Onecomplex parameter Z =Z+ne,; + me,

T2y 2 x 2 —= Three complex coordinates z, , 2z, and z

22 orbifold : Z = -Z + 5 Mg 4 fixed points

z = {0 , 12e , lU2e , 12(g+ & ) }

a:(z1,z22,z23) —> (-z1, -z2 , +z3 ) —> 16
B:(z1,z22,z23) —> @¢z1, -z2, -z3 ) —> 16
ap:(z1,z2,z23) > (-z1, +z2, -z23 ) —> 16

48
'

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

T2x T2x T2

HX 4




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

Basis vectors: consistent modular blocks 4,8 periodic fermions

= fH, A6 gl L | gl gl pL23 5l GL8)
= (v x0)

o = {gh)

o = {59

e; = {yt, g, @'}, i=1,...,6, N = 4 Vacua

by = {x3, 50 B4 6134 556 pl L5y Ned s N o9

by = {2, 12, 61512 556 52 1.5 N9y N

Vector bosons: NS, 219, 21 + 29, x =1+ 5+ ) e; + 21+ 2
impose: Gauge group SO(10) x U(1)? x hidden



Independent phases c[

V1
Uy

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

1 S e e e3 e1 e; eg 2] 29
1 (-1 -1 £ + 4+ + + + + <+
S -1 -1 -1 -1 -1 -1 -1 -1
eq + + £ 4+ +£ £+ =+
€9 + + £ 4+ +£ =+
€3 + + +£ £+ £
e + + + 4+
es + + +
€6 + *
21 m
29
b1

b\

HH HHHH 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



RESULTS:

FKR I: Random sampling of phases. SO(10) x U(1)? x hidden
FKR II: Complete classification. SO(10) x U(1)3 x SO(8)?

30

4}
O
T T T T ‘ T T T T ‘ T T T T

—
-

log number of models

net number of generations

RESULTS ARE SIMILAR
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net number of generations

7 % 10” models ~ 15% with 3 gen  FKRI



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

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 Eg 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:
T° SO(12
7 % 75 » 48 fixed points 7 >E Z)2 > 24 fixed points

Zoy shift 48 +— 24

s this the same vacuum? In general, no.

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



Possible shifts:

A o XLR—>XLR—I-%7TR,

A2 ; XLR_>XLR+2<7TR:|:%>7
/
T
AS ) XL,R — XL,R:l: %7

Using the level-one SO(2n) characters

g gn (0% n
02n2(772+?7”)7; V2"’:§(77”_77”
9" 9 1
S5 :l( 4+ nL ) C :l<——z
o2\ gn 0" 2\ g



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

Zy = (V3g—Ss) {|012|2 + [Vigl* + | S1al* + \012\2} (016 + S16) (O16 + Si6)
and

7_ = (Vg — Sg) [(|012| + | V19| ) (016016 + C16C16)

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

+ (012V12 + V12012) (S16Vi6 + Vi6Sie)

+ (S12C12 + C12512) (016C16 + Ci6016) | -
where + refers to

c(gl) = 41
&2
connected by : 7— =71/a®b),
int 1 int 2
. (_1>FL R b (_1)FL +F}



Starting from:

X6
Zy = (Ve —58) | > Amn (O16+ S16) (O16+ S16)
m,n
where as usual, for each circle,
i m; | R,
= +
pL,R RZ o

and
of 2 o 9
quL QTPR
Uik
Add shifts : (AlaAlaAl) , (Ag,Ag,Ag)
(48 — 24 vyes)
(SO(12)? no)

Am,n



Uniquely:

g (Ao, As,0),
h = (0,A9, Ag),

where each A9 acts on a complex coordinate
(48 — 24 vyes)

(SO(12)7 yes)



A STRINGY DOUBLET-TRIPLET SPLITTING MECHANISM

WP [ 212y 3 350 | 4308 At 555 B30 | ylwd 127? WIES 5100 | Wit Wld! WD B2t Pl ql 7P Hlr8
al0/0 0 0|1 0 0 1| 0 0 1 1 0 0 1 1 11100 |1 0 0| 11000000
glojo o of0 o 1 1| 1 0 0 1 0 1 0 1 11100 [0 1 0| 00110001
yl0j0O 0 0|0 1 0 0] 0 1 0 0 1 0 0 o |Li11 1 1 1 1liggqgllll

NAHE — Xj@@l’m ’577]‘ +c.c. = (b + 5)3 = 10; of SO(10)
a, [ —  SO(10) — S0O(6) x SO4)
Aj = lar(Ty) — agr(Ty)
AJ’ZO—>D]',D]' Aj:1%hj,ﬁj

hi, hi1, Dy, D1, ho, ho, Do, Dy are projected out

hs, hs

remain in the spectrum




Conclusions

Phenomenological string models produce interesting lessons

Spinor—vector duality

relevance of non—standard geometries

Free Fermionic Models — Z9 X Z5 orbifold near the self-dual point

Duality & Self-Duality < String Vacuum Selection



The massless spectrum

Three twisted generations by, bo, b3
h11,o,0 hl—l,o,o
Untwisted Higgs doublets hoy 1 hoy 14
h3o,0,1 h30,0,—1
Sector b1 +bo+ o+ h h
! ’ 6 aﬁ_%’_%aoaoaoao aﬁ%’%’o’o’o’o

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

“standard” SO(10) representations

NAHE + { a, B, 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
T6: G]J : B]J [,JZl,---,6.

untwisted moduli: coefficients of exactly marginal operators

moduli fields: massless chiral superfields with flat scalar potential

Scalar couplings of N =4 SUGRA
S0O(6,6) SU(1,1)
X
SO(6) x SO(6) U(1)

internal manifold dilaton




Up to orbifold projections

76 S0(6,6) 50(2,2)  \°
ZQ X ZQ — SO(G) X SO(G) — (30(2) X SO(Q))

= 3 complex structures + 3 Kahler moduli

In all symmetric Zy X Z5 orbifolds
We would like to identify these moduli in the fermionic formalism
In symmetric orbifolds:
EMO — o9x1ox’/
x 1=1,---.6 —» 19

1 _ _
528—/d20 (Grg 0x'ax”’ + Bjj 8X[8XJ)
70



In FFF 0X1 — yiw!
z'(")’Xi — U(1) current in the Cartan subalgebra
In the fermionic language
z'((?Xi — J£ = ylw!
= XX’ — Jl(2)Jp(2)
— 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
JL(2)T3(2)

that are allowed by the orbifold (fermionic) symmetry group



Bosonization

simlarly for the right-movers

Boundary conditions translate to twists and shifts
X1(z,2) = X{(2) + X3(2)
Complex internal coordinates

ZE = (X 2ix?h), g = 0 i) (k=1,2,3)



Untwisted moduli

S = / i (X)Ji(2)T5(2)

Jz ~ yiwi 1 =1,---,6 are chiral currents of U(1)6L
JL ~ I j=1,---,22 are chiral currents of U(l)%.{@2
hijj — 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)
S0O(6,22)

SO(6) x SO(22)

X' ® qgaé*a|0> moduli fields

Moduli space

6 x 22 scalar fields
Zy X Zy {1,8,&6,&} + {01, b}
SO(lQ) X Eg X Eg ZQ X ZQ

— SO(4>3 X Hg X U(1>2 X kg

The Thirring interactions that remain invariant are

1,2 71,2 | 3.4 73,4 | 5,6 75,6
J0T5 TP S S

1,2 .1,2-1,2-1,2 : 4, 34-34-34 . 6, ,5,6:-9,6-5,0

y?aj?y?w? : y37w37y37w37 : y57w7y7w7

These moduli are always present in symmetric Z9 X Z9 orbifolds



in realistic models

{1,5,&,81 & {b,b} & {a,f, v}
N =4 N =1
ESXES Zo X L9

new feature ~ Asymmetric orbifold

the key focus: boundary conditions of the internal fermions

{y,wly, w}
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



A STRINGY DOUBLET-TRIPLET SPLITTING MECHANISM
NAHE — x;9b 7, + c.c. = (5+5); = 10, of SO(10)
a —  SO(10) — SO(6) x SO(4)
Y3ys yays YsYys Ye6Ye Y3ye Ya¥4 YsYs Y3Ye
1 0 0 1 1 0 0 0

Aj = |ap(Ty) — ap(Ty)]

A superstring solution to the GUT hierarchy problem




STRING DERIVED STANDARD-LIKE MODEL (PLB278)

D [ x12 o\ B x| gBeb eS| L2 (B8 g2 586 | et plied | LS [ gl 52 g3 | Bl
11 1 1 1 (1,...,1 1.1} 1,..1 1,.,1 (1.1 1. 11,..,1}1 1 1]1,.,1
S|1 1 1 110,..0 0,....,0 0,....0 g,..0 |0,..0 0,...0/0,...,.0{ 0 0 0]0,..0
bi| 1 1 0 o (1,...1 1,..1} 0,..,0 g,..0 |0,...0 0,...0(1,..,1}1 0 0]0,..0
bo| 1 | O 1 0 |0,..0 0,...0 1,..1 1,..1 10,...0 0,...0(1,.,1/0 1 00,...,0
bs| 1 | O 0 110,..0 0,...0] 0,....0 6..0 (1,..,1 1..1}1..,1/0 O 1]0,...0
W [ 212y B 350 | 4306 At 55 330 | Wb 1427? WiEt o0 | Wt wld! WD W2t Yl al PP pl-8
@/0]0 0 0o/1 0o 0o o[ o0 0o 1 1| 0o o 1 | 11100 [0 0 0] 111100¢
Blojo o o/0o 0o 1 1|1 0 0 0 | 0 1 1 | 11100 |0 0 0| 111100
yf0,0 0 O] 0 1 0 1 0o 1 0 1 1 0 0 1333 2 13 3 3|30 1 1 3
Asymmetric BC' = all untwisted moduli are projected out!

all y;w;y;w; are disallowed
can be translated to asymmetric bosonic identifications
X7, + XR — X7 — XR

moduli fixed at enhanced symmetry point



Twisted moduli

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

all twisted moduli are projected out



MINIMAL DOUBLET HIGGS CONTENT (EJPC50)

WP [ 212y 3 350 | gBy8 gt 558 730 | ylwd 129? Wit @8 | Wit wle! Wi WXt D a2 Pl®
«a/0j0 0 0|1 0 0 1, 0 0 1 1 0 0 1 1 11100 |1 0 0| 1100000
glojo o o]0 0 1 1| 1 0 0 1 0 1 0 1 11100 |0 1 0| 0011000

111 1 1 1 1 1 1111
y/[olo o o|l0o 1 0 0| 0 1 0 O 1 0 0 o0 |iii1 L pl 1 1igggqgllll

(With Elisa Manno and Cristina Timirgaziu)

SYMMETRIC < ASYMMETRIC

with respect to b & b9
hi, hi, D1, D1, hs, ho, Dy, Dy are projected out
h3, ha remain in the spectrum

)\thtgiLg with Ay O(1)

No Phenomenologically viable flat directions



Calculation of Mass Terms

nonvanishing correlators
(VlfVvagb . -V]I@
gauge & string invariant
“anomalous” U(1) 4
TiQa#0= Dy=0=A+> Q¢

Dj =0= Y QL)

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

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

nonrenormalizable terms — effective renormalizable operators

(VP V)
MN—3

V1f VQf V?)b T 'VJZ\)I — Vlf sz V3b



Exotics superpotential in FNY model (NPB 335 (1990) 347)

Wy = %{ HyHo¢y + H3Hygpy + HsHedy + (H7Hg + HoHy0)¢y +
(Hy1 + Hi9)(His + Hyg)dy + Vi1 Viada + VisViuda +
VisVies + (VarVis + ViagViso) 9 + Va1 Vaodly }
( ¢4, &), P4, @) ) — massive exotic states at N=3 (PRD46 (1993) 3204)
CFN — Classification of flat directions (PLB 455 (1999) 135)
Example: {b12, P23, d56, du, Pl ba, @)y, His, Hag, H3y, Hag}
All Standard Model charged states beyond MSSM — = Mitring

MINIMAL STANDARD HETEROTIC STRING MODEL



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



T1 - COMPACTIFICATION

X X~X+21mTRmM
[
Point particle WOBpiPX) =>P=1
R
Strin - M4+ R
g PL,R R o al



T - DUALITY

2 2
n m R
mass? = (ﬁ) + (0(_'

Invariant under

<> with m<—> n

1
R o/

An exact symmetry in string perturbation theory!

Self-dual point R = %’ = free fermionic point



