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String Theory
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Pati-Salam heterotic
superstring vacua

String Theory is our best candidate for a unified theory of all
interactions including gravity.
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The Standard Model from Strings

The “landscape” of
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superstring vacua

The Standard Model . . .
from Strings String theory, as a theory of all interactions, should reproduce

the Standard Model at low energies.

However, String Theory in four dimensions contains a huge
number of vacua.

Historically the Heterotic superstring models where explored first.



Heterotic models

The “landscape” of
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J. Rizos

Gauge and gravitational interactions, as well as usual matter,
correspond to closed strings that propagate in the full 10d space.
Calabi-Yau, Orbifold compactification, fermionic formulation, Gepner

models
The Standard Model Basic features:
from Strings
m String scale related to Planck scale, close to the gauge coupling

e 2
unification scale Mft,,-ng ~ g Mppank

No adjoint scalars for level 1 Kac-Moody , gauge groups ,
SU(5) x U(1),SU(4) x SU(2) x SU(2),SU(3) x SU(2) x U(1)"

Anomalous U(1) broken by the GS mechanism leads to vevs of
M;/10 for some singet fields.

Three generations, hierarchical mass spectra, light neutrinos
But also fractional charge states (exotics)
SUSY breaking 7




Study of string vacua

The “landscape” of

P parsing vacn m Statistical approach (landscape) see e.g.
M. R. Douglas, (2003)

S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi (2003)

T. Banks, M. Dine and E. Gorbatov (2003)

e SSandard Model m Classification Type Il /orientifolds, see eg,
T.P.T. Dijkstral , L. R. Huiszoon2 and A.N. Schellekens
(2004)

P. Anastasopoulos, T. P. T. Dijkstra, E. Kiritsis and
A. N. Schellekens,(2006)
E. Kiritsis, M. Lennek and B. Schellekens (2008),(2009)

m Classification in the context of Heterotic string orbifolds e.g.
F. Gmeiner, R. Blumenhagen, G. Honecker, D. Lust and
T. Weigand (2006)
O. Lebedev, H. P. Nilles, S. Ramos-Sanchez, M. Ratz and
P. K. S. Vaudrevange (2008)
F. Gmeiner and G. Honecker (2008)




Study of string vacua

The “landscape” of
Pati-Salam heterotic
superstring vacua

The Standard Model m Classification in the context of Heterotic Free Fermionic,
e.g.

A.E. Faraggi , C. Kounnas , S.E.M. Nooij , J. Rizos (2004)

K. R. Dienes (2006), K. R. Dienes and M. Lennek (2007)

A. E. Faraggi , C. Kounnas , J. Rizos (2007),(2008), and B.

Assel, K. Christodoulides, work in progress




The Free Fermionic Formulation of the heterotic
superstring

The “landscape” of
Pati-Salam heterotic
superstring vacua

R In the Free Fermionic Formulation of the heterotic superstring we
. can reduce the critical dimension of the superstring and
construct models in D = 4 by fermionizing the left movers and
introducing non-linear supersymmetry among them.

e Free Fermionic A model is defined by a set of basis
Formulation vectors B = {vy,v,...v,} and a set
of 2"("=1) phases c[V],i>j.

J

The basis vectors give rise to a set
=={4=0,&=1,&,...,&m} of string sectors and phases are
related to the GSO projections.

The basis vectors and phases are subject to constraints due to
modular invariance, string amplitude factorization.



Z> X Z» models
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The partition function can be written as

Z:/f7'2 225;_ 5

The Free Fermionic
Formulation

where

; n (9 : ng 6% :

where r; = 1,2 if the i fermion is real or complex respectively and
ni/ng the number of left/right moving fermions.



Some (semi)realistic models
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Using variations of a specific basis set (NAHE set) several N =1
models have been constructed

Flipped SU(5) model SU(5) x U(1) x Hidden

Pati-Salam model SU(4) x SU(2), x SU(2) x Hidden
Standard-like models SU(3) x SU(2) x U(1)" x Hidden

In simple constructions the gauge group rank r can be reduced
by 6sor>44/2—-6=16

Model construction: Gauge group, full massless spectrum,
superpotential, flat directions, massless doublets,

non-renormalizable interactions, fermions masses, exotic states
Some of the steps have been computerized

The Free Fermionic
Formulation



Classification strategy

The “landscape” of
Pati-Salam heterotic
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Choose a basis set that contains the realistic models
Fix basis vectors and vary GSO coefficients

Choose chiral observable gauge group: SO(10) gauge group

Identify models by few characteristic properties: # of
spinorials, # of antispinorials, # of vectorials

Classification of
Zy X Zp SO(10) models

m Derive analytic formulas for the above characteristics

m Use a fast computer program to evaluate formulas for all
models




The class of Z, x Z, SO(10) heterotic models

Ui Tmiap & The free fermions in the light-cone gauge in the traditional

Pati-Salam heterotic

superstring vacua notation are:

IR left: 7/1“,X1"”’6, ylym,ﬁ,wl,...’ﬁ
= : . =1,....6 —=1,...,6 —123 71,...,5 71,...,8
right: i A
The class of models under consideration is generated by a set of
12 basis vectors B = {v1, va, ..., vi2} where
1.6 1,..,6  1,..,6/=1,...6 —1,....6
Vl:]‘ :{wua X 7y ,Ld |y aw 9
-1,2,3 71,..5 71,...,8
Classification of ’rl I w ) ¢ }

2, X Zp SO(10) models

n=5  ={u* "%
shifts: v =¢ ={y ,W'|y,@'}, i=1,...,6
Zs twist :vg = by :{X34,X56,y34,y56|)734 —56,771,1;1,...,5}
Zrtwist :vip = by ={x*2, x°%, y*2, y*%|7*2, 7%, 72, 10}
vii=2 ={¢"*}
vio =2 ={¢>8}

912(12-1)

and a set of /2 phases c[vj,vj] = £1,j<i=1,...,12



Massless spectrum

The “landscape” of

P:t:;:ras‘:nn;;s;ec':aﬂc Untwisted sector matter spectrum (universal)
e Gauge symmetry (rank 16) SO(10) x U(1)? x SO(8)?
Universtey o loamin 6 pairs of SO(10) vectorials and a number of SO(10) singlets.
B The twisted sectors are generated by by, by, by + b> ( three Z, X 2,
orbifold planes), they contain

Spinorial SO(10) representations :

Classification of Bﬁ(ulJ)rs = S+b+ P1 e + ql €4 + rt es + st €6
Zy X Zp SO(10) models BF(%),S _ 5 n b2 n p2 o 4 q2 o+ r2 . n 52 o
BY, = S+bh+pa+de+ra+sea

where b3 = by + bo + x, p',q',r', s = {0,1}.
Vectorial SO(10) representations

v

pars

= B;(zlq)rs +x

where x =14+ S+ Z?:I e + Z,?:l zi



Analytic formulae for # of spinorials/vectorials
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rank (A(’)) = rank |A()] Yl(é)
0 rank (A(')) < rank |A(), Yl(el)

Classification of
Zy X Zp SO(10) models

4—rank(8®) i (AD) = rank |AD), V)
0 rank (A")) < rank |A(), Yy

AU are 4x4 and Y() | =1,2,3 are 4x1 GSO coefficient
matrices



Analytic formulae for spinorial chiralities

The “landscape” of
Pati-Salam heterotic

SUEEEteacta The chirality of the surviving spinorials is given by
J. Rizo:

o by + (1 — r)es + (1 — s)es|
Xogrs = ¢ BM

I pqrs |

©) (b1 + (1 — r)es + (1 — s)es|
Xogrs = ¢ B®

L pqrs ]

?—;Siiﬁztigg?{m models )(P(gl)/S — c bl + (1 - r)eg + (1 - S)e4

s

where X/, = +1 corresponds to a 16 of SO(10)( Xiars =
corresponds to a 16). The net number of families is given by

3 1
NF = Z Z X[.S:;)rsp;(vgrs

-1



Computer Analysis
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Model characteristics are expressed in term of GSO phase
matrices and sums. They can be evaluated for the using a
computer program.

The program should be fast (at least 10° models per second)

Classification of

2 X 2 50(10) models The program must face the memory and storage problem

We have constructed such a computer program FORTRANO5.
Run on Dual Xeon = full results in 60 days (200.000 models per
second).



Results of computer analysis

R e o Total number of models in this class: 1.016.808.865.792 ~ 1012

Pati-Salam heterotic
superstring vacua

J. Rizo
Universit f loannin,
CORFU2009
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Zy X Zp SO(10) models

Classification of



Spinorial-Vectorial analysis

The “landscape” of
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superstring vacua

12 14 16 18 20 22 24

| Five »n 24 24
J =4
University of loannin S ”» »
cO ] =
CORFU! 8
5]
q>) 20 20
G 18 18
]
H* 16 | = 16
14 14
Classification of
Zy X Zy SO(10) models 12 12
10 10
8 8
6 6
4 4
2 2
0 0

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



Spinor-Vector Duality
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Models in this class appear in pairs related with spinor-vector

duality. The map has been derived analytically and holds to each
orbifold plane separately.

Classification of

Py Self-dual models under this symmetry appear to be anomaly free
(no anomalous U(1))

This symmetry appears in each orbifold plane separately.



Towards the Standard Model
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. The next step in our analysis is to break SO(10) and obtain the
i Standard Model. The simplest way to realize this is through the
Pati-Salam GUT model.

SO(10) — SU(4) x SU(2), x SU(2) — SU(3) x SU(2) x U(1)

Classification of

25 % 75 SO(10) models Motivation for Pati-Salam models
Technically easier , can be realized with a single additional
vector of real spin structures

Models constructed up to now contain additional fractional
charge matter (exotics)

According to recent results, (see e.g. Lust (2009)) this
model has very low statistics in Intersecting D-brane models




The Pati-Salam model

The ‘landscape’” of J. Pati and A. Salam, Lepton number as the fourth color (1974)

Pati-Salam heterotic

superstring vacua I. Antoniadis and G. Leontaris (1988) (SUSY version)
J. Rizo I. Antoniadis, G. Leontaris and J. Rizos (1990) (heterotic superstring
i version)
S0(10) D SU(4) x SU(2), x SU(2)x
16 = (4,2,1) +(4,1,2)
10 = (6,1,1) + (1,2,2)

The Pati-Salam model



The Pati-Salam model

The ‘landscape’” of J. Pati and A. Salam, Lepton number as the fourth color (1974)

Pati-Salam heterotic

superstring vacua I. Antoniadis and G. Leontaris (1988) (SUSY version)
I. Antoniadis, G. Leontaris and J. Rizos (1990) (heterotic superstring
version)
S0(10) D SU(4) x SU(2), x SU(2)x
16 = (4,2,1) +(4,1,2)
10 = (6,1,1) + (1,2,2)
SU(4) x SU(2), x SU(2), D SU(3) x SU(2) x U(1)

The Pati-Salam model
Fu(4,2,1) — Q(3,2, —%) (1,2, %)
Fr(3,1,2) — u°(3,1, %) +d°(3,1, —é) +ef(1,1,—1) + v5(1,1,0)
1 -
D(67 17 1) d D3(37 17 §) + D3(37 17 7§)
d 1 u 1
h(1,2,2) — h(1,2,5) + H'(1,2,~3)



The Pati-Salam model

The “landscape” of Symmetry breaking The PS symmetry can be broken to the Standard

Pati-Salam heterotic

superstring vacua Model by <yﬁ,> s <UH>

J.R
FI(3,1,2) — uf(3.1, 2

Cc (9 1 c c
) "F d[-[(37 ].7 —g) + VH(].7 17 0) + eH(].7 17 —1)

w

H(8,1,2) = (3,1, ~2) + du(3,1, 5) + (1, 1,0) + en(1,1,1)

Triplet mass
H? D + H? D — dy D3 (vu) + df; Ds (vf)

The Pati-Salam model We need at least one (6,1, 1) to realize this mechanism.
Fermion masses

Fi(4,2,1)Fr(4,1,2) (h(1,2,2)) (1)
Neutrinos mix with additional heavy singlets
0 14 0 V2 M

Mu,uﬂv = 14 0 MGUT — M2— (2)
0 MGUT M GUT



Superstring realization of PS gauge symmetry
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Yo Add and extra vector to SO(10) basis
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Uni ‘7‘, 1in Vi = & = {1/_145&172}

that introduces 12 new GSO projection phases c[a, vj],j = 1,...,12.

The Pati-Salam model



Superstring realization of PS gauge symmetry

The “landscape” of
Pati-Salam heterotic

Yo Add and extra vector to SO(10) basis

e Vs = a = {1/745(51,2}

that introduces 12 new GSO projection phases c[a, vj],j = 1,...,12.

Univer
CORFL

Gauge Group: SU(4) x SU(2), x SU(2), x U(1)* x SU(2)* x SO(8)

The Pati-Salam model




Superstring realization of PS gauge symmetry

The “landscape” of
Pati-Salam heterotic

Yo Add and extra vector to SO(10) basis
J.Ri

Uni ersity in Vi3 = o = {1/_145‘5172}

that introduces 12 new GSO projection phases c[a, vj],j = 1,...,12.
Gauge Group: SU(4) x SU(2), x SU(2), x U(1)* x SU(2)* x SO(8)

The a-projection truncates SO(10) multiplets

The Pati-Salam model

SO(10) D SU(4) x SU(2), x SU(2),
16 = (4,2,1) + (4,1,2)
16 = (4,2,1) + (4,1,2)
10 = (6,1,1) +(1,2,2)

So we need 2 x 16 for each family and one pair of 16+16 for the PS
breaking Higgs



Superstring realization of PS gauge symmetry

The “landscape” of Exotics The presence of fractional charge exotics is generic in these

Pati-Salam heterotic

superstring vacua models.
J. Rize A. N. Schellekens, Electric charge quantization in string theory (1989)

ty of loannin
CORFU2009

oo ooty aigars_ [200Te
sin Oy = % at Ms g
spectrum

In all models constructed up to now a lot of these states appear in the
massless string spectrum.

The Pati-Salam model



Superstring realization of PS gauge symmetry

The “landscape” of Exotics The presence of fractional charge exotics is generic in these

Pati-Salam heterotic

superstring vacua models.
J. Rizos A. N. Schellekens, Electric charge quantization in string theory (1989)
fractional h
= 1Koty s o
sin Oy = % at Ms &
spectrum

In all models constructed up to now a lot of these states appear in the
massless string spectrum.
Some solutions to this problem discussed up to now are:

Construct models with higher k (higher SU(3), SU(2) reps)
Assume the exotics transform under hidden sector (eg. Flipped
SU(5) string model , SU(4) hidden, is this enough ?)

Find appropriate flat directions to make them massive at the
effective field theory level (usually restricts seriously the vacuum
selection)

The Pati-Salam model

Search for models where these states are vector-like and assume
they will get mass to some level (see e.g. Schellekens 2009)



Superstring realization of PS gauge symmetry
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Universit

Possible exotics in the PS model

1 1 1
em = —= T =1 =/
Q NG 15+23L+23R

(4,1,1) + (4,1,1) : & % exotic colored particles
The Pati-Salam model

(1,2,1): + % leptons

(1,1,2): + % SM singlets



Search strategy

The “landscape” of . ) )
Pati~Salam heterotic A model is characterized by 9 integers
superstring vacua
L. Fioze (”gv ki, kr, N6, Nh, Na, ng, Mo, n2R)
Universit f loannin.
GeiRALAS NaL — NGr = Nz, — N4r = ng = # of generations
nz, = ki = # of non chiral left pairs

nsg = kr = # of non chiral right pairs

The Pati-Salam model



Search strategy

The “landscape” of

Pati~Salam heterotic A model is characterized by 9 integers
superstring vacua
(”g7 ki, kr, N6, Nh, N4, Nz, 2L, n2R)

NaL — NGr = Nz, — N4r = ng = # of generations
nz, = ki = # of non chiral left pairs

nsg = kr = # of non chiral right pairs

ne = # of (6,1,1)

ny = # of (1,2,2)

The Pati-Salam model



Search strategy

The “landscape” of

Pati~Salam heterotic A model is characterized by 9 integers

superstring vacua
| i (ng, ki, kr, N6, N, Na, Nz, a1, N2R)
University of loannin,
CORFU2009

NaL — NGr = Nz, — N4r = ng = # of generations
nz, = ki = # of non chiral left pairs

nsg = kr = # of non chiral right pairs

ne = # of (6,1,1)

ny = # of (1,2,2)

ns = # of (4,1,1) (exotic)

n; = # of (4,1,1) (exotic)

mL = # of (1,2,1) (exotic)

mpr = # of (1,1,2) (exotic)

The Pati-Salam model



Search strategy

The “landscape” of

Pati~Salam heterotic A model is characterized by 9 integers
Sl'perjtirfoCL'a (ng, ki, kr, N6, N, Na, Nz, N21, MR)

NaL — NGr = Nz, — N4r = ng = # of generations
nz, = ki = # of non chiral left pairs

nsg = kr = # of non chiral right pairs

ne = # of (6,1,1)

ny = # of (1,2,2)

ns = # of (4,1,1) (exotic)

n; = # of (4,1,1) (exotic)

oy = # of (1,2,1) (exotic)

mpr = # of (1,1,2) (exotic)

The Pati-Salam model

We have derived analytic formulae for all these quantities, similar to
the SO(10) case

It turns out that the depend on 51 GSO phases , that leads to a class
of 251 ~ 2 x 10" models.



Generation structure of PS models
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Results of a preliminary random search over 5 x 10” out of

superstring vacua
251 ~ 2 x 10" PS models

J.R

10°

1 OG

# of PS models
]

The PS model landscape 10

10°

[

0 2 4 6 g§ 10 12 14 16

# of generations




Generation structure of PS models

The “landscape” of
Pati—Salam heterotic R 9
Results of a preliminary random search over 5 x 10” out of

superstring vacua
251 ~ 2 x 10" PS models

10° 7/

1 OG

J.R

3 generations PS models

# of PS models
]

The PS model landscape 10

10°

[

0 2 4 6 g§ 10 12 14 16

# of generations




Exotic particle structure of PS models

The “landscape” of
Pati-Salam heterotic

superstring vacua Results of a preliminary random search over 5 x 10° out of
. Riz 251 ~ 2 x 10" PS models

University of ina
CORFU!

The PS model landscape

# of 3 generation PS models

10 H
M

0 10 20 30 40 sb
# of exotics




Exotic particle structure of PS models

The “landscape” of
Pati-Salam heterotic

superstring vacua Results of a preliminary random search over 5 x 10° out of
. Riz 251 ~ 2 x 10" PS models

University of ina
CORFU2009 No exotics

The PS model landscape

# of 3 generation PS models

10 H
M

0 10 20 30 40 sb
# of exotics
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The PS model landscape

Minimal PS models

# of 3 generation exotic free PS models

with Higgs doublets

4000

3000

2000

1000

Results of a preliminary random search over 5 x 10° out of
251 ~ 2 x 10" PS models

[ 1 =

0.1)

(1.1 (2,0) .0 2.2)
Additional non chiral spinorial matter multiplets (k, .k; )
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The PS model landscape

Minimal PS models

# of 3 generation exotic free PS models

with Higgs doublets

4000

3000

2000

1000

Results of a preliminary random search over 5 x 10° out of
251 ~ 2 x 10" PS models

Minimal
models

/

[ 1 =

0.1)

(1.1 (2,0) .0 2.2)
Additional non chiral spinorial matter multiplets (k, .k; )




Minimal PS models

The “landscape” of

Pati-Salam heterotic Results of a preliminary random search over 5 x 10° out of

superstring vacua 251 ~ 2 % 1015 PS models
Minimal Models
1500 - ]
1000
The PS model landscape
300+

1 2 3 # of twisted sector (6,1,1)



Summary of the Pati—Salam model landscape
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Summary of results of a preliminary random search over 5 x 10° out of
251 ~ 2 x 10" PS models

Constraint probability  # of models
No gauge group enhancements 2 x 10" 2 x 10"
+ 3 generation models 3x10°3 7 x 10%2
S T +  PS breaking Higgs 4x10°° 9 x 10!
+  SM breaking Higgs doublets 3x107* 7 x 10"
+  No exotics 1x10°° 2 x 10°




Summary of the Pati—Salam model landscape

The “landscape” of
Pati-Salam heterotic
superstring vacua

J. Rizos
Summary of results of a preliminary random search over 5 x 10° out of
251 ~ 2 x 10" PS models

Constraint probability  # of models
No gauge group enhancements 2 x 10" 2 x 10"
+ 3 generation models 3x10°3 7 x 10%2
S T +  PS breaking Higgs 4x10°° 9 x 10!
+  SM breaking Higgs doublets 3x107* 7 x 10"
+  No exotics 1x10°° 2 x 10°
4+ Minimal spectrum 2x10°7 4 x 10°




Conclusions

The “landscape” of
Pati-Salam heterotic
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m We have developed tools that allow the exploration of 25! ~ 10'°
Pati-Salam heterotic Z> x Z» N = 1 vacua

m The heterotic PS vacua seem to be very rich, realistic models (3
generations, PS breaking Higgs, SM breaking Higgs) correspond
to 3 x 107* of this class

m We have identified an interesting subclass of realistic models,
(1x 107° of the vacua) where the massless string spectrum is
free of fractionally charged states.

Conclusions



Conclusions

The “landscape” of
Pati-Salam heterotic
superstring vacua

We have developed tools that allow the exploration of 25! ~ 10
Pati-Salam heterotic Z> x Z» N = 1 vacua

m The heterotic PS vacua seem to be very rich, realistic models (3
generations, PS breaking Higgs, SM breaking Higgs) correspond
to 3 x 107* of this class

m We have identified an interesting subclass of realistic models,
(1x 107° of the vacua) where the massless string spectrum is
free of fractionally charged states.

m Explore the phenomenology of this class of models (Fermion
mass matrices).

Conclusions

m Abelian anomaly free models ? (Z')

m Try to explore other models including the SM in this framework.
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