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Abstract

In this report we detail a classification of a group of free fermionic

models in four-dimensionnal heterotic theory. This classification is basi-
cally going a step further in the classification undertaken in paper [11].
We mainly expose calculations that will be used to do computationnal
work and then provide an insight in the properties of this class of models
in terms of matter content. So this report should be regarded as uncom-
plete, since it deals more about methodology than results.
In part two we expose briefly the basis of string theory, from classical
strings to superstrings, then in part three we move to heterotic strings and
more specifically free fermionic models, which is our frame for the classi-
fication. Finally we detail the methodology and calculations for studying
the gauge group and matter content of SO(6) x SO(4) models and we
expose our expectations and ideas for future work.

Dans ce rapport nous présentons une classification d’un groupe de modeles
de type libres fermions dans le cadre d’une theorie des cordes hétérotiques
a quatre dimensions. Cette classification poursuit le travail entrepris dans
Particle [11]. Nous exposons les calculs qui seront utilisés dans un tra-
vail statistique informatique & venir et présentons le contenu de cette
classe de modeles en termes de particules. Ce rapport n’est donc que la
premiere partie du projet de recherche, puisqu’il traite principalement de
méthodologie et prépare des résultats futurs.

Dans la seconde partie nous exposons rapidement les bases de la théorie
des cordes, depuis la corde classique jusqu’aux supercordes, puis, dans
la partie trois nous introduisons les cordes hétérotiques et plus partic-
ulierement les modeéles de type fermions libres, qui constituent le cadre
de notre étude. Enfin nous détaillons la méthodologie et les calculs pour
étudier le groupe de gauge et le contenu physique des modeles SO(6) x
SO(4) et nous exposons nos attentes ainsi que quelques idées pour pour-
suivre cette étude.
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1 Introduction

During these three months I have studied a specific branch of string theory -
free fermionic heterotic models - and contributed to do some calculations pro-
viding a description of a class of models one can obtain from ABK rules [1, 2]
(Antoniadis, Bachas, Kounnas).

String theory no longer considers the fundamental objects in physics to be
point particules but one dimensional objects called stings or more generally
D-dimensional objects called D-branes. The main achievement of this theory is
to provide a frame for a possible quantum description of gravity. This makes
string theory a good candidate for a grand unified theory of physics (GUT). For
a few decades a lot of efforts have been put in trying to see the Standard Model
(SM) or the Minimal Supersymetric Standard Model (MSSM) emerge from the
matter content of string theory, altogether with some acknowledged properties
like the stability of the proton (half life > 1032 years).

The ABK rules provide a frame to develop four dimensional models in the par-
ticular context of heterotic strings, as will be explained below. The ultimate
purpose of these constructions is to obtain an explicit expression for the partition
function of a one-loop diagram and then to derive predictions perturbatively.
The difficulty in this procedure is to understand how to select the relevant mod-
els in the infinity of possible models. A first step in this research consists in
looking at the content in terms of gauge bosons and chiral families of those
models in order to know which of them could contain the Standard Model (or
MSSM).

The main part of my project has been to describe the gauge groups and the
matter contents of one class of models and to set some algorithmic rules to de-
rive them from the free parameters of the theory. A similar work had already
been completed for a simplier class of model, so what I have done is basically
to go a step further in this classification.

The last stage of this project is to compute the calculations and try to see some
properties emerging concerning the number of chiral families. This computa-
tionnal work will be achieve in the next months by another person involved in
the project.



2 Strings and superstrings

One can find an introduction to string theory and superstrings in references
[4, 5, 6].

The first step in building string theory is the quantization of the classical string,
providing a theory of free bosonic strings.

2.1 Classical strings

We consider a fixed Pseudo-Riemannian space-time M of dimension D, with
coordinates X = (X*),u=0,1,...,D — 1 and a metric G, (X).

The motion of a relativistic string in M is described by a two dimensional surface
¥, which is called the world-sheet. We introduce coordinates o = (¢, 0!) on

the world-sheet, so that we have the map :
X:¥X— M:0— X(0) (1)

We take 0¥ to be the time-like coordinate (taking its values from —oo to +oc0)
and o to be space-like (taking its values in a finite interval) and parameterizing
the string at any given instant.

The natural action for the relativistic string is its area (Nambu-Goto action):

Sng =

o /Zd20|det Gapl'?, (2)

where ﬁ is the energy per length (or tension) of the string and G,g is the

induced metric on the world-sheet :

oXH oX"

Gaﬁ - 780'01 480'5 J72 78] (3)

a, 3 = 0,1 are world-sheet indices.

An equivalent and more convenient expression of the action is given by the
Polyakov action, which reduces in a standard gauge, called conformal gauge, to

1 o 1%
yr— /E 2o 09, X 95X G 0 (X), (4)
with 7,3 = Diag(—1,1).
We now specify the metric to be the Minkovsky metric G, (X) = n,, =

Diag(—1,1,...,1).
The equation of motion then reduces to a free wave equation :

D?XH (o) = 00, X" (o) = 0. (5)

The general solution of this equation is a superposition of left- and right-moving
waves :

Xt(o) = X[ (0") + Xp(07), (6)



where 0T =02+ 0! and 0= = 0% — oL,

To go further we have to specify the boundary conditions at the end of the
string.

One possible choice is to take periodic boundary conditions, which corre-
spond to closed strings :

XM(0070—1+7T) :XM(O—Oaal)a (7)
0

where we assumed that o' € [0, 7] parameterizes the full string for a given o°.
In this case we can express the solutions of the wave equation :

K . K L
X"(o) =z 4+ 2a'p"o° +iv2a! Z S o —2inat | i\ fae) Z n o —2ino ,
neZ,n#0 " ne€Z,n#0

where x#,p are real parameters, (af)* = o and (a#)* = &",, (due to the
reality of X*#). x* is the position of the center of mass of the string and p* is

its total momentum.

If we do not take the periodic boundary conditions, then we need to impose
another set of constraints to make the variation of the action vanish and pre-
serve the wave equation. There are two possible choices :

e the Dirichlet boundary conditions,

X*(o' = 0) = constant;, X*(o' =) = constant,, 9)

e the Neumann boundary conditions,
WX (o' =0)=0, X*(c'=m)=0. (10)

These conditions lead to expressions of X*(¢) in terms of oscillators as in the
closed string case, but now the left- and right-moving waves are coupled so that
we end up with a superposition of stationary waves. These solutions describe
what is called the open string.

Since in the rest of this report we will only work with closed strings, I will not
develop further the formalism of open strings.

2.2 Quantized bosonic strings

We now state that the parameters z#, p, a¥ and &¥ become quantum operators
satifying the following canonical commutation relations

[z, p"] = ", (11)
[ah,,an] = m " mtn,0, (12)
[t &kl = mn"Smino- (13)



and other commutators equal zero.
These canonical relations can be deduced from the required conditions
1 / /
[XH (0% 0'), —— 0 X" (0", 0")] = in*“6(ct — o), (14)
2ral

which are the commutation relations of the canonical quantization procedure.
The reality conditions become hermiticity relations (z*)* = z*, (p*)* = p#,
(af)™ =k, and (a)" =a”,,.
One can introduce the operators
ok _ ak

L, dp=—=, n#0, (15)
Vin| Vinl
which satisfy the commutation relations of creation (n > 0) and annihilation
(n < 0) operators.

B
a, =

Let us now remark that in this construction we ignore the fact that we are free
to impose some conditions the world-sheet coordinate ¢, o'. Imposing these
conditions is fixing a gauge. A particularly convenient gauge is the light-cone
gauge, where we impose

X+(O'O, 01) =z +2a'pto?, (16)

with the light-cone space-time coordinates

1
Xt = —Q(XO +xP-1 (17)

1
X = ——(Xx%— xP-t 18
ﬂ( ) (18)
XTunchanged, I =1,...,D — 2. (19)

In the light-cone gauge X, p~ as well as all the operators «,, and &;, are de-
termined in terms of p’, al and &, which are the remaining degrees of freedom
of the theory.

From now we place ourself in the light cone gauge. The indice I will always
refers to a space-time indice going from 1 to D — 2. What follows is called
ligth-cone quantization as opposed to the (equivalent) covariant quantization.

To construct the space of states we first introduce ground states |k >, where
k = (k'), defined by the relations

pllk>=kk>, d |k>=allk>=0, m>0, (20)

so these states are eigenstates of the total momentum operators and carry no
oscillator excitation.
Then a basis B of the space of possible states is obtained by acting with creation
operators :

B={d",, ..a" |k> | m,n >0} (21)

i,



As explained in ref. [4, 5, 6, 7] , the Euler-Lagrange equations coming from
the Nambu-Goto action lead to the mass-shell condition :

2 -
MQ:—ﬂ%M:&ﬂN+a+N#@) (22)

where N and N are the number operators definied by

—+o0

N = Znal_nmﬂ (23)
n=1

No= Y nl i (24)
n=1

and a and a are ordering constants comming from the ambiguity of the ordering
of creation and annihilation operators. These constants have to satisfy the
relation

—g= 22 25

a=a=-—00y (25)

In order to provide an invariant action under Lorentz transformations ([4]) one
can show that we must have a = a = —1, so that the dimension of space-time

must be D = 26. In the covariant quantization procedure the value of the or-
dering constants and thus the value of the dimension D = 26 enables to remove
unphysical states from the theory ([5, 6]).

In addition the Euler-Lagrange equation gives the relation
N=N (26)

which states that the ” ‘number”’ of left-moving oscillators must be equal to the
"‘number”’ of right-moving oscillators.

As we are interested in low energy physics we have to look at the states with
lowest energy.

This theory contains states of negative mass-squared, called tachyons, which are
a priori not physical and shall be removed by additional constraints.

Then the first excited states are the massless states

Z RLJ al_ld£1|k >, (27)
1<I,J<D—2

where Ry ;j are the elements of an arbitrary square matrix of size D — 2.
These states can be split into three groups (ref. [4]):

[ ]
Z Sryaliali |k >, (28)
1<I,J<D-2
where the matrix S ; is symetric and traceless. These states correspond
exactly to the one particle graviton states one can find in a quantum
theory of the free gravitational field.



Z A17J@I,1d£1|k’ >, (29)
1<I1,J<D-2

where the matrix Ay ; is antisymetric. These states correspond to the one
particle states of a Kalb-Ramond field, which is an antisymetric tensor
field with two indices By, (kind of generalization of the Maxwell gauge
field A,,).

Sa’,a' ||k >, (Isummed from 1 to D — 2), (30)

where S is a constant coming from the decomposition of R; ; into a sy-
metric traceless part, an antisymetric part and a part proportional to the
identity matrix. This single state corresponds to a one particle state of a
massless scalar field called dillaton field.

As we can see, this construction naturally gives rise to gauge bosons, so that it
is called bosonic string theory. In order to obtain fermions, we have to introduce
superstrings.

2.3 Superstrings

The principle of superstrings is to consider two sets of new space-time variables
or fields ¥ (c0),¥" (o) with the property that they anticommute rather than
commute. These two sets of variables compose a space-time spinor with two
components W#, called Majorana spinor.

The action of the string becomes the RNS action :

1

4o

§— / 20 (00 X107 X, +1 0" p0,0,,), (31)
b

where p® are the two-dimentional spin matrices
0 4 0 —i
0 _ 1_
and WH = WHip0,

This action is invariant under global world-sheet supersymmetry transforma-
tions :
OXH =eUH,  GUH = —ip%ed, XH. (33)

The equations of motion are the wave equation and the Dirac equation
DPXH =0, pY0, V" =0. (34)

They imply a decoupling between what appear to be left and right-moving
world-sheet fields

P =9 ("), Pt =yt(o). (35)



1
S = dotdo™ (0, X"0_ X, — i 0y, — "0 v ). (36)

2ma’ S

Requiring the vanishing of the boundary terms when varying the action leads to
two types of boundary conditions for each of the fermion field, then for instance
for ¢/ we have the possibilities :

e the Ramond (or R) boundary conditions which are periodic
V(0% 0! =m) =yl (0° 0! = 0), (37)
e the Neveu-Schwarz (or NS) boundary conditions which are antiperiodic
wi(ao,al =m) = —wi(oo,al =0). (38)

Then the equations of motion lead to the following mode expansions :

= Z dﬁe_%"H, for R boundary conditions, (39)
ne”Z
Z bﬁe*%r‘#, for NS boundary conditions, (40)
rezZ+3

and similar expressions for right-moving fermion fields, providing another set of
mode-oscillators d” b“

When we go to quantization of these world-sheet fermion fields, we obtain the
anticommutation relations :

{db,dy}y = n"6mino0, in the R-sector, (41)
{b8,0%} = n"0r4s0, in the NS-sector, (42)

from the required relations
(3 ’ ) ’
m{f/fi(Uo,Ul)ﬂ/fi(JoaUl )} =id(ct — ol ). (43)
(We have similar relations for right-moving fermions)
We obtain a basis of the space of physical states, in the light-cone gauge,

by acting on the vacuum with creation operators a’,, d’, or bl | JfL or bl,
n,m,r>0,I=1,....,.D—2.

m

The mass-shell condition becomes

2 —
M? = —ptp, = —(N+a+N+a) (44)

10



where N and N are the number operators definied by

—+oo

N = Znal_nanf—i— Z rbl by (45)
n=1 reN+31
—+oo

N = anl,ndnf—i— Z TE£TETI) (46)
n=1 reN+1

for NS boundary conditions in both left and right-moving sectors. For different
boundary conditions we have similar expressions involving d% and dZ.
The ordering constants a and a are given by

D -2
a = —7 + Clr¢y+
i = _D-2 +a
24 Y-
D -2
y, = o R-boundary conditions
D -2 .
= "’ NS-boundary conditions (47)

The condition on the dimension D preserving the invariance of the action under
Lorentz transformations becomes D = 10. In this case we have

1
a = *§+a¢+
a = 71+a
= —gtay
1
ype = 3 R)
1
= g (NS). (48)

The relation between left and right-moving number operators is now
N+a=N +a. (49)

One crucial point to notice at this stage is the fact that with R-boundary
conditions the oscillators df and d} act on the vaccum (ground states) without
adding any mass, so they degenerate the vaccum. In the rest of this discussion
we will forget the total momentum of the string and consider the vacuum to
be one ground state |0 >, which is degenerated under the action of zero mode
oscillators in the R-sector in |s >= |4, &+, ..., + > giving 2P=2/2 ground states
per side (left and/or right) with R-boundary conditions. An explanation of this
process can be found in ref. [7].

At this point one can find the low energy states (tachyon, massless, ...) in

11



each of the four possible sectors R-R, R-NS, NS-R, NS-N§S, finding space-time
bosons (incuding the graviton, dillaton and antisymetric tensor) and space-time
fermions, as described in ref. [6].

In order to be closer to the notations of the litterature about heterotic strings,
I will adopt from now a slightly different formalism (see ref. [8, 5]) where we
consider the couple of variables

z=0"+iot, z=0"—io?, (50)

and, by gauge fixing, we obtain the action

1

2ma!

S = / dzdz (0. X"0: X, + i " 0.0, + i Db, (51)
b))

where 1" = ¢ (z) and 1, = 1,,(2) correspond to left and right-moving fermion
fields.

12



3 Free fermionic models

3.1 Heterotic string and free fermionic models

In order to get an overview of the construction of the heterotic string in four
dimensions, one can refer to [8, 7].

The heterotic string corresponds to a particular construction of the string, where
we consider the superstring formalism for the left-moving world-sheet fields and
the bosonic formalism for the right-moving world-sheet fields. This means that
we only keep the superconformal invariance for the left movers, so that we con-
sider the fields :

Xi{(2), '(2), n=0,..9. (52)
X"z, X732, p=0,..9,J=10,..,25 (53)

where z =740, Z=7 — i0.

This theory implies that the dimension of space-time is D = 10. The 16 addi-
tional bosonic right-moving fields X7 (%) no longer carry a space-time indice, so
we call them internal world-sheet fields.

Now for the specific need of our models, we are going to interpret these 16
bosonic internal fields as fermion fields. This reinterpretation is made possible
by the equivalence

e X (2) 1= 22T (2) + 0N (2), (54)

where A is our notation for a right-moving fermion field, called as well right-
moving Majorana-Weyl fermion.

This equivalence is refered as bosonisation or fermionisation in the litterature
and is detailed, for instance, in ref. [5].

This construction lets us with a heterotic string in a ten dimensional space-
time.

Now we are interested in such a model in a four dimensional spacetime, so what
we do is just following the same procedure and restrict the spacetime indice u
to run only from 0 to 3 and add additionnal free Majorana-Weyl fermionic fields
both in the left and right-moving sectors so that the conformal anomaly cancels
(we replace missing spacetime coordinates by internal fermionic fields to make
the theory coherent). The set of fields we consider in this theory are :

XH"(z,z), n=0,..,3
77b'u’(z)? /’(‘:0?"‘7
N(z), i=1,..,18
N (2), j=1,..,44. (55)

13



The string action takes the form :

S = / d?2[0,X"0: X, — 2" (2)0,0,(2) — 20N (2)0. N (2) — 20N (2)9: M (2))

(56)
The models of particle physics derived from this construction are called free
fermionic models.
From now we restrict ourselves to the light-cone gauge, where the field X3
and %3 can be expressed as a combinaison of the other fields and are no longer
degrees of freedom.

3.2 Boundary conditions

In order to provide predictions in a perturbative theory, we are interested in the
partition function of a one-loop diagram, which corresponds to the world-sheet
being a torus (vacuum to vacuum string amplitude). On this world-sheet we
have to specify two boundary conditions for the two non-contractible loops of
the torus for each (free) fermionic field. These conditions express the shifts of
phase of the fermionic fields under parallel transport around a non-contractible
loop.

f— =y (57)

where f is a fermionic field and the minus sign is conventional.

A set of specified phases for all world-sheet fermions for one non-contractible
loop is called a spin structure and it is expressed as a 64 dimensional boundary
condition vector. In our notation a generic vector is given by

b= {a(®),a@?),a(\), ... a(W®)a(N), ..;a(A*)}. (58)

Two of these vectors or spin structures specify the boundary condltlons for
the fermionic fields on the toroidal world-sheet. To two spin structures b,, b we

associate the partition function Z(Ev).
J

In this report the theory we have developped only consider periodic (R) or
antiperiodic (NS) boundary conditions, so «(f) can only take the values 1 (R)
or 0 (NS).

Two usefull spin structures are given by the vectors

= {1,1,..,1} all boundary conditions periodic (59)
= {0,0,...,0} all boundary conditions antiperiodic (60)

[T

For the bosonic fields X* the theory imposes the boundary conditions to be
periodic.

14



3.3 Modular invariance

We would like now to give a general expression for the partition function of a
one-loop string amplitude. To do that we need to consider all possible torus.
Basically a torus can be seen as a parallelogram whose opposite sides correspond
each other, so that for instance the points of the right side are the same as those
of the left side. If we parameterize the torus in the complexe plane we need two
complexe parameters 71, 7o for the two sides of the parallelogram. z = x7m +y7s,
x,y € [0, 1], describes the torus(ry, 72).

Actually one can see that, making use of the reparameterization z — Az, one
complexe parameter 7 is only needed since the other can be fixed to 1,

z=x+yr, z,y€l01] (61)

In addition one can notice that the torus is left invariant by the two following
transformations

T:7 — 741 redefines the torus (62)

S:7 — —1/7 swaps the two coordinates, reorients the torus (63)

These transformations generate a group of tranformations, called modular group,

ar +b
—

m7 a7b,C,d€Z, ab—cd = 1. (64)

A function invariant under these transformations is called modular invariant.

The total one-loop partition function then requires to integrate over all inde-

pendent values of 7,
drdr
Z = —7(7), 65
| sz (65)

where D is one region of the complexe plane matching the independent values
of 7 and Ifrf(‘f)Z is chosen because it is modular invariant.

Then we have to require that Z(7) is modular invariant as well, which means
that the partition function of a torus does not change because of reparameteri-
zation.

Details can be found in ref [7].

3.4 ABK rules

The ABK rules are general rules for model building in free fermionic 4D-heterotic
theory. They have been developped originally by Antoniadis, Bachas and Koun-
nas in the papers [1, 3].

These rules come from the modular invariance constraint imposed on the parti-
tion function of one-loop diagrams (torus Z(7)) and multiloop diagrams. If we
remember the fermionic construction we have done above, we know that each

15



possible one-loop amplitude corresponds to two sets of boundary conditions on
the torus 7 or spin structures @, 3 (64 components vectors). We can call the

associated partition function Z (gi) (7), so that we have

Z(1) = > C(%) Z(%) (1), (66)

spin structures &,3

where C' (%) are complexe phases.

As the 64 fermion fields on the world-sheet (torus) are free, which means with-
out interactions between themselves, the partition function Z (%) is simply the
product of the partition functions associated to each fermion field, which can
take only four values : Z())(7), Z(})(7), Z(3)(7), Z(}) (7). These four functions
of 7 have been calculated (see for instance [8, 5])and these calculations show
that the modular transformations T and S result in permutations of these four
functions (the expressions of these four functions are exchanged by T and S).
Thus imposing modular invariance for Z(7) results in constraints on the phases
C (%), which in some cases must be equal.
The resulting relations, given by ABK, are :
) (67)
a
C > (68)

of) - <ol
T

C(Zj,) _ 67',«&.
O(O‘: = +1 (70)

w21

=19y

19
>y O

]
AN ima(e)
¢ (5 N 6> ¢ C(

X[X

L= 1 1 3
af = |5 > -3 2 |answ. (71)
left fermions right fermions
When two fermion fields A\’, A’ have the same set of boundary conditions they
can be combine in a complex fermion
1
V2

We say that one complexe fermion is equivalent to two real fermions. This
formalism is usefull for practical calculations.
Then we have

=32+ Y 5% - X |aninm

left real  left complex right real  right complex

P = — (N 4iN). (72)

16



These relations do not explain how to choose the spin structures, actually they
imply that different states corresponding to different spin structures must exist
together. To make the theory coherent one has to choose a basis of spin struc-

—

tures (b;), ¢ = 1,..., N, then the spin structures corresponding to physical states
are all the combinations of these basis vectors, so that the spin structures form
a finite group Z, with the operation

a+ B =1{alf) + B(f1), -, @(for) + B(for)} (74)

where
0+0=0, 0+1=14+0=1, 1+1=0. (75)

Then the choice of the basis (b;) of = (we now drop the arrow under basis
vectors) must satisfy the following conditions :

Zmibi =0 iff Vi, m; = 0mod2 (independence)
Vi,j, bzb] = 0mod 2
Vi, b;.b; = 0mod4 (76)
b1 = T (T S E)
These are not the general ABK rules, but these rules applied to the simplest

case where the spin structures contains only 0’s and 1’s.

To complete this construction we have to impose another set of constraints
on physical states called GSO projection, this constraints come from calcula-
tions of the partition function, showing that the states contributing to it satisfy
these conditions, as detailed in [3]. The GSO projection selects the states |s >
belonging to the « sector (meaning with o boundary conditions) satisfying

Vi, emifals oz 50,0(:_) |s > (77)

where §, = ™¥(@")
biF, = > - > bi(f)Fa(f),
real + complex left real + complex right

and F,(f) is the fermion number operator

F a(f ) = 1
F,(f*) = —1 if f complex
Fo([4+>) = 0 where |+ >=10 > is the state of a degenerated vacuum
without oscillator (78)
Fy(]—>) = -1 where|—>= fg\O > is the state of a degenerated vacuum

with zero mode oscillator

17



To build a model we have to choose a set of basis vectors (spin structures) satis-
fying ABK conditions and we have to fix as well a set of free phases C' (Zf), SO we
J

have a lot of free parameters, which is the main problem of free fermionic models.

Before applying these rules to a concrete example, it is crucial to know the
mass-shell relation for the string carrying these 64 real fermions, because what
we will look at is only the massless states, which are relevant in low-energy
physics. Indeed we expect to find all the particles of the SM or MSSM to be
massless in this first approach, because the first excited level above the mass-
less states is of the order of the Planck mass, which is far bigger than particle
physics masses. The mechanism which gives mass to particles comes from a
disconnected theory involving symmetry breaking and studied in details in lit-
terature, but which is not the object of this discussion.

The mass-shell relations for the string come from the relations (44),(49) applied
to the case of multiple fermion fields with various boundary conditions around
the string. We take D = 4 and for each internal fermion we add ay = 1/24 if it
has periodic boundary condition or ay = —1/48 if it has antiperiodic boundary
condition. Then we obtain the conditions, taking o’ = 2 for convienience, in a
string sector (or spin structure) « :

1 ap.a
2 .t L&,
Mp = —g+—g—+ Z N(f) (79)
left fermions
2 - ‘CVR.OéR| ~
Mp = —1+——+ > N (80)

right fermions

Mp = My (81)

where o, and ap are the parts of the vector « corresponding only to the left
and right fermions respectively.

This formalism is pretty complicated, so we are going to see a simple exam-
ple to understand how it works.

The simplest set of basis vectors we can choose is to have only the vector 1
in the basis, which is compatible with ABK conditions (76).
Then we have = = {1,0}, so we have physical states in only two sectors.

The states in the 1 sector have mass M3 > 3/4 and M} > 7/4, so there is
no masseless states in this sector.

In the 0 sector, also called NS-sector, the ground states verify M? = M3 = —1
which is negative, so they are tachyonic states and by the way unphysical. These
tachyonic states A|0 >xg are obtained by acting on the vacuum |0 >yg with
one right fermionic creation operator raising MI% by one half. This is possible
because A has NS boundary condition (if it had R boundary condition it would
have raised M3 by 1 and it would not satisfy M? = M% ). We use here the
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same notation for the fermionic field and the creation operator.
Then we have massless states obtained by acting on the vaccum in several ways

10X 7|0 > g, where X replaces bosonic creation operator raising M2
by 1 and 1! replaces fermionic creation operator raising M? by 1/2. These
states correspond to the graviton, the dillaton and the antisymmetric ten-
sor we discussed before, but in four dimensions this time ;

PININI|0 >Ng, 4,7 =1,...,44 (one left-moving and two right-moving cre-
ation operators). The fields carrying these states have the same commu-
tation relations as the generators of SO(44), so the states can be identified
with the gauge bosons of the gauge group SO(44) (adjoint representation
of SO(44));

AOX7|0 >ng, k = 1,...,18. For similar reasons, these states can be
identified with gauge bosons of SU(2)%;

MXIN |0 >ng. These states are bosons of scalar fields, charged under
SU(2)¢ x SO(44).

Then we have to perform the GSO projection in this sector (NS-sector) :

einIF6¢IaXJ|O Sys = emIT0IHXTI0 > g
—¢18XJ|O >NS
= 1x(=1) x¢'oX’|0 >ns

ok

= 560((%») 1/)13XJ|0 >NS

So the states /90X 7|0 >yg verify the GSO condition (only one in this
case because we have only one basis vector). In this calculation we used

C ((11) = —1, coming from the relations (69).

eiwa6¢IXin‘0 Syg = ei”(+1‘1‘1)w1Xin|0 >NS
7@[)])?7;)\7”0 >Ng

= 560@) PININ|0 > ng

emfFa)\kaXJm Sy = eiﬂ(-‘rl-‘rO))\kaXJ'O >N
= —IA\*9X7|0 >Ns

=,

— 550((9 NOX710 >N
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eivrTFﬁ/\kXin‘O >Ng = ei”(+17171))\k)(i)\7j|0 >NS
—MXIN|0 > g

= 56()((13) AFXIN |0 >y g

All the states we have found survive the GSO projection.

So in this model we have the graviton, the dillaton and the antisymetric tensors
(one can show that they are present in every possible model) and we have gauge
bosons for the large gauge group SU(2)® x SO(44). This model has actually a
lot of weaknesses : the gauge group is too large compared to the SM or GUT
gauge groups, there is no fermion so we do not find the three families of the SM,
there is no supersymmetry, there are tachyonic states (they survive the GSO
projection as well).

To improve our model we need to add new basis vectors, see what are the mass-
less states, perform the GSO projections, then identify the gauge group, which
always come from the NS-sector, and try to find states corresponding to the
chiral fermions of the standard model. The classification, in terms of matter
content and gauge group, of the free fermionic models begun in the eighties and
goes on today. The most interesting features of these models are the emergence
of gauge groups which are possible candidates for grand unification (SO(10),
SU(5)) together with chiral families, the possibility to have N = 1 supersym-
metry and obviously the presence of the graviton in their spectrum.

We are now going to focus on a specified set of basis vectors and provide a

general survey of the particule content of the different models, wich is mainly
what I have done in the past few months.
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4 Classification of SO(6) x SO(4) models

4.1 Basis vectors

The choice of the basis vectors is arbitrary in free fermionic models. However
people have shown that the free four-dimensional heterotic fermionic theory is
equivalent to a geometrical formulation called Zy x Zs heterotic orbifold the-
ory where the extra six dimensions are compactified on a 6D-torus, resulting
in a 4D effective space-time. Then it appears that some transformations leav-
ing invariant the world-sheet of one-loop amplitudes in orbifold models can be
translated into specific choices of basis vectors in free fermionic models. For a
better understanding, one can refer to [9, 10, 5]. This choice leads to 12 basis
vectors v, 1 = 1,...,12 (see ref [11]).

Before expressing these vectors we have to introduce new notations for the
fermionic fields living on the toroidal world-sheet :

A2 =i
A3i71 — yz 3 l: 17...76
A3 =
5\2j—1 — g]
5\23' — @j , ]: 17...76
1 < i j j
E()\11+2j 4N = i 5=1,2,3
1 < i j 77
E()\17+2j 4N = I j=1,...5
Lo ea ey = g 1,8

S

then the list of the different world-sheet fermions is

1,2 1,..6 1,6  1,....6(-1,....6 —1,...6 =1,2,3 71,...,5 71,...,8
s x Py P w P gt o N
The 12 basis vectors are

vn=1 = {y* Xl,...,67yl,...,G,wl,...ﬁ'

V2 = S = {1/1”7)(1""’6}7

v =e; = {yLJy @'}, i=1,...,6,

vo=bi = {0,y g0, g6, gt R, (82)
vio=bs = {x'%, %, 412, g0 |12, g6, 02, Y,

m=xn = {p"

Vi = 22 = {¢5 """ 8},
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where the fermions between brakets are those with R-boundary conditions (pe-
riodic) and those not quoted have NS-boundary conditions (antiperiodic).

Without loss of generality we impose the following GSO phases :

Q=) ) )-+

i=1,..,6,m=12n=12

The models we obtain have N=1 supersymmetry.

Once we have performed GSO projections for massless states we end up in the
NS-sector with gauge bosons belonging to the adjoint representation of SO(10) x
U(1)3 x SO(8)? and we can identify SO(10) with the gauge group under which
observable matter is charged, because SO(10) contains SU(3) x SU(2) x U(1)
as a subgroup, and the U(1)? x SO(8)? is supposed to convey exotic interactions
for exotic matter which should not be charged under the observable SO(10) and
so would interact with standard matter only by gravitation.

Depending on the choices of GSO coefficients, meaning the phases C' (g;), one can
obtain a large variety of different matter contents, appearing in several 16 and
16 spinorial representations of SO(10), meaning families of 16 states charged
under SO(10) and transforming in the specific way of a spinorial representation
of SO(10). For specific choices of GSO phases one can find three families of
chiral matter, with their superparnters. Each family matches a standard model
family in terms of hypercharge and electromagnetic charge, that is why we call
them chiral families.

A review of these results (and more details) can be found in ref [11].

What we are going to do now is going beyond this classification by adding
a new basis vector a.This vector splits SO(10) in SO(6) x SO(4), which could
be an interesting candidate for GUT or a just another step towards SU(3) x
SU(2) xU(1),

w3 = a = {23, 123, gl2Y,

We can choose one more GSO phase without loss of generality
C<S) =-1
e
We will call these models SO(6) x SO(4) models.

For an introduction to group theory and representations in physics one may
see ref [12].

4.2 The gauge group

We can identify gauge bosons to the states whose associated fields transform as
adjoint representations of groups.
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In our case, after calculations, we know that gauge bosons may arise from the
following eleven sectors :

G:{O, z1, 2o, 2z21+2z9, x, « a+z, 6, 6+2z1, O+ 29, onrx}

(84)
where .
T=1+85+Y e+z+2={n"? 7} (85)
i=1
6 — —
S=a+rt+n+n=1+S+at+) e={P® "} (86)

i=1
The 0 sector gauge bosons give rise, idependently of GSO phases, to the
gauge group :

SO(6) x SO(4) x U(l)3 x SO(4); x SO(4)2 x SO(8), (87)
which can also be written :

SO(G)ObS X SU(2)L X SU(Q)R X U(l)l X U<1)2 X U(l)g
xSU(2)1 x SU(2)a x SU(2)3 x SU(2)4 x SO(8)piq. (88)

We want to identify SO(6),ps X SU(2)1, X SU(2) g to our observable gauge group
and the other part to the hidden gauge group. To provide a coherent model, we
should impose that no physical states are charged under both observable and
hidden gauge groups, however for this survey we will not take such constraint
into consideration and provide a global view of possible matter content.

The other sectors quoted in (84) can lead to enhancements of the observable
and/or hidden gauge group, depending on the choice of the GSO phases. En-
hancement is a procedure where gauge bosons from sectors other than NS-sector
give rise to a gauge group or combine with gauge bosons from other sectors to
provide a larger gauge group. In a first approach we would like to avoid en-
hancements because they lead to a larger gauge group whereas all our effort
have been put in reducing this gauge group. Avoiding enhancement is made
possible by a wise choice of GSO coefficients.

We use a slightly different notation here for GSO phases :

c(Z) = i bilb) - (by|b;) = 0,1 (89)
J
with the properties
(ailaj +ar) = (aila;)+ (ailax) ,V a;: {"}na; =10 (90)
(aila;) = (ajla;) ,V a;,a;:a;-a; =0mod 4 (91)

Here are the conditions for enhancements in all possible sectors.
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The x sector gauge bosons (z = {7'?%,11234%}) give rise to enhancement
in the observable sector when

(eix) = (zi|x) =0, Vi=1,...,6,k=1,2. (92)
In this case the enhancement is

SO(6)ops x SU(2)/r x U(1) = SU(6), (93)
where U(1)’ is a combination of the U(1);.

The z; + 23 sector gauge bosons (z; + 2o = {$'2345678}) give rise to en-
hancement in the hidden sector when

(eilz1 +20) = (biley +22) =0, Vi=1,...6, k=12 (94)
In this case the enhancement is
SU(2)1 2 x SU(2)3/4 x SO(8)pia = SO(12). (95)
The z; sector gauge bosons (z; = {¢'23*}) give rise to different enhance-
ments in the following cases :

1. when
(67;|2’1) ZO, V’L:L,6 (96)

we have an enhancement if
(z1]22) =0 (97)

or

(21|212) = 1, (Zl|b1) = (Zl‘bg) =0. (98)

In the case when (z1]22) = 0 we have both the enhancements

SO(6)ops x SU(2)12 x SU(2)5s => SO(10)  (99)
SO(A)ops x SU(2)a)1 x SU(2)43 => SO(8)  (100)

when (z1|b1) = (21]b2) = 1 (notice that the two groups do not over-
lap), or we have one enhancement

corresponding to the three other cases for the b, phases.
In the case when (z1]22) = 1 and (21]b1) = (21|b2) = 0, we have the

enhancement

SU(2)1/2 X SU(2)3/4 x SO(8)pia = SO(12). (102)
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2. when

we have an enhancement if
(21|2’2) =0 (104)
and
(21b1) =0 ifj=1,2
0

(21]b2) = ifj=3,4 (105)
(lebl) = (Zl|bg) lf] = 5,6

In any of these cases the enhancement is

e The 2, sector gauge bosons (zz = {¢°¢78}) give rise to different enhance-
ments in the following cases :

1. when
(€i|22) = O, Vi= ]., ...,6, (107)

we have an enhancement if
(z1]22) =0, (22|a) =1 (108)
which corresponds to
SO(6)ops X SO(8)pia = SO(14) (109)

when (22]b1) = (22]b2) = 1. And for the other cases for the b, phases
we end up with one of the enhancements

U(1); x SO(8)piqa = SO(10). (110)
Other conditions for enhancement are
(21]22) =0, (z2]a) =0, (22]b1) = (22|b2) =1 (111)

which leads to

SO(4)ob5 X SO(S)}”d — 50(12), (112)
or

(21|22) =1, (Z2|bl) = (22\172) =0, (113)
which leads to

50(4)1/2 X SO(S)hid - 30(12), (114)
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2. when

we have an enhancement if

(2122) = (afz2) =0 (116)
and
(22]b1) =0 ifj=1,2
(22]bs) = 0 if j = 3,4 (117)

(Zglbl) = (22|bg) lf] = 5,6

In any of these cases the enhancement is

e The a sector gauge bosons (a = {723,123 $!21) give rise to an enhance-
ment when

(eila) = (22]a) =0, Vi=1,...,6. (119)

In this case the enhancement is
SO(6)ops x U(1)" x SU(2)1/2 = SU(6), (120)
where U(1)’ is a combination of the U(1);.

e The o+ z; sector gauge bosons (a+ 2z, = {7123,9123 $34}) give rise to an
enhancement when

(e;la+21) = (mla+2)=0, Vi=1,..,6. (121)
In this case the enhancement is
SO(6)ops x U(1)" x SU(2)3,4 = SU(6), (122)
where U(1)’ is a combination of the U(1);.

e The § sector gauge bosons (§ = {1/4°, $34°678}) give rise to an enhancement
when

(ei]0) =0, Vi=1,..,6, (123)
(6]b1) = (0]b2), (124)
(6la) =0 (125)
and
(6]b1) + (6]z1) + (d]22) + (0]1) = 1. (126)

In this case the enhancement is

SU(Q)L/R X SU(2)3/4 X SO(S)hid - SO(IQ). (127)
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The § + z; sector gauge bosons (6§ + z; = {*°, $12°678}) give rise to an
enhancement when

and

(eild+2)=0, Vi=1,..,6, (128)
(64 21|b1) = (0 + z1]b2), (129)
((54‘21‘@) = (5+Zl|21) (130)

In this case the enhancement is

SU(Q)L/R X SU(2>1/2 x SO(8)pia = SO(12). (132)

The & + 23 sector gauge bosons (6 + 22 = {¥*°, ¢34}) give rise to different
enhancements in the following cases :

1.

when
(e;ld +29) =0, Vi=1,...,6. (133)

we have an enhancement if
(6 + z2la) =1, (0 + 22|22) = 0. (134)
or

(5+22|Ot) :0, ((S+22‘b1) = (6+22|b2), (6+22|2’2) =1

(135)
In the case when (0 + z2|a) = 1 and (0 + 22|22) = 0 we have both the
enhancements

SO(6)ops ¥ SU(2) 15 x SU2)3s = SO(10)  (136)

when (§+ 22|b1) = (§+ 22|b2) and (6 + 22|by + 21) = (6 + 22|1) (notice
that the two groups do not overlap), or we have one enhancement

corresponding to the case (0+22]b1) = (0+22]b2) and (0+22]b1+21) =
1+ (0 4 22|1) and the cases (§ + 2z2|b1) = 1 + (0 + 22]b2).

In the case when (6 4+ za]a) = 0, (6 + 22|22) = 1, (§ + 22]b1) =
(0422|b2)and (0+22|b1+21) = 14+(d+22]1), we have the enhancement

SU2) 1/ % SU2)3/4 x SO8)nia = SO(12).  (139)
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2. when

we have an enhancement if
(6 + 2z2]a) = (6 + 22]|22) =0 (141)
and

(04 z2]21) + (6 + 22|b1) + (0 + 22]1) =0 if j =1,2
(5+Zz|2’1)+(5+22|b2)+(5+2’2|1)ZO lf]=3,4 (142)

In any of these cases the enhancement is

e The o + z sector gauge bosons (a + x = {¥*°, $12}) give rise to different
enhancements in the following cases :

1. when
(ejla+z)=0, Vi=1,..,6. (144)

we have an enhancement if
(a+xlz2) =0, (a+z|la)+ (a+xlz)=1. (145)
or

{ (a+zz) =1, (a+zla) = (a+al2)

(a+z|by) = (a+zlb2), (a+zb)+ (a+z|21) =14 (a+ z|1)
(146)

In the case when (a + z|z2) = 0 and (o + z|a) + (o + z|z1) = 1 we

have both the enhancements

SO(G)ObS X SU(Q)L/R X SU(2)1/2 — SO(].O) (147)

when (a4 x|by) = (o + z|bs) and (« + z|by + z1) = (o + z|1) (notice
that the two groups do not overlap), or we have one enhancement

U; x SU(2) 15 x SU(2)1 /2 = SO(6) (149)

corresponding to the case (a+z|b1) = (a+x|b2) and (a+x|b1+21) =
1+ (a+ z|1) and the cases (a+ z|b1) = 1 + (a + x|b2).

In the case when (a+z|z2) = 1, (a4 z|a) = (a+x|21), (a+2|b1) =
(a+xz|bz) and (a+x|by+21) = 14+ (a+z|1), we have the enhancement

SU2) 1/ % SU2)1/2 X SO8)nia = SO(12).  (150)
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2. when
3y, (ejla+z) =1 (151)

we have an enhancement if
(a+xlz2) =0, (a+z|a)=(a+x|z) (152)
and

(a+z|z1) + (a@+z|b) + (a+2]1) =0 ifj=1,2
(a+z|z1) + (a+x]be) + (@ +21) =0 if j =3,4 (153)
(a4 z|b1) = (a + x|bg) if j =5,6

In any of these cases the enhancement is

SU2)1/r % SU(2)1 /2 = SO(5). (154)

4.3 Twisted matter spectrum and projectors

The massless matter content of these models can arise from two groups of sectors
called twisted and untwisted sectors. The twisted sectors are those which may
contain chiral matter and so the particles of the MSSM. The untwisted sectors
contain other states belonging to vectorial representations of gauge groups.

We will first focus on twisted matter spectrum. After studying the GSO projec-
tions we realize that each of these sectors can contain a family 8 states trans-
forming as some representation of a subgroup of the gauge group (88). The
conditions for a sector to provide such a family can be expressed in term of
projectors P(GSO phases) where P = 0 means the sector does not provide a
family and P = 1 means the sector provides a family. These expressions give
a convenient summary of GSO projections and enable us to count the number
of chiral families very easily for one specific choice of GSO phases. These ex-
pressions can be translated into matrix expressions and used to compute the
calculations of the number of families, which is actually the real purpose of this
work. The matrix expressions of the projectors can be found in the appendix.

For each family we can extract the charges of the different states under the
Cartan generators of the gauge group. The Cartan generators are associated
with complex world-sheet fermions in this case and we can define for a state
|s > in the b; sector its charge under the complexe fermion f by

QU) = Hhi) + F(f.1s >) (155)

where F'(f,|s >) take values 0, -1 or +1, as defined in (78)and applied to the
state |s >, but only taking the fermion f into consideration.

The charges of massless states under the different Cartan generators are always
+1/2 (or 0) in twisted sectors, because these states are actually degenerated
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vaccua.
Then we can deduce from these charges for each state its hypercharge and its
electromagnetic charge. This provides us a general picture of the chiral matter
existing in these models.

Here are the different representations one can find from different sectors with
the expressions of the associated projectors.

These representations can take the form (4,2,1), (4,1,2), (4,2,1), (4,1,2),
where 4 and 4 are (anti)spinorial representations of SO(6).s and (2,1) and
(1,2) are respectively {doublet of SU(2)y, singlet of SU(2)r} and {singlet
of SU(2)r, doublet of SU(2)r}, using the decomposition SO(4) = SU(2) x
SU(2)g.

The sectors that provide these chiral representations are the following :

BWY = S4b+ pes + qeq + res + seg (156)

pqrs
(" X" (1= p)y’s®, p’d®, (1 - @)y'y?, qw's?,
(1 — T)y5g5,7“w5@5, (1 _ S)y6ﬂ6,sw6@6,ﬁ171/;1--5}

B}(?Zzﬂs = S+ ba+pe; +qes + res + seg (157)
Bz(f;?-s = S+ b3+ per +qex +res3 + sey (158)

where p,q,7,s =0,1;b3 =b; +bo+x =1+ S +b; + by +Z?=161-+Zi=12n.
The explicit expressions for the 48 projectors are

o= % (1_0(32311)) '(1_C<B§ls>> (159)
' (1 - C(B%» ' <1 - C<Bff>>)

A= % (1(3?;?3)) <1<Bf24>)> (160)
| (1 - C(Bg)» ' <1 - C<Bf§>>)

e = 55 (elg) (elap)) oo
(=ela) (-ela)

The remaining states have charges +1/2 or —1/2 under the Cartan gener-
ators associated with the complexe fermions ¥'+? (1/2 = 1/2 +0, —1/2 =
1/2 — 1). These five charges @1, Q2, @3, Q4, Q5 are of interest because they are
charges under the observable gauge group, so they should be linked to hyper-
charge and electromagnetic charge.
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The 8 states we may obtain from one praticular sector have the property that
the number of charges -1/2 among @1, @2, Q3 is either even either odd and the
number of charges -1/2 among Q4, Q5 is also either even either odd. The four
possibilies we get correspond to the four possible representations we mentioned
above and one can easily verify that each of these representations contains eight
states. Now we would like to match these states with particles of the standard
model.

Suitable definitions for hyperchage and electromagnetic charge here turn to be

Y= L Qa Qi) (@it Q) (162)
Qun = V4 (@i Q) (163)
These definitions lead to the following results :
representation 1/31’2’3 1/?4’5 Y Qem
B (+++) | (+H+) | 1 1
(4,1,2) (+,++) [ (=) ] 0 0
(+,— =) | (+,+) | 1/3 1/3
<+’_7_) (_a_) '2/3 '2/3
(_a_’_) (_a_) -1 -1
(4,1,2) (=—==) |+ ]| 0 0
(++ =) | (=) |-1/3 | -1/3
(+,+,—) | (+,4) | 2/3 2/3
(4,2,1) (+,++) | (+—-) | 1/2 1,0
(+,—, =) | (+,—) | -1/6 | 1/3,-2/3
(4’2a1) (77757) (‘hf) _1/2 _1’0
(+,+, =) | (+,—) | 1/6 | -1/3,2/3

So we have found states corresponding to particles of the standard model but
they come only by eight whereas we need sixteen states to form a family, so
there remains a difficulty.

We can find states in other sectors, with degenerated vacuum under 1’ and
@' oscillators so that they mix what we call the observable and hidden sectors.
A physical model should project out these states thanks to a suitable choice of
GSO phases.

The states corresponding to the representations (4,2,1), (4,1,2), (4,2,1),
(4,1,2) where 4 and 4 are (anti)spinorial representations of the observable
SO(6) and the others are representations of the hidden SU(2); x SU(2)y =
SO(4);, arise from the following sectors :
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B;(aé)rs = S+bi+btatpe + qeg +res + seq (164)
= {0~ )y g pw'e! (kq)yzyz,qwzw%
(1 —’I")y y 7‘(4) w (1 - S)y y , SW @47ﬁ3aw1237¢12}

B;(az)rs = S+b1+bs+a+per+qex+res + seq (165)
Bz(fz)rs = S+by+bs+a+pes+qes+res + seg (166)

The 48 GSO projectors associated to these sectors are :

1 2 e <
- 0)) () ()
P 16 Bigrs Bjgrs Bigrs
a+z1+x
-l1—c (4)
Bpgrs
1 €3 €4 )
- 502} 0-G) (- )y
& 16 Bfgs Biaks Bfgs
a+z+x
(=(" 5 )
Bpgrs
1 el [ k)
P, = (1—c< 6 )) ~(1—c( 6 )) -(1—0< 6 ))(169)
Pa 16 B, B Biaors
a+z+x
(=(" 5o )
pqTs

Similar sectors are the Bﬁf’;ﬁ) + z1 which correspond to the representations

(4,2,1), (4,1,2), (4,2,1), (4,1,2) of SO(6)ops x SO(4)2.
The corresponding GSO projectors are the same as the Pﬁ)g(‘r’)’((”) replacing
B;%rde@ by B}fé’i’ﬁ) + 2 and a by a + 2.

The charges of these states, as those of the following sectors we are going to
study, do no match the charges of the standard model, which indicates that
they should probably be removed of the spectrum of a physical model.

Then we have sectors corresponding to the representations ((2,1), (2,1)), ((2,1), (1,2)),
((1,2),(1,2)) and ((1,2),(2,1)) for the group SU(2)* = SO(4)gps x SO(4); :

Bg)rs = BI(,q)TS +x = S+ bs+a+pe +qex+res+ sey (170)

= {". X% (1L-p)y'yt pw'c’, (1—Q)yy i,
(1=r)y’5°, re’®®, (1 — s)y'y*, sw'a®, 7'2, 9%, ¢}

BSI}S = Bz(,qls +x = S+ by +a+pey +qex+res + seg (171)
Bz()g)rs = Béq),é +x = S+ b1 4+ o+ pes + geq + res + seg (172)
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The 48 GSO projectors associated to these sectors are :

1 es5 €g 22
PO = Z(1- 1= 1= 173
9 = 5 ( C(B;zzs)) ( C(B,sza«s)) ( C(B;zas))< )

1 €3 () V)
= 5 (eld,) (o) - (-e(gi) Jom
v 8 Bigrs Bigks Bjgrs

1 €1 €9 zZ9
re = g (1me(s,)) (1 elp) - (o) Jom
v 8 Bjars Bighs Birs

Here as well we have the similar B,(,Z’ngg) + z1 sectors corresponding to sim-
ilar representations but for SU(2)* = SO(4),ps x SO(4),, with corresponding
7),(8).(9)

GGSO projectors identical to the Pp(qrs replacing B}(j;,rss,g) by B,()Z’,i;g) + 21.

The remaining sectors provide states belonging to representations of the
hidden sector.
We have a set of 48 sectors giving representations like ((2,1),(2,1)) of SU(2)* =
SO(4); x SO(4)s :

bara = Blgetat oz = S+ by by +pes + gea + res + seg + A176)
{2 (1 = p)yPy?, pwP®®, (1 - )y'y?, quw'd?,
(1 —r)y°g°, rw’@®, (1 — s)y5g°, swba® 723, o1}
Bl = By tatz = S+bi+by+per +qes +res + seq + A177)
Bgﬁ)s B B’(’z)”s +x+21 = S+b1+ba+per +qex +res + seq + 24178)

The associated GGSO projectors are :

1 €1 €9 Z9
= g (1)) (o)) (o) Jo
e = 5 e\ i) i) )1

1 €3 €4 V)
= 5 (0 eloin)) (o eliihy)) (1) Jos
A R GV i i) )1

1 es e 22

12 —
rit = 5 (- elaln)) - (o)) (= elifn) oo

(182)

Finally we have 48 sectors corresponding to spinorial 8 and antispinorial 8
representations of SO(8) in the hidden sector :
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BU13)

pars

14
Bars
(15)
pqrs

Bl +x+2 = S+by+bs+pes+qes+res + se + 24183)

{0 X2, (1 - p)yPe®, o0, (1 - @)y's", qw'e?,
(1 — 7)y5°, rw’a®, (1 — 8)y°5°, swba®, 723, 658}

B%%+x+22:,9+h+h3+m1+w2+m5+%6+%m®

B@) 4 x+z0 = S+by+by+per + qes + ez + seq + 26185)

pgars

And the GSO projectors are

13
P

qrs

Piors

p(15)

pqars

1
—(1=¢( dn)) - (1=c o)) - (1= 05 ) Jas6)
16 quTS qurs quTS
a+x
. 1—C B(lg)
prqrs
1 €3 €q zZ1
— | 1— (1= 11— 187
5 (1 elgfin)) (1= (aiin)) - (1o Josn
o+
. 1—C B(14)
pgrs
1 €5 €6 z1
— | 1— (1= 11— 1
5 (1 elafin) (1 lafin)) - (1= e(ip) Joss
(1-(5))
. 76 1
Bjar
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4.4 Vectorial representations

We can now look at the vectorial representations coming from untwisted sectors.
These representations all arise from the 144 sectors :

Bl(?é)rerz = S+bi+x+pes+qes+res + seg (189)
(" X2, (1 - p)y*s®, p®®, (1 — q)y'y*, qute?,

(1- r)y5gj5, rw’@®, (1- s)y6§6, swl@b, ﬁ23}
Bz(fz)rs +z = S+0by+x+per+qextres + ses (190)
B}E?]Z‘s +x = S+bs+x+per+qex+res+ sey (191)

We have the following states and the associated projectors :

o {13} R >\, i = 1,2,3, where |R >\ is the degenerated Ramond
vacuum of the Bz(vfz)rs sector.
These states transform as a vectorial representation of SO(6).
The associated GGSO projectors are :

N 1 €2i—1 €2;
bars 32 Bz()z)rs +x Bz(;])rs +x ( )
21 22 a+x
qurs +x qurs +x qurs +x

o (PR >1(72Ts, i = 1,2,3, where |R >z()iq)rs is the degenerated Ramond
vacuum of the BZ(,?TS sector.
These states transform as a vectorial representation of SO(4).
The associated GGSO projectors are :

N 1 €2i—1 €2
POWas) 1— : 1= ) 193
pqrs 32 ¢ B;Zq)rs +x ¢ B;(;Zq)rs +x ( )
21 Z9 a+x
l1—-c¢ ; {1—c ; “{1+c i

o {$2HR>M .. i=123.
These states transform as a vectorial representation of SO(4).
The associated GGSO projectors are :
PG — <1 _

€92;—1 €2
s — c ; (1—=¢ . 194
par: 32 <B£q)7's + ‘T)) < <BI(JZ¢1)T5 + Cﬂ)) ( )
21 29 a+x
I 1+¢ i {1—c i {1+c i
< <BZ(?q)Ts + x)) < <BI(NJ)TS + x>) < <BI(9Q)TS + Z‘))
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o {O*}|R >pirs, i =1,2,3.
These states transform as a vectorial representation of SO(4).
The associated GGSO projectors are :

oz 1 €2i—1 €24
pPW(dsa) — <1_c< , )) . (1_c< , )) 195
bare 32 BI(zzq)rs +x Bz()i])rs +x ( )
21 22 a+x
. 1 +c i . 1 — C i . 1 — C i
< (Bz()q)'rs + z)) < <Bz()q)rs + $>> ( (Bz()q)rs + x))

o [ YR >lors, i =1,2,3.
These states transform as a vectorial representation of SO(8).
The associated GGSO projectors are :

o 1 €2i—1 €24
PO — L <1 B C( i >) . <1 _ C( Z. >) (196)
pgrs 32 Bz(qq)rs +x Béq)rs +z

O ) B G ) B Gt )
. —C 'L . C 2 . —C ’L
Bj()q)rs +x Bg()q)rs +x Bg(aq)rs +x

e the remaining states in those sectors do not provide vectorial representa-
tions.

If we look at the expressions of projectors for twisted matter spectrum and
compare with projectors of vectorial representations, we can find a lot of simi-
larities. Actually we can find a matching or isomorphism between the different
models which reverse the number of vectorial representations of one type with
the number of spinorial (or chiral) representations of some B? sectors. This kind
of duality in the space of possible models has been studied for free fermionic
models with only the first 12 vectors v; in the basis in paper [11], where it is
called Spinor-Vector duality. In our case the duality is more complicated and
more mysterious. It might be matter for future work. The details of this ”‘du-
ality”’ are given in the appendix.
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5 Conclusions

We have now developped some usefull tools to translate ABK rules into more
direct expressions for SO(6) x SO(4) models. We know what are their possible
gauge groups and their possible matter contents. We found a vast amount of
different models providing chiral families. Each family contains only eight states
so, in future work, we might find some rule to regroup them in pairs, in order
to obtain the families of the MSSM. We might as well try to search for rules to
select models (i.e. GSO phases) which provide the right number of families.

A Dbetter understanding could be given by the statistical analysis of these models
on computer. The expectations we might have as for the results of the com-
putation of these calculations are not straightforward. One interesting feature
will be given by looking at the percentage of models giving rise to spectrums
whith specific number of chiral families. This could reveal properties common
to a majority of models. We can hope that the features we will understand from
this analysis will give us a hint as for the contraints we have to impose to select
models.

Obviously the analysis of SO(6) x SO(4) models does not provide a classi-
fication of all 4D-heterotic free fermionic models. So future work will be to
perform the same classification for other gauge groups, like SU(5) x U (1) which
is a subgroup of SO(10) and a good candidate for grand unification.
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6 Appendix

6.1 Matrix formalism
The projectors can be written as system of equations (one per plane)
APTD =y 1=1,..,15,(+4,5,...,9) (197)
AU =YD T=1,2,3, osc = ' 4% §12, 6%, 675, (198)

osc osc

where the unknowns are the fixed point labels

I J

p? pgsc
v = | U= | (199)
SI SJ
8 osc
and
[ (erles) (exles) (erles) (exles)
AL _ | (e2les) (ealea) (eales) (eales)
8 (z1]es) (21lea) (z1]es) (21]es)
| (22es)  (22]es) (22]e5) (22]e6)
) o e o8
2) esler) (eale2) (eales) (eales
85 = | Galer) (alea) (aules) (zleo) (200)
| (22]e1)  (22le2) (22]e5) (22]es) |
[ (esler) (eslea) (esles) (eslea) |
A® _ | (esler) (eslea) (esles) (eslea)
8 (z1ler) (z1le2) (21les) (21les)
| (22]e1) (z2le2) (z2les) (22]eq)
ot [Em] e
(1) €2 |01 (2) _ €4 |02 (3) _ €6 |03
S G | T ) |08 T Gy | 2OV
(22b1) (22b2) (221b3)
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(esle1) (es5le2) (es5les) (es5lea)
AW _ (e6 le1) (e6 le2) (e6 les) (e |ea)
8 (a4+2z1+zxler) (a+zi+xles) (a+z1+xles) (a+2z1+xles)
(22e1) (22 e2) (22es) (22 lea)
(e3ler) (e3le2) (esles) (e3les)
A0 _ | el (e1 ez) (e1 es) (c1lee) oo
8 (a+z14+xler) (a+z1+axles) (a+z1+axles) (a+21+x|66%
(22]e1) (22 e2) (22 es) (22 es)
(e1les) (e1leq) (e1les) (e1les)
A0 _ (e2]es) (e2]eq) (e2es) (e2]es)
8 (a+z14+xles) (a+z1+axles) (a+z1+axles) (a+z1+2xles)
(22e3) (22 ea) (22 es) (22 es)
(e5|b1 + b2+ ) (e3|b1 + b3 + @)
(4) (eg|b1 + b2+ ) ) (eq|b1 + b3+ )
Ys (a+214+xlb1 +bs+ ) Vs = (a+21+z|b1 +b3+ ) (208)
(2’2|b1+b2+0[) (22|b1+b3+04)

(421 +xlbe+ b3+ )

(61 |b2+b3—|—0¢)
v — (e2|b2 4 bs + )
(22|b2+b3+04)

(esler) (e5le2) (es5les) (e5lea)
(esle1) (es le2) (esles) (es lea)
(a+zler) (at+zle) (atxles) (a+xles)
(22]e1) (22 le2) (22e3) (22 ea)
o e em e
€4 |€1 €4 (€2 €4 (€5 €4 |€g

(a+zler) (a+zles) (atzles) (a+xles) (204)
(22e1) (22 |e2) (22es5) (22 e )
(e1es) (e1lea) (e1les) (e1es)
_ (e2es) (e2eq) (e2es) (e2leg)
(a+zles) (a+zles) (atzles) (a+xles)
(22 es) (22 lea) (22es5) (22 e )
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(e5|by + b2+ a4+ 21) (es|by +bs+a+z1)

Y(4/) _ (66 |b1 +b2 +OZ+21) Y(5/) _ (64|b1 +b3+0é+21) (205)
8 (a+z|by +ba+a+21) P08 (a+z|by +bs+a+z) |’
(22]b1 +ba+a+21) (22]b1 + b3+ +21)
(61 ‘b2+b3+a+2’1)
y©) _ | (e2lba+by+adtz)
8 (a+z|bs+b3+a+21)
(22 b2 +b3 +a+21)
- [ (esler) (eslea) (esles) (eslea)
Ayl = (esler) (ecle2) (esles) (esles)
| (22]e1)  (z2le2) (22]e3) (22]es)
© [ (esler) (eslea) (esles) (esles)
Ag7 = (ealer) (eale2) (eales) (esles) (206)
(z2]e1) (22le2) (z2les) (22]es) |
) [ (e1les) (eiles) (erles) (erles) |
Ay’ = (e2lez) (e2les) (ezles) (ezles)
| (22le3)  (z2lea) (22]es) (22]es)

(e5 |bs + )
ng = | (es|bs+ )

(e3|by + ) (e1]b1 + )
LYY = [ (ealba +a) ] Y = [ (ealbr +0) ](207)

(22 |b3 + ) (22 b2 + ) (22 b1 + )
, [ (esler) (eslea) (esles) (esles)
AT = | (esler) (ecle2) (ecles) (eqles) | = AL
| (22]e1)  (z2le2) (z2les) (22]eq) |
, [ (esler) (eslea) (esles) (esles) |
A = | (ealer) (ealea) (eales) (eales) | =AY (208)
| (22]e1)  (z2le2) (z2les) (22]eq) |
@) [ (erles) (erles) (erles) (erles) | )
Ay = (e2les) (ezlea) (ezles) (ezles) | = Ag
| (22]es) (22lea) (z2les) (22]eq)
) (e5]bs + a4+ 21) ) (e3|bs +a+ 21)
vi = [ (€Z|b§+a+21) Y = [ (€z|52+04+21) ] , - (209)
(z2|bs +a+ 21) (z2]ba+a+21)

o (61‘b1+0&+2’1)
Y = (ezlbr+a+2)
(22‘b1+04+21)
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[ (erles) (erlea) (erles) (erles)
AJY = | (e2les) (eales) (eales) (eales) | = A
| (22les) (z2lea) (22]e5) (22]e6)
[ (esler) (eslez) (esles) (esles) |
AUV = | (ealer) (eale2) (eales) (eales) | = AP (210)
| (22le1) (z2le2) (22]e5) (22]e6)
[ (esler) (eslea) (esles) (eslea)
AP = | (eoler) (enlen) (eoles) (eples) | = AP
| (22le1) (z2le2) (22]e3) (22]eq)

o) [ (e1 |bs + b3 + 21) . [ (e |b1 + by + 21) ]
}/8 = (62 |b2 + b3 + Zl) y YS( ) = (64 |b1 + b3 + Zl) (211)
(22 b2 + b3+ 21) (22 b1 + b3+ 21)
(65 |b1 —+ b2 + Zl)
Yo' = | (eo|br +b2 +21) ]
(22 |by +bo + 21)
(e1les) (e1lea) (e1les) (e1les)
A3 _ (e2es) (e2 |ea) (e2les) (e2es)
8 (21es) (21 ]ea) (21es) (21]es)
| (a+xles) (a+zles) (a+xles) (a+xles) |
ekl e e e
(14 eqler eq e eq les e e
ST Gl () (ales)  (alee) | 2P
| (a+zler) (a+zler) (a+xles) (a+zles) |
(ese1) (esez) (esles) (esea)
A5 _ (€6 le1) (€6 |e2) (€6 les) (€6 |ea)
8 (#1le1) (z1le1) (21 les) (#1ea)
_(a+x\el) (a+zle) (a+xles) (a+:c|e4)_

(21 |b1 + b3 + 22)
a+x|b1 + bz + 22

(e5]b1 + b2 + 22)
}/8(15) _ (€6 |b1 + b2 + 22)
(

(e1|b2 + b3 + 22) (e3|by + bs + 22)
(13) _ (62 |b2 +bs3 + 22) (14) (64 ‘bl + b3 + 22)
Yo = (21 ]b2 + b3 + 22) Y= (213)
( ( )

a+x|by+ b3+ 22)

(21 |b1 + b2+ 22)
a+x|by +ba+ 22)

and for vectorials :
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( )
( )
(z1|b1 +2)
( )
(a+z|by +x)

e1lbr +x

29 |b1 +

( )
( )
(21|01 + )
( )
(

1+ (a+2xb +2)

(61 |b1 + 13)
(e2|b1 + )

].-|—(Zl|b1 +.’E)

(22|01 +2)
(

1+ (a+axby +2)

(] |64)
€9 |€4)
Z1 |€4)
) |64)
| (a+xes)

(ezler)
(ealer)
= (z1le1)
(22 e1)
| (a+xler)

(esle1)

(e le1)

= (21le1)
(z2e1)

| (a+zer)

rl o) E
, Y3 = (21 |b2 + ) , Y8, = (21 |bs + =
( ) (

I w45

(e1es) (e1les)
(e2es) (e2es)
(21 les) (21 e )
(22 e5) (22 e )
(atzles) (at+azles) (a+zles) |
(e3le2) (e3les) (e3]es)
(eale2) (eales) (eales)
(#1e2) (21 les) (21 e ) (214)
(22 e2) (22 es) (22 les)
(atzlez) (a+azles) (a+xles) |
(es5le2) (e5 les) (e5lea)
(es le2) (esles) (es lea)
(21 e2) (21es) (21 ea)
(22e2) (22 es) (22 |ea)
(a+xlez) (a+zles) (a+xleq) |

€5 |b3 +x
€g |b3 + x

€3 ‘b2+17
eq )by + 2

w123

Zg‘bg—i-ai 22|b3+$€

(a+x|by+x)

(e3]b2 + )

(e4]b2 + )

Y3 = (21 |by + )

(22 b2 + )
1+ (a+axlbs+2)
(es bz + )
(e6 [b3 + )
Y = (21 |b3 + )
(
(

22 bz + )
1+ (a+xbs+x)

(e3[b2 + )
(ea|ba + )

L YE = | 14 (afbera) |, (217)

(22 |b2 + )
1+ (a+zlba+2x)
(e5[b3 + )
(eg b3 + )
YO = | 14 (2 |bs+2)
(22 |bs + )
1+ (a+axlbs+x)
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(el\lerx) (63|b2+(£) (65‘b3+$)
(e |by + ) (eg|ba+ ) (eg |bs + )

Yil=| 1+ (albi+a) | Y2 =] 1+(albe+a) |, Vil =| 14 (s +a) |(218)
(22101 + ) (z2|b2 + ) (22 b + )
(a+x|by +x) (a+x|by+ ) (a+x|bs+ )
(€1|b1+$) (63‘[)24—%) (65|b3+$)
(e2]br + ) (e4|b2 + ) (€6 |bs + )

Vilo=1| (alb+a) Y= (et | Y= (albsta)  |(219)
1—|—(22|b1+$) 1—|—(2’2|b2—|—£) 1—|—(22|b3+x)
(a+x|by +x) (a4 z|by+ ) (a4 x|bs+x)

6.2 Duality ?

)

Looking at the expessions of the projectors for ”‘spinorials”’ representations
and vectorials representations, we can see that they are very similar. Imposing
specific phases to discriminate the different representations of a B,(,Z)m sector we
can find the kind a duality between spinors and vectors as in paper ([11]).

If we take S (rep)gg to be the number of representations rep of the gauge
group gg arising from the sectors B;,Z)rsin one model (one set of GGSO phases)
and Vg(;)(osc) to be the number of vectorial representations of the gauge group

gg arising from the osc|R >1(,iq)rS states in the sectors BI(,QTS + z, then we have
the following dualities :

SO (4,2,1)50(6).,.x50(4)p. + 57 (4,2,1)50(6),. x SO(4),. Vég%ﬁ:
SD(4,1,2)50(6),1. x50(0)0rs + 5 (4, 1,2)50(6)01 xSO(4) 1 Voo,

for i = 1,2,3. More explicitly, these dualities come from the formulas :

5 (4,2,1) +59(4,2,1)

(1) (W2s)
VS0(6)ons

S0 (4,1,2). +59(4,1,2)

(1) (Was)
VSO(4)one

Then we have similarly :
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1 a+x i
>3 (1 - C(Bu) )) P
pqrs pars
Z P}gé)r(yns)
pqgrs

1 a+x i
S5 (1e(5)) - pi
pqrs
> rige
pqrs

(220)



S0 (4,2,1)50(6).,.x50(0); +S(4,2,1)50(6),. x50(0),
S(4,1,2)50(6),.x50(1), + 57 (4,1,2)50(6),0x50(1),
for i = 4,5,6.

S0 (4,2,1)50(6).,.x50(0), + S (4,2,1)50(6),. x50(1)2 <
S0 (4,1,2)50(6),5.x50(0), + SV (4,1,2)50(6),. x50(0)s

for i = 4',5,6, with BS::2%) = {50 4 .

SO((2,1),(2,1) 500 x50, Viou
SD((1,2), (2,150 x50ty Vipums)
SO((2,1), (1,2)s0wmxsom, — Viom?
SD((1,2),(1,2))s0(1),,.x50(1), Vs@gfﬁ)
fori=17,8,9.
SD((2,1),(2,1))s0() . xs0(), Vs(io)ig)fi)
SD((1,2), (2,150 xs0ws — Vipus)
SD((2,1),(1,2))s0(1),,.x50(1), Vs(giff;‘)
SU((1,2),(1,2)s0(),x50(1), < Vs(gifif)

for i = 7,89, with ByeS ) = Bl + 2.

SO((2,1), (2, 1)s0nxsoms —— Vigu=
S((1,2),(2,1))s0(1), x50(1), Végg)lf)
SO((2.1), (1.2)) 5001y, xsop, — VDD
SO((1,2), (1.2)so(, xsom, — Ve

for i = 10,11, 12.

S(Z) (S)SO(B)hid — V,S('gigiugd)
St (8)50(8)hid — Végglg)lji)
for i = 13,14, 15.
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V50(6)on,

(i) (d12)
VSO(4)1

() (Br23)
V$0(6)ons

()(B3s)
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