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1. Introduction

Recent work on the field theory limit of the heterotic string[l’ZJ has

opened the possibility of obtaining a realistic model at the weak

3,4,5,6
scale[ P J In particular, the possibility of models with SU, holonomy

is interesting for it leads to four dimensional models with N=1

[7]

supersymmetry, chiral fermions, and an E8xE6 internal symmetry group.
In this paper we will concentrate on such models and on the question whether
symmetry breaking can lead to phenomenologically viable low energy models.

We will consider only the E_, structure of the visible sector, assuming that

6

reasonahle supersymmetry breaking will he triggered from the (E8 symmetric)

hidden sector. N=1 supersymmetric models with SU, holonomy have gauge

3

groups contained in E, and light matter consisting of Ngx 27

6

representations, where Ng = %lx‘ and X is the Euler characteristic of the
Calabi—Yau[SJmanifold K of the compactified extra six dimensions. In
addition there may be further light matter contained in b1 1(27+27)

b

representations where b1 is the Betti-Hodge number of K. Existing models

1
b
of this type use polynominal Calabi-Yau manifolds with b

(9]

1,1=1[7J. Models

with b > 1 are known to exist

1.1 and are attractive for they are the only
b

known models with just 3 generations, but, so far, have not hbeen fully

explolited for model building.

The gauge symmetry breaking in these models may proceed via some of the
scalar fields in these matter supermultiplets acquiring vacuum expectation
values (vevs) in the normal manner. However the singlets under the

SngSU;xUT subgroup in the 27 and 27 representations are also singlets of



SU5 and so this mechanism on its own will lead to a low energy group
containing SU5 with unacceptable bharyon number violation. Luckily there is
another symmetry breaking mechanism "the flux breaking mechanism”, pessible

1 7
for non-simply connected Calabl-Yau manifolds[ 0,11, ’3J.

Non-trivial gauge configurations Ug’ geG where G 1s a discrete group, can be
trapped in non-simply connected manifolds even though the gauge field

strength vanishes, The group elements Ug form a discrete subgroup G of E6

and hreak E6 to the subgroup H where
[H, UgJ =0 , geG (1)

Thus once the discrete subgroup of E6 is specified the pattern of symmetry
breaking by the flux mechanism 1s determined. Together with further
symmetry breaking through vevs for components of 27 and 57 representations

the low energy subgroup will be determined.

Armed with these symmetry breaking mechanisms, can we arrive at reasonable
low energy models? We concentrate here on the possible patterns of gauge
symmetry breaking, assuming that acceptable supersymmetry breaking will be
fed through from the "hidden” E8 sector to the visible sector in the form of
soft supersymmetry breaking terms[lzJ. At this stage it 1s easy to identify

several desirable features for a viahle model.

(1) Inhibition of baryon and lepton number violation. In supersymmetric

models baryon and lepton numher may be violated by dimension d=4 terms and



dimension d=5 terms as well as the usual dAimension 6 terms present also in
non—supersymmetric models, In addition to the 15 known fermions per family
a 27 representation of E6 contains 12 new fermions which are dangerous
because they can lead to baryon and lepton number violating terms via Yukawa
couplings present in the N=1 superpotential (see eq (2)). There are two
possible "fixes"” for this problem. First one may make the assumption that
the Yukawa couplings leading to these terms are absent or small, an approach
made less convincing because no set of discrete symmetries seem to emerge
forbidding the undesirahle couplings[BJ. The second possibility is that
the new (D) quarks* can be assigned Iin the part of 27 which transforms as a
10 under SO10 C E6 (see eq (3)) and are very heavy (> o(1ol GeV}). In
this case if we assign the known fermions in the part of the 27 which
transforms as a 16 under SOIO(: E6 the models automatically have a matter

(5]

parity (see eq (2)) forhidding d=4 operators and the d=5 operators do not
give unacceptably fast proton decay. However, for this to happen there
mugt be almost flat directions in the potential allowing large vevs of

0(101“ GeV)s, As we will discuss this is actually the case 1a specific

models.

(11) Light Higgs doublets. All grand unified supersymmetric models have

the problem of ensuring that the Higgs doublets, necessary for electroweak
breaking, remain light while keeping their colour triplets heavy or
decoupled from light fermions to inhibit proton decay. However, in the
superstring inspired models, the sliding singlet or missing multiplet
mechanisms, proposed to solve this problem by making the colour triplets
heavy, seem not to work because of the restricted representation content of
the matter filelds. Thus we must look for alternatives in the superstring.

There are two possibilities.

*
We refer to the three quark flavours in each 27 famlly as the (u,d)

electroweak doublet and the new D quark, an electroweak singlet.

3



The first allows the Higgs doublets and their partners to both be light hut
assumes that the dangerous baryon number violating couplings of the colour
triplets to light fermions are absent, while keeping the Yukawa couplings to
Higgs doublets necessary for mass generation. This is technically allowed
in the superstring since, after flux breaking, the light doublets and
triplets may not be E6 partners and their Yukawa couplings may not be
related by E6. However, to date no-one has shown that the undesired

couplings are absent in a realistic model.

The second possibility is that flux breaking may automatically split the

b1 1(27%77) miltiplets leaving the Higgs doublets light while theilr colour
]
triplet partners acquire mass of order the compactification scale. As
stressed in reference [BJ, this will happen for an unbroken subgroup after

c L R __B-L
flux breaking containing SU3xSU2xSU2xU1 . We will discuss whether this
symmetry may be further broken at the intermediate scale, and how it 1is that

the light Higgs doublets may not acquire intermediate scale breaking.

(iii) Neutrino masses. The existence of a right-handed neutrino state, v

R)
in the 27 representation gives rise to the possibility of Dirac neutrino

masses and the need to explain why the observed neutrino states are nearly
massless, One possibility is to make the strong assumption of zero Dirac
mass for the neutrino. This leads to complications with cosmology because
of the extra massless vy States, which are solved if Vg can be given a mass,
elther Majorana or Dirac through coupling to new neutral gauge singlet

states[13J.



A more natural solution would be to allow Dirac neutrino masses hut to use

[14]

the "see-saw' mechanism to give light neutrino states. This requires

Majorana masses for the v, states > 0(10*GeV). Such masses are not present

R

in zercoth order in these models, but can arise in higher order through, for

1 ~ ~ ~
example, a term — Vv_V <VR> <vR>, where <vR> is a vev of the scalar

M, RR

component of a right-handed neutrino and this term is present in the E6

product (27)2(57)2. Whether such a term can give adequate Majorana mass

~

depends on the possible magnitude of <vp > and the mass scale M, associated

with this operator.

(iv) MX and sinzew. Although, after flux breaking, E6 relations for

Yukawa couplings of fields belonging to different H subgroup
representations are lost, the same 1s not true for gauge couplings since the

light gauge bosons belong to a single E. adjoint representation. At the

6

relations require sinZGw -2 and o, = @y

scale of flux breaking the E 3 3

6
L
where these are the SUg and SU2 weak gauge couplings (possibly embedded in

some larger symmetry group). Radiative corrections will change these

[15]

predictions at laboratory energiles 1n the usual way and a viable model

should give a reasonable sinzew and a value for the unification scale MX
compatible with the compactification scale at which the flux breaking

mechanism works. These predictions are sensitive to the group structure

after flux breaking and to any intermediate scale of symmetry breaking



following from vevs of 27 or 27 matter fields. Moreover, as the low energy
Y

group may be larger than that of the minimal SungUExUl electroweak model it

is important to reanalyse low energy phenomena, allowing for any additional

light gauge bosons, before making a comparlson with the predictions for

2
sin Ow.

In this paper we will analyse in detail the patterns of symmetry breaking in
superstring inspired models, paying particular regard to the intermediate
scale breaking possibilities. In section 2 we estimate the natural scale
for intermediate breaking and discuss ways in which this scale may be made
larger. We show that, in models with suitable discrete symmetries, the
intermediate scale may be such that it inhibits baryon numher violating
processes, Section 3 is devoted to the construction of a complete list of

low-energy groups resulting from models with E, symmetry broken by the flux

6

mechanism and by intermediate scale breaking. Section 4 discusses the
prospects for these models to satisfy the desirable ingredient for a viable
model. We point out that, if no assumptions of anomalously small Yukawa

couplings are made , the low energy group is greatly restricted, and must

contain SUgXSngSUEXU?_L in models with Betti-Hodge number bl 1=1.
El

Remarkably, such models may have acceptable levels of baryon number
violation and acceptable neutrino masses. The value of sinzewin such models

1s large, but subject to large errors. 1f the scale of breaking of SUZ is

close to the electroweak breaking scale, the new neutral currents may

increase the experimental determination of sin2@ and may be consistent with
W

the predictions following from the E‘.6 symmetry. In models with Betti-Hodge



mumber b1 1 greater than one the low energy symmetry may bhe the minimal
3

c ..L Y
SU3XSU2xUl and give a three generation model leading to this structure. In
G

sectlion 5 we give a concrete example of a model with a SU3

gauge symmetry. We show that the discrete symmetries in this model can

xSngSngU?-L
glve Intermediate scale breaking at a scale O(IOIHGeV) and naturally
suppress baryon number violating effects. Remarkably the same discrete
symmetries forbid large masses for the Higgs doublets while their colour
triplet partuners acquire mass after flux breaking. The existence of a low
scale of (B-L) violation allows for Majorana neutrino masses of 0(10%GeV),

80 neutrinos may have masses consistent with laboratory bounds. Section 6

presents a three generation example of a model with b1 . 2 and low energy
b

C L .Y
xSszUl. Section 7 presents a summary of our results and gives

group SU3

our conclusions.,

2 Intermediate scale breaking

We have consldered how each of the desirahle features of a viahle model is
sensitive to intermediate scale breaking via matter vevs. Before listing
viable candidate low energy theories let us discuss the possibilities for

intermediate scale hreaking. In the absence of light components in the

b 1(27+§7§ representations, there is no possibillity for intermediate scale

1,
[4]

breaking A vev, v, for a 27 component, leaving the standard model
unbroken, will give rise to a non-vanishing D term and a potential energy of

0(vt), Allowing for supersymmetry breaking contributions to the potential
N

in the gauge-noun-singlet sector of O(—EJ (to maintaln the supersymmetric
a

1

solution of the hierarchy problem[ 6J), minimisation of the potential will
M|+

require v 50( —E-), where a 1s a gauge fine structure constant.
a



Once we have light components in the bl 1(27+§7§ representations the
' »

situation changes hecause the D term will vanish if identical components of

a 27 and 27 have equal vevs, Along these flat directions a large vev may
develop, triggered by supersymmetry breaking terms coming from the hidden
[12] (4]
sector » and cut-off at a scale determined hy F terms or hy
renormalisation group effects changing the sign of the soft

17

supersymmetry-breaking mass squared terms[ J. In estimating the effect of
F terms in limiting the intermediate scale it is necessary to consider the
couplings appearing from the singlet product of three 27 chiral superfields

in the superpotential. This has the form[SJ

P = dijk[}hi(lzl) A (10:5) A, (10:5)
+ Ai(lo:S){hj(lo:lo)lk(16:10) ¥ Aj(lb:l)hk(l6:5)

+ hj(lzl) lk(lO:B)]
+ Ki(IO:B){Rj(16:IO)Ak(16:3) + Rj(lO:S)Kk(l:l)}
+ A1(16:1)hj(10:5)Ak(16:§)
+ Ai(lG:g)[hj(IO:EJAk(16:10) + Aj(IO:S)Ak(lﬁzl)}

+ Ai(l6:10){Aj(16:10)hk(10:5) + Aj(IO:S)Kk(I6:S)]+[j . kJ)] (2)

where Ri, Kj, Kk are chiral superfields transforming as the 27 of EB and



chosen from the Ng+b1 1 copies of light 27's subject to the discrete
»

symmetries of the model. The indices in pareunthesils indicate the embhedding

of SO1 in E. and the embedding of SU

0 6 in SO1

5 0

27 = [16+10+1 ] = [C1045+1) + (5+5)+1 ]y, (3)
10 5

We must remember that although light fields fill complete 27's, they need

not belong to the same E representation and no particular E, relations hold

6 6
amongst the dijk except those following for the unbroken group after
flux breaking . Thus the coefficients dijk may he different for different

components of the Ri, Ki and hk; ie the notation of eq (2) is schematic.

From eq (2} we see that the ,FI2 terms
i,

» 4lso possess a

()
RN
a,b ’ bki(a.b)’

flat direction, for example there is no term in |F|2 of the form |h(1:1)|“.
For vevs along these directlons we must look for additional terms in P,

which can generate a non vanishing |F|2. For example a term in P with E6
content

p = %-(27)2(§T2) (4)

will give a contribution to the potential V of the form

(A2¢1:1) R4¥(1:1) + AM(1:1) A2(1:1)) (5)

"‘,_«.;‘J-l:‘-

vV =

Given a supersymmetry breaking scoft mass term of the form



vS = ma{A(1:1)] 2 (6)

the full potential will have a minimum at

< A(L1:1)> = <A(1:1)> = [mwMJl/2

(7)

The non-renormalisable term in eq (4) may be expected in general as a result
of the exchange massive string excitations, and the scale M will be the
compactification scale, expected close to the Planck scale[lgj. Inserting
this in eq (7) gives an estimate of O(lOlOGeV) for the possihle intermediate
scale <A(1l:1})>, Our cholce of the A{l:1) was purely illustrative, the
potential following from eq (2) has many other flat directions that may

acquire this intermediate scale bhreaking.

Our discussion in section 1.1 suggests that an intermediate scale of
O(lOlUGeV) is insufficlent adequately to suppress d=5 contributions to
nucleon decay. Is this the maximum possible? In ref [AJ, it was argued
that it is, because of the large number of massive string modes capable of
generating eq (4). However, 1t may be that the full string theory
possesses (discrete) symmetries forbidding a term of the form eq (4) and in
this case larger intermediate scales are possible. Whether this happens
depends on the specific model. In section 5 we present a realistic model in
which there are such discrete symmetries which prevent the terms of eq (4).
In that case the first non-zero contributions to V come from a

superpotential term (allowed by the discrete symmetries) of the form

10



P =5 (213TN3 (8)
This would give an intermediate scale of the form
A(L,1)> = <h(1,1)> = [mwu3j”4
~ 0(1014Gev) (9

Thus specific models may have much higher intermediate scales than the one
given in eq (7) and large enough to suppress nucleon decay (cf section
1(1)). Of course, in any complete model one must check whether the
necessary soft supersymmetry breaking terms of eq (6) are present with a
negative coefficient even at the intermediate scale of breaking. Moreover

it is necessary to check that, after flux breaking, there do indeed remain

the light components from the b (27+27) supermultiplets required for

1,1
intermediate scale breaking. In the next sectlion we conslder this in more

detall and discuss the possible structure of low-energy groups after

flux and intermediate scale breaking.

3.1 Symmetry breaking at the compactification scale

As discussed in section 1, the low energy group after flux breaking 1s
determined once the discrete group elements Ug are given. It is convenient

*
to write the Ug in the basis of the maximal SU3xSU3xSU3 subgroup of E6 R

with the convention that SUg and SUE factors of the standard model are given

*
Throughout this paper we use the representatfon (3,3,3) of SU3XSU3XSU3 when

dealing with Ug elements.

11



by the first SU3 factor and by the first two rows and columns of the second
SU3 factor respectively. We consider first the case that Ug represents an
abelian discrete subgroup of E6’ leaving the rank of the unbroken subgroup

unchanged ~ ie rank six.

In this case we may write Ug in the general diagonal form
U = 1 X o X Y (10)

Byd = 1

where we have required that the unbroken sttbgroup contains SngSU;.

It is now strailghtforward to enumerate all the possibilities for unbroken
subgroups of E6 following from all possible choices for the Ug. These are
given in Table I with the corresponding Ug given in Table III., 1In Tahle I
we also list the decomposition of the 27 matter representations under the
unbroken subgroup, and Hc, the maximal commuting subgroup, in which Ug must

be embedded. A comparison of H® with the specific forms of Ug given in

Table III shows that this 1s {indeed the case.

In writing Table I we have included all possible E6 subgroups, even though
they are not all candidates for a low energy gauge theory because they may
possess baryon number violating gauge hosons. However, as discussed
above, there may be a further stage of symﬁetry breaking at an intermediate
scale which may give the dangerous baryon number violating gauge hosons a

large mass, and so we must, at this stage keep all the candidate groups in

12



Table I,

We turn now to the case the Ug may represent a non—abelian discrete subgroup
of E6’ with the result that the rank of the unbroken subgroup is lowered.

As discussed by Witten[SJ the rank of the unbroken subgroup will be at least
five if the standard model is to be included. To see this we use the
convention that the charge operator (in the vector representation) be given
in the SU3xSU3xSU3 basis by

_ L, R _ L. 1. L R, 1R

where

R 1 0 0 1
T, = 5 [Cog) + Cop) + (-1
L
e S [(Qopy o+ iy o+ Cop] (12)
1 0 0 1
= o [Poy o+ Cop o+ (1]

With this convention we may write Ug in the most general form, which leaves

the charge unbroken, given by

1 o« B
Ug = ( 11) x ( « 2) x ( V) (13)

B det V = 1

where V is a (2x2) matrix corresponding to an element of a discrete subgroup

13



of SU2. It is clear that Ug given in eq (13) commutes with the colour

L L

L R
group and three neutral generators, namely Q, ¢ -Q and ( —l-T YY)

V3 3

leaving, at least, a rank 5 unbroken subgroup.

In Table II we list the unbroken subgroups of E6 following from the general
non—abelian Ug of the form given in eq (13), and in Table IV the
corresponding Ug. Eq (13) and Table IV give the most general forms of Ug
consistent with our choice of charge operator in eq (11). However the form
of eq (10) and Table I1I allow for other choices of charge operator.

Rather than do this we prefer to keep our definition of Q in eq (11) and
allow for all possible forms of Ug consistent with this choice. This ig
done in Table III for each of the cases discussed in Table I. This
completes the list of possible subgroups of E6 after flux breaking. if
there is no further intermediate scale breaking, many of the groups listed
are unacceptabe as low energy models, for they may give rise to fast baryon

number violating processes. Thus the possihle low energy groups are given

Rank 6 [3], [7], (9], [0}, [11]), [12] in Table I (14)
|

, 15] in Table II (15)

3.2 Intermediate scale symmetry breaking

As discussed in section 2 (see also [AJ), for intermediate scale breaking to

14



proceed we need components of the b (27+27) representations to remain

1,1
light after flux hreaking. Most work to date has concentrated on models
with polynominal Calabi-Yau manifolds with Betti-Hodge number b = 1.

1,1
(9]

Recently models with b > 1 have been discovered

1.1 and may be promising
b J

for model huilding. As we will discuss, the possible low energy group
structure depends sensitively on the Betti-Hodge number and for this reason
it is convenient to discuss the possibilities for b1 1= 1 and b1 1 > 1

¥ ]

separately.

Before flux breaking there are Ng27 + (27+27) E6 representations of matter

chiral multiplets. After flux breaking the only components of the 27 to

remain light are those which remailn invariant under G + G (cf section 1).

Since the 27 is a sﬁﬁ%iet under G, the light components of the 27 are the

ones that are singlets under G The index theorem then ensures that for

each light components of the 77 there are (Ng+1) coples of the corresponding

light component from the 27's. For other components of the 27, Ng coples
survive since none comes from the 27. Thus before supersymmetry breaking
there remain massless Ng complete 27's plus the components of a (27+27)

invariant under G. The light components of the conjugate pair (27+27) are
very important for the intermediate scale scenario. As 1t is only aloeng
these light directions that an intermediate scale vev may develop we see
that the possibilities for further breaking of the groups in Table I are

restricted.

To classify the allowed low—energy groups after intermediate scale breaking

15



we must consider each entry in Table I and IL in turn. Consider first the
form of Ug given in eq (10). The SngSngUf singlet components of a 27
representation lie in the (1,53,32) and (1,53,33) directions and, for viable
models, 1t is only along these directions that an intermediate scale vev may
develop. These components remain light after the breaking parameterised by
eq (10) provided a2Y =1 or a?8 =1 respectively, Thus 1t is
straightforward to determine whether intermediate scale breaking is possible

and, if so, use the decomposition of the 27 detalled in Table I to determine

the resultant low energy group. In Table V we list these viable low energy

groups, together with the representation of the light states in the (27+27)
responsible for intermediate scale breaking (if any). We also give the
structure of the light neutral currents. Note that in this table we do not
include groups which contain light, baryon-number violating generators, for
we have now exhausted all possible mechanisms foEKIarge scale hreaking

4

(>>0(1 TeV)).

If we consider now the case of non-ahelian flux breaking parametrised by the
form of eq (13) we see that the mass of the states (1,53,32) and (1,53,33)
cannot be zero for they transform non-trivially under G. Consequently for
this case there is no posslbility of intermediate scale hreaking and the
possible low energy groups are those given in eq (15).

(11) b1,1> 1

If there are several copies of (27+27) representations there are new gtates

which may generate intermediate scale breaking. Which components of the

]
additional (27?57) representations remain light depends on their

transformation properties under G.

16




If they are G singlets then the light states must be G singlets just as for

the case b1 1 = 1. Thus the light states have the same transformation
-

properties as the light states In the single (27+27) for the case b1 1" 1
»

discussed above. In table V, column B, we list the minimal low energy

group which may result from such additional (27+27) light components when it

differs from the minimal case. Note that this only happens when there is an

N

SU2 symmetry after Hosotani hreaking, so that both the (1,53,32) and

(1,53,33) directions may remain light. In this case, with b = 1, we may

1,1

N —_
use the SU, to rotate the vev to the (1,3

9 3,33) direction giving the pattern

shown in Tahle V, column A. However with bl > 1 it is not always possible

y1

to rotate the vevs to the (1,5 33) direction giving the additional breaking

3)
of Tahle V, column B, In this way it is possible to break just to the

standard SngSUSXUz model! with no additional light neutral gauge bosons.

The last possibility 1Is that the additional (27+27) representations are not
G singlets, In this case the condition that they contain light components
after flux breaking, namely that they be G+G singlets, can be satisfied

for all components. Thus there are the light colour singlet neutral
components needed for intermediate scale breaking and these models have the
freedom to hreak to the minimal SngSU;xUY standard model. Tt would be

very interesting to have examples of manifolds with such non-trivial G

representations.

17



3.3 Multiplet splitting and the suppression of baryon number violation

To conclude our discussion of the structure of low energy models we consider
here which groups may give the possibility for an intermediate scale
suppression of baryon number violating processes generated via Yukawa
couplings. As discussed in section (1(1)), the suppression of such
processes may result from anomalously small Yukawa couplings or from the
generation of large D quark masses. At present we neilther have an
exhaustive Iist of possible models nor the computation of the Yukawa
couplings, so it 1{s not yet known if models exist which selectively suppress
the unwanted baryon numher vielating Yukawa couplings. Here we concentrate
on the second possibility which 1s answerable once the pattern of symmetry
breaking is specified. From eq (2) we see that D quarks will acqulire a
mass if the (16:1) or (l:1) directions (in the notation of eq (2)) acquire

C L

3xSU3xSUI§ directions (1,53,32) and

(1,53,33) respectively, In table V we list which models have this

vevs, These correspond to the SU

intermediate scale breaking., However, the fact that the D quarks may be
made heavy gives rise to a new problem for, from eq (2}, we see that some
coupling of quarks and leptons to (10:5+§) 1s needed to give them masses ie
the Higgs light bosons of the standard model must belong to (10:5+5)
representation. Our mechanism for giving an intermediate scale mass to the
D quarks would seem to give all components of (10:5+5) such masses leaving
no light Higgs doublets.

There are just two resolutions to this problem. We could appeal to our
ignorance of Yukawa couplings and assume that the terms in eq (2), which
would give the Higgs doublets a mass when (16:1) or (1:1) acquire large

vevs, are absent, while the terms giving their colour triplet "partners” a

18



large mass are present. Again this 1s technically possible since the
Yukawa couplings need not obey E6 relations after flux breaking, but again

we have no idea whether such models exist.

The second possibility, which we prefer because we can show it applies to a

non—empty set, is that the Higgs doublets belong to the b1,1(27¥§T)
multiplets and their colour triplet partners acquire a large mass after
flux breaking. .We stlll require that these Higgs doublets do not have
Yukawa couplings to the (16:1) or (1:1) directions with large vevs but this
is actually the case in specific models as a result of discrete symmetries

which follow from the original string theory. We will give a specific

example in section 5 of this mechanism.

Having argued for the worth of split multiplets through flux breaking, let
us 1ist the possible low energy models with this feature for the case
bl,1=l' Of the set of models in Table V, column A, with acceptable
intermediate scale breaking only those groups with an SUZ unbroken subgroup
can have the necessary light doublets. This follows immediately from the
form of Ug given in eq (10) and the condition that doublets remain light,
namely a_16=1 a_17=1. Thus only the groups in Table V, column C, have split

multiplets and the possihility for natural suppression of baryon number

violating processes while leaving Higgs doublets light.

19



4. Prospects for viable low energy models

We are now in a position to discuss whether the low energy models listed in
the last section can satisfy the requirements for a viable model discussed
in section l. 1In section 3 we excluded models with unacceptable low energy
baryon number violation mediated by gauge boson exchange; thus only baryon
number violation from Yukawa couplings need be considered here. As
discussed in section 2 Yukawa couplings need not obey E6 relations,
although, of course, they will obey the symmetries of the low energy group.
For this reason it is possible to assume that the dangerous
baryon-number-violating couplings of D quarks to light fermions are absent.
In this case the models of section 3 will not have haryon number violation
at unacceptable rates, It would be desirable to show that the unwanted
Yukawa couplings are indeed absent and, in principle, all Yukawa couplings
are predictable, being related to the underlying gauge couplings in the ten
dimensional theory. In practice, we are not yet able to predict such
couplings in a general model, although it is known how residual discrete
symmetries restrict the allowed form of these couplings. Unfortunately, no
model with discrete symmetries forbidding the unwanted

baryon—-number-violating Yukawa couplings is known.

The only alternative to this assumed suppression of Yukawa couplings is to
have the D quarks acquire large (> 0(1014GeV)) masses as a result of
intermediate scale breaking. From eq (12) we see this will happen if the

components (16:1) or (1:1) acquire large vevs provided the relevant d are

1jk
non-zeroc. However it is important, if this scheme is to work, for the known

quarks and leptons to belong to the (conventional) (16:10+5) representation,

and their mixing with the (10:5+5) containing the D gquarks to be small.
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<(16:1)>

Only 1if this 1is the case will the low energy superpotential following from
eq (2) have the matter parity needed to forbid dimension 4 baryon—number-
violating operators (see section 1(i)). From eq (2) we see that the 16-10
mixing is proportional to the vev of the (16:1) component, so 1f we do not
assume the absence of 16-10 mixing Yukawa couplings this method for
suppressing baryon—-number-violation requires models with only intermediate
scale vevs principally along the (1:1) components. Typically we require
0> <1010,  In models with b1’1= 1 this is automatic for only one
direction may aquire a large vev. 1In Table V we list the models which can
have large intermediate scale-breaking along the (1:1) direction.

Cur second criterion was that the Higgs doublet remain light. In models
with intermediate scale hreaking this may be difficult due to the Yukawa
couplings of eq (2). Again one can assume the unwanted couplings are zero;
in some cases this will result from the known discrete symmetries.
However, if we insist on the natural baryon-number-suppression mechanism
discussed above we should try to keep the naturalness in the Higgs sector
too. From eq (2) we see that if the (10:5) and (10:5) matter
representations are given intermediate scale mass via a large (1:1) vev then
the light fermion fields belong to (16:10) + (16:5) + (16:1)
representations. Again from eq (2) we see that masses for these fields
require that the Higgs doublets lie in a (10:5) or (10:5) representation,
apparently in contradiction with our criterion for matural baryon—numher
suppression. As discussed above the only natural way out in this case is

to arrange that the colour triplet partners of the Higgs be heavy after flux

breaking. From Tahle V we see that this requires the low energy group
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to contain SUCXSULXSURfoML

3 9 2 if b = ], There remains the need to forhid

1,1
intermediate scale masses for these light Higgs but, as we will show in

section 5, this can result from a discrete symmetry automatically present 1in
the model.

The third criterion is that neutrinos should have an acceptahle mass matrix.
In general, one may assume the Yukawa couplings responsihle for neutrino
masses are absent, although again no models have been shown to have this
property. (In models with a low energy symmetry, such as SUE this way out
may not be possible since there may be relations between neutrino Dirac
masses and charged lepton masses). A less contrived possibility for a
reasonable neutrino mass matrix is that the right handed neutrino acquires a
large Majorana mass giving rise to a see-saw mechanism[laj. To achileve

1 ~ ~
this we must generate a term for example of the form =—— v v <v_><y > as
‘ M, R'R R 'R

discussed in section 1(iii). Such a term will be generated at tree level

via gaugino-neutrino mixing but will give mass to only one vR

[13]

generatlion « In radiative order other generations may acquire mass via

1 +
the D term ~— [vRi Vi ij ij n JD » where VRi denote chiral superfields

3
M*

and n is a supersymmetry breaking mass insertion n = Oemg. The mass term

mg 1s the supersymmetry breaking scale in the gauge non singlet sector ie m

M
< of _xg_ )[16J_

~

To avoid large suppressions, since M, > 0(<vR>), we require
<vR> = M, = m ie the intermediate states giving rise to the desired
couplings must be relatively light. TIn this case Majorana neutrino masses

of 0(10" GeV) may be radiatively generated.
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To generate higher scales of neutrino mass requires that there may be

additional terms in the superpotential of the form %- (27)2 (27)2 arising
*

from the exchange of massive string modes. In this case the neutrino masses
will not be suppressed by the supersymmetry breaking scale, m_e However the
scale M, will now be the compactification scale, M, = 0(1018 GeV)[lsj.

This, in turn, requires <VR> > 101! Gev in conflict with our expectations of
section 4 unless the couplings of eq (2), giving rise to (16-10) mass mixing
via <VR>, be small.

The final criterion for acceptable models 1s that sinzew should bhe
compatible with low energy phenomenology. The predicitions for sinZOw in
leading order have been worked out for a wide range of models[hj. In
models with an SUE factor, for example, the value of sin2®w is much larger
than the quoted experimental value of 0.22. However there are two possible
sources of this discrepancy. The renormalisation group predictions are
sensitive to the positions of supersymmetry and intermediate scale
thresholds, to higher order corrections (particularly as the value of the
unified coupling is large) and to the non—rénérmalisable couplings of the
superstring giving an uncertainty in the prediction for sin2@w very
difficult to estimate. The second source of discrepancy comes from the
additional low energy gauge bosons which may change the neautral current
structure, Their effects should be included before analysing the
experimental measurements and extracting the experimental value of sinzew.
Thus, before ruling out models with a non-standard low energy gauge groups

on the hasis of sinzew, it is necessary to reanalyse the neutral current

data[ZIJ
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To summarise this section, the models of Table V may all be compatiﬁle with
low energy phenomenology provided we choose the Yukawa couplings in eq (2)
at will. The strongest constraint is likely to be the value of sin2®w but,
until a complete neutral current analysis of these models is performed, we

cannot rule out any of the models in Table V.

If we try to build a model without choosing Yukawa couplings at will,

there is a much restricted set of possibhle models, all containing the
low—energy gauge group SngSUEXSUEXUl. In the next section we will analyse
the simplest of such models in detall, to show how the discrete symmetries

present in this model allow for an O(IOqueV) intermediate scale, and

protect light Higgs doublets from this scale.

Finally, we note that models with b1’1> 1, may lead to the minimal low

energy group SngSU;fo. The extra freedom to introduce intermediate scale
breaking may allow for the generation of large Majorana neutrino masses and
the suppression of proton decay. In section 6 we discuss possible symmetry

breaking patterns in specific three generation models of this type that have

been constructed by Yau[gj.

5. A model with flat directions

We have already emphasized that flat directions do exist in models derived

from superstring. They drastically improve phenomenological prospects,
The D-flat directions require light components in 27+27 which are singlets

under SngSngUf. For these directions to be also F-flat discrete

24



symmetries or pseudosymmetries are required.

R
We now analyse a model with SngSU;xSszule1 as gauge group after

compactification and a flat direction allowing to break it down to
R B-L

L
SngSszSszUl at 101%gev. This analysis 1illustrates which properties

are relevant, in particular the role played by pseudosymmetries.

The most detailed model existing in the literature is that due to Witten[BJ

L
with SngSUZSngleU1 as (grand) unified group. It is based on a

Calabi-Yau manifold K/G of SU3 holononmy. K is defined by the zeros of the

polynomial

25 + Cz,z.2.2.2 (16)

P(z,) = i 12223%4%5 »

i

il c~3ln

1

where z, are five complex variables not all zero such that (21’22’23’2A’
25) ~ A(zl, Zys Zas Zys ZS) for any non-zero complex number A. G is a
ZSXZS group acting freely on K and generated by
SEg T iy
i 2ni
T : 2, o zg , a=exp ( - (17)
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This manifold has a Zz‘xZ5 symmetry group F0 generated by

and a large group of pseudosymmetries (symmetries of K that do not give

symmetries on K/G) E inecluding the z, permutations and the transformations

zZ, > Q z, , 0, €7 , zni =0 . (19)

The model is further specified by requiring that the fields ¢ obey the

boundary conditions

¢{g(x)) = Ugtb(x) , (20)

xeK, geG, UgeEﬁ, with

U, = (1) x ('« ) x (Ta ) (21)

The choice (21) hreaks E6 via the flux mechanism down to H =

SngSU;xSU};xleUl and a discrete symmetry group szzs corresponding tfo

Y2 and B. The light matter content 1is four complete 27 representations

L]
i
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plus the components of 27+27

((1,2,25- 55 » 575 0 (LLL 75, = 75)] +

1 1 1 1
[(1,2,25 575 5 = 570 LLL - 75, 73] (22)

corresponding to case [9J2 (a=b) in Table V.

All this concerns the visible sector. The extra Eg’ gsinglet under E6, is

[12]

probably responsible for the necessary supersymmetry breaking .

witten[3J has already obtained the allowed Yukawa couplings in such a model.

The cubic part of the superpotential has the generic form

=3 3
lko + azho + a

P, =a Ay +oa (A A M)

|t AN (23)

#a A AA + MM A )

2721 1

where Kz h_z Ki l_l stand for the H multiplets in the four (2,-2,1-1)
? ] ¥

complete 27 representations and KO and io for H miltiplets In the 27427

subset in (22). P3 is constrained by the symmetries and pseudosymmetries

of K/G. Thus the symmetries in (18) require invariance under Ki+ K_iand

that i+j+k=0 (mod 5) in non-zero A hjkk couplings; whereas in addition the

i

pseudosymmetries in (19) forbid the Kolll_l term. Furthermore, only

27



*
couplings appearing in the singlet of the product 273 are allowed [19J.

A priori it could seem that the model is ruled out because of too fast
proton decay. Known quarks must lie in the four complete 27's and no
symmetry excludes all dangerous QinQk terms (i,j,ke{Z,—2,1,—1}) in (23).

However, as we will see, a flat direction exists in this model along the

1
singlet direction (1,1,- 7%—, -7z ) in (22), allowing for the breaking of H

C : _
down to SUBXSU;xSngU? L at 101%Gev. The unbroken gauge group is contained

2
in 8010 in the standard way [ OJ. The flat direction will he defined by

5250 2 2 2
< 7\0> < )\1 + ?\_l> s (24)

1

with non-zero vev along (1,1,1; 730 " -7% ) for Kl, and A_ 1

1 and (1,1,1;- 77 »
7%—) along io' Then looking at (23) and the first term in eq (2) we see
that the quarks and leptons in the 10 of SOlOinside the 27's will get tree
level masses ~ 1013 Gev CRAPAA s Ao PAA LA AN A 5h A L), as
well as the Xo douhlets (<XO> Xoio)' The singlets not eaten in the 27's
and 27 will get radiative masses at one loop. Then there remain four 16's
of SO10 plus the doublets of Ro. This realizes the mechanism discussed in
section 4 in which the known quarks and lepton belong to the 16's of SO

10°
leading to a matter parity in the superpotential eq (23) which removes

*
We must remember that although light fields fill complete 27's, they do
not come from the same E6 representation and no particular E6 relations

hold.
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d = 4 baryon and lepton number violation. The D quarks acquire a 1013 Gev

mass and do not give unacceptably fast proton decay.

Let us see that the flat direction in (24) does exist. The direction in

(24) is D-flat because 27 and 27 have opposite charges. Now we will see
that (24) is also a flat direction for F-terms involving the superpotential

up to terms with five fields., P to that order reads

= + + + F eee
P P3 Pa P5 P6

where P3 is given by (23}, whereas

- h 7242 52
P4 blhoho + bzhohzh_z (26)
and
_ i n
P5 = Clhoho + czk AT+ c3h A2 KZK 2 + cak A (Klllk +A 1K Kz)
+ cshoho(hlkzkz + A lk A ) + Ce A (A AIAIAZ + A K 1h lk }

+

c7ko(hlh_2h_zk_2 + A -1 ZKZKZ) + g K K A lll_l (27)

+ cgkoklk_lkzh_z + CIOA0K2R—2K2K~2
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Eqs (26) and (27) display the generation structure hut, of course, all
independent E6 invariant products must be included in each of the terms in

these equations.

P&’ P5, «eo In (25) are subjected to the same constraints as PB' P4

contains terms appearing in the singlet parts of the product 272772, There
are three E6 singlets in that product and then in principle three sets of

terms similar to (26). However, only two will remain when the condition

that the 272 is symmetric is imposed, due to the fact that the only 27 is
xoand this enters as Kg. Besides the symmetries and pseudosymmetries of

K/G only allow for the two terms in (26) (see [3J and above). P5 contains

the terms in the products 2727 and 27457} there are six E6 singlets 1in each

of such products, but not all of these appear in the final expression due to
symmetry considerations as in the case of PA’ whereas the ten different

terms are those allowed by symmetries and pseudosymmetries. P6 which will

1ift the flat direction has many terms, for example

%3
dlko(klhlh_z + K_lk_lkz) (28)

Let us see that (24) is a flat direction of P_. + P + P _. F terms have

3 4 5
ap ap
3 as factors . 3 will give zero in that direction because the singlet

1 1
in 273(573) does not have any term with the flat direction (1,1,1; 73Ty )
bP4
oA

zero because all the terms in (26} contain terms with zero vev's (KO,KZ,K_

repeated (see (2)), which is the only direction getting a vev. gives

2)
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oP
more than once. Also Ky does not contribute by the same reason.

oP

Finally the flat direction is removed by terms in stg‘z, for instance by
6P6
‘gx— ’2 in (28). Then, as stated in Section 2, eqns (8) and (9), the
2
14-15
corresponding vev 1in the flat direction is ~ 10 Gev.

Obviously the appropriate supersymmetry bhreaking has to be assumed. As it
stands the model has no problem with proton decay. What about other
predictions., The model predicts a fourth family and all the superpartners
at the Fermi scale. Experiment will tell. The problem seems to he in the
neutrino masses and In the Welnberg angle. As stated ahove the

. C L R _B-L
intermediate group is SU_xSU_ xSU, xU and the light matter content four

3 2 2771

16's plus two SUE doublets in the 10 of SUlO’ all from 27's of E6' There

is no light singlet under the standard model in 27 for breaking SUEXU?—L+UT,
implying that this breaking must occur at most at 10% GeV, because non—zero
D terms imply supersymmetry breaking which cannot he at higher energies.
Assuming that this breaking occurs at that energy neutrino masses can be
acceptahle (see Section 2). The Weinberg angle appears at first sight to
be too large, essentially because SU% survives down to low energies.
However, the caleulation 1is subjected to many ambiguities. Besides a
proper calculation of weak current data taking into account the possibility
of new weak interactions could allow for a larger value of sinZOw than
presently quoted[ZIJ. Finally, the light fermion mass structure in this

model is interesting since only the KZ’ h_z generations get masses at tree

level once the Higgs scalars in RO acquire vevs hreaking the electroweak
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group. The other fermion generations in hl, l_l will acquire mass only 1in

radiative order.

0. Models with b > 1,
1,1

As discussed in section 4, models with bl,l > 1 may break E6 via flux and
intermediate scale breaking to just the standard model. To 1llustrate this
let us consider the three generation models devised by Yau[9J which have
bl,l = 2. These models are based on manifolds K = KO/G where KO is a

constrained GP?xcp? space and G, the discrete group, is 23 ansd Z3x23 for the

two models proposed.

1f we are to break to the standard model then, after flux breaking, there
C ..L

must remain at least the group SUBXSUZXSUEXUIXUI [cf. our discussion of

section ﬁJ. There is only one possible choice for the Ug which does this

leaving the directions (1,53, 32) and (1,53, 33) massless with no 1light

baryon—number violating gauge bosons. This.ié

1 Q o

=
i
—
=
R
"
=]

C L R
E6 + SU3x8U3xSU3

[

Here « 1, a # 1 and Ug are the elements of G, a 23 discrete subgroup of
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E Since the (1,53, 32) and (1,53, 33) are light (both copies of 27 are G

6.
singlets and hence their light components are G singlets) they may both

acquire large vevs along D flat directions as discussed in section 3.

Because there are two copies of 27 representations it 1s not possible, in
N
general, to use the residual SU2 symmetry to rotate their vevs into the

(1,33, 33) direction. Hence, in all the above cases, the low energy group

after this intermediate scale breaking will be the standard model
L .Y

SngSszUl. In addition there will be residual light Higgs components from

the (1,5, 3) part of the 2027+27) representations. These will be sufficient
to break the electroweak group. Their colour triplet partners will be
heavy. Thus these models automatically have split multiplets after flux
breaking. Whether the Higgs doublets needed for electroweak breaking remain
light after intermediate scale breaking depends on the Yukawa couplings. We
have not yet investigated the diécrete symmetries in these models to see if
they will guarantee light Higgs in a similar manner to our example of
section 5. It will also be important to investigate the discrete symmetries
to determine the limits on the intermediate hreaking scale. If it can he as
large as o1t GeV, we expect that baryon and lepton number violation may be
naturally suppressed as in the example of section 5. The value for sin29w
in these models will be close to the experimental value if the scale of

intermediate breaking 1s large.

7. Summary and Conclusions

We have investigated which low energy groups may result from the underlying
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E6 structure in superstring models with SU3 holomony. With flux breaking
alone, the low energy group mist be at least rank five and, in this case,
the new neutral current is uniquely specified. Once we include the possihble
effects of intermediate scale breaking via vevs for flelds transforming as
the 27 under E6 there are more possibilities for the low energy structure.
Models with Betti-Hodge number bl,l = 1 sti1l must have a low energy group
of at least rank five, but in this case there are other possibilities for
the new neutral current. Models with b1 1 > 1 can have a low energy group

>

of rank four 1e the standard model.

The major difficulty in building a viable theory based on these superstring
inspired models is the need to inhibit baryon and lepton number violating
processes. These may be suppressed if the relevant Yukawa couplings are
small enough, but at present it is not known if manifolds exist with this
property. Another possibility arises in models with large intermediate
scale breaking giving the D quarks and their SO10 partners large mass (z
1014 GeV). This suppresses d = 4 and d = 5 ‘baryon and lepton number
violating processes helow the current limits of observation. Although such
large scales of intermediate scale breaking are not to he expected in
general, we showed that they may arise as a result of discrete symmetries,
and presented an example in which this happens. Remarkahly in this example,
the discrete symmetries also protect the Higgs doublets, left light after
flux breaking, from acquiring intermediate scale masses. Thesge doublets may

then break the low energy group down to SngUTm at the electroweak scale.
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A viable theory must also glve an acceptable pattern for neutrino masses.
This may be arranged by careful choice of Yukawa couplings but again it 1s
not known if models have this property. Another possibility is that
non—gravitational radiative corrections generate large Majorana masses for
right handed neutrinos. This can work-only if the scale of vevs for right
handed sneutrinos is comparable to the supersymmetry breaking scale in the
gauge non-singlet sector. It is possible to evade this bound if heavy
string modes generate higher order terms in the superpotential but in this
case sneutrino vevs of 0(101“ GeV) are necessary which may give problems

with baryon number violation by inducing mixing of D quarks with d quarks.

Perhaps the most promising candidates for a viable model are the three
generation models of Yau[gj. These may break down to the standard model and
we constructed the flux breaking patterns leading to this structure. The
models may have a large scale of intermediate scale breaking, although it is
not yet known whether the scale of this breaking and the Yukawa couplings

are such as to naturally suppress baryon and lepton number violation and to

leave light the Higgs doublets necessary for electroweak hreaking.

Our discussion has centred on the group structure possible for low energy
models based on the superstring. In this we have required only that the
models have SU(3) holonomy, leaving an N = 1 supersymmetry in 4 dimensions
unhroken to low scales, Our discussion does not depend therefore on
uncertain details of the compactification. However we do assume that soft
supersymmetry breaking terms will trigger gauge symmetry breaking along
directions neutral under the standard model and it will be important to

determine, in a specific model, whether this does indeed happen. For this
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we will need the detailed structure of the low energy model. It will also
be important to calculate, 1if possible, the Yukawa couplings. Clearly much
remains to be done but we find it remarkable that the preliminary analysis

shows the low energy structure of superstring inspired models can so closely

resemble the real world.

Acknowledgement

We are grateful to Luis Ibanez and Kelly Kirklin for illuminating

discussions.

36



[1]

[2]

[7]

(9]

References

D.J. Gross, J.A. Harvey, E. Martinec and R. Rohm, Phys. Rev. Lett. 54
(1985) 502.

D.T. Gross, J.A. Harvey, E. Martinec and R. Rohm, Nucl. Phys. B256
(1985) 253.

E, Witten, Nucl. Phys. B258 (1985) 75,

M. Dine, V. Kaplunovsky, M. Mangano, C. Nappi and N. Seiherg, Nucl.
Phys. B259 (1985) 549.

J.D. Breit, B. Ovrut and G. Segre, Phys. Lett. 158B (1985) 33.

5. Cecotti, J.P. Derendinger, S. Ferrara, L. Girardello and M.
Roncadelli, Phys. Lett. 156B (1985) 318; J.L. Rosner University of
Chicago preprint EFI-85-34; E, Cohen, J., Ellis, X, Enqvist and D.V.
Nanopoulos, CERN preprints TH-4195, TH-4222 (1985); E. Cohen,

J. Ellis, C. Gomez and D. V. Nanopoulos, CERN preprint TH-4159 (1985);
J.P. Derendinger, L.E. Ihanez and H.P. Nilles, Phys., Lett. 155B (1985),
65.

P. Candelas, G.T. Horowitz, A. Strominger and E. Witten, Nucl. Phys.
B258 (1985) 46; P. Candelas, G.T, Horowitz, A. Strominger and E.
Witten, "Superstring Phenomenology” in the proceedings of the Argomne
Symposium on Anomalies, Geometry, Topology, Eds. W.A. Bardeen and A.R.
White, World Scientific (1985).

S-T. Yau, Proc. Natl. Acad. Sci. USA 74 (1977), 1798; S-T Yau, Comm.
Pure Appl. Math, 31 (1978) 339.

S-T Yau, "Compact Three Dimensional Kahler Manifolds with zero Ricci
Curvature” 1n the proceedings of the Argone.Symposium on Anomalies,
Geometry, Topology, Eds. W.A. Bardeen and A.R. White, World Scientific

(1985),

[10] Y. Hosotani, Phys. Lett. 1298 (1983) 193.

37



[11]
[12]

[13]

[21]

E. Witten, Phys. Lett. 149B (1984) 351.

M. Dine, R. Rohm, N. Seiberg and E. Witten, Phys. Lett. 1568, (1985)55;
see also J. P, Derendinger, L. E. Ibanez and H. P. Nilles in ref.[6J.
J«P. Derendinger, L.E. Ibanez and H.P. Nilles, CERN preprint TH-4228
(1985),(to appear in Nucl. Phys.).

M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, Eds. P. wan
Nieuwenhuizen and D.Z. Freedman, North Holland (1979).

H, Georgi, H., Quinn and S. Weinberg, Phys. Rev. Lett. 33 (1974) 451,

J. Ellis and G.G. Ross, Phys. Lett. 117B, (1982) 397.

L.E. Ibanez, Phys. Lett. 118B, (1982} 73; J. Ellis, D.V. Nanopoulos and
K. Tamvakis, Phys. Lett. 121B, (1983) 123; H.P. Nilles, Phys. Lett.

115B, (1982) 193; K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita,

Prog. Theor. Phys. 68 (1982) 927; L.E. Ibanez and C. Lopez, Phys. Lett.

126B, (1983) 59; CERN preprint TH-3650 (1983); L. Alvarez—Gauméd, J.

Polchinski and M.B. Wise, Nucl. Phys. B221, (1983) 495; J. Ellis, J.S.
Hagelin, D.V. Nanopoulos and K. Tamvakis, Phys. Lett. 1258, (1983) 275;
S.K. Jones and G.G. Ross, Phys. Lett. 135 (1984) 69,

V. Kaplunovsky, Phys. Rev, Lett. 55 (1985) 1036.

R. S5lansky, Phys. Rep. 79C (1981) 1,

J.C. Pati and A. Salam. Phys,. Rev. Lett. 31 (1973) 661; H. Fritzsch
and P. Minkowsky, Ann. of Phys. 93 (1975) 193; M.S. Chanowitz, J. Ellis
and M.K. Gaillard, Nucl. Phys. B128 (1977) 506; F. del Aguila and L.E.
Ibanez, Nucl. Phys. Bl177 (1981) 60,

Fo del Aguila, G. Blair, M. Danlel and G.G. Ross (in preparation).

38



Table Captions

Table I : Colum(A) contains all possible E6 subgroups,H, containing

L) L
SU?XSUEXU?XleUl. This column contains also the decomposition of a 27

multiplet of E. with respect to the corresponding subgroup H. Columm(B)

6

. . c . . ,
contains the maximal subgroup H which commutes with H. The discrete

subgroup { Ug } is embedded in H®.

Table II : This Table contains information analogous to that of Table I

t
for the case of rank 5 E6 subgroup containing SU§XSU§XU§XU1.

Table III : Column{A) contains the form of Ug corresponding to the
entries in Table I. Column(B) contains the ineguivalent ways of embedding
g ’ SUE and charge Q . Column(C) enumerates

the set of models which can break down to the standard model through

{ Ug } without breaking SU

27 Higgs breaking ( if any ).

Table IV : This Table contains information analogous to that of Table III

for the case of non-abelian flux breaking mechanism,

Table V : Columm{A) contains acceptable models with b1 1= 1 ( or models

with bl e 1 , but with light 27+27 components being replicas of the
¥

b 1 case ), which admit an intermediate scale. Columm(B) contains

1,1

further possible breaking for models with b 1. Colum(C) enumerates

1,17
the light doublets for the models of column(A).
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