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Summary. — Particle assignments in a unified theory proposcd pre-
viously are re-examined in both topless and standard versions. Spon-
taneous symmetry breaking via Higgs fields transforming as 27, 78 and 351
is examined and possible distributions of v.e.v.’s are discussed in both
cases. The generation of a 351 effective Higgs field in a two-loop diagram
that gives mass to the right-handed neutrino fields is shown to be com-
patible with the standard model.

1. - Introduction.

Models for the unification of strong, electromagnetic and weak interactions
based on the exceptional groups have been proposed (“2). Grand unification

(*) Research supported in part by the U.S. Department of Energy under Contract
No. EY-76-C-02-3075.
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models based on E; seem to be favored by the absence of triangle anomalies
and the smaller unrenormalized value of sin®f, = 3/8 which can be brought
close to the observed value (~0.2). Since the FE, group contains SU;, SU,
and 80,, as subgroups, a model based on E, keeps most of the nice features
of models based on these subgroups (3). Conversely, the E; models are being
considered by other authors (4) as generalizations of the §U, and 80,, models
that belong to the FE series.

Under the 80,,, SU, and 8U; subgroups the 27-dimensional complex, the
fundamental representation of E;, decomposes as

(1.1) 271=16410+1 under 80,,
(1.2) 2T=6+6-415 under ST,
and

(1.3) 21=03+10)+G+58)+1+1 under SU; .

These decompositions explain the natural embedding of the above groups
in FEy along with the occurrence of combinations like (5 4+ 10) for SU, and
(6 + 6 4+ 15) for SU, which are needed for renormalizability and anomaly
cancellation.

Finally the (3, 3) structure of leptons under the flavor SU;XxX8U, group
follows from the decomposition

(1.4) 27=(3,3,1)+(3,1,3) + (1, 3,3)

under the maximal subgroup SU;xS8U,X8U,.

In the F, models under discussion, the assignment of the left-handed fermion
families (lepton and quarks) to the fundamental representation (27-plet) for
both the topless (2 generations) and standard (3 generations) cases and the
decompositions with respect to relevant subgroups will be reviewed and
compared.

The extension of the SU,Xx U, electroweak group to SU,XS8U,x U, (%),
the structure of the Higgs sector and possible distributions of vacuum expectation
values (v.e.v’s), a first-order solution of the Higgs potential for the topless

(®) H. Grorei and 8. L. Grasuow: Phys. Rev. Lett., 32, 438 (1974); H. Frirzscu
and P. MiNkOWSKI: Ann. Phys. (N. Y.), 93, 193 (1975); G. SEerf and H. A, WELDON:
Hadronic J., 1, 424 (1978).

() Y. Acuiman and B. StECH: Phys. Lett. B, 77, 389 (1978); Q. SHAF1: Phys. Lett. B,
79, 301 (1978); H. Rurea and T. ScHiCKER: Nucl. Phys. B, 161, 388 (1979); R. Bar-
BIERI and D. V. Nanopouros: Phys. Lett. B, 91, 369 (1980); O. K. KALASHNIKOV,
8. E. KonsureiN and E. S. FrRaDKIN: Sov. J. Nuel. Phys., 29, 852 (1979).

() H. Georcr and 8. L. Grasgow: Nucl. Phys. B, 167, 173 (1980).



E, GAUGE FIELD THEORY MODEL REVISITED 339

version, a generation of Majorana magsses for the right-handed neuntrinos through
analogs of Witten (¢) diagrams for E; will also be discussed below. The latter
result was announced earlier (). It has also been noticed independently by
RAMOND (8) and NANOPOULOS ().

We shall focus especially on the natural occurrence of the B— L quantum
number as a hypercharge, its role in the mass hierarchy of fermions and start
a preliminary discussion of the vector-boson mass spectrum, a topic usually
neglected by authors who analyze the E; model. The Weinberg angle is also
shown to be independent of the masses of the fermions with B— L = 0.

2. — Particle assignment.
a) Fermions. E, is a 78-parameter group of transformations acting on

the exceptional charge space of 3x3 Jordan matrices which are Hermitian
with respect to octonionic conjugation.

e ¢ b
(2.1) J=|¢ B a)=J%,
b a v

where o, f, y are complex numbers and a, b, ¢ are complex octonions. J has
27 complex elements corresponding to the 27-dimensional representation of E,.
The infinitesimal transformation law for J is

(2.2) J = (R, J, RB,) + iB,-J ,

where R,, R, and R, are 3 X3 real octonionic traceless matrices with

(2.3) By d = %(Ray J+J, Ey)
and
(2.4) (R17 J; Rz) = (R,*J) ‘B, — R, (J 'Rz)

being the symmetric Jordan product and the associator, respectively.

(®) E. WitTEN: Phys. Leit. B, 91, 81 (1980).

(") F. GURSEY: in First Workshop on Grand Unification, edited by P. H. FrRaMPTON,
S. L. Grasgow and A. YiLpiz (1980), p. 89; F. GURsEY: invited talk at the VPI
Workshop on Weak Interactions, Yale Report YTP 81-11 (1980).

(®) P. RamonD: invited talk at the VPI Workshop on Weak Interactions, University
of Florida report, UFTP 80-22 (1980).

(*) R. BarsiERrI, D. V. NaNOPOULOS and A. MASIERO: CERN preprint TH 3040 (1981).
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Complex octonion units u,, « = 0,1, 2, 3, 4, defined in terms of the seven
octionionic imaginary units ¢,, A =1,..., 7, as

(2.5) o= Y14de,), = ke + Geers), k=1,2,3,

and their complex conjugates u’:‘ constitute the split octonion bagis. The
multiplication rules are given by

Uy == Ug, Wy = — Uy
2.6 U == U uouy =0,
9 uoukzuku:=uk, u:uk:ukuozo,
Uty = Eqpp Uy Uty = — Uy Oy

In the split octonion basis J can be rewritten as
(2.7) J = u L + ug L™ + u; 8 + u, R, 1=1,2,3,

where L is a complex and R’ and S§° are complex and antisymmetric 3 X3
matrices.

By using the decomposition (1.4) under the subgroup SU,x8U,x8UY,
the color singlet is identified with the leptons, while the two color triplets
are identified with guarks and antiquarks. Since a four-component Dirac
gpinor can be represented by its left-handed part and the left-handed part
of its charge-conjugate field, only two-component left-handed fields will be
used for the fermions.

In this notation

28) g=3l+wv, v=31—w)y, Pp=1n9*=©%".

Thus (3,1,3) and (1, 3, 3) are identified with left-handed quark g¢; and anti-
quark ¢} fields, respectively, where ¢ =1, 2,3 is the color index.

The leptons are represented by the matrix L in eq. (2.7), while the anti-
symmetric matrices R* and 8 contain the quark and antiquark flelds

(2.9) (81 = Ernl @7y (B = Ealdi) 1 -

Under the flavor subgroup 8U,, X SU,, the lepton and quark fields
transform as

(2.10a) L'= U, LU},
(2.108) 8"=TUL8'U!, R'=URUE,
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implying

(2.100) @' =U.q, d§&="Und,

where U, and U, are unitary transformation matrices of SU,, and SU,,,
respectively. The electric-charge transformation is given by

(2.11) U, = Uy =exp[i/2(% + 2/V3) a] ,
while the Weinberg-Salam SUJ is identified with

(2.12) U, = explif2(a-N)], v, =1,
where A are the Gell-Mann SU, matrices. Thus, by using eq. (2.10), it is seen
that the lepton matrix L contains two negatively charged particles, while the
charges for the quarks are 4 2/3, —1/3 and —1/3 for each color.

The electrically neutral SU, group proposed as the possible enlargement
of the electroweak group from SUIX U, to SU;xSU,x U, is the U-spin
subgroup of SU.,. The SU, doublets arc identified by using for I,

(2.13) U,=1I and U, = exp[i/d(V32— A) ] .

For each generation, the fermion 27-plet is represented as

N6 4
(2.14) L=|6; »n B}, S
I v o«

The first two columns in I and the top two elements of ¢! are members of
the weak doublets of the Weinberg-Salam group. The last two rows in L
and the last two elements in ¢% are members of the SU, doublets.

In the 3rd-generation (standard) assignment there are three 27-plets denoted
by ¥°, W* and ¥". The known fermions are identified by taking succesively

(2.15) m=e,p,; U=n,ec,t; D=d,s,Db.

The inclusion of the t-quark with 2/3 charge increases the total number of
quarks from 6 to 9 and there are three new charged leptons 6°, 6* and 0%,
plus a number of additional neutral leptons. Such an increase in the number
of basic fermions may be accepted if all these additional fermions are either
superheavy or heavy beyond the range of present accelerators.
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In the two-generation (topless) assignment there are two 27-plets ¥ and ¥*.
The fields in eq. (2.14) are identified successively as

(2.16) I =ep; 6 =+1,M; U=we; D=d,s; B=Dbh,h.

This model contain only 6 quarks, the only additional fermions are the charged
lepton M and the sixth quark h with charge 1/3. Due to the electric-charge
structure of the 27-plet 7, is also a member of a 8U} doublet instead of being
a ginglet as in WS and SU; models.

To make contact with other unification models, it will be useful to consider
reductions under the maximal subgroups SUTXS8U, and S0, X 80,,.

Under the SUTX8U, subgroup the 27 representation decomposes as

(2.17) 27 = (2, 6) 1 (1, I5) .

By means of the same notation as above, these are identified as

B, N [0 f o D%
_‘lig 0; — 0 ZR Q;t
(2, 6): ’ H (1,18): B E
& Z o B
U Dy | (Bl
(2.18) =4 I7 = (},—1); I"=0,I7=0,

where the square bracket denotes that the matrix is completely antisymmetric,
while the notation used for the colored quarks is

UL
E;, = Ulz, ’ 2{; = (D;n Dﬁn D;)
s
and
o B —B
(2.19) [B; = 0 Bi .
0

In the above assignment the weak-hypercharge operator Y belongs to
the 8U, group. In this assignment the SU,> SU,Xx8U, subgroup decompo-
sition which is related to the mass spectrum in the standard version may easily
be recognized. The approximate SU, X SU, invariance of the mass spectrum
of the fermions separates 6* from I~ and B* from the other quarks.
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The SU, subgroup can be further decomposed as
8Us> Uy X U, x8UCHRU, X UTX U, xRUT.

By interchanging SUY and SU,, another SU, subgroup containing Y* and Q
(the electric charge) is obtained. The assignments in this case become

[ o, o N, 6, B
ve ", o I, D
(2, 6): ’ i (1,15) = B K
o I 0 U
B/ \b i 03]
(2.20) I'=4, I=¢,—%); I'=0,I;=0.

The above assignments make contact with the SU; model in the standard
version if SUs is further decomposed with respect to the SU; subgroup which
contains @ and Y¥:

"
E=5+1=|1U |+,
_@i
(2.21)
s o I D
B=5+10=0, |+ 0o U
B [03]

In the standard case, all the fermions except those in the 5 and 10 of SU,
contained, respectively, in the 6 and the 15 of SU, will be heavy or super-
heavy. In the topless assignment a generation contains two B and a 5 of
comparable masses besides the usual 10 of SU;, so that only o, and B, can be
heavy or superheavy. They can be identified with the right-handed parts
of the neutrino fields, i.e. oy = (#), B, = ().

If the 80,%80,, maximal subgroup is considered, the 27 representation
decomposes as 27 =1 + 16 + 10. 80,, can be further decomposed with respect
to its SU, subgroup as

vi‘ o I, D
1=, 16=1+4+5+10=48 41 }+ 0 Ui

D; [0i)]
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and.
” ik
(2.22) 100=5+85=10;)+1{6;
B: Bi

In the standard version, the 16 incorporates the relatively light fermions
as well as the heavy right-handed neutrino §,, while the rest must be heavy
or superheavy with the possible exception of « .

b) Gauge bosons. The gauge bosons belong to the 78-dimensional adjoint
representation of E, that decomposes under the SU_,X8Uy,XSU; sub-
groups as

(2.23) 8=(81,1)+(1,81)+(1,1,8 +(3,3,3) + (3,3,3) .

The color singlet boson octets W, and W, which are grouped in the
first two terms in eq. (2.23) contain the electroweak bosons W:, Z,and A, .
The eight color gluons are contained in the third term, while the last terms
incorporate the leptoquarks carrying color and flavor.

The 78-dimengional representation decomposes with respect to the SU,x SU,
group as

(2.24) 78 = (35, 1) + (1, 3) + (20, 2)

and further into the SU,xX8U, as

(2.25) 78 = (24, 1)4-(5,1) + (8, 1) -+ (1, 1) + (10, 2) + (10, 2) + (1, 3).

The SU, adjoint representation 24 contains the electroweak bosons, the color
gluons and the leptoquarks with charges 4-1/3 and -4-4/3. The SU, gauge
bosons are contained in the last term, while the additional in 5, 5, 10 and I0
have same charge and color structure as the fermions and antifermions discussed
above. Thus in E, there are leptoquarks with charges - 1/3 and - 2/3 which
are not present in the SU; model and give additional modes in the proton
and neutron decay.

The color singlet gauge bosons which form octets under the flavor sub-
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group SU, ,X8U;, are identified as follows:

(2.26) Wy, = \%

-\%_’_\722:02_,_\%—03 w+ v+ |
e “é—z‘\/?%a ~vii® v

(2.27) W,,n———\/ig-
- 4 1 1 ¢ oo

- _Z_ B _—
\/12+\/20 V30 +\/§
— A Z B C

—-1 Uy _ —_————
4 «/12+\/20 V30 V2

The electric and neutral weak currents are obtained through

(228)  Ju— g T {Lou LW — L'oa W L— 3 (af 0 Wa ah + df oW, 63},
i

so that the Z, current is given by

g

(2.29) i {(z;aﬂ I+ 3la,bp) — 1t gt —

—2(U30, Uy + Uro,Us) + (3Di0, Dy + Dio,Dg) —
— (Bio,By— B;a”BR)} Z, = — g(Iy,—sin26Q,)Z,/cos 6
in agreement with the conventional leptonic part. The neutral currents B,

and C, are not yet observed.

¢) Comments on sin® 6y, and B-L symmetry. The embedding of the elec-
troweak group in Eg corresponds to the bare Weinberg angle sin? 6% = 3/8,
Using the Gell-Mann-Low equations to describe the renormalization of the
coupling constants g, g and g’ of the SUY, SUY and U, groups, respectively,
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in the momentum range from M ~ 10 GeV to m ~ 30 GeV D’JAKANOV (10)
has derived the following expression for the renormalized value of the Weinberg
angle, neglecting the contribution of scalar fields:

(2.30) §in2 0y = sin? 63, {1 2 (1o 4 by — byo)(1 — Pet/g?) } ’

_511(5—%) + § (b1 + b, — fby)

where

by+ b =3TrQ", by,=>Trli, b=TrF

tER iER i€R

and

(2.31) a:ESpQ—"—l, ﬂ=28p%-:-:.

+2
-y §4 i€k

The difference between Sp and Tr is that in the former one should take
into account all the fermions, while in the latter the possibly superheavy ones
are excluded.

In the topless model with two generations none of the fermions are super-
heavy, so that Tr@* = Sp@Q? =16, TrI; = SpI. = 6 and Tr F2 =Sp F:=6.
However, in the standard model with three generations since there are super-
heavy fermions Sp and Tr differ; 6* and the neutral partners »¢ and N¢ and
the B* quark being superheavy, Tr Q% = 16, Tr I} = Tr F; = 6, while Sp @? = 24
and Sp F; =SpI;=9. In both cases, in agreement with the Appelquist-
Carrazzone (}!) theorem, eq. (2.31) gives

. 1 bHe?
(2.32) 8in20y, = g + 3 E ~0.196 ,

which is consistent with the result obtained by GQW (). The numerical esti-
mate is obtained by using « = 1/128 and «, = ¢%/4% = 0.15 in the M ~ 85 GeV
region. The consistency of the values of the running coupling constants with
the unification mass and the proton lifetime have been investigated and results
seem to be in agreement with each other (*%). It has been noted by MARCIANO (13)
that sin® 6, increases for each additional Higgs doublet and in the SU; model
it is predicted to be as high as sin? 6, ~ 0.21 +0.22.

(*%) D. I. D’JaRaNov: Leningrad Institute of Nuclear Physics preprint No. 303 (1977).
(1Y) T. AppeLqQuisT and J. CaRAZZONE: Phys. Rev. D, 11, 2856 (1975).

() H. Georel, H. QuiNN and S. WEINBERG: Phys. Rev. Lett., 33, 451 (1974).

(13) T. J. GoLpmaN and D. A. Ross: Phys. Leit. B, 84, 208 (1979); W. J. MARCIANO:
Phys. Rev. D, 20, 274 (1979); W. J. Marciano: Rockefeller preprint CO0-2232 B-192
(1980); P. LaNcackKER: GUT’s and proton decay, SLAC-PUB-2544 (1980).
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The hypercharge Y, associated with the SU,,xSU,, flavor subgroup
of E, leaves the trace of the color singlet representation (3, 3) invariant. This
U7 group is represented by

(2.33) U, = exp [iaV/3] = U,,

so that ¥, quantum numbers are zero for 67, 0, N? and o! fields, — 1 for the
lepton {, and its neutrino v}, while it is 1/3, 1/3 and — 2/3 for the U}, D} and
B} quarks.

In the standard model the F-hypercharge corresponds to the B — L sym-
metry, where B is the baryon and L ig the lepton number. The B — L sym-
metry has been considered () in baryon and lepton noncongerving processes
and differentiates between the (B — L)-nonconserving processes like n — e—nt
and (B — L)-conserving processes like n — et~ and p — etn’.

Note that the association of ¥, with B — L ig not possible in the topless
case since in that case the b-quark would have ¥, = —2/3, while for the t-lepton
Y, would be zero. An exact B — L symmetry would forbid neutron oscilla-
tions while allowing neutrino oscillations. On the other hand, since B — L
is a E; generator, in the standard model its exact conservation would be asso-
ciated with a zero-mass gauge boson. Thus, in the standard E; model, we should
expect B — L breaking and the possibilities of neutron oscillations.

3. — Symmetry breaking.

Spontaneous symmetry breaking is achieved by Higgs particles which always
couple to the gauge bosons and may have Yukawa couplings to the basic fer-
mions. In most unification models the hierarchical spontaneous symmetry
breakdown occurs in at least two steps with ratios of superheavy and ordinary
gauge boson masses. Minimal Higgs systems involving an adjoint and a spinorial
representation have been examined for SU; and 80, (*). For the E; model
a minimal system of 3 Higgs fields transforming as 27, 78 and 351 has been
proposed (1) in order to obtain a reasonable mass spectrum for the fermions.
New models of ¥, also indicate the need of a 351 Higgs field. However, an effective
351 can be generated by radiative corrections. Thus we can restrict the minimal
Higgs sector to just 27 and 78, as was proposed earlier ().

The Higgs fields that can give masses to the fermions as well as the gauge
bosons are contained in the symmetric part of 27 X27:

(3.1) (27X 27), = 27 + 351,

() 8. WEINBERG: Phys. Rev. Lett., 43, 1566 (1979).
(1) H. Georei and D. V. NaNopouLos: Nucl. Phys. B, 155, 52 (1979); H. GEORGI
and 8. L. GLasHOW: Phys. Rev. Leit., 32, 438 (1974).
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50 that only 27 and 361 can have Yukawa couplings with the fermions. They
contain the 10, 16 and 126 dimensional representations of S0O,, which have
been used to generate a mass hierarchy (34).

If none of the fermions is superheavy, the superheavy gauge boson masses
are acquired through the v.e.v.’s of the Higgs fields which do not have Yukawa
coupling with the fermions, namely the adjoint representation 78 and 351’
in (27x27), and 650.

Since color symmetry is unbroken, the Higgs fields acquire v.e.v.’s only
in the color singlet sector. The color singlet parts of the Higgs fields @,,,
718 and 75 transform under the SU,XS8U, flavor subgroup as

(‘Pu):‘ = (gy 3),
(3.2) (X?s)ﬂ = (8, 1), (X?s)g = (1,8),
(Mas0)s = (3,3) (7]351),;79 = (6, 8) ,

where (r,s,...) and («, f,...) are the left and right SU, group indices, respec-
tively. Note that the n-field is completely symmetric, while y-fields are tra-
celess.

The natural directions of spontaneous symmetry breaking by @,, and y,
have been studied by GURSEY (¢). It is shown that a spontaneous symmetry
breaking by @,, leaves invariant F,, 8§0,,X 0, and 80, X 8O,, while y,, breaks
the SU,x 8U, flavor symmetry down to SU,xX U, xXSU,x U, and also U, X
X U, x Uy X Uy if all v.e.v’s are distinct.

A cubic self-coupling of D,, is necessary to generate an effective 351 through
a Witten diagram. If we consider an alternative model in which the cubic
coupling is absent through a discrete symmetry (® — — @) of the Higgs poten-
tial, then the renormalizable quartic Higgs potential may be written as

(3.3) V= V(@) + V(z) + V() + cross couplings

where

34)  Vip) =—pTrop' 4 f(Troph)? + f, Tr (pp")?,

(85)  Vi(z) = —m:Tr () + 8:(Tr (0)?)? k=1,2,
(3.6) V() =—M*Troy' 4 hy(Trom)? + hy Try (T, gy’ Troogm") +

+ by Try(Trp ' Trgmy') + by T (' ')

where the notations Trynn" = 52,1 and Tr, 9y’ = 72,75 are used to denote
sums over left and right SU, indices.

(1¢) F. GURSEY: Symmetry breaking potterns in Eg, invited talk at the New Hamp-
shire Workshop (April 1980).
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The cross-coupling terms again respecting the discrete symmetry of the
fields are

(3.7) Vigsx) = hTre'ex}) + £, Tr(pp' 13) 5

(3.8) V(x1 22) = 6'(Tr y)(Tr z3)

(3.9) Vigsm) = by Try(Try, (") 23) + b, Trg (Try (') 13)
(3.10) Vigsn) =hTr(ng'y' ¢).

If only the 27- and 78-dimensional Higgs fields are considered with the cross-
couplings, there exists a solution which minimizes the potential given in egs. (3.4),
(3.5), (3.7), (3.8). The nonzero v.e.v’s are

(3.11) <‘Pg>o =0, e = Mgt B = lsﬁ’

where 1, is the eighth Gell-Mann matrix.

For the case discussed above, it has been explicitly checked that there are
no Higgs scalars left over after the spontaneous breaking and the masses of
the Higgs particles are positive if the conditions on the quartie coupling con-
stants in the potential satisfy

(3.12) hi+71.>0, f;yf;<07 0,,6,>0'>0, 2fo4 fied+f,2<0.

If the v.e.v.’s « and f§ are superheavy, the gauge bosons V3, U? and ﬁ"; in both
left and right octets become superheavy leaving the SUy , X 8Uy , X U, bosons
massless. @,, gives mass to the fermions through the coupling

(313) L= ey Lerio Ty + (@) iou(dh)} <D0 + e

leading to the masses
(3.14) Ao{N%2 1 616, + BB} + h.e.

In the standard case «, § and o can be superheavy or very heavy, but in
the topless case ¢ must be of the order of b-quark mass, at this level m, ~m_.

If the #-field is also taken into account to allow for better agreement of
observed fermion masses, a solution is

pe=10, D= 1lsa, <fDe=4p

and
(3.15) e = Mave =, <Mhde=D0.

23 ~ Il Nuovo Cimenio A.
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The #-field couples only to the leptons and not to the quarks, through the
Yukawa term

(3.16) Py =L {Uhrio T} oo

which together with eq. (3.14) leads to the fermion masses
(817)  o(N9sL + 06, 4 BLB,) + a(bl vl + NLF,) + b8 ;) + hec.,

where the coupling constants are included in the v.e.v.’s. If Majorana leptons
are defined as

o, _(N: _[E
19 () v ()

for the topless case, y acquires a mass of order «b», whereas y, and ¢, are
mixed with mass eigenvalues @ -+ o. Thus the t-neutrino may become massless,
while the heavy neutral partner of t+ may become twice as heavy as v if a = o.

Among the color singlet gauge bosons, the I-spin doublets are superheavy
(m? ~ g2{x*,), the I-spin triplets gain masses ~g®a?, while the neutral members
(except A,) have masses ~ g3(¢® + b?).

Since spontaneous breaking can be achieved through effective Higgs fields,
the potential is not restricted to be of degree four and allowance can also be
made for an additional potential which does not respect the discrete symmetry
and allow for cubic terms. Effective fields in higher orders will be generated
through direct products of Higgs fields. In order to show mechanisms of mass
generation, possible distributions of v.e.v.’s for the 27, 78 and 351 Higgs fields
will be discussed by assuming some couplings to be negligible.

Agsume that the couplings of the @ and y Higgs fields are negligible. The
scales of the v.e.v.’s are taken to be y~1 GeV and M ~ 10 GeV for the @
and y fields, respectively. Then the potential in eqs. (3.4) and (3.5) has a mini-
mizing solution of the form

(3.19) <pDy=10, <PDe=0, <ID=ha, {GDo=—%(+V3L)p.

The v.e.v.’s « and f give superheavy masses to the leptoquarks, but leave the
bosons of SUT and SU, massless. Those gain mass of the order of u via ®.
The solution is left invariant only by the electric charge and the third compo-
nent of 8U,.

The fermion masses arising from eq. (3.13) are

(3.20) oo + BiB, 4 ULUL) + o(NO48 + 66, 4 BLB,) + h.c.
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Further breaking through the effective 351 field is achieved by the ' and 7
fields. Assume that the ' transforming as (3, 3) has v.e.v.’s of the order of u
like @. Then none of the quarks will be superheavy, which is an essential con-
dition in the topless case. On the other hand, the v.e.v.’s of the 5 field trans-
forming as (6, 6) can be very large, of the order kM, if the coupling of 5 to the ¥
fields is not negligible. (Inclusion of cubic interaction terms in the potential
given in eq. (3.9) is also allowed.)

In the topless case, if we make the assignment «, = #; and g, = #; for the
first generation, it is possible to obtain large Majorana masses for the neutrinos
through the v.e.v.’s of 5

(3'21) <7’11 [ =a ’ <778:>0 ’ <7722 [ T =0 ’

which are of orders kM. If we use eq. (3.20), the mass terms for the neutrinos
become

(3.22)  Lu=o0F] +9590) + aN Ny + Wil 5; + of 5 + o(N707) + he.

Upon diagonalization, the masses are
2

(3.23) m(Ng)~kM, mvg)~kM + M) ~ 55

kM’

so that such a distribution of v.e.v.’s allows the left-handed neutrinos to have
masses in the eV range. Finally a mixing between the two generations (e, w)
will also help lifting the mass degeneracy, while the mass degeneracies between v,
v and between 7, u and b may be removed by the v.e.v.’s of the %’ field.

In the standard model the situation is similar to the 80,, models already pro-
posed (7). The u scale of 16 of SO,, is contained in D,,, the M scale of 45 of
80,, is contained in y,s, while the kM scale belonging to 126 of S0,, is contained
in 351’ of E,. Since very heavy quarks are needed in this case, ' may acquire
v.e.v.’s of order kM. Such large v.e.v.’s will also give large masses to SU,
bosons.

In order to understand the generations of right-handed neutrino masses
through effective Higgs fields, consider the analog of the Witten diagram in E,.
The Yukawa coupling in the tree-graph level may be zero for the Majorana field
¥4, but such a coupling to an effective (351) will be generated at two-loop level,
a8 shown in fig. 1. In the diagram the quartic coupling of the Higgs fields @
and @' with the gauge bosons arises because the 650-dimensional representation
is contained both in 27 X 27 and 78 X 78, while the product 27 X 27 of the fer-
mions contains the 78 representation of the vector field.

(**) J. A, Harwey, P. RaMonD and D. B. RE1ss: Phys. Leit. B, 92, 309 (1980).
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The two v.e.v.’s shown by full circles transform like (27X 27) = 27 4 351
effectively producing the 351 Higgs field.

However, in this case to produce large v.e.v.’s in the (6, 6) part of 351 Higgs
field which is coupled to the leptons giving Majorana mass terms, @,, must
also contain large v.e.v.’s. This is not possible in the topless case.

/’. .\
7 \
4/27 27‘\
650 <1~ 77 N\
______ - ———3
1
\
\
78 78 7
\
. —> s . \
27 Y1

Fig. 1. — The two-loop diagram that gives mass to the right-handed neutrinos. The
wavy line represents the gauge fields, the dashed line the Higgs fields and the two full
circles the v.e.v.’s of the 27 Higgs field.

In the standard case the quark b may be heavy, out of the observable region.
Thus, if {(P3), is of order M, (D>, of order u and (D), much smaller of order ¢,
the masses for the fermions, with « = #2, B, = #2, are given by

(3.24) Lo~ pu(f vl 4 oy + utw) + M(NSW? + 610, + BLB,) +

+ e N8+ e, + did,) + hee.

To obtain the large Majorana mass for +5,, (7>, must be nonzero and large of
the order kM. This may arise from the ¢iX ¢} term, which again must be
large, but a large v.e.v. for ¢2 is not suitable for the topless model.

While the Weinberg angle is the same for both topless and standard E,
models, the foregoing analysis of the fermions and gauge boson mass spectra
geems to favor the standard model with 3 generations for which a realistic

hierarchy is easier to obtain.

4. - Concluding remarks.

It seems that the exceptional groups of the X geries, which are all connected
with octonions and in which the SUY subgroup is embedded naturally, are good
candidates for grand unification. E,; is the simplest grand unified exceptional
group which includes and generalizes the successful models of unification
of the nonexceptional F geries that have been proposed (3). The next excep-
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tional group F, occurs in relation with SO, supergravity theory (1) and the
lagt one F; has been proposed as the gauge group that unifies eight S0,, gener-
ations (%¢),

It has been shown that a GUT based on E;, with or without a top quark,
spontaneously broken by Higgs scalars or effectively produced Higgs fields
belonging to the representations 27, 78 and 351, leads to an acceptable phenom-
enological mass spectrum. In the leptonic part, besides the known leptons,
there are charged leptons in the GeV region or higher, and very heavy right-
handed neutrinos. In the six-quark model none of the quarks are superheavy,
whereas in the standard model the quarks with — 2/3 B — L quantum number
are superheavy. The weak gauge bosons and possibly the S U; gauge bosons
have masses around 100 GeV, while some of the color singlet gauge bosons and
the leptoquarks with color are all superheavy.

In the standard version, a global B — L symmetry is defined, so that an
approximate B — L symmetry may be effective. However, in the topless case,
no such symmetry exists. The decay n — e*-+n~ which is mediated by -+ 4/3
charged leptoquarks is allowed by B — L congervation and is possible in SUs.
The decay n — e~-mnt which violates B — L conservation is mediated by
+ 2/3 charged leptoguarks, so it not possible in 8U;. As a result neutron oseil-
lations (%) n —e~+-n* — 0 are possible in E,. In the standard case, the weak-
interaction phenomenology is the same as the one predicted in the SU; and
80,, models. The mixing angles introduced in lifting the degeneracies among
generations and further effects of renormalization are still to be investigated.

In the topless case, since the b-quark is not a member of a SU] doublet,
its decay mode is different. Since b, and d, form a SU, doublet, its decay
can proceed through V 4 A currents of SU,. An expected decay mode is

(4.1) bb - My(db) + T
v+ et(tt 4 e7),
v+ BT+ 92)

where M, is a bound state of db and Y is the upsilon which can decay into n’s,
four charged leptons or two charged leptons and two neutrinos.

Experimental results for the existence of the t-quark, i.e. the charge of
the sixth quark, existence of other charged leptons (), the details of neutron
and neutrino oscillations, the V 4+ A decay of the upsilon into 4 charged leptons
will distinguish between the topless and standard versions, if there is any val-
idity to the E, gauge symmetry.

(*®) J. Ernis, M. GartLarp and B. ZuMiNo: A grand unified theory obtained from
broken supergravity, CERN preprint TH 2842 (1980).

(**) I. Bars and M. GtnaYDIN: Yale preprint YTP 80-09 (1980).

(*) R.N.MonaraTrA and R. E. MArsHAK: Phys. Rev. Lett., 14, 1316 (1980) (Erratum:
Phys. Rev. Lett., 14, 1643 (1980)).
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® RIASSUNTO (%

Si riesamina 1’assegnazione di particelle in una teoria unificata proposta precedente-
mente sia nella versione senza cima che in quella standard. Si esamina la violazione
spontanea di simmetria mediante campi di Higgs che si trasformano in 27, 78 e 351
e i diseutono le distribuzioni possibili dei v.e.v. in enframbi i casi. 8i mostra che la
generazione di un campo di Higgs effettivo 351 in un diagramma a due cappi che da
massa ad i campi di neutrini destrorsi & compatibile con il modello standard.

(*) Traduzione a cura della Redazione.

Monems E, xammOpoBOYNOH TEOPHH MOJSL.

Pe3ome (*). — 3aHOBO HCCIEAYIOTCA 3aJaHHsA YacTALl B paMKaX ¢IWHON TEOpHH, mped-
JIOXEHHOH paHee, B CTAaHNapTHOM BapHaHTe ¥ B BapuanTte Ge3 BepumHbl. B o6omx crydasx
MCCIIENyeTCs CHOHTAHHOE HapyllleHMe CHMMETpHH uepe3 mpeobpazoBanme moned Xurrca
B BuAe 27, 78 u 351, a Takke oOCYKOAroTCs BO3MOXHBIE pacnpefesieHus v.e.v. Iloka3sl-
Baercd, uro obpazosanme 351 3¢ ¢exTrBHOrO Mo Xurrca B ABYX-NETENbHOM JHArpaMMe,
KOTOopas JaeT MacCy HOJIAM IMPABOBHHTOBBIX HEHTPHHO, COBMECTHMO CO CTaHAApTHOHM
MOJIENBIO.

(*) [IIepesedeno pedaryuell.



