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Summary. - -  Particle assignments in a unified theory proposed 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 
~hat gives mass to the right-handed neutrino fields is shown to be com- 
patible with the standard model. 

1 .  - I n t r o d u c t i o n .  

Models for the unification of strong, electromagnetic and weak interactions 

based on the exceptional groups have been proposed (1,~). Grand unification 
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(1) F. GORSEY and P. SIKIVIE: Phy8. Rev. ~ett., 36, 775 (1976); P. RAMOND: Nucl. 
Phys. B, 110, 224 (1976); F. G~)RS~Y and P. S1KIVIV.: Phys. Rev. D, 16, 816 (1977). 
(2) F. G/3RSEY, P. RAMOND and P. SIKIVIE: Phys. Lett. B, 60, 177 (1976); F. GI)RS~Y: 
in Group-Theoretical Methods in Physics, V Colloquium, edited by R. T. SHARP (New 
York, N.Y., 1977), p. 213; F. G/3Rs~Y and N. SERDAEO~LU: Left. Nuovo Cimento, 
21, 28 (1978); F. G~JRS~.Y: in I I  Workshop on Current Problems in High-Energy Particle 
Theory, edited by G. Do~o~os and S. KOV~SI-DoMoKOS (Baltimore, Md., 1978), p. 3; 
in The Why's o] Subnuclear Physics, edited by A. ZlcnIcnl (New York, N.Y., 1979), 
p. 1059. 

337 



338 F. ot~s~Y and ~. S~RDAROSLU 

models based on Ee seem to be favored by the absence of triangle anomalies 
and the smaller unrenormalized value of sin 20 w ---- 3/8 which can be brought 
close to the observed value (~0.2).  Since the Ee group contains SUs, SU6 
and SOlo as subgroups, a model based on E6 keeps most of the nice features 
of models based on these subgroups (3). Conversely, the Ee models are being 
considered by other authors (4) as generalizations of the SUs and SOlo models 
tha t  belong to the E series. 

Under the SO,o, SUo and SU5 subgroups the 27-dimensional complex, the 
fundamental  representation of Ee, decomposes as 

(1.1) 27 = 16 ~ 10 -~ 1 under SO,o, 

(1.2) 

and 

(1.3) 27 = (3 -}- I0) ~- (5 ~- 5) ~- 1 -~- 1 

under SU6 

under SUs. 

These decompositions explain the natural embedding of the above groups 
in Ee along with the occurrence of combinations like (3-}-10) for SU6 and 
(6 ~ - 6 - ~  i3) for SUe which are needed for renormalizability and anomaly 
cancellation. 

Finally the (3, 3) structure of leptons under the flavor SU3• group 
follows from the decomposition 

(1.4) 27 = (~, 3, 1) § (3, 1, 3) § (1, ~, ~) 

under the maximal subgroup S U3 X S U3 X S U3. 
In  the E6 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~xU1 electroweak group to SU~XSU'~xUI(S), 
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 
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version, a generat ion of Majorana masses for the r ight-handed neutr inos through 
analogs of Wi t ten  (e) diagrams for Ee will also be discussed below. The la t ter  
result  was announced earlier (7). I t  has also been noticed independent ly  by  
RAMo~]) (8) and N ~ o e o t m o s  (g). 

We shall focus especially on the natural  occurrence of the  B - - Z  quan tum 
number  as a hypercharge,  its role in the mass hierarchy of fermions and s tar t  
a prel iminary discussion of the vector-boson mass spectrum, a topic usually 

neglected by  authors  who analyze the Ee model. The Weinberg angle is also 
shown to be independent  of the masses of the  fermions with B -  L----0.  

2.  - P a r t i c l e  a s s i g n m e n t .  

a) Fermions. Eo is a 78-parameter  group of t ransformations acting on 
the exceptional charge space of 3 •  Jo rdan  matrices which are Hermi t ian  
with respect to oetonionic conjugation. 

(2.1) J = jT z 

where a, fl, ~ are complex numbers  and a, b, e are complex octonions. J has 
27 complex elements corresponding to the  27-dimensional representat ion of Ee. 
The infinitesimal t ransformat ion law for J is 

(2.2) J = (RI, J ,  R~) 27 ire  "J , 

where R~, Rz and Re are 3 •  real oetonionic traceless matrices with 

(2.~) 

and 

(2.4) (R1, J,  R2) - -  (R1.J) .2~ - -  2~,. (J.2~,) 

being the  symmetr ic  Jo rdan  product  and the assoeiator, respectively. 
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of Florida report, UFTP 80-22 (1980). 
(9) R. BARBIERI, D. V. NA~OI'OULOS and A. MASlERO: 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 ea, A = 1, ..., 7, as 

(2.5) uo = �89 +ieT) ,  uk = �89 + iek+3), k = 1, 2, 3 ,  

and their complex conjugates u* constitute the split octonion basis. 
multiplication rules are given by 

The 

(2.6) 
u~ = Uo,  UoU* = o ,  

In the split octonion basis J can be rewritten as 

$ T * ~ t  (2.7) J = u o I + u o L  +u~ ~u~t~ ~, i ~ 1 , 2 , 3 ,  

where L is a complex and R ~ and S ~ are complex and antisymmetric 3 •  
matrices. 

By using the decomposition (1.4) under the subgroup S Us X S U3 • S U~, 
the color singlet is identified with the leptons, while the two color triplets 
are identified with quarks and antiquarks. Since a four-component Dirae 
spinor 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 

(2.8) ~ ,  = �89 + 7~) ~ ,  ~ = �89 - r , )  ~ ,  ~)~ = iq~ ~* = (~~  

Thus (3, 1, 3) and (1, 3, ~) are identified with left-handed quark q~ and anti- 
quark ~ fields, respectively, where i = 1, 2, 3 is the color index. 

The leptons arc represented by the matrix L in eq. (2.7), while the anti- 
symmetric mat~ices /~ and ~ contain the quark and antiquark fields 

(2.9) 2i i ( ) ~  = ~m.(q,)  n ,  ( R ' ) ~  = ~ . ( d R )  n .  

Under the flavor 
transform as 

(2.10a) 

(2.lOb) 

subgroup S UL. s • 2Ua, 8 the lepton and quark fields 

Z' = U~LU~ , 

~ ' -  ~* S ~ V~ , tr ' - -  = U~ R UR , 
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implying 

$ i (2.10e) q~ ---- U~ q~, ~ ---- U a ~ ,  

where U,. and U~ are unitary transformation matrices of S UL, s and S UR.s, 
respectively. The electric-charge transformation is given by 

(2.11) = = Ei/2(   + 

while the Weinberg-Salam SU'~ is identified with 

(2.12) ~ = exp[i/2(a.~,)],  v~ = I ,  

where ~ are the Gell-Mann SU3 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 arc q-2/3, --1/3 and --1/3 for each color. 

The electrically neutral S U~ group proposed as the possible enlargement 
w f of the electroweak group from SU~• U~ to SU~•215 U~ is the U-spin 

subgroup of S UR, 8. The S U~ doublets arc identified by using for I '  8 

(2.13) U~ ---- I and U R : exp [i/4 (V~ ;, --  ~,) o~]. 

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

(2.14) 

The first two columns in L and the top two elements of q~ 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 S U~ doublets. 

In the 3rd-generation (standard) assignment there are three 27-plets denoted 
by Te~ kP ~ and T ~. The known fermions are identified by taking succesively 

(2.15) l- ---- e, ~, 7; U z u, c, t ;  D ---- d, s~ b .  

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 0 e, 0 ~ and 0 ~, 
plus a number of additional neutral leprous. 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 T* and k~ ~. 
The fields in eq. (2.14) are identified successively as 

(2.16) l -  = e, ~; 0- = x, 1VI; U = u, c; D = d, s; B = b, h .  

This model  contain only 6 quarks, the  only addit ional  fermions are the  charged 
lepton M and the  sixth quark h with charge 1/3. Due to the  electric-charge 
s t ructure  of the  27-plet CR is also a member  of a SU'~ doublet  instead of being 

a singlet as in WS and S U5 models. 
To make contact  with other  unification models, it  will be useful to consider 

reductions under  the maximal  subgroups S U'~• SUe and SOs • SOlo. 
Under  the  SU~• subgroup the  27 representat ion decomposes as 

(2.17) 27 = (2, 6) + (1, 1--~). 

B y  means of the  same nota t ion as above, these are identified as 

(2.18) 

\ _ ~ /  / _ D ' /  

"0 8 ,  % __,~ 

R 

[BD 

I w = �89 I 7  = ( ~ , -  ~); z w = 0, 1 7  = 0 ,  

where the  square bracket  denotes tha t  the  mat r ix  is completely ant isymmetr ic ,  
while the  nota t ion used for the colored quarks is 

and 

(2.19) 

~ =  v , _R (bR, b~, 

[B~] = 0 . 

I n  the  above assignment the weak-hypercharge operator  Y" belongs to 

the  SU6 group. In  this assignment the  SUe o SU~• subgroup decompo- 
sition which is related to the mass spectrum in the  s tandard version m ay  easily 
be recognized. The approximate  SU~ • SU4 invariance of the mass spectrum 

of the  fermions separates 0 ~ from l -  and B ~ from the  other  quarks. 
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The SUe subgroup can be further decomposed as 

s v~ D u1 x v, x s v~ D s 8~ x 17[ x vl x s v~. 

By interchanging S U~ and S U~, another SUe subgroup containing 17" and Q 
(the electric charge) is obtained. The assignments in this case become 

(2, (I, 15) = 

"o 

0 / 
o EL / 

(2.20) I '=�89 z;=(~,-~);  r = 0 ,  z ;=0 .  

The above assignments make contact with the SU5 model in the standard 
version if SUe is further decomposed with respect to the SUe subgroup which 
contains Q and :lr~: 

+ 0 . 

(2.21) 

15 = 5 + 10 = 

In the standard case, all the fermions except those in the ~ and 10 of SU5 
contained, respectively, in the 6 and the 15 of SUe 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 S Us, so that  only a~ and fiT. can be 
heavy or superheavy. They can be identified with the right-handed parts 
of the neutrino fields, i.e. o~ = (~), flL = (~ta). 

If  the S02• maximal subgroup is considered, the 27 representation 
decomposes us 27 ---- 1 -~ 16 + 10. S01o can be further decomposed with respect 
to its S U5 subgroup as 

1----at, 16 = 1 -t- ~-}- 10 =/~L + 

r :aJ 
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(2.22) 10 = 5 + 5 = 
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In the standard version~ the 16 incorporates the relatively light fermions 
as well as the heavy right-handed neutrino fir, while the rest must be heavy 
or superheavy with the possible exception of aT.. 

b) Gauge bosons. The gauge bosons belong to the 78-dimensional adjoint 
representation of Es that  decomposes under the SUL. 3 • SUa, 3 • SU~ sub- 
groups as 

(2.23) 78 = (8, 1, 1) ~- (1, 8, 1) -~- (1, 1, 8) ~- (3, 3, 3) + (3, 3, 3).  

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

The 78-dimensional representation decomposes with respect to the S Us • S U~ 
group as 

(2.24) 78 = (35, 1) § (17 3) + (20, 2) 

and further into the S U5 • S U~ as 

(2.25) 78 = (24, 1)+(5,  1) -{- (3, 1) ~- (1, 1) ~- (10, 2) ~- (i0, 2) + (1, 3). 

The SU5 adjoint representation 24 contains the electroweak bosons, the color 
gluons and the leptoquarks with charges • 1/3 and ~ 4/3. The SU~ gauge 
bosons are contained in the last term, while the additional in 5, 5~ 10 and 1~ 
have same charge and color structure as the fermions and antifermions discussed 
above. Thus in R e there are leptoquarks with charges • 1/3 and :J: 2/3 which 
are not present in the S U5 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 S Ur, ~ X S Ua,a are identified as follows: 

1 
(2.26) W~ = %/--~. 

- A  2 2 ~ + ~ - ~ z + ~  W + V + 

A 3 Z - -  2 - - B  U ~ 

V- ~o A V / ~  4 Vf~ + Z + ~ B  

1 
(2.27) W.B= ~ .  

"A 2 Z 2 -~ -B  V~ V ~  + V ~  w+' v +' 

W-' A 1 1 B C - ~  + ~ z - v ~  + ~  ~o' 

A Z B 
V-' U ~ - - - -  -~ 

Vi~ V~6 V~6 
C 

V~ 

The electric and neutral  weak currents are obtained through 

(2.28) 

so t ha t  the Z .  current is given by  

(2.29) -- 4~ L G~V L -- 

V~5 

~a~J~R)I Z ~  -~ - -  g(13~ - -  sin~ OQ.)Z~/cos 0 
J 

in agreement with the conventional leptonic part .  The neutral  currents B~ 
and C~ are not  yet  observed. 

e) Comments on sin ~ 0 w and B-L symmetry. The embedding of the elec- 
troweak group in E e corresponds to the bare Weinberg angle sin ~ 0 w = 3/8. 

Using the Gell-Mann-Low equations to describe the renormalization of the 
coupling constants go, g and g' of the SU~, SU'~ and U1 groups, respectively, 
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in the  m o m e n t u m  range  f rom M ~ 1 0 1 5  GeV to m ~ 3 0  GeV D ' J A ~ o v  (~o) 
has derived the  following expression for the  renormal ized value of the  Weinberg  
angle, neglecting the  contr ibut ion of scalar fields: 

(2.30) 

where 

2 (11~ +_ b,-- bs~)(l_--_ ~'/g~) / 
s i n ~ 0 w = s i n  20~ 1 3 1 1 ( f l - - ~ ) + t @ l + b 2 - - f i b . ) J '  

bl + b2= ~TrQ", bs= ~TrI~', b3= ~TrF~. ' 
tER iEl~ t~a2 

and 

Q,. 
(2.31/  ~ = ~; s p  - 1 ,  ~ = ~; s p  I 

IER i~R ~ 

The difference between Sp and  Tr  is t h a t  in the  former  one should take  

into account  all the  fermions,  while in the la t te r  the  possibly superheavy  ones 

are excluded. 

I n  the  topless model  wi th  two generat ions none of the  fermions are super- 

heavy ,  so t h a t T r Q ~ = S p Q S = 1 6 ,  T r I ~ = S p I ~ = 6 a n d  T r F ~ = S p F ~ = 6 .  
However ,  in the  s tandard  model  wi th  three  generat ions since there  are super- 

0 and  ~ and h e a v y  fermions Sp and  Tr  differ; 0 ~ and  the  neut ra l  par tners  v~. 

the  B ~ quark  being superheavy,  Tr  Qs = 16, Tr  I~ = Tr  ~ = 6, while Sp Qs ~ 24 
and  Sp F~ = Sp 12 : 9. I n  bo th  cases, in agreement  wi th  the  Appelquist-  
Carrazzone (11) theorem,  eq. (2.31) gives 

(2.32) sin s 0w = 1 5 e s --~ 0 .196,  
~+~go 

which is consistent  wi th  the  result  obta ined  b y  GQW (is). The numerical  esti- 

m a t e  is obta ined b y  using a = 1/128 and  a, = g~/4~ = 0.15 in the  M w ~ 85 GeV 

region. The consistency of the  values of the  running  coupling constants  wi th  

the  unification mass  and  the  pro ton  l i fet ime have  been inves t igated and  results 
seem to be in agreement  wi th  each other  (13). I t  has  been noted  by  M~acxxNo (13) 

t h a t  sin s 0 w increases for each addi t ional  Higgs doublet  and  in the  S U5 model  
i t  is predic ted to be as high as sin s 0 w ~ 0.21--0.22. 

(lo) D. I. D'JAKANOV: Leningrad Institute of Nuclear Physics preprint No. 303 (1977). 
(11) T. API"~LQUIST and J. CARAZZO~: Phys. Rev. D, 11, 2856 (1975). 
(12) H. G~ORGI, H. QUINN and S. WEINB~.RG: Phys. Rev. Lett., 33, 451 (1974). 
(la) T. J. GOLDMAN and D. A. ROSS: Phys. Lett. B, 84, 208 (1979); W. J. MARCIANO: 
Phys. Rev. D, 20, 274 (1979); W. J. M•RCIANO: Rockefeller preprint C00-2232 B-192 
(1980); P. LANGACK]~R: GUT's and proton decay, SLAC-PUB-2544 (1980). 
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The hypercharge YF associated with the  S U~, 3 • S Ua. 3 flavor subgroup 
of Ee leaves the t race of the  color singlet representat ion (g, 3) invariant .  This 
U~ group is represented by  

so t ha t  :YF quan tum numbers  are zero for 0~, On, ~ and ~ fields, - -  1 for the  
t while it  is 1/3, 1/3 and - -  2/3 for the  U~, D~ and lepton t,. and its neutr ino v~., 

B~ quarks. 
In  the s tandard  model the F-hypercharge  corresponds to the B -  Z sym- 

metry ,  where B is the baryon  ~nd L is the lepton number.  The B -  L sym- 
m e t r y  has been considered (14) in ba ryon  and lepton nonconserving processes 
and differentiates between the ( B -  L)-nonconserving processes like n -~ e-~ + 
and ( B -  L)-conserving processes like n ~ e+= - and p--> e+= ~ 

Note tha t  the association of YF with B -  L is not  possible in the topless 
case since iu tha t  case the  b-quark would have ]r F ~-- - -  2/3, while for the  ~-lepton 
:~F would be zero. An exact  B -  L symm et ry  would forbid neut ron  oscilla- 
tions while allowing neutr ino oscillations. On the other  hand,  since B - / ~  
is a E6 generator,  in the  s tandard  model its exact  conservation would be asso- 
ciated with a zero-mass gauge bosom Thus, in the s tandard  E~ model, we should 
expect  B -  L breaking and the possibilities of neut ron  oscillations. 

3. - Symmetry  breaking. 

Spontaneous symmet ry  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 symmet ry  
breakdown occurs in at  least two steps with ratios of supcrheavy and ordinary 
gauge boson masses. Minimal Higgs systems involving an  adjoint  and a spinorial 
representat ion have been examined for SU5 and S01o (1~). For  the Ee model 
a minimal  system of 3 Higgs fields t ransforming as 27, 78 and 351 has been 
proposed (1) in order to obtain a reasonable mass spectrum for the  fermions. 
~ e w  models of E~ also indicate the need of a 351 Higgs field. However,  an effective 
351 can be generated by  radiat ive corrections. Thus we can restr ict  the minimal 
t t iggs sector to just  27 and 78, as was proposed earlier (~). 

The Higgs fields t ha t  can give masses to the fermions as well as the gauge 
bosons are contained in the  symmetr ic  pa r t  of 27 •  

(3.1) (27• : 27 ~ 351, 

(14) S. WEINBERG: .Phys. Rev. Zett., 43, 1566 (1979). 
(15) H. GEORGI and D. V. NANOFOULOS: ~uvl. Phys. B, 155, 52 (1979); H. GEORGI 
and S. L. GLASHOW: Phys. Rev. Lett., 32, 438 (1974). 
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so that  only 27 and 351 can have Yukawa couplings with the fermions. They 
contain the 10, 16 and 126 dimensional representations of SOlo which have 
been used to generate a mass hierarchy (3,4). 

If  none of the fermions is superheavy, the supcrheavy gauge boson masses 
are acquired through the v,e.v2s of the Itiggs fields which do not have Yukawa 
coupling with the fermions, namely the adjoint representation 78 and 351' 
in (27• and 650. 

Since color symmetry is unbroken, the I~iggs fields acquire v.e.v.'s only 
in the color singlet sector. The color singlet parts of the Higgs fields r 
ZTs and ~a~ transform under the S U~• S U~ flavor subgroup as 

(~ , )~  = (~, 3) ,  

( 3 . 2 )  ~ " ~ ~ (~,~), = (s, ~ ) ,  (x~)~ = O, s ) ,  

(r]a~x), = (g, 3),  (~]aax):} = (6, 6), 

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

The natural directions of spontaneous symmetry breaking by ~b~ and Z~ 
have been studied by Gi)~swu (*~). I t  is shown that a spontaneous symmetry 
breaking by r  leaves invariant E~, SO~o• and SO~• while Z~, breaks 
the S Ua • S Ua flavor symmetry down to S U~ • U, • S U~ • U, and also U, • 
x U~• U~• U, if all v.e.v~s are distinct. 

A cubic self-coupling of qga~ is necessary to generate an effective 351 through 
a Witten diagram. If we consider au alternative model in which the cubic 
coupling is absent through a discrete symmetry ( r  --> --  r of the Higgs poten- 
tial, then the renormalizable quartie Higgs potential may be written as 

(3.3) 

where 

(3.4) 

(3.5) 

(3.6) 

V~ = V(q~) q- V(Z ) -k Y(~) q- cross couplings, 

V(q~) = --  #~ Tr q~* + f~(Tr qoqa*) 2 + ]~ Tr (qoqot) ~ , 

v ( g , )  = - m~ T r  (Z~) ~ + ~ ( T r  (Z~)~) ~ , k = 1, 2 ,  

V(~) = --  M ~ Tr */U§ q- lh(Tr *?~)' -~ h~ Tr~ (Tr,. ~ t  Tr, ~ f )  q- 

-4- ha Tr,.(Tr~ ~ + Tra ~/~) -]- h4 Tr (~/r 

where the notations TrRr)~ r ~s~ ~ ~ ~,, ~ r  = 'J~p'Jr, and Trr ~r]* ,j~,:,~ are used to denote 
sums over left and right S U~ indices. 

(1~) F. GORSE~: Symmetry breaking patterns in E e, invited talk at the New Hamp- 
shire Workshos (April 1980). 
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The cross-coupling terms again respecting the discrete symmet ry  of the 
fields are 

(3.7) 

(3.8) 

(3.9) 

(3.1o) 

V(~o, Z) -----/', Tr(~*~Z~) + ]~ Tr (~0~o~;~22) , 

V(x~, Z*) ~- (~'(Tr g2,)(Tr Z~), 

V(Z , ~/) = h'~ Tr~(Tr a (nU t) Z2,) -[- h~ Tr a (Tr~ (~/§ Z~2), 

V(~o,,/) = h~ Tr (Wv*~*~o) �9 

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

(3.11) <~>o = a ,  <Z'>o = ksa ,  <Z2>o = ~,fl ,  

where 28 is the eighth Gell-Mann matrix.  
For  the case discussed above, it  has been explicitly checked tha t  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 quartic coupling con- 
stants in the potential  satisfy 

(3.12) h + l ~ > o ,  f , , / ~ < o ,  ~ , ~ 2 > 0 ' > o ,  2 / 2 ~ + 1 ' ~  2+/ '2~ 2 < o .  

U ~ and ~o in both I f  the v.e.v.'s a and fl are superheavy, the gauge bosons V,, u u 
left and right octets become superheavy leaving the SU~,2X SUR,2X UI bosons 
massless. ~2~ gives mass to the fermions through the coupling 

(3.13) s = -22 {e~r162 ._? (q~,,)T ia2(~)~} " <~>o -4- h.c. 

leading to the masses 

(3.14) o, o h . e .  ~t(~{~v~ ~,~ + + + 

In  the s tandard case ~, fl and a can be superheavy or very heavy,  but  in 
the topless case a must  be of the order of b-quark mass, at  this level m b -~ m s. 

I f  the ~/-field is also taken into account to allow for bet ter  agreement of 
observed fermion masses, a solution is 

$ 
<~3>o= (r, <Zl>o= L ~ ,  <Z2>o= ~8~ 

and 

( 3 . 1 5 )  n 22 33 -- = <~=>o �9 <~22>o a , <~i i>O = b 

23 - I I  N u o v o  Cimento  A.  



350 ~'. Gi~S~.Y and M. S~RI)A~OST.U 

The ~-field couples only to the leptons and not  to the quarks, through the 

Yukawa te rm 

2' 
(3.16) --q~y : -~ {(.L~)T/(y~.L~} �9 <~]~}o, 

which together  with eq. (3.14) leads to the fermion masses 

(3.17) ot o 0~0~ B~B,.) ~o~.o N ~ R  ) b(St~)  h.c. a(N R ~. + + + a(r u L -[- -}-- ~- , 

where the coupling constants are included in the  v.e.v. 's.  I f  Majorana leptons 
are defined as 

( ) : (3.18) ~o ---- ar ' ~ kN~] '  

for the topless case, ~o acquires a mass of order (, b *), whereas v21 and % are 
mixed with mass eigenvalues a ~: a. Thus the v-neutrino m ay  become massless, 
while the  heavy  neutra l  par tner  of v may  become twice as heavy  as v if a = a. 

Among the color singlet gauge bosons, the  / - sp in  doublets are superheavy 
(ms N g2<Z2>o), t h e / - s p i n  triplets gain masses ,-~g~a 2, while the neut ra l  members  
(except A~) have masses ~ g2(a~-}-b~). 

Since spontaneous breaking can be achieved through effective Higgs fields, 
the  potent ia l  is not  restr icted to be of degree four and allowance can also be 
made  for an addit ional  potent ia l  which does not  respect the discrete sy m m et ry  
and allow for cubic terms. Effective fields in higher  orders will be generated 
through direct products  of Higgs fields. I n  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. 

Assume tha t  the  couplings of the ~b and g Higgs fields are negligible. The 
scales of the v.e.v. 's  are taken  to be / t - ~ l  GeV and M ~ 1 0  ~5 GeV for the  ~5 
and g fields, respectively. Then the potent ia l  in eqs. (3.4) and (3.5) has a mini- 

mizing solution of the form 

(3.19) <~}>o ----- ~, <q~>o = a,  <ZI>o ---- As a,  <g'>o ----- --  �89 (ks --}- ~ 23) ft. 

The v.e.v. 's a and fl give superheavy masses to the  leptoquarks,  bu t  leave the 
bosons of S U'~ and S U~ massless. Those gain mass of the  order of # via ~.  
The solution is left  invar iant  only by  the  electric charge and the th i rd  compo- 

nen t  of S U' 2. 
The fermion masses arising from eq. (3.13) are 

(3.20) ~ t fl~flL + �9 B~BL) h.c. 
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Fur the r  breaking through the effective 351 field is achieved by  the ~' and ~/ 
fields. Assume tha t  the ~' t ransforming as (3, 3) has v.e.v. 's of the order of # 
like ~b. Then none of the quarks will be superheavy,  which is an essential con- 
dit ion in the topless ease. On the  other  hand,  the v.e.v. 's  of the ~/ field trans- 
forming as (6, 6) can be very  large, of the order kM, if the  coupling of ~ to the  Z 
fields is not  negligible. (Inclusion of cubic interact ion terms in the  potent ia l  
given in eq. (3.9) is also allowed.) 

In  the topless case, if we make the assignment aL = ~ and fir = ~ for the 
first generation,  it  is possible to obtain large Majorana masses for the neutrinos 
through the v . e .v / s  of 

(3.21) n 38 83 

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

(3.22) "s = ~, R VL + + + OV a V a -~ eV~* ~ + a(2~ R V L) + h.e. 

Upon diagonalization, the masses are 

(3.23) m(.~'R),~ k M  , m(va),": k M  --~ k M  ' 
~2 

m(v~.) ,.~ k M  ' 

so tha t  such a distr ibution of v.e.v. 's allows the lef t-handed neutrinos to have 
masses in the  eV range. Final ly  a mixing between the  two generations (e, ~) 
will also help lift ing the mass degeneracy, while the mass degeneracies between v ~, 
ve and between % u and b may  be removed by  the v.e.v. 's of the ~' field. 

In  the  s tandard  model the si tuation is similar to the  S01o models already pro- 
posed (17). The /x  scale of 16 of S01o is contained in ~b,~, the M scale of 45 of 
S01o is contained in g78, while the k M  scale belonging to 126 of S01o is contained 
in 351' of E6. Since very  heavy  quarks are needed in this case, ~' m ay  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 unders tand the generations of r ight-handed neutr ino masses 
through effective Higgs fields, consider the  analog of the Wi t ten  diagram in Ee. 
The Yukawa coupling in the tree-graph level m ay  be zero for the  Majorana field 
va, bu t  such a coupling to an effective (351) will be generated at  two-loop level, 

as shown in fig. 1. In  the diagram the quart ie  coupling of the Higgs fields 
and r with the gauge bosons arises because the  650-dimensional representat ion 
is contained both  in 27 •  and 78 • 78, while the product  27 •  of the fer- 

mions contains the  78 representat ion of the vector  field. 

(17) j .  A. HARWEY, P. RAMOND and D. B. REISS: Phys. Lett. B, 92, 309 (1980). 
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The two v.e.v.'s shown by full circles transform like (27 • 27). ---- 27 + 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, ~7 must 
also contain large v.e.v.'s. This is not possible in the topless case. 

at 
/ % 

/ % 

-~ /27  27~'k 
/ k 

_ _ ' h  
I 
I 

~27  ) ~' ~ I ( V2 7 

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 ( ~ ) o  is of order M, (r of order # and ( ~ ) o  much smaller of order s, 
the masses for the fermions, with ~ ---- ~ ,  fl,. = ~., are given by 

o+o B'.B0 
�9 o§ o v~ v~ ~" uL) + M(N a v L + + + (3.24) oZ',,-,~ #Lv R ~,. + + u a 

+ ~ * d dO h.e. , a - ' R - -  eRe~. + + 

e 33 To obtain the large Majorana mass for v~, (%~)o must be nonzero and large of 
the order kM.  This may arise from the ~ • term, which again must be 
large, but a large v.e.v, for ~ is not suitable for the topless model. 

While the Weinberg angle is the same for both topless and standard Ee 
models, the foregoing analysis of the fermions and gauge boson mass spectra 
seems to favor the standard model with 3 generations for which a realistic 
hierarchy is easier to obtain. 

4. - Concluding  remarks .  

I t  seems that  the exceptional groups of the E series, which are all connected 
with octonions and in which the S U~ subgroup is embedded naturally, are good 
candidates for grand unification. Ee is the simplest grand unified exceptional 
group which includes and generalizes the successful models of unification 
of the nonexceptional E series that  have been proposed (8). The next exeep- 
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t ional  group E? occurs in relat ion with SOs supergravi ty theory  (18) and the 
last one E 8 has been proposed as the gauge group tha t  unifies eight SO~o gener- 
ations (1D). 

I t  has been shown tha t  a GUT based on Ee, with or wi thout  a top quark, 
spontaneously broken by  Higgs scalars or effectively produced Higgs fields 
belonging to the  representat ions 27, 78 and 351, leads to an acceptable phenom- 
enological mass spectrum. In  the  leptonic par t ,  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 s tandard  model the quarks with - -  2/3 B - -  L quan tum number  
are superheavy.  The weak gauge bosons and possibly the SU~ gauge bosons 
have masses around 100 GeV, while some of the color singlet gauge bosons and 
the leptoquarks with color are all superheavy.  

I n  the  s tandard  version, a global B -  L sy m m et ry  is defined, so tha t  an 
approximate  B -  L symmet ry  m a y  be effective. However ,  in the  topless case, 
no such symmet ry  exists. The decay n --> e+~7: - which is mediated by  :J: 4/3 
charged leptoquarks is allowed by  B -  L conservation and is possible in S Us. 
The decay n - - > e - - ~  + which violates B - - L  conservation is mediated by  

2/3 charged leptoquarks,  so i t  not  possible in SUs. As a result neut ron oscil- 
lations (~o) n --> e--~n + --> ~ are possible in E e. In  the s tandard  case, the weak- 

interact ion phenomenology is the same as the one predicted in the S U5 and 
S01o models. The mixing angles introduced in l ift ing the degeneracies among 
generations and fur ther  effects of renormalizat ion are still to be investigated. 

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

(4.1) bb --~ Mo(db) -~ T 
{ + c+(,:+ + e-), 

L ~ ~)L~ L ~ ~'L/ 

where M s is a bound state  of di) and T is the  upsilon which can decay into ~:~ 
four charged leptons or two charged leptons and two neutrinos. 

Exper imenta l  results for the  existence of the  t -quark,  i.e. the  charge of 
the  sixth quark,  existence of other  charged leptons (0), the details of neut ron 
and neutr ino oscillations, the V ~ A decay of the upsilon into 4 charged leptons 
will distinguish between the topless and s tandard  versions, if there  is any  val- 
idi ty  to the  Ee gauge symmetry .  

(18) jo ELLIS, M. GAILLARD and B. ZUMINO: A grand uni]ied theory obtained Item 
broken supergravity, CERN preprint TH 2842 (1980). 
(19) I. BARS and M. GONAYDIN: Yale preprint YTP 80-09 (1980). 
(~o) R. N. MOHAI"ATRA and R. E. MArSHAl: Phys. Rev. Lett., 14, 1316 (1980) (Erratum: 
Phys. Rev. Lett., 14, 1643 (1980)). 
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�9 R I A S S U N T O  (*) 

Si riesamina l 'assegnazione di particelle in una teoria unificata proposta precedente- 
mente sia nella version6 senza cima the in quella standard. Si esamina la violazione 
spontanea di simmetria mediante campi di Higgs eho si trasformano in 27, 78 e 351 
e si diseutono le distribuzioni possibili dei v.e.v, in entrambi i easi. Si mostra c h e l a  
generazione di un campo di Higgs effettivo 351 in un diagramma a due cappi che d~ 
massa ad i campi di neutrini destrorsi ~ compatibile con il modello standard. 

(*) Tradr a cura della Redazior 

Mo.ae.m E e wa.,m6poeo,mog Teopm~ norm. 

Pe3]oMe (*). - -  3aHono HCCJIe~IylOTC9 3a~aH~ ~aCTHI~ B paM~ax entmoIi Tr npe~- 
ao~ccHI~OiI paHee, B CTaH~apTHOM BapHaHTe H B napHaHTe 5e3 BepnmH~. B oSor~x cny,.iaax 
r~ccne~yeTca CHOHTaHHOe Hapymemae CHMMeTpHH ~Iepe3 npeoSpa3oBarme noae~ X~rrca 
n BH~e 27, 78 H 351, a Tar.~e o6cy~aroTca  BO3MO~KHbIe pacnpe~eaema~ v.e.v. FIoKa3BI- 
BaeTC~I, ~ITO oSpa3oaamae 351 3dpdpeKTHBHOrO HOUri Xarrca  n /IByX-HeTeJIbHO~ ~ a r p a r c ~ e ,  
XOTOpa~ ~aeT Maccy no~_aM IIpaBOBHHTOBbIX He~TpHHO, COBMeCTHMO CO CTaH~apTHO~ 
Mo~eJH,IO. 

(*) llepeaec~euo peOaKque~. 


