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Mass scales and stability of the proton in [SU(6)]® x Z;
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We prove that the proton is stable in the gauge model [SU(6)]* x Z3 which unifies nongravitational
forces with flavors, broken spontaneously by a minimal set of Higgs fields and vacuum expectation
values down to SU(3)c®U(1)gm. We also compute the evolution of the gauge coupling constants
and show how agreement with precision data can be obtained.

PACS number(s): 12.10.Dm, 12.15.Ff, 13.30.Ce

Recently we proposed [1] a grand unification model of
forces and flavors based on the gauge group G=[SU(6)]3 x
Z3. Our aim has been to provide some clues for the
explanation of the intriguing fermion mass spectrum and
mixing parameters.

The fermion content of our model includes in a sin-
gle irreducible representation of G the three families of
known fermions, each family being defined by the dynam-
ics of the SU(3)c®SU(2).®SU(2)r®U(1)y,5_,, gauge
group. This last group is the left-right symmetric (LRS)
extension of the SU(3)c®SU(2)®U(1)y standard model
(SM).

Explicitly, G = SU(6),®SU(6)c®SU(6)r x Z3 [1],
where SU(6)¢ is a vectorlike group which includes three
hadronic and three leptonic colors. SU(6)¢ includes as
a subgroup the SU(3)c®U(1)y,;_,, of the LRS model.
SU(6)L®SU(6) g is the left-right symmetric flavor group
which includes the SU(2)L®SU(2)g gauge group of the
LRS model.

The 105 gauge fields (GF’s) and the 108 Weyl fermions
fields in G are explicitly depicted in Ref. [1]. Let us de-

scribe here some of them: The 105 GF’s can be divided
in two sets: 70 of them belonging to SU(6),®SU(6)r
and 35 associated with SU(6)c. The first set includes
Wi and Z9, the GF’s of the known weak interactions,
plus the GF’s associated with the postulated right weak
interaction, plus the GF’s of the horizontal interactions,
etc. All of them are SU(3)¢ singlets and have electrical
charges 0 or + 1. The second set includes the eight gluon
fields of SU(3)¢; nine leptoquark GF’s, X;, Y, and Z;,
i = 1,2,3 with electrical charges —2/3, 1/3, and —2/3,
respectively, another nine leptoquark GF’s charge conju-
gated to the previous ones, six diquark GF’s, PE, PO,
and P°, a = 1,2, with electrical charges as indicated,
and three GF’s associated with diagonal generators in
SU(6)c, where By, _,,, the GF’s associated with the
U(1)y,5_,, factor in the LRS model, is one of them.

The known fermion fields are included in ¥(108)r =
Z3(6,1,6) = v(6,1,6)r +¥(1,6,6)r + ¥(6,6,1)1, with
quantum numbers with respect to (SU(3)¢, SU(2)r,
U(1)y) given by

¥(6,6,1) = v : 3(3,2,1/3) ® 6(1,2,—1) & 3(1,2,1) ,
$(1,6,6) = ¥4 : 3(3,1,-4/3) ®3(3,1,2/3) ©6(1,1,2) ©9(1,1,0) ® 3(1,1,-2)

¥(6,1,6) = ¥ : 9(1,2,1) ®9(1,2,—1) .

As is clear, a,b,...; A, B, ...,a, 3, ... = 1,...,6 label SU(6),
SU(6)r, and SU(6)¢ tensor indices, respectively.

The analysis done in Ref. [1] shows that the most eco-
nomical set of Higgs fields (HF’s) and vacuum expecta-
tion values (VEV’s) which breaks the symmetry from G
down to SU(3)c®U(1)em and at the same time pro-
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[

duces what we called the modified horizontal survival hy-
pothesis is formed by

¢ = $(675) = $17) + e m + i)

(1)
with VEV’s in the directions [a,b] = [1,6] = —[2,5] =
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—[3,4], [A, B] similar to [a,b] and [a, B]=[5,6],
¢2 = $(1323) = ¢£:4{fb}} + d’iiﬁ,}B} + d’g{’zz},ﬁ} (2)

with VEV’s in the directions {a,b} = {1,4} = —{2,3},
{A, B} similar to {a,b} and {a, 3}={4,5},

[4,B] ,B8] a,b]
b3, a0 T ¢[3a,4 Bt o ) @)

with VEV’s such that <¢AB]) (¢3 % B]) = 0, and

3,[a,b]
a,B]=[4,6
<¢.!i,[A],B][=[l,6]) = Mk,

¢3 = ¢'(675) =

b1 = $(108) = 2, + ¢5, + 65 4 (4)

with VEV’s such that (¢2) = (#2) = 0 and (¢%) =
Mz, with values different from zero only in the directions
(3) = (¢4) = (¢3) = ( ) (82) = (d6) = (¢2) =
(3) = (48) = Mz ~ 10 G

In Egs. (1)-(3), the symbols {.,-} and [.,.] indicate
symmetrization and antisymmetrization, respectively, of
the indices inside the brackets. The mass hierarchy sug-
gested in Ref. [1] is (¢3) > (1) ~ (¢2) > Mz ~ 10?
GeV.

For the renormalization group equation (RGE) analy-
sis which follows, we adopt the working conditions known
as “the survival hypothesis” [2] and “the eztended survival
hypothesis” [3]. The survival hypothesis claims that [2]
at each energy scale, the only fermion fields which are rel-
evant are those belonging to chiral representations of the
unbroken symmetries. The extended survival hypothe-
sis claims that [3] at each energy scale the only scalars
which are relevant are those that develop VEV’s at that
scale and at lower mass scales. Both hypothesis are satis-
fied if a particular selection of scalar fields and VEV’s is
made, and appropriate terms in the scalar potential and
Yukawa Lagrangian are included.

When the symmetry is broken in two steps, G M,

SU(3)c ®SU(2) ®U(1)y X3SU(3)c ®U(1)em,  Where
M = (¢1) + (¢2) + (¢3) and Mz = (@4), the one loop
running coupling constants of the standard model satisfy

— b{In(M/Mz), (5)

where a; = g2/4m,i = 1,2,3 refers to U(1)y, SU(2),
and SU(3)¢, respectively, and

a; ' (Mz) = o7} (M)

by = {1 CF(vectors) — 2Cf*(Weyl fermions)
—3$C¥ (scalars)}/4n (6)
with Cf*(- - -) the index of the representation to which the
(- --) particles are assigned. For a complex field the value
of C¥(scalars) should be doubled. With the normaliza-

tion of the generators of G such that a; (M) = az(M) =
a3(M), the relationship

agM = %azsinzow = Za;cos?bw, (7

where Oy is the weak mixing angle, is valid at all energy
scales. This last equation implies also that

3agy = 14o7! 4 903t (8)
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Equations (5)—(8) give straightforwardly
sapm(Mz) = a3’ (Mz) + (b3 — 3367 — 35b3)In(M/Mz)
(9)

and
sin®0w (Mz) = 3agpm(Mz)[a; ' (Mz)
+(b3 — b9)In(M/M3z)], (10)

where b3 = (11 — 4)/2m, b3 = [22 — 3(3 — n) — X&]/2m,
b = —[4(3 — n?) + X&]/2nr, Ny = 9 is the num-
ber of low-energy Higgs fields doublets in (¢4), and
ng = 2,nd = 27/14 are related to the number of fermion
fields which decouple from (108), according to the sur-
vival hypothesis and the Appelquist-Carrazone theorem
[4] [n? = n3 = 0 when all the fermion fields in (108),
contribute to b9 ,].

Substituting in the last two equations the experimental
values [5] sin20w (Mz) = 0.233, agy(Mz) = 127.9, and
az(Mz) = 0.122 we get from Eq. (9) In(M/Mz) = 6.3,
while from Eq. (10) In(M/Mz) = 1.1 which are widely
incompatible solutions. Therefore the model with only
two mass scales is excluded.

When the symmetry is broken in three steps: [N

GL ® Gc ® Gg ® --- 5 SU(3)c®SU(2)L8U(1)y
Y25U(3)c® U(1)gm where M > My > Mz = (¢,
the one loop runming coupling constants of the SM sat-

isfy

a; }(Mz) = o (M) — bJIn(M1/Mz) — bjIn(M/My).

(11)

It is easy then to show that

M
$ol(Ms) = o3 (Mz) + (6§ — 582 - $69)n (375 )

M
b - Aebm () 42

and

sin®fw (Mz)

Mgz

+(bL — bL)In (%)] , (13)

where b0,i = 1,2,3 are the same as above, but b},i =
C,Y, L depend upon the structure of the subgroup Gr ®
Gc®Gr®---=Gy.

Equation (13) indicates that G cannot be
SU(3)c®SU(2)L®SU(2)r®U(1)y(B-L) because if that
were the case b}, = b and b} = b3, and since the first en-
try of the right-hand side of Eq. (13) has an experimental
value of 0.192, M; ~ 3Mz is required to be satisfied and,
therefore, there is a very small value for the masses of the
gauge bosons associated with SU(2) g. With the minimal
set of Higgs fields G contains therefore flavor-changing

= 3agm(Mz) [Q;I(Mz) + (b3 — bg)ln (&)
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neutral currents and thus Mj has to be greater than 100
TeV. The first two terms of the right-hand side of Eq. (13)
have then a lower bound of 0.36, and the experimental
value for sin?6w (Mz) requires that (b}, — b}) < 0 which
is not satisfied by the minimal set of Higgs fields and
VEV’s [1].

We are therefore led to consider introducing a min-
imum change in the set of HF’s and/or VEV’s such
that the new set properly breaks the symmetry, guaran-
tees the survival hypothesis, produces appropriate val-
ues for sin?6w (Mz), and satisfies the mass hierarchy
M > M; > Mz ~ 102 GeV. An analysis of Table I
shows that a symmetry-breaking pattern in three steps
with G; =SU(6)L,®SU(4)c®U(1)y ® - -- produces con-
sistent results provided we introduce the following two
changes. First, add a new set of Higgs fields

¢y = ¢'(1323) = ¢} + 6,00 + i), ()
with VEV’s in the directions {a,b}={3,6}=—{4,5},
{A, B} similar to {a,b} and {a,B}={5,5}, and sec-

. ) 1,{a,b}
ond, orient the VEV’s such that (¢, 5 rs5))
(¢'2{{‘: g}) = ((b;:‘}fb}}) = 0. For this particular choice

of VEV’s we have that b}, = (88 — 2x12 _ 148) /47,
bt =(5;—2-——2x—;2—1—(ﬁ)/47r and b}, = —(2%12 + 2)/4m,
where the extended survival hypothesxs [3] was taken into
account for the contribution of the HF’s.

As can be seen, the Higgs fields play a fundamental role
in Egs. (12) and (13). Notice also that the symmetry-
breaking pattern is achieved with M = (¢3), My =
(1) + ($2) + (B5), Mz = (d), and that s plays no
role in the evolution of the gauge coupling constants.

Substituting now in Egs. (12) and (13) the experimen-
tal values for sin?0y (Mz), agm(Mz), as(Mz) we obtain
the equations

M; M
1.10 = 102ln< Z)—2.261n(——;),

M M
783—125111( Z)—1.82ln(——1),

which for Mz = 91 GeV have the solutions M; ~ 10°
GeV and M ~ 10'2 GeV. These results are in good agree-
ment with those obtained from the analysis of the gener-
ational seesaw mechanism in this model [6].

STABILITY OF THE PROTON

A. Baryon number for the particles

The elementary particles in the model are the ones
associated with the 105 GF’s, the 108 Weyl fields in
1(108), and the 4104 HF’s in ¢;,7 =1-4 and ¢,. Now, all
the elementary particles in our model have a well-defined
Baryon Number B. Let us note the following.

(1) The GF. The 70 GF’s associated with SU(6)L
®SU(6)r have B = 0. For SU(6)c we have that the 9
leptoquarks have B equal to 1/3, and the other 17 GF’s
have B = 0 (including the 8 gluon fields).

(2) The Weyl fermion fields. The quark fields in
%(6,6,1)r have B = 1/3, the quark fields in (1,6,6),
have B = —1/3 and all the other fields in 1(108) 1 have
B =0.

(3) The HF. B for the 4104 HF’s of the model is given in
Table II.

B. Baryon number as a symmetry of the model

In the subspace of the fundamental representation of
SU(6)c B can be associated with the 6 X 6 diagonal ma-
trix B = Diag(1/3,1/3,1/3,0,0,0). This matrix does not
correspond to a generator of SU(6)¢c neither of G. Now,
the full Lagrangian £ = Lgauge + LHiggs + LYukawa has
a U(1), global symmetry, where x is a constant whose
magnitude depends solely on the label of the SU(6)¢ rep-
resentation. For example x = 1 for 4(6,6,1), x = 0
for G(1,35,1), x = —2 for ¢(1,15,15), etc. Conve-
niently normalized, the U(1), generator may be writ-
ten in the fundamental representation of SU(6)¢ as x =
Diag(1,1,1,1,1,1)/+/12, which is not an element of the Lie
algebra of G either.

On the other hand, in the Lie algebra of G there is a
generator, an element of the SU(6)c subalgebra, of the
form

TABLE I. The index of the scalars for SU(4)¢ and SU(6).

(&) SU(4)c Cg (scalars) SU(6)L C} (scalars)

(¢ [1‘4["3,11) 0 fourteen 15’s 56
(¢ lla[,ﬁ] B]) fourteen 4’s 14 0
(¢ [1a[f. 5 fifteen 4’s 15 four 15’s 16

<¢§:4{fb}ﬁ 0 fourteen 21’s 112
(d)éf’{’z,};}“’s}) fourteen 4’s 14 0
(¢§:‘{’2ﬁ}{4’5}) twenty-one 4’s 21 four 21’s 32

CAYSS 0 fourteen 21’s 112
CAvesein) fourteen 10’s 84 0
(¢;{‘{':’ﬁ) (5,5)) twenty-one 10’s 126 ten 21’s 80
(43,4) 0 three 6’s 3
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TABLE II. Baryon number of the 4104 Higgs fields.

¢ a,p a,b A,B B
S e tas] a,b=1,..,6 A,B=1,..,6 0
¢[1¢:£][A,B] a,B =123 AB=1,..6 -1/3
a,B =4,5,6 A,B=1,..,6 0
a=1,2,3;8 =4,5,6 A,B=1,..,6 1/3
B o] a,8 =1,2,3 a,b=1,..,6 1/3
a,3 =4,5,6 a,b=1,...,6 0
a=1,2,3;8 =4,5,6 a,b=1,...,6 -1/3
P ab=1,..,6 AB=1,..,6 0
W a,f =1,2,3 A,B=1,..,6 2/3
a,8 =4,5,6 AB=1,..,6 0
a=1,2,3;8=456 AB=1,..,6 1/3
ok a,8 =1,2,3 a,b=1,..,6 -2/3
a, =4,5,6 a,b=1,...,6 0
a=1,2,3;8=4,5,6 a,b=1,...,6 -1/3
#%,4 a=1,..,6 A=1,..6 0
$5a a=1,2,3 a=1,..,6 1/3
a=4,56 a=1,..,6 0
Pt a a=1,2,3 A=1,..6 -1/3
a=4,56 A=1,..,6 0
B’ = Diag(1,1,1,-1,-1,-1)/ V12, (15) no physical Goldstone bosons, and there is no extra long

which distinguishes between quarks and leptons in our
model. Therefore B can be written as B = [x + B']/v/3.

Since the elementary particles of this model have a
well-defined B, it is obvious that in the unbroken theory
the exchange of particles cannot break B. This statement
is also true after breaking the symmetry due to the follow-
ing two facts: The baryon number is not gauged (there
is no gauge boson associated to B); ¢;,i=1-4, and ¢}
with the VEV’s as stated do not break B spontaneously.
That is, B(¢;) = B{(¢s) = 0, i =1,2,3,4. Therefore, B
is conserved in our model [7]. Since B is conserved, the
proton is perturbatively stable.

Now, the single Goldstone boson associated with the
broken orthogonal combination is absorbed by the mas-
sive gauge field associated with B’. Therefore, there are

range force. This mechanism in which a global symme-
try emerges from the simultaneous breaking of a gauge
and global symmetry is due to 't Hooft [8] and was im-
plemented in the context of grand unified models in Ref.
9].

[ Finally we would Lke to mention that, contrary to
baryon number, lepton number is violated in this model
due to the fact that the GF’s associated with the
U(1)y,s_,, generator is gauged. Therefore, neither
L,(B— L) or (B + L) are conserved quantities.
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