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ABSTRACT

An SUC6) model can naturally guarantee strong CP invarianoe. This

also Includes Georgi and Glashov's Su(5) model. The axion in this model

can be either invisible or visible, depending on the symmetry breaking

scheme. The invisible axion is identical to a Majoron. Alao, there exists

a relationship between 2k and of Sut5).
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The already verified strong CP invariance calls for a Peccei-Quinn

type axial symmetry U(l) p Q in the Yukawa couplinga and Higgs potential.

However, the mass spectrum of quarks reveals breakdown of this symmetry,

implying the existence of an axion. The axion can be visible or invisible,

depending on the mass scale where the Peccei-Quinn symmetry is actually

broken.

The Peccei-Quinn symmetry embedded in the simplest grand unified

theory is rather artificial. It is more attractive to have the symmetry

from representation content of the theory. In SU(5), we introduce y (of , 6

* 1, 2, "", 5)t \. i and H . There are two Yukawa couplings and hence

there exists a global symmetry. It can be easily shown that this global

current is not anomalous in the quark sector, and therefore can not be a

U(l) p . We have to enlarge the group to embed U(l)_ from the repres-

entation content of the fields. This can be done in flavor grand unified

theories.'
•j

The most successful fermion mass relation nu . 3 m̂  in SU(5) comes

front the minimal Higgs 5H> However, the fermion mass relation m /̂n̂  - l/20

requires introduction of a 45™ dimensional Higgs field. On the other hand,

the symmetry breaking of SU(5) down to the electroweak theory requires an

adjoint Higgs field which does not couple to fenaions. It is aesthetically

better to link the existence of 24JJ to that of 4 ^ .

We find that an SU(6) model i s the simplest one which can naturally

produce a U(l)_ and a relationship between 24g and 45j,. This model can

result from Georgi's flavor unification' in SU(ll). The chiral fermion

(for one generation) and scalar representation i s
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H* = 6, Hab = 15,
(1)

where a, "b, and c are 3U(6) indices and repeated indices represent an anti-

symmetric combination. We introduced an 84 dimensional Higgs field to

realize the mass ratio md/mg = l/20. The fermion representation (l) does

not lead to an anomaly and the model is renormalizable. In fact, the fermions

(15) + a (6 ) can be embedded in a 27 dimensional representation of E,. The
•

'present SU(6) model can also result if ^ ?6U(6) X SU(2)

Consideration of one generation is sufficient for a study of U(l) , since

completely general Yukawa couplings will lead to a generation invariance of

U(l) p (Note that the SU(6) model is not a flavor unification model).

It is the purpose of the present paper to study the global symmetry of

the representation (l) and its physical implications. The most general Yukawa

couplings lead to an identical global charge for *Vb and Tb*. Therefore, the
£t 1 El

[ U(l)]4 X U(2) symmetry in the kinetic energy terras is reduced to a [ U(l)]5

global symmetry. The most general Yukawa couplings are

f 'V .H
Let us represent the generators of U(l) 's , Ha, Hab, and

and X*f respectively.
 <\jj^ has the same charge as "

^ b *s

From f

and f, terms, we know that XjJ = X .̂ The global syometir ia now [ U(l)] . In

the Higgs potential, 'iim. 3 term3 are assumed to be absent. There is one

dim, 4 term which relates different U(l) charges,

(3)

Prom (2) and (3), we obtain one global symmetry U(l). Let U3 denote the

generator as X. The eigenvalues of the fields are

4 --2, (4)

Since 6 and 15 of 3U(6) contain one and four quarks, respectively, the

U(l) syianetry is axial, viz. 2(l) + 4(1) = 6. The well-known &*L of SU(5)

i s not a symmetry of SU(6). Neutrino oscillation is present in SU(6), and

the magnitude depends on the mass scale of a relevant Higgs sector.

Further, there exists a possibility of embedding and I)?*

single representation in a larger ^roup because of Xp, » X^.

In the SU(6) model, there are two scenarios for the symmetry breaking.

(i) First scenario

At a mass scale greater than 10 * CeV, the S0(6) model is assumed to

be broken to the SU(5) of Georgi and Glashow. Then the content of Higgs

fields in SH(5) is

(5)

3 (5) + 2 (10) + (45) + (24) + (1)



where < < , ( , etc . represent SU(5) indices. The three 5jj"s in Eg.(5) descend

from different types of Higga fields in SU(6), which makes a natural embedding of

of U(l)p _ possible in SU(6). The 3trong breaking of SU(6) down to 3U(5) is

achieved by the singlet in (5), i . e . <H6> ^ 1 0 1 5 GeV. Since <H6>breaks

both X and a gauged U(l) symmetries, one axial U(l) S3mmietry survives-' below

<H >. We also note that the adjoint Higgs field in (5) is complex since B*

is complex. The conserved axial U(l) generator i s

r
yV

where Y = diag . ( l , 1 ( 1, 1, 1, - 5 ) . The fermiona are

r b • % *

(ii) Second scenario

Instead of breaking S0(6) stepwise down to SU(3)C X SU(2) X U(l), we can

break SU(6) directly to SU(3)cX 30(2) X U(l) by

- f <Hf > - - f (8)

= (10) * (5*) + (5) + (5*) + 2 (1)

Below the scale v, colored Higgs fields are assumed to be removed. Color

singlet Higgs fields are, under S0(2) X H(l),

H* > ( 2, | ) + ( 1, 0 )

H*b " > ( 2, \ ) + ( 1, 1 ) (9)

H f -> ( 2 , i ) + ( Z, - \ ) .+ ( 3 , 0 )

• ( 1, 1 ) + ( 1, 0 )

By the Yukawa couplings f and f,, ten two-component fermions 5 + 5 are

removed, which is consistent with the survival hypothesis. However, two

SU(5) singlets survive though they are real under SU(5). The P charges for

the remaining quarks are p(quark3 in^p ° ) = 9/5 and T (quarks i n T ) =

3/5. Therefore, ^ s u r v i v e d quarks) F - 6' ^ e 1 ^ t h e " ^ 3 ?™^ry

survives below < H 6 > . At 1015 OeV, the complex adjoint of SU(5), H» ,

develops a vacuum expectation value and breaks SU(5) down to SU(i) X SU(2) X

U(l), but i t does not break the [~ symmetry viz. |~ (H^ ) = 0.

Therefore, the mass scale for the axion i s lowered to 100 GeV and the

resulting axion is visible.

Since the vacuum expectation value (8) also breaks a gauged U(l), there

exists an axial U(l) symmetry l e f t ' below "K The generator of th is U(l)

i s again given by formula (6).

Let us note that the 3U(2) X U(l) 3inglet (1,0) from Ha carries

vanishing \ quantum number. Therefore, a nonvanishing vacuum expectation

value of thia Higgs singlet does not break p symoetry. The singlet from

Hf, (1,0) - HJ6 + H f + nf - (3/2) ( HJ6 + H^6 ) , also carries vanishing

P . This does not break the Psjniraetry, either. The f syaraetry is broken

at the electroweak scale by Higgs doublets, and hence the resulting axion

is also visible.



In both scenarios, the axion component can be calculated. Note, hovever,

that the neutral Higgs (3,0) can not develop a significant vacuum expecta-

tion value since IL. » M» lcoafl I. In this case, the symmetry breaking scale

of U(l) , i s the electroweak scale «<100 GeV, and the resulting azion i s visible

vdth a mass <v/100 KeV. The T~quant«ni numbers for SU(2) X U(l) doublets are

r 12/5 , r « i 6

(10)

where i - 4 or 5. Noting that H1 gives a mass to u quark and H1, Hg , and

R7 give a mass to d quark, we recover the usual type of the Peccei-Qiinn

symmetry. Ety the method of Ref. 5, the axion component is easily found

H J " "5 r5
(11)

add a symmetric Higgs scalar

21

There exist three additional Tukawa couplings

(12)

(13)

which do not break the X symmetry if we assign X = -2 for H ^ ' .

For the previously discussed symmetry breaking patterns, |~ is a good

symmetry above the electroweak scale. (Again we neglect dim.3 terns).

The Higgs 21H transforms as 1 ^ + 5H + 1 H under SU(5). The color

singlet Higgs fields are therefore, under SU(2) X U(l),

(2, 1/2) + (3,1 ̂  + (1, 0) (14)

where P*s are the phase fields, e.g.

H 5 = ( v, f f> ) exp ( ) , e tc .

For each scenario of the symmetry breaking pattern, the axion ia

visible. However, the model presented in (2) ia not natural in the sense

that SU(2) X U(l) singlet neutrinos survive down to the electroweak scale.

The f, term gives a • m^ , e t c . , which i s phenoraenologically unacceptable.

One has to complicate the Higgs sector, so that the electroweak singlet

neutrinos are removed at higher mass scale. For this purpose, we simply

He assume that the Higgs (3,1) does not break the SU(2) X U(l). The

SU(2) X'ij(l) singlet (l,0) => a* = IT * can acquire a vacuum

expectation value. This is the singlet Higgs field discussed in Ref. 4.

A lower bound for the scale ̂ O ^ is known from the electroweak theory,

because this vacuum expectation value gives a large Hajorana maas to

the SU(2) X U(l) singlet neutrinos. The SU(2)T doublet neutrino

will acquire a small mass of order

100 eV

which implies 105 GeV for



The phase field of Q? is the invisible sucion. If we neglect the

quark sector, it behaves as a Majoron, discussed by Chikashige, Kohapatra,

and Peccei, which is massless. In ̂ snsral one can not neglect the

qua-k sector in grand unified theories. In the present example, the |

symmetry is nontrivial both in the tjuark and in the neutrino sectors, and

hence it should acquire a mass as discussed in Ref. 4, and Inny* is an

invisible axion. Because we have a connection between an invisible axion

and a Majoron, the mass scale for tha invisible axion is also bounded

from above, which derives from the mass bound of almost stable neutrinos.

In this respect the Invisible axion is not totally invisible, but visible

through the mass density of the heavy neutrinos in the universe.

In this paper, we have embedded Peccei and Quinn's U(l) symmetry

from representation content of fermions and Higgs fields in SU(6).

Depending on the symmetry breaking scheme, the axion can be either

visible or invisible. The invisible axion is identical to the Majoron

(i.e. the Majoron i3 massive). Also, there is a natural relationship

between 24™ and 45 H of 3U(5). 3U(6) can, therefore, be considered

seriously as a grand unified model.
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