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ébstract

Frampton's SU(9) model is detailed considering it as a G.U.Th. with
SU(4) horizontal symmetry. We find a correlation among neutrino, horizontal
gauge boson and new fermions' masses. With neutrino mass around 1Qev
horizontal gauge boson is estimated to be as heavy as 6 x 10'°Gev. The
theory also contains new charged current processes, B + L conserving and

AL = 2.



1. Introduction

The grand unified theories(G.U.Th.) hﬁvé been propose& to wmify strong,
weak and electromagnetic interactions. Some of the modélsinot only retain the
phenomonologically successful features of Sﬁ(S) X SU(Zivx U(1) gauge theory but
also predict very interesting phenomena such as proton decay and baryon number
asymmetry in the universe. The present form of G.U.Th. would, however, be in-
complete in tﬁe sense that gravitational interaction is not unified and that the
fact of light family replication cannot be explained. The aim of the preSent paper
is to introduce a local horizontal symmetry among families and unify it with a
conventional G.U.Th. and study its consequences. Although there is as yet no
clear indication of the need of a lccal horizontal symmetry we proéose it as one
way of understanding the family structurc. Then the first question to be asked
is what is the right horizontal sywmwﬂxvgajlt was onco.agsumcd to be SUH(S)[BJ
(4 denotes "horizontal"™) ‘the motivation for which was to incorporatc cnly three

light families into the fundamental representation. Cr the other hand if we

believe in the sequence of successfulﬂphysical gauge syrmetry
UB() C SUY(2) © SUSE3).  eeeeeeen s

1 . T V
Slgxd) may be the next symmetry to be exploited. By adding SUH(4) on top of
SU(5) we arrive at SU(9) G.U.Th. In this paper we study a SU(9) G.U.Th. proposed>

by P. Prémmtongqj . The main purpose of our analysis has been to present the
Y [ purt aly
e
general features of G.U.Th. with a horizontal symmetry by taking explicit examples

3]

of G.U.Th. By comparing SU(S){ and SU(9) models one will see that most of the

;féatures are shared by both models but they are very different so far as the

fermion mass spectrum is concerned. We pay particular attention to the fermicn

mass since it could serve the purpose of squeezing down the candidates of G.U.Th.

3] : .
In fact it is pointed out that SU(8) vector-like model is unlikely to survive



unless a novel way of producing mass is found. The fermion mass is, in this
paper, assumed to arise in the standard manner i.c. through Yukawa couplings of
. fermions and scalars with spontancous breaking. Yukawa coupling ;onstanfs are
~assumed to be smaller than the weak gauge coupling constant in the lower energy
region to secure the asymptotic freedom in the region. (As we shall see later
the asymptotic freedom is lost in this model in the high energy 1imit.) The
masses of weak gauge boson 85 Gev and of SUH(4) gauge boson, larger that 10"Cev.

serve as very effective constraints on the fermion masses. We point out-that

small neutrino mass appears naturally and also that the dynamical creation of
mass is possible in this model. (See section III).
Other features of the model such as renormalization effects and charged

currents will be studied in section IV and V respectively.
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g4, = (4.10) + (1.10) + (6.5) + (3.1) (with respect to SUT(4) x SU(S) )

4
} . ) S_\r\ ) p qﬁ\q .- Tl
daoy | U e T 1) Tt ,
- A YA C4-1)
r ) /& C 4 c | |
e Mw \&w uw - _&w el
B . &l J \w& \ . ;
, r 'm,im E . . R X .
o / / - o : Sl i
(1.10) ngz i 7 O RS K ¢-2)

- ( mﬁx 2,V ] A Y% L, ww.v , .. .

'

A@.mv ﬁ A:.a %p N\N v AANYA :\h K\v .. ‘ : .!‘ .m.hmuh«wv.

e 0 1) g v) o
an . F T | wh

In the above table ¢ (= 1,2,3) and i (= 1,2,3,4) are colour and mcmﬁpu
indices, respectively, and C denotes charge conjugation. As for Fpi (p= 1~10)
ﬁrm% could be all independent or some of them could be anti-particles. In the

former case they are all cne-handed and they are massless in the ordinary sense,

j.e. Dirac mass is zero. But as will be seen in section III they can acquire a

large Majorana mass and thus does not contradict mvo expermiental result and

and cosmological consideration which predicts the number of massless fields

e e 4 e PR T———— et v i o



to be not more than four. (tfajorana mass was first mentioned in the context of
G.U.Th. by Gell-Mann et a1.0%1 and has recently been discussed by many people

;:6:7]- .

3. Gauge fields

New gauge bosons appear besides thosc of SU(5).

New guge bosons s0°(8) x U cstl :";:harge
. (AF)J_ SR ( / ‘/'/: /,g) -o_ = |
(%) Cie) :‘; ,_‘,'}'éj;)v
(e, L 2.4)

Bfi L / ] ) O

- . . - .
%‘ are charged bosons and mediate B + L conserving and AL = 2 processes.

Being a singlet with respect to SUC(B} x SU(2) x SUH(4) ]Q/f behaves in a similar
manner as B’/W of the SU(5) model. But we note there is no new mixing angle with
respect to weak and electromagnetic interaction because the charge operator is

chosen as in eq. (1).

Aﬁ are SUH(ZL} gauge bosons and cause the change of flavour. Zf». and



4, Breaking pattern and gauge boson mass.
We assume the following breaking pattern
SU) —  SU) x sUT) x u@) — suC3) x sU(2) x sul(a) x UQ) x UQ)
Lo " (¢)

C .
— st x W) xUQ) — SU(3) x UA)

Step A and B could be realized by two adjoint scalar multiplets, }é and - 7% s

, - I Iy Sy
C%?»_: Vs Al&a"( [) L ’l-li %:wzrié :—Z{j) /7_1)
- 3 R R
Qz_ = U C’!lc\a,,( |1 ‘\ ‘—:{;’i , ©, Q ;9,9 ) L ~(-2)
: 3 | 19 « - . .
vhete 105 = Vi< T <10,, SN

Step C and D are assumed to be effected by the scalar multiplets which also couple
with fermion bi-linears (adjoint scalars do not couple with fermion bi-iinears).
S ) |

In this setting we have

LA Lol s

end Mgy <Mz ()

Also the suppression of flavour changing neutral currents puts lower bound for,4 .

-

M > 1076y St (1)



I1II  Fermion mass

We start the discussion on the fermion mass spectrum with the constraints
Ximposed by the mass of weak and SUH(d) gauge bosons. It should be noted that = .
. the scalar components which contribute to the fermion mass also contribute to the
gauge boson mass. Namely any V.E.V. of SU(2) (SUH(4) ) non-singlet scalar
components'contribute to the weak (SUH(4) ) gauge boson mass and thus its value is
restricted. This observation greatly simplifies the analysis and we caﬁ easily
teli which fermions can be heavy or light. In a realistic model we would expect
that the mass ﬁatrix is so polarized that many or all of the ncw fermions are

. . ' .. L3] .
much heavier than familiar ones. We restate below the criteria ° for extracting

heavy fermions in the present context.
" Fermions can be heavy if they are SU(2) singlet and SUH(4) ron-singlet

er if both left- and right-handed parts ave SU(2) non-singlct and their fermion

bi-linears are SU(2) singiet and SUH(d) non-singlets.”

In practice our criteria presumably leads to the same conclusion as

L&l

H. Georgi's but ours apply to any fype of models besides SUN) chiral model.

Its content becomes clearer oncc we write out fermion bi-linears and decompose
" _them with respect to SﬁH(i) x SU(5) as is presented in the Appendix. By
making use of the table in the Appendix we obtain the following results.

Hereafter, in this section.nmumbérs, (1),” {9), etc., refer to those in the Appendix.

. o B _

1o Fpie (=l ™0, =0~%)
Fpi becomes heavy by acquiring a large Dirac and/or a Majorana mass through

scalar components numbered as (1), (2), (4), (5), (9), (10) in the Appendix.

29" - Vg,,ps (Srlf‘/\’?)

Throdgh (12) VY, and J& obtain a large Dirac mass.
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(6). gives a large Dirac mass for T, L' and T
At this stage all familiar fermions are massless. To make them massive

SU(5) non-singlet scalar components should develop a small V.E.V.

é" u: Cs t) : ) B ) ) -1

u, ¢, t, become massive through (7) and (8). _ ' oL .'., o

5. 4, ¢, B, e, 4T

(11) makes them massive. If flavour mixings are neglected we recover the familiar

SU(5) mass relation

Me _ MY M RN : ((0) -
angd Mg mny, ° B . BERR

6. Ve ; V/A , Vs

These neutrinos are one-handed and do not have Dirac mass. We poiz‘r.t‘()ut however
that they may acaquire ver};' small Majorana masses through (3). {(3) is 5U (5)“ non-
singlet and its V.E.V. is small). The reason is the foliowing. _ E. -

mzy acquire large Majorana mass through (1) (2) (4) (5) (9) (10) and (3) causes

. mixings arong Ve (Upn, Vo ) and  Fi - . Then forgetting
] ezbout other possible mixings we have for example, a mass mtrix[ﬁ'ﬂ“ ,
| Vo T o |
VI o on -0 N

Fil e M

n (M) comes from (3) ( (1), (2), &), (5), (9), (10),) and thus is small (can be

2
very large)l. If M > m V. acquires a Majorana mass ~ % .

- . If neutrino mass is less than 10ev, then

wé obtain a lower bound for SUH(LI) gauge boson mass, ~ 6 x 10'°Gev. In such

- s 9 . )
 case all new fermions become superheavy with the mass around 10°Gev or larger.



Next we comment on the scalars to be used. To break SU(Z) only 5 dim.
representation(with respect to SU(5) sub-group) is used to maintain the normal
mixing relation between pﬁoton and neutral weak gauge boson. One result assoc-
iated with this choice is thét the neutrinos are necessarily massive in this
model because, as the Appendix shows, the scalar component which is 5 dim. with
respect to SU(5) is not singlet with respect to SU(4) and thus neutrinbs always
mix with Fs. Also it should be mentioﬁed that 84 dim. scalar muitiplet does not
couple with 84 x 84 fermion bi-lineaf and 36 dim. scalar multiplet does not couple
with 9 x 9 in case two 9s are identical. This is due to the anti-commuting
nature of fermion fields and is explained in ref. [9].

We may, incidentally, turn around the way of thinking on creating fermion
mass and look for the possibility of cf creating it dynamically [30]. This
possibility is not realized in an arbitrary model but interestingly in this
particular model it is. One could forbid some of 9gs to couple with 84y, so that
there is no direct coupling between left and right handed parts. Then such fermions
can become massive only through radiative corrections and it is known that the
radiative corrections can give sizeabie.coﬁtributions [10]. This way of creating
mass is very attractive because it will naturally explain the smallneés of ordinary

- fermion masses. The actual implementation of the idea is rather involved and will

be discussed elsewhere.



IV Asymptotic {reedom and Renormalization effects

We summarize in this section the behaviour of the effective coupling
= L C17]
constants. Their bchaviour depends on f? which is given at one loop level by

:

fo= M%Q+%F+%§_‘f'“_ R "'(l?)

where

G, F and S denote gauge, fermion and scalar contributions respectively.

In our model we have, neglecting scalars, AR : .

F(suw} = % - .
' - €13
- 4 2 Csuw) = =) SRR
- } X \(’u
pCsU) = Ty

-

Thice conments are due.

1. Without ccalars Q.C.0. is asymptotically free, so is the entire thecory in
the high energy limit. However, if scalars are included asymptotic freedom
is lost because 1050, 2520 or 3402 rmust be introduced. So far as we have
studied there is no asymptotically free G.U.fh. based on the single group

with its rank larger than seven.

2. Crossing of coupling constants can take place. Suppose the breaking pattern

is stepwise

V) - 80 x ) x U) < SUG) x @) x sy x vy xua)  (14)

10 .
and mass of SUH(4) gauge bosons is less than 10 Gev then SUH(i) coupling constant

crosses with both SUC(S) and SU(2) coupling constants. Crossing has been noted in
€3] o .
SU(8) model.  There, sutl(3) coupling constant crosses with that of SU(2) but not

SUC(S) . If the breaking pattern is



sU(9) — SuC(3) x sue) — SUC(3) x SU(2) x sutl(4) x U(L) x U(L) : (,5;)
then SUC(3) and SU(2) cross each other. |

3. The prediction of mixing angle and 35 (=gluon coupling constant) at the
present cnergy remains almost the same as that of SU(5) model even though
cach effective coupling constant bchaves significantly different frcm those of

SU(5).

Cpit
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v Charged Currents

The feature of G.U.Th. which is of great physical interest is the

existence of the processes which break both B (=baryon number) and L ("lep‘ton

. 4
oy
nwpber). SU(5) model contains B-L conservi ing processes mediated by X/“ Y‘,M

charged super-heavy vector bosons and they lead to pm’con decay [ 'A‘Lso :

it is hoped that they may explain the baryon number asvmmetry in the universe
N R,

In our moucl new charged bosons 1/:t and 2/“ 3 appear be~31des

14 r

_ X/:° and Y ty . Their couplings with fermions turn out to be as follows
v FRewe BRSO FEEdTd
s ,@ ]:’./and/or ,@ /2: ~ j Fio:, " _ ,

K d 0 | S | — e .‘c‘
Z[A3 ’ c{ F,;and/or J /?LC . d 7:1(3;)“['{.}2,- 07‘)))-
| o wd -

1

_ vhere [, Z, V, o and U denote F‘-"F?’ ,f;;vj( and €, f

l), S Vb and VQ:V/» ))7: 3 ( a_/‘l S\, ,/J ) and ( Z{) C,.(ﬁ ):

assignment. The above table shows the existence of new type of processes.

mediate AL = 2 process and ¥, mediate B + L conserving and AL=2

-
procésses at the lowest order. These processes have been found in SU(8) model
(3] and also in SO(18) and E(8) models. We expect it to be a general feature
of G.U.Th. with a horizontal symmetry. These new processes may affect the
estimate of B-asymetry 7121 in the universe although we have not performed

numerical calculation.

L

¢,

"yespectively. And/or is due to the arbitrariness of particle and anti-particle

ya



V. ‘Summary and Comments

We discussed consequences of SU(4) horizontal symmetry by taking
Frampton's model as an example. The model is similar to SU(8) model so far as
the charged current structure and the renormalization effects are concerned.

We have noted AL = 2 and B + L conserving processes. The difference shows up
in the fermion mass spectrum. SU(9) model has three light families whereas

SU(8) model contains five. The model also provides the possibility of creating
small Majorana mass for neutrinos and of creating light fermion masses dynamically.
Majorana mass of neutrino may resolve the problem of missing mass and in the
universe and dyﬁamical creation of small mass would solve the problem of families
in a very appealing manner, even though it is achieved at the cost -of introducing
a local horizontal symmetry and superheavy fermions. The picture emerging from
the analysis is; there are superheavy bosons and fermions and their existence
Aié reflected on the light fermions and perhaps weak gauge bosons in the form of
small masses, flavour mixings, Weinberg angle etc..

Our analysis is admittedly incomplete. In discussing symmctry breaRing
and fermion mass spectrum we assumed, without proof;Athat certain components of
scalars develop suitable Vacuumvexpectafion values. This problem of gauge
’hierarchy tecomes more difficult as we go to larger groups since the theory could
undergo multi-stage breaking. We would like to come back to the problem in the

future.

Acknowledgenent

Oﬁe of us (Y.F.) would like to thank Drs. D. Nanopoulas, J. Ellis,
G,t'Hboft and S.L. Glashow for brief discussions. He also deeply thanks members
at D.I.A.S. and Istituto di Fisica, University of Salerno for hospitality where

the work was done.



(6.24)

Appendix
I, 9x9 = 36 + 45
(4.1) (1.5)
(4.1) | (6.1) [11 (4.5)[3]
(10.1) [2]
‘(1.5) (1.10) i
(1.15)
II. 84 x 84 = 84 + 1050 + 2520 + 3402
(4.10) (6.5) (1.70) 4.1)
. (6.5)071(10.5)r81  (4.10)  (20.10) (4.1) 61 (1.10)
(6.10){(6.45) (10.45) (4.40)  (20.40) (4.24) (15.10)
(6.50) (10.50) . (4.75)
O (1.10)  (20.10) (6.10) (4.10)
(6.5) (a5 (20.15) (6.40) (20.5)
(15.10)
(15.15)
@10 (1.1) (4.10)
) (1.24) V
(1.75)
(4.1) (6.1)ru]
(10.1)fs1
171, 9 81 = 36 + 720
(4.10) (6.5) (1.70) @)
@.1) (1.10) 4.9 (4.10) (6.1)r9]
(15.10) (10.5) _ (10.1)101
(1.%) (4.5)r111 (6.1)r127 (1.10) (4.5)
(4.45) (1.40)
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