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ABSTRACT

No elementary Higgs field is introduced in accordance with tue DSB idea.
Instead of technicolour formulatlon, an extended colour SU(h)Ec 18 considered,
which 1s supposed to cause vacuum condensation to break SU(2)L at the euggested
mass scale of 1 TeV eand then break itself to Sl.‘l(?,)C » The intermediste symmetry
group SU(M)EC x SU(2)L x U(l),1r is further unified to & simple group SU(6).
This model shows some interesting features, especlally thet it fits the existing
neutral current parameters quite well, yet with expressions different from

those in the W-5 model. Some severe problems are also mentioned.
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I. INTRODUCTION

The grand unified theory is attractive in that it accounts for the
quantization of electric charge and embeds strong, weak and electromagnetic
interactions into a unified theoretical scheme with & single coupling constant.
But the introduction of Higgs scalars will damage much of its esthetic advantages

by the sppearance of other forms of interactions such as Yukawa interactions and
interactions among the scalars themselves. As a result , the number of free
parsmeters in the theory also increase enormously. This actually undermines
the basic idea of grand unification. Furthermore, the vest difference of order
of magnitude between the grand unification mass scale and that of the W bosens.
which 1s usually referred to as gauge hierarchy, can only be achleved in this
case through fine adjustment of parameters in the Higgs potentials to 24 decimal
Places, which makes the theory very unnatural.

The gauge hierarchy suggests that the breakdown of SU(2)L x U(l}Y is
most likely of a pure dynamlicsl nature. Making a further step in this direction
leads to the idea that all symmetry bresking may be dynamical and there are no
elementary Higgs scelars at all. In this cese the only interaction in the
Lagrengian is a gauge interaction and the analoguesof the ususl scalar fields
m-et 1111: more than combined systems of fermion pairs. Susskind 1) pointed out that
forfasymptotic free non-Abelian gauge theory, owing to the logerithmic dependence
of coupling constant with q2, the vast difference in the order of mass scales
only corresponds to a relatively not large change of coupling constant, which
suggests that dynamical symmetry bresking (DSB) may be abie to offer an
explanation for gauge hierarchy.

Usually the symmetry at lntermediaste energies is taken to be
SU(3)C X SU(2)L x U{1) . ©¥For DSB & matursl idea is that the breaking of
su(z)L X U(l),‘, is caused by the interacticn of sU(3)c, which makes quark and
antiquark to form bound paire and to condense in vacuum. But a slight
exemination showa that this 1s impossible, because the Goldstone hosone thus
developed must be the plons, while in reality the pions are not eaten by Wu
and Z“| bosons. In addition, if pions were Goldstone _bosons, the mass acquired
by wu and Zl-l , &8 estimated from the pion decay comstant, would be three orders
smaller than thet in the W-S model. This situstion made some authors 112)
propose a new interactlon called technicolour which is stronger than the colour
intersction and responsible for the desired condensation at a scale of 1 TeV
(rather than & fraction of 1 GeV, the scale of QCD). This means that the
Symmetry at intermediate energles will be enlarged to G, ., X SU(3)C x SU(2)L x U1}y,

TC

with GTC representing the technicolour gauge group. Nevertheless, there is
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ancther possibility which wiil be considered in this paper in some detail, that
is, instead of direct multiplieation of SU(?,}C with some GTC’ the SU(3)C is
enbedded in a larger simple group GEC called extended colour gauge group.

The reamsoning is that, despite the fact that G, has the same coupling constent

EC

as its subgroup SU(S)C, it is possible for some reaction channels in GEC to

»
be more attractive ) than those in SU(S)C, because for G_ . there are more gauge

boscns and in certain cases their interactions msy add coigtmctively.

If we limit ourselves to consider only SU{n) group, the smallest extended
colour group will be SU(4}. In this case the symmetry at intermediate energies
is SU(MEG ] SU(z)L % U(l)Y"and SU(E)L % U(l)Y' is broken by a presumed condensation
at 1 TeV induced by SU(ll)EC interaction, which subsequently bresks to SU(B)C
by itself, leading to the low energy symmetry SU(3)C x U(l)e

3) and some others

The SU{L4) symmetry was considered by Pati and Salam
several years ago. The main distinction between this work and the earlier
vorks lies in that the SU(4} here breaks at an intermediate energy, say 10° GeV,
rather than at some high energy level, which makes the masses of gauge boscns
associated with generators of SU(h)EC/SU(B)C be of the same order as MW and MZ
In this scheme, not only the structure of neutral currents is different from
the standard model but alsoc some new charged currents will appear. Whether
these results are consistent with the known facts of particle physics will be

the severe test of this tentative propesal.

For the sake of reducing the number of parameters and also carrying the
idea of unification through, we try to unify the intermediate symmetry group
SU(h)EC XSU(Q)L % U(l)‘f further to a simple group SU(6). The breaking of
SU(6) down to SU(J-;)Ec X SU(2)L % U(l)Y is also assumed to be caused by the

4)

In order to get three generatlons of ordinary fermions and to meet the require-

condensation of fermion pairs like a tumbling theory proposed by Raby et al.

ments of ssymptotic freedom,of absence of anomalies and of no bizarre colour
fermions, we take the whole left-handed fermions in the representaticn

[3]6 + 3[216 + _6[5]6, with the symbol [k]ﬂ denoting the totally antisymmetric
representations formed by e preduct of k fundamental representations of SU{n).
The coefficients here for the three irreducible representations meet the

5)

criterion proposed by Frampton that they have no common factors. Nevertheless,

*)

For instance, the one boscn exchange potential for reaction channel

;pl * ;pi + ¢ is proporticnal to %ga[c (R¢) - C (R ) - C (R }1, in which 02'3
are Ca.sm:Lr operators and R‘* R R stand for the representatlons related to
¢, wL’ wL . Hence its strength not onl:{ depends on coupling constant g but also
on relevant Casimir operators 3) When C (R } - C R ) - C (R ) < 0, the potential
is attractive. It deserves to be mentloned that the effect of symnetry breaking

has not been taken intc account. 3

T i il . s B S s SR,

they are still unsatisfactory, because for DSB the fact that not all the
coefficients are equal to unity implies unwanted Goldstone bosons, which turns
out to be one of the main problems for this model.

At present there is no reliable theory for DSB. Does DSB really take
place? If so, in which channel and at which mass scale will it occur? Which
direction, if there are several inequivelent directions for the condensate,will
the vacuum condensate take? All these questions are still not clear yet. The
purpose of this peprer is not to try to derive the pattern of DSB accerding to
some basic rules, butfinstead to see whether it is possible to cheose
phencmenologically some channels of condensation to reslize the required
pattern of symmetry breaking mentioned above, namely
SU(6) > SU(K)py x SU(2)y % U(L)y > SU(3)¢ X U(L)_ , and to see, in the case
that this pattern of bresking is possible, what consequences will result. In

determining which éirections the vacuum condensate may take, some effective Higgs
formulation will often be utilized.

We shall show that for the fermion assignment [3] + 3[2] + &[S] three
generations of low masses will result, with some heavy particles and slsc some
additional massless neutral particles, but the t-quark possesses abnormal

properties: both tL and tR have value 1 for I, and belong to two SU(2)
t) % . 3

doublets J and » respectively. At low energles the right-handed
b B
L

R
current of t-gquark will not manifest itself, for the mass of B is presumably

of order 1 TeV. In this scheme the ordinary leptons are SU(Ll)EC singlets,
the particles of "fourth" colour as proposed by Pati and Salam 3) (here they
are labelled index zero, so hereinafter they will be called of zercoth colour)
are referred to as exotic leptons which, exceptf trhree neutral massless ones,

presumably have much larger masses and distincet "weak" interactions.

The charged currents at low energies now contain a new part related
to the off-diagonal generators of SU(L\)EC/SU(3)C. The associated bosons are
denated by Vu‘s. Under the condition that the mixing among certain neutrsl
exotic leptons is extremely small, the new charge currents will not cause any
cbvious trouble, because in this case the V ‘boscns connect the ordinary

H
quarks only to presumably heavy exotic leptons.

The structure of neutral currents also shows some new features. Now
there are two neutral currents which can be specified with two mixing sngles
Bl and 62. But the known eight neutral current parameters for v-e, v-quark
and e-quark scattering are only related to Bl, with expressions different from
those in the Weinberg-Salam model. Nevertheless, their theoretical valyes
determined by use of renormalization group equations, fit the experimental data
quite well.
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™e model is also interesting in that It presents many of predictions
sbout new particles and new wesk interactions at the TeV energy region, to which
new experiments will be sensitive. Om the other hand, there are also scme severe
problems which seem to make this SU(6) model unlikely to be a realistic one.
Kevertheless, at least the group SU(h)EC % SU(Q)L * U(lly as an intermediate
symmetry, according to our view, deserves further investigation.

II. PATTERNS OF SYMMETRY BREAKING

The gauge group SU(6) has 35 generators, the associated gauge bosons
are dencted generally by Ai {i,j = 0,1,2,3,4,5) with (0,1,2,3) labelling
SU(h)EC indices and (5,6) labelling SU(2) indices. It is convenient for later
reference to specify the specisl symbols for those off-diagonal boscne which
are to acquire masses in result of symmetry breakings. Their charges are also
listed:

AL RV R RIS
v 5 93 43
V2 51 = ’% 5
Y SR 45 3
X, X X X Aw* 1 % % % o 1
YooY oY, i, | ¥ o % % % -1 0

in which (1,2,3) stand for su(a)c indices.

The whole left-handed fermions are assigned to the representation
‘[3]6 + 3[2]6 + 6[5]6, among which [3]6 ig real. HNevertheless, the fermions in
[3]6 cannot have bare mass, because such SU(6} Invariant mass term are forbidden
by Fermi statistics. We shall see herelnafter that three components in [3]6,
actually the ti {1 = 1,2,3),are supposed o survive to ordinary mass scele,
which accounts for the abnormality of the t quark.

Since no elementary Higgs sealar is introduced, the Lagrangian density
has a simple form

Le-ftr P B, -Fy, 0 -1A)¥  (21)

e Fuy

with ¢ dencting the whole left-~handed fermions (in a reducible representation)

Those fermions transforming sccording to irreducible representations [3]6' [2]6
d

an [5]6 are denoted by wi.jk’ ‘hij

The representaticn matrices La for

and wi , respectively.

1k "'1.1 and vPi can be
conatructed directly from the fundamental representation matrices, so that
whenever we specify a generator, we only need to write out explicitly the
corresponding 6 * 6 matrix for fundamental representation, which will be
denoted by ‘F“u and normalized according to

A o~
trFﬂFB =

éua . (2.2)

RO =

Alsc for convenience of later reference, we specify in advance the
wmatching of fermions into conjugate pairs In result of subsegquent symmetry
breakings, 'l:.ogether with their charge.The boldface typedare used to denote
those interaction bases vhich are or can be chosen as mass elgenstates.

Symbols and matching

o & - T B) fo o B, t3) [0 & ) fo &
o & T, B o 4 -t ° & 0L
[31g: °o T, B . o &) 0L
o o
l o,
Yoiy Y11y Yoy Y31
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/L, oL O/
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Charges
O_}.-E:.l—--i- Lz
B, : S L R
[ 0 -3 7 3 4L -z 3 3 o F
o & -4 03 3 0 =
3 73 0 2 3 0
0 / 2 0] ,
O O/'
(Z-J- O'"Jf“'.lf-é'o
[ [ N ST S N
0“3 "3 1 73
0 -3 33
03 -4
o |
0
L
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_'T_
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——

Jrosny

b i o e $ AT vt e i

Y

The evolution equation for coupling comstamt g is of the form

w B0 - g S v o”) (2.3)

where

[11 CQ(A) - ETf] (z.4)

3(4m)?

with CE(A) denoting the quadratic Casimir operator for the adjoint represen-

tation and 'I‘f is given by

P

-

Tp Byy = Tr (T, L) (2.5)
A

in which Li are representation matrices for the whole left-handed fermions.

For SU{n) group, CZ(A) = and

IR i -2)!
Telnk) = 3 [ ]-5 T ey (26

k-1

vhere (n.k) refers to totally antisymmetric representation [k]n .

Above the grand unifiestion mass scale, the value of 2'I'f for the whole
left-handed fermions is equal to 2%, so that £ < 0 and the theory is
asymptotically free. A4t a certain mass scale Ml where the coupling constant
reaches an appropriate value, a condensation of fermion pairs presumabdbly results.

It is assumed to take place in the channel
(3] x (31 » 25

with 35 denoting the adjoint representation. Recsll that the channel
[3.16 X [3]6 —”[0]6 iz forbidden by Fermi statistics. The SU(6) one-boson

exchange potentiasl for this channel is attrective, since
- =_2
C,(4) - 2 C,(6,3) g

In view of HSB (symmetry bresking via Higgs particles}, this condensation
corresponds to assuming a 35-dimensional Higgs scalar.

In order to examine whether it is possible to break .SU(6) into
SuU(Lh} x sU(2) % U(l), an effective Higgs formulation is employed, with Xid
standing for the 35-dimensiomal condensate. Obviously, if the VEV (vacuum

expectation value) of xij takea the form

8-

T T T " §
: BT TN T g

B =

E———

p——
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the desired symmetry breaking will result. The most general self-interaction

potential smong xi‘j is

L

vi{x) =-%atrx2—fb (tr x2)2+%—ctrx +4dtr )(3. (2.8)

to be
According to Ruegg's analysie 6), (2.7) is likely(the case when coefficients
in (2.8) meet a certain condition.

It is convenlient to take the generator of group U(l)Y, the hypercharge
Y, to have integral quantum numbers, namely

-

(2.9}

A
Such Y 1s not normelized, the normalized generator which satisfies (2.3) is
-~
related to Y by
~ A
FY = i_ Y
28
The coupling constants assoclated with 7

Y
Gy, respectively, with gy = NN Gy -

. {2.10)

A
and Y are denoted by &y and

We decompose [3]6 with respect to irreducible representations of
SUlh)g, * 5U(2) , which are denoted by ([R),, [m],)yto tind out which
compenents will acquire masses through this condensation. The result is a8
follows, with hypercharge Y also specified explicitly

[3]6-’([3]h, [0]2, -3) + ([2]h; [1]2, 0) + ([l]h’ [2]2, 3)
in which the values of Y for (L‘]h [m]E) are determined by the formulae

t=-R+2m (2.11)

(I}, 121, 3), namely ([1]y, [0]5,3) can form an 8U(k)ge * Su(2)y x UQL),
invariant with ([3]11’ [0]2, -3) and consequently they are to become conjugates
(2], G50 ©)
remains massless because ([2], [1]2,0)X ([E]h‘ [112;0) -){{Olh, [0]2; 0) is
forbidden by Fermi statistics. The massive quartet ([l]h’ [0]2, 3} will be

+ . -
denoted by (L, Ql, Qz, Q3),w1th L referred to as an exctic lepton of zeroth

colour and Q:L as exotie quarks,since both of their left-handed and right-
handed components are SU(2)L singlets.

of each other and acquire a superhesvy mass of order

The sixteen gauge bosons assocliated with generators of
SU(6}ASU(1+)EC x SU{E)L x U{1l}y)8ls0o acquire masses of order M , which are
called X, and Y. bosoens.

iy iy

In mass range much below Ml’ the coupling constants will evolve in

accordance with renormalization group equation for group SU(h)EC x SU(E)L x U(l)Y

with (T} 9, Qe Q3) decoupled. Decomposing 3[2] + 6[5] in the same way as
before, we get the total SU(h)EC x SU(Z]L x U'(].)Y content of the repainiis

massless fermions as
([2]y,, (115, 0) + 3([2],, [0),-2) « 3([1],, [1},, 1) * 3(l0],, [2],, ¥
+ 6([4],, [11,, -2) + 6{13]), [2),, 1)

among which only ([2}1‘, [1].,, O} comes from [3]6-

21
The values of 2T, for subgroupssu(h)Ec, su(z)L and U(l)Y below the mass

scale Ml are 22, 24 and 18, respectively. Hence the extended colour group

SU(h)Ec

at mass scale M2 of the desired order of 1 TeV. The condensation channel is
taken to be

ias also asymptotic free and is supposed to induce a second condensation

(t21y, {11,, 0) x (f2]y, [0l,, -2) > (o], [1],, -2)

for which the one-boson exchange potential is also attractive, since
cz(h,o) - zca(h,z) = -5,

The ccontent of fermion multiplets listed above contalns three
({21, [0]2, -2) multiplets, coming from three [2]6, respectively, but only one
(2], [1),, 0) muitiplet. So in general it is some linear combination of the
three ([Elh’ [0]2, -2} that will condense with ([2]h’ {1},, o).
one can always perform s transformstion among the three [2]6 10 make the

Nevertheless,

condensate only relate to the first one.

=10~



The bound pair formed by this condensation iz en SU(h) singlet, 20

thet 1t does not bresk su(h}Ec. However, it is a doublet with respect to su(z)L

and of. non~zero hypercharge,like the Higgs field introduced in the W-§ model,
and consequently bresks SU(E)L x U(l)'r' to an U{1l}' , leading to a srymmetry

®

1

SU(-h)ﬁc % U{1)' . As before one may use an effective doublet ¢ = ¢ to
' 2

represent the condensate ([0]h’ [1]2, -2) and write down the effective potential

as
Vo) = - 5 w5 4 3T (2.12)

The VEV, which minimizes V(¢), can always be taken as

i 2 2
6y = v , V=i (2.13)
[s]
. 4
- 8 o .
so that Wu and Zl'l(.'!.]_}'l cosby W3 sing, B ,vith Bu standing for the gauge

boson asaceiated with 'bhe hypercharge) will acquire mass through this

condengation, while A = sin61 WB + coaﬂl B]1 remains massless. The valueg§of

Bl as vell as M, MZl are given by

2
tgfo, = £ E’f‘,— (2.18)
£y,
12 2 2 _ ”fr
SRS LA 2 (2.25)

cos 91

-
The expreasicns for K' end ?(1, the generator associated with AJ.L and le. F)

respectively, &s well as for the corresponding coupling constants are:

”~ ~

1~ .
LI v = .
K 13 e G g slnﬂl , (2.16)
~ _ » 1 2 ~ _
K = 13 - 1t 91 Y, Gl =g cos@l R (2.17)
Hereinafter the current coupled te 2 is referred to as the first neutral

p
current.

Under the su(h) g, = U(1)', {[2], [1],, O) ena ([2],, [0],-2) which

form the condensate, decompese as

~11-

.- R - wwmmm‘lr"“ﬂww IW"

P W w e e

2, 3

([2]y, (11, ,0) — , (2.18)
[2]]4’ '% J

(21, [0l,m2) —»  ((2],, -3 . (2.19)

Hence the fermions which acquire masses through the second condensation are
1 1, .

sextet ([2]]4 5) in (2.18) ana ([2]?4’ - -5) in {2.19}. They become conjugsates

of each other with masses of order M2 (~2X TeV} and will be denoted by

f
E o Bl 82 ua3 ]
0 c _mt
! !‘3 T2
' ° '
' o] l‘l
L
The left-handed fields BL and right-handed fields TR are SU(2) singlets,
vwhile the right-handed fields SR and left-handed fields TL belong to

two SU(2) doublets, respectively. As regards SU(3)C, Ti and si each make
up & triplet. Hereinafter they are alsc referred to &s exotic quarks (Ti

differ from the ordinary u, quarks with regard tc neutral currents).

The fermions which atill remain massless are

3l2ly,a3) + 3(02]y.8) + 30215 + 3([0),,1) + 6([01,,0) + 6([0],,-1) + 6([3],,.D)-

Below mess scale M2, T and @ decouple from the interaction, hence the
value af 2Tf for SU(h)EC

remains asymptotically free, so a third condensation is supposed to cceour st

reduces to 18 %) The SU(h)Ec interaction of course

mass scale M_ in the channel

3
([2)ys - 3) % ([3],, P =»{[1],, - P
with C,(h,1) - 0 (k,2) - C,y(k,3) = - 55 . Denoting the SU(L),. quartet
effective scalar by @ , one has
Vig) = crcp+ ,\'(q?q) . {2.20)

*)} At the range from M2 to M, the 2T, for su(z)L and U(1) also reduce to 21

f
and 16, respectively.

~12-
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SEE TEY, WLICH minimized Vigel, can always be taken as

@o=V=[K <y =B =B <0
{2.21)

SU(h)Ec ¥ U(1)! is therefore broken to SU(3)C x U(l)e. yielding mass

nf, =122
28V {2.22)

for the charged boson VM - The neutral boson

1
By smong SU(L)_./SU{3)
vhich is associated with the generator # ¥ o

1
L~ : -1 {2.23)

will mix with A;‘ to give a massive 3
to as a photon :

' t

Z = -
21 c0592 Bp sinﬂ2 Au

A {2.24)

"

N ]
cogsf, A+

2 Ay sin92 Bp .
) -
It is essy to find ocut the generators K2 and 3 which are assoclated with
Zau angd Au regpectively, as well as corresponding coupling constants G

and e, with the result that 2
~ -~ 1 -~ P 1n -~
XK =Q- ¥ =T, +f%+2 D
2 12 sin 02 ’ 37K 12
sinaﬂ = 3 ll 3
L 1
1+ sgc( 22 2)
g &
r . L 4,3 .1 1 _ 1
2 2 272 *g 3
e g & - ch 8in"@
- S -R- PU- - 2
G, = e tg°9, = g siu 8 sin'@, . (2.25)
The masas of charged Vu when expressed in terms of 92 and Mw is of the form
2
1§ = 31 gin %, s, 2, X, (2.26)
V

whi h
le the mass of Z2u relates to Mv through

-13-

o0 and a massleas 'Au which iz referred

Mzg = g- i {2.27)

c05292

The ([2114’ - -]21) and ([3]h’ %) which participate in the condensate are decomposed
vith respeet to 5U(3) o 11(1).3 to yleld

(2], - § =21y, - ) + (1], - )
(13)y, P (315, 0) « ([2]5, P

which implies the fermlons that gain mass this time must belong to ([l] %—)
and ([2]3, —). Note that there are three ([2]11’ - -—) multiplets,among which

‘one comea from [3]6 and other two from the second and third [2]6, and that aix

{[3]y, h) myltiplets come from six [5]6 respectively. So the mass eigenstates
for the three colour triplets ([l] - %) » which are denoted by B, , 8;
Dy sere in general mixtures of the interaction bases owlng to the fact that
they come from three unsymmetric ([E]h, - ), while the six ([2] ) which are
completely symmetric can always be re-defined to mske the three ma.ss eigen-

3 (]
atates BiL’ SiL and DiL be just the first three cnes.

These particles of mass M, are SU(E)L singlets except for B, . B,S,D are
all referred to &3 exotic quarks, since BiL also differ from the ordinary biL

a.nd

with regard to neutral currents.

The remaining messless fermions decompose with respect to SU(B)C x l.T(l)e

3(215.5) + 3([2]5,8) + 300215,5) + 3([213,3) + 6([014,-1) + 6([0]3,1) + 15({0],,0)

so that they form real representation(reducible) of SU(3)c xU(l}e, which is
essentisl for any theory to be reasonable.

The value of 2Tf for SU(3)C is 12, therefore SU(3) intersction is also
asymptotically free, which is presumed to induce further condensetions in
2
channe} ([113, I x ([2]3, - '2') —7([0]3, 0) as well as
(Lad, =~ x U2ly, P2 (101, 0) wien 0y(3,0) - 0,(3,2) - 0y(3.2) = = £
All the SU(B)C triplets match up to form three generations of ordinary quarks

except .thet tR has a different I3 value.

=14



The mixing als¢ occurs in this condensetion. For the right-handed flelds
i dq.8z8nd bywe are free to pick the interaction bases to coincide with the
mass eigenstates, but ihe other mass eigenstates are mixtures of interaction

bases.

As for the masses of leptons (which refer to SU{3) singlets), apart
from the superheavy exotic ones, ail the others do not acquire masses through
cendenaation. They become massive only by means of some radiation correction
mechanism. For example, €,u,T can scquire masses via ordinary gquarks as
intermediate states (Fig.l) and the qualitative relation m, < o < m  follows

naturally from md <m < mb, but quantitatively there are some problems.

The charged exctic leptons & acquire masses through diagrams in

Fig.2 which implies L. Rl-l and % will in general mix with each other.

Comparing Fig.2 with Fig.l and taking intc account tlllla.t ]i, S, B are
eavier
presumably heavier than b, cne mey suppese E.e, Eu, E'r are also[than T ,which

accounts for why they are not observed yet.

Similarly the neutral exotic leptons become massive through diagrems
like Fig.3(a}. - It is reasonsble to assums that the amplitudes of diagrams like
Fig.3(b) are far smaller than those of Fig.3{a), implying n's are almost

unmixed with A's. The exotiec leptons A'a are therefore substantially masslieas.

We note that no substantial mixing of n, With X, (and neither n,
with Au ) 18 essential for this model, otherwise there will be severe . trouble
a8 will be seen in the next secticn.

III. EVALUATION OF PARAMETERS

We shall examine what consequence will result in the case that the
abPve-mentioned pattern of symmetry breaking is realized in reality. In this
section it is shown that by renormalization group equations we can basically

determine various parameters for the high energy ss well as for the intermediate
. )
energy scale, only one parameter namely k2 L 3 (;—)2 remalns undetermined.

The pattern of symmetry breaking can be described as

ot My
SULE) == SU(L) o, X su(e)L % U{1)y —=» SU(3), »x B(1),

with the second and the third breakings at the same scale M3. This ia due to
the fact that Wu and Zlu acquire masses only of order 10 GeV, presumably
nearer to the scale M3, other than of order 1 TeV as the fermions participating
in the second condensation de (the reduction of M."‘v and MZl comes from their
dependence on gL) Inltreatment of evplution equationa, we can aimply take

the pattern of symmetry bresking as above without introducing appreciable errors.

For the sake of simplicity only leading terms are kept in the evolution
equations and all thresholds are trested as step functions. The masses of
various exctic particles other than the superheavy L and Qi are taken as follows:
103 GeV ,namely Mz,f'or T.B3 M3 for B,5,D,t,n; zero for A. The mass of the
unobserved t-quark is also taken as M_. It deserves to be mentioned that the

3

results are insensitive to the precise value of M3. For definite,M3 will be
teken in the mumerical calculation tc be 102 GeV.

Among the parsmeters to be determined are:
1} Ml, ag at high energy scale

2) Boy Gy Oys Moy Moo, M‘Z.2’ M, &t intermediate energy scale.

The expresalons for a, as well as mixing angles 91, 92 in terms of s Oy
and uY') are
1 1 31 11
o et - i et {3.2)
a, o 29y 6 E
) o
sin29 = ——1--——- . SiII.EB = o (3.2)
1 e 2 6a
1+2.L €
2%
or inversely
olg = e = e o = 3
< [ 425§ . m . Y - 2_&,‘&, “5-‘92 (3'3)

The boson masses when expressed in terms of GF, a4, el, g8, and k2 are of the

e 2
form .
v « 2 Mw
Mw 43 Gy 5’6, 0561, Mz = Cos* B,
(24
et 2 3 My
M * ke Mz, = = ¥
VT 243Gy Sikte 2 Cd,

#) Hereinafter BasBy Cy» Bl, 92 all refer to values at M3, unless otherwise

=15~ noted.
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From the evolution equati.ons together with the 2T_ values in the region

f
Mltp M2 and M2 to M3, one gets
4o s a3pg Mo 8 g M
&= o Twhn tiwhw
Lo A g ML M (2.5
of %(Mi)+3Vth ‘Ther )
Lo v Mg M3, M
o A JW!"‘M:. "%Mx,

- &Ly Mg Mz, M
—?dc-*;‘!'-ﬁ“Mj T—J’r’eﬁ'MJ

Therefore one has

x A Yy x /L -8
w(y ") (M % (g "3
e ¢ (Mz = M3 ¢ e

:'_"’M‘ e
Mi= s ' (3.6)
together with
ity ~ i{g‘fn\,“}' N
SinB) = 2 I Spem o~ M o 2 [ +& 406,
7 oy = 7 T | (3.7

Note-that (3.2) already shows how sin202 is determined directly by a  and
d,s MOV {3.7) further gives sinzel in terms of singez. Tt still remains to

determine o, and o The evolution eguation for uC(M) is of the form:

c*

} !

! 2 M
S S, M
La(M) . olo) 3T ¢ ‘g:‘ ’zﬁ'm;- : {3.8)

; 2
wheve the sum extends aver all fermicns of charge qf with mags mr < M2
_ 1
taking «(0) = a7

indivyidually according to their own masses, one gets

and evaluating the contributions of e,u, u, d, 8, ¢, T, b
@l (100 Gev) = 128.4 (3.9)
e

-17-

ac(M) at the b threshold o, ia evaluated by the formula

I . S
e 5” 4 (3.10)
ao that
A e Ly B, f0e
ol (1o Gev) T oo (mp) €W my
25 23 {ooGev
- 61"#%4( Wh "y (3.11)

With m, = L.5 GeV, My = 100 GeV and A assuming the values 0.3 GeV, 0.4 GeV
and 0.5 GeV cne gets the results as follows:

2 2
1/ac l/c:L 1/u6 M:L(GeV) sin 8, sin al Myof M,
A= 0.3 12 -3
(GeV) 7.4 38.4 36.2 | 3.5 % 10 9.6 ¥ 10 0.30 70 ak
_ 12 -3
A=0.41]T7.0 38.3 36,1 | ¥.4 X 10 2.1 x 10 0.30 70 84
12

a=0.5067 }383 |360§s5.3%10%|8.7x03] 030 |10 | 8

We see that the grand unification mass scale M.L’ which stands for MX and MY and

is crucial to the proton lifetime, turns out to be too smell, and that the value
of sinaal, whick determines the existing eight Fermi type parsmeters for neutral

current interaction (as will be seen in the next section), is almost fixed at
the value 0.3C. In fact even when ae/uc increases by a factor of 2 or reduce

to zero, the sinzal only changes to 0.32 or to %, respectively. As a result,
the vslues of Mw and MZl are also stable.

Iv. NEUTRAL CURRENTS, NEW CHARGED CURRENTS AND PRCTON DECAY

su(h)ECx su(e)L x U(l)Y differs from SU(3)c U(z)L x U(l)Y in that
it has two neutral currents together with three new charged currents associated

with Viu' The two neutral current Interactions are of the form:

-18-



G Iplops. = i ¥ 43— 16 YOV Zp Ho = Z T 0rbow (T3 Gresare]
— T s 3. 0
- —- \P/"( —M191Q+ L’d""ﬁf Y’)\pz,\.’ j{:;__ G;
7z

U %0 200 [T (U O3 + U -0}

) Yo (D49 + D -Rpf ] (43)

T Zop =2 & P U8~ e VOV 2

3 L _ & [J—"' T -1 Ly +
e Hy = Fehxe[fd@pu-dnd) +1 F(@gu+dyd]
Ge = ~ o - LEm -
+ X T [HF AL - Dhuded)4 5 (ERY ws LY d)]
The @ and I3 quantum numbers for ordinary quarks and leptons are as usual
except for Is(tR),which now assumes a value of %— . The Y and ¥' quantum . .
‘numbers for ordinary quarks and leptons are Camparing these witi (L4.1) and {4.2) one gets the expressions for these ten
parameters in terms of 9i, 32 and k. The results are tabulated as follows
with corresponding expressions in W-S model also listed for comparison?
left-handed quarks 'dR’SR’bR up ¢ tH left~handed leptons|right-handed 1eptcnq b - P 5;, /E' é,__.,
Y i -1 2 2 0 =2 ) I | U Uk D % of
Cand ~
' ' . . 3o | Lgtg -4 39 | Zaate -1 | 3 a0 () (&)
L SiHe) z,u-‘ﬂri', -1 ‘z""%ﬂ*’sl - hails | et -3 *‘d’“‘s‘ T Tmhl&' A
-l -1 2 2 2 &) 4]
sig (2 ynap [ aai8 k| L B || 20 Ot | = +4 0" 0
WS lzaau-ti-b| 4 - 2auiey |- Jautby| Toe 01 | 7oy | 200 0u 1 | T 14445 Gw
. . N ~ . . P .
It deserves to be mentioned that as far as leptons are concerned the with P(6)= (“f"‘ﬂ‘“"lﬂl‘)a‘i'ﬂ“?')- E,@m"ﬁ“
second neutral boson Z behaves 1ike a heavy photon with a different charge
' o 5 ()= 40 (i~ 40078, )= & A’ Ox
unit, so that it does not couple to the neutrino. In addition, one sees that 5 @)= i_ A ’
tR differs from up and g only in their first neutral current interaction.
Among the ten parameters the first elght as well as the difference
The effective Hamiltonisn of four-fermion neutral current interaction 3(6) - 8(6) (= -1+ 4 sinzal) are independent of 92 and k. At present only
is of the form the empirical values for the first eight parameters are available 7), which
G-' &: will be compared in the following with the theoretical values. Those for
j{!ﬂ == 1M" '/"J’/‘* ZM}; :r?‘ :T*'f‘ (4.2) su(2), X U(1), (in which a:l.x:uzaw is determined phenomenclogically) and for
SU(5) are also listed
Among the experimentally investlgated processes mediated via neutral ecurrent -
o~
interactions are v 3A U‘_ Ug ‘DL Dg e:(v rd
{(I) v+te+v+e
(IT) v+usv+u vedrv+ad Emfm‘»ml 026%0.08 | ~0.5220.06 [ 0322003 [—0.1720.02 | 0,43 10,03 |-0.01 3 .08 |~ 072+ 05 0,34 2025
s (I1€9] *
(ITI}) e+u—e +u, e+d-»e +d {parity violation part) 5 1 2 X
: : - R —o.5 -~ 0,42 0.0 -0 02
(4i6) =0.30) o. 10 z 0.27 ' s g7 3
Usually the Reff‘a for these processes are parametrized with ten Sue x * x .
phenomenologlcal parameters: (468, = 030) —-0.10 -i 0.37 -0.13 -0,43 o047 -9.40 0./3
SUC?.),_IU(I)Y * n 3“’
19— (i =0235) -~0.,630 - 0343 —ois7 | 0,422 | 0078 -o.830 | o187
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that
The superscript * means (the value indicated lies outside the empirical range,
One sees the it of SU(6) predicted values with empirical data quite well,
even hetter than thoze of SU(5).

The effect of mixing of fermions on the neutral current structure will
be briefly discussed. The quarks d,s,b have the similar quantum mumbers of
13, @ and Y', so that their mixing does not effeet the styucture of neutral
currents. The same applies for U, CL and tL‘ The only modification comes
from the mixing among ups €p and tg- However the second neutral current

remains uwnchanged, only an additional term Mlu is added to Jlu with

BT = s, (Us g + U5 € + U €0 ) (Ushg +Uha 6 #Us &) 7 i

vhere Ui.‘] stand for the elements of mixing matrix so that

(ug op tp) = (up g ) U . (1.5)

(L.4) implies appearance of flavour chenge neutral currents among U, @ %,
togetner with a modification of thelr neutral current strength. This mixing
must be samall enough to aveid confliction with the existing data.

As regardsto the new charged current interaction, only those parts
related to u, d, ¢, 3 are needed toc write cut explicitly

5 ige lega Dy g + Bt + RGNy 4 €5 Sph g +Bin e+ Kodpsi], v
+ &£ G [%E )’,d;-ri;)’,,s; X V,‘;TL .

(4.6)
On account of

€ _ L%

M T OB M (4.7}

together with k presumably smaller than unity, the new charged current inter-
actionz will be even stronger than the ordinary weak interactions. Its empirical
absence is attributed to its association with heavy particles. Tt will
menifest itself in the heavy particle decay °~ if both of hbem exist.

_p1-

It remains to consider the effeet of this new.charged current interaction

on the decay of the proton. The V¥ bosons alone canhot mediate proton decay.

ip
But with additionel Wu interaction, diagrams of higher order which may lead

to proton decay are possible, such as Fig.h.

Nevertheless, these processes are unimportant because the phase space
is extremely asuppressed by the occurrance of so many final state particles.
In case n: ie considerablymixzed with i\:, however, the proton lifetime may be
greatly reduced by the process shown in Fig.5. 5o this mixing 1s required to
be small {(say & 10-5). In addition, n-x mixing leads to other uncbserved
processes such as in Fig.6. But the upper limit set by these processes is
not so stringent as that by proton decay.

As far as n~X mixing can be ignored, the proton decay 1s mainly

medisted via superheavy bosons X and Y {1 =1,2,3) with dlagrams

ip ip
simllar to that in SU(5) thecry. The interaction of xOu and YO‘u with u,d,e
is of the form:
5 = t = - +y ot
SRS (DY 4RV e Xopw + (B uds #4220 €7), Y,
E% (B e Jn €7 Ko el 4 Lg Ju :.o,u-] (5.8

30 thaet it is unimportant to the proton decay.

The values of M.x and M'I cbtained in the ‘previcus section is of crder
10%%-10"3 Gev, which is Jjoq smsll. This s cme of the main difficulties for
thils SU(6) model. It macf[the values of Hx and MY responaible for the proton
lifetime differs considerably from those at the grand unification scale because
the magnitude qz related to proton decay is only of order 1 Ge\(2 and in the
case of DSB Mx and My is presuwmably soft.. Nevertheless, we do not think
this effect can account for such a large difference as two order of magnitude.

V. BRIEF SUMMARY

The possibility of a Higgsless grand unified model SU(6) with
intermediate symmetry SU(h)Ec x SU(E)lX iml)Y .’-L-B dizcussed with the
following results. The neutral currents fit the empiricel data quite well.
The new charged current also does not lead to d1fficulty as far ss n-i mixing
is very. small. The three generations of ordinary guarks are not precisely
similar: the t querk is abnormal. Among the main difficulties are: appearance
of unwanted Goldstone hosons assoclated with the breaking of additional global

22



symmetries, a too smell grand unification secale leading to an unacceptably
short lifetime for proton decay, absence of current masses for ordinary quarks.

These problems may imply thatthe unification of su(h)EC x SU(E)I.* u(1),

to SU{6) is unsuitable. Nevertheless the SU{'h)Ec » SU(Q)L X U(l)“f itself as

a possible intermediate symmetry may merit attention, because it is compatible

with the prezent data and, in a.ddition)predicts a lot of new particles as

well as new interactions so that beyond the 100 GeV we still meet a luxuriant

oasis,

FIGURE CAPTIONS

Fig.l Dlagraems generating masses for leptons

€, Hy T.

Fig.2 Disgrams generating masses for charged exotlc leptons £'s.

Fig.3 Diagrams generating masses for neutral exotic leptons.
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