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Chiral color and partial-unification mass scales
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Partial-unification mass scales for the group [SU, (4)j XSUL, (2) XSUq(2) are studied

We show that for this group the intermediate mass scale m~ is given by 300(m~ & 10 GeV
for the partial-unification mass scale M& in the range 5 &(10' &M» 3)& 10' GeV. This is

in contrast to other models for which mq & 10 GeV.

I. INTRODUCTION

The standard model for electroweak unification
has built in the conservation laws AB =0 and
hL =0. These conservation laws may not hold for
unification groups higher than electroweak group
SU, (3}XSUL,(2)XU(1). In the grand unification
groups' of SU(5) or SO(10}, there is a complete
desert from electroweak unification mass (=100
GeV) to grand unification mass scale of order 10's
GeV. These groups allow ~&0 processes. The
M =1 process manifests itself in proton decay; the
experimental limit on proton decay, ~&)10 '

y,
gives M~ ) 10' GeV. The M =2 processes such as
n-n oscillations ' are naturally suppressed and are
not observable in these models.

It is of interest to consider intermediate mass
scales that may manifest themselves in the hB =2
and ~I- =2 transitions. In the partial-unification
group SU, (4) XSuL (2) X SUR(2) of Pati and Salam,
LB =2 and AL =2 processes can occur. However,
the partial-unification mass scale ' in this model
comes out to be & 10' GeV for sin Hs & 0.25. Such
a large mass scale will naturally suppress n-n oscilla-
tions.

It is of interest to investigate models in which the

.partial-unification mass scale is lower than 10'
GeV. The natural mass scale for n noscillations -is
determined by the mass ma of right-handed vector

I

bosons. The purpose of this paper is to show that by
extending the color group SU, (4) to the chiral color
group

SU,L (4) XSU,tt(4) —= [SU,(4)]

in the Pati-Salam group, ' it is possible to bring
down the partial-unification mass scale' to 10
GeV. Within this model, it is shown that with the
conventional value of sin Hn, it is possible to have
right-handed vector bosons of mass within the limits

300&m+ &10 GeV

for partial-unification mass scale

5&&10' )M&&3g10' GeV

With such a low value of mz, it is possible to have
observable n-n oscillations. This is in contrast to
other models, in which mz comes out to be ) 10
GeV. In the end we also discuss the lepton masses,
in particular, the relationship between neutrino
masses and p72g.

II. PARTIAL-UNIFICATION GROUP
SU, (4)XSU, (2)XSU„(2)

We first review the partial-unification mass scale
for the group SU, (4)XSUL(2)XSUa(2). For the
symmetry-breaking pattern

SU, (4) XSUL (2) XSUg (2) ~ SU, (3)X SUL (2) XU(1) ~ SU, (3)XUEM(1)
Mz mL

the partial-unification mass is given by7

M„a '(mL ) a(mL )l„=
2 (1—2sin Hp) —Ci

2(P' —Pz —Ci Ps) a, (mL)
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where

(2)

Here Sf is the number of quark flavors, 6 is the fine-structure constant, and o,', =g3 /4m is the similar con-
stant for the color group SU, (3).

For the symmetry-breaking pattern

SU, (4) XSUL (2) X SU~(2) ~ SU, (3)XSUL(2) XSUg(2) XUs L (1)
M~

~ SU, (3)XSUI (2) XU(1) —+ SU, (3)X UEM(1)
mg

the unification mass is given by

M~ 2 mR
(p( —C) p3)l„+(p' —pq —C) p3)ln

mR mL

a(mL )
(1—2sin 0~)—C, a '(mL )

a, (mL )
(3)

where

pi — —g —,Y' Nf—1 1 i 2 2
(4)

4~ 2 f4 3

1

Here ( —,Y) is the generator associated with

Us 1.(1). With a '(mr )=128, a, (mL )=0.14, and
sin 8~ & 0.25, we get M& & 10' GeV. On the other
hand, for sin Ha -0.23 and mL -80 GeV, the
partial-unification mass Mz and intermediate mass
scale NlR ale gIven by

10 &mR &10' GeV
(5)

5.7y10 &M+& 5.7&(10' GeV

It is clear from the above results, that if we require
the partial-unification mass scale to be less than
Planck mass (10' GeV), then mz should be &10
GeV. This gives the natural mass scale for n-n os-
cillations too high to be observable. However, if we
use the value of sin20~ in the range"
0.28 & sin 8~ &0.33, mL ——65—70 GeV, and
m~ & 300 GeV, then Eq. (3) gives

M~
2.6y10' & &1.5)&10" . (6)

mL

III. PARTIAL-UNIFICATION GROUP
[SU, (4)] X SUL, (2) XSU@(2)

%e now consider the extended partial-unification
group

G =SU,L(4)XSU~R(4)XSUL, (2)XSUg(2)

gL, =gR =g g2L g2R g2

Note that, as in the previous case, we have two in-
dependent couplings at the partial-unification mass
Mx, namely, g and gq', the equality of couplings
within SU(4)'s and SU(2)'s indicated above, as is
well known, ' ' " is due to the fact that the
model considered is left-right symmetric. A higher
unification group G' of which G is a subgroup
would have related g and g2 also at the unification
mass of G' but our purpose is to consider the partial
unification group in its own right whether or not it
descends from a higher unification group.

We consider the following three cases of symme-
try breaking:

Case 1:

[SU,(4)] X SUL (2)X SUg (2) ~ SU, (3)X SUL (2) XU(1) ~ SU, (3)X UFM(1)
Mz mL

For this case, we get back Eq. (1) for the unification mass scale:
Case 2(a):

[SU,(4)]~XSUg(2) XSUa(2) ~ [SU,(3)] XSUL (2) XU(1)~ SU, (3)XUEM(1)
M~ ml
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Case 2(b):

[SU,(4)]'XSU~(2)XSU~(2) ~ [SU,(3)]'XSUL(2)XSU~(2)XUs L(1)
Mx

~ [SU, ( 3)] XSUL, (2)XU(1) ~ SU, (3 ) XUE~(1)
mL

mg

For the cases 3(a) and 3(b), we have, respectively,

Mg
2(P ' —Pq —2C~ P 3)ln

mL

—1 2 z a(mL)=a (mi ) (1—2sin 8a ) —2C,
a, (mL )

Case 3(a):

[SU,(4)] XSUI (2) X SU~(2) ~ [SU,(3)] xSUI (2) XU(1) ~ [SU,(3)] XUE~(1)
M~ mL

Case 3(b):

[SU,(4)] X SUL (2)X SU~(2) ~ [SU,(3)] X SUL (2) X SUa (2) XUs I (1)
M~

~[SU, (3)] XSUL(2)XU(1) ~[SU,(3)] XUE~(1)

(10)

(12)

Mg PlR
2 (p~ —2c& p3)ln +(p' pz 2C&—p3)—ln

NlR mL

a(mr )=a '(mL, ) (1—2 sin 8s ) —2C&
a, (mL )

(13)

Here

1p3=
4m.

For the cases 2(a) and (b), replace 2C~ by C~ on
the right-hand side of Eqs. (12) and (13).

We now consider case (3) in some detail, in partic-
ular, case 3(b), which is of interest for n noscilla--
tions. First from Eq. (12), we have for
sin 0~-0.23, Mz-2)&10 GeV. On the other hand
for" sin 8~-0.28 (mz-200 GeV) and sin 8~
=0.31 (m&-100GeV), we get M~=2. 1X 10' GeV
and M&-1.1)&10 GeV, respectively, for mI -70
GeV.

For the case 3(b) and for sin 8a -0.23, the
partial-unification mass Mx and intermediate mass

ma, as obtained from Eq. (13), are given by

300&mR &10 GeV

5.1g10' &My g2.8y10' GeV

From the above results, it is clear that for case 3(b),
it is possible to accommodate right-handed vector
bosons of mass as low as 300 GeV. In this model
the natural mass scale for n-n oscillations comes out
to be low, so as to make them observable.

Note that in some cases above where Mz is as low
as 10' GeV, there is no trouble with any of proton
decay modes leading to ~z & 10 '

y since the proton

IV. LEPTON MASSES

The left-handed and right-handed fermions be-
long to representations (4,1,2, 1) and (1,4, 1,2) of the
group:

Q& Qp Q3 V~

FR

d)
r

Q) Qp Q3 N,
(15)

is stable in the partial-unification groups considered
above. There are no gauge mediators which can in-
duce proton decay simply because no mediators con-
nect Q quarks with Q' or d' and/or d quarks with Q'
or d'. For the Higgs-scalar mediators when the
symmetry-breaking pattern is as in case (i) of the
next section, the proton is stable because of a
discrete symmetry. Proton decay may occur due to
mediators outside the partial-unification group. If
this group has descended from some higher grand
unification group, than these mediators have ac-
quired masses at the primary stage of the symmetry
breaking of the full group to the partial-unification
group. As such, these mediators would have ac-
quired much higher mass than the mediators of the
partial-unification group. Our analysis of partial-
unification mass scale in no way requires that the
partial-unification group descend from some higher
symmetry group.
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For the case of Majorana neutrinos, ' N, is distinct
from ve. For Dirac neutrinos, we also have two
singlets' v,R and N,l . The symmetry-breaking pat-
tern envisaged in Sec. III can be implemented in two
ways:

Case (i). We introduce a set of Higgs fields as
follows:

X=(4,4, 1,1), &X ) =c

Sa =(1,10, 1,3), Sl (10,1,3, 1)

Case (ii). The symmetry breaking is implemented
by the following Higgs system:

X—:(4,4, 1,1), & Xg4) =c

4&g =(1,4, 1,2), 41 =(4, 1,2, 1)

M=(4, 4, 2,2)

M=(4, 4,2,2)

M 0
Ie 0 I

Mx gc, mR gU~ mL g K

for the case 3(b):

C )&U »K

(16)

The leptons are liberated and they acquire masses
proportional to K. The quarks are still confined and
massless. They acquire masses by soft breaking of
residual symmetry [SU,(3)] to SU,I.+z(3). In this
way both axial gluons and quarks acquire their
masses (for details see Ref. 9). In this case of sym-
metry breaking, we get a AL =2 Majorana mass
term ' and n noscillat-ions. If all the Yukawa
couplings including that of Sz are of the same or-
der, then neutrino masses are given by ' '

Here I is a unit 2X2 matrix in the space of
SUI.(2)XSUa(2) and M is a 3X3 matrix represent-
ing a set of scalar mesons belonging to representa-
tion (3,3) of SU,L (3)X SU,z(3) color group. In this
pattern of symmetry breaking,

M 0
2KI 0 I

In this case no AL =2 Majorana mass term is possi-
ble; 68=2 and AL =2 processes are forbidden.
The neutrinos are Dirac neutrinos with masses as
given by' Eqs. (17) and (18) or Eqs. (19) and (20).

We conclude that for chiral color, for partial-
unification mass scale

SX10"&Mx&3X10' GeV

the intermediate mass scale is given by

300&mR &10 GeV

However, the KL-Kg mass difference'" gives a con-
straint on the mass mR,

mR &1.6X10 GeV

For Majorana neutrinos, for the case (i)(a) the n n-
oscillations are expected to be observable for

mve&1 eV

i.e., for

mR &4X10' Gev .

ml
mve=me

mR

mR
mNe —me

mI
(17)

For the case (i)(b), on the other hand, n noscilla--
tions will be observable for m „, in the range

In this case [called (i)(a)], using the experimental
limit m„&30 eV, we have'

0.87& m, & 2.6X 10 eV

or for

INe & 8.3 GeV, mR & 1.4X 10 GeV (18) 300&mR &10 GeV

If, on the other hand, the Yukawa coupling of SR is
of order g, the gauge coupling constant ACKNOWLEDGMENTS

2/
mve me imR, mNe —mR

In this case [called (i)(b)], for mz )300 Gep,

mve &0.87 eV

(19)

(20)
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