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Abstract

The seemingly disparate notions of chiralcolor and quark–lepton nonuniversality are combined, and shown to be essentia
each other as part of an underlying (and unifying) larger symmetry, i.e., supersymmetricSU(3)6. Both phenomena are accessib
experimentally at the TeV energy scale.
 2004 Elsevier B.V. Open access under CC BY license.
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In the Standard Model of quarks and leptons,
electric charge has two components, i.e.,

(1)Q = I3L + 1

2
Y,

whereI3L comes fromSU(2)L andY from U(1)Y . If
the gauge group is extended to includeSU(2)R, then
there are two possible decompositions of the elec
charge. One is based on[1] SU(4)C → SU(3)C ×
U(1)B−L, i.e.,

(2)Q = I3L + I3R + 1

2
(B − L).

The other is based onSU(3)L → SU(2)L × U(1)YL

andSU(3)R → SU(2)R × U(1)YR , i.e.,

(3)Q = I3L + I3R − 1

2
YL − 1

2
YR.

[The minus signs in the above expression are due
convention which will become clear later.] Wherea
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Eq. (2) is indicative of SO(10) as the unification
group,Eq. (3)is indicative of[2] SU(3)C × SU(3)L ×
SU(3)R. However, the two are in fact equivalent
considered as subgroups ofE6.

UsingEq. (2), underSU(2)L×SU(2)R ×U(1)B−L,
the quarks and leptons transform as

q = (u, d)L ∼
(

2,1,
1

6

)
,

(4)qc = (
dc,uc

)
L

∼
(

1,2,−1

6

)
,

l = (ν, e)L ∼
(

2,1,−1

2

)
,

(5)lc = (
ec, νc

)
L

∼
(

1,2,
1

2

)
.

They are different in their electric charges beca
they have differentB −L values. UsingEq. (3), under
SU(2)L × SU(2)R × U(1)YL × U(1)YR ,

(6)q ∼
(

2,1,
1

6
,0

)
, qc ∼

(
1,2,0,−1

6

)
,
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(7)l ∼
(

2,1,−1

6
,−1

3

)
, lc ∼

(
1,2,

1

3
,

1

6

)
.

Here the differences come from the fact that lept
belong to the(1,3,3∗) representation ofSU(3)C ×
SU(3)L × SU(3)R , whereasq and qc belong to
the (3,3∗,1) and (3∗,1,3) representations, respe
tively. Note that (YL,YR) = (−1/3,0), (0,−1/3),
(1/3,2/3), (−1/3,−2/3), respectively, forq , qc, l, lc

in these representations. This explains the minus s
in Eq. (3).

At this point, a curious fact must have already be
noticed, i.e., the electric charge has two compone
in Eq. (1), three inEq. (2), and four inEq. (3). How
about five or more? Using the idea of a separ
SU(3)l for leptons[3], which results in a successf
nonsupersymmetricSU(3)4 model [4], the electric
charge may indeed have five components, i.e.,

(8)Q = I3L + I3R − 1

2
YL − 1

2
YR − 1

2
Yl,

whereYl comes fromSU(3)l → SU(2)l × U(1)Yl . In
this case,

(9)q ∼
(

2,1,
1

6
,0,0

)
, qc ∼

(
1,2,0,−1

6
,0

)
,

(10)

l ∼
(

2,1,−1

6
,0,−1

3

)
, lc ∼

(
1,2,0,

1

6
,

1

3

)
.

Going back toEq. (3), it is also clear that quark
and leptons may belong todifferent SU(3)L’s and
SU(3)R ’s, so that the electric charge has eight co
ponents, i.e.,

Q = (I3)qL + (I3)qR − 1

2
YqL − 1

2
YqR + (I3)lL

(11)+ (I3)lR − 1

2
YlL − 1

2
YlR.

Combining this notion of quark–lepton nonunive
sality [5–7] with that of chiral color[8], the group
SU(3)6 is then obtained. Note that this is very differe
from the previously proposed[9] nonsupersymmetri
SU(4)6 model which predicted a value of sin2 θW very
far away from the present data. A good way of displ
ing the structure of this symmetry is again a hexago
“moose” diagram[10] (Fig. 1) with the assignments

(12)q ∼ (3,3∗,1,1,1,1),

(13)x ∼ (1,3,3∗,1,1,1),
Fig. 1. Moose diagram of quarks and leptons in[SU(3)]6.

(14)λ ∼ (1,1,3,3∗,1,1),

(15)xc ∼ (1,1,1,3,3∗,1),

(16)qc ∼ (1,1,1,1,3,3∗),

(17)η ∼ (3∗,1,1,1,1,3),

underSU(3)CL × SU(3)qL × SU(3)lL × SU(3)lR ×
SU(3)qR × SU(3)CR. It reduces to the well-know
SU(3)C × SU(3)L × SU(3)R model if the x, xc,
η links are all contracted. It is also the natu
anomaly-freeextension of chiral color (theη link)
and quark–lepton nonuniversality (thex, xc links).
[Anomaly cancellation in anSU(n)1 ×SU(n)2 ×· · ·×
SU(n)k gauge theory is guaranteed[10] whenever
the fermions form a moose chain, because eacn

representation is accompanied by its conjugaten∗
representation with the same multiplicity, i.e.,n.]

The particle content of this model is given by

q =
(

d u h

d u h

d u h

)
, qc =

(
dc dc dc

uc uc uc

hc hc hc

)
,

(18)λ =
(

N Ec ν

E Nc e

νc ec S

)
,

where the rows denote(I3, Y ) = (1/2,1/3), (−1/2,

1/3), (0,−2/3), and the columns denote(I3, Y ) =
(−1/2,−1/3), (1/2,−1/3), (0,2/3), with x andxc

having the same electric charge assignments asλ, and
all the components ofη are neutral. The doubling o
SU(3)3 to SU(3)6 also allows the six gauge coupling
to unify with sin2 θW equal to the canonical 3/8
at the unification scale. Tocheck this, consider th
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contributions ofq , x, λ, xc, qc, η to
∑

I2
3L and

∑
Q2:

sin2 θW =
∑

I2
3L∑

Q2
=

3
2 + 3+ 3

2 + 0+ 0+ 0

2+ 4+ 4+ 4+ 2+ 0

(19)= 6

16
= 3

8
,

as expected. Note that in theSU(3)4 model [4] of
leptonic color, sin2 θW = 1/3 at the unification scale.

There is another reason for choosingSU(3)6. If
chiral color is invoked without separateSU(2)L gauge
groups for quarks and leptons, then anSU(3)4 model
with sin2 θW = 3/8 is possible. However, because

(20)
1

αs

= 1

αCL

+ 1

αCR

,

αs would be wrong by at least a factor of two. As
is, SU(3)6 allows the intriguing possibility thatboth
chiral color and quark–lepton nonuniversality m
exist at experimentally accessible energies, as sh
below.

The spontaneous symmetry breaking ofSU(3)6

is achieved through the scalar components of
supermultipletsxc, x, andλ of Eqs. (15), (13), and
(14). Specifically, the ones corresponding toxc

11, xc
22,

xc
13, x

c
31, x

c
33, x33, andλ33 are assumed to acquire lar

vacuum expectation values, in which caseSU(3)6 is
broken down to

SU(3)CL × SU(3)CR × SU(2)qL

(21)× SU(2)lL × U(1)Y .

This symmetry embodies both the notions of c
ral color and quark–lepton nonuniversality and is
sumed to be valid down toMS , the supersymmetr
breaking scale. The particles which remain mass
betweenMS and MU , the unification scale, are a
sumed to be three copies ofq , qc, andη, three copies
of all the components ofx exceptx33, three copies
of (ν, e) and (ec, νc) in λ, but only one copy of the
(N,E;Ec,Nc) bidoublet inλ. This particle conten
generalizes that of the MSSM (Minimal Supersy
metric Standard Model), where there are three fami
of quarks and leptons, but only one pair of Higgs d
blets. The transformation properties of these partic
with respect to this symmetry are then given by

(u, d) ∼ (3,1,2,1,1/6), h ∼ (3,1,1,1,−1/3),

(22)η ∼ (3∗,3,1,1,0),
dc ∼ (1,3∗,1,1,1/3), uc ∼ (1,3∗,1,1,−2/3),

(23)hc ∼ (1,3∗,1,1,1/3),

(ν, e) ∼ (1,1,1,2,−1/2), ec ∼ (1,1,1,1,1),

(24)νc ∼ (1,1,1,1,0),

(νx, ex) ∼ (1,1,2,1,−1/2),

(25)
(
ec
x, νc

x

) ∼ (1,1,1,2,1/2),

(26)
(
Nx,Ex;Ec

x,N
c
x

) ∼ (1,1,2,2,0),

(N,E) ∼ (1,1,1,2,−1/2),

(27)
(
Ec,Nc

) ∼ (1,1,1,2,1/2).

Above MS , the theory is supersymmetric and
these supermultiplets contribute to the running
the five gauge couplings ofEq. (21). The one-loop
renormalization-group equations are given by

(28)
1

αi(MS)
− 1

αi(MU)
= bi

2π
ln

MU

MS

,

where

(29)SU(3)CL: bCL = −9+ 3Nf = 0,

(30)SU(3)CR: bCR = −9+ 3Nf = 0,

(31)SU(2)qL: bqL = −6+ 3Nf = 3,

(32)SU(2)lL: blL = −6+ 2Nf + 1 = 1,

(33)U(1)Y : bY = 5Nf + 1 = 16,

whereNf = 3 is the number of families.
At MS , in addition to the breaking of supersymm

try, assume as well thatSU(3)CL ×SU(3)CR is broken
to SU(3)C through the vacuum expectation values
the diagonal elements ofη, andSU(2)qL × SU(2)lL
is broken toSU(2)L through the vacuum expectatio
values ofNx andNc

x . The boundary conditions atMS

are

(34)
1

αs(MS)
= 1

αCL(MS)
+ 1

αCR(MS)
,

(35)
1

α2(MS)
= 1

αqL(MS)
+ 1

αlL(MS)
.

Below MS , the particle content becomes that of t
Standard Model, but with two Higgs doublets, i.e.,

(36)SU(3)C : bs = −11+ (4/3)Nf = −7,

(37)SU(2)L: b2 = −22/3+(4/3)Nf +1/3=−3,

(38)U(1)Y : bY = (20/9)Nf + 1/3= 7.
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At MU , all six gauge couplings are assumed eq
Using sin2 θW (MU) = 3/8, this means that

(39)
3

5αY (MU)
= 1

α2(MU)
= 2

αU

.

Putting all these together, the constraints on the ga
couplings of this model are then given by

(40)
1

αs(MZ)
= − 7

2π
ln

MS

MZ

+ 2

αU

,

(41)
1

α2(MZ)
= − 3

2π
ln

MS

MZ

+ 2

π
ln

MU

MS

+ 2

αU

,

(42)
3

5αY (MZ)
= 21

10π
ln

MS

MZ

+ 24

5π
ln

MU

MS

+ 2

αU

.

These equations are easily solved forαs(MZ) and
MU/MZ in terms ofα2(MZ), αY (MZ), andMS/MZ ,
i.e.,

(43)

1

αs(MZ)
= 3

7

(
4

α2(MZ)
− 1

αY (MZ)

)
+ 4

7π
ln

MS

MZ

,

(44)

ln
MU

MZ

= π

14

(
3

αY (MZ)
− 5

α2(MZ)

)
− 2

7
ln

MS

MZ

.

Using the input[11]

(45)α2(MZ) = (
√

2/π)GF M2
W = 0.0340,

(46)αY (MZ) = α2(MZ) tan2 θW = 0.0102,

the value ofαs(MZ) is predicted to be in the rang
0.119 to 0.115 forMS/MZ in the range 1 to 5
as shown inTable 1, compared to the experiment
world average[11] of 0.117± 0.002. The value of
MU is of order 1016 GeV, in good agreement wit
the usual theoretical expectation. Thus anew and
remarkablysuccessfulmodel of grand unification is
obtained. It is also experimentallyverifiablebecause
it predicts specific new particlesnecessarilybelow the
TeV energy scale.

The expected new particles and their supersymm
ric partners are as follows. (1) Three copies of the
otic h(hc) quarks as inSU(3)3 or E6. (2) Eight axiglu-
ons[8] corresponding to the breaking ofSU(3)CL ×
SU(3)CR to SU(3)C . (3) Three sets of neutral(3,3∗)
η particles which are reorganized into octets and
glets underSU(3)C . (4) Three vector gauge boso
corresponding to the breaking ofSU(2)qL × SU(2)lL
Table 1
Values ofαs(MZ) andMU/MZ as functions ofMS/MZ

MS/MZ αs(MZ) MU /MZ

1.0 0.119 2.1×1014

1.5 0.118 1.9×1014

2.2 0.117 1.7×1014

3.3 0.116 1.5×1014

5.0 0.115 1.4×1014

7.6 0.114 1.2×1014

to SU(2)L. (5) Three(2,2) bidoublets which are re
organized into triplets and singlets underSU(2)L.
(6) Three sets ofSU(2)L doublets(νx, ex) and(ec

x, ν
c
x).

The presence ofSU(2)L nonsinglets is a potentia
phenomenological problem with respect to the p
cision electroweak measurements. However, all s
new particles, i.e., those listed under (4), (5), and
in the above, have masses which are invariant un
SU(2)L. Hence their contributions to the electrowe
oblique parameters are all very much suppres
They are however necessary because they rende
SU(2)qL ×SU(2)lL gauge extension[7] anomaly-free.
This is also the purpose of the newSU(3)C octets and
singlets (theη particles) with respect toSU(3)CL ×
SU(3)CR. Thus this model has very unique predictio
which are verifiable experimentally.

If the scale at whichSU(3)CL × SU(3)CR reduces
to the canonicalSU(3)C is MA instead ofMS with
MA > MS , then Eqs. (43) and (44)are modified to
read

1

αs(MZ)
= 3

7

(
4

α2(MZ)
− 1

αY (MZ)

)

(47)+ 1

14π

(
35 ln

MS

MZ

− 27 ln
MA

MZ

)
,

ln
MU

MZ

= π

14

(
3

αY (MZ)
− 5

α2(MZ)

)

(48)− 1

14

(
7 ln

MS

MZ

− 3 ln
MA

MZ

)
.

This would allowMS to be somewhat larger, say
order 1 TeV.

In conclusion, a new model of grand unification h
been proposed based onSU(3)6, which is a natura
extension of two seemingly disparate notions, i
chiral color and quark–lepton nonuniversality. In t
context of supersymmetry, it has been shown that
five gauge couplings corresponding toSU(3)CL ×
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;

68.

66
SU(3)CR × SU(2)qL × SU(2)lL × U(1)Y naturally
converge to a single value atMU of order 1016 GeV,
and the scale at which this symmetry reduces to
standardSU(3)C × SU(2)L × U(1)Y is not more than
a few times that of electroweak symmetry breaki
This is a natural generalization of the MSSM a
may be easily distinguished from it experimenta
because specific new particles are predicted to e
below the TeV energy scale, and should be access
at accelerators in the near future.
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