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SU(4)qg U(1)~ model for the electroweak interactions
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Assuming the existence of right-handed neutrinos, we consider an electroweak model based on
the gauge syinmetry SU(4)r, U(1)~. We study the neutral currents coupled to all neutral vector
bosons present in the theory. There are no Havor-changing neutral currents at the tree level, coupled
with the lightest neutral vector boson.

PACS number(s): 12.60.Cn

Symmetry principles have been used in elementary par-
ticle physics at least since the discovery of the neutron.
A symmetry is useful to both issues: the classification
of particles and the dynamics of the interactions among
them. The point is that there must be a part of the
particle spectrum in which the symmetry manifests it-
self at least in an approximate way. This is the case for
quarks u and d and in the leptonic sector for the electron-
neutrino and electron. For instance, the SU(2) appears
as an approximate symmetry in the doublets (v„e)T. If
one assumes this symmetry among these particles and
in the sequential families as well, almost all the model's
predictions are determined.

The full symmetry of the so called standard model
is the gauge group SU(3)c SU(2)1, U(l)y. . This
model spectacularly explains all the available experimen-
tal data [1]. Usually it is considered that this symmetry
emerges at low energies as a result of the breaking of
higher symmetries. Probably, these huge symmetries are
an effect of grand unified scenarios and/or their super-
symmetric extensions.

Considering the lightest particles of the model as the
sector in which a symmetry is manifested, it is interest-
ing that the lepton sector could be the part of the model
determining new approximate symmetries. For instance,
v, e, and e' could be in the same triplet of an SU(3)L, I3
U(l)N symmetry. This sort of model has been proposed
recently [2]. In this case neutrinos can remain massless
in arbitrary order in perturbation theory, or they get a
mass in some modifications of the models [3]. If we ad-
mit that right-handed neutrinos do exist, it is possible
to build a model in which v, v, and e are in the same
multiplet of SU(3) [4]. In fact, if right-handed neutri-
nos are introduced it is a more interesting possibility to
have v, e, v', and e' in the same multiplet of an SU(4)1,
U(1)~ electroweak theory.

Notice that using the lightest leptons as the particles
which determine the approximate symmetry, if each gen-
eration is treated separately, SU(4) is the highest sym-
metry group to be considered in the electroweak sector.
A model with the SU(4) U(l) symmetry in the lepton
sector was suggested some years ago in Ref. [5]. How-
ever, quarks were not considered there. This symmetry
in both quarks and leptons was pointed out recently [6]
and here we will consider the details of such a model.

Hence, our model has the full symmetry SU(3)c,

As ——diag(1, —1,0, 0), As ——~diag(1, 1, —2, 0),

Ais ——~diag(1, 1, 1, —3).

Leptons transform as (1,4, 0), one generation, say
Qir„ transforms as (3, 4, +2/3) and the other two quark
families, say Q I„n = 2, 3, transform as (3, 4*, —1/3):

('& f l (&
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f'I. = Q L, =
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(2)

QiI, =

where i = e, p, w; u' and J are new quarks with charge
+2/3 and +5/3, respectively; j and d' are new quarks
with charge —4/3 and —1/3, respectively. We recall that
in Eq. (2) all fields are still symmetry eigenstates. Right-
handed quarks transform as singlets under SU(4) I,
U(1)N.

Quark masses are generated by introducing the fol-
lowing Higgs SU(3)c SU(4)I, C3 U(1)~ multiplets: rl

(1,4, 0), p (1,4, +1), and y (1,4, —1),

(» l
x
X2

SU(4)L, U(1)iv. These sort of models are anomaly-free
only if there are equal number of 4 and 4* (consider-
ing the color degrees of freedom), and furthermore re-
quiring the sum of all fermion charges to vanish. Two
of the three quark generations transform identically and
one generation, it does not matter which one, transforms
in a different representation of SU(4)L, U(1)N [7]. This
means that in these models as in the SU(3)c I3 SU(3)L,
U(1)iv ones [2], in order to cancel anomalies, the number
of families (Nf) must be divisible by the number of color
degrees of freedom (n). Hence the simplest alternative is
n = Ny ——3. On the other hand, at low energies these
models are indistinguishable kom the standard model.

The electric charge operator is defined as

Q = —
~

As — As ——~6Ais
~
+ N, (1)

v» r
where the A matrices are [8]
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In order to obtain massive charged leptons it is neces-
sary to introduce a (1,10', 0) Higgs multiplet, because
the lepton mass term transforms as fr' fr, (1,6g$10s).
The 6~ will leave one lepton massless two others degen-
erate for three generations. Therefore we will choose the
H = 10'. Explicitly, up to a convenient normalization

(II' a+ I' a- )
H+ H++ H+ Ho1 1 3 3
H,' H+ H,' H, (4)

If (Hs) g 0, (Hl 2 4) = 0 the charged leptons get a
mass but neutrinos remain massless, at least at tree
level. In order to avoid mixing among primed and
unprimed quarks we can introduce another multiplet

transforming as g but with diferent vacuum ex-
pectation value (VEV). The corresponding VEV's are
(g) = (v jl/2, 0, 0, 0), (p) = (0, u/l/2, 0, 0), (g')
(0, 0, v'/l/2, 0), (y) = (0, 0, 0, lv/l/2), and (H) 24
(IIso) = v"/~2 for the decouplet. In this way we have
that the symmetry breaking of the SU(4)1, U(1)N. group
down to SU(3)l.cm U(1)~ is induced by the y Higgs bo-
son. The SU(3)I.I3 U(1)~ symmetry is broken down
into U(1), by the p, g, q', and H Higgs boson. As in
model I of Ref. [4], it is necessary to introduce some dis-
crete symmetries which ensure that the Higgs fields give
an appropriate quark mass matrix in the charge —1/3
and 2/3 sectors of the direct sum form in order to avoid
general mixing among quarks of the same charge. In this
case the quark mass matrix can be diagonalized with uni-
tary matrices which are themselves direct sum of unitary
matrices. These symmetries also ensure the appropriate
VEV's chosen above.

The Yukawa interactions are

~Y = 2+ij f~gfj I+ + +lkqlI V'IcR'g + +nkqnLvkRp

+I"ll,qlr, dI RC + I"~g,q~L, dl Rq
+&lqlL&Rq + h~pq~r~pRrI'*

+r,q»J»+ r.~q.,&~,~*+H ., (5)

where i, j = e, p, w; k = 1, 2, 3; and a, P = 2, 3. We recall
that up to now all 6elds are weak eigenstates.

The electroweak gauge bosons of this theory consist
of a 15, W„', i = 1, ..., 15 associated with SU(4)L, and a
singlet B„associated with U(l)~.

The gauge bosons —l/2W+ = Wl —iW2, —~2vl
W' —'W', -~2V; = W' —'W", -~2V; = W"—
iW —~2U = W 2W", an—d ~2X = W + iW
have masses

2

Mw ———(v +u + 2v" ),4

g 2

(6a)

2

M~ = —(v +ZU +2V ))2

g2

(6b)

2 2

Mx = —(v'+ v"), MU = —(u + lv'+ 8V"'). (6c)

The mass matrix for the neutral vector bosons (up to a
factor g /4) in the W, Ws, Wls, B basis is

f v2+u2+2v"2

~3—'(v2 —u2+4v "2)
~6

—'(v' —u2 —2v "2)
1 (v 2 +4v I2 +u2 +2vn2)

(v —2v' +u2 —4v" )3~2
~tu

—'(v' —u2+4v"')~6
(v' —2v" +u2 —4v"')

3~2
—(v2 + v' + u2 + 9' + 8v" )

~2
t(u2+ 3lv2)

—2tu

~tu
~2t(u2 + 3lv2)

4t (u +lo )

(7)

where t = g' jg. The matrix in (7) has determinant equal
to zero as it must be in order to have a massless photon.
There are four neutral bosons: a massless p and three
massive ones Z, Z', Z" such that Mz ( Mz ( Mg
The lightest one, say Z, corresponds to the neutral boson
of the standard model.

The photon field is

2

fl 4 (10)

where

In the following, we will use the approximation v = u =
v" = vi && v' = m = v2. In this approximation the three
nonzero masses are given by [9]

A+2 (A +3B) cos
i

=1 /2n~+ Ol
3 ) (11a)

with the electric charge defined as

gt g'

(1 + 4t ) & (1 + 4t ) &2

A = 3+ 4t'+ (7+ 4t')a, ',

B = -2[1+3t' + 2(4+ 9t') a'], (11b)
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C = 8(1+4t )a, 8 = arccos
2A'+ 9AB+ 27C

2(A2 +. 3B)
(16)

(1lc)
and we have defined a = vi/v2. The respective eigenvec-
tors are

(12)

with

for the charge 2/3 quarks, and

(L"„' = —cw
l

—x„+ y„+ z„+ v)—„t l, (17a)
3 6

1 1 2L"„- = —cw
l

—x„— y„— z„——ui„t l, (17b)
3 6

2a 1 —3t + (1 —t )a —(1 —2t )A„
D-(t )

(13a)

f2= —cw
l

y~—

B ' =B =B„=—c~m td d d' 2

3 fL

(17c)

1 2(2+ t )a —10a4t2 —[1+ (1 —4t )a ]A„
~3t D„(t, a)

z = (8(2+ t )a + 4(3+ 2t )a
6t

—4[1+2(2+ t )a ]A + 3A )iv /D (t, a) (13c)

where

L"' = L"' = L"' g L"
1 1 1 1 (19a)

and

for the charge —1/3 quarks.
Notice that the coeKcients L~ and B~ given above,

Eqs. (15)—(18), summarize all the neutral couplings in
the model: n = 0, 1, 2 give the coeFicients corresponding
to the Z", Z, and Z', respectively.

We have checked numerically that in fact only for n = 1
do we have

D„(t,a) = 2(7+ 5a ) —(3+ 13a )A„+ 2A„, (13d) Ldj ~ Ldg Ldg
1 1 1 1 1 (19b)

and m is a function of t and a determined by the
normalization condition. The hierarchy of the masses
is Mo ) M2 & M1, i.e., we can make Mo = Mz
M2 = Mz, and M1 = Mz. Hence it is possible to iden-
tify the eigenvector with n = 1 as being the neutral vector
boson of the standard electroweak model. Actually, we
have checked numerically that M&/Mw ——1.303, when
t = 1.82 and for any a & 0.01. This is just the value of
the standard electroweak model when sin 0~ ——0.2325.

The weak neutral currents have been, up to now, an
important test of the standard model. In particular it
has been possible to determine the fermion couplings,
so far all experimental data are in agreement with the
model. In the present model, the neutral currents of a
given fermion vP couple to the Z neutral boson are

Hence, we can introduce a discrete symmetry, as in
Model I of Ref. [4], in order to obtain a mass matrix which
does not mix uA, with u' and dg with d', k = 1, 2, 3 and
o, = 2, 3. We see that in this case the Glashow-Iliopoulos-
Maiani (GIM) mechanism [10] is implemented, at the tree
level, in the Zi(= Z ) couplings. We must stress that,
if the new quarks u' and d' are very heavy, the require-
ments for natural (independent of mixing angles) flavor
conservation in the neutral currents to order o.G~ [11]
break down, and it should be necessary to impose the
restriction that the mixing angles between ordinary and
the new heavy quarks must be very small [12].

It is useful to define the coefficients V =
2 (L+R) and

A = 2(L —R). In the standard electroweak model, at
tree level, we have V&sM = tsl, ~

—2Q~ sin Hw and A&M =
tsL, , where t31,@

is the weak isospin of the fermion @:
+1/2 for ui, and v;; —1/2 for di, and /;. Hence, we have
VUsM = 0.19 and A~&M = 0.5 for the charge 2/3 sector,
and VLsM = —0.345 and AD ———0.5 for the charge —1/3
sector. In our model, also at tree level, using t = 1.82
(which is the value for t obtained when sin Ow = 0.2325)
and for any a & 0.01, we obtain VU 0.19, A~ 0.5 for
uA, and VD = —0.345, AD ——0.5 for dI, . We see that the
values are in agreement with the values of the standard
model. On the other hand V —0.310, A„~ 0 and
Vd = 0.15, Ad~ —0.

For leptons we have

~NC =- ' ) y.~"O.«+O»"e~R.']Z.. (14)
2cw

where cw = cosow. From Eq. (9) and assuming that
e = gsw (but e = g'[cw —3sw] ~ ) it follows that 4, =
(1+3t )/(1+ 4t ). The coefficient in Eq. (14) are

1 1 4L„"' = —cw
l
z„+ y„+ z„+ vi„t l, —

3 6 3 j (15a)

(15b)
4B = —L ——c~m t
3

R„=— z .
6

L = L + —c~tU
3

I„=L„' + —c~m t,
4
3

(15c)L"„=—cw
l

— y„+ z„+ vi„t l, —
3 6

(20)

(
L = —cwlx — y — z — vit—

3 6 3 j
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) (,Dr. '7 +~~iDr + DB'7 + RDR) Z v
~w

(21)

where D' = (di, d2, ds) are the symmetry eigenstates.
We recall again that n = 0, 1,2 correspond to Z", Z, and
Z', respectively; we have defined

Y'
& ——diag(R ', R ', R '), (22)

and L *, R ' appear in Eqs. (15) —(18). We have shown
above that for n = 1, YiL oc 1. However, for n = 0, 2
for any value of t and a all L'g (Rg) are different. For
example, we obtain, using t = 1.82, a = 0.01,

Lo' —2.12, Lo' ——L 0' —1.12,

(23)

For a & 0.01 and t = 1.82, we obtain V„-0.5, A„- 0.5,
and Vj —0.035, A~ —0.5 which are also in agreement
with the values of the standard electroweak model.

On the other hand, there are fIavor-changing neutral
currents (FCNC's) in the quark sector coupled to Z' and
Z". To show this let us rewrite the neutral current inter-
actions given in Eq. (14) as (for the charge —1/3 sector)

the quarks to be the mass eigenstates by making the bi-
unitary transformations DL ——VL DL, and D& ——VR DR
it results in

Y~ w V~ Y~V~,D Dt D D
Y~R w Vp Y„~VD Dt D D (25)

vr. p"lr, W„+ + vr', p"lr, Vi+„+ Ir p"vr, V2+„
2

We recall that a discrete symmetry avoids mixing be-
tween dk and d' .

Since Y&L oc 1 the respective neutral currents conserve
fI.avor. For n = 0, 2 since Yo&, Y2L are not proportional
to the unit matrix there are FCNC effects. However,
these couplings involve mixing angles which, in general,
do not coincide with the Cabibbo-Kobayashi-Maskawa
parameters which are defined as V~KM ——V& V& in the
W interactions. On the other hand, there are no FCNC
effects in the right-handed currents since Y„& oc 1 for
any value of n. A similar analysis can be made for the
u-like quarks. Hence, no bounds on the Z', Z" masses
arise &om FCNC processes without any additional as-
sumption concerning these parameters [7]. The condition
sin 0~ & 1/4 will imply masses for Z', Z" of the order
of some TeV's [13].

Finally, we write down the charged current interactions
in terms of the symmetry eigenstates. In the leptonic
sector they are

Lq' = —0.61, L2' ——I2' = o. 9)

(24)
+lap vt V3 + lap lI, U„++ + H.c (26)

Hence, there are FCNC effects due to Z' and Z" which
cannot naturally be excluded. However, when we turn

and the interaction 2gv&p" vt, X
In the quark sector we obtain

ui, rp" di, r, W+ + (ur p"d, r, + usurp" d' r, ) V,+„+ (Jr,p"u, r. + d rp"j r) V2+
2

+ (Jr.w"ur. +" r.V") r.) Vs + (Jr.w""ir. —u~r, p"j r, ) U++ + H.c., (27)

where k = 1, 2, 3; o. = 2, 3. We have also interactions
via X among primed and unprimed quarks of the same
charge as ulp"uI, and so on.

Notice that it is not necessary to have a strong fine
tuning in the V's and A's coefficients in order to be in
agreement with phenomenology. Although both types
of coefficients are complicated functions of sin 0~ and
of the ratio a = vi/v2, once the observed value for
sin 0~ = 0.2325 [1] has been chosen, there is a wide
range of allowed values for a. We recall that the neu-
tral current data impose the strongest constraints to the
physics beyond the standard model. Since in our model
the GIM mechanism is implemented, this suggests that
the model may be consistent with the charged currents
phenomenology as well. At low energies the model coin-
cides with the SU(2) U(1) model and it will be interest-
ing, f'rom the phenomenological point of view, to study

the constraints on the masses of the extra particles and.
the respective mixing angles which do not exist in the
standard model.

At the tree level neutrinos are still massless but they
will get a calculable mass through radiative corrections.
In this kind of model it is possible to implement the
Voloshin s mechanism, i.e., in the limit of exact symme-
try, a magnetic moment for the neutrino is allowed, and
a mass is forbidden [5].
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