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Assuming the existence of right-handed neutrinos, we consider an electroweak model based on
the gauge symmetry SU(4),® U(1)n. We study the neutral currents coupled to all neutral vector
bosons present in the theory. There are no flavor-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 v 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)L,® U(1l)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).®
U(1)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, ¢, and e in the same multiplet of an SU(4)L®
U(1)n 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(1) 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®
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SU(4)L® U(1)n. 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),® U(1)n [7]. This
means that in these models as in the SU(3)c® SU(3).®
U(1)n ones [2], in order to cancel anomalies, the number
of families (INy) 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 from the standard model.
The electric charge operator is defined as

Q=%(/\3"71§‘)\8"§‘\/6A15) + N, (1)

where the A matrices are (8]
As = diag(1,-1,0,0), As = zdiag(1,1,-2,0),
A15 = \/iédlag(l, 1, 1, ——3).

Leptons transform as (1,4,0), one generation, say
Q1L, transforms as (3,4, +2/3) and the other two quark
families, say QarL, @ = 2,3, transform as (3,4*,—-1/3):

Vi Uy ja
l; d d
fiL = VE: ) QlL = ’U} ) QaL = 'U'Z )
l"c L J L da L
(2)

where i = e, u,7; v’ 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).®
U(l)n-

Quark masses are generated by introducing the fol-
lowing Higgs SU(3)c® SU(4)® U(1)n multiplets: n ~
(1,4,0), p~ (1,4,+1), and x ~ (1,4, —1),

m pg X1
=™ =1 7 | X 3
n '73(1 P ot |X X5 (3)
73 ptt x°
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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 f_ifL ~ (1,6,46105).
The 6,4 will leave one lepton massless two others degen-
erate for three generations. Therefore we will choose the
H = 10g. Explicitly, up to a convenient normalization

Y Hf HY Hy
Hf Hj* Hf H )
H Hy HY H; |’ “)
H;y H3 H; H;~

If (HY) # 0, (HY,,) = 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
7' transforming as n but with different vacuum ex-
pectation value (VEV). The corresponding VEV’s are
(m) = (v/v2,0,0,0), (p) = (0,u/v2,0,0), (n')
(0a0>v,/\/§y O)a <X> (07070’ 'LU/\/E), and <H)24 =
(HYY = v"/+/2 for the decouplet. In this way we have
that the symmetry breaking of the SU(4) . ® U(1) 5 group
down to SU(3)z® U(1)n is induced by the x Higgs bo-
son. The SU(3),® U(1)n+ symmetry is broken down
into U(1)em by the p,7, #', 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.

Il

v2+u2+2v”2 %(vz——uz—zv”z)

%(vz—u2—2v”2) %(vz+4v'2+u2+2v”2)

ﬁ(vz_uz +4,UIIZ) 3_%(”2_21)/2_*_1‘2_41}//2)
2 2 2

—2tu Etu

where t = g’ /g. 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 v and three
massive ones Z,Z',Z" such that Mz < Mz < Mgu.
The lightest one, say Z, corresponds to the neutral boson
of the standard model.

The photon field is

2f

- 1 3_ b s
A= Az (th VA

tW15 + B )
(8)
with the electric charge defined as
_ gt _ g’
le] = (1+4t2)1/2 ~ (1 +4t2)1/2° (9)

The Yukawa interactions are

—Ly = 3Gi; f finH + F1iQ1rukrn + FakQarurrp®
+F1,Q1Ldkrp + FpQardirn®
+h1Qiupn’ + hapQardspn’™
+T1Q12JrX + FapQariprx* + H.c., (5)

where i,j =e,pu,7; k=1,2,3;and o, 8 = 2,3. We recall
that up to now all fields are weak eigenstates.

The electroweak gauge bosons of this theory consist
of a 15, W;;, i = 1,...,15 associated with SU(4);, and a
singlet B, associated with U(1)y

The gauge bosons —v2W* = W! — iW?2, —/2V,” =

W8 — W7, —\2Vy = W2 — W10 2V, = W3 —
W, —V2U~~ = W —iW12, and vV2X° = W* +iW>
have masses
g2
Mg = Z(v2 + u? + 20""%),
g2
M‘z,1 = Z(v'2 + u? + 20"'%), (6a)
g°
M‘z,2 = z(v2 +w? + 20"?),
g2
M‘z,3 = 71—(11'2 +w?+ 20"'%), (6b)

2 2
My =20 +v?), ME =L (u?+w?+80). (60)

The mass matrix for the neutral vector bosons (up to a
factor g?/4) in the W3, W8 W15 B basis is

%(Uz—u2+4v”2) —2ty?
—3—%(172—21)’2—}—112—41)"2) —j—gtu2 .
%(v2+v’2+u2+9w2+8v"2) —j—ét(uz—!—?xwz) ( )
%t(u2+3w2) 4t2(u? +w?)

In the following, we will use the approximation v = u =

v"” = v; € v/ = w = vy. In this approximation the three

nonzero masses are given by [9]

2
M2~ gz AnvZ, n=0,1,2, (10)

where

Ap = I:A+2(A2+3B)1/2 (3‘1;—@)] (11a)

A =3+ 4t% + (T + 4t?)a?

B = —2[1 + 3t + 2(4 + 9t%)a?), (11b)
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3
C = 8(1 + 4t?)a?, © = arccos [2A +9AB + 270] ,

2(A? + 3B):
(11¢c)

and we have defined a = vy /v;. The respective eigenvec-
tors are

Zpp = anlf + anﬁ + anis + w, B, (12)
with
2021 —3t2 + (1 —t?)a? — (1 — 2¢%)\,
Tp = —— W,
t D, (t,a)
(13a)

1 2(2+4t%)a® — 10a*t? — [1 + (1 — 4t%)a?]|A,

n wn
MRV D, (t,) !
(13b)
Zn = L{8(2 +t2)a® + 4(3 + 2t?)a*
V6t
—4[1 4 2(2 + t?)a?| A\, + 3A2}w, /Dy (t,a)  (13c)
where
D, (t,a) = 2(7 + 5a%) — (3 + 13a%)A, + 222, (13d)

and w, is a function of t and a determined by the
normalization condition. The hierarchy of the masses
is My > M, > M, ie., we can make My = Mgz,
M, = Mz, and M; = 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 M2/MZ, = 1.303, when
t = 1.82 and for any a < 0.01. This is just the value of
the standard electroweak model when sin? 6y = 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 v couple to the Z,, neutral boson are

£NC = — T S [Pry YL LY + bRy YRRY) Zny (19)
cw oy

where cyy = cosfw. From Eq. (9) and assuming that

e = gsw (but e = g'[c}, — 3s%,]'/?) it follows that c¥, =

(1 + 3t2)/(1 + 4t%). The coefficients in Eq. (14) are

1 4
L:"ll = —cw (mn + + —=zn + gwnt) ’ (153‘)

1
V3T e

Lza = —Cw ((En - —\}iyn - %zn - gwnt) 3 (15b)

' 2 1 4
Lz = —Cw (—%yn + %Zn + g’wnt) N (15C)
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.4
Ry = Ry = RY = —Zewwnt (16)

for the charge 2/3 quarks, and

1 1 4
.L;i;1 = —c —Tp+ —=Yn + =20 + JwW t) ’ 17a
w ( \/?_)y \/6 n 3 n ( )

1 1 2
L"dl"' = —¢ <—$n — ——=Yn — —F=Z2n — _wnt) 3 17b
& 2 1 2 )
L « — _c R —_——2Zp — _wnt , 17C
Rlyi;l = R;ila = erlix = 2CW Wy t, (18)

3

for the charge —1/3 quarks.

Notice that the coefficients LY and RY given above,
Egs. (15)—(18), summarize all the neutral couplings in
the model: n = 0,1,2 give the coefficients corresponding
to the Z"”, Z, and Z’, respectively.

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

LY ~ L% ~ L% # LY (19a)

and

L3~ LB~ L% £ L% = L. (19b)

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 uy with v’ and dj with d.,, £k = 1,2,3 and
a = 2,3. We see that in this case the Glashow-Iliopoulos-
Maiani (GIM) mechanism [10] is implemented, at the tree
level, in the Z;(= 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 aGr [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 = (L + R) and
A = (L — R). In the standard electroweak model, at
tree level, we have VfM =tar, —2Qy sin? O and AZM =
tar,, where t3r, is the weak isospin of the fermion :
+1/2 for ug and v;; —1/2 for dj and l;. Hence, we have
VM =~ 0.19 and A$M = 0.5 for the charge 2/3 sector,
and VSM a —0.345 and AP = —0.5 for the charge —1/3
sector. In our model, also at tree level, using t{ = 1.82
(which is the value for ¢ obtained when sin? 6y = 0.2325)
and for any a < 0.01, we obtain Vy =~ 0.19, Ay =~ 0.5 for
ug, and Vp =~ —0.345, Ap = —0.5 for d;,. 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, A.d; =~ 0.

For leptons we have

4 4
LYy =L + gcwwnt, R, =-L; — é—cwwnt,

4 3
L=rLh 4 - t, Rl = ——=2z,. 20
Ln Ln + 3cwwn , I, \/EZ ( )
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For a < 0.01 and t = 1.82, we obtain V,, = 0.5, 4, =~ 0.5,
and V; = —0.035, A; =~ —0.5 which are also in agreement
with the values of the standard electroweak model.

On the other hand, there are flavor-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)

NC__L m " ’
LNC = CW;(DL')«Y 1D, + Dy Y, 5D} Zn,

(21)

where D' = (dy,ds,d3)T are the symmetry eigenstates.
We recall again that n = 0, 1,2 correspond to Z, Z, and
Z', respectively; we have defined

YnDL = diag(Lﬁ‘ ) L;izz s L:iza) )
= diag(R%, R%, R%) , (22)

and L%, R appear in Eqs (15) — (18). We have shown
above tha.t for n =1, Y8 « 1. However, for n = 0,2
for any value of t and a all LY (RY) are different. For
example, we obtain, using £ = 1.82, a = 0.01,

LP ~-212, LE=LF~1.12,

R¥ = R® = R® ~1.01, (23)
L ~ —0.61, L% =L% ~0.49,

R¥ = RE = R® ~0.12. (24)

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

the quarks to be the mass eigenstates by making the bi-

unitary transformations D} = VP Dy and D} = VP Dg
it results in
Yh - VvPWYRVP, YR o vRYRvE . (25)

We recall that a discrete symmetry avoids mixing be-
tween dj and d/,.

Since Y2 o 1 the respective neutral currents conserve
flavor. For n = 0,2 since Y2 , Y2 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 Vogxy = Vg TVIP in the
W interactions. On the other hand, there are no FCNC
effects in the right-handed currents since Y. R o« 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 from FCNC processes without any additional as-
sumption concerning these parameters [7]. The condition
sin® @y < 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

L-’ICC = -—% [VL’)’“ILW+ + I/L’)’MIL +l ’y”l/LVZ
+IE U Vil + szLUﬁ] +H.c, (26)

and the interaction %gu§y*vy X°.
In the quark sector we obtain

£ef = -5 [ﬁkL’Y“dkLW,f + (@py*dir + Gary o) Vil + (v uir + dary*jar) Vo,

3

+ (Jev*up + dopv*dar) Vsl + (Jor din — tiary"jar) U,}L+] + Hec, (27)

where £ = 1,2,3; a = 2,3. We have also interactions
via X° among primed and unprimed quarks of the same
charge as @}, v*ur 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? 8y and
of the ratio a = wv;/va, once the observed value for
sin® O = 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, from 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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