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Models which unify strong, electromagnetic, and weak interactions contain many neutral gauge fields. A
generalization of the Pati-Salam model with fractional-charge quarks is used as an example to investigate
whether all gauge fields, except those coupled to the SU(2) X U(1) subgroup of Weinberg-Salam, must develop

large masses and become unobservable. The possible existence of a neutral boson with a mass much smaller

than that of W+ is considered. Constraints from known properties of neutral currents together with the
assumption of an explicit symmetry-breaking mechanism produce a model with two neutral vector bosons,
neither of which has the Weinberg-Salam structure. One particle is very light and decoupled from left-handed

neutrinos, and the other is heavy and responsible for observed neutral-current interactions. A brief comparison
with experimental data does not exclude this model. The existence of a very light, neutral, purely charm-

changing neutral vector boson is considered.

I. INTRODUCTION

The Weinberg-Salam model of weak and electro-
magnetic interactions predicted the existence of a
massive, neutral intermediate vector boson. ' Sub-
sequent experimental work has confirmed the
existence of neutral-current weak-interaction
processes. ' All presently existing data is in ap-
parent agreement with the simple Weinberg-Salam
model. However, there has been considerable
interest in generalizations of the basic gauge
model which attempt to unify strong, electromag-
netic, and weak interactions. ' ' A characteristic
feature of the generalized models is the existence
of a plethora of gauge vector bosons. Most of the
unwanted ones are removed by invoking the
miraculous Higgs mechanism to give them very
large masses and thereby render them unob-
servable. The universality of the charged-cur-
rent weak interactions provides good evidence for
the existence of a single charged intermediate
vector boson (IVB). In the absence of similar evi-
dence for neutral-current events, we ask the ques-
tion: Can there exist more than one "light" neutral
vector meson? By light we mean one having a
mass of order that of the charged IVB or lighter.
In particular we ask whether present knowledge
is sufficient to exclude the existence of neutral
IVB's which are light compared to the charged one.

In this paper we start with a unified model which
is a generalization of the Pati-Salam model' to
SU(4)z && SU(4)s & SU(4) and investigate whether
the photon and the Weinberg-Salam neutral vector
field are the only survivors of the fifteen neutral
color-singlet gauge fields present in the exact
symmetry limit. In this model leptons are a fourth
color of quark. Each quark comes in four flavors
including charmed. We show that, if the sym-
metry-breaking process is such that there is a

single light neutral gauge field in addition to the
photon, it must couple to the Weinberg-Salam cur-
rent. The mass of the vector boson is arbitrary
since it depends on the symmetry-breaking mech-
anism. Experiment suggests its mass is near that
predicted by the Weinberg-Salam model. " Inas-
much as it is difficult to distinguish a two-neutral-
current model in which both IVB's have masses on
the order of the charged W' from a model with a
single neutral current, we concentrate on the pos-
sible existence of a second truly light (mass be-
tween 3 and 15 GeV/c') gauge field. ' We look for
conditions on its existence and for experimental
situations where its effects would be dramatic.
We do not discuss situations where the light boson
would produce a few-percent correction to a domi-
nant Weinberg- Salam current.

The basic result is that it is possible to con-
struct models with a wide spectrum of light neutral
currents. As many as three charm-conserving
neutral IVB's are possible in the extended Pati-
Salam model. In addition there can be a purely
charm-changing neutral current. These models
are consistent with the accepted dogma on charged-
and neutral-current weak interactions. However,
there are too many free parameters to permit a
meaningful confrontation with experiment.

To restrict the models, we utilize a symmetry-
breaking scheme in which the weak-interaction
IVB's acquire their mass through the Higgs mech-
anism. The scalar fields which develop vacuum
expectation values (VEV) transform as (4, 4, 1)
and (4, 4, 15) under SU(4)z&& SU(4)„&& SU(4). This
choice is justified from the standpoint of economy
of scalar fields and from considerations of the
fermion mass matrix. The result is a model with
very few undetermined parameters. We find that
if there is but one neutral IVB, it must couple to
a current with the Weinberg-Salam structure and
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have the %einberg-Salam mass. The model with
three "light" neutral IVB's is in gross conflict
with neutral-current neutrino experiment since it
produces at least one IVB which is very light and
has unsuppressed couplings to left-handed neu-
trinos. If there are two charm-conserving IV'B's,
one of them can be very light yet effectively de-
coupled from left-handed neutrinos. In this two-
current model with (4, 4, 1) or (4, 4, 15) symmetry
breaking, the structure of the neutral weak cur-
rent is uniquely specified. The model proves to
be consistent with present experimental
evidence.

Direct observation of the very light IVB in a two-
neutral-current model is very difficult. It does
compete with the photons in e'e annihilation.
Production cross sections and decay widths are
estimated where possible. The width for decay
into hadrons is large, and the width for decay into
known leptons is a few percent of the hadronic
width. A substantial decay width into right-handed
neutrinos also occurs. A particularly interesting
possibility is that of a purely charm-changing
neutral current whose leptonie couplings are to
right-handed neutrinos and whose hadronic cou-
plings are such that it would be seen only in

~
nC

~

=0 nonleptonic processes. " It generates large
D Do mixing, where D is the neutral, strangeness-
zero, charmed pseudosealar meson.

In the next section we apply theoretical and
phenomenological constraints to reduce the num-
ber of possible neutral gauge bosons from fifteen
to five. These five, from which the photon and as
many as four neutral IVB's may be constructed,

are subject to additional conditions. %e show that
if only one neutral IVB is present, its current
must have the steinberg-Salam structure. Such a
boson cannot be very light and consistent with
neutral-current data. ' Hence a very light neutral
IVB ean only appear in models with more than one
neutral IVB. Moreover, if there is a very light
neutral IVB, its coupling to left-handed neutrinos
must be suppressed relative to its other leptonic
and hadronic couplings.

The third section is devoted to a discussion of
the consequences of assuming a specific symmetry-
breaking mechanism. The steinberg-Salam neu-
tral-IVB mass constraint is shown to result in
models with a single neutral IVB.

In the fourth section, we extend Sec. III and con-
sider models with more than one neutral IVB. If
there are three light neutral IVB's, one must be
very light and have unsuppressed coupling to left-
handed neutrinos. Such a model is in gross con-
flict with experiment. A model with two neutral
IVB's, one of them very li.ght, is developed. The
symmetry-breaking mechanism of Sec. III and the
condition that a very light IVB must have sup-
pressed neutrino coupling uniquely specifies the
structure of both neutral IVB's up to the sign of
one mixing angle. The model is compared with
experiment and shown to be consistent with neu-
tral-current phenomenology for semileptonic and
purely leptonic processes.

The final section considers the problem of
detecting very light neutral IVB's that are de-
coupled from left-handed neutrinos. Predictions
are made for e'e annihilation and D D mixing.

11. CONSTRAINING THE NEUTRAL CURRENT

The most general neutral current in the Pati-Salam model' has the form

0 -a+5 —c

I
where g, b, c are real parameters and a, P are
complex. The L,, R subscript on K~ ~ refer to
left- and right-handed currents. Z~ ~ is a matrix
representation of an SU(4)~ or an SU(4)„current.
The fermions in this model have the representa-
tion

The four quarks are p, , d', s', and c. The sub-
scripts r, xv, b indicate color. The d' and s' quarks
contain a Cabibbo rotation: d' = d cos 8~ + s sin 8~,s' = s eos 8C —d sin8~, and ff and s are the quarks of
definite isospin and strangeness. The e subscript
on g& is the color index. Note that this model ex-
plicitly contains right-handed neutrinos. The ex-
plicit form of the left-handed current is

I ~iong j ~fe

where repeated indices are summed over. In addi-
tion to the fourteen currents given by (1) and (3),
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there is the current which is the 15th component
of color:

V,",= g«V,"5~a g&s+ $«Vxse8 g&s (4)

The matrix 'V,", acts in color space and is given by

1000
1 0-1 0 0

2~2

00 01

(8)

100 0

Y~

2&8 001 0

Implicit in our calculations is the fact that there
is a symmetry-breaking stage characterized by a
large mass scale which separates the quark and
lepton sectors in color space. In a model with
fractionally charged quarks, the SU(3) color sub-
group which acts in quark space is unbroken.
There are three gauge coupling constants in the
unified theory: g~, gs, and f, the color coupling
constant. We could ignore the existence of the
SU(4), gauge group and regard (5) as a U(1) gen-
erator which couples with strength f and dif-
ferentiates between quarks and leptons.

The accumulated wisdom of recent years places
constraints on the form of the neutral current.

Condition 2. There is a single charged gauge
boson W, which is left handed. All other charged
gauge fields in SU(4)~ and SU(4)s must develop
large masses in the symmetry-breaking process.
The W picks up a mass in what we call the "final"
stage of symmetry breaking. Although all sym-
metries are broken simultaneously, the "final"
stage is characterized by a mass scale small
compared to all others. We are interested in
neutral currents which couple to gauge fields that
are massless but for this final stage of symmetry
breaking. The generators of the current coupled
to the W, ff are generators of an SU(2)~ sub-
group of SU(4)~:

[Zv', Z ]=a"~/Ma,

where

0100
~+ ~ 0000

0000
001 0

If the spontaneous-symmetry-breaking mechanism
leaves W massless, this SU(2) subgroup must re-
main unbroken. Hence the direct consequence of
condition 1 is that the gauge field coupled to K~'
must also remain massless. This genexator is
the term proportional to the constant e in (1):

Condition Z. The d' and s' ciuarks in (2) contain
the Cabibbo rotation. The neutral-current inter-
action conserves strangeness. ' %e require that
both left- and right-handed currents have AS=0.
In addition the neutral currents must contain no
direct e p, coupling, or else p, -eee decays
would be comparable to p, -evv decays. Together
these constraints imply condition 2 that P =0 and
s=b in (1).

Condition 3. In order that W be the only left-
handed charged IVB, SU(4)z must be broken to
SU(2)z x G, where G is a subgroup of SU(4)~ con-
taining no charged currents. Explicit commuta-
tion of the charged-current generator (7) with (1)
shows that the commutator is proportional to
another charged current unless a=b=0, n =P.
Since P=O from condition 2, we see that only e
can be nonzero, corresponding to X~', the SU(2)~
neutral generator. Thus G is a null group and
K~' is the only possible neutral left-handed cur-
rent. Henceforth, all discussion of the param-
eters of (1) will be in reference to the right-handed
currents belonging to SU(4)„.

Condition 4. %e assume the neutral currents
conserve CP. CP violation is due to either to a
separate superweak interaction" or to mediation
by gauge bosons so heavy as to be irxelevant for
our purposes, " As a result n and P in (1) must
be real.

Condition 5, The x'ecent discovery of charmed
particles shows that the D' decays to Km but not
mm final states. " Thus, the neutral current cannot
produce 4C =1, 48= 0 nonleptonic interactions. In
the absence of miraculous cancellations that re-
move such transitions, we conclude that a charm-
changing neutral current cannot have a charm-con-
serving piece. The only CP-invariant charm-
changing current belongs to SU(4)s and is denoted
by K„"(cc is for charm-changing)

0000
0000
1000

If this current occurs in the weak interactions, it
must be coupled to a distinct gauge boson Z" to
preclude mixing with dC =0 currents.

Conditions 1-5 imply that charm-conserving
neutral currents may contain components of only
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one additional current other than KL', K~', and

V». This current is denoted by K„:
100 0

000 0
R 2

000 0

000-1

J=M2 e(K'~'/g~+K„1/g„— V»/fv 3 ) .

(The gauge coupling constants gz, g„, and f are
divided out to produce the correct coupling to the
photon. } The photon remains massless through
all stages of symmetry breaking. In addition
there are three currents orthogonal to (11), and
we wish to know whether one of them can couple
to a vector boson whose mass is much less than
that of the W. Is there a choice of constants cL,
c~, c~, and c» such that the current

N1 N1 NK1 czKz + csKz + czKs+ c1~V15 (12)

couples to a light-mass vector boson'P If such a
light IVB exists (denoted by Z, ), then it would con-
tribute to neutrino-induced processes with a
strength S characterized by

Experiments on neutrino-induced neutral-current
processes indicate that the factor in curly brackets
is of order unity. By assumption mv /mz ' is
large. Hence, we have the following.

Condition 6. The coupling to left-handed neu-
trinos is suppressed:

v3fc + c =0.
L g 15 (14}

We choose for now to ignore m z,2/mv' effects and
to make this condition exact. (In Sec. IV we will
consider consequences of relaxing condition 6.)
This condition means that a very light neutral
gauge field can exist only if it does not couple
to left-handed neutrinos. Condition 6 and ortho-
gonality to the electromagnetic current (11}speci-
fy that the structure of K, is given by

At this stage we are left with five neutral cur-
rents proportional to KL', K„', K~ Kz', and V, s ~

The K~ current is unmixed. It induces u —c and

v, v„ transitions, where the neutrinos are right-
handed. The K„" current would be very difficult
to detect experimentally. We will consider this
current again in the final section. One linear com-
bination of the remaining four currents is the elec-
tromagnetic current coupled to the photon. For
fractional quark charges this current is

N1 gLK, =C, Kz —~3f V15

1+ — K~'

N+czK (15)

For comparison the Weinberg-Salam neutral
current is given by'

[1+ (X&o) ]K+' —X arKs1+ A V»
[ (1+ X (o )(1+ X + uPX }]'

X(uK~ —V15=co» Kz'-sine (16)

where we have introduced the parameters X=M3f/
gz and e =g~/g„. In a model where the very light
current of (15}exists, the current responsible for
observed neutral-current events cannot be given
by (16), since it is not orthogonal to (15) unless
cL=0. Thus, although Z, may not participate in
those reactions, models containing a Z, should
be distinguishable from the conventional model.
However, without further information there are
at least two effective parameters that must be
fixed to specify the current coupled to neutrinos;
both cL and the mass of the gauge field or fields
must be determined. For this reason we use a
definite symmetry-breaking mechanism in the
next section to fix all parameters.

We conclude this section by returning to (12)
and showing that if all gauge bosons but one are
given large masses, the remaining one must have
the Weinberg-Salam structure of (16}. If there is
to be but one neutral IVB, then at the stage of
symmetry breaking where the W is massless
there must be two neutral massless gauge fields.
By condition 1, one of them must couple to KL1.
Since the photon couples to (11), the other mass-
less combination couples to

N1
R 15 (1V)(I+ y2+2)l /2

After the final stage of symmetry breaking, we
have the electromagnetic current (11) and an
orthogonal combination of (17) and K~'. This is
exactly the current given in (16). The mass of
the field coupled to (16) depends on the explicit
symmetry-breaking mechanism used in the final
stage.

III. SYMMETRY BREAKING

In the absence of a convincing mechanism for
dynamical symmetry breaking, all gauge fields
coupled to broken symmetries develop a mass
through the Higgs mechanism. To break the syrn-
metry from SU(4)z x SU(4}sx SU(4}, to U(1) x SU(3)„
we need a number of different multiplets of scalar
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fields. We are specifically concerned with the
"final" stage of symmetry breaking in which the
IVB's mediating the weak interactions acquire
their masses. These masses are less than or of
order m~ and are much lighter than the masses
produced by "previous" stages of symmetry
breaking.

The smallest representations for Higgs fields
which breaks the SU(2)~ symmetry generated by
the charged current, gives mass to neutral right-
handed vector bosons, and preserves electromag-
netic and color symmetry are (4, 4, 1}and (4, 4, 1).
Their effects are identical and we could choose
(4, 4, 1) as the basis of the most economical model
for the "final" stage of symmetry breaking. This
representation is used in Ref. 6 to give masses
to the Weinberg-Salam W and Z. Moreover, since
the fermion multiplets transform as (4, 1, 4) and

(1, 4, 4), Higgs field transforming as (4, 4, 1) and

(4, 4, 15) are needed to give the fermions ma.ss."
In particular, a (4, 4, 15) is needed to differentiate
between quarks and leptons. However, charge and
color conservation restrict the (4, 4, 15) vacuum
expectation value to one which transforms like
V„ in color space. The effect of such a (4, 4, 15)
on the masses of the IVB is identical to that pro-
duced by a (4, 4, 1). Thus, our model of symmetry
breaking uses a single VEV transforming as a
(4, 4, 1).

The most general VEV (a) that belongs to
(4, 4, 1) and conserves charge is given by

2
m2 A

4

00 0 00
00 0 00
0 0 rl r r/t 1Iu

00 gt s 0

00gu 0 s

(21)

with 11=[ (1+aP)/2]'/'. The quantities r, s, f, a are
functions of the a, :

a' (22a)

s=a, '+a, +a, +a8

t= a~ —a2 + a7 —a82 2 2 2

a=2(a,a, +a,a,) .

(22b)

(22c)

(22d)

The physical vector mesons diagonalize p2=M2
+m', where M' is that part of the total mass
matrix that introduces the superheavy mass scale.
The photon is a zero-mass eigenstate of M' and
m2

In the preceding section we argued that prior to
the "final" step of symmetry breaking, the fields
coupled to K~' and K' [ given by (17)] must be
massless. In a model with a single neutral cur-
rent, these generate the only unbroken neutral
symmetries. According to (11}the electromag-
netic current is just

J= sin8~K~'+ cos8~K', (23)

a, 0 0 a,

0 a, a4 0

0 a, a, 0

a, 0 Oa,

(16)

where the Weinberg angle is defined implicitly in
(16) [ sin8v= A/(I+ l1'+ X2&o2)' ']. The Weinberg-
Salam current is given in (16). Using the basis
V„we have

Calculation of the vector-meson mass matrix is a
familiar procedure in gauge theories. The result
for the mass of the W is

sin8~ cos 8~
WB (I p y2(g2)1/2 1 (I+ y2~2)(1 + ~2)l /2 2V+

(1+ &o2)'/' cos 8
V (24)

8 2

m '= ~ a '=
8

$ 1 8

2 ~'= —'V m 2V (20)

where

We identify the neutral gauge fields by the same
symbol as their currents and choose a set of basis
fields V, = V„, V, = (N1~+ &uN'„) /(1 + Id 2)' /', V,
=(-~N'+N')/(I+uP)' ' V =N„, V =Z" Again
we use ~=g~/g„. The mass term in the vector-
meson Lagrangian is

To lowest order the mass of Z~ is

m 2
' = (Z~, m2Z~)

(25)
g' co'g' m '

4 (1+&02) cos28v cos28~

Hence, in a single-current model, the (4, 4, 1)
symmetry-breaking mechanism reproduces the
Weinberg-Salam model of unified weak and elec-
tromagnetic interactions. Moreover, inclusion of
any number VEV's that transform as a 4 under
SU(4)~ and conserve charge [e.g. , a (4, 4, 15)]
yields the Weinberg-Salam mass constraint.
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IV. MULTI-NEUTRAL-CURRENT MODELS

If there is a single light neutral current which
couples to a symmetry that is broken only in the
"final" stages, weak-interaction models with

(4, 4, 1) symmetry breaking are identical to the
Weinberg-Salam model. Thus, we must consider
models with at least two charm-conserving neutral
currents. In addition, we require that there be at
least one very light gauge field after all sym-
metries are broken. Such an IVB, the Z&, must
couple to the current given by (15) in order that it

(Z„m'Z, ) =0, (26)

where m' is given by (21}. We make this approxi-
mate equality exact and write Z in the form

decouple from left-handed neutrinos and be ortho-
gonal to the photon. If the Z, is massless up to
the "final" stage of symmetry breaking, M'Z, =0,
where M' is that portion of the mass matrix
responsible for the superheavy mass scale. More-
over, if mz «m~, the symmetry coupled to Z
must be approximately conserved by the VEV's in
(18). In particular we must have

1 1 1
Z) = ~ s, V» — + —

2 Nz +czNz~5 (d A.

arXV +[(o/(1+(a )' ']V +[(I+X'+(o X)/(I+(o ) ]V= —cosf
[ (1 + y2)(1 + y2+ y2~2)] I /2

'+ sent V4 . (27)

Equation (26) constrains the elements of the mass
matrix (21). We have

1 + $2+ (g2g2 ~ /2
tang=a$=+ (,)

(29)

rP cos'P —2t) cosP sing+ s sin'g = 0, (28)

where

(29)

One solution to (28) is cosP =0 and s =0. If cosp
=0, the very light IVB is pure N„. In addition if
s= 0, then t=u=0 from (22). When Es is decoupled
from the other fields, the arguments at the ends
of the preceding two sections can be used to show
that if there is a single additional neutral gauge
field (a two-current model) that the second field
has the Weinberg-Salam mass and couples to the
Weinberg-Salam neutral current. We prove below
that within the context of (4, 4, 1) symmetry
breaking, a two-current model is the only pos-
sibility. The decoupled N„does not interact di-
rectly with electrons, muons, or left-handed neu-
trinos. It has no effect on neutrino-induced inter-
actions or on e e annihilation. This exotic par-
ticle would be important for the explanation of
parity-violating effects in dS= 0 nuclear transi-
tions. However, detailed calculation of these ef-
fects is beyond the scope of this paper.

If cosP 40 and s 40 in (28), then (28) becomes
a quadratic equation for tang with solution tang
= )[t+(t' —rs)' ']/s. Explicitly use of (22) shows
that t'~~s. Therefore, tang is real only if P
=rs. (As a parenthetical remark we note that this
condition is approximately satisfied when the vac-
uum expectation values are constrained to generate
a physical fermion mass matrix. ) When the con-
ditions on the a, are fully exploited, we find r
= s =

~
t ~, u = 0. The mixing angle g is fixed to be

Z,„=(dXV»+ N'„+M2N~ . (30}

The + sign in (30) is the same sign ambiguity that
appears in the expression for tang in (29}. Given
(20) it is straightforward to calculate the state
responsible for neutrino-induced neutral-current

The structure of Z, is uniquely determined in this
model of symmetry breaking. The vanishing of the
parameter u guarantees that the charm-changing
field V, = Z„decouples from the charm-con-
serving fields.

In the basis spanned by the V, there can be two
IVB's in addition to the photon and Z, . If both of
the additional ones are light, their masses must
not receive any contributions from the superheavy
mass matrix. Rather the masses must be entirely
generated by m' given in (21) with u = 0 and r= s
=

~

t ~. However, explicit calculation with m' shows
that it has just one nonzero eigenvalue. Thus, one
of the two additional IVB's must also be massless,
yet have substantial coupling to left-handed neu-
trinos. Such an IVB is in gross conflict with ex-
periment. Hence, one of the two must be super-
heavy, and there is a single neutral massive IVB
in addition to Z, and the photon.

The structure of Z„ is uniquely determined if
we require that it be orthogonal to Z„ the photon,
and Z,„, where Z,„is that linear combination of

V», N~, N~, and N„ that develops a superheavy
mass. Z,„ is fixed to be that state which is ortho-
gonal to Z, and the photon and has no projection
onto NL. The absence of N~ components in Z, is a
consequence of the fact that the SU(2)~ symmetry
is preserved by the superheavy symmetry-
breaking mechanism. The structure of Z,„is
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3(1+X2)+ &@212
=m 2

3+(d X
(32)

If the SU(4}~x SU(4)„x SU(4} theory is embedded in
a, truly unified theory based on a single simple or
semisimple group and if coupling-constant re-
normalization is neglected, we have ~'=1, X'

=2, and mz„'= 2m~'. ' This result is to be com-
pared with mz'=1. 6 m~' in the Weinberg-Salam
theory with sin 8~= —.

Of course if Z, is actually massless, it would
compete with the photon and introduce parity-
violating effects where they are not wanted. More-
over, a theory in which Z„ is the only neutral
vector boson coupled to neutrinos is in apparent
conflict with conventional neutrino phenomenology. "
Therefore, we relax both the constraint on the
coupling of Z, to left-handed neutrinos and the
constraint on its mass. Equation (14) is replaced
by

Cg+ C~5 = «CL, y (33)

and (26) is replaced by

(Z„m'Z, ) =m '5 . (34)

The parameters «and 5 are presumed to be small.
The structure and mass of Z„ is only slightly per-
turbed by this change. However, Z, now con-
tributes to neutrino-induced interactions with a
strength proportional to e/5, a quantity which can
be of order unity even when «and 5 are infinitesi-
mal. The light gauge field now has the representa-
tion

events:

Z =
—3XV» —(3+ 0/2'/12)N1~+ 0//12N1s +M2 &oh Ns

h ((3+ 012y2)[ 3(l + g2] + 012y2)}1/2

(31)

When this state is transformed to the basis V„ its
mass can be calculated from (21) with r= s = +f,
u=0. The result is

g„2 n02 3(1+ ')+012X2

or

G SU(2) x U(1) x U(1) x SU(3)

-U(1), x SU(3)

G -SU(4}z x SU(4)„x SU(4)„„,
-SU(2) x U(1) x U(1) x SU(3)„...
-U(1), x SU(3)

(36a)

(36b)

then in the limit that the quark-gluon coupling
constant is large compared with the electromag-
netic coupling constant, we have X'= —,

' and co'= 3.
The V» coupling constant f must be distinguished
from the quark-gluon coupling constant f, although
they are equal before renormalization. The two
U(1) groups in (36a) or (36b) are needed to ac-
commodate the neutral gauge fields which ulti-
mately mix with the neutral member of SU(2)~
to form Z„Z» and the photon.

We outline the steps necessary to calculate the
effects of a neutral current which has the general
structure

K=czK/ +c„K„+c2K„+c»V„. (3'I)

shifted from the value in (29) by terms of order
«and 5. However, the precise magnitude of the
shift is not fixed. The contribution of Z, to neu-
trino-induced interactions does not depend on the
shift in P to order e. The (4, 4, 1) symmetry-
breaking mechanism does not uniquely fix the
structure of Z, when its mass is not identically
equal to zero.

We conclude this section by considering the
phenomenology of neutral-current interactions
when two neutral IVB's contribute. One is Z„
with the structure of (31) and the mass in (32).
The other is Z, with the structure of (35) with
tang from (29). The mass of Z, and the parameter
e in (35) are small, but undetermined. The pa-
rameters X and (d are fixed when the Pati-Salam
model is embedded in a larger group. In the ab-
sence of renormalization X'=

& and v'=1. If we
renormalize the coupling constants consistent
with a symmetry-breaking scheme in which either

1 —e 1 1 —e
Z&=c& Nl, — Vi5 —— 1+ 2 Ng +cz

X 5

cosQ 0/(1 —e)
(LA(1 C)V1+

(1 2)1/2 V2

(1 —e+ X2+ 013K )
(I + ~2)1/2 3

The effective Hamiltonian for neutrino interactions
is

x/i1y "[c,(1+y,)+c (1 —y, )] p,

+ sing V4 . (35) +gVV3 +RA 3 gV 0 gA 0} (38}

The factor in square brackets is normalized by h.
When (35) is used in (34), we find that tang is

The various parameters have the following defini-
tions:
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c„=—(- cz+ Xc„),g

I cc = — —~+ac15

R = 8 ((G„+Gr)'+ (G'„+ G~r)'

+ r [(G„—G„)'+(G'„G'„)']}, (40a)

g = — 2c + +M2
g 2c„cz
2 (0 CO

g = — 2c — —v2 —,8 2cg cz
A 2 L (d

g =- --W +v2—1 4 cz
2 3 (d

gA' ~2 z (39)

Each term in (39) has the common factor 3
= (cz+ Xc„)mv'/mx'. The quark currents P," and
Vo~ are isovector and isoscalar vector currents
while A," and Ao~ are isovector and isoscalar axial
vector currents. In Tables I and II, the param-
eters in (39) are tabulated for both Z, and Z„.
Table I utilizes bare values of A. and ~, while re-
normalized values are used in Table II. All pa-
rameters for Z, are proportional to e/6. The
tabulated parameters are used in a standard cal-
culation of the cross-section ratios R = c(vN
-vx)/c(vN p x) and R=o(vN vx)/c(vN- p.'x).
We assume r=&r(vN- p'x)/c(vN. - p, x)=0.4. The
explicit expressions for R and R in a quark-parton
model calculation are"

R = 8 {(G„+Gr)'+ (G'„+ G~r)'

+r '[(G„—G ) +(G„' —G') ]}, (40b)

where G„=g„(Z,)+g„(Z„), etc.
In Figs. 1 and 2 the calculated values of R and R are

obtained by varying the ratio e/&. The specific value
e/& =0 corresponds to the case inwhich Z, is exactly
decoupled from left-handed neutrinos. The 1974
Gargamelle data show that R = 0.25 +0.04 and R
= 0.39 +0.06.""These ranges are indicated by
the shaded portions of Figs. 1 and 2. From the
figures we see that there exist ranges of values
for c/6 that fit the measured values of R and R
within experimental limits. If tang =+ $, then
0.60 ~ c/6 ~ 1.60 in the unrenormalized theory
and —1.4 ~ e/6 ~ 0.0 in the renormalized theory.
If tang = —$, we find 0.8 & e/6 & 1.1 in the bare
theory and there are no consistent values in the
renormalized theory. However, for intermediate
amounts of renormalization the theory is con-
sistent with either sign of tang.

The 1974 Gargamelle data also place limits on
purely leptonic processes. We define c, —= c, (Z, )
+ c, (Z„), c = c (Z, )+ c (Z„). It has been shown
that c, and c obey the constraints'

TABLE I. Neutrino-interaction amplitude coefficients
for unrenormalized values of X and co (A, =&, ~ ——i).
The upper Gower) element of a pair corresponds to
tang =+/ (-$).

TABLE II. Neutrino-interaction amplitude coefficients
for renormalized values of X and co (X =&, cu =3). The
upper (lower) element of a pair corresponds to tang
=+& (-&)

Zg Zh Zl Zh

C»

C

i e
85
i q

26
i
3

C»

C

i
i25

i
6

Svi ig' v

1
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3.7e + 1.0e ' 0.60,
0.24@ ~+1.0e ~~0.21,
0.24c, '+ 1.0e '~ 0.020 .

(These inequalities are obtained from the ellipses
of Ref. 2, Fig. 1.) In Fig. 3, theoretical values
for c, and c are obtained by varying e/5. We
see once again that the curves intersect the shaded
areas which delineate the empirical limits. We
find —V.8 ~ t/5 ~ 1.8 in the renormalized theory
and -3.2» e/5~ 2.4 in the bare theory. These
results are independent of the sign of tang.

The neutral-current data can be made consistent
with the proposed two-current model if ere use
coupling-constant ratios intermediate between the
unrenormalized and fully renormalized values.
The analysis used here is essentially the same as
that used to obtain limits on sin e~ in the Weinberg-
Salam model '""

A model vrith a very light neutral I7'B would have
its most dramatic consequences in processes not
involving neutrinos. W'e expect, for example, that

such an IVB would manifest itself in parity-viola-
tion effects in 89=0 nuclear-physics transitions.
Theoretical estimates for these transitions based
on charged-current interaction Hamiltonians have
tended to be small when compared to experiment. "
(For n+ p -d+ y the most recent calculations are
two orders of magnitude too small. ) If the nu-
cleon-nucleon-meson weak vertex in such pro-
cesses has a contribution from Z, exchange, me
expect this vertex to be enhanced by a factor
mv'/mz, '=8 '. Such enlmncements would increase
theoretical values for 48=0 parity violation by at
least an order of magnitude. Detailed calculations
of these effects include a laxge number of assump-
tions which preclude their use as a definitive
criterion for neutral-current models. 'o Clearly
the definitive test for the existence of a very light
neutral IVB is the direct detection of such a par-
ticle. We address this question in the following
section.

V. DETECTION OF A VERY LIGHT AND/OR

CHARM-CHANGING NEUTRAL IVB

In order to maintain consistency with neutral-
current neutrino-interaction data the very light
IVB Z, of the precediag section must have sup-
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FIG. 1. Values of R and g are shown for the case
tang=+ (. The curves are generated by varying e/6.
Some specific values of e/6 are indicated on the curves.
The shaded rectangle gives the experimental limits from
the 1974 Gargamelle data, recently updated. The solid
curve uses the unrenormalized values of g~, gz, g~,
gz~ from Table I; the dashed curve uses renormalized
values from Table II.

FIG. 2. The calculations generating Fig. 1 are re-
peated with the choice tang=-(. The solid curve uses
unrenormalized coupling constants and the dashed curve
uses renormalized values.
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muons, and hadrons. A straightforward calcula-
tion yields the following widths'.

I'„=v 2 Gzmz, a„'/6w, (43a)

I', = I'„=&2 Gzmz, za, /12m, (43b)

(43c)

The various parameters are given by

1 2 4
au —

~ (cz+ &~5) + —
z (cz+ XMc~5) + —

~ cz y
CO CO

a,'=, c~ ——+ c~+ —~ —2Xc»

1 R 2v= —2e + +M23

a3=
2

2cL — — 2

(44)

FIG. 3. Experimental results constrain c, and c to
lie within the shaded area bounded by the three ellipses
corresponding to Eq. (41). The solid straight line repre-
sents the values of c, and c obtained by varying e/6 in
the unrenormalized theory. The dashed line is calculated
using renormalized coupling constants. Values of q/6
are indicated along the lines. This analysis parallels
the discussion by Wolfenstein in Ref. 2.

in (43c)'

R3„=R3,

o(e'e -hadrons with I=1)
&(e e —I'p ) off resonance

(45)

cl, N~+ cgNg+ c»V»+ czN (42)

where tang is given by (29). We choose the nega-
tive sign for tang, since that sign is consistent
with the set of VEV's that generate the fermion
mass matrix. The decay modes of Z, are into
right-handed neutrinos (both v, and v„), electrons,

pressed coupling to left-handed neutrinos. To
unambiguously detect such an IVB, we need to look
beyond neutrino interactions and probe the un-
suppressed couplings of Z, . For example, when
the e'e center-of-mass energy is equal to the
mass of Z, (mz ' ——m~'6), the e'e annihilation
cross section should exhibit a resonance. In the
discussion that follows we use the structure of Z,
(27) and the mixing-angle constraint (29) to cal-
culate the width and magnitude of such a resonance
as a function of m~, .

In terms of the fields N~, N'„, N~, and V» the
very light IVB has the structure

Z, = [ e& N~ —(1+ A.z)N~z —

(B'AV„]

cosf
[ (1+X')(1+ X + rd'X )2] '

The equality of R,„and R„ is a consequence of
chiral symmetry. ' We choose R,„=2 based on the
experimental values of R below the charm thresh-
old. The value of R,„=R„is difficult to estimate. '
At 7.4 GeV R = R3„+Ro„=5.9 +0.9." This leads us
to the choice R,„=R,„=4, a value consistent with
an integral-quark-charge Pati-Salam model in
which the colored gluons develop a mass -1 GeV.
The structure of the photon in an integral-charge
model differs from that used in this paper; how-
ever, the above analysis is still correct if the
gluons have masses small compared to that of Z, .

The partial decay widths of Z, as a function of
X, co, and mug are given in Table IG.~ Values
are given for both bare and renormalized values
of X and co. A large fraction of the total width
arises from the decay into right-handed neutrinos.
A Breit-Wigner resonance structure is used to
estimate the contribution of Z, to the cross sec-
tion for e'e producing definite final state and to
the total annihilation cross section. These re-
sults together with the integrated hadronic cross
section Z„are also tabulated in Table III.

From Table III we see that if m ~, is between 7
and 15 GeV, we expect a peak of magnitude
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TABLE III ~ Partial and total decay widths of Z1 the
maximum cross section Qz and the integrated cross

1
section Z& for e'e —Z1—hadrons.

Bare
(y 3 2 i)

Renormalized
(A, = —', cu2=3)

I L
v

I R
"e

I R
I(z g

I tot

& max
z1

4.3 x ip mz1

9.3 xip 3mzZ1

2.7 x ip mzZ1

i.3x ip mz1

7.3xip MeV nb

mZ

5.pxip" MeV nb

mz2
1

5.8 x ip mz

7.i x ip mz
1

2.3 x ip mz 1

i.px ip mz 1

9.3 x ip MeV nb

mz

8.8 x ip" MeV nb

mz2
1

103-104 nb in the e'e total cross section. This
is roughly the magnitude of the $(3095) peak in the
SPEAR data. ~ Hence, the Z, should easily be ob-
served if it exists. The integrated hadronic cross
section is of order 10' eVnb, several orders of
magnitude larger than for e'e —f(3095)-hadrons. A

strong, isolated resonance in e'e annihilation with a
width of 100 MeV or so would be a good candidate
for Z, . The large width for decay into leptons
would be a characteristic feature of this particle.

In Sec. II we encountered a neutral, right-handed,

charm-changing IVB. Since the current to which
this IVB is coupled contains no charm-conserving
pieces, this Z„would not contribute to nonleptonic
4c ~=1 decays of charmed particles. If Z„

couples to a current proportional to Z„ in (9),
it does not interact with electrons, muons, or
left-handed neutrinos. If Z„exists, it would not
contribute to any presently observed leptonic or
semileptonic interaction. Its effects would be ap-
parent in

~

hC
~

= 2 and
~

hC
~

= 0 nonleptonic pro-
cesses. For example, Z„would lead to the
mixing of the charmed-pseudoscalar-meson states
D' and D'. Such mixing has been proposed as a
possible explanation for the wrong-sign dimuon
events in neutrino-nucleon scattering. " The
charge current produces mixing in second order.
The resulting mass difference dun is too small.
Too few D' would become D"s and decay to the
wrong-sign muon. However, with Z, the mixing
becomes a first-order effect. The remainder of
this section is devoted to an estimate of the mass
difference 4m between D, and D„ the CP eigen-
states of the O'D' system. The calculation
parallels similar estimates of K'K' mixing, and
the results are a function of the mass of Z„.

The D D transition amplitude is calculated from
the effective Hamiltonian

H"= ~ m~'Dr(x', me ')[(cu)„+(uc)„]', (46)

where (cu)„=cy„(1+y,)u. The term [(cu)„(cu)„]
is responsible for the D -D transition. Thus we
have

(c'Ic-~c'&=a& c, *fdxc, (x, , *)(c'Iz(fc(x) (x)l„(c(c)u(c)],)l))'& . (4 f)

The time-ordered product is evaluated by means of a Wilson expansion. ' The dominant term is the four-
quark operator of dimension six. The renormalization group equation is used to estimate strong-interac-
tion effects." Since there are no dramatic enhancements or suppressions, we ignore renormalization ef-
fects in our estimate, and (47) reduces to

m 2
&D'~H-~D'& =M2 G, , &D'~:[c(0)u(0)]„[c(0)u(0)]„:~D'&.

CC

(48)

The approach of Lee and Gaillard-" is used to
evaluate (48). A complete set of intermediate
states is replaced by the vacuum state yielding
the final result for the D D transition amplitude.

m 2
(Do~Hcc~Do& r )z f 2m 2 (49)

3 ~2mz
Since D and D are degenerate before mixing, the
diagonal matrix elements are

(D ~H(D ) =(D ~H)D ) =ma()'-/2 . (50)

Together (49) and (50) form the Dc, Dc mass

dun =8 ', keV .
CC

(52)

Kingsley, Treiman, Wilczek, and Zee argued
that D'D' mixing produces sufficient wrong-sign

matrix. The CP eigenstates D, = (D'+ Dc)/M2
and D, = (D' —Dc)/v 2 diagonalize the matrix.
The D„D, mass difference is found to be

2

(51)
3 q2 m

If fa=f„ from SU(4) symmetry, and mac-—2 GeV, zc
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dimuon events if 4m~A. , where X is the mean
decay rate of D' and D'. This rate has been esti-
mated to be'7

=5 10 5 keV192g3 (53)

where m, is the mass of the charmed quark (m,
= 1.5 GeV) and ec is the Qabibbo angle. Hence,
m~ may be as large as 10 m~ and the mixing

CC

mechanism could still be responsible for the
wrong-sign dimuon events. The basic point is
that with Z„, this process is first order in the
weak interactions.

VI. CONCLUSIONS

We have shown that very light neutral gauge
bosons are not ruled out by present experimental
results on neutral-current weak interactions. Uni-
fied gauge theories of strong, electromagnetic,
and weak interactions contain many neutral gauge
fields. Using the generalized Pati-Salam model
as a prototype, we have shown that there are
definite restrictions on the nature of possible
light neutral intermediate vector bosons. How-

ever, these restrictions permit a large class of
models with more than one neutral current. The
choice of a definite symmetry-breaking mechanism
leads to a unique model which contains a normal
vector boson (mass of order m~) and a very light
neutral particle of unspecified mass. This model,

with essentially one free parameter, is con-
sistent with neutral-current phenomenology. It
needs to be tested in detailed calculations before
we propose it as a serious alternative to the
Weinberg-Salam model.

The very light neutral particle is necessarily
an elusive particle to detect experimentally.
Otherwise it would have been found by now. The
most direct evidence for its existence would be
an isolated resonance in e'e annihilation with an
unusually large decay rate into leptons. Our in-
vestigations have also uncovered the possibility
that there might exist a very light vector boson
which couples to purely charm-changing current.
Such a particle would be very hard to detect ex-
perimentally, since it does not couple to charged
leptons —at least in the generalized Pati-Salam
model. Experiment should soon tell us whether
D'D mixing, if it exists, is a first-order effect.
If it is not a first-order effect, this charm-
changing possibility can be ruled out.

Finally we note that our analysis was based upon
a particular unified model. A similar analysis
could be carried out in any other model. We ex-
pect that similar results would emerge.

ACKNOWLEDGMENTS

We wish to thank Dr. John Donoghue for many
useful conservations during the course of this
investigation.

*Research supported in part by a grant from the Nation-
al Science Foundation.

f Present address: Dept of Physics and Astronomy,
Univ. of Maryland, College Park, Md.

'S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967);
A. Salam, in Elementary Particle Theory: Relativistic
Groups and Analyticity (Nobel Symposium No. 8),
edited by N. Svartholm (Almqvist and Wicksell, Stock-
holm, 1968), p. 367.

A summary of the experimental results is given by
L. Wolfenstein, in Particles and Fields —1974, pro-
ceedings of the 1974 Williamsburg meeting of the Di-
vision of Particles and Fields of the American Physi-
cal Society, edited by C. Carlson (A.I.P., New York,
1974), p. 84.

H. Fritzsch and P. Minkowski, Phys. Lett. 53B, 373
(1974); H. Fritzsch and P. Minkowski, Ann. Phys.
(N. Y.) 93, 193 (1975).

4H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438
(1974).

~J. C. Pati and A. Salam, Phys. Rev. D 8, 1240 (1973).
J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).
V. Elias and A. R. Swift, Phys. Rev. D 13, 2083 (1976).
M. Qluck, E. Reya, and K. Schilcher, Phys. Lett. 56B,
73 (1975).

This possibility has been considered from another view-
point by J. Missimer and L. Wolfenstein, Nucl. Phys.

B94, 189 (1975).
Charm-changing neutral currents have also been con-
sidered by K. Kang and J. E. Kim, Phys. Lett. 64B,
93 (1976).
L. Wolfenstein, Phys. Rev. Lett. 13, 562 (1964).

' R. N. Mohapatra, in Particles and Fields —1974, (Ref.
2), p. 127.
G. Goldhaber et al. , Phys. Rev. Lett. 37, 255 (1976).

~4This symmetry-breaking mechanism is consistent with
the approach used in Ref. 6 and by S. Eliezer and R. A.
Ross, Nucl. Phys. B73, 351 (1974).

~ V. Elias, Ph. D. thesis, University of Massachusetts,
1976 (unpublished).

' Results reported at the 1976 meeting of the Division of
Particle, and Fields of the American Physical Society,
Brookhaven National Laboratory (unpublished).

~L. M. Sehgal, Nucl. Phys. B65, 141 (1973).
' A. De Rujula et al. , Rev. Mod. Phys. 46, 391 (1974).
~ M. Gari, Phys. Rep. 6C, 317 (1973).
J. Donoghue, Ph. D. thesis, University of Massachu-
setts, 1976 (unpublished).
G. J. Feldman and M. Perl, Phys. Rep. 19C, 233
(1975).
We use m~=37 GeV/sine~=37/. +X2+co X )'&/X GeV.
This result is independent of symmetry breaking since
Gy =gg'/16m g' and e =~2 [gg +gg '+ (~3f) ]'~ from
Eq. (11).



CAN VERY LIGHT NEUTRAL VECTOR BOSONS EXISTT 19&9

F. A. Wilczek, A. Zee, R. L. Kingsley, and S. B.
Treiman, Phys. Rev. D 12, 2768 (1975).

24K. G. Wilson, Phys. Rev. 179, 1499 (1969).
M. L. Gaillard and B. W. Lee, Phys. Rev. Lett. 33,
108 (1974).

M. K. Gaillard and B. W. Lee, Phys. Rev. D 10, 897
(1974).

27M. K. Gaillard, B. W. Lee, and J. L. Rosner, Rev.
Mod. Phys. 47, 277 (1975).


