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We show that L~ =L, L„, L2—=L, —L„and L3=L„L, (wh—ere L, „,, are the family lepton
numbers) are anomaly free and can thus be gauged. Three simple theories featuring a fiavor-
conserving second Z boson (Z f 2 3) result. Bounds on the Z coupling constant (g ) and mass are
derived. The mass of Z] has a lower bound of 60-150 GeV at 90% confidence level for reason-
able values of g]. The mass of Z2 has a best-fit value of about 60 GeV. The physics of these bo-
sons in the KEK TRISTAN and CERN LEP window of 63-87 GeV is discussed. Constraints on
Z3 interactions are derived from (g —2)„.

Because of the absence of right-handed neutrinos, the
three-generation minimal standard model (MSM) La-
grangian is invariant under the three global symmetries of
family lepton number: U(1)t, , U (I )z„, and U (1)z,
These symmetries are present for all choices of the Yu-
kawa coupling constants. Although some eff'ort has been
put into the search for family lepton-number-violating
processes, none have been observed. For example, the
current upper limits on the branching ratios for
p e yand p e e e+ are about 10 "and
10 ', respectively. ' Experiment thus strongly supports
the MSM prediction of exact family lepton-number con-
servation.

Nevertheless, it is widely believed that L„L„,and L,
are not exactly conserved quantum numbers. A great
amount of work has been done on extensions of the MSM
which feature right-handed neutrinos, nonzero neutrino
masses, and thus, in general, explicit breaking of family
lepton-number symmetry. At present these theories re-
ceive only indirect experimental support from experiments
indicating a solar-neutrino deficit and perhaps from the
dark-matter problem. In this paper we explore the hetero-
dox view that family lepton-number invariance may be a
fundamental symmetry of nature, and that certain linear
combinations may, in fact, be gauged.

It is well known that the MSM does not allow ordinary
lepton-number symmetry generated by L =L,+L„+L,to
be gauged, due to nonzero anomalies. Furthermore, no
linear combination of L with 8 is anomaly free, where 8 is
the generator of the other inevitable global symmetry in
the MSM, namely baryon number.

It is easy to see, however, that the three symmetries
generated by

L] =L, —L„, L2 =L, —L„and L3 Lp

are anomaly free in the three-generation MSM and thus
may be gauged. No two of these can be gauged simul-
taneously, though, because L; L, (i,j =1,2, 3 and iWj)
anomalies are necessarily nonzero. To derive this result
one considers the arbitrary linear combination X
=aL, +PL„+yL, and calculates the criteria for the van-
ishing of the nontrivial anomalies [SU(2)z] U(1)~,
[U(I)yl U(I)~, and [U(1)~l . One obtains a+P+y=O,

a+P+y=O, and a +P +y =0, respectively. The only
solutions to these equations are proportional to the results
of Eq. (1). (Note that [U(1)&1 U(1)z and [SU(3),]
x U(1)~ anomalies are zero for all values of a, P, and y. )

We thus arrive at three different theories defined by the
gauge groups GMsMU(1)z, „. The major phenomeno-
logical consequence of these extensions is a second neutral
gauge boson (Z I, Z2, or Z3).

It is important to appreciate that these Z' bosons can
exist without the necessity for any fermions beyond the
MSM with three generations. Other Z' models require
exotic fermions. For instance, U(1)tt z may be gauged if
right-handed neutrinos are added to the MSM. There
has also been great interest in Z' particles appearing in a
variety of E6 superstring-inspired theories. These Z'
bosons are possible only if the exotic particles in the 27-
dimensional representation of Es exist in nature to cancel
gauge anotnalies. By comparison, the three models studied
in this paper are extraordinarily frugal with regard to fer-
mionic degrees of freedom.

We wish to emphasize that our motivation in studying
the three theories defined above is one of minimality.
These models represent the simplest possible extensions of
the MSM which feature a second fiavor-conserving Z bo-
son. In contrast, the Z' bosons contained in E6 theories
are studied because they may provide a low-energy experi-
mental signature for an underlying grand-unified theory
(GUT). We are not concerned at this stage whether or
not our models can be embedded in a GUT theory. It is
important to study sensible extensions of the MSM which
may be experimentally tested with currently existing and
future accelerators, independently of speculations about
physics at remote energy scales. Because we do not as-
sume an underlying GUT model, there are no a priori re-
strictions on the values of the coupling constants.

If the coupling constant gI 2 of U(1)z, , is tiny, then it is
possible that Zt 2 is a massless particle. Experiments on
repulsion between ordinary matter yield the very stringent
upper bound gt 2 & 10 . A massless Z3 particle is less
severely constrained since it only couples to second- and
third-generation leptons. However, it contributes to the
anomalous magnetic moment of the muon via a
Schwinger-like diagram. By requiring this contribution to
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be less than the experimental uncertainty we obtain the
upper bound g3 & 10

It is perhaps more likely that the U(1)L, local symmetry
is spontaneously broken, and the Z boson becomes mas-
sive via the Higgs mechanism. This is easily achieved by
introducing a Higgs scalar field S; which is neutral under
SU(3), SSU(2)L SU(1)y but not under local U(1)L,. A
nonzero vacuum expectation value for S; then breaks local
U(1)L, and generates a mass for Z given by Mz =g (S;).
It is important to realize the (S;)&0 breaks local U(1)L,
(which acts on leptons and S;) down to the usual global
symmetry U(1)L,, (which acts only on leptons). Thus fam-
ily lepton-number conservation remains an exact principle
even in the presence of massive Z bosons. Even though
U(l)L, is a horizontal-like symmetry, its gauge particles
are flavor conserving since the L; eigenstate basis is the
same as the mass-eigenstate basis. It is also important to
note that the symmetry-breaking mechanism described
above does not induce any mixing between Z and the or-
dinary Z boson. Thus the high-precision measurements at
the CERN e+e collider LEP and the SLAC Linear
Collider (SLC) of the Z-boson mass and width will not
directly constrain Z physics.

We now turn to accelerator experiments on leptons in
order to constrain gi 2 and Mz, , The first group of
experiments examines e+e u+u and r+r scatter-
ing, and extracts measurements of forward-backward
asymmetries and cross sections relative to QED.

The relevant interaction Lagrangians are those for pho-
ton, ordinary Z, and ZI 2 coupling to fermions. They are

L& =eA„(ey„e+ur„u+iy„r),

Lz= g2

1 —x, Z„[(x—
2 )eLy„eL+xeRy„eR

+ (x —
2 )uL r,uLxuR r,uR

+(x —
2' )iLyprL+xiRy„rR], (2)

Lz, =gIZIp(erpe urdu),

Lz,' =gqZ2„(ey„e —iy„r),
where x =sin 8~ and g2 is the SU(2)L coupling constant.
We will from now on only explicitly give formulas for the
U(1)L, theory. Those for the U(1)L, theory are trivially
obtained by substituting r for u, .

The forward-backward asymmetry AFa for e+e~ u+u (neglecting the muon mass) is

at the tree level due to y , Z-, and ZI-induced s-channel
processes, where s is the incident four-momentum
squared. AFa for z is obtained from Eqs. (2) and (3) by
putting g[ =0.

The cross sections relative to the QED contribution are
given by

R
cr(e+e I+l )

OQED(e +e l +l )
s 2

(GLL +GRR +2GLR ) (l u~ r) ~4e' (5)

o(iv) = [[242GF(x+ —,
' )+&]'

8z
+ 3 [242GFx+(] I,

where GF is the Fermi constant and g —= (gI/Mz')
A g fit in the variables r~ 2

=—(gI,2/g2) and Mz was

performed using data for these processes obtained from
the summary by Amaldi et al. , the AMY and TOPAZ
Collaborations at KEK TRISTAN (Ref. 9), and recent
neutrino-electron experiments reported in Ref. 10. The
results and discussion are as follows.

L& Model The best .fit in this model yields r& =0. This
means that Z ~ exchange cannot be used to improve agree-
ment between theory and experiment. Of more interest is
the lower bound for Mz as a function of r ~. Representa-
tive results at 90% confidence level are

The second group of experiments measure neutrino-
electron scattering. Data exist for the processes (i)
v„e v„e, (ii) v„e v„e, (iii) v, e v, e, and (iv)
v, e v, e. The total cross sections in the U(1)L, model
using the Fermi approximation are

o(i) = [ —,
' [242GF(x ——,

' ) —g]'
Sz

+[242GFx —(] I,
cr(ii) = [[2J2GF(x ——,

' ) —
&l

8z

+ 3 [242GFx —(] ],
(6)

cr(iii) = [3 [242GF(x+ —,
' )+&]'

8z'

+[242GFx+gl ],

~FB
do(8) dcr(tt 8) 3 GLL+—GRR —2—GLR

0' 4 GLL+~RR+2~LR

Mz, & 150 GeV for g~ =O. lg2,

Mz & 70 GeV for g ~
=0.03g2 ~

(7)

where

2

x s
2

s 1 —x s —Mz2 s —Mz
1

(4)

The results are neither sensitive to the precise value
chosen for sin 0~ nor to radiative correction eA'ects.

L2 Model. This model only has nonstandard contribu-
tions to e+e z+r . In this case, Z2 exchange im-
proves agreement between theory and experiment, yield-
ing a best fit for

g2 = (3.5-4.0) x 10 g2 (for x =0.22-0.23)

2 2

GLR = + ', x(x ——,
' ) —(gI)'

s 1 —x s —Mz' s —Mz,

and Mz, =60 GeV.

This result is similar to that obtained in an analysis of
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TRISTAN data by Hagiwara et a/. who showed that an
improved fit was obtained when a Z' originating from an
E6 theory was included. The statistical significance of this
result should not be overestimated; a best fit using the
MSM still yields an acceptable value for g . Our result
can be understood by examining Eqs. (4) and (5) which
show that Zq s-channel effects raise the magnitude of the
cross section. (ZI eA'ects are of the wrong sign relative to
the data to yield a better fit for R„.) Experimental data
indeed yield a slightly higher value for the cross section in
the 45-62 GeV energy range than predicted by the MSM
(see, for example, Ref. 11). We also find that g in this
model does not vary strongly with rp and Mz, so the
minimum at the best-fit values is not very deep. For this
reason there is essentially no upper or lower bound for

Mz, at 90% confidence level.
The fact that both types of Z' bosons can have masses

in the 60-200 GeV range means that they could possibly
be produced in current e+e machines or at LEP2. One
may be tempted to conclude that if these bosons have
mass less than 63 GeV, then they would have been pro-
duced at TRISTAN unless their coupling constants were
really very small.

Of perhaps more interest is the intriguing possibility
that the mass could lie in the "window" between the
TRISTAN lower bound of about 63 GeV and the LEP
upper bound of about 87 GeV. The relevant quantities
are the width of the Z' particle and the maximum value of
its production cross section.

For the L~ model the coupling constant for the mass
range defined by the window is at most about 0.03gz. For
Mz =75 GeV this yields I &,t(ZI ) & 0.003 GeV, which is

a very small width. For the Lz model and for Mz =75
GeV, the 90% confidence level upper bound on gq is about
0.3gq. This gives I i,t(Zz) &0.25 GeV with the best-fit
value for gz yielding I t,&(Zz) —=0.01 GeV. These num-
bers again indicate that the Zq resonance, if it exists, is
rather narrow. Consequently, it is likely that the tail of
this resonance would have negligible effects at TRISTAN

energies or near the standard Z resonance. In order to
discover such a narrow resonance the energy window
would need to be traversed in very small steps.

If produced, these Z' particles would be detected via
their decays to muon or r pairs, depending on the model.
In either case, we can get a feeling for how observable the
resonance would be by calculating the ratio of the total
cross sections integrated with respect to Js for e+e
~l+l (l =p, r) going via a real Z' particle and a real
standard Z particle. We estimate that for Z' masses of 75
GeV this ratio is & 0.3 at 90% confidence level for model
1, while for model 2 the best-fit parameters yield about
0.4. Thus we would expect a Zq in the window to be a
narrow resonance of comparable area to the standard Z.
A Z& resonance would certainly be very narrow, but it
would in general yield a much weaker signal.

We end our analysis with the comment that since the
widths of these particles can be so small, there is the
bizarre possibility that TRISTAN may have actually
"stepped over" such a resonance, for the case where the
masses are less than 63 GeV.

Finally, Z3 interactions are constrained only via their
one-loop contribution to (g —2)„. The bound is Mz
~100g3 GeV. This bound is significantly weaker than
those from the tree-level processes considered above for
the two other types of Z' bosons.

In conclusion, we have shown that present bounds on
the interactions of Z' bosons coupling to L ~ q do not pre-
clude their playing an important role in e+e accelerator
physics in the near future. In particular, we have demon-
strated that they may be relevant for energies in the
TRISTAN-LEP window of 63-87 GeV. It is quite possi-
ble for a Zq boson to appear as a rather narrow resonance
in this region with a cross section integrated with respect
to Js comparable to that of the standard Z resonance.
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