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In summary, the decay ~ -K v, has been ob-
served at the level expected if the 7 couples to
the standard Cabibbo- suppressed axial-vector
hadronic weak current.
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Bounds on Mz in Any SU(2)f S SU(2)z 8 U(1)& I Gauge Model
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If the known fermions transform under SU(2)z ts SU(2)z(3 U(1)~ z, then the two neutral
vector gauge bosons must satisfy the bounds 82 GeV& Mz & 116 GeV and Mz & 200 GeV.Z1 Z2
In addition, if mixing is negligible for the bvo charged vector gauge bosons, then 75 GeV
& M~ & 97 GeV. These results come directly from analyzing existing experimental data
and do not depend on any further theoretical assumptions, such as the value of gl. /g& or
the choice of Higgs-boson representations.

PACS numbers: 14.80.Er, 12.10.Ck, 12.30.Ez

In the standard SU(2) S U(1) electroweak gauge
model, ' the ~' and &' vector bosons are the me-
diators of the charged-current and neutral-cur-
rent weak interactions, respectively. Their pre-
dicted masses are' M~ =83.0 + 2.4 GeV and M &

=93.18+ 2.0 GeV, where radiative corrections to
the lowest-order mass formulas G~/~2=e'/
(8M~' sin'9~) and M e M~/cos& n have been taken
into account. The new pp collider at CERN is ex-
pected to be capable of producing these particles
at an observable rate in the near future. On the
other hand, if the electroweak gauge group is
reaUy SU(2), e SU(2)„a U(l) „'-"then the W'

and & bosons observable at about 100 GeV may

not have the masses given above. It is therefore
important to determine the allowed mass ranges
for these bosons with as little extra theoretical
input as possible. Accordingly, in the following
analysis, we let the SU(2)~ and SU(2)R couplings,
g~ and g~, be free parameters and we do not re-
strict ourselves to any particular set of Higgs
bosons for the spontaneous symmetry breaking.
Our results are summarized in Figs. 1 and 2.

Consider the gauge group SU(2)~ S SU(2)n
Is U(1)s ~ with the electromagnetic current given
by ~,~=~,I, +~,~ +p4~ I.. The fundamental fermi-
ons are of course the quarks and leptons with
baryon number B and lepton number I- equal to
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FIG. l. Allowed regions of Mz f

amI Mz 2, normalized
to Mz = 93.8 GeV. For the special case xL = xz, the
bounds are 0.94& Mz, /Mz & 1.06 and Mz, /Mz ) 3.2.

(v, o) and (0,1), respectively. The left-handed
(right-handed) fermions are doublets (singlets)
under SU(2)~ and singlets (doublets) under SU(2)s.
Let the neutral-current interaction be

+NC AL+3L~3L +SR 3R~3R + fk C~~B-L y

70 I I I I I I

0, I5 0.20 0.25
x„

FIG. 2. A11owed Z f and %'f masses vs the weak
parameter xL. For the special case xL = xz, Mz f

is
between 88 and 100 GeV. The allowed ra&~e of xL is
QIlch8&&ed.

0.50

where g» g~, gt.- are gauge couplings and W3Ly

8'», C are the corresponding vector gauge bo-
sons. We do not assume any specific energy
scale for the breaking of SU(2)s to U(1), and
hence g„ in Eq. (1) is defined only for the neutral-
current sector and may be different from the cor-
responding coupling in the charged-current sec-
tor. On the other hand, a single gl. suffices for

both neutral-current and charged-current sectors
as in the standard model. Since e '=gL '+g~ '
+go ', we find it convenient to define x~ -=e'/gz'
and xs —=e '/gs' so that x~ +xs = 1 —e'/ge' & 1. The
photon is then given bye =xL"'H/'3L +xg 3Q

+(1-xl. -x~)"'C. We now define the orthogonal
weak gauge fields

Z = (1 —x~)"'W,~ —x~"'(1 -x~) "'[x„"'&,s + (1 -x~ -xs)"'C j,

D -=(1 -x&) "'[(1-xi-xs)"'~.~ -x~"'C~

ln terms of this new basis, the weak-inters, ction part of Eq. (1) is then

IINC e[xg(1 xl, )j +(eJsg xg~e~) + gjP~D|

where

g&~D =e(1 -x& -x~)"'xR (1 xI)~sR , Texfj'(1 xI, ) (1, xQ xs)

Since gD and J~ always appear together in the combination gD~&, we can choose for convenience ga
-=e[x~(1-x~)] "'; then using the form of t, , we find

Z, =(x,x„)"'(1-x, -x,) "'8„+(1-x,)x,"'x„"'(1-x,-x,) "'Z, ,

(2)

(3)

(4)

where ~zL =-~3L -xL~,~ and ~» -=&» -x~&,~.
To obtain the effective interaction at low energies, we consider the most general mass-squared ma-
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trix for the & and D vector bosons:

A B
M x~(1-x~) (6)

Then

If Nc"' = (4Gz/~&)&(p, ~zi)'+ {pa~zi +n ~ms)9,

mhere

(8G /&2)p, '=(2A) ',
pl/p, = [C/A B'—/A~] "[(x~x„)"2(l —x~ —x~) "' —B/Aj,

~/p, =[C/A-B2/A2]-~»(1 x,)x, »x, - »(1 x, x,)-~».

(8)

(9)

(10)

Hence, the most general low-energy neutral-cur-
rent interaction in SU{2)I,8 SU{2)&SU(1)&z, is de-
scribed by five parameters: xl. , x~, p„p„and

In the limit where p2 and g go to 0 and p, goes
to 1, we recover the predictions of the standard
model with x& as the only free parameter.

In previous investigations of left-right exten-
sions of the standard model, it was either as-
sumed that x~ is equal to x~ (left-right symmetric
models' ') or that xs is not equal to x~ (left-right
asymmetric models' ") but nevertheless deter-
minable from a grand-unification condition, such
as x„=&(I -x~). In addition, most authors chose
a specific set of Higgs bosons for the symmetry
breaking and in So doing, fixed or restricted the
parameters p„p„and q . For example, one
popular choice' "was p, =1 and p2 =0. In this
mork, we are not committed to any such theoreti-
cal restriction. We simply analyze the existing
experimental data on neutral currents iri the con-
text of the given effective Hamiltonian, i.e.,
Eq. (7), and obtain empirical constraints on all

rameters x„x„p» p» and g indepen-
dently. These in tux n provide us with constraints
onM~, andM~, as well asM~, if the mixing in
the charged-boson sector is negligible.

We now confront the most general effective neu-
tral-current weak-interaction Hamiltonian for
SU(2)z, SU(2)zU(1)~ I, , i.e. , Eq. (7), with ex-
perimental data. We use the comprehensive study
of Kim et al."for constraints resulting from neu-
trino-induced and electron-induced interactions.
We then add the updated constraints from e 'e
annihilation, "and atomic-physics parity-noncon-
servation measurements. " In the most general
case, xl. and x~ are constrained only by x& +x&
& 1. Homever, if we impose the additional theoret-
ical constraint that SU(2)~ 8 SU(2)~ II U(1)s ~ be
derivable from simple grand unification such as
SO(10),"then we must have at least xl, & x~, be-

!cause SU{2)& must be broken at an energy scale
greater than or equal to the corresponding one for
SU(2)~. In addition, if U(1)~ breaks off from the
grand-unification symmetry at a lower energy
scale than U(l)~ ~, then xs & ~(1-x&). Hence we
consider below both the general ca,se x& (1-xl,
as mell as the more restricted case xl, (x&
&0.65(1 -xl, ). [We allow x~ to exceed ~3(1-x~)
by a small amount to accomodate the unusual
situation" where U(1)~ breaks off at a higher en-
ergy than U(l)s ~.] From Eqs. (8)-(10), we see
that both p, and g can be taken to be positive
whereas p2 can then be of either sign. Comparing
Eq. (7) with the standard-model limit where only

Z~& is involved, we also see that p, '+p2' must
turn out to be near unity, and g less than unity.

To display our results fully, we would need a
five-dimensional plot in parameter space, which
we are unable to do here. Let us just summarize
the main features of our analysis with regard to
xI. , x~, p„p„q and then show in Figs. 1 and 2

how M
zlzz

M z21 and MF1 are constrained as a re-
sult. The numbers we quote are one-standard-
deviation limits for five independent variables.
The parameters p, and p2 satisfy 0& p, & 1.1 and
—1.1&p2&1.1, but they are highly correlated such
that 0.85&p, +p2'&1.2. We also find 0&@&0.5,
0.17&x&&0.28, and 0&x~&0.82, where the only
theoretical constraint used is x& ~ 1-x~. If we
take the more restricted case x~ &x„&0.65(l
-x~), the allowed ranges for p„p„and q re-
main unaffected, but those for xl. and x~ are re-
duced to 0.205&xI &0.265 and 0.2 &x~ &0.52.

For given xl, , x&, p„p„and q, we can invert
Eqs. (8)-(10) to obtain A, B, and C, which in
turn give us the two ma, ss eigenvalues M p] and

M~, . In Fig. 1, we show the region in M~, /M~
vs M~ /Mz allowed by the experimental con-
straints on the five phenomenological parameters.
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We normalize M~, and M~, against the value M~
=93.8 GeV expected for the single neutral vector
boson in the standard model. We find that M~,
must be greater than 200 GeV, and that M~, must
be between 83 and 116 GeV if only x& - 1-x~ .is
assumed; M2;, is between 86 and 102 GeV if xI.
(xa (0.65(1-xI). In Fig. 2, we show the allowed
ranges for M~, as a function of xl. . We see the
expected correlation between low xI, and high JI/l~ .
We also show the plot Mtr, M~(x~/x~)"', where
x~ = sin'8~ for the standard model, for the case of
negligible mixing between +'I, and ~~. With M~
=83.0 GeV, we find 75 GeV(M&, 7 GeV in the
most general case and 78 GeV(~~, & 88 GeV for
x~ (xa ~0.65(1-x~). (The lower bound onM~,
will depend on the model. In the case of manifest
left-right symmetry, it has been found that' M~ /
Mtr )2.8.)

If we use the bvo-standard-deviation limits in
our analysis, the allowed region in parameter
space expands, but only by several percent. Also,
if we leave out the constraint due to parity-non-
conservation effects in heavy atoms, no signifi-
cant additions in the allowed region are apparent.
There are obviously many more interesting re-
sults to be extracted from our analysis, such as
the identification of regions in parameter space
with specific Higgs representations, etc. We
leave this and all other discussions to another
paper where we will also present details of our
phenomenological analysis.

In conclusion, we have used existing experi-
mental data to obtain highly restrictive bounds
on Mz, and Mz, for the most general SU(2)1,
S SU(2)a S U(1)s ~ ga,uge model. Our analysis
helps to define the allowed range of mass values
for the possible observation of the first weak
bosons. Since left-right models are on equally
firm ground theoretically as the standard model,
it is important to know what masses are already
excluded by present data without regard to the de-
tails of the model. The results in Figs. 1 and 2
can be used for crucial tests of SU(2)~ SSU(2)„
S U(1)s ~ gauge models when the pp collider at
CERN becomes capable of producing 8" and Z'
bosons at an observable rate.
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