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Generation nonuniversality and precision electroweak measurements
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A gauge model of generation nonuniversality proposed 10 years ago predicted that the ~ lifetime
should be longer than what it would be in the standard model. This has been confirmed by recent e+e
to Z data, although the statistical significance is only 2.3'. %'e show that this model is also consistent
with other precision electroweak measurements, and in particular it contributes negatively to the p pa-
rameter measured at the Z peak.

PACS number(s): 12.15.Cc, 12.15.Ji, 13.35.+s, 13.38.+c

In 1981, a gauge model of generation nonuniversality
was proposed [1] with three main predictions: (1) a
longer r lifetime, (2} an observable B-B mixing, and (3)
heavier 8' and Z masses. In 1987, the world average of
the r lifetime was reported [2] to be indeed longer than
was expected from the standard model. In the same year,
B-B mixing was also observed [3] at a level much higher
than was expected. An updated analysis of our model
was then given [4] with special emphasis on the possible
rare decay b~sl+1 . However, this was based on the
assumption that the mass of the t quark was not the dom-
inant contribution to the observed B-B mixing. At
present, with the knowledge that m, &91 GeV from pp
data [5], this original prediction of our model can no
longer be used to distinguish it from the standard model.

In 1991, an enormous amount of precision data at the
Z peak has become available from the e+e collider LEP
at CERN. The standard model can now be tested at the
level of its radiative corrections and it does very well
indeed [6]. However, there are two possible discrepan-
cies. (1) New measurements of the ~ lifetime confirm [7]
the old world average that it is longer than what the stan-
dard model predicts by a few percent. (2) The p parame-
ter measured at the Z peak tends to be less than 1, which
goes against the prediction of the standard model, i.e.,

3&2G~m,'p=1+
16

where the small logarithmic contribution of the Higgs bo-
son has been omitted. Of course, the errors are still large
enough so that p slightly greater than 1 is allowed and as
a result a strong upper bound on m, is obtained. Given
that our prediction of a longer ~ lifetime has acquired
further experimental support, we now consider what our
model has to say about p. We will show in the following
that its contribution to p is necessarily negative and that
our third original prediction that the observed W and Z
masses should be greater than would be expected from
low-energy data is also becoming true.

g= 1+vp3/(v f3+v&3) (3)

may differ from 1. This is analogous to the case of strong
isospin, i.e., flavor SU(2), which holds very well because
the light-quark masses m„and md are much less than the
interaction energy scale of quantum chromodynamics,
whereas m, is not as negligible so that flavor SU(3}is only
an approximate symmetry. The electromagnetic cou-
pling is given by

2
g

2 +g 2 +g 2 +g 2

and the Fermi weak coupling is generalized to a matrix

Up3 i =3 or j =3 or both

vp3 +(v ]3+vp3 ) ', otherwise

4GF

vp

so that any low-energy weak interaction involving the
third generation has its effective strength reduced by g
If we consider only the first two generations, then the
effective low-energy weak neutral-current interaction is
given by

(4G /~2)[(j' ' —sin 8 j' ) +C(j' ) ]

where

sin On =(1—e /gp) —(e /g3)(1 —g '}

(6)

{7}

Our model is based on the group
U(1) X SU(2), XSU(2)z XSU(2)3 with gauge couplings

gp, g &,gz,g 3, respectively. The Higgs bosons are doublets
under U(1 }XSU{2}; and self-dual quartets under
SU{2) XSU(2)k with vacuum expectation values vp; and
u.k. The left-handed fermions are doublets under
U(1) XSU(2);, with each generation coupling to a
separate SU(2). The right-handed fermions are singlets
coupling only to U(1). Assuming the hierarchy

Up]+Up2 &&Up3 &&V]3+U23 &&V2 2 2 2 2 2

we find [1] that e-is universality holds very well but e-p;~
universality fails to the extent that the parameter
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and

C=(e'/g3)(1 —
g ')g '. (8)

go g 123 e( 2+ 2 )1/2

int g eff JL. J
geff g )23

(12)

Note that the same 6+ appears in the above as in the
charged-current interaction without any adjustment of
parameters. This remarkable feature of our model is of
course also shared by the standard model. Using Eqs. (4),
(7), and (8), we see that

0(C &sin eii(g —1) (9)

and the standard model is recovered in the limit g= l.
In r decay, its efFective coupling is reduced by g

' so
that its lifetime is longer by a factor of g as compared
with the prediction of e-p-~ universality. The new world
average including the recent LEP measurements is [7]

=0.948+0.022 . (10)

2
g&2 -(3)

2 2 1/2(g 12+g 3 )

—(g' +g')' 'Z j"'(~),
where jL

' and j' are the usual electroweak neutral
currents summing over all generations but jI '(r) con-
tains only those fields which transform under SU(2)3.
The couplings g &2 and g &23 are defined by
g»'=g, +g2 ' and g»3=g, 2 +g3 ', and e'/g123
=s +C' (g—1}'/, with s =sin e~. Now Z=Zicos4
+Z2sin@, where [8] tan@= —

g123g12 g3 '(g —1)/
cos8+ . Hence the interaction of Z is given by

Although the statistical significance here is only 2.3o, we
note that this effect (if true} does require g to be greater
than 1, as predicted by Eq. (3). We also note that m,
enters into the derivation of Eq. (10) and there has only
been one precise measurement of m„' hence, a second
precise measurement from the new e+e machine Beij-
ing Electron-Positron Collider (BEPC) will be most wel-
come.

Assuming that g—1 is indeed nonzero and positive, the
observed W and Z bosons will be slightly difFerent from
those of the standard model. There are in fact three sets
of 8"s and Z's in our mode1. All contribute to the
effective four-fermion weak interaction at low energy
through their virtual exchange. However, once a particu-
lar gauge boson is produced, we are of course only look-
ing at the interactions of that specific particle. Hence we
expect a number of deviations from the standard model if
we scrutinize the various precise measurements now
available at the Z peak. The physical gauge bosons of
our model have been identified in detail previously [8].
We note only that e-p universality implies that one set of
W and Z bosons are very heavy and do not mix with the
other two sets. The observed Z boson is then a linear
combination of two neutral gauge bosons Z, and Z2,
with interactions given by [8]

2

(g2+g2)l/2ZJ(3)jem
g &23

for the first two generations, where g,s-(go+g 123)'/
[1+C' [s (g —1)' —C' ]/s ]. Experimentally, the
Z leptonic widths are measured and compared to the for-
mula

GFMzp
I = [1+(1—4sin H,e) ]

24 2n
(13)

to extract p. In our model, this width is proportional to
g',eMz instead; hence,

p=g'„/(4&2G, Mz2) . (14)

v'C [s'V'g —1 —(1—s')3/C ]=1+
Pz s(1—s)

where pz is the standard-model Z mass, we find

p = 1+p„d—C/s

(16)

(17)

where p„d is the standard-model radiative correction,
which is dominated by the m, term in Eq. (1). Since C is
necessarily positive, this means that our model predicts a
negative contribution to p, which is exactly what current
experimental data favor, namely [6]

p=0.9968+0.0050 . (18)

Strictly speaking, we should assume only e-p universality
in extracting the above p. However, it makes very little
difference numerically. Using m, & 91 GeV, and neglect-

ing the Higgs-boson contributions, we find p„d&0.0026;
hence,

C/s &0.0058+0.0050 .

If we assume instead that m, =200 GeV, then

C/s =0.015720.0050 .

(19)

(20)

This is the first indication that in addition to g& 1 being

confirmed, the other necessary feature of our model that
C & 0 may be correct as well.

Our third original prediction was that the observed W
and Z masses should be greater than would be expected
from low-energy data on the basis of the standard model.
In addition to Eq. (16), we have

Mw v'C [s'v'g-1 —v C ]=1+
p 2 s4

(21)

To test these predictions, we determine pz and p~ from
the value of sin 8& measured in vN deep-inelastic scatter-
ing as follows. Since we are now working entirely within
the standard model, we will use the on-shell definition
sin 8~=1—

JM~ /pz, so that

Using [8]

(go+g 123)s (1—s ) 3/C(g —1)(1—2s )=1—,2
(15)

e s(1—s)
and



GENERATION NONUNIVERSALITY AND PRECISION. . . R1907

37.281 GeV
Pz sin8s cose~&1 h—r

(22)

where hr represents all the relevant radiative corrections.
Using [9] sin 8~=0.231+0.006 and the values
hr =0.057 for m, = 100 GeV and hr =0.018 for m, =200
GeV, with m& =100 GeV in both cases, we find, respec-
tively,

There is also the parameter so which is defined as [6]

ma(Mz }
so(1 —so)=

~26'Mz
(30)

In our model, because of Eq. (16), the observed so is

sma11er that what the standard model would give by the
factor

and

91.1+0.8 GeV,
89.3+0.8 GeV,

79.9+1.0 GeV,
78.3+1.0 GeV,

(23)

(24)

v C [s V'g —1 —(1—s )v'C ]
s(1—2s )

Using the relationship [6,10]

z so(1 —so} aS
sin l9 g=so — Qp+

1 —2so 4(1—
2sq~}

'

(31)

(32)

compared to the observed masses

Mz =91 175+0.021 GeV,

and

(25)

where S contains only radiative corrections (which are
calculable in terms of rn, and m~) if we are dealing with

just the standard model, we find that the tree-level contri-
bution to S from our model in the case of e and p is given
by

M~=80. 13+0.27 GeV . (26}

We see that our prediction that Mz &pz and M~ &p~ is
indeed consistent with data, especially if m, is more near
200 GeV than 100 GeV. However, the ratios Mz/p, z
and Mz /pu are also bounded from above because of Eq.
(9). Using Eqs. (10), (17), and (18), we find that these
mass ratios should not exceed 1 by more than a percent
or so. This means that m, is still bounded from above. It
is hard to make the above statement more precise at this
time, but a consistent picture is certainly possible if we
take m, =150 GeV and m&=100 GeV. In that case,
Lr =0.041 and pz =90.3+0.8 GeV, pal=79. 2+1.0
GeV. We also have C/s =0.0101+0.0050. Using
0.015&/ —1&0.039 and 2.7X10 &C&8.0X10, we
then find 1.006 &Mz /pz & 1.016 and 1.004 &M~ /
p~ & 1.009, which are certainly consistent with the de-
rived values Mz /pz =1.019+0.018 and
M~ /juz, =1.024+0.026 from vN data.

The second set of 8' and Z bosons have nearly equal
masses and they are approximately given by [8]

s(1—s )M
Mw Mz (27)

C[s v'g —1 — C]
which is bounded from below by 4(1—s )Mz/(g —1).
So, even without knowing the value of C, we find

M $y —Mz 808 GeV (28)

(g2+g2)1/2
gee'

e C=1+-
$2g2 $4

(29)

If C is known to have a lower bound greater than zero
and an upper bound smaller than s (g—1), then M~ and
Mz. are also bounded from above. As discussed earlier,
these bounds on C depend crucially on the value of m„
which is of course yet to be determined.

We now consider the parameter sin 8,s. in Eq. (13). In
our model, the observed sin O,z should be larger by the
factor

hS= —[v'C(g —1)—C/s ],4
a (33)

which cannot be negative, but does become zero in the
limits C =0 or C =C,„as given in Eq. (9). The experi-
mentally derived value [10] of hS with reference to
rn, =140 GeV is —0.76+0.71. Thus, our model cannot
explain this shift by its tree-level contribution alone.

We now consider the radiative corrections to S and
T=a 'hp in our model. Because there are now many
physical scalar bosons, we would expect in principle
significant radiative contributions which could change
our results for S and T. However, as it turns out, there is
an automatic custodial SU(2) symmetry in the Higgs sec-
tor [8], which screens out the efi'ects of all the scalar
masses of T except small logarithmic corrections. In oth-
er words, m, remains the dominant radiative contribu-
tion. On the other hand, this argument does not apply to
S, so its true value is still unknown in this model.

As pointed out already in Ref. [8], the Z~r+r par-
tial width should also differ from that of Z~e+e and
Z~p+p by the factor

1 — [s —&C/( g—1)]
z 2 —4$

$2 1 —4s +8s
(34)

For m, = 150 GeV, this amounts to a reduction of 2.3% if
the central values of g and C are used. Experimentally,
the measured partial widths are [11]I,=83.0+0.5 MeV,
I „=83.8+0.8 MeV, and I,=83.3+1.0 MeV. Hence the
possible deviation of I, from (I,+I „)/2 is only about
1.3%, and this prediction of our model appears to be only
marginally satisfied by the present data. However, the
situation here is not as clearcut as in the ~ lifetime which
depends only on g) 1, because in the limit
C=C,„=s"(g—1), I, becomes equal to I „and I „and
that is possible here if we take g—1 near its minimum
value of 0.015. As for the number of neutrinos corre-
sponding to the invisible width of the Z, our model now
gives 2.98+0.02 (for m, =150 GeV) which is certainly
consistent with the present experimental value [7] of
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2.99+0.05.
In conclusion, we have shown that our gauge model of

generation nonuniversality proposed 10 years ago is now
gaining support from experimental data on many of its
predictions. The elects are all small, and each by itself
does not have great significance. However, our model
predicts correctly how the data may deviate from the
standard model.

The strongest evidence at present is the ~ lifetime
which is predicted by our model to be longer, and that
has been confirmed by LEP data [7]. Our model also
gives a negative contribution of order —1 to the parame-
ter T, which is supported by present analyses [6,10,12],
whereas the parameter S has a non-negative tree-level
contribution. Radiative corrections from the Higgs sec-
tor will change S, but not T to first approximation. Our
model predicts that the observed 8'and Z masses should
be greater than would be obtained from vN data, and that
is indeed the tendency as we have shown here. Our mod-
el does less well in the prediction that I,C I „=I„but

that is still allowed within the experimental errors. An
unambiguous test of our model in the future would be the
discovery of a second set of 8'and Z bosons of the same
mass and with properties as already specified in our mod-
el. Meanwhile we can tighten up our comparison with
data once m, is measured.

Note added. Since this manuscript was submitted for
publication, new preliminary data have been announced.
In particular, I, has been measured by the BES Colla-
boration to have the value 1776.920.4+0.3 MeV [13].
Combined with new LEP values [14] for the r lifetime
and leptonic branching fractions, the updated value of
g —1 is now 0.015&0.008, whereas we have used
0.027+0.012. The discrepancy is now reduced from 2.30.
to 1.8e.
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