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Directly measured r decay branching ratios B(r e vv), B(r tt vv), B(r v, n/K), and

B(r v, n n") are compared with standard-model predictions parametrized in terms of the r mass

and lifetime. For current averages, m, 1784.1-+q. MeV and r, 3.04+0.07&10 ' s, the experi-

mental branching ratios are found to be systematically smaller than theory, thereby suggesting that

significant reductions in the r lifetime or mass (perhaps both) are likely. If r, and m, are correct, a

heavy fourth-generation neutrino with m„„&45.3 GeV and mixing sin 834 0.06 could be the source of

the discrepancy.

PACS number(s): 14.60.—z, 12.15.Ff, 13.35.+s

Recently, r lepton studies have been initiated at the
CERN e+e collider LEP [I]. The combination of good
detector eSciency and low backgrounds make that facility
an ideal laboratory for examining r decays. Among the
interesting results that have already emerged from those
studies is a confirmation of lower than expected leptonic
branching ratios for the r, a long-standing puzzle. Since
the expected branching ratios are based on standard-
model theory, the measured r lifetime, and r mass [2],

r, =3.04~0.07x 10 "s
=(2.165+ 0.05Qx IQ '- GeV)

m, =1784.1 —+q6 MeV, (2)

the implication is that theory, z. „or m, is wrong.
In this paper, I scrutinize and extend the above

discrepancy by combining several well-measured
branching ratios with theoretical predictions. The novelty
of my comparison is the inclusion of radiative corrections
where they are known and an estimate of the uncertainty
for cases where they have not been completely computed.

Comparing the new LEP results [1,3] with recent
findings by the CELLO [I], ARGUS [4], and CLEO [5]
Collaborations and older measurements found in the Par-
ticle Data Group compilation, one obtains the new world

averages

B(r evv), ,„„.=0.1780+ 0.0023,

B(r p vv), ,„„.=0.1743+ 0.0024,

8 (r v, tr/K), ,„„.=0.1209 ~ 0.0032,

8(r v, n n' ),„„.=0.2305 ~ 0.0055.

(4)

(5)

(6)

m,1+—
& m~2m;

a(m, )x ]+ R'

2x 4
(7)

with

f(x) = I —gx+gx' —x —12x-'Inx,

Gs, =1.16637+ 0.00002 x 10 ' GeV

a '(m, ) =133.3.

I have singled out those four branching ratios because
their uncertainties are relatively small and the theoretical
underpinnings are very good, as we shall see.

For r Ivv, l =e or p, the standard model (including
electroweak radiative corrections) predicts [6]

f

1(r lvv) = ', f192m'
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Based on that prediction, one expects

8(r —evv)„„~.,„d=. 0 19.00
1784. 1 MeV

B(r p vv)„.„~„.i„.d =0.1848
1784. 1 MeV

5 r

3.04X 10 ' s

Z T

3.04x10 ' s
(9)

where the central values in (I) and (2) are used to nor-

malize the branching ratios. The r lifetime and mass er-
rors translate together into about a ~ 2.5% uncertainty.
(There is essentially no other uncertainty in the predic-
tions. ) Comparing the expected branching ratios with the
average measurements in (3) and (4), one finds the expec-
tation to be about 2.3cr higher in both cases. (The uncer-
tainties in r, and m, are included in that dilference. )
There are two straightforward experimental solutions to
that discrepancy. Perhaps m, is actually about 1761
MeV, a significant downward shift, or r, =2.85 x 10 ' s.
Those changes would correspond to 6.4a and 2.7a shifts,
respectively. On that basis, it would appear more likely

I

I

that r, will come down. However, the consistency of
many r lifetime measurements over the years does not yet
indicate such a shift. On the other hand, the small errors
on m, cited in (2) mainly stem from a single DELCO [7]
measurement of r+a production near threshold which
gave m, =1782+-7 MeV. (It was subsequently modified

by the Particle Data Group [2].) Only a 3a reduction in

the actual DELCO value of m, would bring theory and
experiment into accord. So, a 23-MeV downward shift in

m, is not out of the question.
The decay r v, z or K can in principle be used to

confirm an error in r, or m, . The predicted rate for
r v, x is given by [6]

(io)

f,1V„,i1=127.4~0. 1 MeV.

A similar analysis for r v, K gives [6]

G„'f;
1 V(rd1-, m, 2g mz

I (r v, ir) = m I —, I+ In +
16m m,-' m,

r

where the leading short-distance radiative corrections have been included and the ellipsis represent O(a/z) (structure-
dependent) corrections not absorbed in G„or f, 1 V„,i1 which have not been calculated and probably constitute an uncer-
tainty of roughly 1%. The value of f,1V„,i1 can be very precisely obtained from n„q decay. Indeed, including
structure-dependent radiative corrections, an analysis in Ref. [8] found

r(r —v, K) = " "'
m

16m

with [8]

f'I V„., 1=35.18 ~ 0.05 MeV

mI;1—
2m, m,

(i 2)

(i 3)

obtained from K„2 decays.

Combining (10) and (12) and again using r, and m, parametrizations, one finds

8(r v, ir/K)„.„~,i,d
= (0.1236+ 0.0012)

1784.1 MeV

Tl

3.04x10 ' s
(i4)

where a conservative ~ 1% uncertainty from uncalculated radiative corrections is included. Note the m, dependence as

compared with the m dependence in (8) and (9) gives, in principle, some leverage on m, . (I have neglected small d,m,
sensitivities suppressed by m, /m or mi-';/m 2. ) The ratio of (14) and (5) gives

B(r v, z/K)„.„p,.„.i,.d m,
1.022+ 0.029

B(r v, ir/K), ,„,. 1784.1 MeV 3.04x 10
(is)

which is consistent within errors with 1. So, the decay r v, z or K on its own is consistent with the T, and m, values in

(I) and (2). The central value in (15) is, however, suggestive of some reduction in r, or m, . Either a reduction in r, to

2.97x 10 '' s (only I a) or m, to 1771 MeV would bring the ratio in (15) down to l. Of those two possibilities, the latter

would have more of an impact in (8) and (9). So, to some extent, r v, n/K supports a re'duction in m, more than a

reduction in r „but the evidence is not overwhelming.
The decay r v, ~ z can be predicted using e e hadrons data and the conserved vector current hypothesis

[9-11](CVC). The most recent analysis [11]leads to
3 r

B(r v, ir ir )„.„~,„.d =(0.2508+'0.010~ 0.008)
1784. 1 MeV 3.04x 1 p

-'3 s
(i6)
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where the first error comes from Ref. [11]and the second
error corresponds to my estimate of the uncertainty in ra-
diative corrections which have not been included. Short-
distance electroweak corrections increase [6] the ratio in
(16) by about 1.9%; however, QED corrections to
e+e x+~ data are likely to reduce (16) by (at
least) several percent. So, until those effects are carefully
scrutinized, it seems best not to include any radiative

I

corrections and assign an uncertainty to their neglect. I
also note that the m,' dependence in (16) is very approxi-
mate and should not be taken too literally. In the
narrow-width p pole approximation [9], it would scale as
m„but direct studies of e+e hadrons data would
probably increase the power somewhat [10].

Taking the ratio of (16) and (6) gives

3
""~""'=(I.ogg+ 0.06i )

8(r v, ir ir )„.,„. 1784.1 MeV

TT

3 04x10 "s (i 7)

where the errors have been added in quadrature. The
finding in (17) further supports the likelihood of a reduc-
tion in m, or r „but the errors are too large to be
definitive.

The above comparisons suggest rather strongly that
significant shifts in r, and/or m, should occur as new

measurements become more precise. For m, fixed at
1784. 1 MeV, the branching ratios discussed here average
to z, =2.87 ~ 0.02 x 10 ' s. New lifetime measure-
ments at LEP and a conceivable [12] +' 2% determination
of r, with the CLEO II and ARGUS detectors should
provide checks on that solution to the discrepancy between
theory and experiment. Alternatively, fixing r, at
3.04x10 " s, the above constraints suggest an average
m, =1762+ 3 MeV. A check on that solution will come
from the Beijing e+e facility which can measure the

threshold turn-on with high statistics [13].
If r, and m, do not shift away from the current aver-

ages in (I) and (2) and the directly measured branching
ratios are correct, then the standard model must be break-
ing down, a more interesting prospect. The simplest ex-
planation [14] for the above discrepancy, based on "new

physics,
"

involves the introduction of a heavy fourth-
generation neutrino which mixes with v3 such that

v v3 cos034+ v4 si n 034 .

The v, would be mostly v3, so, the bound m, , & 35 MeV
would apply to m, , LEP Z-width constraints require for
a sequential fourth neutrino m, ,+45.3 GeV. The eA'ect of
such a heavy neutrino would be to reduce all theoretical r
decay rates by cos 034 or equivalently increase the
theoretical lifetime prediction by I/cos ()34. The four
branching ratio expectations given in (g), (9), (14), and
(15) would thus be multiplied by cos ()&4. From the mea-

sured branching ratios and values of r, and m, in (I) and
(2), one then finds

834 =0.943 ~ 0.008 +' 0.023 —+0'0)0, (i9)

This manuscript has been authored under Contract No.
DE-AC02-76CH00016 with the U.S. Department of En-
ergy.

where the errors come from the measured branching ra-
tios, r„and m„respectively. The implied mixing is
roughly the size of Cabibbo mixing in the d-s quark sec-
tor, which is somewhat large considering the small
m„,/m„, ratio and the required smallness of m, /ml, where
L is the fourth-generation charged lepton.

The phenomenology of a fourth generation has been ex-
tensively discussed in the literature and will not be repeat-
ed here. A few comments about a heavy v4 are, however,
in order. Mixing of v4 with the first and second genera-
tion must be very small; otherwise, it would have led to an
already observable rate [15] for p ey or pN eJV. If
m„+ 78 GeV, one can search for it in the decay

v4+r. The v4 would decay into rev, Tpv, ~ T v,

or r + hadrons with relative branching ratios 1:1:1:6.A
signature of v4 would therefore be multilepton (particu-
larly r ) events with in some cases considerable missing pT
from neutrinos.

The z decay puzzle has been around for some time and
now appears to be confirmed by recent LEP results. Its
resolution will probably involve a reduction in r, or m,
(perhaps some combined movement). New high-precision
measurements of r, and m, are clearly warranted.
Should the problem persist after such measurements, it
may be the harbinger of a fourth generation, an exciting
possibility. r decays may not be boring after all.
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