
PHYSICAL REVIEW D, VOLUME 58, 093010
Model-independent analysis of CERN LEP and SLAC SLD data onZ decays:
Is the standard model confirmed?

J. H. Field*
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A model-independent analysis is performed on the CERN LEP and SLAC SLD data onZ decays. Using only
very weak theoretical assumptions, the effective vector and axial-vector couplings of leptons,c quarks, andb
quarks have been extracted. Although the lepton andc quark couplings agree well with standard model
predictions, those of theb quark show deviations of more than three standard deviations. The effect is mainly
in the right-handedb quark coupling, the left-handed coupling being consistent~at the 2s level! with the
standard model prediction. The probability that the observed deviations of all the measured effective couplings
are statistical fluctuations from lepton universality and the standard model is estimated to be 0.9%. The
estimated probability that the deviations in the leptonic andb quark couplings alone are a fluctuation is 0.18%.
A thorough discussion is made of the internal consistency of the different measurements contributing to the
average valuesAl andAb used to extract theb quark couplings, as well as possible sources of systematic error
that may not, hitherto, have been taken into account. Excludingt-polarization measurements, which show
internal inconsistencies, from the averages increases the deviations of the extractedb quark couplings from the
standard model predictions to the four-standard-deviation level.@S0556-2821~98!06119-0#

PACS number~s!: 13.38.Dg, 13.10.1q, 14.70.Hp
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I. INTRODUCTION

This study is based on a recent compilation@1# of experi-
mental results onZ decays. The aim is to answer the follow
ing question: Are the data consistent with the predictio
of the standard electroweak model~SM! @2#? To this end
the analysis is carried out in three independent steps. In
first, the data are used to extract the effective vector (v̄) and
axial-vector (ā) coupling constants of the charged lepto
~assuming lepton universality! and of thec and b quarks.
This is done using only weak theoretical assumptions. T
effective couplings are then compared with the predictions
the SM and the confidence levels~C.L.s! for consistency of
the measurements with the SM are calculated. In the sec
step the experimental data contributing to deviations
served from the SM in theb quark couplings are critically
examined. Issues addressed include the roles of statis
and systematic errors, as well as the internal consistenc
physical parameters measured using different experime
methods. Finally, the observed deviations from the SM
assumed to represent real physical effects, whose interp
tion is discussed. The three steps described above cons
the material of the following three sections. A summary a
outlook are given in the final section.

II. EXTRACTION OF THE EFFECTIVE WEAK
COUPLING CONSTANTS

It is convenient to define the following auxiliar
quantities:1

*Email address: john.field@cern.ch
1The fermion masses are set to zero in Eq.~2.2!. Only for theb

quark do the fermion mass terms give a non-negligible contribut
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r̄ f[ v̄ f /āf , ~2.1!

s̄f[~ āf !
21~ v̄ f !

2, ~2.2!

which may be simply derived from the measurements. T
experimental errors onr̄ f and s̄f ~f here stands for lepton o
quark! are, unlike those inv̄ f and āf , essentially uncorre-
lated, simplifying the calculation of the statistical signifi
cance of any deviations observed from the SM expectatio
Throughout this section, the SM predictions quoted are th
of the global SM fit withmt5172 GeV, mH5149 GeV re-
ported in Ref.@1#. The effect of varying the Higgs boso
mass, the only remaining unknown parameter of the SM
discussed in Sec. IV below.

The quantities2 r̄ f ( f 5 l ,c,b) and s̄l may be directly ob-
tained from the data without any additional assumptions c
cerning the poorly measured@3# couplings of theu, d, s
quarks. A further assumption is, however, necessary in o
to extracts̄c , s̄b and hence thec andb quark couplings. In
order to perform an analysis which is, as far as possi
‘‘model independent’’ and to avoid the specific assumpti
of the validity of the SM, as used in the fits of Ref.@1#, the
weaker hypothesis of quark-lepton universality is made
the fermionse, m, t, u, d, s, c. That is, all these fermions ar
assumed to have the same effective weak mixing angle@1#.
The derived values ofv̄c and āc presented below are foun
to be, within errors, in good agreement with this hypothes
Another possibility is to assume a value ofas(MZ) derived
from non-electroweak-related measurements. In this case
c and b quark couplings may be derived from the rati
GQ /G l (Q5c,b) without any assumption concerning th
couplings of the light quarks. There is now, however, t
disadvantage that the extracted values of the electrow

.

2Unless otherwise stated,l is a generic lepton label ande-m-t
universality is assumed.
©1998 The American Physical Society10-1
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J. H. FIELD PHYSICAL REVIEW D 58 093010
couplings are strongly correlated with the assumedas(MZ)
value.

At LEP, r̄ f is found from the measured, corrected, po
forward-backward charge asymmetriesAFB

0,f @1# via the rela-
tions

AFB
0,f5

3

4
AeAf , ~2.3!

Af[
2v̄ f ā f

~ āf !
21~ v̄ f !

2 5
2r̄ f

11 r̄ f
2 . ~2.4!

Ae andAt have also been measured at LEP via the ang
dependence of thet-polarization asymmetry:

P̄t~cosu!52
At1AeF~u!

11AtAeF~u!
, ~2.5!

where

F~u![2 cosu/~11cos2u!

TABLE I. Average values of electroweak observables used
the analysis@1#. SM denotes the standard model prediction formt

5172 GeV,mH5149 GeV@1#.

Quantity Measurement~total error! SM ~Meas.2SM!/error

LEP

AFB
0,e 0.0160~24! 0.0159 0.04

AFB
0,m 0.0162~13! 0.0159 0.04

AFB
0,t 0.0201~18! 0.0159 2.3

G l ~MeV! 83.91~11! 83.96 20.45

t polarization

Ae 0.1382~76! 0.1458 21.0

At 0.1401~67! 0.1458 20.9

c andb quarks

AFB
0,c 0.0733~49! 0.0730 0.1

Rc 0.1715~56! 0.1723 20.1

AFB
0,b 0.0979~23! 0.1022 21.8

Rb 0.2179~12! 0.2158 1.8

SLD

Ae 0.1543~37! 0.1458 2.3

Ac 0.625~84! 0.667 20.5

Ab 0.863~49! 0.935 21.4

Rb 0.2149~38! 0.2158 20.2

TABLE II. LEP1SLD averages. Thet-polarization measure
ments are excluded from the averages quoted in the second ro

Al Ac Ab Rc Rb

0.1501~24! 0.645~39! 0.869~22! 0.1715~56! 0.2176~11!

0.1533~27! 0.634~38! 0.853~22!
09301
ar

andu is the angle between the incominge2 and the outgoing
t2 in thet-pair center-of-mass frame. At SLD,Ae is directly
measured by the left-right beam-polarization asymme
ALR , while Ac and Ab are determined from the left-right–
forward-backward asymmetries of tagged heavy quarks.

The separate LEP and SLD average values of the e
troweak observables, which are directly sensitive to the
fective couplings, are reported in Table I. The combined L
and SLD averages ofAl , Ac , Ab , Rc , andRb , whereRQ
5GQ /Ghad (Q5c,b), are reported in Table II.

It may be remarked that, while there is good agreem
between the different values ofAl derived from AFB

0,l ( l
5e,m,t) using Eq. ~2.3! and that derived fromALR
@weighted average 0.1533~27!,3 x253.85 for three degrees
of freedom~DOF!, CL528%#, the values of bothAe andAt
derived from thet-polarization measurements are signi
cantly lower. In fact, the average value ofAl from t polar-
ization lies 2.5s below the average fromAFB

0,l , ALR . Includ-
ing or not including thet-polarization data changes the LE
and SLD average value ofAl by more than one standar
deviation~see the first column of Table II!. Because of this
possible inconsistency in the measuredAl values from dif-
ferent sources, the extraction of the coupling constants
be done throughout this paper using values ofAl that either
include or exclude thet-polarization results. Significant dif
ferences are found. Possible explanations for the appa
inconsistencies in theAl measurements are discussed in t
following section.

The values ofr̄ f ( f 5 l ,c,b) derived from the measure
values ofAl using Eq.~2.4! are presented in Table III. Fo
the b quark, mass effects were taken into account by us
the corrected form of Eq.~2.4!:

Ab5
2~A124mb! r̄ b

124mb1~112mb! r̄ b
2 , ~2.6!

where mb5@m̄b(MZ)/MZ#2.1.031023. The running b
quark mass is taken asm̄b(MZ)53.0 GeV@4#. Agreement is
seen with the SM at the 2s level for r̄ l , at ,1s for r̄ c , but
only at the 3.3s level for r̄ b . A similar discrepancy forAb
was mentioned, but not discussed in terms of theb quark

3Throughout this paper total experimental errors are given
terms of the last significant figures: 0.1533~27! denotes 0.1533
60.0027.

n

.

TABLE III. Measured values ofr̄ f5 v̄ f /āf compared to stan-
dard model predictions.

r̄ l r̄ c r̄ b

Measurement 0.07548~120! 0.366~29! 0.582~32!

SM 0.07332 0.383 0.689

~Meas.2SM!/error 21.80 20.59 23.34

Meas.t poln. out 0.07711~140! 0.357~29! 0.562~29!

~Meas.2SM!/error 22.71 20.90 24.38
0-2
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MODEL-INDEPENDENT ANALYSIS OF CERN LEP AND . . . PHYSICAL REVIEW D 58 093010
couplings, in Ref.@1#. If the t-polarization measurements o
Al are excluded from the average, the discrepancy ofr̄ l with
the SM approaches4 3s and that ofr̄ b exceeds 4s.

The quantitys̄l is derived from the leptonic widthG l us-
ing the relation

s̄l5~ āl !
21~ v̄ l !

25
12pG l

&GmMZ
3

1

@113a~MZ!/4p#
. ~2.7!

The value obtained fors̄l , quoted in the first column o
Table IV, uses the LEP average value ofG l from Table I
together with Gm51.1663931025 (GeV)2 @5#, MZ
591.1863 GeV, anda(MZ)215128.896@1#. Good agree-
ment is found with the SM value. Solving Eqs.~2.1! and
~2.2! for āl andv̄ l yields the results presented in Table V. A
in the calculation of all the other effective couplings, t
signs of āl and v̄ l are chosen to be the same as the S
predictions. The values ofāl and v̄ l are in good agreemen
with the LEP1SLD averages quoted in Ref.@1#, taking into
account the slightly different analysis procedures.5 Both āl
and v̄ l are in agreement with the SM predictions.

The quantitiess̄Q (Q5c,b), including quark mass ef
fects, may be derived from the measured quantitiesRQ via
the relation

s̄Q5~ āQ!2~126mQ!1~ v̄Q!25
RQSQ

~12RQ!CQ
QEDCQ

QCD,

~2.8!

where

SQ[ (
qÞQ

@~ āq!2~126mq!1~ v̄q!2#

and @6#

CQ
i 511dQ

i 2^dqÞQ
i &~ i 5QED,QCD!, mq50 for qÞb,

4As shown in Sec. IV below, the discrepancies with the SM p
dictions for the leptonic couplings, unlike those of theb quark, are
reduced by assuming a smaller value ofmH and a larger value ofmt

than that found in the global fit of Ref.@1#.
5Reference@1# included small mass corrections in calculatingāl

and v̄ l which are neglected here.

TABLE IV. Measured values ofs̄f5āf
2(126m f)1 v̄ f

2 compared
to standard model predictions.

s̄l s̄c s̄b

Measurement 0.25244~33! 0.2877~95! 0.3676~24!

SM 0.25259 0.2880 0.3644
~Meas.2SM!/error 20.45 20.03 1.33
09301
dq
QED5

3~eq!2

4p
a~MZ!, dqÞb

QCD51.00as11.42as
2,

db
QCD50.99as21.55as

2.

q is a generic quark flavor index,eq the quark electric charge
in units of that of the positron, andas[as(MZ)/p. ^X&
denotes the quark flavor average ofX. As mentioned above
mb51.031023, while, taking into account the present e
perimental error onRc , mc is set to zero. The numerica
values of the QED and QCD correction factors, wi
as(MZ)50.12 anda(MZ)215128.9, are presented in Tab
VI. The non-b-quark couplings in Eq.~2.8! are written, con-
ventionally, as

āq5ArqT3
q , ~2.9!

v̄q5Arq@T3
q22eq~ s̄W

q !2#, ~2.10!

where, assuming non-b-quark lepton universality,6

Arq5Ar l52uāl u ~all qÞb!, ~2.11!

~ s̄W
q !25

1

4
~12 r̄ l ! ~all qÞb!, ~2.12!

and T3
q is the third component of the weak isospin of th

quark q. Substituting the measured values ofr̄ l , āl , from
Tables III, V and ofRc , Rb from Table II leads to the value
of s̄c , s̄b reported in Table IV. Note that the values ofs̄b and,
hence,āb and v̄b are extracted first. The latter are then su
stituted into Eq.~2.8! ~taking into account their experimenta
errors! in order to finds̄c . In Table IV good agreement is
seen between the measured values ofs̄l and s̄c and the SM
predictions. On the other hand,s̄b lies 1.3s above the pre-
diction, a residual of the well-known ‘‘Rb problem’’ @1#.
Solving Eqs.~2.1! and~2.8! then gives the effective coupling

-

6Here the weak isospin symmetry of the SM is invoked to cal
late the unobserved couplings. It is also assumed that the qua
corrections contained inrq and (s̄W

q )2, though not necessarily thos
of the SM, are universal.

TABLE V. Measured values of the effective electroweak co
pling constants for the charged leptons. Dev~s!
5~meas.2SM!/error. The values given in the last two rows exclu
t-polarization data from the averages.

Leptons

Meas. SM Dev~s!

āl 20.50101~33! 20.50124 0.67
v̄ l 20.03782~68! 20.03675 21.57
āl 20.50093~33! 0.91
v̄ l 20.03863~77! 22.44
0-3
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J. H. FIELD PHYSICAL REVIEW D 58 093010
constants for the heavy quarks presented in Table VII. T
values found, as well as the errors, agree well with th
reported by Renton in a recent review@7#. The solutions for
āf , v̄ f obtained from the essentially uncorrelated quantit
r̄ f and s̄f are shown graphically in Figs. 1a, 1b, 1c forf
5l, c, b, respectively. The corresponding solutions when
t-polarization measurements ofAl are excluded from the av
erage are shown in Figs. 2a, 2b, 2c. It is clear from Figs.
2c that largest discrepancy with the SM is in the parame
r̄ b ~completely determined byAb! rather than ins̄b ~essen-
tially determined byRb!. Indeed, if the SM value for the
latter is used, instead of the measured one, to solve foāb
and v̄b , the discrepancies between the values found and
SM are almost unchanged.

Although thec quark couplings agree well with the SM
and are also consistent with the quark-lepton universa
hypothesis, bothāb and v̄b differ from the SM values by
more than three standard deviations. The errors in th
quantities are, however, highly correlated. The statistical
nificance of these deviations is discussed in detail below

It should be remarked that, although a particular va
~0.12! of as(MZ) has been assumed in order to extract
effective couplings of the heavy quarks, the sensitivity to
chosen value is very weak. Varyingas(MZ) over the range
0.1,as(MZ),0.14 leads variations of only.331024

in āb and v̄b to be compared with experimental erro
.1 – 431022 ~see Table VII!.

A further constraint on the quark couplings is provided
the measurement of the mean quark forward-backw
charge asymmetry:

^AFB
q &5

8Al(qv̄qāq

(q@~126mq!~ āq!21~ v̄q!2#
. ~2.13!

All experimental analyses performed to date have assu
the correctness of the SM and have used measuremen
^AFB

q & to determine a value of sin2 ueff
lept @1#. Inserting the av-

TABLE VI. QED and QCD correction factors for heavy quark
assumingas(MZ)50.12 anda(MZ)215128.9.

Cc
QED Cb

QED Cc
QCD Cb

QCD

1.00046 0.99975 1.0012 0.9953
09301
e
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erage value of the latter reported in Ref.@1# into the SM
formula for ^AFB

q & and propagating the error leads to th
‘‘measured’’ value:

^AFB
q &50.1592~86!.

As shown in Table VIII, this value is consistent with the S
prediction, with the ‘‘model-independent’’ prediction give
by inserting the lepton andb quark couplings from Tables V
and VII into Eq. ~2.13! and assuming non-b-quark lepton
universality for theu, d, s, c quarks, as well as the predictio
when, in the latter case, the measuredb quark couplings are
replaced by the SM ones. With the present experimental
rors, ^AFB

q & is therefore insensitive to possible deviations
the b quark couplings from the SM, of the magnitude o
served in theAb measurements.

As mentioned earlier, in order to avoid having to intr
duce an accurate value ofas(MZ) as a correlated paramete
in the extraction of the heavy quark effective couplings, t
hypothesis of non-b-quark lepton universality was made i
deriving the value ofs̄b from the measured quantityRb . The
consistency of this assumption may be checked by extrac
as(MZ) from the LEP average value ofRl[Ghad/G l @1#,

Rl520.778~29!,

using the relation

Rl53
^Cq

QED&^Cq
QCD&

Cl
QED

(qs̄q

s̄l
. ~2.14!

The QED and QCD correction factors^Cq
QED& and ^Cq

QCD&
are averaged over all quark flavors. The QED correction f
tors are

^Cq
QED&51.00040, Cl

QED51.0019.

Inserting the measured values ofs̄b and s̄l and using non-b-
quark lepton universality to evaluates̄q (qÞb) gives, for the
QCD correction factor:

^Cq
QCD&51.0394~21!.
TABLE VII. Measured values of the effective electroweak coupling constants ofc and b quarks.
Dev~s!5~meas.2SM!/error. The values given in the last two rows excludet-polarization data from the
averages.

c quark b quark

Meas. SM Dev~s! Meas. SM Dev~s!

āf 0.504~10! 0.501 0.30 20.5252~75! 20.4981 23.61
v̄ f 0.184~15! 0.192 20.53 20.3057~125! 20.3434 3.18
āf 0.505~10! 0.40 20.5298~70! 24.53
v̄ f 0.180~15! 20.80 20.2977~123! 3.72
0-4
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Using the third-order perturbative QCD formula@8#

^Cq
QCD&5111.06

as~MZ!

p
10.9S as~MZ!

p D 2

215S as~MZ!

p D 3

~2.15!
gives

FIG. 1. Constraints on the effective couplingsāf , v̄ f provided
by the measurements ofr̄ f and s̄f : ~a! leptons,~b! c quarks, and
~c! b quarks. The cross hatched areas show61s limits. The dotted
lines in~a! @~c!# show 2s @3s# limits for r̄ l ,@ r̄ b#. SM is the standard
model prediction formt5172 GeV,mH5149 GeV.
09301
as~MZ!50.11620.007
10.005,

which may be compared to the global fit value of Ref.@1#:

as~MZ!50.120~3!.

The good agreement of the model-independent analysis

FIG. 2. As in Fig. 1, except thatt-polarization measurement
are excluded from the LEP average value ofAl . The dotted line in
~a! shows the 2s limit for r̄ l . The dash-dotted~dotted! line in ~c!
shows the 3s ~4s! limit for r̄ b .
0-5
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J. H. FIELD PHYSICAL REVIEW D 58 093010
sult with the global world average valueas(MZ)
50.118(5), found in two recent reviews@9,10# of all pub-
lished measurements ofas , shows that an analysis assumin
this value ofas(MZ), but without the assumption of non-b-
quark lepton universality, would lead to essentially the sa
values of theb quark couplings as those reported in Tab
VII. In the fit used in Ref.@7#, to determine the heavy quar
effective couplings the constraintas(MZ)50.123(6) was
imposed. As mentioned above, the fitted heavy quark c
plings are very consistent with those found in the pres
analysis.

In order to correctly calculate the statistical significan
of the deviations from the SM predictions of the effecti
couplings shown in Tables V and VII, it is necessary to ta
into account the correlations between the errors of the dif
ent quantities. To avoid the very large correlations betw
the errors onāf and v̄ f ~for the case ofb quarks the correla-
tion coefficient is20.96!, it is convenient to use, in calcu
lating thex2, the equivalent quantitiesr̄ f , s̄f for which the
errors are uncorrelated for a given fermion flavorf. Important
correlations still exist, however, between the errors in (r̄ l , r̄ c)
and (r̄ l , r̄ b) in the case thatr̄ c and r̄ b are extracted from
forward-backward asymmetries using Eqs.~2.3!, ~2.4!, and
~2.6!. The correlation coefficient is

ClQ52
~12 r̄ l

2!~11 r̄ Q
2 !

~11 r̄ l
2!~12 r̄ Q

2 !

s r̄ l

r̄ l

r̄ Q

s r̄ Q

~Q5c,b!. ~2.16!

Substituting the parameters from Table III gives

Clc520.29, Clb520.52.

The results on the C.L.s for the agreement with the SM
different sets of effective weak coupling constants, para
etrized in terms ofr̄ f and s̄f , are collected in Table IX.
These C.L.s assume perfect statistical consistency of the
ferent measurements contributing to the averages. The
tries in the first column of Table IX, giving the level o
agreement of (r̄ l ,s̄l) with the SM prediction, are simply cal
culated from the entries of Tables III and IV using a diago
error matrix, since the errors inr̄ l and s̄l are uncorrelated
Calculating separately the contributions tox2 from r̄ l and
r̄ b , where the latter is derived from the LEPAFB

0,b measure-
ment andr̄ b derived via Eq.~2.6! directly from the SLDAb
measurement, gives the entries reported in the second
umn of Table IX. The C.L. for agreement with the SM pr

TABLE VIII. Values of the mean quark charge asymmetr
‘‘MI pred.’’ stands for model-independent prediction~see text!. See
also the text for the definition of ‘‘measured.’’

‘‘Measured’’ SM
pred.

MI
pred.

MI pred. with
SM b quark

^AFB
q & 0.1592~86! 0.1641 0.1639~28! 0.1692~28!

~‘‘Meas.’’ 2
pred.!/error

20.57 20.52 21.1
09301
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diction of 1.4% drops to only 0.06% if thet-polarization
measurements ofAl are excluded. The third column of Tabl
IX results from adding to thex2 in the second column the
~uncorrelated!7 contributions ofs̄l and s̄b . In the fourth col-
umn of Table IX, thex2 and C.L.s of the variablesr̄ l , r̄ b ,
andr̄ c taking into account ther̄ l- r̄ b andr̄ l- r̄ c correlations are
given. In the last column of Table IX, the~uncorrelated!
variables s̄l , s̄b , and s̄c are added to those of the fourt
column. Note that the number of degrees of freedom co
sponding to thex2 values reported in the second, thir
fourth, and fifth columns of Table IX is 3, 5, 5, and 8 respe
tively, since ther̄ c and r̄ b measurements derived from th
SLD Ac , Ab determinations give separate, uncorrelated, c
tributions to thex2. As expected, the agreement with the S
improves as the number of degrees of freedom of thex2

increases~the more parameters considered, the more likely
a deviation associated with any one of the parameters to
consistent with a statistical fluctuation!. However, there is
still a factor of.10 difference between the C.L.s includin
~or excluding! the t-polarization data. Taking into accoun
the C.L.~8.4%! for self-consistency of the differentAl mea-
surements, the probability8 that all six effective couplings are
consistent with lepton universality and the SM is 0.9%. T
similar probability for the leptonic andb quark couplings
alone is 0.18%. If thet-polarization measurements are e
cluded, the latter probability drops to 0.018%.

It is important emphasize that a correct calculation ofx2

and the associated confidence levels requires that all rele
correlations between errors be taken into account. If ax2 is
calculated from ‘‘raw’’ experimental measurements, such
those presented in Table I, erroneous conclusions as to
consistency of the data with the SM will be drawn. Assu
ing non-b-quark lepton universality, the 14 measured ele
troweak observables presented in Table I depend on o
four unknown parameters, the effective couplings of the l
tons and of theb quarks. The ‘‘raw’’x2 calculated from the
‘‘pulls’’ @1# in the last column of Table I is 21.3 for 14 DO
(C.L.50.093) or, excluding thet-polarization data 19.5 for
12 DOF (C.L.50.077).9 The strong sensitivity of the C.L. to
inclusion or exclusion of thet-polarization data is com-
pletely lost using the ‘‘raw’’x2. In fact, the.2s effects
seen in the ‘‘pulls’’ of the observablesAFB

0,t , Ae ~SLD!, AFB
0,b ,

7Actually there is a weak correlation betweens̄b and r̄ l following
from Eq. ~2.8!, where r̄ l is used to calculateSQ . However, the
correlation coefficient is only.0.08 and is neglected here.

8Here the term ‘‘probability’’ is used in the the usual sense of t
fraction of all cases expected to have a C.L. less than the obse
value. For independentx2 tests the probabilities are assumed to
uncorrelated.

9In Ref. @1#, the SM prediction is obtained by fittingmt , mH and
several other electroweak parameters to the observables of Ta
as well as others which are not directly sensitive to the effec
couplings ~see Table 20 of Ref.@1#!. Here, for comparison pur-
poses, the valuesmt5172 GeV,mH5149 GeV are assumed so th
the SM prediction has no free parameters.
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TABLE IX. x2 and confidence levels for agreement with the SM~mt5172 GeV, mH5149 GeV! of
different sets of electroweak observables sensitive to the effective couplings, assuming perfect st
consistency of the LEP1SLD averages in Table II. The values given in the last two rows do not
t-polarization measurements in theAl average. See the text for the explanation of the number of degre
freedom~DOF! in each case.

Observables r̄ l ,s̄l r̄ l , r̄ b r̄ l ,s̄l , r̄ b ,s̄b r̄ l , r̄ b , r̄ c r̄ l ,s̄l , r̄ b ,s̄b , r̄ c ,s̄c

DOF 2 3 5 5 8
x2 3.44 10.6 13.2 10.9 13.2
C.L. ~%! 17.9 1.4 2.2 5.3 10.5
x2 7.55 17.2 19.4 17.4 19.6
C.L. ~%! 2.3 0.064 0.16 0.38 1.2
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andAb ~SLD! add, because of correlations, constructively
the parameterr̄ b to give the observed deviation from the S
of .3s. First extracting the essential theoretical parame
~the effective couplings! and then comparing with the SM
predictions using ax2 test is more sensitive to deviations
these parameters from the SM predictions than the ‘‘ra
x2. For the latter an inevitable statistical dilution occurs b
cause of the large number of experimental observables~14!
used as compared to only four effective coupling consta
that determine the theoretical prediction. This dilution effe
becomes even more marked when additional observab
not directly sensitive to the effective couplings, are added
the x2 as in the global fit of Ref.@1#. In fact, the five addi-
tional observables used in the fit contribute only 0.55 to
total x2 of 19.1, indicating an overestimation of the errors
these quantities10 that reinforces the statistical dilution.

III. DISCUSSION OF THE EXPERIMENTAL
MEASUREMENTS OF ELECTROWEAK OBSERVABLES

In order to derive the average values of the electrow
observables presented in Tables I and II, many different
perimental measurements were combined@1#. In the light of
the apparent deviations seen from the SM predictions in
model-independent analysis described in the previous
tion, the first question that should be asked is whether
experimental measurements are reliable and consistent
important general question is whether the uncertainty in
measured observable is dominated by statistical or sys
atic errors. Only in the former case can the error be in
preted, with confidence, in the statistical sense (s
[68% C.L.) and the probabilistic meaning of the C.L. of
x2 test can be expected to be reliable. This is no longer
case if the systematic error is dominant. As there is no d
nite, agreed, procedure for assigning systematic errors,
meaning of the error can depend on psychological~or even
sociological! factors. If the physicist is overconservative
assigning the error, real deviations from a theoretical exp
tation can be missed or, in the contrary case, spurious de
tor related effects wrongly interpreted as ‘‘new physics
Some check on the degree of conservatism or, otherwise

10A x2 of 0.55 for five degrees of freedom corresponds to a C
of 0.990.
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physicists is, however, provided if there are many repea
measurements of the same quantity, as provided, in
present case, by the different experiments at LEP. When
errors are dominated by systematic effects or contain a la
systematic contribution, then comparing the weighted av
age error to that calculated by applying the central limit the
rem to the different measurements of the same quantity g
an indication whether the systematic errors are over- or
derestimated. Such a test only applies to errors which
uncorrelated for the different measurements of the sa
quantity. This test may be best applied when each exp
ment measures the same observable using a similar me
If consistency is found in this case, but inconsistencies
found when the same physical quantity is measured us
different observables~for example, the quantityAl may be
measured using either forward-backward asymmetries
different dilepton final states ort polarization!, it is probable
that there is an unknown source of correlated systematic
ror. As discussed further below, such an error can arise,
example, due to an inadequate treatment of QED radia
corrections.

The apparent deviations from the SM predictions of theb
quark couplings seen in Table VII are due those observe
only two of the basic electroweak parametersAb and Al .
Most of the current information onAb is derived from the
Z-peakAFB

0,b measurements of the four LEP experiments. T
error on thisAb measurement is roughly half that of the SL
Ab measurement. The individual measurements of the
periments@1# contributing to the LEP averageAFB

0,b measure-
ment quoted in Table I are shown in Fig. 3, together with
weighted average value, its error, and the SM predicti
There is no hint of any badly understood systematic effec
the distribution of these measurements. Except for
ALEPH jet-charge measurement@11#, all errors, even those
using all LEP1 data, are statistically dominated. T
weighted average value agrees well with the individual m
surements~x255.9 for 8 DOF, C.L.566%!. The estimate of
the error on the mean value, given by the sample varianc
the seven most accurate determinations, using the ce
limit theorem is 0.00232, in excellent agreement with t
weighted average error of the same data points, which
0.00237. The situation is very different for the parameterAl .
Shown in Fig. 4 are the values ofAl derived from the LEP
measurements ofAFB

0,e , AFB
0,m , AFB

0,t , Ae , andAt from t polar-
.
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J. H. FIELD PHYSICAL REVIEW D 58 093010
ization andAe as measured by SLD using the left-right bea
polarization asymmetry. Although the overall consistency
the individual measurements with the weighted aver
value seems acceptable~x259.7 for 5 DOF, C.L.58.4%!,
the internal consistency of the various measurements is m
worse. In particular, there are three, essentia
independent,11 .~2–3!s deviations concerningt-related
measurements.

~i! AFB
0,t is 1.8s higher than the average ofAFB

0,e andAFB
0,m .

Also, in all four LEP experiments~see Table 3 of Ref.@1#!,
AFB

0,t is higher thanAFB
0,e or AFB

0,m . Assuming no systematic
bias, the probability for this is 1 in 81.

~ii ! The average value ofAl extracted from thet-
polarization data, 0.1393~50!, lies 2.2s below that,
0.1522~30!, given by the weighted average of the non-t mea-
surements.

~iii ! Assuming lepton universality, the LEP average va
of AFB

0,t gives, using Eq.~2.3!, Al50.1649(71). This is 2.9s
higher than the meanAl calculated from thet-polarization
measurements ofAe andAt .
These deviations cannot be explained by a breakdown

11There is a weak correlation between two of the three effects
that the AFB

0,e , AFB
0,m measurements, used in the first consisten

check, contribute also to the ‘‘non-t’’ weighted average value ofAl

used in the second. This can be avoided by comparing tht-
polarization value ofAl with the ALR measurement. In this case a
even larger discrepancy of 2.4s is found.

FIG. 3. LEP on-peakAFB
0,b measurements. ALEPH solid square

DELPHI, open circles; L3, open triangle; OPAL, open squares. T
61s region around the weighted average value is indicated by
hatched band. The vertical line is the standard model prediction
mt5172 GeV,mH5149 GeV.
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lepton universality for thet. Using the t-polarization Ae

measurement to extract, using Eq.~2.3!, At from AFB
0,t gives

At50.1968(204). This may be compared with thet-
polarization measurement:At50.1401(67). There is a
2.6s discrepancy. In the case of a breakdown of lepton u
versality, the two determinations ofAt must give a consis-
tent result that is significantly different from the measuredAe
value. In fact, the values ofAe andAt found usingt polar-
ization are consistent within 0.19s.

Assuming Gaussian errors, the probability thatall these
t-related apparent deviations from lepton universality
statistical fluctuations is 7.531026. This situation may be
compared with that for the non-t-related measurements ofAl

derived fromAFB
0,e , AFB

0,m , andALR , which are, respectively
0.147~11!, 0.148~61!, and 0.154~4!. Labeling these measure
ments 1, 2, and 3, respectively, the deviations between
pairs 1-2, 1-3, and 2-3 are 0.08s, 0.6s, and 0.83s. The mea-
surements are perfectly consistent.

It may be remarked that theAFB
0,t measurement, which oc

curs in the first of the three above-mentioned apparent de
tions, has been included in the evaluation of the aver
values ofAl used in the model-independent analysis of t
previous section. However, excluding this datum from theAl
average in addition to thet-polarization data givesAl
50.1516(29). Thus~see Table II! the deviations from the

in
y

FIG. 4. LEP and SLDAl measurements. The hatched ba
shows the61s region around the weighted average value. T
weighted average value, excluding thet-polarization measure-
ments, is given by the dashed vertical line. The solid vertical line
the standard model prediction formt5172 GeV, mH5149 GeV.
The open square shows the value ofAl derived from the LEP av-
erage value ofAFB

0,b assuming the SM; this datum is not included
the weighted averages shown.
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SM predictions will lie between the ‘‘t-polarization-in’’ and
‘‘ t-polarization-out’’ cases discussed above, if allt-related
measurements are excluded.

Also shown in Fig. 4 is the value ofAl derived fromAFB
0,b ,

assuming the correctness of the SM. The value so obtai
0.1396~33!, differs from the weighted average of the pure
leptonic measurements by 2.6s, or by 3.2s if the t-
polarization data are excluded. It is clear, from the analy
of the previous section, that these discrepancies are ma
due to the deviations of theb quark effective couplings from
the SM predictions. The quantity sin2ueff

lept used in Ref.@1# is
directly related toAl via Eqs.~2.4!, ~2.12!. The poor consis-
tency of the different sin2 ueff

lept determinations in Table 19 o
Ref. @1# is largely due to the inclusion of values derived fro
AFB

0,b and ^AFB
q & assuming the correctness of the SM. T

common origin, in theb quark couplings, of the poor agree
ment of the different sin2 ueff

lept determinations and the 3s de-
viation of the measured LEP-SLD average value ofAb from
the SM prediction was not pointed out in Ref.@1#.

Each type of observable contributing to the average v
ues ofAl , AFB

0,l ( l 5e,m,t), Ae , andAt from t polarization
andAe from ALR is now discussed it turn, taking into accou
the internal consistency of measurements of the same q
tity performed by different experiments, the relative impo
tance of statistical and the estimated systematic errors,
possible systematic effects that may not have, so far, b
taken into account.

A. LEP leptonic forward-backward charge asymmetry
measurements

The values ofAFB
0,l ( l 5e,m,t) for the different LEP ex-

periments are presented in Table 3 of Ref.@1#. A detailed
breakdown of the systematic errors of the different data
is found in Table 2 of the same paper. Although the in
vidual experimental errors are usually statistics domina
the statistical and systematic contributions to the error on
weighted average~see Table 2012 of Ref. @1#! are almost
equal. The most remarkable systematic feature of theAFB

0,l

measurements, as already mentioned above, is the relat
high value ofAFB

0,t found by all four experiments. Since eac
of the LEP experiments has comparable statistics in e
channel, each can be considered to provide an indepen
estimate, with a similar weight, ofAFB

0,l . Disregarding the
estimated errors on each measurement, an unbiased stat

12Note there is a misprint in this table. The estimated system
error in AFB

0,l should presumably be 0.0007 not 0.007.

TABLE X. Confidence levels for the consistency of LEP me
surements ofAFB

e,0 , AFB
m,0 , andAFB

t,0 . STT, student’st test: EET, C.L.
calculated from estimated experimental errors.

t-m t-e m-e

C.L. ~%! STT 2.7 6.0 68
C.L. ~%! EET 8.0 17 94
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test of the consistency of the measured values ofAFB
0,l can be

made using the student’st distribution. This is done by cal-
culating the probability that, say, theAFB

0,t andAFB
0,m measure-

ments of the different experiments are consistent with a co
mon mean value@12#. The results of this comparison for th
three possible pairings~t,m!, (t,e), and (m,e) are presented
in Table X. Also shown in this table are the C.L.s for co
sistency of the measurements, based on the total er
quoted in Table I. The systematically larger C.L.s found u
ing these errors perhaps indicates that the point-to-point
tematic errors tend to be overestimated. The good agreem
between them-e measurements and the poor agreement
tweent-m andt-e indicates the possible presence of a c
related systematic effect, not included in the present syst
atic error estimate, for thet-pair channel.

An obvious candidate for such an effect is the QED
diative correction. On theZ peak this is large; the combine
O~a! and O(a2) corrections amount to.2110% of the cor-
rected pole asymmetry for muon pairs@13#. The systematic
error in the weighted average value ofAFB

0,l is then.4.4% of
the radiative correction, and the observed deviation of tht
from the combinedm-e results is.27% of it. It seems,
however, unlikely that the error in the theoretical estimate
the QED radiative correction, essentially due to unobser
initial state radiation, and the associated virtual correctio
could be large enough to explain the high value of thet-pair
asymmetry. One effect that can produce large changes in
forward-backward asymmetry is initial-final state interfe
ence in the case that hard cuts are applied to the radi
photons@14,15#. Indeed, for some decay channels, such
pn, pppn, tight cuts are applied in some of the LEP ana
ses in order to cleanly separate them from channels con
ing extrap0’s. Such effects could be investigated by com
paring the forward-backward asymmetries for differentt
decay modes and different cuts on additional photons.

B. LEP t-polarization measurements

Results of the measurements of the averaget polarization
of the four LEP experiments@16,17,18,19#, for eacht decay
channel analyzed, are presented in Table XI. The first e
shown in each measurement is statistical, the second
systematic. The weighted average values ofAt and errors are
given separately for each experiment and for each de
channel. The overall weighted average and its error are
given. The results shown in Table XI do not correspond
actly to those used in the LEP averages reported in Ref.@1#,
although there is a large overlap. The data sets chosen
those for which both statistical and systematic errors h
been given for each decay channel.

It can be seen that, unlike for the forward-backwa
charge asymmetry measurements, the quoted statistical
systematic errors of individual experiments are compara
for almost every decay channel. The systematic error e
mates can be tested by comparing the weighted errors
each experiment or each decay channel, with the error e
mate on the mean value given by the central limit the
rem: A((x2 x̄)2/n(n21). The latter error estimates ar
given in Table XI in square brackets next to the weight

ic
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TABLE XI. LEP measurements ofAt52^P̄t& The first error shown is statistical, the second systema
For the weighted averages~WA! the weighted total error is given, where statistical and systematic error
added in quadrature. Errors calculated from sample variances are shown in square brackets.

ALEPH DELPHI L3 OPAL WA

enn 0.200~51,31! 0.179~52,67! 0.168~39,15! 0.161~33,29! 0.173~26! @16#

mnn 0.124~41,21! 0.097~38,22! 0.111~45,16! 0.138~33,22! 0.119~22! @11#

pn 0.142~20,11! 0.158~33,50! 0.135~21,17! 0.117~14,12! 0.130~12! @9#

rn 0.108~19,18! 0.199~46,39! 0.168~17,10! 0.116~13,11! 0.135~12! @22#

a1n 0.135~35,20! 0.103~50,38! - 0.151~37,31! 0.134~28! @14#

WA 0.132~15! @24# 0.137~26! @27# 0.154~14! @14# 0.123~11! @9# 0.1343~73!
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averages. It can be seen that the level of agreement is b
for experiments than for decay channels. For theenn, mnn,
pn, anda1n channels, there is an indication of an overes
mation of the systematic errors, while forrn the error calcu-
lated from the sample variance is much larger than
weighted average error. This is due to the wide spread of
measurements in this channel; the DELPHI and L3 val
are much larger than those of ALEPH and OPAL.13

The common mean test using the student’st distribution,
applied above to the forward-backward charge asymm
measurements, has also been applied to the measureme
At presented in Table XI. The results of the comparisons
different decay channels are presented in Table XII and
different experiments in Table XIII. In each case the C.L
for consistency based on the total experimental errors
also given. The main systematic features of theAt measure-
ments are the relatively high values found by all experime
for the enn channel and the high value of the L3 weight
average, as compared to those of the other three experim
The latter effect is also seen in thet-polarization measure
ments ofAe @1#. The systematically larger value for theenn
channel is reflected in the poor confidence levels~0.35%–
2.5%! of the student’st tests for the channelse-m, e-p, and
e-a1 in Table XII. Relatively worse C.L.s are also seen f
these channels in the test based on the total errors, bu
expected from the larger experimentally assigned errors
compared to those calculated from the sample varian
higher absolute C.L.s~11%–31%! are found. The agreemen
between the two types of test is much better in Table X
from which one might be tempted to conclude that all fo
experiments give consistent results.14

As in the case of thet forward-backward charge asym
metry, the radiative correction associated with final state

13The weighted average of DELPHI and L3 isAt50.171(19),
that of ALEPH and OPALAt50.113(15). The difference is 2.5
standard deviations.

14The student’st test is less well adapted to the comparison of
different LEP experiments since the different decay channels h
very different statistical sensitivities, whereas each test datum
treated, in the test, on an equal footing. On the other hand, s
each experiment has comparable statistics and sensitivity f
given decay channel, the student’st common mean test is wel
adapted to the channel-by-channel comparisons.
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diation appears as an obvious candidate to explain both
systematic differences observed between different de
channels and those, mentioned above, between thet-
polarization and other measurements ofAl . The final state
radiative corrections in thet-polarization measurements a
not only large for most decay channels, but depend stron
on the detection efficiency of the radiated photons and he
on the acceptance and resolution of the LEP detectors as
as the experimental cuts. Thet polarization is measured b
fitting the energy spectra oft decay products. The latter ar
directly effected by the rate and energy spectra of, and c
applied to, the radiated photons. Any systematic errors in
treatment of final state radiation are thus directly correla
to systematic errors in thet-polarization measurement. Con
sider, for example, the measurement of^P̄t& using thepn
decay channel on theZ peak. Measuring only the pion en
ergy and neglecting that of the radiated photons has b
estimated@20# to shift ^P̄t& by .20% of its value. This may
be compared to the systematic error assigned to the
average value of̂P̄t& of 3.3% of its value@1#. Since radia-
tive corrections are not included in the systematic error e
mate, a tacit assumption is thus made that they are know
much better than.10% of their value.

All of the LEP experiments have used the same Mo
Carlo programKORALZ @21#, to correct for radiative effects
in fitting the energy spectra of thet decay products. No
experimental checks~measurements of the rate and distrib
tions of final state photons! have been published, and an
systematic errors assigned by the experiments for radia
corrections have been very small in comparison to detec
related sources of systematic error. As for the case of tht
forward-backward asymmetry, it seems unlikely, howev
that the approximations made in simulating the radiative c
rections can account for the all the different values ofAt
found using different decay channels. For the decay mod
largest statistical power,t→rn, where the sensitivity to the
t polarization is given by angular information from ther
decay as well as the energy distributions of decay produ
the sensitivity to radiative corrections is small. The ent
radiative correction generated byKORALZ has been shown to
generate a shift of only20.011 inAt in this case.15 For the

ve
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a

15W. Lohmann~private communication!.
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TABLE XII. Confidence levels for the consistency of LEP^P̄t& measurements using differentt decay channels. STT and EET a
defined in Table X.

e-m e-p e-r e-a1 m-p m-r m-a1 p-r p-a1 r-a1

C.L. ~%! STT 0.3 1.5 36 2.5 15 35 9 68 45 95

C.L. ~%! EET 11 13 19 31 67 51 66 74 79 97
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case of thepn decay channel, a large ‘‘structure-dependen
effect in the final state photon spectrum due to the de
a1→pg is to be expected. This contribution and its interfe
ence with the bremsstrahlung amplitudes have been
mated@22# to change the yield of high energy photons w
x52Eg /mt.0.6 by a factor>2. However, the radiative cor
rection toAt is dominated by soft bremsstrahlung photon
and so no large corrections are to be expected from
effect. For theenn, mnn decays,KORALZ uses the exact O~a!
matrix element. Particularly for the electron case where
radiative corrections are large, it is perhaps, however, of
terest to investigate the effect of O(a2) and higher order
corrections.

Independently of any specific conjectures on poss
sources of systematic effects, the systematic error of 0.0
~3.3%! assigned to the LEP average value ofAt in Ref. @1#
would appear to be unduly optimistic, in view of the appa
ent inconsistencies between measurements from both di
ent decay channels and different experiments, discus
above. The value ofAt derived from theenn channel devi-
ates from the overall weighted average by 8.6 times
above systematic error estimate and the L3 experimen
4.4 times. The student’st common mean test shows that th
uncorrelated systematic errors in the individual experime
are probably, on average, overestimated. Thus the real in
sistencies between experiments and decay channels are
ably larger than those estimated from the assigned exp
mental errors. This argues even more strongly that
assigned systematic error on the average value ofAt is too
small.

To illustrate the effect of an underestimation of the s
tematic error in thet-polarization measurements, consid
the effect of doubling the systematic error in the LEP av
age value ofAt and assigning the same systematic error
Ae measured from thet-polarization asymmetry.16

This results in a weighted average value ofAl of
0.1518~26!, which lies almost midway between the ‘‘t-
polarization-in’’ and ‘‘t-polarization-out’’ values shown in
Table II.

The conclusion of this discussion of thet-polarization
measurements is that there is evidence that the uncorre

16In Ref. @1# a systematic error of only 0.002 is assigned toAe .
Why this should be less than half of the already small error assig
to At is not clear to this writer, taking into account the close sim
larity of the two measurements. Table 20 of Ref.@1# contains, how-
ever, the disclaimer that ‘‘the determination of the systematic p
of each error is approximate.’’
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systematic errors of the different experiments for the sa
decay channels have been overestimated. On the other h
correlated systematic errors between different decay ch
nels seem to have been underestimated. The true world
erage value ofAl probably lies between the two value
quoted in Table II.

C. SLD ALR measurement

The discussion of this measurement can be very brief
there is only one experiment and the present error is stron
statistics dominated@23#. The relative systematic error in
ALR

0 5Ae , which is almost completely determined by that
the SLC electron beam polarization, is only 0.7%, as co
pared to the relative statistical error of 2.8%. The accuracy
the beam polarization measurement has been checked a
4% level by independent determinations using Compton
Mo” ller polarimeters. For comparison, the difference betwe
the LEP t-polarization and SLDALR measurements ofAl

amounts to 8%. The systematic error of theALR measure-
ment would have to be wrong by an order of magnitude
account for this difference. Another very important adva
tage of theALR measurement is the low level of the QE
radiative correction, of only.2331024 @24# as compared
with 2110% for AFB

0,l or 28% to 120%, depending on the
decay channel and the cuts on the final state radiation@20#,
for ^P̄t&.

To summarize the above detailed discussion of the dif
ent measurements contributing to the world average valu
Al used in the model-independent analysis of Sec. 2,
though the two LEP measurements~AFB

0,l andt polarization!
and the SLDALR measurement have, currently, similar st
tistical errors, the situation is very different with respect
systematic errors. Only for theALR measurement is the sys
tematic error negligible. ForAFB

0,l and^P̄t& the estimated sta
tistical and systematic errors are almost equal@1#. However,
inconsistencies at the two to three standard deviation leve
t-related measurements of bothAFB

0,l and ^P̄t& indicate that
the true systematic error is probably considerably larger.

ed

rt

TABLE XIII. Confidence levels for the consistency of LEP^P̄t&
measurements by different experiments. STT and EET are defi
in Table X.

A-D A-L A-O D-L D-O L-O

C.L. ~%! STT 85 31 15 31 31 64
C.L. ~%! EET 87 29 63 57 63 9
0-11
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TABLE XIV. Measured values of the quantum correction parametersDr f and Dk f compared to SM
predictions. Dev~s!5~expt.2SM!/error.

Expt.

Leptons c quark b quark

Dr l

0.00404~133!
Dk l

0.03445~134!
Drc

0.016~41!
Dkc

0.064~49!
Drb

0.101~32!
Dkb

0.403~107!

SM mt5172 GeV
mH5149 GeV 0.00497 0.03686 0.005 0.037 20.007 0.0436
Dev~s! 20.7 21.8 0.27 0.55 3.38 3.36
SM mt5180 GeV
mH5100 GeV 0.00563 0.03472 0.006 0.034 20.008 0.0412
Dev~s! 21.2 20.02 0.24 0.61 3.40 3.38
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IV. PHYSICAL INTERPRETATION OF THE MEASURED
EFFECTIVE WEAK COUPLING CONSTANTS

The test of the SM provided by measurements ofZ decays
at LEP and SLD is, essentially, that of the SM predictions
the quantum corrections, arising from massive virtual p
ticle loops, to the Born level diagrams fore1e2→Z→ f f̄ .
These corrections may be conveniently expressed in term
two parametersDr f and Dk f for each fermion flavor@25#.
The parameters are given, in terms of the effective couplin
by the relations

Dr f522~122uāf u!, ~4.1!

Dk l5
~12 r̄ l !

4sW
2 21, ~4.2!

Dkc53
~12 r̄ c!

8sW
2 21, ~4.3!

Dkb53
~12 r̄ b!

4sW
2 21. ~4.4!

Here, following the usual on-shell definition@26#,

sin2uW5sW
2 512cW

2 [12
MW

2

MZ
2 . ~4.5!

Since Dk f is determined byr̄ f , only the weak theoretica
assumption of lepton universality is needed to extract it fr
the experimental measurements.

The SM predictions of Sec. II used the fixed valuesmt
5172 GeV, mH5149 GeV found in the global fit of Ref
@1#. The effect on the SM prediction of varyingmt andmH
within the existing experimental bounds@27,28# is now con-
sidered. The leading dependence ofDr f on mt and mH is
contained in the terms@25#

Dr f
top5

3Gmmt
2

8&p2
~11j f !, ~4.6!
09301
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Dr f
Higgs52

&GmMW
2

8p2 tan2uWH 11

3 F lnS mH

MW
D2

5

12G J ,

~4.7!

wherej f50 for f Þb and24/3 for f 5b. The quantum cor-
rection Dk f is calculated using a parametrization17 of the
ZFITTER @29# prediction of the effective leptonic weak mix
ing angle:

~ s̄W
l !250.23359728.9531028mt

223.8631024ln mt

15.4331024ln mH , ~4.8!

where mt and mH are in GeV units.Dk f is related to
( s̄W

l )25(12 r̄ l)/4 by Eqs. ~2.1!, ~2.9!, ~2.10!, and ~4.2!–
~4.4!. For the b quark there is an additional nonunivers
contribution

Dkb
top5

Gmmt
2

4&p2
. ~4.9!

The values ofDr f , Dk f for f 5 l , c, b, extracted from the
measured effective couplings using Eqs.~4.1!–~4.5!, are pre-
sented in Table XIV. Standard model predictions are sho
for the casesmt5172 GeV, mH5149 GeV and for mt
5180 GeV,mH5100 GeV. The latter choice gives a som
what better description of the leptonic corrections. In Ta
XV corresponding results forDr f andDk f are shown for the
case when thet-polarization measurements are exclud
from the LEP average value ofAl .

Good agreement with the SM is seen for leptons anc
quarks. Forb quarks, however, the measured values of
quantum corrections are much larger than the SM pre
tions. ForDrb the measured value exceeds the SM pred
tion by a factor of 13–15 and is of opposite sign. The me
sured value ofDkb has the same sign as the SM predictio
but is 9–11 times larger. Both effects are at the.3 standard
deviation level, but they are highly correlated. The discre

17The relative accuracy of the formula~4.8! is about one per mille
for the interesting range of values ofmt andmH .
0-12



MODEL-INDEPENDENT ANALYSIS OF CERN LEP AND . . . PHYSICAL REVIEW D 58 093010
TABLE XV. Measured values of the quantum correction parametersDr f and Dk f compared to SM
predictions.t-polarization measurements are excluded from theAl average. Dev(s)5(expt.2SM)/error.

Expt.

Leptons c quark b quark

Dr l

0.00372~133!
Dk l

0.03260~157!
Drc

0.020~41!
Dkc

0.079~49!
Drb

0.119~30!
Dkb

0.470~97!

SM mt5172 GeV
mH5149 GeV 0.00497 0.03686 0.005 0.037 20.008 0.0439
Dev~s! 20.94 22.7 0.37 0.86 4.23 4.39
SM mt5180 GeV
mH5100 GeV 0.00563 0.03472 0.006 0.034 20.008 0.0412
Dev~s! 21.4 21.4 0.34 0.92 4.23 4.42
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ancies seen are so large that the significance of the devia
shows almost no sensitivity tomt andmH .

It is also instructive to present the quantum corrections
terms of the ‘‘epsilon parameters’’ introduced by Altare
et al. @30,31,32#. In terms of the variables used in the prese
paper to describe the effective couplings, these are define
@30#

e1[Dr l522~112āl !, ~4.10!

e2[c0
2Dr l1

s0
2Dr W

~c0
22s0

2!
22s0

2Dk8,

~4.11!

e3[c0
2Dr l1~c0

22s0
2!Dk8, ~4.12!

here,s0
2512c0

2 andDr W are defined by the relations

S 12
MW

2

MZ
2 D MW

2

MZ
2 5

s0
2c0

2

12Dr W
5

pa~MZ!

&GmMZ
2~12Dr W!

and

Dk85
~12 r̄ l !

4s0
2 21.

In Ref. @32# a fourth parametereb was introduced. It may be
defined in three distinct ways:

eb~ āb![
āb

āl
21, ~4.13!

eb~ r̄ b![
r̄ b2Rl

12 r̄ b
, ~4.14!

eb~ s̄b![
s̄b2~ āl !

2~126mb1Rl
2!

2~ āl !
2~126mb12Rl !

, ~4.15!

where
09301
ns
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t
as

Rl5
~21 r̄ l !

3
.

In the SM, retaining only the leading terms.mt
2, the three

definitions ~4.13!–~4.15! are equivalent.18 In previous phe-
nomenological applications, however@32,33#, only the third
definition ~4.15! based, via Eq.~2.8! on the measurement o
Rb was used. The measured values of the six epsilon par
eters defined above are presented in Table XVI, where t
are compared with the SM predictions. As noted previou
@33#, the values ofe1 , e2 , ande3 are in good agreement with
the SM predictions. A small deviation is observed f
eb( s̄b), a residual of the much discussed@1# ‘‘ Rb problem.’’
However, botheb(āb) andeb( r̄ b) deviate from the SM pre-
diction by about four standard deviations.19 One may note
the extreme sensitivity of the parametereb( r̄ b) to the anoma-
lous b coupling; the measured value is 39 times and 4.s
larger20 than the SM prediction. The SM predictions fo
these quantities are insensitive tomH and are essentially
given by the term.mt

2:

eb52
2

3
Dr top52

Gmmt
2

4&p2
520.0062 ~mt5172 GeV!.

~4.16!

Table XVII shows the epsilon parameters calculated excl
ing the t-polarization measurements from the averages
can be seen that the measured value ofeb( r̄ b) exceeds the
SM prediction by a factor of 44 and more than six stand
deviations in this case. It may be remarked that, in this ca
the leptonic parametere3 also shows a deviation of~3–4!s.

The conclusion to be drawn from Tables XVI and XVII
that the deviations observed for theb quark couplings, inter-
preted as a real physical effect, do not enter at all into
framework of the SM or any of its ‘‘natural’’ extensions
Supersymmetry, technicolor, anomalousWWg or WWZcou-

18Modulo smallb-mass-dependent corrections.
19Again, the errors in these quantities are highly correlated.
20The errors in this quantity, determined essentially by those

Ab , are skewed and non-Gaussian. The average error is quote
Tables XVI and XVII. The confidence level of the deviation o
eb( r̄ b) from the SM, assuming Gaussian errors forAb , is in fact
almost the same as that of the latter, about one per mille.
0-13
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TABLE XVI. Measured values of the epsilon parameters of Refs.@30–32# compared to SM predictions
Dev(s)5(expt.2SM)/error.

Expt.
e1

0.00404~133!
e2

20.0073~8!
e3

0.0031~8!
eb( s̄b)

20.0017~18!
eb(āb)

0.048~15!
eb( r̄ b)

20.263~57!

SM mt5172 GeV
mH5149 GeV 0.00497 20.0076 0.0051 20.0045 20.0060 20.0068
Dev~s! 20.7 0.38 22.5 1.6 3.6 24.5
SM mt5180 GeV
mH5100 GeV 0.00563 20.0062 0.0045 20.0046 20.0068 20.0055
Dev~s! 21.2 21.4 21.8 1.6 3.7 24.5
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plings, and new U~1! gauge bosons are all expected, v
vacuum polarization effects in the gauge boson propaga
to produce deviations from the SM predictions fore1 , e2 , or
e3 @30,31,32#. These parameters are much more sensitive
any flavor-independent modifications of the couplings, d
to anomalous vacuum polarization effects, because of
high precision of the purely leptonic measurements.
though thee3 parameter shows a quite large deviation fro
the SM prediction in the case that thet-polarization mea-
surements are excluded, the most important appare
anomalous effect occurs in the quantum corrections to thb
quark couplings that disagree, by an order of magnitu
with the expectations of the SM.

A clue as to the origin of the anomalousb quark cou-
plings is provided by considering the right- and left-hand
effective couplingsḡb

R , ḡb
L related toāb and v̄b by the rela-

tions

ḡb
R5

1

2
~ v̄b2āb!52Arbeb~ s̄W

b !2, ~4.17!

ḡb
L5

1

2
~ v̄b1āb!5Arb@T3

b2eb~ s̄W
b !2#. ~4.18!

From the measured values ofāb and v̄b presented in Table
VII, the following values of the left- and right-handed effe
tive couplings of theb quarks are found:

ḡb
L520.4155~30!, ḡb

R50.1098~101!,

which may be compared with the SM predictions of:
09301
rs,
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ḡb
L520.4208, ḡb

R50.0774.

The value ofḡb
L is quite consistent with the SM predictio

~for mt5172 GeV,mH5149 GeV! ~a 1.3%, 1.8s deviation!,
whereas the discrepancy forḡb

R is much larger~a 42%, 3.2s
deviation!. Excluding thet-polarization measurements give
the results

ḡb
L520.4138~29!, ḡb

R50.1160~90!.

The deviations from the SM prediction are 1.7% and 2.s
for ḡb

L and 50% and 4.3s for ḡb
R . One may remark that the

weak isospin of the SM affects onlyḡb
L , not ḡb

R , and so it is
possible that the SM does correctly describeḡb

L , but that
there is a new, anomalous, right-handed coupling for thb
quark.

The right- and left-handed effective couplings of thes, d
quarks have recently been measured by the OPAL Colla
ration @34# with the results

ḡd,s
L 520.4420.09

10.13, ḡd,s
R 50.1320.17

10.15,

to be compared with the SM predictions20.424 and 0.077,
respectively. These measurements are in good agree
with both the SM predictions and the measuredb quark cou-
plings given above.

Limits can also be set on possible anomalous coupling
the other ‘‘d-type’’ quarks,d, s, by comparing the measure
values of^AFB

q & andGhad with the predictions of a model in
which the d and s quarks are assumed to have the sa
effective coupling constants as those measured for thb
quarks. The prediction of this model for^AFB

q & is 0.1600~72!,
.
TABLE XVII. Measured values of the epsilon parameters of Refs.@30–32# compared to SM predictions
t-polarization measurements are excluded from theAl average. Dev(s)5(expt.2SM)/error.

Expt.
e1

0.00372~133!
e2

20.0068~8!
e3

0.0021~8!
eb( s̄b)

20.0018~18!
eb(āb)

0.058~14!
eb( r̄ b)

20.298~47!

SM mt5172 GeV
mH5149 GeV 0.00497 20.0076 0.0051 20.0045 20.0060 20.0068
Dev~s! 20.94 1.0 23.8 1.5 4.6 26.2
SM mt5180 GeV
mH5100 GeV 0.00563 20.0062 0.0045 20.0046 20.0068 20.0055
Dev~s! 21.4 20.75 23.0 1.6 4.6 26.2
0-14
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which is consistent with the ‘‘measured’’ value~see Sec. II
above and Table VIII! of 0.1592~86! at the 0.68s level. No
useful constraint on possible anomalous couplings of thd
and s quarks, of a size similar to those observed for theb
quark, is therefore obtained using the measured value
^AFB

q & with the present experimental errors. A more favo
able case isGhad. Using the world average value ofas(MZ)
of 0.118~5! @9,10# in Eq. ~2.15! to calculate the QCD correc
tion and withCq

QED51.00040, the predicted value ofGhad in
the model with a universal right-handed anomaly for dow
type quarks is 1.7249~46! GeV. This differs by 3.6s from the
LEP average measurement@1# of 1.7436~25! GeV. Thus the
model is essentially excluded by the measurement ofGhad. It
is interesting to note that the precise measurement ofGhad
currently gives a much more stringent constraint on poss
anomalous couplings of thed and s quarks than the direc
measurement of their left- and right-handed couplings c
above@34#.

The values of the left- and right-handed couplings of thc
quarks derived from the measured values ofāc andv̄c given
in the first two rows of Table VII are

ḡc
L50.3440~92!, ḡc

R520.1600~70!,

in very good agreement with the SM predictions formt
5172 GeV,mH5149 GeV of

ḡc
L50.3465, ḡc

R520.1545.

The62s limits for deviations ofḡc
R from the SM prediction

extends from20.174 to 20.146. Thus, at 95% C.L., an
anomalous right-handed couplings of thec quark lie between
26% and113% of the SM prediction.

V. SUMMARY AND OUTLOOK

The analysis presented in this paper has been perfor
in such a way as to separate, as far as possible, the a
results of experimental measurements, expressed in term
the effective weak coupling constants of the leptonsc
quarks, andb quarks, from the comparison of these resu
with the SM. The quantitiesv̄ l , āl , and r̄ Q5 v̄Q /āQ (Q
5c,b) were extracted assuming only lepton universality.
further theoretical assumption is needed to extractv̄Q andāQ
separately. The hypothesis of non-b-quark lepton universal-
ity was chosen. It was shown that the alternative of assum
as(MZ) to be known21 would give essentially the same re
sults for theb quark couplings, if the world average value
as(MZ)50.118(5) @9,10# is used. Thus the actual non-b-
quark couplings are consistent with the universality hypo
esis.

The measured effective couplings of the leptons anc
quarks are in good agreement with the SM predictions fo
values ofmt and mH well consistent with existing experi

21This was the procedure adopted in Ref.@7#, where where heavy
quark effective couplings consistent with those extracted in
present paper were found.
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mental limits. However, theb quark couplings deviate from
the SM predictions by more than three standard deviatio
Taking carefully into account all relevant error correlation
the probability that all six effective couplings are consiste
with lepton universality and the SM is found to be 0.9%
This number is the product of the C.L. for consistency w
lepton universality, given by thex2 of the differentAl when
compared with their weighted average~8.4%! and the C.L.
of the SM comparison using the average value from Ta
IX ~10.5%!. The probability that the leptonic andb quark
couplings are consistent with lepton universality and the S
is similarly calculated to be 0.18%. The latter probabil
drops to only 0.018% if thet-polarization measurements a
excluded in calculating the average value ofAl .

In Sec. III the possibility is discussed that systematic
fects, beyond those taken into account in the present anal
and correlated between different experiments, exist in
t-polarization measurements.

In Sec. IV the measured effective couplings are analy
in terms of the one-loop quantum correction parametersDr f
andDk f . These quantities are found to be in agreement w
the SM predictions for the leptons andc quarks, but to be an
order of magnitude larger than these predictions for thb
quarks. An analysis in terms of the ‘‘epsilon’’ paramete
@30,31,32# e1 , e2 , e3 , eb( s̄b), eb(āb), and eb( r̄ b) shows
reasonable agreement with the SM for the first four para
eters, but.~4–6!s deviations for the last two. The agree
ment found between experiment and the SM fore1 , e2 , and
e3 demonstrates that there is no experimental evidence
contributions from natural extensions of the SM such as
persymmetry, technicolor, anomalousWWg or WWZ cou-
plings, or new U~1! gauge bosons, which are all expected
produce deviations from the SM model predictions for one
more of these parameters@31#. It may be remarked, however
that if thet-polarization measurements are excluded, thee3
parameter differs from the SM prediction by three stand
deviations, even for a Higgs boson mass (mH5100 GeV)
close to the current experimental lower limit@28# of about 70
GeV. This additional potential problem for the SM meri
further investigation, but is beyond the scope of the pres
paper.

A simple picture emerges in terms of the right- and le
handed couplings of theb quark. While the latter agrees a
the 2s level or better with the SM prediction, the forme
shows a~42–50!% and~3.2–4.3!s deviation. The larger de-
viations occur whent-polarization measurements are e
cluded. Thus the most significant deviation from the SM p
dictions of the effective couplings is found in the righ
handedb quark weak coupling constant.

The large deviations from the SM found here for theb
quark couplings confirm results presented in a previous
per @7#. The paper contains, however, neither any discuss
of the overall statistical significance of the deviations nor a
physical interpretation of them. Other recent revie
@33,35,36# did not extract the heavy quark couplings fro
the measurements. They discussed rather the high prec
purely leptonic data and the quantitiesRc and Rb all of
which agree well with SM predictions. Of the three para
eterseb( s̄b), eb(āb), and eb( r̄ b) defined in Ref.@32#, only

e
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TABLE XVIII. A scenario for the ‘‘final values’’ and errors ofAl and r̄ b at the end of the LEP1SLD
experimental program.Al

SLD50.1547(19) andAb
SLD50.897(27) are assumed, andAl

SLD varies by22s0

to 12s0 from the central value, wheres0 is its error. Forr̄ b , the number in square brackets deno
~value2SM!/error, wherer̄ b

SM50.689.

Al
SLD6x, x5

‘‘Final values’’ of Al ‘‘Final values’’ of r̄ b

22s0 0 12s0 22s0 0 12s0

LEP1SLD 0.1501~16! 0.1525~16! 0.1553~16! 0.604~26! 0.592~25! 0.579~23!

Full average @23.3# @23.9# @24.8#
t poln. 0.1513~17! 0.1545~17! 0.1577~17! 0.598~26! 0.583~24! 0.568~23!

Excluded @23.5# @24.4# @25.3#
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l

eb( s̄b), derived fromRb , was considered in Ref.@33#. As
also only the ALEPHRb measurement@37# ~which is in
almost perfect agreement with the SM! was used, the anoma
lies in theb quark couplings were undetected. As shown
Tables XVI and XVII it is the other twoeb parameters tha
are most sensitive to the apparent deviations from the S

The most important remaining question is whether
observed deviation in the right-handedb quark coupling is
likely to be confirmed or excluded by currently planned me
surements of electroweak observables. The effect obse
in the effective couplings, interpreted as a statistical fluct
tion, is .~3–4!s. A similar sized deviation forRb was re-
ported in 1995 by the Electroweak Working Group@38#. A
year later, as a result of a better systematic understandin
both theRb and the correlatedRc measurements, as well a
much improved statistical errors, the deviation of the aver
Rb measurement was reduced to below two standard de
tions @1#. Can the presently observed anomaly in theb quark
right-handed coupling be expected to meet the same fat
that of Rb? Arguments will now be given that this is un
likely, given the current status of the analysis of t
LEP1SLD electroweak data. If there is some large, as
unknown, systematic effect in the LEPAFB

0,b and/or the SLD
Ab measurements similar to those uncovered during 199
the Rb and Rc measurements, the anomaly might disapp
~or become larger!. This hypothetical question will not be
further addressed here.

The discussion concentrates on the observed~and possible
future! deviations from the SM ofr̄ b , which is extracted
from measurements using only the weak theoretical assu
tion of lepton universality. As can be seen in Figs. 1c,
this quantity shows much larger deviations from the SM p
dictions thans̄b . The measurements of several of the r
evant electroweak observablesAFB

0,l , ALR , AFB
0,b , and Ab ,

have recently been improved as compared to numbers qu
in Table I @39#. The updated value ofr̄ b following the same
analysis procedure as described in Sec. II above is 0.591~30!.
This is very consistent with the value reported in Table
The discrepancy with the SM is slightly reduced from 3.34
3.26 standard deviations. The forseen improvements in
precision of measurements of electroweak observables
been discussed in detail in the review of Renton@7#. Only
very modest improvements are to be expected from comp
ing the analysis of the existing and final LEP1 data. Th
impact on ther̄ b measurement is expected to be essenti
09301
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negligible. As shown in Sec. II and III above, this is not tru
however, of possible systematic effects, witness the sens
ity of the C.L.s in Table IX and theDr, Dk, and epsilon
parameters in Tables XIV–XVII to the inclusion or exclu
sion of thet-polarization data. A better systematic unde
standing of the latter could have a large effect on the L
average value ofAl . Ultimately, however, the LEP1SLD
average value ofAl is expected to be dominated by the im
proved precision of the ongoingALR measurement. Accord
ing to Ref.@7#, the errors on the existing SLD measureme
of ALR andAb @39# should be reduced, by the end of the SL
experimental program, by 41% and 45%, respectively. T
most significant improvement is expected to be in the ac
racy of the LEP1SLD average value ofAl due to theALR

measurement. The error of the latest measurement,Al
SLD

50.1547(32)@39#, is expected to be reduced to 0.0019. Th
is significantly smaller than the error, 0.0033, on the LE
average value ofAl , which will, in the absence of new
presently unknown, systematic corrections, change little
the future. The improvement on the most recent SLD m
surement ofAb , Ab

SLD50.897(47) @39#, where the error is
expected to be reduced to 0.0027, is also large. However
LEP average value ofAb , derived fromAFB

0,b is already more
precise:Ab

LEP50.861(21). To study the possible impact
the new SLD measurements on the expected future valu
r̄ b the value ofAl

SLD is allowed to vary by62s0 ~where
s050.0019 is the final expected error! about the latest mea
sured value. The weighted average ofAl

SLD and the latest
LEP measurement are calculated~including, or not, thet-
polarization data! to estimate the likely range of the ‘‘final’’
LEP1SLD average value ofAl . For eachAl value, Ab is
extracted from the LEP averageAFB

0,b using Eq.~2.3! to yield
‘‘final’’ values of Ab

LEP. The weighted average ofAb
LEP and

Ab
SLD is then made, assuming for the latter the latest va

given above and the expected final error of 0.0027. In the
step, for each ‘‘final’’ Ab value r̄ b is extracted using Eq
~2.6! and compared with the SM prediction. The results
this exercise are presented in Table XVIII. This purely s
tistical study shows that the deviations inr̄ b are unlikely to
drop below 3s or to become more significant than 5s.
Larger deviations are still seen when thet-polarization data
are excluded, but the effect is less than shown in Table
~.0.5s instead of.1s! due to the much higher statistica
weight expected from the final SLDAl measurement. Unlike
0-16
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in the case of theRb anomaly in 1995, most of the forese
able LEP1SLD data contributing to the measurement ofr̄ b
have already been analyzed. The predictions presente
Table XVIII show that only small changes are to be expec
in the statistical significance of the observed anomaly in
b quark couplings.

The most important message of this paper for future e
troweak analyses is that the step of extracting the impor
physical quantities from the experimental measureme
should be clearly separated from the comparison of th
quantities with theoretical predictions. This was done ro
tinely in the past for the leptonic weak coupling consta
@1#. A similar procedure should be followed, in the futur
also for the heavy quark couplings. Only in this way can
physical origins of apparent deviations from theory be p
cisely located, and the C.L.s for agreement of the meas
ments with the theory be easily and correctly calculated. T
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second point~exemplified here by the discussion of the LE
t-polarization measurements! is to check carefully the inter-
nal consistency of different experimental measurements
the same physical quantity before they are averaged. T
can give indications of hitherto unconsidered systematic
fects. In any case, the C.L. for the internal consistency
different measurements used to calculate an average phy
quantity should be multiplied by that given by thex2 of the
theory-experiment comparison based on the averaged q
tities, in order to give a more meaningful overall probabili
for the theory-experiment comparison.
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