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A model-independent analysis is performed on the CERN LEP and SLAC SLD d&tdecays. Using only
very weak theoretical assumptions, the effective vector and axial-vector couplings of leptprasks, and
quarks have been extracted. Although the lepton arguark couplings agree well with standard model
predictions, those of thie quark show deviations of more than three standard deviations. The effect is mainly
in the right-handed quark coupling, the left-handed coupling being consistattthe 2r 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 bghark 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 valued, andA, used to extract thb quark couplings, as well as possible sources of systematic error
that may not, hitherto, have been taken into account. Excludipglarization measurements, which show
internal inconsistencies, from the averages increases the deviations of the exirquéekl couplings from the
standard model predictions to the four-standard-deviation 1€86556-282098)06119-Q

PACS numbds): 13.38.Dg, 13.10-q, 14.70.Hp

. INTRODUCTION Ti=v¢/ay, 2.9

This study is based on a recent compilatighof experi- si=(ay)*+(vy)?, 2.2
mental results o decays. The aim is to answer the follow-
ing question: Are the data consistent with the prediCtionSexperimental errors on; ands; (f here stands for lepton or
of the standard electroweak modelM) [2]?" To this end uark are, unlike those inv; andas, essentially uncorre-
the analysis is carried out in three independent steps. In thgeq ~ simplifying the calculation of the statistical signifi-
first, the data are used to extract the effective veaigrand  cance of any deviations observed from the SM expectations.
axial-vector @) coupling constants of the charged leptonsThroughout this section, the SM predictions quoted are those
(assuming lepton universaliyand of thec and b quarks.  of the global SM fit withm,=172 GeV, m,,=149 GeV re-
This is done using only weak theoretical assumptions. Theorted in Ref.[1]. The effect of varying the Higgs boson
effective couplings are then compared with the predictions ofmass, the only remaining unknown parameter of the SM, is
the SM and the confidence levelS.L.s) for consistency of discussed in Sec. IV below.
the measurements with the SM are calculated. In the second The quantitie$r; (f=1I,c,b) ands, may be directly ob-
step the experimental data contributing to deviations obtained from the data without any additional assumptions con-
served from the SM in thé quark couplings are critically cerning the poorly measured] couplings of theu, d, s
examined. Issues addressed include the roles of statisticgbarks. A further assumption is, however, necessary in order
and systematic errors, as well as the internal consistency & extracts;, s, and hence the andb quark couplings. In
physical parameters measured using different experiment@rder to perform an analysis which is, as far as possible,
methods. Finally, the observed deviations from the SM aremodel independent” and to avoid the specific assumption
assumed to represent real physical effects, whose interpret8f the validity of the SM, as used in the fits of Ret], the
tion is discussed. The three steps described above constitf¢aker hypothesis of quark-lepton universality is made for

the material of the following three sections. A summary and€ fermionse, x, 7, u, d, s, c. That is, all these fermions are
outlook are given in the final section. assumed to have the same effective weak mixing afigle

The derived values of, anda, presented below are found
to be, within errors, in good agreement with this hypothesis.
Il. EXTRACTION OF THE EFFECTIVE WEAK Another possibility is to assume a value @f(M ) deﬁved
COUPLING CONSTANTS from non—electroweak—related measurements. In this case the
¢ and b quark couplings may be derived from the ratios
It is convenient to define the following auxiliary I'o/I'} (Q=c,b) without any assumption concerning the
quantitiest couplings of the light quarks. There is now, however, the
disadvantage that the extracted values of the electroweak

which may be simply derived from the measurements. The

*Email address: john.field@cern.ch

The fermion masses are set to zero in E2). Only for theb 2Unless otherwise statedl,is a generic lepton label ang u-7
quark do the fermion mass terms give a non-negligible contributionuniversality is assumed.
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TABLE |. Average values of electroweak observables used in  TABLE Ill. Measured values of ;=v;/a; compared to stan-
the analysid1]. SM denotes the standard model predictionrfigr ~ dard model predictions.
=172 GeV,my= 149 GeV[1].

r re ry
Quantity Measuremeritotal erro) SM  (Meas—SM)/error
Measurement 0.0754820 0.36629) 0.58232)

LEP SM 0.07332 0.383 0.689
A% 0.016a24) 0.0159 0.04 (Meas—SM)/lerror  —1.80 ~0.59 ~3.34
ARk 0.016213) 0.0159 0.04 Meas. 7 poln. out 0.0771@40  0.35729  0.56329)
ARg 0.020118) 0.0159 2.3 (Meas—SM)/error —2.71 -0.90 —-4.38
I, (MeV) 83.91(11) 83.96 —-0.45
T polarization . . L .
A, 0.138276) 0.1458 10 a@dﬂ is the angle between the incomieg and th_e ogtgomg
A 0.140167) 0.1458 _09 T |nther—palrcenter-of—.mass frame. At SLIA,a is directly

T measured by the left-right beam-polarization asymmetry
¢ andb quarks A r, while A; and A, are determined from the left-right—
AZS 0.073349) 0.0730 0.1 forward-backward asymmetries of tagged heavy quarks.
R, 0.171556) 0.1723 -0.1 The separate LEP and SLD average values of the elec-
ALP 0.097923) 0.1022 -1.8 troweak observables, which are directly sensitive to the ef-
Ry 0.217912) 0.2158 1.8 fective couplings, are reported in Table I. The combined LEP
SLD and SLD averages ok, A, Ay, R, andR,, whereR,

=I'q/Thag(Q=c,b), are reported in Table II.

A 0.15433 0.1458 2.3 . .

Ae 0 625{:;4)7) 0.667 05 It may be remarked that, while there is good agreement
¢ ' ' ' between the different values of, derived from A%, (I

Ap 0.86349) 0.935 —-1.4

=e,u,7) using Eq. (2.3) and that derived fromA g
Ro 0.214938) 0.2158 —0.2 [weighted average 0.158%),% x°=3.85 for three degrees
of freedom(DOF), CL=28%)], the values of botl#, andA .
. . derived from therpolarization measurements are signifi-
couplings are strongly correlated with the assumeMz) cantly lower. In fact, the average value &f from 7 polar-

value. . . . ol
At LEP, r; is found from the measured, corrected, pole!Zatlon lies 2.5 below the average romeg, Ag. Includ-

i of . ~~ ing or not including ther-polarization data changes the LEP
Igrﬁard backward charge asymmetrle%B [1] via the rela and SLD average value o% by more than one standard

deviation(see the first column of Table)lIBecause of this
possible inconsistency in the measurdvalues from dif-

Ag’é= § AA 2.3 ferent sources, the ex’;raction of t_he coupling constants will
4 e be done throughout this paper using value#\pthat either
include or exclude the-polarization results. Significant dif-
_ _ ferences are found. Possible explanations for the apparent
2Ufaf 2rf

A= — L _ (2.4) incon;istencie_s in th&, measurements are discussed in the
(an)*+(ve)®  1+rf following section.
The values ofr; (f=1I,c,b) derived from the measured
Ae andA; have also been measured at LEP via the angulayalues ofA, using Eq.(2.4) are presented in Table IIl. For
dependence of the-polarization asymmetry: the b quark, mass effects were taken into account by using
the corrected form of Eq2.4):
5 (o A_+AF(6) ,
ACOH) = = TR AR ()" @9 2(N1-4up)ry,

"1 Ayt (L 2py)y

(2.6)
where
where up,=[mp(M5)/M;]?=1.0x10"3. The running b
F(0)=2 cod/(1+cogh) quark mass is taken as,(M ) =3.0 GeV[4]. Agreement is

seen with the SM at thealevel forr,, at<lo for r,, but

TABLE Il. LEP+SLD averages. The-polarization measure- only at the 3.3 level forr,,. A similar discrepancy foA,
ments are excluded from the averages quoted in the second row.was mentioned, but not discussed in terms of bhguark

A Ac Ap Re Rp
0.150124) 0.64539) 0.86922) 0.171%56) 0.217611) 3Throughout this paper total experimental errors are given in
0.153327) 0.63438) 0.85322) terms of the last significant figures: 0.1%33 denotes 0.1533

+0.0027.
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TABLE IV. Measured values af;=a?(1—6u;)+v? compared
to standard model predictions.

S| Sc Sp
Measurement 0.252433) 0.287795 0.367624)
SM 0.25259 0.2880 0.3644
(Meas—SM)/error —0.45 -0.03 1.33

couplings, in Ref[1]. If the ~polarization measurements of
A, are excluded from the average, the discrepanay wfith
the SM approachés8¢ and that ofr, exceeds 4.

The quantitys, is derived from the leptonic widtl, us-
ing the relation

127TF| 1

5= (E')ZHU_')ZZ\/QG#M% [1+3a(M,)/4n]

(2.7

The value obtained fos,, quoted in the first column of
Table IV, uses the LEP average value Iof from Table |
together with G,=1.1663% 10> (GeV)*> [5], My
=91.1863 GeV, andx(M,) 1=128.896[1]. Good agree-
ment is found with the SM value. Solving Eg&.1) and

PHYSICAL REVIEW D 58 093010

TABLE V. Measured values of the effective electroweak cou-
pling constants for the charged leptons. DQev
=(meas:SM)/error. The values given in the last two rows exclude
7-polarization data from the averages.

Leptons
Meas. SM Devo)
a —0.5010133) —0.50124 0.67
v, —0.0378268) —0.03675 —-1.57
a —0.5009333) 0.91
v —0.0386377) —2.44
QED__ 3(eq)2 QCD__ 2
o5 = = a(Mz), b57p=1.00g+1.422¢,

63°P=0.9%,— 1.552.

qis a generic quark flavor indeg, the quark electric charge
in units of that of the positron, ands=as(Mz)/7. (X)
denotes the quark flavor average>6fAs mentioned above,
wp=1.0x10"3, while, taking into account the present ex-
perimental error orR;, u. is set to zero. The numerical
values of the QED and QCD correction factors, with

(2.2) for a, andv, yields the results presented in Table V. As ag(M5)=0.12 anda(M;) ~1=128.9, are presented in Table
in the calculation of all the other effective couplings, theVI. The nonb-quark couplings in Eq(2.8) are written, con-
signs ofa; and v, are chosen to be the same as the SMventionally, as

predictions. The values &f; andv, are in good agreement
with the LEP+SLD averages quoted in Rdfl], taking into
account the slightly different analysis procedutddoth a,
andv, are in agreement with the SM predictions.

The quantities?Q (Q=c,b), including quark mass ef-
fects, may be derived from the measured quantigsvia
the relation

_ _ RoSe
= 2 —_ 2:
Se=(ag)(1—6uqg)+(vg) (l—RQ)CSEDCSCD’
(2.9
where
quqw [(8g)*(1=64q) +(vg)?]
and[6]

Co=1+84—(34.0)(i=QED,QCD, uq=0 for g#b,

ag=pqTd, 2.9
va= Vg T4~ 2eq(s)], (2.10
where, assuming nob-quark lepton universalit§,
Vpg=Vp=2la| (all g#b), (2.1
1 _
(SW?=7(1-1) (all g#b), (2.12

and T{ is the third component of the weak isospin of the
quark g. Substituting the measured valuesrof a,, from
Tables Ill, V and ofR;, R, from Table Il leads to the values
of s, S, reported in Table IV. Note that the valuessgfand,
hence,a, anduv, are extracted first. The latter are then sub-
stituted into Eq(2.8) (taking into account their experimental
error9 in order to finds,. In Table IV good agreement is
seen between the measured values,ainds, and the SM
predictions. On the other hang, lies 1.3 above the pre-
diction, a residual of the well-known R,, problem” [1].
Solving Egs.(2.1) and(2.8) then gives the effective coupling

4As shown in Sec. IV below, the discrepancies with the SM pre-

dictions for the leptonic couplings, unlike those of thquark, are
reduced by assuming a smaller valuengf and a larger value aofy
than that found in the global fit of Reff1].

Referencd1] included small mass corrections in calculatiag
andv, which are neglected here.

®Here the weak isospin symmetry of the SM is invoked to calcu-

late the unobserved couplings. It is also assumed that the quantum

corrections contained ip, and )2, though not necessarily those
of the SM, are universal.
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TABLE VI. QED and QCD correction factors for heavy quarks erage value of the latter reported in Rgf] into the SM
assumingas(Mz) =0.12 anda(Mz) ~*=128.9. formula for (Alg) and propagating the error leads to the
“measured” value:

CCQED CbQED CCQCD CbQCD

1.00046 0.99975 1.0012 0.9953 <AEB>:0-159286)-

i As shown in Table VIII, this value is consistent with the SM
constants for the heavy quarks presented in Table_VII. Th%rediction, with the “model-independent” prediction given
values found, as W(_all as the errors, agree weII.W|th thos%y inserting the lepton ankl quark couplings from Tables V
reported by Renton in a recent revi¢®. The solutions for  anq v| into Eq. (2.13 and assuming nob-quark lepton
3¢, vy obtained from the essentially uncorrelated quantities,njversality for theu, d, s, ¢ quarks, as well as the prediction
ry ands; are shown graphically in Figs. 1a, 1b, 1c fbr \hen, in the latter case, the measubeguark couplings are
=l, ¢, b, respectively. The corresponding solutions when thgeplaced by the SM ones. With the present experimental er-
7-polarization measurements Af are excluded from the av- 1ors (A% is therefore insensitive to possible deviations of
erage are shown in Figs. 2a, 2b, 2c. Itis clear from Figs. 1Gpe p quark couplings from the SM, of the magnitude ob-
2c that largest discrepancy with the SM is in the parametetgqryed in theA, measurements.

r, (completely determined by rather than ins, (essen- As mentioned earlier, in order to avoid having to intro-
tially determined byR,). Indeed, if the SM value for the g,ce an accurate value ef(M,) as a correlated parameter
latter is used, instead of the measured one, to solv&for i, the extraction of the heavy quark effective couplings, the
andvy, the discrepancies between the values found and thﬁypothesis of nor-quark lepton universality was made in
SM are almost unchanged. _ deriving the value 0§, from the measured quantify,. The
Although thec quark couplings agree well with the SM qnsistency of this assumption may be checked by extracting
and are also consistent with the quark-lepton universality, (M,) from the LEP average value & =T"y./T [1]
hypothesis, botfa, and v, differ from the SM values by — ° 2 ’
more than three standard deviations. The errors in these
quantities are, however, highly correlated. The statistical sig- Ri=20.77829),
nificance of these deviations is discussed in detail below.
It should be remarked that, although a particular valueusing the relation
(0.12 of asy(M,) has been assumed in order to extract the
effective couplings of the heavy quarks, the sensitivity to the <CQE%<CQC% s s
chosen value is very weak. Varyingy(M,) over the range R=3— QEDq a9 (2.14
0.1<ay(M;)<0.14 leads variations of only=3x10* C S
in a, and v, to be compared with experimental errors
~1-4x10"2 (see Table VI The QED and QCD correction factot€5=") and (CJ°")
A further constraint on the quark couplings is provided byare averaged over all quark flavors. The QED correction fac-
the measurement of the mean quark forward-backwartors are
charge asymmetry:

(Cg¥")=1.00040, CR*P=1.0019.
BAIZq0q3q . o |
(Afg)= S [(1-6uy)(ag)’+ (00" (213 Inserting the measured valuesspfands; and using norb-
q Ha/l%a q quark lepton universality to evaluasg (q#b) gives, for the
CD correction factor:
All experimental analyses performed to date have assume

the correctness of the SM and have used measurements of

(A% to determine a value of SIS [1]. Inserting the av- (CJP)=1.039421).

TABLE VII. Measured values of the effective electroweak coupling constants afd b quarks.
DeV(o)=(meas—SM)/error. The values given in the last two rows exclugpolarization data from the

averages.
¢ quark b quark

Meas. SM Devo) Meas. SM Devo)

a; 0.50410) 0.501 0.30 —0.525275) —0.4981 -3.61

vy 0.18415) 0.192 -0.53 —0.3057125 —0.3434 3.18

a 0.50510) 0.40 —0.529870) —4.53

vy 0.18015 -0.80 —0.2977123 3.72
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FIG. 1. Constraints on the effective couplings, v; provided
by the measurements of ands;: (a) leptons,(b) ¢ quarks, and
(c) b quarks. The cross hatched areas sho limits. The dotted
lines in(a) [(c)] show 2r [30] limits for r,,[r,]. SM is the standard
model prediction fom,=172 GeV, my=149 GeV.

FIG. 2. As in Fig. 1, except that-polarization measurements
are excluded from the LEP average valueApf The dotted line in
(a) shows the & limit for r,. The dash-dotteddotted line in (c)
shows the 3 (40) limit for ry,.

| | | a(Mz)=0.1165,;
Using the third-order perturbative QCD formyi@y

(€991 1 OGaS(MZ) o ag(My) 2_1 ag(M)\3 which may be compared to the global fit value of Réf}:
a /- ' T ' ag(Mz)=0.12Q3).

w w

(2.19

gives The good agreement of the model-independent analysis re-
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TABLE VIIl. Values of the mean quark charge asymmetry. diction of 1.4% drops to only 0.06% if the-polarization
“MI pred.” stands for model-independent predicti¢see text See  measurements &, are excluded. The third column of Table
also the text for the definition of “measured.” IX results from adding to theg? in the second column the
(uncorrelateyl contributions ofs, ands, . In the fourth col-

Measured”  SM M Mipred. with - 1 of Table IX, they? and C.L.s of the variables , 1y,
pred. pred. SM b quark — o —— — — .
andr . taking into account the-r, andr-r. correlations are
(AR 0.159286) 0.1641 0.163@8  0.169228) given. In the last column of Table IX, th@uncorrelateg
(“Meas.” - _057 —052 11 variabless;, s,, ands; are added to those of the fourth
pred)/error ' ' ' column. Note that the number of degrees of freedom corre-

sponding to thex? values reported in the second, third,

. fourth, and fifth columns of Table IX is 3, 5, 5, and 8 respec-
sult with the global world average valuexs(Mz) ftively, since ther, andr, measurements derived from the
=0.1185), found in two recent reviewf9d,10] of all pub- s DA, A, determinations give separate, uncorrelated, con-
lished measurements ef;, shows that an analysis assuming tributions to they?. As expected, the agreement with the SM
this value ofag(My), but without the assumption of nds-  improves as the number of degrees of freedom of e
guark lepton universality, would lead to essentially the saméncreasegthe more parameters considered, the more likely is
values of theb quark couplings as those reported in Tablea deviation associated with any one of the parameters to be
VII. In the fit used in Ref[7], to determine the heavy quark consistent with a statistical fluctuatipnHowever, there is
effective couplings the constraints(M;)=0.123(6) was still a factor of =10 difference between the C.L.s including
imposed. As mentioned above, the fitted heavy quark coutor excluding the =polarization data. Taking into account
plings are very consistent with those found in the presenthe C.L.(8.4% for self-consistency of the differedt, mea-
analysis. surements, the probabilftyhat all six effective couplings are

In order to correctly calculate the statistical significanceconsistent with lepton universality and the SM is 0.9%. The
of the deviations from the SM predictions of the effective gjm;iar probability for the leptonic an® quark couplings

couplings shown in Tables V and VI, it is necessary to take,|one is 0.18%. If ther-polarization measurements are ex-
into account the correlations between the errors of the d'fferéluded, the latter probability drops to 0.018%.

ent quantities. To avoid the very large correlations between
the errors ora; andv; (for the case ob quarks the correla-
tion coefficient is—0.96), it is convenient to use, in calcu-
lating the y?, the equivalent quantitiess;, s; for which the
errors are uncorrelated for a given fermion flatdmportant

It is important emphasize that a correct calculatiory6f

and the associated confidence levels requires that all relevant
correlations between errors be taken into account. }f
calculated from “raw” experimental measurements, such as

correlations siill exist, however, between the errorsrinm,) thosg presentfedhdeabIe_Ih err]ronel\cAJus_l?:ctJ)nc:juyons :s to the
and {,.r;) in the case that, andr, are extracted from Consistency of the data with the SM will be drawn. Assum-

forward-backward asymmetries using E@®.3), (2.4, and "9 nonb-quark lepton universality, the 14 measured elec-
(2.6). The correlation coefficient is troweak observables presented in Table | depend on only
four unknown parameters, the effective couplings of the lep-

(1—?|2)(1+?é) o tons and of thé quarks. The “raw” y“ calculated from the
|

Com — _n'e (Q=c.b). (2.1 “pulls” [1] in the last column of Table | is 21.3 for 14 DOF

T A+ 7y ' (C.L.=0.093) or, excluding the-polarization data 19.5 for

12 DOF (C.L=0.077)? The strong sensitivity of the C.L. to

Substituting the parameters from Table Il gives inclusion or exclusion of ther-polarization data is com-
pletely lost using the “raw” y2. In fact, the =2¢ effects
Ce=-0.29, C,=-0.52. seen in the “pulls” of the observables;, A, (SLD), A2P,

The results on the C.L.s for the agreement with the SM of

dlff.erent. sets of Eff_eCt'VG ﬂeak coupling Constants, param- "Actually there is a weak correlation betwegnandr, following
etrized in terms ofr; and sy, are FOHeCted. in Table IX. from Eq. (2.9, whereT, is used to calculat&sy . However, the
These C.L.s assume perfect statistical consistency of the difsrrelation coefficient is only=0.08 and is neglected here.
ferent measurements contributing to the averages. The eny

tries in the first column of Table IX, giving the level of Here the term
agreement of1(;,s) with the SM prediction, are simply cal-
culated from the entries of Tables Ill and IV using a diagonal
error matrix, since the errors in ands; are uncorrelated. o ot [1], the SM prediction is obtained by fitting, , m,, and
Calculating separately the contributions ¥8 frt?m rand  several other electroweak parameters to the observables of Table |
rp, where the latter is derived from the LEkzg measure-  as well as others which are not directly sensitive to the effective
ment andr, derived via Eq(2.6) directly from the SLDA;,  couplings (see Table 20 of Ref1]). Here, for comparison pur-
measurement, gives the entries reported in the second cgeses, the values,= 172 GeV,my =149 GeV are assumed so that
umn of Table IX. The C.L. for agreement with the SM pre- the SM prediction has no free parameters.

“probability” is used in the the usual sense of the
fraction of all cases expected to have a C.L. less than the observed
value. For independent? tests the probabilities are assumed to be
uncorrelated.
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TABLE IX. x? and confidence levels for agreement with the @f=172 GeV, my=149 GeV} of
different sets of electroweak observables sensitive to the effective couplings, assuming perfect statistical
consistency of the LEPSLD averages in Table Il. The values given in the last two rows do not use
T-polarization measurements in thg average. See the text for the explanation of the number of degrees of
freedom(DOF) in each case.

Observables ) T .S ,b,Sh TR .S "5, c:Sc
DOF 2 3 5 5 8

)(2 3.44 10.6 13.2 10.9 13.2
C.L. (%) 17.9 1.4 2.2 5.3 10.5

)(2 7.55 17.2 194 17.4 19.6
C.L. (%) 2.3 0.064 0.16 0.38 1.2

andA, (SLD) add, because of correlations, constructively inphysicists is, however, provided if there are many repeated
the parameter,, to give the observed deviation from the SM measurements of the same quantity, as provided, in the
of >3o. First extracting the essential theoretical parameterpresent case, by the different experiments at LEP. When the
(the effective couplingsand then comparing with the SM errors are dominated by systematic effects or contain a large
predictions using &? test is more sensitive to deviations of systematic contribution, then comparing the weighted aver-
these parameters from the SM predictions than the “raw”age error to that calculated by applying the central limit theo-
X2. For the latter an inevitable statistical dilution occurs be'rem to the different measurements of the same quantity gives
cause of the large number of experimental observaliés  an indication whether the systematic errors are over- or un-
used as compared to only four effective coupling constantgerestimated. Such a test only applies to errors which are
that determine the theoretical prediction. This dilution effect,,,-orrelated for the different measurements of the same
becoi“es even more marked When addiiional ObserVableauantity. This test may be best applied when each experi-
not dizrectly sensitive to the effective couplings, are added tqn et measures the same observable using a similar method.
::;g | (?bsslerl\:gglioilisaégtir?iriegtll.ow[rizﬁistgﬁlgvg S%d?(')' th If consistency is found in this case, biit inconsistencies are
total y? of 19.1, indicating an overestimation of the érrors onefo_und when the same physical quantity is _measured using
these quantitie@ that reinforces the statistical dilution different obse_rvabl_esfor example, the quantityy may _be
: measured using either forward-backward asymmetries for
different dilepton final states arpolarization), it is probable
that there is an unknown source of correlated systematic er-
ror. As discussed further below, such an error can arise, for
In order to derive the average values of the electrowealexample, due to an inadequate treatment of QED radiative
observables presented in Tables | and Il, many different exeorrections.
perimental measurements were combifgd In the light of The apparent deviations from the SM predictions oftthe
the apparent deviations seen from the SM predictions in thguark couplings seen in Table VII are due those observed in
model-independent analysis described in the previous seenly two of the basic electroweak parametéis and A, .
tion, the first question that should be asked is whether th@lost of the current information oA, is derived from the
experimental measurements are reliable and consistent. Am.peakAg'g measurements of the four LEP experiments. The
important general question is whether the uncertainty in therror on thisA, measurement is roughly half that of the SLD
measured observable is dominated by statistical or SySteI’ka measurement. The individual measurements of the ex-
atic errors. Only in the former case can the error be interperimentq 1] contributing to the LEP averag&’f measure-
preted, with confidence, in the statistical senseo (1 ment quoted in Table | are shown in Fig. 3, together with the
=68% C.L) and the probabilistic meaning of the C.L. of aeighted average value, its error, and the SM prediction.
x* test can be expected to be reliable. This is no longer thghere is no hint of any badly understood systematic effect in
case if the systematic error is dominant. As there is no defifhe gistribution of these measurements. Except for the
nite, agreed, procedure for assigning systematic errors, thg EpH jet-charge measuremefitl], all errors, even those
meaning of the error can depend on psychologioaleven  ysing all LEP1 data, are statistically dominated. The
sociologica) factors. If the physicist is overconservative in eighted average value agrees well with the individual mea-
assigning the error, real deviations from a theoretical expecsyrementsy?=5.9 for 8 DOF, C.L=66%). The estimate of
tation can be missed or, in the contrary case, spurious detegye error on the mean value, given by the sample variance of
tor related effects wrongly interpreted as “new physics.” the seven most accurate determinations, using the central
Some check on the degree of conservatism or, otherwise, @it theorem is 0.00232, in excellent agreement with the
weighted average error of the same data points, which is
0.00237. The situation is very different for the paraméter
10A ¥2 of 0.55 for five degrees of freedom corresponds to a C.L.Shown in Fig. 4 are the values &f derived from the LEP

0 0 0
of 0.990. measurements diz5, ARL, Afg, Ae, andA from 7 polar-

Ill. DISCUSSION OF THE EXPERIMENTAL
MEASUREMENTS OF ELECTROWEAK OBSERVABLES
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FIG. 3. LEP on-pealk2® measurements. ALEPH solid squares;
DELPHI, open circles; L3, open triangle; OPAL, open squares. The FIG. 4. LEP and SLDA, measurements. The hatched band
*1o region around the weighted average value is indicated by thghows the+ 1o region around the weighted average value. The
hatched band. The vertical line is the standard model prediction fofveighted average value, excluding thepolarization measure-
m=172 GeV,my=149 GeV. ments, is given by the dashed vertical line. The solid vertical line is

the standard model prediction fon,=172 GeV, my=149 GeV.

ization andA, as measured by SLD using the left-right beam '€ 0Pen square shows the value/gfderived from the LEP av-
polarization asymmetry. Although the overall consistency ofc'29€ value oRgg assuming the SM; this datum is not included in
the individual measurements with the weighted averagd'® "eighted averages shown.
value seems acceptablg?=9.7 for 5 DOF, C.L=8.4%),
the internal consistency of the various measurements is mudbpton universality for ther. Using the rpolarization A,
worse. In particular, there are three, essentiallymeasurement to extract, using E8.3), A, from A% gives
independent! =(2—-3 0 deviations concerningr-related A,=0.1968(204). This may be compared with the
measurements. polarization measurementA,=0.1401(67). There is a
(i) A2 is 1.8 higher than the average 85 andAY.  2.60 discrepancy. In the case of a breakdown of lepton uni-
Also, in all four LEP experimentésee Table 3 of Ref1]),  versality, the two determinations @, must give a consis-
A is higher thanA2§ or A%, Assuming no systematic tent result that is significantly different from the measuted

bias, the probability for this is 1 in 81. value. In fact, the values &&, and A, found usingr polar-

(i) The average value of, extracted from ther ization are consistent within 0.49
polarization data, 0.13930), lies 2.Zr below that, Assuming Gaussian errors, the probability thdtthese
0.152230), given by the weighted average of the nomea-  rrelated apparent deviations from lepton universality are
surements. statistical fluctuations is 72510 6. This situation may be

(ili) Assuming lepton universality, the LEP average valuecompared with that for the nonrelated measurements Af
of AY; gives, using Eq(2.3), Aj=0.1649(71). Thisis 2@  derived fromA2S, A%  andA g, which are, respectively,
higher than the meaA, calculated from ther-polarization  0.14711), 0.14861), and 0.1544). Labeling these measure-
measurements &, andA . ments 1, 2, and 3, respectively, the deviations between the
These deviations cannot be explained by a breakdown gfairs 1-2, 1-3, and 2-3 are 0.680.60, and 0.83. The mea-
surements are perfectly consistent.
It may be remarked that th&2; measurement, which oc-
UiThere is a weak correlation between two of the three effects, irfUrS in the first of the three above-mentioned apparent devia-
that the A%, A% measurements, used in the first consistency!!ONS, has been |r_1cluded n th_e evaluation of the_ average
check, contribute also to the “nori~weighted average value of,  values ofA, used in the model-independent analysis of the
used in the second. This can be avoided by comparingrthe Previous section. However, excluding this datum fromAhe
polarization value of\, with the A_x measurement. In this case an average in addition to therpolarization data givesA
even larger discrepancy of 2rds found. =0.1516(29). Thugsee Table Il the deviations from the
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TABLE X. Confidence levels for the consistency of LEP mea- tgst of the consistency of the measured vaIueA%éfcan be
e,0 ©,0 7,0 , . . . . . —
surements ORgg, Afg, andAgg. STT, students test: EET, CL. mpade ysing the studenttsdistribution. This is done by cal-
calculated from estimated experimental errors. . . - 0
culating the probability that, say, th and A2% measure-
ments of the different experiments are consistent with a com-

() T-€ m-e
- mon mean valugl2]. The results of this comparison for the
C.L. (OA’) STT 2.7 6.0 68 three possible pairings,w), (7,€), and (u,e) are presented
C.L. (%) EET 8.0 17 94 in Table X. Also shown in this table are the C.L.s for con-

sistency of the measurements, based on the total errors

- I . o quoted in Table I. The systematically larger C.L.s found us-

SM predictions will lie between the #polarization-in” and g these errors perhaps indicates that the point-to-point sys-
7-polarization-out” cases discussed above, if afielated  omatic errors tend to be overestimated. The good agreement

measurements are excluded. , op  between theu-e measurements and the poor agreement be-
Also shown in Fig. 4 is the value @, derived fromAZs,  eenru and e indicates the possible presence of a cor-

assuming the correctness of the SM. The value so obtainegs|ated systematic effect, not included in the present system-

0.1396@33), differs from the weighted average of the purely aiic error estimate, for the-pair channel.

leptonic measurements by Z6or by 3.2 if the =~  aAp opvious candidate for such an effect is the QED ra-

polarization data are excluded. It is clear, from the analysigjiative correction. On th& peak this is large; the combined

of the previous section, that these discrepancies are maintg(a) and O@?) corrections amount te=—110% of the cor-

due to the deviations of thequark effective couplings from | acteq pole asymmetry for muon pa[fk3]. The systematic

the SM predictions. The quantity Sy used in Ref[1] IS error in the weighted average valueAft, is then=4.4% of

directly related toA, via Egs.(2.4), (2.19. The poor consis-  he radiative correction, and the observed deviation ofsthe

tency of the different st determinations in Table 19 of from the combineduy-e results is=27% of it. It seems,

Ref.[1] is largely due to the inclusion of values derived from however, unlikely that the error in the theoretical estimate of
AZp and (Aflg) assuming the correctness of the SM. Thethe QED radiative correction, essentially due to unobserved
common origin, in theo quark couplings, of the poor agree- initial state radiation, and the associated virtual corrections
ment of the different sﬁ'ldgf’f“ determinations and theos3de-  could be large enough to explain the high value of thmair
viation of the measured LEP-SLD average valué\gfirom  asymmetry. One effect that can produce large changes in the
the SM prediction was not pointed out in REL]. forward-backward asymmetry is initial-final state interfer-

Each type of observable contributing to the average valence in the case that hard cuts are applied to the radiated
ues ofA,, AE’,'3 (I=e,u,7), Ae, andA, from 7 polarization  photons[14,15. Indeed, for some decay channels, such as
andA. from A is now discussed it turn, taking into account v, @y, tight cuts are applied in some of the LEP analy-
the internal consistency of measurements of the same quages in order to cleanly separate them from channels contain-
tity performed by different experiments, the relative impor-ing extraw%s. Such effects could be investigated by com-
tance of statistical and the estimated systematic errors, arphring the forward-backward asymmetries for different
possible systematic effects that may not have, so far, beetlecay modes and different cuts on additional photons.
taken into account.

B. LEP +polarization measurements

A. LEP leptonic forward-backward charge asymmetry Results of the measurements of the averapgelarization
measurements of the four LEP experimentsl6,17,18,19 for eachr decay

channel analyzed, are presented in Table XI. The first error

shown in each measurement is statistical, the second one

breakdown of the systematic errors of the different data Setgystematic. The weighted average valueApand errors are
is found in Table 2 of the same paper. Although the ingi-diven separately for each experiment and for each decay

vidual experimental errors are usually statistics dominatedc.hanne_ll_'hThe Ofrallhwelghte_lt_j ‘E‘Yerxalgg andt Its error arg also
the statistical and systematic contributions to the error on thglvtleni the resufts ds' o;/r:n lI?EPa € ono cct)rrde'spgarjkf ex-
weighted averagésee Table 25 of Ref. [1]) are almost :I('ih}(/)uoh t?lseereuisse allr:ar 2 overlzver'la'lﬁgsd;letgo;eets I(?hose.n are
equal. The most remarkable systematic feature of AR 9 ) ge overap. :

. . . those for which both statistical and systematic errors have
measurements, as already mentioned above, is the relativ

high value ofACF’g found by all four experiments. Since each en given for each decay channel.

f the LEP X h bl ST It can be seen that, unlike for the forward-backward
of the experiments has comparable statistics in eac@harge asymmetry measurements, the quoted statistical and
channel, each can be considered to provide an independ

. _ o ) ol i ) egﬂ}stematic errors of individual experiments are comparable
estimate, with a similar weight, ofgg. Disregarding the o aimost every decay channel. The systematic error esti-
estimated errors on each measurement, an unbiased statistigdhies can be tested by comparing the weighted errors, for
each experiment or each decay channel, with the error esti-
mate on the mean value given by the central limit theo-
12Note there is a misprint in this table. The estimated systemati¢em: =(x—x)?/n(n—1). The latter error estimates are
error in A% should presumably be 0.0007 not 0.007. given in Table Xl in square brackets next to the weighted

The values ofA,(l'é3 (I=e,u,7) for the different LEP ex-
periments are presented in Table 3 of Rdfl. A detailed
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TABLE XI. LEP measurements ok .= —(E) The first error shown is statistical, the second systematic.
For the weighted averag€¥/A) the weighted total error is given, where statistical and systematic errors are
added in quadrature. Errors calculated from sample variances are shown in square brackets.

ALEPH DELPHI L3 OPAL WA
evy 0.20051,31) 0.17952,67 0.16839,15 0.16133,29 0.17326) [16]
wvv 0.12441,2) 0.09738,22 0.11145,16 0.13833,22 0.11922) [11]
v 0.14220,11) 0.15833,50 0.13521,17 0.11714,12 0.13012) [9]
pv 0.10819,18 0.19946,39 0.16817,10 0.11613,11) 0.13512) [22]
a,v 0.13535,20 0.10350,38 - 0.15137,3) 0.13429) [14]
WA 0.13215) [24]  0.13726) [27]  0.15414) [14]  0.12311) [9]  0.134373)

averages. It can be seen that the level of agreement is bettdiation appears as an obvious candidate to explain both the
for experiments than for decay channels. For¢he, uvv, systematic differences observed between different decay
v, anda,v channels, there is an indication of an overesti-channels and those, mentioned above, between the
mation of the systematic errors, while for the error calcu-  polarization and other measurementsApf The final state
lated from the sample variance is much larger than theadiative corrections in the-polarization measurements are
weighted average error. This is due to the wide spread of thgot only large for most decay channels, but depend strongly
measurements in this channel; the DELPHI and L3 valuegp, the detection efficiency of the radiated photons and hence
are much larger than those of ALEPH and OPAL. on the acceptance and resolution of the LEP detectors as well
The common mean test using the studehtistribution, 55 the experimental cuts. Thepolarization is measured by
applied above to the forward-backward charge asymmetryjiting the energy spectra afdecay products. The latter are
measurements, has also been applied to the measurementgyfectly effected by the rate and energy spectra of, and cuts
A, presented in Table XI. The results of the comparisons ofpplied to, the radiated photons. Any systematic errors in the
different decay channels are presented in Table XII and ofreatment of final state radiation are thus directly correlated
different experiments in Table XIlI. In each case the C.L.stg systematic errors in thepolarization measurement. Con-
for consistency based on the total experimental errors A'&der, for example, the measurement<§) using the v
also given. The main systematic features of Ayemeasure- decay channel on th& peak. Measuring :Jnly the pion en-
ments are the relatively high values found by all experiment%rgy and neglecting that of the radiated photons has been

e e e aneoh 1 tmate20] o S (P.) by ~209% of s value, This may
g¢, P i N P & compared to the systematic error assigned to the LEP
The latter effect is also seen in thepolarization measure- —

ments ofA. [1]. The systematically larger value for teev average va'Iue ofP,) of .3'3% of its value1]. Slnqe radia- .
channel is reflected in the poor confidence lev@IS5%— tive corrections are not included in the systematic error esti-
2.5% of the student's tests for the channet u, e-r, and mate, a tacit assumption is thus made that they are known to

0 .
e-a, in Table XII. Relatively worse C.L.s are also seen formugn bftttﬁr Télr;:mﬁ’ Qf thet" \;]alue. d th Mont
these channels in the test based on the total errors, but or the experiments have use € same lionte

expected from the larger experimentally assigned errors a arlo programKorALz [21], to correct for radiative effects

compared to those calculated from the sample variance” fittipg the energy spectra of the decay products'. NO
higher absolute C.L.611%—31% are found. The agreement eéxperimental check@neasurements of the rate and distribu-

between the two types of test is much better in Table XIII,t'OnS of f_mal state ph_otomshave been pu_bllshed, and any
from which one might be tempted to conclude that all fourSyStem.atlc errors assigned by the_ experlmgnts for radiative
experiments give consistent rests corrections have been very small in comparison to detector-

As in the case of the- forward-backward charge asym- related sources of systematic error. As for the case ofrthe
metry, the radiative correction associated with final state ratorward-backward asymmetry, it seems unlikely, _ho_wever,
that the approximations made in simulating the radiative cor-
rections can account for the all the different valuesAqf

_ found using different decay channels. For the decay mode of
"*The weighted average of DELPHI and L3 #,=0.171(19), |argest statistical power— pv, where the sensitivity to the
that of ALEPH and OPALA,=0.113(15). The difference is 2.5 7 polarization is given by angular information from the
standard deviations. _ decay as well as the energy distributions of decay products,

The student’s test is less well adapted to the comparison of thehe sensitivity to radiative corrections is small. The entire

different LEP experiments since the different decay channels haVFadiative correction generated BprRALZ has been shown to

very dlff(_erent statistical sensmwtles,.whereas each test datum 'Eenerate a shift of only-0.011 inA.. in this casé® For the
treated, in the test, on an equal footing. On the other hand, sinc

each experiment has comparable statistics and sensitivity for a
given decay channel, the student'ssommon mean test is well
adapted to the channel-by-channel comparisons. 5. Lohmann(private communication
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TABLE XII. Confidence levels for the consistency of LE{I;T) measurements using differentdecay channels. STT and EET are
defined in Table X.

e e-m e-p e-a; p-r p-p w-ay 7-p m-a, p-ay
C.L. (%) STT 0.3 15 36 2.5 15 35 9 68 45 95
C.L. (%) EET 11 13 19 31 67 51 66 74 79 97

case of therv decay channel, a large “structure-dependent” systematic errors of the different experiments for the same
effect in the final state photon spectrum due to the decaglecay channels have been overestimated. On the other hand,
a,— my is to be expected. This contribution and its interfer- correlated systematic errors between different decay chan-
ence with the bremsstrahlung amplitudes have been estiiels seem to have been underestimated. The true world av-
mated[22] to change the yield of high energy photons with erage value ofA; probably lies between the two values
x=2E,/m.>0.6 by a factoe=2. However, the radiative cor- quoted in Table II.

rection toA, is dominated by soft bremsstrahlung photons,

and so no large corrections are to be expected from this C. SLD A r measurement

effect. For theevy, vy decayskoraLz uses the exact @) The discussion of this measurement can be very brief, as

matrix element. Particularly for the electron case where th‘?here is only one experiment and the present error is strongly

radiative corrections arr]e Ia]rc?e, It }s@p%rhapds,hhor\]/veveraof Nstatistics dominated23]. The relative systematic error in

terest tt.o Investigate the effect o and fhigher order AERer, which is almost completely determined by that in

corrections. - . . the SLC electron beam polarization, is only 0.7%, as com-
Independently of any specific conjectures on possblE

. : ared to the relative statistical error of 2.8%. The accuracy of
sources of systematic effects, the systematic error of 0.004, y y

. : e beam polarization measurement has been checked at the
(3.399 assigned to the LEP average value/gfin Ref. [1] 4% level by independent determinations using Compton and

would appear to be unduly optimistic, in view of the appar\giier polarimeters. For comparison, the difference between

ent inconsistencies between measurements from both diffe{as LEP -polarization and SLDA,x measurements oA
- LR |

ent decay channels and different experiments, discusse ounts to 8%. The systematic error of thg; measure-

a

above. The value oA derived from theevv channel devi- .
T ) . Id h f

ates from the overall weighted average by 8.6 times th ent would have to be wrong by an order of magnitude to

SGccount for this difference. Another very important advan-
above systematic error estimate and the L3 experiment b%/ y Imp

4.4 times. The studentscommon mean test shows that the 29¢ Of eALr measurement is the JEW level of the QED
uncorrelated systematic errors in the individual experiment‘gff"_d""‘tlve correcho(r)\ | of only=—3x107" [24] as c_:ompared
are probably, on average, overestimated. Thus the real incoith —110% for Agg or —8% to +20%, depending on the
sistencies between experiments and decay channels are prél§:cay channel and the cuts on the final state radi420h
ably larger than those estimated from the assigned experfor (P,).
mental errors. This argues even more strongly that the To summarize the above detailed discussion of the differ-
assigned systematic error on the average valua.,ab too  ent measurements contributing to the world average value of
small. A, used in the model-independent analysis of Sec. 2, al-
To illustrate the effect of an underestimation of the sys-though the two LEP measurememtx‘;g and 7 polarization
tematic error in ther-polarization measurements, considerand the SLDA g measurement have, currently, similar sta-
the effect of doubling the systematic error in the LEP aver+istical errors, the situation is very different with respect to
age value ofA, and assigning the same systematic error tosystematic errors. Only for tha,  measurement is the sys-
A measured from the-polarization asymmetr}f tematic error negligible. FoA2; and(P,) the estimated sta-
This results in a weighted average value Af of yigtical and systematic errors are almost edqdl However,
0.151826), which lies almost midway between ther" jnconsistencies at the two to three standard deviation level in

polarization-in” and “r-polarization-out” values shown in ~related measurements of boﬂﬁfg and (P,) indicate that

Table Il. . : ’
The conclusion of this discussion of thepolarization the true systematic error is probably considerably larger.

measurements is that there is evidence that the uncorrelated _
TABLE XIII. Confidence levels for the consistency of LEP )
measurements by different experiments. STT and EET are defined

in Table X.
8In Ref.[1] a systematic error of only 0.002 is assignedAto

Why this should be less than half of the already small error assigned
to A, is not clear to this writer, taking into account the close simi-
larity of the two measurements. Table 20 of Réfl contains, how-  C.L. (%) STT 85 31 15 31 31 64
ever, the disclaimer that “the determination of the systematic parg. L. (%) EET 87 29 63 57 63 9
of each error is approximate.”

A-D AL AO D-L D-O L-O
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TABLE XIV. Measured values of the quantum correction paramefgss and A «; compared to SM

predictions. Detwr)=(expt—SM)/error.

Leptons ¢ quark b quark
Ap Ak Ape Ak Apy Aky

Expt. 0.00404133  0.0344%134)  0.01641) 0.06449 0.10%32) 0.403107)
SM m;=172 GeV

my =149 GeV 0.00497 0.03686 0.005 0.037 —-0.007 0.0436
Dev(o) -0.7 -1.8 0.27 0.55 3.38 3.36
SM m;=180 GeV

my =100 GeV 0.00563 0.03472 0.006 0.034 —-0.008 0.0412
Dev(o) -1.2 —0.02 0.24 0.61 3.40 3.38

IV. PHYSICAL INTERPRETATION OF THE MEASURED
EFFECTIVE WEAK COUPLING CONSTANTS

The test of the SM provided by measurement& decays

_ V2G M2 1 m 5
w228 [ 23

(4.7)

at LEP and SLD is, essentially, that of the SM predictions for
the quantum corrections, arising from massive virtual parwhereé&;=0 for f #b and—4/3 for f=b. The quantum cor-

ticle loops, to the Born level diagrams fefe” —Z—ff.

rection Ak; is calculated using a parametrizattérof the

These corrections may be conveniently expressed in terms @FITTER [29] prediction of the effective leptonic weak mix-

two parameterd\p; and A «; for each fermion flavof25].

ing angle:

The parameters are given, in terms of the effective couplings,

by the relations

Api=—2(1-2af), (4.9)
R L 4.2)
K| TS\Nz_ y .
(1-1o)
Ak.=3 8, 1, (4.3
[N Gl (4.4)
Kp TSWZ_ .
Here, following the usual on-shell definitid26],
M2
SOy =s3,=1—Cc3=1— —7. (4.5
Ile

Since Ak; is determined byr;, only the weak theoretical

assumption of lepton universality is needed to extract it from

the experimental measurements.

The SM predictions of Sec. Il used the fixed valuas
=172 GeV, my=149 GeV found in the global fit of Ref.
[1]. The effect on the SM prediction of varying, and my
within the existing experimental bounfi27,2§ is now con-
sidered. The leading dependence/y$; on m, and my is
contained in the termg25]

ApP— 3G, m?
8v2m?

(1+&5), (4.6

(shy)?=0.233597-8.95< 10~ 8m?—3.86x 10" “In m,

+5.43<10 “In my, 4.9
where m; and my; are in GeV units.Ax; is related to
(sh)?=(1-T)/4 by Egs.(2.1), (2.9, (2.10, and (4.2—
(4.4). For theb quark there is an additional nonuniversal
contribution

2
G,.m;

422

A k[P=

b 4.9

The values ofA ps, Ak for f=I, c, b, extracted from the
measured effective couplings using EGs1)—(4.5), are pre-
sented in Table XIV. Standard model predictions are shown
for the casesm,=172 GeV, m,;=149 GeV and form;
=180 GeV,my =100 GeV. The latter choice gives a some-
what better description of the leptonic corrections. In Table
XV corresponding results fak p; andA «; are shown for the
case when ther-polarization measurements are excluded
from the LEP average value &f.

Good agreement with the SM is seen for leptons and
quarks. Forb quarks, however, the measured values of the
quantum corrections are much larger than the SM predic-
tions. ForAp, the measured value exceeds the SM predic-
tion by a factor of 13—15 and is of opposite sign. The mea-
sured value ofA k, has the same sign as the SM prediction,
but is 9-11 times larger. Both effects are at th@ standard
deviation level, but they are highly correlated. The discrep-

1"The relative accuracy of the formuld.8) is about one per mille
for the interesting range of values of, andmy, .
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TABLE XV. Measured values of the quantum correction parametgss and Ax; compared to SM
predictions.rpolarization measurements are excluded fromAhaverage. Devf) = (expt—SM)/error.

Leptons ¢ quark b quark
Ap, Ak, Ap Ak App Aky
Expt. 0.00372133  0.0326@157) 0.02041) 0.07949) 0.11930) 0.47Q97)
SM m,=172 GeV
my =149 GeV 0.00497 0.03686 0.005 0.037 —0.008 0.0439
Dev(o) —0.94 —-2.7 0.37 0.86 4.23 4.39
SM m;=180 GeV
my =100 GeV 0.00563 0.03472 0.006 0.034 —0.008 0.0412
Dev(o) -14 —-1.4 0.34 0.92 4.23 4.42
ancies seen are so large that the significance of the deviations (2+71))
shows almost no sensitivity tm; andmy, . =3 -

It is also instructive to present the quantum corrections in
terms of the “epsilon parameters” introduced by Altarelli In the SM, retaining only the leading termsm?, the three
et al.[30,31,33. In terms of the variables used in the presentdefinitions (4.13—(4.15 are equivalent® In previous phe-
paper to describe the effective couplings, these are defined asmenological applications, howevi&2,33, only the third

[30]

e1=Ap=-2(1+2a),
EzECSAp| +

ALAYY
72
(Co—s0)

€3=C5Ap,+(ci—s5) Ak,

(4.10

—2s3AK’,

(4.11

4.12

here,s3=1—c3 andAr,, are defined by the relations

(1_

and

In Ref.[32] a fourth parametet,, was introduced. It may be

2 2 2.2
M| My SoCo

ma(Mz)

iz
MZ

_ (1—f_|)_ 1
4302 '

Ak’

defined in three distinct ways:

where

Eb(ab)z?l_ ,
=R
Eb(rb)E 1_r_ ’

— S~ (@)*(1-6up+Rf)
(%)= @1 6up+ 2R))

M2 1-Arw  v2G,ME(1—Ary)

(4.13

(4.19

(4.15

definition (4.15 based, via Eq(2.8) on the measurement of
Ry, was used. The measured values of the six epsilon param-
eters defined above are presented in Table XVI, where they
are compared with the SM predictions. As noted previously
[33], the values ok, €,, ande; are in good agreement with
the SM predictions. A small deviation is observed for
€,(Sp), a residual of the much discussgd “ R, problem.”
However, bothe,(a,) and ey(r,,) deviate from the SM pre-
diction by about four standard deviatiof’sOne may note
the extreme sensitivity of the parametg(r,,) to the anoma-
lous b coupling; the measured value is 39 times ando4.7
largef® than the SM prediction. The SM predictions for
these quantities are insensitive to; and are essentially
given by the term=m?:

2 G,m?
€=— = AploP=— £
° 3°F 42 7?

=-0.0062 (Mm=172 Ge\}.
(4.1

Table XVII shows the epsilon parameters calculated exclud-
ing the mpolarization measurements from the averages. It
can be seen that the measured valuef,) exceeds the
SM prediction by a factor of 44 and more than six standard
deviations in this case. It may be remarked that, in this case,
the leptonic parametes; also shows a deviation ¢8—4)c.

The conclusion to be drawn from Tables XVI and XVIl is
that the deviations observed for thequark couplings, inter-
preted as a real physical effect, do not enter at all into the
framework of the SM or any of its “natural” extensions.
Supersymmetry, technicolor, anomaldyd\y or WWZcou-

8\odulo smallb-mass-dependent corrections.

1%Again, the errors in these quantities are highly correlated.

2%The errors in this quantity, determined essentially by those on
A, are skewed and non-Gaussian. The average error is quoted in
Tables XVI and XVII. The confidence level of the deviation of
e,(rp) from the SM, assuming Gaussian errors £y, is in fact
almost the same as that of the latter, about one per mille.
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TABLE XVI. Measured values of the epsilon parameters of Rg6—32 compared to SM predictions.
Dev(o) = (expt—SM)/error.

€1 € €3 €n(Sp) €p(ap) €(rp)

Expt. 0.00404133 —0.00738) 0.00318) —0.001718 0.04815 —0.26357)
SM m;=172 GeV

my =149 GeV 0.00497 —0.0076 0.0051 —0.0045 —0.0060 —0.0068
Dev(o) -0.7 0.38 -25 1.6 3.6 —-4.5

SM m;=180 GeV

my =100 GeV 0.00563 —0.0062 0.0045 —0.0046 —0.0068 —0.0055
Dev(o) -1.2 -14 -1.8 1.6 3.7 —4.5

plings, and new ll) gauge bosons are all expected, via
vacuum polarization effects in the gauge boson propagators,
to produce deviations from the SM predictions &, €;, or  The value ofg}; is quite consistent with the SM prediction
€3 [30,31,33. These parameters are much more sensitive t¢for m,=172 GeV,m,= 149 GeV} (a 1.3%, 1.8 deviation,
any flavor-independent modifications of the couplings, dugyhereas the discrepancy fgf is much largera 42%, 3.2

to anomalous vacuum polarization effects, because of thgeyiation. Excluding ther-polarization measurements gives
high precision of the purely leptonic measurements. Al-the results

though thee; parameter shows a quite large deviation from
the SM prediction in the case that thepolarization mea-
surements are excluded, the most important apparently
anomalous effect occurs in the quantum corrections tdothe The deviations from the SM prediction are 1.7% ando2.4
quark couplings that disagree, by an order of magnitudef,orﬁg and 50% and 413for§§. One may remark that the
with the expectations of the SM. weak isospin of the SM affects ongif;, notgf, and so it is

A clue as to the origin of the anomaloblsquark cou-  possible that the SM does correctly descriglg, but that
plings is provided by considering the right- and left-handedinere is a new, anomalous, right-handed coupling forkthe
effective couplinggfy, g, related toa, anduy, by the rela-  quark.
tions The right- and left-handed effective couplings of thel

quarks have recently been measured by the OPAL Collabo-

gr=—0.4208, gR=0.0774.

gp=—0.413829), g§=0.116Q90).

1 ration [34] with the results
ggzz(vb_ab):_\/geb(gs\/)za (4.17) (24
Q4= 0447055, 95,+=0.137517,
1 _ . .
ot= 5 (vp+ap)= \/E[Tg—eb(?\?v)z]- (4.18  to be compared with the SM predictions0.424 and 0.077,

respectively. These measurements are in good agreement
. . with both the SM predictions and the measubeguark cou-
From the measured values af andv,, presented in Table plings given above.

VII, the following values of the left- and right-handed effec-  Limits can also be set on possible anomalous couplings of
tive couplings of theb quarks are found: the other ‘d-type” quarks,d, s, by comparing the measured
values of(Afg) andT .4 with the predictions of a model in
which thed and s quarks are assumed to have the same
effective coupling constants as those measured forhthe
quarks. The prediction of this model foAdg) is 0.160072),

g5=—0.4155%30), gR=0.1098101),
which may be compared with the SM predictions of:

TABLE XVII. Measured values of the epsilon parameters of Rg6—32 compared to SM predictions.
7-polarization measurements are excluded fromAhaverage. Deuf) = (expt—SM)/error.

€1 € €3 €p(Sh) €p(ap) €p(rb)

Expt. 0.00372133 —0.00688) 0.00218) —0.001818) 0.05814) —0.29847)
SM m;=172 GeV

my =149 GeV 0.00497 —0.0076 0.0051 —0.0045 —0.0060 —0.0068
Dev(o) -0.94 1.0 —-3.8 1.5 4.6 —-6.2

SM m,=180 GeV

my =100 GeV 0.00563 —0.0062 0.0045 —0.0046 —0.0068 —0.0055
Dev(o) -14 —-0.75 -3.0 1.6 4.6 —-6.2
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which is consistent with the “measured” valisee Sec. I
above and Table VI)lof 0.159286) at the 0.68 level. No
useful constraint on possible anomalous couplings ofathe
and s quarks, of a size similar to those observed for the
quark, is therefore obtained using the measured value

(Alg) with the present experimental errors. A more favor-

able case i$',59. Using the world average value af(My)

of 0.1185) [9,10] in Eq. (2.15 to calculate the QCD correc-
tion and withC$="=1.00040, the predicted value Bf,qin
the model with a universal right-handed anomaly for down
type quarks is 1.72486) GeV. This differs by 3.6 from the
LEP average measuremdif] of 1.743625) GeV. Thus the
model is essentially excluded by the measurememt,gf. It

is interesting to note that the precise measurement g
currently gives a much more stringent constraint on possib
anomalous couplings of thé and s quarks than the direct

PHYSICAL REVIEW D 58 093010

mental limits. However, thé& quark couplings deviate from
the SM predictions by more than three standard deviations.
Taking carefully into account all relevant error correlations,
the probability that all six effective couplings are consistent
alith lepton universality and the SM is found to be 0.9%.
This number is the product of the C.L. for consistency with
lepton universality, given by thg? of the differentA, when
compared with their weighted avera¢®4% and the C.L.

of the SM comparison using the average value from Table
-IX (10.599. The probability that the leptonic anl quark
couplings are consistent with lepton universality and the SM
is similarly calculated to be 0.18%. The latter probability
drops to only 0.018% if the-polarization measurements are
excluded in calculating the average valuefof

le In Sec. Il the possibility is discussed that systematic ef-
fects, beyond those taken into account in the present analyses

measurement of their left- and right-handed couplings cite@nd correlated between different experiments, exist in the

above|[34].

The values of the left- and right-handed couplings ofc¢he
quarks derived from the measured valuespandu, given
in the first two rows of Table VIl are

05=0.344@92), gR=-0.160Q70),

in very good agreement with the SM predictions fiog
=172 GeV,my=149 GeV of

0g-=0.3465, gR=—0.1545.

The +20 limits for deviations ofgf from the SM prediction
extends from—0.174 to —0.146. Thus, at 95% C.L., any
anomalous right-handed couplings of thquark lie between
—6% and+13% of the SM prediction.

V. SUMMARY AND OUTLOOK

The analysis presented in this paper has been perform
in such a way as to separate, as far as possible, the act

T-polarization measurements.

In Sec. IV the measured effective couplings are analyzed
in terms of the one-loop quantum correction parameigrs
andA k; . These quantities are found to be in agreement with
the SM predictions for the leptons andjuarks, but to be an
order of magnitude larger than these predictions for lthe
quarks. An analysis in terms of the “epsilon” parameters
[30,31,32 €;, €, €3, €,(Sy), €n(ap), and ey(rp,) shows
reasonable agreement with the SM for the first four param-
eters, but=(4-6)o deviations for the last two. The agree-
ment found between experiment and the SMdor €,, and
€3 demonstrates that there is no experimental evidence for
contributions from natural extensions of the SM such as su-
persymmetry, technicolor, anomaloMg¢Wy or WWZ cou-
plings, or new W1) gauge bosons, which are all expected to
produce deviations from the SM model predictions for one or
more of these parametdi3l]. It may be remarked, however,
that if the ~polarization measurements are excluded, ¢he
parameter differs from the SM prediction by three standard

viations, even for a Higgs boson mass,E 100 GeV)
se to the current experimental lower lirff28] of about 70

results of experimental measurements, expressed in terms g\, This additional potential problem for the SM merits

the effective weak coupling constants of the leptons,

quarks, andb quarks, from the comparison of these results

with the SM. The quantities,, a;, andrgo=vg/ag (Q

=c,b) were extracted assuming only lepton universality. A

further theoretical assumption is needed to extracandag
separately. The hypothesis of nbrguark lepton universal-

further investigation, but is beyond the scope of the present
paper.

A simple picture emerges in terms of the right- and left-
handed couplings of thb quark. While the latter agrees at
the Zr level or better with the SM prediction, the former
shows a(42—-50% and(3.2—4.3¢ deviation. The larger de-

ity was chosen. It was shown that the alternative of assumingaiions occur whenrpolarization measurements are ex-

ag(M5) to be know’® would give essentially the same re-
sults for theb quark couplings, if the world average value of
as(Mz)=0.118(5) [9,10] is used. Thus the actual ndm-

qguark couplings are consistent with the universality hypoth-

esis.

The measured effective couplings of the leptons and
guarks are in good agreement with the SM predictions for
values ofm, and my well consistent with existing experi-

2'This was the procedure adopted in Réfl, where where heavy
quark effective couplings consistent with those extracted in th
present paper were found.

cluded. Thus the most significant deviation from the SM pre-
dictions of the effective couplings is found in the right-
handedb quark weak coupling constant.

The large deviations from the SM found here for the
quark couplings confirm results presented in a previous pa-
per[7]. The paper contains, however, neither any discussion
&f the overall statistical significance of the deviations nor any
physical interpretation of them. Other recent reviews
[33,35,364 did not extract the heavy quark couplings from
the measurements. They discussed rather the high precision
purely leptonic data and the quantiti€® and R, all of
avhich agree well with SM predictions. Of the three param-
eterse,(s,), ep(ap), andey(ry,) defined in Ref[32], only

093010-15



J. H. FIELD PHYSICAL REVIEW D 58 093010

TABLE XVIII. A scenario for the “final values” and errors of, andr, at the end of the LEPSLD
experimental programA>-P=0.1547(19) andA;'°=0.897(27) are assumed, a#f° varies by — 20
to +20, from the central value, wherey is its error. Forr,, the number in square brackets denotes
(value—SM)/error, wherer ;™= 0.689.

“Final values” of A, “Final values” of T,
APP+x, x= —20, 0 +20, —20y 0 +20,
LEP+SLD 0.150116) 0.152516) 0.155316) 0.60426) 0.59225) 0.57923)
Full average [—3.3] [—3.9] [—4.8]
7 poln. 0.151817) 0.154517) 0.157717) 0.59826) 0.58324) 0.56823)
Excluded [—3.5] [—4.4] [-5.3]

€x(Sp), derived fromR,, was considered in Ref33]. As  negligible. As shown in Sec. Il and Il above, this is not true;
also only the ALEPHR, measuremenf37] (which is in  however, of possible systematic effects, witness the sensitiv-
almost perfect agreement with the $ias used, the anoma- ity of the C.L.s in Table IX and the\p, Ak, and epsilon
lies in theb quark couplings were undetected. As shown inparameters in Tables XIV-XVII to the inclusion or exclu-
Tables XVI and XVII it is the other twce, parameters that  sion of the ~polarization data. A better systematic under-
are most sensitive to the apparent deviations from the SM.standing of the latter could have a large effect on the LEP
The most important remaining question is whether theaverage value ofy,. Ultimately, however, the LEPSLD
observed deviation in the right-handedquark coupling is average value of, is expected to be dominated by the im-

likely to be confirmed or excluded by currently planned mea-,.\ e precision of the ongoing, x measurement. Accord-

surements of electroweak observables. The effect observx%lg to Ref.[7], the errors on the existing SLD measurements

in the effective couplings, interpreted as a statistical ﬂuctuabf A_x andA, [39] should be reduced, by the end of the SLD

tion, is =(3—4o. A similar sized deviation foR, was re- experi ;

. . perimental program, by 41% and 45%, respectively. The
ported in 1995 by the Electroweak Workmg Grolgs]. A. ost significant improvement is expected to be in the accu-
year later, as a result of a better systematic understanding 0 cy of the LEP-SLD average value of, due to theA
both theR, and the correlate®. measurements, as well as measurement. The error of the Iatestlmeasuremﬁlftg
much improved statistical errors, the deviation of the average 1547(32)['39] s expected o be reduced to 0 001|9 ,This
Rb measurement was reduced to below two sFandard deV|a|1§ significantly smaller than the error, 0.0033, on the LEP
t'oﬂSLl]' (Cj:adn the plresebntly observgd anomal);]ln hhquarfk average value ofA;, which will, in the absence of new
right-handed coupling be expected to meet the same fate as ’ . . o
that of R,? Arguments will now be given that this is un- presently unknown, systematic corrections, change little in

likely, given the current status of the analysis of thethe future. The improvement on the most recent SLD mea-

SLD__ .
5 St e Some e e o, AL OSD ers hecrr
unknown, systematic effect in the LEA22 and/or the SLD P ; ! ge. ’

- . .LEP average value d4,, derived fromA%® is already more
Ap measurements similar to those uncovered during 1996 in . ! FB . .
b g recise:A;5 =0.861(21). To study the possible impact of

the R, and R, measurements, the anomaly might disappeaph 3D h ot | ¢
(or become larger This hypothetical question will not be € NEW measurements on the expected future value o

further addressed here. T, the value ofAP'P is allowed to vary by+ 2o, (where
The discussion concentrates on the obsefaed possible ©0=0.0019 is the final expected emﬂbo&g the latest mea-
future) deviations from the SM of,, which is extracted sured value. The weighted average Ajf-" and the latest
from measurements using only the weak theoretical assump-EP measurement are calculat@dcluding, or not, ther-
tion of lepton universality. As can be seen in Figs. 1c, 2c polarization datato estimate the likely range of the “final”
this quantity shows much larger deviations from the SM prelEP+SLD average value oh,. For eachA, value, A is
dictions thans,. The measurements of several of the rel-extracted from the LEP avera@ep using Eq.(2.3) to yield
evant electroweak observable®l, A, A%, andA,, “final” values of A;F". The weighted average @5 and
have recently been improved as compared to numbers quotég " is then made, assuming for the latter the latest value
in Table I[39]. The updated value af, following the same  given above and the expected final error of 0.0027. In the last
analysis procedure as described in Sec. Il above is 3821 step, for each “final” A, valuery is extracted using Eqg.
This is very consistent with the value reported in Table 1lI.(2.6) and compared with the SM prediction. The results of
The discrepancy with the SM is slightly reduced from 3.34 tothis exercise are presented in Table XVIII. This purely sta-
3.26 standard deviations. The forseen improvements in thistical study shows that the deviationsrig are unlikely to
precision of measurements of electroweak observables hawkkop below 3 or to become more significant than &
been discussed in detail in the review of Renf@h Only  Larger deviations are still seen when th@olarization data
very modest improvements are to be expected from completare excluded, but the effect is less than shown in Table I
ing the analysis of the existing and final LEP1 data. Their(=0.5¢ instead of=1¢) due to the much higher statistical
impact on ther, measurement is expected to be essentiallyveight expected from the final SLB, measurement. Unlike
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in the case of thd&, anomaly in 1995, most of the foresee- second pointexemplified here by the discussion of the LEP

able LEP+SLD data contributing to the measurementrgf ~ 7-polarization measurements to check carefully the inter-

have already been analyzed. The predictions presented imal consistency of different experimental measurements of

Table XVIII show that only small changes are to be expectedhe same physical quantity before they are averaged. This

in the statistical significance of the observed anomaly in thean give indications of hitherto unconsidered systematic ef-

b quark couplings. fects. In any case, the C.L. for the internal consistency of
The most important message of this paper for future elecdifferent measurements used to calculate an average physical

troweak analyses is that the step of extracting the importarquantity should be multiplied by that given by tlé of the

physical quantities from the experimental measurementtheory-experiment comparison based on the averaged quan-

should be clearly separated from the comparison of thestties, in order to give a more meaningful overall probability

guantities with theoretical predictions. This was done roufor the theory-experiment comparison.

tinely in the past for the leptonic weak coupling constants
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