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Indirect limit on the standard model Higgs boson mass from the precision Fermilab, LEP, and
SLD data
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~Received 29 June 1999; published 10 December 1999!

Standard model fits are performed on the most recent leptonic andb quarkZ decay data from LEP and SLD,
and Fermilab data on top quark production, to obtainmt andmH . Poor fits are obtained, with confidence levels
.2%. Removing theb quark data improves markedly the quality of the fits and reduces the 95% C.L. upper
limit on mH by .50 GeV.

PACS number~s!: 12.15.Ji, 13.38.Dg, 14.80.Bn
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Since the discovery of the top quark by the Collider D
tector at Fermilab~CDF! and DO” Collaborations@1# and the
determination of its mass with a precision of.3% @2#, an
important goal of the analysis of the precision electrowe
data from the CERNe1e2 collider LEP and SLAC Large
Detector~SLD! @3,4# has been to establish indirect limits o
the massmH of the standard model~SM! Higgs boson from
the measurement of the effect of quantum corrections iZ
decays. A 95% confidence level~C.L.! lower limit on mH of
89.8 GeV has also recently been set in the direct search
the Higgs boson by the 4 LEP experiments@5#. The consis-
tency, or otherwise, of the indirect and direct limits formH
constitutes an important test of the SM.

Measurents of the same electroweak observables by
ferent experiments are combined by the LEP-SLD El
troweak Working Group~LSEWWG! @3#, but still, in the glo-
bal fits to the data used to obtain the indirect limit onmH , a
large number of different ‘‘raw’’ observables are included
the x2. These observables vary widely both in experimen
precision and in sensitivity tomH . They may, however, be
further combined, using only very weak theoretical assum
tions ~lepton universality and the validity of perturbativ
QED and QCD corrections! to yield a much smaller numbe
of parameters that contain all precise experimental inform
tion onmH . Fitting these parameters to the SM prediction,
is done below, rather than the raw observables, as in
LSEWWG fits, results in much sharper test and, as will
seen, clearly pinpoints possible anomalies or inconstencie
the data. There are essentially four such independent pa
eters, which may be chosen to be the effective weak coup
constants~vector and axial vector, or right-handed and le
handed! of the charged leptons andb quarks. The effective
coupling constants of the other quarks have a similar th
retical status but, because of their much larger experime
errors, have a negligible weight in the determination1 of mH .
Actually, in the SM, although all four parameters are sen
tive to mt given the present experimental errors, the sensi

*E-mail address: john.field@cern.ch
1Although the direct measurement of the W mass is expected

the future, to provide valuable information onmH , the present ex-
perimental error is too large to be competitive withZ decay mea-
surements.
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ity of the b quark couplings tomH is extremely weak. The
method of extraction of the effective coupling constants fro
the raw observables as been described previously@6–8#. In
order to simplify the fitting procedure it is convenient to us
instead of the effective vector~axial vector! coupling con-
stantsv̄ f(āf)( f 5 l ,b) the equivalent quantities, with uncor
related experimental errors,Af ,s̄f defined by the relations

Af[
2~A124m f ! r̄ f

124m f1~112m f ! r̄ f
2

, ~1!

where

r̄ f[ v̄ f /āf ,

and

s̄f[~ āf !
2~126m f !1~ v̄ f !

2. ~2!

The parameterm f5(m̄f(MZ)/MZ)2 wherem̄f(Q) is the run-
ning fermion mass at the scaleQ, can be set to zero forf
5 l to sufficient accuracy, while for b quarks

@m̄b(MZ)/MZ#251.031023 @9#. The values ofAl ,s̄l ,Ab ,s̄b
extracted from the most recent compilation of electrowe
data @4# are presented in Table I where they are compa
with the SM prediction formt5174 GeV,mH5100 GeV.
The SM predictions used here are derived from theZFIT-

TER5.10 program package@10#, which includes the recently
calculatedO(g4mt

2/MW
2 ) two-loop corrections@11#. Good

agreement is seen for all parameters exceptAb , which dif-
fers from the SM prediction by 3.0 standard deviations. T

in

TABLE I. Measured values ofAf and s̄f( f 5 l ,b) compared to
SM predictions formt5174 GeV, andmH5100 GeV. Dev(s)
5(Meas.-SM)/Error.

Leptons b quarks

Al s̄l
Ab s̄b

Meas. 0.1492~18! 0.25243~30! 0.878~19! 0.3662~14!

SM 0.1467 0.25272 0.9347 0.3647

Dev.(s) 1.4 21.0 23.0 1.1
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TABLE II. SM fits to different data sets. 95% C.L. upper limits formH are given in the square bracket

Fitted Quantities a(MZ)21 mt ~GeV! mH ~GeV! C.L.(%)

128.986 171.563.8 73.8229.4
146.5 @166# 24

Al , s̄l , mt
128.896 170.763.8 38.0219.8

130.5 @94# 28

128.806 172.063.8 19.628.0
118.1 @54# 57

128.986 171.963.6 124.7240.9
158.7 @234# 1.8

Al , s̄l , Ab , s̄b , mt
128.896 171.463.6 77.8226.2

138.6 @150# 1.7

128.806 171.363.6 44.1219.6
122.5 @87# 1.8
ly
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C.L. that all four parameters agree with the SM is on
1.0%(x2/DOF513.2/4). This apparent anomaly was alrea
apparent in the 1996LSEWWG averages@12#, and has been
extensively discussed@6,7#. The right-handed~R! and left-
handed~L! effective couplings of theb quarks: ḡb

R5( v̄b

2āb)/2, ḡb
L5( v̄b1āb)/2 are found to have the values

ḡb
R50.1050~90!, ḡb

L520.4159~24!

as compared with the respective SM predictions of 0.07
and 20.4208. The largest anomaly is inḡb

R (3.1s) rather

than ḡb
L (2.0s).

The purpose of this article is twofold:~i! To recall that
only one parameter,ḡb

R , among the four that contain all th
high precision information on quantum corrections inZ de-
cays shows a large deviation from the SM prediction@6#. ~ii !
To point out that the values of the limits onmH depend
strongly on inclusion or exclusion of theb quark data. Using
only the leptonic data, that agrees well with the SM pred
tion, leads to significantly lower values ofmH .

The results of SM fits formH andmt to the parameter set
Al ,s̄l ,mt andAl ,s̄l ,Ab ,s̄b ,mt are presented in Table II. Th
recent CDF, D0 average@2,4#: mt5173.865.0 GeV and the
fixed valueas(MZ)50.120, consistent with the world ave
age 0.118(5)@13,14# is used in the fits. For each paramet
set three fits are performed for different values ofa(MZ),
corresponding to the experimental value:a(MZ)21

5128.896(90)@15#, and61s variations on the value. The
fitted value ofmH is seen to be very sensitive toa(MZ). All
01301
4

-

r

fits give a very stable value ofmt of .171.2 with a maxi-
mum variation of 0.7 GeV, much smaller than the typical
error of .3.7 GeV. On the other hand, large variations a
seen inmH both as a function ofa(MZ) and on the inclusion
or exclusion of theb quark data. Fora(MZ)215128.896 the
fit excluding theb quark data givesmH538.0219.8

130.5 and a
95% C.L. upper limit of 94 GeV; including theb quark data
gives mH577.8226.2

138.6 and an upper limit of 150 GeV. The
C.L.’s of the SM fits to the lepton data andmt are in the
range 24%–57%, whereas when theb quark data is included
the C.L.’s drop to only 1.7%–1.8%. The results on the in
rect Higgs boson mass limits are summarized in Table
where the variations due to the experimental error ona(MZ)
and 61s variations in the fitted value ofmt are also pre-
sented. When theb quark data is included, the ‘‘maximum’’2

95% C.L. upper limit onmH is found to be 278 GeV, in
good agreement with theLSEWWG value of 280 GeV@4#.
Excluding theb quark data, which is incompatible, at the 3s
level, with the SM, reduces the fitted value ofmH by a factor
two, and lowers the 95% C.L. upper limit by 56 GeV. Ta
ing into acccount the strong dependence of the limit
a(MZ) and mt ~see Table III!, this is still quite consistent
with the direct lower limit of 89.9 GeV@5#. It should be
stressed that the shift in the value ofmH is generated due to
the high sensitivity ofAl via correlations (AFB

0,b53AlAb /4)
and not by any variation in the quantityAb , which is quite
insensitive tomH . This point is made clear by Fig. 1, whic
shows a two dimensional plot of the LEP1SLD average
value Al and Ab(SLD). The diagonal band shows the LE
AFB

0,b measurement. Also shown are the 68%, 95% and 9
TABLE III. Summary of SM fit results formH . The errors onmH are, in order: the 1s fit error, and the
changes produced by61s variations ina(MZ)21 andmt . The errors on the upper limit are those due to
61s variations ina(MZ)21 andmt .

Fitted Quantities mH (GeV) 95% C.L. upper limit onmH (GeV)

Al , s̄l , mt
3822021829.5

131136117 94240223
172134

Al , s̄l , Ab , s̄b , mt
78226234217

139147124 150263233
184144

2Given by adding linearly the shifts generated by the experimental error ona(MZ) and the fit error onmt .
0-2



,
th

en

th
t

uv
ex

e

ties
7
e
he
-
d by
ta
e-

sis
the

is

re-
ins

ata

us

f
e
er
us

e-

S

INDIRECT LIMIT ON THE STANDARD MODEL HIGGS . . . PHYSICAL REVIEW D 61 013010
C.L. contours of the best fit toAl andAb using all three data
as well as the prediction of the SM that lies just outside
99% C.L. contour. The shift towards higher values ofmH

caused by theAFB
0,b measurement as well as poor agreem

of the fit with the SM are evident.
None of the above conclusions were reported when

results of global SM fits by theLSEWWG to the same data se
used in this letter, were presented at the recent Vanco
conference@4#. This is because no attempt was made to
tract the effective couplings of theb quarks, and the SM fit
was performed on a large number~20! of raw electroweak
observables, many of which have large errors and/or are r
tively insensitive tomH or theb quark couplings. In fact it is

FIG. 1. The cross-hatched bands show the61s limits for the
quantitiesAl(LEP1SLD), Ab(SLD), and AFB

0,b(LEP). The cross
shows the best fit toAl andAb , togther with 68%, 95% and 99%
C.L. contours. The narrow cross hatched rectangle shows the
prediction formH5100 GeV andmt517465 GeV. The open ar-
row shows the SM prediction formH5100250

1200 GeV and mt

5174 GeV. The arrow points in the direction of increasingmH .
e
la-
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clear from inspection of Fig. 1 that the 3 largest ‘‘pulls’’3 in
the global EW fit shown in Ref.@4# @due toAb(SLD),AFB

0,b

and sin2Qef f
lept derived from ALR#, are all correlated to the

large deviation of the best fit value ofAb from the SM pre-
diction. These three data alone contribute 11.1~or 65%) out
of the totalx2 of 17.0 for 15 DOF. The 3.1s deviation ofḡb

R

from the SM is not revealed in theSLEWWG fit. Instead
smaller deviations appear in the correlated quanti
Ab(SLD),AFB

0,b and Rb . It is interesting to note that the 1
data whose pulls are least effected by the deviation in thb
quark couplings give an anomalously low contribution to t
x2 (x2/DOF55.9/17, C.L.599.45%) indicating that, on av
erage, the errors for these quantities may be overestimate
a factor of.1.7. The very low contribution from these da
hides the large positive contribution resulting from the d
viation in Ab when only the globalx2 is considered. A simi-
lar criticism may be made of another recent global analy
@16# based on the data set used in this paper. In this case
globalx2 contained 42 data fit to 6 parameters~includingmt
and mH) yielding a x2/DOF528.8/36 (C.L.580%). It is
stated, in consequence, that ‘‘The fit to all precision data
perfect.’’ Although it is true that, as in theSLEWWG fit,
‘‘None of the observables deviates from the SM best fit p
diction by more than 2 standard deviations’’ it also rema
true that an anomalously large contribution to thex2 comes
from theb quark data, where the effective couplingsdo de-
viate from the SM at the3s level. This is completely hidden
by the good ageement with the SM of 39 out of the 42 d
that are fitted.

Finally, it may be mentioned that none of the previo
discussions in the literature of the sensitivity ofmH to dif-
ferent data sets@17–19# pointed out either the sensitivity o
the limit to theb quark data, or the poor overall confidenc
levels of SM fits to the effective couplings when the latt
are included. A more detailed discussion of this previo
literature is given in Ref.@8#.
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3I.e., ~measurement-fit!/error.
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