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PRECISION ELECTROWEAK MEASUREMENTAT LEP�Takayuki SaekiInternational Center for Parti
le Physi
s (ICEPP)University of Tokyo7-3-1 Bunkyo-ku Hongo, Tokyo 113-0033, Japan(Re
eived July 16, 2002)LEP started in 1989 and �nished its operation in November 2000. Thefour experiments of LEP, ALEPH, DELPHI, L3 and OPAL, 
olle
ted dataand have been performing series of ele
troweak (EW) pre
ision measure-ments. This arti
le presents 
urrent status of the EW pre
ision measure-ments at LEP.PACS numbers: 12.15.Lk, 12.15.Ji, 14.70.Hp, 14.70.Fm1. Introdu
tionThe LEP ma
hine started in 1989, and produ
ed 27-million Z bosonsin the e+e� 
ollisions on the Z peak. The LEP four experiments, ALEPH,DELPHI, L3 and OPAL, 
olle
ted data and have been performing analy-ses to determine the ele
troweak (EW) parameters of the Standard Model(SM). In 1996, the 
enter of mass energy (CME) of LEP raised to 161 GeVwhi
h is slightly higher thanW -boson pair produ
tion threshold. Sin
e then,LEP raised the CME step by step to 210 GeV, and the four experiments per-formed 
ontinuous measurements of the EW parameters in
luding the dire
tmeasurements of the W boson mass (mW ). LEP produ
ed 46-kilo W -bosonpairs in total and �nished its operation in November 2000.In this arti
le, 
urrent status of the EW parameter measurements atLEP is presented as well as important results of the other experiments. Alsopresented is 
onstraints to the Higgs mass (mH) from overall EW parameter�t using full data set.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3831)



3832 T. Saeki2. Measured quantities and 
omparisonsTable I summarizes results from all LEP1 data. Figure 1 (Left) sum-marizes the measurements of the 
oupling parameters from LEP1 and SLD,where the SLD results are Al = 0:1513�0:0021 [1℄ and Ab = 0:922�0:020 [2℄.In the �gure, the arrow pointing to the left shows the variation in the SMpredi
tion for mH in the range 300+700�186 GeV, and the arrow pointing to theright for the top-quark mass (mt) in the range 174:3� 5:1 GeV. Varying theTABLE I(Upper): Average line shape and leptoni
 asymmetry results from the Z-pole dataat LEP, assuming the lepton universality. (Middle): A� , Ae and Al measurementsfrom LEP1 � longitudinal polarization analysis. Al is obtained assuming e-� uni-versality. (Lower): Results of b and 
 quark analyses using all LEP1 data set.Measurement with total errorMZ / �Z 91.1875 � 0.0021 GeV / 2.4952 � 0.0023 GeV�0had 41.540 � 0.037 nbR0l / A0;lFB 20.767 � 0.025 / 0.0171 � 0.0010A� / Ae 0.1439 � 0.0043 / 0.1498 � 0.0049Al 0.1465 � 0.0033R0b / R0
 0.21650 � 0.00072 / 0.1688 � 0.0047A0;bFB / A0;
FB 0.0993 � 0.0017 / 0.0705 � 0.0034hadroni
 va
uum polarization by ��(5)had(m2Z) = 0:02761� 0:00036 [3℄ yieldsan additional un
ertainty on the SM predi
tion, oriented in dire
tion of mHarrow and size 
orresponding to the mt arrow. As seen in the �gure, themeasurement of Al (LEP+SLD) is signi�
antly higher than the SM predi
-tion and prefers low mH . On the other hand, LEP A0;bFB measurement is inagreement with the SM expe
tation and prefers high mH . The 
ombined�t result with the SLD Ab, whi
h is indi
ated by the 
ontour in the �gure,still prefers low mH . The asymmetry measurements from LEP and SLD
an be 
ombined into a single parameter, the e�e
tive ele
troweak mixingangle, sin2 �lepte� = (1 � (gVl=gAl))=4, without making strong model-spe
i�
assumptions. Also the hadroni
 asymmetries 
an be in
luded assuming thedi�eren
e between sin2 �fe� for quarks and leptons in the SM. The 
ombinedaverages of sin2 �lepte� , in
luding the LEP q�q 
harge forward-ba
kward asym-metry (hQFBi) result, are shown in �gure 1 (Right). The 
ombinationsbased on the leptoni
 and hadroni
 results di�er by 3.0 standard deviations,
aused mainly by Al(SLD) and A0;bFB (LEP). Also shown is the SM predi
tionof sin2 �lepte� as a fun
tion of mH .
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A
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A
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<Qfb> 0.2324 ± 0.0012

Average 0.23149 ± 0.00017

∆αhad= 0.02761 ± 0.00036∆α(5)

mZ= 91.1875 ± 0.0021 GeV
mt= 174.3 ± 5.1 GeVFig. 1. (Left): The measurements of the 
ombined LEP+SLD Al = 0:1501�0:0016(verti
al band), SLD Ab (horizontal band) and LEP A0;bFB (diagonal band), 
om-pared to the SM expe
tations (arrow). Also shown is the 68 % CL 
ontour for thetwo asymmetry parameters resulting from the joint analysis.(Right): Comparison of several determinations of sin2 �lepte� from A0;lFB, Al(P� ),Al(SLD), A0;bFB, A0;
FB and hQFBi measurements. Also shown is the SM predi
-tion as a fun
tion of mH . The width of the Standard Model band is due to theun
ertainties in ��(5)had(m2Z), ��s(m2Z) and mt.Figure 2 (Left) shows the dire
t measurements of the W boson mass(mW ) from p�p 
olliders [4℄ and LEP2. Also shown are the world average ofdire
t mW measurements, and the indire
t measurements by NuTeV [5℄ andLEP1+SLD. The NuTeV result is not in agreement with the other measure-ments. Figure 2 (Center) shows the 
omparison of the indire
t measurementsof mW and mt from all Z-pole data (LEP1+SLD) and the dire
t measure-ments by the p�p 
olliders [4,6℄ and LEP2. Also shown are the SM predi
tionsfor mH between 114 and 1000 GeV. As seen in the �gure, the indire
t anddire
t measurements are in agreement, and both sets prefer low mH . Fig-ure 2 (Right) shows how the indire
t and dire
t measurements 
onstrain mtand mH . The three 
ontours by (1) all Z data, (2) all Z data ex
ept SLD Aeand (3) all Z data ex
ept A0;bFB, again show that Ae and A0;bFB measurementsprefer low and high mH , respe
tively. Also hat
hed band indi
ated by mWshows the 
onstraints from the dire
t mW measurements, 
ompared withthe above three 
ontours.
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Fig. 2. (Left): The world average of the dire
t mW measurements from p�p 
ollidersand LEP2. Also shown are the indire
t mW measurements by NuTeV, LEP1+SLDand LEP1+SLD with mt measurements.(Center): The 
omparison of the indire
t measurements of mW and mt(LEP1+SLD data) (solid 
ontour) and the dire
t measurements (p�p 
olliders andLEP2 data) (dashed 
ontour) by 68 % CL 
ontours. Also shown is the SM rela-tionship for the masses as a fun
tion of the Higgs mass.(Right): Constraints to mt and mH by the measurements of mW (dire
t), �l, Rband sin2 �lepte� . Also shown are the 68 % CL 
ontours for (1) all Z data (2) all Zdata ex
ept SLD Ae and (3) all Z data ex
ept A0;bFB.3. Higgs mass 
onstraintsFull ele
troweak (EW) �t using all measurements was performed, in
lud-ing the W boson width of �W = 2:134�0:0067 (p�p 
olliders and LEP2) andmeasurements of atomi
 parity violation in 
esium [7℄. Figure 3 (Left) showsthe pulls from the �tted values in this full EW �t, where the heavy �avourmeasurements in the �gure are LEP+SLD 
ombinations. The �2/d.o.f andthe probability of �2 for this �t are 28.8/15 and 1.7 %, respe
tively. Siz-able 
ontribution to �2 
omes from A0;bFB = 0:0994�0:0017 (LEP+SLD) andsin2 �W = 0:2277�0:0016 (NuTeV). Figure 3 (Center) shows the Higgs massregion whi
h is preferred by ea
h measurement. As seen in the �gure, theb-quark asymmetry and sin2 �W by NuTeV prefer high mH , and the leptoni
asymmetries and dire
t W mass measurements prefer low mH . Finally, thebest 
onstraints on mH are obtained when all data are used in the �t. Theresults of this �t are shown in Figure 3 (Right). The 95 % CL upper limiton mH (taking the band in the �gure into a

ount) is 196 GeV.
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Measurement Pull (Omeas−Ofit)/σmeas
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Fig. 3. (Left): The pulls (di�eren
e between measurement and �t in units of thetotal measurement error) of the SM �t in
luding all data.(Center): Preferred values of the Higgs mass are shown for various measurements.(Right): ��2 = �2 � �2min vs mH 
urve using all data; the band represents anestimate of the theoreti
al error due to missing higher order 
orre
tions. Theverti
al band shows the 95 % CL ex
lusion limit on mH from the dire
t sear
h.The dashed 
urve is the result obtained using ��(5)had(m2Z) [8℄.4. Con
lusionsThe overall EW �t using full data set was performed. The low �t prob-ability of 1.7 % is mainly due to A0;bFB and sin2 �W measurements. The 95 %CL upper limit of 196 GeV is obtained on mH using the full data set.I would like to thank the LEPEWWG for the numbers and plots.REFERENCES[1℄ SLD Collaboration, Phys. Rev. Lett. 84, 5945 (2000); SLD Collaboration,SLAC-PUB-8618, (2000), Submitted to Phys. Rev. Lett.[2℄ N. De Groot, talk at 36th Ren
ontres de Moriond EW, Mar
h 2001,hep-ex/0105058; Serbo V., talk at Int. Europhys. Conf. HEP, July 2001, Bu-dapest.[3℄ H. Burkhardt, B. Pietrzyk, Phys. Lett. B513, 46 (2001).[4℄ UA2 Collaboration, Phys. Lett. B276, 354 (1992); CDF Collaboration, Phys.Rev. D43, 2070 (1991); A Goldon, talk at 32nd Ren
ontres de Moriond,Mar
h 1997; D0 Collaboration, Phys. Rev. Lett. 842000222; http://www-
df.fnal.gov/physi
s/ewk/wmass_new.htm.
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