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In this paper, we review recent precise measurements of the weak mixing angle by the SLD experiment at 
SLC and by the ALEPH, DELPHI, L3, and OPAL experiments at LEP. If we assume that the Minimal 
Standard Model provides a complete description of the quark and lepton couplings to the Z boson, we 
find sin2 6\y = 0.23143 ±0.00028. If this assumption is relaxed to apply to lepton couplings only, we find 
sin 2 ff$ = 0.23106 ± 0.00035. We compare these results with other precision electroweak tests. 

1 Introduct ion 

The Minimal Standard Model (MSM) of electroweak 
interactions contains free parameters for 12 fermion 
masses, 4 quark mixing parameters, the Higgs mass, 
and 3 parameters to specify the SU(2)i X 17(1) gauge 
structure. The gauge structure parameters can be chosen 
to be the SU(2)L coupling constant g, the 17(1) coupling 
constant g', and the vacuum expectation value of the 
Higgs field. It is more common, however, to choose the 
experimentally well-measured values for the fine struc
ture constant (a) , the Fermi constant (Gp), and the Z° 
mass (Mz). Three precise electroweak measurements are 
required to specify the gauge structure of the MSM, and 
a fourth precise measurement is needed to test it. This 
paper describes precise measurements of the weak mixing 
angle (tan Ow = ff'/ff) f ° r t^is purpose. 

2 Z° Couplings and A s y m m e t r y Experiments 

At the Zff vertex, the MSM gives the vector and axial 
vector couplings to be: 

v} = Pf-2Q!sm2ff§ 

= J? 
where If is the fermion isospin and Qf is the fermion 
charge. Radiative corrections are significant and are 
treated as follows. First, vacuum polarization and ver
tex corrections are included in the coupling constants, 
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Table 1: Fermion couplings and asymmetries. 

Feimion v t at Af 
OAf Feimion v t at Af dsin'e*,1 

V 0.50 0.50 1.00 0 
e,ft,T -0.04 -0.50 0.16 -7.9 
u,c,t 0.19 0.50 0.66 -3.5 
d,s,b -0.35 -0.50 0.94 -0.6 

and an effective weak mixing angle is defined to be 
sin 2 8$ = i ( l — ve/ae). Second, experimental measure
ments need to be corrected for initial state radiation and 
for Z — 7 interference to extract the ^-pole contribution. 

One can define a fermion asymmetry parameter, A}, 

vi + ai 

Table 1 lists the vector and axial vector coupling con
stants, the fermion asymmetry parameter and its sensi
tivity to the weak miring angle, for the different fermion 
species. (Table 1 assumes sin 2 6$ = 0.23.) 

The cross-section for e+e~ —» Z° —* ff can be ex
pressed by 

%«ti + '${ (l-rCOS 2fl)(l + P ^ e ) + 
2cosBAf(P + Ae) (1) 

where 9 is the angle of the outgoing ferroion with respect 
to the incident electron, and P is the polarization of the 
electron beam (the position beam is assumed to be un-
polarized). We can then define forward, backward, and 
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left, right cross-sections as follows: 

f1 do-

'F = i dHd{cos0) 

f° da 

aR = £ i £ d { c o s 9 ) (2) 

where ox (CTR) is the cross-section for left (right) polar
ized electrons colliding with unpolarized positrons. 

There are a number of asymmetry experiments that 
can be performed at the Z resonance to determine the Aj 
parameters. With unpolarized beams one can measure 
the forward-backward asymmetries for different identified 
fermion final states. Using Equations 1 and 2, one finds 

/ _ 4 - 4 _iA A 
FB~4 + *i-4 e f 

The final state fermions from Z decay are polarized even 
for unpolarized collisions, and one can also extract the Aj 
parameters by measuring this polarization. In practice, 
this is only possible for the T final state. One finds 

p r ( c o s & ) = 2Aecos6 + Ar(l+coS

20) 
K (1 + cos 2 6) + 2AeAr cos B 

The asymmetries with unpolarized beams are well mea
sured with the high statistics available at the 4 LEP ex
periments. There is a rich program at LEP to measure 
these asymmetries, and this is discussed in the next sec
tion. From these many measurements, a very precise 
determination of the weak mixing angle can be made. 

At the SLC, the availability of a highly polarized elec
tron beam allows additional asymmetry experiments to 
be performed which improve the determination of the Aj 
parameters. First, one can measure a left-right forward-
backward asymmetry, defined by 

ALR {°F-<4)-(?B-<rB) ... 3 p A A™~ rL+aR + <TL+(rR -^eAf 

This allows for a direct measurement of Aj, which is not 
accessible to the LEP experiments (except for the elec
tron and tau) . In particular, this is a very important 
measurement for the 6 final state. There is an apparent 
anomaly at the 5 vertex as evidenced by the large val
ues for Rj, measured by the LEP experiments. A& is also 
very sensitive to new physics at the b vertex and can pro
vide important additional information. We note that the 
SLD experiment currently measures A& = 0.841 ±0 .053 , 3 

which is somewhat lower than the MSM prediction of 

Table 2: Comparison of Z° Asymmetry Experiments. 

Property Ameas 
ALR 

Pe = 80% 
A1 

Ab

FB 

pr 

MSM: 
Asymmetry 

dA 
0.13 
6.3 

0.02 
1.5 

0.11 
5.6 

0.16 
7.9 Ssin 29gf 

0.13 
6.3 

0.02 
1.5 

0.11 
5.6 

0.16 
7.9 

Events: 
fraction of Z decays 
sample size for equal 
statistical precision 

0.96 

1 

0,12 

135 

0.19 

120 

0.04 

250 
Systematics: 

beam polarization 
efficiency /acceptance 

backgrounds 
B mixing 

e-w interference 
correction 

yes 
no 
no 
no 

2% 

no 
yes 
no 
no 

100% 

no 
yes 
yes 
yes 

5% 

no 
yes 
yes 
no 

2% 

0.935. The measurement of Ab, however, is not very sen
sitive to the weak mixing angle (see Table 1) and we 
will not consider the polarized forward-backward asym
metries further. 

The most important asymmetry measurement at the 
Z resonance is the left-right asymmetry, ALR, which is 
defined as 

ox —O-R 
ALR = ; = PeAe o~L +<rR 

This measurement, made with a polarized beam, allows 
a precise determination of Ae. All Z decay modes can be 
used, and this allows for a very simple analysis with great 
statistical power. Since Ae is very sensitive to sin 2 6$, a 
precise measurement of AZ,R yields a very precise deter
mination of the weak mixing angle. 

3 Ana lys i s of Z° A s y m m e t r y E x p e r i m e n t s 

A comparison of the different asymmetry measure
ments for measuring sin 2 6$ is given in Table 2. Some of 
the properties considered for comparison are the size of 
the asymmetry and its dependence on the weak mixing 
angle, the relative Z sample size needed for an equiva
lent determination of sin 2 0$, and the most significant 
sources of systematic errors. We begin by considering 
the experiments that determine the lepton asymmetry 
pararameter, At. 

3.1 Measurement of A^R 

For the ALR analysis, all Z decay modes can be used, 
though in practice the SLD experiment excludes the ee 
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mode to avoid the added complexity of correcting for t-
channel interference. Currently SLD uses a calorimetric 
analysis only, and makes cuts on total observed energy, 
energy imbalance and number of clusters. This results in 
a very low background to the Z sample of about 0.2%. 
The only significant systematic error is the determination 
of the beam polarization. This is measured precisely with 
a Compton polarimeter, which for the 1994-95 SLD run 
measured Pe = (77.34 ± 0.61)%. Including all the SLD 
data from 1992-95 (approximately 150K Z decays), SLD 
measures A°LR = 0.1551 ± 0.0040. This corresponds to 
a determination of the weak mixing angle of sin 2 00 = 
0.23049 ± 0.00050. 

3.2 Measurement of AFB 

As part of the -JTlineshape analysis, the LEP experiments 
fit for AFB,AFB, and Ar

FB. These asymmetries have a 
strong dependence on i/s, and hence are very sensitive 
to initial state radiation and j — Z interference. These 
electroweak radiative corrections are comparable to the 
size of the measured asymmetries, and this results in the 
large corrections noted in Table 2. However, within the 
framework of the MSM, these corrections are well deter
mined and do not pose a significant source of uncertainty. 
If one assumes lepton universality, one can combine the 
results for AFB, AFB, AFB to obtain A'FB. Doing this, 
and combining the results for the 4 LEP experiments, one 
finds A% = 0.0172 ± 0.0012. This results in a value for 
the weak mixing angle of sin 2 60 = 0.23096 ± 0.00068.2 

3.3 Measurement of Pr 

Parity violation in the tau decay allows for a measure
ment of its polarization. Five decay modes of the tau are 
used by the LEP experiments: r —* TV(BR = 12%); T —* 
pv{BR - 24%); r - • axv{BR = 8%); r ~» ew{BR = 
18%); T -* pvu{BR = 18%). The tau polarization can 
be determined from the kinematics of its decay once the 
particular decay mode is determined. The cos 6 depen
dence of the tau polarization can be used to determine 
Ae and AT separately. Combining the results from the 
4 LEP experiments, one finds Ae = 0.1390 ±0.0089 and 
AT — 0.1418 ± 0.0075. These yield values for the weak 
mixing angle of sin 2 00 = 0.2325 ± 0.0011 (P£B result 
from Ae) and sin 2 00 = 0.23218 ± 0.00095 ( P r result 
from AT)-2 

3.4 Measurement of AFB,AC

FB 

For the heavy quark asymmetries it is necessary to obtain 
an enriched sample of 6 or c quark events of known purity. 
Additionally, one needs to tag an event hemisphere as 
quark or anti-quark. With the high LEP statistics avail
able, it is possible to determine this tagging efficiency 
directly from the data by comparing the rates of single 
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Figure 1: Weak Mixing Angle Measurements 

and double tags. Three techniques are used in the heavy 
quark analyses. First, a lepton tag can be used, and this 
is done by all 4 LEP experiments. The P and P<r dis
tributions of leptons can be used to assign a probability 
that the lepton is a 6 or a c quark. Then the sign of 
the lepton tags the quark charge. The second method, 
referred to as jet charge tag, utilizes a lifetime tag to en
rich the 6 sample and then uses a momentum-weighted 
jet charge to tag the quark charge. This analysis is per
formed by the ALEPH, DELPHI and OPAL collabora
tions. The third method uses a D* tag. Fast D*s are 
used to enrich the c sample, and then the sign of the 
pion in the D* decay (D*^ —* D 0*-*) tags the quark 
charge. This analysis is also performed by the ALEPH, 
DELPHI and OPAL collaborations. The results ftom 
these 3 techniques are shown separately for the individ
ual experiments in Figure 1. In this figure, the first 4 
entries in the AFB category use a lepton tag and the 
last 3 entries use a jet charge tag; the first 4 entries in 
the AFB category use a lepton tag and the last 3 en
tries use a D* tag. Combining the results from the 4 
LEP experiments, one finds A°fB - 0.0997 ±0.0031 and 
AQ/B — 0.0729± 0.0058. Extracting the weak mixing an
gle from these results yields sin 2 60 = 0.23209 ± 0.00055 
(from A°/B) and sin 2 00 = 0.2318±0.0013 (from A%).3 
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Figure 2: Weak Mixing Angle Results by Technique 



3.5 Measurement of QFB 

The last of the .Z asymmetry experiments for determining 
the weak mixing angle utilizes all hadronic decay modes 
of the Z. The jet charge technique described above is 
again used, and one relies on MonteCarlo simulation to 
determine the relative abundances of the different quark 
species. This analysis is performed by the ALEPH, DEL
PHI, and OPAL experiments. Combining their results 
yields sin 2 ^ = 0.2325 ± 0.0013. 2 
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Figure 3: Weak Mixing Angle Results by Experiment 

4 W e a k M i x i n g A n g l e R e s u l t s 

The weak mixing angle results from the SLD, ALEPH, 
DELPHI, L3 and OPAL experiments are shown in Fig
ures 1, 2, and 3 . 1 Figure 1 gives the results by individual 
experiment for each of the 7 techniques described above. 
Figure 2 summarizes the results by technique and Fig
ure 3 summarizes the results by experiment. The results 
are all consistent, though the x 2 for consistency is some
what worse for Figures 2 and 3. 

If we assume that the MSM provides a complete de
scription of the quark and lepton couplings to the Z bo
son, then all these results can be combined to give 

sin 2 8$ = 0.23143 ± 0.00028 

If this assumption is relaxed to apply to lepton couplings 
only, we find sin 2 &§ = 0.23106 ± 0.00035. 

C o m p a r i s o n w i t h M S M a n d w i t h o t h e r P rec i 
s ion E l e c t r o w e a k M e a s u r e m e n t s 

parallelogram. Figure 4 shows 5 the S- T plot for measure
ments of the weak mixing angle (sin 2 0f|F), the Z width 
( r ^ ) , 2 the Wmass (Mw),6 and the ratio of neutral cur
rent to charged current cross-sections in neutrino-nucleon 
scattering (i2„). 7 The experimental bands shown corre
spond to one sigma contours. For the MSM, the Higgs 
mass is allowed to be in the range from 60 GeV to 1000 
GeV, and the top mass is allowed to be in the range 167 
GeV to 192 GeV. The right (left) edge of the MSM box 
corresponds to MH = lOOOGeV (MH = 60GeV), and 
the upper (lower) edge corresponds to Mt = 192GeF 
(lf t = 167GeV). We see that all the data is consistent 
and that it prefers a Higgs mass around 100 GeV. 

Figure 4: S-T Trajectories of Standard Model Tests 

6 Conclus ions 

The ALEPH, DELPHI, L3 and OPAL experiments at 
LEP presented results this summer based on approxi
mately 3.5 million Z decays per experiment, and the SLD 
presented results based on approximately 150 thousand Z 
decays using a polarized electron beam at SLC. Together, 
these experiments have determined the weak mixing an
gle to be sin 2 6§ = 0.23143 ± 0.00028. This result is 
consistent with the MSM and with other precision elec
troweak measurements. The LEP experiments have now 
completed their datataking at the Z resonance with a to
tal of about 4.5 million Z decays per experiment, while 
the SLD experiment plans to run through 1998 and ac
cumulate an additional 500 thousand Zs. 

A convenient framework for analyzing the consistency 
of the precise sin 8$ measurement with the MSM and 
with other precision electroweak measurements is given 
by the Peskin-Takeuchi parametrization 4 for extensions 
to the MSM. This parametrization assumes that vacuum 
polarization effects dominate and expresses new physics 
in terms of the parameters 5 and T, which are defined 
in terms of the self-energies of the gauge bosons. In S-T 
space, a measurement of an electroweak observable corre
sponds to a band with a given slope. And the MSM, for a 
given range of top mass and Higgs mass, corresponds to a 

References 

The results from the 4 LEP experiments for Al

FB, 
PT(cos8), and QFB are taken from reference 2. The 
results for AFB and AFB for the LEP experiments 
are obtained using as input the data in reference 3. 
This heavy quark data is then analyzed using a con
sistent set of 13 input parameters. These 13 param
eters are taken to be: Rb = 0.2219, Rc — 0.154, 
Br(b -» I) = 11.12%, Br{b — c -» I) = 7.76%, 
X = 0.1145, Ab

FB{-2) = 5.5%, Ac

FB{-2) = - 7 . 9 % , 

4 



Ab

FB(pk) = 9.39%,Ac

FB(pk) = 6.44%, Ab

FB(+2) = 
11.2%, AFB{+2) = 8.9%, Ab = 0.841, Ae = 0.606. 
We are grateful to the LEP Heavy Flavour Group 
and to Su Dong for providing the programs to gen
erate the heavy flavour LEP data which is used in 
Figures 1 and 3. 

2. LEP Electioweak Working Group, A combination 
of preliminary LEP electroweah results for the 1995 
summer conferences, LEPEWWG-95-02, 1995. 

3. LEP Heavy Flavor Group and SLD Heavy Fla
vor Group, Combined LEP and SLD Electroweak 
Heavy Flavour HesuJts for Summer 1995 Confer
ences, LEPHF-95-02, SLD Physics Note 39, 1995. 

4. M.E. Peskin and T. Takeuchi, Phys. Rev. D46 
(1992) 381. 

5. This figure was produced by M. Swarta and updates 
a plot from M. Swaitz, "Tests of the Electioweak 
Standard Model", in Proceedings of the XVItk Inter
national Symposium on Lepton and Photon Interac
tions, Ithaca NY, 1993, Eds. P. Drell and D. Rubin, 
pp.381-424. 

6. CDF Collaboration, F Abe et al., Measurement 
of the W Boson Mass, FERMILAB-PUB-95-033-E, 
1995. 

7. The result used is taken from an average by G. 
Altarelli, R. Barbieri, and F. Caravaglios, Nucl. 
Phys. B405 (1993) 3. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

5 



DOE AND MAJOR CONTRACTOR RECOMMENDATIONS FOR 
ANNOUNCEMENT AND DISTRIBUTION OF DOCUMENTS 

*W1V»1«VV 

t.ao£ft«eMtMo. 
S1AC-FUB-95-7037 

LOOK 
* DE-AC03-76SF00515 

S.OOCS M l ft «•*«•) locnucve category NO. 
N/A 

Review of Weak Mixing Angle Results at SLC and LEP 
«. Type of Document ("x" one) 

a Scientific and technteaJ report: D monthly D Quarterly D annual D final B topical D other 
A. Conference paper: Name of confarenca(noabbraviationa) Presented at the in te rna t iona l Europhysics 

Conference on High Energy Physics 
Location (©Jty/at/Ctry) Brusse l s , Belgium 
Data (mo/day/yr) July 27-Aug 2 1995 sponsor 
Contents: D proceedings Dvfawgraphs 8 paper D poster eessions 

c. Computer Media: 
.Docurnentie accompanied by D magnetic tape(s) 

D diakette(s) 
D other (apectfy). 

d Other (e.g., Journal article, manuscript, manual, ate.) (specify) 

7. Copies Transmitted to OSTI ("x" one or more) 
D a. Copies transmitted for unclassified distribution. 5) d. Tan copies transmitted for OSTl processing and NTJS sales. 
D b. Copies transmitted for apecial distribution. D a. Copies transmitted for classified distribution as defined in M-3679. 
D c. Two reproducible copies transmitted. D f. One copy transmitted for OSTI classified processing. 

t . Document contains information pertaining to any of the following: 
D Yes ("x" one or more) SI No (if no, unlimited distribution may be made within the U.S. in addition, copies may be made available 
D a. Classified to Foreign requestors through exchange agreements or NTJS sales.) 

(Announce to addresses in M-3679) 
D b. Official Use Only (OUO) 
D c. Export Controt/ITAR/EAR 
D d. Proprietary Information 
D a. Small Business Innovation Research (SBIR) 
D f. Unclassified Controlled Nuclear Information (UCNI) 
D g. Patent Sensitivity 
D h. Translations of copyrighted material 

(Boxes b-h wUI be announced to Government agencies and their contractors) 
D i. Other (explain) ', 

(This designation must be in accordance with written DOE Program Office guidance) 

Upon demand, OSTi will make distribution of these documents in accordance with existing laws, regulations, and/or written program 
office guidance. 

9. Patent and Copyrighted Information 
• - ( ' V e n e ) Bl 1 POP p»«»"* ftto»r»nft» h»*. rw»»n gmntori h y ^ j y t M ^ h f ^ Y ^ P T M l w , f 1 0 r n f f T g SIAC 

D 2. Document has been aent to responsible DOE patent group for clearance. 
D 3. Patent clearance not required, 

fc. Does this material contain copyrighted information? E N o D V e s 
If yes, has release been obtained for DOE reproduction? ONo DYes 
(attach release) 

10. Additional information, remarks, and apecial handling instructions. (Do not identify Sigma categories for Nuclear Weapon 
Data reports, and do nof provide additional Instructions which ara inconsistent with hem 8 above.) (Continue on separate sheet, 
If necessary) 

11. Submitted by (Name and Position) (Please print or type) 
B e m i e Lighthouse, Manager o f Publ icat ions Department 

(Orvaniouwi) Stanford Linear Accelerator 
Center, Stanford P n i v e r s i t y , 

(415) 926-2358 

Stanford. CA 94309 
wmcyZrJ. S~t>CA-2-

Oat* , , 
11/7/95 


