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of the measurements with the others, exclusive averages,
leaving out one of the 8 measurements at a time, are cal-
culated. These are presented in the 5th column of table 1,
together with the corresponding number of standard de-
viations 5 between the exclusive mean and the respective
single measurement.

As can be seen, the values of exclusive means vary only
between a minimum of 0.11818 and a maximum 0.11876.
Note that in the case of these exclusive means and ac-
cording to the ”rules” of calculating their overall errors,
in four out of the eight cases small error scaling factors
of g = 1.06...1.08 had to be applied, while in the other
cases, overall correlation factors of about 0.1, and in one
case of 0.7, had to be applied to assure !2/ndf = 1. Most
notably, the average value "s(MZ0) changes to "s(MZ0) =
0.1186±0.0011when omitting the result from lattice QCD.

5 Summary and Discussion

In this review, new results and measurements of "s are
summarised, and the world average value of "s(MZ0), as
previously given in [7,28,6], is updated. Based on eight
recent measurements, which partly use new and improved
N3LO, NNLO and lattice QCD predictions, the new av-
erage value is

"s(MZ0) = 0.1184± 0.0007 ,

which corresponds to

#(5)

MS
= (213 ± 9 )MeV .

This result is consistent with the one obtained in the pre-
viuos review three years ago [28], which was "s(MZ0) =
0.1189±0.0010. The previous and the actual world average
have been obtained from a non-overlapping set of single
results; their agreement therefore demonstrates a large de-
gree of compatibility between the old and the new, largely
improved set of measurements.

The individual mesurements, as listed in table 1 and
displayed in figure 5, show a very satisfactory agreement
with each other and with the overall average: only one
out of eight measurements exceeds a deviation from the
average by more than one standard deviation, and the
largest deviation between any two out of the eight results,
namely the ones from $ decays and from structure func-
tions, amounts to 2 standard deviations 6.

There remains, however, an apparent and long-standing
systematic di!erence: results from structure functions pre-
fer smaller values of "s(MZ0) than most of the others, i.e.
those from e+e! annihilations, from $ decays, but also
those from jet production in deep inelastic scattering. This
issue apparently remains to be true, although almost all of
the new results are based on significantly improved QCD

5 The number of standard deviations is defined as the
square-root of the value of "2.

6 assuming their assigned total errors to be fully uncorre-
lated.

predictions, up to N3LO for structure functions, $ and Z0

hadronic widths, and NNLO for e+e! event shapes.
The reliability of “measurements” of "s based on “ex-

periments” on the lattice have gradually improved over
the years, too. Including vaccum polarisation of three light
quark flavours and extended means to understand and cor-
rect for finite lattice spacing and volume e!ects, the overall
error of these results significally decreased over time, while
the value of "s(MZ0) gradually approached the world aver-
age. Lattice results today quote the smallest overall error
on "s(MZ0); it is, however, ensuring to see and note that
the world average without lattice results is only marginally
di!erent, while the small size of the total uncertainty on
the world average is, naturally, largely influenced by the
lattice result.
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Fig. 6. Summary of measurements of !s as a function of the
respective energy scale Q. The curves are QCD predictions for
the combined world average value of !s(MZ0), in 4-loop ap-
proximation and using 3-loop threshold matching at the heavy
quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Full sym-
bols are results based on N3LO QCD, open circles are based on
NNLO, open triangles and squares on NLO QCD. The cross-
filled square is based on lattice QCD. The filled triangle at
Q = 20 GeV (from DIS structure functions) is calculated from
the original result which includes data in the energy range from
Q =2 to 170 GeV.

In order to demonstrate the agreement of measure-
ments with the specific energy dependence of "s predicted
by QCD, in figure 6 the recent measurements of "s are
shown as a function of the energy scale Q. For those results
which are based on several "s determinations at di!erent
values of energy scales Q, the individual values of "s(Q)



Unification of couplings



SM (dashed) vs. MSSM (solid)

Figure 5.8: RG evolution of the
inverse gauge couplings !!1

a (Q)
in the Standard Model (dashed
lines) and the MSSM (solid lines).
In the MSSM case, the sparti-
cle mass thresholds are varied be-
tween 250 GeV and 1 TeV, and
!3(mZ) between 0.113 and 0.123.
Two-loop e!ects are included.
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quite small except for couplings involving the top, bottom, and tau flavors. Therefore, the (scalar)3

couplings and scalar squared-mass mixings should be quite negligible for the squarks and sleptons
of the first two families. Furthermore, RG evolution does not introduce new CP-violating phases.
Therefore, if universality can be arranged to hold at the input scale, supersymmetric contributions to
flavor-changing and CP-violating observables can be acceptably small in comparison to present limits
(although quite possibly measurable in future experiments).

One good reason to be optimistic that such a program can succeed is the celebrated apparent
unification of gauge couplings in the MSSM [110]. The 1-loop RG equations for the Standard Model
gauge couplings g1, g2, g3 are

"ga ! d

dt
ga =

1

16#2
bag

3
a, (b1, b2, b3) =

!
"

#
(41/10, "19/6, "7) Standard Model

(33/5, 1, "3) MSSM
(5.21)

where t = ln(Q/Q0), with Q the RG scale. The MSSM coe"cients are larger because of the extra
MSSM particles in loops. The normalization for g1 here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)C # SU(2)L # U(1)Y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and g" with e = g sin $W = g" cos $W ,
one has g2 = g and g1 =

$
5/3g". The quantities !a = g2

a/4# have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

d

dt
!!1

a = " ba

2#
(a = 1, 2, 3) (5.22)

Figure 5.8 compares the RG evolution of the !!1
a , including two-loop e!ects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale MU $ 2 # 1016 GeV.
While the apparent unification of gauge couplings at MU might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.
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