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1. Introduction

The determination of the strong couplinmg in clean experimental conditions is one of the
important issues in ongoing theoretical and experimemiadstigations. During the past years
significant progress has been made in perturbative calougabf a large variety of processes.
In this talk a number of benchmark processes is identifiedth@aorresponding predictions are
presented to the highest presently available order.

During the past forty years calculations in the frameworg@furbative QCD have developed
from a quantitative description of a few benchmark procgsserecise predictions of numerous
hadronic processes, albeit typically at relatively higkrgies and/or for inclusive reactions. Many
of these are closely related to electron-positron anribitanto hadrons, at lower energies through
the electromagnetic, at higher energies through the reutreent. QCD corrections to the decay
of theW-boson into hadrons through the vector and the axial vectoent can be evaluated in a
similar way and are, in turn, closely related to QCD cormui of thet-lepton decay rate. The
decay of the Higgs boson into hadrons, on the other handepdscthrough the scalar current and
can be treated with very similar methods. Finally the rugrofthe strong coupling constant from
low energies, sayn;, up to the mass of the Higgs boson and beyond, is governedebeta-
function, can be calculated with similar techniques, is rayailable in five-loop order and will
also be discussed in this context.

2. Electron-positron annihilation at low energies

The cross section for electron-positron annihilation mdrons is well described by perturba-
tive QCD, at least in the regions away from the various quiamksholds. The result of the BESSII
collaboration [[IL], consisting of an average of measureman8.650 GeV and 3.6648 GeV,

R=2.224+ 0.019+ 0.089 (2.1)
is in good agreement with the theoretical expectation
R=3(Q2+ Q3+ Q?)(1+as+ 1.6401G2 — 10.28395% — 1047891GY) (2.2)

adopting as value of the strong coupliog= 0.31+ 0.14. Although the precision of this experi-
ment cannot compete with those at LEP (to be discussed halmsagreement between theory and
experiment is, nevertheless, remarkable already now. Ariladr improvement of the experimen-
tal precision would be welcome and would allow the comparigbresults foras at low and high
energies. Let us mention in passing, that there is in priadhe (very small) singlet contribution
contribution proportional(y ; Qi)?, which starts contributing in order? and is also available up to
orderag. For the three-flavour casg; Qi)? happens to vanish, for the four- and five-flavour case
the term is numerically small][2] 3].

3. Z-production and -decay in electron-positron annihilation

From the theory side there is only one slight complicatiorewimoving from low to high
energies: the axial current starts contributing and, spwadingly, QCD corrections specific for
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this case start contributing in order?. Of course, also a singlet piece, starting in ordgr is
present, just as for the electromagnetic current. The ctiores for the three different pieces, each
evaluated to ordea?, are shown separately in Figs. 1-4. Note thgMz) = 0.1190 andy =5
are adopted in Figs. 2—4.

(@) (b) (c)

Figure 1. Different contributions ta-ratios: (a) non-singlet, (b) vector singlet and (c) axiettor singlet.
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Figure 2: Scale dependence of non-singlet. Dotted, dash-dotted, dashed and solid curves reféi(tn;)
up to & (a) predictions.

The result
as(Mz) = 0.1190+ 0.0026 (3.1)

still exhibits a sizeable error, significantly larger thae theory error which has been estimated to
[B,B] orns= 101 keV,drY = 2.7 keV, anddrrs = 42 keV. Summing these errors linearly, one
arrives at a theory uncertainty of 146 keV, which corresgotuda shift inas of about 3x 1074
and is thus about a factor ten smaller than the current expetal error, based oA decays,

os = 0.1190+ 0.0026.

4. Mixed electroweak and QCD correctionsfor Z decays: light and heavy quarks

As a consequence of the virtual top quark one expects a signifdifference between the
electroweak corrections fa decays intald anduu on the one hand and intib on the other hand.
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Figure 3: Scale dependence of the vector singlet Dashed and solid curves efer@(ad) up to ¢'(ag)
predictions.
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Figure 4. Scale dependence of the axial vector sing&g. Dotted, dash-dotted, dashed and solid curves
refer tod(as) up to &(ad) predictions.

This pattern repeats itself in the mixed electroweak and @GiMDections of ordenyeads. For
light quarks the two-loop corrections of ordens have been evaluated about twenty years ago.
The final result which makes the non-factorizing terms @kptian be cast into the fornh][4]

AT =T (two loop : EWx QCD) — 'gomdtyy 00¢s = —0.59(3) MeV (4.1)

which is sufficient for the present experimental precisiér2 eV for the hadronic decay rate.
On the other hand, given an expected experimental preaidn ~ 0.1 MeV, as advertised for a
future electron-positron collidef][$} 6], the next, not peailable three-loop term might eventually
be required.
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The situation is qualitatively similar for theé— bb decay mode which, however, receives also
contributions from virtual top quarks. The precision of theasured branching ratio of 12+
0.05% is, at present, quite close to the size of the two-loap terhich is given by/[[7]

M, — g = (—5.69— 0.79+ 0.50+ 0.06) MeV (4.2)

and has been split into one- and two-loop contributions aia the n?-enhanced piece and the
rest. Let us mention in passing that part of the three-loapections, the non-singlet piece, has
been evaluated i][8]. It amounts to about 0.1 MeV, is irr@tenin the moment, but of potential
importance at a future electron-positron collider.

Many top-induced corrections become significantly smalliéhe top quark mass is expressed
in theMS convention. The relation between pole a8 mass has been evaluated in thr¢e- [9] and
recently even four-loof{ [10] approximation and reads

My (M) = Mpole(1—1.3385— 6.46a2 —60.27a° — 70428a%) = (16345+ 0.72|m £0.19|4,£7in) GeV
(4.3)
with a theory error of about 100 MeV.

5. TheW boson massfrom Gg, Mz, a and therest

The present precisiof [11] &fy = 80.385+0.015 MeV is based on a combination of LEP,
TEVATRON and LHC results. In contrast, at a future linear imcular electron-positron collider
a precision better than 1 MeV is advertis¢[[[5, 6]. In Bornragjnation thew boson mass can
be derived from the Fermi couplinGg, the Z boson mass and the electromagnetic coupting
The rest of the parameters, in particular the masses of dasrand the Higgs boson, enter through
radiative corrections. Numerically one finds for the shiftiheW-boson mass induced by virtual
contributions of the top quark

1 co< By
oMy ~ =M
W2 W o2 6y — sir? By

with the p parameter calculated in thred[12] 13] and even four-Iigp[TF] approximation

~ 5.7 x 10*6p[(MeV)], (5.1)

S = 3% (1— 2.859%; — 14.594a2 — 93.1a3) (5.2)

The three- and four-loop terms correspond to shift®dbfy = 9.5 MeV anddMy = 2.1 MeV
respectively. The three-loop term is quite comparable ¢octlrrent experimental sensitivity, the
four-loop term would become relevant at a future electrositpon collider.

At this point it should be emphasized that in three-loop agipnation a variety of mixed
QCD and electroweak corrections are availalplg [16], whictoant to 2.5 MeV for the mixed
terms proportionabisX? and to 0.2 MeV for the purely weak terms of ord&t. While these are
certainly below the anticipated experimental precisiartlie near future, they might well become
relevant at a futurete™ collider. At the same time a number of not yet calculated semight
eventually become relevant, for example four-loop tadpofeorderaZX? or even five-loop terms
of order aX;.. Although not yet relevant for the moment, these correstioright well enter the
analysis of experiments at a future linear or circ@ae collider.
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Let us also mention that many corrections are significantiglier if the top quark mass is
expressed in terms of théS-mass, or closely related quantities, like the potergigdtracted
(PS) [I¥1, 1S [MB[ A9 20] or renormalon subtracted (RS) [@14. In other words, a large part
of the corrections can be absorbed in the relation betweeM8 and the pole mass, discussed
above. Let us emphasize that e.g. the potential subtracpeduark mass (and as well as other
“short-distance” masess) could be determined at elegomitron colliders with a significantly
higher precision, reaching 20 to 30 MeV.

The present, relatively large experimental error in then@ss is necessarily connected to its
determination at a hadron collider. The situation wouldigaificantly better at ae™e~ machine,
where uncertainties around or even below 50 MeV might beipe§g2], and even 10 to 20 MeV
have been quoted][f, 6].

Let us mention in passing that the total cross section fatiele-positron annihilation into
hadrons at low energies, below tAeresonance, receives QED corrections connecting initidl an
final state in ordear® and hence two loop only. This is a consequence of Yang’s éimeevhich for-
bids contributions from triangular fermion graphs. Thigli§erent in the full electroweak theory,
where mixed triangular contributions with vector and axittor couplings start to contribute in
one-loop approximation already. In addition there is a hiaggrom ISR QED corrections which
increases the cross section by about a factor three and mawsrbfully controlled to achieve a
realistic result for theR ratio.

6. Perspectivesfor e"e” — Z+H(— hadrong

One of the most important reactions at a future electroritoscollider will be the production
of the Higgs boson in the processe™ — Z + H with the subsequent decay of the Higgs boson
into hadrons, i.e. quarks and gluons. Let us demonstratstéibgs of recent calculations in a few
selected examples:

The Higgs boson decay into bottom-antibottom quarks is afsm governed by the mass of
the bottom quark, evaluated at the scalengf In total the rate is given by [P3]

M(H — bb) = FMng )Rs(s= M3, 1?) (6.1)
with

a 2 ags ag4
R(s= M2, 12 = M2) = 1+5.66722 + 2914725 1417587 _ 825722 (6.2)
H H m m m m
— 140.1948+0.03444+ 0.0017— 0.0012— 1.2298  (6.3)

Hereas = as(My) = 0.108, corresponding tas(M;) = 0.118 has been adopted. The decay rate
depends on two phenomenological parameters, the strorgingland the bottom quark mass.
To avoid the appearance of large logarithms of the tygg3yM3), the parametep should be
chosen around/y. However, the starting value @y, is typically determined at much smaller
values, typically around 5 to 10 GeY J24]. The evolution frahis low scale toy = My is
governed by the quark mass anomalous dimengi@md thef function, both of which must be
known in five-loop order[[35] 26] in order to match the accyrat the fixed order result. For
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the quark mass valuey,(10GeV) = 3610 (%M 01182, 154 17 MeV one findsmy(My) =
2759+ 8|y, £ 27|o, MeV. The remaining theory uncertainty from our ignorancehigfner order
corrections amounts to about 1.5 permille and is completegigible.

Let us list the potential improvements which might develapirt the coming years: The
strong coupling constant might be knowndas(Mz) = 2 x 10~% and the bottom quark mass with

a relative precision odmy,/my, =~ 1073, In total this would lead to a relative precision

ol (H — bb)
(H — bb)

which corresponds to a dramatic improvement compared septeheory estimates.

Similar statements do apply for tHé — cc mode with its rate being smaller by about a
factor ((me(My)/my(My))?. In this case the reduction dim:(3GeV) from 13 MeV to 5 MeV
seems conceivable, reducing the uncertainty fidmg(3GeV)/m.(3GeV) = 13 MeV/986 MeV
to 5 MeV/986 MeV. At the scale oMy this would lead to a reduction of the error (Mg )
from me(Mu) = (6094 8|, £9|,) MeV to £3 MeV. This, in turn, would lead to a reduction of
the relative error 0Bl (H — cC)/I'(H — cC) from 55 x 1072 to 1x 1072, In absolute terms the
errors ofH — ccandH — bb are then compatible.

Finally, let us briefly mention another prominent decay motithe Higgs boson, its decay
into two gluons, which is available in orde® and given by [27]

r(H — gg) = KrBorn(H — gg) (6-5)
with
MZ. MZ o MZ | 3
K=1+179167s+ (15681 — 5.71InW) as+ (467.68— 12244'”W +10.94In W) as.
H H
(6.6)

For the specific choichl, = 175 GeV,My = 125 GeV andis = aés)(Mt)/n: 0.0363 one finds a
correction factor

K =1+17.9167as+ 152542 + 3815a3 = 1+ 0.65038+ 0.20095+ 0.01825= 1.86957 (6.7)

Considering the claim that the experimental precision attaré electron-positron collider might
reach 1.4%, experimental and theoretical uncertaintiaddvmatch nicely.

Although the decay of the Higgs boson into photons consstonly a small fraction of events,
this is partly compensated by the fact that these eventsaatieydarly clean and thus can be dug
out from a huge background. The one- and two-loop correstiam be written in the fornj [p8]

o . a

M3 a
FH—=vyy) = ﬁT(ALo + I_T(ZALO AnLo—EW) + ES(ZALO AnLO-QCD) (6.8)

ag2 5
+ - (2ALo R&(AnnLo) +ARLo)),  (6.9)

where the two-loop electroweak correction was taken frpdj.[2For the actual valueMy =
126 GeV,m(My) = 166 GeV andxg(My ) /T = 0.0358 one finds

M(H— yy) =(9.398x10 ®—~1.48x 10 '4+1.68x 10 ' +7.93x 10 %) GeV=9.425x 10 ® GeV,
(6.10)
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where the four terms describe Born approximation, eleaedcorrection, QCD correction and
orderas and ordera? respectively. Upon closer inspection one finds that thigliptien is good to
about one permille, which should be sufficient in the forabée future.
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