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It has now been two weeks since the first talk in the Precision QCD meeting. The
other talks will happen today. So I think it would be good if I review for you in
writing the main points of my talk on May 14. This reflects also discussions that I
have since that meeting reviewing the material I presented.

• The main advance that future e+e− colliders will bring to the table is an im-
proved understanding of simple 2-jet final states. e+e− collisions provide an
excellent setting to gather data on this simplest QCD process, since these colli-
sions have no hadronic initial state, no underlying event, and no pileup. Also,
the low radiation environment allows dramatic improvements in both calorime-
try and tracking over what is realistic at a hadron collider. The important
features for experiment are as large a range as possible in center-of=mass en-
ergy and as precise as possible charged particle tracking.

• Statistics have never been an issue in this study. The main difficulty with
past analyses of e+e− event shapes has been the reliance on models of non-
perturbative hadronization that are based only on general physical pictures,
supplemented by a very large number of parameters. The dominant among these
are the PYTHIA string fragmentation and the HERWIG cluster fragmentation
models. It is not know how to improve the physics in these schemes. We
hope that more precise data – and a cleaner separation of the perturbative
and non-perturbative components of a parton shower, can lead to insight and
fundamentally new models on the non-perturbative component.

• New tools are available that make use of the advantages of e+e− studies with
advanced detectors, in particular, higher-point energy correlators [1] and track
jets [2]. It is a hope that, at high energies above 250 GeV, the use of track-
based measurements with much higher spatial precision than calorimetric mea-
surements can provide a detailed picture of jet substructure that is at the same
time cleanly restricted to the perturbative region. However, these tools are new,
and this analysis has not been completed yet.
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• In the current situation of perturbative QCD, it is not possible to foresee im-
provements in value of αs from analysis of e+e− event shapes. The current PDG
compilation of αs values is found at [3]. At present, the most sophisticated anal-
yses of this type [4,5] (see also [6]), which also claim the highest precision, are
actually excluded from the PDF average of αs values, because they are argued
to contain large unaccounted systematic errors whose source is not understood.
The values of αs from e+e− event shapes that are included treat hadronization
more naively, by using PYTHIA and HERWIG to model it and the assigning
a large systematic errors due to the modelling uncertainty. This is clearly an
unsatisfactory situation. Until the perturbative/non-perturbative separation is
better understood, it is very difficult to project future developments. We need
a true breakthrough, as described above.

• Today, the gold-standard value of αs comes from Lattice QCD. The estimates
from Lattice QCD are based on well-measured values of stable hadron masses
combined with a numerical solution of low-energy QCD. The Flavor Lattice
Averaging Group (FLAG) reports αs determinations by 5 different methods
from a variety of Lattice QCD collaborations, all consistent within errors, with
a combined relative precision of 5.7 × 10−3 [7]. This will probably continue to
be the leading αs value in the future, since computer power rises dramatically
with time, while detectors improve more slowly and our understanding of non-
perturbative QCD – which provides the dominant errors in determinations from
data – has improved hardly at all.

I argued in my talk that an improvement in the uncertainty in αs by a factor
of 10 is foreseeable. In [8], we gave a prescription for improving αs by a factor
of 8 from the value at that time, to a relative precision of 8 × 10−4, using
a factor of 100 improvement in computer power. My understanding from an
exchange with Rainer Sommer of the ALPHA collaboration is that he finds that
strategy reasonable in principle, even though he disagrees with some details of
the method that we proposed. At this time, he would not put forward a final
goal or a timetable. From my point of view, further improvements are possible
with the expected increase in computer power of at least a factor of 1,000 over
the next 20 years. I hope that you will recommend support for the Lattice QCD
community to make these improvements, which will provide the firm foundation
for future advances in precision QCD.

Significant improvement of αs by any other technique will require a break-
through in our understand of hadronization. This statement includes the de-
termination of αs from the τ lifetime, which, because of the low mass of the τ ,
requires substantial non-perturbative input. Lattice QCD input will likely be
essential also for the determination from this source.
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• There is one exception to this statement, which is the determination of αs

from the Z line shape and Rℓ in the FCC-ee Tera-Z program. The projected
uncertainty is again a relative uncertainty of 8× 10−4 [9]. This is based on the
QCD correction to the total rate of hadron production in e+e− annihilation,
which has a very stable QCD perturbation theory and small non-perturbative
corrections. However, it is important to be careful about what this αs will be
used for. In the Tera-Z program, ΓZ and Rℓ are among the most sensitive inputs
to the search for new physics by measuring radiative corrections due to higher-
mass particles. To use these quantities for tests of the Standard Model, a value
of αs must be supplied from outside the Tera-Z program, and its uncertainty
will be part of the theoretical systematic error.

I hope that these points will be taken into account as you discuss the future of
precision QCD measurements.
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