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1st benchmark topic: gand jet physics



e+e- collisions provide an ideal environment to study QCD with high
precision:

Hadronic events are mainly 2-jet, with no underlying event or pileup
background.

Trackers can be very precise, with material budget 10% of that at LHC.

Calorimetry will be a factor ~2 more precise than LHC.

But, to make the best use of this environment, we ought to be clear on
what are the goals of e+e- experimentation in QCD.

The goal of these experiments is not to improve the uncertainty in os.
There is a different goal that | will explain.



Where will we obtain the fundamental constants o, and « in
the 2040’s ?

We ought to learn the lesson of the muon g-2 that Lattice QCD has
caught up with direct experimental determinations and will pass
them as computer power increases. The Lattice QCD determinations
are based on extremely precise masses of stable hadrons. The
uncertainties come from statistical errors in the first-principles
calculation of nonperturbative effects. Additional orders of QCD
perturbation theory for current-current and other 2-point functions
are also needed. (Current estimates are based on N*L0O.) These
are also limited by computer power.

In arXiv:1404.0319, it is estimated that an increase of 100 in FLOPs
gives a factor 8 improvement in the uncertainty in «; , to a relative
uncertainty of 8 x 10~*, almost reaching v’ N improvement. From
1997 to 2017, the speed of the fastest supercomputers increased by
a factor of 1 million.

In the future, a5 will come from our increasingly precise
understanding of low-energy hadron physics. This is important to
realize, since oy is a crucial input to any experimental program at
high energies.
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Summary in PDG QCD 2023:
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Collaboration Ref. N 7 I & qQ ¢ am( Mz) Remark Tab.
ALPHA 17 [105] 241 A & K H 0.11852( 84) stap scaling 57
PACS-CS 09A [106] 241 A & & O 0.11800(300) step scaling 57
pre-range (average) 0.11848( 81)

AIPHA 22 (32] 241 A K& K& x 0.11823(84) decoupling Ny = 3 to Ny = 0 & step scaling 58
pro-rango (average) 0.11823(84)

Ayala 20 [137] 241 A O % O 0.11836(88) Q-Q potential 59
TUMQCD 19 [138] 241 AQO O 0.11671('*’“0) Q-Q potential (and free energy) 59
Takaura 18 [139, 140] 241 A B O O 0.11790(70)(*130)  Q-Q potential 59
Bazavov 14 [141] 241 A O % O 0.11660(100) Q-Q potential 59
Bazavov 12 [142] 241 A O O O o.a1360(F3259) Q-Q potential 59
pre-range with estimated pert. error 0.11782(165)

Cali 20 (48] 241 A O 4 * 0.11863(114) vacuum pol. (position space) 60
Hudspith 18 (77 241 P O » W 0.11810(270)( ’;gg vacuum polarization 60
JLQCD 10 (76] 241 A H O W 0.11180(30)(*1%0)  vacuum polarization 60
pre-range with estimated pert. error 0.11863(360)

HPQCD 10 [167] 241 A O & H 0.11840( 60) Wilson loops 61
Maltman 08 [168] 241 A O O % 0.11920(110) Wilson loops 61
pre-range with estimated pert. error 0.11871(128)

Petreczky 20 (31] 241 A O O * 0.11773(119) heavy current two points 62
Boito 20 [197, 203 2+1 AR B O 0.1177(20) use published lattice data 62
Petreczky 19 194 2+1 AR B & 0.1159(12) heavy current two points 62
JLQCD 16 187 241 A R O O 0.11770(260) heavy current two points 62
Maezawa 16 193 241 AR B O 0.11622( 84) heavy current two points 62
HPQCD 14A 186 241+1 A O » O 0.11822( 74) heavy current two points 62
HPQCD 10 167 241 A O » O 0.11830( 70) heavy current two points 62
HPOQCT ORR 184 241 A B EH B on7an(120) heavy enrrent twa points (2
pre-range with estimated pert. error 0.11818(119)

Zafeiropoulos 19 (204 241 AR E B 0.1172(11) gluon-ghost vertex 66 in [205]
ETM 13D [206 241+1 A O O W 0.11960(40)(80)(60) gluon-ghost vertex 66 in [205]
ETM 12C [207] 241+1 A O O W 0.12000(140) gluon-ghost vertex 66 in [205]
ETM 11D [208] 24141 A O O W 0.11980(90)(50)( ") gluon-ghost vertex 66 in [205]
Nakayama 18 [209] 241 A x O W 0.12260(360) Dirac eigenvalues 67 in [205]




The chart on p. 4 omits a number of &s determinations with
claimed small errors by Hoang, Stewart, and collaborators.
These analyses use N°LL QCD formulae for jet observables, with
a SCET-based parametrization of non-perturbative hadronization
effects. These latter effects are significant and are expected to
decrease slowly as Q@

thrust: 0.1136 (12) arXiv:2412.15164
C-parameter: 0.1123 (15) arXiv:1501.04111
heavy jet mass: 0.1145 (20) arXiv:2502.12253

Luisoni, Monni, and Salam and Nason and Zanderrighi have argued
that the nonperturbative hadronization effects are smaller in the
3-jet region than permitted by their parametrization, and that
this biases the results (e.g. arXiv:2012.00622). This is still
controversial.



This brings up a broader and more important question: Where is the
boundary between the perturbative and non-perturbative regions of jet

evolution ? To what extent can the “ideal perturbative jet” be measured
in experiment ?

There is great effort now to build Monte Carlo generators that include full
QCD to the NNLO level. How do we test these ? Recall that jet

modelling is a major source of systematic error for many SM tests at the
LHC. Must it always remain so ?



However much we improve the perturbative part of the parton
shower, we are left with the model of non-perturbative
hadronization. After 40 years, we are still using the Lund string
fragmentation and the HERWIG cluster fragmentation, fitting a
large number of parameters. Each collider has it own “tune”.
This means that the separation between the perturbative and
non-perturbative parts is imperfect.

Given that we now have a good understanding of QCD
perturbation theory, we should try to isolate and model
precisely the perturbative part. This is most straightforward
in the simplest environment, that is, in e+e- collisions.

Higher energies take us deeper into the jet evolution, making
the jets more perturbatively “perfect”.



New e+e- measurements can shed light on these questions.

First of all, it is important to carry out systematic measurements
using the same modern detectors over a wide range in () . These
measurements should replace the archival PETRA, PEP, TRISTAN, and
LEP data covering the current range in Q from 15 to 200 GeV.

Pier Monni will discuss the FCC-ee program with this goal in the next
meeting.

The LCF@CERN will cover a range from 91 GeV to 550 GeV,
eventually to 1 TeV and above.

Statistics are not an issue. The issue is how to parametrize the large
amout of available data. For this, we need more incisive
observables.
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Hoang at the 2015 CERN workshop on as from LHC to FCC-ee :
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How do we obtain more detailed information about jet structure and
discrimination between the perturbative and non-perturbative regimes ?
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New ideas: Chen, Moult, Zhang, and Zhu, arXiv:2004.11381

Energy flow correlators

This is a generalization of the classic idea of energy-energy correlations.
Consider correlators of the operators

@)

E(n) = lim dt r°n"To,(t, rn)

T— 00 0

With 2 operators, this is the standard energy-energy correlator. With
multiple operators, these correlators probe the internal structure of the
jet. A convenient parameter is

rr, = (1 —cosbis)/2

where 012 is the largest opening angle among the n,. Higher-point
functions probe the jet shape in more detail.
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a, measurement from ratio of slope of 3- to 2-pt correlators:

CMS, arXiv:2402.1386
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Track jets

To achieve higher resolution within a jet, use only charged hadrons to
compute the energy correlators, making use of the excellent tracking
capabilities of Higgs factory detectors A(1/p) =2 x 107°/GeV .

The conversion from all hadrons to tracks is parametrized by a “track
function”, to be measured in the experiment. This obeys a QCD
factorization theorem. Only the lowest few moments are needed.

With QCD at NLL, the ratio for tracks to all hadrons is flatter than the
expectation from Pythia. The behavior of these functions divides neatly
into perturbative and non-perturbative regimes.
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Using the simple environment of e+e- collisions, hew and more incisive
observables, and the excellent tracking capabilities of next-generation
detectors, e+e- Higgs factories will give a much more detailed picture of

jet struction and evolution.

This will greatly aid in the fundamental issue of the separation between
the perturbative and non-perturbative regimes of jet structure.

This information will feed back into the practical use of jets both in the
LHC archival data and in studies at future ep and pp colliders.
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2nd benchmark topic: QCD in the measurement of the top quark mass
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The LCF@CERN proposal includes running at high e+e- CM energies as an
essential component. The top quark threshold study is only a small part of
this program.

Some sample running scenarios: (arxiv/2503.19983)
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There is a great advantage is measuring the top quark mass from the
threshold position in e+e- rather than from the top-antitop continuum.

Ultimately, we would like to know the short-distance value of the top
quark mass, since this is connected to weak interaction observables, grand
unification, and other fundamental questions that the top quark affects.
This short-distance value is most commonly expressed as the MSbar value.

The conversion from measurable top quark mass definitions to the MSbar
value is known to N*LO (Marquard et al, arXiv:1502.01030). The value
of the O(a?)coefficient in the conversion is

On-Shell 195 MeV
1S 8 MeV
RS 20 MeV

The definitions from the threshold in e+e- are closer to the short-distance
ideal.
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Our current knowledge of the threshold shape in e+e- relies on a
landmark Effective Field Theory calculation to N°LO

Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser, arXiv:1506.06864
Beneke, Maier, Piclum, Rauh, arXiv:1506.06865

The scale variation of this result is significant, leading to uncertainties
in the extracted values of the top quark mass and Yukawa coupling:

Amt = +50 MeV Ayt — ::20%
The Beneke et al. calculation is very sophisticated even by QCD

standards, but until it is superseded, these theory errors will dominate
over experimental statistical errors.

We estimate the statistical errors as

Amt = +20 MeV Ayt — +4%

for 200 fb-1 of data near the threshold.
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Another important QCD observable is the value of the ete™ — tf cross
section above threshold. At tree level, this depends on the couplings of
the top quark to y and Z. In models of composite Higgs bosons, these
couplings measure the related “partial compositeness” of the top quark,
so we would like to measure these couplings to sub-% precision.

In QCD, this cross section is already known to N°LO . At 500 GeV, the
scale uncertainty is 0.06%, but this grows at energies closer to threshold
(Chen, Guan, He, Liu, Ma, arXiv:2209.14259). A more serious problem is
that the CM energy 368 GeV is in the transition region between the
threshold region and the high-energy region. These regions are described
by two different perturbative treatments, so a suitable interpolation must
be made.

350 400 450 500 550 600 650 700

all orders - relative errors

oy

1.2}

1S - MSR mass scheme |

1.1}

LL
B Omatched |

NLL
W Tmatched

NNLL
B Omatched

Ratios to LO

70 380 390 400

60 3
Vsiee ) Widl, LCWS2017

340 350 3

s"2[GeV]
Chen et al arXiv:2209.14259 21



The physics of the top quark offers important opportunities to
understand the parameters of the Standard Model with high precision and

to explore for new physics in unique ways. These opportunities exist
both at threshold and at higher energies in e+e-.

However, the top quark also has unique challenges for QCD that need to
be considered in planning the future of these experiments.



