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This talk. . .

▷ motivation & examples physics cases

▷ QCD calculations toolkit - analytic resummation and parton showers

▷ recent developments in parton showers

Disclaimer: this will be a biased selection of topics and results
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Motivation - Physics - precision αs

35 9. Quantum Chromodynamics
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Figure 9.4: Summary of determinations of –s(M2
Z) from the seven sub-fields discussed in the text.

The yellow (light shaded) bands and dotted lines indicate the pre-average values of each sub-field.
The dashed line and blue (dark shaded) band represent the final world average value of –s(M2

Z).
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from [PDG ’19]

▷ measurements based on . . .
. . . jet rates and shapes (j& s)
. . . jet rates (3j)
. . . resummed Thrust (T)
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Figure 11. Predictions obtained with SC , HC and HL MC setups at hadron level.
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from [Verbytskyi et.al. ’19]

▷ measure αs

from 2−, 3−
jet rates

▷
N3LO+NNLL
for 2 jets

▷ correlations
provide
additional
constraint
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Motivation - Physics - fragmentation and
tuning

▷ tuning of hadronisation corrections in MC

▷ currently against LEP data
(+ UE/MPI tunes w/ Tevatron/LHC data)

▷ new precise measurements at Z-pole would nat-
urally complement/replace those

▷ possibly feed into next-gen hadron collider (like
LEP and LHC)

▷ Measure fragmentation functions as fundamental
quantity

See also
Frank Krauss’s
talk tomorrow
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Motivation - Physics - substructure and tag-
ging

▷ even if no direct QCD study:

▷ backgrounds might involve QCD
▷ decays might be hadronic

e.g. h → gg , h → bb̄

▷ study QCD objects like top quarks
b-tagging, hadronic W decay channels

▷ work with jet substructure / tagging tech-
niques

▷ a lot to learn from LHC

Re-analysis of LEP data [Chen et.al. ’21]

⇒ possible to validate LHC methods in lepton
collider environment

groomed jet mass measurement
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QCD - structure of calculation

▷ Hard process

▷ QCD radiation

▷ Non-perturbative

▷ hadronisation
▷ hadron decays

LHC event generators
[Buckley et al.] arXiv:1101.2599

[Campbell et al.] arXiv:2203.11110

I Short distance interactions
I Signal process
I Radiative corrections

I Long-distance interactions
I Hadronization
I Particle decays

Divide and Conquer
I Quantity of interest: Total interaction rate
I Convolution of short & long distance physics

�p1p2!X =
X

i,j2{q,g}

Z
dx1dx2 fp1,i(x1, µ2

F )fp2,j(x2, µ2
F )

| {z }
long distance

�̂ij!X(x1x2, µ2
F )

| {z }
short distance

3

Factorisation:
dσ
dv ∼ d

dv σhard ⊗ e−R ⊗ P(PL → HL)
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Analytic Resummation

Fixed order calculation

▷ up to NLO fully automated
(e.g. CS subtraction)
NNLO in specialised codes

▷ progress towards NNLO automa-
tion

Resummation

▷ ”direct” e.g. CAESAR (NLL), ARES

(NNLL)

▷ SCET, typically highest accuracy

Matching

▷ Σmatch = Σfo ⊕ Σres ⊖ Σres|fo
▷ several schemes, ”additive”, ”mul-

tiplicative”, ”logarithmic” may
achieve different accuracy

Hadronisation

▷ Shape functions

▷ MC based hadronisation
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Resummation - Example
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Figure 8. NLO + NLL0 predictions for groomed transverse thrust for � 2 {0, 1, 2} (columns) and zcut 2
{0.1, 0.2, 0.3} (rows) for the pT,min = 200 GeV event selection in comparison to the NLO result and the pure
NLL resummation.

particular for zcut > 0.1 results are found to agree within the NLO uncertainty estimate, however for
zcut = 0.1 it can be read off from the ratios that the logarithms do still result in significant deviations
for ln(⌧SD

? ) < �7. This agreement between NLO + NLL0 and NLO, however, does not hold in general
and for � > 0, below ln(⌧SD

? ) < �6, the fixed-order results deviate very strongly from the resummed
predictions. This applies in particular for zcut > 0.1, while in the zcut = 0.1 case the deviation is
somewhat smaller and the uncertainties tend to be larger, rendering this statement more ambiguous.

Independent of the considered set of grooming parameters, the NLO + NLL0 results offer a signif-
icant reduction of scale-variation uncertainties, when comparing to NLO and pure NLL, respectively.
For the fixed order and the NLL these become rather sizeable away from their natural habitat, i.e. in
the soft region for the NLO and towards the hard region for the NLL. For the matched predictions
scale variations amount to roughly 10% changes in the peak region and for � > 0 somewhat increase

– 24 –
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Parton Showers

Hard process

▷ up to NLO fully automated
(e.g. CS subtraction)
NNLO in specialised codes

▷ first approaches for N3LO

Resummation

▷ Parton showers

▷ angular ordered
▷ dipole / antenna

▷ NLL (?!) accurate

▷ progress towards NNLL

Matching

▷ Σmatch = Σfo⊕Σshower⊖Σshower|fo
▷ Powheg, MC@NLO, KrkNLO

Merging

▷ include higher multiplicities

Hadronisation

▷ Lund String Model

▷ Cluster Model
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Parton Showers - LHC work horses

▷ Herwig 7

▷ angular ordered and dipole parton shower
▷ internal matching

▷ Pythia 8

▷ pT ordered shower, DIRE and VINCIA showers
▷ matching via externally, e.g. via MadGraph/Powheg

▷ Sherpa

▷ CSShower, DIRE, Alaric
▷ internal MC@NLO style matching

▷ See also [Buckley et. al. ’19]

▷ General purpose tools, should be ready for lepton collider physics

Oct 5, 2022 D Reichelt (IPPP) ECFA 2022 9 / 12
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Parton Showers - current accuracy

▷ naive expectation: αs in CMW scheme ⇒ NLL ac-
curacy
(at leading color / neglecting spin correlations)

▷ correct for global observables in angular ordered
shower

▷ most recoil schemes in dipole showers violate this
[Dasgupta, Dreyer, Hamilton, Monni, Salam ’18]

▷ developments in the major shower programs to ad-
dress this:

[Bewick, Ferrario-Ravasio, Richardson, Seymour ’19]

[Dasgupta, Dreyer, Hamilton, Monni, Salam ’20]

[Forshaw, Holguin, Plätzer ’20]

[Herren, Höche, Krauss, DR, Schönherr ’22]

▷ + residual effects at physical working point
[Höche, DR, Siegert ’17]

4

FIG. 2. Left: ratio of the cumulative y23 distribution from several showers divided by the NLL answer, as a function of
↵s ln y23/2, for ↵s ! 0. Right: summary of deviations from NLL for many shower/observable combinations (either ⌃shower(↵s !
0, ↵sL = �0.5)/⌃NLL � 1 or (N subjet

shower(↵s ! 0, ↵sL
2 = 5)/N subjet

NLL � 1)/
p
↵s). Red squares indicate clear NLL failure; amber

triangles indicate NLL fixed-order failure that is masked at all orders; green circles indicate that all NLL tests passed.

Fig. 1.

The left-hand plot of Fig. 1 shows the Pythia8 dipole
algorithm (not designed as NLL accurate), while the
middle plot shows our PanGlobal shower with � = 0.
The dipole result is clearly not independent of � 12

for ↵s ! 0, with over 60% discrepancies, extending the
fixed-order conclusions of Ref. [37]. The discrepancy is
only ' 30% for gg events (not shown in Fig. 1), and
the di↵erence would, e.g., skew machine learning [67] for
quark/gluon discrimination. PanGlobal is independent
of � 12. The right-hand plot shows the ↵s ! 0 limit
for multiple showers. The overall pattern is as expected:
PanLocal works for � = 0.5, but not � = 0, demon-
strating that with kt ordering it is not su�cient just to
change the dipole partition to get NLL accuracy. Pan-
Global works for � = 0 and � = 0.5. (Showers that
coincide for ↵s ! 0, e.g. Dire v1 and Pythia8, typically
di↵er at finite ↵s, reflecting NNLL di↵erences.)

Next, we consider a range of more standard observ-
ables at NLL accuracy. They include the Cambridgep

y23 resolution scale [68]; two jet broadenings, BT and
BW [69]; fractional moments, FC1��obs

, of the energy-
energy correlations [47]; the thrust [70, 71], and the max-
imum ui = kti/Qe��obs|⌘i| among primary Lund declus-
terings i. Each of these is sensitive to soft-collinear ra-
diation as kt/Qe��obs|⌘|, with the �obs values shown in
Fig. 2 (right). Additionally, the scalar sum of the trans-
verse momenta in a rapidity slice [72], of full-width 2, is
useful to test non-global logarithms (NGLs). These ob-
servables all have the property that their distribution at
NLL can be written as [47, 53, 72–74]

⌃(↵s, ↵sL) = exp
⇥
↵�1

s g1(↵sL) + g2(↵sL) + O
�
↵n

s Ln�1
�⇤

,
(6)

where ⌃ is the fraction of events where the observable
is smaller than eL (g1 = 0 for the rapidity slice kt).
We also consider the kt-algorithm [75] subjet multiplic-

ity [76], [51]§ 5.

Fig. 2 (left) illustrates our all-order tests of the shower
for one observable,

p
y23. It shows the ratio of the ⌃

as calculated with the shower to the NLL result, as a
function of ↵s ln

p
y23 in the limit of ↵s ! 0. The stan-

dard dipole algorithms disagree with the NLL result, by
up to 20%. This is non-negligible, though smaller than
the disagreement in Fig. 1, because of the azimuthally
averaged nature of the

p
y23 observable. In contrast the

PanGlobal and PanLocal(� = 0.5) showers agree with
the NLL result to within statistical uncertainties.

Fig. 2 (right) shows an overall summary of our
tests. The position of each point shows the result of

⌃shower(↵s ! 0, ↵sL = �0.5)/⌃NLL�1 or (N subjet
shower(↵s !

0, ↵sL
2 = 5)/N subjet

NLL � 1)/
p
↵s. If it di↵ers from 0, the

point is shown as a red square. In some cases (amber tri-
angles) it agrees with 0, though an additional fixed-order
analysis in a fixed-coupling toy shower [37] [51]§ 2 re-
veals issues a↵ecting NLL accuracy, all involving hitherto
undiscovered spurious super-leading logarithmic terms.1

Green circles in Fig. 2 (right) indicate that the
shower/observable combination passes all of our NLL
tests, both at all orders and in fixed-order expansions.
The four shower algorithms designed to be NLL accurate
pass all the tests. These are the PanLocal shower (dipole
and antenna variants) with � = 1

2 and the PanGlobal

shower with � = 0 and � = 1
2 .

1 Such terms, (↵sL)n(↵sL2)p in ln⌃, starting typically for n = 3
(sometimes 2), p � 1, appear for traditional kt ordered dipole
showers for global (�obs > 0) and non-global observables [51]§ 3.
Terms of this kind can generically exist [77–79], but not at
leading-colour or for pure final-state processes with rIRC [47]
safe observables. In many cases, the spurious super-leading log-
arithms appear to resum to mask any disagreement with NLL.
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FIG. 5: Alaric and Dire predictions in comparison to LEP data from [89].
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FIG. 6: Alaric and Dire predictions in comparison to LEP data from [90].
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Parton Showers - towards NNLL

▷ include NLO splitting kernels / understand structure
and relation to NNLL resummation

▷ efforts in several collaborations to. . .
. . . implement triple collinear splitting functions

[Höche, Prestel ’17] [Höche, Krauss, Prestel ’16] [Gellersen, Höche, Prestel ’21]

. . . study structure and relation to analytic results
[Dasgupta, El-Menoufi ’21] [Braun-White, Glover ’22]

. . . rethink existing structures
[Löschner, Plätzer, Simpson Dore ’21]
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FIG. 1: Durham kT -jet rates in e+e� ! hadrons at LEP. Left: Validation of the simulation of soft-subtracted triple-collinear
parton splittings. Right: Impact of the soft-subtracted triple-collinear simulation. The top panel shows the ratio between
the leading-order result and the leading-order simulation including soft-subtracted triple-collinear branchings. The middle and
bottom panels show a comparison between the simulation of up to one soft-subtracted triple-collinear splitting and arbitrarily
many (both not including the leading-order result).

VII. NUMERICAL RESULTS

In this section we present the first application of our algorithm to the process e+e� ! hadrons at LEP energies.
We implement a computation of the soft-subtracted q ! qq0q̄0 and q ! qqq̄ triple collinear splitting functions into
the Dire parton showers, which provide two entirely independent codes within the event generation frameworks
Pythia [60, 61] and Sherpa [62, 63]. We employ the CT10nlo PDF set [64], and use the corresponding form of the
strong coupling. Following standard practice, we implement the CMW scheme through a rescaling of the soft gluon
coupling by 1 + ↵s(t)/(2⇡)K, where K = (67/18 � ⇡2/6) CA � 10/9 TR nf [6]. The implementation of this term in
fully di↵erential form has been discussed in [28].

The left side in Fig. 1 shows a comparison between the Dire+Sherpa and Dire+Pythia predictions for the soft-
subtracted triple-collinear q ! qq0q̄0 splittings, when considering only a single branching. The lower panel shows the
deviation of the two results, normalized bin-wise to the statistical uncertainty. We find perfect agreement, suggesting
that no technical problems are present. A single 1 ! 3 branching populates both the 2 ! 3 jet rate, y23, and the
3 ! 4 jet rate, y34. The 3 ! 4 jet rate is entirely given by the R�S contribution in Eq. (24), while the 2 ! 3 jet rate
also receives contributions from the I�I term. The contributions from the soft-subtracted triple-collinear branchings
are negative, as anticipated based on Eq. (23), and they are of similar size for both rates. To be consistent with the
renormalization group evolution of the strong coupling, we only produce b-quarks if the shower evolution variable is
above the quark mass, t > m2

b . The corresponding threshold e↵ects can be seen close to log10(4.752/91.22) = �2.6.
A similar e↵ect for the charm quark is not visible, since the threshold at log10(1.32/91.22) = �3.7 is too close to the
parton-shower cuto↵ placed at 1 GeV.

The right side of Fig. 1 shows the phenomenological impact of the soft-subtracted triple-collinear branchings. The
upper panel displays the ratio between the pure leading-order parton evolution and the LO + 1 ! 3 evolution,
indicating a di↵erence of up to 4% in the 2 ! 3 jet rate. Compared to the triple-collinear q ! q0 and q ! q̄
corrections presented in [27], we find larger e↵ects, since we not only consider the contribution to the identified final

from [Gellersen, Höche, Prestel ’21]
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Summary

▷ QCD aspects relevant at lepton colliders

▷ analysis techniques: learn from LHC

▷ standard: NLO+NLL
+ critical evaluation of PS logarithms

▷ steps towards NNLL accurate showers

▷ some things not covered:

▷ progress in fixed order calculations, automation of NNLO subtraction and PS
matching to NNLO, N3LO
⇒ NNLO+NNLL probable standard on time scale of future colliders

▷ significant amount of work on colour accuracy and spin correlations in parton showers
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