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Monte Carlo event generators — why are they so important?

2

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

Herwig 

Sherpa 

➤ Shower Monte Carlo Event generator are the default theoretical tool to interpret 
collider data
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ARE CURRENT SMC GOOD ENOUGH (FOR HIGGS PHYSICS)?

➤ Shower Monte Carlo Event generator are the default theoretical tool to interpret 
collider data
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A snapshot of theory uncertainties
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➤ Example: theory uncertainties in typical Vector Boson Fusion measurements

M. Pellen, HXWG meeting, 2023

P
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A snapshot of theory uncertainties
➤ Example: theory uncertainties in typical Vector Boson Fusion measurements

M. Pellen, HXWG meeting, 2023
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We need to include an 
accurate Higgs+2 hard jets 

description in our SMC

Primary theory uncertainties affecting 
experimental mesurements are: 
➤Scale uncertainty in the ggH background 
➤Modelling of soft radiation inside the jets

4



Higgs 2024Silvia Ferrario Ravasio

A snapshot of theory uncertainties
➤ Example: theory uncertainties in typical Vector Boson Fusion measurements

M. Pellen, HXWG meeting, 2023
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PH

Primary theory uncertainties affecting 
experimental mesurements are: 
➤Scale uncertainty in the ggH background 
➤Modelling of soft radiation inside the jets

We need to include an 
accurate Higgs+2 hard jets 

description in our SMC

Better 
constraint the 
accuracy of PS

4
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Improving the fixed order accuracy of SMC
➤ For more then 2 decades the standard way to improve showers was to combine them with fixed-order 

calculations via a matching procedure that removes the double counting and preserves the fixed-order 
accuracy of the result

Powheg Box
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Improving the fixed order accuracy of SMC
➤ For more then 2 decades the standard way to improve showers was to combine them with fixed-order 

calculations via a matching procedure that removes the double counting and preserves the fixed-order 
accuracy of the result

Powheg Box

➤ What is the fixed-order accuracy we can reach for these processes?
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Higgs with jets
➤ For processes where the Higgs appears with hard jets, state of the art is NLO+PS

mt → ∞

       t
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Fixed-order accuracy for VBF
➤ For processes where the Higgs appears with hard jets, state of the art is NLO+PS

Can have 2 and 3 
jets at NLO via 
multi-jet merging 

[Chen, Figy, Platzer, 
2109.0373]



Higgs 2024Silvia Ferrario Ravasio 7

Fixed-order accuracy for VBF
➤ For processes where the Higgs appears with hard jets, state of the art is NLO+PS

Can have 2 and 3 
jets at NLO via 
multi-jet merging 

[Chen, Figy, Platzer, 
2109.0373]

Interference effects with HV 
available in Powheg, Mg5, 
Sherpa, Herwig

EW corrections in Powheg 
(yet to be combined with QCD) 

[Jager, Scheller, 2208.00013]
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Higgs with jets

mt → ∞

       t

Can have 0,1,2 at NLO via multi-
jet merging, in Sherpa [Hoche, 
Krauss, Schonherr, 1401.7971] and 
Herwig [Bellm, Gieseke, Platzer 
1705.06700]

➤ For processes where the Higgs appears with hard jets, state of the art is NLO+PS
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Higgs with jets

mt → ∞

       t

Can have 0,1,2 at NLO via multi-
jet merging, in Sherpa [Hoche, 
Krauss, Schonherr, 1401.7971] and 
Herwig [Bellm, Gieseke, Platzer 
1705.06700]

 effects are important 
but not known for the 2-
loop amplitudes: can be 
capured LO reweighing 
[Chen, Huss, Jones, 
Kerner, Lang, Lindert, 
Zhang; 2110.06953]

mt

➤ For processes where the Higgs appears with hard jets, state of the art is NLO+PS

WARN: Fixed order

2105.11399

ggF+0,1,2 
jets at NLO, 

 mt → ∞
Including 
approx  
effects

mt
Sherpa
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Higgs (without jets)
➤ Higgs production (plus bosons) and  decay is known at NNLO+PSH → bb̄

       t
mt → ∞

MiNNLO (Powheg Box)

➤ NNLO event generators 
used in experiments:

➤ Other NNLO+PS methods exist: UNNLOPS [Hoeche,Li,Prestel, 1405.3607], NNLOPS with sector 
showers [Cambell, Hoche, Li, Preuss, Skands, 2108.07133]
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NNLO+PS with MiNNLO and Geneva

mt → ∞

       t MiNNLO [Monni, Nason et al., 
1908.06987]

Geneva [Alioli, Billis et al., 
2301.11875 ]

The idea behind both methods 
is to use ingredients from 
analytic resummation at  
N LL for an observable such 
as 0-jettines or  to cast the 
FO calculation in a “parton-
shower” like way before the 
matching

3

pH
T

Both methods have recently 
been “refined” for ggF
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NNLO+PS with MiNNLO and Geneva

mt → ∞

       t

H

H

G
eneva [A

lioli et al., 2212.10489]

M
iN

N
LO

 [Zanoli et al., 2112.04168]
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Loop-induced processes with an Higgs
➤ Loop-induced processes (where  cannot be used) obtained from gluon fusion are formally 

NNLO, but due to their size are being computed at NLO+PS
mt → ∞

gg  in the Powheg Box 
[Alioli, SFR. et al., 2102.07783]  

→ 4ℓ

Combined with “standard” 
MINNLO for  

[Buonocore et al, 
2108.05337]

qq̄ → ZZ → 4ℓ
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Is matching all we need?

P
PH

VBF: suppression of 
radiation at large angles 

Huge uncertainty due to 
crazy shower!

[Hoche, Mrenna, 
Payne, Preuss, Skands, 
2106.10987]

➤ If you have a bad parton shower (e.g. default Pythia8 shower), will matching save you?  NO!

13
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What shall we aim for in a shower?

1 TeV

10 GeV

energy
scale

1 GeV

100 GeV

hadronisation

shower

hard process

parton

PanScales 
project

PanScales 
project[ ]

π Κ π ρ p . . . . . Κ π π Κ π π

timeZ'

=1 GeVΛ

10 GeV

100 GeV

=1 TeVQ

ΣPS = exp (LgLL(αsL) + gNLL(αsL) + αsgNNLL(αsL) + …)

Parton shower: logarithmically-enhanced terms at 

all-orders in ; correct when αs L = ln
Q
Λ

≫ 1

NLL  correction 
and not entirely under 
control in standard GPMC :’(

≈ 20 − 40 %
NNLL necessary 
for %-level 
pheno!

14
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NLL showers
➤ Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta, 

Dreyer, Hamilton, Monni, Salam, Soyez ’20])
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NLL showers

➤ This enabled the PanScales to devise the first showers with general NLL accuracy for

colour singletpp →

Dasgupta, Dreyer, Hamilton, 
Monni, Salam, Soyez, 
2002.11114

van Beekveld, SFR, Soto-Ontoso, 
Salam, Soyez, Verheyen, 2205.02237, + 
Hamilton 2207.09467 

van Beekveld, SFR, 
 2305.08645 

e+e− → j1j2 DIS & VBF

…with subleading colour (2011.10054) and spin correlations (2103.16526, 2111.01161)

➤ Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta, 
Dreyer, Hamilton, Monni, Salam, Soyez ’20])

15
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NLL showers
➤ Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta, 

Dreyer, Hamilton, Monni, Salam, Soyez ’20])

➤ PanScales devised the first showers with general NLL accuracy for processes with two coloured 
partons, including  (2002.11114), ggF (2205.02237, 2207.09467) and VBF (2305.08645), 
with subleading colour (2011.10054) and spin correlations (2103.16526, 2111.01161)

H → gg

➤ Alaric (Sherpa) NLL shower for  [Hoche, 
Krauss, Reichelt, 2404.14360], with mass effects [Assi, 
Hoche, 2307.00728], recently extended to generic process 
in hadron-hadron collisions [Hoche, Krauss, Reichelt, 
2404.14360]

e+e− → j1j2
Jet multiplicity in DY
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NLL showers
➤ Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta, 

Dreyer, Hamilton, Monni, Salam, Soyez ’20])

➤ PanScales devised the first showers with general NLL accuracy for processes with two coloured 
partons, including  (2002.11114), ggF (2205.02237, 2207.09467) and VBF (2305.08645), 
with subleading colour (2011.10054) and spin correlations (2103.16526, 2111.01161)

H → gg

➤ Alaric (Sherpa) NLL shower for  (2404.14360), with mass effects 
(2307.00728), recently extended to generic process in hadron-hadron collisions 
(2404.14360), supports LO multi-jet merging. 

e+e− → j1j2

➤ Apollo (Pythia) NLL shower for  [2403.19452, Preuss]  

➤ FHP (soon in Herwig) NLL shower for  [Forshaw, Holguin, Platzer, 
2003.06400] 

➤ Deductor NLL accuracy shown at least for  [Nagy, Soper 2011.04777]

e+e− → j1j2
e+e− → j1j2

e+e− → j1j2
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Matching with NLL showers
Status of matching with NLL showers: 

➤PanScales [Hamilton et al, 2301.09645] and Apollo [Preuss, 2403.19452]  have NLO matching 
for colour-singlet decay into 2 jets 

➤Alaric [Hoche et al, 2404.14360] has LO multi-jet merging for  and  w/wo colour 
singlet

e+e− pp → jets

https://arxiv.org/abs/2301.09645
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Matching with NLL showers

What is so difficult about getting NLO for generic process?

Find a nice NLO subtraction with kinematic mappings and 
counterterms compatible with the emission kernels of the shower! 

Can we simply use an existing external generator not taylored to the 
shower, such as the Powheg Box (and MiNNLO) and Geneva?

Status of matching with NLL showers: 

➤PanScales [Hamilton et al, 2301.09645] and Apollo [Preuss, 2403.19452]  have NLO matching 
for colour-singlet decay into 2 jets 

➤Alaric [Hoche et al, 2404.14360] has LO multi-jet merging for  and  w/wo colour 
singlet

e+e− pp → jets

18

https://arxiv.org/abs/2301.09645
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Matching and Logarithmic Accuracy

Figure 9: Thrust (left), Cambridge ln y23 (middle) and SoftDrop ln kt/Q (right) distri-

butions, unmatched (red) and matched (blue). They are obtained with a LL shower (our

PanScales implementation of the Pythia 8 shower (PSPythia 8, top row)) and two NLL

showers: PanGlobal with �ps = 0 (middle row) and PanLocal �ps =
1
2 (bottom row). The

last row also shows the impact of HEG-style matching without the veto discussed in sec-

tion 3.3. Dotted lines show xhard variation, while dashed lines show xr variations.

The top row of Fig. 9 shows results for our implementation of the Pythia 8 shower.

Recall that since this shower is LL rather than NLL we do not include the scale compen-

sation terms of Eq. (5.1) when varying the renormalisation scale (neither in the shower

– 25 –

NLL parton shower

correctly matched

[H
am

ilton, Karlberg, Salam
, Scyboz, Verheyen, 2301.09645]

Z → qq̄

NLL Shower, unmatched          
NLL Shower with taylored POWHEG map
NLL Shower with standard POWHEG map

wrongly-matched

➤Take a NLL shower, match it using the 
standard POWHEG BOX mappings, 
then taylor them to match the shower, 
see any difference?

19

https://arxiv.org/abs/2301.09645
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Matching and Logarithmic Accuracy

Figure 9: Thrust (left), Cambridge ln y23 (middle) and SoftDrop ln kt/Q (right) distri-

butions, unmatched (red) and matched (blue). They are obtained with a LL shower (our

PanScales implementation of the Pythia 8 shower (PSPythia 8, top row)) and two NLL

showers: PanGlobal with �ps = 0 (middle row) and PanLocal �ps =
1
2 (bottom row). The

last row also shows the impact of HEG-style matching without the veto discussed in sec-

tion 3.3. Dotted lines show xhard variation, while dashed lines show xr variations.

The top row of Fig. 9 shows results for our implementation of the Pythia 8 shower.

Recall that since this shower is LL rather than NLL we do not include the scale compen-

sation terms of Eq. (5.1) when varying the renormalisation scale (neither in the shower

– 25 –

NLL parton shower

correctly matched

[H
am

ilton, Karlberg, Salam
, Scyboz, Verheyen, 2301.09645]

Z → qq̄

NLL Shower, unmatched          
NLL Shower with taylored POWHEG map
NLL Shower with standard POWHEG map

wrongly-matched

➤Take a NLL shower, match it using the 
standard POWHEG BOX mappings, 
then taylor them to match the shower, 
see any difference?

➤Not tayloring the mappings/ordering 
variable will downgrade the NLL 
accuracy of the shower

19
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Matching and Logarithmic Accuracy

Figure 9: Thrust (left), Cambridge ln y23 (middle) and SoftDrop ln kt/Q (right) distri-

butions, unmatched (red) and matched (blue). They are obtained with a LL shower (our

PanScales implementation of the Pythia 8 shower (PSPythia 8, top row)) and two NLL

showers: PanGlobal with �ps = 0 (middle row) and PanLocal �ps =
1
2 (bottom row). The

last row also shows the impact of HEG-style matching without the veto discussed in sec-

tion 3.3. Dotted lines show xhard variation, while dashed lines show xr variations.

The top row of Fig. 9 shows results for our implementation of the Pythia 8 shower.

Recall that since this shower is LL rather than NLL we do not include the scale compen-

sation terms of Eq. (5.1) when varying the renormalisation scale (neither in the shower

– 25 –

NLL parton shower

correctly matched

[H
am

ilton, Karlberg, Salam
, Scyboz, Verheyen, 2301.09645]

Z → qq̄

NLL Shower, unmatched          
NLL Shower with taylored POWHEG map
NLL Shower with standard POWHEG map

wrongly-matched

➤Take a NLL shower, match it using the 
standard POWHEG BOX mappings, 
then taylor them to match the shower, 
see any difference?

➤Not tayloring the mappings/ordering 
variable will downgrade the NLL 
accuracy of the shower

➤While a correct matching will provide 
some ingredients necessary for NNLL!

ΣNNLL = (1 + αsC ) exp (LgLL(αsL) + gNLL(αsL) + …)

19
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Going Beyond NLL

➤NLO matching ΣNNLL = (1 + αsC ) exp (LgLL(αsL) + gNLL(αsL) + …)

The identification of the relation between critical NNLL analytic resummation ingredients and 
their parton-shower counterparts is the recipe to build a NNLL shower

20
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Going Beyond NLL

➤NLO matching ΣNNLL = (1 + αsC ) exp (LgLL(αsL) + gNLL(αsL) + …)

The identification of the relation between critical NNLL analytic resummation ingredients and 
their parton-shower counterparts is the recipe to build a NNLL shower

➤Soft-radiation pattern at NLO

4

FIG. 3. Determinations of ⌃(ps)
nsl /⌃sl for the transverse en-

ergy in a slice. Left: parton showers without double-soft cor-
rections illustrating NSL di↵erences between them. Middle:
with double-soft corrections but nreal

f = 0 (cf. text for de-
tails), for comparison with the Gnole NSL code. Right: with
full double-soft corrections, showing NSL agreement between
the three PanGlobal showers.

is expected to be zero if the parton shower is NNDL ac-
curate. The original showers, without double-soft correc-
tions (left), clearly di↵er from each other and from zero,
by up to ⇠ 100%. With double-soft corrections turned on
(right), all three PanGlobal variants are consistent with
zero, i.e. with NNDL accuracy, to within ⇠ 1%.

Next we turn to the study of non-global logarithms at
leading colour. These were recently calculated at NSL ac-
curacy [45, 46, 48], ↵n

sL
n�1, and are available in the cor-

responding “Gnole” code [46]. We again consider e
+
e
�

events, and sum the transverse energies (Et) of particles
with |y| < 1, where y is the rapidity with respect to an
axis determined by clustering the event to two jets with
the Cambridge algorithm [74]. The fraction of events
where the sum is below some Et,max is denoted by ⌃ and
for a given shower we define

⌃(ps)
nsl = lim

↵s!0

⌃(ps)
� ⌃sl

↵s

����
fixed ↵sL

, L ⌘ ln
Et,max

Q
. (8)

Fig. 3 (left) shows ⌃(ps)
nsl /⌃sl for our three PanGlobal vari-

ants without double-soft corrections. As expected, they
di↵er.

Fig. 3 (middle) compares our PGsdf
�=0 shower with

double-soft corrections to the NSL Gnole code, show-
ing good agreement, within < 1%. Gnole has nf = 0
in the real contribution and counterterm, but keeps the
full nf = 5 in the running of the coupling and inclusive
Kcmw (“nreal

f = 0”). Among our showers it is relatively

straightforward to make the same choice with PGsdf
�=0, in

particular because �K = 0. Also, Gnole uses the thrust
axis, while we use the jet axis; this is beyond NSL as the
two axes coincide for hard three-parton events.

Fig. 3 (right) shows the results from our three Pan-
Global showers with complete (full-nf ) double-soft cor-
rections included. They agree with each other to within

FIG. 4. Distribution of energy in a slice |y| < 0.5 for the
PanGlobal shower without double-soft corrections (left) and
with them (right). The bands represent renormalisation scale
variation, with NLO scale-compensation enabled only for the
results with double-soft corrections.

1% of the NSL contribution, providing a powerful test of
the consistency of the full combination of the double-soft
matrix element and �K across the variants. That plot
also provides the first NSL calculation of non-global log-
arithms to include the full nf dependence. An extended
selection of results and comparisons is provided in § 3 of
Ref. [60].

We close with a brief examination of the phenomeno-
logical implications of the advances presented here. We
consider e+e� ! Z

⇤
! jets at Q = 2TeV. This choice is

intended to help gauge the size of non-global e↵ects at the
energies being probed today at the LHC. Fig. 4 shows re-
sults for the distribution of energy flow in a rapidity slice,
defined with respect to the 2-jet axis, without double-soft
corrections (left) and with them, i.e. at NSL accuracy
(right). It uses the NODS colour scheme, which while
not full-Nc accurate for non-global logarithms, numeri-
cally coincides with the full-Nc SL results of Refs. [38–
40], to within their percent-level numerical accuracy [73].
With a central scale choice (solid lines), the impact of the
NSL corrections is modest. This is consistent with the
observation from Fig. 3 that the NLL PanGlobal showers
are numerically not so far from NSL accurate. However,
the NSL double-soft corrections do bring a substantial
reduction in the renormalisation scale uncertainty, from
about 10% to just a few percent. Conclusions are similar
for H⇤

! gg.

The results here provide the first demonstration that
it is possible to augment parton-shower accuracy be-
yond NDL/NLL. Specifically, our inclusion of real and
virtual double-soft e↵ects has simultaneously brought
NNDL/NSL accuracy for two phenomenologically impor-
tant classes of observable: multiplicities, and energy flows
as relevant for isolation. It has also enabled the first
leading-colour, full-nf predictions for NSL non-global
logarithms. Overall, our methods and results represent a
significant step towards a broader future goal of general
NNLL accuracy in parton showers.

➡ NNLL accuracy for non-global observables such 
as central jet vetoes (important e.g. for ggF vs 
VBF discrimination); so far applied only to 

 [S.F.R., Hamilton, Karlberg, Salam, 
Scyboz, Soyez 2307.11142] 

➡ NNLL  NLL sizeable reduction of the scale 
uncertainty 

e+e− → j1j2

→

20

https://arxiv.org/abs/2307.11142
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Going Beyond NLL

➤NLO matching

The identification of the relation between critical NNLL analytic resummation ingredients and 
their parton-shower counterparts is the recipe to build a NNLL shower

➤Soft-radiation pattern at NLO 

20

➤Collinear-radiation pattern at NLO

➤Soft-collinear-radiation pattern at NNLO
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Going Beyond NLL

➤NLO matching

The identification of the relation between critical NNLL analytic resummation ingredients and 
their parton-shower counterparts is the recipe to build a NNLL shower

➤Soft-radiation pattern at NLO 

20

➤Collinear-radiation pattern at NLO

➤Soft-collinear-radiation pattern at NNLO

With this, we can build the first shower for , and , with NNLL accuracy for 
global event shapes [van Beekveld, Dasgupta, El-Menoufi, SFR et al, 2406.02661]

e+e− → j1j2 H → gg
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What to do

New showers with 
improved formal and 
practical accuracy: 

NNLL current frontier

To exploit the physics potential of the LHC and future colliders, we need theoretical 
predictions spanning several energy-regimes with percent-level precision

[1902.00134]

1 TeV

10 GeV

energy
scale

1 GeV

100 GeV

hadronisation

shower

hard process

parton

PanScales 
project

PanScales 
project[ ]

π Κ π ρ p . . . . . Κ π π Κ π π

timeZ'

=1 GeVΛ

10 GeV

100 GeV

=1 TeVQ Combine higer-order 
calculations with 
showers: NNLO 
current frontier

SIMULTANEOUSLY??
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NLL showers
➤ Recipe to get NLL showers known, at least in theory ([Catani, Webber, Marchesini ’91; Dasgupta, 

Dreyer, Hamilton, Monni, Salam, Soyez ’20])

➤ This enabled the PanScales to devise the first showers with general NLL accuracy for

…with subleading 
colour 
(2011.10054) and 
spin correlations 
(2103.16526, 
2111.01161)

colour singletpp →

Dasgupta, Dreyer, Hamilton, 
Monni, Salam, Soyez, 
2002.11114

van Beekveld, SFR, Soto-Ontoso, 
Salam, Soyez, Verheyen, 2205.02237, + 
Hamilton 2207.09467 

van Beekveld, SFR, 
 2305.08645 

e+e− → j1j2 DIS & VBF

VBF, 
rapidity 

 jet3rd

LL shower

PanScales

NLL test for 
 in GGFpH

T

1=NLL

PanScalesLL 
showers
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