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Parton Showers

GENERAL PICTURE EVOLUTION: FROM THE HARD SCALE TO THE CUTOFF

€) Universal soft and collinear limits fy @yy
Mol = |M? T2 dz P(2) e A y‘!

@) No-splitting probability t t t ho

Q: hard scale (UV) t1 > tg > 13> ... tg ~ 1 GeV: cutoff (IR)
A(t, ) = exp [ / dt/dz_ « Matching/Merging: MC@NLO, POWHEG
t/

[Frixione, Webber '02] [Nason '04]
[Frixione, Nason, Oleari '07]

CKKW, CKKW-L, MLM

e Applied iteratively [Catani et al. '01] [Lonnblad '02]
. [Mangano. Moretti, Pittau '01]
draw scale according to A, construct : . .
. : * Fragmentation: interface to Lund String
emission and choose recoil scheme

(Pythia) or Cluster (Herwig, Sherpa) model
[Andersson et al. '83] [Webber '84]

c\E/RW Daniel Reichelt

NV


https://inspirehep.net/literature/585687
https://inspirehep.net/literature/659055
https://inspirehep.net/literature/760769
https://inspirehep.net/literature/563400
https://inspirehep.net/literature/568815
https://inspirehep.net/literature/561203
https://inspirehep.net/literature/189583
https://inspirehep.net/literature/193786

Outline

0 NNLO matching — frontier and new ideas

0 Improved NLO matching

Disclaimer

| will show a selection of works from different groups. | tried to collect new ideas and developments
in favour of reviewing matured results, sorry if | my selection cuts unfavourably on your favourite topic.

| e Shower foundations
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NNLO matching —
frontier and new ideas
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NNLO matching: status and frontier

Challenge: current showers do not match NNLO divergence structure, mostly
slicing-based approaches combined with resummation or higher-order Sudakovs

Geneva Frontier example: Higgs pairs in heavy top limit vs
[Alioli et al. ’13] ... >O-""FPW approximate full theory

. O-j et " ji!de,HlH [fb/GeY] : pp—>|—I|H@LHCI13.6 TeV ra _ Topr shovter
MINNLOps % R R S
[Monni et al. ’19] ... B £ Rl ——

% e

UNzLo PS 1-jet z% RAARN : " = ; EE | ‘ T | — —
[HOChe et al ’1 5] ahe 1% '_ e :Z
Vincia 3
[Camobe” et al. ’2_11 §532‘0: 1(I)0 2(I)0 3(I)O 4(I)0 5(')0 6_00
[Skands, Preuss '23] 2-jet e
[EI-Menoufi et al. ’24] [Garosi et al. ’26] [Alioli et al. '25]
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https://inspirehep.net/literature/1263191
https://inspirehep.net/literature/1750311
https://inspirehep.net/literature/1296100
https://inspirehep.net/literature/1905669
https://inspirehep.net/literature/2715360
https://inspirehep.net/literature/2861332
https://inspirehep.net/literature/3165416
https://inspirehep.net/literature/2944853

Matching beyond NLO 1n PanScales

Matching beyond NLO with log-accurate second-order tests, D
showers ete” -y »qq
[N. Schalch, QCD@LHC '26] ekt e
- double-real subtraction based on PanScales NNLL | — PGs_o,a:~0
showers = P pGE, a0
 generate 4-parton point from PS and reweight 10°F —— PGg-o5, a0
numerically check against fixed order, point-by-point 11| Ple-05, @50
against double-soft splitting in PanScales, and for (—— Fvent2
preservation of NNLL resummation 1.1F as-0
PGS PGg_: PLg-2 T B e e
Ve | mo) | | - | - :;’ oof
o -
© Ml T T ’ 2 o L.01f treelevel
€ s, | L . | - € 1,00 f rosmmeomrscnnranns
010 000 010 010 000 010 -0.10 000 0.0 0.0 0.2 0.4 0.6
Jim. Llin Zps/In Tuw — L atA=acl = - 0.4 D
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https://indico.global/event/17070/contributions/162434/attachments/76946/149404/oxford-qcd-at-lhc-sep-2026.pdf

Towards NNLO 1n a shower—-1nsplred scheme
Foundation 2 e
* splitting functions without soft or collinear = —< — { + t(frms s
limits: scalar part + remainders n

[Campbell et al. '25]

D2
. ‘g . spin-dep.
* massive splittings, new two-gluon radiators B ‘i — 4{ i _é ™ terms
[H6che et al. ’25] 2

—10g10<>\)
iterated Alaric kinematics [Campbell.

double-real remainder for e'e — qq finite in  Hoche. Knobbe "26]
single and double unresolved limits

Lol b b b b b b oo 1
» Monte-Carlo convergence studied

loglO(y23)
c\E/RW Daniel Reichelt

Double-real corrections in a shower- YR e s ddgg (abelian)

. o 1074 1

inspired scheme O x?

[Campbell. Hoche. Knobbe '26] 10

* local NNLO subtraction for colour-singlet 10| ferenial2 3t reslation (e gt
decayS L2l o \ \ RERRE ! \ i

- partial fractioning instead of sectorisation; " ° ; o F o

+  Mgg 2j i
-+ CSdipoles, 3j _
+ NLOJj .
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https://inspirehep.net/literature/2921512
https://inspirehep.net/literature/3090362
https://inspirehep.net/literature/3173002
https://inspirehep.net/literature/3173002
https://inspirehep.net/literature/3173002

Information Theory for Precilision Input

Transverse momentum of the lepton pair

QCD theory meets information theory T

> 10t~ ATLAS Data, EPJC80(2020)616 —+ —
[Assi et al. '25] [Assi, Lee, Thaler ’26] Y POWHEG Prior
. o _ _ ] ] = 10t NLL'+N°LO (reweighted) — |
*reweight MC to precision calculations, using information- 5, ._ ]
theoretic difference between distributions 3 sl
> pp| — 171~ dres?ed
T |

 could use any (number of) observables known to high

<14 = |:

precision Szt :!—E
>, 1.0 =

- strictly positive weights gosi =

HO6; | IIIIIII| | IIIIIII| | Jll\ﬁ_‘

101 102
qr = pf [GeV]

_

- proof of concept: thrustin eTe™

Drell-Yan from low to high transverse momentum Precision results enter fully

[Assi et al. '26] differential event

. State-of-the-art application: reweight Drell-Yan samples generation with positive
used at the LHC to N°LO + N*LL’ weights — complementary

e can include EW and lattice information to matching
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https://inspirehep.net/literature/2873832
https://inspirehep.net/literature/3138472
https://inspirehep.net/literature/3210666

Improved NLO matching
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Positive-weight NLO matching

Why positive weights?

. . . L 2
- negative weights reduce effective statistics: Nog = (Y, w;) /Y, wi = N (1 — 2f_)
 appear in modern MC through subtraction schemes, virtual corrections, PDFs beyond LO, ...

KrkNLO: matching without ESME [van Beekveld et al. '25] | G e it
subtraction -converts R-S integral into event T F T Meaomotan
[Sarmah, Siédmok, Whitehead 24, '25] wise integer weight, negative ones e ™
- reweight showered LO events, PDFs | are higher order 2

in the ‘Krk’ factorisation scheme

MC@NLO from Born events | H,
MACcNLOPS [Nason, Salam '21] [El Farkh, Frederix, Gouighri '26] o5 o o :
[Che. Frederix "26] ‘reweight unweighted Born events g
. - : [Sarmah, Siédmok,

- rescale S-events in favour of to the full S-event weight with large Whitehead '25]

negative H events folding

Dealing with negative weights

cell resampling, ARCANE, neural and statistical reweighting, folding:

[Andersen et al. '24] [Andersen et al. '26] [Doherty et al. '26] [Shyamsundar ’25, '25] [Nachman, Noll '25]

[Palmer, Kronheim ’25] [Valassi '26]

C\Efﬂ/ Daniel Reichelt 8

NV


https://inspirehep.net/literature/2833099
https://inspirehep.net/literature/3085116
https://inspirehep.net/literature/1961568
https://inspirehep.net/literature/3158573
https://inspirehep.net/literature/2909376
https://inspirehep.net/literature/3122087
https://inspirehep.net/literature/3085116
https://inspirehep.net/literature/3085116
https://inspirehep.net/literature/2849477
https://inspirehep.net/literature/3155166
https://inspirehep.net/literature/3178762
https://inspirehep.net/literature/2879248
https://inspirehep.net/literature/2879241
https://inspirehep.net/literature/2918585
https://inspirehep.net/literature/3071129
https://inspirehep.net/literature/3205593

Resonance awareness

Structure of subtraction scheme:
a:/me3ﬁwm+/ﬁ@$RMPi/ﬁwu%+wﬁJ@+/ﬁ@$uhﬂ—&)
defining S,, in the (n + 1)-parton phase space requires an arbitrary (!) kinematics map

Resonances

. assume a subset of momenta (pyy, p) is identified to
come from a resonance: dominant diagrams contain the

propagator | ((pw + py)* — m?)2 + miT?] -
. let b emit a gluon, pw, py — pw, Py, Py: Can change the
propagator significantly, unless
pw + Pb = pw + Dy + Dy
(not satisfied in standard, local dipole schemes!)

[JeZo, Nason '15] [JeZo et al. '16] [Ferrario Ravasio et al. *18] [Jezo, Lindert, Pozzorini '23] [Hoche, Liebschner, Siegert
'19] [Denner et al. '26] [Hoche, DR °26]

c\E/RW Daniel Reichelt
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https://inspirehep.net/literature/1395472
https://inspirehep.net/literature/1476366
https://inspirehep.net/literature/1647946
https://inspirehep.net/literature/2683250
https://inspirehep.net/literature/1681978
https://inspirehep.net/literature/1681978
https://inspirehep.net/literature/1681978
https://inspirehep.net/literature/1681978
https://inspirehep.net/literature/3123650
https://inspirehep.net/literature/3145557

Resonance—aware MCE@NLO

ete” »u*vjjjbjs, Vs =365GeV

MoCaNLO + Pythia 8

[Denner et al. '206] B
« full off-shell NLO QCD for ete~ — ¢t with semi-leptonic

decays

Ul

I

w

[fb/GeV]

— NLO

—Jtg=05

— V=1
— Vto =1 (hadr)
— Vo =0.25

Vto = 0.5 (hadr)

— m: 0.25 (hadr) j

T TN
I 11 N[

*MC@NLO adapted to Catani—Seymour subtraction with gz
dedicated counterterms for production, decay and ®1
singly-resonant dipoles 0

e eTe” — WTW —bb at NLO, matched with S-MC@NLO o

e

*exploit general formulation of Alaric recoil: can choose 115

2 1.10F

any subset of hard momenta, choose remaining particles . 105

1.6: T T T T T T :
Sherpa + Alaric ER| :
[Hoche, DR ’26] S Lo l L[Hé?% L

from resonance S o5

S 0.90

Shower, subtraction and matching must agree on the
kinematics map

Daniel Reichelt

-

150 155
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[Denner et al. '26]
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https://inspirehep.net/literature/3123650
https://inspirehep.net/literature/3145557
https://inspirehep.net/literature/3123650

Width awareness

Width-aware evolution in Alaric

[Dokshitzer et al. '92] [Orr, Stirling '95] [Khoze, Sjostrand '94]

[Hoéche, DR '26]

energy / frequency of radiation

high 3 3 resolves that tops decay
VWV at different times of o/r):

ener é o ) = 5
& t decay t decay " incoherent radiation

~4 GeV both regimes matter: transition region starts

~1 GeV typical scale of parton-shower cutoffs

IR limit: decays effectively
simultaneous, relevant for
" virtuallreal divergences

low

energy . :
t decay t decay

Daniel Reichelt

— 1072 ET T0 1T T T 1T T T T T T T 1T =
% £ | | | \ \ | 3
> - ALARIC S-MC@NLO etem = etu T, vb
o r default - /5 = 365 GeV —
S é‘ 1073 = res. aware . —
= res. + width E

C aware ]

- === NLO _

Jo-s e LO _
1075 = —

107° gk et o —

i L1 1 | L1 1 | L1 1 | L1 1 | I ‘ L1 1 ‘ L1 .T-.T." .,

100 120 140 160 180 200 220 240

[Hoche. DR ’26]

mg = My—g,b—jet [GeV]

Interpolation between regimes
calculable, first-order QCD
result agrees with semi-
classical expectation
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https://inspirehep.net/literature/342976
https://inspirehep.net/literature/395021
https://inspirehep.net/literature/372441
https://inspirehep.net/literature/3145557
https://inspirehep.net/literature/3145557

Top palr threshold

— ¢ near threshold, M;; =~ 2m;. enhanced perturbative corrections from
gluon exchange between the tops, computable to all orders
* non-relativistic Green’s functions: quasi-bound toponium below,
Coulomb enhancement above threshold
«— ¢ e« simulation in MG5_aMC [Fuks et al. 21, ’24]

Sjostrand. Khoze, Preuss '26 Nason et al. ’26

e s 3 POWHEG generators:
non-relativistic — o « thr1: zero width B ' ' ey c—
Green’s function : — rerow Gren approximation il thr2 :ozbz.:::
forma“sm i 7 bothbroad 25 thr1 LO, baseline i

thr1 LO, full
thr2 LO, baseline
thr2 LO, full

* thr2: phase-space
accounting for top

,_.
5]
L

[Fadin, Khoze '87]

do/dE (pb/GeV)
dog / d Mg (pb/GeV)

- consistent width off-shellness o dtsstent
treatment:no .. « bb4l: full off-shell | | | |
double Count|ng with - and non-resonant ° 350 400 450 500 550 600
Breit-Wignermass == o e & contributions e
smearing » Finds enhancement described by first orders of PT

| also: Review and systematics evaluation [Garzelli et al. '26] @EEEEIELREI RN
C\E/RW Daniel Reichelt 12


https://inspirehep.net/literature/1848052
https://inspirehep.net/literature/2854024
https://inspirehep.net/literature/3157739
https://inspirehep.net/literature/251362
https://inspirehep.net/literature/3179660
https://inspirehep.net/literature/3143536
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NLL parton showers

adapted from Alaric Apolio FHP PanScales
[M. van Beekveld, [Herren et al. "22] [Preuss '24] [Forshaw, Holguin. [Dasgupta et al. '20]
ATLAS PMG Week ’26] Platzer '20] [van Beekveld et al. '22]
Available for e*e? NLL NLL NLL Partial NNLL
Available for pp? NLL (no numerical proof No No NLL (no numerical proof
beyond colour singlet) beyond colour singlet)
Available for DIS? No No No NLL
Recoil distribution Global for soft, local pT for As Alaric’s soft map, Global Local (PanLocal) and global
collinear different ord. variable (PanGlobal) variants
Splitting functions at  Soft with special ref. Antenna functions AP with sharp AP with smooth partitioning
LO direction, +coll remainder partitioning
Spin correlations Yes in e‘e No Yes in e'e Yes at NLL
Corrections beyond No No No Yes at NLL (NODS)
LC
NLO matching Yes in e*e, using S-  Yes in e*e on paper, not Yes in e*e’ Yes for CS (dBNLO, P2B or
available? MC@NLO at exact colour yet implemented positive weights ESME)
Multi-jet merging? Ine*e: 5 jets (NLO), in pp: No No No
3 jets (LO)
Particle masses? Yes in e*e No No Yes in e*e
Resonances? Yes in e'e No No No

1 examples of recent developments on next slide + showers with jet recoils in Pythia [Helliwell, Scyboz, Skands '25]
+ tuning for FHP and PanScale style showers in Herwig

c\E/RW Daniel Reichelt 13



https://inspirehep.net/literature/2135530
https://inspirehep.net/literature/2772353
https://inspirehep.net/literature/1785339
https://inspirehep.net/literature/1785339
https://inspirehep.net/literature/1782392
https://inspirehep.net/literature/2119991
https://inspirehep.net/literature/3090422

NLL showers:

PanScales with Showers with jet recoils
massive quarks

[van Beekveld et al. ’26] [Helliwell, Scyboz, Skands '25]
-final state PanScales * Middle ground between

showers with masses

b quark fragmentation function f(x}e3k)

local and global recaoil
Ink,

recent developments

Spin correlations in Alaric
[Hoche, Hoppe. DR '25]

[Campbell et al. '25]

3 ALEPH_2001_S4656318
>n<n —— data
ke —— PanGlobal(Bps = 0)
-~ 2 4
% —— PanGlobal(Bps = 0.5)

—— PanLocal(Bps = 0.5)

=z Bes
— 19

0

2.5 PanGlobal(Bps = 0) massless
®20{

2151
S 1.0 | —m—— ]

0.5 1 R — — .
© 2.5 PanGlobal(Bps = 0.5) massless
© 2.0
'c ________ I
G - | 4 =‘ 4 = el |
= 1.0 t R —

o54 L 00000 s = =2 —
© 254 ——fF PanLocal(Bps = 0.5) massless
© 2.0 o
Das{gy |
= 1.0 t —:#ﬂﬁ_,':: : 1

01 02 03 04 05 06 07 08 09 1.0
XB
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*Semi-classical correlations
based on scalar + spin split of
splitting functions

3.00
1.4
2.00
1.00 1.2
3
2 0.00 1.0
-1.00 0.8 &
-2.00
0.6
-3.00
- —g 0 g nm

AV,

do/dy, dAW,,dy,
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https://inspirehep.net/literature/3155379
https://inspirehep.net/literature/3090422
https://inspirehep.net/literature/2964051
https://inspirehep.net/literature/2921512

Shower—hadronilisation 1nterplay

Shower cutoff as a constraint

[Hoang et al. '24]

» structure of hadronisation corrections in principle
determined

» shower-cutoff (in)dependence of hadron-level
results can be used to constrain the model

Improved-accuracy showers in Herwig

[Holguin et al. ’26]

*several showers in Herwig, traditional: CS dipole,
AO; new NLL showers: PanGlobal kinematics,
FHP

«different cutoff prescriptions: own evolution
variable or following AO cutoff, gives usually better
description after tuning

GAPS programme

c\E/RW Daniel Reichelt

‘ Showers on GPUs [Seymour, Sule '24] [Seymour, Sule "25]

default cluster model dynamical model
0.4 1 — 1.00 0.4 1 — 1.00
Q=91.2Gev — % Q=91.2Gev M0
— 1.50 — 1.50
0.2 1 \ — 175 0.2 1 \\ — 175
0.0 -+ T T T T T 0.0 T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
12 12
1.1+ q& 1.1 4
P
iR .o"n.rd'lr\r-
107 W”Wwﬁwﬁﬁm 1.0 g SR aesnalalipon fdapfiprl i
0.9 1 0.9 1 ‘L
0.8 - T T T T T 0.8 T T T T T
1 2 3 4 5 6 0 1 2 3 4 5 6
Qt/2 [GeV] Q712 [GeV]
J
[Hoang et al. ’24]
Thrust (Ecms = 91.2 GeV) Thrust (Ecms = 91.2 GeV)
§ T 5 RARRARARR RARRRRERAN
o 10! S 10
< E <
S S
~ - ~
- 1E — 1 ¥
—4— Data 3 E —4— Data E
F FHP (Default) | = FHPACB (Default)|
1071 e — FHP (Tuned) = 1071 e — FHPACB (Tuned) 3
1072 ; 3 = 1072 g -
2 P +- H}HH}HH}:H:MH; 2:‘11%}111‘:}11:%}1{:1}11 1}11H}HH}HHZ
= 15F — ~ 15F —
g % | = g
S 1 Blddrrirsre Teeersdeedll 2 1 e sTeeel
S5 W RS LIS —— ==
A os =705 =
O:\I\\‘\\\\‘\\\‘\\\‘\I\\‘Jl\\‘l\\\‘\\\\ 07\\\l‘\\\l‘\\ll‘\\l\‘\\\‘\\\\‘\\J\‘\\I\
0.6 0.65 0.7 075 08 085 0.9 0.95 0.6 065 07 075 08 085 0.9 0.95
T T
H )
[Holguin et al. ’26]

15


https://inspirehep.net/literature/2777821
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https://inspirehep.net/literature/2777821
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New 1deas on shower accuracy

CE/RW
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Shower evolution beyond LO

[Nagy. Soper '26]

« DEDUCTOR: shower evolution as a
renormalisation-group equation

 deriving DEDUCTOR evolution at second
order from IR renormalisation

Thinking beyond logarithmic accuracy
with Cat’s cradle diagrams
[Skands '26]

*between IR and UV extremes: log-
enhanced leading contributions to higher

log become important, see also e.g.
[Hoche, Siegert, DR '18]

Daniel Reichelt

1

N ~ L NEO

¥ 10 : 7 W
| \ : NNLO
ol \\ \\
1000 = 05 : 3L 200

pr [GeV] (Logarithmic Axis)

Cat’s cradle diagram illustrating numerical sizes of
perturbative contributions [Skands '26]

suggested systematic counting N"LJ:
terms o/ LA withn = A +2(1—)\)/3 —1
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https://inspirehep.net/literature/3154770
https://inspirehep.net/literature/3204511
https://inspirehep.net/literature/1635297
https://inspirehep.net/literature/3204511

summary & Further topics

Colour evolution in parton
showers

*non-global logs vs. NGL

resummation

[Banfi, Dreyer, Monni '21]
[Becher, Schalch, Xu 23]
[Ferrario Ravasio et al. '23]

* new ideas in amplitude evolution
[Forshaw, Platzer, Gonzalez 25, '25]

QED+QCD matched showers

» update POWHEG-BOX DY QED
[Chiesa, Del Pio, Piccinini '24]

« MINLO for QED corrections
[Belloni et al. "26]

* QCD+EW MC@NLO + interleaved

shower
[Flower et al. 26, '26]

see talks by L. Flower and J. Roper
C\w Daniel Reichelt
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Polarised DIS

* in Herwig
[Masouminia, Papaefstathiou,
Richardson '26]

 new POWHEG generator
[Borsa, Betz, Jager "26]

see talk by |. Borsa

Matching & merging
with NLL showers

* Alaric LO & NLO merging
[HOche et al. '24 '25]

 PanScales NLO DY
[PanScales '25]
 Matched FHP shower in

colour singlet decay
[Holguin et al. ’26]

Summary

*NNLO matching: pushing
frontier with new
processes + ideas for
shower inspired schemes

*NLO: improved
frameworks with positive
weight matching,
resonance and width
aware MC@NLO, top
threshold

Showers: improved NLL
showers, new ideas for
shower-NP interplay, new
ways to think about
shower accuracy
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