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What makes them so successful /useful?

...to a spectrum of applications

e uncErTEn el e Basic idea: getting practical numbers
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4 Applications:
_ {ij) @ pheno studies (“run Pythia to test a pheno idea”)
(12)(23) --- (n1) @ measurements (compare data/theory)

@ modelling (systematic uncertaintes)

@ searches (estimate backgrounds)

@ Al training (e.g. supervised classification)
° ...

+ BSM extensions

W

- — - —_—
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What makes them so successful /useful?

Benchmark feature: versatility

@ ranges from “fixed-order” parton-level to realistic full-event simulations (incl. detector)
@ wide range of applications

@ can compute any observable, fiducial cuts, ...
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What makes them so successful /useful?
Benchmark feature: versatility

@ ranges from “fixed-order” parton-level to realistic full-event simulations (incl. detector)

@ wide range of applications
@ can compute any observable, fiducial cuts, ...

Precision challenge

Precision is increasingly required for LHC physics (and future colliders)
@ Get precise background estimates
@ Search for tiny deviations/rare processes
o Get precise predictions and small uncertainties

@ Avoid Al picking up spurious effects
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What makes them so successful /useful?
Benchmark feature: versatility

@ ranges from “fixed-order” parton-level to realistic full-event simulations (incl. detector)

@ wide range of applications

@ can compute any observable, fiducial cuts, ...

Precision challenge
Precision is increasingly required for LHC physics (and future colliders)
@ Get precise background estimates
@ Search for tiny deviations/rare processes
o Get precise predictions and small uncertainties
o

Avoid Al picking up spurious effects

This requires control over the full chain: from the amplitude to the detector
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Anatomy of a high-energy collision

Simulating a high-energy
collision requires several
ingredients

proton 2
...........

@ A hard process

hard

process
A —

1 GeV 10 GeV 100 GeV 1 TeV scale
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Anatomy of a high-energy collision

Simulating a high-energy
collision requires several
ingredients

incoming
proton 2

@ A hard process
@ Parton shower (initial
and final-state)

@ Hadronisation

incoming
proton 1

hard
parton shower process
} } } }
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Anatomy of a high-energy collision

Simulating a high-energy
collision requires several
ingredients

incoming

proton 2

@ A hard process

incoming
praton 1

- @ Parton shower (initial
— and final-state)
~ e Hadronisation
@ Multi-parton
hadrons hard interactions
(7, K, py 1, ... parton shower process
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Anatomy of a high-energy collision

Simulating a high-energy
collision requires several
ingredients

incoming

proton 2

@ A hard process

incoming

o perturbatively o
- “calculable” |@ Parton shower (initial
- and final-state)

~ @ Hadronisation

non-pert. .
“modzlled” @ Multi-parton
hadrons hard interactions
(7, Ky pyy o) parton shower process
1 GeV 10 GeV 100 GeV 1 TeV scale
RPP 2025 5/33
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Basic message #2: physics at all scales

= BSM Hard

4 100 GeV process,
g — 1 TeV < matching
> m¢
= o MH L
€ Wiz
g Q> pu Parton
o NP shower
(0]
- 1
2
o e
S
g me |7
2 KNP ~ Hadronisation
5 1 GeV MPI/UE

My

Gregory Soyez Towards accuracy in parton showers RPP 2025 6 /33



Basic message #2: physics at all scales

physics probed across many scales

100 Gey BM
— 1 TeV
me
mpy
my,z
Q > unp
mp
mec
UNP ~
1 GeV
My

Gregory Soyez

Hard
process,
< matching

Parton
shower

7

1 Hadronisation

MPI/UE

Towards accuracy in parton showers

“Standard” perturbative expansion
as(Q)fi(v) + aZ(Q)f(v) +aZ(Q)f(v) + . ..
LO NLO NNLO

expect logs between disparate scales

aslog? Q/unp, aslog Q/np
(double, single,...) logs to resum
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Basic message #2: physics at all scales, a shower resums logs

= T “Standard” perturbative expansion
g 100 Gev BSM§ Hard > 3
L e TZV process, as(Q)A(v) + as(Q)fa(v) + a2(Q)B(v) + ...
5 y matching LO NLO NNLO
> m¢
" expect logs between disparate scales
S Q> pu Parton )
v} NP shower aslog” Q/punp, aslog Q/unp
% E 3 (double, single,...) logs to resum
S b
s
g me |7
2 UNP ~ Hadronisation
s 1 GeV MPI/UE

My
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Parton shower v. resummations

Resummation is a vast field = let us take a concrete example: event shapes

global property of energy flow in the event

Examples:

@ energy-energy correlators: FCy = & Z,.#j EiEjsin* 0,
_ = 1wl

@ Thrust T= max|g|:1W

@ Cambridge y»3 (= largest k: in an angular-ordered clustering)
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Parton shower v. resummations

Resummation is a vast field = let us take a concrete example: event shapes

For a generic shape v, the analytic QCD prediction is

1
InX(veut) = InP(v < veut) = a—gl(ozsL) + go(asl) + asgz(asl) + ...

s

with L = |Og(cht) [working limit: as < 1, asl ~ cst]

All order resummation of logarithmically-enhanced terms:
° igl = asl? +a?L3 + - - = leading-logs (LL)

® @ = asl + a?l? + - - = next-to-leading-logs (NLL)
@ asgz=as+all+---=

next-to-next-to-leading-logs (NNLL)
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Parton shower v. resummations

Resummation is a vast field = let us take a concrete example: event shapes

FIRST TAKE-HOME MESSAGE

shower accuracy means logarithmic accuracy
(LL, NLL, NNLL, ...)

well-defined & systematically improvable
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selected collider-QCD accuracy milestones ~ [slide from Gavin Salam (Moriond QCD 2023)]

LO NLO NNLO[.......covvuiennns ]

DGLAP splitting functions

N3LO

LO NLO NNLO

transverse-momentum resummation (DY&Higgs)

[parts of N3LO]

LL  NLL[.....] NNLLI...]

N3LL

parton showers (many of today’s widely-used showers only LL@leading-colour)

LL [parts Of NLL......c.coiiiiiiiiiiiirr v s s s s e 1
fixed-order matching of parton showers
LO NLO NNLO [....... ] [N3LO]
1970 1980 1990 2000 2010 2020
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selected collider-QCD accuracy milestones ~ [slide from Gavin Salam (Moriond QCD 2023)]

LO NLO NNLO[.......covvuiennns ]

DGLAP splitting functions

N3LO

LO NLO NNLO

transverse-momentum resummation (DY&Higgs)

[parts of N3LO]

LL  NLL[......] NNLL]...] N3LL
This talk: parton showers (many of today’s widely-used showers only LL@Ieading-colour)
improve on this |, [PAIS OF NLL..evveeeeeeeeeeeeeeeeeereeeseneseseseseseseeens ]
fixed-order matching of parton showers
LO NLO NNLO [.......] [N3LO]
1 9'70 ' 1 9180 ' 1 9'90 ' 20'00 ' 2010 2020
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An “easy” graphical representation

Lund plane(s)
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Basic features of QCD radiation

Take a gluon emission from a (qg) dipole
Emission (BqBg) — (Pqk)(kpg):

K = zqply + zgp5 + K/

3 degrees of freedom:
e Rapidity: n = %Iog E—Z
@ Transverse momentum: k|
o Azimuth: ¢

In the soft-collinear approximation

ki)C dk
d'P = Oés( Ji) F d77 L
™ kJ_

do
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Basic features of QCD radiations: the Lund plane

Lund plane: natural representation uses the 2 “log” variables 77 and log k|

1log k: 1 = —logtan(f/2)
) g side q side f
%
),
@/
*k
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Basic features of QCD radiations: the Lund plane

Lund plane: natural representation uses the 2 “log” variables 77 and log k|
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Basic features of QCD radiations: the Lund plane

Lund plane: natural representation uses the 2 “log” variables 77 and log k|
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Basic features of QCD radiations: the Lund plane

Lund plane: natural representation uses the 2 “log” variables 77 and log k|

1log k: 1 = —logtan(f/2)
) g side q side f
/0\ /E)\
0\ —
A& a0
////q( Qe?;\ & 60}
Ny o
¢ & 20 )
Q& P @
N soft & ; soft & %
colinear o colinear
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Basic features of QCD radiations: the Lund plane

Lund plane: natural representation uses the 2 “log” variables 77 and log k|

1log k: 1 = —logtan(f/2)
) g side q side f
1
1 easy log
& 2 counting
\/qf(\ e & 4
L ’Qe?’ @ A
N\ ()
< & 20 )
Q& P @
N\ soft & ; soft & L2
1 colinear o colinear \
L2 L L2
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Multiple emissions in the Lund plane

log k¢ n = —logtan(6/2)
g side q side

primary plane

\,((‘&Q de secondary plane(s)
////r” - ternary plane(s)
\Y .
Co

bm\—mc
a
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A (Dipole) Parton-Shower primer
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Basic of parton showering in one slide

Dipoles at large- N,

— — generated as
In the large-N. limit, a gluon emission corresponds

to a dipole splitting

| | |
. . . ! !
Mechanism: generate emissions one-by-one ‘< !

. : — ‘ N :
ordering variable v (e.g. transverse momentum kg) |
|

© Virtuals as Sudakov/unitarity /no-emission probability
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Basic of parton showering in one slide

Dipoles at large- N,

— — generated as
In the large-N. limit, a gluon emission corresponds

to a dipole splitting

. Pi
pi /
Mechanism: generate emissions one-by-one <
, : — Pics <
ordering variable v (e.g. transverse momentum kg) N
@ Virtuals as Sudakov/unitarity /no-emission probability bj P

\

' Ingredient 2: Emission probability
Ingredient 1: Momentum map

QCD-driven rate of emissions:
How to go from

pre-branching momenta (p;, p;) e? as(kt)CAg(n)P(z)
to post-branching (pj, p;, p«) AR T
(© for NLL, need 2-loop CMW as(k:))
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(Dipole) parton shower in the Lund plane

Ordering variable: transverse momentum k;

1 log kt n = —logtan(0/2)
ya
g side q side
Start with k; = Q
one qg dipole
o
(o
)
7,
(95
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(Dipole) parton shower in the Lund plane

Ordering variable: transverse momentum k;

1 log kt n = —logtan(0/2)
yi
g side q side
Generate ki1 < @
(using Sudakov proba)
o
(o
A&
9,
7,
(95
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(Dipole) parton shower in the Lund plane

Ordering variable: transverse momentum k;

1 log kt n = —logtan(0/2)

?

N

g side q side
Generate m;
&split dipoles
IS . (93) — (qg1) + (£19)
N,

,

Qo
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(Dipole) parton shower in the Lund plane

Ordering variable: transverse momentum k;

1 log kt n = —logtan(0/2)

?

N

g side q side

Generate ki» < ki1
(now from 2 dipoles)

o

& .
A&

4,

Qo
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(Dipole) parton shower in the Lund plane

Ordering variable: transverse momentum k;

1log At n = —logtan(0/2)

?

N

g side q side
Generate 7
&split dipoles
o o (819) = (g182) + (829)
N,

“,

/.
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(Dipole) parton shower in the Lund plane

Ordering variable: transverse momentum k;

) 1 log kt n = —logtan(0/2)
) g side q side f
Iterate
\/((\0/\0‘ [}
A,
%
[ ]
[ ]
X

X
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(Dipole) parton shower in the Lund plane

Ordering variable: transverse momentum k;

1 log kt n = —logtan(0/2)

?

N

g side q side
until kt = kt,cut
O
N ®
\//((\
Y

&/ .
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Physics result #1: an organising principle:

at a given (all-order) accuracy, what physics do we need to get right?

Gregory Soyez Towards accuracy in parton showers RPP 2025 17 / 33



Accuracy <> reproducing sets of MEs

handles disparate scales In ke
a"_order perturbative QCD (only half the primary Lund plane for simplicity)
(3 n = Intan %
minimum: get the ME for an arbitrary number
of well-separated emissions separated
. in any
o If “log distance” A emissions factorise up to /‘ direction
_ . >A
O(e™2) corrections -
. . o y <o
@ this achieves NLL accuracy
in a way NLL can be viewed as the first meaningful order \
@ In particular, in a parton showers, an emission ®
should not be affected by subsequent distant °

emissions
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Accuracy <> reproducing sets of MEs

handles disparate scales In ke
a"_order perturbative QCD (only half the primary Lund plane for simplicity)
(3 n = Intan %
minimum: get the ME for an arbitrary number
of well-separated emissions mistake
. allowed
o If “log distance” A emissions factorise up to at NLL
O(e™2) corrections ®
[ ]
@ this achieves NLL accuracy °
in a way NLL can be viewed as the first meaningful order
@ In particular, in a parton showers, an emission ®
should not be affected by subsequent distant °

emissions
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Accuracy <> reproducing sets of MEs

handles disparate scales

In kt
a"_order perturbative QCD (only half the primary Lund plane for simplicity)
(3 n = Intan %
minimum: get the ME for an arbitrary number

of well-separated emissions (NLL!) any # pairs

o required

Beyond NLL />A at NNLL

@ At NNLL we also want an arbitrary number of ..<7_> . o
pairs of emissions \ /
e N3LL also requires triplets, etc...
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Accuracy <> reproducing sets of MEs

handles disparate scales In ke
all-order perturbative QCD (only half the primary Lund plane for simplicity)
(3 n = Intan %
minimum: get the ME for an arbitrary number
of well-separated emissions (NLL!) any # triplets
o required

Beyond NLL / at N3LL
@ At NNLL we also want an arbitrary number of

o o o °®
pairs of emissions \ /
e N3LL also requires triplets, etc...
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Accuracy <> reproducing sets of MEs

handles ¢*-—-*- ~—~'--
all-order p © Robust construction in pQCD ‘imary Lund plane for simplicity)
e Systematically improvable n=Intan ¢
minimum: get the N ¢ “gply” a handful of ME at each order
of well-separat thanks to QCD factorisation any # triplets

o difficulty: the shower algorithm requi3red
Bigyeine ML generates spurious terms one needs to at N°LL

@ At NNLL we also avoid/correct for

o o o y -
pairs of emissions X
@ N3LL also requires triplets, etc... { | \ / \
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Physics result #2: NLL-accurate showers
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Novel approach for testing accuracy

Cam. y»3, ratio to NLL Resummation regime: aslog(v) ~ 1, as < 1
T 10 N S S P - Idea for NLL testing:
ZMC()\:OlsL#%) 1
< 0.95F . S ocatan Vv
3 i NLL(A=asL,as)
3 Pythia8
S 0.00| ] with A = aslL
W
T
N
0.85| . NLL deviations
_____ or
0.80 ML 7 .
as=0.02 =—— subleading effects?

—-0.6 -04 -02 0.0
A =3aslogyzs)
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Novel approach for testing accuracy

Imc/ Iy (as, A)

0.85

0.80

Cam.

Y>3, ratio to NLL

Resummation regime: aslog(v) ~ 1, as < 1

Idea for NLL testing:

Gregory Soyez

Pythia8
NLL -----
| A5 =0.02 m—
U5 =0.01 m—
-0.6 -0.4 -0.2

A =3aslogyzs)

ch(A:asL,as)
T
2 neL(A=asL,as)

with \ = asl

NLL deviations
or

subleading effects?

Towards accuracy in parton showers

1
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Novel approach for testing accuracy

Cam. y»3, ratio to NLL Resummation regime: aslog(v) ~ 1, as < 1
Idea for NLL testing:

ZMc(A:asL,as)

o v. 1
= 2 nLL(A=asL,as)
s
§ with A = aslL
u
@]
o
0.85 | NLL  -=--- . NLL deviations
s =0.02 =—
o =0.01 =—— or
0.80 A .
a5 =0.005 =—— subleading effects?

—-0.6 -04 -02 0.0
A =3aslogyzs)
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Novel approach for testing accuracy

Imc/ Iy (as, A)
o
©
o

0.85

0.80

Cam.

...................... e~ =~

Y>3, ratio to NLL

Pythia8

Resummation regime: aslog(v) ~ 1, as < 1
Idea for NLL testing:

ZI\/IC(>\:045L7045) as—0 1
Y nLL(A=asL,as)

at fixed A = aslL

(" NLL deviations )

or

—subleadingoffests>

A =3aslogyzs)

Gregory Soyez

/ a;=0.02 =

L I Ae=0.01 = i
l as=0.005 =
0s—>0 =

r NLL ----- i

-0.6 -0.4 -0.2 0.0

Towards accuracy in parton showers
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Assessing accuracy: yo3

[M.Dasgupta,F.Dreyer,K.Hamilton,P.Monni,G.Salam,GS,20]

NNLL if ~ ZMCO=asbas) a;0, T T T ]
Y NLL(A=asL,as) Cam. y»3, ratio to NLL
1,00 frersmrsrssnnsnmsnns e g
Pl
Failure of standard dipole showers < 0.95 | " |
Pythia8, Dire(v1) deviate from NLL T /‘
S
= : F 4 i
© Reason: = 0.90 #
spurious recoil for commensurate-k; E
emissions at disparate angles w 0.85 ',/ T
violates our NLL ME requirement . , N
0.80 § Dipole(Py8) == |
’ Dipole(Direvl) m =

-06 -04 -02 0.0
A =3aslog(y23)

Gregory Soyez Towards accuracy in parton showers RPP 2025 21 /33



Assessing accuracy: yo3

[M.Dasgupta,F.Dreyer,K.Hamilton,P.Monni,G.Salam,GS,20]

NNLL if ZMC(A:O‘SL@S) Oéi>0 1 T T T T T T
Y NLL(A=asL,as) Cam. y»3, ratio to NLL
1.00 fammasaseFopEEAERATEAERARILEL -
~ °
Failure of standard dipole showers < 095l PRg |
Pythia8, Dire(v1) deviate from NLL T /‘ NLL ----
) » Dipole(Py8) = =
- 3090 Dipole(Dire v1) m m |
New series of NLL-accurate showers i * P
: ) 4 PpanLocal(B=L,dip) O
PanLocal(0 < 8 < 1): local recoil s . 2 i
. w 0.85 PanLocal(B=1,ant) O
(dipole or antenna) r 2
PanGlobal(0 < 8 < 1): global recoil ' PanGlobal(f=0) —
0.80 § PanGlobal(B=1) A

—0.6 -04 -02 0.0
A =3alog(y23)
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Assessing accuracy: extensive observable list

[M.Dasgupta,F.Dreyer,K.Hamilton,P.Monni,G.Salam,GS,20] green: OK at NLL
Dipole PanLocal PanLocal PanLocal PanGlobal PanGlobal
(Py8/D|rev1 (B=0,dip.) (B=3.dip.) (B=31ant) ﬁ 0) (B=3) 0 fed o
T T T T T N red: fixed- an
VY23 '+ T + T * iE + T + T * i all-order issues
Brtnot ® Trot % Taee ¢ Tae ¢ T ¢ T &
By NLL gf fNLL 4 QoK g Lok ¢ LOK ¢ fOK ¢ ] global
w 1 1
i i event
ot LT 41 F b1 gt § it o] e
e S R i e et I et P
maX[UB 2] [Bobs = 1/2 /: T 4’ T + T + T * T *P 1 | scalings)
GO SR e e e
max[uf " ] a1 4 T ¢ T ¢ T ¢ + ¢ + ¢ 1/
slice [ygia AT ¢ + ¢ I ¢ + ¢ + ¢ - non-global
NSUblet (k-alg) b %..". ...... E ST } P { T ‘“--. ...... { 4 multiplicity

005 0.00 005 0.00 005 0.00 005 0.00 005 0.00 005 0.00
Relat|\<e deviation from NLL for as—0

PanLocal(0 < 5 < 1) and PanGlobal(0 < /5 < 1) get expected NLL (i.e. 0)
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More progress with NLL-accurate showers

Physics: Tests: o Toy shower
- 0.30 ¢ PanGlobal B=0
Beyond . . . . . t PanLocal (dip.) =0.5
A1) distribution due to spin correlations both hard & 02 } Pantocal (ant) B=05
Iarge NC A collinear 0.20 + Pythia8
it iz Y S 5w v vy e e e e By W all|
(backup) "  oast %
N / : oo et T
1 /ﬁz v 003 wrpevanagaalSSh
5 v B8
(CO In€ar P ! also EEEC v. = 7 n
& SOft) analytics i

. Solution: adapt the Collins-Knowles alg.
spin cor- o
relations @ ©

soft + hard
collinear

@ @ build and update
hadronic () a spin correlation tree
collisions @ as shower progresses "\
DIS/VBF ) first all-order
; result
(backup)
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NLL is quickly becoming the standard for parton showers

PanScales ALARIC

Parton showers beyond leading logarithmic accuracy
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Physics result #3: towards NNLL-accurate showers

Rule of thumb:
LL = qualitative starting point
NLL = first quantitative order
NNLL = towards precision physics
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(NNLL) accuracy < reproducing (extra) sets of MEs

NNLL: include pairs of emissions ) In ke
(only half the primary Lund plane for simplicity)
n =Intan %

0(’).<\>.
L]
L]

I\
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(NNLL) accuracy < reproducing (extra) sets of MEs

NNLL: include pairs of emissions J

Get exact 3-jet LO (2-jet NLO) ME
= one hard emission (pair with the hard event)
Standard approaches work but require care to

preserve NLL accuracy

[K.Hamilton,A.Karlberg,G.P.Salam,L.Scyboz,arXiv:2301.09645]

Gregory Soyez Towards accuracy in parton showers

In kt
(only half the primary Lund plane for simplicity)
° n =Intan %
\ hard emission
angle and k;
* similar to
f “hard” Born
. 7‘ — .
[ )
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https://arxiv.org/abs/2301.09645

(NNLL) accuracy < reproducing (extra) sets of MEs

NNLL: include pairs of emissions ) In ke
(only half the primary Lund plane for simplicity)
™ n =Intan %
[K.Hamilton,A.Karlberg,G.P.Salam,L.Scyboz,arXiv:2301.09645] ..
soft emission
angle and k;

Double-soft corrections a similar to
earlier one

Two soft emissions at commensurate angles and k;
(can be large angle)

t ily colli
(not necessari y-co inear) . P — S
@ Correction spurious shower ME — correct ME
watch out for flavour channels and colour flows

@ Need to get the correct virtual contributions

(done through a modified Kcmw)

Gain: state-of-the-art (next-to-single-log) non-global logs

[S.Ferrario Ravasio,K.Hamilton,A.Karlberg,G.P.Salam,L.Scyboz,GS,arXiv:2307.11142]
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https://arxiv.org/abs/2307.11142

Revised emission rate

dP  as(kt)Ca
dinvdn T

x M x g(n)P(z)

Matrix elements

First emission: M(k) corrects to the exact
ME (matching)

Next emissions: M(ky, ka) corrects for
double-soft ME

Gregory Soyez

Emission strength

as = al®) (1 + asAKy + asAB; + 02 AK))

@ use 3-loop running (CMW scheme)

o AKj (soft large angle) and AB;
(hard-collinear) correct for “spurious”
virtual a2L

o AKj; (soft-collinear) corrects for

“spurious” virtual o212

Strong constraints, e.g. for event shapes,
AKi, AB,, AK; only depend on 2 numbers
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Revised emission rate

dP  as(kt)Ca

= M P
dinvdn X Mxg(n)P(z)

Matrix elements

First emission: M(k) corrects to the exact
ME (matching)

Next emissions: M(ky, ka) corrects for
double-soft ME

Full analytic proof of NNLL accuracy

Gregory Soyez

Towards accuracy in parton showers

Emission strength

as = al®) (1 + asAKy + asAB; + 02 AK))

@ use 3-loop running (CMW scheme)

o AKj (soft large angle) and AB;
(hard-collinear) correct for “spurious”
virtual a2L

e AKj; (soft-collinear) corrects for
“spurious” virtual a3L2

Strong constraints, e.g. for event shapes,
AKi, AB,, AK; only depend on 2 numbers
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Beyond NLL: double-soft corrections

Successfully reproduce next-to-single (non-global) logs for emissions in a slice

Gregory Soyez

NSL accuracy tests: energy in a slice

no double-soft double-soft, n;ea'=0 double-soft
T T L LANL I L BLENLLL N B LN L B L R B
2 — pcg¥, F — PG, ]
Gnole — PGg-op
10 1r —— PGg-1 ]
2 2

Flyl<1
CA 2Cr=3,ns=
2 Jet NLO matchmg

1

Flyl<1

[ Ca=2CF=3

2 Jet NLO matchmg
1

N

Flyl<1
:CA=2CF=3,nf=5
| 2-jet NLO matching

PRSI IS ST S S T |

—0.3 —O 2 —O 1

E X
A = agln 2=

—0.3 —0.2

Et, X
A =asln ga

Towards accuracy in parton showers
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NNLL accuracy tests

NNLL accuracy tests

process Z-qq H-gg
shower PG3M, PGy, PG3¥, PGg-o PGg-1p PGEL,
as, DS, By,(A) (2!.’—— —) (3¢,v,—,-) (31,/,/,/)(32,/,/,/)(3l/ v, ) (32/ v /)
i T T I T T T I__I T T _I T T [ T _I T T u
,f,’j"i Not ||z Not || NNLL t NNLL t NNLL t [ NNLL i
° O™ NNLL ! T® NNLL T oK oK ok ¢ oK .
noo G ARREREN (ENRRRE (RRNRRRE (RURRRRS ¢E
& VyaH | T o *r Ll ek .. )
Brb # | I ¢ t L 4 explicit numerical test
Bw -] i+ *r . - %1% that we get g3 (NNLL
-~ Sip [ # T T - ¢ ot < . . .
IR | | < coefficient) right
g Moapp ® i I+ - o *r i} :
< FCipf #  Ité 4 S b S
L Safe L T e or e r Ho
P Mabod e i ¢ o ot -
g FCop® it @ it ¢ ¢ Hr =
1_T *I P :--Iil P :_-I P | .1’--I P | .¢--I P | .1 -I P | .1 ‘f
210-32-10-32-10-32-10-3-2-10 -3-2-10
lim 2501 Zes/In Zww = 1] forA=asl = —0.4
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NNLL preliminary pheno

Thrust y23 (Durham)

s I e N P
=Mz=91.2 GeV - R ‘s H
. 1l amy=o0118 e - agreement with LEP
3 2-jet@NLO a40.01 d
S o01f . LALEPH e ., ata
) = SOf- i we 41073 m H "
= oo} & I +Pythiag.311 - o “physical” «s
’ i;- PGy, — > hadronisation FK P
103F NNLL | pg,, —— ] (tunespG;24m & 10 @ NLL deviation from
L4 14 one could be seen as
s 10 1.0 uncertainty
5 038 08
5 g.g g.g @ NNLL expected to
2 12 12 give better accuracy
= 1.0 1.0
08 08 e NP tuning (mostly)
0.6 0.7 0.8 0.9 1.0 2 4 6 8 10 not sizeable

v=T v=Inl/y,s
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Conclusions and perspectives

Recap of take-home messages
@ Parton showers are a cornerstone of collider physics
@ Parton showers accuracy = log accuracy
@ Systematically improvable, can be tested analytically and numerically

@ PanScales 2019-2023: NLL parton showers... several others nos

@ PanScales 2023-now: good NNLL progress (ee shapes, large angle non-globals)

@ NNLL in pp (LHC) @ more complex processe/(N)NLO
@ NNLL hard-colliner (jet substructure) o Tuning
@ NNLL PanLocal @ Investigate phenomenology
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... key steps towards NNLL were just 0(5) years away slide from Pier Monni

General principles for NNLL parton showers

d for 1

L} | | | | L]
1980 1990 2000 2010

-

Birth of Pythia

General principles for a NLL parton shower
(formulated for e*e-, many extensions will follow)
[ca. 800 papers on the subject of event generators ............ ... ] 89
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Junior position in theoretical physics

IPhT, Saclay = Eurcpe

hepph  astroph  nuckth  hepth Junior (leads to Senior) - Senior (permanent)

(O Deadline on Mar 9, 2025

Job description:

The Institut de Physigue Théorique (IPhT) invites applications for a junior-level permanent position in physics. The position is opened for
researchers working in phenomenological and theoretical aspects of the following fields: cosmology, particle physics within and beyond the
standard model, amplitudes and heavy-ion physics.

Applications (including a cover letter, a CV, a research statement and a list of publications) and three reference letters should be sent through
Academic Jobs Online following this link.

The Institut de Physique Théorique (IPhT) is a Research Institute of CEA and CNRS, and is associated to the Université Paris-Saclay. IPhT is a
multidisciplinary institute, with a strong expertise in a wide range of topics in theoretical physics. It is located in the south of Paris, a rich scientific
environment. CEA and the broader Paris-Saclay area also count many other institutes working on related physics aspects, both theoretical and
experimental. More details can be found at this link. A description of the group concerned by the hiring is found at this link.

Contact: Soyez, Gregory (gregory.soyez@ipht.fr)
Letters of Reference should be sent to: https://academicjobsonline.org/ajo/jobs/29672
More Information: https://academicjobsonline.org/ajo/jobs/29672
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Different ordering variables...

. can lead to different emission orderings

k: (transv. mom.) ordering g (virtuality) ordering
a a
b [ J b (]
(] ]
kta > kib b > gs
= a emitted before b = b emitted before a
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Lund-plane representation: transverse recoil boundaries

4log k _ gluon a radiated at scale
i il Iogtan(9/22 k:s and angle 6,

AN

g side q side
gluon b radiated at scale
Expected ki < kta

Expected

a takes recoil iff 0,5, < 0,

<
<
NG
oo
{ )
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Lund-plane representation: transverse recoil boundaries

4log k _ gluon a radiated at scale
i il Iogtan(9/22 k:s and angle 6,

AN

g side q side

dard diool gluon b radiated at scale
standara dipole Kep < Kes

shower
Expected
a takes recoil iff 0,5, < 0,

e.g. Pythia8/Dire
"% standard dipole shower

decided in dipole frame:
a takes recoil if
di di
eggp) < Géqp)
WRONG!
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Lund-plane representation: transverse recoil boundaries

4log k _ gluon a radiated at scale
i il Iogtan(9/22 k:s and angle 6,

A

g side q side
gluon b radiated at scale
PanLocal ki < kta

o
L\/(S\Q 1 Expected
Ox g, a takes recoil iff 0,5, < 0,

o ® % PanLocal (step 1)

Py

(V) . B

s decided in event frame:
v on o

a takes recoil if

e T~ Hbg<0bq
better but still WRONG!
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Lund-plane representation: PanLocal evolution variable

1log kt n = —logtan(6/2)

7

AN

g side q side

k; ordering
ksp recoil from g: OK
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Lund-plane representation: PanLocal evolution variable

1log kt n = —logtan(6/2)

7

AN

g side q side
k; ordering
kep recoil from a: not OK
2
&
a
% o o

Gregory Soyez Towards accuracy in parton showers RPP 2025 3/18



Lund-plane representation: PanLocal evolution variable

1log kt n = —logtan(6/2)

7

AN

g side q side

v x ke Pl ordering
ksp recoil from g: OK

commensurate k; emissions generated from central to forward rapidities

= no recoil issue
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PanlLocal (local L recoil)
Pk = akpi + bkpj + k1
pi = ajpi + bip; — k1.
pj = ajbi + bjp;

PanGlobal (global L recoil)
px = r(axpi + bikpj)
pi = r(1 — ax)p;
pj = r(1 = bi)pj

with r so as to conserve event Q2
+ transverse boost to conserve event Q.

Evolution variable v (v ~ k, 6%)
Auxiliary variable(s): 7, ¢
(7 = rapidity in event frame) Define:

ki | =pvellll p= (M)W

Q2 ;.
_ B;.Q +i]
% =\2.055 kle
b .06 kLle
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A striking example

> Look at angle Ao between two - .
hardest “emissions” in jet
(defined through Lund declusterings) / Ao "\

/ \
/ {‘_\ \
\
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A striking example

Ay
> Look at angle Ao between two 18} - |I\1LL | | 4
hardest “emissions” in jet R — Dire(v1), quark
(defined through Lund declusterings) 16— Dire(v1), gluon |

» quite large NLL deviations
in current dipole showers 1.4 7206 <aloghst <-0.5
» differences between 0.3 <kiolkn < 0.5

quark and gluon jets

I/ Zni (A2, Kez ki)

1.0 o e

0.8

0 /4 /2 3n/4 m
|Aw1o|
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A striking example

> Look at angle Ao between two
hardest “emissions” in jet
(defined through Lund declusterings)

» quite large NLL deviations
in current dipole showers

» differences between
quark and gluon jets

» PanScales showers (here PanGlobal)
get the correct NLL

I/ Zni (A2, Kez ki)

1.8

16

1.4

1.2

1.0

0.8

Ayno

| ---- NLL

= Dire(vl), quark
= Dire(vl), gluon
= PanGlobal(B8 =0)

-0.6 < otslogk‘—c')l <-0.5
0.3 <kp/k1 <0.5

|Agn2|

Gregory Soyez Towards accuracy in parton showers
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A striking example

> Look at angle Ao between two
hardest “emissions” in jet
(defined through Lund declusterings)

» quite large NLL deviations
in current dipole showers

» differences between
quark and gluon jets

» PanScales showers (here PanGlobal)
get the correct NLL

» ML could “wrongly/correctly” learn this

I/ Zni (A2, Kez ki)

1.8

16

1.4

1.2

1.0

Ayno

| ---- NLL

= Dire(vl), quark
= Dire(vl), gluon
= PanGlobal(B8 =0)

-0.6 < otslogk‘—c')l <-0.5
0.3 <kplksn <0.5

0 /4 /2 3n/4

|Agn2|
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Beyond large N,

Physics: Fixed-order tests:
Beyond "y . . .
y Keep track of the Cr—Cx/2 transitions as in pythia * a 2
large N, K s
< B WRONG 5 29 = . . 71.00 §0.3
Ca Cr similar to ¢ > "
Ca recoi earlier o 093 o2
collinear | . : o a o]
8(2‘ ft) First generate assuming Ca(/2), then I os0 Jjo1
SO . c
. correct in one of 2 ways: g ol . oss |loo
spin cor- g
relations | @ segment - perform as 5: oe0 J-o1
factor 2Cg/Cp if in quark segment expected n——— —
. . . 0.75 -0.2
OK in the angular-ordered limit W
I 0 =2 + 070 803
hadronic | @ NODS 2’ '
collisions (soft) ggg matrix-element correction
. . ~ OO 5 10 5 10 15
also OK for 2 emissions at ~ angles n
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Beyond large N,

Physics: All-order tests: as in pythia
ccuracy tests ethod
Be Ond o Dipole %al i’ PanLocal PanGlobal PanGlobal
| y N Keep track of the Cr—Cx/2 transitions RN N 7 N N S M
arge Nc o
Cr Ca ;iz L LL S
Ca cr ;:f’; . failuresi ¢ \
Ca Threst : ) . . 3 .

. Sg-1 L3 ° . . .
(collinear | . - R e A W: /
% soft First generate assuming Ca(/2), then .

so .
. ) correct in one of 2 ways: @ccuracytests-memod
Spln Cor_ B PDV\!;;::\:E 1;5_"}.0;'?7 (;a—" (iacnatlj Panqobal Pa(;(iluﬁal
relations | @ segment I
factor 2Cg/Cp if in quark segment sl H NLLYOK
OK in the angular-ordered limit e at full3IN.
Mg
Thrust
. Sg=1
hadronlc a NODS e -0.1 00 -0.1 00 -0.1 00 -01 00 -01 0.0
collisions (soft) ggg matrix-element correction I, /B0 = 11 for A= -}
also OK for 2 emissions at ~ angles Non-global logs: large-Nc + (full-N. at O(a?))
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Hadronic collisions

Physics: Tests:
Beyond had lisi
°
large N, a .ro‘n. collision - B
= initial-state radiation explicit ‘
. test of .
° Cc?nsllder Drell-Yan DGLAP = VAV f J
) @ existing showers have the same L L
(collinear o :
& sof recoil issue as for final state
SO t) earlier emission takes recoil instead of the Z + usual tests: Z-boson p:, event shapes
spin cor- . )
lati @ fix is essentially the same . Bk gmen e i nomw s
relations (modulo kinematic differences) ,j' TN
@ includes colour and spin
_ @ so far limited to colour singlet o I T
hadronic production
collisions + multiplicity, non-globals, beyond large-N,, spin
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Matching within PanScales

Matching = exact fixed-order generator + parton shower resumming logs J
Physics Y Implementation
Focus on eTe™ collisions. We want Several possibilities:
v exact qgg (O(as)) distributions @ simple multiplicative matching (accept
v maintain NLL accuracy first emission with probability Pexact/Pshower)

@ MCONLO-like matching

Benefit: “NNDL” accuracy for event shapes'*) . _
e POWHEG-like matchlng (with 3 scaling

(L) = hl(asLQ) 4L \/ashz(asf) + a5h3(ozsL2) +... and careful veto to avoid double-counting when
—_———— ——
DL NDL NNDL ) switching from POWHEG to the shower) )

(*) Note: NXLL expands In ¥ (asL, as) for “exponentiating” observables; N¥DL directly expands ¥(asL?, as)
alternative viewpoint: NKLL takes the limit asL ~ cst with as < 1: NXDL takes the limit asl? ~ cst with as < 1
practical implication: NLL requires an arbitrary number of single-logs ((csL)"); NDL requires only one ((csL)(asL?)™)
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Accuracy tests

SD; > 025, 5p=0 INk/Q, VS =2 TeV

0.30 A .
no matching .
0.25 A !
wrong matching

Q 0201 (no veto)
hs]
3
o
= -

0.10 PanLocal (Bps =3) COI’Fe(_:t

it +PanLacal (8 r;r)\atchmg
mult.+PanLocal -
0.05 A P72
Powhegg+no-veto+PanLocal (Bes =%)
°
8
o
4
:
S
£
8
o 081
©
2 06 ; . : :
-6 -5 —a 3 5 1

O =5D;50.25,psp=0 INke/Q

@ visible effect at large k: (right)
@ spurious effect if not careful

@ ‘“correct” matching OK everywhere

Gregory Soyez

PanLocal
(Brs = 3.dip.)
T

y*=q4d, asL? = 1.296 (no matching)
PanLocal PanGlobal

(Bps =3.ant.) (Bes=0)
T T

PanGlobal
(Brs=3)
T

4,63, I

T T T T T

4
El
e
G
a -
—

T

C-parameter i

A ———t—t——+

+

NEs

Jim 2= Zwo
am e

@ no matching = wrong NNDL

Towards accuracy in parton showers
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Accuracy tests

SD; > 025, 5p=0 INk/Q, VS =2 TeV

0.30 A .
no matching .
0.25 A !
wrong matching

Q 0201 (no veto)
hs]
3
o
= -

0.10 PanLocal (Bps =3) COI’Fe(_:t

it +PanLacal (8 r;r)\atchmg
mult.+PanLocal -
0.05 A P72
Powhegg+no-veto+PanLocal (Bes =%)
°
8
o
4
:
S
£
8
o 081
©
2 06 ; . : :
-6 -5 —a 3 5 1

O =5D;50.25,psp=0 INke/Q

@ visible effect at large k: (right)
@ spurious effect if not careful

@ ‘“correct” matching OK everywhere

Gregory Soyez

y*=q4, asL? = 1.296 (MC@NLO matching)

PanLocal PanLocal PanGlobal PanGlobal
(Brs =3.dip.) (Bps =3.ant.) (Bps =0) (Brs=3)
N T T r T T 1
Brt + H + 1
Bu | 1 t I - |
U,E:D L + . - 4
maxu‘,B: [ T ‘ I T |
FCy | 1 L 1 1
B=3L 1 L 1 1
sub”?
mabez% I T I T 1
Fo b T T T 1
s + g + 1
maxuf =t T T T 1
Thrust |- T I T 1
C-parameter| | R i 'y I i |
-1 0 1 -1 0 1 -1 0 -1 0
u“r-nﬂ I~ B
@ no matching = wrong NNDL
@ with matching = OK at NNDL
Towards accuracy in parton showers RPP 2025
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Extra double-soft results: matrix-element tests

double-soft matrix-element tests colour flow and flavour separation

1.2} PGy, '_ i 1E Go192q G92919 1
6= p 3 o
1.0 s < 01p
< RN 5
& 0.8f12<hka<1l 1 = o001 /, +
E l<yi<3 N double-soft ME = = ok
= Inke > .1 7 e 5 <howior & gclmx;m
=~ 0.6 a2 0.10fixed) Y T 18 103 * . (nodouble-soft) =T L 1 0
= Ca=2CF=3 LEN i £ shower *
s | . b . — sdf
A~ 0.4 1 1! double-soft ME = = 4 (with double-soft) PG, Y
shower (no double-soft) = = 1074 1 t J. t t o 5, t 5, E t t ‘L t t
02k shower (with double-soft) —— | L o1 92020000
16 o double-soft 32 0.01
[KY correction <
1.4F * * _shower(DS) _ _ A s _
2 1 1 Jouble-soft ME 2 107
© - -
S 1.2t Lot 1 =[S
O 5 —4
[ aw 10 \ 7
L0 fmmme o e o . Y =
1 1 . 1 . 1 1 oL '
-8 6 -4 -2 0 2 4 6 8 0 3 -2-1 01 2 33 -2-10 1 2 3
INZ3 Ay21 Ay2

Correct reproduction of the double-soft matrix elements
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Extra double-soft results: multiplicity, 0K

Energy ina sllce PGg-1

NNDL accuracy tests: Lund multiplicity 1.50 2
0.2F J ¥ : ! JE T BSOS ! ] — no double soft
no double-soft with double-soft 1.25} —— double-soft (only real) 1
0.0 \' | 1.00 —— double-soft (real + AK) |
a 82 ’ . pasdf i -
2223 —-0.2F 4 F - PG;d;D . ’%ﬂ ) 075 ref: PG3Z o with double-soft
W[5 TO4Y E — PGp=0 ] " osof
= o 1k —— PGg-1 ] K]
gg 06 - <l o0ast
b1
0-8 0.00 k
—1.0Fno 2-jet matching [ NLO 2-jet matching b i< 1’.2'Jet NLo mam:i”g' Ca=2Cr=3,ns=5
12 Ca=2C;=8 : : Ci=2Cr=% . . —0.25——3 02 o1
0 1 2 3 4 50 1 2 3 4 5 A= alslnE'“a
E=asl? E=asl? .
Requires the correct Kcpmw
Reproduces NNDL multiplicity prescription
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Extra double-soft results: multiplicity, 0K

no double soft double soft

3 i ete —>Jets \5—2TeV i ete —>JetS\s—2TeV
0.15 — ~_ NODS; 0.5 <Xy, <2 ] NODS; 0.5 <Xy, <2 ]
—_ Cr=3%Ca=3,n=5] [ Cr=3,Ca=3,n;=5
"l' 2-jet NLO matching { | 2-jet NLO matching
> | 11 ]
S o.10f B
— Tt ince, ly] <0.5 L slice, |y| <0.5
ol I PG, 11 PGS ,
S L L
] - L
—Io 0.05 A PG[S’=0 1= PGB=O
[ —— PGp-1 | [ — PGg-2
ook
10 100 10 100
Esjice [GeV] Esjice [GeV]

No large shift of central value but large reduction of the uncertainty estimates

RPP 2025 12 /18
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Example #1: Z-boson transverse momentum

0.10 N

- e T Ty ot
%m S Uncertainties:
o0e
%m . @ renormalisation scale variation:
Yoo v g for NLL-accurate showers include compensation term to
E anGlobal(Bps = @ O . . . ..
0_10_2% g °“”L”| 5 ;: maintain 2-loop running for soft emissions
o — e ié % @ factorisation scale variations (note: use of toy PDFs)
o 3 = 2 @ term associated with lack of matching for k; ~ Mz
- ranGlonallfm=0.5) (ML
B —— & @ for LL showers: a term associated with spurious
;;;f Panw<aw»s=°-5rdm-"m‘% recoil for commensurate k;'s
12 T ] 2 f; Observations: Differences are relatively small except
B é E @ at very small k; for dipole-k; (esp. w global recoil)
ol o K 2 @ NLL brings significant uncertainty reduction
A T i

piz [GeV]
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Example #2: Ay,

Drell-Yan, My = 91.1876 GeV

0.50 T T 7
PanGlobal(Bps=0) [NLL] ——
PanGlobal(Bps=0.5) [NLL] ==~
0.451 PanLocal(Bps=0.5,dip.) [NLL] —— 1
PanLocal(Bps=0.5,ant.) [NLL] -«---- .
o0k Dipole-k¢(global) [LL] ---- dipole-k¢

Dipole-kilocal) 11 --- | (local)[LL]

dipole-k¢
(global)[LL]

1/N dN/d|Ag1|
=3
w
[l
T

°

W

S
T

025} PanScales
oo V5 <136 TV, Toy POFs, ant kiR 0.4
Borm: ddZ, Mz =91.1876 GeV, vz =0 [NLL
20 <pu <30 GeV, 0.3 <pe/pun <0.5, Ymax = 2.5, [By12] > 1.5
020 n/4 n/2 3n/4 n
18612

@ Dipole-k; with global recoil (LL)
quite off

@ All others [local dipole-k:(LL) and
PanScales(NLL)] similar
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Example #2: Ay,

Drell-Yan, My = 91 1876 GeV Drell- Yan I\/IZ/ = 500 GeV

0.50 T . 0.50

PanGIobal(Bps 0) [NLL] — PanGIobal(Bps 0) [NLL] —
PanGlobal(Bps=0.5) [NLL] === PanGlobal(Bps=0.5) [NLL] ===

0.45F PanLocal(Bps=0.5,dip.) [NLL] —— 0.45r PanLocal(Bps=0.5,dip.) [NLL] —— |
PanLocal(Bps=0.5,ant.) [NLL] ----- ) PanLocal(Bps=0.5,ant.) [NLL] -----

0400 Dipole-ki(global) [LL] ----- dIPO|e- kt _[ _________ Dipole-ki(global) [LL] ---- ]

Dipole-ki(local) [LL] 1 (local)[LL] Dipole-k(local) [LL]

dipole-k¢
(global)[LL]

1/N dN/d|Ag1|
=3
w
[l
T

°

W

S
T

025} i ] Pa[nSca]Ies
A NLL A
20 <pu <30 GeV, 0.3 < pea/pi < 0.5, Ymax = 2.5, [Ay12] > 1.5 20 < pa <30 GeV, 0.3 < pa/pey , Yoax = 2.5, |by12] > 1.5
020 n}4 n}z 3r;/4 n 0205 n}4 n}z 3r;/4 n
18¢12| 18¢12|
@ Dipole-k; with global recoil (LL) o At higher scale:
quite off dipole-k¢(LL) # PanScales(NLL)
@ All others [local dipole-k:(LL) and e DANGER: false sense of control from
PanScales(NLL)] similar lower-energy info!
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Log counting for LL Event shapes

In the soft-collinear approx

Veut = kte_ﬁln‘

Veut

(here 5 =0)

Soft-collinear:
O(asl?) + 1-¢ as
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Log counting for NLL Event shapes

[-o

Soft-coll: 2-¢ as + Hard collinear (virtual) Soft large-angle Multiple real emissions
O(a2L?) R-V (CMW) (from asl) (virtual)=0 (from a2L2)
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Log counting for NNLL Event shapes

T

f -O+@

Soft-coll: 3-¢ s +  Hard collinear (virtual) Multiple reals:

O(a2L?) R-V (cMW)  O(a2L) corrections

Gregory Soyez

Towards accuracy in parton showers

O(a?L) double-soft

New O(as)
contributions
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Log counting for NNLL Event shapes

T
f.-.—@+
° * 0 N
Soft-coll: 3-¢ as + Hard collinear (virtual) Multiple reals: New O(as)
O(a2L?) R-V (cMW)  O(a2L) corrections O(a?L) double-soft contributions

Freedon to reshuffle terms between different contributions

Typical approach:

- define a massless ki1 with same k;, 1, ¢ as ki + ko
- express the Sudakov using k112

- treat ki1 — ki + ko as real double-soft correction

Example: double-soft
ki, ko emission
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Shower Sudakov drifts

The shower does not take the same prescription:

- generate a first emission ki
- generate a second branching ki — ki, ko (with correct ki, ko matrix element)

NNLL shapes magic trick

NNLL: enoug to get (soft-coll) average drift
between k; and k4> (in k. and y)!
— defines AKg, AKl and ABg

<
¢ 9 (Sumrules |
q

For shapes, only [ dyAKi (o (y)drife) matters

For exclusive observables (E in slice) full differential
o* AKji needed = powerful check

Same for triple-coll. region (not yet in PanScales)

= = — — =r=
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