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What are the fundamental forces
and building blocks of the universe?

Why do they have the properties
that we observe?




The Standard Model (SM)
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The Standard Model (SM)

particles interactions



The Standard Model (SM)

particles interactions



The Standard Model (SM)

our experimental exploration of
the Higgs-related SM
Interactions Is only just starting

interactions



unique among all the
fields we know, the Higgs
field Is the only one that
IS non-zero “classically’

Why?
Higgs potential?

Keystone of SM



Higgs potential — remember: it's an energy density

Standard Model
potential

-------- - | Corresponds to an energy density of
1.5 x 10" GeV/fm’

i» — mc? — Mass density of 2.6 X 1028 kg/m3
'i.e. >40 billion times nuclear density |
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Higgs potential

Studying H—HH probes
specific mathematical property

Standard Model of the potential’s shape:

potential its third derivative (4,),

i.e. how asymmetric it is
at the minimum



Higgs potential

V(¢), today

Studying H—-HH probes
specific mathematical property

Srveree of the potential’s shape:

lives here Standard Model

potential its third derivative (4,),

i.e. how asymmetric it is
at the minimum

what we [reconstruction in plot
know today

= 0.4 <) /SM<63 assumes higher derivatives as
in SM|
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Higgs potential

V(¢), 2040 (HL-LHC)

Studying H—HH probes
specific mathematical property
Standard Model of the potential’s shape:
potential

its third derivative (4;),

i.e. how asymmetric it is
at the minimum

what we may
know in 2040

/ 0.5 <A3/SM<1.6




Higgs potential

V(g), 2060 (FCC-ee, 4IP) Studying H—HH probes

specific mathematical property

Standard Model of the potential’s shape:

potential its third derivative (4,),

i.e. how asymmetric it is
at the minimum

what we may
know in 2060

/ 0.76 <A3/SM < 1.24




Higgs potential

V(¢), 2080 (FCC-hh)

Studying H—HH probes
specific mathematical property
Standard Model of the potential’s shape:
potential

its third derivative (45),

i.e. how asymmetric it is
at the minimum

J

what we may
know in 2080

As =SM / 0.97 <A3/SM<1.03



Higgs potential

Studying E H probes

c A ical property
d ve I’s shape:

\%= (/13),
Ctric 1t 1S

at the minimum

at we may

know in 2080

As = SM 0.97 <A3/SM<1.03
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http://lhc-commissioning.web.cern.ch/schedule/images/2024/
rampup_ 2023 YETS]5W eks Nolon MDs_ULT.png

LHC luminosity v. time

= 90% of collisions
still to be delivered

‘Tw /
N

= 6
©
c*)o 5
= 4
JZ

with vastly

integrated luminosity improved detectors

(~ total number of

pp collisions) ' V
a8

0 Lot — ' -
2010 2015 2020 205 2030 2035 2040

VEAR

Gavin Salam UCLA, March 2025 12
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UNDERLYING EXPERIMENTAL
THEORY DAIA

how do you make
quantitative
connection?

13
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that comes out of a collision
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Why not just plain (N)NLO?

1.e. get scattering cross-sections from first few orders of
perturbative expansion in the strong coupling «,

O — GO+C¥S01 +C¥S202+ cee

LO NLO NNLO

16



What kind of contributions do we get at NLO?

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

> . Divergences are present
{ E in both real and virtual
) > 0 diagrames.
" 200, Cr dE dO They arise when an
T - E 0 emission has a small

energy (£ << 1) ora

N A VIRTUAL small angle (0 < 1).

In dim-reg, this brings

- 20.Cr dE dO 1/€* for each order in Qa..
I 1 E 6




What a NLO calculation gives you

LO (2-particle) tree-level event

with weight  1.00000

PX, py, pz, E= -1.32 -1.38 -49.96 50.00
PX, py, pz, E= 1.32 1.38 49.96 50.00
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What a NLO calculation gives you

LO (2-particle) tree-level event
with weight  1.00000 P
PX, py, pz, E= -1.32 -1.38 -49.96 50.00 LO event (qq)

PX, py, pz, E= 1.32 1.38 49.96 50.00

NLO (3-particle) tree-level event NLO event, with real emission
with weight 893.22103, multiplying (alphas/2pi)

px, py, pz, E= -1.60 -1.75 -49.87 49.93 ~ LO event + extra soft gluon
PX, py, pz, E= 1.31 1.36 49.25 49.29

pz, E= 030 039 062 0.79 and large positive weight




What a NLO calculation gives you

LO (2-particle) tree-level event

with weight  1.00000

PX, py, pz, E= -1.32 -1.38 -49.96 50.00
PX, py, pz, E= 1.32 1.38 49.96 50.00

NLO (3-particle) tree-level event
with weight 893.22103, multiplying (alphas/2pi)
PX, py, pz, E= -1.60 -1.75 -49.87 49.93
PX, py, pz, E= 1.31 1.36 49.25 49.29
oz, E= 0.30 0.39 0.62 0.79

NLO (2-particle) virtual subtraction event

with weight -84.49299, multiplying (alphas/2pi)
PX, py, pz, E= -1.32 -1.38 -49.96 50.00
pPX, py, pz, E= 1.32 1.38 49.96 50.00

NLO (2-particle) virtual subtraction event
with weight -808.58646, multiplying (alphas/2pi)
PX, py, pz, E= -1.61 -1.75 -49.94 50.00
pPX, py, pz, E= 1.61 1.75 49.94 50.00

NLO (2-particle) virtual finite event

with weight  2.66667, multiplying (alphas/2pi)
PX, py, pz, E= -1.32 -1.38 -49.96 50.00
PX, py, pz, E= 1.32 1.38 49.96 50.00

LO event (qg)

NLO event, with real emission
~ LO event + extra soft gluon
and large positive weight

NLO event, “virtual” correction
~ LO event
and large negative weight



event weights are ~ probabilities

» real life doesn’t have negative probabilities
» real life doesn’t have (near-)divergent probabilities

» you can avoid these problems in perturbation theory if you ask very limited

kinds of questions, i.e. nearly always summing real & virtual divergences
%

» but experiments don’t limit themselves to those kinds of questions

* though there can still be nasty surprises, cf. Chen et al 2102.07607, GPS & Slade 2106.08329



http://arxiv.org/abs/2102.07607
https://arxiv.org/abs/2106.08329

What actually happens In a
collision?




0.002

0.001

incoming beam particle

y [fm]
(-

intermediate particle
(quark or gluon)

final particle (hadron)
-0.001

Event evolution spans 7 orders of
magnitude in space-time

t =-8.0x102%7 s
-0.002 = -0.00240 fm/c

-0.002 -0.001 0 0.001 0.002
Z [fm]
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http://panscales.org/videos.html
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(CD parton shower: an evolution equation (in evolution scale v, e.g. trans.mom.)

Start with gg state.

Throw a random number to determine down to
what scale state persists unchanged

dP,(v)

2 ) P

VO

22



(CD parton shower: an evolution equation (in evolution scale v, e.g. trans.mom.)

Start with g-gbar state.

Throw a random number to determine down to
what scale state persists unchanged

dP,(v)

2L ) P

VO

23



(CD parton shower: an evolution equation (in evolution scale v, e.g. trans.mom.)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

VO

dPs (v)

Start with g-gbar state.

Throw a random number to determine down to
what scale state persists unchanged

At some point, state splits (2—3, i.e. emits
gluon). Evolution equation changes

S = 0+ £ Py

gluon is part of two dipoles (gg), (¢g), each
treated as independent
(many showers use a large N¢ limit)

24



(CD parton shower: an evolution equation (in evolution scale v, e.g. trans.mom.)

self-similar
evolution
continues until it
reaches a non-
perturbative
scale

(made tractable
in part by large-
N limit, with
non-interfering
colour dipoles)

VO V1 V2 V3 V4 V5 V6

25



selected collider-QCD accuracy milestones

LO NLO NNLOL....cvreeenend] N3LO

1970 1980 1990 2000 2010 2020



selected collider-QCD accuracy milestones

LO NLO NNLO[.....vevreeeeeend] N3LO

DGLAP splitting functions
LO NLO ? ~ NNLO [parts of N3LO]

1970 1980 1990 2000 2010 2020



selected collider-QCD accuracy milestones

LO NLO NNLO[.....vevreeeeeend] N3LO

DGLAP splitting functions
LO NLO ~ NNLO [parts of N3LO]

transverse-momentum resummation (DY &Higgs)
LL  NLL[......] NNLL]...] i N3LL

1970 1980 1990 2000 2010 2020



selected collider-QCD accuracy milestones

reII-Yan (vy/Z) & Higgs production at hadron colliders
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transverse-momentum resummation (DY &Higgs)
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selected collider-QCD accuracy milestones

LO NLO NNLO[.....cevvvermnnnnn. ] N3LO

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

transverse-momentum resummation (DY &Higgs)
LL  NLL[...... ] NNLL]J...] N3LL

this talk

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

of
LL [parts Of NLL.......coo e e e e ] NLL NNLL

fixed-order matching of parton showers
LO NLO NNLO [.....ccuu....... ]

1970 1980 1990 2000 2010 2020



Machine learning and jet/event structure

Convolved
Convolutions Feature Layers

Max-Pooling
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Repeat

[Cogan, Kagan, Strauss, Schwartzman JHEP 1502 (2015) 118]

2021 Young Experimental Physicist
EPS HEPP prize [de Oliveira, Kagan, Mackey, Nachman, Schwartzman JHEP 1607 (2016) 069]
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........ Qu, L1 & Quan,
(a) Particle Transformer arX1v:2202.03772
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https://arxiv.org/abs/2202.03772

using full jet/event information for H/W/Z-hoson tagging

adapted from
Dreyer & Qu
2012.08526

QCD rejection with
just jet mass
(SD/mMDT)

1.e. 2008 tools &
their 2013/14
descendants
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https://arxiv.org/abs/2012.08526

using full jet/event information for H/W/Z-hoson tagging

adapted from
Dreyer & Qu
2012.08526

QCD rejection with
just jet mass
(SD/mMDT)

1.e. 2008 tools &
their 2013/14
descendants
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Lund+LSTM
EdgeConv using Lund kinematics
ParticleNet [GQ19]

4 (QCD rejection
with use of full jet

substructure
(2021 tools)

100x better

First started to be exploited
by Thaler & Van Tilburg with
“N-subjettiness” (2010/11)

signal efficiency
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https://arxiv.org/abs/2012.08526

can we make perturbative QCD
simultaneously physical and
systematically improvable?
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the Lund plane

organisation of phase space that highlights
QCD divergences and logarithms

Original concept: B. Andersson, G. Gustafson L. Lonnblad and Pettersson, 1989
Event-by-event definition: Dreyer, GPS & Soyez, 1807.04758
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https://arxiv.org/abs/1807.04758

Phase space: two key variables

E
v
6 (or n = —Intan 5) n is called (pseudo)rapidity
p; = EO p, (or p,) is a transverse momentum

2 C 4o dp. d emission probability In
d® | M?| = Za(p)C 49 2p, 49 low-energy;,

r 60 p 2n small-angle limit

32



jet with R= 0.4, pr = 200 GeV

33
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Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

® logarithmic kinematic plane whose two variables are
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p, [GeV]

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

® logarithmic kinematic plane whose two variables are

20 5

ofF p, = EO

p, [GeV]

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

® logarithmic kinematic plane whose two variables are

20 :

L1 pt — EH

p, [GeV]

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

® logarithmic kinematic plane whose two variables are

20 5

L1 pt — EH

p, [GeV]

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

40

20 ; —
0 (or n

— 10
.
QO
= s
Ny
2 ...........................................
1

1.6 2.3 3.0
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jet with R= 0.4, pr = 200 GeV
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logarithmic kinematic plane whose two variables are

v,
0 (or n = — lntanz)
p; = LO

|||||||||||||||||||||||||||||||

Introduced for understanding Parton Shower Monte Carlos by
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jet with R= 0.4, pr = 200 GeV

40 . . . . .
logarithmic kinematic plane whose two variables are
20 5 —_—~ H
«9(orn=—lntan5)
10 [ —
N p, = LO
S
= s
Y
O b N
Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

40 . . . . .
logarithmic kinematic plane whose two variables are
20 5 ———— H
é «9(orn=—lntan5)
10 [ —
N p, = LO
S
= s
Y
O b N
Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

® logarithmic kinematic plane whose two variables are

20 ; —_ U~ H
0 (or n = — Intan —)

2
ofF p, = EO

NB: Lund plane can be constructed event-by-event

using Cambridge/Aachen jet clustering sequence,
cf. Dreyer, GPS & Soyez ’18

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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jet with R= 0.4, pr = 200 GeV

® logarithmic kinematic plane whose two variables are

20 ! — ~ 0
H(orn:—lntanz)
~ p, = EO
s Squared Matrix Element » phasespace
= ° ~ uniform in ln pt and n

) C dp. db d
 dD|M?| = 2a(p)C ap, do d¢p
2 o o I T p, 0 2«

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson, G. Gustafson L. Lonnblad and Pettersson 1989
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tlement #1:
criteria for accuracy

parton showers span disparate scales
natural language is “logarithmic” accuracy



Double (or leading) logarithms: /1. ~"

» each emission “costs” a power of «;
> full 2-dimensions of phase space — factor of L?

> if you are inclusive, real a,L* terms cancel against

>
g 1 virtual contributions (unitarity)
or
3
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Double (or leading) logarithms: /1. ~"

» each emission “costs” a power of a;
20 > full 2-dimensions of phase space — factor of L”

> if you are inclusive, real o, L* terms cancel against

>
(3 10 virtual contributions (unitarity)
o
< > of phase space break the
R cancellation (“Sudakov” form factor)
-
o S o D \ o( <e") ~ o, ex [—c-aLz]
g g g g P t,/ lot p S
1



Logarithmic accuracy hierarchy, with asL ~ 1

1
OISL2 + OCSZL3 + aS3L4 + - = Ozs”L”Jrl ~ —

X

al+a’L*+ o)L’ + -+ =a'l" ~ 1
a, + a’L + a’L* + - =a'L"! ~a

\) \)

etC.

leading logarithms (LL)

next-to-leading logarithms (NLL)

next-to-next-to-leading logarithms (NNLL)



Defining what we mean by NLL

A Matrix Element condition

» correctly reproduce n-parton tree-level matrix element for arbitrary configurations,
so long as all emissions well separated in the Lund diagram

» supplement with unitarity, 2-loop running coupling & cusp anomalous dimension

Resummation condition: reproduce NLL results for all standard resummations

» global event shapes

» non-global observables
» fragmentation functions
» multiplicities

> .



1. Recoll: the core of any shower

Dipole showers conserve momentum at each step. Traditional dipole-local recoil:

~w

/7

q

I

ozs(ki) dki dz do Sy
27T k:i z 2 K

AP, = 2 Pisik(2)



1. Recoll: the core of any shower

Dipole showers conserve momentum at each step. Traditional dipole-local recoil:

‘,'q‘/
a
s

q

emission of 2 takes transverse
recoil from 1

I



1. Recoil: the core of any shower

ratio of effective shower
matrix element to exact one

I
<

emission of 2 takes transverse
recoil from 1

Shower initially generated matrix element for

~/S

particle 1, whose momentum difters (by ~ 50%)

P2/ Py 1

I

from final particle 1.

Matrix element is incorrect wrt final momentum 1.

. . 0.05 |- Applies to "diamond" rapidity region - -
First observed: Andersson, Gustafson, Sjogren 92 ; . . .

Closely related eftect present for Z p.: Nagy & Soper 0912.4534 Tt _,-;/2 0 /2 -
Impact on log accuracy across many observables: Dasgupta, Dreyer, Hamilton, Monni, GPS, 1805.09327 Ad1o



https://arxiv.org/abs/0912.4534
https://arxiv.org/abs/1805.09327

1. Correct recoil rule: no side effects on other distant emissions

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

O h
ne approac as(k?) dk? dz de APy

q

Ny



1. Correct recoil rule: no side effects on other distant emissions

One approach

emission of 2 takes transverse g
recoil from q

0, left almost unchanged if L recoil from emission of 2 taken by (much harder) q



1. Correct recoil rule: no side effects on other distant emissions

One approach
! o'rg"
1 emission of 2 takes transverse q . |
recoil from q 0s 02 o1 o0 0 oo

AR

0, left almost unchanged if L recoil from emission of 2 taken by (much harder) q

Can be achieved in multiple ways:

» global transverse recoil

» local transverse recoil, with non-standard shower ordering & dipole partition


https://arxiv.org/abs/2002.11114
https://arxiv.org/abs/2003.06400
https://arxiv.org/abs/2208.06057
https://arxiv.org/abs/2403.19452
https://arxiv.org/abs/2002.11114
https://arxiv.org/abs/0912.4534

Element #2: testing correctness

Parton showers operate at all orders and mix many
effects. How can you separate out just the orders you
aim to control to test they’re correct?


https://arxiv.org/abs/2002.11114

A2
Test class 2: full shower v. all-order NLL \llj .
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Ay+>, PanGlobal(B=0
1.8 %2. | (ﬁ. ) » run full shower
-6- as=0.02 with specific value of o (Q) & measure an
1.6 | - observable: azimuth between two
highest-k; emissions (soft-collinear)
Lar ) » ratio to NLL should be flat = 1
12k _ » it isn’t: have we got an NLL mistake? Or

a residual subleading (NNLL) term?

G- =-0~-a.
1.0F ~ -

- -0.6< ozslogkt—c')1 <-0.5
0.3 < ktZI/ktl <0.5 |

0 /4 /2 3ri/4 I
|Ayn 2|

0.8




A2

Tests (2): full shower v. all-order NLL ~

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Ay,,, PanGlobal(g=0)

» run full shower

-6- as=0.02 with specific value of a (Q) & measure an

1.6F &~ as=0.01 - observable: azimuth between two

highest-k; emissions (soft-collinear)

LAT ) » ratio to NLL should be flat =1
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a residual subleading (NNLL) term?
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A2

Tests (2): full shower v. all-order NLL ~
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Ay,,, PanGlobal(g=0)
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Tests (2): full shower v. all-order NLL ~
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PanGlobal agrees
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Tests (2): full shower v. all-order NLL
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Tests (2): full shower v. all-order NLL
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Tests (2): full shower v. all-order NLL
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Tests (2): full shower v. all-order NLL
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Test class 2: full shower v. all-order NLL — many observables
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Test class 2: full shower v. all-order NLL — many observables
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PanScales

Parton showers beyond leading logarithmic accuracy
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Francesco Monni,* Gavin P. Salam,? * and Grégory Soyez’
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PanScales

Parton showers beyond leading logarithmic accuracy
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Matching and event-shape NNDL accuracy in parton
showers
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Christian T Preuss

Department of Physics, University of Wuppertal, 42119 Wuppertal, Germany

E-mail: preuss@uni-wuppertal.de

Soft spin correlations in final-state parton showers

Keith Hamilton,® Alexander Karlberg,® Gavin P. Salam,?¢ Ludovic Scyboz,? Rob
Verheyen?

. . . [ &
slide from Pier Monni - & mord 58



Element #3:

20
extension to higher orders
o
?13: - s
- ; E.g. at NNLL, effective matrix
| : ; element should be correct even
2 S D A \ where there are pairs of emissions
5 5 | 5 close by in the Lund plane
‘o4 02 01 005 0.02  0.01
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Make each new emission's distribution conditional on previous emission

~ Distribute k, according to M*(k,)



Make each new emission's distribution conditional on previous emission

~ Distribute k, according to M*(k,)
~ ~ Distribute k, according to M*(k,, k,)/M*(k,)



Make each new emission's distribution conditional on previous emission

ky
~ Distribute k, according to M*(k,)
ky ky
~ ~ Distribute k, according to M*(k,, k,)/M*(k,)

~ ~ Distribute k; according to M 2(k2, ky) /M 2(kz)



Make each new emission's distribution conditional on previous emission

ky
~ Distribute k, according to M*(k,)
ky ky
~ ~ Distribute k, according to M*(k,, k,)/M*(k,)
ky k3
~ ~ Distribute k; according to M 2(k2, ky) /M 2(kz)
ks k,

~ ~ Distribute k,; according to M 2(k3, ky) /M 2(k3)



Make each new emission's distribution conditional on previous emission

ky
~ Distribute k; according to M*(k;)
ky ky
~ ~ Distribute k, according to M*(k,, k,)/M*(k,)
ky k3
~ ~ Distribute k; according to M 2(k2, ky) /M 2(k2)
ks k,

~ ~ Distribute k,; according to M 2(k3, ky) /M 2(k3)

Relies on factorisation: e.g. M*(k;, ky, ks, k,)IM*(k;, k, ky) — M*(ksy, k) M*(k;)
if 3 and 4 well separated in Lund plane from 1 and 2

[factorised matrix elements given in Dokshitzer, Marchesini & Oriani '92, Campbell & Glover, hep-ph/9710255,
Catani & Grazzini hep-ph/9810389, etc.]



https://inspirehep.net/literature/336198
https://arxiv.org/abs/hep-ph/9710255
https://arxiv.org/abs/hep-ph/9810389

Account for virtual corrections associated with each emission

ki ki NLO correction to k; emission

_c% n _4_ intensity sums loop correction and all
possible scenarios for the next

emission



Account for virtual corrections associated with each emission

etcC.

NLO correction to k; emission
intensity sums loop correction and all
possible scenarios for the next
emission

NLO correction to k, emission
intensity sums loop correction and all
possible scenarios for the next
emission



Account for virtual corrections associated with each emission

etcC.

NLO correction to k; emission
intensity sums loop correction and all
possible scenarios for the next
emission

NLO correction to k, emission
intensity sums loop correction and all
possible scenarios for the next
emission

Again relies on factorisation, e.g. when 1 and 2 are well separated in the Lund plane

+ careful nesting,


https://arxiv.org/abs/2409.08316
https://arxiv.org/abs/2108.07133

Testing NNLL for event shapes

Difference relative to known
NNLL
|

need to analyse and account for all possible

—0.4 __' " sources of NNLL contribution

A = 1 a5| 0g yég/A) (some, which don’t affect event shapes, are still work in progress)
2


https://arxiv.org/abs/2307.11142
https://arxiv.org/abs/2406.02661
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https://arxiv.org/abs/2307.11142
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ratio to data

Comparing to LEP event-shape data
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Element #4:
positive-definite NLO event normalisation

NLO normalisation of parton shower event rates is a long-solved problem
Frixione-Webber "MC@NLO" hep-ph/0204244
& Nason “POWHEG" hep-ph/0409146

But only if you accept some finite fraction of events with
negative “weights” = negative probability
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https://arxiv.org/abs/hep-ph/0204244
https://arxiv.org/abs/hep-ph/0409146

time/event [S]

NLO ev. gen. time vs. negative-weight fraction

11— A
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- PWHEG goy, -

] pp, Vs =13.6TeV Jet

] my >50 GeV or p; jet > 10 GeV
10_2 1 NNPDF40MC nlo as 01180
10_3 = POW

H
10—4_
10_5 // Mac M2 Pro, gfortran 14.2, Apple clang 16.0.0
0.0 1073 1077 0.1 1

fraction of negative-weight events

much debated practical
problem, affects

1. performance
(negative weights worsen
Monte Carlo convergence)

2. machine-learning
(ML expects “physical"
training samples)

Existing approaches
mitigate, but don’t solve
the problem




time/event [S]

NLO ev. gen. time vs. negative-weight fraction much debated practical
ly—7~ problem, affects
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New approach: “Exponentiated Subtraction for Matching Events” (ESME)
guarantees NLO and absence of negative-weight events,



Conclusions



Took about 35 years to reach full NLL since the birth of parton showers ...
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(Revised 14 December 1983)

We present a new Monte Carlo simulation scheme for jet evolution in perturbative QCD
which takes into account the results of recent analyses of soft-gluon interference. Therefore, this
scheme accounts correctly not only for the leading collinear singularities, as in previous schemes,
but also for leading infrared singularities. In this first paper we study the basic features of gluon jet
evolution such as: (i) the interference effects and the corresponding depletion of the parton
distributions in the soft region; (ii) the approach to asymptopia; (iii) the efficiency of colour
screening (preconfinement), which has been questioned recently by Bjorken.
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Torbjorn SJIOSTRAND
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In this paper we extend our previous work on the simulation of coherent soft-gluon radiation
to hard colhsions that involve incoming as well as outgoing coloured partons Existing simulations
correctly sum the leading collinear singularities for imtial- and final-state radiation, and 1n some
cases the leading infrared contributions from outgoing partons, but not those for incoming (or the
nterference between incoming and outgoing) Asymptotically, however, the leading infrared and
collinear contnibutions are comparable, the bulk of gluon emission occurring mn the soft region
Furthermore, a correct treatment of leading infrared terms 1s necessary for the inclusive cancella-
tion of singularities 1n the Sudakov form factor We show how such a treatment may be
formulated in terms of an angular ordering procedure apphcable to all hard processes We then
describe a new Monte Carlo program which incorporates this procedure, together with other new
features such as azimuthal correlations due to gluon polarization and mterference The program 1s
designed as a general-purpose event generator, stmulating hard Iepton-lepton, lepton-hadron and
hadron—-hadron scattering 1n a single package Simulation of soft hadromc colhisions and underly-
ing events 15 also included We present the predictions of the program for a wide variety of
processes, and compare them with analytical results and experimental data

i

1990

We present a detailed model for exclusive properties of initial state parton showers. A numerically efficient algorithm is
obtained by tracing the parton showers backwards, i.e. start with the hard scattering partons and then successively reconstruct
preceding branchings in falling sequence of spacelike virtualities Q2 and rising sequence of parton energies. We show how the
Altarelli-Parisi equations can be recast in a form suitable for this, and also discuss the kinematics of the branchings. The
complete model is implemented in a Monte Carlo program, and some first results are presented.
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Parton showers are among the most widely used tools in collider physics. Despite their key
importance, none so far has been able to demonstrate accuracy beyond a basic level known as leading
logarithmic (LL) order, with ensuing limitations across a broad spectrum of physics applications.
In this letter, we propose criteria for showers to be considered next-to-leading logarithmic (NLL)
accurate. We then introduce new classes of shower, for final-state radiation, that satisfy the main
elements of these criteria in the widely used large-N¢ limit. As a proof of concept, we demonstrate
these showers’ agreement with all-order analytical NLL calculations for a range of observables,
something never so far achieved for any parton shower.

General principles for a NLL _parton shower

(formu[atec[ for e*e-, many extensions will fof[ow

2020
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[ca. 800 papers on the subject of event generators ........cooviiiiiiii e
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... key steps towards NNLL were just 0(5) years away
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describe a new Monte Carlo program which incorporates this procedure, together with other new
features such as azimuthal correlations due to gluon polarization and mterference The program 1s
designed as a general-purpose event generator, stmulating hard Iepton-lepton, lepton-hadron and
hadron—-hadron scattering 1n a single package Simulation of soft hadromc colhisions and underly-
ing events 15 also included We present the predictions of the program for a wide variety of
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We present a detailed model for exclusive properties of initial state parton showers. A numerically efficient algorithm is
obtained by tracing the parton showers backwards, i.e. start with the hard scattering partons and then successively reconstruct
preceding branchings in falling sequence of spacelike virtualities Q2 and rising sequence of parton energies. We show how the
Altarelli-Parisi equations can be recast in a form suitable for this, and also discuss the kinematics of the branchings. The
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We report on a major milestone in the construction of logarithmically accurate final-state parton
showers, achieving next-to-next-to-leading-logarithmic (NNLL) accuracy for the wide class of ob-
servables known as event shapes. The key to this advance lies in the identification of the relation
between critical NNLL analytic resummation ingredients and their parton-shower counterparts. Our
analytic discussion is supplemented with numerical tests of the logarithmic accuracy of three shower
variants for more than a dozen distinct event-shape observables in Z — ¢¢ and Higgs — gg decays.
The NNLL terms are phenomenologically sizeable, as illustrated in comparisons to data.

e ———

Parton showers beyond leading logarithmic accuracy

2010 2020 2024

Parton showering with higher-logarithmic accuracy for soft emissions

Mrinal Dasgupta,' Frédéric A. Dreyer,? Keith Hamilton,? Pier Silvia Ferrario Ravasio,! Keith Hamilton,? Alexander Karlberg,!

Francesco Monni,* Gavin P. Salam,? * and Grégory Soyez® Gavin P. Salam,>»* Ludovic Scyboz,®> and Gregory Soyez!:®
L Consortium for Fundamental Physics, School of Physics and Astronomy, ) ' CERN, Theoretical Physics Department, CH-1211 Geneva 23, Switzerland
University of Manchester, Manchester M13 9PL, United Kingdom s Depa?"tment of Physics and Astronomy, University College London, London, WC1E 6BT, UK
zRudolf Peierls Centre for Theoretical Physics, Parks Road, Ozford OX1 8PU, UK Rudolf Peierls Centre for Theiretzcal Physics, Clarendon Laboratory, Parks Road, Ozford OX1 3PU, UK
. . o ’ ¢ All Souls College, Oxford OX1 AL, UK
3 g ’
DeparthgE%f]\fhgtﬁzcs a?d 24;:5}:0”97”% Umz)ersziy ggligelll’oc?don’ ngdgn, .tWCl(JEd6BT’ UK SIPhT, Université Paris-Saclay, CNRS UMR 3681, CEA Saclay, F-91191 Gif-sur-Yvette, France
, eoretica ysics Department, - eneva 23, Switzerlan ) o o ] ) ]
5 Institut de Physique Théorique, Université Paris-Saclay, CNRS, CEA, F-91191, Gif-sur-Yvette, France The accuracy of parton-shower simulations is often a limiting factor in the interpretation of data
from high-energy colliders. We present the first formulation of parton showers with accuracy one or-
Parton showers are among the most widely used tools in collider physics. Despite their key der beyond state-of-the-art next-to-leading logarithms, for classes of observable that are dominantly
importance, none so far has been able to demonstrate accuracy beyond a basic level known as leading sensitive to low-energy (Sth) emissions, specifically non-global observ:ables anq Sul?Jet multiplici-
logarithmic (LL) order, with ensuing limitations across a broad spectrum of physics applications. ties. This represents a major step towards general next-to-next-to-leading logarithmic accuracy for
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accurate. We then introduce new classes of shower, for final-state radiation, that satisfy the main
elements of these criteria in the widely used large-N¢ limit. As a proof of concept, we demonstrate
these showers’ agreement with all-order analytical NLL calculations for a range of observables,
something never so far achieved for any parton shower.
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Outlook

We now have solid foundations for discussing logarithmic accuracy of parton showers and
so for QCD to be (a) physical and (b) still subject to systematic improvement.

First indications are that full NNLL is essential for precision collider phenomenology

Several important steps remain:

» NNLL for e"e: including fully differential 1— 3 & 1-loop 1—2 collinear splitting

» NNLL with initial-state hadrons
» log-accurate treatment of quark masses

» generalising positive-definite NLO to wider range of processes and to NNLO and
beyond

Code is available publicly: https://gitlab.com/panscales/panscales-0.X



https://gitlab.com/panscales/panscales-0.X

