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, >36000 bins

704 event classes

E.g. broadband searches
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LHC luminosity v. time
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UNDERLYING EXPERIMENTAL
THEORY DAIA

how do you make
quantitative
connection?
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simulations use General Purpose Monte Carlo event generators

THE BIG

11111 A

N

Herwig 7 Pythia 8 Sherpa 2

used in ~95/ of ATLAS/CMS publications

they do an amazing job of simulation vast swathes of data;
collider physics would be unrecognisable without them



pe European Physical Society
High Energy and Particle Physics Division

The 2021 High Energy and Particle Physics Prize of the EPS for an outstanding
contribution to High Energy Physics is awarded to Torbjorn Sjostrand and Bryan
Webber for the conception, development and realisation of parton shower Monte
Carlo simulations, yielding an accurate description of particle collisions in terms of
quantum chromodynamics and electroweak interactions, and thereby enabling the
experimental validation of the Standard Model, particle discoveries and searches for
new physics.

Torbjorn Sjostrand: founding author of Pythia
Byran Webber: founding author of Herwig (with Marchesinif)
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1 TeV

100 GeV

10 GeV

1 GeV

IIHHHIHHH%HHHI'

time

KK

schematic view of key
components of QCD

predictions and Monte

Carlo event simulation

pattern of particles In
MC can be directly
compared to pattern In
experiment
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scale

1 TeV

Z Much of past 20 years’ work:
MLM, CKKW, MC@NLO,
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Geneva, UNNLOPS, Vincia, etc.

100 GeV
In standard
0 GeV codes, largely
based on
principles
from 20-30

1 GeV hadronisation
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collisions) see work by
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Status of parton showers
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selected collider-QCD accuracy milestones

reII-Yan (vy/Z) & Higgs production at hadron colliders
LO NLO NNLO[cceeeeeerranns] N3LO

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

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

parton showers (many of today’s widely-used showers only LL@leading-colour)
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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 [....... ] [N3LO]

1970 1980 1990 2000 2010 2020



Parton Shower accuracy matters:

| | | | | | | I | | | | | |
- ATLAS [2007.02645] :
[] Total uncertainty

o 0051 ys=13Tev, 80" I
§ Z+jet, Z — uu i
5 0.04 .
= i
C -
LL] - |
> 0.03F -
:GE) Sk L P SURE MC generator |
- Difference between
‘; Pythia8 and Sherpa N
c
= ) |
T
O
2 0.01 |
3 — |

20 30 100 200 1000

p* [GeV]

Jet energy calibration uncertainty
feeds into 75% of ATLAS & CMS
measurements

Largest systematic errors (1-2%)
often come from differences
between MC generators

(here Sherpa2 v. Pythia8)

— fundamental limit on
LHC precision potential

19
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Machine learning and jet/event structure

Convolved
Convolutions Feature Layers

Max-Pooling

S | - - - : - . . - b . - - -
T . B . . S ‘. : Nt .-'-:':':' :". - \.:.:-"
LT -~ P, —— Sl BRI - - . -
S | ey T s rer I LN
S ———— . - Lo - . . [T S e e sty e o
i - e . N — %
T e . e —— g P R A
R S~ .-.;_-_.“ : - ————— ”_._“....-_......_'_A_.”'“.“'.. -4 : B
e - 1T E TR 10 e e v e 4 et et e e e e T T R TR i ol S
. ..--nu::"-.-u '-":;,_...u"
— Tl L .__,...--'

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]

L blocks Class token (O)

Class
Attention
Block

Class
Attention

Particle
Attention
Block XL

Particle
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Block

Particle
Attention
Block

Particles

Block

MLP
SoftMax

Interactions =—»

........ Qu, L1 & Quan,
(a) Particle Transformer arX1v:2202.03772

Embedding | { Embedding
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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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signal efficiency
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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

-
=
afud
O
2
()
O
-
-
O
-
(®))
=
O
©
o)

10000 -

1000 -

100 -

10-:

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

Machine learnig can probably still deliver even more

10° E
104
-
O
e
O
D 10°
Q
—
)
2,
() 107
O
O
101-E — Optimal (2941) - Baseline Transformer (422 +17)
: ParticleNet (537 £ 7) Particle Flow Network (219 + 6)
| === LorentzNet (470 = 3) —— Deep Sets with Attention (306 *+ 89)
| —-- Pelican (355 +13)  --:-- Omnilearn from Scratch (490 + 25)
10° 3 —— ParT (608 + 28) ——- Fine-tune Omnilearn (525 + 16)
0.0 0.2 0.4 0.6 0.8 1.0

Top tagging efficiency

cf. recent study that uses
generative model as
“Optimal” discriminator
and compares performance
of other approaches

Geuskens et al,
2411.02628



https://arxiv.org/abs/2411.02628

can we trust machine learning? A question of confidence...

Unless you are highly confident in the
information you have about the markets, you
may be better off ignoring it altogether

- Harry Markowitz (1990 Nobel Prize in Economics)
[via S Gukov]

Gavin P. Salam Aachen, January 2025
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parton shower basics

tllustrate with dipole / antenna showers

Gustafson & Pettersson 1988, Ariadne 1992, main Sherpa & Pythia8 showers, option in Herwig?,
Vincia & Dire showers & (partially) Deductor shower

25



Example of radioactive decay

Constant decay rate p per unit time, total time 7 _ ... Find distribution of emissions.

1. write as coupled evolution equations for probability Py, P1, P>, etc., of having
0,1,2,... emissions

dP,
= —ulp(t)

!




Example of radioactive decay

Constant decay rate p per unit time, total time 7 _ ... Find distribution of emissions.

1. write as coupled evolution equations for probability Py, P1, P>, etc., of having
0,1,2,... emissions

dpP,
dt

— —uP, (If) I [easy to implement in

Monte Carlo approach]

Monte Carlo solution (repeat following procedure many times to get distribution of n, {f;})
a. start withn =0, 7, =0

b. Choose random number r (0 < r < 1) and find 7, | that satisfies

r — o Ptnt1—1tn) [i.e. randomly sample

exponential distribution
C. If tn_|_1 <1 p ]

.y, IICTEMeEnt n, go to step b



Monte Carlo worked example

Monte Carlo solution (repeat following procedure many times to get distribution of n, {t,})
a. start withn =0, 7, =0

b. Choose random number r (0 < r < 1) and find 7, ; that satisfies

r — o Ptnt1—1tn) [i.e. randomly sample

exponential distribution
c. Itt, <t g ]

e IICTEMeENt 1, go to step b

E.g. for decay rate y = 1, total time 7., = 2

» start withn = 0,7, =0

» random number r = 0.6 — ¢, =1, + log(1/r) = 0.51 [emission 1]
» random number r = 0.3 — f, =1, + log(1/r) = 1.71 [emission 2]

» random number r =04 — L =1+ log(l/r) =2.63 [ > SO stop]

tmax )

» This event has two emissions at times {f; = 0.51, 7, = 1.71}



(ACD 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



(ACD 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)

2 - 2 0) P

VO



(ACD 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

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

dP-(v)
—— = — |00 + 7,0 P

gluon is part of two dipoles (gg), (gg), each
treated as independent

\40) V]

V —p (many showers use a large N¢ limit)

30



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

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

VO V1 V2 V3 V4 V5 V6

31



the Lund plane

organisation of phase space that highlights
QCD divergences and logarithms

Gavin P. Salam Aachen, January 2025



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

33



jet with R= 0.4, p: = 200 GeV

34

p, [GeV]

40

20

10

logarithmic kinematic plane whose two variables are

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

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson.,G. Gustafson L. Lonnblad and Pettersson 1989

0.4 0.2 0.1 90.05 0.02 0.01 Th e Lu n d Pla n e



jet with R= 0.4, p: = 200 GeV
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jet with R= 0.4, p: = 200 GeV
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jet with R= 0.4, p: = 200 GeV
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jet with R= 0.4, p: = 200 GeV
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jet with R= 0.4, p: = 200 GeV

40

20 ; —
0 (or n

__1op
~
QD
= s
.
2 ...........................................
1

1.6 2.3 3.0

39

logarithmic kinematic plane whose two variables are
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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, p: = 200 GeV

40

20 | —_—~

1.6 2.3 3.0

41

logarithmic kinematic plane whose two variables are
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jet with R= 0.4, p: = 200 GeV

40

20 [ ; —_— T~

1.6 2.3 3.0

42

logarithmic kinematic plane whose two variables are

v,
0 (or n = — lntana)
p, = L0

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

Introduced for understanding Parton Shower Monte Carlos by
B. Andersson,G. Gustafson L. Lonnblad and Pettersson 1989

SRR The Lund Plane



jet with R= 0.4, p: = 200 GeV

® logarithmic kinematic plane whose two variables are

20 5 — o~ H
5 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

) 1.6 2.3 3.0 . 3.7 4.6 5.3 Th e Lu n d Pla n e



jet with R= 0.4, p: = 200 GeV

® logarithmic kinematic plane whose two variables are

20 ! — ~ 0
H(orn:—lntana)
~ 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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jet with R= 0.4, p: = 200 GeV

40

20

average over many jets:
Lund plane density

Sth heavy-1on workshop @ CERN, 1808.03689
Dreyer, Soyez & GPS, 1807.04758 (for pp applications)

1
1.6 2.3 3.0 ,,]3-7 4.0 >3 constructing the Lund plane



http://arxiv.org/abs/arXiv:1808.03689
http://arxiv.org/abs/arXiv:1807.04758

—= d N 2 ’
138 167 (13 TeV) ACFRACTALIUTREE “0.F 'QUARKS

AKS jets | AND GLUONS

jet
p’T > 700 GeV, ijetl <1.7

T

o
<
=
Q
>,
=
%)
-
)
e
-
Q
7
D
=
LL

arXiv:2312.16343

https://cms.cern/news/fractal-tree-quarks-and-gluons


https://arXiv/abs/2312.16343

logarithmic accuracy



Logarithmic accuracy: a schematic intro

[t’s common to hear that standard showers are Leading Logarithmic (LL) accurate.

The language of “logarithmic accuracy”, widespread for problem with disparate
momentum scales, comes from analytical resummations.

E.g. if you place a strong constraint on the Z-boson transverse momentum, p,, <K 1,

a, < 1
Mz
(P17 < D) ~ 01 €XP Sy L=1In—2>> 1

Pt
al ~1 or al®~1

NB: in the next slides L will always be the logarithmic of a ratio of momentum scales, often defined < O

47



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
3 5
[l
-
2 ........................................................................
1



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)



sources of NLL terms: 'L

a;L":
» each emission “costs” a power of a;

» some physics effects only involve
one-dimensional phase space for

emissions — factor of L

» some observables only sensitive to
a one-dimensional phase space for
emissions

0.4 0.2 0.1 0.05 0.02 0.01

Gavin P. Salam AR Aachen, January 2025
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sources of NLL terms: 'L

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

a,L":
» each emission “costs” a power of a;

» some physics effects only involve
one-dimensional phase space for

emissions — factor of L

» some observables only sensitive to
a one-dimensional phase space for
emissions

0.4 0.2 0.1 0.05 0.02 0.01
AR



sources of NLL terms: 'L

In soft-collinear vetoed region (size

L?), need control of all a” terms, i.e.
summed-integrated

» tree-level double-soft
» 1-loop single-soft

Combination that we need corresponds

to 2nd order cusp anomalous
dimension (“CMW scheme”)

— OCSZL2

0.4 0.2 0.1 0.05 0.02 0.01



JET

LUND DIAGRAM

J. accuracy needs to hold also for secondary, tertiary, etc. emissions

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

In kt

(b)

(c)

(c)
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LUND DIAGRAM

J. accuracy needs to hold also for secondary, tertiary, etc. emissions
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JET

LUND DIAGRAM

J. accuracy needs to hold also for secondary, tertiary, etc. emissions

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

In kt

(b)

(c)

(c)

primary Lund plane

secondary
Lund planes

In kt

(D)
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JET

LUND DIAGRAM

J. accuracy needs to hold also for secondary, tertiary, etc. emissions
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In kt

(b)

(c)
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In kt

primary Lund plane ——tp

secondary (%)
Lund planes j
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JET

LUND DIAGRAM

J. accuracy needs to hold also for secondary, tertiary, etc. emissions

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

In kt

(b)

(c)

(c)

primary Lund plane

secondary
Lund planes

tertlary
Lund plan

In kt

—_—

EW
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Designing NLL parton showers

defining “NLL” aims
a robust recoil framework
ingredients for specific phase-space regions

53
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How do you defined the accuracy of a parton shower?

» For a total cross section, e.g. for Higgs production, it’s easy to talk about systematic
improvements (LO, NLO, NNLQO, ...). But they’re restricted to that one family of
observable

55



How do you defined the accuracy of a parton shower?

» For a total cross section, e.g. for Higgs production, it’s easy to talk about systematic
improvements (LO, NLO, NNLQO, ...). But they’re restricted to that one family of
observable

» With a parton shower (+hadronisation) you produce a “realistic” full set of
particles. You can ask questions of arbitrary complexity:

» the multiplicity of particles
» the total transverse momentum with respect to some axis

> the angle of 3rd most energetic particle relative to the most energetic one
[machine learning might “learn” many such features]
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How do you defined the accuracy of a parton shower?

» For a total cross section, e.g. for Higgs production, it’s easy to talk about systematic
improvements (LO, NLO, NNLQO, ...). But they’re restricted to that one family of
observable

» With a parton shower (+hadronisation) you produce a “realistic” full set of
particles. You can ask questions of arbitrary complexity:

» the multiplicity of particles
> the total transverse momentum with respect to some axis

> the angle of 3rd most energetic particle relative to the most energetic one
[machine learning might “learn” many such features]

how can you prescribe correctness & accuracy of the answer,

when the questions you ask can be arbitrary?

55



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

> .



When do we require effective shower | A7~ | to be correct?

Inp, » a shower with simple (parton) 1—2
1 Dasgupta, Dreyer, Hamulton, or (dipole) 2—3 splittings can’t
Monnt, GPS & Soyez, reproduce full matrix element
2002.11114 P

» but QCD has amazing factorisation
properties — simplifications in
presence of energy or angular
ordering

» we should be able to reproduce

| M?| when all emissions well
separated in Lund diagram

d,>1,d,,>1,d;> 1, etc.

—

i

Gavin P. Salam Aachen, January 2025


https://arxiv.org/abs/2002.11114

When do we require effective shower | A7~ | to be correct?

Inp, » a shower with simple 1—2 or 2—3
1 Dasgupta, Dreyer, Hamilton, splittings can’t reproduce full
Monmi, GPS & Soyez, matrix element
2002.11114

» but QCD has amazing factorisation
properties — simplifications in
presence of energy or angular
ordering

» At NLL we are allowed to make a
mistake (by O(1) factor) when a

pair is close by, e.g. d,; ~ 1

—

i

Gavin P. Salam Aachen, January 2025
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https://arxiv.org/abs/2002.11114

1. Recoll: the core of any shower

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

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

~w

L

q

Ny

ozs(ki) dki dz do Sy

FS
APisin = s k’i 2 2 Wk

2Piik(2)



1. Recoll: the core of any shower
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Dipole showers conserve momentum at each step. Traditional dipole-local recoil:

‘,'Q"
5
s

q

emission of 2 takes transverse
recoil from 1

Ny



1. Recoil: the core of any shower

ratio of effective shower
matrix element to exact one

Ny
AN

emission of 2 takes transverse
recoil from 1

Shower initially generated matrix element for

~J

particle 1, whose momentum differs (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 6 /2 -
Impact on log accuracy across many observables: Dasgupta, Dreyer, Hamilton, Monni, GPS, 1805.09327 Ad1o

Gavin P. Salam Aachen, January 2025


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(ki) dki dz dSO Nsym

q

Ny



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

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

One approach

emission of 2 takes transverse q
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
/ #
1 emission of 2 takes transverse q . |
recoil fTOm q 0s 02 o1 00 0 0o

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
(Dasgupta et al 2002.11114, “PanGlobal”; Holguin Seymour & Forshaw 2003.06400; Alaric

2208.06057 + ---, Apollo, 2403.19452)

> local transverse recoil, with non-standard shower ordering & dipole partition
(“PanLocal”; Nagy & Soper 0912.4534 + -+, “Deductor”)



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/0912.4534

2. Individual ingredients: (a) large-angle soft

» dipole showers get this right at
large N, “for free”

» (NB: angular ordered “parton”
showers don’t — cf. Banfi,
Corcella & Dasgupta, hep-ph/
0612282)

0.4 0.2 0.1 0.05 0.02 0.01
AR


https://arxiv.org/abs/hep-ph/0612282
https://arxiv.org/abs/hep-ph/0612282

2. individual ingredients: (b) hard-collinear spin correlations

> recipe proposed long ago by
Collins (’86)

» implemented in Herwig showers
(Deductor & CVolver frameworks
also discuss it)

» Included in PanScales showers:



https://arxiv.org/abs/2103.16526

2. Individual ingredients: (c) soft, then hard-collinear spin correlations

» explicitly excluded from Collins
recipe ('86)

» (Deductor & CVolver frameworks
could in principle get it, but not
implemented)

» Efficient & simple large-/N. scheme
introduced and implemented in
PanScales showers:



https://arxiv.org/abs/2103.16526

2. individual ingredients: (d) colour, beyond leading-N. limit

» Standard showers have wrong
subleading colour terms at LL

20 (LL X 1/N? ~ NLL)
Gustafson ’93

10 Dasgupta et al ’18

» Angular ordering (“coherence”)
_ points to correct solution when all
standard emissions well separated in angle

dipole _shower S: Friberg, Gustafson, Hakkinen 96
Ca/2 instead Hamilton, Medves, GPS, Scyboz,
e | 2 Soyez, 2011.10054

Forshaw, Holguin & Platzer,
0.02  0.01 2011.15087

Gavin P. Salam AR Aachen, January 2025 66


https://arxiv.org/abs/2011.10054
https://arxiv.org/abs/2011.15087

2. Individual ingredients: (d) colour, beyond leading-N. limit

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

PanScales approach

» Systematic expansion, with full

colour for up to n emissions in any
vertical slice

» Implemented forn =1 & 2
(segment & “NODS” methods)

» difference between them gives
estimate of residual systematic error



https://arxiv.org/abs/2011.10054

2. Individual ingredients: (e) all of the ahove, with initial-state hadrons

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

—5¢t / o Invl——ZOO n=—-87 1

— Invy= —22.0, ¢, =0

In k:/Q

I 0

Z -l checks

A

= -2 of
< 0.0
% correct
S —0.5 _ :
iCl ,,,,,,,,,,,,,,,,,,,,,,,, Shower pf relative to p;* % = Illilt,ll .’L.E.t'?l. —0.271 . Chélange in kt,llas a functic?n of Ny~ re COII

A T R Ty 0 10 20 T 20 -10 0 10 >0
! n

pp: van Beekveld, Ferrario Ravasio, GPS, Soto-Ontoso, Soyez, Verheyen, 2205.02237
DIS: van Beekveld, Ferrario Ravasio, 2305.08645



https://arxiv.org/abs/2205.02237
https://arxiv.org/abs/2305.08645

lesting NLL showers

matrix element tests
all-order resummation comparisons

69



Test class 1: tree-level (2nd/3rd-order) expansion of shower v. factorised matrix element

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» semi-analytically
(recoil checks)

» numerically
(colour & spin)

O-2 1.2 -06 06 12 2-2 -12 -06 06 12 2-2 -12 -06 06 12 2-2 -12 -06 06 12 2

Y1 Y1 Y2 Y2



Test class 2: full shower v. all-order NLL A‘/’z

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Ayq>, PanGlobal(8=0)

1.8 » run full shower
-6- a,=0.02 with specific value of a(Q) & measure an
1.6 | - observable: azimuth between two
highest-k; emissions (soft-collinear)
1.4 - :
» 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 <aslog=st <-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 ~

Ayq>, PanGlobal(8=0)
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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 status mid-2023: ete— — jets, pp— ZIW/H, DIS (v massless quarks)

phase space region

critical ingredients

no long-distance
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colour

soft collinear . global event shapes NLL full
recoil
DGLAP split-fns fragmentation functions
hard collinear + amplitude spin- & special azimuthal NLL full
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. L full up to 2
soft coggleensurate large-N. dipoles energy flow in slice NLL emlslnstllta he(; LC
soft, then hard . . special azimuthal full up to 2
collinear soft spin correlations bservables NLL emsns, then LC
bj icl
all nested — subjet and/or particle NDL full

Gavin P. Salam

multiplicity

Aachen, January 2025
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NLL i1s quickly becoming the standard for parton showers

PanScales

Parton showers beyond leading logarithmic accuracy
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towards NNLL
(for now e+e-)
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NLL: terms of order aL" ~ 1 (residual uncertainties ~ a;, ~ 10 —20 %)

NNLL: terms of order a"L"~! ~ a_ (residual uncertainties ~ a> ~ few %)
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sources of NNLL terms: o/’
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shower logarithmic accuracy
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Ferrario Ravasio, Hamilton, Helliwell,
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non-global logarithms: Banfi, Dreyer,
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subjet multiplicity: Medves, Soyez,
Soto Ontoso, 2205.02861
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Conclusions



Took about 35 years to reach full NLL since the birth of parton showers ...
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Birth of }[czrwig (with elements of NLL for g[oﬁa[ observables)

SIMULATION OF QCD JETS INCLUDING SOFT GLUON INTERFERENCE
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B.R. WEBBER*
CERN, Geneva, Switzerland

Received 21 March 1983
(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.

1980

A MODEL FOR INITIAL STATE PARTON SHOWERS

Torbjorn SJIOSTRAND
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, 1L 60510, USA

Received 25 February 1985

MONTE CARLO SIMULATION OF GENERAL HARD PROCESSES
WITH COHERENT QCD RADIATION*
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Dipartimento di Fisica, Umwersitd di Parma, INFN, Gruppo Collegato di Parma, Italy
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Cavendish Laboratory, Unwersity of Cambridge, Madingley Road, Cambridge CB3 OHE, UK

Received 8 February 1988

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

2024

[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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obtained by tracing the parton showers backwards, i.e. start with the hard scattering partons and then successively reconstruct
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A new standard for the logarithmic accuracy of parton showers
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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.
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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
In this letter, we propose criteria for showers to be considered next-to-leading logarithmic (NLL) parton showers.

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 eve-, many extensions will follow

[ca. 800 papers on the subject of event generators ... i)
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Outlook

We now have solid foundations for discussing logarithmic accuracy of parton showers
First indications are that full NNLL is essential for precision 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

A further critical missing element for general NNLL is easily available log-consistent
(N)NLO matching.

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



https://gitlab.com/panscales/panscales-0.X
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Concrete example: azimuthal structure in jets

dipole-shower | Ay | distributions
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CMS Lund plane measurements

CMS B 138 tb™! (13 TeV)
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Figure 7: Different components of the systematic uncertainties for AK4 jets for different hor-
izontal slices of the LJP density. The upper plot is for low kt of 1.09 < kt < 1.79GeV, and
the lower plot is for higher k1 of 8.03 < kt < 13.25GeV. The total experimental uncertainty

is represented by the filled area. The statistical uncertainties in the data are represented by the
hashed band.
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Test class 2: full shower v. all-order NLL — many observables

NLL accuracy tests — NODS method
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Log test #1: NNDL Lund subjet multiplicity
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fixed o, L2

» NNDL ((x;”’LZ”_Z) analytic

resummation = Medves,

Soto Ontoso, Soyez,
2205.02861

a, — 0 limit to isolate

NNDL terms (NB 1/, in
denominator makes this
harder than NDL/NLL
tests).

Showers without double-
soft differ from zero (and
each other)

» Adding double soft

brings NNDL agreement


https://arxiv.org/abs/2205.02861
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Log test #2: NSL for energy flow in slice
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» Semi-blind: only compared
to Gnole once three
PanGlobal variants agreed
with each other

» NSL agreement with Gnole

for n]feal 0

» By-product: First large-/V.
full-n, results for NSL non-
global logarithms

(including ref. results for several
observables, cf. backup)


https://arxiv.org/abs/2104.06416
https://arxiv.org/abs/2111.02413
https://arxiv.org/abs/2307.02283

Log test #3: NNLL global event shapes

NNLL accuracy tests
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