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EVENT GENERATION

High Energy

e perturbative QCD
e in theory we know what to do
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EVENT GENERATION

High Energy Low Energy

e perturbative QCD e non-perturbative QCD
. - e we don’t know what to do
o = <%) dsB, + <%> ! {da}jﬁ d&?b} Lo e phenomenological models
2m 2m

(with many free parameters)

Hadronization:
one of the least understood
region of MCEG

Stefan Gieseke ™~
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High Energy Low Energy

Increased control of perturbative more often LHC measurements
corrections ———> limited by non-perturbative
 Fixed order - NLO, NNLO, ... components (hadronization)

° Parton Showers - LL, NLL, ...

° Matching - MC@NLO, POWHEG, KrkNLO etc.
- W mass measurement using a new method [Freytsis at al. JHEP 1902 (2019) 003]
- Extraction of the strong coupling [M.Johnson, D. Maitre, Phys.Rev. D97 (2018) no.5]
- Top mass [S. Argyropoulos, T. Sjostrand, JHEP 1411 (2014) 043]
- and more...

Hadronization:
one of the least understood
region of MCEG

Stefan Gieseke ™

[Platzer, JHEP 07 (2023) 126]

- constraining cluster hadronization model  [Hoang, Jin, Platzer, Samitz, JHEP]
[Gieseke, Kiebacher, Platzer -EPJIC]
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High Energy Low Energy

Increased control of perturbative

more often LHC measurements
corrections ———> limited by non-perturbative
° Fixed order - NLO, NNLO, ... H H
° Parton Showers - LL, NLL, ... components (hadronlzatlon)

° Matching - MC@NLO, POWHEG, KrkNLO etc.

W mass measurement using a hew mathod [ECeaewt————""
- Ext

- To

» However, hadronisation remains the main bottleneck

- e.g. thrust in Higgs decays (MC variation in plot) 1
.g. ! 0
- . 3
. Increase in energy insufficient for 4 %
i %
suppression (Q ~ mp) : 5 |
3 :
: : 5P
. Runs at lower energies are es_se&t::al for “ 102k, e i
a robust tuning of NP models in MCs “ . G
[ )
. Also crucial for training of ML ' E
algorithms for jet tagging. mstrumental “ ;
in extraction of Higgs GOUEINGS = s > ;4

[P. Moni, FCC Workshop 2023]

adronization:

one of the least understood
region of MCEG

[Dlétzer, JHEP 07 (2023) |26]
constraining cluster hadronization model ~ [Hoang, Jin, Platzer, Samitz, JHEP]

[Gieseke, Kiebacher, Platzer -EPJIC]
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Hadronization - two most commonly used models are String Model in
Pythia and Cluster Model in Herwig and Sherpa

program PYTHIA HERWIG, SHERPA
model string cluster
energy—momentum picture powerful simple
predictive unpredictive
parameters few many
flavour composition messy simple
unpredictive in-between
parameters many few

These models generally contain several free parameters that cannot be
inferred from first principles and require tuning to experimental data.
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MOTIVATION

e Typically, the Lund String model does well describing data sensitive to

hadronization and the Angular Ordered (AOPS) shower captures NLL
accuracy*

e A first attempt was made to tune Herwig7 with Lund String in a new

framework named AutoTunes [J.Bellm, L.Gellersen, EPJC 2020], interfaced
using TheP8I (L. Lonnblad et.al)

* for global observables
MCnet Open Meeting, CERN 2025 Pratixan Sarmah 4




MOTIVATION

e Typically, the Lund String model does well describing data sensitive to
hadronization and the Angular Ordered (AOPS) shower captures NLL
accuracy*

e A first attempt was made to tune Herwig7 with Lund String in a new
framework named AutoTunes [J.Bellm, L.Gellersen, EPJC 2020], interfaced
using TheP8I (L. Lonnblad et.al)

1 — Thrust
: T 71 T T l T LI T [ T T T T T 1 T l T T T ]
| 10' 5 =
o 3

~

5 1 —
< 2 E
= & 3
ol —+— Data _
1o E Hy22 Cluster 3
- —+— Hy15 String Autotunes a
107 £ =
1073 & —
E 4 =
: | | | | | | | | ‘ | | | | ‘ | | | | | | I | :
1.4 E- ‘ [ " ! \ [ =
1.3 E- -3
,g T2 E= —=
g 1 oem ; 1 E
U 0.9 — . —] T i
= 08 —=
0.7 -
8:2 oo v by v by o by TS
o 0.1 0.2 0.3 0.4 0.5
1-T

* for global observables
MCnet Open Meeting, CERN 2025 Pratixan Sarmah 4




MOTIVATION

e Typically, the Lund String model does well describing data sensitive to
hadronization and the Angular Ordered (AOPS) shower captures NLL
accuracy*

e A first attempt was made to tune Herwig7 with Lund String in a new
framework named AutoTunes [J.Bellm, L.Gellersen, EPJC 2020], interfaced
using TheP8I (L. Lonnblad et.al)

1 — Thrust
: C lv T T T l T LI T [ T T LI L T l T T T ]
| 10! =
Region % 7
sensitive to Y e —
hadronization = E E
ol —+— Data 7
1o % Hy22 Cluster %
- —+— Hy15 String Autotunes a
1072 =

=
o
&
>
= S

I'r’ﬁ”"l”“l”“\”’;

MC /Data

~ O IIH|IIH|IHI|IIII HIII.LII\lll\lll\lll\lll‘lll\ 11 \IIII‘

* for global observables
MCnet Open Meeting, CERN 2025 Pratixan Sarmah 4




MOTIVATION

e Typically, the Lund String model does well describing data sensitive to
hadronization and the Angular Ordered (AOPS) shower captures NLL
accuracy*

e A first attempt was made to tune Herwig7 with Lund String in a new
framework named AutoTunes [J.Bellm, L.Gellersen, EPJC 2020], interfaced
using TheP8I (L. Lonnblad et.al)

1 — Thrust
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1 This is perturbative
PO -k region - sensitive to
recoil scheme in AOPS

Region
sensitive to
hadronization
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[G.Bewick, S.F.Ravasio,

/

~ P.Richardson, M.H.Seymour
} ? — JHEP 01 (2022) 026]
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MOTIVATION

e Systematics associated with different models
- Switch models keeping the rest of the components fixed in Herwig 7

Matrix Element ED: Parton Shower EDj Hadronization
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MOTIVATION

e Systematics associated with different models
- Switch models keeping the rest of the components fixed in Herwig 7

Cluster Model
Matrix Element ED:l Parton Shower ED] or
String Model
Fix Switch
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MOTIVATION

e Systematics associated with different models
- Switch models keeping the rest of the components fixed in Herwig 7

AOPS
Matrix Element ED:l or ED:l Hadronization
Dipole Shower

Fix Switch Fix
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e Colour Reconnection (CR) reshuffles the colours just prior to hadronization
such that strings form between favourable partons. Parameters added to
TheP8I for accurate description of hadron collision data

e <p;>(n_) distribution sensitive to colour reconnection

Before Colour Reconnection After Colour Reconnection

q _ q

v ¢ -

mode ColourReconnection:mode (default = ©; minimum = ©; maximum = 4)

Determine which model is used for colour reconnection. Beware that some settings may need to be changed to match the model selected.
option 0: The MPI-based original Pythia 8 scheme.

option 1:The new more QCD based scheme. Should be combined ewith BeamRemnants:remnantMode = 1.

option 2:The new gluon-move model.

option 3:The SK| e+ e”- CR model. Requires ColourReconnection:forceResonance = on (and default PartonLevel:earlyResDec = off)to give any CR.
option 4:The SK Il e+ e”- CR model. Requires ColourReconnection:forceResonance = on (and default PartonLevel:earlyResDec = off) to give any CR.

Images taken from J.R. Christiansen
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TUNING STRATEGY

e We follow the PROFESSOR approach [A.Buckley et al, EPJC 2010] to tune the
AOPS of Herwig7 + Lund String model.

e PROFESSOR parameterizes the generator response to a n-order polynomial and
minimizes a Goodness-of-Fit function (y?) to get the set of optimal parameter
values.

(b) _ 2
X2(p) _ Zwo Z (f (p‘gg Rb) :
(@

MCnet Open Meeting, CERN 2025
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TUNING STRATEGY

1. Shower (FSR) and String Fragmentation parameters

Four stages of parameter tuning - i.e. Parameters divided into four subgroups

2. String Flavour parameters

Parameter Range
Parameter Range
= probStoUD 0.10 - 0.30
ag’ 0.100 - 0.134 probQQtoQ 0.00 - 0.20
P [GeV] 0.40 - 1.50 probSQtoqQ 0.80 - 1.00
@ 0.00 - 2.00 probQQ1toQQO 0.00 - 0.10
b [GeV—2] 0.20 - 2.00 etaSup 0.20 - 0.70
o [GeV] 0.00 - 1.00 etaPrimeSup 0.00 - 0.30
aExtraSQuark 0.00 - 2.00 popcornRate 0.00 - 1.00
aExtraDiquark 0.00 - 2.00 mesonUDvector 0.20 - 0.60
rFactC 0.00 - 2.00 mesonSvector 0.45 - 1.00
rFactB 0.00 - 2.00 mesonCvector 0.00 - 2.00
mesonBvector 1.40 - 3.00
3. ISR parameters 4. MPI and Colour Reconnection parameters
Parameter Range Parameter Range
OKISSR' 0.100 - 0.134 Pr?l\zler c 0.0 - 2.0
ke [GeV]  0.500 - 3.000 i leev] 20~ 30
Offset b [GeV] 500.0 - 800.0
p? [GevV—2] 0.5-85
ladderMult 0.5 -2.0
ladderbFactor 0.5-2.0
Raisr 0.0-0.5
m0 [GeV] 0.1-3.0
junctionCorrection 0.05 - 5.0

Pratixan Sarmah
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TUNING STRATEGY

e [Four stages of parameter tuning - i.e. Parameters divided into four subgroups

1. Shower (FSR) and String Fragmentation parameters 2. String Flavour parameters
Parameter Range
Parameter Range
T probStoUD 0.10 - 0.30
. 0.100 -Q.134 probQQtoq 0.00 - 0.20
P [GeV] 8-38 = ;-(5)8 probsQtoqQ 0.80 - 1.00
a .00 - 2.
probQQ1toQQO 0.00 - 0.10
b [GeV—2] 0.20 - 2.00 etaSup 0.20 - 0.70 LEP data
o [GeV] 0.00 - 1.00 etaPrimeSup 0.00 - 0.30
aExtraSQuark 0.00 - 2.00 popcornRate 0.00 - 1.00
aExtraDiquark 0.00 - 2.00 mesonUDvector (.20 - 0.60
rFactC 0.00 - 2.00 mesonSvector 0.45 - 1.00
sERCEE 0.00 - 2.00 mesonCvector 0.00 - 2.00
mesonBvector 1.40 - 3.00

3. ISR parameters 4. MPI and Colour Reconnection parameters

Parameter Range Parameter Range

OKISSR' 0.100 - 0.134 Pox_zver c 0.0 - 2.0

kr [GeV]  0.500 - 3.000 i leev] 20~ 50
Offset b [GeV] 500.0 - 800.0
p? [GevV—2] 0.5-85
ladderMult 0.5-2.0
ladderbFactor 0.5-2.0
Raigs 0.0-0.5
m0 [GeV] 0.1-3.0
junctionCorrection 0.05 - 5.0
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TUNING STRATEGY

e [Four stages of parameter tuning - i.e. Parameters divided into four subgroups

1. Shower (FSR) and String Fragmentation parameters 2. String Flavour parameters
Parameter Range
Parameter Range
= probStoUD 0.10 - 0.30
ag’ 0.100 - 0.134 probQQtoQ 0.00 - 0.20
P [GeV] 0.40 - 1.50 probsSQtoQQ 0.80 - 1.00
C. 0.00 - 2.00 probQQ1toQQO 0.00 - 0.10
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o [GeV] 0.00 - 1.00 etaPrimeSup 0.00 - 0.30
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mesonBvector 1.40 - 3.00

3. ISR parameters 4. MPI and Colour Reconnection parameters

Parameter Range
g 0.100 - 0.134
kr [GeV] 0.500 - 3.000

Parameter Range
Power ¢ 0.0-2.0
pri‘_i(‘; [GeV] 2.0-5.0
Offset b [GeV] 500.0 - 800.0
p? [GevV—2] 0.5-85
ladderMult 0.5-2.0
ladderbFactor 0.5-2.0
Raiss 0.0 - 0.5
m0 [GeV] 0.1-3.0
junctionCorrection 0.05 - 5.0
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RESULTS

Run Setups:

e Lepton collision
- LO Matrix Element (Herwig 7 Matchbox)
- Angular ordered parton shower (Herwig 7 default shower)

- TheP8I: String Model

e pp collision
- LO Matrix Element (Herwig 7 Matchbox)
- CT14LO PDFs (LHAPDF interface)
- Angular ordered parton shower (Herwig 7 default shower)
- TheP8I: String Model + QCD based colour reconnection
- Independent tunes at multiple energies: 0.9,1.8, 7,13 TeV
-  Energy extrapolated tune: LH Tune

MCnet Open Meeting, CERN 2025 Pratixan Sarmah



RESULTS

e Measurements from DELPHI (Event shapes)
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1-T D

e Both these distributions were used in tune.
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RESULTS

e Measurements from DELPHI (Momentum distributions)

Scaled momentum, x, = [p|/|Pveam| In-plane p, in GeV w.r.t. thrust axes
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e Both these distributions were used in tune.
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RESULTS

e Measurements from SLD and L3

b quark fragmentation function f( x‘g’“ak) Charged multiplicity, at Ecpis = 91.2 GeV
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e Distributions not directly used in tune - good generalisation by LH Tune
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RESULTS

e Measurements from ALEPH (Particle spectrum)

0
¥ spectrum A" spectrum
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Xp Xp

e Distributions not used in the tune

e TV spectra - less sensitive to hadronization model whereas A° spectra - more
sensitive to hadronization model
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RESULTS

e Underlying Event Measurements from ATLAS

Neng density vs. Ag, p'*' > 1.0 GeV, /s = 900 GeV

PO . Lt sk i “Voclhcribeit. . il aishiina PO Neng density vs. Ag, P> 1.0 GeV, /5 =7 TeV Mean charged-particle multiplicity density, plf“d > 1GeV.
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0.9 TeV 7 TeV 13 TeV

e Consistent relative difference between tunes ~10-20%

e LHtunelies between Herwig 7 cluster and Pythia 8 string tunes (closer to data)

MCnet Open Meeting, CERN 2025 Pratixan Sarmah 14




RESULTS

e Minimum Biased Measurements from ATLAS

Charged (p, ) vs. Ny, at 9goo GeV, track p | > 100MeV, for Ny, > 2

Charged (p ) vs. Ng, at 7 TeV, track p | > 100MeV, for N, > 2

average particle pr, track pr > 100MeV, || < 2.5, T > 30 ps
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N Nech Nch

0.9 TeVv 7 TeV 13 TeV
e LHtune describes data very well at 0.9 TeV, diverges upto 10-20% at higher
energies

e Herwig 7 cluster diverges at high multiplicity*
*Development of new cluster model ongoing

[Gieseke, Kieacher, Platzer - soon]
[Platzer, Telalovic - in progress]
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RESULTS

e Minimum Biased Measurements from ATLAS

Charged (p, ) vs. Ny, at 9goo GeV, track p | > 100MeV, for Ny, > 2 Charged (p ) vs. Ng, at 7 TeV, track p | > 100MeV, for N, > 2 Cve barticle track p, > 500MeV, [y| < 2.5, T > Q0 ps
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e All models describe data very well at 13 TeV with higher track pT cuts
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RESULTS

e |dentified particle spectra measurements from ATLAS at 7 TeV

p + p yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5. 7t + ™ yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5. K* + K~ yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5.
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e Larger relative differences between tunes, upto ~40-50%

e Cluster model closer to data in 91 and K spectra
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RESULTS

e Measurements from ATLAS at 7 TeV and 200 GeV

Rapidity gap size in 7 starting from 7 = £4.9, pr > 200 MeV Charged multiplicity at /s = 200 GeV, || < 0.5 Pseudorapidity 7, /s = 200 GeV, NSD
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e Distributions with larger sensitivity to hadronization models
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SUMMARY

e Herwig 7 event generation now possible with both cluster and string
models, will be publicly available with Herwig 7.4 release

e |H Tune generally lies between Herwig 7 cluster tune and Pythia 8
string tune, with relative differences upto 10-20%

e Flavour specific observables, particularly at hadron collisions, show
larger differences upto 40-50% in certain regions of phase-space
- Model development needed rather than tuning efforts for accurate
description in those regions

e Overall, LH Tune shows reasonable agreement with data across a wide
range of observables — can be used as reliable MC predictions for
analyses at collider experiments
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Herwig 7 with the Lund String Model:
Tuning and Comparative Hadronization Studies
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Parameter Values (LH Tune)

Pythia8 parameters:

Fragmentation Parameters

StringZ_alund 0.75
StringZ_blLund 0.9
StringZ_sigma 0.31
StringZ_aExtraSQuark 0.18
StringZ_bExtraDiquark 0.05
StringZ_rFactC 0.68
StringZ_rFactB 0.68

Herwig7 parameters:

/Herwig/Shower/AlphaQCD:Alphaln

/Herwig/Shower/PTCutOff:pTmin

MCnet Open Meeting, CERN 2025

0.126

1.03

Flavour Parameters

StringFlav_probStoUD
StringFlav_probQQtoQ
StringFlav_probSQtoQQ
StringFlav_probQQ1toQQO0
StringFlav_etaSup
StringFlav_etaPrimeSup
StringFlav_popcornRate
StringFlav_mesonUDvector
StringFlav_mesonSvector
StringFlav_mesonCvector

StringFlav_mesonBvector

0.19

0.08

0.99

0.02

0.51

0.18

0.73

0.33

0.68

1.07

1.85
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Parameter Values (LH Tune)

Herwig 7 MPI parameters:

Power, ¢ 0.75
pTMin,0 0.9 Pythia8 Colour Reconnection
parameters:
Offset, b 0.31
mO 2.87
w 018
junctionCorrection 4.55
ladderMult 0.05
ladderbFactor 0.68
Rdiff 0.68
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Scatter plots (Fragmentation parameters
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Many of the flavour parameters are strongly constrained which are fixed and tuned.
The probQQI1toQQO parameter shows interesting constraints near two values.
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RESULTS

e Measurements from DELPHI (Differential jet rates)

Differential 4-jet rate with Durham algorithm, Dg)urham Differential 5-jet rate with Durham algorithm, DPurham
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e Distributions not used in the tune - good generalisation by LH Tune
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FUTURE WORK

e Systematics of tuning strategy
- How does a tune depend on the strategy and choice of weights?
- Tune variations such as eigentunes in Al4 tune

e Can we establish a common framework or benchmark?
- An agreed list of observables (or bins)
- Number of parameters
- Easy to reproduce tunes

e Different sampling strategies?

e Use of new LHC data e.g. LHC event shapes, Lund jet plane
Mmeasurements etc.
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