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Introduction to Monte Carlo Event Generators A“(IT

Monte Carlo event generators:

& Simulation of high energy particle collisions
m Different codes such as Herwig, Sherpa and

Pythia

Stages of hadronization model in Herwig:

1.

2.

214

Gluon splitting to gqg
Primordial cluster formation
Colour Reconnection (CR)
Cluster Fission (CF)

Cluster Decay (CD)
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Introduction to Monte Carlo Event Generators A“(IT

Monte Carlo event generators:

& Simulation of high energy particle collisions

m Different codes such as Herwig, Sherpa and
Pythia

Stages of hadronization model in Herwig:
1. Gluon splitting to qq
2. Primordial cluster formation

3. Colour Reconnection (CR)

4. Cluster Fission (CF)

5. Cluster Decay (CD)
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Cluster Hadronization

@ Cluster model marchesini ana wesber 19841 iS based on preconfinement famat and veneziano 19791 Was designed to be so simple to
be easily excluded by data

= Still around and unreasonably good at describing data

@ Many ad-hoc phenomenological modelling choices compared to Lund string model

® |n the context of colour evolution it is not infra-red safe piwer 20221

@ [n the cluster model we need to impose kinematics. How can we test these imposed kinematics?
— Correlations of hadrons!

Outline:
@ Describe the current cluster model
& Show the current failures of the cluster model in correlation data
@ Present parts of a new cluster model, which show interesting features
® Show improvements/effects on observables at et e~ at different /s
& Show sensitivity of some observables to different parts of the cluster model
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Cluster Fission (CF) A“(IT

Karlsruhe Institute of Technology

® Fission all clusters M > M« (gy, g2) above a threshold Mmax(gy, G2) recursively

1. Draw a light g — g pair from the vacuum with probability P, (no diquarks currently allowed!)
2. Draw new masses M, Mo ~ (M;M,)* for the fission products Cy, Co

3. Choose Direction of decay = Currently aligned with the original constituent momenta

= LAB
oost

L@ c @ ton

pflc pqo
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Cluster Fission (CF) A“(IT

Karlsruhe Institute of Technology

® Fission all clusters M > M« (gy, g2) above a threshold Mmax(gy, G2) recursively

1. Draw a light g — g pair from the vacuum with probability P, (no diquarks currently allowed!)
2. Draw new masses M, Mo ~ (M;M,)* for the fission products Cy, Co

3. Choose Direction of decay = Currently aligned with the original constituent momenta

= LAB
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Cluster Decay (CD) A“(IT

Karlsruhe Institute of Technology

® Clusters decay to two hadrons
@ Essentially the same as Cluster fission with a few differences:

1. The masses are fixed by the hadron masses

2. Mesonic clusters C(gi, G2) can decay to a baryon-antibaryon pair B(q1, (9,9")), B' (G2, (§,3))

3. The direction of decay is chosen isotropically in the cluster rest frame (except for b, ¢ containing clusters)
@ Note: High-mass clusters can produce baryons!

P P,
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Cluster Decay (CD) A“(IT

Karlsruhe Institute of Technology

® Clusters decay to two hadrons
@ Essentially the same as Cluster fission with a few differences:

1. The masses are fixed by the hadron masses

2. Mesonic clusters C(gi, G2) can decay to a baryon-antibaryon pair B(q1, (9,9")), B' (G2, (§,3))

3. The direction of decay is chosen isotropically in the cluster rest frame (except for b, ¢ containing clusters)
@ Note: High-mass clusters can produce baryons!
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Baryon-Antibaryon Angular Correlations A“(IT

Karlsruhe Institute of Technology

a C|L|Stel‘ Decay (CD) Integrated correlation function for pp Integrated correlation function for pp
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Hadronization From Colour Evolution

Idea of colour evolution picture ipizer 20231:
a is a factorization scale (see also

[Hoang et al. 2024])

® Parton shower, Colour Reconnection and
Hadronization (Cluster Fission) should be matched

® Final non-perturbative scale (NP scale) interfaces
to the initial condition

Consequence: Cluster Fission is a perturbative
process similar to the parton shower. Only Cluster
Decay is non-perturbative (could be obtained from
lattice QCD)

Process
+Parton
Shower
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New Cluster Fission Kinematics

Consequence: CF is a partonic 2 — 4 process rirer202s. CF should continue the "job" of the parton shower.
® Factorize the process C(p1, p2) — Ci(q1, q), C2(ge, ) (see Jan Priedigkeit's Bachelor thesis Graz):

dr(C — C‘l; CZ) = /d¢4(P|q1aq7 C_Ia QZ)|M(p1,P2 — G1,q, aa CI2)|2 (1)

dr(C — Gy, Cy) x /deszzdd>2(P|O1, Q2)dPo( Q1| g1, 9)dP2(Qe| e, @) M (P12 — 1,9, %))° (2)

M
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New Cluster Fission Kinematics

@ Sample Masses M;, M, from flat Phase Space weight
d¢4 X dM1 dMg\/)\(M, M1 s Mz)\/)\(M1 , My, m)\/)\(/\/lz7 mo, m)/(M1 Mg)
® Importance sampling of soft gg emission diagram, which in the soft limit factorizes (catani and Grazzini 20002

|22(q1 @)(q-9) +[q1 - (9—9)[gz - (9 — 9)]
2(q-9)?[a1 - (9 + 9)llgz- (9 + Q)]

IM(p1,p2 = 01,4, G, @) [ o< [M(p1, p2 = G1, @)

pcy yueh
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New Cluster Decay Kinematics

® |dea: Again describe cluster decay by an "effective" matrix element
@ Which matrix element? = t-channel like to preserve local parton-hadron duality
® Avoid hard transition from CF — CD

1 1
pr— pe)? — MZP " TA— cos(0)2’
with A > 1 if Mg = max{(my — mp,), (m2 — mp,)}

‘MCD(phpZ — phwphz)‘z X [(
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Di-hadron mass spectra

Differential cross section for 77~ (0.95 < z < 1.)

KIT

Karlsruhe Institute of Technology

Differential cross section for 77~ (0.95 <z < 1.)
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Figure: measured by BELLE seidietal. 20172
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Di-hadron mass spectra
Differential cross section for 7+K~ (0.95 < z < 1.) Differential cross section for 7+K~ (0.95 < z < 1.)
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Figure: measured by BELLE seid et 20172

914 July 4, 2024 S.K.: Pinning Down A New Approach To Cluster Hadronization Institute for Theoretical Physics ITP



KIT

pT in/out spectra

In-plane p, in GeV w.r.t. thrust axes Out-of-plane p, in GeV wirt. thrust axes
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Figure: measured by DELPHI faoreu etal 1996
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pT in/out spectra

In-plane p, in GeV w.rt. sphericity axes Out-of-plane p | in GeV w.r.t. sphericity axes
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Generalized Angularities

Angularities for eTe™ ky Jet with WTA || recombination scheme Angularities for eTe~ ky Jet with WTA || recombination scheme
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Figure: Generalized angularities o = 0.3, 5 = 1.25
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Generalized Angularities

@ |EP at the Z pole

@ Generalized aggularities
5= Ziejet z; 07 With

@ Discriminative power
between CF and CD

1114

. — E
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[Gras et al. 2017; Larkoski, Moult, and Neill 2014]
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Angularities for eTe™ ky Jet with WTA || recombination scheme Angularities for eTe~ ky Jet with WTA || recombination scheme
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Generalized Angularities ﬂ(IT

Angularities for ete™ kg Jet with WTA |f| recombination scheme Angularities for eTe~ ky Jet with WTA || recombination scheme
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Energy-weighted Correlations A“(IT
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kr jets all particle kr jets all particle
m T T T LI

@ |EP at the Z pole

® Energy-weighted
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Figure: Correlations for v = 2.0
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Energy-weighted Correlations A“(IT

Karlsruhe Institute of Technology
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Figure: Correlations for v = —2.0 = "Infrared dangerous"
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Summary and Outlook

Summary:
® Found shortcomings of the kinematics of the cluster model in the correlations

® Try to address these issues with a new cluster hadronization model, motivated by colour evolution

a Found observables which may be able to discriminate between different stages of hadronization

Outlook for hadronization in Herwig:
& Examine the model with a dynamic CF threshold as is the default in Herwig 7.3.X ewicketal. 2023

@ Merge our work with dynamic gluon constituent masses and cluster fisSion roang et al. 2024

@ Make Colour Reconnection dynamic via soft gluon evolution (cieseke etal. 2018; piazer 20251 (WIP with S. Plétzer, S.
Gieseke)
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Thank You For Your Attention!

Questions? Remarks? Comments?
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Backup: Meson in the middle

& [f we only consider baryon production due to CF we ill-model rapidity rank structure

Ratio R(Ay) =

Ny ;
R R A S R RN AR RARRN A

R(Ay)
&

f

|

|

ju——

MC/Data

OO 00 O HEHR

;
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Figure: Rapidity rank structure by DELPHI only CD or only CF baryon mechanisms iasreu et 20001
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Backup: Spectra of Protons

® Proton pr-spectra are badly modelled

p + P yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5. p/ 7 in INEL pp collisions at /s = 7 TeV in |y| < 0.5.
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Figure: Compare pr— spectra of p for only BCR, only CD or only CF baryon mechanisms adameta. 20151
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Backup: Spectra of Protons

® Proton pr-spectra are badly modelled

p + P yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5. p/ 7 in INEL pp collisions at /s = 7 TeV in |y| < 0.5.
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Figure: Compare pr— spectra of p for only new DCR baryon mechanism with different probabilities {adam eta. 2015
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Backup: Cluster Fission vs Cluster Decay Baryons

@ CD baryon mechanism vs

new Cluster Fission (CF)

Integrated correlation function for pp + pp
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Karlsruhe Institute of Technology
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Backup: Cluster Fission vs Cluster Decay Baryons
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Backup: Cluster Fission vs Cluster Decay Baryons

@ CD baryon mechanism vs
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Preliminary: New Cluster Fission Kinematics applied A“(IT

@ BELLE data for di-hadron

19/14
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Figure: Thrust T > 0.8, ,61 . ,D_é >0and z = 2(57\;;2) [Seid et al. 2017b]
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Preliminary: New Cluster Fission Kinematics applied

@ BELLE data for di-hadron

19/14

mass spectrum improve for
large z with Preliminary
results

However still very inefficient
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Backup: Tuning
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Backup: Tuning

HERE WE KEEP
OUR FINISHED
DECENT TUNES

20/14  July 4, 2024 S.K.: Pinning Down A New Approach To Cluster Hadronization Institute for Theoretical Physics ITP



KIT

Backup: Tuning

Strategy:

1. Perform a dedicated tune to LEP multiplicities, event shapes and momentum spectra for CF, CR
parameters
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KIT

Backup: Tuning

Strategy:

1. Perform a dedicated tune to LEP multiplicities, event shapes and momentum spectra for CF, CR
parameters

2. Keep CF and flavour parameters fixed and tune CR and MPI parameters to LHC multiplicities, pr—spectra
and angular correlations
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KIT

Backup: Tuning
Strategy:
1. Perform a dedicated tune to LEP multiplicities, event shapes and momentum spectra for CF, CR
parameters

2. Keep CF and flavour parameters fixed and tune CR and MPI parameters to LHC multiplicities, pr—spectra
and angular correlations
3. Cross-check if LEP observables are still good otherwise narrow down parameter space and go back to 1.
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KIT

Backup: Tuning
Strategy:
1. Perform a dedicated tune to LEP multiplicities, event shapes and momentum spectra for CF, CR
parameters

2. Keep CF and flavour parameters fixed and tune CR and MPI parameters to LHC multiplicities, pr—spectra
and angular correlations
3. Cross-check if LEP observables are still good otherwise narrow down parameter space and go back to 1.

Problems:
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KIT

Backup: Tuning
Strategy:
1. Perform a dedicated tune to LEP multiplicities, event shapes and momentum spectra for CF, CR
parameters

2. Keep CF and flavour parameters fixed and tune CR and MPI parameters to LHC multiplicities, pr—spectra
and angular correlations
3. Cross-check if LEP observables are still good otherwise narrow down parameter space and go back to 1.
Problems:
® Huge sensitivity to some CF parameters, which damage the pr—spectra
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Backup: Tuning
Strategy:
1. Perform a dedicated tune to LEP multiplicities, event shapes and momentum spectra for CF, CR
parameters

2. Keep CF and flavour parameters fixed and tune CR and MPI parameters to LHC multiplicities, pr—spectra
and angular correlations

3. Cross-check if LEP observables are still good otherwise narrow down parameter space and go back to 1.
Problems:
® Huge sensitivity to some CF parameters, which damage the pr—spectra

® For a large set of observables x? as a measure to minimize is not neccesarily the most suitable one (large
deviations in some bins may drive the system to odd regions of parameter space)
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Backup: Tuning
Strategy:
1. Perform a dedicated tune to LEP multiplicities, event shapes and momentum spectra for CF, CR
parameters

2. Keep CF and flavour parameters fixed and tune CR and MPI parameters to LHC multiplicities, pr—spectra
and angular correlations

3. Cross-check if LEP observables are still good otherwise narrow down parameter space and go back to 1.
Problems:
® Huge sensitivity to some CF parameters, which damage the pr—spectra

® For a large set of observables x? as a measure to minimize is not neccesarily the most suitable one (large
deviations in some bins may drive the system to odd regions of parameter space)

Possible solutions: Use of a different "Loss function" than regular x? e.g. x> — 11;2 or tanh(x?)
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Backup: Cluster Fission Details

e . . Cloow
® A cluster of mass M is fissioned if MCov > Cl2" + (my + my)C%er, where my, m, are the masses of the

constituents of the cluster
® Currently masses are sampled as follows, where ry, i, € [0, 1] are uniform random nUMbErs (sanetal. 200812

1

Psplit (3)

My =my +(M—my —mg)r,

Psplit ( 4)

Mo =mp +(M—m, — my)r,

@ Reject samples if My + M, > M
® Problems: huge dependence on parameters Clmay and especially Pgpjit

@ Work in progress: Sample masses according to phase space

Institute for Theoretical Physics ITP
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Backup: Angular Correlations

@ The shown plots are showing correlations integrated in An up to Anmax = 1.3
@ The angular correlations are measured via the event mixing [Adam et al. 2017]:

S(A¢, An)
B(A¢, An)
1 d2Nsame

Si(80, A1) = Feame GR,dAG (6)
pairs

1 2 Nm|xed

B(Ad. A __pars 7
(80, 1) = o T i ™

Anmax
C/(A) = /0 C/(Bg, An)dAy ®)
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Spectra of Protons

p + P yield in INEL pp collisions at /s = 7 TeV in |y| < 0.5. p/ 7 in INEL pp collisions at /s = 7 TeV in |y| < 0.5.
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Figure: Compare pr— spectra of p for only BCR, only CD or only CF baryon mechanisms adameta. 20151
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Spectra of Protons

p + P yield in INEL pp collisions at v/s = 7 TeV in |y| < 0.5. p/m in INEL pp collisions at /s = 7 TeV in |y| < 0.5.
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Figure: Compare pr— spectra of p for only new DCR baryon mechanism with different probabilities {dam eta. 2015
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Spectra of Strange Baryons

A transverse momentum distribution at /5 = 7 TeV

A/ Kg versus transverse momentum at /s = 7 TeV
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Figure: Compare pr— spectra of A, = for only BCR, only CD or only CF baryon mechanisms nachatiyan etal. 20111
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Spectra of Strange Baryons A“(IT

Karlsruhe Institute of Technology

~ transverse momentum distribution at /5 = 7 TeV

T @

~ /A versus transverse momentum at /5 = 7 TeV
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Figure: Compare pr— spectra of A, = for only BCR, only CD or only CF baryon mechanisms nachatiyan etal. 20111
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Spectra of Strange Baryons
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A transverse momentum distribution at /s = 7 TeV

A/ Kg versus transverse momentum at /s = 7 TeV
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Figure: Compare pr— spectra of A, = baryons for only new DCR baryon mechanism with different probabilities xnacnatyan eta. 2011
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Spectra of Strange Baryons

E~ transverse momentum distribution at /s = 7 TeV ~ /A versus transverse momentum at /5 = 7 TeV
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Figure: Compare pr— spectra of A, = baryons for only new DCR baryon mechanism with different probabilities xnacnatyan eta. 2011
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Consistent Two Particle Boost

If we boost a two particle system P = (p; + p;) into its rest frame P = (p; + p;) one needs to be careful to
tranform the relative momentum correctly Py = (P — pj)

® The naive transformation would be to just use A(_p), but this would give in general P = (Bi — B + 2k),
because Ap; = p; + k and Ap; = p; — k.

& [ntuitively the momentum P is completely oblivious to its components and therefore A must depend on
both the consituents p;, p;
® Want a Lorentz Tranformation (matrix or tensor) A(p;, pj|pi, ;) such that Ap; = p; and Ap; = p;

Found solution for A(pj, p;|Pi, B;), but numerically not very easy
Work in Progress: Tensor for this trafo A",
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