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Why hadronization with ML?

Motivation:
* Hadronization is not understood from first principles

* Reliance on phenomenological models with parametric forms

 Bottleneck in modern LHC simulations
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Why hadronization with ML?

Motivation:
* Hadronization is not understood from first principles
* Reliance on phenomenological models with parametric forms

 Bottleneck in modern LHC simulations

GOAL:

Learn hadronization directly from data through neural network

* No parametric form assumed
* Flexibility beyond the traditional models
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String fragmentation
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String fragmentation

Fragmentation-level (latent) (s)
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» This information is not accessible in experiment!
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Fundamental
information loss

Many f(z|m?) can lead
to same event (x)
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Event-level (x)

GlGI6,

* 4-momenta
* charges



Degeneracy in fragmentation level
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Degeneracy in fragmentation level

Event observable (x)

— a=0.54 — a=0.78 (1518.08)
— a=0.3(3250.29)

Change caused by shiftin a
is still visible
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Degeneracy in fragmentation level

Event observable (x)

— a=0.54 — a=0.78 (1518.08)
— a=0.3(3250.29)

Fragmentation (H) Change caused by shiftina

x1072 is still visible
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Goal: floMER(zIm%) = w(s)fsim(zIm})

HOMER method I T

Individual break-level weight
Reproduces target

[Bierlich et al, 2410.06342, Assi et al, 2503.05667, Butter et al, 2509.03592] o ]
event distribution
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Goal: foMER(2Im}) = w(s)fgim (zlm?)
HOMER method

[Bierlich et al, 2410.06342, Assi et al, 2503.05667, Butter et al, 2509.03592]
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Goal: floMER(zIm%) = w(s)fsim(zIm})

HOMER method

[Bierlich et al, 2410.06342, Assi et al, 2503.05667, Butter et al, 2509.03592]
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HOMER method

[Bierlich et al, 2410.06342, Assi et al, 2503.05667, Butter et al, 2509.03592]
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Goal: floMER(zIm%) = w(s)fsim(zIm})

Iteration:

fsim(Z) = W(S)fsim(Z)

R
[t v 1) | T

\ SEH

Gaussian smearing
Neural importance sampling
AUSSIE [Ore et al, 2602.24282]
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Results 1 — Lund closure test

Q: Can HOMER find the “ground truth” f(z|m#)?
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Results 1 — Lund closure test

Q: Can HOMER find the “ground truth” f(z|m#)? Qyara = 030 @y, = 0.68
4
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Results 1 — Lund closure test

Q: Can HOMER find the “ground truth” f(z|m#)?
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Results 1 — Lund closure test

Q: Can HOMER find the “ground truth” f(z|m#)?

Benchmark:
Network trained directly on P, (S) and Pgge4(S)

Result:

v HOMER agrees with Benchmark in event optimal
observable
v' z distribution recovered in the bulk

» HOMER can reweight one Lund fragmentation
function into the target Lund fragmentation function
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Result 2 — Beyond Lund fit

Q. Can HOMER fit f(z|m#2) outside the Lund family?
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Result 2 — Beyond Lund fit

Q. Can HOMER fit f(z|m#2) outside the Lund family?

Setup:
= Data and sim only differ by fragmentation
Sim: standard f(z|m7?) ag, = 0.68

1 1 )
Data: = 2 = 2 Doesn’t belong to
e Zfl (zlm7 ") + 2f2 (z|m7®) Lund family

a, = 0.30 and a, = 0.68

= Without parton shower (qq)
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Result 2 — Beyond Lund fit

Q. Can HOMER fit f(z|m#%) outside the Lund family?

106_- — Data — Exact (0.14) iHOMER-1 (2.17)
| — Sim — Fit (1.11) — iHOMER-3 (0.14)
Result: o] —
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v HOMER reweighting gets closer to the target than § 10°; e o
the Lund parameter fit ] Pyata(s)
» HOMER provides flexibility to go beyond the Lund 10"
o 1.1
E 1.0 E_\_
0.9 1
5 10 15
Ny

Result from Butter et al, 2509.03592
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Result 3 — Parton shower variation

Q. Does HOMER fit anything that is not fragmentation?
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Result 3 — Parton shower variation

Q. Does HOMER fit anything that is not fragmentation?
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Result 3 — Parton shower variation

Q. Does HOMER fit anything that is not fragmentation?

VINCIA (0.00)

—— Pythia default (158.55)
HOMER (70.68)

Lund tune (80.22)
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Implementation based on [Heller et al, 2411.0219]
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Summary

General model ® Shower variation
o HOMER is
Reweighted string model Cluster model ? v .
p(z) = (w(H) pret(H)) Optlmal
v Flexible
Factorized model ‘/ R 0 bU St

w(H) = ] w(s)

seH

)
Lund mixture

... without requiring p g4, (5) !

Lund family

w(s) = falt(z|m%)/fref(z|7ng“)
°

Lund closure test

Next step:
cluster model fit
and eventually actual data
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Additional Slides
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(Lund mixture fragmentation level reweigting)
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