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Abstract:
The next era of collider physics will be limited less by what we can measure than by wh
of QCD radiation that fill every collision are typically simulated at the lowest orders in

large uncertainties. Hadronization is modeled rather than derived from first principles
capture new physics in a model-independent way carry far more operators than experin
describe recent progress on each of these and argue that two tools do much of the wo
Information theory, with the machine learning built on it, teaches our simulations s
uncertainties, selects the measurements that matter, and pushes hadronization from m¢«
space of effective theories, resums infinite families of operators into finite physical quz:
few that experiment could ever resolve. Together they define a path towards reliably ext
from the wealth of data at the LHC and future colliders.
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Four Fronts

Particle simulations, on solid ground.
Provable QCD accuracy needs event geometry
preservation.

Information theory for QCD. Highest-order
theory fed into simulations, with rigorous
uncertainties.

. Hadronization, learned not assumed.
Machine learning replaces hand-built models.

. Taming EFT operator explosion. Geometry
resums the infinite towers, information isolates
the few that data can see.

Alongside. The composite frontier, from QCD exotic spectroscopy to dark
sectors, unparticles, and composite quarks and leptons.
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High-precision era

The Standard Model is incomplete:
dark matter, matter-antimatter
asymmetry, neutrino masses, ...

New physics is too heavy or too
weakly coupled to produce
directly. Hiding as small distortions in
known processes.

Soon the experiments will measure
better than we can predict.
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Anatomy of a collision event

14 TeV 100 GeV

P final state

P showers

distribution
functions

DETECTOR

initial state
showers

hadronisation
energy >

The complete final state, every particle, must be
calculated with controlled QFT accuracy

4

ision Collider Physics
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Precision in a hurry

From momenta to observables

Observable is one number projected from the spray
of momenta from an event

jet substructure - missing energy - reconstructed mass - event
shapes - multiplicities ...

Resummed (analytic)

() o EXP[G‘LE + al + ] E= log%
LL  NLL
large logs in the distribution, summed to all orders

Bespoke multi-year effort for
each observable

Some observables known at
- fewer at NNLL/N-LL

Fixed order (analytic)
d_a = V) +a,c() + ale() +
v — S e s
LO NLO NNLO
Expanded in the coupling. Each term ~10x smaller

Many SM processes and obervables automated at NNLO -
some known at N"LO

NLO real NLO virtual

Parton Shower (Monte-Carlo)

a, dk?
In A() = — = P(z)dz

r k?

The splitting probability of one emission, iterated.

Sums the logs and b
whole event, all mon

All observables automated and
known at LL - recently NLL

Parton showers most useful but weakest accuracy
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My Research: tools across scales

SM & EFT

F

Information Geometry

14 TeV

Il. and . I. and IV.

Geometry compresses and improves theory. Information and
machine learning bridges theory, simulation, and data.
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Anatomy of a collision event

14 TeV 100 GeV

P final state

i showers
parton

distribution
functions

initial state

hadronisation
energy
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l. Can we build particle simulations

with better theoretical accuracy?

Coherent showers NLO matching NNLO matching

Dipole showers Multijet merging NLL parton showers
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What makes a parton shower accurate

Emissions factorize in QCD (Markovian) In k
so probabilities independent (multiply) il

A = H(l_dpf) — ¢~ Zdpi — p—IPdO

like in nuclear decay

Accuracy = to what order we know
the exponent:

-InA = de@ ~ al* + aL + -

« LL: fill the plane evenly — Area = @, L2

* NLL: emissions widely-separated on Lund
plane shouldn't affect each other = a,L

Banfi, Salam, Zanderighi JHEP 03 (2005) Lund plane

Pirsa: 26060054
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A provably accurate algorithm

Before emission

Every emission puts emitter off-shell
— restoring on-shell with 4-momentum
conserved forces another parton to recoil

Choice isn’t unique — local recoil
breaks factorization, exponential is lost /]\
After emission
k
Global recoil preserves geometry —
provably NLL, and extended to massive
partons

.rren, Hoche et al. JHEP 10 (2023 . :
! ;f\j‘m:i H\.,;}:; },R}') ; }U',.i) f:u:-{l T Local recoil (Standard) Global recoil (ALARIC)

one parton absorbs it all -+ emissions Each barely moves — stays
no longer independent independent
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Massive Improvements

b quark fragmentation function f(x‘g"'ak)

1/NdN/dIH

SueErPA MC

—+— ALEPH Data
Phys.Lett. B512 (2001) 30
—+— Alaric

I
L]

MC/Data

0.2 0.3 04 05 0.6 0.7 0.8

Better agreement with data in the bulk

. [ “”r L L B

-

XB

Newly released in one of the LHC’s major event generators
SHERPA 3.0, NLO matched, both massive and massless

The other two are Pythia and Herwig

BA and Hoche PRD 109 (2024)
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Outlook

A simulation as accurate as our best theory. The limit becomes
the data, not the Monte Carlo. Two dials — how well the shower
resums, and the highest fixed order it's matched to. Being event-
level, one run gives every observable at that accuracy.

Upcoming

A
[ ~ s e | 1 o £ 11l ~ ) PEFTEINN Sy - b e e 147 m T o VA7 7P, ~
Shower upgrades. Spin correlations, full colour, higher hard multiplicities, towards

el

complete shower ) :
CUIMMpPIec \‘e \l l ;s SNOWE BA. Hoche. Krauss et al. !f‘.’}"f"('f’(!f‘(ﬂfr)-’f

Fixed-order upgrades. NNL O subtraction matched to ALARIC momentum mapping,
massless and massive quarks

BA, Campbell, Héche, In preparation
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Anatomy of a collision event

14 TeV 100 GeV

P final state

ik showers
parton

distribution
functions

initial state

hadronisation
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Il. Can we directly teach event
generators higher-order theory?

Precision Inputs

{‘ flrnady wass () |

\J

‘ | ' MaxEnt Reweighting ( )
Qi (®) | | aes(®) >| P(®) | | paon(®)
\ = < w(AY,®) = exp[~ Z Al m; (‘I))] -

Lorentz Invariant Parton Shower
Phase Space Prior Distribution Distribution

Posterior Truth

Quality of Distributions

y 14
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Information-Theoretic optimization

1

Boltzmann factor: D= — —B E;

Z

Maximum entropy solution subject to moment constraint on average energy

S =— Zp'i In p;, Zpi E; = (E)

Generalization:

Prior Sets Partition Function

! !
p(z) = q(x) exp [— Bo — Brfi(z) — Bafa(z) — .. ]
P 1

Lagrange Multipler ~Constrained Quantity

If you can perform precision QCD calculations of moment constraints, then you
can improve prior MC predictions with learned Lagrange multipliers

HEP \%&
ML
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Information-Theoretic Optimization

Sudakov structure: take any event-shape distribution

—2a;,CrInT
T(T)LL,f.c. = €Xp | —

™ T

2sCiri In? T:|
T

Sudakov factor

ML perspective: Sudakov is a kind of Boltzmann factor and cusp
anomalou’ dimension is like a Lagrange multiplier that enforces a
constraint on the 2nd log moment of the distribution

log moments not previously measured or calculated before in QCD

HEP -___,;I;?:?&h
ML

BA, Hoche, Lee, Thaler PRL 132 (2025)
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Relative entropy

Take relative entropy

Plus precision moment
constraints

Unique stationary solution

S (Pl1O) = - [ dx p(x) log %xl\

Continuous version p x) Normalized Prior
of entropy

+ (Mo — 1) ({mo)p — 1) + Z Ai ((ms)p — ¢;)
i pal S

Like Lagrangian you MC prior Precise theory
have in Stat. mech. moment moment

w(®P; Ao, A) = exp [—)\0 =Y " Aimi(®)

Convex, strictly positive per-event weights,
full event exclusivity preserved

BA, Hoche, Lee, Thaler PRL 132 (2025)
BA, Lee, Thaler 2604.00084

HEP \%&
ML
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Moments of thrust at LEP

-  NNLL' + O(a?)
4 NLL' + O(a,)

Pirsa: 26060054

Moments probe analytic Sudakov
structure of thrust (InT)
(7)

{(rln7)

gmn(T) =T In" 7 (In7)

(r%

Computed to NNLL + NNLO. {rln’r)
First logarithmic moments computed (1n7)
in QCD.

&

Current showers L1 and carry large

uncertainty, NNLL + NNLO shrinks o

it down dramatically on every moment " " )
{In" 7

)

e+ LL
-3.046
0.06638
-0.1584
9,934
0.00798
0.4184
-0.0151
-34.13
0.001402
-1.205
-0.002263
0.03154
122.1

0.0003034

0.4

0.6 0.8 1.0
Ratio to NNLL' + O(a?)

BA, Hoche, Lee, Thaler, PRL 132 (2025)

1.2
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Four phase space priors, two showers by

. & -“'ﬂ‘” P ata
two hadronization models o —FALERH

Eur.Phys.].C35(2004)457

t— 1-reweighted parton shower
parton shower prior .
NNLL' + O(a?) uncertainty E
NLL' + O(a,) uncertainty
LL uncertainty

Converges form LL to NNLL + NNLO, a
new accuracy benchmark

2

£
o
g

8

Theory uncertainties propagate directly,
moments — multipliers — predictions
X

B L i e bt
Tt -

o B ok 5 5050 7

—— OO D e

Improvement systematic: more moments
& observables (how many?), more accuracy

CSS#Pythia8  Direx Ahadic

Ahadic

b
+

e

G W O DS R
i 0 T T

B R R B R e e e R ]
o e L et eee seersesstitet

€S5S¢
&

0.6 0.65

State of the art theory, taught event by event, with interpretable uncertainties

BA, Hoche, Lee, Thaler PRL 132 (2025)
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All observables at once

A complete basis of observables — Energy
flow polynomials

EFPY = > J[= [] 62,

11,k ERVEV (a,b)EE

Calculable observables = particle energies
and angles — EFPs span them

Low degree captures the bulk — a few
moments reach\every observable at once

Vertices — energy fractions: 7; = ———
i f
Edges — pairwise angles: 0, = \/ 2(1 — cos£y)

Komiske, Metodiev, Thaler JHEP (2018)
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Information saturation

Saturation test setup: prior phase space generator, momentum conserving but wrong
radiation pattern — IT reweight to accurate parton shower

Reweighting transfer across observables: mixed moment constraints

10_1 T :
ay(Mz) = 0.118 £ 20% ©

8
g
5
£
a
.
E:
&
=1
3
=

EFP degree d

Trainon EFPsuptod < 5,testouttod <9

With moment types: (EFP; In" EFP;)

L ] L]
ses s e g e secssee S0s0

Saturation by d < 3 primes and composites, f e r
. z . We focus on the Cinematic degree 9 subset o
robust under large prior variation homeorphically ieducible trees

BA, Lee, Thaler 2604.00084
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Information saturation

Saturation test setup: prior phase space generator, momentum conserving but wrong
radiation pattern — IT reweight to accurate parton shower

Reweighting transfer across observables: mixed moment constraints

10_1 L :
ay(Mz) = 0.118 +£20% :

g
g
]
z
A
2
&
=
|
=

EFP degree d

Trainon EFPsuptod < 5,testouttod <9

With moment types: (EFP; In" EFP;)

Saturation by d < 3 primes and composites,
robust under large prior variation
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Outlook

QCD foundation model: One event generator that respects every
best QCD constraint at once, with rigorous uncertainties.

Cross-domain impact: The same framework brings theory-
controlled uncertainties to nuclear and neutrino generators,
DUNE, EIC, heavy-ion.

Upcoming

Big Science Impact: N°LO + N*LL plus ab-initio LQCD across processes and observables,
starting with Drell-Yan for ATLAS/CMS BA, Campbell, Hoche, Thaler et al. In preparation
ML for MC variation: combine simulation variation with efficient sampling for full prior-plus-
target uncertainty for precise predictions BA and Thaler, In preparation

NNLO Moments of EFPs: compute moments of all EFPs up to NNLO in QCD. Another route to
matching at NNLO via EFPs + Max entropy reweighting BA and Thaler, In preparation
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Anatomy of a collision event

14 TeV 100 GeV

P final state

i showers
parton

distribution
functions

initial state

hadronisation
energy
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lll. Beyond perturbation theory: can we
gain control of non-perturbative QCD?
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Machine Learning for Hadronization

Quarks/gluons hadronize before QCD flux tube
detector, tuned to data — once a

nuisance, now a leading systematic @) e O»>
|

string breaks — q g from vacuum

_ (E4pda

Limits precise m,, a;, BSM and flavor

\ 4 v - (E+Pz).:tring v
breaks worst — not retunable away

oo oo e

. The shape f(z) that sets how likely each z is
A flexible ML model — data shapes f ,)nodeled by hand :

f(z), nota hand-tuned guess — with
calibrated uncertainty

HEP-\%&\ P [LHAD :.‘LL“aili.\::illifj\[:j[ll‘\._‘;_‘u”:ﬁ1
ML 3 9 (2025)

Pythia-based BA et al. 2602.01509
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HOMER: Learning fragmentation from data

Inverse problem. Data runs f(z) — events forward. HOMER runs it backward, events — f(z)

[ Data

Classify data vs. sim. A classifier : ) Hinalstite
learns where Pythia misses the : R e
data — the event-level likelihood

ratio

Per-break weight. A second

network weights each string break
; : 0.0

to reproduce the ratio (correction

to Pythia) 1.9

) —+— x* / Noins = 5706

Read off fragmentation. The o e ]

learned weight x Pythia, no 0.8 . j ) : 0.8 1.0
assumed form

One reweighting fixes every observable and gives
back interpretable per-event fragmentation function

HEP-.___%
Bierlich et al. SciPost 18 (2025)

Benoit Assi (U. Cincinnati) — Geometry and Information in Precision Collider Physics BA et al. SciPost 19 (2'):‘;}
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