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of Z+)ets production



Machine learning based unfolding doing physics
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All of these measurements use Omnil-old
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Z ( — nuu) + jets production at the LHC

1. Z boson decay

 Muons can be used for triggering and event selection
 Has been extensively studied in pp collisions
* Inclusive cross section is known to NNLO

* Excellent laboratory for studying QCD and jet
substructure
 Unbiased sample of largely quark initiated jets

* Relatively unstudied, but contains a lot of interesting physics
e Useful for tuning event generators, modelling can be terrible!

“Full phase space measurement” means we will study all of this at once, through ML based unfolding
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ATLAS Z+jets Omnifold measurements

* Previous measurement: 24 event-level observables
* New measurement: full charged-particle phase space, variable dimensional!

Run 310000, Event 268768457, u = 29.5, N, = 16, particle level
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X

P71, ¢ of all
stable charged

particles are
measured
simultaneously

A simultaneous unbinned differential cross section
measurement of twenty-four Z+jets kinematic
observables with the ATLAS detector

The ATLAS Collaboration

Z boson events at the Large Hadron Collider can be selected with high purity and are sensitive
to a diverse range of QCD phenomena. As a result, these events are often used to probe the
nature of the strong force, improve Monte Carlo event generators, and search for deviations from
Standard Model predictions. All previous measurements of Z boson production characterize
the event properties using a small number of observables and present the results as differential -3
cross sections in predetermined bins. In this analysis, a machine learning method called
Owmni1FoLp is used to produce a simultaneous measurement of twenty-four Z+jets observables e e e L L L 1
using 139 fb~! of proton-proton collisions at v/s = 13 TeV collected with the ATLAS detector. -2 -1 0 1 2 3
Unlike any previous fiducial differential cross-section measurement, this result is presented y
unbinned as a dataset of particle-level events, allowing for flexible re-use in a variety of

contexts and for new observables to be constructed from the twenty-four measured observables.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.261803

Lessons learned 1: compute Is a challenge

N=2X7TX

Run step 1 and step 2 Iterate 7 times Data stat bootstrap MC stat bootstrap

(10X 264(100 4+ 25))

Reduce NN initialization uncertainty Propagate systematic uncertainties

— 5 3 9 () network fine-tunings required for measurement




Lessons learned 2: uncertainties are comparable

« Compared this measurement to traditional binned measurements and
previous round 24-dimensional measurement (multifold)
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Lessons learned 2: uncertainties are comparable

« Compared this measurement to traditional binned measurements and
previous round 24-dimensional measurement (multifold)
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Lessons learned 3: pretraining Is essential

Random initialization Pretrained initialization
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Only 247k events enter signal region: pretraining networks on simulation drastically improves accuracy!
Essential context for work on foundation models: data constrained likelihood ratio estimation should be benchmarks
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Public data and results

 Measurement is natively un-binned and
high-dimensional

 Publish measurement is particle-level
events and weights

» Dataset, not histogram
Downstream analysis encouraged!
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README.md 30.84 KiB = v Code | Preview | Blame O R & v

A full charged-particle phase-space measurement of Z +jets production with the
ATLAS detector

CONF Note | CERN Open Data |atlas-160005 | Run on 'SWAN |

This repository accompanies the ATLAS conference note ATLAS-CONF-2026-009 and provides usage recommendations and
detailed examples for analyzing the published measurement. Unlike a traditional measurement, the result is not distributed as a
collection of histograms. Instead it is released as a set of particle-level collision events simulated with Monte Carlo methods,
together with event weights produced using the OmniFold algorithm. These event weights statistically adjust the Monte Carlo
simulation to perform the unfolding. This measurement extends the previous ATLAS MultiFold measurement. Here, the unfolding is
performed in the variable dimensional phase space composed of the pt, 1. and ¢ of every final state charged particle. The
measurement is very general and can be used to constrain a wide array of observables relating to jet substructure and Z +jets
production.
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https://opendata.cern/record/atlas-160005
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https://gitlab.cern.ch/atlas-physics/public/sm-z-jets-omnifold-2026

Standard event-level observables

« Number of charged hadrons (N

C

1) and Hy are IRC unsafe observables

 Measurement is simultaneous and un-binned. Key abilities:

do / dngp, [fb]
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(@) o

N
o
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Two point energy correlator measurement

Two-point energy correlator (EEC) measured with all charged particles
1 E.E; 1 —|cosé;|
EEC(z) = p Z / do— d(z — ), * Difficult to unfold with binned methods!
i,]

Q 2 . . .
* Omnifold handles two-point and higher order correlators naturally
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Not covered due to time:

1. Jet p, profile measurement with different clustering algorithms

2. Intrinsic dimensionality of jet data

Conf Note * @ coming @
Llnk soon!
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https://cds.cern.ch/record/2968092/files/ATLAS-CONF-2026-009.pdf
https://cds.cern.ch/record/2968092/files/ATLAS-CONF-2026-009.pdf

Conclusions

* First full phase space measurement to be performed at
the LHC: unimaginable 10 years ago!

 Compute and training stats are significant bottlenecks
« Somewhat alleviated with pretraining
 Hopefully many more such measurements in the future

“The Mountain sat upon the Plain
In his tremendous Chair —
His observation omnifold,
His inquest everywhere —*

ATLAS

EXPERIMENT

Emily Dickinson, 975
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Final product: particle-level MC and event weights

A ' .
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Final product: particle-level MC and event weights

Traditional event-level observables

measured through projections
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Novel observables can be constrained with high-dim representation
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How to measure variable dimensional cross sections

» Need to estimate (O(100) dimensional likelihood ratios
o Utilize transformer neural networks: Particle lranstormer

@

Network Inputs

w(x) = s(x)/1 — s(x) Particles:

e Raw kinematics

* (longa H, ¢9 m)
* Jet indices, expressed as one-hot encodings

A
@
1%
' Interactions:
‘;Eparticle ‘f I/(X) - S(x)/ 1—s (x) - A= \/(ya — V) + (b — bp)’

° kT = min(pT,a’pT,b)A
s I = min(PT,a’pT,b)/ (pT,a TP T,b)

° m2

X = {xﬂl,xﬂz, Xi1s X0+ - - s Xy )

Large scale pretraining of neural networks on MC simulation drastically improves the unfolding accuracy
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https://github.com/hqucms/weaver-core/blob/main/weaver/nn/model/ParticleTransformer.py

Simulation based validation

 How to validate measurement of an arbitrary observable?
* Publish auxiliary pseudodata measurement with known particle-level target

* Bin measurement and target in the same observable and calculate )(2
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Simulation based validation

 How to validate measurement of an arbitrary observable?
* Publish auxiliary pseudodata measurement with known particle-level target

* Bin measurement and target in the same observable and calculate )(2

2
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Observable ngor X p Observable ngor  x° p
Hr 6 6.21 0.400 Pul 16 13.5 0.634
Nch 5 241 0.790 Pu2 16 17.3 0.364

Mch,jl 6 104 0.110 dil 16 7.02 0.973
Nch,j2 5 472 0.450 di2 16 7.77 0.955
Nul 14 11.1 0.678 T1,j1 7 3.32 0.854
12 14 4.34 0.993 T1,j2 5 6.97 0.223
mii 6 15.6 0.016 T2,i1 7 11.9 0.105
mjz 4 9.23 0.056 Tz,jz 5 540 0.369
pT,yl 6 4.57 0.600 T3,j1 4 1.87 0.760
PT,u2 6 8.20 0.224 3,12 4 1.92 0.750
PT,uu 5 443 0.490 Y pu 14 15.77 0.334
PT,jl 6 11.3 0.081 Vil 18 14.0 0.727
PT,i2 4 212 0.713 Yi2 10 5.69 0.840




Comparison to baseline measurements

 Compare to auxiliary measurements using traditional binned methods
 Omnifold can essentially reproduce accuracy of binned measurements!
* Unfolding uncertainties (e.g. hidden variable) can be larger
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Comparison to baseline measurements

 Compare to auxiliary measurements using traditional binned methods
 Omnifold can essentially reproduce accuracy of binned measurements!
* Unfolding uncertainties (e.g. hidden variable) can be larger
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Uncertainties and covariance matrices

Fractional Uncertainty [%]
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https://gitlab.cern.ch/atlas-physics/sm/photons-jets/ana-stdm-2024-02/zjets-omnifold-public-code

Uncertainties and covariance matrices
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https://gitlab.cern.ch/atlas-physics/sm/photons-jets/ana-stdm-2024-02/zjets-omnifold-public-code

Jet p. profile measurement

* Can cluster jets with unbinned event sample

* Possible to quickly measure an arbitrary jet shape observable, and compare
across clustering algorithms

Avg. pr density, {p) [GeV]
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(o(r)) = — ZPT(”—AI’/Z,r+Ar/2)

Ivjets jets Aannulus

Anti-k, jet clustering is greedy

Jet centered on high p tracks
Boundary depleted




Intrinsic Dimensionality, NNID
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First measurement of the intrinsic dimensionality of collider data!
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These plots are impossible to produce with binned unfolding methods
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