
Jingjing Pan (Jing), on behalf of the ATLAS collaboration


July , 202430th

Jet Substructure Measurements in Multijet 
Production with the ATLAS Experiment
BOOST 2024



Measurement of  
Jet Track Functions   
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 fraction of a hard parton converted into all charged hadrons


• Universal & non-perturbative:  foundational, not calculable, must be measured 


• Non-linear Renormalization Group (RG) evolution (Beyond DGLAP) 

Analogous to Fragmentation Functions (into a single hadron, linear RG)

pT

  Measure the  distribution        
& their moments & RG evolution

rq ≡ ptracks
T /pall

T

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Primordial fluctuations
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Jet Track Functions

1303.6637, 2108.01674, 2201.05166, 2210.10061, 2308.00028

ATLAS-CONF-2024-012

https://arxiv.org/abs/1303.6637
https://arxiv.org/abs/2108.01674
https://arxiv.org/abs/2201.05166
https://arxiv.org/abs/2201.05166
https://arxiv.org/abs/2210.10061
https://arxiv.org/abs/2308.00028
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-012/
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On “Track(s)” to Higher Precision

1303.6637, 2108.01674, 15 track-based JSS measurements to date

ATLAS-CONF-2024-012

https://arxiv.org/abs/1303.6637
https://arxiv.org/abs/2108.01674
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-012/
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On “Track(s)” to Higher Precision
Will enable jet substructure 

calculations on charged hadrons

1303.6637, 2108.01674, 15 track-based JSS measurements to date

ATLAS-CONF-2024-012

https://arxiv.org/abs/1303.6637
https://arxiv.org/abs/2108.01674
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-012/
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• The moments of a binned histogram are evaluated by:


• e.g.  moment the average,   related to the variance


• A new data-driven method with MultiFold corrected for the discretization effects:

1st 2nd

5

mIBU

mcorrected
=

mMultiFold
IBU binning

mMultiFold
unbinned

Get this ratio as 
the binning 

correction factor

Binned  moment:  nth mn =
i

∑ xn
i hi

Here  is the center of the  
bin  discretization effects 

xn
i ith

→

mcorrected = mIBU ×
mMultiFold

unbinned

mMultiFold
IBU binning

1303.6637, 2108.01674, 2004.11381, 2201.05166

Extracting the Moments

Iterative 
Bayesian 
Unfolding 

(RooUnfold)

ATLAS-CONF-2024-012

https://arxiv.org/abs/1303.6637
https://arxiv.org/abs/2108.01674
https://arxiv.org/abs/2004.11381
https://arxiv.org/abs/2201.05166
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-012/
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Corrected Binned  moment:   

 

nth

mn =
i

∑ xn
i hi × ( mMultiFold
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Non-linear RG Evolution

• Non-linearity  

• From multi-hadron correlations  

• Qualitative first step beyond DGLAP 

• The shape are computed by pQCD@NLL* 

• The exact starting point (i.e. the lowest 

 bin) of the predictions are currently 

from Pythia  

•  qualitative agreement

pT

→

* Provided by the authors of 2201.05166

ATLAS-CONF-2024-012

https://arxiv.org/abs/2201.05166
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-012/


Measurement of  
Lund Subjet Multiplicities



• Lund & primary subjet multiplicities with  
 = [0.5, 1, 2, 5, 10, 20, 50, 100] GeV 


• where  (emission, core)


• core = harder branch & emission = softer branch 

• Lund multiplicity utilizes full structure of the jet 


• Primary Lund multiplicity looks only at primary nodes 


• Average multiplicities extracted from full distribution

kt,cut

kt = pemission
T ΔR

Full definitions at:  2205.02861
9

Lund Subjet Multiplicities CERN-EP-2024-029

https://arxiv.org/pdf/2205.02861
https://cds.cern.ch/record/2889742


• Parton Shower Monte Carlos (PSMC) are used extensively in LHC physics 


◦ Particularly affects the precision of results 


◦ Important to have PSMC with higher order effects & higher logarithmic accuracy


• Multiplicities are sensitive to higher order effects in QCD 


◦ double-soft & triple-collinear splittings are important 


◦ New analytical predictions used to benchmark PS models with higher-logarithmic 
accuracy [PanScales, Salam et al. 2002.11114]


• Important utility as input to higher accuracy PS development


• Additional new shower development with the ALARIC algorithm [Höche et al.]

10

Motivation CERN-EP-2024-029

https://arxiv.org/abs/2002.11114
https://cds.cern.ch/record/2889742


• Multiplicity is calculated by counting the number of subjets above a specified 
relative transverse momentum  in a jet’s angular-ordered clustering history


◦ Only used charged tracks associated with a jet for better resolution


◦ Tracks are reclustered using angular-ordered Cambridge/Aachen algorithm


◦ Primary multiplicity counts only primary emissions (directly from the core of the jet)


• Definition of 


◦ The scale of each reconstructed emission is restored from charged-particle to all-
particle scale to facilitate comparisons to theory calculations 


• i.e. (emission, core)

kt

kt

kt = (pjet
T /pcharged

T ) pemission
T ΔR
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Observable Details CERN-EP-2024-029

https://cds.cern.ch/record/2889742


• Compared with new ALARIC parton shower* 


• Herwig generally models the data best, 
especially in perturbative regions 


• Sherpa does very well in non-perturbative 
regions


• At small , models disagree with the data at both 
high and low multiplicity


• At higher , a relative slope between most 
models and the data is observed

kt

kt

* Provided by authors

Höche et al. arXiv:2208.06057
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Results - Lund Multiplicities
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(b)
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(c)
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Figure 2: A representative measured differential cross-section of (a,c,e) #Lund and (b,d,f) #Primary
Lund for an emission :C

requirement of (a,b) 1 GeV, (c,d) 10 GeV and (e,f) 50 GeV. The data are shown in an inclusive bin of jet rapidity
and a bin of jet ?T between either (a-d) 500-750 GeV or (e,f) 1000-1250 GeV. The unfolded data are compared
with several MC predictions, and the total uncertainty on the data is indicated by a shaded grey region. The middle
panel shows a ratio of the predictions to the measured data, and the bottom panel summarizes the various systematic
uncertainties in each bin.
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Figure 2: A representative measured differential cross-section of (a,c,e) #Lund and (b,d,f) #Primary
Lund for an emission :C

requirement of (a,b) 1 GeV, (c,d) 10 GeV and (e,f) 50 GeV. The data are shown in an inclusive bin of jet rapidity
and a bin of jet ?T between either (a-d) 500-750 GeV or (e,f) 1000-1250 GeV. The unfolded data are compared
with several MC predictions, and the total uncertainty on the data is indicated by a shaded grey region. The middle
panel shows a ratio of the predictions to the measured data, and the bottom panel summarizes the various systematic
uncertainties in each bin.
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• Average value as a function of  can be predicted 
analytically [NLO + NNDL]


• This calculation is used to benchmark new 
parton showers*


• Calculation agrees with the data within theory 
uncertainty


◦ Non-perturbative effects large for  < 5 GeV


• Sherpa models using cluster vs. string based 
hadronization differ in the non-perturbative region

kt

kt

* PanScales, Salam et al, arXiv:2307.11142
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Results - Average Multiplicities
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(f)

Figure 3: (left) h#Lundi and (right) h#Primary
Lund i are shown as a function of the emission :C requirement, :C ,cut. The

unfolded data are compared with several MC predictions in (a,b) an inclusive ?T bin above 300 GeV, (c,d) a ?T bin
between 500 GeV and 750 GeV and (e,f) a ?T bin between 1250 GeV and 4500 GeV. The h#Lundi distribution is
also compared with an analytic NLO+NNDL+NP prediction with additional non-perturbative corrections, depicted
as a solid line, provided by the authors of Ref. [33]. The total uncertainty on the data and the NLO+NNDL+NP
prediction are indicated as shaded regions. The middle panel shows a ratio of the predictions to the measured data,
and the bottom panel summarizes the various systematic uncertainties in each bin.
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Figure 3: (left) h#Lundi and (right) h#Primary
Lund i are shown as a function of the emission :C requirement, :C ,cut. The

unfolded data are compared with several MC predictions in (a,b) an inclusive ?T bin above 300 GeV, (c,d) a ?T bin
between 500 GeV and 750 GeV and (e,f) a ?T bin between 1250 GeV and 4500 GeV. The h#Lundi distribution is
also compared with an analytic NLO+NNDL+NP prediction with additional non-perturbative corrections, depicted
as a solid line, provided by the authors of Ref. [33]. The total uncertainty on the data and the NLO+NNDL+NP
prediction are indicated as shaded regions. The middle panel shows a ratio of the predictions to the measured data,
and the bottom panel summarizes the various systematic uncertainties in each bin.
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A Simultaneous Unbinned  
Differential Cross Section Measurement of  

  +jets Kinematic Observables24 Z

14



• Measurements of jets - clean signal, minimum bias (from leptonic  decays)


• To date only published as binned differential cross-sections


• Unlike previous results, this analysis is:

• High-dimensional, a measurement of 24 observables unfolded 
simultaneously 

• Unbinned, published as a dataset of particle-level MC events with data-
derived weights 


•  significant flexibility & utility, both now & in the future

Z+ Z

→

Motivation

15

CERN-EP-2024-132

https://cds.cern.ch/record/2899105


• Standard jets selection* in boost regime:   GeV


• Leading & sub-leading jet:   


• Leading & sub-leading muon:   ;   Di-muon system:   


• The OmniFold (MultiFold) algorithm takes 2 sets of inputs:  MC samples at both truth 
& reco levels,  and the data


• Iteratively proceed in 2 steps of reweighting & 2 steps of truth-reco mapping

Z+ pμμ
T > 200

pT, y, ϕ, τ1, τ2, τ3, m, ntracks

pT, y, ϕ pT, y

Observables & Unfolding Methodology 

16

CERN-EP-2024-132

https://cds.cern.ch/record/2899105


17

CERN-EP-2024-132

Results - 24 Unbinned Observables 100
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Figure 6: Measured differential cross sections of the 24 /+jet observables compared with particle-level predictions.
For display purposes, binned (marginal) distributions are shown, though the measurement itself is unbinned and
24-dimensional.
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Figure 7: Measured differential cross sections of �'(✓✓, 91) using three different bin choices. MC predictions are
only shown with statistical uncertainties.
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Figure 8: The average measured leading jet < as a function of jet ?T and the associated predictions from M��G����
and S����� 2.2.11.
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• Right: measured differential cross sections 
of the full set of 24 𝑍+jet observables 
(with binning only for display purposes)


• Bottom: measured differential cross sections 
of Δ𝑅(ll, 𝑗1) using 3 different bin choices.  


(MC predictions shown with only statistical uncertainties)

https://cds.cern.ch/record/2899105
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Figure 6: Measured differential cross sections of the 24 /+jet observables compared with particle-level predictions.
For display purposes, binned (marginal) distributions are shown, though the measurement itself is unbinned and
24-dimensional.
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Figure 7: Measured differential cross sections of �'(✓✓, 91) using three different bin choices. MC predictions are
only shown with statistical uncertainties.
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Figure 8: The average measured leading jet < as a function of jet ?T and the associated predictions from M��G����
and S����� 2.2.11.
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• Right: measured differential cross sections 
of the full set of 24 𝑍+jet observables 
(with binning only for display purposes)


• Bottom: measured differential cross sections 
of Δ𝑅(ll, 𝑗1) using 3 different bin choices.  


(MC predictions shown with only statistical uncertainties)

https://cds.cern.ch/record/2899105


Results - New Observables
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CERN-EP-2024-132

This ratio of two jet substructure can be  

useful for e.g. classifying W vs. QCD jets

Images from J. Thaler’s talk and paper from 2011

https://cds.cern.ch/record/2899105
https://web.mit.edu/panic11/talks/thursday/PARALLEL-4G/1-1330/thaler/965-0-jthaler_PANIC11_Nsub.pdf
https://arxiv.org/pdf/1011.2268
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CERN-EP-2024-132

This ratio of two jet substructure can be  

useful for e.g. classifying W vs. QCD jets

Images from J. Thaler’s talk and paper from 2011
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• Datasets: 


• https://zenodo.org/records/11507450


• Codebase: 


• https://gitlab.cern.ch/atlas-physics/public/
sm-z-jets-omnifold-2024 


• Notebooks: 


◦                                   


◦                                   


◦                                    
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CERN-EP-2024-132

Construct derived observables

Plot correlation matrices

Dataset & Jupyter Notebooks

https://zenodo.org/records/11507450
https://gitlab.cern.ch/atlas-physics/public/sm-z-jets-omnifold-2024
https://gitlab.cern.ch/atlas-physics/public/sm-z-jets-omnifold-2024
https://cds.cern.ch/record/2899105


• The Jet Track Function analysis first extracts a foundational quantity in QCD


• Also the key missing piece required to connect track-based jet substructure measurements to 
theory calculations, opening up a new chapter of precision jet substructure program at colliders 


• Provides a new test of pQCD - a qualitative first step beyond the DGLAP paradigm 

• The Lund subjet multiplicity measurement provides key inputs for validating the higher accuracy 
parton shower development


• Broad impact on improving the precision & enhancing the sensitivity of LHC results


• The OmniFold (MultiFold) analysis of Z+jets kinematic observables demonstrates a first simultaneous 
unbinned 24-dimensional measurement 

• Allows to optimize binning post-unfolding & construct new observables based on the 24 unfolded 
observables

20

Summary



• The Jet Track Function measurement: CONF-STDM-2024-14 


• 1303.6637, 2108.01674, 2201.05166, 2210.10061, 2308.00028 

• The Lund subjet multiplicity measurement: CERN-EP-2024-029


• 2002.11114, 2205.02861, 2208.06057, 2307.11142


• The OmniFold (MultiFold) Z+jets measurement: CERN-EP-2024-132


• 1911.09107


• https://gitlab.cern.ch/atlas-physics/public/sm-z-jets-omnifold-2024 
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Thanks!



Backup
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Measurement of  
Jet Track Functions   
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• Prescaled triggering on 


•   anti-kt  PFlow


• Select the two leading jets 


• Fiducial selection:     GeV,   ,   


• Unfolding in 3 dimensions:  jet , relatively 

pleading
T

R = 0.4

pleading
T > 240 |η | < 2.1 pleading

T /psubleading
T < 1.5

pT rq |η |

Event Selection and Unfolding CONF-STDM-2024-14

https://atlas-glance.cern.ch/atlas/analysis/confnotes/details.php?ref_code=CONF-STDM-2024-14


• The uncertainty associated with the binning correction is then taken as:

26

Binning Correction Uncertainty

σ = ( mMultiFold
unbinned

mMultiFold
IBU binning )

nominal

− ( mMultiFold
unbinned

mMultiFold
IBU binning )

leadingUnc.

Very small as expected

Inclusive tracking 
efficiency unc.

ATLAS DRAFT

The evolution of the moments as well the cumulants of the A2 distributions provides a unique opportunity588

to directly test non-linear renormalization group evolution in QCD. Moreover, the scale evolution of the589

cumulants of A2 is found to have interesting mixing structure among different orders. The cumulants are590

computed from the extracted moments following the below group of formulae:591

^1 = <1 (19)592

^2 = <2 � <
2
1 (20)593

^3 = <3 � 3<2<1 + 2<3
1 (21)594

^4 = <4 � 4<3<1 � 3<2
2 + 12<2<

2
1 � 6<4

1 (22)595

^5 = <5 � 5<4<1 � 10<3<2 + 20<3<
2
1 + 30<2

3<1 � 60<2<
3
1 + 24<5

1 (23)596

^6 = <6 � 6<5<1 � 15<4<2 + 30<4<1 � 10<2
3 + 120<3<2<1 � 120<3<

3
1 + 30<3

2 � 270<2
2<

2
1 (24)597

+ 360<2<
4
1 � 120<6

1 (25)598

Table 3: Summary of the binning correction and associated uncertainty for the different moments. Here showing
only for the central results and 300 < ?T < 400 GeV for brevity.

Moment order Corr. from Nominal Corr. from Incl. Eff. Absolute Corr. Unc. % Corr. Unc.
1 0.9969 0.9932 0.0037 0.34%
2 0.9873 0.9824 0.0049 0.43%
3 0.9746 0.9688 0.0058 0.50%
4 0.9597 0.9526 0.0071 0.57%
5 0.9437 0.9365 0.0072 0.58%
6 0.9277 0.9202 0.0075 0.58%

4.5 Quark/gluon demixing599

As motivated in the introduction, one important interpretation of this analysis is to extract moments of the600

unfolded distributions for quarks and gluons separately. Due to the intrinsically different nature of the601

two unfolding methods, the procedures to extract moments of the corresponding unfolded distributions for602

quarks and gluon separately differ in several aspects. They however share some common strategy, and so603

for brevity we first document the shared part and then detail the following different procedures for IBU and604

MultiFold respectively.605

The common strategy to demix quark and gluon of the unfolded distributions uses the right plot of Fig. 5 to606

solve a system of equations, taking as input the PDFs and hard scatter matrix elements. In particular,607

⌘
5
8 = &

5
⌘
@
8 + ⌧

5
⌘
6
8 (26)608

⌘
2
8 = &

2
⌘
@
8 + ⌧

2
⌘
6
8 (27)609

For the IBU method, ⌘8 is the bin of a histogram for a particular observable and 5 , 2 represent forward/central.610

Obtaining ⌘
2
8 and ⌘

5
8 with IBU, we can then demix the full unfolded distributions for quark and gluon by611

solving for ⌘@8 and ⌘
6
8 for each bin 8.612
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Event Selection and Unfolding

• Triggering on  


•   AntiKtPFlow


• Select the two leading jets 


• Fiducial selection:     GeV   
,   


• Unfolding in 3 dimensions:  jet , 
multiplicity, relatively 

pleading
T

R = 0.4

pleading
T > 240

|η | < 2.1 pleading
T /psubleading

T < 1.5

pT
|η |

Regularization methods: M. Stanley, P. Patil & M. Kuusela 2111.01091

• 2 regularization methods on the fine-binned results


• Rebinning


• Ensures distributions not sensitive to sub-
detector resolution effects 


• Avoids potential bias inherent in wide bins 
present in tails


• Averaging 


• Similar effect of regularization as rebinning 


• Removes need for binning correction on 
average 

CERN-EP-2024-029

https://arxiv.org/abs/2111.01091
https://cds.cern.ch/record/2889742
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• The OmniFold (MultiFold) algorithm takes 2 sets of inputs:  MC samples at both 
truth & reco levels,  and the data


• Iteratively proceed in 2 steps of reweighting & 2 steps of truth-reco mapping

Unfolding Methodology

30

CERN-EP-2024-132

• Extensive validation studied:


• Closure test (make sure to target “pseudo-data”);   compatibility test (p-values>0.05);  
stress test (dramatic detector distortions)  usage recommendations*


• A blinded measurement

χ2

→

https://cds.cern.ch/record/2899105

