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Many Thanks to Iwona, Patrycja, All
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Congratulations Dr. Potepa!! Great time visiting Krakow!!

Dec. ‘25

July ‘24
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One Connection From Dr. Potepa’s Talk
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With high stats, systematics dominated driven by hadronic handle  
Feature across frontiers of research in high energy, nuclear, astrophysics
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Quantum Chromodynamics
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‣ Quantum Chromodynamics (QCD), theory of strong force, central to Standard Model (SM) 

‣ Study of QCD across wide energy scales, spanning P/NP regimes, of global importance 

‣ Precision QCD enables discovery of new phenomena in strongly interacting systems

41 9. Quantum Chromodynamics

Table 9.1: Unweighted and weighted pre-averages of –s(m2

Z) for each sub-
field in columns two and three. The bottom line corresponds to the com-
bined result (without lattice gauge theory) using the ‰

2 averaging method.
The same ‰

2 averaging is used for column four combining all unweighted
averages except for the sub-field of column one. See text for more details.

averages per sub-field unweighted weighted unweighted without subfield
· decays & low Q

2 0.1173 ± 0.0017 0.1174 ± 0.0009 0.1177 ± 0.0013
QQ̄ bound states 0.1181 ± 0.0037 0.1177 ± 0.0011 0.1175 ± 0.0011
PDF fits 0.1161 ± 0.0022 0.1168 ± 0.0014 0.1179 ± 0.0011
e

+
e

≠ jets & shapes 0.1189 ± 0.0037 0.1187 ± 0.0017 0.1174 ± 0.0011
hadron colliders 0.1168 ± 0.0027 0.1169 ± 0.0014 0.1177 ± 0.0011
electroweak 0.1203 ± 0.0028 0.1203 ± 0.0016 0.1171 ± 0.0011
PDG 2023 (without lattice) 0.1175 ± 0.0010 0.1178 ± 0.0005 n/a

αs(mZ
2) = 0.1180 ± 0.0009

August 2023
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Figure 9.5: Summary of determinations of –s as a function of the energy scale Q compared to
the running of the coupling computed at five loops taking as an input the current PDG average,
–s(m2

Z) = 0.1180 ± 0.0009. Compared to the previous edition, numerous points have been updated
or added.

that the weighted averages are rather close to the unweighted ones. However, the uncertainties
become significantly smaller. This approach may be too aggressive as it ignores the correlations
among the data, methods, and theory ingredients of the various determinations. We feel that the
uncertainty of ±0.0005 is an underestimation of the true error. We also note that in the unweighted
combination the estimated uncertainty for each sub-field is larger than the spread of the results as
given by the standard deviation. In the weighted fit this crosscheck fails in four out of six cases.

The last several years have seen clarification of some persistent concerns and a wealth of new
results at NNLO, providing not only a rather precise and reasonably stable world average value
of –s(m2

Z), but also a clear signature and proof of the energy dependence of –s in full agreement

31st May, 2024

QCD Interesting Across Scales

Perturbative (P) and Non-Perturbative (NP) QCD 
New Physics in QCD Systems
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Landscape of Collider Data
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Global operational high energy pp, 
pA, AA and low energy e+e- colliders 

No current high energy e+e- machine 
but incredible foresight by previous 
experiments to archive those data

electron positron

Window for progress to influence 
the crucial 2030’s data taking
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Electron-Positron Alliance's Reanalysis Efforts

New Measurements with the LEP Archived DatasetsAnthony Badea

Build community for curation, standardization, 
and reanalysis of archived/open e+e- data 

Enable direct collaboration between 
experimentalists, analyzers and theorists   

Weekly group analysis meeting since 2017 
10 LEP notes and publications on arXiv 
2 publications with the Belle Collaboration 
> 60 presentations in conferences / workshops

Drawing from Luna Chen’s and Yen-Jie Lee’s talks
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Large Electron-Positron (LEP) Datasets
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Cern Courier

Active reanalysis of LEP1/2 data. Will discuss thrust and ongoing works

Superconducting
Magnet (1.5T)

Hadron Calorimeter

Time Projection
Chamber

Muon Chamber

Inner Tracking Chamber

Electromagnetic
Calorimeter

ALEPHDELPHI

OPAL soon

https://cerncourier.com/a/the-w-and-z-at-lep/
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Outline

Physics Motivation (I)

LEP Thrust Reanalyses (II)

Ongoing Works and Outlook (III)
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Discovering new SM/BSM physics requires an unprecedented handle of QCD, 

motivating measurements across collision systems, regimes, and observables.

Reanalysis of thrust in LEP archived data reveals new insights into  and P/NP 

QCD. Enables new studies of e+e- collisions with modern exp. and theory tools.

αS

Continued investigations into thrust across relevant regimes. Complementary 

observables, studies across energies, application to constrain modern QCD.

e+ e−

WW
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Physics Motivation
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Thrust is an event shape observable that 
quantifies how dijet-like an event is, active 
use to extract  and constrain P/NP QCDαS

η

ϕ

e+ e−

Thrust Axis

E. Farhi (1977): Phys. Rev. Lett. 39, 1587

T = max
̂n

∑i | ⃗pi ⋅ ̂n |

∑i | ⃗pi |

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1587
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Interesting Thrust Regimes to Probe
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~3 interesting regimes τ = 1-T

Dijet non-perturbative Dijet perturbative 3(multi)-jet region
Far-tail
ΛQCD ≪ τQ ∼ Q

Peak region
ΛQCD ∼ τQ ≪ Q

Tail region
ΛQCD ≪ τQ ≪ Q

41 9. Quantum Chromodynamics

Table 9.1: Unweighted and weighted pre-averages of –s(m2

Z) for each sub-
field in columns two and three. The bottom line corresponds to the com-
bined result (without lattice gauge theory) using the ‰

2 averaging method.
The same ‰

2 averaging is used for column four combining all unweighted
averages except for the sub-field of column one. See text for more details.

averages per sub-field unweighted weighted unweighted without subfield
· decays & low Q

2 0.1173 ± 0.0017 0.1174 ± 0.0009 0.1177 ± 0.0013
QQ̄ bound states 0.1181 ± 0.0037 0.1177 ± 0.0011 0.1175 ± 0.0011
PDF fits 0.1161 ± 0.0022 0.1168 ± 0.0014 0.1179 ± 0.0011
e
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e

≠ jets & shapes 0.1189 ± 0.0037 0.1187 ± 0.0017 0.1174 ± 0.0011
hadron colliders 0.1168 ± 0.0027 0.1169 ± 0.0014 0.1177 ± 0.0011
electroweak 0.1203 ± 0.0028 0.1203 ± 0.0016 0.1171 ± 0.0011
PDG 2023 (without lattice) 0.1175 ± 0.0010 0.1178 ± 0.0005 n/a
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Figure 9.5: Summary of determinations of –s as a function of the energy scale Q compared to
the running of the coupling computed at five loops taking as an input the current PDG average,
–s(m2

Z) = 0.1180 ± 0.0009. Compared to the previous edition, numerous points have been updated
or added.

that the weighted averages are rather close to the unweighted ones. However, the uncertainties
become significantly smaller. This approach may be too aggressive as it ignores the correlations
among the data, methods, and theory ingredients of the various determinations. We feel that the
uncertainty of ±0.0005 is an underestimation of the true error. We also note that in the unweighted
combination the estimated uncertainty for each sub-field is larger than the spread of the results as
given by the standard deviation. In the weighted fit this crosscheck fails in four out of six cases.

The last several years have seen clarification of some persistent concerns and a wealth of new
results at NNLO, providing not only a rather precise and reasonably stable world average value
of –s(m2

Z), but also a clear signature and proof of the energy dependence of –s in full agreement

31st May, 2024

 ExtractionαS
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Modern Interest in Thrust Regime (I)
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Phys. Rev. Lett. 134, 251904, 0809.3326 

τ = 1-T

Dijet non-perturbative

Large NP corrections applied 
using functional forms, large 

impact with limited data points

Ex showing P QCD alone 
vs with modeled NP

https://journals.aps.org/prl/abstract/10.1103/dv7n-qvyp
https://arxiv.org/abs/0809.3326
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Modern Interest in Thrust Regime (II)
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Dijet perturbative

τ = 1-T

see e.g. CERN QCD Seminar 02/10/2025 G. Vita, 1006.3080, 2412.15164, Slide 8 of P. Skands

31 9. Quantum Chromodynamics

scheme [569,570].
Summarizing the results from world data on structure functions, taking the unweighted average

of the central values and errors of all selected results, leads to a pre-average value of –s(M2
Z

) =
0.1162 ± 0.0020, see Fig. 9.2.
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Figure 9.2: Summary of determinations of –s(M2
Z

) from the seven sub-fields discussed in the
text. The yellow (light shaded) bands and dotted lines indicate the pre-average values of each
sub-field. The dashed line and blue (dark shaded) band represent the final world average value of
–s(M2

Z
). The “*” symbol within the “hadron colliders” sub-field indicates a determination including

a simultaneous fit of PDFs.

1st December, 2021

33 9. Quantum Chromodynamics
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Figure 9.2: Summary of determinations of –s(m2

Z) with uncertainty in the seven sub-fields as dis-
cussed in the text. The yellow (light shaded) bands and dotted lines indicate the pre-average values
of each sub-field. The dashed line and blue (dark shaded) band represent the final world average
value of –s(m2

Z). The “*” symbol within the “hadron colliders” sub-field indicates a determination
including a simultaneous fit of PDFs.

31st May, 2024

PDG 2021 PDG 2023

Large differences in  between e+e- event 
shapes (e.g. Thrust) extractions as well as with 
extractions from other observables (PDG world): 

JHEP 07 (2025) 249 (  resum.):        0.1136  0.0012 
PRL 134 (2025) 251904 (L resum.):  0.1181  0.0018 
PDG 2023 World Average:                0.1180  0.0009

αS(mZ)

τ ±
±
±

https://indico.cern.ch/event/1512328/attachments/3011747/5310355/Vita_Feb_2025.pdf
https://arxiv.org/abs/1006.3080
https://arxiv.org/abs/2412.15164
https://pythia.org/download/talks/SkandsPanTuning23.pdf
https://link.springer.com/article/10.1007/JHEP07(2025)249
https://journals.aps.org/prl/abstract/10.1103/dv7n-qvyp
https://pdg.lbl.gov/2024/reviews/rpp2024-rev-qcd.pdf
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Modern Interest in Thrust Regime (III)
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3(multi)-jet region

τ = 1-T

Validate/tune modern P QCD 
predictions and parton shower 
Monte Carlo (MC) simulations

e.g. see Event 

4

FIG. 2. Test of NNLL accuracy of the PanGlobal (PGsdf

ω=0)
shower for the cumulative distribution of the Cambridge y23

resolution variable, compared to known results for Z →
qq̄ [52] (left) and H → gg [77] (right). The curves show the
di!erence relative to NNLL for various subsets of ingredients.
Starting from the red curve, DS additionally includes double
soft contributions and 2-jet NLO matching; 3ω includes 3-loop
running of εs and the K

resum

2 term. B2 in the legend refers
only to its resummation part, Bint,NLO

2
. Including all e!ects

(blue line) gives a result that is consistent with zero, i.e. in
agreement with NNLL.

just involve the Sudakov non-emission probability) to
the shower’s double-soft emissions, as anticipated below
Eq. (3). The connection with the ARES NNLL formal-
ism [51, 52, 58] is discussed in Ref. [72], § 4.

Besides the analytic proof, we also carry out a series
of numerical verifications of the NNLL accuracy of sev-
eral parton showers with the above elements, using a
leading-colour limit 2CF = CA = 3. These tests help
provide confidence both in the overall picture and in our
specific implementation for final-state showers. Fig. 2
shows a suitably normalised logarithm of the ratio of the
cumulative shower and resummed cross sections, for a
specific observable, the two-to-three jet resolution pa-
rameter, y23, for the Cambridge jet algorithm [73] in
Z → qq̄ (left) and H → gg (right) processes. Focusing
on the PGsdf

ωps=0
shower, the plots show results with vari-

ous subsets of ingredients. A zero result indicates NNLL
accuracy. Only with 2-jet NLO matching [74], double-
soft corrections [29], B2 [67, 68] terms, 3-loop running of
ωs [75, 76], K2 contributions [58, 66], and the drift cor-
rection of this Letter does one obtain agreement with the
known NNLL predictions [52, 77]. For this shower and
observable, the drift correction dominates.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of ε =
ωs ln v = ↑0.4. With the drifts and all other contribu-
tions included, there is good agreement with the NNLL
predictions [45–52, 58, 61, 77].

Earlier work on NLL accuracy had found that the co-
e!cients of NLL violations in common showers tended
to be moderate for relatively inclusive observables like
event shapes [5]. In contrast, here we see that non-NNLL

FIG. 3. Summary of NNLL tests across observables and
shower variants. Results consistent with zero (shown in green)
are in agreement with NNLL. The observables correspond to
the event shapes used in Ref. [5] and they are grouped accord-
ing to the power (ϑobs) of their dependence on the emission
angle. All showers that include the corrections of this Letter
agree with NNLL.

FIG. 4. Results for the Thrust and Durham y23 [78] ob-
servables with the PanGlobal showers compared to ALEPH
data [79], using εs(MZ) = 0.118. The lower (middle) panel
shows the ratios of the NNLL (NLL) shower variants to data.

showers di”er from NNLL accuracy with coe!cients of
order one. That suggests a potential non-negligible phe-
nomenological e”ect.
Fig. 4 compares three PanGlobal showers with ALEPH

data [79] using Rivet v3 [80], illustrating the showers in
their NLL and NNLL variants, with ω

ms
s (MZ) = 0.118 for

both. We use 2-jet NLO matching [74], and the NODS
colour scheme [6], which guarantees full-colour accuracy
in terms up to NLL for global event shapes. Our showers
are implemented in a pre-release of PanScales [81] v0.2.0,
interfaced to Pythia v8.311 [3] for hadronisation, with
non-perturbative parameters tuned to ALEPH [79, 82]
and L3 [83] data (starting from the Monash 13 tune [84],
cf. Ref. [72] § 5; the tune has only a modest impact on the

PanScales NNLL ShowersPythia Tuning

Event Generator Tuning (P. Skands), 1303.4974  
PRL 134 (2025) 1, 011901

https://pythia.org/download/talks/SkandsPanTuning23.pdf
https://pythia.org/download/talks/SkandsPanTuning23.pdf
https://arxiv.org/abs/1303.4974
https://arxiv.org/abs/2406.02661
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Physics Questions to be Addressed
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- What causes the  discrepancies in e+e- event shape extractions? 

- What is the scale of the NP effects at high Q2? Can the NP shape 
functions be constrained beyond first moment? 

- How well does P QCD predict the final state particle spectrum?

αS

τ = 1-T

Probe across P/NP Regimes

CERN Images

Superconducting
Magnet (1.5T)

Hadron Calorimeter

Time Projection
Chamber

Muon Chamber

Inner Tracking Chamber

Electromagnetic
Calorimeter

ALEPH
DELPHI

LEP reanalyses!

https://home.cern/resources/image/accelerators/old-accelerators-images-gallery
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ALEPH Experiment
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Superconducting
Magnet (1.5T)

Hadron Calorimeter

Time Projection
Chamber

Muon Chamber

Inner Tracking Chamber

Electromagnetic
Calorimeter

- LEP1 e+e- data at Z pole (91 GeV) taken between 1992-1995 
- Approximately 2.5 million hadronic events were recorded 
- Raw txt files converted to modern ntuples. Access to low 

level detector quantities. Archived MC (LEP1 1994, full LEP2)

Apparatus for LEP PHysics (ALEPH)

Charged particle multiplicity
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Hadronic Event Selection

New Measurements with the LEP Archived DatasetsAnthony Badea

- Track Selections: 
- Number of TPC hits for a charged tracks ≥ 4 
- |d0| ≤ 2 cm 
- |z0| ≤ 10 cm 
- |cosθ| ≤ 0.94  (corresponding to |η| ≤ 1.74) 
- pT ≥ 0.2 GeV  (pT with respect to beam axis) 
- χ²/ndf < 1000 

- Neutral Hadron Selections: 
- ECAL/HCAL objects 
- E ≥ 0.4 GeV 
- |cosθ| ≤ 0.98 

- Event Selections: 
- Number of good charged particles ≥ 5 (including charged 

hadrons and leptons) 
- Number of good charged+neutral ≥ 13 
- Echarged ≥ 15 GeV 
- |cosθsphericity| ≤ 0.82

Same selection criteria from ALEPH 2004 QCD paper

1994 Only
1.36 (1.32) million 
events (selected)
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Low and High Thrust e+e- Events in LEP1 Data

New Measurements with the LEP Archived DatasetsAnthony Badea

39 Tracks
T=0.98

44 Tracks
T=0.57

ALEPH archived data 
LEP1 √s = 91 GeV



5.2 Results

The thrust spectra was measured for each of the data sets described in Chapter 4.

A Bayesian unfolding procedure similar to [] was performed to remove the detector

effects using the archived reconstructed and generator level pythia 6. The size of

the correction factor is small in the mid-T , but becomes larger in the small and large

regions. Fig. 5-1 shows the corrected thrust distribution from ALEPH archived data.

The results are compared to ALEPH publications [108, 109]. As shown in the figure,

a very good agreement is seen between the archived data and the publications in the

low T region. In the T ⇠ 1 region, a small difference at the level of 0-10% is observed

between this work and the ALEPH publication in 2004 [109]. This could be due to

the difference in unfolding procedure, the data set used, and/or the event selection

criteria. For this reason, the figure is labeled preliminary until the discrepancy is

better understood in a future analysis.
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Figure 5-1: The corrected thrust distribution from ALEPH archived data compared
to previous publications in linear (left) and log (right) scale.

The uncorrected distribution is also compared other event generators in Fig. 5-2;

for a discussion of the different data sets see Chapter 4. Without the full unfolding,

though, direct comparisons to generator level simulations is not fair. Nevertheless,

the deviations from Monte Carlo are consistent with the results of the ALEPH collab-

60
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~2019 Thrust in e+e- ALEPH Archived Data 

New Measurements with the LEP Archived DatasetsAnthony Badea

First thrust study to validate dataset 
and use for two particle correlation 

Corrected with iterative bayesian 
unfolding (IBU), stat only uncertainty, 
compared with previous ALEPH result
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PRL 123 (2019) 21, 212002 
Badea MIT B.S. Thesis (2019)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.212002
https://web.mit.edu/mithig/theses/Anthony-Badea-thesis.pdf
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2025 Unbinned Measurement of Thrust
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regionAnalysis Summary 

- Corrections for hadronic event 
selection, tracking efficiency, and 
EM ISR/FSR effects 

- OmniFold unbinned unfolding 
from detector to particle level 

- Systematics on event selections, 
charged track selections, neutral 
particle energy and efficiency, 
theory MC prior
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Fully Corrected Thrust in ALEPH Bins

New Measurements with the LEP Archived DatasetsAnthony Badea
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Fully Corrected Thrust Deep Into the IR 

New Measurements with the LEP Archived DatasetsAnthony Badea

Able to probe deep into the infrared 
where NP QCD effect become significant 

(observable  ~ )τ ΛQCD/ s

Phys. Rev. Lett. 134, 251904, 0809.3326 Pythia 8.230 with the Lund string hadronization model and pT ordered dipole shower (blue), identical Pythia 8.230 
except with hadronization disabled (red), Herwig 7.1.5 with the cluster hadronization model and angular-ordered 
shower (purple), and Sherpa 2.2.6 with the Lund string hadronization model (via Pythia8) and the dipole shower (green)

https://journals.aps.org/prl/abstract/10.1103/dv7n-qvyp
https://arxiv.org/abs/0809.3326
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Very Interesting Theory Comparison!

New Measurements with the LEP Archived DatasetsAnthony Badea

t0

2

4

6

1 s
ds dt

ALEPH archived data e+e° 91.2 GeV

Theory at N3LL0 [arXiv:2412.15164]

ALEPH (2004)
Corrected data (OF)
as(mZ) = 0.1136, WR

1 = 0.10 GeV
as(mZ) = 0.1136, WR

1 = 0.31 GeV [global fit]
as(mZ) = 0.1180, WR

1 = 0.31 GeV

0.08 0.10 0.12 0.14

t

0.9

1.0

1.1

Th
eo

ry
C

or
r.

D
at

a

Thanks to Miguel Benitez and Iain Stewart 
On Determining  from Dijets in e+e- Thrust, 2412.15164 αS(mZ)

Comparison with the state of the art 
theoretical extraction yielding lower  

Potential agreement with theory global fit 
 = 0.1136 (excluding this result) and 

world average for fixed  = 0.31 GeV (NP 
shape function first moment)

αS

αS(mZ)
ΩR

1

τ = 1-T

Dijet perturbative

https://arxiv.org/abs/2412.15164
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Investigating the Thrust Shift

New Measurements with the LEP Archived DatasetsAnthony Badea

(1) Thrust Observable Calculation: 
Modern exact vs historic heuristic calculation 
Selections result in no change in spectrum from varied calculation 

(2) Unfolding and Resolution Effect Correction:  
IBU vs. Omnifold vs Bin-by-bin  
Consistent results covered by unfolding uncertainties 

(3) Charged only vs Charged + Neutral vs. adding MET:  
Performed the systematics check and the difference are quoted as part of systematics 

(4) Charged particle pT threshold: 
Performed the systematics checks. If we apply higher charged particle pT threshold than 0.2 
GeV (used in ALEPH QCD paper) could narrow the raw spectra (as expected) 

(5) More simulated MC samples:  
Currently we have analyzed archived 1994 MC available to us.  
In the near future, we will get the galeph simulation to work for further studies. 

(6) Cross-experiment comparison:  

Comparison with DELPHI measurement! 

Comments and suggestions are welcome!!

Full ALEPH software suite 
running in a VM!  Working on 
understanding simulation flow

Check of exact 
(this analysis) vs 
heuristic (rivet) 

thrust calculation

Data only 1995/1994 comparison at high 
thrust pulls down. 
This is the opposite direction as the 
ALEPH/OF ratio
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Cross-Experiment Comparison

New Measurements with the LEP Archived DatasetsAnthony Badea

CERN Images

 
 
 
 

Superconducting
Magnet (1.5T)

Hadron Calorimeter

Time Projection
Chamber

Muon Chamber

Inner Tracking Chamber

Electromagnetic
Calorimeter

Since 2018: 
ALEPH archived data 

 
 
 
 

Since 2024: 
DELPHI open data

Can we achieve a LEP archived data cross-experiment comparison? (e.g. LHC style ATLAS vs CMS)

https://home.cern/resources/image/accelerators/old-accelerators-images-gallery


25

DELPHI Experiment Open Data

New Measurements with the LEP Archived DatasetsAnthony Badea

Jingyu Zhang 
(Vanderbilt)

Luna Chen 
(Vanderbilt)

- LEP1 e+e- data at Z pole (91 GeV) taken between 1992-1995 
- Open data released late 2024, converted to ntuples. Access 

to all simulation software, enabling new sim with modern MC
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Hadronic Event Selection

New Measurements with the LEP Archived DatasetsAnthony Badea

1994 Only 
Particle Multiplicity

Particle and Event Level Selections

- Pythia 5.7 and ARIADNE (open data with DELPHI tune) 
- Pythia 8.3 and Dire (new MC + DELSIM)!!

Credit: Jingyu Zhang and Luna (Yi) Chen (Vanderbilt)
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The Same Event Display Over 30 Years

New Measurements with the LEP Archived DatasetsAnthony Badea

Credit: Friends at AGH Krakow!

Event from Oct. 19 1996 traced 
from physical print out  original 
software  modern event displays

→
→

Credit: Jingyu Zhang and Luna (Yi) Chen (Vanderbilt)
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2025 Measurement of Thrust

New Measurements with the LEP Archived DatasetsAnthony Badea

Dijet Non 
perturbative

Dijet 
perturbative

3(multi) jet 
region

Analysis Summary 

- Corrections for hadronic event 
selection, tracking efficiency 

- IBU unfolding from detector to 
particle level 

- Fiducial to full phase space and 
EM ISR/FSR effects 

- Systematics on event selections, 
charged track selections, neutral 
particle energy and efficiency, 
theory MC prior

Credit: Jingyu Zhang and Luna (Yi) Chen (Vanderbilt)



29

Fully Corrected Thrust Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea

Previous DELPHI all particle thrust 
measurements results not on HepData  

For charged particle only measurement, 
cross-check (no systematics) agrees well 
with previous DELPHI result using 1994

Credit: Jingyu Zhang and Luna (Yi) Chen (Vanderbilt)
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Theory Comparison

New Measurements with the LEP Archived DatasetsAnthony Badea

Combined 1994/1995 by luminosity 

Possible agreement also with an 
shifted up in comparison to theory 

global fit (excluding these analyses)! 

How do the ALEPH and DELPHI 
measurements compare??

αS

Thanks to Miguel Benitez and Iain Stewart, 2412.15164 Credit: Jingyu Zhang and Luna (Yi) Chen (Vanderbilt)

https://arxiv.org/abs/2412.15164
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ALEPH vs DELPHI Reanalysis

New Measurements with the LEP Archived DatasetsAnthony Badea

First open e+e- data equivalent of 
modern day LHC comparisons (e.g. 

ATLAS vs CMS)! Opens door to many 
future directions across those datasets

- Reanalyses of ALEPH/DELPHI 
archived data agree 

- DELPHI shifted towards even 
broader  spectrum 

- Motivates new theory fits for 
 and  

τ

αS ΩR
1
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Outline

New Measurements with the LEP Archived DatasetsAnthony Badea

Physics Motivation (I)

LEP Thrust Reanalyses (II)

Ongoing Works and Outlook (III)

Discovering new SM/BSM physics requires an unprecedented handle of QCD, 

motivating measurements across collision systems, regimes, and observables.

Reanalysis of thrust in LEP archived data reveals new insights into  and P/NP 

QCD. Enables new studies of e+e- collisions with modern exp. and theory tools.

αS

Continued investigations into thrust across relevant regimes. Complementary 

observables, studies across energies, application to constrain modern QCD.

e+ e−

WW
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Natural Extension: 1D Thrust to Multi-Dimensional

New Measurements with the LEP Archived DatasetsAnthony Badea

Major goal: multi-dimensional measurement 
of complementary event shape observables 

Ex. Thrust, C-parameter, Heavy Jet Mass 
- Leverage unbinned unfolding machinery 
- Test universality of NP shape functions 

- Test resummation effects on  

- Constrain across P/NP regimes for MC
αS

MIT-CTP 5840, UWTHPH 2025-7

A Precise Determination of ωs from the Heavy Jet Mass Distribution

Miguel A. Benitez ,1 Arindam Bhattacharya ,2 André H. Hoang ,3

Vicent Mateu ,1 Matthew D. Schwartz ,2 Iain W. Stewart ,3, 4 and Xiaoyuan Zhang 2

1
Departamento de F́ısica Fundamental e IUFFyM,

Universidad de Salamanca, E-37008 Salamanca, Spain
2
Department of Physics, Harvard University, Cambridge, MA 02138, USA

3
University of Vienna, Faculty of Physics, Boltzmanngasse 5, A-1090 Wien, Austria

4
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

A global fit for ωs(mZ) is performed on available e+e→ data for the heavy jet mass distribution.
The state-of-the-art theory prediction includes O(ω3

s) fixed-order results, N
3LL↑ dijet resummation,

N2LL Sudakov shoulder resummation, and a first-principles treatment of power corrections in the
dijet region. Theoretical correlations are incorporated through a flat random-scan covariance matrix.
The global fit results in 0.1145+0.0021

→0.0019, compatible with similar determinations from thrust and
C-parameter. Dijet resummation is essential for a robust fit, as it engenders insensitivity to the
fit-range lower cuto!; without resummation the fit-range sensitivity is overwhelming. In addition,
we find evidence for a negative power correction in the trijet region if and only if Sudakov shoulder
resummation is included.

PACS numbers: 12.38.Bx, 12.38.Cy, 12.39.St, 24.85.+p

One of the main targets of precision QCD is the mea-
surement of the strong coupling at colliders. In this en-
deavor, studies of e+e→ event shapes such as thrust and
heavy jet mass (HJM) have led to enormous progress
in our understanding of the interface between perturba-
tive and non-perturbative QCD. Intriguingly, attempts
to extract ωs from HJM data consistently produced val-
ues well below that from thrust [1–9], and below the PDG
average [10]. In recent years, a number of di!erences be-
tween HJM and thrust were observed. First, HJM (in
contrast to thrust) has a left-Sudakov shoulder due to
large logarithms as ε → 1/3 from below [11, 12]. Second,
in a recent study of soft emissions from three-parton con-
figurations [13–17] it was suggested that these yield a pos-
itive non-perturbative power correction for thrust, shift-
ing the distribution to the right, but a negative one for
HJM, shifting the distribution leftward. As we will dis-
cuss, there is evidence that the Shoulder and the negative
shift are intertwined. Third, power corrections in mo-
ments of the HJM distribution depend on di!erent non-
perturbative parameters than the tail OPE [18], while
in thrust the parameters are the same. In this study,
we incorporate all these e!ects into an improved fit. In
addition, we include a more sophisticated treatment of
correlated theoretical uncertainties using a random-scan
covariance matrix which is added to the experimental one
in the fits. This treatment of uncertainties leads to results
robust across a wide range of fit regions with ϑ

2
/dof ↑ 1.

Experimental data: Data on the heavy jet mass
cross section are given as binned distributions by the
aleph [19], delphi [20–22], jade [23], l3 [24, 25]
opal [26–28], and sld [29] collaborations. These mea-
surements comprise 50 datasets at 35 di!erent center-of-
mass energies between 35GeV and 207GeV for a total of

theory

FIG. 1. Comparison of the theory prediction to data from five
experiments at Q = 91.2GeV. Horizontal error bars indicate
the sizes of the experimental bins.

700 experimental data points. Data at Q = 91.2GeV is
shown compared to our best theory result in Fig. 1.
Experimental measurements are generally provided

with statistical and systematic experimental uncertain-
ties. To treat correlations among the latter, we employ
the LEP QCD working group [19, 28] minimal overlap
model. We denote the statistical and systematical un-
certainty for each data point (bin) by ”stat

i
and ”sys

i
, re-

spectively. We denote by Di to which of the 50 datasets,
defined by energy and experiment, data-point i belongs.
Then, the minimal-overlap experimental covariance ma-
trix is

ϖ
exp

ij
= ϱij(”

stat

i
)2 + ϱDiDjmin(”sys

i
,”sys

j
)2 . (1)

That is, ϖexp

ij
is block-diagonal by dataset. This model

assumes a positive correlation of systematic uncertainties
within each dataset.
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FIG. 9. Global fit results for di↵erent choices of
dataset, using our best theory setup at N3LL0 with
power corrections in the Rgap scheme. Consider-
ing the central values from left to right, the datasets
read [Cmin, Cmax ]# of bins: [ 29/Q, 0.7 ]371, [ 22/Q, 0.75 ]453,
[ 23/Q, 0.7 ]417, [ 0.24, 0.75 ]403, [ 24/Q, 0.7 ]409, [ 25/Q, 0.7 ]404
(default), [ 25/Q, 0.6 ]322, [ 25/Q, 0.75 ]430, [ 27/Q, 0.7 ]386,
[ 25/Q, 0.65 ]349, [ 22/Q, 0.7 ]427. We accept bins which are
at least 50% inside these fit regions. The ellipses correspond
to total 1-� uncertainties (experimental + theory) for two
variables (↵s and ⌦1), which are suitable for a direct compar-
ison of the outcome of two-parameter fits. The center of the
ellipses are also shown.

correlation and are lined up approximately along the line

⌦1

41.26GeV
= 0.1221� ↵s(mZ) . (33)

As expected, the results of our fits depend only weakly on
the C range and the size of the global datasets, as shown
in Fig. 9. The size and tilt of the total uncertainty el-
lipses is very similar for all datasets (with the exception of
[ 22/Q, 0.7 ], which clearly includes too much peak data).
Since the centers and the sizes of the uncertainty ellipses
are fully statistically compatible at the 1-� level, this
indicates that our theory uncertainty estimate at N3LL0

really reflects the accuracy at which we are capable of de-
scribing the di↵erent regions of the spectrum. Therefore
a possible additional uncertainty that one could consider
due to the arbitrariness of the dataset choice is actually
already represented in our final uncertainty estimates.

G. Final Results

As our final result for ↵s(mZ) and ⌦1, obtained at
N3LL0 order in the Rgap scheme for ⌦1(R�, µ�), we get

↵s(mZ) = 0.1123 ± 0.0002exp (34)

FIG. 10. C-parameter distribution at N3LL0 order for Q =
mZ showing the fit result for the values for ↵s(mZ) and ⌦1.
The blue band corresponds to the theory uncertainty as de-
scribed in Sec. VB. Experimental data is also shown.

± 0.0007hadr ± 0.0014pert,

⌦1(R�, µ�) = 0.421 ± 0.007exp

± 0.019↵s(mZ) ± 0.060pert GeV,

where R� = µ� = 2 GeV and we quote individual 1-�
uncertainties for each parameter. Here �

2
/dof = 0.99.

Equation (34) is the main result of this work.

Equation (34) accounts for the e↵ect of hadron mass
running through an additional (essentially negligible) un-
certainty. Also, it neglects QED and finite bottom-mass
corrections, which were found to be small e↵ects in the
corresponding thrust analysis in Ref. [9].

Given that we treat the correlation of the system-
atic experimental uncertainties in the minimal overlap
model, it is useful to examine the results obtained when
assuming that all systematic experimental uncertain-
ties are uncorrelated. At N3LL0 order in the Rgap
scheme the results that are analogous to Eq. (34) read
↵s(mZ) = 0.1123±0.0002exp±0.0007hadr±0.0012pert and
⌦1(R�, µ�) = 0.412 ± 0.007exp±0.022↵s

±0.061pert GeV
with a combined correlation coe�cient of ⇢

total
↵⌦ =

� 0.091. The results are compatible with Eq. (34), in-
dicating that the ignorance of the precise correlation of
the systematic experimental uncertainties barely a↵ects
the outcome of the fit.

In Fig. 10 we show the theoretical fit for the
C-parameter distribution in the tail region, at a center-
of-mass energy corresponding to the Z-pole. We use the
best-fit values given in Eq. (34). The band corresponds to
the perturbative uncertainty as determined by the scan.
The fit result is shown in comparison with experimental
data from DELPHI, ALEPH, OPAL, L3 and SLD. Good
agreement is observed for this spectrum, as well as for
spectra at other center of mass values.
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FIG. 13. Comparison of determinations of ↵s(mZ) and ⌦1

with the corresponding total 1-� uncertainty ellipses. As an
illustration we display the determination of ⌦C

1 obtained from
fits to the C-parameter distribution (green), which is clearly
di↵erent from ⌦⌧

1 obtained from thrust fits (blue), and the de-
termination of ⌦⌧

1 as obtained from C-parameter distribution
fits (red). All fits have been performed with N3LL0 theoretical
predictions with power corrections and in the Rgap scheme.
The dashed vertical lines indicate the PDG 2014 [23] deter-
mination of ↵s(mZ).

that of Ref. [10] (higher statistics for the two-loop non-
singular cross sections and using the exact result for the
two-loop soft function non-logarithmic constant). In ad-
dition we have corrected the systematic uncertainty for
the ALEPH data, Q = 91.2GeV of Ref. [64].5 When
we compare thrust and C-parameter we neglect bottom-
mass and QED e↵ects in both event shapes. In this setup,
we find an updated result for thrust:

↵s(mZ) = 0.1134± 0.0002exp (35)

± 0.0005hadr ± 0.0011pert,

⌦1(R�, µ�) = 0.329± 0.009exp

± 0.021↵s(mZ) ± 0.060pert GeV.

For completeness we also quote an updated thrust result
when both QED and bottom-mass e↵ects are taken into
account:

↵s(mZ) = 0.1128± 0.0002exp (36)

5 In Ref. [9] we assumed that two quoted uncertainties where asym-
metric uncertainties, but it turns out they are two sources of sys-
tematic uncertainties that need to be added in quadrature. This
has no significant e↵ect on the results of Ref. [9].
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FIG. 14. Distribution of best-fit points in the ↵s(mZ)-2⌦1

plane for both thrust (blue) and C-parameter (red) at N3LL0+
O(↵3

s)+⌦1(R,µ). The outer solid ellipses show the ��2 = 2.3
variations, representing 1-� uncertainties for two variables.
The inner dashed ellipses correspond to the 1-� theory uncer-
tainties for each one of the fit parameters. The dotted ellipses
correspond to ��2 = 1 variations of the total uncertainties.
All fits have been performed with N3LL0 theoretical predic-
tions with power corrections and in the Rgap scheme. This
plot zooms in on the bottom two ellipses of Fig. 13.
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PRD 91 (2015), 094018, JHEP 07 (2025) 249, arXiv:2502.12253

https://arxiv.org/abs/1501.04111
https://arxiv.org/abs/2412.15164
https://arxiv.org/abs/2502.12253
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Many Other Exciting Areas of Research

New Measurements with the LEP Archived DatasetsAnthony Badea

Many other interesting observables, great for theory/exp. collaboration! 
Involving many great young scientists!

4

NO!ine

Trk
TPC hits Event selections B(0, 0) Residual MC corr.

[10, 20) 1.09 0.39 0.44 1.17
[20, 30) 0.68 0.44 0.21 0.11
[30, 40) 0.65 0.05 0.12 0.10
[40, 50) 0.73 0.04 0.16 0.13
[50,→) 1.60 0.50 0.27 0.02

TABLE II: Systematic uncertainties as a function of the
o!ine multiplicity NO!ine

Trk
. All values are reported as

percentages of the long-range di”erential associated
yield.
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FIG. 2: For the long-range region 1.6 < |#ω| < 3.2, the
azimuthal associated yield is presented for Ntrk → 5
(left) and Ntrk → 50 (right). Data is presented in red

dots with statistical error bars, while systematic
uncertainties are detailed in the text. The pythia 6
model is shown in blue with its statistical error band.

One-dimensional distributions in #ε are studied by
averaging the two-particle correlation function over the
region between 1.6 < |#ω| < 3.2 to investigate the long-
range correlation in finer detail. Fig. 2 shows the compar-
isons between data and MC on the long-range azimuthal
di”erential associated yields for inclusive (left panel) and
high-multiplicity events (right panel). The MC simula-
tion describes well the measurement for Ntrk → 5. On the
contrary, in the highest multiplicity interval (Ntrk → 50),
the data reveals a long-range near-side structure that the
MC simulation does not capture. Moreover, the data dis-
play a more significant slope when going to large#ε than
predictions from MC. We also examined the correlation
functions using the pythia 8 simulation [64] with the de-
fault monash 2013 tune [65]. This framework allows for
the inclusion of microscopic collective e”ects from the
shoving mechanism [33, 66]. However, a similar long-
range near-side enhancement is not seen in the pythia 8
simulations, either with or without the inclusion of the
shoving model.

The long-range azimuthal di”erential distribution is
then fitted within 0 < #ε < ϑ/2. Following the Zero
Yield At Minimum (ZYAM) procedure, each distribution
is then shifted down by the fit minimum (cZYAM) [67].
The associated yield is then quantified by integrating the

subtracted distribution from #ε = 0 to the location of
fit minimum #εmin [28, 63].

A bootstrap method [69] was employed to estimate the
uncertainties a”ecting the near-side long-range yields.
This procedure generates variations in the Y (#ε)-
distribution according to its statistical and systematic
uncertainties. The uncorrelated systematic uncertainties
include the event and track selection and the B(0, 0) vari-
ations, which mostly a”ect the normalization of the cor-
relation function. The residual MC correction is treated
in this procedure as a source of correlated systematic un-
certainty across #ε bins. A bootstrap sample of 2↑ 105

variations was generated for each interval of Ntrk. A near-
side yield was extracted for each of these variations by
exploiting a ZYAM fit method. This procedure was re-
peated considering three di”erent fit functions, namely a
three-term Fourier series plus a constant, a purely-even
quartic function, and a purely-even quadratic function
plus a cos 2#ε term. The choice of fit function resulted
as the dominant source of systematic uncertainty.

At low multiplicity, most variations lead to small as-
sociated yields. If over 5% of variations exceed a yield of
1↑10→7, we quote an upper limit at 95% confidence level.
Otherwise, a C.L. for variations below this threshold is
stated. The aforementioned estimation is performed in-
dividually for the bootstrap samples generated with the
three choices of fit functions. The most conservative con-
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purple) [29], LEP-I (pale orange) [28], and ALICE (pale
gray, lab frame) [68]. The label “> 5ϖ” indicates the 5ϖ

confidence level upper limit. The systematic
uncertainties are included in the displays of confidence

limits and the reported associated yield.

Yu-Chen “Janice” Chen, Tzu-An Sheng 
Hannah Bossi, Jingyu Zhang, Chris McGinn,  

Austin Baty, Luna (Yi) Chen, Yen-Jie Lee

Two-Particle Correlations Jet Physics



35

One Highlight: Track Energy-Energy Correlator

New Measurements with the LEP Archived DatasetsAnthony Badea

Theory comparisons

Hannah Bossi (MIT) 20QCD @ LHC 2025

• Compare to theoretical prediction over the full kinematic range. 

NEW 2025! 
[Analysis Note: arXiv:2505.11828]

Thank you to Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu for providing the theory curves! 

•Collinear: NNLL collinear 
resumption w/  constraints

• Sudakov: LL Sudakov 
Resummation, Collins-Soper Kernel 
extracted from lattice QCD

• In both cases non-perturbative  
parameter extracted from the thrust.
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[Luna Chen talk @ BOOST 2025]

Th: Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu 
Exp: Hannah Bossi, Jingyu Zhang, Luna (Yi) Chen, Yen-Jie Lee, e+e- All.

10°4 10°2 0.5 1 ° 10°2 1 ° 10°4

z = (1 ° cos(µ))/2

10°1

100

101

102

103

104

E
E

C

2025

1993

1981

Hannah Bossi (MIT) for the  alliance*   
QCD @ LHC 

Stony Brook, NY, USA 
September 9th, 2025

e+e−

MIT HIG’s work was supported by US DOE-NP

Precision QCD Measurements 
Using Archived ALEPH Data

* Anthony Badea, Austin Baty, Hannah Bossi, Paoti Chang, Yu-Chen Chen, Yi Chen, Gian 
Michele Innocenti, Yen-Jie Lee, Luke Lu, Marcello Maggi, Chris McGinn, Benjamin 

Nachman, Michael Peters, Tzu-An Sheng, Jesse Thaler, Jingyu Zhang

<latexit sha1_base64="IdkO0ul8QCWoU2Dt5Iot+r5QZ4c=">AAACAnicdVDLSgMxFM34tr5GXYmbYBEEcci0trU70Y1LBauFvsiktzY0kxmSjFiG4sZfceNCEbd+hTv/xrRWUNEDFw7n3EtyThALrg0h787E5NT0zOzcfGZhcWl5xV1du9BRohhUWCQiVQ2oBsElVAw3AqqxAhoGAi6D3vHQv7wGpXkkz00/hkZIryTvcEaNlVruBjR3obmH6yayAzcm7dK2iqQetNws8Ug5X/BzmHh+ueznSpYU8mVCCtj3yAhZNMZpy32rtyOWhCANE1Trmk9i00ipMpwJGGTqiYaYsh69gpqlkoagG+kowgBvW6WNO5GyIw0eqd8vUhpq3Q8DuxlS09W/vaH4l1dLTOegkXIZJwYk+3yokwhs8w77wG2ugBnRt4Qyxe1fMetSRZmxrWVsCV9J8f/kIuf5Ra94tp89PBrXMYc20RbaQT4qoUN0gk5RBTF0i+7RI3py7pwH59l5+VydcMY36+gHnNcPMEOXXA==</latexit>

e+e� ! hadrons
<latexit sha1_base64="NM+aqvMD6E6MP89Af6A8cQZ/k6Q="></latexit>p
s = 91.2GeV

PSfrag replacements

θ

E("n) E("n′)

Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors !n and !n′.

back-to-back. For 0 < θ < π, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO

20′
→ssg and MO

20′
→sλλ,

〈E("n)E("n′)〉 = σ−1
tot

∫
dPS3

3∑

i,j=1

k0
i k

0
j δ

(2)(Ω"ki
− Ω"n)δ

(2)(Ω"kj
− Ω"n′)

×
(
|MO

20′
→s(k1)s(k2)g(k3)|2 + |MO

20′
→s(k1)λ(k2)λ(k3)|2

)
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

〈E("n)E("n′)〉 = g2

2(2π)4
q20

sin2 θ

∫ 1

0

dτ1
1− τ1(1− cos θ)/2

+O(g4)

=
g2

(2π)4
q20

1 + cos θ

sin4 θ
ln

2

1 + cos θ
+O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, τ1 = 2k0

1/q
0. For θ → 0, the expression in the right-hand side of (3.16) scales as

O(θ−2), whereas for w = π − θ → 0 it has the well-known Sudakov behavior O(w−2 ln(w−2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1− cos θ)/2 , (3.17)

where 0 < θ < π is the angle between the detector vectors "n and "n′. Then, the double-energy
correlation takes the following form at one loop

〈E("n)E("n′)〉 = a

4π2

q20
8z3

(
−z ln(1− z)

1− z

)
+O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4π2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by

17
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Probe HF Quark Mass Effects

New Measurements with the LEP Archived DatasetsAnthony Badea

Apply modern HF tagging (ML) to the LEP data 
to constrain mass effects on parton evolution 

Requires work on data curation and algorithms

Ex. ATLAS HF tagging Upgraded with AI

0

0.2

0.4

0.6

0.8

1

1.2) gR/
ln

(R
d/

 d
N

1/
N

Inclusive jets

b jets

CMS  (5.02 TeV)-1 pbpp 301

, R = 0.4 jetsTanti-k
| < 2jetη < 120 GeV, |jet

T
100 < p
Soft drop (charged particles)

 > 1 GeV
T

 = 0, kβ = 0.1, cutz

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
)gR/ln(R

0
0.5

1
1.5

2

b 
/ i

nc
lu

si
ve

 je
ts

0.050.10.20.30.4
gR

ln
(k

T 
/G

eV
)

ln(1/ΔR1,2)large angle small angle

Dead cone

Lund jet plane regions 
of b jets

Hadronization
kT ~ 1 GeV

Parton showerHarder subjet
pT,1 > pT,2

Softer subjet
pT,2

ΔR1,2

kT 

ln
(k

T 
/G

eV
)

ln(1/ΔR1,2)large angle small angle

Dead cone

Lund jet plane regions 
of b jets

Hadronization
kT ~ 1 GeV

Parton showerHarder subjet
pT,1 > pT,2

Softer subjet
pT,2

ΔR1,2

kT 

CMS-HIN-24-005

https://atlas.cern/Updates/Briefing/GN2-Jet-Flavour-Tagging
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-24-005/


37

Birth of a Virtual e+e- Experiment Across Energies

New Measurements with the LEP Archived DatasetsAnthony Badea

s

 11 GeV 
(1999-2010)
← 14 - 45 GeV 

(1979-1986)
( ) 91 - 200 GeV 

(1989-2000)
←

Possible to study from few to 200 GeV with e+e- archive data 
Requires technical data curation to enable the reanalysis

LEP: ALEPH, DELPHI, OPAL

Superconducting
Magnet (1.5T)

Hadron Calorimeter

Time Projection
Chamber

Muon Chamber

Inner Tracking Chamber

Electromagnetic
Calorimeter

PETRA: JADE
KEK: BELLE 1

~ Like the Virtual Event Horizon Telescope?
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Many exciting directions!
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Summary

New Measurements with the LEP Archived DatasetsAnthony Badea

Active community to curate and reanalyze archived e+e- datasets  
- New insights with modern experimental and theory tools 
- Establishing a virtual e+e- experiment program across energies 
- Connections to future facilities (HL-LHC, FCC, EIC, …) 
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Examples Across My Research

New Measurements with the LEP Archived DatasetsAnthony Badea

Hadronic processes key to understanding the baryonic 
evolution of universe from early to current times
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Examples Across the Community

New Measurements with the LEP Archived DatasetsAnthony Badea

Precise handle on hadronic processes is key to global goal of discovering new physics 
across HEP, nuclear, astrophysics, cosmology, AI/ML, future programs …
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Figure 2: Muon content of air showers encoded in !z-values (see text) as a function of the shower
energy E from di”erent experiments. Only experiments with little (red-brown) or no (black) muon
contribution to the energy estimator are shown. The !z value shows the deviation of the muon
content from the expectation based on the data driven GSF model [67] and the event generator
EPOSLHC. The gray band indicates the expectation when the mass is inferred from Auger Xmax

measurements instead of GSF. Error bars show statistical and systematic uncertainties added in
quadrature. Figure adapted from Ref. [68]

.

based experiments and challenges event generators tuned to LHC measurements. To disentangle the
complex dependencies between the microscopic properties of hadronic interactions and the macro-
scopic observables in these experiments, several observables should be used together in the tuning,
while carefully considering the systematic uncertainties and correlations in the measurements. Hy-
brid experiments such as the Pierre Auger Observatory and IceCube, which can measure several
observables simultaneously, o”er the greatest value for tuning. A detailed discussion of the most
relevant astroparticle experiments and their recent measurements in the context of event generator
tuning is given in Appendix C.

4.3 Clash of high-energy accelerator and astroparticle physics: the muon
puzzle

A prominent example that illustrates the need for a coordinated e”ort by both the particle physics
and the astroparticle physics communities is the so-called muon puzzle in air shower data [3]. In
the last decade an increasing number of datasets have revealed a consistent systematic discrepancy
between the number of muons observed in EAS with respect to those predicted by standard inter-
action models. This gap persists despite data from the LHC having been included in the tuning of
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Fig. 4.2: Experimental (solid entries) and theoretical (lighter entries) precision of benchmark
mW (left) and mt (right) determinations at the LHC and expected at the HL-LHC and at vari-
ous future colliders. The theory precision is dominated by QCD uncertainties, except for the
threshold scan measurements at FCC-ee and LEP3, for which electroweak uncertainties are
more important.

decays in e+e→ ↑ WW collisions over
↓

s = 157–365 GeV can also be used to determine mW .
The WW events with semileptonic (qq̄ω!) and fully hadronic (qq̄qq̄) final states can be exploited
by applying the constraint on the total four-momentum in each event, with energy equal to

↓
s

and zero momentum, as done at LEP2. At the WW threshold, the W bosons are produced at
rest back-to-back, and the constrained W ↑ j j invariant mass fits are relatively free from QCD
uncertainties in the semileptonic final states, reaching !mW ↔ 0.25 MeV at FCC-ee [64]. In the
all-hadronic WW final states, colour reconnection (CR) affects hadrons with large separation
with respect to the jet (parton) direction by pulling them towards or away from the jet. Their
impact on invariant mass fits translates into !mW ↔ 1 MeV at FCC-ee [64]. CR effects can be
studied via the particle flow in the region between jets, and constrained in-situ from changes in
the jet direction (or in the reconstructed W mass) by varying the parameters of the jet algorithms,
and by comparing ω+ jets to fully-hadronic events.

The W ↑ j j decays produced in e+e→ ↑ WW events at higher
↓

s values, such as those
expected at the LC facility, are boosted, which further adds some dependence on the mod-
elling of hadronization (in particular on the baryon and strange composition as a function of
angle). Hadronization can also affect the measured jet energy, resolution and jet mass via the
charged/neutral ratio fraction of very low and high momentum tracks and the shower shape.
The impact of such effects on mW measurements at LC is estimated at !mW ↔ 0.9 MeV.

The upper entries of Fig. 4.2 (left) show the expected experimental and theoretical preci-
sion on mW at different e+e→colliders from the two methods above, stressing the importance of
a good control of QCD effects.
QCD effects on the top quark mass. The top-quark mass (mt) is a key SM parameter that will
be measured at the HL-LHC with a precision of !mt ↔ ∀QCD ↔ 200 MeV [ID170]. Achieving
a significantly lower uncertainty requires dedicated runs at future e+e→colliders in a threshold
scan over

↓
s ↔ 340–365GeV, where the mass mt and width (#t) can be extracted through a

fit of the theoretical predictions to the measured ∀tt̄(
↓

s) lineshape2. Suitable renormalization
schemes for mt , such as short-distance mass schemes unaffected by infrared ambiguities [65–

2Top-threshold energy scans can also be carried out at a muon collider [ID207], if sufficient data can be col-
lected in dedicated low-energy runs.
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Fig. 4.2: Experimental (solid entries) and theoretical (lighter entries) precision of benchmark
mW (left) and mt (right) determinations at the LHC and expected at the HL-LHC and at vari-
ous future colliders. The theory precision is dominated by QCD uncertainties, except for the
threshold scan measurements at FCC-ee and LEP3, for which electroweak uncertainties are
more important.
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and by comparing ω+ jets to fully-hadronic events.
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expected at the LC facility, are boosted, which further adds some dependence on the mod-
elling of hadronization (in particular on the baryon and strange composition as a function of
angle). Hadronization can also affect the measured jet energy, resolution and jet mass via the
charged/neutral ratio fraction of very low and high momentum tracks and the shower shape.
The impact of such effects on mW measurements at LC is estimated at !mW ↔ 0.9 MeV.

The upper entries of Fig. 4.2 (left) show the expected experimental and theoretical preci-
sion on mW at different e+e→colliders from the two methods above, stressing the importance of
a good control of QCD effects.
QCD effects on the top quark mass. The top-quark mass (mt) is a key SM parameter that will
be measured at the HL-LHC with a precision of !mt ↔ ∀QCD ↔ 200 MeV [ID170]. Achieving
a significantly lower uncertainty requires dedicated runs at future e+e→colliders in a threshold
scan over

↓
s ↔ 340–365GeV, where the mass mt and width (#t) can be extracted through a

fit of the theoretical predictions to the measured ∀tt̄(
↓

s) lineshape2. Suitable renormalization
schemes for mt , such as short-distance mass schemes unaffected by infrared ambiguities [65–

2Top-threshold energy scans can also be carried out at a muon collider [ID207], if sufficient data can be col-
lected in dedicated low-energy runs.
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Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|
2
� v

2)2 ⇡
�

4
h
4
. (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3

mH = 124 GeV

5

FIG. 1: Evolution of the average value of the QCD coupling at the Z boson mass scale (with the red bands indicating its
associated uncertainty) in the MS renormalization scheme, quoted in the Particle Data Group (PDG) review covering
the last four and the current decades [1].

today into total final uncertainties for key processes such as the Higgs gg-fusion and tt-associated production
cross sections of →2-3% [3, 4], or of →4% for the H↑ gg partial decay width [5, 6]. In the electroweak (EW)
sector of the SM, the input ωS(m2

Z) value is the leading source of uncertainty in the computation of crucial
precision pseudo-observables such as the total and partial hadronic Z boson widths [6, 7]. The QCD coupling
plays also a fundamental role in the calculation of key quantities in top-quark physics, such as the top mass,
width, and its Yukawa coupling [8]. Last but not least, the value of ωS(m2

Z) and its energy evolution have also
far-reaching implications including the stability of the electroweak vacuum [9], the existence of new coloured
sectors at high energies [10], and in our understanding of physics approaching the Planck scale, such as e.g. in
the precise energy at which the interaction couplings may unify.

This report, co-authored by experimental and theoretical experts from all relevant subfields who participated
at the ωS(2022) workshop in Feb. 2022 (ECT→, Trento, https://indico.cern.ch/e/alphas2022), explores
in depth the latest developments in the determination of ωS from the key categories where high-precision
measurements and calculations are currently available. The following main questions are addressed in detail
for each of the ωS extraction methods: What is the current state-of-the-art? What is the expected theoretical
and experimental precision in about ten years from now (indicated by the interrogation symbol in Fig. 1),
and what needs to be achieved in order to reach a O(0.1%) precision? In particular, this report examines,
for the di!erent calculations of ωS-sensitive observables involved, what the current state-of-the-art is with
regards to higher-order (pQCD, mixed QCD-EW) corrections, and what the impact of nonperturbative
corrections/uncertainties is. Whenever there are new ideas or techniques to reduce them, these are illustrated.
From an experimental point of view, the report discusses what the current leading systematic and statistical
uncertainties of the ωS-sensitive observables are, and what future reductions of them are expected with current
(pp) and future (e+e↑, e-p) machines. New observables are also suggested.

The review is organized as follows. Sections II–VIII discuss ωS determinations based on, consecutively, lattice-
QCD methods; hadronic tau-lepton decays; deep-inelastic scattering and parton densities fits; electroweak fits;
hadronic final states in e+e↑, and in e-p and p-p collisions; and quarkonium bound states. Section IX discusses
the averaging method used to currently obtain the world-average ωS(m2

Z) value. The last section X ends with
a summary of the discussions of the ωS(2022) workshop, and with a “wish-list” assessment in data/theory
developments needed to reach a precision of ωS at the per-mille level in the upcoming years.

0.8%  other 
coupling constants
δαS /αS ≈ ≫

ECM � �(theory) �(PDF) �(↵s)

2 TeV 1.10 pb +0.04pb
�0.09pb(

+4.06%
�7.88%) ± 0.03 pb (± 3.17%) +0.04pb

�0.04pb(
+3.36%
�3.69%)

7 TeV 16.85 pb +0.74pb
�1.17pb(

+4.41%
�6.96%) ± 0.32 pb (± 1.89%) +0.45pb

�0.45pb(
+2.67%
�2.66%)

8 TeV 21.42 pb +0.95pb
�1.48pb(

+4.43%
�6.90%) ± 0.40 pb (± 1.87%) +0.57pb

�0.56pb(
+2.65%
�2.62%)

13 TeV 48.58 pb +2.22pb
�3.27pb(

+4.56%
�6.72%) ± 0.90 pb (± 1.86%) +1.27pb

�1.25pb(
+2.61%
�2.58%)

14 TeV 54.67 pb +2.51 pb

�3.67 pb
(+4.58%
�6.71%) ±1.02 pb (± 1.86%) +1.43pb

�1.41pb(
+2.61%
�2.59%)

Table 10: Gluon-fusion Higgs cross-section at a proton-proton collider for various values of the
collision energy.

ECM � �(theory) �(PDF + ↵s)

7 TeV 15.13 pb +7.1%
�7.8%

+7.6%
�7.1%

8 TeV 19.27 pb +7.2%
�7.8%

+7.5%
�6.9%

Table 11: Earlier recommendation for the gluon-fusion Higgs cross-section at a proton-proton
collider by the Higgs Cross-Section Working Group [48].

ECM � �(theory) �(PDF + ↵s)

8 TeV 20.69 pb +8.37%
�9.26%

+7.79%
�7.53%

Table 12: Earlier recommendation for the gluon-fusion Higgs cross-section at a proton-proton
collider by some of the authors in ref. [120].

higher-order e↵ects from QCD, EW and quark-mass corrections. The main component

that made our computation possible was the recent computation of the N3LO correction

to the cross-section in an e↵ective field theory where the top quark was integrated out.

In an appendix we present analytic expressions for the partonic subchannels of the N3LO

partonic cross-sections which have not been presented elsewhere in the literature, in the

form of a series expansion around the threshold limit.

The N3LO corrections moderately increase (⇠ 3%) the cross-section for renormaliza-

tion and factorization scales equal to mH/2. In addition, they notably stabilize the scale

variation, reducing it almost by a factor of five compared to NNLO. The N3LO scale-

variation band is included entirely within the NNLO scale-variation band for scales in

the interval [mH/4,mH ]. Moreover, we have found good evidence that the N3LO scale

variation captures the e↵ects of missing higher perturbative orders in the EFT. We base

this conclusion on the following observations: First, we observed that expanding in ↵s

separately the Wilson coe�cient and matrix-element factors in the cross-section gives re-

sults consistent with expanding directly their product through N3LO. Second, a traditional

– 41 –

ggF Higgs cross sections, 1602.00695, 1112.3022 

Yen-Jie Lee (MIT)

• The first unexpected discovery at LHC: Ridge in high multiplicity pp from CMS
• The origin may not necessary hydrodynamics, possible explanations includes:

• Initial state effect (e.g. CGC)
• Escape mechanism / Single or few scatterings (AMPT, PYTHIA with Rope Mechanism, 

Multi-parton rescattering…)
• Final state effect due to mini-QGP
• …

Motivation

2Two-Particle Correlations in Electron-Position Collisions    

pp pPb PbPb

2508.21796 

https://arxiv.org/pdf/2511.03883
https://arxiv.org/pdf/1602.00695
https://arxiv.org/abs/1112.3022
https://arxiv.org/abs/2508.21796
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Must Achieve Precise Handle of QCD 

New Measurements with the LEP Archived DatasetsAnthony Badea

Unprecedented handle on Quantum Chromodynamics (QCD): Strong Coupling Constant ( ), 
Perturbative (P) and Non-Perturbative (NP) regimes, Heavy flavour (HF) quark mass effects, …

αS

41 9. Quantum Chromodynamics

Table 9.1: Unweighted and weighted pre-averages of –s(m2

Z) for each sub-
field in columns two and three. The bottom line corresponds to the com-
bined result (without lattice gauge theory) using the ‰

2 averaging method.
The same ‰

2 averaging is used for column four combining all unweighted
averages except for the sub-field of column one. See text for more details.

averages per sub-field unweighted weighted unweighted without subfield
· decays & low Q

2 0.1173 ± 0.0017 0.1174 ± 0.0009 0.1177 ± 0.0013
QQ̄ bound states 0.1181 ± 0.0037 0.1177 ± 0.0011 0.1175 ± 0.0011
PDF fits 0.1161 ± 0.0022 0.1168 ± 0.0014 0.1179 ± 0.0011
e

+
e

≠ jets & shapes 0.1189 ± 0.0037 0.1187 ± 0.0017 0.1174 ± 0.0011
hadron colliders 0.1168 ± 0.0027 0.1169 ± 0.0014 0.1177 ± 0.0011
electroweak 0.1203 ± 0.0028 0.1203 ± 0.0016 0.1171 ± 0.0011
PDG 2023 (without lattice) 0.1175 ± 0.0010 0.1178 ± 0.0005 n/a

αs(mZ
2) = 0.1180 ± 0.0009

August 2023

α s
(Q

2 )

Q [GeV]

τ decay (N3LO)
low Q2 cont. (N3LO)

Heavy Quarkonia (NNLO)
HERA jets (NNLO)

e+e- jets/shapes (NNLO+NLLA)
e+e- Z0 pole fit (N3LO)

pp/p-p jets (NLO)
pp top (NNLO)

pp TEEC (NNLO)
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Figure 9.5: Summary of determinations of –s as a function of the energy scale Q compared to
the running of the coupling computed at five loops taking as an input the current PDG average,
–s(m2

Z) = 0.1180 ± 0.0009. Compared to the previous edition, numerous points have been updated
or added.

that the weighted averages are rather close to the unweighted ones. However, the uncertainties
become significantly smaller. This approach may be too aggressive as it ignores the correlations
among the data, methods, and theory ingredients of the various determinations. We feel that the
uncertainty of ±0.0005 is an underestimation of the true error. We also note that in the unweighted
combination the estimated uncertainty for each sub-field is larger than the spread of the results as
given by the standard deviation. In the weighted fit this crosscheck fails in four out of six cases.

The last several years have seen clarification of some persistent concerns and a wealth of new
results at NNLO, providing not only a rather precise and reasonably stable world average value
of –s(m2

Z), but also a clear signature and proof of the energy dependence of –s in full agreement

31st May, 2024
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Antibaryon
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Resonance Decays

MECs, Matching & Merging

FSR
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QED
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Multiparton Interactions
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Strings
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Colour Reconnections
String Interactions

Bose-Einstein & Fermi-Dirac
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(*: incoming lines are crossed)

Figure 1: Schematic of the structure of a pp ! tt event, as modelled by PYTHIA. To
keep the layout relatively clean, a few minor simplifications have been made: 1) shower
branchings and final-state hadrons are slightly less numerous than in real PYTHIA events,
2) recoil effects are not depicted accurately, 3) weak decays of light-flavour hadrons are
not included (thus, e.g. a K0

S meson would be depicted as stable in this figure), and 4)
incoming momenta are depicted as crossed (p! �p). The latter means that the beam
remnants and the pre- and post-branching incoming lines for ISR branchings should be
interpreted with “reversed” momentum, directed outwards towards the periphery of the
figure; this avoids beam remnants and outgoing ISR emissions having to criss-cross the
central part of the diagram.

9

Pythia structure of  event 
SciPost Phys.Codeb. 2022 (2022) 8

pp → tt̄

https://inspirehep.net/literature/2056998


44

Interesting History
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Phys. Rev. Lett. 39, 1587 Phys. Rev. Lett. 39, 1237

🤨

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1587
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.1237
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Summary: Reanalyses of e+e- LEP Archived Data

New Measurements with the LEP Archived DatasetsAnthony Badea

ALEPH

DELPHI

Drawing from Luna Chen’s and Yen-Jie Lee’s  talks

CERN Images

Superconducting
Magnet (1.5T)

Hadron Calorimeter

Time Projection
Chamber

Muon Chamber

Inner Tracking Chamber

Electromagnetic
Calorimeter

ALEPH
DELPHI

Access to low 
level detector 

quantities

Ability to run full 
simulations with 

modern MC

ALEPH
DELPHI
OPAL …

✅
✅ ✅

⏸

😄 😄

https://home.cern/resources/image/accelerators/old-accelerators-images-gallery


46

Particle Production Across Systems

New Measurements with the LEP Archived DatasetsAnthony Badea

Centrality and energy 
dependence of charged-

particle multiplicities in heavy 
ion collisions in the context of 

elementary reactions, 
PhysRevC.74.021902 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.74.021902
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Sphericity Tensor and Derived Observables

New Measurements with the LEP Archived DatasetsAnthony Badea

Mxyz =
1

∑i | ⃗pi | ∑
i

1
| ⃗pi |

p2
x,i px,ipy,i px,ipz,i

py,ipx,i p2
y,i py,ipz,i

pz,ipx,i pz,ipy,i p2
z,i

.

Linearized sphericity tensor
The eigenvalues of this tensor have a direct geometrical interpretation. 
Given the normalisation of the  tensor its eigenvalues ( ) are 

defined such that . When two of them are zero, the third one 

must be equal to one.  In this case, the final state consists of two back-
to-back jets. If there are three jets with the momenta lying on the same 
plane, one of the eigenvalues will be equal to 0.  Instead, if the spread 
of the momenta in the final state is close to spherical, the eigenvalues 
will have similar values between each other, close to 1/3. 

Mxyz λi

∑
i

λi = 1

C = 3(λ1λ2 + λ1λ3 + λ2λ3)

S = 3/2(λ2 + λ3)

A = 3/2 ⋅ λ3

D = 27(λ1λ2λ3)

λ1 ≥ λ2 ≥ λ3Define ordered eigenvalues  

Sphericity  

Aplanarity 

C-parameter 

D-parameter

Using eigenvalues can define 
useful geometric quantities
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Many Ongoing Efforts and Opportunities
• Standard model measurements 

• Jets (e.g. radius-dependent spectra, substructure), 
energy-energy correlator, thrust, heavy-jet mass, … 

• Heavy-ion collision focus 
• Strangeness enhancement, collectivity small system, 

jet substructure correlation, … 
• Electron-ion collider references 

• Jet properties (e.g. charge, in-jet anisotropy), …
Luna (Yi) Chen’s talk

https://indico.cern.ch/event/1595992/timetable/#3-aleph-eec-and-2pc-measuremen
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Many Ongoing Efforts and Opportunities
• Standard model measurements 

• Jets (e.g. radius-dependent spectra, substructure), 
energy-energy correlator, thrust, heavy-jet mass, … 

• Heavy-ion collision focus 
• Strangeness enhancement, collectivity small system, 

jet substructure correlation, … 
• Electron-ion collider references 

• Jet properties (e.g. charge, in-jet anisotropy), …

energy-energy correlator



Theory comparisons

Hannah Bossi (MIT) 20QCD @ LHC 2025

• Compare to theoretical prediction over the full kinematic range. 

NEW 2025! 
[Analysis Note: arXiv:2505.11828]

Thank you to Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu for providing the theory curves! 

•Collinear: NNLL collinear 
resumption w/  constraints

• Sudakov: LL Sudakov 
Resummation, Collins-Soper Kernel 
extracted from lattice QCD

• In both cases non-perturbative  
parameter extracted from the thrust.

E2/Q2

N4

−

[Luna Chen talk @ BOOST 2025]
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Physics Motivation

New Measurements with the LEP Archived DatasetsAnthony Badea

Th: Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu 
Exp: Hannah Bossi, Jingyu Zhang, Luna (Yi) Chen, Yen-Jie Lee, e+e- All.

Talks by: Hannah Bossi (MIT) and Luna (Yi) Chen (Vanderbilt) 
Energy Correlations in e+e- Annihilations: Testing QCD, PRL 41, 1585 (1978)  

Onset of direct Exp-Th collaboration: https://indico.cern.ch/event/1388246/ 

Ex. pp jets PRL 133 (2024) 071903

EEC(θ) ≡ ∑
i>j

∫ dσ
EiEj

Q2
δ(θL − θij)

Emerging observable across systems:  
Energy-Energy Correlator (EEC)

EECs in e+e−

Hannah Bossi (MIT) 14

• Another quintessential event-shape 
observable from the LEP era are energy-
energy correlators (EECs). 

[PRL 41, 1585 (1978)]

QCD @ LHC 2025

αL

E2C(αL) =
n

∑
i,j

dτ
EiEj

E2 θ(αL − αij)

Collinear ( )αL ̂ 0 Back-to-back or Sudakov ( )αL ̂ σ
• Use all particles in an event to probe QCD from the collinear to the Sudakov region!

Probe phase transitions, confinement mechanism, parton shower dynamics, …

https://indico.cern.ch/event/1462029/contributions/6662985/
https://indico.cern.ch/event/1595992/timetable/#3-aleph-eec-and-2pc-measuremen
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.41.1585
https://indico.cern.ch/event/1388246/
https://doi.org/10.1103/PhysRevLett.133.071903
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Hannah Bossi (MIT) 20QCD @ LHC 2025

• Compare to theoretical prediction over the full kinematic range. 

NEW 2025! 
[Analysis Note: arXiv:2505.11828]

Thank you to Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu for providing the theory curves! 

•Collinear: NNLL collinear 
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• Sudakov: LL Sudakov 
Resummation, Collins-Soper Kernel 
extracted from lattice QCD

• In both cases non-perturbative  
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Previous Measurements

New Measurements with the LEP Archived DatasetsAnthony Badea
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Th: Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu 
Exp: Hannah Bossi, Jingyu Zhang, Luna (Yi) Chen, Yen-Jie Lee, e+e- All.

Different Focus: many small bins in intermediate angle regions but few in small angle 
or back-to-back (different focus also previously for thrust)  Chance for reanalysis→

Back-to-back

Back-to-back
Collinear
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Charged Particle EEC Reanalysis

New Measurements with the LEP Archived DatasetsAnthony Badea

Th: Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu 
Exp: Hannah Bossi, Jingyu Zhang, Luna (Yi) Chen, Yen-Jie Lee, e+e- All.

Leverage track function formalism and 
high charged particle angular precision 

Reparameterize to   
Extending to small and large angles 

Improved “resolution” to fine structure 
imprinted on EEC in different regimes

z = (1 − cos θ)/2

10°4 10°2 0.5 1 ° 10°2 1 ° 10°4

z = (1 ° cos(µ))/2

10°1

100

101

102

103

104
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E
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Hannah Bossi (MIT) for the  alliance*   
QCD @ LHC 

Stony Brook, NY, USA 
September 9th, 2025

e+e−

MIT HIG’s work was supported by US DOE-NP

Precision QCD Measurements 
Using Archived ALEPH Data

* Anthony Badea, Austin Baty, Hannah Bossi, Paoti Chang, Yu-Chen Chen, Yi Chen, Gian 
Michele Innocenti, Yen-Jie Lee, Luke Lu, Marcello Maggi, Chris McGinn, Benjamin 

Nachman, Michael Peters, Tzu-An Sheng, Jesse Thaler, Jingyu Zhang
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e+e� ! hadrons
<latexit sha1_base64="NM+aqvMD6E6MP89Af6A8cQZ/k6Q="></latexit>p
s = 91.2GeV

PSfrag replacements

θ

E("n) E("n′)

Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors !n and !n′.

back-to-back. For 0 < θ < π, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO

20′
→ssg and MO

20′
→sλλ,

〈E("n)E("n′)〉 = σ−1
tot

∫
dPS3

3∑

i,j=1

k0
i k

0
j δ

(2)(Ω"ki
− Ω"n)δ

(2)(Ω"kj
− Ω"n′)

×
(
|MO

20′
→s(k1)s(k2)g(k3)|2 + |MO

20′
→s(k1)λ(k2)λ(k3)|2

)
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

〈E("n)E("n′)〉 = g2

2(2π)4
q20

sin2 θ

∫ 1

0

dτ1
1− τ1(1− cos θ)/2

+O(g4)

=
g2

(2π)4
q20

1 + cos θ

sin4 θ
ln

2

1 + cos θ
+O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, τ1 = 2k0

1/q
0. For θ → 0, the expression in the right-hand side of (3.16) scales as

O(θ−2), whereas for w = π − θ → 0 it has the well-known Sudakov behavior O(w−2 ln(w−2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1− cos θ)/2 , (3.17)

where 0 < θ < π is the angle between the detector vectors "n and "n′. Then, the double-energy
correlation takes the following form at one loop

〈E("n)E("n′)〉 = a

4π2

q20
8z3

(
−z ln(1− z)

1− z

)
+O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4π2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by

17
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Theory comparisons

Hannah Bossi (MIT) 20QCD @ LHC 2025

• Compare to theoretical prediction over the full kinematic range. 

NEW 2025! 
[Analysis Note: arXiv:2505.11828]

Thank you to Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu for providing the theory curves! 

•Collinear: NNLL collinear 
resumption w/  constraints

• Sudakov: LL Sudakov 
Resummation, Collins-Soper Kernel 
extracted from lattice QCD

• In both cases non-perturbative  
parameter extracted from the thrust.

E2/Q2

N4

−

[Luna Chen talk @ BOOST 2025]
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Charged Particle EEC and State-of-art Theory

New Measurements with the LEP Archived DatasetsAnthony Badea

Comparison to NNLL+NNLO+N4LL calculation

Collinear Back-
to-back
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Cross Experiment Comparison and Future

New Measurements with the LEP Archived DatasetsAnthony Badea

Different analyses, detectors, 
calibration, years. Compatible 
between ALEPH archived data 

and DELPHI open data! 

Many exciting possibilities from 
here (e.g. LEP2, HF tagging)!!

Th: Max Jaarsma, Yibei Li, Ian Moult, Wouter Waalewijn, HuaXing Zhu 
Exp: Hannah Bossi, Jingyu Zhang, Luna (Yi) Chen, Yen-Jie Lee, e+e- All.
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Many Ongoing Efforts and Opportunities
• Standard model measurements 

• Jets (e.g. radius-dependent spectra, substructure), 
energy-energy correlator, thrust, heavy-jet mass, … 

• Heavy-ion collision focus 
• Strangeness enhancement, collectivity small system, 

jet substructure correlation, … 
• Electron-ion collider references 

• Jet properties (e.g. charge, in-jet anisotropy), …

collectivity small system
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Thrust in Two-Particle Correlation Analyses

New Measurements with the LEP Archived DatasetsAnthony Badea

- Use thrust to align our 2PC measurements with outgoing color string, connecting 
small and large systems. Feel free to ask questions about these measurements! 

- Now dedicated thrust measurement to simultaneously probe the P/NP regimes 
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Physics Motivation

New Measurements with the LEP Archived DatasetsAnthony Badea
Yen-Jie Lee (MIT)

• The first unexpected discovery at LHC: Ridge in high multiplicity pp from CMS
• The origin may not necessary hydrodynamics, possible explanations includes:

• Initial state effect (e.g. CGC)
• Escape mechanism / Single or few scatterings (AMPT, PYTHIA with Rope Mechanism, 

Multi-parton rescattering…)
• Final state effect due to mini-QGP
• …

Motivation

2Two-Particle Correlations in Electron-Position Collisions    

pp pPb PbPb

Inspired by  Yen-Jie Lee’s, Yu-Chen “Janice” Chen’s, Luna (ii) Chen’s  Talks

- Origin may not necessarily be hydrodynamics from Quark Gluon Plasma (QGP), e.g. in HI collisions 
- Discovery motivates the questions: What are the minimal conditions for QGP formation? How is particle 

production similar across systems? What happens in the smallest collision system of point like particles?

1
Ntrig

d2Npair

dΔηdΔϕ

- First unexpected discovery at LHC: Ridge in high multiplicity pp

“Ridge” refers to the long-range (large- ) 
near-side (small- ) correlation signal

Δη
Δϕ
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LEP 1 Charged Particle Two-Particle Correlation

New Measurements with the LEP Archived DatasetsAnthony Badea
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Search for signatures transverse to 
color string, use thrust axis as proxy

Looking for bump here
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A.Badea MIT Undergraduate Thesis, PRL. 123, 212002 (2019) 

https://web.mit.edu/mithig/theses/Anthony-Badea-thesis.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.212002
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What if We Overlap Two Color Strings?

New Measurements with the LEP Archived DatasetsAnthony Badea

e+e− → qq̄
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e+ e−

??
-  single color-string fragmenting in vacuum (DGLAP evolution), hadronizing into charged particles

-  possible (partonic) interactions between two color-strings. Phase space for higher multiplicity production

-

e+e− → qq̄
e+e− → W+W− → qq̄qq̄



(a) Normalized charged multiplicity distribu-
tions of W+W→ → 4q , W+W→ → ωεqq and
e+e→ → qq .
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Figure 7: The NO!ine

Trk multiplicity distributions of the sample at LEP-II energies. Fig-

ure (a) shows the normalized charged multiplicity distribution of W+W→ → 4q (blue),

W+W→ → ωεqq (orange) and e+e→ → qq (green) MC events. Figure (b) shows the total

NO!ine

Trk . Black error bars are data, overlaid with the stacked histogram that have each MC

physics process scaled with the expected cross section.

Figure 8: Signal purity vs e!ciency for di”erent charged multiplicity (nTrk) classes. The

leftmost column indicates the purity of the inclusive case.
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High Multiplicity Reach in LEP 2

Yu-Chen “Janice” Chen, Tzu-An Sheng, Yen-Jie Lee (MIT)

- LEP2 energies gives access to different physics processes 

- W+W- contribution significant at high multiplicity ( > 40)NOffline
Trk

“small” collision systems, and the emergence of the ridge phenomenon across this transition

remains an open question.

Recently, there are novel experimental strategies developed to pinpoint the onset of the

ridge or collectivity signal. The ALICE collaboration has shown that the ridge structure in

high-multiplicity proton–proton collisions persists even in the low-multiplicity region (8 ↭
→Nch↑ ↭ 24) [35]. Another innovative approach measures two-particle correlation within

high-multiplicity jets in CMS proton–proton data [36], and finds an increasing magnitude

of the long-range elliptic anisotropic harmonic (v→2) at high multiplicity region. This, on

the other hand, tests the behavior of fragmentation in vacuum as the system approaches

high final-state multiplicity.

We have started to look at the high-energy e+e↑ collision data taken by ALEPH

experiment at LEP2. The e+e↑ system has o!ers several unique advantages, including:

1. The collisions are point-like, and free from initial-state color correlations;

2. The final-state evolution occurs entirely in vacuum;

3. The collision energy lies above the di-boson production thresholds, multiple produc-

tion channels exist, leading to varying degrees of partonic interaction. In contrast,

the events at the lower-energy runs at LEP1 are dominated by e+e↑ ↓ e+e↑qq and

e+e↑ ↓ qq (ω), as shown in Fig. 1.

Figure 1: Cross-sections of electroweak SM processes at LEP energies. Courtesy of

Ref. [37]

– 2 –
Yen-Jie Lee (MIT)

Charged Particle Multiplicity Distributions in LEP2 Data

19Two-Particle Correlations in Electron-Position Collisions    

• LEP2 energies give access to also different physics processes
• At high multiplicity, W+W- contribution becomes significant

Phys. Rept. 532 (2013) 119-244

*MC contributions are stacked

Reported range
Energy

EPJC 63 611 (2009)

𝑞ത𝑞
𝑾+𝑾−

Yu-Chen “Janice” Chen (MIT)
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Highest Multiplicity LEP 2 Events

Yen-Jie Lee (MIT)

The Highest Multiplicity Events in Archived LEP2 Data

21Two-Particle Correlations in Electron-Position Collisions    

64 Charged Particles
Thrust T=0.71

64 Charged Particles
Thrust T=0.80

Yen-Jie Lee (MIT)

The Highest Multiplicity Events in Archived LEP2 Data

21Two-Particle Correlations in Electron-Position Collisions    

64 Charged Particles
Thrust T=0.71

64 Charged Particles
Thrust T=0.80
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LEP 2 Charged Particle Two-Particle Correlation

Yu-Chen “Janice” Chen, Tzu-An Sheng, Yen-Jie Lee (MIT)

4

NO!ine

Trk
TPC hits Event selections B(0, 0) Residual MC corr.

[10, 20) 1.09 0.39 0.44 1.17
[20, 30) 0.68 0.44 0.21 0.11
[30, 40) 0.65 0.05 0.12 0.10
[40, 50) 0.73 0.04 0.16 0.13
[50,→) 1.60 0.50 0.27 0.02

TABLE II: Systematic uncertainties as a function of the
o!ine multiplicity NO!ine

Trk
. All values are reported as

percentages of the long-range di”erential associated
yield.
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FIG. 2: For the long-range region 1.6 < |#ω| < 3.2, the
azimuthal associated yield is presented for Ntrk → 5
(left) and Ntrk → 50 (right). Data is presented in red

dots with statistical error bars, while systematic
uncertainties are detailed in the text. The pythia 6
model is shown in blue with its statistical error band.

One-dimensional distributions in #ε are studied by
averaging the two-particle correlation function over the
region between 1.6 < |#ω| < 3.2 to investigate the long-
range correlation in finer detail. Fig. 2 shows the compar-
isons between data and MC on the long-range azimuthal
di”erential associated yields for inclusive (left panel) and
high-multiplicity events (right panel). The MC simula-
tion describes well the measurement for Ntrk → 5. On the
contrary, in the highest multiplicity interval (Ntrk → 50),
the data reveals a long-range near-side structure that the
MC simulation does not capture. Moreover, the data dis-
play a more significant slope when going to large#ε than
predictions from MC. We also examined the correlation
functions using the pythia 8 simulation [64] with the de-
fault monash 2013 tune [65]. This framework allows for
the inclusion of microscopic collective e”ects from the
shoving mechanism [33, 66]. However, a similar long-
range near-side enhancement is not seen in the pythia 8
simulations, either with or without the inclusion of the
shoving model.

The long-range azimuthal di”erential distribution is
then fitted within 0 < #ε < ϑ/2. Following the Zero
Yield At Minimum (ZYAM) procedure, each distribution
is then shifted down by the fit minimum (cZYAM) [67].
The associated yield is then quantified by integrating the

subtracted distribution from #ε = 0 to the location of
fit minimum #εmin [28, 63].

A bootstrap method [69] was employed to estimate the
uncertainties a”ecting the near-side long-range yields.
This procedure generates variations in the Y (#ε)-
distribution according to its statistical and systematic
uncertainties. The uncorrelated systematic uncertainties
include the event and track selection and the B(0, 0) vari-
ations, which mostly a”ect the normalization of the cor-
relation function. The residual MC correction is treated
in this procedure as a source of correlated systematic un-
certainty across #ε bins. A bootstrap sample of 2↑ 105

variations was generated for each interval of Ntrk. A near-
side yield was extracted for each of these variations by
exploiting a ZYAM fit method. This procedure was re-
peated considering three di”erent fit functions, namely a
three-term Fourier series plus a constant, a purely-even
quartic function, and a purely-even quadratic function
plus a cos 2#ε term. The choice of fit function resulted
as the dominant source of systematic uncertainty.

At low multiplicity, most variations lead to small as-
sociated yields. If over 5% of variations exceed a yield of
1↑10→7, we quote an upper limit at 95% confidence level.
Otherwise, a C.L. for variations below this threshold is
stated. The aforementioned estimation is performed in-
dividually for the bootstrap samples generated with the
three choices of fit functions. The most conservative con-
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function of ↓Ncorr

trk
↔ in the thrust axis analysis. This

work (LEP-II analysis,
↗
s = 183↘ 209 GeV) is shown

in red, overlapping with results from Belle (pale
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2

fermion processes mediated by either single or double W
or Z bosons serve as subdominant channels in hadronic
decays. This provides more complexity than the dom-
inant single-string e+e→ → ω↑/Z → qq̄ configuration.
Particularly at the highest multiplicity, W+W→ → 4q
production emerges as the dominant channel.

This study utilizes archived data collected by the
ALEPH detector at LEP-II [38] between 1996 and 2000.
To analyze these data, an MIT Open Data format was
created [39]. Unlike the 91.2 GeV sample at LEP-
I [28, 40], which is dominated by Z-decays, the LEP-II
sample sees significant contributions from various pro-
cesses beyond e+e→ → qq̄ fragmentation, including a no-
table “radiative-return-to-Z” e!ect due to QED initial-
state radiation (ISR). Adopting the selection criteria
from the ALEPH collaboration [41], we cluster the event
into two jets to determine the e!ective center-of-mass en-
ergy (

↑
s↓) using the equation

s↓ =
sin ε1 + sin ε2 ↓ | sin(ε1 + ε2)|
sin ε1 + sin ε2 + | sin(ε1 + ε2)|

↔ s, (1)

where ε1,2 are the angles of these jets to the beam di-
rection. Using this, the visible two-jet invariant mass
(Mvis) is derived, aiding in minimizing the QED ISR
background. In our analysis,

↑
s↓ must exceed 0.9

↑
s, and

Mvis must surpass 0.7
↑
s. Furthermore, adhering to the

hadronic event criteria from previous LEP-I work [28, 42],
events are selected based on the event sphericity axis’s
polar angle (7ϑ/36 < εlab < 29ϑ/36), and those with
under five tracks or with total reconstructed charged-
particle energy below 15 GeV are discarded.

High-quality tracks are selected using requirements
identical to those in previous ALEPH analyses [43]. They
are also required to have a transverse momentum with
respect to the beam axis (plab

T
) above 0.2 GeV/c and

| cos εlab| < 0.94 in the lab frame. We employed the
Monte Carlo (MC) events from the ALEPH collabora-
tion for reconstruction e!ects and data correction. Monte
Carlo events were simulated using dedicated generators
to model di!erent hard processes [44–48] and weighted
according to their cross sections. The descriptions of the
parton fragmentation and hadronization were performed
using pythia 6.1 [47] or jetset 7.4 [49]. The ALEPH
MC simulation was shown to provide an excellent descrip-
tion of both QCD and electroweak observables [42, 50–
52].

The analysis procedure aligns with prior two-particle
correlation function studies [10, 28]. For each event, the
e”ciency-corrected di!erential yield of charged-particle
pairs, denoted as d

2
N

same

d!ωd!ε (where “same” means particles

from the same event), is computed. It is then normalized
by the average corrected number of charged particles in
the event, Ncorr

trk
, yielding:

S(#ϖ,#ϱ) =
1

Ncorr

trk

d2Nsame

d#ϖd#ϱ
. (2)
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FIG. 1: Two-particle correlation functions for events
with the number of charged particle tracks in hadronic
e+e→ in the thrust coordinate analysis with Ntrk ↗ 5
(left) and Ntrk ↗ 50 (right). The result is obtained

considering pairs of tracks with transverse momentum
with respect to the beam axis (plab

T
) above 0.2 GeV/c.

The sharp near-side peaks arise from jet correlations
and have been truncated to illustrate the structure

outside that region better.

Ntrk range Fraction of data (%) →Ntrk↑ →Ncorr

trk ↑
[10, 20) 58.6 15.2 17.3
[20, 30) 33.1 23.1 25.7
[30, 40) 3.7 32.6 35.9
[40, 50) 0.4 42.8 47.1
[50,↓) < 0.1 53.0 58.4

TABLE I: Fraction of the full event sample for each
multiplicity class. The last two columns show the

observed and corrected multiplicities, respectively, of
charged particles with plab

T
> 0.2 GeV/c and

| cos εlab| < 0.94.

A mixed-event background correlation, B(#ϖ,#ϱ),
pairs charged particles from one event with those from
48 random events of the same multiplicity, giving

B(#ϖ,#ϱ) =
1

Ncorr

trk

d2Nmix

d#ϖd#ϱ
. (3)

Here, Nmix is the e”ciency-corrected pair count from the
mixed event. By dividing this by B(0, 0), computed us-
ing pairs with |#ϖ| < 0.32 and |#ϱ| < ϑ/20, we obtain
the detector’s pair acceptance for uncorrelated particles.
Hence, the acceptance-corrected pair yield is:

1

Ncorr

trk

d2Npair

d#ϖd#ϱ
= B(0, 0)↔ S(#ϖ,#ϱ)

B(#ϖ,#ϱ)
. (4)

For multiplicity-dependent analysis, events are grouped
into five intervals based on reconstructed charged track
count, Ntrk, with plab

T
> 0.2 GeV/c. Details, including

multiplicity ranges and average track counts before and
after correction, are in Table I.
Experimentally, the thrust axis [53] estimates the di-

rection of the outgoing-state energy flow in e+e→ col-
lisions, and it is used to define the coordinate system
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fermion processes mediated by either single or double W
or Z bosons serve as subdominant channels in hadronic
decays. This provides more complexity than the dom-
inant single-string e+e→ → ω↑/Z → qq̄ configuration.
Particularly at the highest multiplicity, W+W→ → 4q
production emerges as the dominant channel.

This study utilizes archived data collected by the
ALEPH detector at LEP-II [38] between 1996 and 2000.
To analyze these data, an MIT Open Data format was
created [39]. Unlike the 91.2 GeV sample at LEP-
I [28, 40], which is dominated by Z-decays, the LEP-II
sample sees significant contributions from various pro-
cesses beyond e+e→ → qq̄ fragmentation, including a no-
table “radiative-return-to-Z” e!ect due to QED initial-
state radiation (ISR). Adopting the selection criteria
from the ALEPH collaboration [41], we cluster the event
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(Mvis) is derived, aiding in minimizing the QED ISR
background. In our analysis,
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hadronic event criteria from previous LEP-I work [28, 42],
events are selected based on the event sphericity axis’s
polar angle (7ϑ/36 < εlab < 29ϑ/36), and those with
under five tracks or with total reconstructed charged-
particle energy below 15 GeV are discarded.

High-quality tracks are selected using requirements
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parton fragmentation and hadronization were performed
using pythia 6.1 [47] or jetset 7.4 [49]. The ALEPH
MC simulation was shown to provide an excellent descrip-
tion of both QCD and electroweak observables [42, 50–
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The analysis procedure aligns with prior two-particle
correlation function studies [10, 28]. For each event, the
e”ciency-corrected di!erential yield of charged-particle
pairs, denoted as d

2
N

same

d!ωd!ε (where “same” means particles

from the same event), is computed. It is then normalized
by the average corrected number of charged particles in
the event, Ncorr

trk
, yielding:

S(#ϖ,#ϱ) =
1

Ncorr

trk

d2Nsame

d#ϖd#ϱ
. (2)
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FIG. 1: Two-particle correlation functions for events
with the number of charged particle tracks in hadronic
e+e→ in the thrust coordinate analysis with Ntrk ↗ 5
(left) and Ntrk ↗ 50 (right). The result is obtained

considering pairs of tracks with transverse momentum
with respect to the beam axis (plab

T
) above 0.2 GeV/c.

The sharp near-side peaks arise from jet correlations
and have been truncated to illustrate the structure

outside that region better.

Ntrk range Fraction of data (%) →Ntrk↑ →Ncorr

trk ↑
[10, 20) 58.6 15.2 17.3
[20, 30) 33.1 23.1 25.7
[30, 40) 3.7 32.6 35.9
[40, 50) 0.4 42.8 47.1
[50,↓) < 0.1 53.0 58.4

TABLE I: Fraction of the full event sample for each
multiplicity class. The last two columns show the

observed and corrected multiplicities, respectively, of
charged particles with plab

T
> 0.2 GeV/c and

| cos εlab| < 0.94.

A mixed-event background correlation, B(#ϖ,#ϱ),
pairs charged particles from one event with those from
48 random events of the same multiplicity, giving

B(#ϖ,#ϱ) =
1

Ncorr

trk

d2Nmix

d#ϖd#ϱ
. (3)

Here, Nmix is the e”ciency-corrected pair count from the
mixed event. By dividing this by B(0, 0), computed us-
ing pairs with |#ϖ| < 0.32 and |#ϱ| < ϑ/20, we obtain
the detector’s pair acceptance for uncorrelated particles.
Hence, the acceptance-corrected pair yield is:

1

Ncorr

trk

d2Npair

d#ϖd#ϱ
= B(0, 0)↔ S(#ϖ,#ϱ)

B(#ϖ,#ϱ)
. (4)

For multiplicity-dependent analysis, events are grouped
into five intervals based on reconstructed charged track
count, Ntrk, with plab

T
> 0.2 GeV/c. Details, including

multiplicity ranges and average track counts before and
after correction, are in Table I.
Experimentally, the thrust axis [53] estimates the di-

rection of the outgoing-state energy flow in e+e→ col-
lisions, and it is used to define the coordinate system

- Inclusive-multiplicity results show excellent agreement between archived data 
and MC simulation 

- Long-range near side correlation signal appears at high multiplicity! 
- Very tight upper limits with low multiplicity (NTrk < 40) (LEP1, BELLE, LEP2), 

for first time nonzero associated yield seen at high multiplicity (NTrk > 50)

4

NO!ine

Trk
TPC hits Event selections B(0, 0) Residual MC corr.

[10, 20) 1.09 0.39 0.44 1.17
[20, 30) 0.68 0.44 0.21 0.11
[30, 40) 0.65 0.05 0.12 0.10
[40, 50) 0.73 0.04 0.16 0.13
[50,→) 1.60 0.50 0.27 0.02

TABLE II: Systematic uncertainties as a function of the
o!ine multiplicity NO!ine

Trk
. All values are reported as

percentages of the long-range di”erential associated
yield.
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FIG. 2: For the long-range region 1.6 < |#ω| < 3.2, the
azimuthal associated yield is presented for Ntrk → 5
(left) and Ntrk → 50 (right). Data is presented in red

dots with statistical error bars, while systematic
uncertainties are detailed in the text. The pythia 6
model is shown in blue with its statistical error band.

One-dimensional distributions in #ε are studied by
averaging the two-particle correlation function over the
region between 1.6 < |#ω| < 3.2 to investigate the long-
range correlation in finer detail. Fig. 2 shows the compar-
isons between data and MC on the long-range azimuthal
di”erential associated yields for inclusive (left panel) and
high-multiplicity events (right panel). The MC simula-
tion describes well the measurement for Ntrk → 5. On the
contrary, in the highest multiplicity interval (Ntrk → 50),
the data reveals a long-range near-side structure that the
MC simulation does not capture. Moreover, the data dis-
play a more significant slope when going to large#ε than
predictions from MC. We also examined the correlation
functions using the pythia 8 simulation [64] with the de-
fault monash 2013 tune [65]. This framework allows for
the inclusion of microscopic collective e”ects from the
shoving mechanism [33, 66]. However, a similar long-
range near-side enhancement is not seen in the pythia 8
simulations, either with or without the inclusion of the
shoving model.

The long-range azimuthal di”erential distribution is
then fitted within 0 < #ε < ϑ/2. Following the Zero
Yield At Minimum (ZYAM) procedure, each distribution
is then shifted down by the fit minimum (cZYAM) [67].
The associated yield is then quantified by integrating the

subtracted distribution from #ε = 0 to the location of
fit minimum #εmin [28, 63].

A bootstrap method [69] was employed to estimate the
uncertainties a”ecting the near-side long-range yields.
This procedure generates variations in the Y (#ε)-
distribution according to its statistical and systematic
uncertainties. The uncorrelated systematic uncertainties
include the event and track selection and the B(0, 0) vari-
ations, which mostly a”ect the normalization of the cor-
relation function. The residual MC correction is treated
in this procedure as a source of correlated systematic un-
certainty across #ε bins. A bootstrap sample of 2↑ 105

variations was generated for each interval of Ntrk. A near-
side yield was extracted for each of these variations by
exploiting a ZYAM fit method. This procedure was re-
peated considering three di”erent fit functions, namely a
three-term Fourier series plus a constant, a purely-even
quartic function, and a purely-even quadratic function
plus a cos 2#ε term. The choice of fit function resulted
as the dominant source of systematic uncertainty.

At low multiplicity, most variations lead to small as-
sociated yields. If over 5% of variations exceed a yield of
1↑10→7, we quote an upper limit at 95% confidence level.
Otherwise, a C.L. for variations below this threshold is
stated. The aforementioned estimation is performed in-
dividually for the bootstrap samples generated with the
three choices of fit functions. The most conservative con-
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FIG. 3: Confidence limits on associated yield as a
function of ↓Ncorr

trk
↔ in the thrust axis analysis. This

work (LEP-II analysis,
↗
s = 183↘ 209 GeV) is shown

in red, overlapping with results from Belle (pale
purple) [29], LEP-I (pale orange) [28], and ALICE (pale
gray, lab frame) [68]. The label “> 5ϖ” indicates the 5ϖ

confidence level upper limit. The systematic
uncertainties are included in the displays of confidence
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Future Works with Enhanced WW Purity

Yu-Chen “Janice” Chen, Tzu-An Sheng, Yen-Jie Lee (MIT)

(a) Normalized charged multiplicity distribu-
tions of W+W→ → 4q , W+W→ → ωεqq and
e+e→ → qq .
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W+W→ → ωεqq (orange) and e+e→ → qq (green) MC events. Figure (b) shows the total

NO!ine

Trk . Black error bars are data, overlaid with the stacked histogram that have each MC

physics process scaled with the expected cross section.

Figure 8: Signal purity vs e!ciency for di”erent charged multiplicity (nTrk) classes. The

leftmost column indicates the purity of the inclusive case.
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Preliminary Work in 
Progress. Analysis 
note coming soon

Boosted decision tree to enhance the WW two 
string vs one string (and other) component. 

These works open new door for LEP analyses

(a) Normalized charged multiplicity distribu-
tions of W+W→ → 4q , W+W→ → ωεqq and
e+e→ → qq .
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Trk multiplicity distributions of the sample at LEP-II energies. Fig-

ure (a) shows the normalized charged multiplicity distribution of W+W→ → 4q (blue),

W+W→ → ωεqq (orange) and e+e→ → qq (green) MC events. Figure (b) shows the total

NO!ine

Trk . Black error bars are data, overlaid with the stacked histogram that have each MC

physics process scaled with the expected cross section.

Figure 8: Signal purity vs e!ciency for di”erent charged multiplicity (nTrk) classes. The

leftmost column indicates the purity of the inclusive case.
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Ever Growing List of Exciting Physics Ideas

New Measurements with the LEP Archived DatasetsAnthony Badea

Non-exhaustive list of examples: 
- All measurements across √s from 1-200 GeV 
- Thrust with varied p vs E-scheme 

- Unbinned multi-differential (e.g. , C, HJM) 

- Unbinned full phase space 
- Lund Plane Observables 
- Modern HF tagging and observables 
- anti-kT Jet measurements 
- … 

Excited for ideas beyond precision QCD: 
- Revisit  forward-backward asymmetry 

- … 🤔😁🤨

τ

Z → bb̄

Hannah 
Bossi

PRELIMINARY

Cristian 
Barrera

PRELIMINARY

EEC across √s

First look at event 
wide Lund plane
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Emerging Studies into Modern Anti-kT Jets

New Measurements with the LEP Archived DatasetsAnthony Badea

anti-kT jet spectra anti-kT jet mass Credit: Luna Chen 
(Vanderbilt) et al.
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ALEPH Thrust Backup

New Measurements with the LEP Archived DatasetsAnthony Badea
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Corrections to the Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea

(1) Hadronic event selection: 
- High efficiency, but removal of hadronic efficient 
- Removed fraction corrected for via unfolding 

(2) Tracking efficiency: 
- Efficiency to reconstruct charged particles 

accounted for in unfolding 

(3) EM radiation effects (ISR/FSR): 
- e+e- from  radiation  Trace gen/reco history for 

subsequent e+e- close in ( , ), Remove the e+e- 

- Odd set of neutrals along beam pipe in MC  
Likely radiated photons, Removed those particles 

(4) Unbinned unfolding with OmniFold: 
- Implicitly handle (1) - (3)  
- Correct for detector effects

γ →
θ ϕ

→

Successful closure check on MC

(Note: Unifold 
= Omnifold)
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Uncertainties

New Measurements with the LEP Archived DatasetsAnthony Badea

- Statistical uncertainty: 
- Poisson uncertainty on final weights 
- Bootstrapping to assess impact on unfolding 

- Experimental uncertainty: 
- Variations in the selections 
- Variation of neutral particle energy and efficiency 
- Ensembling from NN random initialization 

- Theory MC prior uncertainty: 
- Max spread from variation of the MC prior in 

unfolding. Accomplished by reweighting at 
particle level archived Pythia 6 to modern MC’s
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Check Thrust Calculation Algorithm

New Measurements with the LEP Archived DatasetsAnthony Badea

We checked the difference between: 
 
(1) ALEPH Rivet thrust algorithm [1] 
(2) Exact thrust algorithm used in this paper 

No significant difference between the two 
algorithms using archived data  

Experimentally we tried to do the following 
variations: 
 
(a) Include missing momentum vector in the 
experimental calculation 
(b) Used only charged particle and unfold 
in both cases, we unfold to the same generator 
level definition (2).  

The difference is within quoted systematics. [1] Rivet Thrust code:  https://rivet.hepforge.org/code/1.3.0/a00697.html

https://rivet.hepforge.org/code/1.3.0/a00697.html
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Thrust Raw Spectra in 1994 and 1995 Data

New Measurements with the LEP Archived DatasetsAnthony Badea

Data only comparison at high thrust pulls down. This is the opposite direction as the ALEPH/OF ratio
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Progress Towards More MC

New Measurements with the LEP Archived DatasetsAnthony Badea

Full ALEPH software suite running in a VM!  Working on understanding simulation flow
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Hadronic Event Selection

New Measurements with the LEP Archived DatasetsAnthony Badea

1994 Only
Hadronic selection removes dilepton 
final states 

While highly efficient for hadronic 
final states, some fraction of hadronic 
events are removed 

This removed fraction is corrected for 
during the unfolding procedure
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Tracking Efficiency

New Measurements with the LEP Archived DatasetsAnthony Badea

ε(pT, θ, ϕ, NOffline
Trk ) = [ d3N reco

dpTdθdϕ / d3Ngen

dpTdθdϕ ]
NOffline

Trk

Tracking efficiency typically applied in the past:

Here, the efficiency correction is applied 
implicitly within unbinned unfolding procedure Phys. Rev. Lett. 123, 212002 (2019)

Credits: Janice Chen (MIT)

https://arxiv.org/abs/1906.00489
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Electromagnetic (EM) Radiation Effects

New Measurements with the LEP Archived DatasetsAnthony Badea

Final state e+e- pair from  radiation (EM ISR/FSR) 
 Trace gen/reco history for subsequent e+e- 

close in ( , ), Remove the e+e- pair 

Odd set of neutrals along beam pipe in MC  
Likely radiated photons, Removed those particles

γ
→

θ ϕ

→
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Correcting the Spectrum to Particle Level

New Measurements with the LEP Archived DatasetsAnthony Badea

- Implicit corrections and detector 
effects accounted for with unbinned 
unfolding algorithm OmniFold  

- Applied to single observable  

As a high-level reminder, conceptually 
~ unbinned iterative bayesian 
unfolding but very different procedure 

log τ
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nt

he
ti

c
N
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ur

al

Detector-level

Data

Particle-level

Generation

Truth

Pull Weights

Push Weights

Step 1: 
Reweight Sim. to Data

Step 2: 
Reweight Gen.
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Andreassen et al. Phys. Rev. Lett. 124, 182001

How to Unfold with AI, CERN Courier, B. Nachman

http://Phys.%20Rev.%20Lett.%20124,%20182001
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
https://cerncourier.com/a/how-to-unfold-with-ai/
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OmniFold Algorithm

New Measurements with the LEP Archived DatasetsAnthony Badea

Simulation

Sy
nt

he
ti

c
N

at
ur

al

Detector-level

Data

Particle-level

Generation

Truth

Pull Weights

Push Weights

Step 1: 
Reweight Sim. to Data

Step 2: 
Reweight Gen.

νn−1

ωn

−−→ νn
<latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="aANR4xqa5G8N4A3PGP5I4W3UWFE=">AAACJ3icdVDdShtBGJ21tmpsa6yX3gwGQYQuuxqSeCd446UF8wPZEGYn3yaD87PMzKrLsu/Q1+gL9La+gXeil73xOZxsItTSHhg4nHM+vvlOnHJmbBA8eSvvVt9/WFvfqG1+/PR5q779pWdUpil0 qeJKD2JigDMJXcssh0GqgYiYQz++Opv7/WvQhil5afMURoJMJUsYJdZJ4/phJLNxIb+GJY5uNZvOLNFa3RSREjAlzimdUUXKcb0R+Eet43bYwoHfbJ6ErbYj7VZw0uzg0A8qNNASF+P6czRRNBMgLeXEmGEYpHZUEG0Z5VDWosxASugVmcLQUUkEmFFR3VTifadMcKK0 e9LiSv1zoiDCmFzELimInZm/vbn4L2+Y2aQzKphMMwuSLhYlGcdW4XlBeMI0UMtzRwjVzP0V0xnRhFpX45stCeRSpGXNFfN6Pf4/6R35YeCH35qN086yonW0i/bQAQpRG52ic3SBuoii7+gn+oXuvB/evffgPS6iK95yZge9gff7BX9hqAI=</latexit>

νn−1

Data
−−−→ ωn

<latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="i+iM1Y2AuIdG+9czSK1qRLZgOsY=">AAACenicdVFNa9wwEJXdr2T7tU2OvYgshZamRq69X7dAe+gxhW4SWJtlrJW9IpJsJDnpYvRDey70V/RQ7WYLTdoOCB5v5s2bGRWN4MYS8i0I791/8PDR3n7v8ZOnz573XxycmbrVlM1oLWp9UYBh gis2s9wKdtFoBrIQ7Ly4/LDJn18xbXitvth1w3IJleIlp2A9tei7Lts2meuqyDsSjUfTOB0fkygZJkk69ICMJklKXKbaRafexQ5nXzWvVha0rq+7TEt8pwXZxvFfwH0EC87ra8kq8M2cW/QHJBqNkjSZYG9JxiSN8cZyOJ2mON4JB2gXp4v+j2xZ01YyZakAY+YxaWze gbacCuZ6WWtYA/QSKjb3UIFkJu+24zn8yjNLXNbaP2Xxlv1T0YE0Zi0LXynBrszd3Ib8V27e2nKSd1w1rWWK3hiVrcC2xpub4yXXjFqx9gCo5n5WTFeggVr/M7dcSrZWsnE9f5jf2+P/g7P3UUyi+HM6OJnsTrSHXqIj9BrFaIxO0Cd0imaIou/BfnAQHAY/w6PwTfj2 pjQMdppDdCvC9Be8rLq6</latexit>

Andreassen et al. Phys. Rev. Lett. 124, 182001

Sequential reweighting using neural 
networks (NN) to approximate 

likelihood ratios

p(n)
unfolded(t) = νn(t)pGen.(t)

= ∫ dm pdata(m)
pSim.∣Gen.(m ∣ t)νn−1(t)pGen.(t)

∫ dt′￼pSim.∣Gen.(m ∣ t′￼)νn−1(t′￼)p(t′￼)

∼ ∑
i

mi
Rijtj

∑k Riktk

ωn(m) = νpush
n−1 (m) L [(1,Data), (νpush

n−1 , Sim.)](m)

νn(t) = νn−1(t) L [(ωpull
n , Gen.), (νn−1, Gen.)](t)

Step 1 (NN)

Step 2 (NN)

where L is the likelihood ratio L[(w, X), (w′￼, X′￼)](x) =
p(w,X)(x)
p(w′￼,X′￼)(x)

sim/gen matching used for
νpush

n (m) = νn(t)

ωpull
n (t) = ωn(m)

and the gen prior is ν0(t)

** Unbinned IBU **

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
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Correcting the Spectrum to Particle Level

New Measurements with the LEP Archived DatasetsAnthony Badea

Successful closure check on MC. Replace 
data with MC reco, and run the full chain 

Verify that the final result (red) converges 
to the gen level MC (blue) ✅  

(Note: Unifold = Omnifold)
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OmniFold Ensembling

New Measurements with the LEP Archived DatasetsAnthony Badea

NN output varies upon retraining by 
change in random seed  Ensemble NN’s 
to constrain effect to subdominant level 

Example measuring the bin-by-bin 
spread over ensembles of different sizes 

Converged on 1 “unfolding” = 100 
training. Repeat for every variation

→

(a) (b)

Figure 10: Impact of neural network weight initialization on the unfolding. Ensembles of
N trainings with di!erent random seeds are used to quantify the variation from random
initialization. For all unfoldings throughout the analysis, the median event weight across
the ensemble is used as the unfolded result. The total number of trainings is varied from (a)
100 to (b) 200 trainings to test for di!erent number of ensembles. It is found that with 100
total trainings and N = 10 the variation is subdominant compared to other uncertainties.

rately recovers the known truth-level MC distribution. The reconstructed MC is treated as
pseudo-data, unfolded using the same configuration as for data, and the result is compared
to the corresponding truth-level MC. The result is shown in Figure 9. Good agreement is
seen for both steps of the Unifold procedure to the expected behavior. Some di!erences
are observed in the step 1 closure but this does not lead to a major change in the step 2
closure.

The random initialization of neural network weights introduces variation in the final
measurement. To quantify this e!ect, we perform N independent UniFold trainings with
di!erent random seeds and define this set of trainings as a single ensemble. We then
generate M such ensembles. For each ensemble, the median event weight across the N

trainings is taken as the unfolded result. The uncertainty is evaluated as the standard
deviation of the binned distributions across the M ensembles. The results are shown in
Figure 10 for di!erent values of N . The total number of trainings is X = 100 for all curves
in Figure 10a and 200 for those in Figure 10b, meaning that M = X/N . We found that
100 total trainings and N = 10 trainings per ensemble were su”cient to constrain the
statistical uncertainty from random initialization to a subdominant level. Consequently,
all unfoldings are performed using ensembles of N = 10 trainings.

For all systematic variations, the unfolding is performed using the same ensembling
procedure with N = 10 trainings per variation. This ensures that the impact of random
network initialization is consistently accounted for in both the nominal result and all sys-

– 15 –
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Experimental Uncertainties

New Measurements with the LEP Archived DatasetsAnthony Badea

Vary selections, repeat unfolding, and 
measure change in thrust.
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Uncorrected data
Selected archived MC Reco.

 = 91.2 GeV, Chg. Track pT Variations, -e+ALEPH e

Example Track 
pT Variation

Custom variation: 
- Neutral particle energy scale (NES) 
- Neutral particle efficiency (NEE) 
- Thrust w/ MET vector

Standard ALEPH variation: 
- Track NTPC ≥ 4 to 7 
- Track pT ≥ 0.2 to 0.4 GeV 
- Echarged ≥ 15 GeV to 10 GeV



Standard ALEPH variation: 
- Track NTPC ≥ 4 to 7 
- Track pT ≥ 0.2 to 0.4 GeV 
- Echarged ≥ 15 GeV to 10 GeV
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Neutral Particle Variations

New Measurements with the LEP Archived DatasetsAnthony Badea

Custom variation: 
- Neutral particle energy scale (NES) 
- Neutral particle efficiency (NEE) 
- Thrust w/ MET vector

Vary selections, repeat unfolding, and 
measure change in thrust.

Previous ALEPH result removed all 1-2 GeV neutrals to account 
for generator and detector mismodeling. Since then charged 
particle thrust created  that systematic redefines observable 

 Theory variation handles the generator mismodeling and we 
account for neutral particle energy scale and efficiency 

→
→
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 = 91.2 GeV, Without Neutral Objectss, -e+ALEPH e



Standard ALEPH variation: 
- Track NTPC ≥ 4 to 7 
- Track pT ≥ 0.2 to 0.4 GeV 
- Echarged ≥ 15 GeV to 10 GeV
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Neutral Particle Energy Scale

New Measurements with the LEP Archived DatasetsAnthony Badea

Custom variation: 
- Neutral particle energy scale (NES) 
- Neutral particle efficiency (NEE) 
- Thrust w/ MET vector

Vary selections, repeat unfolding, and 
measure change in thrust.

Vary up/down the neutral particle energy 
spectrum before selections by 5%

2108.04877

https://arxiv.org/abs/2108.04877


Standard ALEPH variation: 
- Track NTPC ≥ 4 to 7 
- Track pT ≥ 0.2 to 0.4 GeV 
- Echarged ≥ 15 GeV to 10 GeV
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Neutral Particle Efficiency

New Measurements with the LEP Archived DatasetsAnthony Badea

Custom variation: 
- Neutral particle energy scale (NES) 
- Neutral particle efficiency (NEE) 
- Thrust w/ MET vector

Vary selections, repeat unfolding, and 
measure change in thrust.

Throw out neutral particles that pass selections 
with probability X%  choose 2.5%→

2108.04877

https://arxiv.org/abs/2108.04877


Standard ALEPH variation: 
- Track NTPC ≥ 4 to 7 
- Track pT ≥ 0.2 to 0.4 GeV 
- Echarged ≥ 15 GeV to 10 GeV
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Missing Momentum Vector Variation

New Measurements with the LEP Archived DatasetsAnthony Badea

Custom variation: 
- Neutral particle energy scale (NES) 
- Neutral particle efficiency (NEE) 
- Thrust w/ MET vector

Vary selections, repeat unfolding, and 
measure change in thrust.

Include MET vector as particle in thrust 
calculation. Effect is well modeled in MC
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Theory MC Prior Unfolding Uncertainty

New Measurements with the LEP Archived DatasetsAnthony Badea

Reweight gen. level Pythia 6 to Pythia 8, Herwig, 
Sherpa. Propagate weights to detector level. 

Repeat unfolding, measure difference w.r.t nominal

Ex. Reweighting Pythia6 
archive to modern Pythia8
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Pythia 8 (RMS 0.59)
Herwig (RMS 3.31)
Sherpa (RMS 4.20)

 = 91.2 GeV, Generator Level Theory Variations, -e+ALEPH e

Up to 
~15x

Up to 
~10x

Example reweight Pythia6 
archive to Pythia8

Large differences in 
throughout spectra
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IBU Comparison

New Measurements with the LEP Archived DatasetsAnthony Badea

To assess the impact of OF, repeated 
with IBU. Notable other differences: 
- Hadronic event selection 

corrected post unfolding with bin-
by-bin correction 

- No tracking efficiency correction 
applied after unfolding 

Performed similar closure check to 
validate procedure
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Uncertainty Breakdown

New Measurements with the LEP Archived DatasetsAnthony Badea
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Neutrals Excluded  New Handling→

New Measurements with the LEP Archived DatasetsAnthony Badea

0

2

4

U
nc

er
t.

[%
]

St
at

. ALEPH archived data e+e° 91.2 GeV

Weighted Poisson Error
Bootstrap Data
Bootstrap MC
Total Stat.

0

2

4

6

Ex
p.

Ensemble
NTPC
Track pT
Charged Energy

Nuetrals Excluded
~pMET Included
Total Exp.

0.1 0.2 0.3 0.4
t

0

10

20

Th
eo

ry

PYTHIA 8.230
SHERPA 2.2.6

HERWIG 7.1.5
Total Theory

0

10

20

U
nc

er
t.

[%
]

St
at

. ALEPH archived data e+e° 91.2 GeV

Weighted Poisson Error
Bootstrap Data
Bootstrap MC
Total Stat.

0

4

8

Ex
p.

Ensemble
NTPC
Track pT
Charged Energy

Include ~pMET
NEE
NES ± 5%
Total Exp.

0.1 0.2 0.3 0.4
t

0

20

40

Th
eo

ry

PYTHIA 8.230
HERWIG 7.1.5

SHERPA 2.2.6
Total Theory



10°2

100

1 s
ds dt

ALEPH archived data e+e° 91.2 GeV

ALEPH (2004)
Corrected data (OF)
Corrected data (IBU)

0.9
1.0
1.1

R
at

io

0.9
1.0
1.1

To
ta

l

0.9
1.0
1.1

St
at

.

0.9
1.0
1.1

Ex
p.

0.0 0.1 0.2 0.3 0.4
t

0.9
1.0
1.1

Th
eo

ry

88

Fully Corrected Thrust Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea

- Good agreement with previous 
ALEPH result and IBU result 

- Possible hint of a systematic 
broadening of the  spectrum, 
with potential  implications 

- Possible sufficient precision to 
expand bins deep in dijet peak 
region for higher granularity 
study of NP regime

τ
αS
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Fully Corrected Thrust Deep Into the IR 

New Measurements with the LEP Archived DatasetsAnthony Badea

- Unbinned result allows us to test with the same 
measurement if the dataset supports dedicated 
fine binning in specific regimes  

- New result probes deep into the IR region where 
the observable  ~  and NP QCD effect 
become significant
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but at the time the main 
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Modern Interest in Thrust Regime (III)

New Measurements with the LEP Archived DatasetsAnthony Badea

3(multi)-jet region

τ = 1-T e.g. see Event Generator Tuning 
(P. Skands) and 1303.4974 

P QCD predictions in multi-jet 
regimes and parton shower 
MC validated and tuned with 

LEP event shapes

4

FIG. 2. Test of NNLL accuracy of the PanGlobal (PGsdf

ω=0)
shower for the cumulative distribution of the Cambridge y23

resolution variable, compared to known results for Z →
qq̄ [52] (left) and H → gg [77] (right). The curves show the
di!erence relative to NNLL for various subsets of ingredients.
Starting from the red curve, DS additionally includes double
soft contributions and 2-jet NLO matching; 3ω includes 3-loop
running of εs and the K

resum

2 term. B2 in the legend refers
only to its resummation part, Bint,NLO

2
. Including all e!ects

(blue line) gives a result that is consistent with zero, i.e. in
agreement with NNLL.

just involve the Sudakov non-emission probability) to
the shower’s double-soft emissions, as anticipated below
Eq. (3). The connection with the ARES NNLL formal-
ism [51, 52, 58] is discussed in Ref. [72], § 4.

Besides the analytic proof, we also carry out a series
of numerical verifications of the NNLL accuracy of sev-
eral parton showers with the above elements, using a
leading-colour limit 2CF = CA = 3. These tests help
provide confidence both in the overall picture and in our
specific implementation for final-state showers. Fig. 2
shows a suitably normalised logarithm of the ratio of the
cumulative shower and resummed cross sections, for a
specific observable, the two-to-three jet resolution pa-
rameter, y23, for the Cambridge jet algorithm [73] in
Z → qq̄ (left) and H → gg (right) processes. Focusing
on the PGsdf

ωps=0
shower, the plots show results with vari-

ous subsets of ingredients. A zero result indicates NNLL
accuracy. Only with 2-jet NLO matching [74], double-
soft corrections [29], B2 [67, 68] terms, 3-loop running of
ωs [75, 76], K2 contributions [58, 66], and the drift cor-
rection of this Letter does one obtain agreement with the
known NNLL predictions [52, 77]. For this shower and
observable, the drift correction dominates.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of ε =
ωs ln v = ↑0.4. With the drifts and all other contribu-
tions included, there is good agreement with the NNLL
predictions [45–52, 58, 61, 77].

Earlier work on NLL accuracy had found that the co-
e!cients of NLL violations in common showers tended
to be moderate for relatively inclusive observables like
event shapes [5]. In contrast, here we see that non-NNLL

FIG. 3. Summary of NNLL tests across observables and
shower variants. Results consistent with zero (shown in green)
are in agreement with NNLL. The observables correspond to
the event shapes used in Ref. [5] and they are grouped accord-
ing to the power (ϑobs) of their dependence on the emission
angle. All showers that include the corrections of this Letter
agree with NNLL.

FIG. 4. Results for the Thrust and Durham y23 [78] ob-
servables with the PanGlobal showers compared to ALEPH
data [79], using εs(MZ) = 0.118. The lower (middle) panel
shows the ratios of the NNLL (NLL) shower variants to data.

showers di”er from NNLL accuracy with coe!cients of
order one. That suggests a potential non-negligible phe-
nomenological e”ect.
Fig. 4 compares three PanGlobal showers with ALEPH

data [79] using Rivet v3 [80], illustrating the showers in
their NLL and NNLL variants, with ω

ms
s (MZ) = 0.118 for

both. We use 2-jet NLO matching [74], and the NODS
colour scheme [6], which guarantees full-colour accuracy
in terms up to NLL for global event shapes. Our showers
are implemented in a pre-release of PanScales [81] v0.2.0,
interfaced to Pythia v8.311 [3] for hadronisation, with
non-perturbative parameters tuned to ALEPH [79, 82]
and L3 [83] data (starting from the Monash 13 tune [84],
cf. Ref. [72] § 5; the tune has only a modest impact on the

PanScales

Pythia8 Vincia

https://pythia.org/download/talks/SkandsPanTuning23.pdf
https://pythia.org/download/talks/SkandsPanTuning23.pdf
https://arxiv.org/abs/1303.4974
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Covariance Matrices
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Sample covariance for bootstraps and ensembles.  
Hessian calculation for theory and exp. systematics.
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Correcting the Spectrum to Particle Level

New Measurements with the LEP Archived DatasetsAnthony Badea

- Implicit corrections and detector 
effects accounted for with unbinned 
unfolding algorithm OmniFold  

- Applied to single observable  

As a high-level reminder, conceptually 
~ unbinned iterative bayesian 
unfolding but very different procedure 
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Andreassen et al. Phys. Rev. Lett. 124, 182001

http://Phys.%20Rev.%20Lett.%20124,%20182001
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
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OmniFold Algorithm
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νn−1

Data
−−−→ ωn

<latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="i+iM1Y2AuIdG+9czSK1qRLZgOsY=">AAACenicdVFNa9wwEJXdr2T7tU2OvYgshZamRq69X7dAe+gxhW4SWJtlrJW9IpJsJDnpYvRDey70V/RQ7WYLTdoOCB5v5s2bGRWN4MYS8i0I791/8PDR3n7v8ZOnz573XxycmbrVlM1oLWp9UYBh gis2s9wKdtFoBrIQ7Ly4/LDJn18xbXitvth1w3IJleIlp2A9tei7Lts2meuqyDsSjUfTOB0fkygZJkk69ICMJklKXKbaRafexQ5nXzWvVha0rq+7TEt8pwXZxvFfwH0EC87ra8kq8M2cW/QHJBqNkjSZYG9JxiSN8cZyOJ2mON4JB2gXp4v+j2xZ01YyZakAY+YxaWze gbacCuZ6WWtYA/QSKjb3UIFkJu+24zn8yjNLXNbaP2Xxlv1T0YE0Zi0LXynBrszd3Ib8V27e2nKSd1w1rWWK3hiVrcC2xpub4yXXjFqx9gCo5n5WTFeggVr/M7dcSrZWsnE9f5jf2+P/g7P3UUyi+HM6OJnsTrSHXqIj9BrFaIxO0Cd0imaIou/BfnAQHAY/w6PwTfj2 pjQMdppDdCvC9Be8rLq6</latexit>

Andreassen et al. Phys. Rev. Lett. 124, 182001

In theory the steps give us the following re-weightings

ωn(m) = νpush
n−1 (m) L [(1,Data), (νpush

n−1 , Sim.)](m)

νn(t) = νn−1(t) L [(ωpull
n , Gen.), (νn−1, Gen.)](t)

where L is the likelihood ratio L[(w, X), (w′￼, X′￼)](x) =
p(w,X)(x)
p(w′￼,X′￼)(x)

sim/gen matching used for
νpush

n (m) = νn(t)

ωpull
n (t) = ωn(m)

and the gen prior is ν0(t)

 Assume we have these, follow the math→

Step 1

Step 2

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
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νn(t)pGen.(t) = (t)νn−1(t)
p

(ωpull
n ,Gen.)(t)

p(νn−1,Gen.)(t)
pGen.

= νn−1(t)
∫ dm pGen.∣Sim.(t ∣ m)pSim.(m)ωn(m)

νn−1(t)pGen.(t)
pGen.(t)

= ∫ dm νn−1(t)
pGen.∣Sim.(t ∣ m)pSim.(m)νpush

n−1 (m)
νn−1pGen.(t)

pdata(m)
p

(νpush
n−1 ,Sim.)(m)

pGen.(t)

→ Use that νpush
n−1 (m) = νn−1(t)

= ∫ dm pdata(m)νn−1(t)
pGen.∣Sim.(t ∣ m)pSim.(m)

pGen.(t)
1

p
(νpush

n−1 ,Sim.)(m)
pGen.(t)

→ Use Bayes' Rule: P(m | t) =
P(t |m)P(m)

P(t)

= ∫ dm pdata(m)νn−1(t)pSim.∣Gen.(m ∣ t)
1

p
(νpush

n−1 ,Sim.)(m)
pGen.(t)

→ Use that p
(νpush

n−1 ,Sim.)(m) = ∫ dt′￼pSim.∣Gen.(m ∣ t′￼)νn−1(t′￼)p(t′￼)

= ∫ dm pdata(m)
pSim.∣Gen.(m ∣ t)νn−1(t)pGen.(t)

∫ dt′￼pSim.∣Gen.(m ∣ t′￼)νn−1(t′￼)p(t′￼)
or as binned version

= ∑
i

mi
Rijtj

∑k Riktk

Step 1

Step 2

 Unbinned IBU→
 Note: could derive from fi→

Simulation

Sy
nt

he
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c
N
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Detector-level
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Generation

Truth

Pull Weights

Push Weights

Step 1: 
Reweight Sim. to Data

Step 2: 
Reweight Gen.

νn−1

ωn

−−→ νn
<latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="aANR4xqa5G8N4A3PGP5I4W3UWFE=">AAACJ3icdVDdShtBGJ21tmpsa6yX3gwGQYQuuxqSeCd446UF8wPZEGYn3yaD87PMzKrLsu/Q1+gL9La+gXeil73xOZxsItTSHhg4nHM+vvlOnHJmbBA8eSvvVt9/WFvfqG1+/PR5q779pWdUpil0 qeJKD2JigDMJXcssh0GqgYiYQz++Opv7/WvQhil5afMURoJMJUsYJdZJ4/phJLNxIb+GJY5uNZvOLNFa3RSREjAlzimdUUXKcb0R+Eet43bYwoHfbJ6ErbYj7VZw0uzg0A8qNNASF+P6czRRNBMgLeXEmGEYpHZUEG0Z5VDWosxASugVmcLQUUkEmFFR3VTifadMcKK0 e9LiSv1zoiDCmFzELimInZm/vbn4L2+Y2aQzKphMMwuSLhYlGcdW4XlBeMI0UMtzRwjVzP0V0xnRhFpX45stCeRSpGXNFfN6Pf4/6R35YeCH35qN086yonW0i/bQAQpRG52ic3SBuoii7+gn+oXuvB/evffgPS6iK95yZge9gff7BX9hqAI=</latexit>

νn−1

Data
−−−→ ωn
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Andreassen et al. Phys. Rev. Lett. 124, 182001

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
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<latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="IV5Rkcz2AJeiGq38yKsp/wTcRwM=">AAACenicdVFLa9wwEJbdV7J9ZJP01ovIUmhpauTa+7ottIceU+gmgbVZZK3sFdHDSHLaxeiH9lzor+ihWm8KTdoOCD6+mW++mVFRc2YsQt+C8N79Bw8f7e33Hj95+uygf3h0blSjCZ0TxZW+LLCh nEk6t8xyellrikXB6UVx9X6bv7im2jAlP9tNTXOBK8lKRrD11LLv2qxrstBVkbcoGo+mcTo+RVEyTJJ06AEaTZIUuUw2y1a+jR3MvmpWrS3WWn1pMy3gnRaoi9O/gPuALXZerwStsG/m3LI/QNFolKTJBHpLNEZpDLeWw+k0hfGNcDB7Dro4W/Z/ZCtFGkGlJRwbs4hR bfMWa8sIp66XNYbWmFzhii48lFhQk7fdeA6+9MwKlkr7Jy3s2D8VLRbGbEThKwW2a3M3tyX/lVs0tpzkLZN1Y6kkO6Oy4dAquL05XDFNieUbDzDRzM8KyRprTKz/mVsuJd1IUbueP8zv7eH/wfm7KEZR/CkdzCa7C4E98AKcgFcgBmMwAx/BGZgDAr4H+8FRcBz8DE/C 1+GbXWkY3GiOwa0I0181Z7sO</latexit><latexit sha1_base64="i+iM1Y2AuIdG+9czSK1qRLZgOsY=">AAACenicdVFNa9wwEJXdr2T7tU2OvYgshZamRq69X7dAe+gxhW4SWJtlrJW9IpJsJDnpYvRDey70V/RQ7WYLTdoOCB5v5s2bGRWN4MYS8i0I791/8PDR3n7v8ZOnz573XxycmbrVlM1oLWp9UYBh gis2s9wKdtFoBrIQ7Ly4/LDJn18xbXitvth1w3IJleIlp2A9tei7Lts2meuqyDsSjUfTOB0fkygZJkk69ICMJklKXKbaRafexQ5nXzWvVha0rq+7TEt8pwXZxvFfwH0EC87ra8kq8M2cW/QHJBqNkjSZYG9JxiSN8cZyOJ2mON4JB2gXp4v+j2xZ01YyZakAY+YxaWze gbacCuZ6WWtYA/QSKjb3UIFkJu+24zn8yjNLXNbaP2Xxlv1T0YE0Zi0LXynBrszd3Ib8V27e2nKSd1w1rWWK3hiVrcC2xpub4yXXjFqx9gCo5n5WTFeggVr/M7dcSrZWsnE9f5jf2+P/g7P3UUyi+HM6OJnsTrSHXqIj9BrFaIxO0Cd0imaIou/BfnAQHAY/w6PwTfj2 pjQMdppDdCvC9Be8rLq6</latexit>

Andreassen et al. Phys. Rev. Lett. 124, 182001

p(n)
unfolded(t) = νn(t)pGen.(t)

= ∫ dm pdata(m)
pSim.∣Gen.(m ∣ t)νn−1(t)pGen.(t)

∫ dt′￼pSim.∣Gen.(m ∣ t′￼)νn−1(t′￼)p(t′￼)

In theory the steps give us the following re-weightings

ωn(m) = νpush
n−1 (m) L [(1,Data), (νpush

n−1 , Sim.)](m)

νn(t) = νn−1(t) L [(ωpull
n , Gen.), (νn−1, Gen.)](t)

where L is the likelihood ratio L[(w, X), (w′￼, X′￼)](x) =
p(w,X)(x)
p(w′￼,X′￼)(x)

sim/gen matching used for
νpush

n (m) = νn(t)

ωpull
n (t) = ωn(m)

and the gen prior is ν0(t)

Step 1

Step 2

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
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How to gain access to the likelihood ratios in Steps 1 
and 2? Train a classifier to minimize the following

Likelihood ratio trick: output of classifier 
asymptotically converges to likelihood ratio
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Andreassen et al. Phys. Rev. Lett. 124, 182001

LBCE[ f ] = − ∫ dx (pA(x)log( f(x)) + pB(x)log(1 − f(x)))
∂L
∂f

= −
∂
∂f (pA(x)log( f(x)) + pB(x)log(1 − f(x)))

= − ( pA(x)
f(x)

−
pB(x)

1 − f(x) )
∂L
∂f

= 0 ⇒
f(x)

1 − f(x)
=

pA(x)
pB(x)  ←

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
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Simulation

Sy
nt

he
ti

c
N

at
ur

al

Detector-level

Data

Particle-level

Generation

Truth

Pull Weights

Push Weights

Step 1: 
Reweight Sim. to Data

Step 2: 
Reweight Gen.

νn−1

ωn

−−→ νn
<latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="USI/aHUkKNmen4gwHqyTXZ7rTGs=">AAACJ3icdVDdShtBGP1W+6Npral615vBUCgFl10bkngX6I2XFhoVsiHMTr5NBudnmZltG5Z9B1/DF/DWvoF3opfe+BydbFqo0h4YOJxzPr75TpoLbl0U3QUrq8+ev3i5tt549XrjzWbz7dax1YVh OGBaaHOaUouCKxw47gSe5gapTAWepGefF/7JNzSWa/XVzXMcSTpVPOOMOi+Nmx8TVYxLtRdXJPlh+HTmqDH6e5loiVPqncobdaQaN1tRuN/51I07JArb7YO40/Wk24kO2j0Sh1GNVn8HahyNmw/JRLNConJMUGuHcZS7UUmN40xg1UgKizllZ3SKQ08VlWhHZX1TRd57 ZUIybfxTjtTq3xMlldbOZeqTkrqZfeotxH95w8JlvVHJVV44VGy5KCsEcZosCiITbpA5MfeEMsP9XwmbUUOZ8zU+2pLhXMm8avhi/lxP/k+O98M4CuMv7Va/t2wI1uAd7MIHiKELfTiEIxgAg3O4hCv4GVwE18FNcLuMrgS/Z7bhEYL7X/gNqFY=</latexit><latexit sha1_base64="aANR4xqa5G8N4A3PGP5I4W3UWFE=">AAACJ3icdVDdShtBGJ21tmpsa6yX3gwGQYQuuxqSeCd446UF8wPZEGYn3yaD87PMzKrLsu/Q1+gL9La+gXeil73xOZxsItTSHhg4nHM+vvlOnHJmbBA8eSvvVt9/WFvfqG1+/PR5q779pWdUpil0 qeJKD2JigDMJXcssh0GqgYiYQz++Opv7/WvQhil5afMURoJMJUsYJdZJ4/phJLNxIb+GJY5uNZvOLNFa3RSREjAlzimdUUXKcb0R+Eet43bYwoHfbJ6ErbYj7VZw0uzg0A8qNNASF+P6czRRNBMgLeXEmGEYpHZUEG0Z5VDWosxASugVmcLQUUkEmFFR3VTifadMcKK0 e9LiSv1zoiDCmFzELimInZm/vbn4L2+Y2aQzKphMMwuSLhYlGcdW4XlBeMI0UMtzRwjVzP0V0xnRhFpX45stCeRSpGXNFfN6Pf4/6R35YeCH35qN086yonW0i/bQAQpRG52ic3SBuoii7+gn+oXuvB/evffgPS6iK95yZge9gff7BX9hqAI=</latexit>

νn−1

Data
−−−→ ωn
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Andreassen et al. Phys. Rev. Lett. 124, 182001

p(n)
unfolded(t) = νn(t)pGen.(t)

= ∫ dm pdata(m)
pSim.∣Gen.(m ∣ t)νn−1(t)pGen.(t)

∫ dt′￼pSim.∣Gen.(m ∣ t′￼)νn−1(t′￼)p(t′￼)

In theory the steps give us the following re-weightings

ωn(m) = νpush
n−1 (m) L [(1,Data), (νpush

n−1 , Sim.)](m)

νn(t) = νn−1(t) L [(ωpull
n , Gen.), (νn−1, Gen.)](t)

Step 1 (NN)

Step 2 (NN)

where L is the likelihood ratio L[(w, X), (w′￼, X′￼)](x) =
p(w,X)(x)
p(w′￼,X′￼)(x)

sim/gen matching used for
νpush

n (m) = νn(t)

ωpull
n (t) = ωn(m)

and the gen prior is ν0(t)

Neural networks used to 
approximate likelihood ratios

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.182001
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How to Unfold with AI, CERN Courier, B. Nachman

Step 1 Step 2 p(n)
unfolded(t) = νn(t)pGen.(t)

https://cerncourier.com/a/how-to-unfold-with-ai/
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DELPHI Thrust Backup
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Corrections to the Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea

(1) Hadronic event selection: 
- High efficiency, but removal of hadronic efficient 
- Removed fraction corrected for via unfolding 

(2) Tracking efficiency: 
- Efficiency to reconstruct charged particles 

accounted for in unfolding 

(3) 1D IBU D’Agostini unfolding with RooUnfold: 
- Implicitly handle (1) - (2) 
- Unfold to correct distribution for detector effects 

in fiducial phase space 

(4) Full Phase Space & EM radiation effects: 
- Bin-by-bin correction to full phase space without 

QED effects

Credit: Jingyu Zhang and Luna (Yi) Chen (Vanderbilt)
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Uncertainties

New Measurements with the LEP Archived DatasetsAnthony Badea

- Experimental uncertainty: 
- Variations in the selections 
- Variations in charged energy and efficiency 
- Variation of neutral energy and efficiency 

- Theory MC prior uncertainty: 
- Max spread from variation of the MC prior in 

unfolding. 4 sets of MC samples used: Pythia 5.7 
and ARIADNE (open data with DELPHI tune), 
Pythia 8.3 and Dire (new MC + DELSIM) 

Not shown also major 1994 vs 1995 differences lead 
to asymmetric and anti-correlated uncertainties

Credit: Jingyu Zhang and Luna (Yi) Chen (Vanderbilt)
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Charged Particle Momentum

New Measurements with the LEP Archived DatasetsAnthony Badea

- MC describes charged particle pT (w.r.t beam line) well at low momentum 
- Uncertainties included for the potential mismodeling of the detector effects

Credit: Jingyu Zhang, 
Luna Chen (Vanderbilt)
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Neutral Particle Energy

New Measurements with the LEP Archived DatasetsAnthony Badea

- MC describes neutral energy spectrum well at high energy (1994 vs 1995 diff.) 
- Require neutral energy < 50 GeV to reduce noise

Credit: Jingyu Zhang, 
Luna Chen (Vanderbilt)
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Fully Corrected Logarithmic Thrust

New Measurements with the LEP Archived DatasetsAnthony Badea

- Repeat full analysis (corrections, 
unfolding, systematics, etc.) with 
dedicated binning for log( ) 

- DELPHI successfully probes also 
deep in the IR regime where the 
observable  ~ 

τ

τ ΛQCD/ s
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Analysis Strategy

New Measurements with the LEP Archived DatasetsAnthony Badea

- Thrust calculated with exact algorithm using 
all particles and missing P 

- 1D D’Agostini unfolding to correct distribution 
in fiducial phase space 

- Bin-by-bin correction to full phase space 
without QED effects 

- 4 sets of MC samples used: Pythia 5.7 and 
ARIADNE (open data with DELPHI tune), 
Pythia 8.3 and Dire (new MC + DELSIM)

Hadronic Event Selection

Credit: Jingyu Zhang, 
Luna Chen (Vanderbilt)
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Uncorrected Thrust Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea

Credit: Jingyu Zhang, 
Luna Chen (Vanderbilt)
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Particle Multiplicity

New Measurements with the LEP Archived DatasetsAnthony Badea

- Tuned Pythia 5 described data the best. Comparable to ALEPH  
- Different modeling of 1994 vs 1995 conditions

Credit: Jingyu Zhang, 
Luna Chen (Vanderbilt)
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Fully Corrected Thrust Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea
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Fully Corrected Thrust Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea
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Fully Corrected Thrust Spectrum

New Measurements with the LEP Archived DatasetsAnthony Badea

Jingyu Zhang 
(Vanderbilt)

Luna Chen 
(Vanderbilt)

- For all particle measurement, a systematic 
shift towards higher thrust w.r.t previous 
DELPHI result 

- For charged particle only measurement, 
cross-check (no systematics) agrees well 
with previous DELPHI result


