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Thanks to all the speakers!
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All the credits are yours, all 
misinterpretations mine!


Apologies for any omissions or 
misunderstandings…

You are giving me a difficult job to 
summarise all of this great work… 
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My prediction: 
you’ll get 
another one for 
Boost 2026
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History 4th theory summary of a PanScalaBooster
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What is a jet?

4

Jets can be formed out of any 4-vector:  

• Simulated particles from monte carlo 

• ID tracks in the detector 

• Other jets 

• …. 

• Boost abstracts!
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1. Map boost abstracts to 3D vectors using NLP 
2. Create massless 4-vectors of these 
3. Cluster with CA, ask for 4 jets (ignore substructure…)
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Can we take out the human bias?
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MLUsing ML for BSM searches

Can we improve our significance on a well-motivated BSM scenario?Results: Signal Significance
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Figure 16: Signal Significance vs. Â‰0
2 and Â‰±

1 masses.

Extending LHC Constrains to SUSY
Constraints to Â‰0

2 and Â‰±
1 masses at a:

Ø 5‡ signal significance for masses
up to 660 (520) GeV.

Ø 3‡ signal significance for masses
up to 770 (620) GeV.

Ø 95% confidence level for masses
up to 880 (750) GeV.

Integrated luminosities of 3000 (150) fb≠1.

Umar Qureshi (Vanderbilt University) Probing SUSY through VBF and ML at the LHC BOOST 2024 17 / 22

Yes we can! 

Using a BDT 
trained on 
kinematic 
variables 
selected with 
‘expert 
knowledge’

Umar QureshiProbing the Supersymmetric Standard Model at the Large Hadron 
Collider through Vector Boson Fusion Processes and Machine Learning

We know there is BSM physics… Can ML boost our search? 

https://agenda.infn.it/event/37093/contributions/234263/
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Using ML for BSM searches

Enhancing LHC searches for Dark Matter with Graph Neural Networks

R. Masełek BOOST2024 31-07-2024

Naive significance for winos

PRELIMINARY

HL-LHCRun-3Can we re-analyse traditional BSM signatures?

Yes we can! 

Train a GNN with both high level and particle-
level input 

Study of monojet SUSY search, aim for jet 
substructure 

Depending on softness they find a good 
coverage of phase-space 

We know there is BSM physics… Can ML boost our search? 

Rafal Masełek

ML

https://agenda.infn.it/event/37093/contributions/234261/
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Using ML for BSM searches

Rafal MasełekEnhancing LHC searches for Dark Matter with Graph Neural Networks

R. Masełek BOOST2024 31-07-2024

Naive significance for winos

PRELIMINARY

HL-LHCRun-3Can we re-analyse traditional BSM signatures?

Yes we can! 

Train a GNN with both high level and particle-
level input 

Study of monojet SUSY search, aim for jet 
substructure 

Depending on softness they find a good 
coverage of phase-space 

We know there is BSM physics… Can ML boost our search? 

“What happens if we add MPI?”

ML

https://agenda.infn.it/event/37093/contributions/234261/
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Using ML for BSM searches

Semi-visible jets, energy-based models, and self-supervision Luigi Favaro

But we don’t know what BSM model to look at! Can we be more model agnostic?

Robustness of DarkCLR
� Anomalies
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DarkCLR
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CLS trained on “Aachen”

Aachen

rinv = 0.2

rinv = 0.5

mmesons = 10 GeV

mmesons = 20 GeV

Representations generalize over di�erent pheno parameters

��/�� Self-supervision for anomaly detection BOOST ���� July ��, ����

“Still early days, but we can try” 

Use density estimation as model-agnostic anomaly 
scores with a NN 

Representation is key  give the NN both real 
symmetries and BSM-inspired augmentations of 
the data  

Robust method: train on one , predict others

→

rinv

better

We know there is BSM physics… Can ML boost our search? 

ML

https://agenda.infn.it/event/37093/contributions/234271/
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Using ML for BSM searches

Efficient machine learning for model-independent tests
But we don’t know what BSM model to look at! Can we be more model agnostic?

Marco Letizia

Also see invited 
contribution of Lorenzo 

Rosasco

Use density estimation as model-agnostic 
anomaly scores but with a kernel function 

Pro’s: it is fast and versatile! 
Control data quality
Test generative models
Classification tasks

HH → J+J,	 H-., H-/, K., K/, ΔM , 	 SUSY (8d), HIGGS (21d)

$ + = 20000, 3ℛ = 5×$ + . 	 $ + = 100, 3ℛ = 5×$ +

   Data: https://zenodo.org/records/4442665

Dimuon final state  ML, Losapio, Rando, Grosso, Wulzer, Pierini, Zanetti, Rosasco, EPJC (2022)

BOOST 2024 - Genova 9

HH → J+J,	 H-., H-/, K., K/, ΔM , 	 SUSY (8d), HIGGS (21d)

$ + = 20000, 3ℛ = 5×$ + . 	 $ + = 100, 3ℛ = 5×$ +

   Data: https://zenodo.org/records/4442665

Dimuon final state  ML, Losapio, Rando, Grosso, Wulzer, Pierini, Zanetti, Rosasco, EPJC (2022)

BOOST 2024 - Genova 9

We know there is BSM physics… Can ML boost our search? 

ML

https://agenda.infn.it/event/37093/contributions/235008/
https://agenda.infn.it/event/37093/contributions/236173/
https://agenda.infn.it/event/37093/contributions/236173/
https://agenda.infn.it/event/37093/contributions/236173/
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The era of foundation models
One model to rule them all

Can we develop a tagger for all types of jets without losing performance?
Accelerating resonance searches via signature-oriented pre-training Congqiao Li

A ‘foundation classifier’ with a simple task: 
connect the jet signature to NP or SM 

Sophon: model based on particle 
transformer architecture 

This pre-trained model can be fine-tuned 
to specific tasks i.e. classification by 
combining with CWoLa

Accelerating resonance search via signature-oriented pre-training

Congqiao Li (Peking University) 31 July, 2024BOOST 2024

BOOST 2024 - Novel techniques

Dijet search capabilities

18

2.4x less data to 
mark a discovery!

further 
x3.5 less

0.3 × {cs, qq}
+ 0.1 × {ccss, qqcs, qqqq}

+ 0.6 × {ccs, ccq, ssc, ssq, qqc, qqs, qqq}

A = 

discr = ∑
jet=1,2

gA,jet

gA,jet + ∑27
l=1 gQCDl,jet

using Sophon’s 
constructed 
discriminant

Byproduct: JetClass-II

ML

https://agenda.infn.it/event/37093/contributions/235009/
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Learning powerful jet representations via self-supervision
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Qibin Liu

The era of foundation models
One model to rule them all

Can we go without labels, with the ultimate aim to directly learn from data?

P-JEPA: transformer network 
that needs to learn how to fill in 
partial jet data in the latent space 

Trained on Sophon’s JetClass-II 

Still underperforms w.r.t. 
supervised learning

¾ AD Significance enhanced using p-jepa:
More visible after transfer learning on labeled jets

¾ Work in progress to reduce the gap with supervised way (e.g. Sophon)

P-jepa + finetune (10M)
P-jepa + few-shot (1k)
P-jepa

Application: Anomaly Detection

Share same framework of AD study in Sophon [2405.12972]

ML

https://agenda.infn.it/event/37093/contributions/235010/
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Streamlined jet tagging network assisted by jet prong structure
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The era of foundation models
One model to rule them all

Don’t rule out the job of the expert!

Transformer network with a ‘cross 
attention’ mechanism: feed in both the 
subjets and the particles in the jets 

Expert knowledge: event orientation 
matters!

IMPROVEMENT USING CROSS ATTENTION  
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Figure 6: Left: The Receiver Operating Characteristic (ROC) curves for the four networks
for the signal BP with mH = 1 TeV. Right: 95% upper limit on the total cross section for
the process gg æ H æ hh (having factored out the SM-like h æ bb̄ decays) at the HL-
LHC with integrated Luminosity 3000 fb≠1 for di�erent ML analyses. The band for each
plot represents the upper and lower values for 5 independent training of di�erent randum
number seeds, and the middle line represents the central values. The ATLAS limits are
extracted from the latest analysis in [44] and linearly scaled to the integrated luminosity of
3000 fb≠1.

exclusively on kinematic information. Replacing the cross-attention layer with a simple
concatenation layer results in a degradation of classification performance by approximately
≥ 4%, as depicted by the green line in the plot.

In the right plot, we present the 95% upper limit on the production cross-section at
the HL-LHC for heavy scalar mass ranges between 600 ≠ 2000 GeV. The dashed black line
represents the limit for the ATLAS analysis [44], with linear scaling of the integrated lumi-
nosity to 3000 fb≠1. For lower masses, mH Æ 1 TeV, all the used transformer models show
enhanced performance over the ATLAS analysis, exhibiting over 10 times better sensitivity.
For larger masses, for which the reconstructed kinematics of the signal are faithful to its
true structure with vanishing background events, the performance of the transformer mod-
els saturates. In fact, for the limit, e.g., mH = 2 TeV, the background events can be easily
removed with a simple cut on the reconstructed distributions of the signal events, which
exhibits a clear di�erence from the background distributions. The transformer network
trained on the jet constituents only does not show a large impact with varying the heavy
scalar mass.

The network performance is subject to training uncertainty and the statistical uncer-
tainty coming from limited training and testing samples. For example, the network perfor-
mance can be influenced by the the random partitioning of the training and test data sets,
and the network performance varies when repeating the training and test steps with new
splits. We repeat the experiment for k times and report the results as bands between the
highest and lowest values. In our results, we use k = 5, and the bands represent the values
of the di�erent represented experiments.

As for optimizing the signal-to-background yield, we enforce a cut on the networks
output score to keep only 20 events of the background. With this choice, we alleviate
the statistical errors that may occur for lower background[88]. The optimized signal and
background events are used to derive the upper limit using the following formula [89]

ZA =
C

2
A

(Ns + Nb) ln (Ns + Nb)(Nb + ‡
2
b
)

N
2
b

+ (Ns + Nb)‡2
b

≠
N

2
b

‡
2
b

ln(1 + ‡
2
b
Ns

Nb(Nb + ‡
2
b
))

BD1/2
, (14)

with Ns and Nb being the number of signal and background events, respectively, and where

14

factor 5 improvement at the same acceptance. 

Cross attention  improves the  rejection  
efficiency significantly

Conversely, when the information of the jet constituents is included using the cross-
attention layer, the attention output distributions for background events are broader, and
the signal distributions are narrower. The fact that background jets lack a multi-prong
structure with broader soft radiations influences the attention output for background events,
increasing the output variations in the feature space.

Finally, we include, alongside the described kinematical information, also the rotation
angle ◊ aligning the fat jet axis to the „ direction after shifting the jet ÷ and „ to the center
of the ÷ ≠ „ plane. This information allows the network to reconstruct the full events and
access the correlation of the jet shape to the other fat jet and the beam axis. In Fig. 8,
we show the ROC curve of the network trained without the ◊ inputs (red) compared to
the ROC curve of our coss-attention model (blue). The improvement on the background
rejection is a factor of four for a signal e�ciency of 80%. Therefore, including ◊ results in a
drastically increased performance. The model with ◊ has higher e�ciency at mJ1 ≥ mh and
pT ≥

mH

2 . In short, the model can focus more on the H æ hh kinematics with ◊ inputs.
We also looked for simple correlations among ◊ and the other kinematical variables, such
as ÷J „J , but did not find any apparent ones contributing to the selection improvement.
(The correlations within the internal structures of the jet will be investigated in future
publications.)
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Figure 8: left) The ROC curve and error band of the full model using ◊ input (red) and the
model without ◊ input (blue). The ROC is obtained by using 20,000 signal and background
testing events. The error is estimated as in Fig. 6. The middle(right) plot shows the signal
e�ciency as varying mJ1(pT J1). The ratio is calculated at 80% of the signal e�ciency for
20,000 signal samples. The e�ciency (without) using ◊ is shown by blue(red) bars indicating
statistical errors. The acceptance of the full model is higher than the one without ◊ input
at mJ1 ≥ mh and pJ1 ≥ mH/2.

5 Interpretation of the transformer encoder results

In the following section, we discuss additional methods to interpret and analyze the results
of the transformer encoder with cross-attention, which performs best in Fig. 6 The inter-
pretation methods are generic and can be further applied to other networks to interpret
their results. As attention-based transformer models excel in capturing intricate spatial
relationships and global context within data, their interpretability becomes paramount.
Interpretation methods for attention-based transformers aim to elucidate the visual cues,
features, and regions that contribute significantly to the model’s predictions. Common
Interpretation Methods are

• Attention Maps: Attention maps visualize the focus of the model by highlighting
the particles in the cloud that receive higher attention. These maps provide a direct

16

Decay correlation is important 
(because QCD background is correlated)  

Mihoko Nojiri

ML

https://agenda.infn.it/event/37093/contributions/234302/
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Streamlined jet tagging network assisted by jet prong structure
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Mihoko Nojiri

The era of foundation models
One model to rule them all

Don’t rule out the job of the expert!

Transformer network with a ‘cross 
attention’ mechanism: feed in both the 
subjets and the particles in the jets 

Another piece of expert knowledge: event 
orientation matters!

IMPROVEMENT USING CROSS ATTENTION  
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Figure 6: Left: The Receiver Operating Characteristic (ROC) curves for the four networks
for the signal BP with mH = 1 TeV. Right: 95% upper limit on the total cross section for
the process gg æ H æ hh (having factored out the SM-like h æ bb̄ decays) at the HL-
LHC with integrated Luminosity 3000 fb≠1 for di�erent ML analyses. The band for each
plot represents the upper and lower values for 5 independent training of di�erent randum
number seeds, and the middle line represents the central values. The ATLAS limits are
extracted from the latest analysis in [44] and linearly scaled to the integrated luminosity of
3000 fb≠1.

exclusively on kinematic information. Replacing the cross-attention layer with a simple
concatenation layer results in a degradation of classification performance by approximately
≥ 4%, as depicted by the green line in the plot.

In the right plot, we present the 95% upper limit on the production cross-section at
the HL-LHC for heavy scalar mass ranges between 600 ≠ 2000 GeV. The dashed black line
represents the limit for the ATLAS analysis [44], with linear scaling of the integrated lumi-
nosity to 3000 fb≠1. For lower masses, mH Æ 1 TeV, all the used transformer models show
enhanced performance over the ATLAS analysis, exhibiting over 10 times better sensitivity.
For larger masses, for which the reconstructed kinematics of the signal are faithful to its
true structure with vanishing background events, the performance of the transformer mod-
els saturates. In fact, for the limit, e.g., mH = 2 TeV, the background events can be easily
removed with a simple cut on the reconstructed distributions of the signal events, which
exhibits a clear di�erence from the background distributions. The transformer network
trained on the jet constituents only does not show a large impact with varying the heavy
scalar mass.

The network performance is subject to training uncertainty and the statistical uncer-
tainty coming from limited training and testing samples. For example, the network perfor-
mance can be influenced by the the random partitioning of the training and test data sets,
and the network performance varies when repeating the training and test steps with new
splits. We repeat the experiment for k times and report the results as bands between the
highest and lowest values. In our results, we use k = 5, and the bands represent the values
of the di�erent represented experiments.

As for optimizing the signal-to-background yield, we enforce a cut on the networks
output score to keep only 20 events of the background. With this choice, we alleviate
the statistical errors that may occur for lower background[88]. The optimized signal and
background events are used to derive the upper limit using the following formula [89]

ZA =
C

2
A

(Ns + Nb) ln (Ns + Nb)(Nb + ‡
2
b
)

N
2
b

+ (Ns + Nb)‡2
b

≠
N

2
b

‡
2
b

ln(1 + ‡
2
b
Ns

Nb(Nb + ‡
2
b
))

BD1/2
, (14)

with Ns and Nb being the number of signal and background events, respectively, and where

14

factor 5 improvement at the same acceptance. 

Cross attention  improves the  rejection  
efficiency significantly

Conversely, when the information of the jet constituents is included using the cross-
attention layer, the attention output distributions for background events are broader, and
the signal distributions are narrower. The fact that background jets lack a multi-prong
structure with broader soft radiations influences the attention output for background events,
increasing the output variations in the feature space.

Finally, we include, alongside the described kinematical information, also the rotation
angle ◊ aligning the fat jet axis to the „ direction after shifting the jet ÷ and „ to the center
of the ÷ ≠ „ plane. This information allows the network to reconstruct the full events and
access the correlation of the jet shape to the other fat jet and the beam axis. In Fig. 8,
we show the ROC curve of the network trained without the ◊ inputs (red) compared to
the ROC curve of our coss-attention model (blue). The improvement on the background
rejection is a factor of four for a signal e�ciency of 80%. Therefore, including ◊ results in a
drastically increased performance. The model with ◊ has higher e�ciency at mJ1 ≥ mh and
pT ≥

mH

2 . In short, the model can focus more on the H æ hh kinematics with ◊ inputs.
We also looked for simple correlations among ◊ and the other kinematical variables, such
as ÷J „J , but did not find any apparent ones contributing to the selection improvement.
(The correlations within the internal structures of the jet will be investigated in future
publications.)
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Figure 8: left) The ROC curve and error band of the full model using ◊ input (red) and the
model without ◊ input (blue). The ROC is obtained by using 20,000 signal and background
testing events. The error is estimated as in Fig. 6. The middle(right) plot shows the signal
e�ciency as varying mJ1(pT J1). The ratio is calculated at 80% of the signal e�ciency for
20,000 signal samples. The e�ciency (without) using ◊ is shown by blue(red) bars indicating
statistical errors. The acceptance of the full model is higher than the one without ◊ input
at mJ1 ≥ mh and pJ1 ≥ mH/2.

5 Interpretation of the transformer encoder results

In the following section, we discuss additional methods to interpret and analyze the results
of the transformer encoder with cross-attention, which performs best in Fig. 6 The inter-
pretation methods are generic and can be further applied to other networks to interpret
their results. As attention-based transformer models excel in capturing intricate spatial
relationships and global context within data, their interpretability becomes paramount.
Interpretation methods for attention-based transformers aim to elucidate the visual cues,
features, and regions that contribute significantly to the model’s predictions. Common
Interpretation Methods are

• Attention Maps: Attention maps visualize the focus of the model by highlighting
the particles in the cloud that receive higher attention. These maps provide a direct

16

Decay correlation is important 
(because QCD background is correlated)  

better

ML

https://agenda.infn.it/event/37093/contributions/234302/
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Does equivariance make better models?

18

Alexander BogatskiyWhat is the ideal information to give to an architecture (PELICAN)?

Two methods to break the 
invariance: 
• Spurion: explicitly add vectors 

that indicate a preferred 
direction 

• Input: add energy/momenta 
components

15

Hierarchy of symmetries
SO1,3

SE2SO3

SO2 ℝ 1

1

Add spurion:  
Add input:        

(1,0,0,0)
EiEj

Add spurion:  
Add input:     

(0,0,0,1)
pi,z pj,z

No spurions 
Input:        dij

4 spurions:  etc. 
4 inputs: 

(1,0,0,0), (0,1,0,0),
EiEj ⊕ pi,x pj,x ⊕ pi,ypj,y ⊕ pi,z pj,z Alternatively: 5 inputs including dij = EiEj − ⃗pi ⋅ ⃗pj

17

Quark/gluon tagging
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Quark-gluon tagging performance

SO2-spurions (m=0)

1-spurions (m=0)

SO2-inputs (E, pz, d)

1-inputs (E, px, py, pz, d)

1-inputs (E, px, py, pz)

SO1,3 (baseline)

Lorentz-invariant only

Non-invariant inputs only

Both

Increase network width

Dataset: 
Komiske, Metodiev, Thaler [1810.05165]

Best networks: combination of both methods. 

ML

https://agenda.infn.it/event/37093/contributions/235011/
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SPECTER: Efficient Evaluation of the Spectral EMD

19

Rikab Gambhir

The EMD provides a way to compare jets but it is hard to calculate

Solution: Spectral EMD

5LNDE�*DPEKLU�±�%2267�±����-XO\�����

��������LV�)$67��%2267('��

��

>5*��/DUNRVNL��7KDOHU����;;�;;;;@

5XQQLQJ�RQ�D�VLQJOH�*38�RQ�P\�ORFDO�FRPSXWH�FOXVWHU�«�

+LJKO\�SDUDOOHOL]HG��
(IILFLHQF\�JDLQV�E\�
SURFHVVLQJ�PDQ\�
HYHQWV�DW�RQFH�

:RUVW�FDVH�6(0'�VFDOLQJ�LV�
2�1�ORJ1��«���������
EHDWV�LW�LQ�SUDFWLFDO�VHWWLQJV�

6(0'V�EHWZHHQ�MHWV�
ZLWK�a����SDUWLFOHV�
FDQ�EH�FRPSXWHG�DW�D�
UDWH�RI�RQH�PLOOLRQ�
6(0'V�SHU�VHFRQG��

Bonus: some observables 
have a closed form  
amenable to analytic 
calculations

→

Respects symmetry 
properties, fast to evaluate

https://agenda.infn.it/event/37093/contributions/234299/
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The EMD provides a way to compare jets but it is hard to calculate

Solution: Spectral EMD

5LNDE�*DPEKLU�±�%2267�±����-XO\�����

��������LV�)$67��%2267('��

��

>5*��/DUNRVNL��7KDOHU����;;�;;;;@

5XQQLQJ�RQ�D�VLQJOH�*38�RQ�P\�ORFDO�FRPSXWH�FOXVWHU�«�

+LJKO\�SDUDOOHOL]HG��
(IILFLHQF\�JDLQV�E\�
SURFHVVLQJ�PDQ\�
HYHQWV�DW�RQFH�

:RUVW�FDVH�6(0'�VFDOLQJ�LV�
2�1�ORJ1��«���������
EHDWV�LW�LQ�SUDFWLFDO�VHWWLQJV�

6(0'V�EHWZHHQ�MHWV�
ZLWK�a����SDUWLFOHV�
FDQ�EH�FRPSXWHG�DW�D�
UDWH�RI�RQH�PLOOLRQ�
6(0'V�SHU�VHFRQG��

Bonus: some observables 
have a closed form  
amenable to analytic 
calculations

→

Respects symmetry 
properties, fast to evaluate

Aren’t we losing too 
much information? What 
do typical event-shape 
observables look like?

Rikab Gambhir

https://agenda.infn.it/event/37093/contributions/234299/
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Jets physics

Classification/tagging

Simulation

-RXVSHYGXMSR

�

,S[�XS�XIEGL�%-�EFSYX�NIXW#
Mikuni

Unfolding

Anomaly detection

“Can we learn the language of jets?”
Reyes-Gonzalez

Can we combine all tasks into one tool?

ML

https://agenda.infn.it/event/37093/contributions/234300/
https://agenda.infn.it/event/37093/contributions/234301/
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Supervised learning

22

Self-supervised learning
Omnilearn The language of jets
GGN + transformer network Self-supervised transformer network

Vinicius Mikuni Humerto Reyes-Gonzalez
ML

https://agenda.infn.it/event/37093/contributions/234300/
https://agenda.infn.it/event/37093/contributions/234301/
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Omnilearn The language of jets)ZEPYEXMSR

�

��HMJJIVIRX�NIX�GEXIKSVMIW��%/��NIXW�WMQYPEXIH�MR�TT�GSPPMWMSRW�[MXL�
1EHKVETL���4]XLME��[MXL�'17�(IPTLIW�HIXIGXSV�WMQYPEXMSR

&IXXIV�XLER�EPP�RSR�ǕRI�XYRIH�
QSHIPW�ERH�WMQMPEV�XS�4EVX8�
TIVJSVQERGI

)ZEPYEXMSR�HEXEWIXW��� Classification

16

.IX�+IRIVEXMSR

��

)ZEPYEXMSR�HEXEWIXW���

+VIEX�KIRIVEXMSR�
UYEPMX]�EGVSWW�
QYPXMTPI�QIXVMGW

Tagging

Simulation
Generation: g/q

11

Unfolding

9RJSPHMRK

��

)ZEPYEXMSR�HEXEWIXW���

9RFMRRIH�9RJSPHMRK�YWMRK�XLI�3QRM*SPH�
[SVOǖS[��1SVI�TVIGMWI�XLER�XVEHMXMSREP�
YRJSPHMRK�ERH�QSVI�IǗGMIRX�XLER�TVIZMSYW�
10�QSHIPW

Supervised learning Self-supervised learning
Vinicius Mikuni Humerto Reyes-Gonzalez

ML

https://agenda.infn.it/event/37093/contributions/234300/
https://agenda.infn.it/event/37093/contributions/234301/
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Vinicius Mikuni

Omnilearn The language of jets

Humerto Reyes-Gonzalez

)ZEPYEXMSR

�

��HMJJIVIRX�NIX�GEXIKSVMIW��%/��NIXW�WMQYPEXIH�MR�TT�GSPPMWMSRW�[MXL�
1EHKVETL���4]XLME��[MXL�'17�(IPTLIW�HIXIGXSV�WMQYPEXMSR

&IXXIV�XLER�EPP�RSR�ǕRI�XYRIH�
QSHIPW�ERH�WMQMPEV�XS�4EVX8�
TIVJSVQERGI

)ZEPYEXMSR�HEXEWIXW��� Classification

16

.IX�+IRIVEXMSR

��

)ZEPYEXMSR�HEXEWIXW���

+VIEX�KIRIVEXMSR�
UYEPMX]�EGVSWW�
QYPXMTPI�QIXVMGW

Tagging

Simulation
Generation: g/q

11

Unfolding

9RJSPHMRK

��

)ZEPYEXMSR�HEXEWIXW���

9RFMRRIH�9RJSPHMRK�YWMRK�XLI�3QRM*SPH�
[SVOǖS[��1SVI�TVIGMWI�XLER�XVEHMXMSREP�
YRJSPHMRK�ERH�QSVI�IǗGMIRX�XLER�TVIZMSYW�
10�QSHIPW

The fineprint: are we learning jet physics, or Pythia? 

Supervised learning Self-supervised learning
ML

https://agenda.infn.it/event/37093/contributions/234300/
https://agenda.infn.it/event/37093/contributions/234301/
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Towards NNLL accurate parton showers

25

Generators

Jack Helliwell

NNLL accuracy tests

⌅ For the showers which are not NNLL accurate, we see that coefficient of the
spurious NNLL terms is O(2 � 3), suggesting a sizeable phenomenological
impact.

arxiv:2406.02661, M. Van Beekveld, M. Dasgupta, B. El-Menoufi, S. Ferrario Ravasio, K.
Hamilton, JH, A. Karlberg, P. Monni, G. Salam, L. Scyboz, A. Soto-Ontoso, G. Soyez

J.Helliwell (U.O.O) NNLL Parton Showers BOOST 2024 14 / 30

This is the first time a parton shower
has achieved NNLL accuracy for event

shapes!

We saw:

1. Many ML models trained on MC 

data

2. Many data-MC discrepancies

We want AI to learn nature, not MC

The era of parton showers that 
achieve a higher formal accuracy

https://agenda.infn.it/event/37093/contributions/234326/
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Towards NNLL accurate parton showers

26

Generators

Comparison to LEP data

↵s(mZ) = 0.118
Colour is handled using the NODS scheme which gives full colour
accuracy at NLL for global observables (includes those shown)

⌅ Inclusion of NNLL potentially
resolves the issue of needing
an anomalously large value of
↵s(mZ) to achieve good
agreement with LEP data.
(↵s(mZ) = 0.137 in Pythia’s
Monash 13 tune *
arxiv:1404.5630, Skands, Carrazza,
Rojo )

⌅ Some caution needed as no
3-jet NLO matching, which is
known to be relevant away
from the 2-jet region.

⌅ A comprehensive study of
shower uncertainties is still to
be done.

*This should be taken as an average ↵eff
s not an ↵MS

s
J.Helliwell (U.O.O) NNLL Parton Showers BOOST 2024 15 / 30

Work towards pp is ongoing

We saw:

1. Many ML models trained on MC 

data

2. Many data-MC discrepancies

We want AI to learn nature, not MC

The era of parton showers that 
achieve a higher formal accuracy

Jack Helliwell

https://agenda.infn.it/event/37093/contributions/234326/
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&ULVWLDQ�%DOGHQHJUR��6DSLHQ]D� %2267�����
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6LPLODU�UHVXOWV�UHJDUGOHVV�RI�SDUWRQ�IODYRU�RI�WKH�KDUG�VFDWWHULQJ�
&DQ�EH�FKHFNHG�LQ�GDWD�Z��WLJKW�FXWV�RQ�TXDUN�YV�JOXRQ�WDJJHUV�

��� ����

ƘƛĞşŇŨŇŪóƛǘ ƘƛĞşŇŨŇŪóƛǘ

High-purity gluon jet showers using secondary Lund jet planes

27

New 
observables

Can we constrain the gluon shower better?
Input for e.g. heavy-ion studies and jet calibration

Use the 
secondary Lund 

jet plane

Cristian Barrera

https://agenda.infn.it/event/37093/contributions/234321/
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High-purity gluon jet showers using secondary Lund jet planes
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New 
observables

Can we constrain the gluon shower better?
Input for e.g. heavy-ion studies and jet calibration

Use the 
secondary Lund 

jet plane

&ULVWLDQ�%DOGHQHJUR��6DSLHQ]D� %2267�����

0RGHO�GLVFULPLQDWLRQ�SRZHU�
VHFRQGDU\�/XQG�SODQH�YV�SULPDU\�/XQG�SODQH�RI�JOXRQV��JJĺJJ�

��

ƘƛĞşŇŨŇŪóƛǘ ƘƛĞşŇŨŇŪóƛǘ Can we 
understand this 

generator-
dependence? Is 

any of them 
correct?

Cristian Barrera

https://agenda.infn.it/event/37093/contributions/234321/
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Heavy Quark Fragmentation in e+e- Collisions to NNLO+NNLL 
Accuracy in Perturbative QCD

29

New 
calculations

How do heavy quarks fragment into hadrons (w one heavy quark)?

They came one year early
Leonardo Bonino

Introduction

•   

• Initial conditions  @ NNLO [Melnikov, Mitov ’04] [Mitov ’04] [Maltoni et al. ‘22] 

• DGLAP Evolution (ZM-VFNS @ NLO)  with MELA [Bertone et al. ‘15] [Ridolfi et al. ’19] 

• Coefficient functions  @ NNLO [Rijken, van Neerven ’97] [Blümlein, Ravindran ‘06] [Mitov, Moch ‘06] 

• Poor behaviour in large-  ( ) region (Sudakov region) 

• Need resummation @ NNLL in initial conditions and coefficient functions [Cacciari, Catani ‘01] [Aglietti 

et. al ‘06] [Maltoni et al. ‘22] [Czakon et al. ‘22]

1
σtot

!
σ! (Q, m) = 1

σtot
!

σ(0) ∑
i,j

Ci (Q, μ, μF) Eij (μF, μ0F) Dj→! (μ0F, m)

Dj→!

Eij

Ci

N x → 1

Perturbative ingredients

3

2 factorisation scales: 
 and  μF μ0F

Leonardo Bonino

https://agenda.infn.it/event/37093/contributions/234285/
https://agenda.infn.it/event/37093/contributions/234285/
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New 
calculations

They came one year early
Leonardo Bonino

Introduction

•   

• Initial conditions  @ NNLO [Melnikov, Mitov ’04] [Mitov ’04] [Maltoni et al. ‘22] 

• DGLAP Evolution (ZM-VFNS @ NLO)  with MELA [Bertone et al. ‘15] [Ridolfi et al. ’19] 

• Coefficient functions  @ NNLO [Rijken, van Neerven ’97] [Blümlein, Ravindran ‘06] [Mitov, Moch ‘06] 

• Poor behaviour in large-  ( ) region (Sudakov region) 

• Need resummation @ NNLL in initial conditions and coefficient functions [Cacciari, Catani ‘01] [Aglietti 

et. al ‘06] [Maltoni et al. ‘22] [Czakon et al. ‘22]

1
σtot

!
σ! (Q, m) = 1

σtot
!

σ(0) ∑
i,j

Ci (Q, μ, μF) Eij (μF, μ0F) Dj→! (μ0F, m)

Dj→!

Eij

Ci

N x → 1

Perturbative ingredients

3

2 factorisation scales: 
 and  μF μ0F

Flashback to 2017

Only one year off!

Leonardo Bonino
How do heavy quarks fragment into hadrons (w one heavy quark)?

https://agenda.infn.it/event/37093/contributions/234285/
https://agenda.infn.it/event/37093/contributions/234285/
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New 
calculations

Extraction of FF is OK for bottom…

Single-point fits
CNO bottom single-point fits up to NNLO + NNLL
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• Recall: non-perturbative FF factorised 
 

• Our take: as simple as possible  

• Single parameter non-perturbative function
 [Kartvelishvili et al. ’78] 

• “Fit” moments between  and  (relevant for hadronic 
collisions) 

•   

•  values stable in  

• NNLO+NNLL results closer to data  smaller non-
perturbative component

σh(N, Q) = σ!(N, Q, m)Dnp
!→h(N, {par})

Dnp
K (x) = (α + 1)(α + 2)xα(1 − x)

2 8

Dnp = data/(pert . theo)
α N

→

Bottom

Single-point fits
CNO bottom single-point fits up to NNLO + NNLL
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• Our take: as simple as possible  

• Single parameter non-perturbative function
 [Kartvelishvili et al. ’78] 

• “Fit” moments between  and  (relevant for hadronic 
collisions) 

•   

•  values stable in  

• NNLO+NNLL results closer to data  smaller non-
perturbative component
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CNO bottom single-point fits up to NNLO + NNLL

8

0.5

0.6

0.7

0.8

0.9

1

D
np

SLD
ALEPH
OPAL
DELPHI

15

20

25

30

35

40

45

2 3 4 5 6 7 8

Ka
rt.
�

N

NLO CNO f=1.25
NNLO CNO f=1.25

• Recall: non-perturbative FF factorised 
 

• Our take: as simple as possible  

• Single parameter non-perturbative function
 [Kartvelishvili et al. ’78] 

• “Fit” moments between  and  (relevant for hadronic 
collisions) 

•   

•  values stable in  

• NNLO+NNLL results closer to data  smaller non-
perturbative component

σh(N, Q) = σ!(N, Q, m)Dnp
!→h(N, {par})

Dnp
K (x) = (α + 1)(α + 2)xα(1 − x)
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… but not so much for charm

Single-point fits
CNO charm single-point fits up to NNLO + NNLL
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• @ NLO+NLL 

•  values stable in  

• Stable under variation of  

• @ NNLO+NNLL 

•  large dependency of  on  

•  mandatory choice

α N

f

α N

f = 2.0

: CNO regularisation parameter f

Charm
Leonardo Bonino

Which regularisation scheme is 
more sensible? Do we need to 
come up with something new?

How do heavy quarks fragment into hadrons (w one heavy quark)?

https://agenda.infn.it/event/37093/contributions/234285/
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Towards Quarkonium Fragmentation from Heavy-Flavor Non-
Relativistic Evolution

32

New 
calculations

Heavy-Flavor Non-Relativistic evolution

3.1  The best of the Two Worlds

Hadronic structure 

Quarkonium theory

Precision QCD 

COllinear Factorization

 Guiding principle      ¡ Use the best of the Two Worlds as much as we can !   ⇒

7Heavy flavor non relativistic evolution

Francesco Celiberto
How do heavy quarks fragment into hadrons (w one heavy quark)?

two

https://agenda.infn.it/event/37093/contributions/234287/
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New 
calculations

Heavy-Flavor Non-Relativistic evolution

3.1  The best of the Two Worlds

Hadronic structure 

Quarkonium theory

Precision QCD 

COllinear Factorization

 Guiding principle      ¡ Use the best of the Two Worlds as much as we can !   ⇒

7

[F. G. C., in preparation]

NRFF1.0:  Gluon fragmentation to charmonia

22
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4.1  NRFF1.0 functions

Scalar  ηc

 “next up: quarkonium jet substructure”

Francesco Celiberto
How do heavy quarks fragment into hadrons (w one heavy quark)?

two

https://agenda.infn.it/event/37093/contributions/234287/
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One-loop gauge invariant amplitudes with a spacelike gluon in 
hybrid kT-factorization

34

New 
calculations

Alessandro Giachino 
 factorisation naturally describes small-x / forward physics better kT

Issue: difficult to formulate beyond LO

KLMN = KMN + KLMNBOPQ + KLMNRSTUVPQ

WXY WZXY[\]^_`a

WZXYbc`a Subtraction
scheme

We presented a subtraction scheme for the 
calculation of the real-radiation

contribution. We did implement the 
scheme and performed calculations for all
processes relevant for 2-jet production as
NLO, and found that the subtracted real-
radiation integrals indeed converge [**]

The Λ dependent contributions have UNIVERSAL structure: 
this is a fundamental step to calculate NLO cross sections in 

hybrid kT-factorization! [*]

[*] E. Blanco, A. G., A. van Hameren, P. Kotko, Nucl. Phys. B 995 (2023). 
[**] A. G., A. van Hameren and G. Ziarko, J. High Energ. Phys. 2024, 167 (2024)

“Stay tuned for automated NLO calculations” 

Let’s start with a hybrid 
approach first!

https://agenda.infn.it/event/37093/contributions/234327/
https://www.sciencedirect.com/science/article/pii/S0370269319304381


Melissa van Beekveld Boost 2024 theory summary

Heavy flavour jet substructure

35

New 
calculations

Deadcone
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7

Lund Plane for massive particles 
[Ghira, Marzani, Ridolfi (2309.06139)]

In the massive case the following we have 

● to consider the quasi-collinear splitting function 

● to modify the PS (aka the Lund Plane) introducing
a new boundary (dead cone e>ect) 

 new vertical lines→

●  to introduce boundaries corresponding to
4 and 5 active flavour treshold (or 3 and 4)

 new horizontal lines→

● to take into account that the observable might 
explicitly depends on the HQ mass 

 dashed lines are deformed→   

Observables studied (or under investigation) exploiting this framework:

see Andrea’s talkthis talk

Heavy flavour jet substructure

36

New 
calculations

Reuse the massless resummation techniques for the massive case 

Andrea Ghira

Simone Caletti

https://agenda.infn.it/event/37093/contributions/234258/
https://agenda.infn.it/event/37093/contributions/234259/
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Soft-drop  and  zg θg

37

New 
calculationsJet angularities

  

9

SoftDrop ϑg at NLL
[SC, Ghira, Marzani (2312.11623)]

Heavy quark jets allow to explore the dead-cone e>ect and to study 
heavy-quark fragmentation.

HERWIG 7.2.2 at LO+PS

13 TeV c.o.m. energy
Jets are AKT with R = 0.4
pt,jet > 50, 150 or 300  GeV and |Pjet| < 2.4
pt,mu > 26 GeV and |Pmu|<2.4
 

Deadcone 
suppression

Andrea GhiraSimone Caletti

https://agenda.infn.it/event/37093/contributions/234258/
https://agenda.infn.it/event/37093/contributions/234259/
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New 
calculationsJet angularities

  

9

SoftDrop ϑg at NLL
[SC, Ghira, Marzani (2312.11623)]

Heavy quark jets allow to explore the dead-cone e>ect and to study 
heavy-quark fragmentation.

HERWIG 7.2.2 at LO+PS

13 TeV c.o.m. energy
Jets are AKT with R = 0.4
pt,jet > 50, 150 or 300  GeV and |Pjet| < 2.4
pt,mu > 26 GeV and |Pmu|<2.4
 

Large non-perturbative effects, 
no agreement with NLL

Simone Caletti Andrea Ghira

https://agenda.infn.it/event/37093/contributions/234259/
https://agenda.infn.it/event/37093/contributions/234258/


Melissa van Beekveld Boost 2024 theory summary

Soft-drop  and  zg θg
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New 
calculationsJet angularities

  

9

SoftDrop ϑg at NLL
[SC, Ghira, Marzani (2312.11623)]

Heavy quark jets allow to explore the dead-cone e>ect and to study 
heavy-quark fragmentation.

HERWIG 7.2.2 at LO+PS

13 TeV c.o.m. energy
Jets are AKT with R = 0.4
pt,jet > 50, 150 or 300  GeV and |Pjet| < 2.4
pt,mu > 26 GeV and |Pmu|<2.4
 

Possible definitions in  collisions

55

� The cumulative distribution associated to the dotted variable cannot be computed in 
resummed perturbation theory (does not vanish at Born level)

� All these variables do not coincide when one take the quasi-collinear limit

What definition to take?
WTA axis (massless) WTA axis (massive) 

Goal: highest sensitivity to 
deadcone effect

Large non-perturbative effects, 
no agreement with NLL

Simone Caletti Andrea Ghira

https://agenda.infn.it/event/37093/contributions/234259/
https://agenda.infn.it/event/37093/contributions/234258/
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New 
calculationsJet angularities

  

9

SoftDrop ϑg at NLL
[SC, Ghira, Marzani (2312.11623)]

Heavy quark jets allow to explore the dead-cone e>ect and to study 
heavy-quark fragmentation.

HERWIG 7.2.2 at LO+PS

13 TeV c.o.m. energy
Jets are AKT with R = 0.4
pt,jet > 50, 150 or 300  GeV and |Pjet| < 2.4
pt,mu > 26 GeV and |Pmu|<2.4
 

Possible definitions in  collisions

55

� The cumulative distribution associated to the dotted variable cannot be computed in 
resummed perturbation theory (does not vanish at Born level)

� All these variables do not coincide when one take the quasi-collinear limit

What definition to take?

Don’t resum well

Have larger NP corrections

Take α = 1
Large non-perturbative effects, 

no agreement with NLL

Simone Caletti Andrea Ghira

https://agenda.infn.it/event/37093/contributions/234259/
https://agenda.infn.it/event/37093/contributions/234258/
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Soft-drop  and  zg θg
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New 
calculations

  

9

SoftDrop ϑg at NLL
[SC, Ghira, Marzani (2312.11623)]

Heavy quark jets allow to explore the dead-cone e>ect and to study 
heavy-quark fragmentation.

HERWIG 7.2.2 at LO+PS

13 TeV c.o.m. energy
Jets are AKT with R = 0.4
pt,jet > 50, 150 or 300  GeV and |Pjet| < 2.4
pt,mu > 26 GeV and |Pmu|<2.4
  “Stay tuned for ECFs”

Non perturbative effects on groomed 
distributions (preliminary results)

14

� The dashed line are the ratio ஊ್
ೌೝ�
ஊೌೝ

� ఈߣ more stable against the inclusion of non perturbative effects
� The scalar product observable are far more sensitive to non perturbative-

correction

Non perturbative effects on groomed 
distributions (preliminary results)

14

� The dashed line are the ratio ஊ್
ೌೝ�
ஊೌೝ

� ఈߣ more stable against the inclusion of non perturbative effects
� The scalar product observable are far more sensitive to non perturbative-

correction

Too early 
onset of the 
deadcone 

effect?

Non perturbative effects on groomed 
distributions (preliminary results)

14

� The dashed line are the ratio ஊ್
ೌೝ�
ஊೌೝ

� ఈߣ more stable against the inclusion of non perturbative effects
� The scalar product observable are far more sensitive to non perturbative-

correction

Dashed:

Can we understand these 
differences better?

Large non-perturbative effects, 
no agreement with NLL

Jet angularities
Simone Caletti Andrea Ghira

https://agenda.infn.it/event/37093/contributions/234259/
https://agenda.infn.it/event/37093/contributions/234258/
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Heavy flavour jet substructure for heavy ion collisions

42

New 
calculations

Can we get a pure measurement of emissions originating from medium?
Medium-induced emissions appear at angles < deadcone  isolate this region!→

Caucal, Iancu, Soyez
Vacuum emissions 

happen fast, medium 
dynamics happen 

later  extend this 
picture to account for 

quark masses

→

Chang Wu

Phenomenology: zg in dense medium

Combination of incoherent energy loss affecting vacuum-like splitting and a small zg
peak associated with the SD condition being triggered by MIE.

Chang (Technion) PSR2024
BOOST 2024 July 30, 2024
18 / 22

Ratio medium over vacuum  distributionzg

medium-
induced 

emissions

vacuum-
induced 

emissions

https://arxiv.org/abs/1907.04866
https://agenda.infn.it/event/37093/contributions/234293/
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Unbiased quantification of jet energy loss

43

João Silva

New 
observables

Can we estimate jet energy loss when they travel through a medium?
We want to compare vacuum and medium predictions, but hard because of pT 
migration  we need to calculate this migration (or have a hard probe)→

  Energy loss dependence on color charge

Unbiased quantification of jet energy loss João M. Silva 17

(Pseudo-)Quantiles, 
introduced by J. 
Brewer, J. Milhano, J. 
Thaler can do this for 
you See ATLAS

https://agenda.infn.it/event/37093/contributions/234290/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://arxiv.org/pdf/2303.10090
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Unbiased quantification of jet energy loss
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João Silva

New 
observables

Can we estimate jet energy loss when they travel through a medium?
We want to compare vacuum and medium predictions, but hard because of pT 
migration  we need to calculate this migration (or have a hard probe)→

(Pseudo-)Quantiles, 
introduced by J. 
Brewer, J. Milhano, J. 
Thaler can do this for 
you

  Energy loss dependence on color charge

Unbiased quantification of jet energy loss João M. Silva 19
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Casimir scaling is significantly reduced with respect to 
naive single parton scaling

ΔpT = pv
T − pq

T

https://agenda.infn.it/event/37093/contributions/234290/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.222301


Melissa van Beekveld Boost 2024 theory summary

Event shapes of High Multiplicity Jets
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New 
observables

Cari CesarottiIntrigued by an experimental observation…

20 Cesarotti 

COLLECTIVITY & JETS 
Using these observables, can we see flow in jets?

CMS 2312.17103

Can we build a MC chain that predicts this?

24 Cesarotti 

OUTLOOK 
Pipeline for studying hydrodynamics in jets

(Work in progress)

Pythia 8
Simulate CMS 

jet samples

Trajectum
Apply 

hydrodynamics to jet 
constituents

Compute 
Event Shapes
See if with hydro we 

can better match 
data

Compare  to ring EMD? 
(See ATLAS 2305.16930)

v2Could reveal more about the 
nature of QCD!

Elliptic anisotropy coefficient for large  separationη

Are we seeing new QCD dynamics?

https://agenda.infn.it/event/37093/contributions/234296/
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Single heavy baryon study via spectra and decay width
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New 
calculations

Where do we need to look to find new hadrons and their excitations?
To get full info: calculate their mass spectrum AND their decay widths

Contents Motivation Model Results Decay widths Summary

Phenomenological model I

The masses of the heavy singly baryon states are calculated as the
eigenvalues of the Hamiltonian , E. Santopinto, A. Giachino, J.
Ferretti, H. Garcia-Tecocoatzi, M.A. Bedolla, R. Bijker, E.
Ortiz-Pacheco, EPJC 79(12), 1012 (2019), which is modeled as:

H = Hh.o. + Ps S
2 + Psl S · L+ PI I 2 + Pf C2(SU(3)f), (1)

S,L, I and C2(SU(3)f) are the spin, orbital momentum, isospin and
Casimir operators, respectively.

We describe the observed excited states of ⌦c , ⌃c , ⇤c , ⌅c , and ⌅0
c

at the same time, PRD107 034031 (2023)

We recently study the ⌦b, ⌃b, ⇤b, ⌅b, and ⌅0
b states

We work within the quark-model framework H. Garcia-Tecocoatzi,
A. Giachino, A. Ramirez-Morales, A. Rivero-Acosta, E. Santopinto,
and C. Vaquera e-Print: 2307.00505 [hep-ph] (2024)

Hugo Garcia-Tecocoatzi Istituto Nazionale di Fisica Nucleare Sezione di Genova

Spectroscopy 10 / 20

Contents Motivation Model Results Decay widths Summary

Strong decay widths

The two-body strong decay widths are calculated with the predicted
masses and their predicted quantum numbers

The 3
P0 model is used for calculating the strong-decay widths of a

singly heavy baryon A into a singly heavy baryon B plus a meson C ,
or a singly heavy baryon A into a light baryon B plus a heavy meson
C , A ! BC

� =
2⇡�2

0

2JA + 1
�A!BC (q0)

X

MJA
,MJB

|MMJA
,MJB |2 (4)

Hugo Garcia-Tecocoatzi Istituto Nazionale di Fisica Nucleare Sezione di Genova

Spectroscopy 17 / 20

Hugo Tecocoatzi

https://agenda.infn.it/event/37093/contributions/234281/
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Single heavy baryon study via spectra and decay width
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New 
calculations

Contents Motivation Model Results Decay widths Summary

Results for ⌦c ,PRD107 034031 (2023)

Three-quark model vs quark-diquark model

H. Garcia-Tecocoatzi, A. Giachino, J. Li, A. Ramirez-Morales, and E.
Santopinto, PRD107 034031 (2023)

Hugo Garcia-Tecocoatzi Istituto Nazionale di Fisica Nucleare Sezione di Genova

Spectroscopy 12 / 20

Predicted spectrum for Ωc Contents Motivation Model Results Decay widths Summary

New ⌦c states observed by LHCb, PRL131 131902(2023)

New state ⌦c(3327) with mass=3327.1± 1.2 MeV and � = 20± 5 MeV

H. Garcia-Tecocoatzi, A. Giachino, J. Li, A. Ramirez-Morales, and E.
Santopinto, PRD107 034031 (2023)

Hugo Garcia-Tecocoatzi Istituto Nazionale di Fisica Nucleare Sezione di Genova

Spectroscopy 13 / 20

LHCb new observed state agrees

To get full info: calculate their mass spectrum AND their decay widths
Where do we need to look to find new hadrons and their excitations?

Hugo Tecocoatzi

https://agenda.infn.it/event/37093/contributions/234281/
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New 
calculations

Contents Motivation Model Results Decay widths Summary

New ⌦c states observed by LHCb, PRL131 131902(2023)

New state ⌦c(3327) with mass=3327.1± 1.2 MeV and � = 20± 5 MeV

H. Garcia-Tecocoatzi, A. Giachino, J. Li, A. Ramirez-Morales, and E.
Santopinto, PRD107 034031 (2023)

Hugo Garcia-Tecocoatzi Istituto Nazionale di Fisica Nucleare Sezione di Genova

Spectroscopy 13 / 20

LHCb new observed state agrees

To get full info: calculate their mass spectrum AND their decay widths

Contents Motivation Model Results Decay widths Summary

Results, partial-decay widths PRD107 034031 (2023)

Hugo Garcia-Tecocoatzi Istituto Nazionale di Fisica Nucleare Sezione di Genova

Spectroscopy 18 / 20

We need to look 
in different 

channels to find 
all excitations

Where do we need to look to find new hadrons and their excitations?
Hugo Tecocoatzi

https://agenda.infn.it/event/37093/contributions/234281/
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Nonfactorizable charm loop in rare Bs → γ l+l− decay

49

New 
calculations

Flavour-changing neutral currents are suppressed in the SM

We don’t want to falsely claim new physics  
we need to have an accurate SM prediction

→
Nonfactorizable charm

A(B̄s!��)
nf charm =

n
H⇢⌘(q, q0)"⇢(q) "⌘(q0) + H⇢⌘(q0, q)"⇢(q

0) "⌘(q)
o

A(B̄s!�ll)
nf charm =

e

Q2

n
H⇢⌘(q, q0)l̄�⇢l "⌘(q0) + H⇢⌘(q0, q)"⇢(q

0) l̄�⌘l
o

Since the top-quark and the charm-quark amplitudes,

A(B̄s!��)
top , A(B̄s!�ll)

top , A(B̄s!��)
nf charm , A(B̄s!�ll)

nf charm ,

have the similar structure, it is convenient to describe the effect
of charm as a (non-universal) addition to the Wilson coefficient C7,

Ceff
7 = C7 + �NF

V (A)C7.

b(0)

b
ν
(x)B

s(y)
_

γ

B(p)

a

t c

c

q

s

k

a

γ

γη

γ (1−γ )

q

c

t

t

b

γγµ

µ

5

5

ρ

ν

Pic.: One of the diagrams describing charm
loop contribution to Bs ! � �(⇤) decay
via nonfactorizable soft gluon exchange.• H⇢⌘ tensor in a T -product form:

H⇢⌘(q0, q) = i

Z
dzeiq

0
zh0|T{ēQcc(z)�⇢c(z), i

Z
dy L

b!sc̄c[8⇥8]

weak (y), i

Z
dxLGcc(x), eQs s̄(0)�⌘s(0)}|B̄s(p)i

• Derived expression for the H⇢⌘ tensor in Standard Model:

H⇢⌘(q0, q) = �
GFp

2
VcbV

⇤

cs
e2(2C2)QsQc ⇥

1

(2⇡)8

Z
dkdye�i(k�q

0)ydxde�ix

�µ⌫⇢(ab)
cc

(, q)h0|s̄(y)�⌘
/k + ms

m2
s
� k2

�µ(1 � �5)taBb

⌫
(x)b(0)|B̄s(p)i.

• In the case of at least one real photon (q02 = 0 or q2 = 0), H⇢⌘ contains only 2 form factors HNF
V,A

(q2, q02),

H⇢⌘(q0, q) = �
GFp

2
VcbV

⇤

cs
e2(2C2)QsQc

"
✏
⇢⌘q0q

HNF
V

� i HNF
A

⇣
g⌘⇢ qq0 � q0

⌘
q⇢

⌘#
.

5 / 14

Non-factorizable 
charm loops have 

not been taken into 
account to far

Ilia Belov

https://agenda.infn.it/event/37093/contributions/234283/
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Nonfactorizable charm loop in rare Bs → γ l+l− decay
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New 
calculations

Flavour-changing neutral currents are suppressed in the SM

We don’t want to falsely claim new physics  
we need to have an accurate SM prediction

→

Results for the �NFC7 correction

Adding charm contributions to the top contributions leads to the following sum in the form factors Ai(q
2)

[i = A, V ] parametrizing the total Bs ! �l+l� amplitude,

Ai(q
2) =

2C7

q2
mb

⇣
FTi(q

2, 0) + FTi(0, q
2)

⌘

| {z }
Penguin with t-quark

+ C9
Fi(q

2, 0)

MB| {z }
Box with t-quark

+ 8⇡2 H
F
i (q2, 0)

q2
| {z }
Factorizable charm

+ 16⇡2
QsQc

HNF
i (q2, 0) + HNF

i (0, q2)

q2
| {z }

Nonfactorizable charm

,

from which the relative сorrection is defined as

�NF
i

C7 = 8⇡2 QsQc

C2

C7mb

⇢(i)
cc

, where ⇢(i)
cc

=

8
>>><

>>>:

H
NF
i

(0,0)

FT (0,0)
for the case of Bs ! ��

H
NF
i

(q2,0)+H
NF
i

(0,q2)

FTi(q
2,0)+FTi(0,q

2)
for the case of Bs ! �l+l�

• Numerically, �NF
A

C7(q
2) ' �NF

V
C7(q

2). • The nearest hadron singularities are at 4M2
K

and M2
J/ 

.
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�

(c)

Pic.: (a) The functions ⇢
(i)
cc at q2 = 0 versus �Bs

, i = V,A. (b–c) The relative NF correction �NF
V

C7(q
2):

(b) the full result at 0 < q2 < 4M2
K

; (c) �NF
V

C7(q
2, 0) which dominates in �NF

V
C7(q

2) at q2 > 3 GeV2.

13 / 14

Results show 
sizable correction 

for   
that has same sign 
as the factorisable 

contributions

Bs → γl+l−

O(5%)

> O(100%)

Ilia Belov

https://agenda.infn.it/event/37093/contributions/234283/
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EEC: success story

51

Energy-Weighted
Observable
Correlations
(EWOCs)

Mass Extraction

The Mass EWOC

e+e� ! hadrons

The EEC: What makes it special?

The EEC addresses several important
goals of QCD phenomenology,
including:

*
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 cross sectiontCMS t D0 angular correlations
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Figure 11: Comparison of the values of ↵s(Q) obtained from fits to the ATEEC functions at the energy scales given
by hHT2i/2 (red star points) with the uncertainty band from the global fit (orange full band) and the 2016 world
average (green hatched band). Determinations from other experiments are also shown as data points. The error
bars, as well as the orange full band, include all experimental and theoretical sources of uncertainty. The strong
coupling constant is assumed to run according to the two-loop solution of the RGE.
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[CMS PAS SMP-22-015]

HERA:[2008.00271]

LEP+:[1804.09146]

I Measurements of ¸s ;
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What else can we do?
Soft dropEEC

Boosters

The Energy-Energy CorrelatorEnergy Correlators: Reality

/15Comparison with pQCD 5

Large angle
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Free hadron scaling 
(hadronic degree of 

freedom)

pQCD scaling (partonic 
degree of freedom)
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Primordial fluctuations

What cosmic history gave
 rise to pri

mordial fluctuations?
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• Imaging the confinement transition with Jet Substructure!

Figure: Wenqing Fan

Stony Brook Workshop November 6, 2023 10 / 36• Evolution of the jet goes from right
to left

Distinct scaling regimes
corresponding to partonic and
hadronic physics
Transitions image the physical
scales of QCD

[Figure: Wenqing Fan]

Correlation function of
detectors ) jet

substructure observable

A clear link between
theory and experiment!
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Evan Craft

New 
observables

Can we use a 2-point EEC to measure the deadcone?

E. Craft (Yale)

[EC, Lee, Mecaj, Moult]

ALICE measured this effect using an iterative declustering 
algorithm and the Lund Plane

17

[ALICE Collaboration, Nature Physics]

 EECs can be systematically 
computed in perturbation theory
→

 Dead cone effect is visible by 
eye using light-ray operators

→

 Can easily be extended to other 
heavy flavor based analyses

→

Application: Confinement

Sensitivity to the 
quark mass scale 
at RL ∼ mQ/pT

Scaling identical to 
that of massless 

quarks

Next boost: a 
measurement of 

the deadcone 
using EECs?

mb

mc
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New 
observables

Energy-Weighted
Observable
Correlations
(EWOCs)

Mass Extraction

The Mass EWOC

e+e� ! hadrons

The EEC and the Mass EWOC

Particle-Level EEC: Mass EWOC:
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subjets
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W

(c)

(d) (e) (f)

Figure 2: Visualization of a W boson jet (the blue cone) containing a pair of quark subjets
(whose particles leave calorimeter energy deposits, in blue and red) as probed by (a) the
EEC, (b) subjet EEC, and (c) subjet mass EWOC. Below each visualization is an plot for the
associated observable on LHC data simulated with Pythia 8.309 at p

s = 14TeV ((d), (e),
and (f), respectively). The EEC ((a) and (d)) captures angular correlations between many
particles in the jet, though only one pair of particles (shown in red) are separated at the
angular scale associated with the W mass. The subjet EEC ((b) and (e)) clusters subjets
within the W jet to isolate the correct angular scale. The subjet EWOC ((c) and (f)) clusters
subjets within the W jet and captures the mass of the W boson directly from the pairwise
mass of the subjets, bypassing the use of angular correlations. For the subjet EEC and subjet
EWOC, we use the subjet radius rsub = 0.3, which tends to correctly isolate two subjets
associated with the W decay; we show results for more subjet radii for EWOCs at the LHC
in section 3.3.
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associated observable on LHC data simulated with Pythia 8.309 at p

s = 14TeV ((d), (e),
and (f), respectively). The EEC ((a) and (d)) captures angular correlations between many
particles in the jet, though only one pair of particles (shown in red) are separated at the
angular scale associated with the W mass. The subjet EEC ((b) and (e)) clusters subjets
within the W jet to isolate the correct angular scale. The subjet EWOC ((c) and (f)) clusters
subjets within the W jet and captures the mass of the W boson directly from the pairwise
mass of the subjets, bypassing the use of angular correlations. For the subjet EEC and subjet
EWOC, we use the subjet radius rsub = 0.3, which tends to correctly isolate two subjets
associated with the W decay; we show results for more subjet radii for EWOCs at the LHC
in section 3.3.

– 7 –

10�4 10�3 10�2 10�1 100
0.000

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200
EEC

Pythia 8.307, pp to W+W�,
p
s=14.0 TeV

500 GeV < pT, jet, Rjet = 1

(mPeak �mW )
GeV

= �17.25+34.20
�60.12

Set by mW

101 102
0.0

0.2

0.4

0.6

0.8

1.0
Mass Subjet EWOC

Pythia 8.307, pp to W+W�,
p
s=14.0 TeV

500 GeV < pT, jet, Rjet = 1

(mPeak �mW )
GeV

= 0.06+5.84
�6.37

mW

Using subjets and directly probing mass correlations
improves accuracy and precision!
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Can we use a 2-point EEC to measure ?mW

Energy-Weighted
Observable
Correlations
(EWOCs)

Mass Extraction

The Mass EWOC

e+e� ! hadrons

20

EWOC!

1. Take subjets instead of points

2. Measure mass instead of angle 

Samuel Alipour-fard
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New 
observables

Can we use a 2-point EEC to measure ?mW

Energy-Weighted
Observable
Correlations
(EWOCs)

Mass Extraction

The Mass EWOC

e+e� ! hadrons
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EWOC!

1. Take subjets instead of points

2. Measure mass instead of angle 
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Figure 2: Visualization of a W boson jet (the blue cone) containing a pair of quark subjets
(whose particles leave calorimeter energy deposits, in blue and red) as probed by (a) the
EEC, (b) subjet EEC, and (c) subjet mass EWOC. Below each visualization is an plot for the
associated observable on LHC data simulated with Pythia 8.309 at p

s = 14TeV ((d), (e),
and (f), respectively). The EEC ((a) and (d)) captures angular correlations between many
particles in the jet, though only one pair of particles (shown in red) are separated at the
angular scale associated with the W mass. The subjet EEC ((b) and (e)) clusters subjets
within the W jet to isolate the correct angular scale. The subjet EWOC ((c) and (f)) clusters
subjets within the W jet and captures the mass of the W boson directly from the pairwise
mass of the subjets, bypassing the use of angular correlations. For the subjet EEC and subjet
EWOC, we use the subjet radius rsub = 0.3, which tends to correctly isolate two subjets
associated with the W decay; we show results for more subjet radii for EWOCs at the LHC
in section 3.3.
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within the W jet to isolate the correct angular scale. The subjet EWOC ((c) and (f)) clusters
subjets within the W jet and captures the mass of the W boson directly from the pairwise
mass of the subjets, bypassing the use of angular correlations. For the subjet EEC and subjet
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Using subjets and directly probing mass correlations
improves accuracy and precision!
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What are the mass shifts when hadronisation/MPI is turned on?

Samuel Alipour-fard
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New 
observables

Aditya PathakCan we use  to measure  directly without modeling bias?mW mt

3-pronged decay  use EEEC→

24

Imprint of the  in the EEEC distributionW
The observable we define to extract the -imprint: W

As  is lowered we allow for more squeezed configuration and see the peak at  emerging.ζS ζW ∼ m2
W /p2

T

Holguin, Moult, AP, Procura, Schöfbeck, Schwarz 2023
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W peak and top peak are highly correlated

23

The Standard Candle approach in nutshell

• Remove the shared energy scale


• Calibrate  using the  mass :   


• Exploit the  inside the top jets as a standard candle

Mtop W mW = 80.377 ± 0.012 GeV

W

Holguin, Moult, AP, Procura 
+ Schöfbeck, Schwarz 2023-24
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Production mechanism: 

• PDF uncertainty

• Hard scattering corrections

Jet substructure: 

• Jet radius dependence 

• Hadronization effects

• Impact of underlying event

• Wide angle soft physics

• Perturbative uncertainty

Experimental feasibility: 

• Statistical sensitivity

• Jet energy scale

• Constituent energy scale 

• Track efficiency

• Heavy flavor dependence

We are done …

Next boost: new  
measurement?

mt

https://agenda.infn.it/event/37093/contributions/234277/
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Interpretation of the MC top mass parameter with the soft-
dropped groomed jet mass

56

New 
calculations

Naseem Bouchhar

Can we understand the ?mMC
t

Back to soft drop, not all is forgotten

Resurrect an ‘old’ idea but with more aggressive grooming  reduces impact MPI→FITTING DETAILS

14

• Model uses three parameters, , , and  
associated with first- and second-moment non-
perturbative corrections. 

• Idea is to obtain value of parameters in NNLL 
theory calculation that best describe MC 
prediction. 

• , , and  varied: 

- Best fit of MC-to-theory distributions found for 
variations of the three parameters. 

-  minimisation fit applied to the three 
parameters to find the global minimum. 

- This is how we extract the top quark pole 
mass.

mtPole Ωhad
1 x2

mPole
t Ωhad

1 x2

χ2

BOOST 2024 BOOST 2024

RELATION RESULTS

20

Mass relation (pp): 

 =  MeVΔPole = mMC
t − mPole

t 590+375
−320

Mass relation ( ): 

 =  MeV

e+e−

ΔPole = mMC
t − mPole

t 600+275
−215

Suggests universality between the 
 and  processes.e+e− pp

• Comparisons with previous top quark mass 
interpretations in  and  collision 
regimes. 

- All results compatible within uncertainties.

pp e+e−

What happens with a different shower model?

https://agenda.infn.it/event/37093/contributions/234278/
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An approach to pin down the top quark mass parameter in MC 
event generators

57

Generators

André Hoang
Can we make  more physical?mMC

t

Can we promote  to a renormalisation scheme 
(such that it can be translated to other schemes)? 

mMC
t

Yes, but you need quite a list of ingredients

Boost 2024, Palazzo Ducale Genova, July 29 - Aug 2 2024

Final remarks and Outlook
→  Proof-of-principle: It is possible to promote the MC top mass parameter mt

MC to
a renormalization scheme so that its NLO relation to any other top mass renormalization
scheme can be calculated. → mt

MC = mt
CB(Q0)

→  Key aspect: Parton shower cutoff Q0 = Factorization scale separating pQCD and npQCD

→  Currently: Concretely working machinery available only for e+e- event-shapes
via tuning analyses for different Q0 values

→  The realization of (A)-(D) in this work provides a concrete blueprint that can now be
applied to other classes of observables more closely related to direct measurements.

(A) Understanding of top    
as a quantum state

→ beyond the picture of 
a top particle

(B) Hadron level analytic 
QCD predictions

(C) N(N)LL precise MC 
parton shower

(D) Factorization compatible 
MC hadronization model

Parton Shower 
Cutoff

https://agenda.infn.it/event/37093/contributions/234280/


Melissa van Beekveld Boost 2024 theory summary

An approach to pin down the top quark mass parameter in MC 
event generators

58

Generators

Can we make  more physical?mMC
t

Boost 2024, Palazzo Ducale Genova, July 29 - Aug 2 2024

Old Default Model vs. New Dynamical Model 

Shower cutoff dependence of tuned MC top quark mass to reference data 
including top quark 2-jettiness distributions at 700 and/or 1000 GeV

Q0 dependence 
expected from 
mt

CB(Q0)

AHH, Jin. Plätzer, Samitz to appear

Agreement of mt
MC with mt

CB(Q0) 
within 50 MeV !

Tune  for different values of  to ref. data for  GeVmMC
t Q0 Q0 = 1.25

André Hoang

https://agenda.infn.it/event/37093/contributions/234280/
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Generators

Can we make  more physical?mMC
t

Boost 2024, Palazzo Ducale Genova, July 29 - Aug 2 2024

Old Default Model vs. New Dynamical Model 

Shower cutoff dependence of tuned MC top quark mass to reference data 
including top quark 2-jettiness distributions at 700 and/or 1000 GeV

Q0 dependence 
expected from 
mt

CB(Q0)

AHH, Jin. Plätzer, Samitz to appear

Agreement of mt
MC with mt

CB(Q0) 
within 50 MeV !

Nb: the last three talks 
were the orange cluster!

André Hoang

Tune  for different values of  to ref. data for  GeVmMC
t Q0 Q0 = 1.25

https://agenda.infn.it/event/37093/contributions/234280/


Melissa van Beekveld Boost 2024 theory summary

How to unfold top decays
Can we learn how to unfold top decay products?

ML

Sofia Schweitzer

Unfolding — generative methods

11

Goal: learn transformation latent → gen 
phase space conditioned on reco event

During training, use paired events of forward 
simulation

After training, repeated sampling from latent 
space with constant condition allows 
probabilistic single event unfolding

xrec ∼ p(xreco)

xgen ∼ p(xgen |xreco)

z ∼ "(0,1)

Bellagente et al. 1912.00477
Bellagente et al. 2006.06685
Backes et al. 2212.08674
Huetsch et al. 2404.18807

Sofia’s prediction: “I’m not gonna 
tell you about the generative 

model, this will change anyway in 
two years or so”

https://agenda.infn.it/event/37093/contributions/234279/
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How to unfold top decays
Can we learn how to unfold top decay products?

Be careful with:

1. Mapping the resonances 


 pick the right input

2. Dependence on the model


 train on different masses

→

→
0.00
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Removing Model-Dependence!

31

Train with full CMS simulation with 
 GeV,  GeV,  GeV]

Test by unfolding simulation with 
 GeV &  GeV 

Unfolded distribution of triple jet mass within 
 of truth gen level without bias

mt = [172.5 169.5 175.5

mt = 171.5 173.5

!(1%)

Sofia Schweitzer

ML

https://agenda.infn.it/event/37093/contributions/234279/


Melissa van Beekveld Boost 2024 theory summary

How to unfold top decays
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31

Train with full CMS simulation with 
 GeV,  GeV,  GeV]

Test by unfolding simulation with 
 GeV &  GeV 

Unfolded distribution of triple jet mass within 
 of truth gen level without bias

mt = [172.5 169.5 175.5

mt = 171.5 173.5

!(1%)
What happens with 

different tunes/
hadronisation/shower?

ML

Sofia Schweitzer

https://agenda.infn.it/event/37093/contributions/234279/
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Detectorology and its Phenomenological Applications

63

New 
observables

Mark GonzalezBack to the EEC.. Can we generalise it?
EJ Detectors

A new camera which measures the energy flux to an arbitrary
power, EJ�1 with J 2 C

EJ(bn)|Xi =
X

i

E
J�1
ki

�
d�2(⌦bn � ⌦bki

)|Xi

• Formally: EJ(z) ⇠ O
+
J (1, z)

Analytically continued twist-2, spin-J light-ray operator
Energy weighting is related to spin

As an operator in a perturbative scalar field theory

D+
JL

(z) =
1

CJL

Z
d↵1 d↵2 : '(↵1, z)'(↵2, z) :

⇥
h
(↵1 � ↵2 + i✏)2(�'�1)+JL+(↵2 � ↵1 + i✏)2(�'�1)+JL

i

• Twist-2, spin-JL, and “charge/spin even”

• Observables are no longer collinear safe due to energy weighting

Access to universal non-perturbative physics through
multi-hadron fragmentation functions

[Kravchuk Simmons-Du�n ’18]

[Caron-Huot Koloğlu Kravchuk
Meltzer Simmons-Du�n ’22]
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We can also build cameras that probe di↵erent
quantum numbers!

Sensitivity to a charge Q (times the energy)

EQ(bn)|Xi =
X

i

EJ�1
ki

Qki�
d�2(⌦bn � ⌦ bki

)|Xi

D±
JL

(z) =
1

C0
JL

Z
d↵1 d↵2 : '(↵1, z)'(↵2, z) :

⇥
h
(↵1 � ↵2 + i✏)2(�'�1)+JL±(↵2 � ↵1 + i✏)2(�'�1)+JL

i

• Nearly identical to the EJ detector!

• Same perturbative vertex factor (up to signs)

• ± sign: Definite sign under charge conjugation

� sign: “charge/spin-odd” light-ray
operators O�

J

• Valid for any global U(1) symmetry

Tree-level perturbative
vertex

h'(�q)|D±
JL

(z)|'(p)i
= ±(2⇡)d�d(p� q)VJL(z; p)

VJL(z; p) =

Z 1

0

d� �
�1�JL

⇥�
d(p� �z)
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Giant background 
- show stopper?

Much better

n=2, R=0.4

n=2, R=0.2
Better but 
still large

Mostly gone :)

Detector Applications

The OPE Limit of Lightray Operators

• Energy flow operators admit a Lorentzian OPE: “the lightray OPE”

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(�n) =
�Z

0

dt lim
r��

r2niT0i(t, r�n) , (1.2)

where it is given by

d�

dz
=

hOE(�n1)E(�n2)O†i
hOO†i , (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di�erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e+e� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

�(z) =
1

2
C(�s) z

�N=4
J (�s) , (1.4)
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• Predicts universal scaling behavior in correlations of energy flux at
energies E � �QCD .

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Du�n, Zhiboedov]
QCD: [Dixon, Moult, Zhu]

See early work by [Konishi, Ukawa, Veneziano]
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EJ Detectors

Large (small) powers of energy suppress
(enhance) soft physics:

Applications in hot and cold QCD

EQ Detectors

• Great resolution on charged tracks

• More hadronization/
non-perturbative information

MIT-CTP-5590

Energy Correlators Taking Charge

Kyle Lee1, � and Ian Moult2, †

1Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139
2Department of Physics, Yale University, New Haven, CT 06511

The confining transition from asymptotically free partons to hadrons remains one of the most
mysterious aspects of Quantum Chromodynamics. With the wealth of high quality jet substruc-
ture data we can hope to gain new experimental insights into the details of its dynamics. Jet
substructure has traditionally focused on correlations, hE(n1)E(n2) · · · E(nk)i, in the energy flux of
hadrons. However, significantly more information about the confinement transition is encoded in
how energy is correlated between hadrons with di�erent quantum numbers, for example electric
charge. In this Letter we develop the field theoretic formalism to compute general correlations,
hER1(n1)ER2(n2) · · · ERk (nk)i, between the energy flux carried by hadrons with quantum numbers
Ri, by introducing new universal non-perturbative functions, which we term joint track functions.
Using this formalism we show that the strong interactions introduce enhanced small angle correla-
tions between opposite-sign hadrons, relative to like-sign hadrons, identifiable as an enhanced scaling
of hE+(n1)E�(n2)i relative to hE+(n1)E+(n2)i. We are also able to compute the scaling of a C-odd
three-point function, hEQ(n1)EQ(n2)EQ(n3)i. Our results greatly extend the class of systematically
computable jet substructure observables, pushing perturbation theory deeper into the parton to
hadron transition, and providing new observables to understand the dynamics of confinement.

Introduction.—Collider experiments provide a unique
window into the dynamics of Quantum Chromodynam-
ics (QCD). One of the primary mysteries of QCD, and
gauge theories more generally, is the real time dynam-
ics of confinement, namely of the transition from weakly
interacting quarks and gluons to hadrons. Clues to the
nature of this transition are imprinted in subtle patterns
in energy flux at colliders, but are di�cult to decode due
to our lack of non-perturbative field theory techniques.
A better understanding of the hadronization transition
will enhance all aspects of collider physics, from preci-
sion measurements, to searches for new physics.

One of the primary recent advances in collider physics
has been the development of jet substructure [1, 2],
which has enabled the measurement and theoretical
understanding of correlations in energy flux within
individual high energy jets. Theoretically, jet sub-
structure is studied through correlation functions [3–8],
hE(n1)E(n2) · · · E(nk)i, of energy flow operators, E(n) [9–
16]. For applications, see e.g. [17–26]. Due to their
infrared and collinear (IRC) safety [27, 28], these ob-
servables exhibit rigorous factorization theorems [29–
31], providing a separation of perturbative and non-
perturbative physics, and enabling systematically im-
provable calculations in complicated collider environ-
ments [7, 19]. However, despite the appealing features
of IRC safe observables, by their very nature they are
insensitive to many of the details of the hadronization
transition which one would like to understand.

To gain further insight into the parton-to-hadron tran-
sition will require extending the class of factorizable
observables through the identification of new universal
non-perturbative matrix elements. These can then be
combined through the renormalization group (RG), with
state-of-the-art perturbative calculations, allowing mod-
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Two-Point Charged Correlators

FIG. 1: Scaling of two point correlators of the E+ and E�
detectors, showing that the strong interactions generate
enhanced correlations between opposite sign hadrons as
compared to like sign hadrons. Theoretical calculations
at NLL accuracy are shown in solid and Pythia as a his-
togram. The transition to the non-perturbative regime
is shown in grey.

ern developments in perturbative field theory to be op-
timally utilized to explore the confinement transition.
While this has long been appreciated, it is technically dif-
ficult to achieve. The non-perturbative matrix elements
typically required in factorization theorems are functions
of longitudinal momentum fractions, which has two draw-
backs: first, these functions are often poorly known lead-
ing to large uncertainties and murky conclusions, and
second, these functions are convolved into perturbative
calculations, making higher order perturbative calcula-
tions with modern techniques intractable.
There has recently been progress in incorporating non-

perturbative information into perturbative calculations,
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Plus these operators are 
‘renormalisable’ in conformal theories 

 we can do calculations→

https://agenda.infn.it/event/37093/contributions/234303/


Melissa van Beekveld Boost 2024 theory summary

My (biased) hopes/predictions for 2025
• Can we understand better what ML tools are learning: is it physics or generators? 

• We will see the first full NNLO-meets-boost calculation 

• A better representation of the Monte Carlo community (I want a fat MC jet) 

• Can we understand better differences between showers that we are seeing all 
across different measurements? 

• And of course new cool calculations, measurements, novel techniques, and all the 
enthusiasm I saw this week!
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Jing: “showers are everywhere”
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