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Introduction 2

• Unprecedented number of Pileup in Run-3 
datasets. 
Ø Pileup mitigation more important than ever to 

maintain jet performance.

• Jet reconstruction is integral to the CMS physics program.
Ø Crucial signatures in SM measurements & BSM searches.

• Need optimum reconstruction & precise calibration.
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Jet Reconstruction in CMS 3
2 The CMS Particle Flow algorithm

Figure 1 – The CMS Particle Flow algorithm combines sub-detector information and reconstructs individual

particles in collision events for converting detector signals back to physical objects. Image: Francesco Pandolfi

The CMS Particle Flow algorithm2,3 reconstructs individual particles in the collision events
by combining the information of sub-detectors in an optimized way and aims to convert the
image created by detector signals back to what actually happened in nature, as depicted in
Fig. 1.

Where conventionally jets are formed from energy deposits in calorimeters, the CMS PF
jets are clustered directly from reconstructed particles, or PF candidates, using the anti-kT
algorithm4. This bottom-up approach is what makes detailed jet substructure studies possible.
Before clustering, the events are cleaned from charged hadrons originating from pileup vertices
for minimizing the energy contribution to jets from non-leading proton-proton interactions.
The jet energies are then corrected with a sequential calibration procedure that corrects the
jet response R = pObserved

T /pTrue

T to unity as a function of jet transverse momentum pT and
direction ⌘.1

The PF algorithm associates every particle track and calorimeter energy deposit to a passing
electron, muon, photon or charged or neutral hadron by using the information from all CMS
sub-detectors. Electrons produce a curved track followed by a deposit in the electromagnetic
calorimeter (ECAL), where muons deposit energy also to the muon system. Both charged and
neutral hadrons deposit energy to ECAL and hadronic calorimeter, HCAL, but they can be
distinguished by the curved track connected to the deposit, or lack thereof. The signature of a
photon is an energy deposit in the ECAL which is not preceded by a track.

3 Jet energy composition

In Monte Carlo simulations the jet energy composition is predicted at particle level and di↵erent
hadrons are distinguished, for example, as seen in the study made with pythia6 hadronization
model in Fig. 2 (left). In the hadronization process the most probable hadrons to be created
from the kinetic energy of the mother parton are pions as they are the lightest mesons in the
nature. The probability of producing any of the three pions, ⇡+, ⇡� and ⇡0, is roughly equal as
seen in the pythia6 simulation, where on average about 20% of energy in jets is carried by each
type of pions. Thus, roughly 60% of the jet energy is from pions. While ⇡± having c⌧ > 10 mm
are considered stable, the contribution of ⇡0 appears as photons (�) due to the short lifetime
of neutral pions that decay virtually instantly to photons. The other significant contributions
come from kaons (K+, K�, K0

S
, K0

L
), light baryons (p, p̄, n, n̄), strange baryons (⌃±, ⇤0)
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“Standard” jet algorithms with PF candidates as inputs:
• Small-R jets: anti-kT R = 0.4 [AK4]
• Large-R jets: anti-kT R = 0.8 [AK8]

• AK or CA R=1.5 are sometimes used. Analysis 
specific.

• “Non-standard” jets also used (e.g Variable-R). 
See Gabriele Milella’s poster & Donato 
Troiano’s talk.

Particle Flow (PF) Algorithm  JINST 12 (2017) P10003

global event description by combining 
various sub-detectors information

https://cds.cern.ch/record/2715872
http://dx.doi.org/10.1088/1748-0221/12/10/P10003
https://cms-results.web.cern.ch/cms-results/public-results/publications/PRF-14-001/
http://dx.doi.org/10.1088/1748-0221/12/10/P10003


Constituent-level Pileup Mitigation with PUPPI
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JINST 15 (2020) P09018

DP-2021-001

CHS
• Discard charged PF 

candidates from Pileup 
Vertices

PUPPI
• More refined treatment of 

charged PF candidates, 
depends on vertex 
association. 

• Apply weights to neutral PF 
candidates four-vector.

CMS mitigates pileup at the constituent-level 

Run-2
AK4

Run-2
AK8

Run-3
AK4
AK8

Figure by Andrea Malara

http://dx.doi.org/10.1088/1748-0221/15/09/P09018
https://cds.cern.ch/record/2751563


CHS vs PUPPI: Impact on jet energy 6
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Not used for jet energy corrections.
Monitor pileup.

https://cds.cern.ch/record/2902862


PUPPI: Optimization for hadronic t reconstruction 7

• Hadronically-decaying t-lepton 
reconstruction uses AK4 CHS jets as 
seeds.

• Natural to switch to PUPPI jets but 
observed a lower reconstruction 
efficiency.

• Due to the different treatment of 
charged PF candidates associated to 
Pileup Vertices between CHS and 
PUPPI.
Ø specifically ones not associated to any 

vertex.
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https://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10005
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PUPPI: Optimization for hadronic t reconstruction 8
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• CHS: retains charged PF candidates 
not associated to any vertices.

• PUPPI: retains if pT > 20 GeV but  
assign a weight if lower.

• Update PUPPI algorithm (V18): 
retains if pT > 4 GeV.
Ø Substantial efficiency recovery.

DP-2024-043

https://cds.cern.ch/record/2904356


PUPPI: Optimization for hadronic t reconstruction 9
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Jet Energy Scale & Resolution Calibration
for Run-3 Datasets



Jet Energy Scale (JES) & Resolution (JER) Calibration 11

Reconstructed 
Jets

Response (pT , η)

MC

Residuals (η)
dijets

Residuals (pT )
𝛾/Z + jet, MJB Calibrated 

Jets

Applied to data

Applied to simulation

MCTruth

Illustration by: 
Garvita Agarwal

L2Res L3Res

Resolution (pT , η)

JER

dijets

DP-2024-039

• Factorized approach to jet energy calibration.
• Jet Energy Scale (JES) calibration:

1) MC “truth” corrections: correct to particle-level jet scale.
2) Residual corrections: correct for residual differences between 

simulation & data.
• Jet Energy Resolution (JER) calibration:
Ø Smear jet energy in simulation to match that in data.

(1) (2)

https://cds.cern.ch/record/2902862


f-inclusive f-dependent

Anna Benecke

Closure of �-dependent JECs

I To mitigate the impact of the BPix inefficiency on the JES, �-dependent corrections targeting
the affected region �1.22 < � < �0.78 are derived and compared to corrections derived with a
�-inclusive selection.

I The plots show the median response and its statistical uncertainty after applying the �-inclusive
(left) and �-dependent (right) simulated response corrections in two � regions within
�1.479 < ⌘ < 0.087. For �-inclusive corrections, a drop in the response of up to 6% is
observed in the affected � region, while for the �-dependent corrections a closure within 1% is
obtained in most of the analyzed phase space.
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Barrel Pixel layer 3 & 4

8

After TS1 of 2023 (June 19-24): 27 modules* in the Barrel Pixel Layers 3 & 4 
became inoperable (issue in distributing the LHC clock signals). They cover 
a sector spanning approximately 0.4 radians (~23 degrees) in  at negative 
pseudorapidity.
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f-dependent JES Corrections 12
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• Partial failure of a portion of the 
Barrel Pixel sub-detector (BPix) 
occurred during 2023 data-taking.
Ø Track reconstruction efficiency loss, 

affects jet energy scale.

• Introduce f-dependent JES corrections to 
minimize impact of BPix inefficiency.

https://cds.cern.ch/record/2902862


JES & JER SF 13

JER (Data/Simulation) SF JES residual corrections

• Run-3 prompt reconstructed 
data is better than Run-2 legacy.

• Observed pT dependence for 
Run-3 dataset.

Significant improvement of the 
reprocessed 2022 & prompt 2023 data 

compared to prompt 2022 data

Prompt

Prompt

Reprocessed

DP-2024-039

https://cds.cern.ch/record/2902862


Jet pT regression with ParticleNet



Ø First used for boosted resonance tagging with AK8 jets.
Ø Extended for AK8 jet mass regression.
Ø Commissioned for AK4 jet flavor tagging & pT regression.

Jet pT regression with ParticleNet 15

ParticleNet
Graph NN with PF constituents & Secondary Vertices as inputs.Unified network training

CMS-BTV 7

Classification Regression Quantile regression 
(resolution estimation)

Neural network have the capabilities to perform multiple tasks if we elaborate the loss function and the outputs 
properly. In the context of a unified jet tagging approach, this translates into :

- Extended classes: ParticleNet and UParT have been designed for including       classification by including 
their truth flavour definition and the relevant input features in the usual heavy-flavour training.       jets are 
then separated into subclasses representing their decay mode. Similarly we splitted the usual uds class 
into separated u-d-s classes via parton association for performing s-tagging with UParT.

- Regression extension: Besides the classification, additional output nodes are engineered by the networks 
in order to perform regression tasks, via a log-cosh loss, and the resolution estimation, via quantile 
regression. In the context of ParticleNet and UParT these additional nodes allows us to perform a 
flavor-aware jet energy regression and resolution estimation via the network’s predictions.

Equation 1: The inclusive loss of ParticleNet and UParT containing the classification loss in blue, the 
regression loss in purple and the quantile regression in orange. The x, y and z value represent the classes, 
regression and resolution predicted values respectively while the truth subscript indicate the target value.

DP-2020-002
CMS-PAS-BTV-22-001

DP-2021-017

DP-2024-064

DP-2024-066

Two types of target pT regression
without & with neutrino contribution 

Phys. Rev. D 101, 056019 (2020)

https://cds.cern.ch/record/2707946
https://cds.cern.ch/record/2866276
https://cds.cern.ch/record/2777006
https://cds.cern.ch/record/2904700
https://cds.cern.ch/record/2904702
https://doi.org/10.1103/PhysRevD.101.056019


Jet pT regression with ParticleNet (Response) 16
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• Regressed pT response closer to 1 compared to raw pT 
for central jets.

• Derive MC-truth corrections, achieve response closure 
within 1% (similar level to JEC).

Apply 
corrections

DP-2024-064

https://cds.cern.ch/record/2904700


Jet pT regression with ParticleNet (Resolution)

0.0 < |h| < 1.3 2.4 < |h| < 2.7 3.0 < |h| < 5.0

17

Clear improvement in JER
across the jet pT range, even for forward jets. 

DP-2024-064

https://cds.cern.ch/record/2904700


Unified Particle Transformer (UParT)



(Unified) Particle Transformer 19

DP-2024-066

Unified Particle Transformer (UParT) 
• Extended class: extending from b & c jet 

tagging to include s & hadronic t (one per 
final state) tagging.

• Extended regression: simultaneous flavor 
aware jet energy & resolution regression

• CMS investigated several Transformer models for flavour tagging: 
Ø ParticleTransformerAK4
Ø RobustParT: Utilize adversarial training to enhance model robustness 

against simulation mismodeling.

DP-2022-050
2202.03772

DP-2024-025

https://cds.cern.ch/record/2904702
https://cds.cern.ch/record/2839920
https://arxiv.org/abs/2202.03772
https://cds.cern.ch/record/2898464


(Unified) Particle Transformer 20
DP-2024-066

c-jet hadronic t s-jet

First attempt at 
strange-jet tagging in 

CMS!

https://cds.cern.ch/record/2904702


Progress of CMS flavour-tagging algorithms 21

Impressive advancement of jet tagging within ~decade. 
Powered by state-of-the-art Machine Learning techniques!

DP-2024-066

https://cds.cern.ch/record/2904702


Summary 22

• Updated PUPPI algorithm to maintain hadronic t reconstruction 
efficiency.
Ø Towards unified jet & t reconstruction.

• Measured JES & JER for Run-3 datasets.
Ø JER SF as good (even better) than Run-2 legacy in Run-3 prompt data.

• Extended ParticleNet architecture to include jet pT regression
Ø Substantial JER improvement.

• Commissioned Unified Particle Transformer tagger for AK4 jets.
Ø Extended flavour-tagging capabilities & perform pT regresssion at the same 

time!
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PUPPI 24
DP-2021-001

https://cds.cern.ch/record/2751563


t reconstruction efficiency (PUPPI v17 vs v18)
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NEW



Jet pT Response in Simulation (Raw vs Regressed)
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