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Optimisation of the pileup mitigation technique for the  
identification  unified flavor identification

τh
→

Jet scale and resolution in | |<2.5 in promptly reconstructed data is 
as good as legacy reconstruction in Run2

η

First full calibration of regressed  for small-cone jetspT

New developments for variable-R jet clustering and charge 
identification 
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Optimisation of the pileup mitigation technique for the  
identification  unified flavor identification

τh
→

Jet scale and resolution in | |<2.5 in promptly reconstructed data is 
as good as legacy reconstruction in Run2

η

First full calibration of regressed  for small-cone jetspT

New developments for variable-R jet clustering and charge 
identification 

[CMS-DP-2024-043]

Event cleaning

Jet energy performance

New developments
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Pileup mitigation in the context of  
identification

τh
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More about the unified flavor identification in the talk by Uttiya Sarkar
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• Unified flavor identification for small-cone jets extended to hadronic 


• PUPPI showed an inefficiency wrt to CHS at low   
 optimized track-vertex association (PUPPI v18)
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Pileup mitigation in the context of  
identification

τh

5

20 40 60 80 100 120 140 160 180 200
0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

Je
t p

ur
ity

 (13.6 TeV)

CMS
Simulation
Preliminary

| < 1.3η0.0 < |

PUPPI v17

PUPPI v18

PUPPI v18b

20 40 60 80 100 120 140 160 180 200
 [GeV]reco

T
p

0.9
0.95

1
1.05

1.1

v1
8/

v1
720 40 60 80 100 120 140 160 180 200

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

Je
t e

ffi
ci

en
cy

 (13.6 TeV)

CMS
Simulation
Preliminary

| < 1.3η0.0 < |

PUPPI v17

PUPPI v18

PUPPI v18b

20 40 60 80 100 120 140 160 180 200
 [GeV]gen

T
p

0.9
0.95

1
1.05

1.1

v1
8/

v1
7

Pi
le

up
 m

iti
ga

tio
n 

in
 R

un
3

be
tte

r

be
tte

r

[CMS-DP-2024-043]

https://cds.cern.ch/record/2904356?ln=en


Anna Benecke

Outline

6

Jet scale and resolution in | |<2.5 in promptly reconstructed data is 
as good as legacy reconstruction in Run2

η

First full calibration of regressed  for small-cone jetspT

[CMS-DP-2024-039]

[CMS-DP-2024-028]

[CMS-DP-2024-064]

Jet energy performance

Median response
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Barrel Pixel layer 3 & 4

7

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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A small region in the detector 
has reduced efficiency in 
tracking

* representing about 1.5 % of the total modules in the pixel detector 

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.

5

Expected
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Barrel Pixel layer 3 & 4
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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.


ϕ

Je
t p

er
fo

rm
an

ce
 in

 R
un

 3

A small region in the detector 
has reduced efficiency in 
tracking

* representing about 1.5 % of the total modules in the pixel detector 

Expected



Anna Benecke

Jet energy scale 
 – time evolution -

9

Relative ⌘-dependent residual correction – time evolution

I The plots show the residual correction of the jet response (R), as described on page 11, for
different data-taking periods in 2022 and 2023.

I A significant improvement is observed over the entire phase space for the reprocessed 2022 data
(Eras C, D, and E), and for the 2023 prompt-reconstructed data (all Eras) with respect to
prompt-reconstructed data in 2022.

I Especially in |⌘| < 2.5, the corrections for reprocessed 2022 and prompt-reconstructed 2023
data are very similar.

12

[CMS-DP-2024-039]
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• Excellent performance in the barrel region for Run3

• The difference between data and simulation stable after the alignment in 2022

Absolute pT-dependent residual correction

I Z+jet, �+jet, and multijet events are utilized for deriving the absolute residual corrections as a
function of pT, after calibrating the Z boson mass and photon scales, and correcting for
differences in the response and resolution between data and simulation. The corrections are
derived using the MPF method.

I The lower response at pT > 1 TeV is consistent with a shift in the single-particle response of
the hadronic calorimeter (HCAL). The HCAL scale has a progressively larger impact as pjet

T
increases due to measuring half the energy of high-pT jets in HCAL. In contrast, the energy of
low pT jets is almost entirely measured with the tracking system and ECAL.

13
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Jet energy resolution 
- time evolution -

10

JER scale factors

I JER is measured using the pT balance and MPF methods in data and simulated samples using
JES-corrected jets. The central value is obtained from pT balance in 2022, while MPF is used
in 2023. The difference between the two methods is considered as part of the systematic
uncertainty. For pT balance, the ideal two-body topology is extrapolated from realistic cases
with additional jet activity due to ISR/FSR.

I The plots show data/simulation scale factors (SFs) as a function of |⌘jet|. The JER SF
uncertainties include both statistical and systematic effects. The SF values and systematic
variations are required to be larger than unity.I SFs are around 1.0–1.3 in the barrel, and up to 1.9 (1.3) at pT = 100 GeV for 2022 (2023) in
the EC-HF transition region of 2.5 < |⌘| < 3 (left plot). The SFs measured for 2023
prompt-reconstructed data in the barrel are closer to unity than for the Run2 Legacy
reprocessing, exhibiting a clear improvement (right plot).

14

[CMS-DP-2024-039]

Je
t p

er
fo

rm
an

ce
 in

 R
un

 3

Outperforming legacy Run2 reconstruction in  with 
promptly reconstructed data!

|η | < 2.5

Expected

https://cds.cern.ch/record/2902862?ln=en
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Residual Corrections Closure

I Residual corrections are not recomputed for PNet regressed pT jets with and without the
neutrino contribution, but the standard residual corrections are applied on data and a
closure test is performed under the assumption that the non-closure originated from the
PNet regressed pT jets is of the same level as the standard jet energy non closure.

I The residual absolute non-closure of the ⌘-dependent corrections is provided in a pT-⌘
jet heat map. An additional term in the non-closure is also included in quadrature to the
relative ⌘-dependent residual correction non-closure in order to account for the
difference to full closure originated by the absolute pT-dependent residual correction.

I The level of non-closure is approximately up to 2-5% (2-8%) for PNet regressed pT
without (with) neutrinos in the barrel and higher in the endcap (up to 10-20%).

10
First flavor-aware  regression for small cone jets:


• Significant resolution improvement of up to 17%! 

• Complete calibration with data gives a non-closure of 2-5% in | | < 2.5

pT

η

[CMS-DP-2024-064]

Response Resolution

I ParticleNet pT regression after the application of the MC Truth corrections improves the
response resolution of ⇠ 15% with respect to standard jet energy corrected preco

T , as
shown below for different ⌘ regions.

9

https://cds.cern.ch/record/2899451?ln=en
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New developments for variable-R jet clustering and charge 
identification 

[CMS-DP-2024-038]

[CMS-DP-2024-044]

New developments

low$pT high$pT

AK8$
jet

subjets
b jet

b jet

jets$from$Wjets$from$W

AK4$
jets

ΔR$� "
#$

https://cds.cern.ch/record/2902861?ln=en
https://cds.cern.ch/record/2904357?ln=en
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Multiscale problems with Variable-R 
jet clustering

13

Motivation - Multi-scale problem
● Scenarios with multiple hadronic tops with different 

scale in one event, show a dense hadronic activity 
which makes it challenging to reconstruct

● The size variability of HOTVR jets enhances the 
hadronic top quark identification with respect to 
fixed-size cone algorithm (AK8) jets, especially for 
jets with 200 < pT < 400 GeV, in events with at 
least 4 generator top particles

● This can be useful for searches of resonances of 
mass lower than 1 TeV, such as ttZ’ → 4t, where 
the top quarks pT is lower than the completely 
boosted regime;

Fig. 1: The efficiency to reconstruct top quarks in events with four hadronic decaying top quarks for different jet reconstruction algorithms, 
HOTVR (pT > 200 GeV) (orange,solid) and AK8 (pT > 400 GeV) (blue, dashed) is shown. The efficiency is defined as the ratio of any 
generator top-particles whose distance (ΔR) in the η−ϕ space to jets is found to be less the jet cone size, relative to all the generator 
top-particles with pT > 30 GeV. The efficiency is plotted as a function of the generator top particle pT . 4

Performances of the tagger

Fig. 5: The ROC curve of the train (test) samples is shown as a dashed (continuous) line in different HOTVR pT ranges, i.e., 
[200, 400] GeV, [400, 800] GeV, and> 800 GeV, in blue, orange, and green, respectively. The performance of cut-based working 
points calculated on the same testing sample is depicted with star markers. An improvement of ~10% on the signal efficiency at 
the same mistag rate when compared to the cut-based approach is visible for each pT range.

● To assess the performance of the BDT, the Receiver 
operating characteristic (ROC) curve is calculated;

● The signal efficiency (εS) is measured as the fraction of 
hadronic top jets (defined in slide 6) classified as 
top-tagged with respect to all the hadronic top jets;

● The mistag rate (εB) is computed as the fraction of 
top-tagged QCD jets (defined in slide 6) with respect to 
all the QCD jets;

10

[CMS-DP-2024-038]
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Poster about Variable R clustering

• Variable-R clustering especially useful for multiscale problems like 
4 top final states


• Training a BDT improves the top tagging efficiency significantly 
over cut-based approach
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Jet charge tagger

14

Comparison between jet charge tagger and jet charge variable

Figure 7: Performance comparison of the jet charge tagger with jet charge variable for binary classification between 
W+ and W- jets. The jet charge tagger outperforms the traditional variable-based method showing substantial 
improvement in the efficiency to identify W+ and W- jets.

CMS collaboration 12
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• Development of a charge jet tagger to differentiate , 


• Using ParticleNet architecture trained on W’s from  production


• Very good agreement between data and simulation 
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Jet charge tagger output score: W+ node

Figure 19: Comparison of the jet charge tagger output score [W+ node] in data and in simulation shown for the muon 
channel (left) and the electron channel (right) in t ҧt control region. The t ҧt MC simulation is split into W+ and W- categories 
based on the charge of the lepton. Negatively charged lepton means presence of a W+ jet and positively charged lepton 
means presence of a W- jet. The last few bins of the tagger output score for the W+ node are enriched with t ҧt events 
containing W+ jets.

CMS collaboration 24

[CMS-DP-2024-044]

https://cds.cern.ch/record/2904357?ln=en
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Summary
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Optimisation of the pileup mitigation technique for the  
identification  unified flavor identification

τh
→

Jet scale and resolution in the barrel region in promptly 
reconstructed data is as good as legacy reconstruction in Run2

First full calibration of regressed  for small-cone jetspT

New developments for variable-R jet clustering and charge 
identification 

[CMS-DP-2024-043]

[CMS-DP-2024-038]

[CMS-DP-2024-044]

[CMS-DP-2024-039]

[CMS-DP-2024-028]

[CMS-DP-2024-0XX]
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JER scale factors

I JER is measured using the pT balance and MPF methods in data and simulated samples using
JES-corrected jets. The central value is obtained from pT balance in 2022, while MPF is used
in 2023. The difference between the two methods is considered as part of the systematic
uncertainty. For pT balance, the ideal two-body topology is extrapolated from realistic cases
with additional jet activity due to ISR/FSR.

I The plots show data/simulation scale factors (SFs) as a function of |⌘jet|. The JER SF
uncertainties include both statistical and systematic effects. The SF values and systematic
variations are required to be larger than unity.I SFs are around 1.0–1.3 in the barrel, and up to 1.9 (1.3) at pT = 100 GeV for 2022 (2023) in
the EC-HF transition region of 2.5 < |⌘| < 3 (left plot). The SFs measured for 2023
prompt-reconstructed data in the barrel are closer to unity than for the Run2 Legacy
reprocessing, exhibiting a clear improvement (right plot).

14

Jet charge tagger output score: W+ node

Figure 19: Comparison of the jet charge tagger output score [W+ node] in data and in simulation shown for the muon 
channel (left) and the electron channel (right) in t ҧt control region. The t ҧt MC simulation is split into W+ and W- categories 
based on the charge of the lepton. Negatively charged lepton means presence of a W+ jet and positively charged lepton 
means presence of a W- jet. The last few bins of the tagger output score for the W+ node are enriched with t ҧt events 
containing W+ jets.

CMS collaboration 24
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Track-vertex association in PUPPI

17

1. used in LV fit 2. not used in 
any vertex fit

3. used in PU vertex fit

Pileup vertex
Leading vertex (LV)

Decide based 
on dz and  
(for )

pT
|η | > 2.4

Recover tracks used 
in nearby vertice fits 
and vertex splitting
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CHS keeps LV ( ) and unassociated ( ) particles, PUPPI keeps LV ( ) but assigns a weight 
to unassociated particles ( ).
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Pileup mitigation in the context of  
identification

τh

18
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Time stability

19

Time Stability Studies: Neutral Hadron Fraction

• Early 2022 data were collected from 18July2022 to 14Oct2022 (Run2022CDE), and Late 2022 collected from
18Oct2022 to 18Jan2023 (Run2022 FG).

• The distributions of the Neutral Hadron Fraction, for pure physics samples without applying JetID criteria, are
shown for prompt reconstructed data recorded in Run2022CDE (blue line) and compared to the reprocessed data
(later reconstruction with improved alignment and calibration, orange line).

• The main difference is the change in the hadron calorimeter energy scale in the barrel detector that happened
after the data-taking period Run2022E. Therefore, the reprocessed, Run2022FG, and Run2023CD are closer
together. This was also observed in the derivation of the jet energy scale (DPnote 23-045). The difference between
Run2022FG and Run2023CD/Run2022CDE reprocessed is due to different noise thresholds. However, since this
difference is small a single set of identification criteria for 22 and 23 data taking could be derived. 14

[CMS-DP-2024-028]
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In general a very good time stability is observed!
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Average pileup offset
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PU offset in simulation – 2023, barrel
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monitoring only

I In 2023, the PU offset for uncorrected CHS jets is up to ⇡40% at 40 < µ < 60 in the barrel
(left) and is reduced to <1% after applying dedicated PU corrections (middle). The PU offset
for PUPPI jets is <1% for pT > 20 GeV in the barrel (right), making PU offset corrections
unnecessary.

I A similar performance is achieved for the inner EC region at 1.3 < |⌘| < 2.4.

7
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PU offset in simulation – 2023, EC-HF transition
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I In the transition region between EC and hadron forward (HF) calorimeter (2.7 < |⌘| < 3), the
PU offset is generally larger, reaching up to ⇡100% at 40 < µ < 60 for uncorrected CHS jets
(left), while remaining within 5% for PUPPI jets with pT > 20 GeV.

I The PU offset can be negative in the EC-HF transition region. This is a consequence of the
PUPPI algorithm, which relies on tracking information for PU mitigation and can result in a
more aggressive PU reduction in regions outside tracker coverage.

I A similar performance is achieved for the HF region at 3 < |⌘| < 5.

8

https://cds.cern.ch/record/2902862?ln=en


Anna Benecke

Absolute -dependent residual 
correction

pT

21

Absolute pT-dependent residual correction

I Z+jet, �+jet, and multijet events are utilized for deriving the absolute residual corrections as a
function of pT, after calibrating the Z boson mass and photon scales, and correcting for
differences in the response and resolution between data and simulation. The corrections are
derived using the MPF method.

I The lower response at pT > 1 TeV is consistent with a shift in the single-particle response of
the hadronic calorimeter (HCAL). The HCAL scale has a progressively larger impact as pjet

T
increases due to measuring half the energy of high-pT jets in HCAL. In contrast, the energy of
low pT jets is almost entirely measured with the tracking system and ECAL.
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Absolute pT-dependent residual correction

I Z+jet, �+jet, and multijet events are utilized for deriving the absolute residual corrections as a
function of pT, after calibrating the Z boson mass and photon scales, and correcting for
differences in the response and resolution between data and simulation. The corrections are
derived using the MPF method.

I The lower response at pT > 1 TeV is consistent with a shift in the single-particle response of
the hadronic calorimeter (HCAL). The HCAL scale has a progressively larger impact as pjet

T
increases due to measuring half the energy of high-pT jets in HCAL. In contrast, the energy of
low pT jets is almost entirely measured with the tracking system and ECAL.
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• Similar performance to legacy reconstruction of Run2 in 50 <  < 500 GeVpT
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Correlation of the tagger with mass

Fig. 6: The QCD mass spectrum for HOTVR jets with 
pT > 200 GeV is shown for different BDT output 
scores, respectively greater than 0.1, 0.25, 0.5, and 
0.75. The corresponding mistag rate εB is shown in 
the legend. Mass sculpting is observed for the BDT 
model, which includes the jet mass as an input 
variable in the training (top) while not visible if the jet 
mass is not in the training (bottom).

11

● If the jet mass of a tagged jet is to be used in the analysis workflow, it is 
crucial to ensure that the tagging algorithm is decorrelated from the jet 
mass.

● The correlation between the tagger and the jet mass becomes evident 
when examining for "mass sculpting";

● The QCD jet mass distribution shows a peak around the top-quark mass 
for higher BDT output values if the tagger is correlated with the jet mass;

● The performance of the BDT without jet mass as input variables is worse 
than the BDT with the jet mass and it is shown in the next slide;
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Performances of the tagger without jet mass

Fig. 7: The ROC curve, evaluated on training 
samples, of  the BDT model without (with) the 
jet mass as input feature as continuous 
(dashed) line in different HOTVR pT ranges, 
i.e. [200, 400] GeV, [400, 800] GeV, > 800 GeV, 
respectively in blue, orange, green. The overall 
performance of the tagger decreases without 
the jet mass in the training, especially for the 
high pT scenario. However, it is still better than 
the cut-based approach in the low/intermediate 
jet pT regions.

12
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BDT score evaluation (2) - 13 and 13.6TeV

Fig. 13: Evaluation of the BDT output score on 
leading-pT HOTVR jets in Z+jets region. Comparison 
between data (points) and simulated predictions 
(histograms) out-of-the-box is shown for 13 TeV (top) and 
13.6 TeV (bottom) data and the lower panel shows the 
ratio of the yields in data to those predicted in 
simulations. The simulation histograms are separated 
per jet flavor defined in slide 6. The category “others” 
contains all the jets which do not fall into the three main 
categories.

19

N
ew

 d
ev

el
op

m
en

ts
 fo

r j
et

s

BDT score evaluation (2) - 13 and 13.6TeV

Fig. 13: Evaluation of the BDT output score on 
leading-pT HOTVR jets in Z+jets region. Comparison 
between data (points) and simulated predictions 
(histograms) out-of-the-box is shown for 13 TeV (top) and 
13.6 TeV (bottom) data and the lower panel shows the 
ratio of the yields in data to those predicted in 
simulations. The simulation histograms are separated 
per jet flavor defined in slide 6. The category “others” 
contains all the jets which do not fall into the three main 
categories.
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Jet charge tagger
Jet charge tagger is a customized Dynamic Graph Convolutional Neural Network (DGCNN) based on 
ParticleNet [1], that predicts the charge of the Lorentz-boosted AK8 jet. There are many applications 
where ParticleNet model has been successfully used in the past for customized tasks [4,5]. The idea 
behind is the same, we want our network to learn from particle-level information of the jet to identify 
important features of the jet and exploits the correlations to make predictions for a custom task. In the 
case of jet charge tagger, the task is to predict the charge of the boosted jet. The jet charge tagger takes 
the following variables as input:

CMS collaboration 9

Variable Description

ΔR angular separation between the particle and the jet axis (∆𝜂)2+ (𝛥𝜙)2 

Δη difference in the pseudorapidity between the particle and the jet axis

Δφ difference in the azimuthal angle between the particle and the jet axis

log E logarithm of the particle’s energy

log pT logarithm of the particle’s 𝑝𝑇

log E/log Ejet logarithm of the particle’s energy relative to the jet energy

log pT/log pT
jet logarithm of the particle’s 𝑝𝑇 relative to the jet 𝑝𝑇

Jet constituents charge electric charge of the particle
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Classification between W+ and W- jets using jet charge (κ = 0.5) 

Figure 3: The distribution of the jet charge (κ = 0.5) defined as: 𝑄𝜅 =
σ𝑖 𝑞𝑖(𝑝𝑇

𝑖 )𝜅

(𝑝𝑇
𝑗𝑒𝑡)𝜅

 in the t ҧt control sample in data and in simulation for AK8 jets 
(pT > 200 GeV) coming from the hadronic decay of W+ and W- bosons. The distributions are split by requiring negatively and positively 
charged muons (left) and electrons (right) for W+ and W- jets respectively. The relative deviations between data and simulation are plotted 
below each figure. With κ = 0.5, jet charge provides better separation compared to κ = 1.0.

CMS collaboration 7

Comparison of jet charge performance for different values of κ

Figure 4: Performance evaluation of the jet charge variable to distinguish positively and negatively charged jets 
coming from the hadronic decay of W bosons tested for various values of κ from 0 to 1. The best performance as 
suggested by the Area Under the Curve (AUC) score is for κ equals to 0.5.

CMS collaboration 8
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Jet charge tagger output score: W+ node

Figure 19: Comparison of the jet charge tagger output score [W+ node] in data and in simulation shown for the muon 
channel (left) and the electron channel (right) in t ҧt control region. The t ҧt MC simulation is split into W+ and W- categories 
based on the charge of the lepton. Negatively charged lepton means presence of a W+ jet and positively charged lepton 
means presence of a W- jet. The last few bins of the tagger output score for the W+ node are enriched with t ҧt events 
containing W+ jets.

CMS collaboration 24

Jet charge tagger output score: W- node

Figure 20: Comparison of the jet charge tagger output score [W- node] in data and in simulation shown for the muon 
channel (left) and the electron channel (right) in t ҧt control region. The t ҧt MC simulation is split into W+ and W- categories 
based on the charge of the lepton. Negatively charged lepton means presence of a W+ jet and positively charged lepton 
means presence of a W- jet. The last few bins of the tagger output score for the W- node are enriched with t ҧt events 
containing W- jets.

CMS collaboration 25

Jet charge tagger output score: Z node

Figure 21: Comparison of the jet charge tagger output score [Z node] in data and in simulation shown for the muon channel 
(left) and the electron channel (right) in t ҧt control region. The t ҧt MC simulation is split into W+ and W- categories based on 
the charge of the lepton. Negatively charged lepton means presence of a W+ jet and positively charged lepton means 
presence of a W- jet. As, we don’t expect Z jets in the t ҧt control region, the tagger output for the Z node is almost zero at 0.8 
and above and both the W+ and W- jets from t ҧt MC are peaking on the lower values of the tagger output score.

CMS collaboration 26
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