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Motivation
Jets in pp collisions
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• Jets are produced in abundance at LHC


• Jets are crucial signatures in SM 
measurements and BSM searches


• precision physics need precision 
calibration


• Event pileup introduces challenges along 
the way 


• Run 3 so far: average 50 interactions 
per bunch crossing 

Eur. Phys. J. C 83, 560 (2023)

⇒ mt = 173.06 ± 0.84 GeV
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https://doi.org/10.1140/epjc/s10052-023-11587-8
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Jets and MET in CMS
Photons

Neutral hadrons

Charged hadrons
hadrons ( )π, K, . . .

Detector level jet

, q g

ECAL
HCALParticle level jet

CMS-DP-2020-019

Tracker

• ParticleFlow


• local reconstruction  
(PF clusters,…) 


• global event reconstruction (PF particles)  
→ linking information of subdetectors


• Relying on precise calibration of subdetectors


• Identification of particles (charged hadrons (tracker),  
neutral hadrons (HCAL), photons (ECAL),…)


• Pileup mitigation (PUPPI) →Jet clustering using anti-kT (R=0.4, 0.8)  
→ Jet calibration in factorized approach 

• Also: MET, JetMET in HLT trigger and Data certification


• Not covered in this talk: 
 - heavy-flavour tagging in boosted regime (→ see talk by Congqiao) 
 - boosted jet tagging (→ see talk by Oz)
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https://cds.cern.ch/record/2715872
https://indico.physics.lbl.gov/event/975/contributions/8301/
https://indico.physics.lbl.gov/event/975/contributions/8302/


Pileup mitigation in Run 3
• Pileup interactions from same or other 

bunch crossing overlay the hard scattering


• Charged and neutral hadrons originating 
from pileup vertices end up in jet


• Need to cope with a mean number of 
interactions per bunch crossing of  
in Run 3 so far

μ = 80

Neutral hadrons

Charged hadronsPileup vertices

Leading vertex

• Default in Run 2: charged hadron subtraction (CHS) + average pileup offset 
correction


• Default in Run 3: treatment of charged and neutral hadrons using pileup per 
particle identification (PUPPI)
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Pileup mitigation in Run 3
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• PUPPI default method in Run 3 (using v15)


• PUPPI more stable against pileup in substructure variables


• New DeepJet training on AK4 PUPPI jets using Run3 data


• Improved performance w.r.t. Run2 training (CHS in training) 

CMS-DP-2023-012
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https://cds.cern.ch/record/2842377/
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• Jet calibration in factorized approach to correct jet energy scale 
JES (in data and simulation) and jet energy resolution JER (in 
simulation)


• MC truth corrections: correct JES to level of particle level jets


• Residual corrections: correct JES for residual differences 
between data and simulation


• Smear jet energy resolution in simulation to match that in data 

Photons

Neutral hadrons

Charged hadronshadrons ( )π, K, . . .

Detector level jet

Particle level jet
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Jet calibration in CMS
Remnant pileup in jets 

• Average pileup offset / 


• PUPPI jets enter JES/JER calibration workflow 
with minimal dependence on <μ>


• For |η|<2.5 (barrel and endcap):


• CHS jets have (without offset corrections)  
up to ~70% remnant pileup


• PUPPI jets <4% for pT>20 GeV


• No further pileup corrections applied to PUPPI 
jets
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L2L3 Response corrections

• Correction in bins of jet  and  correcting 
jet response to unity


• Response defined as median of 


• Stable in barrel 


• stronger  dependence in endcaps and 
hadron forward


• Response of JES correction closure within 
0.1% to 0.4% for  and 0.8% 

 and  

η pT

preco
T /pptcl

T

|η | < 1.3

pT

|η | < 2.5
|η | > 2.5 pT > 30 GeV
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28 6 Residual corrections for data

by the variable a. This is defined as the ratio of the most energetic jet that does not originate
from the event topology under study, divided by the typical momentum scale of the event. In
other words a = pT, 3rd jet/pT,ave for dijet events and a = pT, 2nd jet/pT,g/Z for Z+jet and g+jet
events. The corrections are then extrapolated to the value they would have for a = 0 in order
to address only genuine jet energy response effects.

6.1 Relative h-dependent corrections

Residual h-dependent corrections to the jet response are obtained using dijet events, where the
”tag” jet has |h| < 1.3, and the ”probe” jet pseudorapidity is unconstrained. In this way, the re-
sponse for all jets is corrected relative to the response for central jets (|h| < 1.3). These residual
corrections are derived from jets already corrected with the simulation-based corrections and
account for any residual difference between data and simulation, as a function of both h and
pT.

For dijet events, where the reference object (barrel jet) has poor resolution, the biases from JER
are minimized by binning in average jet pT instead of pT,tag: pT,ave = 0.5(pT,tag + pT,probe).

This symmetric pT binning also cancels out to first order the relative biases from ISR+FSR. In
general, hy/xi 6= hyi/hxi, unless x is constant, which is generally the case only for a sufficiently
narrow bin in x. To avoid biases in the ratio variables, the denominator must therefore also use
pT,ave. This leads to the following definitions for pT balance and MPF in dijet events:

RpT
rel =

1 + hAi

1 � hAi
, where (10)

A =
pT, probe � pT, tag

2pT, ave
, and (11)

RMPF
rel =

1 + hBi

1 � hBi
, where (12)

B =
~pmiss

T · (~pT, tag/pT, tag)

2pT, ave
. (13)

With sufficiently fine binning in pT, ave, and by extrapolating the additional jet activity, not
coming from the leading jet, to zero with a = pT, 3rd jet/pT, ave, both variables RpT

rel and RMPF
rel

reduce to Rrel = hpT, probei/hpT, tagi. Under the assumption that hpT, probe, ptcli = hpT, tag, ptcli,
which is true after correcting for the various small second-order biases from JER and ISR+FSR,
this is equivalent to the ratio of the jet responses for the tag and probe jets such that Rrel =
Rjet, probe/Rjet, tag. The residual h-dependent corrections are based on results obtained with the
MPF method, the pT balance results are used as a crosscheck.

As shown in Fig. 15, the relative h- and pT-dependent correction Rrel,MC/Rrel,data varies be-
tween 0.99 and 1.01 in the barrel at |h| < 1.3, between 0.99 and 1.06 at 1.3 < |h| < 2.9, and
increases to 1.15 in HF. Some pT dependence is observed in the endcaps relative to the barrel,
with the residual corrections approaching unity at high pT, where nonlinearities in calorimeter
response are reduced. In the following we will review the corrections for ISR+FSR, JER, and jet
pT dependence, as well as the associated uncertainties for the h-dependent corrections.

Initial- and final-state radiation correction

For central-forward jet pairs there is a higher probability for the ISR to be radiated opposite to
the central jet, and the FSR activity may differ slightly for the jets at different h, which leads to
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pave
T = (pjet 1

T + pjet 2
T )/2

α = p jet 3
T /pave

T → 0

• Residual correction in bins of jet  and , 
correcting the response relative to the response 
of central jets ( )


• Derived from dijet events using MPF (missing 
transverse momentum projection fraction) 
method


• Correction < 2% in barrel


• In high forward endcap transition region 
( ) up to 50% and large  
dependence


• Likely due to missing calibration of HE

ηjet pave
T

|η | < 1.3

2.5 < |η | < 3 pT
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• Residual correction as a function of 


• Derived from +jets events after calibrating 
 mass


• using MPF method 


• and Direct Balance (DB) method


• Consistent with HCAL barrel scale shift due to 
miscalibration: 0.90 (Era C), 1.08 (Era F), and 
1.10 (Era G) 

pT,jet

Z(μμ)
Z

Rjet,MPF = 1 +
⃗pmiss
T ⋅ ⃗pT,Z

(pT,Z)2

Rjet,DB =
pT,jet

pT,Z

α = p jet 2
T /pT,Z → 0
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Rjet,MPF = 1 +
⃗pmiss
T ⋅ ⃗pT,Z

(pT,Z)2

Rjet,DB =
pT,jet

pT,Z

α = p jet 2
T /pT,Z → 0

Garvita Arwal/Chris Young 

Shift by 2% in jet scale understood 
as originated from calorimeter 
response measurements (now 

measured in-situ in a π+ sample)
Have achieved <1% precision, 

can we go to 0.1%?
12

For sub percent precision, we need to calibrate the detector well 

Summary talk by Cristina @ BOOST22
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• Jet energy resolution correction for simulation derived in 
bins of 


• Measured in dijet, extrapolated to 



• JER SF around 1.0 to 1.4, larger in EC-HF transition 
( )


• early 2022 shows  dependence in some -bins

|ηjet |

α = pT,jet 3/pave
T → 0

2.5 < |η | < 3.0

pT |ηjet |

early 2022

late 2022
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JetMET related HLT-Trigger

• JetMET related HLT triggers (single jet, HT, MET, soft drop mass) well behaved


• HCAL calibration update: pre-update miscalibration corrected with residual JECs


• ParticleNet @ HLT


• AK8 with ,  and high  vs QCD. ParticleNet score


• Reaches up to ≈ 85% efficiency 

mSD > 40 GeV pT > 250 GeV H(bb)

CMS-DP-2023-013CMS-DP-2023-016 CMS-DP-2023-021
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ML for Data certification
AutoEncoders CMS-DP-2023-032

Measured

AC 
reconstruction 

(trained on Era A)

2018 Era D

•DQM and DC online using many monitoring 
elements


•Time intensive and prone to human error


•AutoEncoders (AC) with JetMET monitoring 
elements as input


•non-anomalous runs as input


•Threshold on reconstruction loss as metric 
for GOOD/BAD runs


•For anomalous runs look at a per lumi section  
(LS) basis


• recover BAD runs partially by rejecting only 
anomalous LS 

Multilayer perceptron trained with 2D histograms can also 
differentiate between data taking eras

Performance on par with supervised networks
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CMS-DP-2023-010

ML for Data certification
AutoEncoders 
•DQM and DC online using many monitoring 
elements


•Time intensive and prone to human error


•AutoEncoders (AC) with JetMET monitoring 
elements as input


•non-anomalous runs as input


•Threshold on reconstruction loss as metric 
for GOOD/BAD runs


•For anomalous runs look at a per lumi section  
(LS) basis


• recover BAD runs partially by rejecting only 
anomalous LS 
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Summary

• PUPPI performs well in Run 3


• Jet energy calibration corrects for miscalibration of detector


• will improve as detector is calibrated further


•  Jet&MET related trigger well behaved in Run 3


• New ParticleNET H(bb) vs. QCD tagger


• Study of Autoencoders and other ML trained on Jet&MET monitoring 
elements for use in Data Certification
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Pileup mitigation in Run 3
Neutral hadrons

Charged hadronsPileup vertices

Leading vertex

• Pileup interactions from same or other 
bunch crossing overlay the hard scattering


• Charged and neutral hadrons originating 
from pileup vertices end up in jet


• Need to cope with a mean number of 
interactions per bunch crossing of  
in Run 3 so far

μ = 80

CHS 
• Remove charged hadrons not originating from 

leading vertex

• Only in tracker coverage and only on charged 

component of pileup

• Additional treatment on jets clustered from 

CHS particle collection needed: pileup jet ID 
and offset correction 


• Used in Run 2

PUPPI 
• Treating both charged and neutral particles


• neutral particles get assigned a weight based on   
→ scales four-momenta


• how far is it from charged particle originating from LV 
≈ how likely is it they originate from LV or PV 

αi

αi = ∑
j≠i,ΔRij<R0

(
pT, j

ΔRij )
2

wi = Fχ2,ndf=1 ( (αi − ᾱPU) |αi − ᾱPU |
(αRMS

PU )2 )
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Pileup mitigation in Run 3
Neutral hadrons

Charged hadronsPileup vertices

Leading vertex

• Pileup interactions from same or other 
bunch crossing overlay the hard scattering


• Charged and neutral hadrons originating 
from pileup vertices end up in jet


• Need to cope with a mean number of 
interactions per bunch crossing of  
in Run 3 so far

μ = 80

CHS 
• Remove charged hadrons not originating from leading 

vertex

• Only in tracker coverage and only on charged 

component of pileup

• Additional treatment on jets clustered from CHS 

particle collection needed: pileup jet ID and off


• Used in Run 2

PUPPI 
• Treating both charged and neutral particles


• neutral particles get assigned a weight based on   
→ scales four-momenta


• how far is it from charged particle originating from LV 
≈ how likely is it they originate from LV or PV 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Jets

Applied to data

Applied to simulation
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Illustration by: 
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CMS-DP-2022-054

• Jet energy resolution correction for simulation 
derived in bins of 


• Measured in dijet, extrapolated to 



• JER SF around 1.0 to 1.4, larger in EC-HF 
transition ( )


• early 2022 shows  dependence in some 
-bins

|ηjet |

α = pT,jet 3/pave
T → 0

2.5 < |η | < 3.0

pT
|ηjet |
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Supervised Networks for Data Certification

7

Fig.3 Shows different jet energy fraction histograms of predicted probabilities of good (blue) and bad (red) for training and
test sets and for each of the three classifiers.
Fig.3 (a) Probability histogram of the KNN classifier. 
Fig.3 (b) Probability histogram of the Gaussian-NB classifier.
Fig.3 (c) Probability histogram of the SVM classifies.

(a) (b) (c)

Fig.3

Feature reduction: Jet energy fractions among 
most important for DC

5

Variable Reduction 

• To optimize the set of input features, the first order 
gradient of the loss is calculated with respect to the input 
features to gauge how sensitive the predictions are to 
certain jet observables.

• To mitigate the effect of noise in the gradient descent-
based feature reduction method, we adopted an 
ensemble-based approach. Specifically, we trained 25 
different models, each with distinct initial conditions, and 
then calculated the average values of the first order 
gradient for each jet variable across all models.

• Most of the features that have the highest first-order 
gradients are primarily composed of Jet energy fractions, 
which indicates: 
➢ Jet energy fractions are the most effective monitor 

elements for DC.
➢ The autoencoder will be trained with Jet energy 

fractions only.
Fig.2 The highest absolute values of the first order gradients for 25 

monitor elements for both training and test instances. 

e.g. KNN with 25 input features can 
achieve ROC AUC of 0.9

CMS-DP-2023-032
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o�ine pT value. This feature is
primarily due to the limited
accuracy of the jet energy
corrections derived on
simulations.
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ML for Data certification
Autoencoders 

Hadron occupancy


 
Trained on good runs from Era A

Original

AC 
reconstruction

2018 Era A

Original

AC 
reconstruction

2018 Era D
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