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‣Test the self-consistency of the Standard Model 

‣Huge variety of processes analysed 

‣Approximatively 7 orders of magnitudes of cross-sections measured 

‣Majority already systematics-dominated

CMS results 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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‣Test the self-consistency of the Standard Model 

‣TeV energy frontier 

‣Enormous range of energy investigated (up to 10TeV) 

‣Multitude of different models studied
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CMS results 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
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 (13 TeV)-136 fbCMS    Preliminary

2− 1− 0 1 2
θ∆)/0θ-θ(

 SFsµ

bJES semilep. B decays
JEC pileup data/MC

Calibration
gg→FSR PS scale g

bJES Bowler-Lund
JEC flavor light quarks

JEC abs. scale

|<1.93
jet
ηJER |

JEC rel. FSR
stat.

bJES Peterson
e SFs

bJES Bowler-Lund central
JEC rel. sample

ME/PS matching
Underlying event

JEC abs. MPF bias
BG QCD multijet

Early resonance decay
BG W+jets

CR: QCD inspired
CR: gluon move

qg→FSR PS scale q
Xg→FSR PS scale X

JEC flavor bottom

0.98
0.96
0.96

1.02
0.86
0.97
0.98
0.33
0.97

0.50
0.93
0.82
0.90
0.48
0.51
0.95
0.66
0.33
0.76
0.35
0.34
0.46
0.74
0.89

 0.38 GeV± = 171.77 tml + jets 5D: 
pull

0.3− 0.2− 0.1− 0 0.1 0.2 0.3
 [GeV]tm∆

 SFsµ

bJES semilep. B decays
JEC pileup data/MC

Calibration
gg→FSR PS scale g

bJES Bowler-Lund
JEC flavor light quarks

JEC abs. scale

|<1.93
jet
ηJER |

JEC rel. FSR
stat.

bJES Peterson
e SFs

bJES Bowler-Lund central
JEC rel. sample

ME/PS matching
Underlying event

JEC abs. MPF bias
BG QCD multijet

Early resonance decay
BG W+jets

CR: QCD inspired
CR: gluon move

qg→FSR PS scale q
Xg→FSR PS scale X

JEC flavor bottom

0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.06
0.07
0.08
0.08
0.09
0.09
0.09
0.11
0.14
0.14
0.20

pre-fit impacts θ∆+θ θ∆-θ
post-fit impacts θ∆+θ θ∆-θ MC stat.

CMS Preliminary  (13 TeV)-136.3 fb

310 410

1

10

U
nc

er
ta

in
ty

 (%
)

 < 0.5
max

|y| Total Luminosity

310 410

1

10

R
el

at
iv

e  < 1.0
max

0.5 < |y| Stat. Unfolding (stat.)

310 410

1

10
 < 1.5

max
1.0 < |y| Other JES JER

310 410

1

10
 < 2.0

max
1.5 < |y|

300 400 1000 2000 3000 10000
 (GeV)1,2m

1

10
 < 2.5max2.0 < |y|  R=0.4Tanti-k

Source Uncertainty [GeV]

Trigger 0.02

Lepton ident./isolation 0.02

Muon momentum scale 0.03

Electron momentum scale 0.10

Jet energy scale 0.57

Jet energy resolution 0.09

b tagging 0.12

Pileup 0.09

tt ME scale 0.18

tW ME scale 0.02

DY ME scale 0.06

NLO generator 0.14

PDF 0.05

stt 0.09

Top quark pT 0.04

ME/PS matching 0.16

UE tune 0.03

tt ISR scale 0.16

tW ISR scale 0.02

tt FSR scale 0.07

tW FSR scale 0.02

b quark fragmentation 0.11

b hadron BF 0.07

Colour reconnection 0.17

DY background 0.24

tW background 0.13

Diboson background 0.02

W+jets background 0.04

tt background 0.02

Statistical 0.14

MC statistical 0.36

Total mMC
t

uncertainty
+0.68

�0.73Dijet cross section Top mass l+jet 

ttbar cross section dilepton 

‣Jet-related uncertainties are becoming a limiting factor in many analyses 

‣Jets are abundant at the LHC -> hadronic decays, associated prod. with jets… 

‣Jet energy scale -> impact on: top, Higgs, multijet analyses 

https://cds.cern.ch/record/2843201
https://cds.cern.ch/record/2806509
https://arxiv.org/abs/1812.10505
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‣Jet-related uncertainties are becoming a limiting factor in many analyses 

‣Jets are abundant at the LHC -> hadronic decays, associated prod. with jets… 

‣Jet energy scale -> impact on: top, Higgs, multijet analyses 

‣… but also boosted searches -> merged decay products 

‣Must be known very well for a wide range in energy and pseudorapidity

https://arxiv.org/abs/1911.03947
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‣Particle reconstruction 

‣Detector signals -> physics objects 

‣Based on ParticleFlow algorithm 

‣Operational since 2010, this talk focuses on: 

‣Run2 data (2016-2018),  = 13 TeV 

‣Run3 data (2022-ongoing),  = 13.6 TeV

s

s
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photons

muontracking
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calorimetercalorimetersystem
electromagnetic hadronic

system

muons

electrons

protons
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neutrons
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0
L

C. Lippmann − 2003

arXiv:1311.4942 

arXiv:1101.3276 

‣Multi-purpose detector 

‣Layered structure 

‣Tracker 

‣Electromagnetic calorimeter 

‣Hadron calorimeter 

‣Solenoid 

‣Muon chambers

https://arxiv.org/abs/1311.4942
https://arxiv.org/abs/1101.3276
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‣As a consequence of the hadronisation of quarks and gluons produced in 
pp collisions, a collimated shower of hadrons (jet) is produced.

Click me 

https://cms.cern/news/jets-cms-and-determination-their-energy-scale
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Local reconstruction: 
Tracks, ECAL, HCAL

8

‣Information from sub-detectors ‣Similar method online but less detail
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Local reconstruction: 
Tracks, ECAL, HCAL

Particle flow (PF)

9

‣Information from sub-detectors ‣Similar method online but less detail
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Particle Flow in CMS

ECAL

‣Link tracks and calorimeter signals ‣Particle identification

HCAL

https://arxiv.org/abs/1706.04965
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‣Link tracks and calorimeter signals ‣Particle identification

‣Charge hadron subtraction (CHS) ‣Pileup Per Particle Identification (Puppi)

Local reconstruction: 
Tracks, ECAL, HCAL

Particle flow (PF)

Pileup mitigation

10

‣Information from sub-detectors ‣Similar method online but less detail
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‣Algorithms (AK, CA, HOTVR, Xcone) ‣Cone radii (0.4, 0.8, 1.5, VR)

Local reconstruction: 
Tracks, ECAL, HCAL

Particle flow (PF)

Pileup mitigation

Jet clustering

11

‣Information from sub-detectors ‣Similar method online but less detail

‣Link tracks and calorimeter signals ‣Particle identification

‣Charge hadron subtraction (CHS) ‣Pileup Per Particle Identification (Puppi)
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‣Algorithms (AK, CA, HOTVR, Xcone) ‣Cone radii (0.4, 0.8, 1.5, VR)

‣Jet energy scale & resolution ‣Jet mass scale & resolution

Local reconstruction: 
Tracks, ECAL, HCAL

Particle flow (PF)

Pileup mitigation

Jet clustering

Jet calibration

12

‣Information from sub-detectors ‣Similar method online but less detail

‣Link tracks and calorimeter signals ‣Particle identification

‣Charge hadron subtraction (CHS) ‣Pileup Per Particle Identification (Puppi)



Proton-proton collision @ LHC
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‣Challenging environment for LHC physics 

‣Additional interactions (pileup) 

‣Average of 30 interactions in Run 2 

‣Average of 50 interactions in Run 3 (so far…) 

Pileup
Run3



Run3

Proton-proton collision @ LHC

14Andrea Malara LHC-EW WG2 07 August 2024

‣Challenging environment for LHC physics 

‣Additional interactions (pileup) 

‣Average of 30 interactions in Run 2 

‣Average of 50 interactions in Run 3 (so far…) 

‣Additional particles deteriorate measurements 

‣Several approaches to cope with it

Pileup

Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)
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Pileup  
vertices

Pileup  
vertices

Interesting  
vertex
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Interesting  
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vertices

Pileup  
vertices
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Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)
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‣Tracker information to remove charged 
particles associated to PU 

‣Neutral particles energy subtracted 

‣Applicable for |η | < 2.4

Charged Hadron Subtraction (CHS)

Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)
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vertex
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vertices
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Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)
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vertex
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vertices

Pileup  
vertices

Interesting  
vertex

Pileup  
vertices

Pileup  
vertices

Interesting  
vertex

Pileup  
vertices

Pileup  
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‣Per-particle weight 

‣Scale 4-momentum before clustering 

‣Charged particles similar to CHS 

‣Redefined track-vertex association

Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)Puppi in CMS 

‣Tracker information to remove charged 
particles associated to PU 

‣Neutral particles energy subtracted 

‣Applicable for |η | < 2.4

https://arxiv.org/abs/2003.00503
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Pileup mitigation techniques – Puppi for Run 3  
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‣Widely used in Run 2, default in Run 3 

‣Improved all jet-related variables 

‣Jet efficiency and purity (matched to generator-level jets) 

‣Jet substructure 

‣New optimation to include hadronic tau reconstruction: CMS-DP-2024-043  

CMS-DP-2021-001 

https://cds.cern.ch/record/2904356
http://cds.cern.ch/record/2751563


Jet reconstruction 
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Anti-kt clustering

‣Anti-   as default algorithm 

‣small radius: R=0.4 (AK4) 

‣large radius: R=0.8 (AK8) 

kT

https://arxiv.org/abs/0802.1189
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‣Anti-   as default algorithm 

‣small radius: R=0.4 (AK4) 

‣large radius: R=0.8 (AK8) 

‣alternative algorithms: CA, HOTVR, XCone

kT
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Event 1
clustered with CA

Eur. Phys. J. C 76, 600 (2016) 

Anti-kt clustering

https://arxiv.org/abs/1606.04961
https://arxiv.org/abs/0802.1189
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‣Anti-   as default algorithm 

‣small radius: R=0.4 (AK4) 

‣large radius: R=0.8 (AK8) 

‣alternative algorithms: CA, HOTVR, XCone
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Anti-kt clustering

https://arxiv.org/abs/1606.04961
https://arxiv.org/abs/0802.1189


Jet reconstruction – XCone 
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‣Event signature defines clustering 

‣Return exactly N jets 

‣Examples from top-mass measurement 

‣Large improvement for the jet mass resolution
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Phys. Rev. Lett. 124 (2020) 202001 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.202001
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‣Event signature defines clustering 

‣Return exactly N jets 

‣Examples from top-mass measurement 

‣Large improvement for the jet mass resolution
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Tagging  ‣Type of elementary particle that initiated the jet 

‣Boosted topology -> Collimated decay products reconstructed as multi-prong objects 
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Tagging  ‣Type of elementary particle that initiated the jet 

‣Boosted topology -> Collimated decay products reconstructed as multi-prong objects 

‣Jet flavor (b vs light, b vs c, …) 

jet
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jet

PV

SV

displaced
tracks

IP

charged
lepton

CMS-DP-2022-050

https://cds.cern.ch/record/2839920
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Tagging  ‣Type of elementary particle that initiated the jet 

‣Boosted topology -> Collimated decay products reconstructed as multi-prong objects 

‣Jet flavor (b vs light, b vs c, …)  

‣Jet mass (ML with regression)

Additional radiation

CMS: arXiv:2004.08262v2

https://cds.cern.ch/record/2777006
https://arxiv.org/abs/2004.08262
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Tagging  ‣Type of elementary particle that initiated the jet 

‣Boosted topology -> Collimated decay products reconstructed as multi-prong objects 

‣Jet flavor (b vs light, b vs c, …)  

‣Jet mass (ML with regression) 

‣Jet substructure
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Tagging  ‣New ML developments with: 

‣HOTVR + BDT 

‣Vector boson charge tagger
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Click me 

https://cms.cern/news/jets-cms-and-determination-their-energy-scale
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‣Remove average offset due to PU  

‣Approx. 0.5 GeV extra energy per jet  

‣Neutral component not removed by CHS 
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data
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simulation
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Response ( )pT, η Residuals ( )η Residuals ( )pT Resolution Calibrated 

dijets 
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MC truth correction:  
  PU subtraction Private

Target

JEC DPNotes Legacy 
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Applied to  
data

Applied to  
simulation

Pileup

MC

Response ( )pT, η Residuals ( )η Residuals ( )pT Resolution Calibrated 

dijets 
Z+jet Jets

MC
MC + RC dijets /Z+jet, MJBγ

MC truth correction:  
  PU subtraction Private

‣Remove average offset due to PU  

‣Approx. 0.5 GeV extra energy per jet  

‣Neutral component not removed by CHS 

‣Significant outside tracker acceptance 
Target

JEC DPNotes Legacy 
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Applied to  
data

Applied to  
simulation

Pileup

MC

Response ( )pT, η Residuals ( )η Residuals ( )pT Resolution Calibrated 

dijets 
Z+jet Jets

MC
MC + RC dijets /Z+jet, MJBγ

MC truth correction:  
  PU subtraction Private

‣Remove average offset due to PU  

‣Approx. 0.5 GeV extra energy per jet  

‣Neutral component not removed by CHS 

‣Significant outside tracker acceptance 

‣Not needed for Puppi

Target

JEC DPNotes Legacy 
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‣Core of the calibration 

‣Simulation-based 

‣Accounts for detector effects 

‣Change in performance due to 
detector acceptance
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‣Core of the calibration 

‣Simulation-based 

‣Accounts for detector effects 

‣Change in performance due to 
detector acceptance 

‣Closure better that 1% everywhere 
(0.1% in central region)
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‣Based on precision of other reference objects 

‣Electrons, photons, muons, other jets… 

‣Truth level unknown 

‣Data/Simulation to reduce bias 

‣Realistic events taken into account 

‣Extra jets, additional interactions,…
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‣Small residual correction of jet response 
applied to data based on dijet topology 

‣Address different response in each    
sub-detector (  dep.)η
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‣Additional  -dependent corrections 
accounting for absolute scale in barrel 

‣Determined relative to precisely 
measured reference objects (μ, e, γ, W) 

‣Channels combined in a global fit 

‣Exploit individual precision in each 
phase-space

pT
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Applied to  
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MC truth correction:  
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  Jet response calibration  
Residual corrections 
Jet energy resolution smearing 

‣Scale factors (SFs) applied to simulation 
to match resolution in data 

‣Direct balance in dijet events 

‣Sensitive to detector changes/calibration
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Applied to  
data

Applied to  
simulation

Pileup

MC

Response ( )pT, η Residuals ( )η Residuals ( )pT Resolution Calibrated 

dijets 
Z+jet Jets

MC
MC + RC dijets /Z+jet, MJBγ

MC truth correction:  
  PU subtraction 
  Jet response calibration  
Residual corrections 
Jet energy resolution smearing  
Jet energy scale uncertainties

‣Uncertainty 1% for jets pt >100 GeV 

‣Increasing contribution from PU 

‣Detector degradation: 

‣Ageing, damage, …

∼
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Machine learning: 

‣More performant wrt traditional algorithms  

‣Currently used for jet mass regression: 

‣Direct effect on analyses’s sensitivity 

‣Simultaneous training of tagging and regression for energy and mass: 

‣Improve scale, resolution and flavour dependence

Scale Resolution

CMS-DP-2024-064

https://cds.cern.ch/record/2904704
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Figure 3: Jet energy resolution as a function of the number of pileup interactions for W+jets events.
We compare the TOTAL algorithm (violet line) and the PUPPI algorithm (orange line) with the
ideal scenario of zero pileup interactions (black line). TOTAL is trained with fixed number of pileup
interactions, denoted by the vertical red line.

close to the beam axis. A predominant background in this search is the production (mediated by
the strong interaction) of a Z boson that decays into neutrinos. In Fig. 5, we demonstrate the
improvement in significance, which is defined as the signal yield S divided by the square root of
the background yield B, as a function of a selection on a linear classifier constructed from pmiss

T
and the dijet invariant mass. We find the improvement from TOTAL to be in the order of 15%
compared to PUPPI, consistent with the improvements in resolution for jets and pmiss

T . This would
lead to a better sensitivity in the search for such decays and significantly improve the expected
upper limit on the branching ratio of Higgs bosons to invisible particles quoted by the ATLAS and
CMS collaborations [24, 25].

Table 1: JER and pmiss
T resolutions for di↵erent loss function choices in the TOTAL algorithm and

for the PUPPI algorithm. In parentheses, we report the relative improvement of TOTAL with
respect to PUPPI.

QCD tt̄
JER pmiss

T res. JER pmiss
T res.

PUPPI 0.088 – 0.073 0.244
SWD 0.074 (-16%) – 0.060 (-18%) 0.221 (-9%)

SWD + pmiss
T 0.066 (-25%) – 0.053 (-27%) 0.186 (-24%)
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Backup

~~~ Additional Material ~~~
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Run3 calibration 

‣Usually small corrections for data offline… 

‣… corresponds to small effect on data online (triggers) 

‣Run3: 

‣Substantial corrections needed ( , up to x2 in 
endcaps) 

‣Fraction of data collected less efficiently

∼ 10/20 %
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1. Define variable ⍺ to discriminate pileup 
from leading vertex

2. Assume charged pileup has the same 
shape as neutral pileup 

3.  Use ⍺ on an event-by-event basis to 
calculate a per-particle weight
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1. Define variable ⍺ to discriminate pileup from 
leading vertex



1. Define variable ⍺ to discriminate pileup from 
leading vertex
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2. Assume charged pileup has the same shape as 
neutral pileup 

PUPPI in Detail
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3.  Use ⍺ on an event-by-event basis to 
calculate a per-particle weight

PUPPI in Detail
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1. For each particle calculate 

2. Assign a weight to each  
particle

wi = Fχ2,NDF=1(χ2
i )

Pileup Hard scattering

χ2
i =

(αi − ᾱPU) |αi − ᾱPU |
RMS2

PU
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Performances of PUPPI jets/MET  were extensively studied and compared to CHS 
jets/PF MET in JME-18-001
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In | | < 2.5 PUPPI rejects 
more PU jets than all other 
techniques 
In | | > 2.5 PUPPI is 
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PUPPI is more stable in 
jet mass, jet mass 
resolution and .τ21

PUPPI has a better 
MET resolution and 
less fake MET.
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https://arxiv.org/abs/2003.00503


PUPPI tune v15

50Andrea Malara LHC-EW WG2 07 August 2024

DP2021-001

CMS Collaboration

The new tune: PUPPI v15

4

Tab. 1: Categories for charged particles in CHS and PUPPI.

reject

used in the LV fit

Charged particles

used in the PU vertex fit

not used in a vertex fit

CHS

keep

keep

PUPPI v15

keep

if 1st or 2nd PU vertex 
&& | | < 0.2 cm keep

else reject

dz

see next slide

A charged particle can be either: used in the fit of the LV, used in the fit of a PU 
vertex or not used in any fit (see plot on the top left). The categories for CHS and 
PUPPI for each of the cases is shown in Tab. 1. 


In order to recover tracks mistakenly used in the fit of another vertex (vertex 
splitting or track stealing by a nearby PU vertex), charged   particles   belonging   to  
one  of  the first  two  PU vertices and with | | < 0.2 cm are kept.dZ

CMS Collaboration

The new tune: PUPPI v15

5

If a charged particle is not used in any fit PUPPI keeps the charged particle only if | | < 0.3 cm, while CHS 
keeps all charged particles. However, the track-vertex assignment, especially | | is not working for high-  
particles and therefore rejects too many LV particles. In the new tune we therefore implemented a protection 
for this.


In |η| < 2.4: Charge particles with >20 GeV are kept, while the ones with <20 GeV are treated as neutral. 
These particles get a weight and are excluded from the ⍺ calculation in |η| < 2.5 (see Tab. 2).


In |η| > 2.4: Charged particles with  > 20 GeV are kept. Charged particles with a  < 20 GeV are kept if | | 
< 0.3 cm (see Tab. 2).


The motivation behind the | | < 2.4 condition comes from the fact that only tracks satisfying this condition are 
used for vertex fitting. PUPPI internally is split into |η| < 2.5 and |η| > 2.5 since |η| = 2.5 is the boundary of our 
Phase-0 tracking system. The tracking system was extended to | |<3.0 with the Phase-1 upgrade.

dZ
dZ pT

pT pT

pT pT dZ

η

η

|η | < 2.4

|η | > 2.4

pT > 20 GeV pT < 20 GeV

keep

keep

calculate a weight

if | | < 0.3 cm keep 
else reject

dZ

Tab. 2: Categories for charged particles that are not used in the fit of the LV or a PU vertex.

https://cds.cern.ch/record/2751563/files/DP2021_001.pdf
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CMS Collaboration

The new tune: PUPPI v15

5

If a charged particle is not used in any fit PUPPI keeps the charged particle only if | | < 0.3 cm, while CHS 
keeps all charged particles. However, the track-vertex assignment, especially | | is not working for high-  
particles and therefore rejects too many LV particles. In the new tune we therefore implemented a protection 
for this.


In |η| < 2.4: Charge particles with >20 GeV are kept, while the ones with <20 GeV are treated as neutral. 
These particles get a weight and are excluded from the ⍺ calculation in |η| < 2.5 (see Tab. 2).


In |η| > 2.4: Charged particles with  > 20 GeV are kept. Charged particles with a  < 20 GeV are kept if | | 
< 0.3 cm (see Tab. 2).


The motivation behind the | | < 2.4 condition comes from the fact that only tracks satisfying this condition are 
used for vertex fitting. PUPPI internally is split into |η| < 2.5 and |η| > 2.5 since |η| = 2.5 is the boundary of our 
Phase-0 tracking system. The tracking system was extended to | |<3.0 with the Phase-1 upgrade.

dZ
dZ pT

pT pT

pT pT dZ

η

η

|η | < 2.4

|η | > 2.4

pT > 20 GeV pT < 20 GeV

keep

keep

calculate a weight

if | | < 0.3 cm keep 
else reject

dZ

Tab. 2: Categories for charged particles that are not used in the fit of the LV or a PU vertex.
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Pileup mitigation techniques – Puppi for Run 3  
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CMS-DP-2021-001 

Better

‣Widely used in Run 2, default in Run 3 

‣Improved all jet-related variables 

‣Jet efficiency and purity (matched to generator-level jets) 

‣Jet substructure 

‣Jet resolution (the lower the better) 

‣Improved performance also on lepton isolation, missing transverse energy, …

CMS-DP-2020-031 

http://cds.cern.ch/record/2751563
https://cds.cern.ch/record/2723010

