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Pileup Mitigation at  the HL-LHC 

•  Pileup basics and detector configurations 
•  Tracking detectors 

•  Primary vertex finding; b-tagging 
•  Muons 

•  Improved performance with upgraded detectors 
•  e/gamma and tau 

•  Limited information on performance with Phase II detectors 
•  Jet/MET  

•  Use of more sophisticated algorithms with tracking and 
calorimeter information 

•  Conclusions 

•  Links to more information:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP 
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Pileup basics and key questions 

•  Luminosity of 5x1034cm-2s-1 corresponds to an *average* pileup of 140 
events 
•  Upper estimate of average number of pileup events for this lumi 
•  Average of a Poisson distribution with a sigma of about 12 events 

•  Key questions: 
•  Can the detectors work with even higher (average) pileup to allow 

3000 /fb to be delivered more quickly?  
•  Can a longer beam spot help pileup mitigation? 

•  Need to take into account in-time pileup (same bunch crossing) and 
out-of-time pileup (previous crossings), eg 

•  ATLAS LAr calorimeter pulse  
shape lasts 32 bunch crossings 

•  Long time-constant cavern 
background in muon spectrometers 
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Detector configurations 
•  ATLAS performance evaluated with 

•  Run 2 detector with µ=50 (for 300/fb studies) 
•  Phase II LoI baseline tracker (ITK) in Run 2 calo+muon 

systems, studied with varying µ and beam spot shapes  
•  CMS performance evaluated with 

•  2019 detector with µ=50 
•  New pixel detector 

•  2019 detector “aged” after 1000/fb and with µ=140 
•  New pixel detector 
•  Aged strip detector 
•  Aged calorimeter 

•  Phase II 2013 detector with 
•  2019 pixel detector 
•  New strip detector and calorimeter recovered from aging 
•  In future - studies with upgraded pixel det, endcap calo... 

•  Improvements from extended detector coverage – next talk 
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Pile-up 

Zàµµ plus  
25 pileup events 
 
 
Run 1 detectors  
deal with this,  
but not pileup 
of 140-200 
or more... 
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Run 1 detectors need upgrades for HL-LHC   
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Detectors section, Collider  
exhibition, Science Museum. 
(Credit: Nick Rochowski 2013) 



Primary vertex finding 

•  ttbar events with the CMS Phase I and Phase II detectors 
•  (Reconstructed – Generated) vx positions for no PU, 50 PU, 140 PU 
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140 PU and aged tracker: vertex 
finding efficiency increases from 
84% to 90% with improved algorithm 

140 PU and Phase II strips: vertex 
finding efficiency  increases from 
90% to 96% with improved algorithm 



•  Generate ttbar events with pileup, Phase II tracker, µ=140 
•  Different longitudinal (z) beam spot profiles:  

Gaussian with σ=5cm or Long beam spot, ~flat to ±15cm 
 
     Generated tracks                                    Reconstructed vertices 

 
 
 
 
 
 
 
 
 

Effect of a longer beam spot 
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Effect of a longer beam spot – primary vertex 

•  ttbar events with varying pileup and beam spot z distributions 
                 Gaussian, µ [80,300]                   Varying shape, µ=80,140 
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N reco 
primary 
vertices 

 

Non-optimised 
algorithms 

ttbar PV 
efficiency 
vs z 



b-tagging – CMS Phase II 

•  Increased pileup and detector aging cause misid rate to increase 
•  Performance is not recovered even if the true PV is used 

•  Phase II detector with µ=140 nearly recovers performance to that of 
the Phase I detector with µ=50 

•  Performance of aged detector is much worse 
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b-tagging – higher pileup 

•  ATLAS Phase II ITk performance with µ=140 better  
than Run 2 performance expected with µ=50 [LoI] 
•  b-tagging degrades gradually with higher µ 
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•  Only events with the correct primary 
vertex enter the plots 
•  b-tagging is insensitive to beam 

spot shape IF the correct ttbar 
primary vertex is found 

•  NB: rejection = 1/(misid-prob) 
•  Non-optimised algorithms from Run 1 
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Muon performance - CMS 

•  Muon efficiency affected by aging 
•  Improved pT resolution with Phase II 

detector, mostly due to tracker 
•  (ATLAS muon performance with new  

tracker also improves pT resolution) 
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Efficiency vs η 

Resolution vs η – 10 GeV & 100 GeV 

2019 PU50 
2019 aged, PU140 
Phase II, PU140 



e, γ and τ performance 

•  More work needed for Phase-2 algorithms. 
Plots show effects of PU (CMS, aged detector) 

•  Different assumptions on projected 
performance by ATLAS and CMS for physics 
studies 

•  ATLAS moving from silicon+TRT to all silicon 
tracker; different geometry affects converted 
photon id in particular 
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Barrel electron efficiency (tuned 
for uniform background rate) 

Tau efficiency vs η Photon efficiency vs pT 



Jet reconstruction in CMS 

•  Anti-kt jets with R=0.4 from 
1.  All Particle Flow candidates (PF) 
2.  Plus rejecting charged hadrons from pileup vertices (CHS) 
3.  PF candidates weighted by Puppi algorithm – best resolution 

 
Jet pT response                   Corrected response                    Jet resolution 
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Pileup Per Particle Identification  
arXiv:1407.6013 [hep-ph] 



Jets and MET 

•  Pileup jet rate 
•  Defined as ratio between all 

reco jets and reco jets 
matched to a generated hard-
scatter jet in a multijet sample 

•  MET resolution  
•  The component of the hadronic 

recoil perpendicular to the Z 
direction in Zàµµ events  
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Pileup Mitigation with Precision Timing 

•  Reconstructed time for PF 
objects assuming new detector 
element with 50ps resolution 

•  Single pions/photons and pileup 
photons 

•  Sum ET of PF photons for VBF 
Hàγγ events 
•  No pileup (red/blue) 
•  Pileup 140 – no time cut 
•  Pileup 140 – with time cut 
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See the talk on timing detectors by Tommaso Tabarelli#



Efficiency for hard-scatter jets
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Pileup jet suppression with tracks - ATLAS 

•  Efficiency for pileup jets vs. hard-
scatter jets (20-30 GeV), scanning a 
track-vertex match variable 

•  Pileup jets do not match any true jet 
•  Performance degrades with µ 

•  Mean number of jets  
(pT>20 GeV) vs. number of 
reconstructed vertices, before/
after pileup suppression with a 
charged fraction variable 
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Z’àttbar: 
top and W 
mass peaks 
emerge 

dijet 
background: 
low jet mass 

 
Form R=0.3 subjets in R=1.0 jet. Reject low pT subjets, pileup “area” correction.  
Less efficient and worse mass resolution for higher pileup (up to µ=300) 
NB: Algorithms “out of the box”. No systematic error evaluation. 
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Jet splitting 
•  Use kt algorithm to recluster large-R jet 

constituents.  
•  Jet splitting scales, √dij, can distinguish 

between boosted top and light jets.  
•  Algorithms continue to work up to µ=300, 

but with degraded performance.  
•  No systematic error evaluation yet 
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Conclusion and outlook 

•  Very good progress with evaluating the baseline Phase II layouts in 
ATLAS and CMS 
•  A combination of new detector components and improved 

algorithms provide pileup mitigation 
•  ATLAS observes that performance continues to degrade if µ>>140. 

Degradation has not yet been translated into reduction in physics 
sensitivity – a multi-parameter space 

•  Challenges 
•  Need to continue to quantify how the performance changes with 

•  layout changes,  
•  algorithm improvements,  
•  increasing pileup and  
•  different beam spot shape,  

•  then propagate these changes through physics analyses 
•  This is a complicated and iterative process – work will continue as 

an input to Phase II design optimisation 
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