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Pileup degrades performance
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ÒPileup mitigation at CMS and ATLASÓ Satoshi Hasegawa, QCD at LHC 2018 Workshop, 27-31 Aug 2018, Dresden, Germany. /22

Why we care about PU
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The Problem with Pileup
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6.1 Jets 47
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Figure 23: Jet energy composition in observed and simulated events as a function of pT (top
left), ! (top right), and number of pileup interactions (bottom). The top panels show the mea-
sured and simulated energy fractions stacked, whereas the bottom panels show the difference
between observed and simulated events. Charged hadrons associated with pileup vertices are
denoted as charged PU hadrons.
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PU a! ects jet substructure, jet counting, lepton isolationÉ

Chapter 7. Monte-Carlo studies 145
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(a) raw, ungroomed jets
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(b) raw jets with pileup subtraction
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(c) trimmed jets
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(d) trimmed jet with pileup subtraction
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(e) Þltered jets
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Figure 7.1: The impact ofNPU on the jet mass distribution. Top row: the raw jet mass distribution
for Z ! ! tøt Þnal states withmZ ! = 1.5 TeV, in the presence of pileup withµ = 30, 60, 100, and 140,
before (left) and after (right) areaÐmedian pileup subtraction. The second and third rows show the
same results after trimming (middle row) and Þltering (lower row). vertical size of the graphs

[if nothing done about it]
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Pileup suppression at the hit/
cluster level (ECAL/HCAL) [out 
of time PU]

Pileup suppression by removing 
charged hadrons from PU 
vertices (CHS)

Going beyond: PUPPI already used now for many substructure 
observables, even more important at higher PU
+ hardware upgrades for HL-LHC

Particle Flow



Particle Flow (PF) approach
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Position, momentum 
of charged particles : 
e±, ! ±, " ±

Silicon Tracker Electromagnetic 
Calorimeter

Position & ID, energy 
of e±,#, ! 0

Hadron Calorimeter

Energy of hadrons : 
p, n, ! ±, K ..

Position & momentum 
of " ±

Muon Chambers
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HCAL Out Of Time PU (OOTPU)

!15

Contact cms-dpg-conveners-hcal@cern.ch!9

Example of single channel reconstruction in 2018 HB

! Example of fit result in a single HPD+QIE8 channel with a 25 ns bunch spacing"

! Dots are digitized data samples, with uncertainties including electronic noise, photo-
statistical, and ADC granularity components"

! The red distribution is the in-time pulse (amplitude used in further reconstruction)

! Light blue distributions are fitted 
out-of-time pulses, and grey 
dashed line is the fitted baseline 
value"

! Dark blue distribution is total fit, 
including all four components"

! Most of the charge is attributed 
to the in-time pulse"
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! Signal from HCAl consist of 
several events 

! No OOTPU:"
Uses sum of charge in the 
triggered and next samples 
corrected by an additional 
containment factor to account for 
the pulse tail  

! With OOTPU:"
Fits up to three pulses in 
triggered, previous, and next 
bunch crossings with variable 
amplitude

NEW

Particle Flow (PF) approach
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Jet reconstruction at CMS

8

ECAL !
pulse reconstruction

HCAL !
pulse reconstruction

Track!
reconstruction

Particle Flow !
linking !

and particle 
reconstruction

Particle Flow !
cluster 

reconstruction !
and calibration

Per particle 
pileup removal 
(CHS, PUPPI)

Jet !
Clustering

Jet & MET 
corrections

Pileup!
Jet ID

Quark /
gluon !
jet ID

W/Z/H/t !
tagging Data 

quality

James Dolen BOOST 2015 - Chicago

Introduction

• Searches with boosted bosons →  
decay products merged into a single 
jet (V jets) 

• Techniques used to identify these 
objects will be discussed in detail in 
other talks this week 

- Only a quick summary today 

• V jets occur in many BSM models, 
some of which have dedicated talks 
at BOOST (VV resonances, V+MET 
etc.), therefore I will concentrate on 
top partner models which produce a 
very rich phenomenology containing 
boosted V 
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16 4 Pileup offset corrections
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Figure 5: Simulated particle-level offset hpT,offset ptcli deÞned in Eq. 3 for |h| < 1.3 (left), and
residual offset after correcting for pileup with Eq. 2 (right), versus particle jet pT, for different
values of average number of pileup interactions per bunch crossing ( hµi).
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Figure 6: Simulated particle-level offset versus pT separately for each type of PF candidate
(left). Average pT offset density versus jet distance parameter R for various pT,ptcl and compared
to a random-cone offset density versus cone radius (right). The jet or cone area Aj corresponds
to pR2.

¥ Many Run-II changes 

¥ ECAL MultiÞt and HCAL Method 2 effectively remove 
out-of-time pileup 

Detector-level reconstruction

¥ Track reconstruction  
- Improved computation time  
- Improvements to out-of-time pileup 

removal and high pT tracking (pixel 
cluster splitting, jet core high pT 
iteration)

Jet Substructure ÒPlanning for the futureÓ Event at the Fermilab LPC - Nov 30, 2016J. Dolen

Pulse shape not contained within 25ns bins !  
Overlap from previous/following bunch crossing 
!  Fit of ECAL/HCAL pulses to subtract OOT-PU

Schematic by J. Dolen
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HCAL Out Of Time PU (OOTPU)

!16Contact cms-dpg-conveners-hcal@cern.ch

! Same events are used in each distributions, but no OOTPU scenario has long tail with 
ratio of HCAL energy to track momentum above 2.0 due to pileup contributions "

! Out-of-time pileup mitigation improves hadronic energy resolution

!11

Charged hadron resolution

! Relative response of HCAL energy to 
track momentum for isolated charged 
pion candidates with track 
momentum between 20 and 30 GeV. "

! Black (red) points and Þtted gaussian 
are with (without) out-of-time pileup 
subtraction "

! RMS values are calculated for plotted 
range only
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no OOTPU scenario has long tail with ratio of HCAL energy to track momentum 

above 2.0 due to pileup contributions 

NEW

Particle Flow (PF) approach

�6

Jet reconstruction at CMS

8
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pulse reconstruction
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pulse reconstruction
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reconstruction

Particle Flow !
linking !

and particle 
reconstruction

Particle Flow !
cluster 
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corrections
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Introduction

• Searches with boosted bosons →  
decay products merged into a single 
jet (V jets) 

• Techniques used to identify these 
objects will be discussed in detail in 
other talks this week 

- Only a quick summary today 

• V jets occur in many BSM models, 
some of which have dedicated talks 
at BOOST (VV resonances, V+MET 
etc.), therefore I will concentrate on 
top partner models which produce a 
very rich phenomenology containing 
boosted V 
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Figure 5: Simulated particle-level offset hpT,offset ptcli deÞned in Eq. 3 for |h| < 1.3 (left), and
residual offset after correcting for pileup with Eq. 2 (right), versus particle jet pT, for different
values of average number of pileup interactions per bunch crossing ( hµi).
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Figure 6: Simulated particle-level offset versus pT separately for each type of PF candidate
(left). Average pT offset density versus jet distance parameter R for various pT,ptcl and compared
to a random-cone offset density versus cone radius (right). The jet or cone area Aj corresponds
to pR2.

¥ Many Run-II changes 

¥ ECAL MultiÞt and HCAL Method 2 effectively remove 
out-of-time pileup 

Detector-level reconstruction

¥ Track reconstruction  
- Improved computation time  
- Improvements to out-of-time pileup 

removal and high pT tracking (pixel 
cluster splitting, jet core high pT 
iteration)

Jet Substructure ÒPlanning for the futureÓ Event at the Fermilab LPC - Nov 30, 2016J. Dolen

Improved resolution/scale with 
OOTPU mitigation

Schematic by J. Dolen



Particle Flow (PF) approach
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Jet reconstruction at CMS

9

ECAL !
pulse reconstruction

HCAL !
pulse reconstruction

Track!
reconstruction

Particle Flow !
linking !

and particle 
reconstruction

Particle Flow !
cluster 

reconstruction !
and calibration

¥ Enables per-particle calibration 

¥ Run II modiÞcations led to critical 
improvements in jet substructure 
performance

Particle ßow

Jet Substructure ÒPlanning for the futureÓ Event at the Fermilab LPC - Nov 30, 2016J. Dolen

JINST 12 (2017) no.10, P10003  

Try to reconstruct individual 
particle candidates, combining 
information from various 
detectors 
¥ Charged hadrons (tracker)
¥ Photons (ECAL)
¥ Neutral hadrons (HCAL)
¥ +Electrons/muons

" Form jets and MET using 
particle candidates 

" PF greatly improves CMS jet 
energy resolution as 
compared to calorimeter-only 
reconstruction.

Schematic by J. Dolen



Jet reconstruction at CMS

12Jet Substructure ÒPlanning for the futureÓ Event at the Fermilab LPC - Nov 30, 2016J. Dolen
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Introduction

¥ Searches with boosted bosons !   
decay products merged into a single 
jet (V jets) 

¥ Techniques used to identify these 
objects will be discussed in detail in 
other talks this week 

- Only a quick summary today 

¥ V jets occur in many BSM models, 
some of which have dedicated talks 
at BOOST (VV resonances, V+MET 
etc.), therefore I will concentrate on 
top partner models which produce a 
very rich phenomenology containing 
boosted V 
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Charged Hadron Subtraction for jets
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Particle Flow Charged Hadron Subtraction (CHS)
¥ Majority of pileup is from charged particles
¥ CHS removes individual charged hadrons from pileup vertices (ca. 2/3 of offset 

energy in barrel)
¥ Inherent limitation: Only works in tracker-covered region, only works on charged 

component
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Offset energy left after CHS: Part of JEC
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4.3 Hybrid jet area method 15
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Figure 5: Simulated particle-level offset ! pT,offset ptcl " deÞned in Eq. (3) (left), and residual offset
after correcting for pileup with Eq. (2) (right) for |! | < 1.3, versus particle jet pT, for different
values of average number of pileup interactions per bunch crossing !µ".

are of the order of a few hundred MeV, the effective detector reconstruction thresholds for neu-
tral hadrons (mostly K 0

L, K0
S, and neutrons) are of the order of 3 GeV. This is far above the

typical ! pT,offset" # 5 GeV for a pileup particle, making the neutral hadron contribution barely
visible in Fig. 6 (left). The observed pT dependence comes from an interplay of several effects
for overlapping particles, such as failed zero-suppression in calorimeter energy, nonlinearity of
PF hadron corrections, fake tracks arising from hit combinations, and misreconstructed tracks
arising from pixel hit merging and tracker dynamic inefÞciency at high µ. The rate of overlaps
is highest in the jet core, which results in the simulated offset correction depending on the jet
size. Figure 6 (right) shows the average offset density within the jet versus jet distance param-
eter R and jet pT. The simulated particle-level offset converges to an RC offset measurement at
low pT, as well as for large jet size parameters. The shallow slope in RC offset versus distance
parameter is due to vector summation of PF candidate momenta, which reduces the offset pT

relative to the offset energy by cos(! R) at the cone edges.

Offset scale factor

The offset data/simulation scale factor is estimated from zero-bias data and simulation using
the RC method [13]. Because zero-bias data contain no energy deposition from hard interac-
tions, and the noise contribution is small, the average transverse momentum ! pT,cone"(! ) of
PF candidates in a randomly placed cone centered at (! , " ) can be identiÞed with the average
offset due to pileup, ! pT,offset"RC(! ):

! pT,offset"RC(! , ! #") = ! pT,cone"[! , µ]. (4)

As in the case of the simulated particle-level offset, the parameterization variables (! , ! #") and
the binning variables [! , µ] are explicitly marked in order to signal their impact on the observa-
tional biases.

For deriving the offset scale factor, the RC measurement is Þtted with a quadratic function of
#, ! pT,offset"RC = p0 + p1# + p2#2. The constant and quadratic terms are small, but are required
for a good $2/ Ndof of the Þt. The constant term has usually a small positive value, because the

! /Z+jet,MJB (p T)

¥ Remaining offset energy (1/3 in barrel) corrected for by ρ/jet area-based 
correction 

¥ N.B.: Not needed for PUPPI jets



Extension to neutral deposits: PUPPI in CMS
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Figures can be found in ÒPileup Per Particle IdentiÞcationÓ, arXive:1407.6013.
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PUPPI and substructure
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Figures can be found in ÒJet algorithms performance in 13 TeV dataÓ CMS-PAS-JME-16-003
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Figures can be found in ÒPerformance of missing transverse momentum in pp collisions at sqrt(s)=13 TeV using the CMS detectorÓ CMS-PAS-JME-17-001
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Figure 6.14: Curves of background rejection versus signal efÞciency for PUPPI (red) and PF
(blue) isolation, for loosely identiÞed muons using Z ! µµ as signal and a QCD sample en-
riched with muons as background, for pileup 0 (left) and 200 (right). Muons with pT > 15 GeV
and |! | < 2.4 are selected, and the true primary vertex information is used.

ther with PUPPI or with the particle ßow (PF) method, using loosely identiÞed muons using
Z ! µµ as signal and a QCD sample enriched with muons as background. While the per-
formance of both methods is equivalent at 0 PU, it is evident that the PUPPI method ensures
robustness also at 200 PU.

6.4.2 b tagging performance

The ability to distinguish the jets arising from the hadronization of b quarks (b jets) from the
ones originating from the light partons is key to identifying several physics processes. Two b
tagging algorithms are used for the Phase-2 studies, ÒcMVAv2Ó and ÒDeepCSVÓ, the former
based on a boosted decision tree (BDT) approach, the latter on a deep neural network. They
are both currently applied in the analyses of Run 2 data.

The ÒcMVAv2Ó algorithm, used in the central region for |! | < 1.5, combines the information
from several b jet identiÞcation discriminators within a BDT. These discriminators are based
on the impact parameter information of selected tracks, on the combined information of both
secondary vertices and tracks within a neural network, and on the presence of a soft lepton
(electron or muon) inside a jet [74]. The discriminator relying on the combined information
of both secondary vertices and tracks has been reoptimized on simulated multi-jet events in
Phase-2 conditions. The other discriminators have not been speciÞcally reoptimized for the
results presented here. In the pseudorapidity region 1.5 < |! | < 3.5 the ÒDeepCSVÓ algorithm
is used, which exploits the use of deep neural networks [75]. The input observables are the
same as with the secondary vertex based algorithm. The training of the deep neural network
is performed on t t and multi-jet events, generated in Phase-1 conditions. Different types of
information are used as input observables to the cMVAv2 and DeepCSV algorithms. With
the present tuning, cMVAv2 is found to provide a higher b jet identiÞcation efÞciency within
|! | < 1.5, while DeepCSV provide a higher b jet identiÞcation efÞciency for |! | > 1.5.

The choice of the primary interaction vertex (PV) is a critical component of the b tagging perfor-
mance. The efÞciency of Þnding the generated primary interaction vertex in multi-jet events is
shown in Fig. 6.15. As expected, the efÞciency increases with the jet momentum and decreases
with increasing pileup.

The performance of the b tagging is evaluated in t t events for jets with pT > 30 GeV. The
misidentiÞcation probability for light ßavours is shown in Fig. 6.16 as a function of the b jet
tagging efÞciency, for different |! | regions. The trend observed in b tagging performance as a
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ther with PUPPI or with the particle ßow (PF) method, using loosely identiÞed muons using
Z ! µµ as signal and a QCD sample enriched with muons as background. While the per-
formance of both methods is equivalent at 0 PU, it is evident that the PUPPI method ensures
robustness also at 200 PU.

6.4.2 b tagging performance

The ability to distinguish the jets arising from the hadronization of b quarks (b jets) from the
ones originating from the light partons is key to identifying several physics processes. Two b
tagging algorithms are used for the Phase-2 studies, ÒcMVAv2Ó and ÒDeepCSVÓ, the former
based on a boosted decision tree (BDT) approach, the latter on a deep neural network. They
are both currently applied in the analyses of Run 2 data.

The ÒcMVAv2Ó algorithm, used in the central region for |! | < 1.5, combines the information
from several b jet identiÞcation discriminators within a BDT. These discriminators are based
on the impact parameter information of selected tracks, on the combined information of both
secondary vertices and tracks within a neural network, and on the presence of a soft lepton
(electron or muon) inside a jet [74]. The discriminator relying on the combined information
of both secondary vertices and tracks has been reoptimized on simulated multi-jet events in
Phase-2 conditions. The other discriminators have not been speciÞcally reoptimized for the
results presented here. In the pseudorapidity region 1.5 < |! | < 3.5 the ÒDeepCSVÓ algorithm
is used, which exploits the use of deep neural networks [75]. The input observables are the
same as with the secondary vertex based algorithm. The training of the deep neural network
is performed on t t and multi-jet events, generated in Phase-1 conditions. Different types of
information are used as input observables to the cMVAv2 and DeepCSV algorithms. With
the present tuning, cMVAv2 is found to provide a higher b jet identiÞcation efÞciency within
|! | < 1.5, while DeepCSV provide a higher b jet identiÞcation efÞciency for |! | > 1.5.

The choice of the primary interaction vertex (PV) is a critical component of the b tagging perfor-
mance. The efÞciency of Þnding the generated primary interaction vertex in multi-jet events is
shown in Fig. 6.15. As expected, the efÞciency increases with the jet momentum and decreases
with increasing pileup.

The performance of the b tagging is evaluated in t t events for jets with pT > 30 GeV. The
misidentiÞcation probability for light ßavours is shown in Fig. 6.16 as a function of the b jet
tagging efÞciency, for different |! | regions. The trend observed in b tagging performance as a
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Life is much harder, but PUPPI and PileupJetID (shown above) also provide at 
least some power for mitigating pileup jets in endcap/forward.

7.4 Data/MC scale factors for efÞciencies 19
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Figure 12: Fraction of rejected pileup jets as a function of the fraction of true quark and gluon
jets which are correctly tagged for jets. Curves are shown for both quark initiated and gluon
initiated jets in bins of 20 < pT < 30 GeV and 30< pT < 50 GeV in four different |! | regions:
(a) |! | < 2.5, (b) 2.5< |! | < 2.75, (c) 2.75< |! | < 3, (d) 3 < |! | < 5.

jets can be balanced against. Data are compared to a Drell-Yan MC sample simulated with
M AD GRAPH, and PYTHIA 8 used for showering.

Events are required to pass the di-muon trigger, with thresholds on the muon transverse mo-
menta of 17 GeV and 8 GeV respectively. Z! µµ events are selected by requiring two isolated
muons with pT > 20 GeV and|! | < 2.4, with an invariant mass in a window of 30 GeV around
the nominal Z mass. The muons must have opposite charge. The analysis is completed on all
AK4 PF+CHS jets with pT > 20 GeV and |! | < 5.0 which are separated from the muons by
! R > 0.4.

Two examples of variable inputs to the BDT are included in Fig. 13, and the Þnal pileup jet ID
discriminant is shown in Fig. 14. The simulation is found to describe the data sufÞciently well
to allow for a correction strategy based on data/MC efÞciency scale factors.

7.4 Data/MC scale factors for efÞciencies

The efÞciency of the pileup jet identiÞcation criteria on real jets is checked using a tag-and-
probe method on a control sample of Z (! µµ)+ jets events, where the jet recoiling against the
Z is used as a probe. In order to reduce the pileup contamination on the probe side, require-
ments on the balancing between the Z and the hardest jet momenta are applied: the absolute
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jets can be balanced against. Data are compared to a Drell-Yan MC sample simulated with
M AD GRAPH, and PYTHIA 8 used for showering.

Events are required to pass the di-muon trigger, with thresholds on the muon transverse mo-
menta of 17 GeV and 8 GeV respectively. Z! µµ events are selected by requiring two isolated
muons with pT > 20 GeV and|! | < 2.4, with an invariant mass in a window of 30 GeV around
the nominal Z mass. The muons must have opposite charge. The analysis is completed on all
AK4 PF+CHS jets with pT > 20 GeV and |! | < 5.0 which are separated from the muons by
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Two examples of variable inputs to the BDT are included in Fig. 13, and the Þnal pileup jet ID
discriminant is shown in Fig. 14. The simulation is found to describe the data sufÞciently well
to allow for a correction strategy based on data/MC efÞciency scale factors.

7.4 Data/MC scale factors for efÞciencies

The efÞciency of the pileup jet identiÞcation criteria on real jets is checked using a tag-and-
probe method on a control sample of Z (! µµ)+ jets events, where the jet recoiling against the
Z is used as a probe. In order to reduce the pileup contamination on the probe side, require-
ments on the balancing between the Z and the hardest jet momenta are applied: the absolute
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Life is much harder, but PUPPI and PileupJetID (shown above) also provide at 
least some power for mitigating pileup jets in endcap/forward.

Future much brighter: Tracking up to |η|<4; Timing detector; HGCAL

Anna Benecke

Timing Detector
ties above 1 mm! 1. The resulting degradation in resolutions, efÞciencies, and misidentiÞcation
rates at 200 pileup events impacts on several measurements [2, 6]. While measurements relying
on isolated objects will suffer mainly from an acceptance reduction, measurements relying on
the missing transverse momentum ( pmiss

T ) resolution or jet counting are signiÞcantly affected.
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Figure 1.1: Spread of the vertices along the beam direction at LHC and HL-LHC with 140 and
200 pileup events. The solid (dashed) line refers to the start (end) of the Þll (left). Probability
density function of the vertex density along the beam axis: the modes and the means of the
three distributions are 0.3, 1.2, and 1.9 mm! 1 and 0.2, 0.9, and 1.4 mm! 1 (right).

The timing upgrade of the CMS detector will improve the particle-ßow performance at high
pileup to a level comparable to the Phase-1 CMS detector, exploiting the additional informa-
tion provided by the precision timing of both tracks and energy deposits in the calorimeters.
In the time domain, pileup collisions at the HL-LHC will occur with an RMS spread of approx-
imately 180Ð200 ps within the 25 ns bunch crossing structure of the colliding beams, constant
during the Þll and uncorrelated with the line spread. If one imagines slicing the beam spot
in consecutive time exposures of 30 ps, the number of vertices per exposure drops down to
current LHC pileup levels. A time resolution of this size, therefore, would reduce the Ôeffective
multiplicityÕ of concurrent collisions to a level comparable to the LHC, thereby recovering the
Phase-1 quality of event reconstruction. The essential basis for the proposed concept is that the
time information from charged tracks is exploited in a space-time reconstruction of tracks and
vertices. Moreover, the time information from photons extracted from calorimeters is matched
with time information from the vertices. At the hardware level, this approach requires a ded-
icated detector for precision timing of minimum ionizing particles (MIPs), in addition to the
enhanced timing capabilities of the calorimeters [1]. At the software level, it requires the devel-
opment of algorithms to integrate the time information in particle-ßow reconstruction, and to
exploit that information in the ofßine analyses and in the high level trigger.

The event display in Fig. 1.2 (left panel) visually demonstrates the power of space-time re-
construction in 200 pileup collisions, using a time-aware extension (4D) of the deterministic
annealing technique adopted in vertex reconstruction by the CMS experiment [7]. According
to simulation, instances of vertex merging are reduced from 15% in space to 1% in space-time.
Another quantitative measure of the performance improvement is shown in the right panel of
Fig. 1.2, showing the rate of tracks from pileup vertices incorrectly associated with the hard
interaction vertex as a function of the line density of vertices. The rate of incorrect associations
increases with the line density, as vertices start to overlap within the optimal selection window.
The addition of track-time information with 30 ps precision reduces the wrong associations to
a level comparable to those observed without timing at the LHC vertex density of to about
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Figure 3.2: Number of tracks associated with pileup incorrectly associated with the hard pri-
mary vertex in t t (left) and Z ! µµ (right) events as a function of the pileup density, shown
with (4D vtx) and without (3D vtx) precision timing.
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Figure 3.3: Number of pileup tracks in Z ! µµ events incorrectly associated with the hard
primary vertex as a function of pileup density, shown without and with precision timing for
several different acceptance scenarios, considering tracks within the full Tracker acceptance
(left) and just in the central part (right) of the detector.
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Figure 1.5: A simpliÞed GEANT geometry of the timing layer implemented in CMSSW for simu-
lation studies comprises a LYSO barrel (grey cylinder), at the interface between the Tracker and
the ECAL, and two silicon endcap (orange discs) timing layers in front of the CE calorimeter.

either option.

1.4 Overview of the MIP timing detector

Figure 1.5 shows a simpliÞed implementation in GEANT of the proposed layout integrated
in the CMS detector. The MTD will comprise a barrel and an endcap region, with different
technologies based on different performance, radiation, mechanics and schedule requirements
and constraints:

¥ Cost effective design over a large area: Performance studies motivate the need of a
hermetic coverage, with time resolution of order 30Ð40 ps for charged tracks through-
out the detector lifetime.

¥ Integration constraints : A single layer device between the Tracker and calorimeters,
covering up to |! | ! 3, is imposed by space and integration constraints.

¥ Granularity : A channel area of order 1 cm2 in the barrel, and varying in the endcaps
down to 3 mm 2 at |! | ! 3, yields a good compromise between low time response
spread within a channel, low occupancy and low channel count. The channel occu-
pancy is limited to a few percent, ensuring both a small probability of double hits,
needed for unambiguous time assignment, and a manageable data volume.

¥ Radiation tolerance: The devices must be able to operate efÞciently up to an inte-
grated luminosity of 4000 fb " 1, without any maintenance intervention for the barrel
detector, whereas the endcap detector may be accessible during the HL-LHC era.
Table 1.2 shows the expected particle ßuence and radiation doses at possible timing
layer locations, between the Tracker and the ECAL calorimeter, and in front of the
neutron moderator of the endcap calorimeter.

¥ Marginal impact on the Tracker performance and design : The proposed design of the
barrel timing layer requires the outer radius of the tracker to be reduced by up to
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ties above 1 mm! 1. The resulting degradation in resolutions, efÞciencies, and misidentiÞcation
rates at 200 pileup events impacts on several measurements [2, 6]. While measurements relying
on isolated objects will suffer mainly from an acceptance reduction, measurements relying on
the missing transverse momentum ( pmiss

T ) resolution or jet counting are signiÞcantly affected.
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Figure 1.1: Spread of the vertices along the beam direction at LHC and HL-LHC with 140 and
200 pileup events. The solid (dashed) line refers to the start (end) of the Þll (left). Probability
density function of the vertex density along the beam axis: the modes and the means of the
three distributions are 0.3, 1.2, and 1.9 mm! 1 and 0.2, 0.9, and 1.4 mm! 1 (right).

The timing upgrade of the CMS detector will improve the particle-ßow performance at high
pileup to a level comparable to the Phase-1 CMS detector, exploiting the additional informa-
tion provided by the precision timing of both tracks and energy deposits in the calorimeters.
In the time domain, pileup collisions at the HL-LHC will occur with an RMS spread of approx-
imately 180Ð200 ps within the 25 ns bunch crossing structure of the colliding beams, constant
during the Þll and uncorrelated with the line spread. If one imagines slicing the beam spot
in consecutive time exposures of 30 ps, the number of vertices per exposure drops down to
current LHC pileup levels. A time resolution of this size, therefore, would reduce the Ôeffective
multiplicityÕ of concurrent collisions to a level comparable to the LHC, thereby recovering the
Phase-1 quality of event reconstruction. The essential basis for the proposed concept is that the
time information from charged tracks is exploited in a space-time reconstruction of tracks and
vertices. Moreover, the time information from photons extracted from calorimeters is matched
with time information from the vertices. At the hardware level, this approach requires a ded-
icated detector for precision timing of minimum ionizing particles (MIPs), in addition to the
enhanced timing capabilities of the calorimeters [1]. At the software level, it requires the devel-
opment of algorithms to integrate the time information in particle-ßow reconstruction, and to
exploit that information in the ofßine analyses and in the high level trigger.

The event display in Fig. 1.2 (left panel) visually demonstrates the power of space-time re-
construction in 200 pileup collisions, using a time-aware extension (4D) of the deterministic
annealing technique adopted in vertex reconstruction by the CMS experiment [7]. According
to simulation, instances of vertex merging are reduced from 15% in space to 1% in space-time.
Another quantitative measure of the performance improvement is shown in the right panel of
Fig. 1.2, showing the rate of tracks from pileup vertices incorrectly associated with the hard
interaction vertex as a function of the line density of vertices. The rate of incorrect associations
increases with the line density, as vertices start to overlap within the optimal selection window.
The addition of track-time information with 30 ps precision reduces the wrong associations to
a level comparable to those observed without timing at the LHC vertex density of to about

2

!22

Sensitive to minimum ionising particles  
Placed between tracker and ECAL

Density (events/mm)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

# 
of

 p
ile

up
 tr

ac
ks

/s
ig

na
l P

V

0

5

10

15

20

25

30

35

40

HL-LHC BS, 3D vtx, PU=140
HL-LHC BS, 3D vtx, PU=200
HL-LHC BS, 4D vtx, PU=140
HL-LHC BS, 4D vtx, PU=200

13 TeVCMS Simulation preliminary

 event trackstt
>0.9 GeV

T
p

Density (events/mm)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

# 
of

 p
ile

up
 tr

ac
ks

/s
ig

na
l P

V

0

5

10

15

20

25

30

35

40

HL-LHC BS, 3D vtx, PU=140
HL-LHC BS, 3D vtx, PU=200
HL-LHC BS, 4D vtx, PU=140
HL-LHC BS, 4D vtx, PU=200

13 TeVCMS Simulation preliminary

 event tracksµµz
>0.9 GeV

T
p

Figure 3.2: Number of tracks associated with pileup incorrectly associated with the hard pri-
mary vertex in t t (left) and Z ! µµ (right) events as a function of the pileup density, shown
with (4D vtx) and without (3D vtx) precision timing.
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Figure 3.3: Number of pileup tracks in Z ! µµ events incorrectly associated with the hard
primary vertex as a function of pileup density, shown without and with precision timing for
several different acceptance scenarios, considering tracks within the full Tracker acceptance
(left) and just in the central part (right) of the detector.
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Figure 1.5: A simpliÞed GEANT geometry of the timing layer implemented in CMSSW for simu-
lation studies comprises a LYSO barrel (grey cylinder), at the interface between the Tracker and
the ECAL, and two silicon endcap (orange discs) timing layers in front of the CE calorimeter.

either option.

1.4 Overview of the MIP timing detector

Figure 1.5 shows a simpliÞed implementation in GEANT of the proposed layout integrated
in the CMS detector. The MTD will comprise a barrel and an endcap region, with different
technologies based on different performance, radiation, mechanics and schedule requirements
and constraints:

¥ Cost effective design over a large area: Performance studies motivate the need of a
hermetic coverage, with time resolution of order 30Ð40 ps for charged tracks through-
out the detector lifetime.

¥ Integration constraints : A single layer device between the Tracker and calorimeters,
covering up to |! | ! 3, is imposed by space and integration constraints.

¥ Granularity : A channel area of order 1 cm2 in the barrel, and varying in the endcaps
down to 3 mm 2 at |! | ! 3, yields a good compromise between low time response
spread within a channel, low occupancy and low channel count. The channel occu-
pancy is limited to a few percent, ensuring both a small probability of double hits,
needed for unambiguous time assignment, and a manageable data volume.

¥ Radiation tolerance: The devices must be able to operate efÞciently up to an inte-
grated luminosity of 4000 fb " 1, without any maintenance intervention for the barrel
detector, whereas the endcap detector may be accessible during the HL-LHC era.
Table 1.2 shows the expected particle ßuence and radiation doses at possible timing
layer locations, between the Tracker and the ECAL calorimeter, and in front of the
neutron moderator of the endcap calorimeter.

¥ Marginal impact on the Tracker performance and design : The proposed design of the
barrel timing layer requires the outer radius of the tracker to be reduced by up to

8

20 Chapter 2. Overview of the Phase-2 Tracker Upgrade

Figure 2.3: Sketch of one quarter of the tracker layout in r-z view. In the Inner Tracker the
green lines correspond to pixel modules made of two readout chips and the yellow lines to
pixel modules with four readout chips. In the Outer Tracker the blue and red lines represent
the two types of modules described in the text.
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Figure 2.4: Average number of module layers traversed by particles, including both the Inner
Tracker (red) and the Outer Tracker (blue) modules, as well as the complete tracker (black). Par-
ticle trajectories are approximated by straight lines, using a ßat distribution of primary vertices
within |z0| < 70 mm, and multiple scattering is not included.

The following section summarizes the main concepts and features of the upgraded tracking
system. One quarter of the Phase-2 tracker layout can be seen in Fig. 2.3. Figure 2.4 shows
the average number of active layers that are traversed by particles originating from the lumi-
nous region, for the complete tracker as well as for the Inner Tracker and the Outer Tracker
separately.

The number of layers has been optimised to ensure robust tracking, i.e. basically unaffected
performance when one detecting layer is lost in some parts of the rapidity acceptance. The six
layers of the Outer Tracker are the minimum required to ensure robust track Þnding at the L1
trigger in the rapidity acceptance of |! | < 2.4, as discussed in more details in Section 3.1.
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• Pileup is a serious threat to physics performance, but the price we pay 
for ever higher luminosity

• Run 2 conditions well under control (especially in tracker-covered 
region)

• Tackling the challenge from many directions: low level reconstruction 
(pulse shapes), per particle removal, grooming for substructure

• Towards HL-LHC: Tracking up to |η|<4; Timing detector; HGCAL
• + plenty of time for algorithm development

ÒPileup mitigation at CMS and ATLASÓ Satoshi Hasegawa, QCD at LHC 2018 Workshop, 27-31 Aug 2018, Dresden, Germany. /22

Timing information for PU rejection 

4D vertex reconstruction by adding time information

 18
Figures can be found in LHCC-P-009, ÒTECHNICAL PROPOSAL FOR A MIP TIMING DETECTOR IN THE CMS EXPERIMENT PHASE 2 UPGRADEÓ

¥ Interactions in HL-LHC 
will spread in time with 
RMS of ~200ps. 

¥ If we could slice the 
beam spot in time 
exposure of 30ps, the 
number of effective PU 
drops down to the 
current LHC level.

ÒPileup mitigation at CMS and ATLASÓ Satoshi Hasegawa, QCD at LHC 2018 Workshop, 27-31 Aug 2018, Dresden, Germany. /22

PUPPI and boosted objects

 11
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Figures can be found in ÒJet algorithms performance in 13 TeV dataÓ CMS-PAS-JME-16-003
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Figure 2: Event display of an illustrative jet made of Þve particles only in the (x, y) view (upper
panel), and in the ( ! , " ) view on the ECAL surface (lower left) and the HCAL surface (lower
right). In the top view, these two surfaces are represented as circles centred around the in-
teraction point. The K 0

L, the # ! , and the two photons from the # 0 decay are detected as four
well-separated ECAL clusters denoted E1,2,3,4. The # + does not create a cluster in the ECAL.
The two charged pions are reconstructed as charged-particle tracks T1,2, appearing as vertical
solid lines in the ( ! , " ) views and circular arcs in the (x, y) view. These tracks point towards
two HCAL clusters H 1,2. In the bottom views, the ECAL and HCAL cells are represented as
squares, with an inner area proportional to the logarithm of the cell energy. Cells with an en-
ergy larger than those of the neighbouring cells are shown in dark grey. In all three views,
the cluster positions are represented by dots, the simulated particles by dashed lines, and the
positions of their impacts on the calorimeter surfaces by various open markers.
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Figure 2: Event display of an illustrative jet made of Þve particles only in the (x, y) view (upper
panel), and in the ( ! , " ) view on the ECAL surface (lower left) and the HCAL surface (lower
right). In the top view, these two surfaces are represented as circles centred around the in-
teraction point. The K 0

L, the # ! , and the two photons from the # 0 decay are detected as four
well-separated ECAL clusters denoted E1,2,3,4. The # + does not create a cluster in the ECAL.
The two charged pions are reconstructed as charged-particle tracks T1,2, appearing as vertical
solid lines in the ( ! , " ) views and circular arcs in the (x, y) view. These tracks point towards
two HCAL clusters H 1,2. In the bottom views, the ECAL and HCAL cells are represented as
squares, with an inner area proportional to the logarithm of the cell energy. Cells with an en-
ergy larger than those of the neighbouring cells are shown in dark grey. In all three views,
the cluster positions are represented by dots, the simulated particles by dashed lines, and the
positions of their impacts on the calorimeter surfaces by various open markers.
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Figure 2: Event display of an illustrative jet made of Þve particles only in the (x, y) view (upper
panel), and in the ( ! , " ) view on the ECAL surface (lower left) and the HCAL surface (lower
right). In the top view, these two surfaces are represented as circles centred around the in-
teraction point. The K 0

L, the # ! , and the two photons from the # 0 decay are detected as four
well-separated ECAL clusters denoted E1,2,3,4. The # + does not create a cluster in the ECAL.
The two charged pions are reconstructed as charged-particle tracks T1,2, appearing as vertical
solid lines in the ( ! , " ) views and circular arcs in the (x, y) view. These tracks point towards
two HCAL clusters H 1,2. In the bottom views, the ECAL and HCAL cells are represented as
squares, with an inner area proportional to the logarithm of the cell energy. Cells with an en-
ergy larger than those of the neighbouring cells are shown in dark grey. In all three views,
the cluster positions are represented by dots, the simulated particles by dashed lines, and the
positions of their impacts on the calorimeter surfaces by various open markers.
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