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3

energy of reconstructed photons, electrons, and hadrons. Algorithms for the rejection of this
noise are further discussed in Section 5.2.

3 Data and simulated samples

In this paper, data corresponding to an integrated luminosity of 35.9 fb�1 [1] taken in 2016 are
used. Figure 1 shows the PU conditions in the years 2016–2018. The number of pp interactions
is calculated from the instantaneous luminosity based on an estimated inelastic pp collision
cross section of 69.2 mb. This number is obtained using the PU counting method described in
the inelastic cross section measurements [11, 12]. In the following sections of this paper, we
distinguish between two definitions: “mean number of interactions per crossing” (abbreviated
“number of interactions” and denoted µ) and “number of vertices” (denoted Nvertices). Vertices
are reconstructed through track clustering using a deterministic annealing algorithm [8]. The
number of interactions is used to estimate the amount of PU in simulation. The number of
vertices can be determined in both data and simulation. Further details on the relationship
between µ and Nvertices are provided in Section 5.3. The studies presented in this paper focus
on the PU conditions in 2016, though the trends towards higher PU scenarios with up to 70
simultaneous interactions are explored as well. The trigger paths used for the data taking are
mentioned in each section.

Mean number of interactions per crossing
0 10 20 30 40 50 60 70 80 90 100

]-1
R

ec
or

de
d 

lu
m

in
os

ity
 [f

b

0

1

2

3

4

5

6
(13 TeV) = 69.2 mbin

ppσ

> =  29µ2016-2018: <

> =  32µ2018: <

> =  32µ2017: <

> =  23µ2016: <

CMSCMS
(13 TeV)

Figure 1: Distribution of the mean number of inelastic interactions per crossing (pileup) in data
for pp collisions in 2016 (dotted orange line), 2017 (dotted dashed light blue line), 2018 (dashed
navy blue line), and integrated over 2016–2018 (solid grey line). A total inelastic pp collision
cross section of 69.2 mb is chosen. The mean number of inelastic interactions per bunch crossing
is provided in the legend for each year.

Samples of simulated events are used to evaluate the performance of the PU mitigation tech-
niques discussed in this paper. The simulation of standard model events composed uniquely of
jets produced through the strong interaction, referred to as quantum chromodynamics (QCD)
multijet events, is performed with PYTHIA v8.212 [13] in standalone mode using the Lund
string fragmentation model [14, 15] for jets. For studies of lepton isolation, dedicated QCD mul-
tijet samples that are enriched in events containing electrons or muons (e.g., from heavy-flavor
meson decays) are used. The W and Z boson production in association with jets is simulated
at leading-order (LO) with the MADGRAPH5 aMC@NLO v2.2.2 [16] generator. Production of
top quark-antiquark pair (tt) events is simulated with POWHEG (v2) [17–19]. Single top quark
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Figure 23: Jet energy composition in observed and simulated events as a function of pT (top
left), h (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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Figure 7.1: The impact of NPU on the jet mass distribution. Top row: the raw jet mass distribution
for Z 0

! tt̄ final states with mZ0 = 1.5 TeV, in the presence of pileup with µ = 30, 60, 100, and 140,
before (left) and after (right) area–median pileup subtraction. The second and third rows show the
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1. Define variable ⍺ to discriminate pileup 
from leading vertex

PUPPI in Detail

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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2. Assume charged pileup has the same 
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3.  Use ⍺ on an event-by-event basis to 
calculate a per-particle weight
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2. For each particle calculate 
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ᾱPU,  RMSPU

a.
u.

5−10

4−10

3−10

2−10

1−10

1

| < 2.5η|
Neutral particles

Jet sample
Data
Simulation

PU sample
Data
Simulation

2χSigned 
5− 0 5 10

Si
m

ul
at

io
n

D
at

a

0.5

1

1.5

 (13 TeV)-1 - 0.364 fb-13.18 nb

CMS



Anna Benecke 18

2. For each particle calculate 

3.  Use ⍺ on an event-by-event basis to 
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Table 3: Fraction of noise jets rejected when applying jet ID criteria to PUPPI and CHS jets
yielding a genuine jet efficiency of 99% in different regions of |h|.

Region of |h| Fraction of noise jets rejected
|h| < 2.7 99.9%

2.7 < |h| < 3.0 97.6%
3 < |h| < 5 15% (PUPPI) 35% (CHS)
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Figure 6: The charged- and neutral-particle multiplicities for CHS and PUPPI in a dijet (genuine
jets) and minimum bias (noise jets) selection in data. The multiplicities are shown for AK4
jets using CHS reconstructed real jets (red dashed), CHS reconstructed noise jets (black long
dashed), PUPPI reconstructed genuine jets (blue circles), and PUPPI reconstructed noise jets
(orange triangles). The upper plots show the charged (left) and neutral particle multiplicities
(right) for jets with |h| < 0.5. The lower left plot shows the neutral particle multiplicity for jets
with 3 < |h| < 5. The lower right plot shows the neutral particle multiplicity of AK4 jets with
|h| < 0.5 in a dijet selection in data using CHS and PUPPI for 15–20 and 35–50 interactions.
The error bars correspond to the statistical uncertainty.
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6.1 Jet substructure reconstruction 21
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Figure 10: The LV jet efficiency (upper) and purity (lower) in Z+jets simulation as a func-
tion of the number of interactions for PUPPI (blue closed squares), CHS (red closed triangles),
CHS+tight PU jet ID (magenta open squares), CHS+medium PU jet ID (orange crosses), and
CHS+loose PU jet ID (black triangles). Plots are shown for AK4 jets pT > 20 GeV, and (left)
|h| < 2.5 and (right) |h| > 3. The LV jet efficiency is defined as the number of matched
reconstruction-level jets with pT > 20 GeV divided by the number of particle-level jets with
pT > 30 GeV that originate from the main interaction. For the lower plots, the purity is defined
as the number of matched particle-level jets with pT > 20 GeV divided by the number of recon-
structed jets that have pT > 30 GeV. The error bars correspond to the statistical uncertainty in
the simulation.
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Figure 10: The LV jet efficiency (upper) and purity (lower) in Z+jets simulation as a func-
tion of the number of interactions for PUPPI (blue closed squares), CHS (red closed triangles),
CHS+tight PU jet ID (magenta open squares), CHS+medium PU jet ID (orange crosses), and
CHS+loose PU jet ID (black triangles). Plots are shown for AK4 jets pT > 20 GeV, and (left)
|h| < 2.5 and (right) |h| > 3. The LV jet efficiency is defined as the number of matched
reconstruction-level jets with pT > 20 GeV divided by the number of particle-level jets with
pT > 30 GeV that originate from the main interaction. For the lower plots, the purity is defined
as the number of matched particle-level jets with pT > 20 GeV divided by the number of recon-
structed jets that have pT > 30 GeV. The error bars correspond to the statistical uncertainty in
the simulation.
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Figure 10: The LV jet efficiency (upper) and purity (lower) in Z+jets simulation as a func-
tion of the number of interactions for PUPPI (blue closed squares), CHS (red closed triangles),
CHS+tight PU jet ID (magenta open squares), CHS+medium PU jet ID (orange crosses), and
CHS+loose PU jet ID (black triangles). Plots are shown for AK4 jets pT > 20 GeV, and (left)
|h| < 2.5 and (right) |h| > 3. The LV jet efficiency is defined as the number of matched
reconstruction-level jets with pT > 20 GeV divided by the number of particle-level jets with
pT > 30 GeV that originate from the main interaction. For the lower plots, the purity is defined
as the number of matched particle-level jets with pT > 20 GeV divided by the number of recon-
structed jets that have pT > 30 GeV. The error bars correspond to the statistical uncertainty in
the simulation.
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Figure 10: The LV jet efficiency (upper) and purity (lower) in Z+jets simulation as a func-
tion of the number of interactions for PUPPI (blue closed squares), CHS (red closed triangles),
CHS+tight PU jet ID (magenta open squares), CHS+medium PU jet ID (orange crosses), and
CHS+loose PU jet ID (black triangles). Plots are shown for AK4 jets pT > 20 GeV, and (left)
|h| < 2.5 and (right) |h| > 3. The LV jet efficiency is defined as the number of matched
reconstruction-level jets with pT > 20 GeV divided by the number of particle-level jets with
pT > 30 GeV that originate from the main interaction. For the lower plots, the purity is defined
as the number of matched particle-level jets with pT > 20 GeV divided by the number of recon-
structed jets that have pT > 30 GeV. The error bars correspond to the statistical uncertainty in
the simulation.
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Figure 12: Median soft drop jet mass (upper left), median t21 (upper right), and soft drop jet
mass resolution (lower) for AK8 jets from boosted W bosons with 400 < pT < 600 GeV for CHS
(red triangles) and PUPPI (blue squares) jets in a bulk graviton decaying to WW signal sample,
as a function of the number of vertices. The error bars correspond to the statistical uncertainty
in the simulation.
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Figure 13: W boson identification performance using a selection on t21 for CHS (red triangles
and dark red crosses) and PUPPI (blue squares and circles) AK8 jets as a function of the num-
ber of vertices for loose and tight selections, respectively. Shown on the left is the W boson
identification efficiency evaluated in simulation for a bulk graviton decaying to a WW boson
pair and on the right the misidentification rate evaluated with QCD multijet simulation. The
error bars correspond to the statistical uncertainty in the simulation.
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Figure 14: Top quark identification efficiency (left) and misidentification rate (right) as a func-
tion of the number of vertices for CHS (open symbols) and PUPPI (closed symbols) jets, using
different combinations of substructure variables: soft drop mass cut between 105 and 210 GeV
(blue rectangles), t32 < 0.54 (orange circles), and both requirements together (red triangles).
The error bars correspond to the statistical uncertainty in the simulation.
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error bars correspond to the statistical uncertainty in the simulation.
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The error bars correspond to the statistical uncertainty in the simulation.
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• full validation of PUPPI shows a good performance, especially at 
high PU


• PUPPI is the standard pileup mitigation technique for CMS in Run 3
CMS-DP-21-001

CMS-JME-18-001

https://cds.cern.ch/record/2751563?ln=en
https://arxiv.org/abs/2003.00503
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Table 4: List of variables used in the PU jet ID for CHS jets.

Input
variable

Definition

LV Â pT
fraction

Fraction of pT of charged particles associated with the
LV, defined as Âi2LV pT, i/ Âi pT, i where i iterates over all
charged PF particles in the jet

Nvertices Number of vertices in the event

hDR
2i Square distance from the jet axis scaled by p

2
T average of jet

constituents: Âi DR
2
p

2
T, i

/ Âi p
2
T, i

fringX, X =
1, 2, 3, and 4

Fraction of pT of the constituents (Â pT, i/p
jet
T ) in the region

Ri < DR < Ri+1 around the jet axis, where Ri = 0, 0.1, 0.2,
and 0.3 for X = 1, 2, 3, and 4

p
lead
T /p

jet
T pT fraction carried by the leading PF candidate

p
l. ch.
T /p

jet
T pT fraction carried by the leading charged PF candidate

|~m| Pull magnitude, defined as |(Âi p
i

T|ri|~ri)|/p
jet
T where ~ri is

the direction of the particle i from the direction of the jet

Ntotal Number of PF candidates

Ncharged Number of charged PF candidates

s1 Major axis of the jet ellipsoid in the h-f space

s2 Minor axis of the jet ellipsoid in the h-f space

p
D
T Jet fragmentation distribution, defined as

q
Âi p

2
T, i

/ Âi pT, i

CMS-JME-18-001Summary

https://arxiv.org/abs/2003.00503
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Z Boson

q T(Z )

pT(l+)

pT(l−)

ET

uT

u⊥

u||

Response:

u||

q T(Z)

Resolution:

σ(u||)

σ(u⊥)

Methode also desribed in arXiv 1903.06078 

1. Sum up the AK4 jets in an 
event = hadronic recoil to the Z 
boson


2. In the ideal case:


  -  = 0pZ
T ∑ pjets

T

http://arxiv.org/abs/1903.06078
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Response (left) and resolution (right) both improved with PUPPI v15 compared 
to PUPPI v11a and is better than PF

CMS-DP-21-001
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https://cds.cern.ch/record/2751563?ln=en
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Resolution of  slightly worse with PUPPI v15 compared to PUPPI v11a but 
still better than PF

u⊥

CMS-DP-21-001
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https://cds.cern.ch/record/2751563?ln=en
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not used in 
any vertex fit

CHS PUPPI v15

used in LV fit

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

3. used in PU vertex fit

PUPPI v11

reject
used in PU 
vertex fit

keep

keep

reject

keep

keep if  < 0.3 cmdZ

keep

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


else reject
dz

* -dependent 
see next slide
η

CMS-DP-21-001Summary

https://cds.cern.ch/record/2751563?ln=en
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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.

CMS-DP-21-001Summary

https://cds.cern.ch/record/2751563?ln=en
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In addition, neutral particles receive a protection based on their 
. I f the weight of a neutral part ic le is less than 

 (black line shown in the bottom 

left plot) than the weight gets increased to be equal.

pT

wi < pT ⋅
1

200 − 20
−

20
200 − 20

Number of 
vertices

 [G
eV

]
w i

p T
,i

1.7

50

5.7

2.5 < |η | < 32

6

3 < |η | < 5
The weight is multiplied to the four-momentum of the 
corresponding particle. Each particle has to pass a certain  
threshold to be considered in the clustering. The  threshold 
varies between 1.7 GeV and 6 GeV depending on the number of 
vertices in the event and the  of the particle (plot on the bottom 
left).

pT
pT

η

CMS-DP-21-001Summary

https://cds.cern.ch/record/2751563?ln=en
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Figure 4: The LV jet efficiency (upper) and purity (lower) in Z+jets simulation as a function of the 
number of interactions for PUPPI v11a (blue open squares), CHS (red open triangles), and the new 
tune of PUPPI v15 (black filled circles). Plots are shown for AK4 jets with  > 20 GeV, and with (left) |
η| < 2.5, (central) 2.5 < |η| < 3 and (right) |η| > 3. 
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