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 2The Problem with Pileup
• Pileup from additional collisions is a big problem, and will be even worse at the High Luminosity LHC

• Particles from pileup collisions can: 
• Add additional jets not from the hard-scatter 
• Overlap with hard scatter jets,  

altering their energy & structure

Every year the # of interactions per event (μ) 
increases, and will reach ~200 at the HL-LHC!

200

Pileup now Pileup at HL-LHC
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 3The Effect of Pileup
More jets vs  

# vertices (NPV)

Bias mass,  
resolution, & substructure

Bias event-level  
observables (ETmiss)
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higher μ

higher NPV

higher μ

higher  
fake ETmiss

more  
jets

More  
jet mass
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 4Jet Vertex Tagger
• Multivariate JVT connects jets to pileup vertices using 

tracking information 
• Large reduction in pileup jets within tracker (|η| < 2.4) 

• HL-LHC: improve & extend tracker to |η| = 4.0 
• Proposed High Granularity Timing Detector (HGTD) aims 

for 30 ps timing resolution to match jets to pileup vertices 

• Beyond tracker use Forward JVT: 
• Remove forward QCD jets that balance a pileup vertex 
• Remove stochastic jets (from many vertices) using spatial 

and timing correlations of clusters

Eur. Phys. J. C 77 (2017) 580

JETM-2017-009

JETM-2017-001

pileup jet 
reduction 

w/ JVT

fJVT  
improves ETmiss 

See HGTD talk by  
Ariel Schwartzman

https://link.springer.com/article/10.1140/epjc/s10052-017-5081-5
https://indico.cern.ch/event/686555/contributions/2973795/
https://indico.cern.ch/event/686555/contributions/2973795/
https://indico.cern.ch/event/686555/contributions/2973795/


 5Area-based subtraction
• Hard-scatter jets can include overlapping  

pileup energy & pileup clusters 
• Event-wide ambient pT density (ρ) taken from 

median pT of (pileup sensitive) kt jets 
• Subtract ρ from each anti-kt jet  

according to its area

HS, not pileup
Too low-pT,

not representative

Median!

• Residual correction vs NPV and μ due to 
changing calorimeter geometry 

• Works well currently, but difficult at HL-LHC 
|η|
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Constituent Subtraction

I Constituent Subtraction extends jet area subtraction to the
constituent-level

I Add ghosts to the event such that r = Ag
pgT

, where pgT is the pT of
the ghost, and Ag is the area of the ghost

I Match each particle i and ghost k using distance metric
DRi,k =

p
(hi � hk)� + (fi � fk)�

I Sort in order of ascending DRi,k, and for all DRi,k<DRmax, rescale
the momentum of particles and ghosts as follows:

If pT ,i � pgT ,k: pT ,i �! pT ,i � pgT ,k,
pgT ,k �! �;

otherwise: pgT ,k �! pgT ,k � pT ,i,
pT ,i �! �,

J. Rolo� �� / ��

 6Cluster-level Subtraction
Translate area-based subtraction to clusters. How to define cluster area?

• Constituent Subtraction: Add fake “ghost particles” 
uniformly to event, and cluster alongside cells 

• Number of clustered ghosts ~ area 
• Correct topoclusters according to Nghost & event ρ  

(i.e. give ghosts negative pT)

• Voronoi Area: η-𝜙 area closest to 
each cluster

• Subtract ρ from each cluster 
according to Voronoi area

• 1σ suppression: remove all clusters 
with low significance above noise

Clusters & Voronoi Area
pT subtraction 1σ suppression
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 7SoftKiller

Event w/ pileup Voronoi Subtraction VS + SoftKiller

No SoftKiller With SoftKiller

ATLAS-CONF-2017-065
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μ=200

• SoftKiller targets individual pileup clusters surviving Constituent or Voronoi subtraction
• Reject all clusters below an event-specific pT cut
• pT cut chosen  

so detector is half  
empty for the event

SoftKiller
I Simple and e�ective pileup mitigation method that determines a pT cut on

particles on an event-by-event basis
I pT cut determined by putting constituents into an h-f grid (currently �.� ⇥ �.�),

and requiring half of grid spaces to be empty after the cut
I This cuts low pT particles in non-empty grid spaces as well
I One tunable parameter, the grid size

Hard

Pileup

Original event

Pileup

Hard

After SoftKiller

cut

empty empty empty empty empty

J. Rolo� �� / ��

Eur. Phys. J. C75 (2015) 59

VS+SoftKiller 
in action:

Topoclusters

True Jet



 8Cluster-level Performance
• Large reduction in jet energy resolution compared to jet-area subtraction 

in high pileup conditions 
• Gains even at lower μ → ongoing studies for use Run 2 & 3 data
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 9Jet Tagging Performance
• Correcting clusters also 

improves jet substructure 

• Essential for tagging  
boosted top, W, Z, & Higgs 

• Scan over clusters types  
& grooming methods  
for best combination 

• Tagging efficiency,  
fake rejection, and  
mass stability w.r.t. pileup 

• Good performance from  
trimmed LCtopo & soft drop CS+SK / VS+SK jets

• Final algorithms will be calibrated with full in situ chain used for small-R jets

⟨μ⟩~20Background rejection of W tagger  
at 50% signal efficiency for various jet types 

ATL-PHYS-PUB-2017-020

JETM-2018-003



 10Jet Tagging Performance
• Correcting clusters also 

improves jet substructure 

• Essential for tagging  
boosted top, W, Z, & Higgs 

• Scan over clusters types  
& grooming methods  
for best combination 

• Tagging efficiency,  
fake rejection, and  
mass stability w.r.t. pileup 

• Good performance from  
trimmed LCtopo & soft drop CS+SK / VS+SK jets

• Final algorithms will be calibrated with full in situ chain used for small-R jets

⟨μ⟩~20
W mass stability vs NPV for various jet types 

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8

 [G
eV

]
PV

 Nδ
 / 〉

 M
 

〈 δ
 je

t m
as

s 
pi

le
-u

p 
de

pe
nd

en
ce

, 
W

0.14 -0.00 0.02

0.15 0.01 0.01

0.06 -0.01 0.07

0.08 0.02 0.06

0.26 0.08 0.08

0.63 0.09 0.08

0.38 0.03 0.07

0.22 0.03 0.04

0.63 0.07 0.07

0.41 0.04 0.07

0.27 0.03 0.03

0.72 0.08 0.08

0.45 0.07 0.05

0.31 0.04 0.07

0.86 0.06 0.09

0.73 0.04 0.08

0.66 0.05 0.06

Unmodified CS+SK VS+SK

Modifications to LCW clusters

Je
t G

ro
om

in
g 

M
et

ho
d

ATLAS Simulation Preliminary =1.0 jets, LCW, no JES or JMS calibration appliedR tkAnti-
 jetsW = 13 TeV, s  < 1.2 ⏐ true

η ⎜ < 500 GeV, true
Tp ≤300 GeV 

Trimming

Pruning

Soft Drop
Bottom-up

Soft Drop
Recursive

Soft Drop

=0.2sub=9%, Rcutf

=0.2sub=5%, Rcutf

=0.1sub=9%, Rcutf

=0.1sub=5%, Rcutf

=0.25cut=0.15, ZcutR

 = 1.0β = 0.1, cutz

 = 0.5β = 0.1, cutz

 = 0.0β = 0.1, cutz

 = 1.0, N = 5β = 0.1, cutz

 = 0.5, N = 5β = 0.1, cutz

 = 0.0, N = 5β = 0.1, cutz

 = 1.0, N = 3β = 0.1, cutz

 = 0.5, N = 3β = 0.1, cutz

 = 0.0, N = 3β = 0.1, cutz

 = 1.0β = 0.1, cutz

 = 0.5β = 0.1, cutz

 = 0.0β = 0.1, cutz

ATL-PHYS-PUB-2017-020

JETM-2018-003



jetη
-4 -3 -2 -1 0 1 2 3 4

〉
 F

ak
e 

Je
ts

 / 
0.

2 
/ E

ve
nt

 
〈

-310

-210

-110

1

 ~ 22〉µ〈

 = 13 TeVs
 > 20 GeVjet

T
p ATLAS Simulation

Preliminary

EM+JES Jets
EM+JES Jets JVT>0.59
Particle Flow Jets
Particle Flow Jets JVT>0.2

15 20 25 30 35 40 45 50 55 60

 R
M

S
 [
G

e
V

]
ym

is
s

E
, 

xm
is

s
E

10

11

12

13

14

15

16

EM+JES jets

Particle Flow jets

EM+JES jets

Particle Flow jets

ATLAS Preliminary

=13 TeVs, -133 fb

 topology, 2017 Dataµµ →Z 

Track Soft Term (TST)
miss
TETight 

|>2.4η0 Jets |

〉µ〈Average Number of Interactions per Bunch Crossing 
15 20 25 30 35 40 45 50 55 60

E
M

2
σ-

P
F

2
σ

)
E

M
σ-

P
F

σ
sg

n
(

4−

3−

2−

1−

0

1
 [GeV]

T
p

20 30 40 210 210×2
3

10

/R
R

σ

0.05

0.1

0.15

0.2

0.25

0.3

| < 1.0η|

ATLAS Simulation
 ~24)〉µ〈LC+JES Jets (

~24)〉µ〈Particle Flow Jets (

 [GeV]
T

p
20 30 40 210 210×2

3
10

j2
σ-

i2
σ

) j
σ- i

σ
sg

n
(

-0.05
0

0.05
0.1

0.15

 11Particle flow jets
Match tracks to  
topoclusters,  

removing charged 
energy while keeping 

neutral component Improved energy resolution 
at low pT, driven by accurate 

track measurements

Topoclusters consistent with 
pileup tracks are rejected, 

reducing pileup

Better ETmiss resolution

PFlow

LC

Jet Resolution

PFlow

EM

EM+JVT

PFlow+JVT

Track/topo-cluster Split shower Cell subtraction Remnant removal
matching recovery

1 particle,
1 topo-cluster

1 particle,
2 topo-clusters

2 particles,
2 topo-clusters

π+ π0
PreSamplerB

EMB1

EMB2

EMB3

TileBar0

TileBar1

2 particles,
1 topo-cluster

JETM-2017-011

JETM-2017-006

⟨μ⟩~24

⟨μ⟩~22
Eur. Phys. J. C 77 (2017) 466

https://link.springer.com/article/10.1140/epjc/s10052-017-5031-2
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 12Track-Calo Clusters (TCC)

• At high-pT, track pT resolution degrades, 
but extrapolated angular resolution 
improves 

• TCC uses tracks to correct spatial 
resolution of coarser calorimeter 
clusters, not their energy 

• Retains benefits of pileup vertex 
rejection 

• Large improvement to substructure 
variables (like D2), benefiting taggers 

• Robust against pileup

TCC jets improve D2 resolution

ATLAS-CONF-2018-016

⟨μ⟩~24

ATL-PHYS-PUB-2017-015



 13Conclusion
• High pileup environment now & at the HL-

LHC offers challenges for jet calibration & 
tagging 

• Various new techniques for mitigating pileup 
impact on jet measurements, ETmiss, and 
identification of high-pT jets (boson & top 
tagging) 

• Great deal of experimentation - significant 
effort by software team to ease implementation 

• Plan to converge in Run 3 on optimal 
combination of techniques 

• Significant HL-LHC upgrades will improve 
track-based pileup tagging



Backup



 15Jet Reconstruction
• Inputs to jets are clusters (collections 

of neighboring calorimeter cells) 
• Inherent noise suppression from 

4-2-0 clustering algorithm: 
• Low energy pileup rejected 

• Anti-kT jet-finding algorithm focuses 
on hardest energy deposits, w/ 
reduced shaping by pileup 

• However: 
• Higher-pt pileup jets still get through 
• Selected clusters are still affected by 

pileup

 J. Taenzer (Tel Aviv University) 3

Building Large-R jets with ATLAS
Step 0 – topoclustering

● Form 3D topoclusters from calorimeter cells

Seed cells

Control cluster growth

4-2-0 algorithm

More information in Peter/Jennifer’s talks

Most low-significance cells  
removed by clustering



 16High granularity timing detector
• HL-LHC will see <mu>=200, 

with ~1.8 vertex per mm 
• Impossible to distinguish 

pileup vs hard-scatter 
tracks via geometry only 

• Within a bunch crossing, 
collisions occur with σt = 
180 ps 

• HGTD can resolve track 
time within 30 ps 

• Large reduction in tracks 
from pileup vertices close to 
hard scatter

Efficiency for hard-scatter jets
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 17Jet Vertex Tagger (JVT)
• Multivariate using RpT and corrJVF  
• RpT is ratio of jet’s pT matched to hard scatter tracks 
• corrJVF compare fraction of hard scatter tracks 

against pileup tracks 
• Corrected by # pileup tracks to remove NPV 

dependence

Eur. Phys. J. C (2016) 76:581

JVF[jet1, PV1] = 1 - f
JVF[jet1, PV2] = f

JVF[jet2, PV1] = 0
JVF[jet2, PV2] = 1

PV2 PV1

jet1

jet2

Z 

corrJVF =
∑k ptrkk

T (PV0)

∑l ptrkl
T (PV0) +

∑n≥1 ∑l ptrkl
T (PVn)

(k ⋅ nPU
trk )

RpT =
∑k ptrkk

T (PV0)

pjet
T

https://link.springer.com/article/10.1140/epjc/s10052-016-4395-z


 18Jet Grooming: Trimming

• ATLAS standard grooming procedure 
• Target softer radiation from pileup, MPI, & ISR 
• Recluster constituents into small-R sub-jets Rsub ~ 0.2 
• Remove sub-jets with fractional pT < fcut ~ 3%

JHEP 09 (2013) 029 



 19Jet Grooming: Pruning
• Remove soft low-pT clusters, but keep large-angle radiation 
• Redo jet clustering (C/A or kt), and at each stage cluster if either:  

• Not soft: pT fraction of second constituent is > zcut 
• Close-by: ΔR1,2 < Rcut 

• Otherwise, reject 2nd constituent 

JHEP 09 (2013) 029 



 20Jet Grooming: Modified Mass Drop + Filtering
• Iterative declustering of a C-A jet targeting soft and wide-angle radiation  

• Remove branches with pT imbalance, provided no large drop in mass 
• Requirements on 2 subjets from last clustering stage: 
 
 

• If either fails, remove softest jet j2, and continue procedure 
• If both pass, end procedure and keep jet 

• Filtering: Recluster constituents into 3 C-A jets of radius Rfilt (discard extra clusters)

JHEP 09 (2013) 029 



 21Jet Grooming: Soft drop
• Extends mMDT to reject wide-angled radiation 
• Run backwards through clustering of C/A jet, removing 

constituent if: 

• Larger β allows for more soft & wide-angled radiation in a jet 
• Recursive soft drop: Continue the procedure the soft-drop 

requirements are passed N times 
• Continues through good constituents, grooming them as well 

• Bottom-up soft drop:  Apply soft drop criteria during jet 
reconstruction



 22Jet Reclustering
• Build large-R jets from fully-calibrated R=0.4 jets 

• Benefit from small-R pileup suppression 
• Propagate full suite of small-R uncertainties 
• No additional large-R calibration needed - flexible choice in large-R radius 

• Can use other grooming methods with R=0.4 jets 

Rapidity
-2 0 2

Az
im

ut
ha

l A
ng

le
 [r

ad
]

-2

0

2

=1.5 TeVZ', mt t→ = 8 TeV PYTHIA Z' s

Stable Truth Particles

 R=1.0 Jetstanti-k

Rapidity
-2 0 2

Az
im

ut
ha

l A
ng

le
 [r

ad
]

-2

0

2

Inside R=0.3 Jets
Stable Truth Particles

 R=1.0, r=0.3 Jetstanti-k

Figure 1. An example event which has been clustered using the anti-kt R = 1.0 (left) and with
anti-kt R = 1.0 re-clustered r = 0.3 anti-kt jets (right). The shaded regions show the jet area
determined by clustering ghost particles. Only large radius jets with pT > 50 GeV are shown and
small radius jets are required to have pT > 15 GeV.

Due to the increased catchment area of large radius jets over small radius jets, they are
more susceptible to contributions from pileup. Just as there are pileup correction techniques
for large radius jets and their subjets, one can benefit from pileup corrections to the small
radius jet inputs that propagate to re-clustered jets. In particular, one can remove jets
from pileup interactions with techniques like JVT [19] or pileup jet identification [20] and
can correct the remaining jets with methods like the four-vector jet areas subtraction.

In the growing field of jet substructure, there are many jet observables which depend
explicitly on the jet constituents, not just the jet four-vector. These techniques are still
applicable for re-clustered jets. Section 5 discusses two approaches to jet substructure in
the re-clustering paradigm. In a top-down approach, large radius re-clustered jets inherit
the constituents of the small radius jets clustered within. Clearly, any constituents that
might be part of large radius jets that are not clustered within a small radius jets are not
considered under this scheme. However, this removal of radiation also impacts trimmed
large radius jets. More details on substructure for trimmed and re-clustered trimmed jets
is presented in Section 5.1. An alternative bottom-up approach to jet substructure is to use
the radius r jets directly as the inputs to jet substructure. The advantages and limitations
of bottom-up substructure are described in Section 5.2.

– 3 –

Reclustered JetsR=1 Jets arXiv:1407.2922
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 23Jet Tagging Performance

• Scan over many clusters types & grooming methods for best combination 
• Tagging efficiency,  fake rejection, and  mass stability w.r.t. pileup

ATL-PHYS-PUB-2017-020

⟨μ⟩~20W mass stability vs NPV for various jet types 



 24Track-Calo Clusters Method
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Reconstruc�ng Track-CaloClusters (TCCs)

Matching tracks to clusters

Reconstruc�ng jets from TCCs

Jet substructure performance for W/Z boson tagging using TCCs

                         Topoclusters
Topoclusters are very large, with a typical

width of roughly 0.1 in both φ and η.  This

holds as a func�on of both η and p
T
.

                                 Tracks
The track posi�on is known very precisely,

and the uncertainty on its extrapola�on to

the calorimeter is two orders of magnitude

smaller than the width of a cluster at high p
T
.

                             Matching
Tracks can resolve structure within clusters

due to their excellent spa�al resolu�on. To

do this, a track-cluster matching must be

performed.  This proceeds in two steps:

    1. A�empt match if   σ
track

 < σ
cluster

   (width)

    2. Match if  (ΔR)
2
 < (σ

track
)

2
 + (σ

cluster
)

2

Mass response (m
reco

/m
true

) for jets built using

all TCCs include pileup and require grooming, 

while jets using only combined TCCs are

already robust against pileup contribu�ons

Mass resolu�on (Q
84

 - Q
16

)/2Q
50

 based on jet

response (m
reco

/m
true

) for jets built with LC 

topoclusters, all TCCs, and combined TCCs.

High pT all TCC jets are superior to LC jets, 

even when using LC jet combined mass.

D
2
 resolu�on (Q

75
 - Q

25
)/2 based on residuals

(D
2

reco
 - D

2

true
) using jets reconstructed from 

LC topoclusters, all TCCs, and combined TCCs.

All TCC jets are superior to LC jets for the full

p
T
 range considered, especially at high p

T
.

                       Jet reconstruc�on
Follow standard ATLAS jet reconstruc�on:

    - An�-k
t
 algorithm with R = 1.0

    - Trimmed with R
sub

 = 0.2 and f
cut

 = 5%

                       Inputs to jet building
Consider jets built from three types of inputs:

    1. LC topoclusters (normal ATLAS approach)

    2. All TCCs (charged, neutral, combined)

    3. Only combined TCCs

Steven Schramm (University of Geneva), for the ATLAS Collabora�on

Improving jet substructure in ATLAS using
unified track and calorimeter informa�on

Charged: unmatched tracks from the PV0

Neutral: clusters not matched to any PV track

Combined: PV0 track matched to cluster(s)

BOOST 2017: July 16-21, Buffalo NY

TCC 4-vector and energy sharing equa�on

X
y
 means the set of objects of type X matched

to the object y (objects: T=tracks, C=clusters)

The number of clusters matched to the seed

track τ (|Cτ|), and the number of tracks which

match each of those clusters (|T
c
|).  Very high

track mul�plici�es are due to large clusters.
TCC reconstruc�on: use track spa�al coordinates and cluster energy components

Unique track-cluster match:

Unmatched cluster:

Unmatched track:

In case of track-cluster-mul�-matches, create 

one TCC object per hard-sca�er PV track, and 

share the energy based on p
T
 ra�os:

Matching frac�ons

Topocluster jets use combined mass (m
comb

),

a linear combina�on of calorimeter (m
calo

)

and track-assisted (m
TA

) masses

    - m
calo

 works well at low p
T
, m

TA
 at high p

T

    - m
TA

 ignores local charge/neutral varia�ons

D
2
: most powerful for W/Z-tag, a�er mass

     D
2
 = ECF3 x (ECF1)

3
 / (ECF2)

3

     ECFN: N-point energy correla�on func�on

However, D
2
 precision depends on detector

granularity, thus TCC is hugely beneficial

All results from

ATL-PHYS-PUB-2017-015
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