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Outline: new techniques at the LHC

• Pileup Jet ID 
• Pileup subtraction 
• CHS/SK/PUPPI 

• Isolation 
• MET

2

Pileup tools
Jet tools

CMS Boosted Top -EXO-11-006

ATLAS: Z → μ μ event with 25 vertices

• Boosted top/W/Z/H tagging 
- Grooming 

- Jet shape variables 

• Subjet b-tagging 
• Double b-tagging 
• Quark/gluon tagging 

Analysis examples
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Jets and jet tools
• Jets (a collimated spray of hadrons resulting from an initial state quark or 

gluon) are ubiquitous at hadron colliders

3

ATLAS collaboration: Jet measurement with the ATLAS detector 5

Fig. 2: Zoom of the x-y view of the ATLAS detector show-
ing one of the high-pT jets of the event shown in Figure 1.
The energy depositions in the calorimeter cells are displayed
as light rectangles. The size of the rectangles is proportional to
the energy deposits. The dark histograms attached to the LAr
(Tile) calorimeter illustrates the amount of deposited energy.
The lines in the ID display the reconstructed tracks originating
from the interaction vertex.

est to the beam at 3.1≤ |η |< 4.9. The HEC has four layers and
the FCAL has three layers. From innermost to outermost these
are: HEC0, HEC1, HEC2, HEC3 and FCal0, FCal1, FCal2. Alto-
gether, the LAr calorimeters correspond to a total of 182,468
readout cells, i.e. 97.2% of the full ATLAS calorimeter readout.

The hadronic Tile calorimeter (|η |< 1.7) surrounding the
LAr cryostats completes the ATLAS calorimetry. It consists of
plastic scintillator tiles and steel absorbers covering |η | < 0.8
for the barrel and 0.8 ≤ |η | < 1.7 for the extended barrel. Ra-
dially, the hadronic Tile calorimeter is segmented into three
layers, approximately 1.4, 3.9 and 1.8 interaction lengths thick
at η = 0; the ∆η ×∆φ segmentation is 0.1× 0.1 (0.2× 0.1 in
the last radial layer). The last layer is used to catch the tails of
the longitudinal shower development. The three radial layers
of the Tile calorimeter will be referred to (from innermost to
outermost) as Tile0, Tile1, Tile2 2.

Between the barrel and the extended barrels there is a gap of
about 60 cm, which is needed for the ID and the LAr services.
Gap scintillators (Gap) covering the region 1.0≤ |η |< 1.2 are
installed on the inner radial surface of the extended barrel mod-
ules in the region between the Tile barrel and the extended
barrel. Crack scintillators (Scint) are located on the front of
the LAr endcap and cover the region 1.2≤ |η |< 1.6.

The muon spectrometer surrounds the ATLAS calorimeter.
A system of three large air-core toroids, a barrel and two end-
caps, generates a magnetic field in the pseudorapidity range of

2 In the barrel, the Tile layers will be called TileBar0, TileBar1,
TileBar2 and in the extended barrel TileExt0, TileExt1 and
TileExt2.

|η |< 2.7. The muon spectrometer measures muon tracks with
three layers of precision tracking chambers and is instrumented
with separate trigger chambers.

The trigger system for the ATLAS detector consists of a
hardware-based Level 1 (L1) and a software-based higher level
trigger (HLT) [10]. Jets are first identified at L1 using a sliding
window algorithm from coarse granularity calorimeter towers.
This is refined using jets reconstructed from calorimeter cells
in the HLT. The lowest threshold inclusive jet trigger is fully
efficient for jets with pT ! 60 GeV. Events with lower pT jets
are triggered by the minimum bias trigger scintillators (MBTS)
mounted at each end of the detector in front of the LAr endcap
calorimeter cryostats at |z|=±3.56 m.

3 Introduction to jet energy calibration
methods

Hadronic jets used for ATLAS physics analyses are reconstruct-
ed by a jet algorithm starting from the energy depositions of
electromagnetic and hadronic showers in the calorimeters. An
example of a jet recorded by the ATLAS detector and displayed
in the plane transverse to the beam line is shown in Figure 2.

The jet Lorentz four-momentum is reconstructed from the
corrected energy and angles with respect to the primary event
vertex. For systematic studies and calibration purposes track
jets are built from charged particles using their momenta mea-
sured in the inner detector. Reference jets in Monte Carlo sim-
ulations (truth jets) are formed from simulated stable particles
using the same jet algorithm.

The jet energy calibration relates the jet energy measured
with the ATLAS calorimeter to the true energy of the corre-
sponding jet of stable particles entering the ATLAS detector.

The jet calibration corrects for the following detector ef-
fects that affect the jet energy measurement:

1. Calorimeter non-compensation: partial measurement of
the energy deposited by hadrons.

2. Dead material: energy losses in inactive regions of the de-
tector.

3. Leakage: energy of particles reaching outside the calorime-
ters.

4. Out of calorimeter jet cone: energy deposits of particles
inside the truth jet entering the detector that are not in-
cluded in the reconstructed jet.

5. Noise thresholds and particle reconstruction efficiency:
signal losses in the calorimeter clustering and jet recon-
struction.

Jets reconstructed in the calorimeter system are formed from
calorimeter energy depositions reconstructed at the electromag-
netic energy scale (EM) or from energy depositions that are
corrected for the lower detector response to hadrons. The EM
scale correctly reconstructs the energy deposited by particles
in an electromagnetic shower in the calorimeter. This energy
scale is established using test-beam measurements for elec-
trons in the barrel [11–14] and the endcap calorimeters [15,
16]. The absolute calorimeter response to energy deposited via
electromagnetic processes was validated in the hadronic calori-
meters using muons, both from test-beams [14, 17] and pro-

• LHC jet revolution 
- Particle flow (CMS), topo-clusters (ATLAS) 

‣ Improved jet resolution 
‣ Pileup removal before clustering 

- Sequential recombination jet algorithms 
- Boosted heavy object jet tagging 

‣ all decay products of heavy particle (ex. top, W, Z, 
Higgs) reconstructed within one jet 

‣ jet grooming, subjets 
- Subjet b-tagging, double b-tagging 
- Pileup jet ID, Quark/gluon discrimination
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LHC jet tagging

4

apr. 24, 2015 8the many faces of jets…

msu hep seminar, nhan tran

u and ds quark jets

11

u,d or s jet

present at all pT

color charge of 4/3
radiates less than a gluon 

fractional electric charge

msu hep seminar, nhan tran

gluon jets

12

gluon jet

present at all pT

color charge of 3
radiates more than a quark

no electric charge

msu hep seminar, nhan tran

pile up jets
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pileup jet

present at low pT

“stochastic”, made up 
of softer deposits from 

several vertices

typical energy flow is 
more uniform, broad

msu hep seminar, nhan tran

c and b jets

14

c or b jet

present at all pT

primarily distinguished 
by a secondary vertex

c jets live somewhere 
between uds and b 

jets

msu hep seminar, nhan tran

W± and Z jets

15

W or Z jet

present at high pT

distinguished by a 
higher mass scale and 

two-prong nature
+

W+, W-, and Z can be 
distinguished by charge

msu hep seminar, nhan tran

Higgs jets

16

Higgs jet

present at high pT

distinguished by even 
higher mass scale and 

two-prong nature
+ 

2 secondary vertices

msu hep seminar, nhan tran

top jets

17

top jet

present at high pT

distinguished by very 
higher mass scale and 

three-prong nature
+ 

secondary vertex

msu hep seminar, nhan tran

top jets

17

top jet

present at high pT

distinguished by very 
higher mass scale and 

three-prong nature
+ 

secondary vertex

??
Diagram by 
Nhan Tran
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Boosted heavy object tagging
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• example: 2 body decay  
- decay product angular separation 

ΔR ~ 2M/pT

• Boosted heavy object jets are identifiable 
based on their mass and via jet 
substructure 
- The jet, it’s constituents, and it’s clustering 

history, contain useful information which can 
be used to identify these objects 
‣ examples: jet mass, “subjettiness”,  W mass within 

a top jet
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Jet mass as a tagging variable
• For a merged top/W/Z/H jet, the LO jet 

mass is the heavy object mass 

• For background jets (quark/gluon) the 
LO jet mass is ~ 0, but perturbative 
effects lead to measured mass

6

One can also evaluate the small-R limit of the average difference between the pt of a
SISCone jet and (say) a kt jet (again following [132])

⟨δpSISCone
t ⟩pert − ⟨δpktt ⟩pert

pt
=

αs

π
Ki (31)

with

Kq =

(

−15

16
+

9

8
ln 2 + ln2 2

)

CF ≃ 0.323CF , (32a)

Kg =

(

−1321

1152
+

133

96
ln 2 + ln2 2

)

CA +

(
241

576
− 25

48
ln 2

)

nfTR ≃ 0.294CA + 0.057nfTR .

(32b)

Numerically, Ki ∼ 0.3Li, or equivalently the average behaviour of SISCone and the kt
(and related) algorithms are similar perturbatively when lnRkt ≃ 0.3 + lnRSISCone, that
is Rkt ≃ 1.35RSISCone. This feature was originally observed for a generic cone algorithm
in [29].

4.2.2 Jet mass

Partons (except for heavy quarks) are essentially massless. Jets, in particular those with
significant substructure, are not. Jet masses are interesting in part because hadronic decays
of very high-pt top quarks and electroweak bosons will be collimated by the Lorentz boost
factor and so form a single jet, whose invariant mass might provide a means to identify
the origin of the jet (cf. section 5.3).

The simplest quantity to examine is the mean squared invariant mass of a jet. This was
studied in a hadron-collider context in [22] and it was pointed out that to first non-trivial
order,

⟨M2⟩ ≃ C · αs

π
p2tR

2 , (33)

where C is a coefficient that depends on the relative fraction of quarks and gluons and on
the type of jet algorithm.23 This is easily derived in the small-R limit, e.g. for a quark-
induced jet:

⟨M2⟩pert ≃
∫

dθ2

θ2

∫

dz · p2tz(1 − z)θ2
︸ ︷︷ ︸

M2

·
αs

(

θ (1− z) pt
)

2π
Pqq(z)Θ

(

falg(z)R− θ
)

, (34)

In a fixed-coupling approximation, the results can be summarised as

Ckt
q =

3

8
CF Ckt

g =
7

20
CA +

1

20
nfTR , (35)

23Results for jet masses at O (αs) are sometimes quoted as being NLO. It would be more accurate to
state that they are LO results, since O (αs) is the first order at which the mass is non-zero. True NLO
results would go up to O

(

α2
s

)

. Jet masses can be calculated to NLO in dijet events using the 3-jet NLO
component of a program like NLOJET++ [45].

46

q

q
W

W jet

Ellis et al. Prog. Part. Nucl. Phys. 60 (2008)

CMS PAS JME-10-013
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Jet grooming

7

7

Trimming, Filtering - Recluster jet with smaller distance 
parameter. Condition based subjet removal.

61

Recluster
small R

Remove soft 
subjets

Recluster
small R

Keep N 
hardest

Redo clustering
remove soft 
large angle
constituents

J. Dolen

4

Recluster 
small R

Trimming: 
Remove soft 

subjets 

Filtering: 
Keep N 
hardest 

Pruning - Recluster jet. Remove soft large angle particles. 

BDRS, MMDT, Soft Drop, JHU top tagger, CMSTT - 
Recursively decluster jet. Remove sub-clusters not 

satisfying algorithm condition. Stop declustering when 
both subjets satisfy condition.

5

Decluster 
iteratively

Stop when 
both subjets 
satisfy soft 

drop  
criterion

3

Decluster 
iteratively

Stop when 
both subjets 
satisfy soft 

drop  
criterion

Decluster 
iteratively

Remove sub-
clusters not 
satisfying 

some 
criterion

Stop when 
both subjets 

satisfy 
criterion

ATLAS CERN-PH-EP-2015-204  
arxiv:1510.05821

CMS HIG-13-008 
H → WW → lνqq

Boosted W jet mass 
after grooming

QCD jet 
mass after 
grooming  

Number of Reconstructed Primary Vertices
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Truth
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 R=1.0 jets
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=5%,R
cut

Trimmed (f

W-jets Ungroomed

Slope=1.9 GeV/vertex

Multijets (leading jet) Ungroomed

Slope=1.7 GeV/vertex

W-jets Groomed

Slope=0.1 GeV/vertex

Multijets (leading jet) Groomed

Slope=0.0 GeV/vertex

Figure 8: The average jet mass hMi as a function of the number of reconstructed primary vertices for W-jet signal
and multijet background, before and after grooming using anti-kt, R = 1.0 trimmed with fcut = 0.05 and Rsub = 0.2.
The slopes of straight line fits are provided in each case: for ungroomed jets this is ⇠ 2 GeV per vertex, while for
trimmed jets it is flat.

as the mass, will have a distribution for a given jet. The Q-jets configuration optimised in Ref. [26]
is adopted in this study. The high mass in W-jets tends to persist during the re-clustering while the
mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of variation of
the mass distribution for a single jet, called the volatility [25, 26], ⌫↵Q. The superscript ↵ denotes the
rigidity, which controls the sensitivity of the pair selection to the random number generation used
in the clustering.

For all 27 jet collections and grooming algorithms described in Sect. 6.1, the full list of substructure
variables described above are computed. The distributions of the three variables ⌧wta

21 , C(�=1)
2 and D(�=1)

2 are
shown in Figs. 10–12 for anti-kt, R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2, after applying the
68% signal e�ciency mass window requirement. This grooming algorithm is referred to in the remainder
of this paper as ‘R2-trimming’. At this stage no jet mass calibrations have been applied for any of
the grooming configurations. Also shown are the correlations between the jet mass and each of these
variables, shown separately for the W-jet signal and multijet background, in both cases before applying
the 68% signal e�ciency mass window requirement. No truth-matching between the subjets and the
quarks from the W decay is required, such that the signal sample contains both full W-jets and jets made
of fragments of the W-decay, generally because the W-decay is not completely captured in the R = 1.0 jet.
The background jets within the signal sample are particularly visible in the low-mass region of Fig. 10(b),
where the distributions echo those seen in the background sample.

22

Algorithmic jet substructure techniques designed to remove isolated 
soft radiation in jets (contamination from ISR, UE, pileup)

QCD jet 
mass before 

grooming  Boosted W jet 
mass before 

grooming

Improved jet mass 
resolution for boosted 

heavy object

Reduces measured 
QCD jet mass (improves 

discrimination)

Reduces jet mass 
dependence on 

pileup
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Jet shape tagging variables

8

Particle energy pattern within a jet used to identify “multi-prong” jets 
N-subjettiness Energy Correlation Functions (ECF)

4 3 Reconstruction of top jets

successfully decomposed then the jet has four subjets. If the secondary decomposition succeeds
on one subcluster and fails on the other, than this jet has three subjets.

The following variables, defined for each jet passing the algorithm, can be used to tag top jets:

• Jet Mass mjet - The mass of the four-vector sum of the constituents of the hard jet.
• Number of Subjets Nsubjets - The number of subjets found by the algorithm.
• Minimum Pairwise Mass mmin - The three highest pT subjets are taken pairwise,

and the invariant mass of each pair is calculated via
mij =

q
(Ei + Ej)2 � (~pi + ~pj)2. mmin is the mass of the pair with the lowest invariant

mass (mmin = min[m12, m13, m23]). This variable is not defined for jets with less than
three subjets.

Jets that have mass close to the top mass, at least three subjets, and minimum pairwise mass
close to the W mass are tagged as top jets. Only jets with a transverse momentum greater
than 350 GeV/c are considered, as at lower momenta the decay products of the hadronically
decaying top are not expected to be merged in one single jet with a distance parameter of
R = 0.8.

3.2 N-subjettiness

N-subjettiness is a jet shape variable designed to measure how consistent a jet is with a hypoth-
esis of having N subjets [4][5]. The N-subjettiness jet shape variable is defined by:

tN =
Ânconstituents

i=1 pT,i min{DR1,i, DR2,i, ..., DRN,i}
Ânconstituents

i=1 pT,iR
(3)

Here N represents the number of subjets in the hypothesis being tested. The summation runs
over all particle flow jet constituents (”i”). pT,i is the transverse momentum of constituent i. The
quantity min{DR1,i, ..., DRN,i} is the minimum of the DR distances between the ith constituent
and each subjet axis in the hypothesis. R is the jet distance parameter. The denominator is a
normalization factor to ensure 0 < tN < 1.

The tN variable is therefore the pT weighted sum of the angular separation between each jet
constituent and the closest subjet axis. Small values of tN represent jets which are consistent
with having N or fewer subjets. In this case the jet constituents are closely aligned with the
subjet axes. Subjet axes are determined by a one-pass optimization procedure which minimizes
tN[5].

N-subjettiness becomes a more effective discriminator by taking the ratio of jet shapes: tN/tN�1.
A top jet is expected to have 3 subjets and thus t3/t2 provides powerful top jet discrimination.

Selecting jets based on their N-subjettiness value (tN) is infrared (IR) safe [25], however select-
ing jets based on the ratio tN/tN�1 is not IR safe [25] but is calculable[26]. The t3/t2 selection
can be made IR safe by also making a cut on t2/t1 [25]. We find after tagging a top jet with the
requirement t3/t2 < 0.55, additionally requiring t2/t1 > 0.1 is close to 100% efficient for both
signal and background jets and provides IR safety.

3.3 HEP top-tagging algorithm

The HEP Top Tagger uses a collection of Cambridge/Aachen jets with a distance parameter
R = 1.5 (‘fat jets’). To identify top jets with the HEP Top Tagger algorithm [3], the following

Determines how consistent a jet is with 
having N or fewer subjets

!N → 0 ⟹ energy spread is close to the subjet axes 

Better discrimination by using ratios (ex. τ3/τ2)

D2(β) =
ECF(3, β)ECF(1, β)3

ECF(2, β)3

Boost 2013 report 
arXiv:1504.00679

Jet constituent based observables sensitive to 
N subjet substructure

ECF ratios (C2,D2, etc.) for boosted object 
discrimination (Small C2 ⟹ 2 subjets) 

β parameter allows access to different angular scales 

J. Thaler, K. Van Tilburg, JHEP 2011:15 A. Banfi, G. P. Salam, and G. Zanderighi,  JHEP 0503 (2005) 073 
M. Jankowiak and A. J. Larkoski JHEP 1106 (2011) 057 

A. Larkoski, G. Salam, J. Thaler JHEP 2013:108 
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Figure 11: The D(�=1)
2 variable, for R2-trimmed jets: (a) distributions in signal (blue solid line) and background (red

dashed) in MC in the range 350 < pT < 500 GeV, obtained after applying the 68% signal e�ciency mass window
requirement (discussed in Sect. 6.1); (b) correlation with the leading jet’s mass in (left) multijet background and
(right) W-jet signal events. No truth-matching requirements are made, so the signal events can contain background
jets as well as W-jets. The vertical line corresponds to the value of the cut providing a combined 50% e�ciency for
grooming and tagging (corresponding to a tagging-only e�ciency of 50%/68% = 73.5%)
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2-prong tagging “V-tagging”
• Boosted W, Z, H tagging 
• General technique: select V jets 

based on groomed jet mass and 
“2-subjettiness” 

• CMS default:  
- pruned jet mass + N-subjettiness  

• ATLAS: 
- Run 1 : split filtering + subjet 

momentum balance  

- Run 2 : trimmed jet mass + D2

9

q

q
W

W jet

CMS HIG-13-008 
H → WW → lνqq

CMS JME-13-006 

CERN-PH-EP-2015-204  
arxiv:1510.05821
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Figure 10: The C(�=1)
2 variable, for R2-trimmed jets: (a) distributions in signal (blue solid line) and background (red

dashed) in MC in the range 350 < pT < 500 GeV, obtained after applying the 68% signal e�ciency mass window
requirement (discussed in Sect. 6.1); (b) correlation with the leading jet’s mass in (left) multijet background and
(right) W-jet signal events. No truth-matching requirements are made, so the signal events can contain background
jets as well as W-jets. The vertical line corresponds to the value of the cut providing a combined 50% e�ciency for
grooming and tagging (corresponding to a tagging-only e�ciency of 50%/68% = 73.5%)
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W-tagging data-MC

10

CMS JME-14-002 CERN-PH-EP-2015-204 

• Semileptonic ttbar 
selection → very 
pure sample of 
boosted Ws 

• Data-MC scale 
factors measured
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Figure 20: Distributions of the W candidate jet substructure variables before (left) and after (right) the ✏GW = 68%
mass window for selected lepton+jets tt̄ events in data and Powheg-BOX + Pythia MC for the combined electron
and muon channel. (a), (b): C(�=1)

2 , (c), (d): D(�=1)
2 and (e), (f) ⌧wta

21 . Data points are shown with statistical uncer-
tainties, and the combined MC is shown with full systematic and statistical uncertainties. The lower panels show
the data/MC ratios, with the statistical uncertainty on the MC given in black forward-slashed bands, and the full
systematic uncertainty given in the blue, back-slashed bands.
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H-tagging

11

• Boosted Higgs → bb 
• Use the same tools as with W/Z tagging 

(groomed jet mass, N-subjettiness, ECF) + 
additional information from b-jets 

• B-tagging H-jets 
- ATLAS:  

‣ Double subjet b-tagging with matched small R (R=0.2) 
track jets 

- CMS:  
‣ Double subjet b-tagging (example: pruned subjets)  
‣ Dedicated wide jet double b-tagger

ATL-PHYS-PUB-2015-035 

CMS DP-2015/038 

H
H jet

b

b

~



James Dolen Aspen Center for Particle Physics - January 15, 2016

Double b-tagged H-jet

12

H
H jet

b

b

~
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Top tagging
• Top jet properties used for 

discrimination: 
- jet mass = top mass 
- substructure (3 subjets) 
- two subjets with pairwise mass = W 

mass 
- one subjet b-tagged

13

t q

q

b

W
top jet

Fully merged

CMS EXO-11-006
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Top tagging algorithms
• Taggers utilizing general algorithms  

- Groomed mass + N-subjettiness (τ3/τ2) 
- Shower deconstruction [1] 
- Splitting scale 
- Subjet b-tagging 

• Dedicated algorithms  
- CMS Top Tagger (JHU Top Tagger) [2] 

‣ Decluster jet twice to find 1-4 subjets 
‣ Select tops based on top mass, W mass, Nsubjets 

- HEP Top Tagger v1 [3] 
‣ Very large jets (R=1.2-1.5) 
‣ Multistep decluster + filter procedure 
‣ Select tops based on top mass, W mass 

- HEP Top Tagger v2 [4] 
‣ Multiple algorithm improvements + multi R approach 
‣ Select tops based on top mass, W mass, optimal jet 

size

14

t q

q

b

W
top jet

Fully merged

[1] D. Soper, M. Spannowsky arXiv:1211.3140 
[2] D. E. Kaplan, K. Rehermann, M. D. Schwartz, and B. Tweedie, arXiv:0806.0848 
[3] T. Plehn, M. Spannowsky, M. Takeuchi, D. Zerwas, arXiv:1006.2833 
[4] G. Kasieczka, T. Plehn, T. Schell, T. Strebler, G. Salam arXiv:1503.05921 
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Top tagging performance

15
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Pileup
• LHC: high intensity machine 

- Multiple collisions per bunch crossing (in-
time pileup) 
‣ Run 1: 21 interactions per crossing 
‣ Run 2: 40 interactions per crossing 
‣ High Luminosity LHC: 100 interactions 

- High collision rates → particles/signals 
from previous and future collisions affect 
the current event (out-of-time pileup) 

• Presents numerous challenges: 
- Trigger/computing 

‣ More hits, more energy 

- Contributes extra energy to event 
‣ Needs to be subtracted to correctly measure 

jets, MET, photons, taus, electrons etc. 
‣ jet/MET resolution degrades 
‣ Pileup jets

16

Z → μ μ event with 25 vertices at ATLAS 

Peak number of interactions per crossing vs. time
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Pileup jet tagging
• Each pileup vertex contributes 

~0.7 GeV of energy per unit 
area (η,Φ) of the detector 
- High pT pileup jets are formed 

from overlapping low pT energy 
from pileup

17

CMS JME-13-005 
ATLAS-CONF-2014-018

• Pileup jets can be rejected using tracking and jet shape information 
- Charged particles inside pileup jets are not associated with the primary vertex 
- Pileup jet more defuse (overlapping soft particles from multiple vertices) 

• Pileup jet ID essential for MET resolution and jet counting
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apr. 24, 2015 8the many faces of jets…

msu hep seminar, nhan tran

u and ds quark jets

11

u,d or s jet

present at all pT

color charge of 4/3
radiates less than a gluon 

fractional electric charge

msu hep seminar, nhan tran

gluon jets

12

gluon jet

present at all pT

color charge of 3
radiates more than a quark

no electric charge

msu hep seminar, nhan tran

pile up jets

13

pileup jet

present at low pT

“stochastic”, made up 
of softer deposits from 

several vertices

typical energy flow is 
more uniform, broad

msu hep seminar, nhan tran

c and b jets

14

c or b jet

present at all pT

primarily distinguished 
by a secondary vertex

c jets live somewhere 
between uds and b 

jets

msu hep seminar, nhan tran

W± and Z jets

15

W or Z jet

present at high pT

distinguished by a 
higher mass scale and 

two-prong nature
+

W+, W-, and Z can be 
distinguished by charge

msu hep seminar, nhan tran

Higgs jets

16

Higgs jet

present at high pT

distinguished by even 
higher mass scale and 

two-prong nature
+ 

2 secondary vertices

msu hep seminar, nhan tran

top jets

17

top jet

present at high pT

distinguished by very 
higher mass scale and 

three-prong nature
+ 

secondary vertex

msu hep seminar, nhan tran

top jets

17

top jet

present at high pT

distinguished by very 
higher mass scale and 

three-prong nature
+ 

secondary vertex

?
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Pileup Subtraction
• Jet area - the region around a jet in which energy 

will be clustered within the jet 
• Jet area pileup subtraction method 

- Measure the pileup energy density (per event) 

- Subtract energy density × jet area from each jet 

• The problem: subtracting only the average 
pileup energy within a jet 
- Result: jet momentum smeared by the jet to jet pileup 

fluctuations → reduced jet energy resolution  
- Example: High Luminosity LHC (2022) - 100 pp 

collision per crossing 
‣ a typical anti-kt R=0.4 jet has on average 35 GeV of 

excess energy from pileup which needs to be 
subtracted → fluctuations ~ √35 GeV 

‣ large R top jet (ex. R=1.0) has 200 GeV of excess 
energy from pileup

18

psubT = pT � ⇢A
⇢ = median[pTj/Aj ]

Jet area method G. Salam, M. Cacciari 
arXiv:0707.1378Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft

“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4
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Pileup removal before jet clustering
• Charged Hadron Subtraction (CHS)  

- enabled by particle flow 
- remove charged particles originating from 

pileup vertices before clustering jets 
- does not remove neutral pileup

19

CMS JME-14-001 

• New tools which utilize additional information 
for pileup removal 

- Constituent subtraction [1] - per particle area 
subtraction  

- Jet cleansing [2] - charged particle vertex 
information used to correct jets at the subjet level 

- Soft killer [3] - progressively remove soft 
particles until the average pileup density in the 
event is 0 

- Pileup Per Particle Identification (PUPPI) [4] - 
jet shape and charged particle vertex information 
used to suppress pileup

Jet mass resolution improved by 
Charged Hadron Subtraction (CHS)

[1] P. Berta, M. Spousta, D. Miller, R. Leitner arXiv:1403.3108 
[2] D. Krohn, M. Low, M. Schwartz, L. Wang, arXiv:1309.4777 
[3] M. Cacciari, G. Salam, G. Soyez, arXiv:1407.0408 
[4] D. Bertolini, P. Harris, M. Low, N. Tran, arXiv:1407.6013

Jet mass resolution is further 
improved by new techniques which 

also remove neutral pileup
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PileUp Per Particle Identification (PUPPI)

20

• Pileup handles: 
- Tracking/vertexing→ we know which charged 

particles come from pileup and which ones come 
from the hard scatter 

- Pileup is randomly distributed, while collinear 
radiation from a particle from the hard scatter is 
preferentially radiated at small angles 

- pT spectrum of pileup falls quickly 

Cartoon from 
Nhan Tran

• PUPPI assigns each particle a weight based on the 
likelihood it originated from pileup 
- Handle: Calculate α=∑pTj/ΔRij for each particle j within an 

annulus around particle i 

‣ α small for particles from pileup (nearby particles are soft and 
at large angle) 

‣ α large for particles from the LV (radiation around the particle 
harder and at small angle) 
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PUPPI performance

21

With pileup the top jet N-
subjettiness value is shifted to be 

more QCD like  

PUPPI corrects jet shapes for 
pileup → improves tagging 

discrimination

PUPPI jet mass stable with pileup

Improved MET resolution
Improved lepton isolation



• Apply track based 
pileup ID to subjets 
- Example: jet subjets 

satisfy trimming 
momentum fraction 
cut, but one has a 
large number of pileup 
tracks
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Track based grooming

22
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Examples of new tools in LHC analyses

23

All-hadronic ttbar channel  
competitive with semi-

leptonic channel 

Very fat jets (R=1.5) allow 
all-hadronic analysis to 

extend down to MZ` = 750 
GeV 

Unboosted semileptonic 
channel underperforms 

for MZ` > 850 GeV  

Semi-leptonic channel 
with boosted top jets and 

non-standard lepton 
isolation 

Top resonance search 
CMS B2G-13-008

HH resonance search 
ATLAS  CERN-PH-EP-2015-099

Boosted analysis 
necessary for mHH 

> 1150 GeV

Boosted H-tag: 
Trimmed AK R=1.0 jets 
Matched R=0.3 b-tagged track jets

Boosted top-tag: 
CMS Top Tagger + 
N-subjettiness + 
subjet b-tag
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Examples of new tools in LHC analyses

24

Top cross section measurement (boosted) 
CMS TOP-14-012 

ATLAS TOPQ-2014-15

ATLAS top tag :  
R=1.0 jet 
Trimmed jet mass > 100 GeV 
Splitting scale √d12 > 40 GeV  
Matched small-R jet b-tagged 

CMS top tag :  
R=0.8 jet 
CMS Top Tagger 
(140< jet mass < 250,  
minMass>50 
Nsubjets ≥ 3 )

See talk by Mayda on Monday
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Examples of new tools in LHC analyses

25

VLQ Top partners decaying to tH 
CMS B2G-14-002

)2 (GeV/cT m
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→
(p

p
σ
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-110

Obs. 95% CL
Exp. 95% CL
Theory TT

Central 95% CL exp.
Central 68% CL exp.

 (8 TeV)-119.7 fb

CMS

SUSY multijet (accidental substructure) 
CERN-PH-EP-2015-020  

Boosted top-tag 
R=1.5 jet - HEP Top Tagger + filtered subjet b-tag 

Boosted H-tag 
R=1.5 jet - 2 filtered subjet b-tags and pairwise 
b-tagged subjet mass > 60 GeV

Large MJ ⇒ 
- Angular structure 
- Many energetic 

hadrons



James Dolen Aspen Center for Particle Physics - January 15, 2016

Examples of new tools in LHC analyses
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VV resonance 
ATLAS-CONF-2015-073 

CMS EXO-15-002 

ATLAS Run I V-tag :  
R=1.2 
Split filtered jet mass window 
y < 1.2 
Ntrack < 30 

ATLAS Run II V-tag :  
R=1.0 
Trimmed jet mass window 
D2 (β=1) < 1.2 (pT dependent) 
Ntrack < 30 

CMS V-tag :  
R=0.8 
Pruned jet mass window 
τ2/τ1 < 0.45, 0.45 < τ2/τ1 < 0.75
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Conclusions
• New jet tools have proven to be indispensable to LHC analyses 

- Impressive progress in the last 5 years developing and commissioning jet 
tools 
‣ Boosted objects are now mainstream  

✦ Thoroughly calibrated and commonly used 

✦ example: groomed jet mass is now in the CMS trigger 

‣ Strong community of theorists and experimenters 
✦ Short turnaround time between new ideas and results 

• Pileup poses a significant challenge for run II and beyond 
- New pileup subtraction techniques - improve jet energy measurement and 

resolution for all jets 

- Jet grooming - essential for boosted object tagging 

- Per particle pileup removal - correct both jet p4 and jet shape 

- Removing pileup essential for jets, MET, isolation

27
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BACKUP

28

BACKUP
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Pileup Per Particle Identification (PUPPI)

• Assign a weight to each particle equal to the 
probability that the particle originates from 
pileup 
- 0 very likely pileup → 1 very likely hard scatter 
- Multiply weight by particle 4-vector  
- Remove particles with small weight 
- Cluster jets with weighted particles 

‣ Also corrects the jet shape

29

• PUPPI framework designed to utilize all 
handles to mitigate pileup 
- ρ (pileup energy density measured per event) 
- charged tracks from the hard scatter  
- charged tracks from pileup vertices 
- the local distribution of pileup with respect to 

particles from the leading vertex 
‣ LV particle radiates preferentially at small angle. 

Pileup from many vertices is randomly 
distributed in angle and its pT spectrum falls 
more rapidly

Cartoon from 
Nhan Tran

arXiv:1407.6013v1
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PUPPI Algorithm
1. Calculate αi for each particle i 

- Sum of pTj/ΔRij for each 
particle j within an annulus 
around particle i 
‣ R0 determines the outer cone 

size 

‣ Rmin chosen based on detector 
resolution

30

- Choice of ξij 
‣ ~1/ΔR :  Collinear radiation from a particle from the hard scatter is mostly 

radiated at small angles while pileup has no angular preference ( bigger ΔR 
→ smaller α → less likely to be pileup) 

‣ ~ pTj : pT spectrum of pileup pileup falls off faster than pT of particles from 
the hard scatter ( smaller pT → smaller α → less likely to be pileup)

- In tracking region sum over charged particles from the LV, in 
forward region sum over all particles 
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PUPPI Algorithm
2. 	All charged pileup particles are assigned a weight wi = 0 and all 

charged leading vertex particles are assigned a weight wi = 1  
3. 	The weights of all other particles are calculated using: 

4. 	The four-momentum of each particle is rescaled by its weight 
5. 	Particles with small weights wi < wcut or with low (rescaled) 

transverse momentum pTi < pT,cut are discarded. 

31
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Reconstruction level pileup suppression
• Pulse Integration (ATLAS) 

- Fast signal shaping such that pulse integral = 0 and 
amplitude proportional to energy→ Net average signal 
contribution from pileup = 0  

- Works best for small bx (25ns) 

- Can not reduce out-of-time pileup event by event 
fluctuations 

• Jets clustered from topoclusters (ATLAS) 
- Pileup energy and electronic noise suppression 

included in topocluster reconstruction 

- “4/2/0” clustering tuned based on expected max ⟨μ⟩
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Peter Loch

Detector pulse

Shaped and 
sampled signal
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Quark/gluon discrimination
• Quarks and gluons have different QCD color 

factors 
- Gluon more likely to radiate a gluon 

- Gluon jets tend to be wider with larger multiplicities 
and correspondingly fewer hard particles  

- Quark jets tend to be narrow with smaller multiplicities 
and asymmetrical energy shared between constituents 

• Quark/gluon jet discriminator variables: 
- ATLAS 

‣ Number of tracks 

‣ Track/Calorimeter width 

‣ Energy correlation angularity (track based) 

- CMS 
‣ jet multiplicity 

‣ jet shape (minor axis width) 

‣ pTD (energy sharing) 
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V-tagging optimization
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Figure 14: For jets with 350 < pTruth
T < 500 GeV, the signal e�ciency versus background rejection power “ROC”

curve for selected tagging variables (combined with the uncalibrated groomed mass window) on a subset of high-
performance algorithms is shown. The endpoint at 68% signal e�ciency is a result of the 68% mass window. The
inset enlarges the high-e�ciency region.

Grooming configuration ✏GW = 68% mass range ✏GQCD � hMi /�NPV

anti-kt, R = 1.0 trimmed fcut = 0.05, Rsub = 0.2 61–93 GeV 11% 0.1–0.2 GeV

anti-kt, R = 1.0 trimmed fcut = 0.05, Rsub = 0.3 65–99 GeV 16% 0.5–0.6 GeV

C/A, R = 1.0 pruned Zcut = 0.15, Rcut = 0.5 59–111 GeV 16% 0.9–1.1 GeV

C/A, R = 1.2 split-filt py12 = 0.15, Rsub = 0.3 63–103 GeV 13% 0.1–0.3 GeV

Table 5: The four favoured grooming configurations along with their mass windows (derived using calibrated jets),
background e�ciencies, and pileup dependence for ✏GW = 68% in the range 200 < pT < 350 GeV.

28

q

q
W

W jet



James Dolen Aspen Center for Particle Physics - January 15, 2016

Very high pT tagging
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• Run 1 - tagging efficiency for boosted 
objects decreased at high pT 

• Run 2 - Improvements to particle 
reconstruction 
- make better use of detecter granularity  

- tagging efficiency now stable at high pT


