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Identifying boosted objects in a 
contaminated environment

• High multiplicity events (e.x., SUSY cascades)

• W’s in top decays (contaminated by b jets)

• Initial state radiation

• Underlying event

• Pileups
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Outline

• Review of W jet tagging

• Difficulties with pileup

• Jet radiation radius 

• Application in W jet tagging

• Outlook and conclusion
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W jet tagging

• Differences between w jets and quark/gluon jets

• W mass peak vs QCD continuum

• 2 balanced hard subjets vs hierarchical momenta

• Color singlet vs triplet/octet: different radiation patterns

• W: radiation concentrated in a small cone

• QCD: radiation diffused.

The three differences are (almost) uncorrelated.
Use all of them!
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W jets vs QCD jets

  

QCD jet vs W-jet

Group the energy in 0.1x0.1 bins on (eta, phi) plane, 
jets found using R=1.2, C/A

QCD jet from W+j->lvj, W-jet from WW->lvjj, Madgraph+Pythia 8

QCD       W jet
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Jet grooming algorithms

• Eliminate soft radiations, identify the hard 
subjets

• Mass peak well reconstructed

• Radiation information lost
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Jet shape/radiation variables

• Variables sensitive to radiation.

• N-subjettiness

• Charged particle multiplicity

• R-cores: measure how mass/pt change 
according to the jet radius

• Combine with jet grooming methods
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Jet shape variables
(without pileups)
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FIG. 5: Variables considered for the LHC: jet mass after filtering, charged multiplicity and τ2/τ1,

for pjetT ∈ (500, 550) GeV. The filtered mass is constructed assuming HCAL granularity; Nch and

τ2/τ1 are constructed using tracks with pT > 1 GeV and |η| < 2.5.

significance by a factor of 1.44 using τ2/τ1 calculated from charged particles 1 for jets with

R = 1.2 and pT = 500 GeV. This is lower than what we get from filtering. Nevertheless,

τ2/τ1 may be more useful if we do not know the exact mass of the boosted particle. Also at

higher pT ’s, the resolution for mass measurement degrades, while we expect radiation vari-

ables to work better. This is because for higher pT ’s, the decay products of a color singlet

particle occupy a smaller region while the radiation pattern of a QCD jet does not change

significantly, which make the two cases more distinguishable. Similar observation has been

1 The performance depends on the value of β in Eq. (4). It turns out that with a filtered mass cut, β = 1

is a better choice than β = 2. Therefore we have used β = 1 all through the paper. However, without a

filtered mass cut, β = 2 works better, which gives a larger SIC of 1.58 for jet pT = 500 GeV. A detailed

study of the β dependence is beyond the scope of the article.

9

PT=500GeV. After an overall cut on jet mass after filtering/mass drop. 
Nch and τ21 calculated before filtering. mfilt calculated from calorimeter 

cells (0.1x0.1 binning), τ21 from tracks alone.

Han, 2011
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Correlations

mfilt Nch τ2/τ1

mfilt 1.15 1.66 (1.59) 1.67 (1.58)

Nch - 1.34 1.55 (1.50)

τ2/τ1 - - 1.39

all: 1.85

TABLE 1: Optimized improvement in the SIC. The events have passed an overall filtered mass

cut (60, 100) GeV. The diagonal elements of the first three rows are obtained by using individual

variables with an optimized rectangular cut. The off-diagonal elements are obtained by combining

a pair of variables: the numbers in the parentheses are obtained using rectangular cuts and the

numbers outside are from BDT. The best improvement for combining all three variables in BDT

is given in the last row.

mfilt Nch τ2/τ1

mfilt 1 -0.08 -0.12

Nch -0.08 1 0.51

τ2/τ1 -0.12 0.51 1

mfilt Nch τ2/τ1

mfilt 1 0.07 -0.14

Nch 0.07 1 0.50

τ2/τ1 -0.14 0.50 1

TABLE 2: Linear correlation matrices of the variables. Left: W jets; right: QCD jets.

made in Ref. [25]. In the extreme case, all decay products of a color singlet particle enters

a single or a few adjacent calorimeter cells which makes the mass information unavailable,

and we are forced into an inclusive search of color singlet particles without using their mass

information.

We can obtain better discriminating power if we combine two variables and vary the

cuts on both of them. From Table 1, we see a factor of ∼ 1.6 is reached if we optimize

rectangular cuts on both mfilt and Nch (τ2/τ1), or if we combine them in BDT, the latter

being slightly better. We also notice combining Nch and τ2/τ1 gives us smaller improvement

(1.55) than combining one of them with the filtered mass, despite the fact that each alone is

an excellent discriminant. This is due to the larger correlation between Nch and τ2/τ1, both

of which measure the amount of radiation in the jets. On the other hand, the correlation

between Nch (τ2/τ1) andmfilt is small. These correlations are manifest in the two dimensional
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FIG. 6: Two dimensional distributions for variable pairs. Left: W jets; right: QCD jets. The

number of events is normalized to 10k for each plot.

machines [40] we see in Fig. 1. As we have noticed, the number of tracks grow very slowly at

high energies. The angular distributions of these tracks will not change significantly either.

Therefore, the efficiency will not change significantly for QCD jets. The W jet is a different

case: when the boost is larger, all the tracks will be packed in a smaller region, which may
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machines [40] we see in Fig. 1. As we have noticed, the number of tracks grow very slowly at

high energies. The angular distributions of these tracks will not change significantly either.

Therefore, the efficiency will not change significantly for QCD jets. The W jet is a different

case: when the boost is larger, all the tracks will be packed in a smaller region, which may
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machines [40] we see in Fig. 1. As we have noticed, the number of tracks grow very slowly at

high energies. The angular distributions of these tracks will not change significantly either.

Therefore, the efficiency will not change significantly for QCD jets. The W jet is a different

case: when the boost is larger, all the tracks will be packed in a smaller region, which may

12
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W QCD
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A few comments on N-subjettiness

• τ2/τ1 (τ21) relevant to W tagging. Two ways to get a large τ1:

• 2 (or more) hard subjets (correlated to jet grooming)

• Significant amount of diffused radiation (small correlation to the hard 
splitting scale)

• Similar to (fat) jet mass

• “Best way” to use N-subjettiness: 

• use jet grooming to ‘factorize out’ the hard splitting, 

• After grooming, τ21 becomes a variable measuring the amount of 
radiation.
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Combined performance
(without pileup)

• Combine variables sensitive to the hard splitting (mass after filtering/mass 
drop) and those sensitive to the color structure.

• Combining filtering and τ2/τ1(Nch) improves the significance (S/sqrt(B)) by a 
factor of 1.5(1.4), over filtering alone; Combining all three gives a factor of 
1.6 (Han, 2011).

•  ‘Ultimate’ performance with MVA:
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FIG. 1: Significance Improvement Characteristics (εS/
√
εB) for leptonic-W+W -jet events (signal)

versus their leptonic-W+QCD-jet background, for pjetT ∈ (500, 550) GeV. The bottom two curves

show the effect of an optimized simple mass window for R = 1.2 and R = 0.4 Cambridge/Aachen

jets. The falloff of the R = 0.4 efficiencies is due to events in which the W -subjets are well

separated. The next curve up shows the efficiency of the filtering-with-mass-drop method of [8],

optimized over the filtering parameters. The top curve is the result of our multivariate analysis,

including many variables on top of the filtered result. The starting point for the multivariate

analysis is a filtered sample with a window slightly wider than what is optimal for filtering, as

indicated by the star.

the background as filtering alone. This allows for substantial improvement in the reach for

diboson resonances, as well as the possibility of seeing the hadronic W -decay mode in the

W+jets sample. Figure 1 shows a summary of our method’s efficiency.

This article is organized as follows. In Section 2, the sample we use to optimize W -jet

tagging is described. Section 3 reviews the jet-grooming algorithms and describes to what ex-

tent they are useful for W -jet tagging. Section 4 describes the jet-substructure and jet-shape

variables we use on top of grooming. In Section 5, we describe how to combine the variables

in a multivariate analysis to optimize W -jet tagging. In Section 6, we discuss the difference

in performance for different W polarizations, which has implications for applications to new

physics searches. Then in Section 7 we explore the robustness of our method using different

Monte Carlo tools. Section 8 contains applications to two interesting processes: Z ′ boson

discovery and W -jet identification in dijet events. We conclude in Section 9.

3

Cui, Han and Schwartz, 2010
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Difficulties from pileup
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Pileup Subtraction (Soyes, Salam, Kim, Dutta, Cacciari, 2012)

mfiltsubtr
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Do we need R=1.2 to calculate τ21?
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Dijets, PT=40GeV (W)
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Dijets, PT=400GeV
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Related works  

Dependence of jet 〈δpt〉 on

‘partonic’ pt colour factor R
√

s

perturbative radiation ∼ αs(pt) pt Ci ln R + O (1) –

hadronization – Ci −1/R + O (R) –

underlying event – – R2 + O
(

R4
)

sω

Table 1: Summary of the main physical effects that contribute to the relation between the trans-
verse momentum of a jet and that of a parton, together with their dependence on the properties
of the parton, the jet radius R and collider centre of mass energy. Cases labelled “–” do not
have any dependence on the corresponding variable in a leading approximation, but may develop
anomalous-dimension type dependences at higher orders.

data (such as the inclusive jet spectrum) with high-order perturbative QCD calculations,

and attempt to deduce information about fundamentals of QCD or the electroweak the-

ory. In the first case, one seeks to extract the cleanest possible kinematic structures, and

therefore one should minimise both perturbative and non-perturbative modifications of a

jet pt; in the second case, one presumes that the perturbative loss is calculated with good

precision for typical ranges of R, and one wishes to minimise the two non-perturbative

contributions, since they cannot be precisely computed from first principles.

〈δ
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Figure 5: Contributions to the average δp2
t from perturbative radiation, hadronization and under-

lying event, for quark jets at the Tevatron, as a function of R. For the perturbative contribution
we have used Eq. (2.7); for the hadronization contribution we have taken just the 1/R term; for
UE we have used the full R dependence and set ΛUE = 4 GeV.

When considering how well one can reconstruct kinematic structures such as mass

peaks, one needs to know the dispersion due to both perturbative and non-perturbative

effects, as well as any non-trivial correlations between them. Although this goes beyond

the scope of what has been calculated in this paper, some basic quantitative information

can nonetheless be obtained, by arguing that the dispersion on a jet pt (and therefore on

– 21 –

Dasgupta, Magnea, Salam, 2007
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Figure 10. Best radius as a function of the mass for our approach compared to the previous work
of [14]. The solid (blue) line corresponds to our present computation in this paper while the dotted
(red) line shows the result obtained in ref. [14]. The Pythia results, the (green) triangles, are shown
for comparison. The left (right) panel shows the case of quark (gluon) jets.

The extracted value of Rbest is shown on figure 10 in the case of Pythia simulations, for

the anti-kt algorithm. The results are compared with the Monte Carlo results and with our

complete analytic calculation. We see that the simpler approach of [14] manages to extract

the correct value for Rbest at small mass but fails to reproduce the observed behaviour

at larger mass, and this for both quark and gluon jets. The reason for this failure is

rather hard to pinpoint: it can come, e.g., from the crudeness of the approximation (4.12),

the lack of an initial-state radiation contribution and the corresponding PDF effects, or

the description of the underlying event in terms of the average density 〈ρ〉 instead of its

fluctuations σρ.

5 Background subtraction

5.1 Description

The last point we wish to discuss is the situation where we perform background subtraction

using jet areas [31], as advocated in [35]. The idea behind UE subtraction is to get rid of

the shift due to the UE density contaminating the mass reconstruction. Since subtraction

is performed on each single event, one hopes to get rid of the fluctuations of the background

density across the events, hence obtaining a narrower peak. In this respect, all we should

be left with is the background fluctuations inside an event which have a linear dependence

on R rather than the quadratic one computed in the unsubtracted case (4.4). This is a

much smaller effect and one thus expect the quality measure to be better (i.e. smaller)

than in the unsubtracted case as well as the optimal radius to be larger.

In practice, one would thus naively convolute the perturbative spectrum computed in

section 3 with a subtracted UE spectrum taking into account these intra-event fluctuations.

– 20 –

Soyez, 2010

•  Best radius for discrimination?
•  Radiation variables: τ21, Nch...?
•  Effect from pileup?
•  Boosted case?
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Jet radiation radius

• What’s the ‘intrinsic size’ of a jet? 

• In a color singlet system in its center of mass 
frame, R(x) is defined as the minimum jet radius 
that averagely x percent of the total ‘amount of 
radiation’ is contained in the leading 2 (n) jets. 

• The definition of ‘amount of radiation’ depends on the variable used.

• Alternative definition:  the minimum jet radius that x percent of the 
events have x percent of the radiation contained in the leading jets 
(similar to the h-index definition). 
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PT dependence
ee->qq, gg
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Boosted W

• Shrinking cone size R ~ 1/PT :

p1 · p2 = p10 · p20

E1E2 � E1E2 cos ✓ = E10E20 � E10E20 cos ✓0

boost: E1/E10 ⇡ E2/E20

) ✓/✓0 ⇡ E10/E1

1

When jets merged, jet radius becomes subjet radius
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Boosted W
ee->WW
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FIG. 2: Fixed momentum configurations for illustration. Left: WW → qq̄lν with the hadronic

W moving perpendicularly to the beam and decaying to quarks with symmetric momenta. Right:

e+e− → qq̄g with a qg pair mimicking a W boson.

configurations contributing to a high pT jet. This is more conveniently done with Pythia 8

or other simulations.

We keep the momentum and color flow configurations fixed as in Fig. 2, and repeatedly

use Pythia 8 to simulate showering and hadronization and obtain two data samples cor-

responding to the two processes. We cluster stable particles to anti-kt jets (R=1.2) with

FastJet [42]. Each WW event then contains a W jet in the upper hemisphere, and each

qq̄g event contains a 2-prong jet in the upper hemisphere and a 1-prong jet in the lower

hemisphere. No cut is used in this procedure. The average number of charged particles for

the W jet, the 2-prong and 1-prong QCD jets are shown in Fig. 3. From Fig. 3, we see

the average charged multiplicity of a W jet is larger than that of a 1-prong QCD jet while

smaller than a 2-prong QCD jet. This is due to their different color structure. In particular,

the 2-prong QCD jet is color connected to the other side of the event, therefore it contains

more radiation than the W jet. To distinguish a W jet from a 2-prong QCD jet, we can

apply a cut Nch ≤ N cut
ch . For example, when N cut

ch = 19, we keep 63% W jets and 7.7%

2-prong QCD jets, which boosts the SIC by a factor of 2.3. Because of the large boost and

the large jet radius, R = 1.2, almost all particles from the W decay are included in the

W jet. Due to charge conservation, the W jet (almost) always contains an odd number of

charged particles. If we keep only jets with odd number of charged particles, we obtain a

5
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Boosted W vs QCD jet
ee->ww, qqg
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FIG. 2: Fixed momentum configurations for illustration. Left: WW → qq̄lν with the hadronic

W moving perpendicularly to the beam and decaying to quarks with symmetric momenta. Right:

e+e− → qq̄g with a qg pair mimicking a W boson.

configurations contributing to a high pT jet. This is more conveniently done with Pythia 8

or other simulations.

We keep the momentum and color flow configurations fixed as in Fig. 2, and repeatedly

use Pythia 8 to simulate showering and hadronization and obtain two data samples cor-

responding to the two processes. We cluster stable particles to anti-kt jets (R=1.2) with

FastJet [42]. Each WW event then contains a W jet in the upper hemisphere, and each

qq̄g event contains a 2-prong jet in the upper hemisphere and a 1-prong jet in the lower

hemisphere. No cut is used in this procedure. The average number of charged particles for

the W jet, the 2-prong and 1-prong QCD jets are shown in Fig. 3. From Fig. 3, we see

the average charged multiplicity of a W jet is larger than that of a 1-prong QCD jet while

smaller than a 2-prong QCD jet. This is due to their different color structure. In particular,

the 2-prong QCD jet is color connected to the other side of the event, therefore it contains

more radiation than the W jet. To distinguish a W jet from a 2-prong QCD jet, we can

apply a cut Nch ≤ N cut
ch . For example, when N cut

ch = 19, we keep 63% W jets and 7.7%

2-prong QCD jets, which boosts the SIC by a factor of 2.3. Because of the large boost and

the large jet radius, R = 1.2, almost all particles from the W decay are included in the

W jet. Due to charge conservation, the W jet (almost) always contains an odd number of

charged particles. If we keep only jets with odd number of charged particles, we obtain a

5
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Discrimination procedure

• Cluster to fat, high pt jets

• Calculate subtracted groomed jet mass

• Apply a precut on the groomed jet mass - optional

• Find the axes of the two leading subjets, calculate τ21 for jet 
constituents with a cone around the two axes, (shrinking) 
cone size determined by

• 2D analysis using (mfilt,subtr, τ21,sc).

p1 · p2 = p10 · p20

E1E2 � E1E2 cos ✓ = E10E20 � E10E20 cos ✓0

boost: E1/E10 ⇡ E2/E20

) ✓/✓0 ⇡ E10/E1

Rsub = Rref
100GeV

pT,sub

1
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Performance at the LHC 
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Pythia 8, 60 pileups
WW & dijet

Rfat=1.2, PT>300GeV
Rref=0.3 (at 100GeV)

likelihood = S/(S+B)
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Performance

Best improvement in S/sqrt(B): 2.39 
at eff(S)=0.28, eff(B)=0.013

compare: filtering(subtr) alone:1.61
filtering(subtr) +τ21(subtr): 1.80
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Performance

• Suggestion to experimentalists: increase jet radius for the 
fat jet (to cluster more W’s), but reduce the radius for 
calculating radiation variables.

Best significance 1.77, 
filtering(subtr) alone: 1.30

filtering(subtr)+τ21(subtr):1.40
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Future directions

• More sophisticated Rsub choices? Other variables? 
Combine with charged hadron subtraction?

• Other applications

• Higgs search

• Top tagging (even useful when using tracks alone)

• Quark-gluon discrimination

• Processes with many final state partons

• Theoretical calculations, Monte Carlo validations
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Conclusion

• Radiation of a hard parton is concentrated, which 
can be quantified by jet radiation radius.

• The jet radiation radius is smaller for larger boost

• By selecting a small cone size dependent on the 
(sub)jet momentum to calculate radiation 
variables, we can reduce the impact from pileups 
and improve the tagging efficiencies for boosted 
objects.
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