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Outline

• Motivation: tagging boosted massive 
SM particles

• W-jet as an example (top)

• Variables sensitive to jet radiation 
patterns

• Orthogonal to jet grooming variables

• Use tracking information

• Conclusion
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Boosted particles at the LHC

• LHC probes TeV scale physics

• ‘Heavy’ SM particles become probes to 
new physics

• W: 80GeV,  Z: 91GeV, top: 175GeV, Higgs: 
125GeV(?) << 1TeV

• Need to standardize W/Z/top/(Higgs) 
tagging 
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The problem

• When highly boosted, hadronically decaying 
particles look like a single jet in a detector.

boost

Same problem for Z/top/Higgs.
How to distinguish W-jet from QCD jets?
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Jet substructure

• Hard subjets

• Filtering/pruning/trimming

• Jet shape variables

• Jet mass, planar flow, N-subjettiness...

• Multivariate analysis
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W-jet tagging (Cui, Han &Schwartz)
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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 pjet
T ∈ (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

Significance improvement as a function 
of signal efficiency, PT=500GeV
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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

20 variables used in multivariate tagger
Can we simplify? What are the best variables?

Tuesday, May 8, 12



W jets vs QCD jets

• W jet: a hard spitting at 80 GeV

QCD jets: colinear and soft splittings

• Identify with jet grooming algorithms

• Radiation pattern: color singlet vs color 
octet/triplet

• Charged particle multiplicity

• N-subjettiness

Tuesday, May 8, 12



Charged particle multiplicities at e+e- 
machines
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Well understood
<Nch> grows slowly with CM energy
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Special configuration

• W jets vs QCD jets with a hard splitting

• Charged particle multiplicity

• N-subjettiness

W jets vs QCD jets at high PT
(e+e- machine)

• Compare W-jets with QCD jet with (without) 
hard splitting, 2-prong (1-prong).

• Fix the momenta, simulate showering and 
hadronization over and over again with Pythia8

W

W

q q

l ν

q g

q

z

MW

PT=500GeV

Thursday, October 20, 11
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Charged particle multiplicity in special 
configuration

Nch ‘proportional’ to the number of dipoles

jet (almost) always contains an odd number of charged particles due to charge conservation.

To distinguish a W jet from a 2-prong QCD jet, we can then 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

S/
√
B by a factor of 2.3. If we keep only jets with odd number of charged particles, the

improvement is even better.
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FIG. 3: Charged particle multiplicities for W jets, 2-prong and 1-prong QCD jets with pT =

500 GeV, in the fixed momentum configurations of Fig. 2 (see text).

B. N-subjettiness

Other existing jet shape variables can be defined with charged particles too. Here, we

take the N-subjettiness as an example, which is defined in Ref. [23] as follows. For a set

of particles {i} in a jet with jet radius R0 and a set of N axes {J}, we define the distance

∆RJ,i ≡
√

∆η2J,i +∆φ2
J,i for each (J, i) pair. Then we define a quantity

τ̃ (β)N ≡
1

d0

∑

i

pT,imin{∆Rβ
1,i, . . .∆Rβ

J,i . . .∆Rβ
N,i}, (6)

where d0 =
∑

i pT,iR
β
0 and β is a pre-selected constant. Then we vary the directions of the

N axes to find the minimum τ̃ (β)N , which is defined as the N -subjettiness τ (β)N .

6
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2-subjettiness in special configuration

In our example with fixed momentum configuration, we can simply use the momenta in

Eqs. (4) as the two axes to calculate τ̃ (β)2 , which does not differ significantly from the real

τ (β)2 after minimization. The τ (β)2 distributions for W jets and 2-prong QCD jets are shown

in Fig. 4, where we have chosen β = 1. Note that τ2 quantifies how much a given jet looks

like two subjets, a smaller value corresponding to a larger likelihood. In the extreme case

where the jet contains only two particles, τ2 = 0. In our special momentum configuration,

we always have two hard subjets, therefore, τ2 becomes an excellent measure of how diffused

the radiation is. As expected, more often τ2 is larger for QCD jets than W jets, which

allows us to apply a cut, τ2 < τ cut2 , to suppress background QCD jets, similar to the charged

multiplicity. In practice, when the jet momentum configuration is not fixed, a better variable
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FIG. 4: 2-subjettiness with axes fixed to Eq. (4), for jets with pT = 500 GeV in the fixed momentum

configurations of Fig. 2.

is τ2/τ1, which will be discussed in the next section for the LHC.

3. W JET TAGGING AT THE LHC

We now turn to the LHC, where W jet tagging is much more challenging. As an example,

we consider W jets and QCD jets in the pT range (500, 550) GeV. These jets are prepared

following Ref. [24]: we use Pythia 8 to generate high pT WW pairs which decay semiletoni-

7

Used charged particles to calculate tau2
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Application at the LHC
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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 are constructed assuming HCAL granularity; Nch and

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

obtained by combining Nch or τ2/τ1 with filtering: we obtain 1.34 (1.39) by optimizing the

cut on Nch (τ2/τ1), with the filtered mass window fixed to (60, 100) GeV. A factor of ∼ 1.6

is reached if we optimize rectangular cuts on both mfilt and Nch (τ2/τ1), or if we combine

the variables in BDT, the latter being slightly better.

From Tab. 1, we also see combining Nch and τ2/τ1 gives us smaller improvement (1.55)

than combining one of them with the filtered mass, despite they each alone are excellent

discriminants. 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 correlations between

Nch and mfilt, and between mfilt and τ2/τ1 are small. These correlations are manifest in

the two dimensional distributions for each pair of variables, shown in Fig. 6. The linear

correlation matrices of the three variables are given in Tab. 2.

9

500 GeV jets, hard splitting identified with filtering.

Tuesday, May 8, 12



Correlations
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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.

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

1 The performance depends on the value of β in Eq. (6). 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. A detailed study of the β

11

W QCD
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Nch vs tau2/tau1

Mfilt vs tau2/tau1

large 
correlation

small 
correlation
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Improvement in significance

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.

From above discussions, we have learned that the most efficient way to distinguish W

jets from QCD jets is to combine variables sensitive to the mass scale of the hard splitting,

and variables sensitive to the amount of radiation. These two categories contain largely

orthogonal information. This is in accordance with the observation we made in Sec. 2,

where we saw that charged multiplicity increase slowly with respect to the center of mass

energy. In practice, if one would like to use two variables to tag the W jet, the best way is

to pick one variable from each category and combine them. As we have seen, by doing so,

we achieve a factor of >∼ 1.6 improvement over filtering (or >∼ 3.5 over the original high pT

jets without any cuts).

One may also be interested in the performance of a single variable sensitive to the radia-

tion, such as τ2/τ1, without imposing a filtered mass cut. It turns out one can improve the

10

Significance improvement over filtering (mfilt ~(60, 100) GeV)
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What we learn?

• Classify jet substructure variables to  those 
sensitive to the hard splitting scale and 
those sensitive to the radiation pattern, 
which are largely uncorrelated.

• To obtain the best discriminating power, we 
should combine the two different kinds of 
variables.
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What about top jets?

• Z and Higgs very similar: color singlet

• Top more tricky:  W within the jet, but top 
itself is colored. Work in progress.

• The idea: simplify and relax the kinematic cuts, 
add charged multiplicity or other variables 
sensitive to radiation patterns.

• preliminary results showing improvement
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Conclusion

• To best distinguish W/Z/Higgs/top jets from 
QCD jets, combine variables sensitive to 
hard splitting and those sensitive to 
radiation patterns (color structure)

• Tracking is very useful for studying jet 
radiation pattern

• Charged particle multiplicity unique to tracking

• Other variables can be also defined with 
charged particles 
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