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Abstract Abstract for BOOST2013 report

Keywords boosted objects · jet substructure ·
beyond-the-Standard-Model physics searches · Large

Hadron Collider

1 Introduction

Jet substructure has been around a while now, and it’s

time to study the correlations between the plethora of

observables that have been developed and used. Previ-

ous BOOST reports [1,2,3] studied some of these things.

2 Monte Carlo Samples

Give details about how the samples we use have been

generated.

3 Jet Algorithms and Grooming Approaches

Describe the jet algorithms and grooming approaches

that we will use in the report. Give the nomenclature

that we will use to refer to e.g. the groomed mass in

the rest of the report.

4 Substructure Variables/Taggers

Describe the specific substructure variables and tag-

ging approaches that we will be using in this report

e.g. n-subjettiness, Q-jets, HTT, JH tagger. Give the

nomenclature that we will use to refer to these vari-

ables/taggers in the rest of the report.

5 Quark-Gluon Discrimination

In this section we examine the differences between quark

and gluon initiated jets in terms of the substructure

variables, and to what extent these variables are corre-

lated. Along the way, we attempt to provide some the-

oretical understanding of these observations. The moti-

vation for these studies comes not only from the desire

to “tag” a jet as being quark or gluon initiated, but also

from the point of view of understanding the quark and

gluon components to the QCD background to boosted

boson and boosted top tagging.

5.1 Methodology

These studies use the XXX samples described previ-

ously in Section 2.

Jets are reconstructed using the XXX jet algorithms

described in Section 3. The following event selection is

then applied to these samples....(presumably this will

vary depending on which kinematic bin is used, as will

the actual samples used - maybe summarize in a table).

Figure 1 shows background versus signal in some

basic kinematic distributions. Do we want to reweight

quark kinematics to gluon or vice versa?

5.2 Single Variable Discrimination

Figure 2 the compares the quark and gluon samples in

the mass distributions for the different groomers, and

Figure 3 in the different substructure variables.

Figure 4 shows the single variable ROC curves in

the pT 500 GeV bin for the anti-kT R=0.8 algorithm,

compared to the ROC curve for a BDT combination of

all the variables. Only the ungroomed mass is shown.

One can see that the single most discriminant variables

are nconstits and Cβ=0
1 .

We want to look also at:

– Dependence on R.

– Dependence on pT.

5.3 Correlations

Put in 2-D plots of correlations between variables (see

theory discussions below)

5.4 Combined Performance of Quark-Gluon Tagging

Put in ROC curves of BDT combination of variables

5.5 QJets Volatility and pTD (C
(β=0)
1 )

Simple explanation of correlation, or why does com-

bining volatility and pTD improve quark versus gluon

discrimination. pTD (C
(β=0)
1 ) takes small (large) values

for a jet with near-democratic energy sharing between

particles and large (small) values when the energy of

the jet is contained in a few particles. Because we ex-

pect gluons to radiate more particles, we expect that

pTDg < pTDq (or C
(β=0)
1 g > C

(β=0)
1 q). Now, we expect

the volatility of gluon jets to be in general smaller than

that of quark jets because there is a greater probability

(by a factor of about CA/CF = 9/4) that there was a



Boosted objects at the LHC 3

(a) Leading jet pT (b) Sub-leading jet pT

(c) Leading jet η (d) Sub-leading jet η

Fig. 1 Comparisons of quark and gluon distributions in the pT 500 GeV bin using the anti-kT R=0.8 algorithm: basic kinematic
distributons.

relatively hard emission in a jet that is not groomed

away. By measuring both volatility and pTD, we are

sensitive to both regions of phase space: where a rela-

tively hard emission dominates the mass of the jet as

well as the region where many soft emissions set the jet

mass.

The following is Steve’s discussion of volatility dif-

ference between quarks and gluons:

Here is the (qualitative) thinking: typical QCD jet

mass distributions look as illustrated on slide 17, al-

though you should really be thinking in terms of plot

versus m/pT , since pT is what sets the scale in the plot.

Qualitatively there is a (very) large peak for m/pT .
0.1 and you should think of these jets as having masses

that arise from multiple soft emissions, some of which

are at substantial angles. It is these components of the

jet that are operated on by pruning (reducing the mass

dramatically) and that yield the large volatility tail for

QCD jets. For larger m/pT values there is typically a

shoulder (my description is clearest on a semi-log plot)

that runs out to about m/pT ∼ 0.40.5 (where the dis-

tribution decreases rapidly). These are the QCD jets (a

small fraction of the total in a given pT bin) that contain

a hard, relatively large angle emission, which supplies

the bulk of the jet mass. Such jets are effected only

slightly by pruning and should exhibit much smaller

volatility than the jets in the (smaller mass) peak re-

gion.

With that picture in mind and recalling that the

size of the shoulder is given by low order perturbation

theory (the probability of the one hard emission), we

expect that the shoulder will be higher for gluons than
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(a) Ungroomed mass (b) Pruned mass

(c) Trimmed mass (d) mMDT mass

(e) Soft-drop β = 2 mass (f) Soft-drop β = −1 mass

Fig. 2 Comparisons of quark and gluon distributions in the pT 500 GeV bin using the anti-kT R=0.8 algorithm: leading jet
mass distributions.
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(a) Cβ=0
1 (b) Cβ=1

1

(c) Cβ=2
1 (d) ΓQjet

(e) nconstits (f) τβ=1
1

(g) τβ=2
1

Fig. 3 Comparisons of the QCD background to the WW signal in the pT 500 GeV bin using the anti-kT R=0.8 algorithm:
substructure variables.
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Fig. 4 The ROC curve for all single variables considered for quark-gluon discrimination in the pT 500 GeV bin using the
anti-kT R=0.8 algorithm.

for quarks (essentially by the usual CA/CF color charge

factor), as suggested by the lower right plot on slide 17.

Since the shoulder presumably plays a more important

role for gluons (since it is larger), one would expect that

the volatility distribution for gluons is narrower than

quarks, as suggested in the upper left plot on slide 17.

Am I making sense?

On the other hand, the volatility distribution plot

indicates that the Q vs G distributions for your cuts are

not really very different, which is presumably why it is

not a very good discriminant by itself. But I expect this

to depend it detail on where we are operating on the

m/pT distributions. This leads to my request above.

Your pT bin is pretty broad and I dont expect the q

and g samples to have the same shape within the bin.

Of course, this may not be an issue, but I would like to

check.

5.6 Comparison of Groomed Jet Masses

6 Boosted W -Tagging

In this section we study the performance of various jet

algorithms in combination with jet substructure vari-

ables/taggers in terms of the identification of a boosted

hadronically decaying W signal. For each jet algorithm

we produce Receiver Operating Characteristic (ROC)

curves that elucidate the performance of various vari-

ables that are capable of providing discrimination be-

tween a hadronic W signal and a QCD jet. These vari-

ables are then combined in a Boosted Decision Tree

(BDT) and the performance of the resulting BDT dis-

criminant explored through ROC curves to understand

the degree to which variables are correlated and exploit-

ing the same information. These studies are repeated in

different kinematic regimes, to explore both the perfor-

mance and correlations as a function of the jet boost,

and where substructure approaches may break down.

6.1 Methodology

These studies use the X →WW samples as signal and

the XXX samples to model the QCD background.

Jets are reconstructed using the XXX jet algorithms

described in the previous section. The following event

selection is then applied to these samples....(presumably

this will vary depending on which kinematic bin is used,

as will the actual samples used - maybe summarize in

a table).

Figure 5 shows background versus signal in some

basic kinematic distributions. Do we want to reweight

signal kinematics to background or vice versa? Do we

want to study quarks/gluons separately?

Go on to explain how we produce the ROC curves.

6.2 Performance at Moderate Boosts

(this section is to cover the W -tagging performance for

jet pT 200-300 GeV and 500-600 GeV using
√
s = 8

TeV samples)

6.2.1 Single Variable Performance

Show plots of signal versus background for all single

variables investigated.

Figure 6 the compares signal and background in the

mass distributions for the different groomers, and Fig-

ure 7 in the different substructure variables.

Figure 8 shows the single variable ROC curves in

the pT 500 GeV bin for the anti-kT R=0.8 algorithm,

compared to the ROC curve for a BDT combination of
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(a) Leading jet pT (b) Sub-leading jet pT

(c) Leading jet η (d) Sub-leading jet η

Fig. 5 Comparisons of the QCD background to the WW signal in the pT 500 GeV bin using the anti-kT R=0.8 algorithm:
basic kinematic distributons.

all the variables. One can see that the best performant

single variables for a reasonable signal efficiency are the

groomed/filtered masses, which all have a similar level

of performance with the exception of the soft drop mass

with β = −1. Would be good to split this into two plots,

one using the masses and one for other variables, or

somehow make the mass and other variable curves more

distinct from one another by using same colour for all

the mass curves.

We want to look also at:

– Dependence on R. So have the same single variable

ROC for e.g. R=1.2, R=0.4. Then possibly have an-

other plot which compares the best single variable

(e.g. groomed mass) for different R.

– Dependence on pT. Again want to repeat the plot for

different kinematic bins, and then have a plot which

compares the best performance in each kinematic bin

to see the dependence of performance on kinematics.

Figure 9 shows the single variable ROC curves in

the pT 500 GeV bin for the anti-kT R=1.2 algorithm,

compared to the ROC curve for a BDT combination of

all the variables. Comparing to Figure 8, one can see

that the performance of the groomed masses is quite

similar. However, the performance of the other non-

mass substructure variables is markedly different, and

better in the R=0.8 case.
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(a) Ungroomed mass (b) Pruned mass

(c) Trimmed mass (d) mMDT mass

(e) Soft-drop β = 2 mass (f) Soft-drop β = −1 mass

Fig. 6 Comparisons of the QCD background to the WW signal in the pT 500 GeV bin using the anti-kT R=0.8 algorithm:
leading jet mass distributions.
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(a) Cβ=1
2 (b) Cβ=2

2

(c) ΓQjet (d) τβ=1
21

(e) τβ=2
21

Fig. 7 Comparisons of the QCD background to the WW signal in the pT 500 GeV bin using the anti-kT R=0.8 algorithm:
substructure variables.
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Fig. 8 The ROC curve for all single variables considered for W tagging in the pT 500 GeV bin using the anti-kT R=0.8
algorithm.

Fig. 9 The ROC curve for all single variables considered for W tagging in the pT 500 GeV bin using the anti-kT R=1.2
algorithm.

6.2.2 Combined Performance

Mass + X Performance

Figure 10 shows the background efficiency for a fixed

signal efficiency (50%) of each BDT combination of each

pair of variables considered, in the pT 500 GeV bin us-

ing the anti-kT R=0.8 algorithm. One can see that the

best background rejection is achieved using combina-

tions of the groomed mass variables with other sub-

structure variables (with the exception of the soft drop

mass with β = −1). Combinations of the mass vari-

ables themselves are not particularly powerful, but are

interesting for understanding the correlations between

the masses (see Section 6.2.2). Equally, combination of

the substructure variables, without using a mass, are

not powerful.

Figure 11 shows the actual ROC curves of the BDT

combinations of each mass variable with every other

variable considered in the pT 500 GeV bin using the

anti-kT R=0.8 algorithm. Can we drop the combina-

tions of mass + mass from these plots to make them
clearer? Also would be good to put the single variable

mass curve on these plots, so you can see how much

improvement the combination gives, and the “all vari-

ables” curve.

No combination with other variables can recover

the poor performance of the ungroomed mass and the

soft drop mass with β = −1. Figures 10 and 11 show

that the other groomed/filtered masses are all most im-

proved by combination with the Cβ=1
2 energy correla-

tion function. Figure 12 shows the 2-D correlation plots

between the mMDT mass and the Cβ=1
2 , ΓQjet and

τβ=1
21 variables. One can clearly see that there is sub-

stantially less correlation between the mass and Cβ=1
2

than the other variables. Similar results are seen for the

other groomed masses.

Figure 13 shows the background efficiency for a fixed

signal efficiency (50%) of each BDT combination of each

pair of variables considered, in the pT 500 GeV bin,

now using the anti-kT R=1.2 algorithm. Compared to
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Fig. 10 The background efficiency for a fixed signal efficiency (50%) of each BDT combination of each pair of variables
considered, in the pT 500 GeV bin using the anti-kT R=0.8 algorithm.

(a) Ungroomed mass + X (b) Trimmed mass + X

(c) Pruned mass + X (d) Soft drop mass (β = −1) +X

(e) Soft drop mass (β = 2) + X (f) mMDT mass + X

Fig. 11 The BDT combinations of each mass variable with every other variable considered in the pT 500 GeV bin using the
anti-kT R=0.8 algorithm.
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(a) mMDT mass vs Cβ=1
2 (b) mMDT mass vs ΓQjet

(c) mMDT mass vs τβ=1
21

Fig. 12 2-D plots showing the correlation between mMDT mass and various substructure variables in the pT 500 GeV bin
using the anti-kT R=0.8 algorithm in the gg sample.

Figure 10, the overall trends are similar, but there are

clear differences in the relative power of the mass +

X combinations. Interestingly, the groomed masses are

now all most improved by combination with the τβ=1
21

variable, in contrast with Cβ=1
2 which performed best

for the smaller radius of R=0.8. Figure 14 shows the

actual ROC curves for the BDT combinations of the

best performant groomed masses with every other vari-

able considered in the pT 500 GeV bin using the anti-

kT R=1.2 algorithm. One can see from Figure 9 that

the single variable discrimination of τβ=1
21 and Cβ=1

2

changes quite markedly when the distance parameter

R is varied, although in both cases Cβ=1
2 is a better

single variable discriminant (except for very high signal

efficiencies). Figure 15 shows how the actual distribu-

tions of the Cβ=1
2 and τβ=1

21 change when we change the
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distance parameter. Figure 16 shows the 2-D correla-

tion plots between between the mMDT mass and the

Cβ=1
2 , ΓQjet and τβ=1

21 variables for the R=1.2 case. It

is hard to see a substantial difference in the correlations

here versus Figure 12, but perhaps Cβ=1
2 is marginally

more correlated with the mass for R=1.2 compared to

R=0.8.

Now show a plot which compares on one plot the best

combined performance for each groomed mass + X for

both R=0.8 and 1.2 cases e.g. mass + Cβ=1
2 for R=0.8

and mass + τβ=1
21 for R=1.2, and draw on also the all

variables curve for both R=0.8,1.2. Then we can see if

there is much dependence on choice of mass once you

combine with another variable, and compare directly the

two distance parameters. This plot is just for one kine-

matic bin, we should make the same plot for others.

Repeat these studies for different R and different

kinematic bins. Finally make plots which compare best

combined performance for different R and kinematics.

Do we want to look at other combinations of vari-

ables which don’t involve mass? Practically I think we

will always be making mass + X though.

Mass + Mass Performance

It’s interesting also to study and understand how the

different groomed masses relate to each other and how

they are correlated.

Figures 17 and Figures 18 shows 2-D correlation

plots of the different types of groomed mass in the pT
500 GeV bin using the anti-kT R=0.8 algorithm.

Worth also showing some ROC curves for mass +

mass combinations?

6.3 Performance at High Boosts

(this section is to cover the W -tagging performance for

jet pT 1-1.1 TeV and > 1.5 TeV using
√
s = 14 TeV

samples)

Maybe we don’t need to divide into different medium/high

boost sections.
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Fig. 13 The background efficiency for a fixed signal efficiency (50%) of each BDT combination of each pair of variables
considered, in the pT 500 GeV bin using the anti-kT R=1.2 algorithm.

(a) Trimmed mass + X (b) Pruned mass + X

(c) Soft drop mass (β = 2) + X (d) mMDT mass + X

Fig. 14 The BDT combinations of each mass variable with every other variable considered in the pT 500 GeV bin using the
anti-kT R=1.2 algorithm.

Table 1 Action of various groomers on the jet mass distribution in the different phase space regions. For pruning, aprune =
zcutR0 and for trimming atrim =

√
zcutRsub.

Action Pruning Trimming mMDT SD (β > 0)
m >

√
zcutR0pT − − − −

m <
√
zcutR0pT

m > axpT

cuts soft &
soft-collinear

cuts soft &
soft-collinear

cuts soft &
soft-collinear

cuts soft &
partially (β)
on soft-collinear

m < axpT

cuts partially
on both soft &
soft-collinear

− cuts soft &
soft-collinear

cuts soft &
partially (β)
on soft-collinear
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(a) Cβ=1
2 , R=0.8 (b) Cβ=1

2 , R=1.2

(c) τβ=1
21 , R=0.8 (d) τβ=1

21 , R=1.2

Fig. 15 Comparisons of the QCD background to the WW signal in the pT 500 GeV bin for Cβ=1
2 and τβ=1

21 variables and
using the R=0.8 and R=1.2 anti-kT distance parameters.
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(a) mMDT mass vs Cβ=1
2 (b) mMDT mass vs ΓQjet

(c) mMDT mass vs τβ=1
21

Fig. 16 2-D plots showing the correlation between mMDT mass and various substructure variables in the pT 500 GeV bin
using the anti-kT R=1.2 algorithm in the gg sample.
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(a) Trimmed mass vs Soft drop mass (β = 2) (b) Trimmed mass vs Pruned mass

(c) Trimmed mass vs mMDT mass (d) mMDT mass vs Soft drop mass (β = 2)

(e) Pruned mass vs Soft drop mass (β = 2) (f) mMDT mass vs Pruned mass

Fig. 17 2-D plots showing the correlation between different types of groomed mass in the pT 500 GeV bin using the anti-kT
R=0.8 algorithm, separately for the jets in the X →WW sample and the jets in the quark-quark sample.
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(a) Trimmed mass vs Soft drop mass (β = 2) (b) Trimmed mass vs Pruned mass

(c) Trimmed mass vs mMDT mass (d) mMDT mass vs Soft drop mass (β = 2)

(e) Pruned mass vs Soft drop mass (β = 2) (f) mMDT mass vs Pruned mass

Fig. 18 2-D plots showing the correlation between different types of groomed mass in the pT 500 GeV bin using the anti-kT
R=0.8 algorithm, separately for the jets in the X →WW sample and the jets in the gluon-gluon sample.
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7 Top Tagging

Top tagging studies go here.

8 Summary & Conclusions

This report discussed the correlations between observ-

ables and looked forward to jet substructure at Run II

of the LHC at 14 TeV center-of-mass collisions eneer-

gies.
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