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Goals

• Look for new physics with boosted tops (pT >> mt)
– contact interactions affecting high mtt tail
– singly-produced resonances:  Z’, W’, g’, G’, ....
– heavy top partners:  spin-0, spin-½
– heavy gluinos

• Use boosted tops as a jet substructure laboratory
– easy to get a pure top-pair sample in µ+jets
– well-understood mass bumps
– contains hadronic 2-body decay of a color-singlet 

boson (e.g., similar to h ➞ bb)



Top-Tagging: Semileptonic

• ~22% of decays to e/µ
– for top pairs, ~35% have at least one leptonic

• b-tag sometimes possible, not always (high-pT)
• Capitalize on embedded lepton

– can usually be ID’ed, but fails isolation
– mimicked by bottom/charm  (used in b/c-tagging)
– dedicated strategies exploit ~100 GeV scale of top and W, 

versus <5 GeV scale of b/c



Top-Tagging: Hadronic

• ~66% of decays
– for top pairs, ~75% have at least one hadronic, ~45% both are

• b-tagging even more difficult (crowded inner tracker)
• Jet with ~3 blobs of energy (“subjets”) and mass ~ mt

– distinguish from QCD jets using jet substructure

• Still useful to think of “top-jets” even if not very boosted 
(e.g., pT ~ mt)
– substructure reconstructions more optimized than “add up 

three jets”
– simple way to deal with combinatorics
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Top Tagging Details
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Cluster particle flow candidates using Cambridge Aachen

Reverse the clustering sequence in order to find substructure

Subjets must satisfy two requirements

- Momentum fraction criterion: pTsubjet > 0.05!pThard jet 

- Adjacency criterion: ΔR(A, B) > 0.4 - 0.0004!pT 
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order perturbative calculations and resummation techniques (see, e.g. Ref. [28]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k, R2,k, · · · , RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Grooming

(a) The mass drop and symmetric splitting criteria.

(b) Filtering.

Figure 2: A cartoon depicting the two stages of the mass-drop filtering procedure.

Figure 3: A cartoon depicting the jet trimming procedure.

most of which is due to the removal pileup or the UE (see, for example, Figures 22 and 25 in
Section 5.3). The fraction removed increases with the number of interactions in the event [1].

Six configurations of trimmed jets are studied here, arising from combinations of fcut and Rsub,
given in Table 1. They are based on the optimized parameters in Ref. [19] ( fcut = 0.03,Rsub = 0.2)
and variations suggested by the authors of the algorithm. This set represents a wide range of phase
space for trimming and is somewhat broader than considered in the original paper on the subject.
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FIG. 2: Top: Eikonal radiation pattern dpT /dηdφ for a color

singlet with ∆R=0.9, typical for a W±
originating from a

top with pT ∼ 300 GeV. Bottom: As above with the partons

instead color-connected to the beam (left/right-going parton

connected to the left/right beam). For the color singlet the ra-

diation is mostly found in the region between the two subjets.

For the background-like color configuration, the radiation is

pulled towards the beam. See (2) and (3).

estimate of D for various color configurations could be
obtained by using antenna patterns as in [28].

Dipolarity can be used within the context of top tag-
ging to reduce QCD backgrounds. Consider a collection
of fat QCD jets originating from parton branchings with
identical kinematics but different color configurations as
illustrated in FIG. 3. If one of the QCD jets fakes the
kinematics of a top quark decay, then each of the differ-
ent color configurations fakes the kinematics equally well.
The dipolarities of the subjets, however, will be broadly
distributed in accord with their different color configu-
rations. For instance, gluon jets are known to give the
largest fake rates for top jets as a consequence of their
larger Casimirs which more often result in wide angle
branchings with significant mass drops. FIG. 3 illustrates
how gluon jets, with their distinct color configurations,

FIG. 3: Schematic for a collection of QCD jets whose kine-

matics fake the top. The upper figures show various possi-

bilities for quarks and gluons that undergo two branchings.

The bottom figures show the corresponding large Nc color di-

agrams, with dipole radiation patterns superimposed across

color dipoles. Only the rightmost color configuration, which

is suppressed by factors of CA/CF with respect to the others,

matches the radiation pattern of an actual top.

radiate differently from top jets. All of this suggests that
the dipolarity of the W± in a hadronic top decay is well-
suited as a discriminant in top tagging algorithms.

HEPTopTagger

To test whether dipolarity makes an effective dis-
criminant, cuts on dipolarity are incorporated into the
HEPTopTagger [1, 2], which is designed to work effec-
tively at intermediate boost, with 200GeV � pT �
800GeV. The high efficiency of the HEPTopTagger at
these pT makes it a good candidate for such a modifi-
cation because dipolarity cuts are expected to be most
effective at intermediate pT . This is because at lower pT
contamination from pile-up and the underlying event be-
comes more of a concern as the top jets become fatter
and fatter, while at higher pT the finite resolution of the
detector makes it difficult to get an accurate handle on
radiation patterns. Furthermore, the multibody filtering
implemented by the HEPTopTagger results in accurate re-
construction of the W±. The HEPTopTagger algorithm
is defined as follows.1

1. Using the Cambridge/Aachen algorithm cluster the
event into fat R = 1.5 jets.

2. Break each fat jet into hard subjets using the fol-
lowing mass-drop criterion. Undo the last stage
of clustering to yield two subjets j1 and j2 (with
mj1 > mj2), keeping both j1 and j2 ifmj1 < 0.8mj2

1 The HEPTopTagger does not make use of b-tagging, which is a
natural extension to the algorithm that can result in significant
improvements in background rejection. Since dipolarity cuts are
orthogonal to b-tagging, we do not explore the use of b-tagging
in this paper.
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FIG. 1: Shower history for a top quark jet. The hard interaction is indicated by a star. Initial
state emissions are indicated by diamonds. Parton decays are indicated by large filled circles and
QCD splittings are indicated by small filled circles.

FIG. 2: Shower history for a QCD jet.

information on color flow in the event history. The decay probabilities are approximately

the decay probabilities that would be used in an event generator. Each propagator in the

shower history corresponds to a Sudakov factor that gives, approximately, the probability

not to have had a splitting between one vertex and the next or between the last vertex

and the end of the shower. Thus, for a given shower history corresponding to the signal

hypothesis, we calculate a probability density that that shower history would have produced

the observed state {p}N .
There are many shower histories that could lead to a given {p}N . We sum the corre-

sponding probabilities over all possible shower histories to calculate P ({p}N |S).
For the background hypothesis, we have different sorts of shower histories. One is shown

in Fig. 2. Again, we calculate the approximate probability density that the shower history

would have produced the observed state {p}N . Then we sum the corresponding probabilities

over all possible shower histories to calculate P ({p}N |B).
Of course, this brief description leaves out a lot of details. Most of them are presented in

Ref. [12]. Because they are of some importance to the structure of the model, we reiterate

in Sec. II A some specifics of the kinematics and the choice of shower time. Then, in Sec. III,

we address some issues that arise with particles that decay, particularly with particles that

4

Table 1. Total efficiency (in %) for selecting Z � bosons and KK gluons (gKK) that have decayed to
tt̄ pairs. These are the efficiencies determined by the MC calculations divided by the SM branching
fraction of 46% for both top quarks to decay hadronically. All uncertainties are statistical only.

Model Total Efficiency (%)
HEPTopTagger Template Tagger

Z � (0.5 TeV) 0.03± 0.01 –
Z � (0.8 TeV) 2.96± 0.08 –
Z � (1.0 TeV) 4.76± 0.09 0.48± 0.05
Z � (1.3 TeV) 5.67± 0.11 6.37± 0.13
Z � (1.6 TeV) 5.40± 0.10 8.13± 0.16
Z � (2.0 TeV) 4.44± 0.10 6.26± 0.13

gKK (0.7 TeV) 1.70± 0.13 –
gKK (1.0 TeV) 4.13± 0.21 0.74± 0.10
gKK (1.3 TeV) 5.14± 0.23 5.02± 0.25
gKK (1.6 TeV) 4.72± 0.22 6.43± 0.26
gKK (2.0 TeV) 4.44± 0.22 5.22± 0.21

6 The Top Template Tagger method

The Top Template Tagger method [13, 14] is based on the concept that an infrared-safe

set of observables can be defined that quantify the overlap between the observed energy

flow inside a jet and the four-momenta of the partons arising from a top-quark decay. An

“overlap function” ranging from 0 to 1 is defined that quantifies the agreement in energy

flow between a given top-quark decay hypothesis (a template) and an observed jet. One

then cycles over a large set of templates chosen to cover uniformly the 3-body phase space

for a top-quark decay at a given pT and finds the template that maximises this overlap,

denoted as OV3. A requirement of OV3 > 0.7 is made.

Sets (or “libraries”) of approximately 300,000 templates are generated in steps of top-

quark pT of 100 GeV starting from 450 GeV by calculating the parton-level daughters for a

top quark in its rest frame and then boosting the daughters to the pT of the given library.

Studies of the top-quark jet tagging efficiency using MC data and of light quark/gluon jet

rejection observed in the data were used to determine the size of the pT steps and the min-

imum number of templates for each library that maximise the top-quark tagging efficiency

while retaining high rejection against light quark/gluon jets. For each jet candidate, the

overlap function is defined as

OV3 = max
{τn}

exp

�
−

3�

i=1

1

2σ2
i

�
Ei −

�

∆R(topo,i)
<0.2

Etopo

�2
�
, (6.1)

where {τn} is the set of templates defined for the given jet pT, Ei are the parton energies of

the top-quark decay daughters for the given template, Etopo is the energy of a topocluster,
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Polarization

The quality of reconstruction is also apparent in the signal-only cos θtb distributions

shown in Figure 3. One sees that the parton-level and reconstructed distributions coincide

up to statistical fluctuations. The distributions at pre-cut/tag parton-level match Ref. [4],

except they have a downward tilt due to the b-partons losing energy to FSR. One sees

also that there is less contrast between left and mixed stops with mass 600 GeV than

with mass 800 GeV. This is due to the W daughter subjets not passing the trimming

threshold.
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Figure 3: cos θtb distributions for stops only, normalized to one. Left to right are left,

mixed, and right stop samples; upper row is for 600 GeV stops, the lower for 800 GeV

stops. Shown in each panel are the reconstructed distribution (black), parton-level dis-

tribution (blue), and parton-level distribution before cuts and tagging (green).

3.2 tt̄ + jets control region

As experimenters are likely to rely on data rather than Monte Carlo for the tt̄+jets

background, we demonstrate a control region by inverting cuts #4 and #5, requiring

that there be at least one lepton or hard subjet highly collimated with ��ET . An array of

cos θtb distributions for this region is shown in Figure 4. They evince little contamination

from signal and other backgrounds.

13

The quality of reconstruction is also apparent in the signal-only cos θtb distributions

shown in Figure 3. One sees that the parton-level and reconstructed distributions coincide

up to statistical fluctuations. The distributions at pre-cut/tag parton-level match Ref. [4],

except they have a downward tilt due to the b-partons losing energy to FSR. One sees

also that there is less contrast between left and mixed stops with mass 600 GeV than

with mass 800 GeV. This is due to the W daughter subjets not passing the trimming

threshold.

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

Figure 3: cos θtb distributions for stops only, normalized to one. Left to right are left,

mixed, and right stop samples; upper row is for 600 GeV stops, the lower for 800 GeV

stops. Shown in each panel are the reconstructed distribution (black), parton-level dis-

tribution (blue), and parton-level distribution before cuts and tagging (green).

3.2 tt̄ + jets control region
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Figure 3: An illustration of how prominence requirements, by selecting peaks that stand
out above background noise, prevent angular scales from being double-counted.

this choice ensures that noise in log G(R) at small R does not result in extraneous

peaks. This suggests that the quantity of interest is d log G(R)/d logR. A concern

with d log G(R)/d logR is that the derivative produces a delta function δ(R−∆Rij);

as a consequence, d log G(R)/d logR defines a noisy function of R. Therefore, to

identify structure in log G(R) we define an “angular structure function” ∆G(R) by

replacing the delta function in d log G(R)/d logR with a smooth kernel K(x):

∆G(R) ≡ R

�

i �=j
pT ipTj∆R2

ijK(R−∆Rij)

�

i �=j
pT ipTj∆R2

ijΘ(R−∆Rij)
(2)

In the following we choose a gaussian K(x) = e−x2/dR2
/
√
πdR2 with dR = 0.06. We

find that this choice reduces noise substantially. This value of dR was selected after

scanning a range dR ∈ [0.02, 0.12] and choosing dR to maximize the performance of

the top tagging algorithm presented in Sec. 3.

To identify angular scales R = R∗ in the jet that correspond to distinct hard

substructure in the event, it is important to find peaks in ∆G(R) in a way that is

robust against noise.§ For this purpose we borrow a concept from geography called

(topographic) prominence [31]. The prominence of the highest peak is defined as

its height. In the mountaineering analogy, the prominence of any lower peak P
is defined as the minimum vertical descent that is required in descending from P
before ascending a higher, neighboring peak P �, where P � can lie to either side of P .

Fig. 2(b) illustrates this concept for two different peaks. In Fig. 3 we illustrate how

using prominence instead of height to identify physical peaks can eliminate extraneous

peaks that are artifacts of the detector’s finite angular resolution. The pictured jet

has two distinct hard subjets separated by a single angular scale ∆R. Since one of

the subjets has its energy deposited in two neighboring calorimeter cells, the angular

structure function∆G(R) exhibits two distinct peaks in the neighborhood of R = ∆R.

Only one of the two peaks has a large prominence, and so using prominence to select

peaks in ∆G(R) ensures that only a single angular scale near R = ∆R is identified.

§Using the kernel K(x) reduces the noise in ∆G(R) but does not do so completely.

5

Pruning: The pruning algorithm [20, 21] is similar to trimming in that it removes constituents with a

small relative pT, but additionally utilizes a wide-angle radiation veto. The pruning procedure is

invoked at each successive recombination of the jet algorithm used (either C/A or kt), based on the

branching at each point in the jet reconstruction, and as such does not require the reconstruction of

subjets. This results in definitions of the terms “wide-angle” or “soft” that are not directly related

to the original jet but rather to the proto-jets formed in the process of rebuilding the pruned jet.

Figure 4: A cartoon illustrating the pruning procedure.

The procedure is as follows:

• Run either the C/A or kt recombination jet algorithm on the constituents found by any jet

finding algorithm.

• At each recombination step with constituents j1 and j2 (where p j1
T > p j2

T ), require that

p j2
T /p

j1+ j2
T

> zcut or ∆R j1, j2 < Rcut × 2mjet

pjet

T

.

• Merge j2 with j1 if the above criteria are met, otherwise, discard j2 and continue with the

algorithm.

The pruning procedure is illustrated in Figure 4. Six configurations, given in Table 1, based on

combinations of zcut and Rcut are studied here. They are not configurations that have been stud-

ied before in Refs. [20, 21] but are chosen based on discussion with the authors of the pruning

algorithm [22]. This set of parameters also represents a relatively wide range of possible configu-

rations.

2.5 HEPTopTagger

The HEPTopTagger [23] is an example of how jet grooming techniques may be used to optimize the

selection of boosted objects (in this case, top quarks with a hadronically-decaying W boson daughter)

over a large multi-jet background. The method uses the C/A jet algorithm and a variant on the mass-

drop filtering technique described in Section 2.4 in order to utilize information about the recombination

history of the jet. The algorithm proceeds as follows:

• Decomposition into substructure objects: The mass-drop criterion defined in Eq. (7) is applied

to a large-R C/A jet, where j1 and j2 are the two subjets from the last stage of clustering. If the

criterion is satisfied, the same prescription is followed iteratively on both j1 and j2 until Ni subjets

are left, where the subjets either have masses mi ≤ mcut or represent individual constituents, such

8

* Comparisons of taggers in BOOST2010/2011 proceedings, and in some individual papers
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jet mass [GeV]

0 50 100 150 200 250

fra
ct

io
n 

of
 je

ts

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
 jets, R=1Tanti-K

T
 p! = 0.03 cut = 0.35, f

sub
trimming R

 = 3sub = 0.35, N
filt

filtering, R

T
 = m/pcut = 0.1, D

cut
pruning, z

(d) dijets, 500–600 GeV

Fig. 1. Jet invariant mass mj for tt̄ (a,c) and dijet (b,d) events, for three grooming methods. Each groomed analysis begins
with anti-kT jets with R = 1.0. The red curve represents these jets without grooming. The distributions correspond to tt̄ or
di-jet quarks or dijet samples with parton-level pT of 300–400 GeV (a,b) and 500–600 GeV (c,d).

For similar comparisons of different shower models and
tunes the reader is referred to recent studies of jet shapes
by ATLAS [6] and CMS [7].

In the experimental environment, jet observables are
affected by UE activity and energy flow due to pile-up
events. These effects are particularly important for the
large jet sizes envisaged for many searches. It is there-
fore important to establish the sensitivity of substructure
analyses to such effects. In Fig. 2 we compare the distri-
butions for the same three observables for three different
UE tunes.

The larger UE activity in DWT with respect to the
DW tune in PYTHIA is reflected in a (slightly) increased
jet mass. The HERWIG+JIMMY jet mass spectrum is
significantly harder than that of either PYTHIA tune.
Although the UE activity is typically soft, it can have a
sizable effect on the invariant mass of the jet. This devi-
ation is clearly observed in all pT bins from 200 GeV to
1.5 TeV. For the first splitting scale, on the other hand,

we find excellent agreement between the three tunes. Our
interpretation is that this observable corresponds to the
hardest event in the shower development and is therefore
least sensitive to unrelated, soft activity. This is consis-
tent with our observation that consecutive, softer, split-
tings (2 → 3 and 3 → 4) exhibit an increasing discrepancy
between the PYTHIA DW and HERWIG distributions.

Finally, the measurement of substructure observables
will be affected by detector limitations. We study two
important effects here by comparing particle and cluster
level results and leave the remainder for future studies.
In our simple setup, the detector granularity is simulated
by forming massless clusters that contain the energy of all
particles in a y− φ region of 0.1× 0.1. A 1 GeV threshold
is applied to the resulting cluster ET .

The jet mass, in Fig. 2, is found to be quite sensitive to
detector effects. The peaks of the distributions for both the
top signal and the QCD jet background are shifted down
by several tens of GeV. The groomed mass distribution is

• Behavior of groomers on 
boosted heavy particle decays
– how do these affect our ability 

to see Higgs, RPV neutralino, 
etc?

• Color-sensitive variables,    
jet-charge variables

• Test new substructure 
techniques

BOOST2010 simulation of 
different groomers



Experimental Issues

• Pileup
– how effective are groomers?  what settings?

• Calibration
– unlike normal jet clustering, need accurate 
local calibrations

– CMS:  particle-flow,   ATLAS:  topo-clusters

• Finite detector resolution
– HCAL cells ~0.1x0.1
– is this the ultimate cutoff?



Much Has Now Been Measured

• Jet mass
• Subjet-pair masses
• Internal kT scales
• N-subjettiness
• Subjet multiplicities
• Top-mistag rates in-situ 

(tag-and-probe)
• ....

10 Mean Mass With Multiple Proton-Proton Interactions

The results presented so far have been for events containing only one pp interaction; how-

ever even in this early period of running, the data contain events with multiple simul-

taneous pp interactions (pile-up) [47]. These additional collisions are uncorrelated with

the hard-scattering process that typically triggers the event. They therefore present a

background of soft, diffuse radiation that offsets the energy measurement of jets and will

impact jet-shape and substructure measurements. It is essential that future studies involv-

ing jet-substructure variables, such as those investigated here, be able to understand and

correct for the effects of pile-up. Methods to mitigate these effects will be essential for jet

multiplicity and energy scale measurements.

Substructure observables are expected to be especially sensitive to pile-up [8]. This is

true in particular for the invariant mass of large-size jets. Techniques such as the splitting

and filtering procedure used in this study reduce the effective area of large jets and are

therefore expected to reduce sensitivity to pile-up.

The sensitivity of mean jet mass to pile-up is tested in this dataset. The correlation

of the mean jet mass of anti-kt jets with the number of reconstructed primary vertices is

presented in Figure 17 (left). All jets with a pT of at least 300 GeV in the rapidity range

|y| < 2 are considered. The mean mass of jets in the absence of pile-up and the variation

with pile-up activity show the expected dependence on the jet size. The mean mass in the
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Rediscovering the Hadronic 
Top and Hadronic W
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Figure 38: Mass distribution for C/A jets with (a) R = 1.5 and (b) R = 1.8 before running the HEPTop-

Tagger.
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(a) R=1.5, default
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(b) R=1.8, default
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(c) R=1.5, tight
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(d) R=1.5, loose

Figure 39: Top candidate mass distribution after the HEPTopTagger procedure (before applying a mtop

window). The distance parameter for large-R jet finding is R=1.5 in (a), (c), and (d), and R=1.8 in (b).

Distributions (a) and (b) are with default filtering settings, while (c) and (d) have been optimized for high

purity and high signal efficiency, respectively.
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Figure 2: (a) The mass of the highest-mass jet (W-jet), and (b) the mass of the Type-2 top can-

didate (W + b), in the hadronic hemisphere of moderately boosted semimuonic tt events. The

data are shown as points with error bars, the tt Monte Carlo events in dark red, the W+jets

Monte Carlo events in lighter green, and non-W multijet (non-W MJ) backgrounds are shown

in light yellow (see Ref. [46] for details of non-W MJ distribution derivation). The jet mass is

fitted to a sum of two Gaussians in both data (solid line) and MC (dashed line), the latter of

which lies directly behind the solid line for most of the region.

sumption that the efficiency scale factor for the Type-1 top tagging is the same as that for the

W-tagging.

3.3 Background estimate

Since this analysis focuses on signatures with high-pT jets, the main backgrounds expected are

from SM non-top multijet production and tt production. The background from NTMJ produc-

tion is estimated from sidebands in the data as described below. For the Z� masses considered

in this analysis, the irreducible SM tt component is significantly smaller than the NTMJ back-

ground contribution, and is therefore estimated from MC simulation using the same correction

factors as found for the Z� MC described in Sec. 3.2. It is normalized to the approximate next-to-

next-to-leading-order (NNLO) cross section for inclusive tt production, taken to be 163 pb [48–

50].
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Figure 40: Substructure variables arctan(m13/m12) (a), m23/m123 (b), and mW (c) for HEPTopTagger-

tagged top candidates using the default filtering parameters and a jet size of R = 1.5.
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Figure 2: (a) The mass of the highest-mass jet (W-jet), and (b) the mass of the Type-2 top can-

didate (W + b), in the hadronic hemisphere of moderately boosted semimuonic tt events. The

data are shown as points with error bars, the tt Monte Carlo events in dark red, the W+jets

Monte Carlo events in lighter green, and non-W multijet (non-W MJ) backgrounds are shown

in light yellow (see Ref. [46] for details of non-W MJ distribution derivation). The jet mass is

fitted to a sum of two Gaussians in both data (solid line) and MC (dashed line), the latter of

which lies directly behind the solid line for most of the region.

sumption that the efficiency scale factor for the Type-1 top tagging is the same as that for the

W-tagging.

3.3 Background estimate

Since this analysis focuses on signatures with high-pT jets, the main backgrounds expected are

from SM non-top multijet production and tt production. The background from NTMJ produc-

tion is estimated from sidebands in the data as described below. For the Z� masses considered

in this analysis, the irreducible SM tt component is significantly smaller than the NTMJ back-

ground contribution, and is therefore estimated from MC simulation using the same correction

factors as found for the Z� MC described in Sec. 3.2. It is normalized to the approximate next-to-

next-to-leading-order (NNLO) cross section for inclusive tt production, taken to be 163 pb [48–

50].

CMS:  pruned W-jet plus nearby jet
(1204.2488)

µ+jets control samples with b-tag

ATLAS:  HEPTopTagger
(1211.2202)
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Figure 1: (a) The simulated jet mass for NTMJ MC (light yellow histogram) and Z� MC (open
histogram). (b) The top-tagging efficiency for Z� MC events is shown as red squares with error
bars (see Sec. 3.2), and the mistag probability for top tagging measured in data is shown as
black circles with error bars (see Sec. 3.3), both as a function of jet pT.
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fake efficiency shows a sharp turn-on around 200 GeV with efficiencies below 0.5% below and a plateau

of 4% (2.5%) for the default and loose (tight) filtering settings.
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Figure 30: Per-top tagging efficiency as a function of the generator level top quark pT for different

filtering settings of the HEPTopTagger, evaluated using the semi-leptonic tt̄ MC sample.
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(b) The efficiency as a function of top jet candidate pT.

Figure 31: Per-event fake efficiency as a function of the leading anti-kt R = 0.4 jet pT in the event for

different filtering settings, measured using (a) the dijet MC sample and (b) a comparison of the per-jet

fake-efficiency between the dijet and W → qq̄ MC samples using the default filtering.
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Figure 31: Per-event fake efficiency as a function of the leading anti-kt R = 0.4 jet pT in the event for

different filtering settings, measured using (a) the dijet MC sample and (b) a comparison of the per-jet

fake-efficiency between the dijet and W → qq̄ MC samples using the default filtering.
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Application: 
tt Resonance Searches

24 11 Cross Checks

Figure 12: Event display of a “golden” triply-tagged “1 + 2” candidate. The invariant mass

of the tt̄ candidate is 1352.5 GeV/c2
. In addition to the analysis selection, an additional b

tagging requirement is made on the candidate b jet in the “type 2” hemisphere. The “type 1”

top jet is shown in orange, with yellow denoting the three subjets. The “type 2” hemisphere

jets are shown in green. Jet 2 is tagged with the W tagging algorithm, and Jet 3 is tagged with

a secondary vertex tag. The electromagnetic calorimeter information is shown in red, and the

hadronic calorimieter information is shown in blue.

Figure 13: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the

analysis selection, an additional b tagging requirement is made on the candidate b jet in the

“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type

1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”

hemisphere jets. The lines are charged and neutral particles. The electromagnetic calorimeter

information is shown in red, and the hadronic calorimieter information is shown in blue.
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Figure 14. Expected and observed 95% CL upper limits on the production cross section times
branching fraction σ × BR as a function of (a) the Z � boson mass and (b) the KK gluon mass
for the HEPTopTagger selection. The red bands are the model predictions including theoretical
uncertainties. The Z � boson leading-order (LO) cross section is multiplied by 1.3 to account for
expected higher-order corrections. The KK gluon LO cross section is used.
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Figure 15. Expected and observed 95% CL upper limits on the production cross section times

branching fraction σ × BR as a function of (a) the Z � boson mass and (b) the KK gluon mass for

the Top Template Tagger selection. The red bands are the model predictions including theoretical

uncertainties. The Z � boson LO cross section is multiplied by 1.3 to account for expected higher

order corrections. The KK gluon LO cross section is used.
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5.1 Resonance analysis 13
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Figure 4: The 95% CL upper limits on the product of production cross section (σ) and branch-
ing fraction (B) of hypothesized objects into tt, as a function of assumed resonance mass. (a)
Z� production with ΓZ�/mZ� = 1% (1% width assumption) compared to predictions based on
Refs. [4–6] for ΓZ�/mZ� =1.2% and 3.0%. (b) Z� production with ΓZ�/mZ� = 10% (10% width
assumption) compared to predictions based on Refs. [4–6] for a width of 10%. (c) Randall–
Sundrum Kaluza–Klein gluon production from Ref. [12], compared to the theoretical predic-
tion of that model. The ±1 and ±2 standard deviation (s.d.) excursions are shown relative to
the results expected for the available luminosity.

All-hadronic searches are now possible!

10 4 Systematic uncertainties
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Figure 3: Results for (a) 1+1 and (b) 1+2 event selections and background estimates. The yellow
(light) histograms are the non-top multijet (NTMJ) estimates from data, as described in the
text, and the red (dark) histograms are the MC estimates from SM tt production. The black
points are the data. The hatched gray boxes combine the statistical and systematic uncertainties
on the total background. For comparison, expectations for some Z� hypotheses are shown
for the assumption of 1% resonance width, with cross sections taken from the expected limits
discussed in Sec. 5.1.
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Figure 13. Distributions of the tt̄ invariant mass mtt̄. The HEPTopTagger data, the SM tt̄
background prediction, the multijet background prediction and a hypothetical Z �

signal with mZ� =

1 TeV are shown in (a). The Top Template Tagger data, the SM tt̄ background prediction, the

multijet background prediction and a hypothetical KK gluon signal with mKKg = 1.6 TeV are

shown in (b). Data points show statistical uncertainties only.
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Questions
• Future applications:  What’s being done?  What’s not being 

done that should be done?
– contact interaction limits (centrality ratio?)
– stops:  helpful for highest masses at LHC8?  seems inevitable for 

LHC14...
– single top-partner (*I’m working on this)

• Future improvements possible?
– can we still use b-tagging, even loose?  (lepton seems robust)
– more info from radiation pattern (or as testbed for h ➞ bb variables)
– overcoming detector granularity

• Longer-term:  How hard must we work to top-tag at ILC/CLIC?
– at high √s, N(tt)/N(qq) ~ 1/6
– different detectors, different “pileup” conditions


