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introduction

• Many recent phenomenological works highlight the 
potential of jet substructure for new physics searches

• Improved sensitivity in top analyses, boosted vector 
bosons and Higgs searches

• Requires an understanding of QCD radiation in jets
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Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in
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on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

arXiv: 0802.2470
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introduction

• A survey of the activities in CMS and ATLAS on 
tagging boosted objects to give a flavor of what has 
been done from the experimental side

• Experiments are scratching the surface of available 
phenomenological tools

• Outline: 

• Grooming algorithms

• Boosted object taggers

• b-tagging in boosted objects

• Focus on the algorithms and methods and 
experimental implementation
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grooming algorithms

• Jet mass is one of the most important substructure 
variables for searches

• Jet grooming: removes soft components of jet due to UE 
and pileup

• For searches, grooming can be used to further suppress 
background by pushing to lower jet mass  

• Refer to the talks by Kalanand Mishra and David Miller 
earlier today for more details on inclusive properties of 
groomed jets

• Experiments’ preferred grooming algorithms 

• CMS: pruned jets, ATLAS: trimmed jets
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Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in
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Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in
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grooming algorithms
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 = 7 TeV, AK7 Dijetss at  -1CMS Preliminary, L = 5 fb

CMS comparison of grooming algorithms 
using default parameters from reference

Pruning: zcut = 0.1, rcut = 0.5
Trimming: rfilt = 0.2, pTfrac,min = 0.03

Filtering: rfilt = 0.3, nfilt = 3
Pruning, found the be most aggressive 

algorithm, suitable for searches
November 12, 2012 E. Thompson - Chicago Workshop on LHC Physics 12

Impact of trimming in data

Trimming parameters were optimized in 
ATLAS

ATLAS-CONF-2012-066ATLAS scan of trimming parameters:
Grooming algorithms are tunable to 
different levels of “aggressiveness”.  



tagging algorithms

6



boosted W/Z tagging [CMS]

• Jet-finding with a large radius  algorithm, 
typically CA8, AK7

• Prune jets with reference default parameters, 
removes soft and large angle constituents

• Cut on the mass drop, μ = m1/m

• m1 is mass of highest pT subjet

• subjets defined by un-clustering last step

7
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not uniform across existing analyses but discuss 
most aggressive treatment



boosted W validation [CMS]
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• Validation using merged W bosons  in 
semi-leptonic tt sample

• Require a b-tagged jet in addition to high 
pT jet passing boosted W requirements

• Clear observation of merged W’s and 
valuable sample for understanding mass 
scale and efficiencies

_



exotic graviton searches [CMS]
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RS Gravitons → VV Limits
• Compilation of currently 

most stringent limits for RS 
gravitons in the ZZ/WW 
channels

• Boosted topologies play a 
fundamental role in searches 
for heavy resonances

- 4 of the 5 lines shown are 
from analysis with one or 
two vector bosons decaying 
into a single massive jet

21

Monday, July 23, 2012

Combination of CMS searches 
for RS1 Graviton in di-boson final states

4 of 5 analyses using jet substructure observables

application

X → ZZ → 2ν+1j: 
AK7 jet mass [CMS-PAS-EXO-11-061]

X → ZZ → 2l+1j: 
AK7 jet mass [CMS-PAS-EXO-11-081]

X → VV → 2j: 
CA8 pruned jet mass + mass drop cut
[CMS-PAS-EXO-11-095]



W/Z tagging [ATLAS]

• Require a highly boosted AK4 jet

• Selection: Jet mass requirement

• Pair produced t’: pTJ > 250 GeV 
and mJ = [60-110] GeV

• X→ZZ→llqq: mJ > 40 GeV and 
pTll, pTJ > 200 GeV
(only 8 TeV analysis presented today!)
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Figure 5: The two kinematic distributions of ∆φ( j1, j2) (a) and m( j1, j2) (b) for the combined electron

and muon channels used to define the resolved signal region. Spectra (scaled up by a factor 102) from an

RS graviton of m = 800 GeV with a coupling of κ/m̄Pl = 1.0 are overlaid for comparison.
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Figure 6: The two kinematic distributions of pT( j1) (a) and m( j1) (b) for the combined electron and

muon channels used to define the merged signal region. Spectra (scaled up by a factor 102) from an RS

graviton of m = 1400 GeV with a coupling of κ/m̄Pl = 1.0 are overlaid for comparison.

14



top tagging
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Jet Substructure at the Tevatron and LHC 34

(a) all pT , optimised (b) pT 500–600 GeV, optimised

(c) all pT (d) pT 500–600 GeV

Figure 14. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig 6.5 tt̄ and dijet samples. For Figures (a) and (b), the input
parameters are optimised for each e�ciency point. The input parameters for
the unoptimised scans are taken from the 35% e�ciency point in Figure (b).

similar in performance. When we do not scan input parameters, N-subjettiness narrowly

outperforms the hybrid taggers.

The plots thus far represent events with no detector simulation. How do the results

change if we add detector resolution e↵ects? In Figure 17, we repeat the analyses, but

acting on events run through a simple calorimeter simulation provided by Peter Loch,

presented at the boost workshop. This simulation smears energy according to a radial

profile based on performance of the ATLAS detector, then groups energy deposits into

calorimeter cells. Each calorimeter cell is then treated as a massless particle with the

direction and total energy of that cell. The resulting events provide a crude proxy for the

real calorimeter output and give us a way to estimate detector e↵ects on substructure

tops
vs.

QCD,
pt. 2

Herwig 6.5

BOOST 2011 Report



CMS top tagger [CMS]
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• Based on the JHU top tagger:
PRL 101/142001 (2008) 
Kaplan et al.

• Cluster jets with CA8 algorithm

• Reverse clustering algorithm to find 
subjets, keep subjets passing following 
criteria

• pTsubjet > 0.05 × pTjet

• dR > 0.4 - 0.004 × pTjet

• Keep original jets with 3 or 4 passing 
subjets
• Jet mass is [100-250] GeV

• Minimum pairwise mass of hardest 3 
subjets, mmin > 50 GeV
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top tagging validation [CMS]
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Good agreement between data and MC for algorithm 
observables, particularly with Herwig++ 

“Anti-tag and probe” method
Invert the substructure requirements on tag 

side and determine how often jet is top-
tagged on probe side

Top Tagging Algorithm
‣ Top-tagged jets are required to have
‣ Jet mass in [140, 250] GeV
‣ Consistent with top

‣ 3 or 4 subjets
‣ Minimum di-Subjet mass > 50 GeV
‣ Consistent with W
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All-Hadronic Z’ Search
‣ Both top quarks produced by the Z’ 

decay hadronically
‣ Two top candidate types:

‣ “TYPE 1”
‣ All three jets from the top quark 

merge into a single jet

‣ “TYPE 2”
‣ The W decay products merge 

into a single jet
‣ The b jet is reconstructed 

separately

‣ Analysis considers two event 
topologies
‣ Type 1 + 1
‣ Type 1 + 2
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X	
 →	
 tt, all-hadronic channel [CMS]

• Two types of top reconstructions

• Type I: top fully merged in one jet

• Jet pT > 350 GeV, apply the CMS top 
tagging criteria

• Type II: W merged into one jet, b jet 
reconstructed separately

• Lead jet pT > 200 GeV
mJ = [60-100] GeV, μ < 0.4;
second jet pT > 30 GeV (no b-tag)

• Event classes, define hemispheres 
based on Type I candidate

• Type I + Type I

• Type I + Type II
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All-Hadronic Z’ Search
‣ Both top quarks produced by the Z’ 

decay hadronically
‣ Two top candidate types:

‣ “TYPE 1”
‣ All three jets from the top quark 

merge into a single jet

‣ “TYPE 2”
‣ The W decay products merge 

into a single jet
‣ The b jet is reconstructed 

separately

‣ Analysis considers two event 
topologies
‣ Type 1 + 1
‣ Type 1 + 2
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top tagging [ATLAS]

• Search for AK10 jet with pT >350 GeV, mass > 100 
GeV

• Recluster with the kt algorithm to determine the first kt 
splitting scale √d12 = min(pT1,pT2) × ΔR12 > 40 GeV

• Semi-leptonic ttbar resonance search at 7 TeV
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Figure 7: The first kt splitting scale,
√

d12 of the hadronic top jet after the boosted selection, except the

requirement
√

d12 > 40 GeV. The shaded areas indicate the total systematic uncertainties.
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Figure 8: The tt̄ invariant mass spectra for the two channels and the selection methods. The smaller plots

show the data/MC ratio. The shaded areas indicate the total systematic uncertainties.
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using a W mass constraint to obtain the longitudinal momentum of the neutrino. The shaded areas

indicate the total systematic uncertainties.
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The shaded areas indicate the total systematic uncertainties.
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HEP top tagger [ATLAS]

• For identifying moderately boosted tops, CA fat jets (R = 1.5, 1.8) 
with pT > 200 GeV

• Decluster jet keeping subjets that pass the mass drop criterion, 
mj1 > mj2 and mj1 < 0.8×mj until each subjet each subjet has mj,i < 
30 GeV 

• Filter all combinations of triplets of subjets to remove UE/PU 
contributions, keeping 5 hardest filtered consituents to compute 
the jet mass; keep triplet with jet mass closest to mt

• Apply kinematic constraints on all mass pairings: {m12, m23, m13}
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Figure 3: Distribution of all events in the arctanm13/m12 vs m23/m123 plane. We show tt̄ (left). W+jets (center) and
pure QCD jets (right) samples. More densely populated regions of the phase space appear in red.

2. for each fat jet, find all hard subjets using a mass drop criterion: when undoing the last clustering of the
jet j, into two subjets j

1

, j
2

with m
j1 > m

j2 , we require m
j1 < 0.8 m

j

to keep j
1

and j
2

. Otherwise, we
keep only j

1

. Each subjet j
i

we either further decompose (if m
ji > 30 GeV) or add to the list of relevant

substructures.

3. iterate through all pairings of three hard subjets: first, filter them with resolution R
filter

=
min(0.3,�R

jk

/2). Next, use the five hardest filtered constituents and calculate their jet mass (for less
than five filtered constituents use all of them). Finally, select the set of three-subjet pairings with a jet
mass closest to m

t

.

4. construct exactly three subjets j
1

, j
2

, j
3

from the five filtered constituents, ordered by p
T

. If the masses
(m

12

,m
13

,m
23

) satisfy one of the following three criteria, accept them as a top candidate:
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with R
min

= 85%⇥m
W

/m
t

and R
max

= 115%⇥m
W

/m
t

. The numerical soft cuto↵ at 0.35 is independent
of the masses involved and only removes QCD events. The distributions for top and QCD events we show
in Fig. 3.

5. finally, require the combined p
T

of the three subjets to exceed 200 GeV.

In step 3 of the algorithm there exist many possible criteria to choose three jets from hard subjets inside a fat
jet. For example, we can include angular information (the W helicity angle) in the selection criterion and select
the smallest �m

t

+A
W

�m
W

+A
h

� cos
h

. In that case, the tagging e�ciency increases, but simultaneously the
fake rate also increases, so to reach the best signal significance we simply select the combination with the best
m

t

. This allows us to apply e�cient orthogonal criteria based on the reconstructed m
W

and on the radiation
pattern later.

In step 4, the choice of mass variables shown in Figure 3 is of course not unique. In general, we know that
in addition to the two mass constraints (m

123

= mrec

t

as well as m
jk

= mrec

W

for one (j, k)) we can exploit one
more mass or angular relation of the three main decay products. Our three subjets j

k

ignoring smearing and
assuming p2
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HEP top tagger [ATLAS]

• Fully hadronic ttbar resonance analysis

• HEP top tagger observables show good 
agreement with data

17
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Figure 7. Signal region distributions of (a) the mass of the leading pT fat jet and (b) the mass
of the leading pT top-quark candidate. Also shown are the prediction for SM tt̄ production, the
multijet background contribution as estimated from data, and a hypothetical Z 0 boson signal.
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Figure 8. Signal region distributions of the top-quark candidate substructure variables m23/m123

(a) and arctan(m13/m12) (b). Also shown are the prediction for SM tt̄ production, the multijet
background contribution as estimated from data, and a hypothetical Z 0 boson signal.
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– 17 –



Top Template tagger [ATLAS]

• Selection: AK10 jets with pT1 (pT2) > 500 (450) GeV

• Energy flow inside a jet compatibility with top quark decay

• Given a library of ~300k templates, encode the overlap into 
a single observable OV3 (from 0-1)

• Libraries in bins of 100 GeV starting from 450 GeV

• τn is set of templates

• i sums over top-quark decay daughters, σi = Ei/3 is weight factor, 
Etopo is energy of topocluster required to be within ΔR < 0.2

• Selection, make a cut on OV3 > 0.7
18

Table 1. Total e�ciency (in %) for selecting Z 0 bosons and KK gluons (gKK) that have decayed to
tt̄ pairs. These are the e�ciencies 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 E�ciency (%)
HEPTopTagger Template Tagger

Z 0 (0.5 TeV) 0.03± 0.01 –
Z 0 (0.8 TeV) 2.96± 0.08 –
Z 0 (1.0 TeV) 4.76± 0.09 0.48± 0.05
Z 0 (1.3 TeV) 5.67± 0.11 6.37± 0.13
Z 0 (1.6 TeV) 5.40± 0.10 8.13± 0.16
Z 0 (2.0 TeV) 4.44± 0.10 6.26± 0.13

g
KK

(0.7 TeV) 1.70± 0.13 –
g
KK

(1.0 TeV) 4.13± 0.21 0.74± 0.10
g
KK

(1.3 TeV) 5.14± 0.23 5.02± 0.25
g
KK

(1.6 TeV) 4.72± 0.22 6.43± 0.26
g
KK

(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 p
T

and finds the template that maximises this overlap,

denoted as OV
3

. A requirement of OV
3

> 0.7 is made.

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

quark p
T

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 p
T

of the given library.

Studies of the top-quark jet tagging e�ciency using MC data and of light quark/gluon jet

rejection observed in the data were used to determine the size of the p
T

steps and the min-

imum number of templates for each library that maximise the top-quark tagging e�ciency

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

overlap function is defined as

OV
3

= max
{⌧n}

exp

"
�

3X

i=1

1

2�2

i

⇣
Ei �

X

�R(topo,i)

<0.2

E
topo

⌘
2

#
, (6.1)

where {⌧n} is the set of templates defined for the given jet p
T

, Ei are the parton energies of

the top-quark decay daughters for the given template, E
topo

is the energy of a topocluster,

– 9 –
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Top Template tagger [ATLAS]

• Fully hadronic ttbar resonance analysis

• Complimentary phase space w.r.t. the 
HEP top tagger, higher boost

19

application

and �R(topo, i) is the ⌘ � � distance between the ith parton and a given topocluster.

The first sum is over the three partons in the template and the second sum is over all

topoclusters that are within �R(topo, i) = 0.2 and that have p
T

> 2 GeV. The weighting

variable is

�i = Ei/3. (6.2)

The three tunable parameters in the OV
3

calculation – the size of the cone used to

match topoclusters with the parton, the minimum p
T

requirement on the topocluster, and

the weight �i – have been determined from studies of the tagger’s performance judged by

tagging e�ciency and background rejection. The overall performance is insensitive to the

specific parameter values chosen. The OV
3

distributions for a Z 0 MC sample, a multijet-

dominated 2011 data sample, and the multijet MC sample are shown in Fig. 3, illustrating

the separation of top-quark jets from the light quark/gluon jets in the large OV
3

region.
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Figure 3. The OV3 distributions for the leading jets in the 2 TeV Z 0 ! tt̄ MC sample, a multijet-
dominated 2011 data sample, and the multijet MC sample. The data and multijet MC distributions
are from the samples prior to making any b-tagging or jet mass requirements on either jet, and so
are dominated by light quark/gluon jets.

The jet mass, mj , defined as the invariant mass of the topoclusters added together as

massless four-momenta [51], has been shown to be an e↵ective discriminant between top-

quark jets and light quark/gluon jets, even in the presence of multiple pp interactions [52,

53]. A data-driven pile-up correction scheme for the jet mass is used, which measures the

average mass shift experienced by jets using the flow of energy far from the jet as a function

of the number of multiple interactions in the event [54, 55]. The discrimination of the pile-
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Figure 5. The jet mass distributions for the leading (a) and for the recoil (b) jet when all other
requirements have been made on the sample except the mass and OV3 requirements on the jet being
considered. The fits are described in the text.
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Figure 5. The jet mass distributions for the leading (a) and for the recoil (b) jet when all other
requirements have been made on the sample except the mass and OV3 requirements on the jet being
considered. The fits are described in the text.
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full hadronic ttbar [ATLAS]
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application
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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 0 signal with mZ0 =
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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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 0 signal with mZ0 =
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shown in (b). Data points show statistical uncertainties only.
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Figure 14. Expected and observed 95% CL upper limits on the production cross section times
branching fraction � ⇥ BR as a function of (a) the Z 0 boson mass and (b) the KK gluon mass
for the HEPTopTagger selection. The red bands are the model predictions including theoretical
uncertainties. The Z 0 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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the Top Template Tagger selection. The red bands are the model predictions including theoretical
uncertainties. The Z 0 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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RPV gluinos w/N-subjettiness [ATLAS]

• Exotic resonance search: g→qq→qq, pair 
produced RPV gluinos

• For light gluinos, decaying quarks can be 
highly collimated

• AK10 jets with pT > 350 (or 200) GeV

• N-subjettness, τ3/τ2, variable used to 
identify jets with 3 subjets

• Require τ3/τ2 < 0.7

• Exclusive kt axes

21
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Figure 3. In the lower mass signal region (SR1), the distributions of (a) jet ⌧
32

for the two leading
jets in each event with mjet > 60 GeV and (b) jet mass (mJ1 and mJ2) for jets with ⌧

32

< 0.7 are
shown for the data, the signal mg̃ = 100 GeV, and the background MCs for comparison. In the
higher mass signal region (SR2), the same distributions of (c) ⌧

32

and (d) jet mass are shown, but
in this case for mg̃ = 300 GeV. In each case, the data are compared to the two MC models used to
estimate the correlation correction factor, ↵, for the background extrapolation.

setting for improving the mass resolution in the presence of pile-up [65, 81]. The remaining

constituents form the trimmed jet. The invariant mass of these large-R, trimmed jets is

then calculated from the energies and momenta of the constituents contained within the

jet after the trimming procedure.

Events containing pair produced boosted gluinos that decay into three collimated

quarks are characterised by the presence of two massive large-R jets that each contain sub-
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Figure 3. In the lower mass signal region (SR1), the distributions of (a) jet ⌧
32

for the two leading
jets in each event with mjet > 60 GeV and (b) jet mass (mJ1 and mJ2) for jets with ⌧

32

< 0.7 are
shown for the data, the signal mg̃ = 100 GeV, and the background MCs for comparison. In the
higher mass signal region (SR2), the same distributions of (c) ⌧

32

and (d) jet mass are shown, but
in this case for mg̃ = 300 GeV. In each case, the data are compared to the two MC models used to
estimate the correlation correction factor, ↵, for the background extrapolation.

setting for improving the mass resolution in the presence of pile-up [65, 81]. The remaining

constituents form the trimmed jet. The invariant mass of these large-R, trimmed jets is

then calculated from the energies and momenta of the constituents contained within the

jet after the trimming procedure.

Events containing pair produced boosted gluinos that decay into three collimated

quarks are characterised by the presence of two massive large-R jets that each contain sub-
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radius R = 1.0 in order to maximise the e�ciency for moderately boosted massive gluinos.

For the complete o✏ine selection criteria, including the requirement on the jet multiplicity

described below (see table 3), the ine�ciency of the trigger for the boosted gluino signal

is less than 1%. Jets are found using the same locally calibrated topo-clusters described

in section 4.1. The energy of the resulting large-R jets is calibrated with a MC-derived

calibration factor [65] that is dependent on the uncalibrated jet p
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and ⌘. In addition to

the energy calibration, a mass calibration is applied that accounts for di↵erences between

the particle- and reconstructed-level jet invariant mass observed in MC simulation. The

energy and mass scale uncertainties of the calibrated jets are determined using in situ

measurements of inclusive jet samples and are found to be approximately 4% and 5%,

respectively.

In order to provide discrimination against multijet events containing jets with a large

mass, we use a jet shape variable that is sensitive to the N -body structure expected from

a jet containing the three decay products of a light gluino. The “N -subjettiness” variables

⌧
N

[76, 77] provide this sensitivity as they relate to the subjet multiplicity on a jet-by-jet

basis. The ⌧
N

variables are calculated by re-clustering all of the topo-cluster constituents of

the jet with the exclusive k
t

algorithm [78] and requiring N subjets to be found. These N

subjets define axes within the jet, around which the jet constituents may be concentrated.

The variables ⌧
N

are defined in eq. (5.1) as the sum over all constituents (k) of the jet:
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where R is the jet radius parameter in the jet algorithm, p
Tk

is the p
T

of constituent k and

�R
ik

is the distance from the subjet i to constituent k. Using this definition, ⌧
N

charac-

terises how well a jet can be described as containing N or fewer k
t

subjets. Constituents

localised near the axes of the subjets will result in a relatively smaller value of ⌧
N

, thereby

categorizing such a jet as likely to be comprised of at most N subjets. The ratio ⌧
3

/⌧
2

,

written also as ⌧
32

, is used to provide discrimination between jets formed from the parton

shower of light quarks or gluons and jets containing three hadronic decay products from

boosted gluinos. A value ⌧
32

' 1 corresponds to a jet that is very well described by two

subjets and ⌧
32

' 0 implies a jet that is much better described by three subjets than one or

two. The distribution of ⌧
32

for signal and background MC events, as well as that observed

in the data, is shown in figure 3 in section 5.3.

Following the jet reconstruction, and after the calculation of ⌧
32

, the trimming algo-

rithm [79] is used to remove soft energy depositions from the jet that can degrade the jet

properties in the presence of pile-up or significant underlying event contamination. The

procedure uses the inclusive k
t

algorithm [80] to create subjets of size R
sub

= 0.3 from

the constituents of a jet. Any subjets with p
Ti

/pjet
T

< f
cut

are removed, where p
Ti

is the

transverse momentum of the ith subjet, and f
cut

= 0.05 is determined to be an optimal
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b-tagging and substructure
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b-tagging in the boosted regime

• What happens to the performance of b-tagging in the 
highly boosted regime?  

• Example, ATLAS fully hadronic ttbar: require b-tagged 
AK4 jet within given ΔR of fat jet

• b-tagging for high pT top quark: ε = 50-70% decreasing 
with pT due to highly collimated decays

• mistag rate is 3.5% (7%) for pT = 200 GeV (1 TeV) jets

• What about double b-tags? Hbb?

• Searching for Hbb with substructure

• Exotic production of boosted Higgs,
i.e. t’→tH

23

  Alexander Schmidt, U. Hamburg                        BOOST2012                             Jul 27th, 2012 3

angle between B hadrons
• LO processes mainly back to back 

topology
• gluon splitting enhances collinear 

b pair production (small angles)
• difficult to measure small angles with jets

➔use secondary vertices instead of jets



double b-hadron tagging [ATLAS]

24

• Study AK4 jets, b-tagged with ATLAS MV1 algorithm

• Perform multivariate analysis using substructure 
variables to distinguish between single and double 
b-hadron cases

• track multiplicity, jet width, ΔR subjets, τ2

• Input observables validated in data with good 
agreement with MC

24

  N-subjettiness: proposed for massive boosted jet studies by Thaler & Van 
Tilburg,  arxiv:1011.2268v3. 

 Tau2 quantifies to what degree a jet can be regarded as composed of 2 subjets.

 For b-jets (no mass scale) tau 2 is larger for merged than for single jets, and 
correlated with width.

Single/Double b-hadron jets: discriminating variablesSingle/Double b-hadron jets: discriminating variables

23

  ΔR between k
t
 subjets:  k

t
 algorithm is used to cluster all the tracks associated 

to the jet, stopping the clustering at exactly two jets.

Single/Double b-hadron jets: discriminating variablesSingle/Double b-hadron jets: discriminating variables

26

Multivariate Analysis Multivariate Analysis 

A discriminant between single b-jets and merged b-jets was built training a likelihood 
estimator in the context of TMVA.

After balancing discrimination power, pile-up independence and  correlations, we kept 
three variables for our multivariate analysis:

1.  Jet track multiplicity;

2. Track-jet width, and;

3. ΔR between the axes of the two exclusive k
t
 subjets. 

27

 Performance improves with Pt

 Pt > 40GeV: rejection above 8 at 
50% b-jet efficiency

  Pt > 200GeV: rejection above 30 
 at 50% efficiency

 Only statistical errors are shown

Multivariate Analysis: PerformanceMultivariate Analysis: Performance

See M.L. Gonzalez-Silva’s
talk at BOOST 2012



iterative vertex finder [CMS]

25

• New technology for bbar at small angles, uses only 
secondary vertices, no jets required (still can use if wanted)

• Seed from tracks with high impact parameter
[technical details in backup]

• Resolution scale, σ(ΔR) ~ 0.02 in the core region
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Inclusive Vertex Reconstruction

5

• CMS pioneered an 
incredible new technology

• inclusive vertex 
reconstruction:
➡seeded from tracks with high 

impact parameter (instead of jets)

➡no jets required (can still use 
jet if wanted...)

➡angular resolution is amazing
(no unfolding in differential 
x-sections necessary)

∆R (true vs. reconstructed)

resolution in 
core region 
σ(∆R) < 0.02

  Alexander Schmidt, U. Hamburg                        BOOST2012                             Jul 27th, 2012

results: ΔR
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• normalized x-section 
(shape comparison)

• uncertainty dominated by 
statistics

• flatter slope in data

• update with more data and 
absolute normalization coming

application

bb angular correlations
JHEP 03 (2011) 136

Zbb angular correlations
CMS PAS EWK-11-015

See A. Schmidt’s
talk at BOOST 2012
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• A summary of boosted object taggers is presented in 
both CMS and ATLAS

• Grooming algorithms used to suppress backgrounds

• W/Z “taggers” using jet mass and mass drop

• Top tagging with CMS top tagger, kt splitting scales, 
HEP top tagger, Template top tagger

• RPV gluinos with τ3/τ2

• Results for b-tagging in the boosted regime and 
methods presented for identifying bbar pairs at small 
angles
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“Jet substructure without trees” 
(Jankowiak, Larkoski; 1104.1646)

Shower deconstruction 
(Spannowsky, Soper 1102.3480)

HEP Top Tagger++ 
(Plehn, Spannowsky, Takeuchi, Zerwas; 

1006.2833...)

Multivariate quark/gluon discrimination 
(Gallicchio, Schwartz; 1106.3076)

ISR tagging 
(Krohn, Randall, Wang 1101.0810)

New physics multi-tagging 
(Kribs, Martin, Roy, Spannowsky; 0912.4731, 1006.1656)

N-Subjettiness 
(Thaler, Van Tilburg 1011.2268; Kim 1011.1493)

Dipolarity 
(Hook, Jankowiak, Wacker; 1102.1012)

Jet Trimming
 (Krohn, Thaler, Wang; 0912.1342)

CMS Top Tagging
 (0909.4894)

More jet shapes 
(Chekanov, Proudfoot, Levy, Yoshida; 1002.3982, 1009.2749)

Template overlap 
(Almeida et al.; 1006.2035)

Jet Pull 
(Gallicchio, Schwartz; 1001.5027)

HEP Top Tagger
 (Plehn, Salam, Spannowsky; 0910.5472)

Pruning 
(Ellis, Vermilion, Walsh; 0903.5081)

[Johns Hopkins] Top Tagging
 (Kaplan, Rehermann, Schwartz, Tweedie; 0806.0848)

New jet shapes 
(Almeida, et al.; 0807.0234, 0810.0934)

3-body kinematic variables 
(Thaler, Wang; 0806.0023)
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Tuhin Roy
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Tuhin Roy

A lot of new ideas out there to be tried!

W/Z/Higgs search algorithms, 
boosted tops improvements, 

multivariate W-tagging techniques [1012.2077],  
Qjets [1201.1914],

jet charge [1209.2421],
PU corrections to jet shape variables [1211.2811],

etc...
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X	
 →	
 qV/VV

• Search for dijet final states:
• qW, qZ, WW, ZZ, WZ

• model interpreation: excited quark q*, RS gravitons 
and W’

• Analysis strategy
• Employs V-tagging: CA8 pruned jets + mass drop 

cut; mJ = 70-100 GeV and μ < 0.25

• Identify 1-tag and 2-tag topologies depending on 
final state

• Tag rate from semileptonic tt

30

5

Jet Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts

0
20
40
60
80

100
120
140
160
180
200
220

310×
CMS

Untagged data
QCD Pythia6
QCD Herwig++

 qW (1.5 TeV)→q* 
 qZ (1.5 TeV)→q* 
 WZ (1.5 TeV)→W' 

 WW (1.5 TeV)→ 
RS

G
 ZZ (1.5 TeV)→ 

RS
G

-1L = 5.0 fb
 = 7 TeVs

CA pruned R=0.8

Mass drop
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
0

50

100

150

200

250

310×
CMS

Untagged data
QCD Pythia6
QCD Herwig++

 qW (1.5 TeV)→q* 
 qZ (1.5 TeV)→q* 
 WZ (1.5 TeV)→W' 

 WW (1.5 TeV)→ 
RS

G
 ZZ (1.5 TeV)→ 

RS
G

-1L = 5.0 fb
 = 7 TeVs

CA pruned R=0.8

Figure 2: Pruned jet mass (left) and mass drop (right) in in data, signal and background MC
simulations. All distributions are normalized to unity. The signal MC simulation distributions
are plotted as smooth curves connecting the histogram entries (using the same binning as data
distribution).

Resonance Mass (GeV)
1000 1500 2000 2500 3000

 jj
) *

 a
cc

ep
ta

nc
e

→
B

R
(W

/Z
 

0
0.1

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

 CMS Simulation
 qW→q* 
 qZ→q* 
 WZ→W' 

 WW→ 
RS

G
 ZZ→ 

RS
G

Figure 3: Branching fraction into dijet final states BR(W/Z ! jets) times angular acceptance
(|h| < 2.5, |Dh| < 1.3). The W/Z-tagging efficiencies are excluded from the acceptance.

compare it with the same efficiency obtained using the same procedure for tt̄ MC simulation158

generated with MADGRAPH [50] and showered with PYTHIA6. The ratio of the two efficiencies159

results in a scale factor of 0.98 ± 0.03 which is then applied to the efficiencies for signals in the160

dijet data. The uncertainties on the scale factor are propagated into the systematic uncertainties161

on the overall signal efficiency.162

As desribed above, the GRS is modeled with HERWIG++. We observe a difference of up to 18%163

on the double-tag efficiency in the RS graviton WW/ZZ signal simulations between PYTHIA6164

and HERWIG++. The difference can be equally attributed to the different showering and had-165

ronization algorithms. The different underlying event modeling has only a small impact of166

<1%. This discrepancy is accounted for as a systematic uncertainty on the double-tag effi-167
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Figure 4: Probabilities for 1-tag (left) and 2-tags (right) in data, signal and background MC
simulations for events passing the angular acceptance requirement (|h| < 2.5, |Dh| < 1.3).
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Figure 5: The signal resonance distributions for 1.5 TeV GRS ! WW, GRS ! ZZ, W’ ! WZ,
q⇤ ! qW, and q⇤ ! qZ resonances of dijet invariant mass, computed using anti-kT jets with
R = 0.5. Crystal-Ball functions fit to the simulated distributions are shown.

ciency. For the single-tag efficiency a 9% uncertainty is taken into account. It is estimated from168

the double-tag efficiency uncertainty assuming identical difference in tagging efficiency for the169

two vector bosons.170

We have also checked the impact of pileup on the W/Z-tagging efficiency. Due to the rejec-171

tion of charged particles not originating from the primary vertex and also the application of172

pruning, the pileup dependence is weak and the uncertainty due to the modeling of the pileup173

distribution is less than 2%.174

The dijet mass dependence of the probability for W/Z-tagging of background events shown175

in Fig. 4 is reasonably well described by the MC simulation. We therefore do not assign an176

additional systematic uncertainty on the dijet mass dependence of the modeling of the W/Z-177

tagging in MC simulation.178



jet substructure algorithms

• Study jet mass properties under three jet grooming techniques 

• Trimming: http://arxiv.org/abs/0912.1342

• Filtering: http://arxiv.org/abs/0802.2470

• Pruning: http://arxiv.org/abs/0903.5081

• This round of analysis uses default parameters from each of the 
references.

• Filtering

• reclustering jet constituents with smaller radius, rfilt, keeping nfilt hardest 
sub-jets 

• default parameters: rfilt = 0.3, nfilt = 3

• sub-jet clustering algorithm: 
Cambridge-Aachen
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2

b Rbb Rfilt

Rbbg

b
R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

http://arxiv.org/abs/0912.1342
http://arxiv.org/abs/0912.1342
http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0903.5081
http://arxiv.org/abs/0903.5081


jet substructure algorithms

• Trimming
• reclustering with smaller radius, rfilt, keeping sub-jets with a fraction, pTfrac,min, of 

original jet pT

• default parameters: rfilt = 0.2, pTfrac,min = 0.03

• sub-jet clustering algorithm: kT

• Pruning
• reclustering with sequential recombination algorithm, veto soft and large-angle 

recombinations between pseudojets i and j

• veto: dij > rcut×2m/pT; z = min(pTi,pTj)/pTi+j < zcut

• default parameters: zcut = 0.1, default rcut = 0.5

• subjet clustering algorithm: Cambridge-Aachen
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Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in

– 9 –
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cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in
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jet corrections
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Kalanand Mishra, Fermilab  / 203

Jet energy calibration: overview

✦ Factorization facilitates the use of data-driven corrections
- Breaking the correction into pieces that are naturally measured in 
collider data:

•Offset: pile-up and noise measured in zero-bias events.
•MC: jet response vs. η, PT using MC truth.
•Residual: jet response vs. η, PT using dijet balance and γ/Z
+jet in data.

Reconstructed
Jets: after CHS

Calibrated
Jets

Offset: FastJet MC: η, pT Residual: η, pT Flavor Parton

Required Corrections Optional Corrections

In CMS the most widely used jet is anti-kT 0.5 (0.7 for QCD 
measurements). For pileup studies, consider anti-kT 0.5, 0.7, 0.8 
with various grooming techniques: filtering, trimming,  pruning.



jet correction uncertainties
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Kalanand Mishra, Fermilab  / 209

Correction uncertainties

✦Uncertainties in 2012 data comparable to 2010, 2011. 
•Pileup uncertainties increasing due to higher average pileup.

Within 3% for 
jets with pT> 30 
GeV in barrel



IVF [iterative vertex finder]
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1.coarse pre-clustering of seeds based on 
• track distances, angles

2.vertex reconstruction/fitting with “adaptive fitter”
• iterative procedure, outlier resistant (small weights for outliers)
• χ2/ndof < 10,   3D-significance > 0.5,   2D-significance>2.5,  

pointing angle cos(α)> 0.98

3.vertex merging
• check all vertices for shared tracks   
• remove vertex if shared fraction > 0.2 (and dist. significance<2)

4.vertex arbitration
• trade off tracks between PV and SV based on track distance 

(significance) to vertices
• refit vertices with new track selection

5.vertex merging again (step 3.)
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• B decays can have two vertices (B→D cascade)
• merging of two-SV kinematics into one B candidate if

• ΔR<0.5,  
mtot<5.5 GeV,  
pointing angle (BD, P): cos(α)>0.99

• B candidate selection:
• m>1.4 GeV,  pt>8 GeV,  N(tracks)>=3, flight significance >5, |η|<2

• retain events with two B candidates
m1+m2> 4.5 GeV
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B candidates
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