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(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 and described in detail in [79]. 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
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FIG. 2: Mass of the highest mass jet in a semileptonic top sample.

)2Mass of Top Jet Candidate (GeV/c
0 100 200 300 400 500 600

2
Ev

en
ts

 / 
5 

G
eV

/c

0
2
4
6
8

10
12
14
16
18

Top
WJets
QCD
Data
Data fit
MC fit

 = 7 TeVs at -1CMS Preliminary, 1.1 fb

DATA
topm   2.46 GeV±= 170.58 
MC
topm   3.46 GeV±= 171.62 

FIG. 3: Mass of the hadronic top candidate in a semileptonic top sample.

Standard Model tt̄ decays is taken from Monte Carlo, correcting for trigger e�ciency, the e�ciency of the top-
and W-tagging algorithms, and jet energy scale. The largest background, however, is generic QCD production
which has been mis-identified as having substructure (“mistags”). This background is estimated by weighting
jets in a sample before applying the final top-jet tag, where the weighting factor is derived from generic dijet
data that has been signal depleted.

Figure 4 shows the results of the event selection in the dijet topology (similar plots for the trijet topology can
be seen in the original reference). Extremely good agreement is observed with the prediction, and hence a limit
on new physics models is formulated. The technique chosen is to hypothesize a counting experiment in a signal
window (chosen by the expected size of a narrow resonance in the tt̄ invariant mass spectrum). A Bayesian
technique is chosen to represent the limits on new physics models, with Je↵reys priors on the cross section of
new physics, and log-normal priors on the nuisance parameters. The dijet and trijet topologies are combined in
a final exclusion calculation shown in Figure 5, which shows the 68% and 95% credible intervals for observing a
resonance at a given mass with a given cross section times branching ratio. Several theoretical models are also
included for comparison.

III. SEMILEPTONIC DECAY CHANNEL

There are two analyses from CMS in the semileptonic decay channel. The first analysis (Reference [21], with
0.036 fb�1) utilizes standard event reconstruction techniques assuming that the top quark’s decay products are
isotropically distributed (i.e. close to production threshold). The events are required to have at least three

BOOST 2012:  How did we get here?
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Look at kT merging scale here

Several further papers on boosted W’s in 
the run-up to the LHC
hep-ph/0201098, hep-ph/0702150

ATLAS Y-Splitter (ATL-PHYS-CONF-2008-008):  Same variable, applied to tops

dij = min(pTi2, pTj2)Rij2



“Breakthrough” paper:  Butterworth, Davison, Rubin, Salam (0802.2470)
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b Rbb Rfilt

Rbbg
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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 (e!ectively 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 e"ective size of jet j will thus be
just su#cient 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 !S/fb !B/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 (!s) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather e"ective. 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 e"ectiveness 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 su"ers 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

Two steps:

  Mass drop identifies hard splitting within clustering history

  Filtering “zooms” in and only keeps three hardest subjets



The dam breaks

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)



http://www-conf.slac.stanford.edu/Boost2009/default.asp

Check out the indico page for a fascinating 
look at boosted physics in 2009...

http://www-conf.slac.stanford.edu/Boost2009/default.asp
http://www-conf.slac.stanford.edu/Boost2009/default.asp


Another year of boosted physics

Jet Trimming (Krohn, Thaler, Wang; 1912.1342)

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)

Quite a few more!

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



BOOST 2010 http://www.physics.ox.ac.uk/boost2010/index.asp

http://www.physics.ox.ac.uk/boost2010/index.asp
http://www.physics.ox.ac.uk/boost2010/index.asp
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Abstract. We present the report of the
hadronic working group of the BOOST2010
workshop held at the University of Ox-
ford in June 2010. The first part con-
tains a review of the potential of hadronic
decays of highly boosted particles as an
aid for discovery at the LHC and a dis-
cussion of the status of tools developed
to meet the challenge of reconstructing
and isolating these topologies. In the sec-
ond part, we present new results compar-
ing the performance of jet grooming tech-
niques and top tagging algorithms on a
common set of benchmark channels. We
also study the sensitivity of jet substruc-
ture observables to the uncertainties in
Monte Carlo predictions.

PACS. XX.XX.XX No PACS code given

Key words. boosted objects, BSM searches, LHC, jet
substructure

1 Introduction

The LHC has started to explore the multi-TeV regime.
The production of presently unknown particles is perhaps
the most exciting prospect for the general purpose ex-
periments ATLAS [1] and CMS [2]. In both experiments,
searches for Physics Beyond the Standard Model form a
key element of the rich physics programme.

At the LHC, many of the particles that we considered
to be heavy at previous accelerators will be frequently
produced with a (transverse) momentum greatly exceed-
ing their rest mass. Good examples are the electro-weak
gauge bosons W± and Z0, the top quark, the Higgs boson
or bosons and possibly other new particles in the same
mass range. The abundant presence of heavy SM parti-
cles will yield promising signatures for searches for physics
Beyond the Standard Model (BSM physics). When these
boosted objects decay they form a highly collimated topol-
ogy in the detector. Algorithms and techniques developed
for the reconstruction and isolation of objects produced at
rest are often inadequate for their boosted counterparts.
New tools must be developed to fully benefit from the
potential of these states.

In recent years, a fruitful dialogue has developed be-
tween theorists and the LHC and Tevatron experimen-
talists. A number of workshops have fuelled collaboration
in the investigation of new signatures and the develop-
ment of experimental techniques. The series started with
the BOOST09 [3] workshop at Stanford National Accel-
erator Centre (SLAC) and continued at the Jet Substruc-
ture workshop at the University of Washington [4] in Jan-
uary 2010. From the 22nd to the 25th of June of 2010,
BOOST2010 [5] was held at the University of Oxford.

At the BOOST2010 workshop, two working groups
were set up to concentrate on the leptonic and hadronic
decays of boosted objects. Mixed decays to quarks and
leptons (i.e. top decay to W±b followed by W± ! l±!l)
were also covered by the hadronic working group. Both
working groups met in several parallel sessions during the
workshop and organised follow-up meetings in the subse-
quent months. In this paper we present the report of the
hadronic working group.

Hadronic boosted objects have received considerable
attention recently and the available literature is steadily
increasing. We start this report with three brief sections
that provide a review of the most important developments.

Many groups have studied the phenomenology of boosted
hadronic topologies, discovering novel ways of perform-
ing SM measurements and BSM searches. In section 2 we
present a review of the results published to date.

The reconstruction of hadronic decays of boosted W, Z
bosons and top quarks (and new particles with similar
mass) is particularly challenging. The partons formed in
the decay are typically too close to be resolved by a jet al-
gorithm1. In this case only an analysis of the substructure
of the fat-jet can reveal its heavy-particle origin. We give
an overview, in section 3, of the increasingly sophisticated
tools developed for this purpose.

In the final review section, Section 4, we present a
brief review of the experimental status of jet substructure
in past experiments.

In the sections thereafter, we present new results ob-
tained in studies initiated during the workshop. In sec-
tion 5, we present the Monte Carlo samples generated in
the hadronic working group. We make these samples avail-
able to serve as a benchmark test for the performance of
new techniques.

In section 6, we return to the jet grooming techniques
introduced in section 3. We present an estimate of their
performance on the benchmark samples.

Jet substructure may be subject to considerable uncer-
tainties in the predictions of popular Monte Carlo mod-
els. The sensitivities of the most important observables
to variations in the parton shower model, the underlying
event and detector e!ects are investigated in section 7.

Finally, we compare the performance of several top-
tagging algorithms in section 8.

The review sections, benchmark samples and results
are intended to foster the exciting new developments that
boost our discovery potential. We hope that this report be
an incentive for further work and in particular for studies
of the substructure of highly energetic jets in the earliest
LHC data.

1 To be quantitative, consider the following rule of thumb
for a two-body decay: To resolve the two partons of a X ! qq̄
decay, a radius (or more generally a jet size) of R < 2mX/pT

must be chosen. For pT " mX , the value for R must be chosen
exceedingly small. For mX = 80 GeV, the minimal R is equal
to 0.4 for a transverse momentum of 400 GeV. To set the scale:
95 % of the energy in a 400 GeV jet is contained in a jet of size
0.4 [6,7].

arXiv:1012.5412

Really great idea: 
follow-up report!





Outcome 1:  Survey of motivation

What signals involve boosted heavy particles?

Which techniques have been suggested for each of these signals?

Outcome II:  Survey of techniques

This time organized by strategy, not target

Allowed some degree of comparison between techniques.

Outcome III:  Survey of experimental results

First survey of its kind -- starts from the beginning!



Outcome IV:  Monte Carlo studies (with public samples)
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(a) dijets, 500–600 GeV
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(b) tt̄, 500–600 GeV
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(c) dijets, 300–400 GeV
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(d) tt̄, 300–400 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 500–600 GeV (a,b) and 300–400 GeV (c,d).

tunes described in section 5. In particular, we establish
the sensitivity of jet mass and related observables to the
parton shower model and to the UE. We also perform a
simulation that mimics a number of important detector
e!ects. Data collected at the LHC in 2010-2011 should
enable a more thorough understanding than we can hope
to achieve at this stage.

We reconstruct the jet invariant mass distribution for
anti-kT jets with R = 1. The grooming techniques de-
scribed in section 6 select relatively hard events and are
therefore expected to reduce the sensitivity to soft and
di!use energy deposits. We apply the three grooming pro-
cedures and determine the invariant mass of the result-
ing groomed jet. We present the result of trimming, but
the conclusions hold for all three techniques. We moreover

recluster the jet constituents with the kT algorithm and
unwind the sequence to retrieve the i ! j splitting scales
dij . We note that the splitting scales are determined on
the ungroomed cluster sequence.

To establish the impact of di!erent parton shower mod-
els we compare the response to two of the most popu-
lar Monte Carlo tools for jet formation, HERWIG and
PYTHIA. We moreover vary the order of the emissions in
PYTHIA, using two schemes known as pT -ordering (used
in the Perugia0 tune) and Q2 ordering (used in DW and
DWT). In Fig. 2, we compare the jet mass distribution for
these three setups, along with the kT scales correspond-
ing to the 1 ! 2 and 2 ! 3 splits. For the sake of a clean
comparison we disabled UE activity for these samples.

Jet masses after grooming

See the report for a nice discussion of the different behaviors at low mass!
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(c) 300–400 GeV
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(d) 500–600 GeV

Fig. 3. Mistag rate versus e!ciency after optimisation for the studied top-taggers in linear scale (a) and logarithmic scale (b).
Tag rates were computed averaging over all pT subsamples (a,b) and for the subsample containing jet with pT range 300–400
GeV (c) and 500–600 GeV (d)
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Fig. 3. Mistag rate versus e!ciency after optimisation for the studied top-taggers in linear scale (a) and logarithmic scale (b).
Tag rates were computed averaging over all pT subsamples (a,b) and for the subsample containing jet with pT range 300–400
GeV (c) and 500–600 GeV (d)

Comparative efficiencies for distinguishing tops, QCD



Several results I’m skipping over

Dependence on MC, UE, calorimeter clustering

Other pT ranges



Limitations of 2010 comparisons

Only tops vs. QCD

No pile-up dependence

Only “available” techniques

Each analysis implemented independently!

Some of these were remedied in 2011 report, 
some are still on the to-do list!



Jesse Thaler — N-subjettiness 3

Better

fixed 160 GeV < mjet < 240 GeV cut
one-dimensional cut on τ3/τ2

500 GeV < pT < 600 GeV

Top Tagging c. 2011

Thaler/Van Tilburg

27

• Constructed a top tagging algorithm 
competitive with others in the literature

Current/Future Directions
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(c) 300–400 GeV
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Fig. 3. Mistag rate versus e!ciency after optimisation for the studied top-taggers in linear scale (a) and logarithmic scale (b).
Tag rates were computed averaging over all pT subsamples (a,b) and for the subsample containing jet with pT range 300–400
GeV (c) and 500–600 GeV (d)

We finally consider a top-tagger that employs pruning
to groom the jets (described in detail in Section 3.3). For
the purposes of this study, we included an additional step:
To identify the W boson subjet, the final jet is unclustered
to three subjets (by undoing the last merging) and the
minimum-mass pairing is chosen to be the W boson, as in
the CMS tagger.

To generate the pruning tagger e!ciency curves in
Fig. 3, the parameters zcut and Dcut are scanned over the
ranges 0.01–0.2 and (0.1–0.85)!(2m/pT )jet. We then scan
the cuts on the jet and W boson subjet masses, with the
only constraint being that the top jet mass is always re-
quired to be greater than 120 GeV. We define two working
points, that yield an average e!ciency of 20% and 50%.
The tagger parameters of both working points are given
in Table 1. The tagging rates for signal and background
as functions of anti-kT jet pT are shown in Fig. 4. The tag
rates are relatively flat for pT ! 400 GeV, after a turn-on
for lower pT .

In general all grooming-based taggers that we tested
have a flatter e!ciency above pT of 400 GeV than the

ungroomed approaches. This reflects the relative stabil-
ity of the groomed variables as a function of pT . Splitting
scales, in particular, are sensitive to the pT of the initial
jets, however groomed masses correspond closely to phys-
ical quantities and hence are Lorentz-boost invariant.

The overall mistag rates for the di"erent taggers at
the di"erent working points are summarised in Table 2.
For the 20% working point it is clear that the groom-
ing based taggers perform strongly, suppressing the back-
ground by a factor of 20–100. For the samples we chose,
the pruning approach performs best. The ungroomed tag-
ging approaches are more competitive at the 50% work-
ing point, which is often at the limit of the applicable
range for the grooming-based approaches. It can be seen
that the pruning-based approach actually performs worst
at this working point. This seems to be the reflection of
the fact that grooming approaches produce a narrow top
mass peak, typically containing around 60% of the signal
for top jets. To produce an overall e!ciency of around
50% , in combination with the mjet > 120GeV require-
ment, we must then choose a large mass window. This

Our Tagger

(a)
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Figure 11: The performance of the top tagger as given by the HERWIG event samples.
The background e⇥ciency vs. signal e⇥ciency for our top tagger is compared to other
algorithms in the literature in (a). This figure is reproduced from [36] with the results
from our tagger added. Here the candidate jets have transverse momenta 500 GeV ⇥ pT ⇥
600 GeV. For Fig. (a) only, candidate jets have been clustered with the anti-kT algorithm
with R = 1.0, as was done in the BOOST study. As a consequence the performance in
(a) is better than in (b), where the large jet radius degrades top mass resolution. In (b)
the background e⇥ciency is plotted as a function of pT for signal e⇥ciencies of �S = 50%
(black), 40% (blue), 30% (green) and 20% (red). E⇥ciencies at a given pT0 are calculated
from a pT window of 100 GeV centered at pT0. Note that, as a consequence, each point is
not statistically independent. Error bands are statistical.

np = 1 mt min mt max Rmax
1� mmin

1� �S(%) �B(%)
300� 400 GeV 177 GeV 300 GeV 0.96 78 GeV 23.8 1.9
500� 600 GeV 175 GeV 300 GeV 0.57 74 GeV 27.0 2.6

np = 2 mt min Rmax
1� Rmax

2� mmin
1� mmin

2� �S(%) �B(%)
300� 400 GeV 157 GeV 0.85 1.59 30 GeV 77 GeV 57.2 11.4
500� 600 GeV 159 GeV 0.57 1.00 36 GeV 55 GeV 59.6 9.8

np = 3 mt min Rmax
1� Rmax

2� Rmax
3� mmin

2� mmin
3� �S(%) �B(%)

300� 400 GeV 102 GeV 0.81 1.03 2.11 26 GeV 79 GeV 82.9 15.9
500� 600 GeV 155 GeV 0.62 0.66 1.35 46 GeV 73 GeV 73.6 7.9

Table 1: Sample optimized cut parameters at a (total) signal e⇥ciency of �S = 50% for two
di�erent pT bins. In the rightmost column we show the signal and background e⇥ciencies
obtained within each np bin taken separately; i.e. these numbers do not take into account
what fraction of candidate jets end up in each np bin. Signal e⇥ciency increases substantially
with np.
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anti-kT, R=1.0, 500 GeV < pT < 600 GeV

NSubjettiness

“Substructure without 
trees” / angular 

correlation functions



Meanwhile...













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

Dipolarity (Hook, Jankowiak, Wacker; 1102.1012)

“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)

And more...!
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(a) Mass shift. (b) Planar flow shift. (c) Angularity shift.

Figure 1. The correction to the jet mass (a) from additional energy deposition
due to MI+UE (Nvtx > 1 events) compared with the jet mass corrections for
UE alone (Nvtx = 1 events) for jets with a cone size of R = 0.7. The estimated
shift from the combination of UE and MI in planar flow (b) and angularity (c)
as measured in data. The average number of collisions per bunch crossing is ⇠
3 for this data sample.

and “out-of-time” pile-up: the former describing multiple proton-proton collisions in a

single bunch crossing, the latter describing the delayed instrumental e↵ects of previous

crossings. The incoherent contributions to the shift in jet mass from MI were isolated

from the partially coherent contributions due to UE by examining the mass shift as a

function of the number of good vertices in the event. The average shift in the jet mass

when adding the towers from the complementary cone into the jet are shown in Figure

1 along with the MI+UE corrections measured for angularity and planar flow. The high

mass selections made as part of the angularity and planar flow measurements resulted in

too few events to separate the UE (single-vertex) and MI (single- and multiple-vertex)

components.

2.1.2. New physics searches in multijet events at CDF The results of a search for pair

production of a supersymmetric particle that decays strongly and violates R-parity were

described in [10]. The final state of interest was at least six quarks, most observed as

separate jets, and no missing transverse energy in the event. The challenge for this

search was to reduce the large backgrounds from QCD multijet production, which was

done by placing specific kinematic requirements on three-jet triplets in the final state.

The analysis sought events in a CDF sample that satisfied a trigger requiring at

least four jets with pT > 15 GeV and the sum of the calorimeter transverse energy

greater than 175 GeV. Events were furthermore required to have at least six jets with

pT > 15 GeV and |⌘| < 2.5, and the scalar sum of the six highest-energy jets was

required to be greater than 250 GeV. The missing transverse energy, /ET , was required

to be less than 50 GeV in order to reduce contributions from W boson final states and

mis-measured QCD events.

All twenty combinations (or more) of three-jet triplets that could be produced from

jets with pT > 15 GeV were considered and the invariant mass of each combination, Mjjj,
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(a) (b)

Figure 3. The minimum relative pull angle for W jets (a) is measured for jets
satisfying |mW �mj1j2| < 30 GeV, �Rj1,j2 < 2 and |⌘| < 1. The expected C.L.
bands for fsinglet are shown in (b); the dashed line shows the expected value
and the dotted line indicates the measured value of fsinglet.

expected given the data sample, it is consistent with the expectation within statistical

uncertainties. The expected C.L. bands for this limit are shown in Figure 3(b).

This means of measuring the colour flow provides an additional discriminant that

can be used to search for decays of other boosted objects (such as H ! bb̄) and gives us

confidence that the modelling of colour flow is being done well in current Monte Carlo

calculations.

2.3. Results from ATLAS

2.3.1. ATLAS and pile-up In the recent ATLAS analysis of 35 pb�1 of data [4] , the

sensitivity of the individual jet mass to pile-up is directly tested. The increase in the

mean jet mass as a function of the number of reconstructed good vertices (good vertices

being defined as those with at least 5 tracks with pT > 150 MeV), NPV, is measured for

jets with a pT of at least 300 GeV and rapidity |y| < 2. The results are shown in Figure

4 for jets of various radii and built using two di↵erent jet algorithms. The mean jet

mass is observed to increase linearly with NPV. For events with only a single primary

vertex, the mean jet mass increases linearly with R. The slope of the mean jet mass as a

function of the number of primary vertices, though, exhibits a dependence on R that is

consistent with the ratio of the third power of the jet resolution parameter. This follows

the prediction of pQCD calculations [14]: the extra mass from an additional particle

k scales like �m2 ⇡ 2pT · k ⇠ pTpkT�R2
k, so the net change from a uniform pile-up pT

density ⇢ is �m2 ⇠ pT⇢
R

dA�R2 ⇠ pT⇢R4, and hence �m ⇠ R4⇢pT/m. Since m ⇠ R,

the derivative dm/d⇢ then scales like R3 for fixed pT .
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Figure 5. The measured di↵erential jet shape, ⇢(r), in inclusive jet production
for jets with |y| < 2.8 and 30 GeV < pT < 40 GeV. Error bars
indicate the statistical and systematic uncertainties added in quadrature. The
measurements are compared to di↵erent MC predictions.

The presence of contributions from higher-order pQCD matrix elements in the final state

does not a↵ect the predicted jet shapes significantly.

The pythia, herwig++, and herwig/jimmy Monte Carlo generators, using the

latest tunes to describe minimum bias and underlying-event–related observables in data,

provide a good description of the measured jet shapes, although the latest version of

herwig++ tends to produce jets narrower than the data. As expected, pythia 6

ambt1 tends to produce jets slightly narrower than the data as it underestimates the

UE activity in dijet events [28] and lacks a tuned final-state parton shower from the

initial-state radiation. The e↵ect of the wrong setting in “herwig++ 2.4.2 bug”⇤ is

only visible for jets with pT < 40 GeV.

The di↵erent sherpa predictions are similar and provide a reasonable description

⇤The ATLAS Monte Carlo generation of herwig++ 2.4.2 had the wrong settings for parameters
controlling the multiple-parton interactions.
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(a) 20 < pT < 30 GeV (b) 40 < pT < 50 GeV

(c) 60 < pT < 70 GeV (d) 80 < pT < 100 GeV

Figure 10. The measured di↵erential jet shape at CMS, ⇢(r), in inclusive jet
production for jets with pT > 15 GeV. Error bars indicate the statistical and
systematic uncertainties added in quadrature. The measurements are compared
to MC predictions in di↵erent pT bins.

a signal selection, which is used to form a data-driven background estimate. This has

several advantages, primarily that modelling e↵ects are not relevant. Moreover, pile-up

e↵ects are handled directly, because the same data sample is used in the sidebands and

the signal region, so the pile-up contribution is the same.

The e�ciency for the tagging algorithms is derived from Monte Carlo, and corrected

for a data-to-Monte-Carlo scale factor using Standard Model tt events in the semi-

leptonic channel in [36]. In that public result, limits are set on the possible cross section

for narrow resonances decaying to tt pairs.

Figure 11 shows the mis-tag rates and e�ciencies for the top and W tagging

BOOST 2011
Datastravaganza!



Goals for 2011 report

Summarize progress

Establish theory/experiment goals

Extend comparisons

Publish tools



Theory wish list

Jet mass (in V+j, jj, multijet; multi-differential useful)

Jet shapes: N-subjettiness (N=1,2,3; beta=1,2), planar flow,

     subjet/track multiplicities

Groomed observables (all of the above)

Event shapes: 0/1-jettiness, Y_23



Comparisons

Extend last yet with:

 more methods

 more MCs

 standardized, published tools
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(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



tops
vs.

QCD,
pt. 2

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

(c) all pT (d) pT 500–600 GeV

Figure 15. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig++ 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).

performance. This simulation has yet to be extensively studied, so the results presented

here should be considered preliminary and interpreted with caution.

The detector simulation code is available at the author’s website,

http://atlas.physics.arizona.edu/~loch, and is also provided with SpartyJet as

the RadialSmearingTool tool. You can use it in a SpartyJet analysis via:

builder = SJ.JetBuilder()

builder.add_jetTool_input(SJ.RadialSmearingTool())

<add analyses and run...>

Comparing Figures 14–16 with 17 we can see that including realistic detector
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QCD,
pt. 2

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

(c) all pT (d) pT 500–600 GeV

Figure 16. Mis-tag vs. e�ciency for several top tagging methods, as tested on
sherpa matched tt̄+ jets and multijet 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).

resolution generally degrades the best achievable performance and changes how

algorithms compare to each other. Compared to other taggers, N-subjettiness does

worse. For each MC sample the spread between taggers is still small, with the ATLAS

and Thaler and Wang taggers still being outperformed. Considering the right-hand

plots in Figure 17, we can see that in some cases taggers appear to do better after

detector simulation, especially at low signal e�ciency. This e↵ect is at least partly due

to statistical noise in the e�ciency scans, but warrants further study.

The results we have presented in this report, while certainly not providing the last

word in boosted object tagging, suggest some conclusions. By any metric, methods

that use only subjet kinematic information, like the ATLAS and Thaler and Wang
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(a) herwig (b) herwig, fractional di↵erence

(c) herwig++ (d) herwig++, fractional di↵erence

(e) sherpa (f) sherpa, fractional di↵erence

Figure 17. Mis-tag vs. e�ciency for several top tagging methods, as tested on
herwig 6.5 and herwig++ tt̄ and dijet samples as well as sherpa matched
tt̄ + jets and multijet samples, all with pT 500–600 GeV. Events have been
run through a simple detector simulation. In the right-hand plots, results after
detector simulation are compared with results before simulation; the y axis
is (✏B(detector) � ✏B(no detector))/✏B(no detector). All plots use the input
parameters in Table 2.



Big picture:  These comparisons are a baseline!

http://boost2011.org

Long term:  “fastjet/contrib”

All tools implemented in SpartyJet:  see Wed. tutorial!!

http://boost2011.org
http://boost2011.org
http://boost2011.org
http://boost2011.org


BOOST:  The home game

This is the whole point!



Lots of questions left unanswered!

Other signals?

Pile up?

Theory synthesis?

Complicated topologies?

More interesting pT ranges?

Assignment:  Answer these questions!



More tasks for this week:

What are our priorities/goals for next year?

What haven’t we done?

Should we write another report??

How?  What should it contain?



Thank you!





“...From a trinitarian foundation, a theology of God can 
be developed which expresses both the being-
becoming and one-many dipolarities....”


