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Outline

✤ New Measurements of Particle/Event Properties

✤ Improved Taggers

✤ General Techniques

✤ Formal Developments

✤ Note: I won’t really discuss analyses tailored to a specific new physics signal 
(e.g. boosted stops) - lots of interesting work here, but not enough time.



Takeaway

✤ The first iteration of substructure tools has been experimentally 
checked and the results are very encouraging.

1. Techniques have are/have developed to measure new properties of 
light parton jets (color charge, color connections, electric charge)

2. Lots of general techniques exist to improve/simplify the search for 
boosted heavy particles

3. Progress in more formal analytic calculation has been made



Introduction



Recent History

✤ Jet substructure was first proposed in the 90’s by Mike Seymour.

✤ Butterworth et. al. applied substructure techniques in ’02 to the study 
of WW scattering.

✤ There’s was a significant burst of activity in jet substructure in ‘08  

✤ Butterworth et. al.’s search for boosted Higgs

✤ Thaler/Wang, Johns Hopkins, Stony Brook top taggers

✤ Jet grooming techniques ’08 and ’09 (Filtering/Pruning/Trimming)



✤ Experimental studies of the ’08 and ’09 theory papers 
have been coming out over the past year.  The results 
are encouraging! (see talks by Miller and Rappoccio)

✤ The procedures work as advertised and backgrounds 
seem to be well modeled by Pythia/Herwig.
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Figure 4. Mass distributions for jets with |y| < 2.0 in the 300–400 GeV pT bin. Jets shown are
Cambridge-Aachen (top left), Cambridge-Aachen after splitting and filtering (top right) and anti-kt
(bottom).
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10 Mean Mass With Multiple Proton-Proton Interactions

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

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

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

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

background of soft, di↵use radiation that o↵sets the energy measurement of jets and will

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

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

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

multiplicity and energy scale measurements.

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

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

and filtering procedure used in this study reduce the e↵ective area of large jets and are

therefore expected to reduce sensitivity to pile-up.

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

of the mean jet mass of anti-k
t

jets with the number of reconstructed primary vertices is

presented in Figure 17 (left). All jets with a p
T

of at least 300 GeV in the rapidity range

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

with pile-up activity show the expected dependence on the jet size. The mean mass in the
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Figure 17. The mean mass for jets with pT > 300 GeV as a function of the number of primary
vertices identified in the event. Comparisons show the e↵ect for anti-kt jets with di↵erent R-
parameters (left) and Cambridge-Aachen R = 1.2 jets with and without splitting and filtering
procedure (right). Each set of points is fitted with a straight line.
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✤ Theorists have therefore been encouraged to develop 
more sophisticated techniques to extract more 
information.

✤ No rest for our experimental friends.

✤ For a review of recent activity, see the ’10 and ’11 boost 
proceedings, [1012.5412,1201.0008] as well as an 
overview of top tagging techniques in [1112.4441]



Measuring New Event Properties



Quarks vs. Gluons

✤ Because they have different “color charges”, a 
jet from a gluon will shower differently than a 
quark.

✤ Jet mass gets at this information, but there are 
other observables sensitive to the difference.

✤ Quark and gluon tagging at the LHC [1106.3076] 
introduces some of these observables and 
discusses calibration regions.
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FIG. 2: 2D Histograms of the two best observables, along with the likelihood formed by combining them bin-by-bin.

of this figure, we show the 2D bin-by-bin likelihood dis-
tribution. Given these variables, the discriminant that
achieves optimal gluon rejection for a fixed quark effi-
ciency is a simple cut on the appropriate likelihood con-
tour. Cutting out the top-right corner, for example, elim-
inates the most egregiously gluey jets. In practice, this
can be pre-computed or measured in each jet pT window.
As part of jet energy scale calibrations, Atlas [22] has
measured these two variables in dijet, γ-jet, and multi-
jet samples and used them individually to determine the
flavor composition to 10% precision.
The same method can be applied for more than 2 ob-

servables, but then the exact likelihood becomes impos-
sible to map efficiently with limited training samples. A
multivariate technique like Boosted Decision Trees can
be employed to approximate this multidimensional like-
lihood distribution, as explained in [18].
In summary, quite a number of single variables do com-

parably well, while some (like pull or planar flow) do
quite poorly at gluon tagging. We examined many com-
binations of observables, and found significant improve-
ment by looking at pairs, but only marginal gains be-
yond that. The results for the gluon rejection as a func-
tion of quark efficiency are shown for a number of the
more interesting observables and combinations in Fig-
ure 3 for 200GeV jets. The relative performance of
variables changed little with pT even though the op-
timal cuts do. Definitions and distributions of these
variables, and thousands of others, can be found on
http://jets.physics.harvard.edu/qvg. Good pairs
of variables included one from the discrete category de-
scribed above, such as particle count, and one more con-
tinuous shape variable, like the linear radial moment
(girth).
As an example using these curves to estimate the im-

provement in a search’s reach, consider X → WW →
qq̄qq̄ whose background is mostly 4-jets from QCD, each
of which is a gluon 80% of the time [3]. By operating at
60% quark efficiency, only 1/10th of gluons pass the tag-
ger, which means (20%)4 of the total QCD background
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FIG. 3: Gluon rejection curves for several observables as a
function of Quark Jet Acceptance. The results for 200GeV
Jets are shown, but other samples give similar results. The
best pair of observables is charged track multiplicity and lin-
ear radial moment (girth). The best group of five also includes
jet mass for the hardest subjet of size R=0.2, the average kT
of all Rsub=0.1 subjets, and the 3rd such small subjet’s pT
fraction.

passes. One measure of statistical significance in a count-
ing experiment is S/

√
B, perhaps within a particular in-

variant mass window. Any starting significance can be
improved by a factor of 3.2 using these cuts. The 60%
operating point was chosen to maximize this significance
improvement for this particular background composition,
which highlights the need to characterize background re-
jection for all signal efficiencies.

Measurements of these variables are underway, but it
would be very interesting to see distributions of and cor-
relations between as many of the variables in Figure 3
as possible. To this end, it has recently been observed
that 99% pure samples of quark jets can be obtained in
γ+2jet events, and 95% pure samples of gluon jets can be

Figure source: 1106.3076

3

cles. Functions of this information, such as the average
or the spread (standard deviation) of their pT ’s were con-
sidered. We find that this class of observables provide the
best discrimination at high quark efficiency (mild cuts)
and high jet pT .
The average multiplicity of any type of particle, along

with its variance, are sensitive to the QCD charges of
the underlying gluon (CA = 3) or quark (CF = 4/3). To
leading order,

〈Ng〉
〈Nq〉

=
CA

CF
and

σ2
g

σ2
q

=
CA

CF
. (1)

The OPAL collaboration, among others, studied the
charged particle multiplicity in light-quark and gluon jets
of energy around 40GeV to 45GeV [14] and found dis-
tributions that agree well with the Monte Carlo event
generators and with analytic predictions.
We find that the strongest discrete observable is the

number of charged particles within the jet, where charged
particles were required to have pT > 500MeV. Lower
cuttoffs actually lead to better discrimination power, so
how well the LHC detectors will be able to resolve particle
pT will have important consequences for gluon tagging.
Another discrete observable is the subjet multiplicity,

which was also studied at LEP [15, 16]. Extremely small
subjets approach the limit of particles and are sensitive
to hadronization, but larger subjets probe the better
modeled, perturbative physics and give the largest ra-
tio between quark and gluon subjet multiplicities. For
the higher-energy jets of the LHC, the optimal jet size
is far smaller than the calorimeter resolution. We found
that counting Rsub=0.1 anti-kT jets was more powerful
than other subjet algorithms and larger sizes, but not
as powerful as counting the number of charged tracks.
Small subjet multiplicity can serve as a reasonable sub-
stitute if charged track multiplicity proves less reliable in
some circumstances (perhaps at very high η). Counting
all hadrons works even better than charged tracks.
Other observables in the discrete category that show

reasonable discrimination power include the average dis-
tance to jet axis 〈r〉, the pT fraction of the Nth hard-
est track or subjet, and the subjet splitting scale (when
the jet is reclustered with the kT algorithm). Finally,
there are observables that take advantage of the electri-
cal charge that quarks carry. Since the hardest hadrons
produced at the end of the shower have charges corre-
lated with the initiating quark, adding up the charges of
all tracks weighted by their pT gives some small discrim-
ination.
The second, more continuous, category of observables

includes jet mass, jet broadening [17], and the family of
radial moments like girth [18], angularities [19], and the
optimal moment which are described below. These tend
to perform better at lower jet pT and for achieving high
quark purity through harsh cuts. Other observables that

try to capture the 2D shape or color connections of the
jet, like pull [20], eccentricity, or planar flow [21], are less
powerful in this application.
We find the best single observable in the continuous

category is the linear radial moment – a measure of the
‘width’ or ‘girth’ of the jet – constructed by adding up
the pT deposits within the jet, weighted by distance from
jet axis. It is defined as

Linear Radial Moment (Girth): g =
∑

i∈jet

piT
pjetT

|ri| (2)

where ri =
√

∆y2i +∆φ2
i and where the true boost-

invariant rapidity y should be used for the (massive) jet
axis instead of the geometric pseudorapidity η. Under the
assumption of central jets with massless constituents at
small angles, this linear moment is identical to jet broad-
ening, defined as the sum of momenta transverse to the
jet axis normalized by the sum of momenta. While jet
broadening is natural at an e+e− collider, the linear ra-
dial moment is more natural and works a bit better at the
LHC. Other geometric moments involving different pow-
ers of r were not as powerful at discriminating quarks
from gluons, including the jet mass, which is equal to
the r2 geometric moment in the same limit.
By weighting the pT by other functions of r, whole

families of radial-kernel observables can be constructed:

Kernel Moment : K =
∑

i∈jet

piT
pjetT

K(ri) (3)

Angularities [19, 21] are one such example, where the pT
and r are usually replaced by energy and angle. Angu-
larities are often normalized by the jet mass rather than
the jet pT , and we considered both normalizations. Both
angularities and kernels which are powers of r suffer from
sensitivity to the edge of the jet where their kernels are
greatest. This becomes problematic in crowded environ-
ments with adjacent jets.
Rather than try to guess a useful kernel, we attempted

to optimize its shape numerically. By parameterizing the
kernel as a spline with 5 to 10 points, a genetic algorithm
was used to maximize gluon rejection for several differ-
ent quark efficiencies. In all cases, the optimal kernels
rose linearly from the axis of the jet out to r ∼ 0.3, then
turned over and decreased smoothly to zero at the edge
of the jet, but the gluon rejection in call cases was rather
insensitive to the region away from the center. These
optimal kernels performed slightly better than the lin-
ear radial moments, but not enough to justify additional
focus here.
By looking at combinations of observables, additional

quark/gluon discrimination is achieved. The 2D his-
tograms for the best discrete and continuous observables,
charged particle count and the linear radial moment, are
shown in Figure 2. While the two observables are corre-
lated, it is still helpful to use both. In the third panel



✤ Apply BDT - can keep 50% of 
quark jets, discard 95% of gluon 
jets.

✤ In a related paper [1104.1175] 
they define regions of high q/g 
concentration - will allow for 
calibration.
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Figure 2: Fraction of X+1jet events where the jet is uds quark (bottom and blue in each plot) as
compared to gluon (top and red). The horizontal axis is a pT cut on the jet, which in these events
translates into an identical pT cut on the other object.
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Figure sources: 1106.3076, 1104.1175
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FIG. 2: 2D Histograms of the two best observables, along with the likelihood formed by combining them bin-by-bin.

of this figure, we show the 2D bin-by-bin likelihood dis-
tribution. Given these variables, the discriminant that
achieves optimal gluon rejection for a fixed quark effi-
ciency is a simple cut on the appropriate likelihood con-
tour. Cutting out the top-right corner, for example, elim-
inates the most egregiously gluey jets. In practice, this
can be pre-computed or measured in each jet pT window.
As part of jet energy scale calibrations, Atlas [22] has
measured these two variables in dijet, γ-jet, and multi-
jet samples and used them individually to determine the
flavor composition to 10% precision.
The same method can be applied for more than 2 ob-

servables, but then the exact likelihood becomes impos-
sible to map efficiently with limited training samples. A
multivariate technique like Boosted Decision Trees can
be employed to approximate this multidimensional like-
lihood distribution, as explained in [18].
In summary, quite a number of single variables do com-

parably well, while some (like pull or planar flow) do
quite poorly at gluon tagging. We examined many com-
binations of observables, and found significant improve-
ment by looking at pairs, but only marginal gains be-
yond that. The results for the gluon rejection as a func-
tion of quark efficiency are shown for a number of the
more interesting observables and combinations in Fig-
ure 3 for 200GeV jets. The relative performance of
variables changed little with pT even though the op-
timal cuts do. Definitions and distributions of these
variables, and thousands of others, can be found on
http://jets.physics.harvard.edu/qvg. Good pairs
of variables included one from the discrete category de-
scribed above, such as particle count, and one more con-
tinuous shape variable, like the linear radial moment
(girth).
As an example using these curves to estimate the im-

provement in a search’s reach, consider X → WW →
qq̄qq̄ whose background is mostly 4-jets from QCD, each
of which is a gluon 80% of the time [3]. By operating at
60% quark efficiency, only 1/10th of gluons pass the tag-
ger, which means (20%)4 of the total QCD background
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FIG. 3: Gluon rejection curves for several observables as a
function of Quark Jet Acceptance. The results for 200GeV
Jets are shown, but other samples give similar results. The
best pair of observables is charged track multiplicity and lin-
ear radial moment (girth). The best group of five also includes
jet mass for the hardest subjet of size R=0.2, the average kT
of all Rsub=0.1 subjets, and the 3rd such small subjet’s pT
fraction.

passes. One measure of statistical significance in a count-
ing experiment is S/

√
B, perhaps within a particular in-

variant mass window. Any starting significance can be
improved by a factor of 3.2 using these cuts. The 60%
operating point was chosen to maximize this significance
improvement for this particular background composition,
which highlights the need to characterize background re-
jection for all signal efficiencies.

Measurements of these variables are underway, but it
would be very interesting to see distributions of and cor-
relations between as many of the variables in Figure 3
as possible. To this end, it has recently been observed
that 99% pure samples of quark jets can be obtained in
γ+2jet events, and 95% pure samples of gluon jets can be



Jet Charge (u vs. d vs. g)

✤ Similarly, the partons which 
initiate jets give rise to a cloud 
of hadrons which retain some 
of the charge information.

✤ Hard to see, but the LHC is an 
exquisite machine - possible.

Based on work in progress with T. Lin, M. Schwartz, W. Waalewijn

P
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✤ Develop methods to 
calibrate and evolve to 
different scales.

✤ Will reduce theory 
uncertainties from 
fragmentation functions
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Figure source: Wouter Waalewijn

✤ Could help improve BSM 
searches 

✤ W’ vs Z’, VBF, RPV SUSY

✤ With pure signal , can 
distinguish W’ from Z’ 
with ~20 events.

✤ Also measurements of the 
SM (e.g. top pol./
correlation)



Color Structure

✤ The leading color lines for, say, h->qq 
are different than, g->qq

✤ These can lead to different radiation 
patterns in the event

✤ Measurable by looking at where 
the radiation “points” [1001.5027]

✤ Helpful for many channels, both SM 
(e.g. Higgs) and BSM [1006.1650]
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Seeing in Color: Jet Superstructure

Jason Gallicchio and Matthew D. Schwartz
Department of Physics, Harvard University,Cambridge, Massachusetts 02138, USA

A new class of observables is introduced which aims to characterize the superstructure of an
event, that is, features, such as color flow, which are not determined by the jet four-momenta alone.
Traditionally, an event is described as having jets which are independent objects; each jet has some
energy, size, and possible substructure such as subjets or heavy flavor content. This description
discards information connecting the jets to each other, which can be used to determine if the jets
came from decay of a color-singlet object, or if they were initiated by quarks or gluons. An example
superstructure variable, pull, is presented as a simple handle on color flow. It can be used on an
event-by-event basis as a tool for distinguishing previously irreducible backgrounds at the Tevatron
and the LHC.

Hadron colliders, such as the LHC at CERN, are
fabulous at producing quarks and gluons. At energies
well above the confinement scale of QCD, these colored
objects are produced in abundance, only hadronizing
into color-neutral objects when they are sufficiently far
apart. The observed final-state hadrons collimate into
jets which, at a first approximation, are in one-to-one cor-
respondence with hard-partons from the short-distance
interaction. In fact, this description is so useful that
it is usually possible to treat jets as if they are quarks
or gluons. Conversely, in a first-pass phenomenological
study, it is possible simply to simulate the production
of quarks and gluons, assuming they can be accurately
reconstructed experimentally from observed jets.
In certain situations, the jet four-momenta alone do

not adequately characterize the underlying hard process.
For example, when an unstable particle with large trans-
verse momentum decays hadronically, the final state may
contain a number of nearly collinear jets. These jets may
then be merged by the jet-finder. Or, due to contami-
nation from the underlying event, the energy of the re-
constructed jet may not optimally represent the energy
of the hard parton, thereby obscuring the short-distance
event topology. Over the last few years, a number of im-
proved jet algorithms and filtering techniques have been
developed to improve the reconstruction of hard scatter-
ing kinematics [1–4], with experimentally endorsed suc-
cesses including reviving a Higgs to bb̄ discovery channel
at the LHC [1] (implemented by ATLAS [5]) and making
top-tagging as reliable as b-tagging [2] (implemented by
CMS [6]). Nevertheless, there is still a horde of informa-
tion in the events which these substructure techniques
ignore. Jets have color, and are color-connected to each
other, providing the event with an observable and char-
acterizable superstructure.
The term color-connected comes from a graphical pic-

ture of the way SU(3) group indices are contracted in
QCD amplitudes. To be concrete, consider the produc-
tion of a Higgs boson at the LHC with the Higgs decaying
to bottom quarks. The hard process is qq̄ → H → bb̄.
Since the Higgs is a color singlet, the color factor in the
leading order matrix element for this production has the

FIG. 1: Possible color connections for signal (pp → H → bb̄)
and for background (pp → g → bb̄).

form Tr[TATB]Tr[TCTD], where TA are generators of
the fundamental representation of SU(3), A and B index
the initial state quarks and C and D index the final-state
b’s. Since Tr[TCTD] ∝ δCD, the color of C must be the
same as D, which can be represented graphically as a
line connecting quark C to quark D. This color string
or dipole is shown in Figure 1. An example background
process is qq̄ → g → bb̄. Here, there are two possibili-
ties for the color connections: Tr[TATC ]Tr[TBTD] and
Tr[TATD]Tr[TBTC ], both of which connect one incoming
quark to one outgoing quark, as shown also in Figure 1.
The color string picture treats gluons as bifundamentals,
which is correct in the limit of a large the number of col-
ors, NC → ∞. Subleading corrections are included in
simulations through color-reconnections, which amount
to a 1/N2

C ∼ 10% effect.

Since color flow is physical, it may be possible to ex-
tract the color connections of an event. Such informa-
tion would be complimentary to the information in the
jets’ four-momenta and therefore may help temper oth-
erwise irreducible backgrounds. For example, one ap-
plication would be in cascade decays from new physics
models. In supersymmetry, one often has a large number
of jets, originating from on-shell decays like q̃ → qχ or
from color-singlet gauge boson or gaugino decays. One of
the main difficulties in extracting the underlying physics
from these decays is the combinatorics: which jets come
from which decay? Mapping the superstructure color
connections of the events could then greatly enhance our
ability to decipher the short-distance physics.
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FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point 3 million times. Left has the b and
b̄ color-connected to each other (signal) and right has the b
and b̄ color-connected to the beams (background). Contours
represent factors of 2 increase in radiation.

In order to extract the color connections, they must
persist into the distribution of the observable hadrons.
The basic intuition for how the color flow might show
up follows from approximations used in parton show-
ers [7, 8]. In these simulations, the color dipoles are al-
lowed to radiate through Markovian evolution from the
large energy scales associated with the hard interaction
to the lower energy scale associated with confinement.
These emissions transpire in the rest frame of the dipole.
When boosting back to the lab frame, the radiation ap-
pears dominantly within an angular region spanned by
the dipole, as indicated by the arrows in Figure 1. Alter-
natively, an angular ordering can be enforced on the radi-
ation (as in herwig [9]). The parton shower treatment of
radiation attempts to include a number of features which
are physical but hard to calculate analytically, such as
overall momentum and probability conservation or co-
herence phenomena associated with soft radiation.

It is more important that these effects exist in data
than that they are included in the simulation. In fact,
color coherence effects have already been seen by vari-
ous experiments. In e+e− collisions, for example, evi-
dence for color connections between final-state quark and
gluon jets was observed in three jet events by JADE
at DESY [10]. Later, at LEP, the L3 and DELPHI
experiments found evidence for color coherence among
the hadronic decay products of color-singlet objects in
W+W− events [11, 12]. Also, in pp̄ collisions at the Teva-
tron, color connections of a jet to beam remnants have
been observed by D0 in W+jet events [13]. All of these
studies used analysis techniques which were very depen-
dent on the particular event topology. What we will now
show is that it is possible to come up with a very general
discriminant which can help determine the color flow of
practically any event. Such a tool has the potential for
wide applicability in new physics searches at the LHC.

For an example, we will use Higgs production in asso-
ciation with a Z. The Z allows the Higgs to have some
pT so that its bb̄ decay products are not back-to-back
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FIG. 3: Event-by-event density plot of the pull vector of the b
jet in polar coordinates. The signal (connected to b̄ jet) is on
the left, the background (connected to the left-going, y = −∞

beam) is on the right. 105 events are shown.

in azimuthal angle, φ. Our benchmark calculator will
be madgraph [14] for the matrix elements interfaced to
pythia 8 [15] for the parton shower, hadronization and
underlying event, with other simulations used for valida-
tion.
To begin, we isolate the effect of the color connec-

tions by fixing the parton momentum. We compare
events with Zbb̄ in the final state (with Z → leptons) in
which the quarks are color-connected to each other (sig-
nal) versus color-connected to the beam (background).
In Figure 2, we show the distribution of radiation for
a typical case, where (y,φ) = (−0.5,−1) for one b and
(y,φ) = (0.5, 1) for the other, with pT = 200 GeV for
each b, where y is the rapidity. For this figure, we have
showered and hadronized the same parton-level configu-
ration over and over again, accumulating the pT of the
final-state hadrons in 0.1 × 0.1 bins in y-φ space. The
color connections are unmistakable.
The superstructure feature of the jets in Figure 2 that

we want to isolate is that the radiation in each signal jet
tends to shower in the direction of the other jet, while in
the background it showers mostly toward the beam. In
other words, the radiation on each end of a color dipole
is being pulled towards the other end of the dipole. This
should therefore show up in a dipole-type moment con-
structed from the radiation in or around the individual
jets. For dijet events, like those shown in Figure 2, one
could imagine constructing a global event shape from
which the moment could be extracted. However, a lo-
cal observable, constructed only out of particles within
the jet, has a number of immediate advantages. For one,
it will be a more general-purpose tool, applying to events
with any number of jets. It should also be easier to cali-
brate on data, since jets are generally better understood
experimentally than global event topologies. Therefore,
as a first attempt at a useful superstructure variable, we
construct an observable out of only the particles within
the jets themselves.
In constructing a jet moment, there are a number of

ways to weight the momentum, such as by energy or pT ,

Figure source: 1001.5027



Improved Taggers



Turbo Taggers

✤ Since the original set of top taggers (Thaler/
Wang, JHU, Stony Brook), much work has 
gone into refining the algorithms and 
incorporating new information

✤ e.g. Jet Dipolarity: Top Tagging with Color 
Flow [1102.1012]

✤ e.g. adding tracking information 
[1112.3378]
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FIG. 2: Top: Eikonal radiation pattern dpT /d⌘d� for a color
singlet with �R=0.9, typical for a W± originating from a
top with pT ⇠ 300 GeV. Bottom: As above with the partons
instead color-connected to the beam (left/right-going parton
connected to the left/right beam). Contours di↵er by powers
of e. For the color singlet the radiation is mostly found in
the region between the two subjets. For the background-like
color configuration, the radiation is pulled towards the beam.
Note that an absolute comparison cannot be made between
the figures, since the collinear singularities in (2) and (3) are
not regulated.

is found from Monte Carlo calculations, expressions (2)
and (3) do not yield dipolarity distributions in quantita-
tive agreement with the Monte Carlo. Given the crude-
ness of the approximations that went into these expres-
sions, this discrepancy is not surprising; a more accurate
estimate of D for various color configurations could be
obtained by using antenna patterns as in [28].

Dipolarity can be used within the context of top tag-
ging to reduce QCD backgrounds. Consider a collection
of fat QCD jets originating from parton branchings with
identical kinematics but di↵erent color configurations as
illustrated in FIG. 3. If one of the QCD jets fakes the
kinematics of a top quark decay, then each of the di↵er-

FIG. 3: Schematic for a collection of QCD jets whose kine-
matics fake the top. The upper figures show various possi-
bilities for quarks and gluons that undergo two branchings.
The bottom figures show the corresponding large Nc color di-
agrams, with dipole radiation patterns superimposed across
color dipoles. Only the rightmost color configuration, which
is suppressed by factors of CA/CF with respect to the others,
matches the radiation pattern of an actual top.

ent color configurations fakes the kinematics equally well.
The dipolarities of the subjets, however, will be broadly
distributed in accord with their di↵erent color configu-
rations. For instance, gluon jets are known to give the
largest fake rates for top jets as a consequence of their
larger Casimirs which more often result in wide angle
branchings with significant mass drops. FIG. 3 illustrates
how gluon jets, with their distinct color configurations,
radiate di↵erently from top jets. All of this suggests that
the dipolarity of the W± in a hadronic top decay is well-
suited as a discriminant in top tagging algorithms.

HEPTopTagger

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

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

2. Break each fat jet j into hard subjets using the
following mass-drop criterion: undo the last stage
of clustering to yield two subjets j

1

and j
2

(with

3

Figure source:  1102.1012



✤ BDT “kitchen sink” applied to W-tagging [1012.2077]

✤ Employ jet shapes, grooming sensitivities, etc.

✤ Find ~2x improvement in S/r(B)
pT (GeV) 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

filt

µ .49 .4 .66 .66 .68 .69 .71 .71 .73 .72 .74 .72 .76 .74 .74 .76 .8

ycut .13 .17 .15 .14 .12 .1 .09 .09 .08 .08 .07 .07 .06 .06 .06 .05 .04

εS .61 .52 .57 .58 .61 .64 .66 .65 .66 .64 .64 .61 .61 .6 .58 .58 .59

εB .13 .082 .084 .079 .083 .088 .089 .085 .086 .081 .08 .075 .076 .073 .072 .077 .084

sig 1.7 1.8 2 2.1 2.1 2.2 2.2 2.2 2.3 2.3 2.2 2.2 2.2 2.2 2.2 2.1 2

trim

Rsub .17 .22 .22 .21 .17 .17 .16 .15 .15 .15 .15 .16 .16 .15 .16 .15 .17

fcut .08 .1 .11 .1 .09 .08 .08 .07 .07 .06 .05 .05 .05 .05 .04 .04 .03

εS .58 .61 .6 .62 .64 .67 .67 .69 .7 .72 .74 .74 .74 .74 .74 .71 .7

εB .1 .11 .1 .1 .1 .11 .11 .11 .11 .12 .12 .13 .13 .13 .14 .14 .15

sig 1.8 1.8 1.9 1.9 2 2 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2 1.9 1.8

prun

Rfactor
cut .48 .54 .56 .53 .55 .52 .52 .52 .49 .32 .33 .35 .37 .39 .29 .17 .16

zcut .17 .15 .13 .12 .1 .09 .08 .07 .07 .06 .06 .05 .05 .04 .04 .04 .03

εS .55 .57 .6 .62 .66 .68 .69 .71 .72 .73 .72 .73 .72 .73 .72 .7 .67

εB .1 .098 .099 .097 .1 .1 .11 .11 .11 .11 .11 .11 .11 .12 .12 .12 .12

sig 1.7 1.8 1.9 2 2.1 2.1 2.1 2.1 2.2 2.2 2.2 2.2 2.2 2.1 2.1 2 1.9

TABLE 3: Jet grooming parameters maximizing the significance.
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✤ See also [1111.5034,1110.2214]

✤ At least for top tagging, after experimental resolution 
is taken into account, it looks like we’re close to 
maxing out: 

Jet Substructure at the Tevatron and LHC 36

(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).

would be needed to definitively say that some are better than others. In these studies,

the N-subjettiness tagger does particularly well when compared to other taggers with

fixed input parameters, but when optimisation is included performances are extremely

similar. N-subjettiness also appears to be particularly susceptible to degradation due

to detector resolution.

Beyond the limited comparisons given in this section, we hope that the software

tools we have developed to make them will facilitate further study. Such study is clearly

warranted to seriously answer the questions posed at the beginning of this section.

Further phenomenological exploration of the broad space of substructure techniques

will help lead to a more holistic understanding of substructure physics. Monte Carlo

Figure source: 1201.0008



General Purpose Tools



Better Statistics (QJets)

✤ Lots of 
algorithms 
make an 
semi-
arbitrary 
choice and 
stick with it

✤ e.g., using 
CA over kT 
unwind a 
clustering 
history

The energy 
distribution for a 
particular tree is 
unambiguous
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Figure 4: Comparison of a jet formed from the decay of a boosted heavy particle (left) with one
from the showering of light flavor/gluons (right). Specifically, the left hand panel shows the jet
formed from h � bb̄ while the right is a gluon jet. The (x, y)-axes are (y, ⇥)-distances as measured
from the jet center and the area of each calorimeter cell is proportional to its pT .

comparable pT s) we are limited to Rsub . R0/2 under the assumption that the initial jet

was chosen to be just large enough to encompass the entire decay of the heavy particle.

The situation changes when we consider jets from light quarks or gluons (compare

the two panels in Fig. 4). The first di�erence is that there is only one hard final state at

lowest order in �s. Softness is therefore more naturally established directly via a cut on

subjet pT rather than by restricting to a fixed number of subjets. Later we will establish

di�erent subjet pT cuts for di�erent kinematic regimes. The second di�erence is that there

is no natural size for the subjets as this depends upon the the pT cut for the subjets; a

larger/smaller subjet size will necessitate a harder/softer subjet pT cut. With these two

di�erences in mind, we can now define our jet trimming procedure.

3. Implementation

In this section, we present an explicit algorithm implementing the jet trimming technique

outlined above.10 Our choice of algorithm is motivated primarily by simplicity and the

ability to re-use existing jet finding procedures. Many more sophisticated choices could

easily be imagined, but these are beyond the scope of the present work.

Since our jet trimming procedure will make use of well-known sequential recombination

jet algorithms, we will briefly review how these work. Recall that in a recursive jet algorithm

one begins with an initial set of four-momenta (these could be tracks, calorimeter cells, etc.),

assigning every pair a “jet-jet distance measure” dij and every individual four-momenta a

10Our implementation is available as a plug-in to the FastJet package [20, 21], which is available from

the authors upon request.
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Figure 4: Comparison of a jet formed from the decay of a boosted heavy particle (left) with one
from the showering of light flavor/gluons (right). Specifically, the left hand panel shows the jet
formed from h � bb̄ while the right is a gluon jet. The (x, y)-axes are (y, ⇥)-distances as measured
from the jet center and the area of each calorimeter cell is proportional to its pT .

comparable pT s) we are limited to Rsub . R0/2 under the assumption that the initial jet

was chosen to be just large enough to encompass the entire decay of the heavy particle.

The situation changes when we consider jets from light quarks or gluons (compare

the two panels in Fig. 4). The first di�erence is that there is only one hard final state at

lowest order in �s. Softness is therefore more naturally established directly via a cut on

subjet pT rather than by restricting to a fixed number of subjets. Later we will establish

di�erent subjet pT cuts for di�erent kinematic regimes. The second di�erence is that there

is no natural size for the subjets as this depends upon the the pT cut for the subjets; a

larger/smaller subjet size will necessitate a harder/softer subjet pT cut. With these two

di�erences in mind, we can now define our jet trimming procedure.

3. Implementation

In this section, we present an explicit algorithm implementing the jet trimming technique

outlined above.10 Our choice of algorithm is motivated primarily by simplicity and the

ability to re-use existing jet finding procedures. Many more sophisticated choices could

easily be imagined, but these are beyond the scope of the present work.

Since our jet trimming procedure will make use of well-known sequential recombination

jet algorithms, we will briefly review how these work. Recall that in a recursive jet algorithm

one begins with an initial set of four-momenta (these could be tracks, calorimeter cells, etc.),

assigning every pair a “jet-jet distance measure” dij and every individual four-momenta a

10Our implementation is available as a plug-in to the FastJet package [20, 21], which is available from

the authors upon request.
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But, more than 
one tree can 
correspond to the 
same energy 

{
}

✤ By averaging over these arbitrary procedures 
unwanted statistical fluctuations decrease [1201.1914]
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anti-kT Qjets

✤ Original paper focused on substructure - new work will study use as 
a general get algorithm: Qanti-kT

✤ When you cluster with Qjets, a calocell isn’t either in a jet or not in it - 
it’s in it some fraction of the time.



More General Substructure

✤ N-subjettiness: generalize thrust 
to substructure, so one can ask 
how “N-prong” like does a jet 
appear [1011.2268]

Source: http://www.jthaler.net/jets/NsubPicture.png

2.3 kt splitting scales,

p
dij

The k
t

splitting scales are defined by reclustering the constituents of the jet with the k
t

recombination algorithm [1, 2]. The k
t

-distance of the final clustering step can be used to

define a splitting scale variable
p
d12:

p
d12 = min(p

Tj1, pTj2)⇥ �R
j1,j2,

where 1 and 2 are the two jets before the final clustering step [15]. The ordering of clustering

in the k
t

algorithm means that in the presence of a two-body heavy particle decay the final

clustering step will usually be to combine the two decay products. The parameter
p
d12 can

therefore be used to distinguish heavy particle decays, which tend to be more symmetric,

from the largely asymmetric splittings of quarks and gluons. The expected value for a

heavy particle decay is approximately m/2, whereas inclusive jets will tend to have values

⇠ pT/10, although with a tail extending to high values. The variable
p
d23 is defined

analogously but for the two objects combined in the penultimate clustering step.

2.4 N-subjettiness

The N -subjettiness variables ⌧
N

[16] are designed to be smooth, continuous observables

related to the subjet multiplicity. Intuitively, the variables can be thought of as answering

the question: “How much does this jet look like N di↵erent subjets?” The variable ⌧
N

is calculated by clustering the constituents of the jet with the k
t

algorithm 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 then defined as the following sum

over all constituents k of the jet:

⌧
N

=
1

d0

X

k

p
T,k

⇥min(�R1,k, �R2,k, . . . , �RN,k

) (2.1)

d0 =
X

k

p
T,k

R, (2.2)

where �R
i,k

is the distance from the subjet i to the constituent k and R is the R-parameter

of the original jet algorithm.

Using this definition, ⌧
N

describes how well the substructure of the jet is described by

N subjets by assessing the degree to which constituents are localized near the axes defined

by the k
t

subjets. For two- and three-body decays, respectively, the ratios ⌧2/⌧1 and ⌧3/⌧2
have been shown to provide excellent discrimination for hadronic decays of W -bosons and

boosted top quarks [20]. These ratios will be referred to as ⌧21 and ⌧32 respectively. These

variables mostly fall within the range 0 to 1. As an example, ⌧21 ' 1 corresponds to a

jet which is narrow and without substructure; ⌧21 ' 0 implies a jet which is much better

described by two subjets than one. Similarly low values of ⌧32 imply a jet which is much

better described by three subjets than two.

– 4 –
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✤ Very competitive (leading?) top tagger [1108.2701]

✤ Amenable to analytic treatment 

✤ Not based on algorithmic procedure 
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Figure 10. Density plots in the (a) τ (1)2 vs. τ (1)3 plane and (b) τ (2)2 /τ (2)1 vs. τ (1)3 /τ (1)2 plane for boosted
top and QCD jets. The selection criteria are the same as in Fig. 7. While a linear cut on the τ (1)3 /τ (1)2

ratio is clearly an effective boosted top tagger, there is additional information in other N -subjettiness
variables that can be used in a multivariate method.

extension of the one-dimensional one-sided cut τ (1)3 /τ (1)2 < c. The Fisher discriminant uses

multi-dimensional information to form a linear one-sided cut:

"L · "X < c, (4.1)

where "X is a vector of jet characteristics, such as N -subjettiness values and jet mass, while
"L encodes the linear weights of each of these attributes. In a geometric language, the goal

of a Fisher discriminant is to find the set of parallel hyperplanes (each one encoded by their

own c parameter) defined by one normal vector "L which best separate the top jet signal from

the QCD jet background in the space Rdim(X).

The standard (but not necessarily optimal) way to choose "L is to take the "L · "X distri-

butions for two different classes, and calculate the "L which maximizes the variance between

the two classes compared to the variance within each class. We will instead use a modified

Fisher discriminant [64], which is better suited for defining efficiency/rejection curves:

"L = (ΣQCD + γΣtop)
−1("µQCD − "µtop), (4.2)

where Σ are the covariance matrices and "µ are the mean vectors for the variables in "X . The

standard Fisher discriminant takes γ = 1, but we found that lower values of γ were preferred

for tagging performance, especially if τ (1)3 /τ (1)2 is one of the variables in "X.

As an instructive example, we include the following N -subjettiness variables and ratios

to define a discriminant:

τ (1)1 , τ (1)2 , τ (1)3 ,
τ (1)2

τ (1)1

,
τ (1)3

τ (1)2

,
τ (2)2

τ (2)1

,
τ (2)3

τ (2)2

. (4.3)

– 20 –
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Other Cool Techniques

✤ Shower deconstruction: Apply full knowledge of showering+ISR+MI 
to determine event weight [1102.3480]

✤ Template overlap: Define overlap function of radiation with radiation 
expected from, say, top or Higgs decays [1006.2035,1112.1957]

FIG. 5: A shower history for a background event in which a high pT gluon splits to a b + b̄ pair.
The QCD shower splitting of a b-quark is to a b-quark plus a gluon. The b and b̄ quarks radiate
gluons and one of the gluons splits into two gluons.

B. Color connections

We work in the standard leading color approximation and will need to keep track of color
connections.

Consider a final state splitting in which a gluon labeled J splits into two daughter gluons.
Let the label of the daughter that carries the 3 color of the mother parton J be A. We draw
this daughter parton on the left in our diagrams. Let the label of the daughter parton that
carries the 3 color of parton J be B. We draw this daughter parton on the right in our
diagrams. We track the angle variables of two color connected partner partons to parton J .
Parton k(J)

L

carries the 3 color that is connected to the 3 color line of parton J . Parton
k(J)

R

carries the 3 color that is connected to the 3 color line of parton J . The labels
k(J)

L

and k(J)
R

specify lines in the shower history diagram, not necessarily final microjets.
Given the labels of the color connected partners to the mother parton J , we assign the color
connected partners of the daughter partons. The two daughter partons are color connected
partners of each other and each inherits one of the color connected partners of the mother.
That is

k(A)
L

= k(J)
L

, k(A)
R

= B , (11)

and
k(B)

L

= A, k(B)
R

= k(J)
R

. (12)

If parton J is a quark, then it has a color connected partner k(J)
R

that carries the 3

color connected to the quark’s 3 color. There is no k(J)
L

partner. The quark can split into
daughter quark A and a daughter gluon B, which we draw on the right because it carries
the 3 color of the mother quark. The color connected partners of the daughter partons are
then

k(A)
R

= B , (13)

and
k(B)

L

= A, k(B)
R

= k(J)
R

. (14)
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✤ Jet Substructure Without Trees [1104.1646]
✤ Use angular correlation functions

✤ High Multiplicity Searches at the LHC Using Jet Masses [1202.0558]
✤ Look for a few massive jets rather than many skinny ones
✤ Might be able to simplify the analysis
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Figure 2: p

T

plot and angular structure function �G(R) for the top jet whose G(R) is
illustrated in Fig. 1. (a) The p

T

plot depicts the transverse energy deposited in calorimeter
cells of size 0.1 ⇥ 0.1 in (⌘,�) with the area of each red square proportional to the p

T

.
This top has p

T

⇠ 300 GeV and a clean three-pronged substructure. (b) For a minimum
prominence of 4.0, �G(R) has three peaks with R

1⇤

= 0.66, R
2⇤

= 0.91, and R

3⇤

= 1.48.
The red arrows illustrate the prominence of the two peaks at R

2⇤

and R

3⇤

.

profile  (R) as in [28, 29] quantifies the fraction of a jet’s energy that is contained
within an angular distance R of the center of the jet. Although  (R) for a top jet
will exhibit discontinuous cli↵s at particular angular scales, these scales are not useful
for characterizing the substructure of the jet. This is because the resulting angular
scales, which are defined with respect to the jet center, cannot be used to reconstruct
the separations between the three top subjets. In addition, the invariant masses of
pairs of subjets are not accessible from  (R). The angular correlation function G(R)
is closer in spirit to factorial moments as in [30], which were introduced to quantify
scaling behavior in multi-particle production.

In order for the observables derived from G(R) to be useful, care must be taken
in defining them. We find that, instead of directly finding cli↵s in G(R), it is prefer-
able to find peaks in a suitably chosen derivative of G(R). In particular, because
we are interested in ratios of mass scales, we should look for structure in logG(R)‡.
Because QCD is approximately scale invariant, structure in logG(R) should be iden-
tified by calculating derivatives with respect to logR. Since d/d logR = R d/dR,

‡ The normalization in G(R) has been chosen with this logarithm in mind: G(R) increases mono-
tonically from 0 to 1 as R increases from R = 0 to R = max�Rij .

4

Figure source: 1104.1646



Formal Developments



Analytic Calculations

✤ Most jet tools are designed based on a 
qualitative understanding of QCD and 
later optimized using a MC.

✤ Recently, progress has been made in 
analytic calculations:

✤ M. Rubin studied filtering parameters 
in [1002.4557] 

✤ [1204.3898] studied 2-subjettiness in 
boosted Z->qq using SCET

3

S(k1, k2, {ni}, µ) are respectively the Z → qq̄ hard func-
tion, inclusive jet function, and 2-jettiness soft function.
H and J are known at O(α2

s) [28, 29]. For simplicity, we
consider the narrow width limit, neglecting O(ΓZ/mZ)
corrections. We also neglect non-singular corrections at
O(αs). These contribute less than 5% in the peak of the
τ21 distribution and can be included following [23, 24].
We now show that the 2-jettiness soft function S can be

related to the hemisphere soft function Shemi—relevant
for thrust and heavy jet mass—which is known pertur-
batively to O(α2

s) [30, 31]. The soft function is

S(k1, k2, n1 · n2, µ,Λ) ≡
1

Nc

∑
Xs

δ(k1 − n1 ·P 1
s )

× δ(k2 − n2 ·P 2
s ) 〈0|Y

T

n2
Yn1

|Xs〉 〈Xs|Y †
n1
Y

∗

n2
|0〉 , (10)

where the Y ’s are light-like Wilson lines and P 1,2
s are the

momenta of the subjets J1,2 in the state |Xs〉. Rotational
invariance implies that the subjet directions only appear
in the combination n1 · n2, and the argument Λ ≡ ΛQCD

is a reminder of nonperturbative corrections contained in
S. The hemisphere case corresponds to n1 · n2 = 2, so
that Shemi(kL, kR, µ,Λ) = S(kL, kR, 2, µ,Λ). From (1),
the partitioning into regions of 2-subjettiness is invariant
under a common rescaling of the subjet direction, n1 →
βn1 and n2 → βn2. So (10) satisfies

S(k1, k2, n1 ·n2, µ,Λ) = β2S(βk1,βk2,β
2n1 ·n2, µ,Λ).

Choosing

β = βθ =

√
2

n1 · n2
=

√
m2

Z +Q2 sin2 θ

mZ
, (11)

we find

S(k1, k2, n1 · n2, µ,Λ) = β2
θ S (βθk1,βθk2, 2, µ,Λ)

= Shemi (k1, k2, µ/βθ,Λ/βθ) , (12)

where we have rescaled all dimensionful arguments by
β−1
θ and used that S has mass dimension −2.
When ki ' Λ/βθ, the leading nonperturbative cor-

rection to Shemi is equivalent to a shift [32–34], ki →
ki − Φ/βθ, where Φ ∼ Λ is Q-independent. Since T2
in (1) is not identical to thrust for massive hadrons, we
cannot use the value found in [24]. All the objects in (9)
have known renormalization group equations, so we can
sum large logarithms of τ21 up to N3LL (with a Padé
approximation for the small contribution of the 4-loop
cusp anomalous dimension). Thus for τ21 ' 2Λ/(T̂1βθ)
we have

1

σ0

dσ

dτ21
= T̂ 2

1

∫
d cos θ

2
H(mZ , µH)UH(mZ , µH , µJ)

×
∫
dzs ds1ds2J

(
s1, µJ

)
J
(
s2, µJ

)
Sτ

(
T̂1zs,

µS

βθ
,αs(µS)

)

× U τ
S

(
T̂1τ21−

2Φ

βθ
−

s1
2E1

−
s2
2E2

−T̂1zs,
µJ

βθ
,
µS

βθ

)
. (13)
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FIG. 2: Results of the N3LL analytic calculation for τ21 with
Φ = 0. The distribution saturates for Q >

∼
400 GeV.
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FIG. 3: Comparison of theory prediction (bands) for τ21 to
baseline Pythia (histograms). The heavier (lighter) band is
N3LL (NNLL), with widths given by factor of two variations
of the hard, jet, and soft scales. Here, Φ = 700 MeV. Arrows
indicate the approximate range of validity of (13).

Here Sτ is the perturbative thrust soft function, and H ,
J , and Sτ are fixed-order expansions in αs(µH), αs(µJ ),
and αs(µS) respectively. UH and U τ

S are evolution ker-
nels which sum αi

s ln
jτ21 terms. See [23] for details.

The natural scale choices are

µH = mZ , µJ = µQ
√
τ21, µS = µQ τ21. (14)

Here µQ = T̂1
√
1 +Q2/(2m2

Z) is an average over θ of

T̂1βθ which appears in the large logarithms. For Q = 0
one has µQ = mZ , while for Q → ∞ one has µQ =
mZ/(2

√
2). We perform the s1,2 and zs integrals in (13)

analytically and the θ integral numerically.
Results for the τ21 distribution for various Q are shown

in Fig. 2. As anticipated, the curves rapidly approach a
fixed distribution at large Q. In Fig. 3 we show a com-
parison to a “baseline” Pythia distribution, where the
effects of hadronization are included, but the Z width,
finite cone size, and ISR/UE contamination have been
turned off. For this comparison we fix Φ = 700 MeV to
match the peak of the Q = 0 Pythia distribution, which
allows us to compute the distribution for all Q += 0. In
the tail of the distribution, there is excellent quantitative
agreement. The accuracy of Pythia’s tail is somewhat

Figure source [1204.3898]



Factorization

✤ Walsh and Zuberi studied the properties of different jet grooming 
procedures [1110.5333]

✤ Mass drop + filtering, pruning, trimming, N-subjettiness

✤ Generic declustering+filtering doesn’t factorize, but can be made to 
allow factorization to work• Filtering: select subjets and keep the N hardest

• If there are “soft subjets”, whether or not they pass the cut 
depends on the number of collinear subjets

• Filtering does not factorize unless there are no soft subjets: 
constrains the algorithm used to find subjets (e.g. MD-F)

Power Counting for Filtering

select
subjets

keep N
hardests c

s

c

c s
s

c
c

s

c

c

Figure source: http://indico.cern.ch/getFile.py/access?contribId=20&resId=0&materialId=slides&confId=113980

http://indico.cern.ch/getFile.py/access?contribId=20&resId=0&materialId=slides&confId=113980
http://indico.cern.ch/getFile.py/access?contribId=20&resId=0&materialId=slides&confId=113980


Targeted Analyses (only a sample)

✤ Boosted SUSY

✤ Stop Reconstruction with Tagged Tops 
[1006.2833]

✤ Heavy Squarks at the LHC [1102.0302]

✤ Higgses

✤ Discovering the Higgs Boson in New 
Physics Events using Jet Substructure 
[0912.4731]

✤ Higgs Discovery through Top-Partners 
using Jet Substructure [1012.2866]

✤ Ditau-Jet Tagging and Boosted Higgses 
from a Multi-TeV Resonance 
[1011.4523]

✤ Ditau jets in Higgs searches 
[1106.4545]

✤ Exotica

✤ Composite Octet Searches with Jet 
Substructure [1107.3563]

✤ Uncovering the Charming Higgs at the 
LHC [1203.5174]

✤ Diboson-Jets and the Search for 
Resonant Zh Production [1204.0525]



Conclusions

✤ Tools have been developed to look at the detailed structure of the 
hard partons in an event: (1) q vs. g, (2) u or d, (3) color connections

✤ Top/W/Z/Higgs taggers have been improved.  Probably reaching 
their limits.

✤ Fun new general purpose tools: smarter statistical treatment of jets, 
more general substructure characterization, many more...

✤ Analytic calculations have been made, important formal progress.


