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Heuristic understanding of parton/jet 
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- Standard Use of Jets

Boosted Jets and Substructure Analysis

- Applications in Higgs Search
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Jet Clustering Algorithm
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calorimeter 
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jet clustering 
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1

2 3

4

5

6

dij = min
�
p2n

ti , p2n
tj

�
∆R2

ij/R2

di = p2n
ti

calculate

Making and breaking jets
to be able to better use the information contained in jets, 

we have to know how they are created 

starting from a list of final particles,
calculate:

dij = min(p2n
Ti, p2n

Tj)
∆R2

ij

R2

di = p2n
Ti

n =






n = 1 kT

n = 0 C/A
n = −1 anti-kT

we use the C/A (angle ordered shower) 
throughout

1
2

3

4

5
6

jet `area’

∆Rij =
�

(δη2
ij) + (δφij)2

18Thursday, February 18, 2010

Jet Clustering Algorithm

Wednesday, February 29, 2012



2 3

4

5

7

min (dij , di) = d1 6

combine 1 and 6 into 7 
and remove 1 and 6  

1

6

example:

Jet Clustering Algorithm
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calculate again min (dij , di)

Jet Clustering Algorithm
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min (dij , di) = d5
promote 5 to jet and 

remove

Jet Clustering Algorithm
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Jet Clustering Algorithm

calculate again all 
dij and di
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Jet Clustering Algorithm

min (dij , di) = d3 4

8
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Jet Clustering Algorithm

min (dij , di) = d3 4
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Jet Clustering Algorithm
8

min (dij , di) = d2 7

9
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Jet Clustering Algorithm
8

min (dij , di) = d2 7

9
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Jet Clustering Algorithm
8

9

min (dij , di) = d9
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Jet Clustering Algorithm
8
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Jet Clustering Algorithm
8

9

final list of jets
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Jet contours – visualised[1. Defining jets]

Gavin Salam (CERN/Princeton/Paris) Jets in SM and beyond PANIC, 28 July 2011 8 / 25

Jet contours – visualised[1. Defining jets]

Gavin Salam (CERN/Princeton/Paris) Jets in SM and beyond PANIC, 28 July 2011 8 / 25

Jet Clustering Algorithm

visualization of   
jets and its 
elements
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Jet Clustering Algorithm
Jets are well understood and theoretically 

well controlledJets from scattering of partons[2. Jets in pp physics]

Largest source of jets is simply
QCD scattering of incoming par-
tons

p

p

jet

jet

Tevatron results
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Jet cross section: data and theory agree over many orders of magnitude ⇔

probe of underlying interaction
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Jets from scattering of partons[2. Jets in pp physics]

Largest source of jets is simply
QCD scattering of incoming par-
tons

p

p

jet

jet

CMS results

Jet cross section: data and theory agree over many orders of magnitude ⇔

probe of underlying interaction

Gavin Salam (CERN/Princeton/Paris) Jets in SM and beyond PANIC, 28 July 2011 10 / 25

Data and theory agree with many orders of magnitude

CDF
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Jet Clustering Algorithm
Data and theory agree with 
many orders of magnitude

Such theoretical control on 
jet-observables allows us 

to probe the highest scales 
available 

3
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Figure 1: The number of events observed versus dijet mass for wide jets (solid circles), particle
flow AK7 jets (open boxes), and calorimeter AK7 jets (X symbols).
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Figure 2: Dijet mass spectrum from wide jets (points) compared to a smooth fit (solid) and to
predictions [18] including detector simulation of QCD (short-dashed), excited quark signals
(dot-dashed), and string resonance signals (long-dashed). The QCD prediction has been nor-
malized to the data (see text). The error bars are statistical only. The shaded band shows the
systematic uncertainty in the jet energy scale (JES). The bin-by-bin significance of the data-fit
difference (see text) is shown at bottom.Wednesday, February 29, 2012



Jet Clustering Algorithm 

- Standard Use of Jets

Boosted Jets and Substructure Analysis

- Applications in Higgs Search
 
QClustering: a non-deterministic jet clustering algorithm

- Clustering vs. QClustering

• Applications in noise removal
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Boosted Jets and Substructure
take a hadronically decaying W

W

W with a large pT

two jets for two partons

a jet with two partons
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Boosted Jets and Substructure
take a hadronically decaying W

W with a large pT

a jet with two partons

Jet substructure

- Use the characteristic kinematics of 1->2 
splitting to reject background.

- Use different energy flows to reject 
background.

- Protect jet-mass resolution from pollutions 
due to underlying events and pile-up.
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Boosted Jets and Substructure

Jet substructure

- Use the characteristic kinematics of 1->2 
splitting to reject background.

- Use different energy flows to reject 
background.

- Protect jet-mass resolution from pollutions 
due to underlying events and pile-up.

Seymore’93
Butterworth, Cox, Forshaw’02
Butterworth, Davison, Rubin, Salam’08
Thaler, Wang’08
Kaplan, Rehermann, Schwartz, Tweedie’08

mass-drop, angle between decay 
products, 

masses of subjets etc. 

Wednesday, February 29, 2012



Boosted Jets and Substructure

Jet substructure

- Use the characteristic kinematics of 1->2 
splitting to reject background.

- Use different energy flows to reject 
background.

- Protect jet-mass resolution from pollutions 
due to underlying events and pile-up.

Gallicchio, Schwatrz ’10
Kim; Thaler, Tilburg ’10
Cui, Schwartz ’10
Jankowiak, Hook, Wacker ’10
Soper, Spannowaky ’10
Almeida et al. ’11
.
.
. 

pull, Nsubjettiness, Boosted decision tree, 
Jet deconstruction, Template etc.  

Wednesday, February 29, 2012



Boosted Jets and Substructure

Jet substructure

- Use the characteristic kinematics of 1->2 
splitting to reject background.

- Use different energy flows to reject 
background.

- Protect jet-mass resolution from pollutions 
due to underlying events and pile-up.

Noise & different kinds of event[3. Jets research]

[Cleaning jets]

Plain pythia event + 10× today’s pileup

The problem of noise and contamination is common to low-lumi pp
running, high-lumi LHC pp running, and heavy-ion running

Gavin Salam (CERN/Princeton/Paris) Jets in SM and beyond PANIC, 28 July 2011 20 / 25

pythia event + ~10 pile-up
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Boosted Jets and Substructure
take a hadronically decaying W

Jet substructure

- Use the characteristic kinematics of 1->2 
splitting to reject background.

- Use different energy flows to reject 
background.

- Protect jet-mass resolution from pollutions 
due to underlying events and pile-up.

3. Noise removal from jets[3. Jets research]

[Cleaning jets]

[Boost 2010

writeup]

! Filtering Butterworth et al ’08

! Pruning Ellis, Vermillion and Walsh ’09

! Trimming Krohn, Thaler & Wang ’09

[With earlier methods by Seymour ’93 and Kodolova et al ’07]

Gavin Salam (CERN/Princeton/Paris) Jets in SM and beyond PANIC, 28 July 2011 19 / 25

- cleaning a jet involves guessing which 
components are not due to decay + FSR 
and getting rid of these

ex: filtering, pruning, trimming etc.
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Boosted Jets and Substructure

Jet substructure

- Use the characteristic kinematics of 1->2 
splitting to reject background.

- Use different energy flows to reject 
background.

- Protect jet-mass resolution from pollutions 
due to underlying events and pile-up.

- cleaning a jet involves guessing which 
components are not due to decay + FSR 
and getting rid of these

Jet Substructure at the Tevatron and LHC 19
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Figure 11. Mis-tag rates and efficiencies for the top tagging (top) and W
tagging (bottom) algorithms. The mis-tag rates are measured in a signal-
depleted control sample and compared to pythia and herwig++ predictions.
The efficiencies for tagging top quarks and Ws are estimated from pythia
simulation.

algorithms, and to derive appropriate sideband regions for data-driven background

estimates at CMS. As such, CMS has performed detailed comparisons of jet substructure

observables in [5].

For example, Figure 12 shows the jet mass for the top-tagging and W -tagging

algorithms, compared to several different predictions from Monte Carlo. The simulation

seems to be predicting the data quite nicely for all of the generators examined, with

slight variations based on shower model and underlying event tunes. This seems to have

test of pruning with early CMS data
Wednesday, February 29, 2012
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Recently, a new technique for light Higgses  

In associated production of Higgs + Z,W:

(Butterworth, Davison, Rubin, Salam ’08)

significance           for ∼ 4.5 L = 30 fb−1
�
∼ 2.6 for L = 10 fb−1

�
W (�ν)/Z(��) + h(b̄b)

obtained by focusing on  
  boosted Higgses ,   

          
pT,h > 200 GeV

b

b̄

h

W/Z

5Thursday, February 18, 2010

LHC Higgs reach
pp → V h

significance of 4.2 σ  at
using jet-substructure for jets with  

Recently, a new technique for light Higgses  

In associated production of Higgs + Z,W:

(Butterworth, Davison, Rubin, Salam ’08)

significance           for ∼ 4.5 L = 30 fb−1
�
∼ 2.6 for L = 10 fb−1

�
W (�ν)/Z(��) + h(b̄b)

obtained by focusing on  
  boosted Higgses ,   
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b̄

h

W/Z
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Recently, a new technique for light Higgses  

In associated production of Higgs + Z,W:

(Butterworth, Davison, Rubin, Salam ’08)

significance           for ∼ 4.5 L = 30 fb−1
�
∼ 2.6 for L = 10 fb−1

�
W (�ν)/Z(��) + h(b̄b)

obtained by focusing on  
  boosted Higgses ,   

          
pT,h > 200 GeV

b

b̄

h

W/Z

5Thursday, February 18, 2010

Jet with substructure

• subjets are significantly lighter 
than the jet 

• splitting is not too asymmetric

• jet is double b-tagged

filtered

Ex.

Butterworth, Davison, Rubin, Salam
0802.2470
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LHC Higgs reach

Results: Point #1
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Z + jets

SUSY

 = 14 TeVs, -1b invariant mass, L = 10 fbb

(Kribs, AM, Roy, Spannowsky)

/ET > 100 GeV
pTγ > 80 GeV

cuts:

substructure + 

light squarks dominate 
SUSY production

BR(χ̃0 → G̃ + γ) ∼ 43%
BR(χ̃0 → G̃ + Z0) ∼ 29%
BR(χ̃0 → G̃ + h) ∼ 28%

∼ 38%boosted fraction

Candidate Higgs-jet mass

|µ|
M1

M2

mQ̃ 750 GeV

600 GeV

300 GeV
−250 GeV

33Thursday, February 18, 2010

1 TeV

150 GeV

mA = 200 GeV

150 GeV, the H/A decay predominantly into b̄b and are
light enough that they will emerge from sparticle decays
carrying a substantial boost. With these characteristics,
H/A will be captured by our algorithm. This opens the
exciting possibility, shown in fig. (VI D), of discovering
multiple distinct Higgs bosons with a single analysis.

captionDistribution of the candidate resonance jet mass in

points SHSP 4 (top), SHSP 5 (middle), SHSP 6 (bottom).

As in Fig. (8) we assume 10 fb
−1

of integrated luminosity

and a 14 TeV center of mass energy.

In SHSP 4, the top plot of Fig. VI D, heavier charginos
and neutralinos decay to h rather than H/A making the
h peak unmistakable. Some H/A are present, and lead
to the feature near mA = 150 GeV. Given the size of the
mA feature and its proximity to the top mass, detector
resolution effects, which we have treated very simply in
this paper, become more important and need to be taken

into account correctly. H/A discovery will likely require a
more specialized analysis, but it is certainly possible that
both H/A and h could be discovered with this technique
given sufficient integrated luminosity.

In point SHSP 5, the µ term is negative. With µ

and mA similar in magnitude, the Higgs mixing ma-
trix becomes particularly sensitive to the relative sign
between these two mass parameters and cancellations
can occur once couplings are expressed in terms of mass
eigenstates. For µ < 0, the h coupling to higher-tier
charginos/neutralinos is suppressed by one such cancella-
tion, and cascade decays to H/A are more likely. We can
clearly see this effect in fig. (VID); the h peak is barely
visible over the continuum new physics events, while the
narrow H/A peak at 150 GeV is clearly evident.

The final point, SHSP 6, has exactly the same su-
persymmetry parameters as SHSP 1a except mA =
200 GeV. This is the ideal point for detecting both
the light and heavy Higgs bosons with a single analysis.
The mA is low enough that χ4 and χ±2 have a moderate
branching ratio to H/A, while mA is heavy enough to
avoid getting mistaken for new physics continuum or a
top quark. Taking the signal region to be −0/ + 1 bins
(−1/ + 1) around the h peak, we find a significance of
(3.9, 8.2) for points (SHSP 4, SHSP 6). Repeating the
same procedure around the H/A peak, we find a signif-
icance of (5.2, 4.5) for (SHSP 5, SHSP 6) using signal
regions −1/ + 0 bin.

Low values for mA imply light charged Higgs bosons,
which are constrained by the flavor process b → s + γ.
While the specific spectra we are looking at have b →
s + γ slightly larger than the experimentally allowed
range [44, 49], slight changes in the spectrum, such as
lowering the third generation squark masses or intro-
ducing squark mixing can introduce cancellations and
significantly alter the branching ratio b → s + γ [50].
These changes to the spectrum need not effect the su-
persymmetric Higgs signal. Therefore, in the same spirit
as [3, 4], we focus on direct Higgs detection prospects
and ignore indirect constraints for the time being.

VII. DISCUSSION

The power of using jet substructure with boosted Higgs
decays into bb̄ suggests the search for the MSSM Higgs
bosons should be entirely rethought and redone, with full
detector simulations. Our estimates, without jet energy
smearing and without a realistic detector simulation, sug-
gest that with less than 10 fb−1 of data at

√
s = 14 TeV,

signal significance can exceed 5 for the h → bb̄ channel
alone given total superpartner production rate of order a
few pb. This is possible given the outstanding mass res-
olution of our reconstruction technique combined with
the power that jet substructure provides in discriminat-
ing Standard Model and supersymmetric backgrounds.
We have been relatively conservative in our candidate
resonance jet finding algorithm given our flat b-tagging

14

/ET > 100 GeV , HT > 1 TeV

isolated lepton veto

2+C/A jets with R = 1.2, pT > 200 GeV

Jet with substructure + 
 filtering

Higgs in supersymmetry 

Kribs, Martin, Spannowsky, TSR
1006.1656

Ex.

√
s = 14 TeV,L = 10 fb−1

S/
√
B = 8.2

Wednesday, February 29, 2012



√
s = 14 TeV,L = 10 fb−1

resonance jet mass [GeV]
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We assume an integrated luminosity of 10 fb−1 at a 14 TeV
center of mass LHC.

V. CONCLUSION

Acknowledgments

This work was supported in part by the US De-

partment of Energy under contract number DE-FG02-

96ER40969 (GDK, TSR). AM is supported by Fermilab

MT = 400 GeV MT = 600 GeV MT = 800 GeV

Ch 1

Ch 2

Ch 3

Ch 4

Ch 5

combined 6.1 (0.6) 9.5 (1.4) 4.6 (1.5)

TABLE I: S/
√

B (S/B) listed for various search channels as
well as for the combination of all channels. The earch was
done for the heavy quark mass of 400 GeV, 600 GeV and
800 GeV.

operated by Fermi Research Alliance, LLC under con-

tract number DE-AC02-07CH11359 with the US Depart-

ment of Energy.

Appendix: Background details

In Table II we summarize all the background events we

have considered in this work. We list their cross sections

along and describe the parton-level cuts we use to gener-

ate these events. To avoid overcounting in the t̄t + jets

and W/Z + jets backgrounds, MLM jet-parton match-

ing was performed according to the procedure outlined

in [29].

Process σLHC

t̄t + 0 jets 254 pb

t̄t + 1 jets 133 pb

t̄t + 2+ jets 71 pb

t̄t + b̄b 2.6 pb

t̄t + Z 1.1 pb

Z(��) + 2 jets 80 pb

Z(��) + 3+ jets 29 pb

mT � σ(pp→ T �T̄ �)LHC

400 GeV 12.7 pb

600 GeV 1.29 pb

800 GeV 0.229 pb

1 TeV .054 pb

TABLE II: Signal and background cross sections (add single-

top, W/Z+ heavy flavor?) at a
√

s = 14 TeV center of
mass LHC. CTEQ5L pdfs and default renormalization and
factorization scales were used for all background processes.
Parton level cuts of pT,j > 25 GeV, |ηj | < 4, ∆Rjj > 0.4
were applied when generating all events with the exception
that no pT or |η| requirements were placed on the b-jets from
W/Z + b̄b. The t̄t + jets has been rescaled to the NLO value
of 855 pb (nope!) calculated using MCFM [cite], while the
NLO t̄t + b̄b and t̄t + Z cross sections have been taken from
[Plehn]. Signal cross sections have also been calculated at
NLO with MCFM.

In addition to the above backgrounds, we checked W +

6

MT = 800 GeV

LHC Higgs reach
Ex.

Kribs, Martin, TSR
1012.2866

Higgs from  top partners 
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FIG. 5: MT = 600 GeV
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FIG. 7: MT = 800 GeV. Resonance jet mass distribution.
We assume an integrated luminosity of 10 fb−1 at a 14 TeV
center of mass LHC.

V. CONCLUSION

Acknowledgments

This work was supported in part by the US De-

partment of Energy under contract number DE-FG02-

96ER40969 (GDK, TSR). AM is supported by Fermilab

MT = 400 GeV MT = 600 GeV MT = 800 GeV

Ch 1

Ch 2

Ch 3

Ch 4

Ch 5
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MT = 800 GeV

LHC Higgs reach
Ex.

Kribs, Martin, TSR
1012.2866

Higgs from  top partners 

1 tagged top0 tagged top 2+ tagged top

1 lepton 2+ lepton 1 lepton 2+ lepton 1+ lepton

input event

• 1+ tagged W/Z 
• 2+ b-jets • 1+ b-jets • 1+ b-jet

Higgs tagger

Ch 1 Ch 2 Ch 3 Ch 4 Ch 5

• 1+ b-jet • 1+ b-jet

Monday, December 13, 2010
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√
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Boosted jets and substructure analysis
Recipe for boosted resonance search: 

(if you know what you are looking for)

- Look for “boosted” jets 

- Identify “interesting” jets

- Clean jets

Butterworth, Davison, Rubin, Salam
0802.2470
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- Look for “boosted” jets 

- Identify “interesting” jets

- Clean jets

Boosted jets and substructure analysis

more important than ever

let me now show how exactly pruning works

Recipe for boosted resonance search: 
(if you don’t know what you are looking for)
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Pruning
Start with the constituents of a given jet and rebuild the jet 

along C/A or kT
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Pruning
At every step of clustering check whether 

the branch to be added is soft and wide 

angled.

- if yes discard the softer four-vector. 

2

stability. Furthermore, in our procedure the dependence
on precisely which weights are assigned to the trees is re-
duced, such that we find we can use process independent
weights, allowing for model independent searches.

In the following we provide the details of an algorithm
which can be used to associate many trees to a single
jet. As an example, we apply it to a substructure anal-
ysis using the jet-pruning procedure. [? ? ] The idea
we have described – associating a weighted set of trees
to a jet – would not be feasible if one had to consider
every tree which could be formed from a given set of
four-momenta in a jet. Fortunately, the weighted distri-
butions for an observable which one would obtain from
considering every tree can be obtained, to a good approx-
imation, through a procedure analogous to Monte-Carlo
integration. Indeed, precisely because an infrared and
collinear safe jet observable must be insensitive to small
reshufflings of the tree momenta, we find it is sufficient to
consider only a small fraction of the trees one could as-
sociate to a jet, since each of these could then be related
through a small reshuffling to similar trees. Furthermore,
when the weight ω assigned to a tree can be written as
a product of weights ωij assigned to each 1 → 2 split-
ting, ω =

�
splittings ωij , one can perform this procedure

while sampling trees according to their weight, further
increasing the speed of the process.

The algorithm we propose, which assembles a each tree
via a series of 2 → 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights ωij for
all pairs �ij� of the four-vectors is computed, and
a probability Ωij = ωij/N , where N =

�
�ij� ωij is

assigned to each pair.

2. A random number is generated and used to choose
a pair �ij� with probability Ωij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight ω. To produce a distribution of
the observable for each jet, this algorithm is simply re-
peated NTree number of times. Note that, as the tree is
assembled piecewise, any algorithm which modifies a tree
during its construction (e.g., jet pruning) can be trivially
adapted to work with this procedure.

One particularly interesting class of weights Ω(α)
ij ,

parametrized by a continuous real number α we term
rigidity is given by

ω(α)
ij ≡ exp

�
−α

(dij − dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the �ij� pair, dmin

is the minimum over all pairs at this stage in the cluster-
ing and we have chosen the normalization to be unity for
the minimum pair. Note that this reduces to a traditional

FIG. 1. Distribution of a boosted W -jet mass for a single
jet. The single peaks are the result of classical pruned C/A
or kT algorithms. The distributions result from NTree = 100
clusterings with rigidity α = 1.0 (left) or α = 0.1 (right).

clustering algorithm of the type defined by the distance
dij when α → ∞. In this sense, it is helpful to think
of the traditional, single tree algorithm as the “classical”
approach, and α ∼ 1/� controlling the deviation from
the “classical” clustering behavior. With this analogy,
we label the current approach the Qjet(“quantum” jet)
algorithm and the corresponding pruning as Q-pruning.
Before proceeding, let us briefly note that there is some

arbitrariness in the exact form of dij and the value of the
rigidity parameters α. We find that for small enough
α (say, α � 0.1), the pruned jetmass distribution looks
quantitatively and qualitatively similar whether dij is
chosen to be the kT or C/A distance (see Fig. 1). This
implies that for a small enough rigidity parameter we
achieve some level of algorithm-independence.
We now demonstrate, as an illustrative example, how

the use of Qjets can have importantc effects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [? ? ] pruning is
one of the jet grooming tools [? ? ? ] used to sharpen
signal and reduce background when considering the jets
of boosted heavy objects. It functions by modifying the
mergings in a given tree that involve both a large angu-
lar separation and asymmetric energy sharing. In detail,
if a clustering algorithm attempts to cluster two four-
momenta i and j which satisfy

zij ≡
min

�
pTi , pTj

�

| �pTi + �pTj |
< zcut or

∆Rij > Dcut ,

(2)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to sets
of trees assembled for the same jet we will be able to
associate a distribution of masses to a single jet, and, as
we will see, improve our ability to distinguish signal and
background jets.
The exercise we perfrom is quite simple: having cre-

ated samples of simulated signal (W ) and background
jets, we classically prune every jet and record the classical
pruned mass, mcl. In the distribution of mcl, the W par-
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clustering algorithm of the type defined by the distance
dij when α → ∞. In this sense, it is helpful to think
of the traditional, single tree algorithm as the “classical”
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the “classical” clustering behavior. With this analogy,
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algorithm and the corresponding pruning as Q-pruning.
Before proceeding, let us briefly note that there is some

arbitrariness in the exact form of dij and the value of the
rigidity parameters α. We find that for small enough
α (say, α � 0.1), the pruned jetmass distribution looks
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soft  if: 

wide-angled if:

i
j
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Pruning
Pruned Jet
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Pruning

- Four-vectors that are pruned are actually branches of the 
tree.

- Pruned jets depend crucially on the tree-structure or the 
clustering algorithm used to construct the jet.

but who ordered the clustering algorithm?
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Clustering

1

2

N

N-1

N-2

3

# of four-vectors/set

distinct sets of four-vectors   
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Clustering

1
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N

N-1

N-2

3

distinct sets of four-vectors   

# four-vectors/set

C/A

kT
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Clustering

1

2

N

N-1

N-2

3

distinct sets of four-vectors   

Many paths remain unexplored that are equally physically 
relevant 
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Jet Clustering Algorithm 

- Standard Use of Jets

Boosted Jets and Substructure Analysis

- Applications in Higgs Search
 
QClustering: a non-deterministic jet clustering algorithm

- Clustering vs. QClustering

• Applications in noise removal

Outline
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Clustering

A better formalism should explore all such paths

one needs to be clever since the 
total number of distinct trees is 

enormous 

our prescription is QClustering

Many paths remain unexplored that can be equally physically 
relevant 

(2N)!

2NN !

Wednesday, February 29, 2012



QClustering
As in a sequential recombination algorithm, assign every pair of 
four-vectors a distance measure dij.

However, unlike a normal sequential algorithm (where the pair 
with the smallest measure is clustered), here a given pair is 
randomly selected for merging with probability

Repeat many (~100-1000) times, till the distribution stabilizes

Ωij =
1

N
exp

�
−α

dij
dmin

�

rigidity parameter

with Steve Ellis, Andrew Hornig, David Krohn 
and Matt Schwartz
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QClustering
Ωij =

1

N
exp

�
−α

dij
dmin

�

α → ∞

α → 0

α > 0

α < 0

Classical regime: only path corresponding to dmin is selected

physical regime: physical paths are preferred

democratic regime: all paths have same weight

unphysical regime: physical paths are de-weighted

dij :  we take C/A or kT measure
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Qjets

QJets
A collection 
of 4 vectors

traditional jet clustering 
algorithm

such as C/A, kT

jets

QClustering 
algorithm

if you repeat clustering
on the same set of 4 vectors 

you get the same jets 
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Qjets

QJets
A collection 
of 4 vectors

traditional jet clustering 
algorithm

such as C/A, kT

jets

QClustering 
algorithm

if you repeat QClustering
on the same set of 4 vectors 

you get different Qjets 

Qjets
have different 

clustering histories
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QClustering vs. Clustering

one 
jet

QClustering N times

same jet with 
N tree-structure

=  N Qjets

A collection 
of 4 vectors

traditional jet clustering 
algorithm

such as C/A, kT
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QClustering vs. Clustering

clustering
+

pruning

one 
pruned jet

QClustering N times
+ 

pruning

 N pruned Qjets

one pruned 
jetmass N pruned  jetmasses

A collection 
of 4 vectors
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QClustering vs. Clustering

Classical
Pruning

one 
pruned jet

QPruning

 N pruned Qjets

one pruned 
jetmass N pruned  jetmasses

A collection 
of 4 vectors
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QClustering + Pruning
Ex.  a hadronic W jet from WW events

The original jet is made from C/A algorithm with R = 1.0 and pT > 200GeV 

jetmass

classical pruned 
jetmass

QPruned jetmass
distribution
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QClustering + Pruning = QPruning
Ex.  a hadronic W jet from WW events

How can this distribution be used? 

The original jet is made from C/A algorithm with R = 1.0 and pT > 200GeV 

jetmass

classical pruned 
jetmass

QPruned jetmass
distribution
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QPruning vs. Pruning
Let us take a sample jet

How can this distribution be used? 

classical pruned 
jetmass

QPruned jetmass
distribution

Simply use the shape of 
the distribution 

to discriminate signal from 
background

Application in signal discovery

Use the distribution 
to reduce statistical 

fluctuations in 
measurements

Application in determination of 
cross-section, mass etc.
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QPruning vs. Pruning
Let us take a sample jet

How can this distribution be used? 

classical pruned 
jetmass

QPruned jetmass
distribution

Simply use the shape of 
the distribution 

to discriminate signal from 
background

Application in signal discovery

Application in determination of 
cross-section, mass etc.

Use the distribution 
to reduce statistical 

fluctuations in 
measurements
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Application 1: discovery of W 

- When there is an intrinsic mass scale for a jet, the pruned jetmass is 
more or less robust under variation of paths.

- Signal jets with decay products of massive resonances have intrinsic 
mass scales.

- Even QCD jets with m/pT ~ 1 have hard splittings and hence intrinsic 
mass scales.

- But background is dominantly due to QCD jets with m/pt < 1/2 - whose 
masses are highly volatile. 
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Application 1: discovery of W 
When there is an intrinsic mass scale for a jet, the pruned jetmass 

is more of less robust under variation of paths.

W jet QCD jet with m/pT < 1/2
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Application 1: discovery of W 

volatility of a jet ωp = width of jetmass distribution

mp = averaged pruned jetmass
V =

ωp

mp

Volatility
-210 -110 1

-410

-310

-210

-110

Volatility
-210 -110 1

-410

-310

-210

-110  = 0.01!

W-Jets

QCD-Jets
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Application 1: discovery of W 
a cut on      decreases background significantlyV
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Application 1: discovery of W 
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QPruning vs. Pruning
Let us take a sample jet

How can this distribution be used? 

classical pruned 
jetmass

QPruned jetmass
distribution

Simply use the shape of 
the distribution 

to discriminate signal from 
background

Application in signal discovery

Application in determination of 
cross-section, mass etc.

Use the distribution 
to reduce statistical 

fluctuations in 
measurements
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QPruning vs. Pruning

Consider candidates for a W jet

classical pruned 
jetmass QPruned jetmass

distribution

70 GeV 90 GeV

Mass window 
for W

pruned mass is
either in or out of the bin 

tagging efficiency is either 0 or 1

tagging efficiency is a number 
between  0 to 1
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QPruning vs. Pruning

Consider candidates for a W jet

70 GeV 90 GeV

Mass window 
for W

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

410

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

410

 = 0.01!

Classical

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

310

410

510

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

310

410

510  = 1!
 = 0.1!
 = 0.01!
 = 0!

Classical

tagging efficiency

Pruning -> QPruning

A transition from a discrete 
(binomial distribution) to a continuous 

distribution 
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QPruning vs. Pruning

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

410

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

410

 = 0.01!

Classical

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

310

410

510

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

310

410

510  = 1!
 = 0.1!
 = 0.01!
 = 0!

Classical

tagging efficiency

Pruning --> QPruning

A binomial distribution -->  a continuous distribution 

Use the distribution to reduce
statistical fluctuations in 

measurements 
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Application 2:  CS measurement 

Algorithm

Relative
luminosity
required

- As an example, take a sample of 
~10 boosted QCD jets and ask for 
number of jets in a mass bin.

- The uncertainty associated with 
cross-section measurement 
decreases from classical pruning to 
QPruning

- Need half the luminosity to make a 
measurement of the same precision.

QPrune 

prune 
with C/A

δN√
N

~1.0

0.72

1.0

0.52
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Application 3:  mass measurement 

- As an example, take a sample of 
~10 boosted W jets and ask for 
average jet mass. 

- The uncertainty associated with 
mass measurement decreases from 
classical pruning to QPruning

- Need less than half the luminosity to 
make a measurement of the same 
precision.

Algorithm

Mass 
uncertainty

[GeV]

Relative
luminosity
required

QPrune 

prune 
with C/A 3.2

2.4

1.0

0.58
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Future Directions

- In substructure physics, it still remains to be seen whether 
QClustering can be applied to other quantities such as mass-
drop, Y23 etc.

- QClustering has been done on the elements of a jet. We intend 
to extend it to an entire event.

- We need to find a formalism towards analytical calculations.
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Future Directions
- QClustering has been done on the elements of a jet. We intend 

to extend it to an entire event. 

work in progress with Krohn, Schwartz and Dilani 

all di-jet masses in a W+jet event

QClustering with α=0.1Mass window 
for W
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Conclusion
Jet substructure is an extremely interesting and active field. 

- O(10)  dedicated workshops in last 5 years, active experimentalists+theorists 
collaboration, there is a lot of creativity.   

Grooming tools (pruning, trimming, filtering) even though designed for 
boosted search, are useful and essential for non-boosted cases.

 
We introduced QClustering: a non-deterministic jet clustering 
algorithm.

- QClustering lets us look inside a jet in a new way. 

- QClustering + pruning renders stability to jet observables and provides new 

discriminants for the discovery of signal jets.  

- This is only the beginning! 
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